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MepiAnym

H mapovoa Siatppn atoxedel 6NV avaATTUEN SLKYVWOTIKWOV EPYUAELWY YIX TN LETPNON EKTIOUTIWOV
amo @awopeva Kaong KoL TNV €QAPUOYN] TOUG O€ CUCTNHOTA KAUONG TPoavauling Babuwtig
TOAUTIAOKOTNTAG. APYIKE, avaSelkvOeTal 1 avayKoldmta Kol To TEeS0 €QAPUOYNSG TwWV
SLayvwoTtikwv pefodwv Kavong Kal oL XPTOLUOTIOLOVIEVEG TEXVIKEG AVAAVOVTAL Kol 6XOALAlOVTAL.
To mpwTo uépog ¢ Statpfnig emeEnyel Tig apyég Aettovpylag, n BepeAdlwdn Bewpla kat Ta Bacikd
OUOTUTIKA TWV XPNOLUOTIOMBEVTWY TEYVIKWY. L€ QUTEG TEPAAUBAVOVTAL TO CUGTNUA TNG AEPLAG
XPWHATOYPAPLAG, TO CVOTNHA CLUVEXOVG AVAAVOT|G Kauoaepiwy, KaBwe MO G KoL To CUCTNHA Yl
@aopatookotia @Boplopol emayouevou amd Sieyepon pe xpnomn aktwvoforiog laser. To mpwto
UEPOG TG SlatpIPnig mapéxel To amapaitntov vTORabpo Yo To oXeSLAoUO, TNV EKTEAEOT) KAL TNV
KOTAVOT 0T TWV ATOTEAEGUATWY KL UTIO qUTO To Tiplopa, kabiotatal amapaltnTto cuoTATIKO TG,

210 8eUTeEPo O0KEAOG TNG SLATPLPNG, TA SLAYVWOTIKA EPYOAEIDr XPNOLUOTIOLOVVTAL Yl TN UEAETH
Sataéewv YoaunAng moAVTAOKOTNTAG, GTOXEVOVTAS APEVOS 6TV AELOAGYNOT TWV SLHYVWOTIKWV
HEBOSWV KAl APETEPOV 0T SLEEAYWYN TPWTOTUTING EPEVVAS, CUVEEOUEVNG HE VTIXPKTA {NTNUATA
0TO TESI0 TWV CUOTNUATWY KXUoNG. YO auTO TO TPIoUA, 1] TEXVIKT TNG AEPLAG XPWUATOYPAPLAS
ETMOTPATEVTNKE YIX TNV TOCOTIKOTONON OQEPLWV OAAA KOl ETMAEYHEVWV  TOAUKUKALKWV
APWUATIKOV USpoyovavOpdKkwy, TOU €UPIOKOVTAL OTK TPOIOVTH TNG TUPOAVONG ULIYUEATWV
uebaviov oe avtibpaotypa eufoAiikic pong. Ta amoteAéopata oavamapixbnocav pe Svo
UNXOVIOHOUG AETTOUEPOVG YMUEING, Yl TNV TANPECTEPT KATAVONOT TwV OLEPYACLOY, UE
LKOVOTIONTIKT] CUHP®WVIX UTTOAOYLOTIKWV TIPOALEEWVY KAl TIEWPAUATIK®OV dedopuévwv. Ev cuveyeia, n
TEYVIKN TNG PACUATOOKOTIAG @Boplopoy emaydpevou amo SiEyepon laser e@apudoTnKe yla
HEAETN @AOYQS Tpoavapung eykdapolag pong. H Yuxpn pon peAemnOnke yvnilatwvtag poplo
QKETOVNG OTN POT TOU KAUGIHOU KoL TA XAPAKTNPLOTIKA TOU OXNUATOG TNG PAGYas avaAvbnkav
HECW TNG TIpakoAoVONoN G NG pilag Tov uSpouAiov ot {wvn kKavoTG.

M£ow NG EKPETAAAEVONG CUUPBATIKWV TINYWV EVEPYELAG, OTIWG TO (PUCLKO AEPLO KAL 0 YaLAvOpaKag,
Svvavtal péow ¢ dStepyaciag Fischer-Tropsch va mpokOouv evaAAaKTIKA KaOOLUA, CUUPBATA HE
TIG UTIAPKTEG VTTOSOUEG. ETO €KTO KEPOANLO NG SLaTPLPG, AEPOTIOPIKA KAVOIUA TG AVWTEPW
TpoéAgvong, eEeTAlovTal PE TN XPNOTN EVOG EPYACTNPLAKOU KOUOTHPA TPOAVAULENG. MeTproelg
Bepokpaciag Kal kKavoaepinwy, oe cUVSVACUD HE PX AVOAVTIKY HeBoSoAoyia Yo TOV UTIOAOYLOUO
TwV BeppoxNIUK®OV WLOTNTWV BACEL TNG AVAAUTIKNG XNIKNG GUOTAONG, KATEGTNOAV EQPLKTY TNV
a&loAGYN O™ TWV KAUGILWY KL TN CUCXETLON TNG ATOS00NG, IE TA TIEPLEYOUEVA CUGTATIKA TOUG.

TeAkwg, oL TpoavapepBeioes TAPeUBATIKES KAl UM TEYVIKEG, CUVSUACTNKAV YLX TOV XOUPAKTNPLOUO
€VOG KaUoTHPA VYNANG TOAVTIAOKOTNTAS (KAUoTHpag Topwdoug adpavols péoov). H omtikomoinon
™G EAGYAS HECA 0TO TOPWIES, HEGW TNG TEXVIKNG PACUATOOKOTIAG pBOPLoHOY EMAYOUEVOL ATIO
Siéyepon laser kat GUYKEKPLUEVA TNG TTapakoAoVONonS ™6 pilag Tou vdpofuiiov o {wvn kavoTG,
avedelge NG TEPLOYEG AELTOVPYIOG TOU GUVAPTIOEL TOU BEPUIKOV POPTIOV KAL TNG GTOLYELOUETPIAG.
Ev katakAeiSl, Ste€nytn mANpNG TOAUTHPAUETPIKOG XAPAKTNPLOUOS TOU TTOPWEOUG KAUOTHPA Kol
AVOAVONKE 1] IKAVOTNTA TOV Yl AELTOVPYIa HE CUPPBATIKA KAL EVOAAXAKTIKA KAUGOLUA.
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Abstract

The present thesis aims at the development and validation of intrusive and nonintrusive
combustion diagnostic techniques and their implementation in premixed combustion systems. The
work may be divided in three main directions. Firstly, the necessity and applicability of combustion
diagnostics is discussed and the developed methodologies are presented. This part, presented in
the 1st, 2nd and 3rd chapter, describes the operating principles, the fundamental theory and the basic
components of gas chromatographic and continuous analysis systems, as well as the fundamentals
of laser spectroscopy and the theoretical considerations for laser induced fluorescence
measurements. The latter diagnostic tools were utilized to investigate combustion phenomena of
varying complexity. The scope of the first part is to provide a comprehensive support to the
experimental investigations presented in the next chapters and it is an essential part of the thesis
that assists the planning, execution and interpretation of experiments.

In the second part of the thesis the developed diagnostic tools are firstly implemented in
configurations with generally moderate degree of complexity. The research work implements the
discussed diagnostic tools focusing on the evaluation of their performance, and at the same time
innovative research is conducted pertaining to practical combustion problems. Gas
chromatographic measurements were conducted in a plug flow reactor; gaseous products up to
toluene were quantified for methane mixtures pyrolysis. The results were reproduced by two
detailed chemical kinetic models, with satisfactory agreement. In addition, soot and selected
polycyclic aromatic hydrocarbons were monitored in order to obtain a more complete picture of
the underlying processes. The laser induced fluorescence system was utilized for the study of a
simple premixed laminar cross-flow flame, whereby its shape characteristics were discussed using
hydroxyl radical and acetone-tracer measurements.

As the work mainly focuses on the investigation of flames produced by conventional fuels, a chapter
is devoted in examining potential drop-in fuels, which may originate from natural gas or coal
feedstock through the Fischer-Tropsch process. In this context, a simple premixed laboratory flame
burner was utilized in order to investigate the performance of virtually similar aviation fuels of high
complexity. Aviation fuels have to meet strict criteria with respect to physico-chemical properties
and this induces additional challenge to the work. Temperature and emission measurements were
combined with an analytical methodology that aimed at the systematic evaluation of the different
fuels, facilitating the assignment of combustion trends to the constituent compounds.

Finally, intrusive and nonintrusive tools were combined in order to fully characterize stable species
as well as radical concentrations from a complex combustor, as is the porous burner. Initially,
hydroxyl radical - laser induced fluorescence imaging experiments were performed in order to
parametrically examine the burner operating regimes, through the visualization of the flame zone
inside the porous media. Subsequently, the burner stability, emission characterization and fuel
interchangeability with conventional as well as alternative fuels, was thoroughly tested with
respect to nominal thermal loads and stoichiometries.
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Prologue

The present thesis focuses on the development and implementation of diagnostic techniques in
combustion research. The carried out experimental campaigns, took place mainly in the laboratory
of Heterogeneous Mixtures and Combustion Systems of the National Technical University of Athens
(HMCS-NTUA), under the supervision of Prof. Dr. Maria Founti. Nonetheless, an important part of
the work was undertaken in other institutes which ought to be acknowledged.

The experiments on the flow reactor, presented in the 4th chapter were carried out at the Aragon
institute of Engineering research of the University of Saragossa in Spain (Instituto de Investigacion
en Ingenieria de Aragon, Universidad de Zaragoza) under the supervision of Prof. Dr. Maria Uxue
Alzueta. Moreover, the supplemental investigation of PAH species was performed at the same
Institute with the valuable assistance of Ms. Nazly Sanchez. The Cooperation in Science and
Technology-COST Project is acknowledged for supporting this scientific mission.

The experimental campaign concerning laser induced fluorescence measurements, presented in the
5th and partially in the 7t chapter, was realized at the chair of Gas and Heat Technology of the
Institute of Thermal Engineering, (Institut fiir Warmetechnik und Thermodynamik Lehrstuhl fiir
Gas- und Warmetechnische Anlagen), of the T.U. Bergakademie Freiberg in Germany, under the
supervision of Prof. Dr-Ing Demosthenes Trimis. During this experimental mission, Dipl-Ing Bjorn
Stelzner, Dipl-Ing Martin Werner and Dipl-Ing Stefan Vo3 provided indispensable assistance.

Finally, the fuel blends and the burner assembly presented in the 6th chapter were provided by Shell
Global Solutions. The contribution of the laboratory of Thermal Turbomachines of the National
Technical University of Athens (LTT-NTUA) and Prof. Dr. K. Mathioudakis is also acknowledged.



Table of Contents

[MepAnYm exTEVOUS TTEPLEXOUEVOU OTNV EAANVIKY] VAW OO U rurrrurrerreeseerrnsesesssessessssssssssssssssssssssssssssssseens 9

SR o U ¢ 0T UL Ui U ) o IO 49
1.1. Combustion technology and appliCatioNs ... sssssssssssesssssens 51
1.1.1.  Conventional and alternative fUels ... 52
1.1.2. Premixed flame DUITIETS ..ocvveeeereeeeeeemeessessesssees s sesssssssssssssssssessssssssssessssssssssssesssesssessssesssesssseens 53

1.2, COMDUSTION AIAZNOSTICS ..euuieueereesrereeseeseessessessesssesseessesssessesssessessse s s s ses s e s ssse s s s s s sasessees 54
1.2.1.  Necessity and applicability of combustion diagnoStiC ......cceeeereerreerreeenmeesmeesseessserseesseesseeens 54
1.2.2.  Intrusive and nonintrusive diagnostiC tOOIS ... seeesseesseeseeens 56

1.3, Structure Of the theSIS . 58
1.4. Innovation and proSPects Of the theSiS ... sseeseeseeens 60
1.4.1. Innovation of the 4th chapter and link to practical applications ... 60
1.4.2. Innovation of the 5t chapter and link to practical applications ... 61
1.4.3.  Innovation and prospects of the 6t CHAPLET ... seeseeens 63
1.4.4. Innovation of the 7t CHAPLET ... s sas 63

2. Intrusive combustion diagnostic tEChNIQUES ... ssseeseeseeens 69
2.1.  Gas chromatographic basic theory and SyStem OVeIVIEW.......occoeemeeeesseersmermessseessessssessesssessnes 71
2.1.1.  Gas chromatographic fundamental theOTY ... ses e 71
2.1.2.  Gas Chromatographic SYStEIM OVEIVIEW.......oeeerreeeneerseressseesssesssesssessseessessssessesssesssessssssssees 74
2.1.3.  Development of a chromatographic Method ... 86
2.1.4.  System calibration and error analySis ... s sesssssssssesns 89

2.2.  Continuous gas aNalySis SYSLEIM ....uurrereerreerseersersesssessssesssesssessseessesssssssesssesssessssssssesssesssessssssssssasessnes 92
2.2.1.  Continuous gas analysisS dETECLOIS ... seeses s ssessesses s sssssessssssssssssssssessssas 92

2.3, CONCIUAING TEIMATKS w..oorerreeereereesseesseesseesssesssessseesseesssssssesssessssssssessesssesssesssesssss s sssesssessssssssesssesssessssssssssasessnas 95
3. Nonintrusive combustion diagnostic teChNIQUES ... 99
3.1. Laser combustion diagnostic tools - Laser induced fluorescence.........ccoccomeenrereenrerneereereenn. 102
3.1.1.  Fundamentals of laSer SPECLIOMELIY ...o.ccueeeeseesreersersseesseesseessesssesssessssesssesssesssesssssssssssessaees 102
3.1.2.  Basic components of the laser induced fluorescence detection system.........cccoecereunece. 108

3.2. Hydroxyl radical imaging with laser induced fluOreSCeNCe.......couuureereereereeneeereenneeseenseeseenseeseenns 116

3.2.1. Detection scheme for OH radical MeasuremMeEnts. .....vviiseresesesssssssessssssssesesesesssesssssens 116



3.3.  LIF system calibration and error analysis ... 119

3.4, CONCIUAING FEIMATKS ...curiercuriereueiseeseesseteesseeeessessessssssss s e s bbb ba bbb bbb a et 120

4. Implementation of gas chromatographic system in fundamental combustion applications and
PErfOrmMaNCe EVAlUATION. ... s s s e et 127
4.1. Literature review of the pyrolysis methane-based MiXtures ..........ononnseneesneeneenn. 128
4.2.  Flow reactor apparatus and coupling with GC SYStem ......c.cuvereeneeereenneeneenseeneesseeseesseesessessseeseenns 129
42,1, CASE STUAIES..oircriirinisissssssss s 130

4.3. ComputatioNal MOAEL ...ttt s e ss bbb 131
4.4, ReSUlts and diSCUSSION ....crirssss bbb 133
4.4.1.  Fuel conversion and Major SPECIES .....ccuuurreeereerreesessersesssessssssessessessssssessssssessessessessessessssases 133
4.4.2.  Sootand SO0t Precursors fOrmMation ... e seesssesssesssessseesssessesssesssesssessnss 136

4.5, CONCIUAING TEIMATKS ..coieurirreeieerreesresseesseeeessesssesss s esssessesse s ssessessesss s ss s s sss s s s essssasessssessasans 142

5. Implementation of laser induced fluorescence technique in fundamental premixed combustion
L £5] 13 1 0 T 147
5.1. Fundamental flame configurations for optical Measurements..........eneneeenseenseenens 148
5.1.1.  Indicative Bunsen-type flame front imaging using OH-LIF.......cceecnecnnernneennees 149

5.2.  Premixed, cross-flow mixing hydrogen/air flame........coeneneneeneennenmeenmeeseesseesseesssessensens 150
5.2.1.  Qualitative OH-LIF results for cross-flow premixed flames .........counmermenmensenneessesnesnnens 152

5.3 CONCIUAING FEIMATKS w..orverreereemeeseesseesssersessseessesseesssessesssessssesssesssessseesssssssssssesssesssessssssssesssesssessssssssssssesssees 155

6. Investigation of innovative complex fuel mixtures using the validated diagnostic tools........... 159
6.1.  Alternative Fischer-Tropsch aviation fUuels.......nce e 160

6.2.  Fuel analysis methodology and theoretical calculation of thermochemical properties.... 162

6.3.  Sampling and coupling apparatus with a laboratory-scale premixed flame burner........... 166
6.4. Combustion performance evaluation of the FT Dlends .......counenneeneernernmeeseesseesnsessseesensens 168
6.5, CONCIUAING TEIMATKS w.covveereereemeeseesseesssersessseesseessessssesssessessssesssesssesssess s sssesssessssssssesssesssessssesssssssesssees 172

7. Experimental characterization of a porous inert medium burner with intrusive and
nonintrusive diagnostiC tECRNIQUES......occ ettt e 177
7.1.  The porous inert medium burner teChNOIOZY .......ccocueeemeesreeeneerneerserseessees s seessessesssessens 178
7.1.1.  The burner CoONfigUIration ... seese e rsess s ssess s s s easss s sasees 180

7.2.  PIM burner operation characterization using nonintrusive diagnostic techniques............ 181

7.2.1.  Experimental investigation of flame structure inside the reaction zone using LIF... 181
7.3.  Burner characterization using intrusive combustion diagnostic tools........cccoumeerrerreereereenn. 191

7.3.1.  Burner characterization using conventional gaseous fuel mixtures..........ccuenseeenees 191



8.

7.3.2.  Burner assembly and coupling with diagnostic teSt rig.......ccumemenmeermernseesseesseesnserseenens
7.3.3.  Burner characterization using alternative fuel mixtures. The biogas case.........cc.......
T4, SUIMIINIATY coeveeriureeeeseeeeseessessessessessessessessessessessessesssssesssssssssessessessessessessessessesssssessesssssesssssssssessessessessessessessssnsssanes
Summary and conclusions Of the theSIS ... ———————
8.1. Summary and final CONCIUSIONS ...ttt sses st s s
8.2.  Publications related to framework of the thesis ...
8.3, FULUIE WOTK ettt settsses ettt s e s s bbb bRt R

Summary of Bibliography



List of Figures

Figure 1.1 World energy production with respect to feedStock. .......omeneenenseenneiseeseesseeseesseesseeens 50
Figure 1.2 Schematic depiction of the structure of the thesis.......onennec s 59
Figure 2.1 Flowchart of a gas chromatographer ... ssssssssssssssns 74
Figure 2.2 Gas sampling valve schematic Of Operation. ... sesssssssseessesns 75
Figure 2.3 The Characteristics of a Chromatogram (Scott, 1996).....cc.counnemenmeneenseeneesesssesesnsssseesesseens 81
Figure 2.4 (a) Schematic of an FID and (b) flame process in an FID (Grob and Barry, 2004)............... 83
Figure 2.5 Typical bridge circuit used in a four-cell Thermal Conductivity Detector.........cucrenseuneens 84
Figure 2.6 TCD channel configuration (valves set in OFF poSition) ......ceeenmeeneeseesseesseeeseesseesseeens 87

Figure 3.1 Energetic states of a diatomic molecule (Mayunger and Feldmann, 2001). The three
characteristic parameters; rotational state J, vibrational state v and electronic state X, 4, B etc.
Primarily in laser spectroscopy the ground and first electronic state are involved, hence the terms
are simply denoted by one (lower term) or two (higher term) primes. .......coooveeneenmeeseerseesseerssessseesnens 103
Figure 3.2 Raman and Rayleigh scattering (Hassel and Linov, 2000) .......cceneneeneeseessmeeseesseesseeens 104
Figure 3.3 Graphical depiction of the processes occurring after excitation of a molecule AB.

Fluorescence and quenching are getting the molecule back to back into its ground state, whereas

ionization and dissociation change the molecule into AB* or into fragments A and B.......cccccoeveniue 106
Figure 3.4 Experimental configuration for laser beam and wavelength manipulation ........cccoceveeene. 109
Figure 3.5 Layout of the used Nd: YAG laser (Quantel Brilliant B) .......ccereeneerneenseenneesseessseeseesseesseeenss 110
Figure 3.6 The approximate working ranges of various Nd: YAG-pumped laser dyes (Stuke, 1992).
(Relative energy in 10garithmic SCALE) ... seeeseeeseessessees s sssess s ssssssssssessessans 112
Figure 3.7 The integrated dye laSer SYSteIM OVETVIEW ........oorereeneeneeereessessesnsesssessessesssesesssesssessessesssssssssesans 113
Figure 3.8 Specifications of utilized filters in the frame of the thesis.......cnneneeneneeeeseenne. 115
Figure 3.9 Hydroxyl bands involved in the followed excitation strategy.........ocoeneerneersmeenseesseesseeenne 117

Figure 3.10 Temperature dependence of LIF signal, for different rotational level excitation.
Simulation performed with LASKIN (BUIter et al., 2004) .....coccueeeemernmermeesseesseesssessessseesssesssesssessssessessans 119
Figure 4.1 The flow reactor main features. Drawings not in SCale........ouoreenreneesneeneceseenseseenseeseesseeseeens 130
Figure 4.2 Comparison between computed and experimental data (Dagaut and Nicolle, 2005) for
the oxidation of a rich (¢ = 2.0) natural gas (CHs4: 8928 ppm, C2H¢: 879 ppm, C3Hg: 198 ppm) blend

in an atmospheric pressure JSR at a residence time of 120mS.......cooererreenecneenneneenneeseeseeseesesesseesseeseeans 131


file:///C:/Users/Dior/Desktop/phd_december.docx%23_Toc342232947

Figure 4.3 Comparison between computed and experimental (a) C7-C9 aromatic species and (b) A2
(naphthalene), P2 (biphenyl) and A3 (phenanthrene) profiles from the rich (¢ = 1.8), low pressure
(p = 50 mbar) benzene premixed flame of Yang et al., 2007 ........ceneeneenseenssesssssesssesssssssssssessessns 132
Figure 4.4 Comparison between experimental data and numerical simulations for methane
conversion and H, mole fraction in (a) pure methane pyrolysis (Case A) and (b) methane/ethane
pyrolysis (Case C). Symbols correspond to experimental data, black lines correspond to the NTUA
and grey lines to the UZ MeChaniSIM. ...ttt s s ssssssss s essssssassssesans 133
Figure 4.5 Comparison between experimental data and numerical simulation for (a) methane
conversion and Hz mole fraction and (b) CO and CO: levels in methane pyrolysis in the presence of
CO2 (CASE B). weeureeureerermrensseesseesssesssessseesseesssesssesssesssessssesssssssessseesseesssesssesssessssesasesssesssessseesssesssessseesssesssesssesssnssssesssesssessssesnss 134
Figure 4.6 Comparison between estimated water levels against numerical predictions at the
QY= (o1 0 ) PP 136
Figure 4.7 Comparison between experimental data and numerical simulation for C;He (left) and
C2Hs (right) exhaust levels in (a) Case A, (b) Case B and (c) Case C. Symbols correspond to
experimental data, black lines correspond to the NTUA mechanism and grey lines to the UZ
10010 =1 0153 0 0 VRO 137
Figure 4.8 Comparison between experimental data and numerical simulation for C;H, exhaust
levels in (@) Case A, (b) Case B and (€) CaSE C. .eenernmermeesseesseessesssssssssesssssssssssssssesssssssssssssssssssssssssssssesns 138
Figure 4.9 Comparison between experimental data and numerical simulation for Allene/a-CsH.4
(left) and CsHe (right) exhaust levels in (a) Case A, (b) Case B and (c) Case C. Symbols correspond to
experimental data, black lines correspond to the NTUA mechanism and grey lines to the UZ
INECRANISIN oottt AR AR RS et 138
Figure 4.10 Comparison between experimental data and numerical simulation for C¢He exhaust
levels in (@) Case A, (b) Case B and (€] CaSe C. ..ocureenreereereereesneessessessessesssessssssesesssssssessssssesssssssssssssssssssssnes 139
Figure 4.11 Total weight of soot (g/hr) collected at reactor surface and reactor exit, compared
against calculated fuel cCONSUMPLION (20). .ucuueruermersirsesssessseesssss s sssss s sssesssans 140
Figure 4.12 Comparison between temperatures T=1050°C and 1110°C PAH species levels for Case B
for naphthalene (A2), acenaphthylene (A2R5), anthracene (A3) and pyrene (A4), during one hour
1o 0= 1 40 =) o L PP 140
Figure 4.13 The 16 quantitatively analyzed PAHs for all studied cases at 10500C.......ccccomeerreerrecrreeenn. 141
Figure 5.1 Single shot (left) and averaged mean normalized OH-LIF images (right) for a typical

SN0 TST=Y 010§ = 0 6 U< P 150



Figure 5.2 A schematic of the premixed jet flame configuration (left). Picture of the hydrogen flame

from the jet-flame burner (middle) and OH-LIF scanning (Tight) ....ccomnnennenscnsensessseeseesseeseenns 151
Figure 5.3 Normalized OH LIF for a thermal load of 5 kW and stoichiometry values of (a) ¢ = 1and
(D) 0 = 0.5 RS 152
Figure 5.4 OH LIF imaging for constant stoichiometry of ¢ =0.5 and varying thermal load of
(@) 2kW, (b) 3 kW, () 4 KW and (d) 5 KW ..ssssssssssssssssssssssssssssssssssssssssssssssssssssssssess 153
Figure 5.5 Iso-surface profiles for (a) acetone-tracer LIF and (b) OH-LIF above the burner............. 155

Figure 6.1 Generic composition of the tested Jet A-1 (left) and the neat paraffinic FT synthetic fuel
(TEEIIE). ettt es s bbb bR E RS RER R AR R R AR AR 162
Figure 6.2 Normal and iso-paraffins, and mono and di-napthenes heat of formation values as a

function of carbon atom number. Solid symbols represent values obtained from literature and blank

symbols represent extrapolated values reSpectively.. ... eceneeeseeseseesseeseesseesssessessees 165
Figure 6.3 Measured and calculated (lower) heating values for the tested fuel blends..........cccoccunuc.... 165
Figure 6.4 The burner assembly CONfiGUIation.....c..coeeneneeneiseieeseessessess s ssssssesssssssessans 167
Figure 6.5 Schematic diagram of the burner configuration.........coeeneeeeeeeneneeeeseeeeeeseesseeens 167

Figure 6.6 Indicative flame stability map for all fuels, on a simple premixed burner configuration

Figure 6.7 Temperature distribution above the burner for ¢ =1 under 150 W (left) and 200 W
(right) of nominal thermal 10ad ... ss s s sens s 169
Figure 6.8 Temperature distribution above the burner for ¢ = 1.2 under 150 W (left) and 200 W
(right) of nominal thermal l0ad ... ens s 170

Figure 6.9 Flame emission measurements for ¢ =1 under 200 W of thermal load at a distance of

1/ 30eqe cevenreersreeesseesssseesssessssesssseessssessssessssessssess s s R RS8R RS R R R R 171
Figure 6.10 Exhaust emission measurements for ¢ =1 under 150 W of thermal load at a distance
EQUAL TO Qg wurermrersreeeseeesseesseesseesseesssesssessseessessssessseessessseesssesssessseesseesssesss s esssees s s s e s see s e R R AR R e R R e R R E e nn s 171
Figure 7.1 The burner CONfiGUIAtiON ... ceeeieeeerecesseeseesseessessssesss s st ssssssssss s sssasssesssssssssssssssans 180
Figure 7.2 Schematic illustration of laser beams and receiving OptiCs ... eenreenmeesmeesreessmeeseesseesseeenns 183

Figure 7.3 Flame visualization inside porous media with misplaced optical pathway positioning and
3121 7 184
Figure 7.4 OH LIF images inside porous media for the same conditions (a) above the flame trap jet,
(b) above two neighbor flame trap jets (CCD gap width of 5 mm) and (c) between the jets (CCD gap
L7220 o o T 0 A Vo ) PP 185

Figure 7.5 Configuration for achieving optical access inside the burner .........nonnseneesseeneenn. 186



Figure 7.6 Comparison of flame front structure as a function of the Height Above the Flame-trap

(HAF) with and without foam under varying thermal loads and constant stoichiometry (iso-scaled).

Figure 7.7 Position of maximum OH concentration for various thermal loads and constant excess air
ratio (left). Normalized OH profiles inside porous media for various thermal loads (right) ............. 188
Figure 7.8 OH distribution for various excess air ratios at a thermal load of 200 kW/m?2 (left).
Normalized OH profiles inside porous media for various excess air ratios (right) ... 189
Figure 7.9 OH distribution for various excess air ratio at a thermal load of 400 kW/m? (left).
Normalized OH profiles inside porous media for various excess air ratios (right) ........rreceneeenn. 190
Figure 7.10 OH distribution for various excess air ratio at a thermal load of 600 kW/m2 (left).
Normalized OH profiles inside porous media for various excess air ratios (right) ........cnceneeenn. 190
Figure 7.11 The experimental setup for coupling the burner with the test rig....c.cormernerreerecsecenn. 193

Figure 7.12 Temperature distribution along the X (left) and Y (right) symmetry axes line of the

Figure 7.13 Burner surface temperature for A=1.5 (¢=0.67). Thermal loads (a) to (e) stand for 200,

400, 600, 800 and 1000W/mz2. Temperature scale (indicated at the right side) 0-1200¢C................. 195
Figure 7.14 Maximum temperature values obtained for A=1.2 (left) and A=1.6 (right) with IR and TC
.................................................................................................................................................................................................... 195
Figure 7.15 CO distribution along the X (left) and Y (right) centreline of the burner........cccosucunecenn. 196
Figure 7.16 NOy distribution along the X (left) and Y (right) centreline of the burner.......cccouucnecene. 197
Figure 7.17 Gas phase temperature as a function of thermal load for different excess air ratios.... 197
Figure 7.18 NOy concentration as a function of thermal load for different excess air ratios.............. 198
Figure 7.19 CO concentration as a function of thermal load for different excess air ratios............. 198

Figure 7.20 Burner stability map for biogas operation. Blue colour correspond to stable operating
regime, characterized by low CO emissions, green colour characterizes the regime of flame

stabilization inside porous matrix with increased CO levels and red areas point towards or even

Figure 7.22 CO concentration as a function of local excess air ratio for different thermal loads.....203
Figure 7.23 Comparison of temperature (solid line) and CO concentration levels (dots) between
biogas pure methane operation as a function of nominal thermal load for local excess air ratios of

D B 1 o Lo N PP 203



Figure 7.24 NO concentration as a function of local excess air ratio for different thermal loads.....204
Figure 7.25 NO concentration as a function of local excess air ratio for different thermal loads... 204
Figure 7.26 CO; and 0; dry basis concentration levels as a function of local excess air ratio for
different thermal loads. Lines correspond to theoretical equilibrium and symbols to experimental

(6 - U= U 205

List of tables

Table 2-1 Column selection for the chromatographic method developed. .......ccnnneenecnecrnnernneenne. 87
Table 2-2 Column selection for the alternative chromatographic method utilized.......cccooereerreeenreenreenne. 89
Table 2-3 Calibration table and overall uncertainty for the main method.......cconnoneenecnecnreenneenne. 91
Table 4-1 Initial species mole fractions for CaSES A-C ... sssssssssssssans 130
Table 6-1 Generic composition of blends UNAer STUAY .....ccoceeeeerrmerreesreesreeesserseesersseesssessseessessseesseesssesssessees 163
Table 6-2 Calculated thermochemical properties of tested fuel blends........conennerneeneenecenneesneenees 164
Table 6-3 Heats of formation for selected CgH1e iSo-paraffin iSOMErs .....c.covveereernrermeesseesseessecrnsersennees 166

Table 8-1 Summary of performed investigations with respect to innovative research in fuels, flames

and combustion diagnostic methodologies. Research exploitation capabilities are also shown.....215



Extended Abstract in Greek Language

[MeptAnPn EKTEVOUC TEPLEYXOUEVOU OGTNV
EAANVIKY) YAWOOO

To mapdv amoteAel ektev) mePANYM TOU KUPIWG OTEAEXOVG OTNV EAANVIKY YAWOOA KoL ATTOTEAEL
eviaio KoL avamooTaoTto KOUPATL ¢ Statpf3ng. H apibunon oxnudtwy, Tvakwy kol eElo0oewy,
Ta omola yia Adyoug olkovopiag ywpov Sev emavaiapfavovtal, £xel TANPpwS Statnpndel petadv
Kuplws Kelévou kat tepiAnymge. EmimpooBétwg ot BIBALOYPAPIKES TTAPATIOUTIEG AVTLOTOLXOVV, TIPOG
€UKOALX TOV aAVayvwaoTn, 6T cLVOALKT BLBAOYpa@ia OTwE TtapatiBeTal 6To TEA0G TNG SLatpL1s.

Ke@ddaio 1° - Aopr), TEPLEYOUEVO KL KALVOTORIX TG StatpBng

0 GvBpWTOG AVAYKAGTNKE VA TIBOGEVTEL TNV TEXVN TNG PAGYAS ATIO TIG TIPWTESG OTLYUEG TIOU APYLOE
va (€L 0€ 0PYAVWUEVEG KOWVWVIES. 'EKTOTE, 1| EMIOTUN TNG KAUONG XPTOLLOTIOLEITAL KATECOXNV YA
TNV EKUETAAAELOT TWV CUUPBATIKWV TINYW®V EVEPYELAG. T'lar apKETEG SeKAETIEG I EvEpYELaKT {fTnoN
KOL Ol TIUEG TWV KOUGIHwY NTav apketd xaunAés. H peiwon twv cupPaTikbV eVEPYELAKWV
amofepdtwy kat 1 adinon Tov Taykoouov TANBuopol odnyel aTnv 0EUVeN TOU EVEPYELAKOU
mmuatog. ITlpog emilvon Tou evepyelakol NTUATOG, VA MEYAAO KOUMATL TNG TAYKOOULOG
EPEVVNTIKNG SpaaTnPLOTNTAG ETKEVTPWVETAL OTNV avalltnon Kot BEATIOTOTOMGT TEXVOAOYLWV

AVOVEDOOIUWY TMYWV evépyelag. TMapdAa autd, N TAEOVOTNTA TWV EQAPUOYWOV TOPAYWYNS
NAEKTPLKNG EVEPYELNG BLOUNXOVIKWOV EQAPUOYWOV KoL LETAPOPWY, Tov otnpifovv Ta BepéAia g
oUYXPOVNG OLKOVOULIKN G KOL KOWWWVIKNG (w16, eEakoAoubel kat Ba egakorovbel (Zynua 1.1 — oel. 50)
va otnpiletal otV Texvoloyla TG KAUONG. ZTIC AVWTEPW EPAPUOYES 1| XMULKN EVEPYELX TWV
OPUKTWV KAUGIHWV OTWG 0 YalAvOpaKag, TO TETPEANIO 1| TO QUOIKO aéplo, UETATPEMETAL OE
Beppuotnta 1 €pyo, péow TNG o&eldwong pe To TePlEXOUEVO oTov aépa o&uyovo. KabBwg 1
SLBEoIUOTNTA TWV OPUKTWV KAUCIHWY Elval TEMEPAGUEVT), EVAL avayKailor 1 avATITUEY
EVOAAAKTIKWV KOUGTHWV (EITE TTPOEAEVGTG AVAVEDO LWV TINYW®V 1] CUVOETIKWV KAUGIHWV) Kal VEWV
TEYVOAOYLWV OTIWG Ol KUPEAEG KOUGIHoU. QOOTOV OUWS Ol VEEG TEXVOAOYIEG (PTACOUVV OE WPLUO
emimedo, KPIVETAL avayKaioe 1 OUVTHPNOT, AVATITUEN Kal BEATIOTOTONON TwWV UTAPYXOUCWV
TEXVOAOYLWV KaomG. Avau@ofntnTta, yio Ty emTEVEN aUTWV TwV OTOXWV Elval avaykaia 1
Babltepn katavonon twv @awopévwv kavons. H &g BdBog katavonomn Twv TOAVTAOKWYV
@AWVOUEVWV TIOU SLETIOVV TIS XNUKA avTIBpwOoEeS poEG, 0dNyel 6T BEATIOTOTIOMOT TWV CUYXPOVWY
OUOTNUATWY KaUOTG KAl KATA CUVETELX OTN UElWOT) TOU TEPIBAAAOVTIKOU TOUG QTOTUTIWHOTOG.
AvTo avadveTal TANV Twv agpiwv Tov Beppoknmiov, 6TWGS To So&eidlo Tov avBpaka, o€ 0&eiSLa Tov
Belov KoL TOU A{WTOV, TTOAVKUKALKOUG ApWUATIKOUG VEPOYyovAvOpakes kal altBaAn, Ta ool elval
WBSLoutépws emiBAapn yia v vyeio Tov atopov.

H xavon eival To amoTtéAeopa xwpoxpoviKa SUVAIIK®OV 0AANAETIIOPACEWY GE HOPLAKO KL OTOULKO
emimedo, mov kaBopifovv TNV evepyelakny amddoom, Toug PUTIOUG, TNV KATAVAAWGCT KOAUGIHOU Kal
™V &v yével Aettovpyia kot aflomotia €vog cuoTNUATOG Kavong O oXeSlaopog cUyxpovwv
OUOTNUATWY Kavoms BacileTal oAoEva Kol TIEPLOCOTEPO GTNV UTOAOYLOTIKY Tipooouoiwon. Ta
UTIOAOYLOTIKG epyaleia avamtiooovtal afloTOLOVTAG T TEPAUATIKA OeSopéva PETPTOEWY
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meSiwv TayvTNTag, OepUoKpaciag, CUYKEVTPWONG XNUKWV EVOOEWY KAl PEYEBOUS cwUATISIWY
TAPEXOUEVA ATIO TNV £QAPUOYT] TTANBWPAS SlayvwaoTikwy epyaieiwy. Ta vTOAOYIOTIKA gpyadeia
TPOoPOS0TOVVTAL CUVEXWG UE SESOUEVA YA T POT| KOl TN XNHEX TNG KAUONG HECW TWV AVTIOTOL WV
TEPAPATIKOV SLEPEVVIOEWY, TIPAYUA TIOU 08NYel G0NV ATOSOTIKOTEPY, HE OPOUG XPOVOU Kol
kdoToug, Asttovpyia Tous. ITlpo@avwg 1N avamtuén Kol BEATIOTOTOMON TWV UTOAOYLOTIKWV
epyadelwv elvat oaAAnAévdeta ouvSeSepévr ue TNV TPOOSO TWV AVTIOTOXWV TEPAUATIKDV
Slayvwotikwv  pebodwv. Qotd00, TA VUTOAOYLOTIKA epyaieia onuepa de  Svvavtal va
HLOVTEAOTIOMOOUV O€ TIANPT EKTAON TN OAANAouxla TwV CUVOETWYV EULVOUEVWY TOU Aapfdvouv
XWPA AY OTIG oUYyXPOVEG UNYVEGE2l TUVETIWG, 1 €KTEVNG TEPAUATIK Slepelivnor amoTeAsl
HOVOSPOUO Yl TNV TEPETAIPW aVATTLEN Kol BEATIOTOTIOMON TWV CUCTNUATWY KAVGONG KAB®G
emlong koL ™ BabvTEPN Katavonon Twv BepeAlwdwy @avopévwy Tov StEmovy TN Siepyacia g
KavonG. Xe autd Ta MAalol 1 Tapovoa Satplfn otoxelel otV avaTTLE SLAYVWOTIKWV
gpyarelwv Yl @avopeva Kavong Kal KAt eMEKTAOT TNV £QAPUOYT TOUG OE CUCTNUATA KOXUOTG
TPOAVAULENG BAOUWTNG TOAVTTAOKOTNTAG.

Kavon, kaboua kat cuoTHUaTa KQUGTHPES TTPOAVEULENS

H emioyn kavoipov eival pla moAvemimedn Swadikacia kabwg beata o@eidel va mAnpol
OAANAOCUYKPOUOUEVEG aTALTNOELG. Ol ATALTNOELS AUTES Elval To VPMAG evepyelakd TEPLEXOUEVO, O
VYPNAGS pubuds EkAvonG EVEPYELG, T EVKOALQ agploTToinoNg, N 6TABEPITNTA ATTOBNKEVONG KAl TO
UELWUEVO TIEPLRBAAAOVTIKO ATIOTUTIWUA. AVTIOTOX®WS, TO VTTOYNPLO KAVOLUO OQEIAEL VX TTHPOUCLATEL
VYNAT BepOYOVO LKAVOTITA KL EVEPYELAKT] TIUKVOTI T, LKAVOTIOTIKT) OEp KT evoTABEL, YoumAn
TAOT ATHWY, XWPIS TauToXpova va ival ToEIka1%6], Ta aépla KaUO LA, EV YEVEL TTAEOVEKTOUV UTIO TN
OKOTILX TNG TIPOAVUUEULYMEVIG KAL TILO OUOYEVOTIOMUEVT|G TIPOCAYWYNS 0TO BAAXUO KAUGOTG, TTOU
U0 NG KATAAANAEG GUVONKEG AelToupYlaG TAPAYEL HELWWUEVOUG PUTIOUG KOL EMIKAONOELS,
HELOVEKTWVTAG TAVTOXPOVA € {NTNHATA ATOOKEVONG KL HETAPOPAS, Ta oTola elval avaykaia
AGyou xapwv otnv autokwntoflopnyavia. Amevavtiag, Ta gupéws SadeSopéva vypa KaoLua,
TAPoVoLAloLY VPMAS KaT GYKO EVEPYELAKO TIEPLEXOEVO, OVTAG TAUTOXPOVA AGQUAT] OTN UETAPOPA
KOl ATTOO1KEVOT, ELGAYOVTAG OUWE TIEPETAP®W ATALTOELS YL TNV avEpEn kal atpomoinor tovs. Ta
oTEPEA Kavoua cvpmeplAapavouv eidn SuAeiag, Blopdlag kat yalavOpakwy Kot amoteAoVv @Onvn
KoL Gpeoa StaBeoun Iy evEPYELRS, QAAG wG Tl TO TTAloTOV TTpoopIllovTaL yia HeyAANG KATLaKAG
gykataotaoels. EmmAgov, mepléxouvv Té@pa, vypacia Kol Oelovxes, alwToUXEG Kol 0EUYOVOUXES
EVWOELG, OL 0Toieg ouufdAovy ot Snuovpyia pOTWV Kal AAAwV emMPBAABWVY EVOOEWY YLt TNV
EYKaTAoTOoT 205],

H &vodog¢ Twv THWV TwV CUUPATIKOV KAOUGIUWY Kal 1 Helwon Twv Sbecipwy amobepdtwy,
OTPEPOLV TO EVSLAPEPOV TNG ETIGTNHOVIKIG EPEVVAS OTNV AVATITUEN EVOAAAKTIKWV KAUGIHUWY TIOV
Ba vVTOKABLETOVY TA UTIAPXOVTQ, LLE EAAXLIOTEG UETATPOTIEG GTNV UTIAPYXOVCA UTIOSOUN. ZUVETIWG, T
EVAAAAKTIKA KQUOLUX O@EMOVV v UTIAKOUV OTIS (Steg podlaypa@es pe Ta cLUBATIKA o€ OTL
QAPOPA 0TI PUOIKEG AAA Kal BeppoxNkéG TOUG LOLOTNTES. QO0TOCO, TA GUYXPOVA EVAAAXKTIKA
KaUOoO TEPLEXOUV €V SUVANEL TOAVTIAOKEG EVWOELS OTWG AKOPESTOL Kol 0SLYOVWUEVOL
V8poYOVAVOPOKES, AAKOOAEG KL E0TEPEG. AUTO CUVETIAYETAL OTL OL XNUKES SLASPOUESG AUTWV TWV
Kauolpwv mpémel va Tpoodloplotolv pe akpiffela, yia v avamtuln, to oxedlaopd Kot T
BeAtioTomoNON TWV CLOTNUATWY KAVONG. YO AUTO TO TPIOUA, Ol TEPAUATIKEG SLEPEVVIOELS
EVAAAAKTIKWV KOOV TIPAYHATWOVOVTAL 08 §U0 KUPIwG AEoVES a@evas yia va emBeRatwoouy 0Tl

10



Extended Abstract in Greek Language

To vToYn@Plo KoUGLUO €lval AELTOUPYLKO OTO UTAPXOVTO OCUCTNUATA Kol pNYaveéS (unyovég
EOWTEPLKNG KAVUONG, OTPOBLAOUNXOVEG K.O.) KOl Q@ETEPOL Yl TN HEAETN OeueAwdwv
XAPAKTNPLOTIKWVY TOU VTIOYT)(PLOV KAUG IOV GE TIPOTUTIES SLATAEELS EpYaaTNPLAKOV TIEPBAAAOVTOG,
OTIWG avTISpaoTNPES EUPOAIKNG ponS 1] TEAELaG avadevons. H mapovoa Swatppn aplepwvel to 60
KEQAANLO YL TN UEAETT) EVOAAAKTIK®V EPOTIOPLKWV KAVCIUWY, TA oTrolao Elval T TILO ATTALTITIKA
aTrd TTAEVPAS PUCLKO-XN UKWV ISLOTHTWYV, UE T AVETTTUYUEVA SLAYVWOTIKA EPYaAEiaL.

OL oUYyxpoVN VOUOBETIX ATIALTEL HELWHUEVES TIUEG PUTIWV ATTO TA CUCTHHATA KOG XWPI§ OHWE va
StakvBevetal 11 amdSoon TOUG, OTWG EMTACCEL 1 OlKOVOULKY Blwoiudta tous. H tavtdypovy
ueiwon touv povo&eiSlov Touv AvBpaka Kol TwV 0EESiwV ToOv AlWTOV, OVTAG AUTOL OL KUPLOTEPOL
pUToL, eival TpakTika SVokoAn Sadikacia kaBws ol amaltoVueves vPMAES Beppokpacias yix
TANPECTEPT KAVOT HE XUUNAOTEPA eTIMESH PovoEeiSlov Tou avBpaka, SpoUV KATAAUTIKA Yl TO
oMUatiopd Bepuikwy ofeldiwv Tov alwtou. Ot U0 TUTOL PAOYWYV, KAT' EMEKTAOT KAL KAUGTIPWY,
elvat ot @AOysg OBiayvong kot mpoavapulEng. Ol KOUOTHPEG TPOAVAULENG TAPEXOVTAS TILO
OUOYEVOTIOIMUEVO plypa Kauoipov-oEeldwTikoy, ev8eikvuvtal yia e@apuoy£G IOV TEPLBAAAOVTOG
KaOoGISs], o€ o XAUNAES OEPUOKPAGIES. ZTIG PAOYES TIPOAVAULENG, TO KAVGLUO KAl TO 0EEBWTIKO
£l0AYyOVTAL 0TO BAAAUO KOUONG TIPOAVAUEULYHEVA KL OUTO KABLOTA TN @AOYa TIPOAVAULENG Hla
Taxela, ovolaoTiKG woofapn, €Ewbepun avtidpaon petadd kovoipou kal o&eldwTikovl42l. Ot
KOO TNPEG TIPOAVAULENG Xpi{ouV 18LaLTEéPou oXESLAGUOY, IBLALITEPWG OE TIEPLTTTWOELS TTPOBEPUAVOTG,
KaOws vTtdpyeL ev Suvdapel ava@AEELuo piypa mpv amd to BdAapo kavong. QoT1dco, oL EQAPUOYES
TWV KAQUOTIPWV TIPOaVAUENG oe TepBaAdov pn ekteBelpévng @Adyag339l §idel v gukalpia ya
vPmAovg Babuols amoddoonG KAl TAUTOXPOVA XUUNAEG EKTIOUTIEG PUTIWY. € QUTO TO TAXIGLO T
mapovoa Satplfn efetalel éva ocvoTNUA TIOPWSOUG KauaTtnpa Tpoavaudns (ke@diawo 7),
ouvdualovtag TIS SLayVWOoTIKEG HEBOSOUG TTOU AVAAVOVTUL OTH ETOUEVA KEQPAALA, UE OKOTIO TOV
TANPT XUPAKTNPLOUO TNG Aettoupyiag, cuvapTioel Tov emPBoaAldpevou Beppikoll @opTiov, ™G
OTOLYELOUETPLAG KL TOU KAUGIHOV.

Alayvwotikny awvouévwy kavong. Tapeufatikés kat un TEXVIKES YIA UETPNOELS KUPLWV Kal
SEVTEPEVOVT WV TTPOIOVTWV KAUONG

H xavon eivat 1o oUvoAo oUVOeTWY, TOAUSIACTATWY OAANAETIIEPACEWY PALVOUEVWY XTULKNG
KW TIKNG Kal pevoTopnyaviknig. H Stayvwotikn Twv @avopévwyv kaions cupaiel ot BepeAtndn
KATAVONOT TNG AELTOUPYlOg €VOG CUOTHHATOG Kol KAT EMEKTAON TWV KUPLWV UNXAVICU®OV
THpAywYNS pUTtwv. H emomun ™6 SLyVwoTIKNG QaLVOpEVWY KaUong amattel VPmAo BewpnTikd
umofabpo kat VYMAG emimeda oxeSAOHOD KAl AELTOUPYIKOTNTAG, KOAVTITOVIAG OTO OTIAEG
EQEAPUOYEG EPYAOTNPLAKNG KAIHOKAG €wG UNYXAVEG ECOWTEPIKNG KaVOMG, aepootpofiloug kol
EYKOTAOTACELS PBlopnxavikng kKAlpoxkas kot vPmAwv miéoewvils7l, MpwTtioTtwg, ol Aemtopepeis
UETPNOELS XNULKWVY €80V, BEPUOKPACIAKWY Kol POIK®WV TESIWV Kol CWUATISIWY TTHPEXOVV TNV
avaykaioa mAnpo@opia ywr Tig vmoBdcokovoes Slepyacieg Kal TPo@oSOTOUV TA UTOAOYLOTIKA
pHovtéda pe dedopéva ya v emkVpwon tovg. H katavonon twv Siepyactwv mov SIEMoVV ta
@awopeva Kavong, odnyovv otn BeATiotomoinon TG amoédoong pe TNV eAdxlotn Suvati
KATAVAAWOT) KAUGIIUOU KoL GNUAVTIKA HELWUEVOUS PUTIOUG. YTIO auTH) TNV évvola, 1) SLAyVWOTIKT O
@awopeva Kavong eival amapapiAlog kpikog TG aAvcidag Tou oxeSlaopuol Kol TG avATTUENG
VEWV KoL KABapOTEPWV TEXVOAOYLWV KavonG. Emmpooheétwe, Texvikd INTHHATA TTOU TIPOKVUTITOUV
amé TN oVlevén KAWOTOUWV HNXAVOV KAl KOUOIHWV KATAVOOUVTAL KAl AUvovTal oXeSOV
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OTIOKAELOTIKA UE TNV EQAPUOYN SlayvwoTikwy pedddwv. Emiong, éva onuavtikd KOUUATL TwV
EQAPUOYWV TNG SLAYVWOTIKNG TWV CUCTNUATWY Kaong eival tavtietal pe v emifieym kat Tov
£Aeyxo Beplk®V SlEPYAOLOV TPOG ATOPUYN Kol €EGAELPN TWV GUVEMEIWV TNG aoTtAbelag g
kavong8l, O €deyxog tng Slepyaciag tng kavong elval avaykaiog yla T pHelwon Twv puTiwy,
e10IKOTEPA  OTAV  EVOWUATWVOVTAL TEXVOAOYIEG QVUKUKAO@OPIOG KOl EKUETAAAELONG TWV
Kauoaepiwv 1 0Ttav 1 Aertoupyia TOU CUOTHUATOS YIVETHL O KADEOTWTA KOVIA OTA OpLo
AVAEAEELUOTNTAG, OTIWG OTNV TEPITTWOTN NG ECALPETIKA TITWYNS 0 KAUG Lo KaoNG.

01 mapepfatikeg Slayvwotikés pébodol xpnowomolovv pia ypopung SetypatoAnyiog, ya vo
odnynoovv to Selypa otov avaAuTty, 11 amoAnén ¢ omolag Slatapdocel agpoduvapikd, Oepukd Kot
XNUWKAE o€ TOTIKO emimedo Ta VMO peAETN @awouevall’3l, Ot mapepPatikés uébodol, e@doov
QTOHOVWVOULV TO Setypa, cuvdualouy ev SUVANEL pia TANBWPA APXWV AVIXVELOTG OTIWG TG AEPLAG
XPWUATOYPAPLAG, 1| TNG PACUATOOKOTING HAlAG, 1| OTIO(EG ATTOTEAOVUV HOVOSPOUO OTNV VAALOT
TOAVTIAOKWV EVWOGEWY, AAAG LELOVEKTOUV TIAPEXOVTAG TIEPLOPLOUEVT XWPLKY KAL XPOVIKT] SLAKPLTIKY
KavOmTa. Avaddywsg TG apyns AEltoupyilag Tou aviyvevtr ot pebodol yapaktmpilovtal oe
KOATAOTPETTIKEG 1] U1), KATNYOPLOTIO(NOT TTIOU SEV TPETEL VO GUYXEETAL UE TOUG OPOUG TIAPEUPLATIKOG
N un, avtiotolya. XTov avtimoda, aTI§ OTMTIKEG 1 Un TapeUPatikeg pebodovg, pa aktiva Awlep
Sleadvel ot PAOGYQ, 1) TOV OYKO €AEYXOU YEVIKOTEPQ, KAL TO TAPAYOUEVO OTUO CUAAEYETAL KoL
avtiotoixwsg avaAvetal Ot omtikés uébodol Bplokouvv e@APUOYT OE AVTIOPWOES POEG LE OAOEvVA
avavopevoug puOUoUs, akoAoVOWVTAS TNV €EEALEN NG EMOTHUNG TNG YPACUATOOKOTIIOG UE XPTOM
AEWePl243], pe oMUAVTIKOTEPO TPOPANUX OTIG MEPES MG, TNV kKabeauTr] omTiky Tipoocfaon ot
TPAKTIKEG EPAPUOYES. OL un mapepfatikés péBodol pe xpnon Aéllep MAEOVEKTOUV otV LYMAN
XPOVIKT KL XWPLKT SLOKPLTIKN TOUG LKAVOTNTA, TIAPEXOVTAG AUESA TN SuvaTOTnTA SLIoSIAoTATWY
uetpnoewvlizsl, Ou peTproels ue xpron A£Wlep TMAEOVEKTOUV ISLALTEPWS OTNV AVIXVELOT) XTULKWV
EL8WV 08 PIKPEG CUYKEVTPWOELS, OTWG Piles kal dAAeG aoTabels evwaoelgsl, Tpdyua mov oeiAeTal
0TI CUYKEVTPWOT) VPNAWVY EVEPYELAKWV ETILTTES WV AKTIVOBOAING 0TOV OYKO EAEYYOU.

H melpapatikn Siepevivnomn kot mapakoAoVOnom Twv KUPLwV XMIUK®OV TIPoIOVTWY EVOG GCUGTIUATOS
Kkaong elvat avaykaia yio tov EAeyyo kot tn feAtiotonoinon g Aettovpyiag tov. Emiong n peAét
TV KUPLWV XMUK®OV EBOV 0€ TPOTUTEG SLATAEELS OTIWG Ol avTISpaoTPEG ELBOALKNG poTS (OTIWG
eTIXELPElTAL 0TO 4° KE@GAALO TNG SlatpLPrg) Tpoo@Epel Ta avaykaia dedopéva yia Ty afloAdynon
Kol BaOUovoun ot TwV VTIOAOYLIOTIK®WV epyadeiwv. H AT p1G KaTtavonorn Twv @avouévwy Kavong,
amoutel ™ HEAETN AOTABWV XNWK®OV EVWOEwV, TOU &gv em{ovv €VUKOAQ Of YPAUUES
SetypatoAnPiag, OmMwG oL plleg TwV YNUIK®OV evoewv. OL plleg aUTEG GUUUETEXOLV OTIS
OTOLXEWBELS avTIdpaoels oeldwong TUPOALVONG Kol KATAVOAWONS Kavoipov, Aapfdvovtag
eEAPETIKA ONUAVTIKO pOAo otnv €kAvor Beppotntag, Siddoong kat oféong TG eAGYAS Kal Tou
omuatiopoy pVmwv. H mo moAuvdiepevvnuévn eivat n pida touv vdpofuiiov (OH) kabwg
TIPOVCLATETAL 0E VYMAEG CUYKEVTPWOELS OTIS PAAYES, TTAlEL ONUAVTIKO POAO OTIG AVTISPACELS TWV
v8poyovavlpaKwV Kal wG €K TOUTOU 1| HOPLAKEG-(PACUATOOKOTIKEG LETARBATCELS TNG EVAL EVPEWS
yvwotég. Ot pidec OH kat CH, xpnowomolovvtal Kateoynv yla TV OTTIKOTOMoN Tov mediov g
PAOYQG, OTIWG ETXELPELTAL OTA KEPAAaLA 5 Kat 7.2 TG Tapovoag Statppng. Emiong, to CH kal to
CN emmpeadovv évtova To oYNUATIOUS 0Eeldiwy Tou alwTov KAl UTIAPXOUVV AVTICTOLXEG UEAETES UE
un moapepuBatikég pebodovgl2iel, Emimpoofétws, cuvdvaouéves melpapatikés pedéteg OH kat HCHO
QVTIKATOTITPIloVY TNV €kAvoT BepuOTTAGH7] atd TN PAGYA 1) XPNOLUOTIOLOVVTAL EPHECWS YL TOV
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Tpoodloploud TG ToaYVLTNTAG TNG KavongB43l, TEAOG YapaKTINPLOTIKO TAPASELYHO Yot TN
XPNOWWOTNTA TWV TEPAUATIKOV SLEPEVVIOEWV TwWV PL®V avTl TWV oVTIOTO(WY EVWOOEWY,
amotelel To mapadetypa g piag CHO évavti g @oppoardetiong (HCHO), yia peAéTeg amelkoviong
Tov medilov ™G PAOYaS. H oppaASeiidn ev Suvapel oxnUaTIleTal KOl €V CUVEXEIX KATAVOXA®VETAL
0€ OXETIKA TPWLIUO OTASIO TNG XMUIKNG UETATPOTMNG Twv LEpoyovavOpakwvi4l, evey to CHO
onUaTileTal pEow avTIdpdcewv OTov AduPAveEL XWpPA 1 HEYLOTNH €KAvon BgpuoTnTag,
amekovifovtag pe peyaAVTEPN akpifelar kot ouTOV TOV TPOTO, TNV TPAYUATIKY TEPLOXN TNG
PAGYQGl208],

Aoun kat kawvotoula g Statpffng
To eloaywyikd ke@dAato g SlatpPng avaAVEL TNV AVAYKALOTNTA TNG AVATITUENG KAL EQAPUOYNS

SLayvwoTtikwv epyaieinwv vy cvotipata kaong kKal TomoOeTel To TAPOV TOVNUX O QUTO TO
mAaiolo, mapovoidlovtag ™ Sour ™G SwatpPng (Zxriua 1.2 - oed. 59). To mpwTo HEPOG TNG
SlatpIPns mapéxel To amapaitnTo VTORAOPO Yia TO oXESIHGUS, TNV EKTEAEOT] KOL TNV KATAVONON
TWV ATOTEAEOUATWY, EMEENYWVTAG TIS apXxEéS Asttoupylag, T Bepedwdn Bewpia kat Ta Baoikd
OUOTATIKA TWV XPNOLUOTIOMOBEVTWY TEXVIKWY. L€ QUTEG TEPIAAUPAVOVTAL TO CUOTNUA TNG KEPLOG
XPWUATOYpAPIaS, TO cVGTNUA GUVEXOUG AVAAVON G Kavoaepiwy, KaBws emiong Kal To cCVCTNUA YIA
paopatookotia pBoplopov emayduevou amod SiEyepon pe xpron aktivoPforiag Aélep.

210 8e0TEPO O0KEAOG TNG SLatpIPnG, Ke@AaAala 4 £wg 6, Ta SLYVWOTIKA gpyaAsia xpnolpomolovvTal
vy ™ HEALTN SaTAEEWV YauUNANG TOAUTAOKOTNTAG, OGTOXEVOVTHG Q@EVOS otV afloAdynon
KaOaQUTWV TwV SyvwoTiKov PeEBOSwV Kol a@etépou ot Sletaywyn TPWTOTUTNG E£PEVVAS,
OLVSEOUEVNG UE VTTAPKTE {NTUATA 0TO TES(0 TWV CUCTNUATWY Kavong Yo auTtd To Tpicua, M
TEYVIKN TNG AEPLAG XPWHATOYPAPIAG EMOTPATEVTNKE YL TNV TTOCOTIKOTIOMON aéplwv pUTIWV Kal
ETMAEYUEVWV TIOAVKUKALK®OV OPWHATIKOV USpoyovavBpdkwy, amd Ta TPoidovta TG TupOAUoNS
HypdTwv pebaviov oe avtidpaotipa epfoAkns pons. Ta amoteAéopata avamapnxdnoav pe dvo
UNXQVIOHOVG AETTOUEPOVS XNMUElXG, Yl TNV TANPECTEPN KATAVONOT TwV SLEPYACLWDV, UE
(KAVOTIONTIKY) CURLPWVIX VTIOAOYLOTIK®V TIPOAEEEWY Kal TEpAUATIKwV dedopévwv. Ev ouveyeia, n
TEYVIKN TNG PACUATOOKOTIIOG (BOpPLoUoY emayopevoy amd Si€yepon ALWep QAPUOOTNKE YLA TN
HEAETN @AOYQS Tpoavaudng eykapolag pons. H Yruxpn pon peAeOnke yvnAatwvtag pHoplx
QKETOVNG OTN PON TOU KAUGIHOU Kl T XAPAKTINPLOTIKA TOU OXNUATOS TNG PAGYyas avaAldnkav
Héow NG mapakoAoVBNoNG G pidag tov vdpotudiov otn {wvn KaOoNG ZTO €KTO KEPAAXLO T
SlatpPn emekteivetal ot PEAETN UN CLVUBATIKOV KOUGIHWY, €EeTAlOVTAG OCUVOETA AEPOTIOPLKA
KOO, LE TN XPNOT EVOG EPYACTNPLAKOU KAUGTNPA TTPOaVAULENG. OL ueTpioelg Bepuokpaciog Kot
Kauoaeplwv, 0€ GUVEUAGUO UE TNV TIPOTELVOUEVT] AVAAVTIKTY peBoSoloyla yia TOV UTTOAOYIOUO TWV
Beppoynukwv 8LOTNTWY BACEL TNG AVAAVTIKNAG XNUIKNAG TOUG 0VOTAONG, KABLoTOUV EQIKTH TNV
a&loAOYNOT TWV KAUGTLWY KL TN CVOXETLOT TNG ATOS00MG, IE T TIEPLEXOUEVA CUGTATIKA TOUG.

TeAkwg, ol TpoavaepOeioes TaPePPATIKES KoL UN TEXVIKEG, oLVSVATOVTAL YL TOV XUPAKTNPLOUO
€VOG Ko TNpa VYNANG TTEPLTAOKOTITAG KAL EV TIPOKELUEVW EVOG KAUOTNPA TTOPWSouG adpavois
puéoov. H emdoynq touv kavotipa mopwdoug adpavols péoou €yve KaB®G auth 1 TEXVOAOyia
vmdoxeTal amo VPMAN Aettovpyikn evediEia Tpoo@EpovTag TapdAAnAa VPmMAY amddoon Kat xaunAd
emimeda pOmwv. H omtwkomoinon ¢ @AOYas péoa OTO TOPWOES, HECW TNG TEXVIKNG
@AoPATOOKOTING  Boplopoy  emaylopevou omo SiEyepon AEWEP KAl OUYKEKPLUEVA TNG
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TapakoAovOnong ¢ pifag Tov v8potuiiov ot {Wvn Kaong, avedele TG TTEPLOXESG AELToVpPYiag
TOU GUVOPTNOEL TOV BepULKoV @opTiov Kal TG oTolelopeTpiag Ev katakAeidy, Siefayetal mAnpng
TIOAUTIAPAUETPLKOG XAPAKTNPLOUOG TOU TOPWSOUG KAUOTIPA CUVOPTHOEL TOU EMIPAAAOUEVOU
(OPTIOV, TNG OTOLYELOUETPLOG KUl AVOAVETAL 1] LKAVOTNTA TOU KAUGTNPA Ylo AElToupyla pe
OUUPATIKA KoL EVOAAAKTIKE KAUO LA,

Kawvotoua onueia épevvag kat mpoonTikés NG Statplfnig

H Statpifn apxlkwg PEAETA SATALELS XAUNATG TIOAUTIAOKOTITAG, GTOXEVOVTAG GTNV O§LOAGYNON
KaBautwv Twv SlyvwoTikwv UeEBOSwY, ATOCKOTIOVTAS OUWG THPAAANAa oTn Siefaywyn
TPWTOTUTNG EPAPUOCUEVNG EPEVVAG. ZE AUTO TO TAA(CL0, oTA KEPAAala 4 Kol 5 (ekTdG TOu OTL
TAPEXOUV  TEPAUATIKG Sedouéva  mpog avaivon kot Pabuovoumon Twv avtioToywv
UTIOAOYLOTIKWV EPYAAElWV) SLEPELVOVTAL TIEPAUATIKA U0 CUCTIUATA UE TIPOEKTACELS 0TO TIES(O
£PEVVAG KL EQAPUOYNG TWV OUYXPOVWV KUPEAWY Kauoinwvli3sl, O kuPrédes Kauoilpov atepeov
ofelbiov elval pla amd TIG TLO EAKUOTIKEG VEEG TEXVOAOYIEG ylx amokevtpwuéva (VBpLSika)
CUOTHUATO UKPOGUUTIAPAYWYNS BEPUOTNTAG KAl NAEKTPLIKNG eVEPYELOG288], OL KUPEAEG Kavaipov
SUvavtal va Asrtovpynoouvv pe vEpoyovavBpakegiisl 1§ akoun Kot povo&eibio tou GvBpakallsd,
woTO00 N T ovvnOng Avomn elval 1 Tapaywynq agplov oVvBeong 1| vdpoyovouldlsl, péow g
AVAPOPPWATG TOV (PUALKOU agpiov 1 Tov Bloagpiov. H Statadn avapop@wt) Kauoipov kal 6THANG
™G KUPEANG Kavoipov SUvatal UOKPOOKOTIIKA va Tipocouolwdel péow Sidtaing avtiSpactipa
euBoAiknic poncit9. Ito 4° KEPAAALO UPEAETATAL 1| TTVPOAVOT] ULYUATWV HE KUPLO GUOTATIKO TO
pebavio oe Slatatels avtidpaotnpa ufoikng pong. Ta egetaldueva piyuata TPOoOUOLOVOUY T
oUoTHON TOU @UOKOL aegplou kat Slepguvovv v emidpacn Tou Slogeldiov Tou GvBpaxa,
OTOCKOTIWVTAG GTNV EKTIUNOTM NG EMISpaons ¢ xp1ong tou Bloagpiov 6To cVGTNUA TNG KUWEANG
Kavoipov, og ocUykplon pe To Kabapd pebavio 1§ To uokd aéplo. Emiong, ot kuPédes kavoipov
AVTOAAQYNG TIPWTOVIWY HE KAUGLUO LVEPOYOVOI28l 1] xpron avapop@®WT®WV Plokavucipwvi®d elval,
TPOPAVWOG UETA TNG UNXAVEG ECWTEPIKNG KOUONG, 1) TILO UTTOCXOUEVT] EVOAAXKTIKY AUOT Yl TO
HEAAOV NG avTokivnToBlopnyaviagiiel I'a v emiTuyT AELTOUpYia EVOG TETOLOU CUCTHUATOG ElvalL
amapaitntn 1 xpron BondnTikwv cvoTNUATwy Tapaywyns Bepudtagi270. Xto 50 ke@dato
HEAETATAL 1M AEITOVPYKOTNTA €VOG TETOOL Pondntikoy ocvotipatogBiel, Baclopevov oty
TeXVoAoyia Tou kavoTipa Topwdoug adpavoug pésou (N omoia avaAVetal oto 7° Ke@&Aalo) piag
O OMAOTIOMUEVNG @AOYAS TOU avamaplota Tn O6wataén Tou otadiov TpoavaulEng Tov
Kovotnpal3iol,

‘Ocov agopa otnv emAoyn Kawoipov 1 SwatpPn egetdlel wg emi to MAeloTov cLUPATIKA KoL
EVOAAAKTIKG agpla Kaoa. IapoAa autd, HEGW TNG EKUETAAAEVONG CUUPBATIKWOV TINYWV EVEPYELAG,
OTIWG TO PUOLKO aéplo, SUvavtal uéow ¢ Slepyaciag Fischer-Tropsch va pokOjouv evaAraktika
KOO, oUUBATAE HE TIS VTTAPKTEG UTIOSOUEG. XE aQUTO TO TAA(CoLOo, TO 6° Ke@AAalo eEeTalel T
AgLTovpyia EVOG KAQUOTHPA EPYNOTNPLAKNG KAlHakag, pe kavopa Fischer-Tropsch ywa agpomopikn
E@ApUOYN, TA oTola KaAoUvTalL va TANPOUV ATALTNTIKEG TPOSLAYPAPEG OO0V QPOPA OTIS
(PUOLKOXMUKEG TOUG 8LOTNTES. Tar KAUOo LA AUTA TTAPOVCLALOUV OTUAVTLIKT SLoLOpOoTIoiNn ot e TPOG
™ o0OoTAoT TOUG, KATL OV KABLoT& SUGKOAN TNV QVTIOTOIXION TNG GUUTEPLYOPAS TOUG OF
ovoTHUaTA KaoNG HE TO OUCTATIKA TOU TA omaptTifouv. OL TEPLOCOTEPEG HEAETEG OTN
BBAoypa@ia acxoAoUvTal HE TNV ATTOSO0T) AUTWV TWV KAVOIHWY 0€ TPAKTIKA CUOTHHATA, OTIWS
oTPoBoUNYavEGBI Kol UMy avéG ecwTePLKNS kaongBl To 6° ke@AAalo akoAoVOEl pia avaAvTiKy
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uebodoroyia vmoAoylwopold Twv OeppoynuUik®v  WSLOTTWYV Twv Kaucipwyv, To omoia
SlaopoTololVTal  CUCTNUATIKE  GE  TAPAPLVIKOUG,  VA@OEVIKOUG Kol  OPWUATIKOUG
V8poYovVAVOPAKES. ZUVETIWG, HECW AETITOUEPWY BEPUOKPACIOK®Y HETPNOEWY KAL TWV UETPTICEWV
Kavoaeplwv aflodoyolvtal ol ATOKAIGELS TNG CUUTIEPLPOPAS TWV SLAPOPWY KAVGIHWV AVAQOPLIKA
UE T TEPLEXOUEVA OE QUTA OUOTATIKA Ev KaTakAeid, TO KEPOANO TOPEXEL TPWTOYEVN
TEPAUATIKA SESOUEVA YA TO XapaKINPLopo kavoipwy Fischer-Tropsch, ta omoia Bpiokovtal otnv
LU TNGS EPELVASG TN G TEXVOAOYIAS Kauoipwv.

1o 7° KeE@AAaLo ™G SlaTpIPnis oL TpoavaepOeioes TapeUPATIKES KAL UN TEYVIKEG cuvSudlovTal
YW@ TOV TANPN XOPAKINPLOUO €VOG KauoThpa LVUMANG TEPITAOKOTNTAG, OTWG 0 KAUGTHPOS
Topwbous adpavols péoov). ApyLKd 1 Aettovpyio TOU KAVGTPA SIEPEVVATAL HECW TNG TEXVIKNG
@AOPATOOKOTIOG  (Boplopol  emaylopevou omo Sieyepon ALWeP KAl OUYKEKPLUEVA TNG
TapakoAovOnong ¢ pifag touv vEpotudiov wg VNBETN TG {wvng kavong H peAetn avt
TapovoLdlel VPNAS Babuod SuokoAiag ava@opLkd pe TNV OTITIKY TPOGRach SLIapEécov TG TopwSoug
Sounig. H SudvolEn G  omTikig  SaSpouni  TPAYUATOTOWONKE KATOTLV  €VEEAEXOVG
TIOAVTIOPAUETPLKNG LEAETNG, KATAANYOVTAS 0€ éva BEATIOTO GXTUA, TO OTIOI0 SLATAPACOEL KATA TO
gAayloto duvatov Tn Asttovpyia tou kavatnpa. H peAetn avadewkviel g Teploxés otabepng
AelToUpYlaG TOU  KOUOTNPA OUVAPTNOEL TOU BepUkoV  @OPTIOV KAl TNG EMKPATOVONS
OTOLYELOUETPLAG. TN GUVEXELX, TIPAYUATOTIOLEITAL TTA|PNG TIOAVTIAPAUETPLIKOG XUPAKTIPLOUOG TOU
TOPWEOUG KAVGTHPA Kol AVOAVETAL 1) AELTOVPYIA TOU UE GUUPBATIKA Kl EVOAAAKTIKA KAUGLUA.

Ke@ddawo 2° - Mapepfatikeéc néfodol Sayvwotikng @avouévwy Kalvong Tou
E(D(XDU(,)O'THK(IV OTU TAXIOWX e SlaTDlBﬁc

OL Aemtopepelc UETPNOES YNUWKWV €8V, OEPUOKPAGLOV Kol poikwyv TeSiwv mapéxouv v
avaykaia mAnpo@opia ya Tig Siepyacieg mov SiEmovv T @avopeva kavong. Mapadooiakd ot
TPWTES SlayvwoTikeég péBodol NMtav mapepfatikés. Ot mapepPatikes SlayvwoTikés pébodot
XPMNOLWOTIOOVY pia Ypapuuns SetypatoAniag, yia va odnynocouvv to epébiopa/Seiypa otov avaAuT,
N amoAnén TG omoiag Swtapdooel o€ TOMKO emimedo TN @AGya. Apketd Siadedopéveg
mapepBatikes péBodol eivat Ta Beppoleliyn yia HETPTOELS BEpPOKPAGING KAl TA AVEUOUETP BEP OV
VILOTOG YA LETPTOELG TAXUTITWV.

‘060v a@opA OTIG LETPNOELS CUYKEVIPWOEWY XTUKWVY €WV 0oL SlayvwoTikés pebodol moikiAouvv
ATO OXETIKA ATAG GUOTNUATA GUVEXOUG AVAAVOTG LEXPL TIOAVTIAOKEG SLATAEELS XPWHATOYPAPING
Kol @aocpatookotiog palag. Ev mpokelpévw n péBodog g aéplag xpwpatoypaiag Pplokel
EQPAPUOYN O €UPV EPEVVNTIKO TIESIO TOV ATITETAL TNG SLAYVWOTIKNG TWV CUCTHATWY KOS,
ZUYKeEKPLUEVA aVOAVOELS amAng 1 Sodldotatng aéplag xpwpatoypa@iog, OMwe autég Tou
TAPOVOLALOVTAL GTNV TAPAYPAPO 6.2, TTPAYUATOTOLOUVTAL GCUXVA YLX TO XUAPAKTNPLOUO oUVOETWY
KOUGIHWY, OTIWG LyUATA aviTEPWVY LVSpOoYovavOpdkwvI27], meTpeAaiov198] kat knpolivngl74. Emiong
N TEXVIKN NG AEPLAG XPWHATOYPAPING EPAPUOTETAL YLt TO AETTOUEPY] XAPAKTNPLOMO TWV
TPOIOVTWY PAOY®V KAl KAUGTHPWV TPoavapEngl218l, cuyxva cuvdualdpueveg pe AAAEG TeXVIKEG314]
Ax. oLVEXEIG avaAVTEG, OTIwG otV mapaypago 7.3. Emmpocfétwe, 1 agpla xpwuatoypa@ia ot
ouVSLAOUO UE TN PACUATOOKOTIX HAlag amoteAel éva amd Ta akpLBECTEPA CLUOTNUATA YIX TNV
QVAALOT  HOKPOHOPlwV  OTWG Ol TOAUKUKAIKOL apwuatikol vEpoyovavOpakeg252l,  Omwg
TPOVCLALETAL OTNV VTIOTIAPAYPAPO 4.4.2.1. TEAOG, 1] AEPLA XPWHATOYPAPIN TIAPAUEVEL, OE HEYAAO
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Babuo, éva amd Ta o allOTOTA EPYAAELN VIO TNV TIAPOYT] AETTTOUEP OV TIEIPAUATIKWOV SESOUEVWV
OUYKEVTPWOEWV XNWKWY €80V UE OKOTO TNV avdamtuin kat Babuovounon UTOAOYLOTIKWV
epyarelwvl6d, OTwg kKabloTaTtal TPOPAVEG 0TV TApAYpa@o 4.3 NG Tapovoag StatpLprs.

Aépux ypwuatoypa@ia - OepeAwdng Bewpia kat fackd cLCTATIKE TOV CUOTNUATOG
H aépla xpwpatoypagio evdeixvutal yux avaAVoELS HOVIHWY aEPiwV Kol TTNTIKOV UVYPWYV,

KOAAUTITOVTAS £VA EUPV PACHUX EQAPHOYWV ATIO T1) XN IUIKT Blopunxavic apuaKwy Kol TPO@ LWV £wG
™ Bounxavia koavoipwvilol, H agpla xpwHaTOypa@ia, TPOCEEPEL UE OYETIKA OTAEG SLATAEELS
aviXVeLT®WV VYMAT evatodnoia kat emAekTikOTNTA KAOWS emiong kat BEATIoT amddoor o€ xpovo
K0l KOOTOG AOYw £UKOANG auTopatoToinong ¢ Stadikaciog avaivongliiel, O dpog xpwuatoypa@ia
QVOEEPETAL TNV TEXVIKN TOU SLAXWPLOUOU TWV CUCTATIKWV €VOG UIYHATOG BACEL TNG KATAVOUTG
Toug petadl plag KivnTig Kot piag otatikig @daong. H yevikn apxn mov epapudletal eival 6tL to
adpavig @épov aéplo, cuvriBws NALo 1 AlwTo, lval 1 KN T @Acn 1 omoia EKAOVEL TA CUOTATIKA
€vOG piypatog oe pla othAn mov mepitéxel v otabepr) @daon. To plypa katavépetat PeTtaly
OTATIKNG KOl KWWNTNAG @AOoNG Kol PeTakve(tal pe tn Ponbela g Knting He €va puBuod, Tou
efaptdtal amd T oxetwkn €AEN kabe cuoTaTiKoL Yl TIS §U0 PACELS. AVAAOYX UE TO UNYOVIOUO
Sltaxwplopov Slakpivovtal  xpwuatoypaio Tpocpd@nons, KATavouns, SlaxwpLloioy, GUYYEVELAS
Kol LovTo-evaAdaynclisol, H aépla xpwuatoypa@ia eivat évag kAGS0G TNG XPWUATOYPAPLKHS
EMOTAUNG OTOV oTtolo 1 KNt @don eivat aépla. To amotédeopa Tou Sloaywplopoy HToL 1
GUVAPTNON TNG ATOKPLOTG TOU AVLXVEUTI] O€ OX£0T E TO XPOVO KOAEITAL XPWUATOYPAPTUA, EVD T
KOUTIUAT]  GUYKEVIPWONG TWV OCUCTATIKOV TOU UTO SLOYwPLopd HiyHaTog, AEYETOL KOUTTOAN
£KAovuon G Kal elval amoTEAEoUA TNG SLIEVPUVOTG TTOV VPIoTAVTOL TO LOPLX TOV {510V TOU GUCTATIKOU
ot oAn e€aitiag pawvopévwy Stdyvons. H oxetikn amdotaon §U0 cuOTATIKWV €VOG UYUATOG OE
£va CUOTNUA XPWHOTOYPA@ING €KPPACETAL OO TOUG SLXPOPETIKOUG XPOVOUG EKAOLOTNG Kol
kaBopilel TNV TOLOTNTA SLAYWPLOUOV KAL YIX TNV TTOGOTNTA TOU CUCTATIKOU TTOU EKAOVETAL

Ot Siepyaoies mov xapaktnpifouv éva cUOTNUA AEPLAG XPwHATOYpa@lag Tpoceyyilovtal amo
Kuplwg dVo Bewpieg. Apevos N Bewpla Twv Slokwv/keAiwy, 1 oTola TPooeyyileL TO CVOTNUA WG
uia acvveyn Sepyacia SwAlong amotelolpevn amod évav gupl aplBpd wodvvapwy otadiwy kal
ageTépou 1 Bewpla puBUOY TIou VTOAOYIEL TOUG PUBOVG EKAVOTG BACEL PALVOUEVWY UETAPOPAS
nadag kot Siixvong. AvaAuTikoTtepa 1 Bewpia Twv kKeAlwv VTTOBETEL 0 AVOAVTNG KaBwG StEpyeTaL
™G XPWHATOYPAPIKNG OTNANG BplokeTal o€ LooppoTia HETAEY OTATIKNG KOl KIWNTNG PAONS KAl
OUVETIWG 1 Slepyaoia xwpiletal og kKeAlA Kavo) PNKOUG va eEXGEPAAICEL TOV ATIALTOVUEVO XPOVO
TAPAUOVIG Yl TNV ETITEVEN NG LooppoTiiag. ‘000 HIKPOTEPO UNKOG KEAlOU amalteltal yia Tnv
LOOPPOTILA, TOCO TEPLOGOTEPA KEAIQ AVTLOTOLXOVUV GTN GTNAT WOTE 0 BEWPNTIKWG ATTALTOVHUEVOG
aplpog keAlwv va avtiotolyiletal pe T otabepes looppotiag tng otiAng. H emidvon g e§iocwong
HETAWOPAS palag oe kabe keAio odnyel TV oxéomn TOV GUVSEEL TN CUYKEVTPWOT TOV avaAVTN o€
KAO€ KeALO UE TN POT] TOU PEPOVTOG ATIO QAUTO KAL KAT EMEKTACT] TG TEALKNG KAUTTUANG EKAOLOTGI5S],
H Bswpia Twv keAlwv eival pia xpriown nuiepmelpkn péBodog mov mapodAa avta dev kabopilel To
UNXOVIOUO TOV SLXXWPLOUOU G UL XPWUATOYPAPIKNG GTNAT. To KeVO auTd KAAVTITEL ] AVOAVTIKN
mpooéyylon g Bewplag Tov pubuov, n omoia Aappavel voym T Suvapky ocAAnAemidpaocn
QVALECA 0TO CUOTATIKO HE TN OTATIKY KAl KVNTH (@ACT), TPosSlopilovTag TOLoTIKA KAl TTOGOTIKA
TO pUOUO EKAOUOTG TNG OE AUTEG ZUUTEPACUATIKAE, oL SV0 TPooeYYIoELS KATAaAyouV 0To PACIKO
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CUUTIEPOACUAX OTL TO OXNUA TNG KOUTUANG €KAOUONG OKOAOUOEL TNV KAVOVIKY KOTOVOUT UE
Stevpuvon VNG avaAoyn G TETPAYWVIKNG PIJOG TOU UNKOUG TNG XPWHATOYPAPIKNG OTHANGIILZ],

Baoika ovoTatikd kat AELTOUpyia TOU CUGTHUATOS THS XPWUATOYpaPlag

Ta Baclkd HEPT TOU CUCTHUATOS TNG OEPLAS XPWUATOYPA@IOG GUUTEPIAAUPBAVOUV CUGKEVEG
TAPOYNG Kol €AEyXOU NG POoNG TO @PEPOVTOG aEPIOU KAl TOU Oelypatog, SEIYUATOANTITES,
XPWUATOYPAPIKEG OTNAEG, QVIXVEUTEG, OEPUOKPACLOKA EAEYXOUEVEG (WVEG KOAL OCUCTIHATA
ovALoYNS Kat emeepyaoiag Sedopevwv (Zynua 2.1 - oeld. 74). H Aertoupyia Tov cUGTHHATOG EXEL EV
oAlyols wg €&nc. To @Epov aéplo KUKAO@OPEL SLAUECOV TOU GUOTHUATOG EVW 1) POT] EAEYXETAL LE
akpiBela kabwg eival KaBopLoTIKOG TAPAYOVTAS YIX TNV EMAVOANPIUOTNTA TWV LETPTOEWV KAl TN
ueiwon tov emmédov BopvBov. Tlpwv amd T oA, To PEPOV aéplo SLEpYETAL amd QIATPA TIOV
amokpivouv vypacia kol Aomés evwoelg. To @epov agplo Sev emnpedlel TNV KOATAVOUT] TOU
Selypatog otig 600 XPWHUATOYPAPIKES (PATELS, TTAPOAQ QUTA ETNPEGLEL TN SlaoTopAd KABWG e TNV
avinon s Bepuokpaaciag aviavetal To IEWEES KAl GUVETWG eMMPEAlETAL T pOT| HEoa ot oThAT. To
Selypa elogpxetal péow ¢ diatatng derypatoAnias oto ocvotnua. Ot cuvnBéotepes pebodol yia
NV Tpaypatomoinomn tng SetypatoAnyiog eival n xprion ovptyyas (Yo vypng @aong deiypata), ot
avtopatol SerypatoAnmres kot ot BaABides SerypatoAnvias. O swoaywyéas Swatnpeitar o€
Beppokpacia vPmAdTEPN TNG 0TNANG Kat cuvnBws 50 °C avw amd T Bepuokpacio Bpacpol Tov
IO TITNTIKOV oTolyelov Tou piypatog ovtwe wote dtav to Selypa Bploketal og vypn @dAomn, va
agplomoleital Taxvtata Kol €€ oAokAnpou. To Selyua odnyeital ot XpWUATOYPAPIKY GTHAN, 1
omola Bploketal oe Bepuokpaclaka ereyxopuevo BaAapo 0mov SlaxwplleTal OTA CUOTATIKA TIOU
OAANAETISPOUV UE TNV KIVNTA KoL T otabepn @domn otn otAn. Katomwy, to Setypa Siepxetal ot
SLatadn Tou aviyveLTI| OTIOU TA CUCTATIKA TOU avayvwpi{ovTal TOLOTIKE Kol TTOGOTIKOTIOLOUVTAL.
1o teAevtaio Bua ™G avdAuong Ta SeSOUEVH CUYKEVTPWVOVTAL KAL 1] CUGTHGT TOU UTIO PEAETH
Selypatog yivetal yvwotr Queca.

H Swadikacia etloaywyns tov Selypatog oto comua ival ouolwSovs onUaciag yla TNV EMLTUXN
Tou avaivon. Ta ta vypng @Aaong Selypata, XPnOLLOTOLOVVTAL 0TI TIEPLOCOTEPEG EQPAPUOYES
autopatol SetypatoAnmres VPMANGS akpifelag. F'a agpla Selypata, OTwg oty Tapovoa StatpLfn, 1
SetypatoAnPia mpaypatomoleital péow BaABiSwv, Tov 6TV TAELOVOTHTA TOUG £lval SU0 BEcewv
(Zxnua 2.2 - oed. 75). Mua tutikn BaABida SerypatoAnyiag amoteAeital ano £EL BEGELS 0TI OTOlES
OUVSE0VTAL Ol ELCAYWYESG Kal eEaywYEG NG SetypatoAnPiag, Tov PEPOVTOG AEPIOV KAL TNG GTNHATG.
Ou BaABideg ev Sduvapel evwvouv V0 SLASPOUES, BPAXVKUKADVOVTAS CUUTIANPWHATIKEG BUpES.
Apxikd Tto Selypa Soxetevetal og €va KUKAwpA SetypatoAnPiog kat Katomy amofAAAeTal, Ve
Tavtoxpova 1 SelTepn Sadpoun TAnpwvetal pe @Epov aéplo. ‘Otav 1 BaABiSa aAiddtel B¢om, To
Setypa mov Bploketal eykAwPLOPEVO 6TO KUKAWUA OSNYEITE OTN XPWUATOYPOAPLKN GTNHAT, EVWD 1)
eloo80¢ Tov Selypatos BpaxukukAwveTal pe TnVv €€080 Tou amd ) BaABiSa. [Tio ocvvOeTES Slatatelg
BoABidwv SetypatodnPiag Séka Béoewv Sivouv ™ SuvatdtnTa amofoAng amd TO CUOTHUX
QVETILOVUNTWV OVOLWV TAYLISEVOVTAS TIG APXIKA o0& pio BonONTIKY XPWUATOYPA@PIKY 0TANG280],
ETiong, yia TANpwUEVES GTHAEG OL POEG 0TI GTHAT Eival HEYAAVTEPEG CUVETIWGS TO SElypa ELCAYETAL
6A0 otn oAN. ‘Otav xpnooToloVvTal TPLXOELSE(S OTNAES 0 KIVOUVOG KOPEGOU TNG OTHANG elvat
UEYAAUTEPOG CUVETWG XPNoLpotolovvtal 600 €ldn Asttovpyieg Twv elcaywyéwyv, pHE N XwPIS
SlaywpLlopo porg.
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Xpwuatoypapikés otnAeg

H xpwpatoypa@ks omAn amoTteAel ™V KapSld TG XPWUATOYPAPIKNG avAAUoNG. TN OTHAN
Sltaxwpllovtal Ta EMPEPOVS CUOTATIKA TOU SEYUATOG, WOTE KATOTIV VO TIOGOTIKOTOB0UV 01N
Suatadn tou aviyveuty. H Beppokpacia Asttovpylag Tng omAng elval TOPAyovVTaS UEYAANG
onuaciag yao tov Staywplopd. Ot xpwuatoypa@ikeg otnAeg Siatnpovvtal kal Bepuaivovtal oe
@ovpvo eite pe otabepny Oepuokpacio eite pe Oeppo-mpoypappatiopnd, NHToL Avodo NG
Bepuokpaciag pe otabepd pubUd emTVYYXAVOVTAS HeElwon Tou XpOVOU TWV PETPNOEWV KAOWS N
avinon ™G Beppokpaciag ocvvemaystat avinon ¢ SaxwplototnTagildZl, Ot Vo Paoikeg
KOTNYOPLEG XPWUATOYPAPIK®OV GTNA®V Elval 0L 6THAEG TTANPWONG KAt oL TPLYOELSElS. Ot TANPWUEVES
OTNAEG TEpPLEXYOUY aSpavy], OTEPEA VTOOTPWUATK TH OTOlX 1 OTATIKN @d&on Slafpéxel 1
mpoodévetal o auTd. Ol TANPWUEVEG GTHAEG elval LEYOAVTEPNG SLAUETPOU, KATAOKEVAGUEVES ATIO
avogeldwTto YxdAvBa 1 YuaAl kol TepExouv adpavi Kol oTeped cwpata. OL TpLxoeldels oTNAES
KATAOKEVALOVTAL WG £TIL TO TAElGTOV AT 510E(510 TOU TTUPLTIOV KAL TIEPLEXOUV £VA AETITO GTPWUA
amd VPMAoU poplakoV BAPOUG TTOAUVUEPES TO OTIOl0 amoTeAEl T oTaTIKY @AcT. OL TpLyoeldeic N
aVoLXTOU CWANVX OTNAEG £X0UV ECWTEPLKI SLATOUN] TNG TAENG TWV UEPIKWV UKPOUETPWY Kol
avaloya PUE TOV TPOTIO TANPWONS SlakpivovTal oe TOPWEOUG GTPWHUATOC, EMLTOIXLAG ETIKAAVYNG
KOl UTIOOTNPLKTIKNG ETKAALVYNG avolxTol owAnva otnies. O Tpyoeldels oTtnAeg mapéxouv
aTOSOTIKOTEPO SLAXWPLOUO ATO TIG TANPWUEVES GTNAEG, WOTOCGO VUTIEPPOPTWVOVTAL EVKOAOTEPA
amd peyaAeg moodtnTeg SelypatogBol, Qotdoo 1 oUYkpLon HETAL) TWV KATNYOPLWV OTNAWVY Sev
elvat T600 amAn. OL TpLoelSelc 6THAEG £X0UV ONUAVTIKG UEYOAVTEPO UNKOG QAAG 1) TIANPWUEVES
TIEPLEXOVV UEYAAVTEPEG TIOGOTNTES OTATIKNG Pdong. H amdSoon tov Staxwplopot) avEdvetal pe tnv
ATIOUAKPUVOT] TWV KOPLP®V EKAOVOTG TWV ETIUEPOUSG TWV CUCTATIKOV. LTIG TANPWUEVEG GTAES O
Kuplapyog UNXaVIoUOG Slaxwplopov elval 1 evpela SLHOTIOPA TWV CUGTATIKWY 0TI OTATIKN (Ao,
EVW EVEKA TNG TIEPLOPLOUEVNG OTATIKNG PACNS OTIS TPLXOELSElS 0THAES, 0 KUpLog unxaviouds sivat
Kivnon toug kaB’ 6Ao To UKo ™G oTNANG. H KatdAAnAn emdoyr oThANG Kat cuvONKwV Asttoupyiag
elval kplowyn emAoyn yw Ttnv emitevdn Tou KaAUTEPOUL YpwUaTOoypa@nuatog. H emidoyn
KATOAANANG OTATIKNG QA0S YiveTal BACEL TNG TIOALKOTNTAG KOl TNG TTNTIKOTNTAG TWV AVAAVTWV
Kol TOU BgpUO-TIPOYPAUUATIONOU TIoU akoAovBeital. Ol ouvnB£oTEPEG OTATIKEG (PACELS €lval oL
TIOAVGIAOEAVES YVWOTEG WG GLALKOVOUXA AL, OL OTIO(EG TTAPOVGLALOUV BEPUOKPACLOKT) KOL X1 HLKN
adpavn o gvpela tepLoXM AeLTovpYLag.

Xpwuatoypapikol aviyveuteg

H evedila ™G TEXVIKNG NG XPWUATOYPAPING O@EETAL €V TIOAAOIG OTNV TOLKIAOHOP@IO
QVIXVELT®WV TOU ovVLAleL, oupmepAaUPBAvVOVTAG ATO AMAOUG QVIXVEUTEG HEXPL OUVOETES
(PACPATOOKOTIKEG SLATAEELS. OL aviXVEVLTEG KUPIWwG SlakplvovTal o€ KABOAKOUG KAl EKAEKTIKOUG
avdloya pe TO av avtamokpivovtal ot kdbe eidouvg ovoieg M OxL OL aVIXVEUTES aEPLAG
Xpwpatoypa@iag mapovoldlovv £wg kat méEvTe Tagels peyéBoug peyaAltepn akpifela amd toug
avTioTOL(OUG TNG VYPNG XPWUATOYPAPIAG, YEYOVOS TIOU TOUG KABLOTA L8aviKoUG YLot HETPNOELS
TepLBaAlovTIKWVY TTapayovtwvi28ll, H atAn mov xpnowwomoteitay, 1 Beppokpacia Aettovpyiag g
KL €V YEVEL TA XAPAKTNPLOTIKA TOU XPWHATOYPAPIKOV CLUGTHATOS, o@eiAovv va Aappavovral
VTOYN KATA TNV E€MAOYN KATAAANIAOU QVIXVELTI], WOTE TO TEAIKO XPWUATOYPAPNUX v Eelval
aflomioto (Zynua 2.3 - oeA. 81). Ta kUPLA XAPAKTNPLOTIKA TOU QVIXVeLTNH elval 1 evaobnoia oe
ouvvdvaopd pe ™ Suvaulkny Ttou Teploxn, kabopilovtag 600 eudldkpita pia aAdaynq ot
OUYKEVTPWOT) TOU HETPOVHEVOU HEYEDOUG TIPOKAAEL SLAQOPETIKT ATIOKPLOT) GTOV AVIXVEVTH), KABWS
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eTloNG KAl 1 YPOUULIKT) TEEPLOXT], OTNV OTOLX 1] AVWTEPW OLEYEPOT CLOXETI(ETAL YPAUULIKA UE TNV
amokplon Tou aviyveuTh. Ot ouvnBEoTeEPOL aVIXVEUTEG, Ol OToloL KAl XPNoLUoTomBnKav oTo
TAaloolo TNG TTapovoag SlatplPng, elvatl 0 avixVeuTiG PAGYAS LOVIGHOU KOl O OVIXVEVLTNG OEPULKNIG
aywYWotNtag. O aviyveutng BepUIKNG aywyLLOTNTAS £lval LKAVOG VO QVIXVEVCEL OTIOLOSTTIOTE
OUOTATIKO £Xel SLAPOPETIKY BEpUOXWPNTIKOTNTA amd TO PEpov aéplo otn Oeppokpacia tou
QVIYVEUTH], EV® O OVLXVEVLTNG PAOYAS LOVIOUOU Elval TLO vaioONTOG KAl KUPIwS KATAAANAOG YA
vépoyovavOpakes. Extdg Twv 800 Tpoava@epBEvTwy avixVEUTWV apkeTd Stadedouévol eival o
QAVIXVELTNG CUAANYING NAEKTPOVIWY, 0 AVIXVEVLTNG A{WTOV PWTPOPOV, O PWTOUETPLKOG AVIXVEUTNS
KOIL O VIXVEVUTNG (PWTOIOVIGUOV.

0 avixveutng AGYQS oviopov (Zynua 2.4 - o€l 83) eivat o mo SladeSouevog avaAuTtig yio
EQEAPUOYEG AEPLAG XPWHATOYPAPLAG AdYyw TNG LVYMANG aflomioTiog Tov, TwV XaUnAwv oplwv
aviyvevong, ¢ evpelag SuVaIKNG TEPLOYNG HE YPOAUUKOTNTA NG Taéng tov 107 xat ¢
£EALPETIKIG XPNOTIKOTNTAS VL0 EQAPUOYES OPYAVIKWV EVOGEWV. ETtlong 1 amdkplon Tov avixveuTt)
@AOYQS LovIoUoU Sev elval evaiodNT o€ UKPOUAAXYEG GTH POT) TOU (PEPOVTOG 1| TIEPLEXOUEVO OTO
Setypa vepd 1M S1o&eiblo tou GvBpaka. O aviyveutig @AOYNS LOVIGUOU WELOVEKTEL 0TO OTL Sev
QVTATIOKPIVETAL 0€ aépla TIou Oev Kalyovtal OMwG Belovya 1 VITpKA ofeidla, kot OTL elval
KATAOTPOPLKOG Yo TO Selypa. O aviyveutng @AOYas Loviopol amoteAeital amd §Uo NAeKTpodia ek
TWV OTolwV TO éva AEIToupyel WG kauoTnpag Kal To dAAo w¢ cuAAéktneg. Kabwg to Seiyua
ELOEPYXETAL OTOV OVIXVELTH KalyeTal kol oynuatilovtal @opTiopéva ocwpatidia, Ta ool
Snuovpyovv pevpa WIKPNG EVTaonG UETAEY TwV dU0 NAEKTPOSIwV oTa oTola LVTAPXEL Sla@opd
taons. To @optiopévo Betikd MAEKTPOSI0 Aettovpyel WG OUAAEKTNG TOU PEVUATOG TIOU
Snuovpyeltal KAl KATOTILY VIOXUOTG TO OUA LETATPETIETOL € PETPNOLUN Sla@opd Suvapkon(140],
INUaVTIKY elval 1 mapatipnon OtL 660 peyaAUTEPOG £lval 0 aplOudg atdéuwv GvOpaka piog
0PYQVIKNG €VWONG, TOCO 0 aplOPdG TWV LOVIWV TIOU TPOEPXOVTAL ATIO TOV LOVIGHO TOUG glval
UEYAAUTEPOG GUVETIAYOVTAS aUENON GTO ONUN TOU AVIXVEUTH. ZTNV 0UGIA 0 QVIXVELTNG QAGYQS
LOVIOUOU elval évag HETPNTNG ATOUWY AvOpaka NG ouciag Kal 1) oXECT TOU GUVSEEEL TOV aloBNTO
amd TOV aViXveuTn aplOpd atopwv avOpaka UG oUcIG CUVOEETAL PE TIGC OUOAOYEG OELPES
evwoewvlsd, To poplakd G Papoglssl kal T ouvBNkeg Aettovpylagisel, Qotdco, o emakpLBng
UNXQAVIOHOG TOU OYNUATIOHOU TwV LOVTWV o€ pia Statadn aviyveut| @AGyag oviopol dev eivat
TANPWS YVWoTOG282] xwpig auTo va Tov epmodilet va eivat o o Stadedopévog Ta TeAsuTaio Xpovia.

O aviyveuTtng BepUIKNG AyWYLHOTNTAS €lval KABOAIKOS KAl XapaKTNPIleTal amd OXETIKA XAUNAX
OplLa avixveuone Kat LKp YPapUKn Teploxt). O aviyveuTis BepIiKnG aywyLHOTNTAS 0TNPLleTaL 0T
BEPUIKT AYWYLIHOTNTA TWV AEPLWV UIYHATWY Kol amoTeAsital amd 600 {evyn BepUIK®V VIUATWY
ouvvdedepéva oe yépupa Wheatstone (Zynua 2.5 - oel. 84), n Sataén g omoiag BonO& otnv
emiAvon mpofANUATwY BEPUOKPATIOKNG SLAPOPAS AVAUESH GTOVUG KAGSOUG TNG. ZTO TPWTO (eVYOG
Sloxetevetal kabapo @épov aéplo To omoio elval cuvnBws NAo egautiag TG VYNANG BepUikng
Ay wYyLLOTNTAS Kot 6To 8e0TEPO {eVyog Sloxetevetal 1 €60806 TG oTAnG. ‘Otav pia ovoia e&épxetan
atd ™ oA €XEL VTTOOTEL aAAayT] aTn oVVOEDT] TNG KV TG (PAONG KAl WG €K TOVTOU 0TI OgpULKn
AYWYLHLOTNTA UE CUVETTELX VA SLATAPACOETAL 1) LlooppoTiia TG YE@UpaG. To pevua Tov amatteitol
Yl TNV ATTOKATACTHCT] TNG LOOPPOTING, ATTOTEAEL TO GTUA TOV AVIXVEVLTH KAl (VAL AVAAOYO [E TNV
OULYKEVTPWOT) TG ovoiag.
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Avantvén ypwuatoypapiklic ueboédov yia avavon kavoagpiwv

0 ouvVSLACUOG KATAAANAWY XPWUATOYPAPIK®OV GTNADY, AVIXVEUTWY, ELCAYWYEWVY KAL 1] ETIAOYY
TV avTiotolywv pubuicewv BepuoKpaAcLOY KAl TAPOXWV  PEPOVTOG aeplov  KaAeltal
Xpwpatoypa@kn pEBodoc. Lta miaiowx g StatpPng avantiyxdnkav kat xpnowomomOnkav 0o
eVOAAaKTIKEG Slatagelg. Ot §Uo uéBodol aToXEVOLY OTNV AVAYVWPLOT Kol TIOCOTIKOTIOMGN TwV
KOpLWVY TPOTOVTWY TNG KaionG KaBweG Kol TwV ONUAVTIKOTEPWY EVELAUECWY XNUIKWV €8wV. To
KUPLO KOLWVO XOPAKTINPLOTIKO Twv 600 UeBdSwv eival 0TL eumepLéyouvv amd §U0 kavaAla avaivong,
oV avtioToLa 061yoVV 0€ EVaY AVLXVELTT] BEPUIKNG AYWYIHLOTNTAS KL EVAY PAOYAS LOVIGUOU.

H mpwm pébodog mou xpnouomoleltal oTa Ke@aAala 6 kol 7, cuvdualel pia tpryoeldn othiAn
SéBuvAo-TtoAvoIA0EGAVNG IOV O08NYEL GTOV aVIXVELTH] QAGYOS LOVIOUOU KOl TPELS TANPWUEVES
OTNAEG €V OELPA, OL OTIO(EG KATAANYOUV GTOV aviXVeLTn Oepuikng aywywotntas (Mivakag 2.1 -
o€l 87). H avaivon eival 1000eplokpacLaKn HE TN OGTNAT TOU QVIXVELTH OAGYAS LOVIOHOU va
avayvwpilel toopepeic vBPOYOVAVOPAKEG TEPLEKTIKOTNTAG PEXPL TECGAPWY ATOUWV GvOpaka. To
KOVAAL TOU aVIXVEVTH DEPULIKNG AYWYLUOTNTAS avayvwpilel OAa Ta KOpLa TTPoidVTA TG Kaong Kol
elvar ouvedepévo pe §vo BarBides. H mpwtn BaABida sival n eloaywyns kat 1 devtepn eival
evaAdayng omAwv (Zxynua 2.6 — oeA. 87). H mpwtn BaABida evowpatwvel deka BEcEL 0TI OTIOlES
elvat ouvdedepéveg ol TPWTN Kal 1 SeVTEPN OTNHAN TOU KAVAALOU TOU QVIXVEUTH OgpUIknig
aywywotntag divovtag T SuvatdTTA aVTICTPOPNG TNG PONG YIX TNV oTmo@UYN TNG £10080v
Bapéwv evircewv Kal vépaTuwv oto ocvotnua. H tpit omiAn Staywpilel To o&uydvo amd to alwto
XPNOWOTIOLOVTAS éva poplakd TALypa ™G TéEng twv 5A. T v mpootasia ™G oThANG Ta
otolyela aUTA amopovwvovTal WodTov S1EPBoVV Ta VTIOAOLTTA ATTO TO CUCTNHA KAl €V CLVEXELX
ETAVAQEPOVTAL HE TN xp1ion ™S PaABiSag evaAlayng. ZUVOAIKA, TO SEVTEPO KAVAAL TTOGOTIKOTIOLEL
v8poyodvo, o&uydvo, alwTo, Hovoteibio kat §1oeiblo Tou avOpaKa TTEPLEXOUEVA OTA KAVGAEPLAL.

H 8evtepn xpwpatoypa@ky péBodog Tmou ypnolpomombnke ota MAaiow Tng Satplffng Kot
EI0IKOTEPA OTO TETAPTO KEPAAMLO, €XEL SOKIUAOTEL 0 TAEIOTEG TIEPAUATIKEG UEAETEG KATA TO
TapeABOVI, pe povn Staopa ta Sokipalopeva kavoipa. H §e0tepn pébodog Sev £xet  Suvatdta
QVTLOTPOPNG TNG PONG OTIG OTNAEG KAl ATAWG EVOWUATWVEL V0 KAVAALL TToV 081nyoUv o€ évav
AVIXVELTH OEPUIKNG AYWYLLOTNTAG KL €vav @AOYAS LOVIGHOV, avtioTtoya ouvdedepéva oe U0
BaABiSeg eloaywyng. Ztov avtimoda 1 avaAvon eival apylkd L.000epUOKPACLAKT VWD AKOAOVOWS
avéavetal pe pvBud 20 °C to Aemtd €wg toug 210 °C SleukoAVvovtag TV avdivon Twv Bapéwv
vdpoyovavOpdKwVv 6TO KAVAAL TOU AVIXVELTH] @AOYQS LoViopoV128l, Tuvodikd, 1 HéB0dog avaivel
HECW TOU QVIXVELUTH BEPUIKNG AyWYHOTNTAG OAQ Ta KUPLA KAl EVOLAUESH XTUIKA TIPOIOVTA TNG
kavons kabwes emiong BevioAlo, atBuAo-BeviOAl0, TOAOVEVIO KL EVAEVIO GTOV QVIXVELTH] QPAGYXS
oviopov (ITivakag 2.2 - a€A. 89).

BaBuovounon kat avavon afefatotntag ths xpwuatoypapikns uedodov

H aépla xpwpatoypa@ia xpnoluoTmoleiTal TO00 Yl TOLOTIKI TAUTOToinon piag ovoiag oto uTo
avaAvon Selypa 660 KAl Yl TTOGOTIKI] QVAALGT) TG TIEPLEXOUEVTG O€ AUTO TocOTNTAG. AgSopuévou
OTL 0L 6LVONKEG AELTOVPYING TOU GUOTHUATOS eival oTaBepES, 0 XPOVOG EKAOUONG EVOG CUGTATIKOV
TOU UIYHATOG AXTOTEAEL XAPAKTNPLOTIKO TOU KAl CUVETIWS SUVATAL VXL 08T YTOEL OTNV TAUTOTOM O
Tou. H moootkn avdAvon mpaypatomoleital HEocw ™G HETPNONG TOV VPOUG Kal Tou eufadol g
KAUTIUANG €kAovong Tou ocvotatikov. H pétpnon touv eufadov tng kaumiAng ékAovong eival
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akpléotepn uebodog kabwes vepPaivel SuokoAies Adyw acvppeTpiog 1 ev YEVEL avopolopop@iag
™G KaumOANG ékAovone. H moocotikomoinon g avéAvong amaltel akpifela otn detypatoAnyia kot
LETPNOELS TN YPAUULKY] TIEPLOXT] TOL aviyveuTh). H ouvnBéotepn pebodog Babuovounong elval m
eloaywyn §£5oUEVNG TOGOTNTAG TNG UTIO AVAAVGT) OUGLNG KL T) EV CUVEXELD LETPT)OT) TNG ATIOKPLONG
TOU AVIYVEVTH O€ Wid 1) TOAAATIAEG GUYKEVIPWOELS, (WOTE VA ATIOKTATHL AVWTEPOV Babuov KaumoAn
Babuovounong. H Babuovounon tov cuoTiUaTog NG KUPLAG XPWUATOYPAPIKNG peBddov movu
avamtuxOnke ota mAaiowr ™¢ SwatpPig (ITivaxag 2.3 - geA. 91) mapovoldlel afefadmta g
Taéng tov +1%, pe oAk afefadTnTa TWV PETPNOEWV TNG TAENG TOL 5%, Aapfdavovtag vmoym
TAPAUETPOVS OTIWG 1) ECWTEPLKT aKPIBELX KAL) U1 YPAUUIKOTNTA TWV AVIXVEUTWV 1] SLACTIOPA TWV
UETPNOEWY KL TX OQAAUATA OAOKATIPWOTNG TNG KAUTTUANG EKAOUGT|G.

ZVonua oVVEXOUG AVAAVONG AEPLWV PUTIWV — ApXEG AELTOUPYIAG KAL YUPAKTNPLOTIKE

To cUomua ™G agplag xpwuatoypa@iag eival eEalpetikd eVEAKTO OGOV A@OPA OTIG SUVATOTNTES
avdlvong TmAeloTwv YNUIKOV 8wV, xwpilc Opws va Sivet ™ SuvatdTa  GUVEXOVS
TAPAKOAOVONONG TWV TApayOUevwY Kavoaepiowv. Tnv avaykadTnTa ToUTH KAAVTITOUV AVOAUTES
OUVEXOUG TIOCOTIKOTIOMONG TWV AEPLWV PUTIAVTIWY, OL OToloL HE TN OEpd Toug SUvavtal vo
OLVBVACOVY SLAPOPETIKEG TEXVIKEG LETPNOMGIL2L OL TEXVIKEG QUTES BploKOUV £@APUOYT] TOGO GTN
UEAETN TNG PETARATIKNG AELITOVPYING TIPAKTIKDV EQAPUOYDVIL08], 660 Kol TNV GUUTANPWUATIKY UE
aAAa KUPLO CUCTHHATH TTAPAKOAOVON O PUTIWV OTIWG Ta 0&eidia Tov Beiovllo2l, Tto mAaiclo ¢
Satpng n mpoavaepbeioes PEBoSoL AEPLOG XPWUATOYPAPIAG OUVSUAGTNKAV HE CUOTIUATA
OUVEXOUG QVAAUOTG, OUTWS WOTE 1| AETTOUEPNG AVAAVOT XNUK®OV €WV Vo cUVEUALETAL UE TN
OUVEYN TTOGOTIKOTIOMOT] GNUAVTIK®OV AépLwV pUTIWV 0TwS Ta 0&eidia tov alwTtou. Ot avaAVTEG TTov
xpnowomomOnkav Bacilovtal 6to vopo Twv Beer-Lambert, cOu@wva e Tov 000 1) GUYKEVTPWON
piag évwong SlepXOUeEVNG aTd YVWOTOU HUNKOUG KOWAOTNTA €(val avAAOYT TOU KAAGUATOG TG
ELOEPXOUEVNG TIPOG TNV €€ePXOUEVT] aKTIVORBOA I otV KOWOTNTA auTr. ATtapaitntn TpoliTobeon
yw v op61 avixvevon kal TautoTmoinon piag ovoiag amoteAel 11 0woTH PUOULOT) TOU CUVTEAESTH
ATOPPOENONG AVOAOYWSG TOU MNKOUG KUHATOG amoppo@nong g embuuntig ovoiag. Ev
TPOKEILEV®, YA TNV AVAAUOT) TOU povogeldiov kat Tov Sogetdiov Tov dvBpaka xpnolpomowmOnke
avaAL TG aTToppOEN NG VTIEPLBPOL aKkTLVofoAiag xwplis Stacmopd, eve Ta 0&eldla Tou alwTovu Kot
Tovu Belov TavToTOMONKAV ATV UTIEPLWOT TTEPLOXT] TOU NAEKTPOUAYVNTIKOU @Acuatos. TEAOG yia
TN OUVEXN QVIXVELOT Kol TOCOTIKOTIOINGT TOU TEPLEXOUEVOU OTA Kavoaépla 0&uydvou
XPNOOTIOMONKAV, EKTOG TWV TPOAVAPEPOEVTWV CUGTNUATWY, KAL TIHPALAYVI TIKOL AVAAUTES.

Ke@ddawo 3° - Mn tapepfatikéc péfodol S1ayvwoTtikic @avopévwy Kadong mov
S(D(XDU(,)O'TTIK(XV OTU MAXIOWX e 8laTDlBT’]C

Tig TeAevtaieg Sekaetieg, N avamtuen TolkiAwy Tywv aktvofoAiiag Allep kal a&lomoinon Toug o€
SLyvwoTikéG peBddoug, £xel wONOEL ONUAVTIKA TNV £PEVVA APEVOS 0T SLYVWOTIKN KaB' auTh) Kot
QPETEPOV OTA EQAPHOTOUEVA TIPAKTIKA CLOTHHATA KavonG. Ot un mapepfatikés pébBodol eivat wg
el To mAeioTov OTTIKEG HEBOBOL 0L 0TTO(EG XPNOLUOTIOLOVY TN SIEYEPOT) TIOU TIPOKAAEL ) aKTLvoBoAia
AELEP YA VA PWTICOVV TITUXEG TNG POTS, AVTIOPWoag 1] un. Ta BACIKE XAPAKTNPLOTIKA TOU (PWTOS
Aélep moOUL ouvéSpapav TNV oApat®wdn BeAtiwon Twv SlayvwoTikwv peddédwv  eivatr 1
HOVOXPWHATIKOTNTA TOL TO YEYOVOS OTL TA PWTOVIA TNG SE0UNG £X0UV OAX TNV (Sla cUXVOTNTA, T
KATELVOLVTIKOTNTA, KAOWG Ta @wTovia TG §éoung €xouv O0Aa TV Sia StevBuvon, n cvpPwvia
@AONG KoL N HEYGAT £vTaom, NTOL TIOAAA PWTOVIA GE UIKPT ETMLPAVELR. ME TIG TEXVIKEG QUTEG 1)
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AUECT) UETPNOT XMUKOV €WV, BEPUOKPACLOV Kol pOIKWV TESIWY 08 @ALVOUEVA KAVOTG KATEDTN
SuvaTtn o€ TMPAYUATIKO XpOVO, HE EAAXLOTN SlaTtdpaln Twv ToTKwy ouvOnkwy. Emiong, katéom
Suvatn 1 Slevépyela TIEPAUATIKOV HETPNOEWY PL{OV XTUKWY EW8®WV Kol KAT EMEKTAOCT] TWV
OTOLYELWSWV aVTISPACEWVY IOV €lval o€ peyaio BaBuo vTeOUVES YIo TOV EAEYXO TOU UNXAVICHOU
£kAvonG OepudTaG KAl oYNUATIONOV PUTIWV KATA TNV kavon B34, 0L cuvnOEoTEPEG OTITIKESG
uebodol yio tn péETpnon MeESiwV TaxuTHTWV elval 1 avepouetpia @acng Doppler pe xprjon Aéwlepl272]
KOL 1] TEXVIKI] TNG AVEUOUETPIAG YVNAATNONG CWwUATISIwVB1SL ‘Oc0ov a@opd oTIS BEPUOKPACLAKES
LETPNOELG, OL TEXVIKEG He xpnom Aéwlep ep@avifouv esupela TokLAopop@la amd pebodoug
BaowWopeves oe edaotikn(l78], avedaotikn (246l 1] cuvSualopuevn (200 gkéSaomn ™G aktvoBoriag, Ewg
TEXVIKEG Oeppopetpiag atopukns Sldomaons Heow A£leplod kal SIXPWUATIKNG PACUATOOKOTIOG
@BoplopoVsl, AkOUN TEPLOCOTEPES TEXVIKEG, OE OLVSLACUO HE TIG Tpoava@epbeioes, £xouv
E£QEAPUOCTEL YIOL U1 TAPEUPATIKEG PETPNOELG XNUKWV EBWV, EITE HE YPAUUIKES OTITIKEG HeBOSOLG
OTIWG 1 YNUELEWTAVYEWI233] kal 11 paopaTopeTpla amoppoENONG KOMOTNTAGIZ], gite pe pn
YPAUUIKEG HEBOSOUG OTIWG 1 CUUE@AOLKT] avt(-Stokes aveAaoTikn] okédaom (82, 1 texvikny NG
EKQUALCTIKN G TETPAYPWUATIKNG avAULENGI283] kat 1 @acuatopeTpio TéAwonNGB1,

M amé Tig To €VEAIKTEG, W TPEPPATIKEG HEBOSOUG SLHYVWOTIKNG CUOTNUATWY KOUOTG
otnplleTal oTNV TEXVIKI TNG ETMAEKTIKNG SIEYEPONG OTOXEVOUEVWV EVEPYELAKWVY UETATITWOEWY TNG
UTO UEAETN XNULKNG €vwong N pillag, HToL 1 TEXVIKY NG aviyveuong tov @Aacpatog @Boplopol
emayouevou amd aktivoBoria Aéilep. Ta kOpla TAgovekTuata TG LeOdSov eival 6TL Sev amaltel
efalpeTikd TOAUTIAOKEG OTITIKEG Slatalels, Sivovtag ULVYNANG EMAEKTIKOTNTOG, OKOUT Kol
TpLoSLAoTATA, ATMOTEAEGUATA AOYW TOU LYNAOU XPOoVIoHoU SLEYEPOTG-AVIXVEVOTG, TNG TAENG TWV
HEPKWV vavodeuTepoAemtwy. Emiong, n aviyvevon touv @aocpatog @Boplopol Tov eMAYETAL ATIO
aktwvoBoAia Aéillep eival eEAIPETIKA EMAEKTIKY] QVA@OPIKA HE TO LTOTPOIOVTA TNG KAVOTG,
TPoodidovTag TOAVTIUN TEPAUATIKY TIANpo@opia Yl T Xnuela g kavong. H vmArn Stakprtikn
KovOTNTA TG TEXVIKNG TPoUT00£TEL TOV aKpLP] TPOCSIOPIOUO TOU PACUATOG SLEYEPONG KOl
aviyvevong, TPAyUa TOU a@EeVOS amattel ) xpron oLvletwv Swatdiewv Aélep pvBUOUEVOL
UNKOUG KUUATOG KL QPETEPOV KABLOTA TNV TTOGOTIKOTION 0T TWV ATOTEAECUATWV Ui EEUPETIKA
SvokoAn Sradikacio. Ot Tapamavw AGyoL KaBLoTovv TNV TEXVIKN TNG PACUATOOKOTING (PBOPLoUOV
EMAyOUeEVOL amo AEep OLTEPWS SLASESOUEVT] AVAUECA OTIG TIEIPAUATIKEG HEAETEG PUALVOUEVWV
KaOOTG, YO TNV aviYveuon TOIKIAWY YNUIKOV EL6WV KoL KATA CUVETELA TIAEIOTWV TTAPAUETPWV TIOU
eAéyyouvv v kavon. Ta o GUXVA VTIAVTWUEVA XNUIKA €01 O TEPAUATIKEG UEAETEG PE TNV
TEXVIKI] TNG QACUATOOKOTING pBoplopoy emayopevou amd AéWlep KaBWG KAl TA TMPWOTA TOU
pueAetOnkav eivat n pila tov VEpoeiovB3l kal akoAoVBws Ta o&eidla Tou alwtov. To
EMOTNUOVIKO BAB0G TV PEAETWV TIG TEAELTAIEG SEKAETIEG £XEL OUEPA OONYNOEL GTNV AVATITUEN
AOYIOUIK®OV TOKETWV TIPOCOUOIWONG TWV EVEPYELNKWVY UETABACEWY 0€ POPLaKO emiTeSO Yyl TA
TAPATIAVW XTNULKE €161, 06N YWVTAG GTNV TILO €DKOAT TTOGOTIKOTO(NOT TWV ATOTEAECUATWV. EEicou
ONUAVTIKES yla TO TeSio TG épeuvag Tov oXeTIleTal PE TNV KAVOT VAL TIEPAUATIKEG LEAETEG TIOV
TPAYUATOTIOLOVVTAL HE TNV TEXVIKY TNG QPACHATOOKOTING @Boplopol) emaydpevou amod Aéwlep
ava@oplkd TI§ piles 6mwg to CHIO7, 1 gvwoelg OTwG 1 @OpUaASelonli4 kat to NCNI300],
TAPEXOVTASG KPIOIHA TIEPAUATIKA SeSopéva Yoo TNV HOp@N Kol TN YEWUETpla ™G AdYaAs, Twv
PLOUWYV EKAUONG BEPUOTNTAS OE AUTNHV KAL TO CYXNUATIONO pUTIWV OTIwG Ta 0&elSla Tou alwTovull7l],
Zta mAaiola TG TapoVoag SLatpLPnig N TEXVIKI TNG QPACUATOOKOTIAG POOPLOUOY EMAYOUEVOL ATIO
A€Wlep XPNOLHOTIONONKE YLa TNV ATEIKOVION TOU HETWTIOV THG PAOYNS HECW TNG TIHPAKOAOVONONG
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™¢ pifag tov vSpouAiov. To Tpito kKeE@AALO emelnyel ™V TEpapaTIKh ueBodoAoyiag, Tapovalalsl
T BACIKA CUOTATIKA TOV CUCTHUATOS SIEYEPONG TOU USPOEVAIOL KAl aviXVELOTG TOV AVTIGTOLYOU
@BOpLoUOV KAl TAPEXEL TO ATAPAiTNTO VTIORABPO Yl TNV KATAVONOTN TWV ATMOTEAECUATWY TIOU
TPAYLATOTOMONKAV LE (PATUATOOKOTILKES, U] TTAPEUBATIKEG TEXVIKEG.

OepeMwdNng Bewpla YACUATOCKOTIKWY LETPNOEWV

Zopewva pe v KBavtounyavikn Bewpla, eva xnuwo poplo SUvatal va TapoucLalel SLaKpLTEG Kol
KBaVTIOPEVEG OTABUEG EVEPYELAG, TTIOU O@EIAOVTAL AGYOU XAPLY, OTNV TIEPLOTPOPLKT EVEPYELA OTAV
TO UOPLO KIVEITAL YUPpw aTd TO KEVTPO BaplTnTag TOu, 6NV eVEPYELX SOVNONG A0YWw TEPLOSIKNG
HETATOTILONG TWV ATOUWY ATO TO KEVTIPO LOOPPOTILAG, TNV NAEKTPOVIK] EVEPYELX AOYW OEVATG
Kivmong twv nAektpoviwv kat ovtw kKabBefng (Zynua 3.1 - oeA. 103). Opoiwg, oL evepyelakég
UETATITWOELG OE £va POpLo elvat avTioTolxws kKBavtiopeveg203], Kat' avaAoyia, XproLUoToLmVTaS TO

amAod Kot Taclyvwoto povtéAo touv Bohr, Ta mapamdve onpaivouv 0TL Ta NAEKTPOVIA KIVOUVTAL O
OPLOUEVEG ETLTPETMTEG TPOXLEG YUPW OO TOV TLPNVA KAl 1) HETAPBAON TOUG 6 GAAN TPOXLA
OUVOSEVETAL ATO TNV ATOPPOPNOTN 1] EKTIOUTIN NAEKTPOUAYVNTIKNG akTvofoAiag (ong evepyelakd
pe T Sa@opd SuvapiKov TwWV  eUTAEKOUEVWVY  Tpoxlakwv. H  aAAnAemiSpaocm NG
NAEKTPOUAYVNTIKNG akTVoBOoAlag pe v VAN kat ot KBavtikés petafoAéG evépyelag KaTd Tnv
amoppo@NoN 1] EKTTOUT] akTvoBoAiag eival To KUPLO XAPAKTINPLOTIKO TNG @aopatookoTmiag. Ot
(PACUATOOKOTIIKEG HEBOBOL ElVAL TEYVIKEG TIOU ETILTPETOUVV TNV akpLPr) UETPNON NG TTOCOTNTAS
NAEKTPOUAYVNTIKNG AKTWVOBOAIOG TIOU QATOPPOPATAL 1) EKTEUTETAL ATO TIS SLAPOPEG YMUIKES
EVWOELG 0€ PEYAAT TIOKIALX TIEPLOY WV CUXVOTHTWV 1] UKWV KUUATOG.

H oAwkr) evépyela evog popilov Katl avTioTolyo ol SUVATEG EVEPYELAKEG UETATITWOELS, TIPOEPYOVTOL
amd téooepls Bacikés TYEG: a) TV NAEKTPOVIKT] EVEPYELR, 1] OTIOLX O EIAETAL TNV NAEKTPOOTATIKY
OAANAETIBpaon TWV NAEKTPOVIWV KAl TwV TPWTOViwV Tou popiov, B) TN UETAPOPLKN KLV TIKN
evépPYELX M oTtola oEelAeTAL OTNV HETAPOPLKNY KiVoT TOu KEVTPOU HAJAG TOU HOPloU GTO XWPO, ¥)
TNV KN TIKT] EVEPYELX EK TIEPLOTPOPTIG, TIOV OPENETAL GTNV TEPLOTPOPT] TOVU HOPIOV YUPW ATO TO
KEVTPO HAJG TOU KAl §) TNV EVEPYELA TAAAVTWONG TIOV OPEIAETAL OTIS TAAAVTWOELS TWV ATOUWV
TOU popiov w¢ mPog 1o kKEVTPo Ualag touv popiovl®l. Mapdyovteg oL €MSPOVV GTNV EVTACT TWV
QACUATIKOV YPUUU®Y Eival Katd Baon 1 TBavomta ueTdBacng, o TANOUOUOS TWV KATACTACEWY
KOL 1] GUYKEVTPWON Kol Ttdyog Tou Selypatos. H akping yvwon Twv kKBavTIKo-KUUATOUNXAVIK®DV
ouvvapToewV HETalL V0 EVEPYELAKWY KATAOTACEWV OTIOU Ba yivel peTAfaon KoL Ol KAVOVESG
ETAOYTG, €av SNAad pa petdfBaom eival Suvatn 1 0xL, fondd ot BewpnTiky TTPpOYVwoN TG B€ong
KL TNG £VTHONG TWV QACUATIKOV YPAUUWY, Xwpi¢ autd va eivat mavtote duvato. Emiong eqv
VTIAPXOLV SV0 LGOTIOAVEG EVEPYELAKEG UETABACELS 1) TILO EVTOVY] (PACUATIKY Ypopuun Ba pokLu et
QTO TNV EVEPYELAKT 0TABUN HE To peyaAlTepo TANOVGUS popiwv. H katavoun mAnbuopwyv popiwv
ne 600 SLAPOPETIKEG KATAOTATELS SiveTal amd To VOO KaTavoung tov Boltzmann.

‘Otav 1 HovoxpwUATIKY akTvofoAia AéLlep TTPOOTEGEL TTAVW O HOPLA ULAG EVWONG TOTE AUTA €V
SUVANEL VTIOKEWVTAL EAAOTIKEG SLAKDAGOELS, XWPIG ATIWAELX EVEPYELAG, KL £VAG AVIXVEVLTNG 0€ 0pON
ywvia wg Tpog TNV Katevbuvon Tng TPooTITTovsas aktivooAiag, umopel va Sex0el ta StabAwpeva
EOTOVIA. XNV TEPITTWOT TIOV VPIOTATAL AVTOAAXYT] EVEPYELAG KATA TN OLAPKELN AVEAACTIKWV
OUYKPOVOGEWY HETAED PWTOVIWV Kol poplwv, TOTE Ta popla eite kepdifouv 1 ydvouv mocdTNTA
EVEPYELAG KAL TO PACTUX KaAgital avtiotolya Stokes 1 avti-Stokes348l, H Stapopd evépyelag, petalu
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800 EMTPEMOUEVWV KATACTACEWY AVTITTPOCWTEVEL GAAXYEG GTI] SOVNTIKY KOL/T) TEPLOTPOPIKN
evépyela tov poplov (Zynua 3.2 - oeA. 104). Ztnv mepimtwon tov @atvouévou Raman ot KBavTikeg
EVEPYELAKEG PETAPOAEG o@edovTal 0T SLVATOTNTA TOAWONG TOU XNUKOU popilov, SnAadn tnv
KovOTNTA €VOG ATOMOVL 1] Hoplov va UTooTel SlaxwPLoHd TwV KEVIPpWVY BeTikoy Kol apvnTiKoU
opTiov péoa ae Eva nAekTpLkd medio.

H texvikn ¢ pacuatookomias @OopLopo eTayousvov amo AElep

0 @Boplopog evog atopov elval 1) TTPOTIOVOH EKTIEUTTIOUEVT NAEKTPOUAYVTIKT OKTIVOPBOALX KOTOTILY
OepULKNG, NAEKTPOVIKNG 1 XNULKNAG SLEYEPONG, 1] ATTOPPOPNONG PWTOVIOU ATO TO GTOUO QUTO. TN
Sedouévn pebodoroyla ota mAaiocwx ™G Statpfng, o @OOPLOUOS ETAYETAL OO LOVOXPWUATIKY
aktwvoBoAia Afllep, CLVTOVIOUEVN KATAAANAQ WoTe va Sleyeipel Ta vo peAetn otolyeia. Katd
QUTOV TOV TPOTO O POOPLOPAG TIPOEPXETAL ATIO ETUAEYUEVEG EVEPYELAKEG UETAPACELS TTOU UTIO
KOVOVIKEG ouvBnkeg Ba elyav pikpn TOAVOTNTA HETABAONG KOl KATA GUVETELA XOUUNAQ eTtimeSa
onuatog. EmmpocOétw, katd v akoAovBovuevr TexVIK) 1 TpoioVoa akTivofolia evtoTileTal o€
mAglota PKN KOUATOG €KTOG auTwv NG Sleyeipovtog aktivoforiag, Sivovtag ™ SuvatdTnTa
ATIOPUYNG @AVOUEVWY EAACTIKNG OKESAONG KATA TNV aviyvevon Ttou onuatos. Qotdco, ta (Sa
@AWVOopEVA AAANAETIISpaON G OE HopLaKkO eTITESO IOV TAPEYOLV TN SuVATOTNTA VPNAOV ONUATOG OE
SLAOPETIKA  €UPT  GUXVOTNTWYV, E€l0Gyouv UYMA OUCKOAlX OGNV TOCGOTIKOTOMOT TWV
ATIOTEAEGUATWV.

Avédoya pe to kvuplapxo €ldo¢ poplakng oAAnAemiSpaons Siaywpilovtal ol avTioTOLXES
otpatnykés peBodoroyies Sieyepong-aviyvevong (Zxynua 3.3 - oeA.106). H mpwtn mbavy
amodiéyepon eivat To Steyepévo POPLo Vo ETAVEPDEL TNV APYLKY) EVEPYELAKT) OTAOUN LE EKTIOUTT
aktwoBoAiag otn cuyvéTnTa TG aktivoforovoag Séoung Aéllep. AcuTepELOVTWS, TO UopLo Svvatal
vV amoppo@noel TV akTvofodia @Tdvovtag ota emimeda oviopov 1 Sldotaong Tovllzsl, Xe
TepBEALoV PAOYQG, AOYw Twv LYNA®Y BEPUOKPACLOV KAl TNG XNUIKA EVEPYNG OVOTAONG TOU
OYKOU €AEYXOU, TO UTO HEAETN UOPLO VUTOKELTAL O OOVNTIKN KAl TIEPLOTPOPIKY EVEPYELOKN
HETATITWON HE N XwplG avtiotolyn eKMOUT) akTWVOROAlNG Kal auTOd akplB®WS TO QALVOUEVO
TIPOKOAEL TIG HEYOAVTEPEG BUOKOAIEG TTOCOTIKOTIOMONG TWV ATOTEAEGTUATWVIOL. Miat oTpatnykn
TOU ATMOAAGCGGEL TNV €EAPTNOT TOU ONUATOG ATO TIG LOPLAKEG GUYKPOUOELS E(VAL 1] TEXVIKY NG
SLéyepong oe emimeda kopeopov132], oV TWG WOTE 0 MANOBLVOUGG Tov peTtafaivel amd T Baoikn o
Sleyeppévn otabun egaptatal kKupiwg amd v efavayKaopévn akTvoBoAla kot Tnv €viaon TG
Séoung Aéwlep. Ita mAaiowx G StatpPng, N Siéyepon emetevxOn oe emimeda 6movL Satnpeital
YPOUULKT) CUOXETLOT HETAEY TNG EVTAONG TNG EPAPHOTOUEVNG AKTIVOBOALXG KAt TOV TTANBVOHOU TNG
oTaduNG S1Eyepong kAl KAt eMEKTAOT TOU TIANBLGHOU Bdomns. Me TNV TEXVIKN TNG PACUATOCKOTING
YPAUUIKWG ETTAYOUEVOL PBOPLoROY amd A£Wep, TA ATMALTOVUEVA ETIMESH EVEPYELRG TNG SEOUNG
SLEyepONG ElvaL OXETIKA XOAUNAQ KL GUVETIWG Elval SUVATT 1] TAPAYWYN ETITESN G SE0UNG Y ApEDT)
Sodlaotatn amewovion G {wvng EKTAONG TOU HEAETWHUEVOL OTOLXEIOV, EEVUTINPETWVTAG TOUG
0TOXO0UG IOV BETEL M) SLaTp ).

Baowd cvotatikd Tov cuotuatog ©BopLeHoV EMAYOUEVOL aTiO AELWED

H mapakoAoBnon twv oUVOETWV @AWOUEVWVY TIOU TEPLYPAPNKAV VwpiTEpa kal 1 opbn
puebodoroyia ywr TNV aviyvevon Tou embBuuntov oTolxelov, amaltel vymAa emimeda
AELTOVPYIKOTNTOG ATIO TO SLAYVWOTIKO CUCTNUO EVOWUATMOVOVTAS T BAOELX EMOTNUOVIKT YV®ON
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oV Ta SLEMoLVY. To TEAKO ATOTEAEGUN TOU CUCTHUATOG SLEYEPONG TIOU EMAYEL TO POOPLOUD TNG
VTO PEAETT) XNULKNS Evwon, o@eidel va eival pia opotdpopen Séoun 1 omola Slac@aAilel emapk
LoxV otV eMBuUUNT TEPLOYN cuxvoTHTWV. OL TIEPLOTOTEPESG SLATAEELS PBOPLoUOV ETTAYOUEVOU ATIO
A€Wep BuoLdlouv TO PHEYAAUTEPO HEPOG TNG APXLKIG LOXVOG TOUG WOTE VX TTOPAYOUV TNV ATOAVTWS
ETTOPKT] oYY 0TO MOLUNTO PNKOG KUUATOG. XAPAKTNPLOTIKA, GTO CUCTNUA TIOU XPTCLUOTIOONKE
ota mAaiola ™G StatpiPis (ZxHua 3.4 - oeA. 109), apdyel apyikn oy ™G T@éng Tov evog Joule
ava ToApuo ota 1064 nm kataAnyovtag mepimov ota 10 mJ ava maApuo ota 280 nm, amapaitnto ya
™ SLEyepon Ti§ pilag Tov VSpPouAiov 1 Ta Tepimov 2 mJ avd TaAud ota 220 nm yix T SLEyepon
TOU Hovo&eldiov Tov alwTov, OTWG EMEENYEITAL TOPAKATW.

ZUVOTITIKA, TO OUOTNUO OTOTEAE(TAL amd €va TOAMKO A€Wlep ypavatn apyllov-vtTpiov
gvioyupévou pe veodnuo (Nd: YAG) to omolo mapayet aktivofoiria ota 1064 nm, tox0og TG TAENG
Tov &vog Joule avd aApd. To veodn o eivat éva tploBeveég AavBavidlo, cuXVA XPNGLUOTIOLOVEVO OF
TPOOUIEELG UE KPUGTAAAOUG, O YVWOTOTEPOG TWV OTOlwY Elval o ypavatng vttpiov apytiiov. Ta
ATOUA TOU VEOSNUIOU avTIKaBLoTOUV PEPIKWG TA GTOUN TOU UTTPIOU GTO GUVBOETIKO YPAVATY, UE
OUVETTEL TO EVEPYELNKA emimeda va Sievplvovtal eAa@Pws SlaTnpwVTaS TNV KATACTHON
TOAAQTIATIG EVEPYELAG, 1) OTIOX E(VOL OTUAVTIKI Yl TNV AvOOTPOE] TANBUGU®WY KAl TEAKA TNV
EKTIOUTT akTivag AéwWlep (Zynua 3.5 - geA. 110). To cvotua pe xprion PeTafAntov eEacBevnti TOU
OTITIKOU GUVTOVLOTY 0€ THANKT Agettovpyia (Q-switch) mapéyel vPmAa emimeda LoyxVog e XpOVIOUO
™G Tééng twv 10 nsB1, EmmpooOitwe, pe xprion Un YPOUWKNG OTTIKAG avauling to cvothua
Tapdayel aktvoforia Aéilep ota 532 nm, 355 nm kot 266 nm, Ta omoila KaAovUvTal avTioToLXA
SevTep, TPLTN KL TETAPTN appovIKT yevvnTpla Touv Nd: YAGI240],

Ev ouvvexela, n mapayouevn amd T Sevtepn appovikn yevwntpla tov Nd: YAG axtwvofoAia ota
532 nm, XpNOLUOTIOLEITAL APEVOS YIX VA TPOPOSOTIOEL £Vl CUCTIUA TAAQVTWTY YA T pUOWLOT TOV
TEAIKOU UNKOUG KOMaTOG ot 560 nm kal agetépou va Sleyeipel ™ @épovoa ovoia evog AEWlep
xpwoTknc. H emitevén tou akpfols unkouvg KOUATOG SLEYEPONG TOV LVTO HEAETN oTolyelov elval
oVoLWBOVG oNUAciag Y TNV emaywyn Tov @Boplopov péow TG déoung Aéwlep. Ta cuoTHHATA
A€Llep e XPNOTM XPWOTIKNGS ovsiag @BopLopov29], ypnolpomolov we evepyod HEco VYpA StaAvpata
OAKOOAWV HE OUVOETEG OPYAVIKEG EVWOELG, TOU TAPOVCLATOUV @WTOXMUKY OTAOEPOTNTA Kol
EAQYLOTN EMKAAVYT] PACUATOG EKTIOUTING ATIOPPAPTONG KAl CUVETWS VPMAQ emimeda KPavTIKNG
amodoong (Zxynua 3.6 - oed. 112). T ™ peAém ™G pilag touv vSpofuAlov xpnoyomomOnke
Stddvpa aBavoAng pe podapiivn, To 0Tolo TAPOVCLALEL HEYLOTN ATIOS00T TOV PACHATOS EKTIOUTING
ota 590 nm, katdmv SiEyepong amo tn Sevtepn appoviky yevvntpla tov Nd: YAG. Tedwkd, m
TPOIOVOA AKTIVO UTIOKEITAL OTITIKO SITAACLAGUO GUYXVOTNTAS, TTOPAYOVTAS VEQ OKTIVA HE UNKOG
KOPATOG (00 pE TO Hod TG apyLKng, NToL Tepimov 280 nm, WSavikd yia ™ Si€yepon Tov véposuiiov
(Zxnua 3.7 - oeA. 113).

I ™ ovAdoyr Tou emaydpevouv @Boplopol xpnopomomnke aviyveutng e Satatn ovleving
opTiov o€ GLVSLAGHO e KATAAANAX @iATpa @aouatog (Zynua 3.8 - oeA. 115). Ev tpokepévw, yla
™V aviyvevon touv @Boplopov katd ) petdBaom ¢ pifag Tov v&potuiiov amd kal TPog TN faciky
evepyelakn otabun, ntot OH (0,0), xpnowomombnke @iAtpo pe péylotn OTMTIKY amdédoomn ot
313 nm kal TUTIKY QTOKALON TNG Katavouns mepimov 10 nm. H emuépoug Aemtopépeleg g
SLéyepone kat aviyvevong tov v8pofuiiov TapatiBevtal ot cuvéxela. ‘OcoV aoPAE oTN UEAETN TNG
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Yuxpns pong @AGyas mpoavauiing eYKApolag Porg ToU TPAYUXTOTOMONKE TNV TAPAYPAQPO
5.2.1.1, péow NG Stepevivnong tou @BopLlopov (xvous aketdvng, n Sladikacia umopel va eptypa@ei
gv ovvtopla wg €&ng. To evpy PAoHA ATIOPPAPTOTG IOV TIAPOUCLALEL 1] AKETOVT ATIO TA 225 £w¢ T
320 nm 6&ivel ) SuvatotnTa S1Eyepaomng pe Xpnom TS TETAPTNS APUOVIKNGS yevvTplag tou Nd: YAG
ota 266 nmM19l, pe emimeda oxvog mepl ta 90 m] ava TaAud kot ak6Aoudn aviyvevon Tou
ETTyOUEVOL PBopLopoL pe xpnon @IATpou evpeiag @AoUATIKAG amdOS00NG TOU KOAUTITEL TNV
EKTIEUTIOUEVT] AKTIVOPOAX o€ PNk KOpatog amd 350 éwg mepimov 470 nm.

H peBodoroyvia Sieyspong kot aviyvevong tou smaydusvou @Boplouov ¢ pidag tov

vdpo&uiiov

H pila tov vépofuliov oynuatiletal kKupiws amd TNV TPOCKOAANGT ATOUWY 0§LYOVOL GTA UOPLX
TWV TEPLEXOUEVWY 0TO KaUOLHO USPOYyovavOpaKwy Kol TEAKWDG OVACUVTAGOOVTAL TIPOG TO
omuatiopud vepov. H aAAndovyia avt kablotd v peAétn g piag touv vdpofuiiov ovouwdoug
onpaciag y TNV Katavonor g xnUeiag Tng Kaong, TwV XapaKTNPLOTIKWY NG PAGYAS Kal TNV
emaAnBguon Kot BEATIOTOTIOMON TWV BEWPNTIKWOV KoL VTTOAOYLOTIK®OV EPYAAEiwV. Q¢ amoTéAeopa
™G TOAVXPOVNG HEAETNG TOV LEPOELAIOL, LTIAPYOLVV O UEPX EKTEVEIG BEWPNTIKES EAETEGIT7 yia TIG
EVEPYELAKEG UETATITWOELS TOU popiov oe meplBdAiov @Adyag, oL omoieg eival EalpeTiknig
OTHAVTIKOTITAS YLK TNV EKTEAEOT] AKPLBWV TIEIPAUATIKWOV LEAETWV HE XPTIOT OTITIKWV PEBOSWV Ko
TavamaAy. Zta mAalowa ¢ Statpfing, TapakoiovBnon ¢ pifag Tov v8poduiiov on (W KaoNG
HEOW TNG TEXVIKNG TNG @PACUATOOKOTIaG @Boplopol emayopevou omo  Oiéyeporn laser
XPNOLWOTIOLEITAL Y TNV  OTTIKOTONoN NG @AOYOG KOl TNV TOPAUETPIKY) HEAETN] TWV
XAPAKTNPLOTIKWVY TG {ovng kavon 7o, Tipokeiuévou 1 {wdvn TS PAGYAS va OTITIKOTIOLELTAL KATA
To Suvatdv ca@éotepa, N Soddotatn SEoun SLEYEPONG OPEIAEL VA TTAPOUCLIALEL OUOLOLOPPT
Katavoun wxvos. EmmpooBétwe, n 6éoun AwWlep o@eidel va £XEL LKAV EVEPYELAKT] LOXV, WOTE VA
unv efaocbevel katd ™ Sleioduon ot EAGYa, XwPI§ cLuvapa va elval VTEpBOAKA VYNAT, yia TV
QTIOUYT] TOV PALVOUEVOV TOU KOPETHOV.

H xUpla evepyelakn petdfaomn mou emAéxBnke mpog SLEyEPON APOPA OTN HETATTWON OO TN
Baowm evepyelakn otabun oty avtiotoym mpwn Sleyeppévn, N omoia cupBoAiletal wg A2X* -
X2[T;. Tlepautépw, Yo TNV ATO@UYN @ALVOUEVWY 0KESAONG HETAEY Sleyelpovoag KAl EKTIEUTIOUEVTG
aktwofoAiag (Zynua 3.9 - ageA. 117), n Sevtepevovoa evepyelakn LETABaon Tov TTapakoAovBnOnke
ntav n Sovntikny petamtwon OH (0,0)(151, evwd m avtiotoyn Siéyepom €ywve Tpog TN SovnTiky
petamtwon OH (1,0)(169. H peBodoroyia avtr eivatl e@kty), KabBws KATOTV NG SLEYEPONS 0TO
TPWTO SOVNTIKO eTimedo, oL HOPLAKEG GAAANAETIOPACELS aKTIVOPBOAOVUV (PBOPLoUd oe OAEG TIG
vTtOAoLTIeG SOVNTIKEG oTAONEGIL73]. TeEAKWG, N €MAOYT KATAAANANG TEPLOTPOPIKNG EVEPYELXKNG
HETGBaons péca aTo HOPLO, Eival EENPETIKA CTUAVTIKT] YiA TNV 0pBO1] ATEKOVION TOU TANBUGUOU
0TNG OTAOUNG. Z€ KAOE piot SOVNTIKY UETATITWOTN AVTLOTOLXOVV TIOAAEG AVTIOTOLXES TIEPLOTPOPIKEG,
Ol TTEPLOTPOPIKEG UETATITWOELS TIAPOVGLALOUV TIOKIAOUOP@T eEdpTnon amd TN Beppokpacia g
KGBe oTdBung xaL G EemMkpatovoas Oepuokpaciag. MEow KATAAANAWYV  VUTOAOYLOTIKWV
TPOCOUOLWOEWVIS2] 1 eEApTNON TNG TIPOG SIEYEPOT TEPLOTPOPLKNG HETATITWONG HE TOV TIANOLGUO
oTtadung kat t Beppokpacia pmopel va vtoroylotel. EQOoov 0 6TOX0G TV TEPAUATIKWOV HEAETWOV
ota mAalola ™G StatpLPrs ival 1 AmeKOvVIon TG {OVNG TG PAGYAS KOl CUVETIWE TOU TIANBUGHOV
™m¢ pidag Touv vEpotuiiov (koL dxL N Beppokpaciakn péTpnorn omov Ba akoAouvBolTav 1 akplBwg
avtiotpo@n Sadikacia emA0YNG Sleyelpovoag TTEPLOTPOPIKNG EVEPYELNKNG UETATITWONG), 1| TIPOS

26



Extended Abstract in Greek Language

SLEyepOT TIEPLOTPOPLKY] EVEPYELOKT] LETATITWOT O@PEIAEL Vo elval KaTd TO SuvaTtov BepUoKpATLOKE
AVEEAPTNTN. ZUVETIWG, 1) TIEPLOTPOPIKTY EVEPYELAKN UETAPBaOT NG aVTIOTOLXNG TIPWTNG SOVNTIKNG
Tov emMAEXONKe Tpog Steyepon Ntav 1 Q1(6) (Zxnua 3.10 - oeA. 119), n omoia eEao@aiilel 6TL o
TPoiov @Boplopos mydlel w¢ eml to TAgioTov amd Tov MANOBuopo pllwv uvdpotuAiov oTNnV
avtiotolxn Sleyepuévn evepyelakn otabun kat oyt amd v emidpaocn s Bepuokpacioag.

H meprypageioa peBodoroyia yia tnv aviyvevon touv @Boplopov g pifag tov vdpofuiiov KaToOTILY
SLEyeponG amod TO £KTO MEPLOTPOPLKO TOU QVTIOTOLXOVU TPWTOU SOVNTIKOU EVEPYELAKOU ETUTESOU
™m¢ uetdPaong A2x+ - X2[I;, oe ovvdévacud pe T AMYPn TOAAATAWY OTATIOTIKA OVEEAPTNTWY
UETPNOEWVY, 08NYEl oV €MAPKT TEPLYpa®1 TS {wvng avtidpaonsg ot eAdya. Emmpocbétwg, 1
OUOLOYEVG EVEPYELAKT] KATOVOUN TNG LoxVoG oTn Sleyeipovoa Séoun, mpoadidel capn Silodiaotatn
OTELKOVLOT] TWV XAPAKTNPLOTIKW®V TG PAOYAS, OTIWS TIAPOoUCIAlETAL 0TA KE@AAALX 5 KoL 7.

Ke@adawo 4° - E@appoyn kat afloddéynon mapepfatikov SLayVwoTIK®V TEXVIK®OY
ot Baoikéc Slatdisic @avopuévwv Kavong ota mAaiowa T Statpng

Ta Slayvwotikd gpyaleia Tou TepLypd@nkav vwpitepa, e@apuolovtal apxlkd o€ SIATALELS UIKPNG
TOAUTIAOKOTNTAG, TIPOTOV E£QAPUOCTOVV GE CUVOETA CUGTUATA KXVONG. TA TAAIOLX TOU TTAPOVTOG
KEQUAAIOV, ETIXEPEITAL 1 EQAPUOYT] TOU OCUCTNUOTOS TNG AEPLAG XPWHATOYPA@PING TOU
TEPLYPAPNKE OTO 2° KEPAALO0, o€ pia Siatadn avriSpactmpa eufoAikns pongs. O avTiSpacTpag
euBoAKNG poG TPocopolAleTaL VTTOAOYLIOTIKG pe T Pacikn mapadoyn Tl dev vTApxel avaulén
otV afovikn Sldotaon evw UTApYEL TTANPNS avaudn otnv SldoTacn Tou elval eyKEpola TG
katevBuvong ¢ pons. H amovoia avauing otnv afovikn SlAoTaoT eMITPETEL TN HEYLOTOTIOMON
NG EPIKTNG UETATPOTING TWV AVTISPWVTWY, EVW 1 EAAEWPN EYKAPOLWV SLAVUOUATWY SLKo@aAilEL
™MV amovcia Twv TEPLOPLOUWY TOV TIBevTal A0Yw TNG UETAPOPAS UATAS UE ATOTEAEGUA TNV
aV&NOT TWV VTIOAOYLOTIK®WV EMISO0EWV TOV Wavikol avtidpaoctipa. Kabiotatal mpo@aveég 6t n
Sudtatn tou avtildpactipa euPoAkng pong eival WBavikny yla TNV €QAPUOYN €PYAAEiwv TOU
TAPEXOUV AETITOUEPEIG PETPNOELS XNUKWV EBWV, OTIWG 1 AEPLA XpWwUATOYpAPlX, LE OKOTIO TNV
BEATIOTOTIOIN GO UTTOAOYLOTIKWV HOVTEAWVY AVAAVTIKNG XNUKN G KN TIKNG. EmimpocsBétwe, n emAoyn
APXLKWV CLVONKWY, UIYHATWV KAUGIHOU Kal €VPOUG SOKIUWV oxeTileTal dueoa pe ) Sepyaoio
AVALOPP®WONGS KAVG OV Yix KUPELEG Kauaipov, OTwG emednyeital otnyv eloaywyn s Statpfng. H
THPAYwYN VEPOYOVOU KATA TNV avVAUOP@®ON €VVoElTal amd TI§ TAoVUoLEG o€ KaUOLO GUVONKES,
KOl £TOL QVOUEVETAL OTL BewpNTIKA Ba peyloTomoleital o ouvBnikeg TTVPOALOT G220, GTIG OTIolES
WOTO0O, UEYLOTOTIOLEITAL KOL O OYNUATIOUOG U A€PLwV AVOPAKIKDV EVOGEWY Kol ABAANG.

H peAétn g mupodAvong pypdtwy pe faon to pebdavio £xeL Tpaypatomonbel Katd to TapeAbov oe
TPoOTUTIEG, PBaoiKEG SLaTAEElS OTTWG BAAGUOUG KPOUOTIKOU KUUATOG], aviTidpacthpes TEAELXG
avapuiEng3osl kot avtidpactrpes enfoAkng pongi23el MapdAa auTd 1 CUVONKES KAl Ta PiypoTa Tov
e€eTalovtal 6To TAPOV KEQ@AANLO0, KAAVTITOUV Eva OEPUOKPATLAKO EVPOG YLK TO OTIO(0 §EV VTIAPYOLV
evdedexn melpapatika dedopévalzill, Akoun, n peAétn mepuntwoewy (I[livakag 4.1 - geA. 130) ota
TAa{ola TOU KE@AANIOU, OXETIETAL HE WIYHATA TWV OTOIWV 1 CGUUTEPLPOPA AVASEIKVUEL TN
SLAPOPETIKOTNTA EVOG HiyUaTog oUVOETIKOU (PUGLKOU aepiovu kal evog ulypatos Bloagpiov o oxéon
pHe tnv mupdéAven Touv kaboapol pebaviov. Ev Tpokelévw, N avayKaLOTNTO TNG UEAETNG TOU
uitypatog CHs/CO2 éykeital oe 8V0 mapdyovies. A@EVOS, OTO YEYOVOG OTL TETOLXN MiyHOTO
OLVAVTWVTAL 0A0EVA KAl TIEPLOCOTEPO OF TPAKTIKEG EQUAPUOYEG TIOU XPNOLLOTIOLOVV TPOIOVTH
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agplomoinong Blopadag340], kot a@eTéPov amd TNV oKoTLd TS ynuelag kaong, dmov 1 Stepevivion
Tou poAov tou COz cav LAV G SpwvTtag dpola pe to adpavés eplBairov Nz, 1 oav oEeldwTIKO,
amoteAel MPoUTABeon Y TNV alOAGYNOT NG TEPALTEP® XPTONG TAPOUOLWY HIYHATWY OF
TIPAKTIKESG EQAPUOYES.

Ta TepGuATa OV TIPAYUATOTIO)ONKAVY, LOVTEAOTIOLOVVTAL KAL VAAVOVTHL OTO TTOPOV KEQARAALO LLE
OKOTIO TNV Slepevivion S xNUelag IOV oXETICETAL PE TNV TIAPAYWYT] TOU agplwV pUTIWV, KABWS Kol
TWV TPOIOVTWV HEYAAOV LoPLaXKOV BEPOUG, a@opovv oTnv TupoAvct pebaviov, @uoikol agpiov kal
Boagpiov oe avtidpactmpa euPoAkns pong. Ta mepduata TUPOAVONG TPAYUATOTIOWONKAY OE
looBepuokpactako avtibpaotnpa eufoikns pons (Zxnua 4.1 - oeA.130) yw T =1000°C éwg
T =1200°C vt6 aVETNPWS EAEYXOUEVEG oLVONKeG. Ta TTapaydueva xnuka €ién oty €€060 tou
avTiSpacTipa UETPNONKAV pE CVOTNUA KEPLOG XPWHATOYPAPING O TMPAYUATIKO XPOVO VW T
OUVOALKQ TIHPOyOUEV alBGAN TIPooSloploTnKe Pe GUAAOYT TNG ATTO OAX T PEPT) TOU AVTISPAC TP
Kal Sle€aywyn KatdAAnAng Q0ylon] 6. EmimpooBeta, ol Pacikol mapayduevol TOAUKUKALKOL
apwpatikoi vpoyovavOpakes UETPHONKAV EMAEKTIKA HE CVOTNUA OEPLAS XPWUATOYPAPiOG
ouvdualdpevo pe @aocpatookoTiag ualag, Bonbwvtag oty BabVTEPN KaTaAVONGoT TWV SLEPYACLOV
IOV SLETOUV TNV TTUPOAVOT AAAG KOl TOUG PNXAVIGHOUG TIAPAY WS pUTIWV.

Ta mepapatikd §eSopéva oV GUAAEXTKAY, AvVATIAPXONCAV UTTOAOYIOTIKG IE XPT)OT) EUTTOPLKOV
gpyaieiov, kGvovtag xpron §U0 SLPOPETIKWY EPYAAEIWVY AVAAUTIKNG XN UKNAS KivnTikiG. To mpwTo
epyaieio £xel xpnoomomBel katd To TAPEABOV Y TNV TPOAEEN TIEPAUATWY TTUPOAVONG ATTO TOV
akpwe (6o avtidpactipall4l kat To SEUTEPO AVATITUOCETAL T TEAsuTAix Xpovia oto E.M.IT.[320],
o TI§ avdaykes TIg Tpooouoiwons twv ouvvinkwv mupdAvong o vmdpywv Ci-Ce AETTOUEPNS
UNYovIopoG322l gumAovtioTnke pe avtidpacels, Oepuoduvauikn kat dedopéva Slayvong/LETAPopAs,
amod VTo-pnxaviopd ™™g PBAYpa@ilag28d, k»ote va KAAUTITEL TNV TEPLOXT] TWV TOAUKUKAIKWV
ApWHATIKOV vdpoyovavBpdkwy péxpt to Pevio-mupévio. H amdboon touv pnyaviopol evavtia
Sedopévwv amd mAoVOLEG @AOYEG TpoavAapulEng @uokov aepiov (Zynua 4.2 - oeld. 131) kol
BevioAiov (Zxnua 4.3 - o€l 132) eivar mOA) KAVOTTOMTIKY), TIPAYHUA TIOU GUVNYOPEL GTO OTL O
UNXQAVIOHOG EVEEIKVUTAL IO TNV TIPOAEEN TWV TEPAPATIKWOV ATOTEAECUATWY TG TTUPOAVGNG OTU
TAaioLa Tou Ke@aAaiov.

Metatpomm kavoipov kat kipla Tapdywya g TVpdAvong

To udpoydvo amoteAel KUPLO TPOIOV TNG TTUPOAVONG TWV UYUATWY peBaviov, Tpayua Tov Kablotd
kalt T Sepyaocio auty onuavtiky pebodoroyia yw v mapaywynq vdpoyovou n/kat agpiov
ovvBeon g5l To emimeda HETATPOTNG KAVGIHOU KAL TTAPAYOUEVOU VEPOYOVOU KATA TNV TUPOAUOT)
Tou pebaviov Kat Tou UokoU agpiov (Zynua 4.4 - oel. 133) kabwG kal Ta eMiMESA PETATPOTING
KOUGIOV Kal TapayOpHeEVOLU VEPoyOVoL Kal HovoEeldiov Tou avBpaka o€ epBaAAov Slogeldiov Tov
avBpaka kat alwtov (Zynua 4.5 - oel. 134), épyovtal oe eEALPETIKN CUUPWVIA LE TIG AVTIOTOLYES
vToAOYLoTIKEG  TPoAEEels. Tevikd ta amoteAéopata emPBefatwvouy v TO  auinuévn
aVTISPAOTIKOTNTA Tov piypatog pebaviov/atbaviov, oe cup@wvia pe v BiBAoypa@ial3sl. Avutd
o@elAeTaL 0TO YEYOVOGS OTL, OTIG XAUNAOTEPES KL EVOLANETES OEPUOKPATIES, TA OXETIKA O AoTAOT
poplar atbaviov amoouvvtiBetal agnvovtag albBuvAkég piles kat piles vépoyovou. To vSpoyovo
TPooSoTEl 0N oLUVEXELX TNV avTiSpaon R 4.4 Kal £TOL EMTAXVVETAL 1] LETATPOTN TOV pebaviov. Xe
vymAotepes Bepuokpacies, n avtidbpaon R4.1 yivetar onpavtika Bpadvtepn amd tnv Oepukn
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Siaomaom tov abaviov (R 4.2) Kal, WG ATOTEAECUQ, 1] TIAPAYwYT] PL{wV VEPOYOVOU PELWVETML ATIO
™MV GAAN mAgvpd, n TpooONkn Slogeldiov Tou AvOpaka Sev €xel eudlakplin emiSpaor emi ™G
petatpomng Tou pebBaviov oe xaunAés Oepuoxpaciss. Kabws n Beppokpacia aviavetal, pileg
v8poyoVvoL TapdyovTal amd TV MUPOAVGeN Tou pebaviov Kol EUVOOUV TNV AVTISpAo TTAPAYWYNS
novo&eldiov Touv avOpaka kot VEpotuiiov amd Soeidlo Tov dvBpaka kat pileg vEpoyodvov, 1 oTrolx
odnyel oe avinuévo puvbud oxnuatiopov p{wv vépofuiiov. Ot TeAsutaieg Eekvouv avTISPACELS
agaipeon pilag vépoyodvou amd To uedavio, evioxovtag £TaL TN HETATPOT] TOL. [Tapd TiG Sla@opeg
OTOUG aVTIOTOLXOUG pLUBHOUG KATAVAAWONG Kovwaipov petady pebaviov kal @uokol agpiov, Ta
emimeda vOPOYOVOL elval Ta TTapopold. ATO TNV GAAN, 1| Tapaywyn Haz pewwveTal onuavtika otav
mpootiBetal COz 0To apyko kKavauo uiypa. Qotdoo, Ta cuvoAilka emimeda Hz kot CO, Statnpolvtal
0€ 0POUG YPAUUOUOPLAKOU KAGOUATOG, OAAG OXL aTtd TNV ATOYTN TOU EVEPYELAKOU TIEPLEXOUEVOV,
AOYW NG XAUMAGTEPNG EVOAATIIOG GYMUATIOUOU TOV HOVOEELSiov Tou avBpaka.

Tl v mepeTaipw Stepedlivnon TwV XNUK®WVY SLEPYACL®OV TTOU AXUBAVOLY XWPa KATA TNV SLApKELX
NG TUPOALONG TWV UTIO PEAETT) ULYUATWY, TIPOYUATOTIOWONKE VTTOAOYLOTIKY Av&ALGT TOL puBUoY
TAPAYWYNG. L& OAES TIG TIEPLTITWOELS, 1) GUVOALKT avtibpaon Eekvd pe v Oepuikn StdomacT Tov
pebaviov yiax v mapdywyn plwv pebBuiiov kat piwv vépoyovou (R 4.3). Katomw, n emiBeomn pullwv
H oto pebavio (R 4.4), tpoodotel To ocvotnua pe meplocdtepo CHs. H mapamavw aiAnAouvyio
ovpfdAdel emiong oxedov katd 50% otV GUVOALKY TapAYwYN HOPLAKOU LVEPOYOVOU KATA TNV
TUpOAvon Tov pebaviov. H pebudikn pifa KATAOVAAWVETUL ATTOKAELGTIKG 6TO alBAvio, péow NG
avti§paong avto-avacuvduacuov tov (R 4.2), Eekvavtag £tol v C; aAvcida. ZTnv ouvéxela, ot
pileg VEPOYOVOL TTPOKAAOVY aAAnAovyia avTidpacewy agaipeons H tou odnyel amod to atBavio oto
OKETUVAEVIO péow TNG amofBoAns popiwv udpoydvou. Eivatr evliapépov va onpewwBel oTL 1M
Tapamdvw aAAnAovyio Sev eival pla aAAniovyia mapaywyns pulwv H, agol doeg pileg H
oxnuatiovtat amd ti§ avtdpaocels (R 4.6) kat (R 4.8), xatavadlwvovial o€ (0Q TOGOOTA OTLG
avtidpaoels (R 4.5) kat (R 4.7). Ot mapamavw xnukés Stadpoués oxetifovral pe tnv mapaywyn He,
WOTO00 0 UNXAVIOUOG TEIVEL va VTO-EKTIUA TA €MiMeSa TOU TAPAYOUEVOU USPOYOVOU OTIS
vymAotepes Beppokpacies (T >11000°C), kat 8iwg ot TEPAPATA TUPOAVONG o€ TEPLBAAAOV
alwtov, e amokAioels ¢ Tdéng Tov 30%. Tétoleg Stapopés ev pmopovv eVKoAX va amtodoBoVv o€
TapaAelPels otig dvo peyaies Stadpopés mapaywyns Hz mov meprypagovtat mapandvew (R 4.5,
R 4.7), kaBw¢ 1o TPo@A KatavaAwong tou pebaviov kat n akpifela mMPOAEENG TwV GUVOALKWY
emméSwv Cz,elval ToAD IKavoTomTIKE, WSlaitepa oe vYmAoTePeS Beppokpaaies. AuTd cuvemayeTal
OTL, umopEl v VTTAPXOLY TIPOCOETEG SLaSpopés TTapaywyng VEPOYAVOUL, OTIWG BepIIKES aVTISPATELS
TUPOALONG, IOV TIEPLAAUBEvouV evSexouévws VYMAGTEPX aALPATIKA, A.X. C4, 1} (TTOAV-) APWUATIKA
MUk €idn. Emiong, to poplakd vdpoyovo eivat "aplOuntikd” kAeWSwUévo oTA TTOAVAPWHATIKA
XNUKA €181, Sedopévou ATL oL unxaviopoi 8ev meplapfavouvy avtidpacels alddAng.

Amtevavtiag, Ta emimeda VEPOYOVOL AVATIAPAYOVTAL LKAVOTIOWTIKA OTA TEPAUATA TTUPOAVOTG OE
HKTO TiepLBaALov alwtou Kat Slogeldiov Tou avBpaka. Autd o@eidetal otnv Tapovaia tov COz 1
omola emayel évav oEESWTIKO XUPAKTNHPA 0TV TTUPOAVTIKY Sladikacia, kataAnyovtag €10l o€ pia
o LooppoTnuévn xnueia. I'a mapadetypa, oty mepintwon T = 1200 C ektdg amd Tnv avtidpaon
(R4.4) xat ta povomdatia C; aAvcibag mou culnTnOnKav ToPATAV®, VTAPYEL Wl OMUAVTIKN
ovpfoAn oto oxnupatiopd Hz amd avtidpdoels mov meplapfdavouvv ofuyovwpéva €idn, OTwg
@OPUUASEDN, KETEVLIO Kal TPOTILOVAASEDST). H cuVoALKN elkOva Sev elvat eVTEA®G SLAPOPETIKI ATIO
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€KEIVN TIOV TIEPLYPAPETAL AVWTEPW, WOTO0O oL pifec H Tou emiong apyika mapdyovtatl amd T
Bepuikn Siaomaot tov uebaviov (R 4.3), emitiBevtal apéows ota popla CO; kal mapdayetat CO kot
o pia vépotuiiov, avtidpaomn (R 4.10). ‘Etol, vmd v mapovsia tou COz oL avtiSpAcelg
agaipeons pe pifeg vdpofuAiov, amoTeAoUV £val OMUAVTIKO TUNHO TOU OUVOALKOU puBUOU
KATAOTPOPNG TOV KAUGIHOU Kal 08Nyolv 0TO OXNUATIONO TOU vepoy (Zynua 4.6 - oel. 136), 0
otola pe TNV oelpd ™S avtaywviletal v mapaywyn Ha. Q¢ amotéAeopa, 1 andédoon og vEPOYOVO
oe mepBdAiov Soeldiov Touv avBpaka kot alwtov, eival oxedov N ULON 0 OUYKPLON HE TA
TEPApaTa o apyeg meplBaiiov alwtov. H mapamavw avdivon Seiyvel 6tL to CO, Asttoupyel ev
HEPEL WG 0EELBWTIKO Kol OXL WG ATAOG SLKAVTNG, OTIWGS TO A{WTO.

Alepyaoieg av&nong poplaxov BApoug, TPOToUTOol Ko OXNUATIONOG alBdANg

H Siepyacia oxnuatiopol albaAng eivat ouvdebepévn pe ™ ynuela oxnuatiopol oploUEVWY
eAAPPUTEPWV EVWOOEWV 0L 0TIO(EG BEWPOVVTUL TTPOTIOUTIOl TOU TEALKOV GYNUATIOUOV TNG alOGATG.
[l TV AT 1) KATOVON o1 TWV AVWTEPW PALVOUEV®Y, 1] LEAETY E0TIAOE OTA XNULKG €061 pe §Uo KaL
Tpla atopa avBpaka kaBws kat To BeviOALo, TTOU TTaPNXONoAV KATA TA TIpoava@epOeioes ueAéteg
TEPIMTWONG, OTOV eMETEVYXOT OXETIKA KAAT) CUPPWVIA HETAE) TEPAUATIKWV ATTOTEAECUATWY KOl
vToAoYLoTIKWV TIPoAeEewv. H Cz aAvaida, Eexva amo 1o oynuatioud CoHe (Zynua 4.7 - oeA. 137)
KL TEALKA KATAANYEL GTOV CYXNUATIONO aKeTUAEViov (Zxnua 4.8 - oel. 138), OTwg €xeL TtepLypagel
TAPATIAVW, EXOVTAG AUEOT oxéon UE TN ynmuela xataoctpong Touv Kavoipov. Ta emimeda
OKETUAEVIOU  avaTAPAYoOVTAL YEVIKA IKAVOTIOMTIKA, om0 TO OSeVUTEPO  UNXAVIOUO TIOU
XPNOWWOTIOMONKE, TAPOVCLALOVTAG HEYLOTA ETIMESA KAl YL TI TPELG TIEPITITWOELS EVTOG TNG
Teploxns Oeppokpactwyv mov peAetOnkov, TweEG 2000 ppm Tepimov. To akKeTLAEVIO TIOL
oxnuatifetal, moooTikd katavaAwvetat ota CsHa (Zynua 4.9 - oel. 138) ooueptn ta omola, HE T
OElpA TOUG, B CUUUETAOYOUV O TEPALTEPW AVTIOPAOTELS poplakng avamtuéng. Ewlikotepa, 1
oAvcida C3 exkveltal pe Tnv poodNKn peBLAKNG pilag o akeTtuAévio, avtidpaoels (R 4.13) kal
(R 4.14), 0dnywvTag o€ oXNUATIONO TIPOTIASLEVIOU Kol TTpoTviou avTioToya.

Ta C3Ha €idn petatpémovtal amoKAEIOTIKA O€ Pile TPOTAPYVAIOU, OL OTIOIEG HE TN OEPA TOUG
avaouvdudlovtal Tipog oxnuatioud Pevloiiov. To mpomévio oynuatifetal emiong amo Tnv
mpooBnkn CHs oto C;Hi M dueoa (R 4.15), elte éupeca péow NG KAVOVIKNG TPOTUALKNG pilag,
(R4.16). Ta emimeda tou C3He LTIEP-EKTIHWOVTAL KL ATIO TA §V0 VTOAOYLOTIKA HOVTEAQ. ATO TNV
OTLY[1] TIOU 0 OXNUATIOUOG TIPOTIEVIOV OPEIAETAL ATIOKAELOTIKA GTOV aVAGUVSVAGHO PL{WV BLvuAiov
Kol peBuAlov, N avWTEPW VTEP-EKTIUNON pTopel Vo amodoBel 6TV GUVOALKY UTIEP-EKTIUNON TOU
CHs, 0Ttwg oulnmOnke vwpitepa. Avagopika pe ta emineda tou BevioAiov wg ocuvdaptnon g
Beppokpaciag (Zynua 4.10 - geA. 139), Ta melpapatikd dedopéva Sev eMnNPedlovTaL ONUAVTIKE ATTO
™V Beppokpacia, evw To aplOUNTIKA ATOTEAECUATA VUTOSEIKVUOUV KATIOIA TOTIKA pHEYLoTa. Ot
SL@opEg PHeTad TV MEPAUATIKOV KAL VTIOAOYLOTIK®V deSopévwv umopovv va amodobolv 6to
YEYOVOG OTL O OXNUATIONOG TNG aBdAng Sev mepllapufdavetal 6To ToPOV HOVTEAO Kol oUTO
UTOSNAWVEL TNV AVAYKN Yl TEPALTEPW PeATIwO™N TIPOKEWEVOU VA avaTapdyel 11 oUVOETH
CUUTIEPLPOPA TNG TTUPOAVGNG ULy LATWY peBaviov.

Avaopikd pe ta emimeda aBGANG TOU GUAAEXTNKAV KATA HUIJKOG TOU QvTISpACTHPU CUVAPTHOEL
™m¢ Ogpuokpacias (Zynua 4.11 - oed. 140), avadelkvdouv HE TN CGEPA TOUG TNV qUENUEVN
SpacTikdOTTA TOv Uiypatog @uokoy aegpiov évavtt tou kaBapov peBaviov. To mapamdvw
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opelAetal oty Tapovoia Cz ot 6VOTACT TOU UIYUATOS QUOIKOU aepiov, KAl avTikaToTTpieTal
atd To oynuatiopd abding otovg T = 1050 °C, e avtiBeon pe TI§ UTTOAOLTIEG LEAETEG TIEPITTITWOT,
OTIOU 0 OYNUATIONOG aBaAnG apxilel otoug T = 1110 °C. Emiong ta emimeda abdAng oe mepfdAiov
Soteldiov Tov avBpaka kal alwTov, TAPousLE{ouVy TOTIKO PEYLoTO TiepiTov atoug T = 1110 °C, )tot
OPKETA VWPITEPU € GUYKPLOTN UE TA TIELPAUATA O aULYES TEPLBGAAOV alwTov. TéXog, Ta svpruata
IOV aPOPOVV oTa emITESA ALOAANG £pYOVTAL OE ATTOAUTY CUUPE®WVIA LE TA AVTIOTOLYO KOTAVOUN
TV EMMESWV PETATPOTING KAUG{HOV.

MEeTprioels TOAVKUKALKOV QP UATIKWOV VEPOYoVavOpaKwy.

[l v TANpEaTEPN KATAVONON TWV SLEPYACLWV TIOV SIETOLVV TO GYXNUATIONO ALOAANG, ETAEKTIKES
UETPNOELS TTOAUKUKALKOV APWUATIK®OV UEpoyovavOpdKwy, TPayUaToTomOnkay yla TI§ HEAETES
TePIMTWOoNG mov cuinminkav ota MAaiowx Tou ke@oaAaiov. Ou melpapatiky Stadikacio yla T
OUAAOYT] KOL QVAAUOT] TWV QVWTEPW UETPNOEWV, €XEL TPOOEATA ONUOCLEVTE266] Yo piypata
AKETLVAEVIOV-ALOVAEVIOU KOl TIPAYUATWVETAL UE CUVSVAOUEVT] AVAAUOT aéPLOG XPWUATOYPAPlag
Kal @aouatookotmiag pualag. Ta PETPOUUEVA ETITESK AVTIOTOLXOVUV OTIS EVWOGELS TTOAUKUKALKWOV
APWHATIKOV VSPOYOVAVOPAKWY TOU EVATIOKELVTAL OTOV AVTIOPACGTNPA, TPOOKOAAWVIAL OTNV
alBdAn KoL ocuykpatoUvTal o€ 101KO @ATpo pnTivng265] gtny €060 Tou avtiSpacTpal2é7l, T'evikd,
To EMIMESA TOAUKUKAIKWV OPWHOTIKOV VEpoyovavBpdkwy elval &ueon ouvapTnon Tou
TIEPLEXOUEVOV OTO KAVOLUO avBpaka, yeyovos mov emaAnfevetal otig petpnoels yio T =1050 oC,
0TIV TO Piypa @uotkov agpiov mapovotalel kata 30% vPmAdTepa emimeda amd auTd Tov pebaviov.
ETiong, Ta cuVoAlkA emiTESA TTOAVKUKALKWV apWHATIKWY VpoyovavOpdkwy otoug T =1110 °C
elvat ovomuatika 20% pewwpeva oe oxéon pe Ta avrtiotolya otoug T =1050°C, o6Twg
QVTIKATOTITPIJETAL KAL ATIO TNV TTIOGOTLKOTIOMON TWV EMPEPOUS KUPLWV XNULKWYV 8wV (ZyHua 4.12
- oel. 140). EmmpooB£Tws, ol ToAVKUKALKOL apwpatikoi ubpoyovavOpakes, EKTOG TOU OTL HELWVOUV
NV am68001 TWV CLOTNUATWY KavoNg, eivat amodedetypéva eapetikd emPBAaBels yia v vyeio. H
Soun toug &g, kaBopilel oe peydro Babud v emKvSUVOTNTA TOUG, WG TPOG TO €AV givat 1] OxL
KapKIvoyovoL Xe auTd TO TAXIOL0 1) TOCOTIKOTOMON Twv Sekaéll Mo emKiVEUVWY 0UGLWV
TAPOVOLALETOL GTO TEAOG TOU KEPAAAIOV YL TNG UTIO HEAETY TIEPLTTWOELS (ZxNua 4.13 — geAd. 141).

ZUUTEPACUATIKA, TO TTAPOV KEQAANLO XPTOUOTIOLEL TNV TEXVIKI] TNG AEPLAS XPWHATOYPAPlAS YA
™MV avaAvon Twv pUTwV amd pia Bacikn Sidtagn avtidpactrpa eufoAkng pong. Ot ouvOnKeg OV
avaAvbnkav, mapovolalovv pepkn emkaAvym pe ™ BpAoypagia Sivovtag v evkaupio
a&loAdYNOoNG TNG TEPARATIKNG Stadikaciag, aAAd Kupiws SokIpnalovy TPpwTOTUTIH piypata pe faon
TO HEBAVIO, TTIPOCPEPOVTAG KALVOTOUA TIELPAUATIKA SESOUEVA G CUVONKEG AVAUOPPWOTS KAUG OV
amd @LoKo aéplo kat Boaéplo. Emmpocbeta, petpnbnkav ol facikoi mapayduevol TOAVKUKALKOL
apwpatikoi vdpoyovavBpakes kal Ta emimeda alBaAng, Bonbwvtag otn Babltepn katavonon Twv
Stepyaotwv mou SETouy TNV TUPOALOT OAAG Kol TOUG UNXOVIGUOUG Topaywyns pumwv. Ev
OLVTONIX, Ol UETPNOELS AVESEIEAV ONUEIN-KAELSLA, AVOPOPIKA ME TN XNUEIQ PYUATWYV oLVOETIKOV
UOoKOU aeplov kat Bloaegpiov oe oxéomn pe v TVpOAVon Tov KaBapov pebaviov, OTWG aLTA
AVTIKOTOTTPI{OVTAL ATIO TO OXNUATIONO AEPIWV EVOCEWV-TIPOTIOUTIOV KLOEANG, TOAUVKUKALK®V
EVOOEWV Kl TwV eMIMESWY alBdANs kabavtwv. Ta melpapatika dedopéva avamapnxdnoav pe
xpron 800 KATAAANAWY UTIOAOYLOTIKWV EPYAAEIWV OVAAUTIKNG XTUIKNG KIWNTIKNG UE OXETIKA
LKAVOTIOMTIKY ovpu@wvia. H mpocéyylon mov akolouBnOnke avadelkviel T XPNOWOTNTA
TEPAUATIKWOV SLEPEVVIIOEWY O0€ PBaokés Slataels ywx m PEATIOTOTOMON VUTOAOYLIOTIK®OV
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gpyareiwv, OTMWG avaAvOnke otnv ewcaywyn TG SxTpPng Kol GUVAUN TIPOGEPEPE ETITTALOV
TIANPO@OPIA YLA TNV AVAAVGT] TWV ATTOTEAECUATWY KAL TNV AVASELEN QALVOUEVWV GUVEPYELXG.

Kepadaio 5° - E@appoyr) kat afloddynon pn mapepfatik@V SlayvwoeTik®v
TEYVIK®V 0€ Backeg SLaTaEelc @avouévmv kavong oTa miaiowa g StatpiBng

H avaykadmta kat to mMedio eQAPUOYNS TWV SLYVWOTIKOV EPYAAEIWY CUOTNUATWY KAVOTG
avaAvbnke 81e€odikd ota Tponyovueva ke@dlala. To Tpito kKe@dAalo Tapovcioce T Pacikn)
Bewpla KAl TA EMPEPOVG CUCTATIKA TOUG CUCTNUOTOS TOU TPAYUATWVEL TNV TEXVIKY TNG

QACPATOOKOTILNG PBOPLoHOU emaydpevng péow SEaung A€wlep. TIlo ouykeKpLUEVA, TTKPOVCLACTNKE
N Tepapatikny Sadikaocia yia tn S1081A0TATN ATMEKOVIOT) TOU UETWTOV TNG PAGYNS KAl TWV
XAPAKTNPLOTIKWOV TOV, UECW TNG TapakoAovOnong g pilag tou vdpotuAiov pe TN xpron Ing
avwTépw TEXVIKNG. Katd tnv akolovbovpevn pebodoAoyikn TPocEyylomn, 1 TEXVIKY £@apuoleTal
OPXIKA O€ CUCTHUATO UELWUEVNG AELTOVUPYLKIG TTOAVTIAOKOTITAS, TIOU CUVAX TIPOGPEPOVY EVKOAT
OTITIKY] TPOGPaot, TPV €PAPUOOTOVV 0 oLVOETA cuoTNpaTa LVYNANG TOAUTAOKOTNTAS. XTA
TAa{oLo TOL TTAPOVTOG KEPAAAIOU, TA UN TTAPEUPATIKA SLYVWOTIKA £pYaAEiar IOV TEPLYpPAPNKAY
vopitepa, e@apuolovtal apylka o€ éva Kavothpa tumov Bunsen, mapovoialovtag tn Soun g
YVOPLUNG PAGYAS TOV, HECW TNG TEXVIKNG TOV eMAyOuevou amd aktivofoldia Aéillep @Boplopol g
pilag tou uvdpoludiov. Ev cuvexela, pla Sataln @Adyag eykdpolag mPoavaudng HeEAETATOL
ELOAYOVTOAG TIAPAAATAQ TNV TIOAVTIOXPOAUETPLKT HEBOSOAOYIX VI TN UEAETY) TWV XAPAKTNPLOTIKWY
™m¢ @Adyag mouv akolovBeite otnv mapdypawo 7.2. Ev mpokewévw, 11 Puxpn por] UEAETATOL
YYVNAXTOVTAG HOPLO AKETOVNG GTN POT] TOU KOUGIHOU KAl TO XAPAKTNPLOTIKA TOU OXNUOTOS TNG
PAOYQS avaAvovTal UEGW TG TTapaKoAoUOn oS TGS pilag Tov vSpofuAiov ot {wvn kKavong.

OepelMwdelg SlatdEelg s@apuoyng kat a&loAdynong OmMTKWV TeXVkwV - EvSeuctum
amewovion @Adyag Tomov Bunsen.

O Swatagelg otig omoieg e@apuofovtat Kategoxnv kavotopes pebodooyies pe okomo tnv BeAtiowon
KABoWTWV Twv SlayvwoTIK®V epyareiwy, KAB®MG KAl TWV AVTIOTOLXWV UTIOAOYLOTIK®V TOU TL§
HOVTEAOTIOLOVUV, TAPOVCLALOUY HEYAAT TOKIAOpop®ia. QoT000, ol SATALELS aUTEG ep@Avifouy
KOWVA XAPAKTINPLOTIKE, Ta omola cuvoilovtal 6To oTATIKO 1] €0Tw Pevdootatikd poikd medio
(6Tav autd Sev eivat avTIKEILEVO HEAETNG), TNV OTITIKI TIPOCBACILOTNTA KAL TNV TIOAVETTIESN Soun,
WOTE VA TIPOGPEPOLY TN SLVATOTNTA AELOAGYNONG SLIOSLACTATWY OTITIKWY SLAYVWOTIK®V HEBOGSWV.
XapakmploTikés Slatdels @Adyag Saxyvong ywx Tnv e@ApUoyny kat a&loAdynomn OTTIK®WV
Stayvwotikwv peddodwv kat 8n Satdlewv @aopatookomiag @Boplopol, amMOTEAOVV PAOYES
PEVUATWVY KAUGIHOU KL 0EELSWTIKOU KATA opoppon)(25L, pAOYEG AVECTPAUUEVNS SLEYVOTG KAUT (o
KL 0EEOWTIKOV294] kot AdYes Bupidag 0Tws avtég tov kKavotnpa Wolfhard-Parker104, Opoiwg,
PAOYEG TIPOAVAULENG TIOV EVOWHATWOVOUV TA TIPOAVAPEPOEVTA XAPAKTNPLOTIKA ATTOTEAOVV HETAED
AMwv, Satagels texvnévtws otabepomompévwy @AGYwVI2i4, @Adyes ocvoTpoENGl7el, @Adyeg
eAevBépag SLadoongBl7l kat pASoyeg TUTOUL Bunsen. XapoKTNplOTIKY TEPITTWON CUGTHUATOS
emimedng @AGyas mpoavauidng, otnv omola e@apuolovtal KOTA KOPOV OTTIKEG SLAYVWOTIKESG
uébodol amoterel n @AOYa kavotipa McKennal2i5l, Qotoéco, o kavotypag McKenna, av kot
xapoaktnpiletat amno yapnAd enineda 0&eldiwv Tov alwTov, 6TAOEPOTOLEL TN PAOGYX OTNV ETILPAVELX
KoL 0L HEGa 0T SOpT] VOGS TTOPWSOUE GTPWHUATOG, TIPOCPEPOVTAS HELWUEVT) ATIOS00T).
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Ot @Adyes TOTOV Bunsen amoteAoVV pia amd TIS O KAXGOIKEG SLATAEELS KAOT|G OE EPYACTNPLAKO
emimedo kal €£xouv eKTeEVWG peAetnOel Katd TO TapPeABOV pe un ToPeUPATIKES SLYVWOTIKES
neB0dovugll79, EVSEIKTIKA ova@EpeETAl OTL 1 TEXVIKY TNG (POCUATOOKOTING @Boplopol €xel
xpnowomowmBel oe mapopoleg Slatdaels yia tn Siepevvnon TG evtaong g tupfngiiod), twv
TAPAYOUEVWY pUTIWVI227], Tou puBuov ékAvong Bepudtntag amo T @AGYal236], emekteivovtag Ta
EUPNUATA AKOUT KOL OE TIPAKTIKEG EQAPUOYES, OTIWG UNYAVEG ECWTEPLKNG Kavongl78l, Tta mAaiola
Tou ke@oaAaiov, mapovoidletal n Sodldotatn ameikdvion ™G TVpPwdovg Soung plag TéTolag
PAOYaS KaBwg emiong kKat Tou Peudootatikol poikol TeSIOU OTIWEG AUTO TEPLYPAPETAL ATIO TNV
XPOVIKN] 0AokANpwon Sadoxikwv petpnoewv (Zynua 5.1 - oeAd. 150). H otiypaieg petpnoelg
TEPLYPAPOUV LKAVOTIONTIKA TNV aKavovioTr, TupPwdTn ecwtepikn Sour ™G @AOYAS, OTIOU KAL TO
Ulypa Kouolpov-aépa ELGAYETAL, EVW 1) XPOVIKA OAOKANPWUEVES LETPNOELS opilouv Ta OpLa TNG
OUOKEVTPTNG KATOAVOUNG TOU HETWTOU TNG @AGyas. H evdelktikn amekovion g @Adyag, pe tnv
avamtuxBeloa TEXVIKT £pXETAL OE ATOAVTN CUPPWVia PE BIBALOYPAPIKA TIEPAUATIKA SeSopuévalllol,

[Mepapatikn Stepevvnon g Soung EAGYag EykapoLag TPoavauEng

TN OLVEXELA TOU KEPOAXiOU, HeEAeTATAL pia SLATagn @AGyas eykapolag Tipoavapuingd2el (Zynua 5.2
- oel. 151), elodyovtag mapaAAnAa v pebodoAoyla yiar T HEAETN TWV XAPAKTNPLOTIKWY TNG
@AOYaS oV akoAovBeite oty Tapdypago 7.2. H Sidtadn avtn) mAsovektel TOG0 GTO YEYOVOGS OTL
TPOOPEPEL GUeDT OTITIKY TPOcBaoct, e€icov ywx ™ Sieyeipovoa aktivofolria kal T cuvAAoyn Tou
@Boplopov amd ™ Satadn Tou AVIXVELUTI], 000 KUl 0TO OTL TMPOKELTAL YK pio oTPpWTH @AYy
TPOAVAULENG HEWWUEVTG €yyevoyg meptmAokotntag. [MAfov ToUTwv, 1 Satadn autn amoteAel
0UOLWEEG CUOTATIKO EVOG GLUVSLACUEVOU GUGTIUATOS TIPOAVAULENG KAl @AoyoTayibagBldl oe éva
BonOnTikd cVoTNUA TPy WY BEPUOTNTAG UIKPOU UEYEOOLGBLE], 1I8aviKd Yia e@APUOYES KUWEAWY
KOUG OV avToAAayN G TPWTOVIWV e KaaLo VEpoyovolllsl, mpoadidovtag katd auTdv TOV TPOTO
TPOOTITIKY OTNV TAPoVcH BEPEALWON UEAETNG OE TIPAKTIKEG E@apUoYES. EmmpooBétwg, N emidoyn
TOU UEPOYOVOU WG KAUGIHO a@evds vtooxetal VPMAG emtimeSa vépofuiiov, Ta omola pe T oelpd
TOUG SLEVKOAVVOUV TN HEAETT] TWV XAPAKTNPLOTIK®OV KAL TNG LOPPOAOYING TNG PAIYQS.

H pop@oroyia ¢ @Adyag mpoadlopioTnKe e TN XP1OTN TOU CUCTHUATOS IOV TEPLYPAPETAL GTO
Tpito Ke@dAalo, ouvaptioel Tou EMPBAAAOUEVOU OVOUAOTIKOU BOepuikol @opTiov kalt g
otoelopetpiag. H moAvmapapetpikr peBodoroyia autnh yla T HEAETN TWV XUAPAKTNPLOTIK®OV TNG
@AOyag akoAovbeite emiong ommv mapdypa@o 7.2. ApXKA 1 ameKOVIoN TNG SodldoTatng
Katavouns g pifag touv vépofudiov MapovcldleTal ylix ovopaoTikd @optio (oo pe 5 KW oe
OTOLYELOUETPIKEG Kl TTWYEG 0€ Kavolwo, ftol @ = 0.5, ocuvOnkes (Zynua 5.3 - oeld. 152). Ta
OTOTEAEGUATA ATIOKAAVTITOUV OTLT] OTOLXELOUETPLKT OAGYQ, 1) OTtola ST PEL ELPAVXS TN YVOPLUN
Soun) ™G @Adyag mpoavauidng Bunsen, eival SimAdowx oe TAaxog, evw ol dUo Tapouvctdlouvv
TOAPOUOLX EKTAOT] KATAVTIN ylA TNV OAOKANPpwON TNG (VNG NG PAGYaS. AVa@Ooplka HE TNV
emi6paon tou BepuikoV @optiov atn pop@oAoyia TG PAOYNS, Ol TIEPLTTTWOELS TIOU EEETACTNKAV
QAVTLOTOLYOVV O€ OVOUAOTIKA Bepuikd @optia pe 2 KW, 3 kW, 4 kW kot 5 KW umd otoelopetpia
@=0.5 (Zynua 5.4 - ogel. 153). Ta amotedéopata ep@avifovv otadlakn avinon TG aoVUUETPlOg
™G @AOYaG auiavopévou TOU OVOHAOTIKOU BOeppikol  @optiov, Wlatépws TANciov Tov
akpo@uaoiov. MapdAAnAa, elvat ep@aveg 0TL A0Yw TOU aUENUEVOU EVEPYELAKOV TIEPLEXOUEVOU TNG
@AOYQG, 1 ékTaoT TG {wvng avTIdpdoewVv aviavetal e§icov YwpKA.
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Paouatookomia pBoptouotv yvnAatnong

Ma v mAnpéotepn amelkovion NG pop@oloyiag kat Tou poikoy medlov TG @EAOYAS,
TAPOVCLATOVTAL T ATIOTEAECUATA TNG TPLOSLAGTATNG GUVOEOTG SLASOXIKWY PETPNOEWY [E XPTION
™mMG TEYVIKNG Tou @Boplopol NG pilag Tou vSpofudiov kot TG avtiotoyns Yuxpng
TPOAVAUEULYUEVTG PONG UE XPTIOT) PACUATOOKOTIAG LYVNAGTNONG aKETOVN G308l Ev TTpoKelUEVW, 1)
Yuxpn pon UEAETATAL LYVNAATWOVTAG UOPLO AKETOVNG OTN PON TOU KAUGIUOU SlaTtnpwvTas Ta
XAPAKTNPLOTIKA TNG PONG, VW KABAUTA TA XAPAKTNPLOTIKA TOU GYNUATOS TNG PAGYAS avaAvovTal
HEow TNG TapakoAovOnaong s pilag Tov vépotuAiov ot {wvn kKavong (Zxnua 5.5 - oeA. 155). Ta
ETIHEPOVG  XOPOKTNPLOTIKA TOU OUOTHHATOG @B0plopoy LxvnAdTtnong pe  xpnom  Aéulep
TAPOVCLALOVTAL 0TO TPITO KEPAANLO, EVWD 1) LEAETT) €XEL SOKIUAOTEL KL 6TO TIapeABOV o€ TapduoLo
ovotnual328l, Av kat 1 peAéTn G avixveuong tou @OopLopol ATOTEAEl £VX CUUTIANPWUATIKO
KOUUATL TNG KUPIWG avAAUONG HE TN QAoUaTOoKOoTa Tov pBoplopov ¢ pilag tov vdpoiuiiov,
TAPEXEL CAPT] OTOLYXELX YL TNV 0pOBOTNTA TWV EVPTUATWV.

ZUUTIEPACUATIKA, TO KEPAAALO TTapovaLdlel Tn Sour ™G @Adyag poavaulEng Tumov Bunsen kat
gloayel ™ pebodoroyia mouv akolouvOeital oe oUVOETEG e@apPUOYES, £@apPUOlOVTAG TN O pio
Satadn pe apeon omtikny mMpocPacn kot VYMAG emimeda  avaioyiag onpatog-6opvfou,
a§LOAOYWVTAG KATE QUTOV TOV TPOTIO TNG TEXVIKT IOV TTAPOUCLAGTNKE 0TO TPLTO Ke@AALo. TEAog,
To Tedio e@APUOYNG TNG UTO UEAETNG UE UM TOAPEUPATIKEG TEXVIKEG PAOYQ, EMEKTEIVETAL OF
OUYXPOVEG TIPAKTIKES EQAPUOYES, OTIWG TIEPLYPAPETAL GTNV ELCAYWYT] TG SLaTpLP1C.

Ke@ddaio 6° - A§loAdynon KavoTopwv MyPAT®wV KQUOIUwV UE EQAPUOYI] TWV
SLYVWOTIK®OV TEYVIK®WV IOV avanTuynkav ota mAaicix Tng StatpiBng

H avdmtuén evallakTtikwv kauoipwy, amoAVTw cUUPATOV UE TIS UTTAPYXOVOEG VTTOSOUES Kol
OUVAUA HELWHEVO TEPLBAAAOVTIKO ATOTUTWHA, KaTaAapufBdvel oAoéva auiaviopevo pepidio oto
medlo €peuvag CUOTNUATWY KAUOMGE257L AVTIOTOXWS, TA SLYVWOTIKA €PYOAElX GUOTNUATWV
KaUo™MG, KOAVUTITOUV TNV avAAUOoT Kol TN SOKUY] TETOLWV KAUGIUWY, TapEXovTas TV avaykaia
YVWON Yyl TNV KATAVONOoTN Twv BepeAlwdwy Sta@opwv HeTafd cUUBATIKOV KAl EVOAAAKTIKWV
KOUoIpwV. Méow NG EKUETAAAELONG CUUBATIKOV TNYWV EVEPYELXG, OTIWG TO (PUOLKO aéplo,
Svvavtal péow ¢ dStepyaciag Fischer-Tropsch va mpokOouv evaAAaKTIKA KA, CUUPBATA HE
TI§ UTIAPKTEG VTTOSOUEGB03L, ETar TAQioIX TOU TIPOVTOS KEPaAAiov, TapOUOlX GUVOETIKA Kaoa
efetalovTal Pe TN XPNOM €VOG KAUOTNPA EPYAOTNPLAKNG KAlpakag. H xnuikn ovotaon twv vmo
HEAETN KAUOIHWV UIYHATWVY, amoTeAsital amd oUvBeteg aivcides udpoyovavOpdkwv Tov
TPooopoLalouv tn Sour ™S Knpolivng aepomoplkwy e@apuoywviesl, I'ia autd To Adyo kaAolvTal va
TANPOUV ATALTNTIKEG TIPOSLAYPAPES OO0V A@OPA OTIS (PUOLKOXMULKEG TOUG BLoTNTEGH4dl, Ta
KOO QUTA TPOoUCLA{oUY OMUAVTIKY Sla@OopPOoTIoinon wg TMPog TN oVGTACT TOUG, KATL TIOU
KaBLoTtd SUGKOAN TNV AVTLOTOIXLON TNG CUUTIEPLPOPAS TOUG OE CUGTIUATA KAONG IE TO CUCTATIKA
Tov Ta amapTifouv. 't auTd TO AGY0 TO TAPOV KeEPAAaLo akoAovBel pia avaAvutiky pebodoroyia
UTIOAOYLO OV TWV BEPUOXMNUK®V 0T TWV TWV KAUVCTU®wY BACEL TWV EMUEPOVG CLUGTATIKWY TOUG,
SLEVKOAVVOVTAG TNV AVTIOTOLXLOT HETAEY XAPAKTINPLOTIKWVY TNG XNUIKNG oVoTAoNS Kot amdSoong
™G KAVOMG, OTWG OUTH OVTIKATOTTPIlETAL HECW OEPUOKPATCIOAKWY UETPNOCEWV KUl AVAAVONG
KOUOOEPIWV [E TO CUGTNUA AEPLAG XPWHATOYPAPING TTOV culnTeital otV TTapdaypago 2.1.3.1.
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AvaokOTNon EVOAAQKTIKMOV AEPOTIOPLKWV KAUGILWV.

H xpnon &vaAAaKTIKOV GEPOTOPIK®V KAUGIUWY OTA UTAPXOVTO CUCTNHOTH OVAHEVETAL VX
UETPLATEL TIG TIEPLBAAAOVTIKEG OXAT)OELS KOl VX EVIOXVOEL TNV TOIKIAOUOP@Ia Kol BLwCLUOTNTA TOV
evepyelakol amobépatog. ESikOTEpa 0TOV TOUEN TWV HETAPOPWY UTIAPXEL ETILTAKTIKY OVAYKN
EVOWUATWONG GUVOETIKNG Knpolivng, pe Ta piypata mpoéievong Siepyaciwv Fischer-Tropsch va
elval Ta o vmooxopeval2o4l, Ou xpnolpomoloVpeveg TTPWTEG VAES Yia Siepyaoia Fischer-Tropsch
TOIKIAOUV aTIO0 OPUKTOUG YOLAVOPUKES KAl (PUOIKO aEPLo £wg Std@opa amobepata Bropdlag,
TPoodiSovTag TNV avtioTolyn KATIYOPLOTIOM O OTA TIHPAYOUEVH GUVOETIKA KAUG L.

OL TIEPLOCOTEPEG TIEIPAUATIKEG HEAETES 01T BLBALOYpa@ia aoxoAolvTal PE TNV ATTOS00T QUTWYV TWV
OUVOETIKWV KAQUGIHWY € TIPAKTIKA CUOTIHATA OTIWS GTPORAOUNXAVEGBO), UNYaVES ECWTEPLKNG
KaOonG3371 | akopa Kot BonOnTikéG Hovades NAeKTpoTapaywynGi258], cuYKPIVOVTAG TIS EKTIOUTIESG
KOUOOEPIWV KAl ALWPOVUEVWY CWUATISIWY 0€ 0XEOT UE TA AVTIOTOLXA OTIO TN XP10T CLUPATIKNG
Kknpodivng. IMAeloteg PEAETEG IOV TIPAYUATEVOVTAL TNV EQAPUOYT OLUVOETIKWY Kauoipwyv Fischer-
Tropsch o€ TpakTikés pnxaveg4l cupmepaivouy OTL Ta AVWTEPW KAOGLUN TIAPOVCLALOUV YEVIKWOG
pHelwpeva  emimeda povogeldiov Tou  avBpoaka, ofediwv Tou  alwTou KAl AKAVGTWV
v8poyovavOpAakwvIsl, KATAAYOVTAG €V OA(YOlS OTO YEYOVOG OTL AmMOTEAOVV LT EVOAAAKTIKN
AVon(221, Qotdoo, | akpPNiG TEPAUATIKS KAl UTTOAOYLOTIKY) TOOOTIKOTOMO™ TG ynueiag g
Siepyaciag ™G kavomng, o@eldel va TPAYUATOTIOLEITHL 08 SLATALELS PE AUOTNPWS EAEYXOUEVES
OLVONKEG, aToEeVYOVTAG aAANAETISpAcELs A.x. TUPPNG-xnuelag, Sivovtag Bepedwdn mAnpogopia
YW TN CUUTEPLPOPA TWV EKACTOTE XPNOLUOTIOLOVUEVWV KAUGIHWY HypdTtwy. TéToleg peAéteg e
ouvOeTIKA Kavolpa £xovv Tpaypatomombel oe agevdg oe BaAdpouvg kpouvoTikoU KOUKTOG!S3],
Slatagels ‘ofidag’ kaongB327l kat unxaveg taxeiog ocvumieongi7el yia T pEAETN TNG LVOTEPNONG
£VAUOTG, APETEPOV OE LOOXWPLKOUG BaAdpougi22l kat @AGYES SLayvong avTImapaAANANG pongl23l
Y& UTTOAOYLOHO TNG OTPWTNG TAXVTNTAS KAUoNG KAl TEAOG o€ avTISpACTPES TEAELNG avapLEngl7l],
euoAkng porgitizl kat pAdyeg Siayvong 2631 yia TNV avaAUTIK] TIOGOTIKOTIOMOT) XNUIK®OV €WV Kot
EMMESWV ABAANG. IZNUELWVETAL €50 OTL 1] CUVTPLTTIKY TAELOVOTNTA TWV VTIOAOYLOTIKWV HEAETWV
AVOAWMVETAL GTNV EVPEDT KATAAANAWY VTTOKATACTATWVIES], )TOL ELKOVIKWV ULYUATwVI45], Ta oTrola
QVATIAPLOTOVV TA XAPAKTNPLOTIKA TWV EVAAAAKTIKOV KOUGIHWY, XWwpPI§ kAT avaykn avrtiotouyio
HeTaéV oVOTAOTG TIPAYUATIKOU-ELKOVIKOU Kauaipovl72],

MebBodoAoyia xapaKTNPLopo) TWV LEAETWUEVWVY KAOUG LWV ULYUETWY

To kepdAalo Tpoteivel pia avaAuTtikn pebodoAoyia vTTOAOYIOHOU TWV BEPUOXMUIK®OV LOLOTHTWY
TWV KOUOIHWY, Ta oTolot Sla@opomolovvTal GUOTNUATIKA O TAPA@LVIKOUS, va@Bevikolsg Kal
apwpatikoVs vépoyovavOpaxes (ITivakag 6.1 - aed. 163), katd Tov (510 TPOTIO OV SLaopoToleital
N ovppatikny knpolivn amd Ta auyws mopa@wikd koavowa Fischer-Tropschi39 (Zyrnua 6.1 -
oel. 162). Me Vv akoAovBoluevn pebodoroyia, 0 XapaAKTNPLOUOS TWV OEPUOYMNUIK®OV LELOTHTWY
Twv eEeTalOUEVWY KAUGIUWY VToAOYI{eTal BEWPNTIKWG HECW TNG AVOAVUTIKNG TOUG OUCTHONG,
Sivovtag €tol Tn SuvatdTNTa EMAOYNG KOWWV, Ylx OAd TA KoUola ouvOnkwv, OTwg 1
OTOLXELOUETPIO KL TO OVOUAOTIKO Beppikd @opTiov, VT TIS omoieg Ba eEeTaaTOVV GTOV TIPOTLUTIO
Koo tpa TpoavaulEng. To uéoo poplako Bapog kat 0 Hoplakos TUTOG Twv eEETA(OUEVWY KAUGIUWV
vToAoy(oTNKE HECW TNG OTOLKELOUETPLKNG QVAAVONG TWV OCUCTATIKGOV TOU K&Be piypatog
(Eéiowoeis 6.1 ¢wg 6.5 — ged. 163). Opoiwg, uéow NG €MAOYNG KATOAANAWY TIHWV eVOXATIOG
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OYMUATIOUOV Yl TO KAOE OUGTATIKO TOU UYHATOG, LTOAOYICETAL KAl 1| KATWTEPN Beppoydvog
(KavOTNTA TOU KAUoLUov puiypatog (ITivakag 6.2 — e, 164).

H avtiotolyion evBaATiag oxnUATIORoU) 0TA AVTIOTOLXX CUGTATIKA IOV amapTi{ovv To Kabe piyua,
TPOUTIOOETEL YVWOT TWV LOOUEPWYV EVICEWV TIOV VAL TTAPOVTA, YW RIS auTh N TTANpoopia va elvatl
Tavta Stabéaun, u€ow @ep’ ELTEV piot XPWUATOYPAPLKNG AVAAUONG TNG CUCTACTS TOU KAUGT({HOV.
H povn e€aipeon elval n KavVovIKEG TAPAPVIKEG EVWOELS VLA TIG OTIOLEG 1) avTLoTOl)loM EVOAATIAG
OYMUATIOUOU elval ap@uiovoonuavty. ‘'0cov a@opd OTIS LOO-TIAPAPLVIKEG EVWOELS oL miBavol
ouvvdvacopol aviavovtal SPaUATIKA GTOVG AVWOTEPOUS USPOYOVAVOPAKES, ELGAYOVTUS TIEPETAIPW
apepfatdtnta otov vmoAoyloud (Ilivakag 6.3 - oel. 166). Avtictoa emimeda afefaldotnTag
EL0AYOVTAL OQTO TNV ETMIAOYN] TWV LOOUEPOV YLK TIC EVWOOELS VAPHEVIKWOV KOl OPWUATIKWV
vdpoyovavOpakwy, OTOU 1) CUCTNUATIKY TIPOCEYYLOT] IOV AKOAOUBE(TAL AmO@EVYEL TNV EMIAOYN
eEWTIKWY, U PEXALOTIK®OV LOOUEPWV KAl XPNOLMOTOLEL KATA TO SUVATOV YPOUUIKY] GUOXETLON
HETAEY evBaATiaG oYNUATIOHOV KAl KATAAANAOL LloopEPOVG (Zxnua 6.2 — oeA. 165). H mpotewvopevn
uebodoAoyia £pYETAL OE IKAVOTIONTIKY CUUPWVIA UE SLKOETIUX TIEPAUATIKA SES0UEVA AVAPOPIKE
ue ta emimeda katwtePNG Oepuoydvou KavOTNTAG TwV HIypdtwv (Zyrdua 6.3 - o€l 165),
Tapovoldlovtag otabepn amokAon TG Td&ng tou 2%. Emiong, 1o mpoavagepbév c@dApa
BewpnTiKoL VTIOAOYLoHOU TNG Bepuoydvou SUVAUNG TWV KAUGIUWY Eval CUGTNUATIKO Yio OAd TX
uiypota kol Sev emmpedlel T oUYKPLOT UTIO KOLVO OVOUAOTIKO OEpULKO (pOPTIO Kol OTOLXELOUETPIA.

A&oAdynon mg anddoong kavoiuwyv Fischer-Tropsch o€ TpdéTUTIO KAVOTIPA TTPOAVAULENG
H melpapatiky ueAétn twv kavoipwv Fischer-Tropsch mpaypatomomdnke oe pia mpdtumm Statadn
Kouomipa Tpoavapdng epyaotnplakng kAlpakag (Zynua 6.4 - oed.167). To oAokAnpwuévo
oUOTNUX TIPOXNG KOL QTUOTIOMONG TOU KAuGipou kol Tapoxng agpa (Zynua 6.5 - oged. 167),
eEao@UALlEL TN oTaBepT] KAl XPOVIKG apeTAPBANTN Asttoupyia Tov kavotipa. Ilapdia autd yia
Stao@aiion ™G ofloTOTIAG TOU KQUOTHPA OVEEAPTNTWS XPNOLLOTIOLOVUEVOU  KAUGIUOV,
TPAYUATOTIOW ONKE XAPTOYPAPNOT) TNG AELTOVPYIAG TOU PE OAX TA UTIO HEAETN plypata (Zxnua 6.6 -
oel. 168), n omola avédei&e ) SuokoAia Statpnong evotabols PAGYAS YA VTIO-OTOLXELOUETPLKES
OUVONKEG, VM TOPAAANAQ TTHPATNPNONKE OYNUATIOUOS PAOYAS SLAXVOTNG, KAl KATA TIEPLTTWOELS
alBdAn, o€ OUVONKEG OTOLYELOUETPIAG TAOUOLXG O€ KAUOWO WUE HOALG ¢ = 1.5, mpaypa Tou
EVEEXOUEVWG OPEIAETAL GTNV AVETAPKELA XPOVOU TIPOAVAULENG YL TIG AVTIOTOLYXEG TIAPOXES.

Katomv g xaptoypdenong Tou KauoThpa Yl OAd TO KOUOLUX, Ol CUVONKEG TTOU PEAETONKAY
QVTLOTOLXOVV € OVOUAOTIKA Bepuikd @opTia TG Td&NG Twv 150 W kat 200 W 6€ GTOLXEIOUETPLKES
ouvvOnkeg (Zynua 6.7 - oel. 169) kat cuvONKeg EAa@PwS TAOVGLEG 0€ Koo e @ = 1.2 (Zyniua 6.8
- 0eA. 170). OL OTOLXELOUETPIKES PADYEG TWV KAVGIHWY IOV EEETAGTNKAV TTAPOVGLALOVY TN HEYLOTN
DEPUOKPACLAKY TIU] TOUG KOVTA oTnv €080 TOU aKPOPULOIOV, APKETA VWPITEPA ATO TI§
avtiotolxes oe ouvOnkes pe @ =1.2, oL omoieg Tapovoldlovv piad apkeTd IO emimMeESO
Beppokpaciakn katavour. Emiong, n av&inon tov ovopaostikov @opTtiov 0ényel og vMASGTEPES TIUES
Xwp(g aAAoiwoTn TWV TOLOTIKWY XAPAKTNPLOTIKWVY TNG KATAVOUNG IOV TEPLYPA@NKE. Méow TwV
AETITOUEPWV BEPUOKPACLAKWV UETPNOEWVY KabloTatal p@avés 0Tl Ta 6Aa Ta kKo plypata
Fischer-Tropsch Tmapovoldlovv TOPOHOLX  CUUTEPLPOPA KAl CUOTNUATIKA  LVYMAOTEPES
Beplokpacies o oxéon HE TN EAOYX KOVOVIKOU SEKAVIOU TIOU XPNOLUOTIOMONKE WG ava@opda.
Avdpeoa ota kavowa Fischer-Tropsch, To auiy®s mapa@vikd TapovcLdlel TIG XAUNAOTEPES
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Bepokpaoies, evw TIC VPNAGTEPEG ATTOAVTEG TIUEG EUPAVIEL TO PIYHX TIHPAPIVIKOV-0PWUATIKOV
vépoyovavOpakwy, SLATNPOVTOG TOPAAANAA TNV avaAOY(dt KOVOVIK®MV- KL LOO-TIXPAQPIVIKWDV
vdpoyovavOpakwy, TPAYUA TPOG oLVNYOPEL TIPOG TNV aLENUEVN SPACTIKOTNTA TG APWUATIKIG
ouadag.

To ovoMua TNG AEPLAG XPWHATOYPA@IAG TOU avamtuxbnke otnv moapdypago 2.1.3.1,
XpNowomolelte ev ouvexela yl T Slegaywyn UETPNOEWV AVAAVOTG TWV KAUOAEPiwY amd TA
Tapandvew kavoua. Ot HETPNOELS TTpaypaToTomOnkav og V0 onuela KATAVTN TNG POT|G, TA OTIolA
QAVTLOTOLYOVV O€ ATOCTACELS (0€G ue TNV LooSVvaurn SIAUETPO Kot To éva Tpito autig (Zxrua 6.9 -
oel. 171), opilovtag we toodvvaun SLapeTpo ekelvn mov Stac@aAilel v (la Tapoxn pe ) Siatoun)
TOU akpo@uoiov Tov kavotipa. Ol petproelg emméSwy Slo&eldiov Tov AvOpaka KAl 1) cUYKpLO
TOUG HE TA AVTIOTOLYO OTOLYELOUETPIKA ETMITESA VTTOSEIKVUEL OTL TO OULYDS TAPAPIVIKO KAL TO
OPWHATIKO Hiypa Tapouvoldlouv TANPECTEPN KAUOT o€ avtiBeon pe To va@Bevikd plypa Tou
TAPOVOLALEL T XOUUNAOTEPN UETATPOTN, YEYOVOG TIOU GUUPWVEL OXETIKA UE TA EVPNHUATH TWV
Oepurokpaclakwy PeETPNoEwV. Ol TAPATIAV®W TAPATNPNOELS EVIGXVOVTAL ETIONG ATIO TIG UETPTOELS
emmeSwv povoeldiov Touv avBpaka, VEPOYOVOL KAl AKAVGTWVY VEpoyovavOpakwv (Zynua 6.10 -
o€l. 171), oL oTio(eG ETUTIPOCHETWG CUUPWVOUV UE HEAETES (BLWV KAUGIUWY 0€ PAGYEG SLayvongl264],

ZUUTIEPACUATIKA, TO KEPAANLO, XPNOLUOTIOIWVTAG TA SLYVWOTIKG epyodeia Tov oulnthOnkav
vwpitepa atn StatpPn, Tapouvcldlel PAGYEG TECOAPWY EVOAAAKTIKWV GUVOETIKWV KAUGIHwY Kal
pia @AGya kavovikol Sekaviov yla ava@opd, otabepomompuéves oe éva MPOTUTIO KAUOTHPA
TPOAVAULENG  epyaoTnplakng KAlpakag. Toa kadoa HIYHOTO TAPOUCLA{OUV  GUCTNHUATIKY
SLapopoToinon ava@opIKA UE TOUG TIEPLEXOUEVOUS TTAPAPIVIKOVG, VaPOEVIKOUGS Kol pWUATIKOUG
vSpoyovavOpaKkeg, SLELKOAVUVOVTAG TNV AVTLOTOIXLON TNG CUUTEPLPOPAES TOUG HE TA ETULUEPOUS
ovoTatikd TouG. Ot Baotkég BepHOXNULKES BLOTNTEG TWV KAVGIHWY vToAoyilovtal BewpnTIKWG
Baoel TG aVOAVTIKNG TOUG oVOTAONG, EEX0PAAILOVTAG KATA aUTOV TOV TPOTIO T1] SIEVEPYELX TWV
TEPAUATIKOV UETPNOEWYV UTIO TIG (Oleg OULUVONKEG OVOUAOTIKOU Bepuikol @opTiov Kol
OTOLXELOUETPLAG, aveEapTNTWS Kavoipov. EMMpooBETwG, TPpAyHATOTIOETAL XAPTOYPAPTON TOU
KOUOTNPA, WOTE 1) LEAETN VA TIPAYUATOTIOWMOEL Héoa 0T OpLa EVOTADELNG TNG EKAGTOTE OCLVIEVENG
Kavoipov-Siataing kavompa. TeAkd, péow petpnoewv Bepuokpaciog kot emmédwyv CO, COz, O, Hz
KOl AKQUOTWY VEPOYovVavOpAKwY 0€ SLAQOPETIKEG TIEPLOXES TNG PAOYAS, TO KEQAAALO AVOAVEL TNV
XAPAKTINPLOTIKA Twv TPOTUTIWV Kavoipwv Fischer-Tropsch kat ocuv{ntd tnv emipaocn Ttwv
EMUEPOVG CUOTATIKWV TOUG 0€ 0XE0N HE TA ATOS00T NG Kavomng Tous. Ev katakAeldi, To ke@aiato
TIUPEXEL TIPWTOYEVT TELPAUATIKA deSopéva yla To xapaktnplopd kavoipwv Fischer-Tropsch, ta
omola Bplokovtal GTNV ALY TNG EPEVVAS TNG TEXVOAOYING KAVGIUWV.

Ke@adaio 7° - MoAVTapapeTPLKog YAPaKTNPLOUOC TPOTUTIOV KQUOTIPA TOP®Soug
adpavovc néoou pe xp1on TapepBaTtik®v Kot un SlayvwoTik®wy pyaisinv

H 8ievpuvon tou mediov evotdbelag ¢ kKavong SUVATAL VX ETILTEVYXOEL E TNV TEYVIKNG TNG KaoNG
oe meplooela evOaATaGH330 péow TG avakvkAo@oplag BepudTNTAG, NTOL TO SdveElD PEPOVS TNG
BepuotTnTag TWV Kavoaepinwv ota avtibpwvta. Ev avtiBéoel pe tnv eAevBepn @AOYQ, 1| kavomn o€
TOPWAEELG aSPaVe(§ SOUES, EVIOYVEL TA PALVOUEVH LETAPOPAES BeppoTNTAG23] Kol YL v Td SUvatal va
ouvvtnpnoel VIMAG Bepuika @optia Kot emauinueéva opla ava@AeEluomTagissl, Ta mapamavew
ouvvdualOpEV HE XAUNAEG EKTIOUTIEG PUTIWY, KABLGTOUV TNV KAVOT 0€ TOPWOES PEGO LOAVIKT YA
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TANOwpa e@appoywviz29l, Ta TALOVEKTHUATA TNG KoonG o€ TopwOelS Sopés kablotovv Tov
KaUoTNpa TTopwSous adpavolg HEGoU pia EAKVGTIKNY TEYVOAOYia, Yia TNV Koo vYPmAnS amodoong
KOl XOUUNA®V EKTIOUTIWV KAL CUVETIWG ETUALYETAL VLA TIAT|PT] XAPAKTNPLOUO HE TAPEUBATIKEG KAl [T
TeXVIKEG ota mAalowa ™ SwatpPng. Emilong, o mopwdng kavotpag elval eva cvotnua vmAng
TIOAUTIAOKOTNTAG AVAPOPIKA [E TNV OTITIKI] TIPOCPBACILOTTA KAL KAT ETMEKTAOT TNV EQAPLOYN UN
TAPEUPRATIKOV SLAYVWOTIKWV EPYAAEIWVY, ELOAYOVTAG ETITALOV ATALTAOELS KATA TNV EQAPLOYN
OTITIKWV TEXVIK®V UE Xp1iomn Aélep, OTIWG AUTA IOV TIHPOUCLAOVTAL GTO TPITO KEPAALO.

Avaoko6mnon g texvoAoyiag Tov kavotipa Topwdovg adpavoig pécov.
H av&avopevn {Mtnon ywa amoSoTIKOTEPA CUCTIUATO, HE XAUNAT KATAVOAWOT KOUGIHOU Kol

EKTIOUTIEG PUTIWV TIOU TAUTOXPOVA UTIAKOUV OE QUOTNPES TIPOSLAYpaPES, 0dNyel oe TEXVOAOYieS
Koo U eEAEVOEPNG-gUPaVOVS PAGYAGB339, oL oTroleg AetToupyolv LTIO KABEGTWGS NTILAG Koo IS,
Mia gvéAikTn evaAdakTikn Avon eival ) kavon o ieplBdAdov epiooelag evBaAmiagiiz2l, H kavon og
TOPWAEELS SOUESG TIPAYUATWVEL TIG TIPoAVaQEPOEloeG TPOUTODETELS 0dNYWVTAG o€ LTIEPASIAPATIKN
kavon 302, H apxn Aettoupylag Touv mMopwdn KauoTpa £YKELTOL GTO OTL TO TPOAVAUEULYHEVO
KaUOWO Kal OEEBWTIKO KalyovTol 0TI KOWOTNTEG €VOG VUTEPAYWYLUOU TOPWSEOUG UALKOD,
QVOKUKAOQOPWVTAG KATd outdv Tov TPomo TN Oepudtnta ota avtibpovta. H @Adya
otafepomoleital otn Slempadavela petaly otadiov mpoavauEng kat mTopwdoug {wvns Kavomg,
SLevpivovTag TNV TTEPLOXT EVATAOOVG AEITOVPYIAG KAL TIPOCEPEPOVTAS EVEALEIQt GE GUVAPTNON UE TN
OTOLYELOUETPLA KAl TO EMAEXOEV Koo Lpol217],

Ta xOpla oxeSIAOTIKG XAPAKTINPLOTIKG £vOG KauoTnpa Topwdoug adpavols péoov a@opolv Tov
aplBud, To UNKoG, TOV TIPOCAVATOALGUO TO OXNUA, TNV TTUKVOTNTA KL TO VALKO TWV SLAPOPETIKWV
mopwdwv SopwvBlil, H mukvotnta tou mopwdoug mMAEypatog kabopilel oe peydio Pabud ta
UTIOAOLTIX YEWUETPIKA XAPAKTNPLOTIKA. H vYPmAn mukvot)ta mopwdous Soung emaudvel tnv
Hetadoon BepudTNTAG HE AyWYN KAl cuvaywyn A0Yw €vtovng VSpavAlkng LiEngo8l, evey n vyman
SLTEPATOTNTA EAATTWVEL TNV EMAYOUEV] TITWOT TieoNG. QoTdc0 M €mMAOYN] VAKOU Kol TO
YEWUETPLKO XA TNG Soung ivat o Lo kpiopog Tapdyovtag oxedlacpov, Kabws kabopifouv Tnv
QVTOY1 TOU VALKOU 0€ BEPUIKEG TATELS, XTUKN adpdvela kol KOTwor). ['ia To Adyo auTd Ta KEPAULKA
VALKG €lval T TILO EVPEWS XPTOLLOTIOLOVUEVA 0 TIOPWEELS KavoTrpegi44l. Ta o ouvnOn kepapka
VAWa eivat to o&eidto Tou adovpviov, to kapfidio tov Tupttiov kot To 0&eidlo Tou {IpKoviov.
Avtiotolxws ot o Stadedopéveg Soueg elval Ta SIKTUWTA PAKPO-TIAEYHATA, TA EAACUATA KLl OL
TANPwWUEVEG KAlveg248l, To 0&eiSlo Tou aAoupviov xpnolpomoleital w¢ emi To TAsioTov Of
EAAOUATIKEG BOUEG VWD TO KapPiSio Tov TupLtiov o€ aptyws TopwSels Sopég249],

Ta oOvBeta @awopeva mov AauBdvouvv ywpa oe €vav KoauoThnpa Topwdous adpavous UEGOV,
QTALTOVV TO XWPLKO KL XPOVIKO GUVUTIOAOYLOUO UETAS0O0NG BEPUOTNTAG Kol XMUKNG KIVITIKNG
HECH 0TO ALY KBS KAl TNV 0AANAETISpaoT TG AEPLAG PACTG KAL TWV XUAPAKTNPLOTIKWOV TNG
Soung kabeavns. Le auTV TNV KatevBuvon £xouv TpaypatomomOel ToAvapOueg BewpnTIKEGL63]
KoL QVOAUTIKEG287] peAéTeg pe XpNoN TOKIAWY VTOAOYLOTIKWV WOVTEAWVIESO kal oKOTO TNV
avaAvon120l xat mapapetpomoinon210 g moAvSidotatng @VONG TOU TPOPRANUATOS. APKETES
UTIOAOYLOTIKEG TIPOOTIAOELEG €YOVV ETIONG E0TIAOEL 0T oTABePOTOINGT ™G PAGYNS UECK OTNV
Topwdn Soun4, Twv UTMOAOYOUO TwV VLTEPASIABATIK®OV OepUOKPAGLOV[245] Kkal Twv oplwv
ava@AEELUOTNTAGBY., TEAOG, 0 XAPAKTINPLOUOG TWV TApayduevVwY pUTwVI4S] ue éu@aon ota oeidia
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Tou alwtovltl kot &N To uUnYaviopd oxNUATIopoU Tougltos] oamoteAel To avrtikeiuevo e€icov
TOAVTIANO WV AVOAUTIKWV UEAETWV, TPAYUA TOU KOOLOTA ETITOKTIKY TNV avAyKn &vOeAexolg
TEPAPATIKOU XAPAKTNPLOUOU TOU KOUOTNPX, OTWG ETIYEPE(TAL O0TA TAXICLA TOU TAPOVTOG
Ke@aAaiov, pe okomo v emBefaiwon kot faBPovOUN oM TWV AVOTEPW TIAPAUETPWV.

Ita mAaiowx ™G SlatpPrs LEAETONKE EKTEVWG £VAG KAUOTHPAS TTOPWEOUS adpavois pesou, 800
otadiwv kat opBoywvikns Statouns (Zynua 7.1 - oel. 180). To TPWTO 6TASL0, KATACKEVAGHUEVO ATIO
0&eld10 Tou aAovpviov, amoTeAelTAL ATIO OTEG EVOG XIALOGTOU KaTavEUHEVA avA TIEVTE YAlooTd. To
TPWTO GTASL0 TTAPEXEL OUOLOUOPPA TO TIPOAVAUEULYUEVO KAUOLUO Kol OEELOWTIKO, SpwvTag emiong
WG PAOYOTIAYISK O€ TEPITTWOELS OTIOV 1) TAXVTNTA KAVONG AVAVTN TNG PONGS ElvVaL ULKPOTEPT TNG
ToYVTNTOG TOU €l0EPXOUEVOL piypatog. To Sevtepo otddlo, Kataokevaouevo amd kapfidio tou
TVPLTIOV, Elval pia apyws Topwdng doun katavour (10 ppi) oy omoia Aapfdavel xwpa 1 kavor).

XapaKINPLopoG T0V KAVOTHPA TTOPWS0UG LEGOV UE YPT)OT) U TTAPEUBATIKWV TEXVIKWY

H xpnon un mapepfatikov SLayvwoTIK®V TEYVIK®OV VAL avayKala Yio T LEAETT TWV SLEPYOATLOV
ot Sopr Tov Mopwdoug PEGoU UE TNV eAd)LoTN Suvath Slatapaxr). QoTO00, TETOLEG TEXVIKEG SEV
£XoUV e@APUOCTEL aWevog Adyw TNG SUOKOAIAS OTTIKNG TPOGRACS KAl APETEPOV AOYW TNG
TEPLOPLOUEVTIC XWPLKNG EKTAON G TNG (VNG Ko™ aTnV TTop w81 our| o€ e@apuoyES Kavatrpallez],
€V QVTIOEOEL e EQAPUOYEG UEPIKNG 0EESwoNG9], FUVET®WS Ol TEPLOCOTEPEG UEAETEG Yl TO
XAPAKTINPWONO NG {wvng KaloMG ToU TOoPwoN KAUoTHPA, XPNOOTOOUV  SELYUATOANTITEG
Kavoaepiwv kat Beppootolyeialltl. EEaipeon amotelel 11 e@ApUOYn TNG TEXVIKNG TNG CUUPACIKNG

avTi-Stokes aveAAoTIKNG OKESAONG Yl UETPNOELS DEPUOKPACIAG KAl CUYKEVTPWONG LEPOYOVOU,
KOTA PNKOG Wiag oTm¢ Tov TPwTov otadiov g pAoyoTayidag kal Texvnéviws dnuovpynbeicag
OTITIKNG SaSpouns péow TG Topwdoug Soungiied, ywpls ouws n dtatadn autn) va sival TANPwS
QVTLTIPOCWTEVTIKI) TNG TUXALOTNTAS TNG TIOPWSOUG Soun.

Ytov avtimoda, n omtikn TpdcPacn otnv mMopwdn Sour elval adVvatov va emitevyBel katd TpdTO
Tov 8ev SlATAPACOEL €0TW EAAYIOTA TA PALVOUEVAIZ], GUVETIWG, OTA TAAICLL TOU KEPOAXIOU
TPAYLATOTIOMONKE TAPAUETPLKT] AVAAUOT] TWV YEWUETPLKWV XOPAKTNPLOTIKWV NG SLdvolEng g
omtiknG Stadpouns. H omtikny mpodoPaon kabiotatal Suvatn Siavoilyovtag éva HOVOTIATL Yl TNV
akTiva SLEyepoNG Katl €va Yyl T oLAAOYN Tou emayopevov @Boplopov (Zynua 7.2 - oeA. 183).
Inpewnvetal 8w OTL 1 €VTOVN EKTEUTOMEVN amayouevn aktvofoiia @Boplopol, péow Tng
TapakoAoVOnong s pidag Tov VEPOELVAIOL CUUEWVA LLE TNV TEXVIKN TIOU TIEPLYPAPNKE VWPITEPQ,
ATOSEKVVETAL CUYKPLTIKO TAEOVEKTNHA TNG emAexOeioag TeXVIKNG, KabBws 1 ywvia ANYmg tou
ONUATOG UECW TNG OTTIKNG SLaSPOoUnG HELWVEL SPARATIKA TNV avaAoyia onpatog-0opvBov. To
XOPOAKTNPLOTIKO UNKOG TNG UTIO UEAETNG TTOPWSOUG Soung eival 5 mmi239] kat 1 €MAOYT OTITIKWV
Stadpopwyv peyaddTEPOL TAGTOUG 08NYEl 0€ PN PEALOTIKN amelkdvion TS {wvng kavong (Zxnua
7.3 - 0eA. 184). H tapapetpikn HEAETN Yo TNV TOTOOETNON TNG OTTIKNAG Slabpoun g KatéAnge oty
evamdBeon ¢ Sieyeipovoag akTivoforiag PETAE) YEITOVIK®V OTIWV NG @AOYOTay(Sag MOTE va
UMV amekovi{ouv HKpoSopES @AGYas TUTOL Bunsen, aAAd va atypaAwtilouv TV opoldpopen
Katavoun g piag tov v8pofuAiov péoa oty Topwdn Soun (Zynua 7.4 - oel. 185). Avapopikd pe
To pé€yebog G omTiKNG Stadpoung, 1 mMAeVpd TG Sieyelpovoag aktivoforiag €xel mAdtog 1 mm,
WOTE VA SLATNPELTAL N LOOTPOTILKT KATAVOUN TNG SE0UNG, EVM 1) TTAEUPA TOV ALeBNTPA £XEL TTAGTOS
2 mm, Yl T S1a0@AALOT IKAVOTIOTIKTG avaAoyiag onjpatog-0opUov (Zyrua 7.5 — aeA. 186).
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Ameikovion the {0vng kAo cuvapTHOEL OVOUARTTIKOU BEpULKOD QOPTIOV KAl OTOLYELOUETPLAC

0 xapaktnplouds TG Asrtovpyiog TOu VTO UEAET TOPWSOOUG KALOTHPA KAl AKOAOUOwWS o
SLaYWPLOUOG TWV KABECTWTWY CUVAPTIOEL TWV XUAPAKTNPLOTIKWOV TNG PAGYAS, TTPAYULATOTOONKE
petafdiiovtag to emPBarropevo Bepuikd @optio KAl TN OTOLXEOUETplar pe peBAvio LVYMANG
KabapodTNTaS wG KavoLwo. ApYIKE, HeEAeTOnke 1 emppon ™G UETaBoANG Tou emiBaAlopévou
BepuikoV) @optiov puetatv 200 kat 800 KW/mz2, vmo otabepn otoiyelopetpia ¢ = 0.7. I'a Adyoug
AVOPOPAS, TTPAYUATOTIOMONKE TTOPOUOLX TIAPAUETPLKY) UEAETN TWV XOAPAKTNPLOTIKWVY NG @AGYQAS
Xwpig To Mopwdes voéoTpwua (Zxnua 7.6 - oel. 187), meplopiloviag ota Sl XwpKAE 6plx To
efepxOUEVO, amO NG OTEG NG @AoyoTayidag, plypa. Ta amoteAéopata Tov Tapovclalovtal,
aPOPOVV S10SLACTATEG KAVOVIKOTIOUNUEVESG QATTELKOVIOELS TOV ETTAYOUEVOL PBopLopoV TNG pilag Tou
V8po&uAIOL, DUTWG WOTE VU TIEPLYPAPOLV UE CUPTVELX TA YEWUETPLKA XUPAKTNPLOTIKA TNG PAOYNS
0TO TOPWOEG KAl OXL TNV ATOAUTI CUYKEVTPWAT Tou LSpo&uAiov. Emimpocbeta, ot Siodiaotateg
OTEIKOVIOELS OAOKATpWVOVTAL KAT& TNV €vvola Tng Sleioduong tng 6éoung He oKOmd TNV
TANPESTEPT TEPLYPAPN TNG {WVNG KAVONG KATAVTN TNG PONG, HE TA ATOTEAECUATH QUTA v
TAPOVOLALOVTAL TTAPAAATAQL

[Tapamnp@VTag TA YAPAKTINPLOTIKA TNG @AGyag péoa otnv Tmopwdn Soun ouvapTioel TOU
oVOpaoTIKOU Bepuikol @opTiov SlakpivovTal TPELS TEPLOXES evoTaBoUg Asttovpyiag (Zynua 7.7 -
oel. 188). ApxlKkd, yia OXeTIKWG xaunAd emimeda woxvog, mepl ta 200 pe 300 kW/mz2, n @Adya
AVATITUGOETUL AUECWS LETA TN PAoYoTIay(ba KL ekTelveETAL £WG TA Péoa TOV SeuTépou atadiov NG
mopwdoug douns. Ev ouveyela, yia emimeda woxvog 300 pe 700 kW/mz2, n {wvn kadong eival
QVUPWUEVT]  TAPOUCLALOVTOG OXETIKN  AVEEAPTNOIO YEWUETPIKWOV  XOAPAKTINPLOTIKOV Kol
ovopaoTikol Bepuikov @optiov. Tédog n Tpitn meploxn mov Slakpivetal aopd o emimeda LoxVOG
ueyaivtepa twv 800 kW/m2?, ota omoia T {wvn kalonG avaTTUOCETAL KATAVTH NG PO,
ep@avifovtag taom ekEUYNS amd To Topwdeg. OL AVWTEPW THPATNPNOELS £PYXOVTAL OE
(KOVOTIOWNTIKT] CUUPWVIA LE TIEPAPATIKEG TTAPATNPNOELS329] Kol Bew pNTIKEG TTPOPAEYELGIZ35],

H peAétn g emiSpaong TG OTOLXELOUETPIOG TIPAYUATOTION|ONKE OE TPELG SLAPOPETIKESG TIEPLOYES
Beppkn§ LoxVoG, HETABAAAOVTAG TIG GUVONKEG KAVGTHOU aEpa A0 UiypaTa EEALPETIKA TTAOVCLA OE
aépa £wg oxedov otolyelopeTpikd. INa emimeda woyvog oo e 200 kW/mz2, 1 pAdya TpookoAA&TL
oTn @Aoyomayida evw He TNV adinorm TOU THPEXOUEVOU O€pa KAl TN HETEPBaotm ot kKaBeoTwS
VTEPTITWYNG O€ KNGO KAUoNG TN @AGYa avuOVETAL KATavTtn TS pons (Zxrua 7.8 — oel. 189),
Xwplg OpwG va emnpealel xwplkd To onueio OOV ep@avileTal 1 EVTOVOTEPN GUYKEVTPWON.
[Mapopoleg Tapatnpnoelg yivovtal yix v emidpaon G oTOEWOUETPIOG o€ TLo VYMAG emimedSa
LoxV0G, OTwG Adyov xapv ota 600 kW/m2 (Zynua 7.9 - ael. 190) kat 800 KW/m2 (Zynua 7.10 -
oeA. 190). H xVpla Saopotoinon €yKeltal 0To YEYOVOG OTL O€ QUTA T EMIMESH OVOUXOTIKOU
BepikoV @optiov, 11 AGYa gival e€apyns avuPwpévn evw 1 av&nom Tov TapexdUevoL aépa odnyel
otn ovppikvwon ™G {wvng Kaomng Kal 0AOKANPWONS TwV AVTISPACEWY EVTOG TOU UIKOUG TOU
TOPWSOUG VTIOOTPWHATOG. H Tapamdvw pedétn Selyvel emiong OTL 1 v YéVeL Tieploxn PAGYag
KaBw¢ KAl 1| AmOCTAOT KATAVTH TOU TPWTOU oTadiou Tou KauoTpa Topwdous PEGOU HE TNV
EVTOVOTEPT CUYKEVTPWOT) TTAPAUEVOUV OXETIKWG AVETTPENACTA ATIO TT) OTOLXELOUETPIA.
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XapakTNnpLlopdg TOU KAUOTNPA TTOPWS0UEC UEGOV UE TIAPEUBATIKEC TEXVIKEC.
O TpoNYoUUEVOG XOPAKTNPLOUOG TNG AELITOUPYIOG TOU KOUOTHPO ETEKTE(VETOL MPE TN Xp1om

TAPEUPRATIKOV SLAYVWOTIKWV TEXVIKWY, OTIWS QUTA TIOU TApoucLd{ovTal 6To SEVTEPO KEPAANLO
™G STpIPnig, xapaktnpilovtas Katd Tov TPOTOo auTO Tov eEeTAlOUEVO KAUOTHPA TOPWOOUS
abpavolG UHECOU HE OPOUG EKTEUTOUEVWY PUTWV, Oepuikig amddoons kal eVOAAAELUOTNTAS
Kavoipov. OL BepUOKPOCIAKEG HETPNOEL TOU TIAPOUCLAOVTAL KPOPOVV CGTNV TPAYHUATIKN
Bepokpacia TWV KAVoAEPIWY, OTIWG AUTH VTIOAOYI(ETAL HECW PETPTOEWVY LE BEPLOTTOLXELD KL EV
ovvexela S16pBwon Twv aAMWAELWV akTvofoAlagi33], oL oToleg Pe TN GEPA TOUG UETPOVTAL UE
xprong vmépubpns Bepuoypa@iog ™G emPavelng Tov KovothipaB49, T ™ Sefaywy Twv
UETPNOEWV Kal TN Slaovvdeon NG SLATAENG TOU KOULOTHPA HE TA CUCTNUATH SLOYVWOTIKGOV
XPNOOTIOLELTAL XPNOLUOTIOWONKE CUOTNHA HETAKIVIIONG TPLWV Babuwv eAevbepiag (Zynua 7.11 -
oel. 193). [TapOpOoLEG TIEPAUATIKEG LEAETEG EXOUV TIPAYLATOTIOW Ol KATA TO TAPEABOY Yia SLd@opa
TapeU@PeP €8N Kavopwvizsd, eotidlovtag ota emimeda ekmepmoOuevwY PUTWVIET], 1 GAAwV
Tapapétpwy Asttovpyiag Omws Ay. ta emimeda mpoBepuavongli4dl, ywpis va eotidlovv oTnv
ETILPAVELNKT] KATAVOUT] BgpUoKpaciloV Kal pUTIWVIZ9 Kol TwV TOPAUETPIKO XAPAKTNPLOUO
OUVAPTNOEL BEPULKOV (POPTIOV KL GTOLYXELOUETPIAS.

e TPWTO OTASL0 1 TEWPAPATIK Slepedivnon eEETAlEL TNV OUOLOYEVY] DEPUOKPACLOKY] KATAVOUN
OTNV EMLPAVELX TOU KAVOTNHPA UE TN XPNOT TwVv Bepuootolyeiwv (ZyHua 7.12 - oeA. 194) kol g
Beppoypagiog vTEPUOPOV PACUATOG EKTOUTNG TNG EMPAVELNG TOV Kavothnpa (Zynua 7.13 -
oel. 195), ovykpivovtag ta emipépoug amoteAéopata (Zynua 7.14 - oeAd. 195), petafdrrovrtag
OUOTNUATIKA TN oTOLXEOPETPio Kal TNV Oeputkn oy¥. Inuewwvetal 8w, 0Tt Aapfavovtag vmoym
™MV €€GPTNON TOU GUVTEAECTI) EKTOUTNG TNG EMPAVELAG TOU VALKOU TOU kauothpall®4 amd
Beppokpaoia, KaBwWG KAl TNV €0AYWYN TOU OPOL TNG AOONTNG EMPAVELNG EKTOUTNGIZ25], o
KOUOTNPAG TAPOVCLAlEL OUVTEAESTN €KTOUTNG okTwvoPoAlag &£=0.99, mepimov (6o pe ToOV
avtioTolyo Tov uéAavog cwpatog. H eEatlpetikd opoloyeving BepUokpacLaky) KATAVOUT 6 0AOKAT PN
TNV EMUPAVELX TOU KAVOTHPA AVTIKATOTITPIETAL AVAAGY WG OTA EKTIEUTIOUEVX ETUTESA [LOVOEELS OV
Tov avBpaxa (Zxynua 7.15 - gel. 196) kat 0&eldiwv Tov alwtov (Zynua 7.16 - oeA. 197), avtioToya.

H peAétn ovveyilel pe tnv mepapatikn diepevvnon efetdlovtag ) SuvatotnTa eVAAAXEIUOTNTAS
KOUG{[LOV TOU KAQUOTHPA, BEWPOVTAG WG AVTITIPOCWTEVTIKO onpelo SetypatoAnPiag To KEVTPO TOU
agova ovppeTplag Touv kavotipa. O kavotipag Aettovpyeital pe kabapd pedavio kol vypaéplo
ovoTtaong TpoTaviou-Bouvtaviov kat 0yko 60:40. OL peTpnoelg TG Bepuokpaciog TwV Kavoaepiwy
oty ££080 Tou kavotnpa (Zynua 7.17 — oeA. 197) katadeikviouv OTL AUTEG EMNPEALOVTAL ATIO TO
e@apuolopevo Bepuikd opTtio, KaBWG 1 adENOT TOU UELWVEL TIG ELSIKEG BEPUIKEG ATIWAELESG, EVW 1)
OTOLXELOUETPI EMNPEATEL TN BEPUOKPATIN ONUAVTIKOTEPA ATIO TO AELTOVPYWV Koo 0. H petwpévn
EMISpaon TOL KAUOIHOU AVTIKATOTTPIlETAL OHOIWG oTA eTimMeSA pUTWV 0TV £€£080 TOL KAVOTNPA,
OTIWG QUTA TAPOVGLAlOVTAL HECW TwV 0&Eiwv Tov alwtov (Zynua 7.18 - oeA. 198) kol
pnovo&eldiov tov avBpaka (Zynua 7.19 - o€l 198). ouvaptioel BOgpukol  POPTIOV KAl
OTOLYELOUETPLAG. ZUUTEPAOUATIKA, KaBloTaTol TTPpo@avéS OTL T emMimeda pUTIWY KUPAIVOVTAL OE
eCAPETIKA XAUNAG eTimMeSa €vwd) HE TNV EMAOYN KATAAANA®V GLUVONK®OV TANPOUV TOUG TILO
ATOLTNTIKOUG VOHOOETIKOUG TEPLOPLOUOVGI2SS]. XapaKINploTIKA, O€ OUVONKEG OTOLXELOUETPING
A = 1.4 xat oxVog 400 kW/m? ta exkmepmndopeva enimeda NOy kat CO ayyifouv oplakd ta 30 mg/kWh
£€KaoTa pe Kaoo pebavio, evw avtiotolya kupaivovtat mept ta 40 mg/kWh pe kavopo vypaéplo.
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Xapaktnploudg Asttovpyiag Tov KavoTrpa Ue EVaAAaKTIKA kavotua. H mepimtwon tov Ploaspiov

H texvoloyia ™™g kavong oe mopwdn péoa evSeikvuTal Yl KOUOIUX XOUNAOU EVEPYELNKOU
TEPLEXOUEVOLIB30L. QGTOOO UTIAPXEL VUG TIOAD TIEPLOPLOUEVOS APLOUOG TIEPAUATIKWY PEAETWV TIOU
QOYXOAOUVTAL UE TOV TTOPWAET KAUGTPA KAl TN AELITOUPYIX TOU PE TTAPOpOLa KAUOLUN, OTIWS AEPLO
oTtavOpaKkoToLeiovs3] Kol XWPOUS VYELOVOWUIKNG Ta@pnG amofAtwvid. Emiong, n ueAétn prypudtwv
ue epLeEXOUEVO 810EeiB10 Tou avBpaka oe TOPWSELS KavaThPeglos] eivat eEalpeTiko eVELAQPEPOVTOG
Y& TNV EVOWUATWOT TETOLWV TEXVOAOYLWV OE TIPAKTIKEG e@apuoyEc340l. H mapoloa mapdypagog
e€etalel T AetToupyla TOU KAVOTHPA VTIO EVva TUTIIKO piypa Bloaepiov kat oyko avaoyiag 60:40,
pebaviov-8loeldiov touv avBpaka, akoAovBwvtag Tn HeBOSOAOYIKN) TPOCEYYLON TOU SLEMEL TN
StatpiPr). ZUVOTITIKG, TPAYUATOTOLEITAL XAPTOYPAPNON TOU KAULGTHPA CLUVAPTHOEL BepUIKov
(POPTIOV KAl OTOLYELOUETPIOG CUVEEOVTAG T EUPHUATA PE TNG TIEPLOXEG TTOU avESELEE 1) Stepeivon
HE XPNOT UM TIAPEUPRATIKWV TEXVIKWV (Zxnua 7.20 - oeA. 201) kal 6T oLVEXELX YapaKTnpileTat o
KOO TN PG PE 0POUG BEPULIKNG ATTOS00NG KL TIHPAYOUEVWV PUTIOYOVWY ouolwv. TéAog, pe faon Ta
TEPAPATIKA Sedopéva, avaADeTal 1) emidpacn Tov Sloeldiov Tov avOpaKa w¢ PUOLKOG 1| XNULKOG
TAPAYOVTUG OTA ETITTESA HETPOVUEVWVY PUTIWV Kol BEPUOKPATLWDV.

H Aettovpyla pe Bloagplo auiavel TNV 0YKOUETPLKT TIepox™] VTO TO (510 ovopuaoTiko Beppuiko @oprtio,
OUOTNUATIKA KaTtd 5% oe oxéon pe To pebavio, Exovtag evBéwg avtiotolyn emibpact 6To XPOVO
TAPAUOVIG TOU Uiypatog oty mopwdn dour. H avatnpn epappoyr Tov oplopuov vmoAoyLopol g
OTOLYELOUETPLaG Sivel vopoTelelakd MAoVOIA 0 KOOGLUO UIYHATO. TNV TPAYUATIKOTNTA, £L6IKA
otV TeplmTwaon 0mov To S1ogeidlo Tou avBpaka Spa TEPLOTOTEPO WG SLHAVTNG TIAPA WG EVEPYOS
XTUKOG TIHPAYOVTOG, 0 TAPATIAV®W OPLOPAG 8 SLEUKOAUVEL T1 OUYKPLOT] PETAEY AELTOUPYING TOU
KauoTtnpa Pe kabapo peBavio kol BLOaéPLo Kol TWV CUVETIAYOUEV®Y PALVOUEVWY GLVEPYELaG. Ta
amoteAéopata Tov mapovatlalovtal dev Aapufavouv vty to Teplexouevo Sloeidlo Tou avOpaka
0TI PO1 TOU Kauo T pa, SivovTtag Tn SuvatdTnTa GUeonS CUYKPLONG E TIS TIPOTYOUEVES HETPTOELG.

01 petpnoelg Bepuokpacias Twv kavoaepinwv (Zynua 7.21 - oed. 202) mapovoldlovy EALPETIK
OUVAQEIX UE TIG TIPONYOUHEVEG TIAPATNPNCELS, 1 omoia eival efioov ep@avig ota emimeda
novo&eldiov Tou avBpaka VTO TS avtioTolyeg ouvOnKes (Zxnua 7.22 - oel. 203). EmmA£oy, yivetat
eU@avéG O6TL To So&eldlo Tov avBpaka emnpedlel To OXNUATIONG PUTWV KUPIWEG WG PUOLKOG
TAPAYOVTAG KOl OHEANTEX WG XNUKOS, av Kol Tapoucstalel katd 50% avinuéva mocootd
povogeldiov tou AdvBpaka, vmd (Steg mapoyxés peBaviov kot agpa. Ta Toapamavw emimeda
SwatodoyovUvtal amo Tig katd 10% yaunAotepes Beppokpacies otnv £€£080 TOU KOLOTNPA OF
OLVSVAGHO HE TO WKPOTEPO XPOVO TAPAUOVIG 6TNV TIopwdN Soun (Zyrua 7.23 - oeA. 203). Akoun,
Ta emimeda povoleldiov (Zynua 7.24 - aed. 204) kot Sto&eldiov (Zynua 7.25 - oeA. 204) tov alwtov
elvat kata 60% pelwwpéva amd ta avtiotolya emimeda pe kaolo to Kabapd pedavio kat Sev
Eemepvouv abpoloTikd ta 20 ppm vTd oTolEadNTOTE CLVOTKEG LoYVOG KAl oTtolxelopeTpiag. TéAog, M
Tapamavw ovi{itnon yw v emnidpaon tov Soéeldiov tov avBpaka emPBeBalwveTal amd T
oUYKPLOT] TWV HETPOVHEVWY eTUTESWV 0&UYyOVou Kal Stogeldiov Tov avBpaka pe T avtioToyo
UTIOAOYLOTIKA eTiTeSa xnUIKNGS tooppoTiag (Zxynua 7.26 — aeA. 205), 0Ttwg vmoAoyifovtal pe xprion

UNXOVIG OV XNUKNG KIVNTIKN 3231,
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Ke@ddaio 8° - Avake@aiaiwon Kat guunepaopuata Tne Statpifig

H emomun ™m¢ SLayvwoTiKiG CUGTNUATWY KAONG ATOTEAEL VA TAXEWS AVATITUGOOUEVO KAGSO
TIOVU EVOWUATWVEL VEEG TEXVOAOYIES, TPOCPEPOVTAG UEGO YL TNV AVATITUEN KALVOTOUWY, 0AAL Kol
™mv BeAtiotomoinon twv 16N VTAPYXOVIWY CUOTNUATWY Kol Slepyaciwv. O avwTépw oTOXO0G
ETILTUYXAVETAL oTNV Ttapovoa SlatpiPr}, oe peydro Babud, péow TPV KLplwv KatevbBivoewv
£peuvag KL avamtuingllzl. e mpwTo eMIMESO TIPONYUEVEG TEXVIKEG SLAYVWOTIKNG EQAPUOlOVTAL OE

BepeAlwdelg, epyaoTNPLOKNG KAHOKOG SIATALELG UE OKOTO TNV QAVvATTULEN KAl PBeATioToTolnon
KaBauTtwv TowVv SLayvwoTiKwy epyaieinwy. Autd To 6Tddlo amaltel TOAVSIAGTATH KAl CLVSVAGCTIKY
£QAPUOYN TNG YVWONG TOU SIETOVV TOLKIAQ EPEVVNTIKA TESIA, KAAVTITOVTAS £va EVPV PACUA ATIO
HOPLOKT] NAEKTPOSUVAULKY £WG AVOAVUTIKY XMUELR, OTIWG eMEENYEITAL OTA TPWTA KEQHAALX TNG
SatpiPng. Xe SelTepo emimedo, eKTEVEIS TMEIPAUATIKEG HEAETEG TIpAyHATOTOLOUVTAL 0E £&loOU
Baowkég SLatagels, oL omoleg amo@eVyouv oUVOETEG AAANAETILSPACELS, OTIWG AGYOU XAPLY PALVOUEVX
OGUVEPYELXG XNULKNG KIVNTIKNG Kol TUPRNG, UE OKOTIO TN TIHpAywy] TPWTOYEVOUS TTANPOYOpPiag yio
TIG Slepyaoies oV SLETOVV TA PALVOUEVA KAVOTG, TIPOGQEPOVTAS TTAPAAANA TTOAV TN Sedopéva
yw TN BaBpovounon vToAOYLoTIK®OV epYaAeiwY, OTIWG ETLXEIPEiTAL 0TO TETAPTO KePaAalo. TéAog,
Ta SLYVWOTIKA €pYaAgia XPTOLUOTIOOVVTAL in Situ O TPAKTIKEG EQAPUOYES, YapakTnpilovtag
TOUG UNXAVIOUOUG OTABEPOTIOINONG PAOYNS, KATAVAAWONG KAUO(HOV, oYNUATIONoU pUTIWV Kol
amddoong ¢ Kavong, OTws Tapovotdletal oto £f60oU0 KEPAANLO YIA £vay KAUOoTPA TopwSoug
adpavoug péoov. To tedevtaio Ke@dAalo TG SATPIPNG AVAKEPUAALWVEL TA KUPLOL EVPTUATA TNG
SlatpPng, TMAPOUCLAEL TIG ETLOTNUOVIKES SMUOCLEVCELS TIOU TPOEKLPAV KOl TIPOTEVEL AEOVES
EMEKTAONG TNG SLaTpLPT.

ZUvoum kot TeEAlkd ouumepaouaTa TG SLTpLfng

Ita mAaiowr ™G Statpng, TapeuPatikeg Kat Pn SlayvwoTikeéG peBoSoAoyieg avamTuocovVTaL KAl
€QEAPUOTOVTAL 0€ CUOTNUATA KAVONG BaBUWTNG TTOAVTIAOKOTNTAG. ZTO TPWTO TUNHA TNG SlaTtpLng,
TapovoLadovtal 1 avaykodtnta, n pebodoloyia, n Bepediwdng Bewpla, Ta Pacikd empépoug
OUOTATIKA KL OUVELCE@OPA TNG SaTpfg ota LTO MEAETN SLAYVWOTIKA €PYNAElar TIOU
xpnowomomnkav. e autd To TAAiIGL0 avamtuXOnKe P PEBOSOG XPWUATOYPAPLKIG AVAAVONG YIX
HETPNOELS aéplwV pUTIWY, evw Hia 18N miotomompévn pebodoroyialdll ypnowomow)dnke oto
TéTapTo KEPAAalo. Ev ouvexeia, mapovoidotnke n un mapeppfatikny peBodoAoyia yio v aviyvevon
Tou emayopevov @Boplopold ™G pilag Tou LSpofuAlov KatOmV SiEyepong amd TO €KTO
TEPLOTPOPIKO TOU QVTIOTOLYOU TPWTOU SoVNTIKOU evepyelakol emiméSov tng A2+ — X2[;
petdfaons. Ta CUGTNUATA IOV EVOWUATOVOUV TI§ TIHPATIAV®W TEXVIKES KAL 1] aKOAoUOT avaAvon
afepatdTnTag TAPOLGLALOVTAL 0TO SEVTEPO KAL TPITO KEQAANLO avTioToLXA.

‘Ocov aopd ota peAetwpeva €idn kavoipwy, n SwatpPn egetdlel piypata mov exteivovtal amd
kaBapd pebavio kat ouviO1 PiypaTa OV TPOCOUOLAJOUV TO (PUOIKO AEPLO KOL TO VYPAEPLO, WG
EVOAAQKTIKG aépla  piypota Ploagpiov. e ovt] v Katevbuvon, piypata pedaviov
XPNOOTIOLOVVTAL APXIKA GE Evav avTidpaoctipa eLPoAKNS pors o€ tepBdAiov kaBapol alwTov,
oMW emiong oe mePPAAAOV UIKTNG ovoTaong alwTtov Kat Sogeldiov Tov avOpaka. Amo TV
TAPATIAVW HEAET €EAYOVTaL XPNOLUN CUUTEPACUATH YA TN CUUTEPLPOPA TWV KOUGIUWV
WYUATWY Kol TN Sla@opoToinen mov Tapouctadouvv oL PUnYaviopol Tou SLEToVY T XNUEla Tov
@uolkoV aegpiov kal tou PBloaepiov. H yvwon aut petagépetal oto £B60U0 Ke@AAMLO, OTIOU
KOTOTILV TOU XOPAKTINPLOUOU TNG Asrtoupylag €vog mopwdoug KauoThpa, YIVETal €Aeyxog g
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SuvatotTag evoAAAEUOTNTAG KAVGIUOU TOU GUGTHUATOC, e SOKLUY TAEIOTWY agplwv UYHdTwy,
Tou Bloagpiov ocvumeprappavouévou. AeSopévou €mioNG TOU YEYOVOTOG OTL UE TIPWTN VAN TA
Swabéopa amobépata Twv TapaTAvw Kauoipwy, Suvavtal péow g Siepyaciag Fischer-Tropsch
va TPOoKVYOUV EVOAAAKTIKA KAUOLUA, CUMBATA HE TIG UTIAPKTES UTIOSOHES, OTO £KTO KEPAANLO TNG
SatpiPng, Sokiualovtal oUyxpova OUVOETIKA OEPOTIOPIKG Kool ZUVETWS, kabiotatal
TPOPAVEG OTL TapdAAnAa pe 11 Babuwt) TMOAVTAOKOTNTA TwV €EETAlOUEV®WY, OTA TAAICLO NG
SatpPng, cLOTNUATWY KAVONG, OUOIWG CLUCTNUATIKA aLEAVOUEVT]) TOAUTIAOKOTNTO SIEMEL T
efetalOpeva kavoLua plypoto.

To TETAPTO KEPAANLO XPNOLUOTIOLEL TNV TEXVIKY TNG AEPLAG XPWUATOYPAPIAG VIt TNV AVAAVOT TWV
pUTWV amod pia Bacikn Sidtaln avtibpactipa eUPOALKNS porig 6€ GUVONKEG OV TTAPOVGLAOUY
pepwkn emkdAvym pe ™ BpAoypapia Sivovtag tnv evkalpia afloAdynong g MEPAUATIKNG
Swadikaoiag. Emiong, ol emAeypéveg peAéteg epimtwong SokIpalouvy TTpwTOTUTIH Piypata pebaviov
TPOCEPEPOVTAG KALVOTOUA TELPAUATIKA OeSopéva 6 OUVONKEG AVAUOPPWONG KOUGIHOL aTo
@UOIKO aéplo kat Broaéplo. H moooTikomoinon TG UETATPOTNG KAUGOIUOV, Twv eMIMESWY TOU
TAPAYOUEVOU VEPOYOVOU KAl TWV KUPLWV TOPAYWDYWV TNG TUPOAUOTG ULYUATWY GUVOETIKOU
OUOLIKOVU agpiov Kal Bloagpiov oe oxeon e TNV TUPOAVOT Tou KaBapol uebaviov, CUVAPTIOEL TNG
Beppokpaciag mpoadiSel xproun TANPO@OPILA YL TNV KATAVOT O TNG XTNULKNG CUUTEPLPOPAS TWV
avwTEPW pypdtwy. Emimpdobeta, petpriOnkav ot facikoi mapaydpuevol TOAUVKUKALKOL apwpaTiKol
vépoyovavOpakes kat Ta emimeda albaAng, Bonbwvtag ot PabuTEPN KATAVONOT TWV SLEPYACLDV
IOV SLETTOLVV TNV TTUPOAVOT] AAAX KOl TOUG UNYOVIoUOUG TIapaywyns pUTwy. H peAétn ota mAaioa
TOU Ke@oAalov TIPOO@EPEL €TMIONG TIPWTOYEVH TEPAUATIKA O6edopéva yia T Baduovounon
OVOAUTIK®OV  UNYXAVIOU®V XMUKNG KnTikng. [a autdé 1o Adyo Ta TEpOpaTIKG SeSopéva
avamapnxbnoav pe tn xpnon 600 KATAAANAWY UTIOAOYLOTIK®WV EPYOAEIWV AVOAUTIKNG XNULKNG
KIWNTIKNG ME OXETIKA LKAVOTIOWTIKY oup@wvia. H tpooéyylon mov akodovbndnke avadetkviel
XPNOUOTNTA TEPAUATIKWV SLEPEVVNTEWY OE ATIAEG SLATAEELG, OTIWG AVOAVONKE TNV ELCAYWYT TNG
SLatp g evw TAPIAANAX 1) AVAAVOT] TWV ATIOTEAEGUATWY AVASEIKVUEL PALVOUEVH GUVEPYELAG.

To méumto ke@AAao e@appolelt v  Teplypageioa peBodoloyia OMTIKWV HETPNOEWV
QACPATOOKOTING BOPLOUOV OF OXETIKWG ATAEG SOUEG PAGYQG. H peAétn apyikd mapovaotalet ™
Soun ™¢ @AGYag poavaulEng Tomov Bunsen o0Tw¢ wOTE 0 avAyv®OOTNG va €0IKELWOEL ue TNV
TEYVIKN NG aviyvevong s pifag Tov vdpotuiiov oe TepIBAALOV PAGYAGS. TN CUVEXELQ, 1] HEAETN
ewoayel ) pebodoroyia mou akodovBeital oe ocvvOeteg e@apuoyés (BAéme €BSopo ke@Aialo),
e@apuolovtas tn oe pio Satadn @AOyag eykapoilag mpoavaulEng. H vumo peAétn Siuatadn
TAPOVOLALEL EVKOAN, AUEOT OTITIKN TPpOcBaon kol VYnAd emimeda avaAoyiag onpatog-0opvov,
a§LOAOYWVTAG KATA aUTOV TOV TPOTIO TNG TEXVLKN TIOU TTOPOUCLACTNKE 0TO TPITO Ke@dAalo. Katda
avTioTolyla Pe TO TETAPTO KEPAANLO 0L GUVONKEG YL TIG LEAETEG TIEPIMTTWONG EMEKTEIVOUY TO TIESIO
EQAPUOYNG TNG UEAETNG O€ OUYXPOVEG TIPAKTIKEG EQAPUOYEGBLI, OTWG TEPLYPAPETAL OTNV
eloaywyn g StatpPrgBisl, TuvoAlKd, 1 HEAETN TIEPLYPAPEL HE CUPNVELX TA SOUIKA KAl XWPLIKA
XAPAKTNPLOTIKA TG PAOYAS, OTIWG AUTO €TIONG EMAANOEVETAL HEGW CUUTIATPWUATIKDV HETPT|CEWV
LLE TNV TEYVLIKN NG PAGUATOOKOTIAS pBOPLEHOV LYVNAGTNONG.

H peré mov mpaypatoTole(tal oTa MAQIOIX TOU €KTOU KEQPUANIOU ETEKTEIVEL TNG SUVATOTNTES
TWV AVATITUXOEVTWVY SLAYVWOTIK®WV EPYOAEIWY GTOV TOUEN TNG EPEVVAG KALVOTOUWY EVOUAAAKTIKWDV
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koavoipwv. H peAétn mapovotdlel @AOYEG TECCAPWY EVAAAAKTIKWY OCUVOETIKWV KALGIHwy,
oTaOEPOTIOMUEVEG OE £va TIPOTUTIO KALGTHPA TIPOAVAULENG epyaaTnplakng kKAlpakag. Ta koo
plypoto Tapoucsldlouv CUCTNUATIKY] SLPOPOTIOMOT]  QVA@OPIKA UE TOUG TEPLEXOUEVOUG
TAPAPLVIKOUG, VAPBEVIKOUG KAl apwUATIKOUG USPoyovAvOpaKeS, SLEUKOAVVOVTOG TNV AVTLOTOXLIoN
TWV EMUEPOVG OUCTATIKWV HE TNV €V YEVEL CUUTEPLPOPAS TOUG KAOWG Kal TNV ovdiuon
@awopévwv ovvépyelas. Ev ouvtopia, To aulyws mapa@vikd piypo mapouotdlel TIG XAUnAOTEPES
Bepuokpacies, evw TIC VPNAOTEPEG ATTOAVTEG TIUEG EUPAVITEL TO PIYHX TIHPAPIVIKOV-0PWUATIKOV
vdpoyovavBpakwy, SLATNPOVTOG TOPAAANAA TNV aVOAOYIX KOVOVIK®OV- KOl LOO-TIXPUPIVIKWOV
vdpoyovavOpakwy, TPAYUA TPOG CUVNYOPEL TPOG TNV AUENUEV SPACTIKOTNTA TNG APWUATIKNG
opadag. 01 petprioels emmédwv CO, COz 02, Hz Kot dkauotwyv V8poyovavOpaKwy o€ SLA@OPETIKES
TIEPLOYESG TNG PAGYAS KAl 1] GUYKPLOT TOUG UE TA AVTIOTOLYA GTOLXELOUETPIKG eTITTES X VTTOSEIKVUEL
OTL TO AULYWG TIPAPLVIKO KAL TO APWHATIKO Uiy TTapouotalouv tnv VPMAGTEPT 0OAOKAT|PWOT TOU
oe avtiBeon pe 1o vaEBevikod piypa TOu TAPouolAlel TN XAUNAOTEPY, YEYOVOG TOU CUU@WVEL
OXETIKA HE TA EVPNUATA TWV BEPUOKPACIAKDV UETPT)CEWVY, OL OTIO(EG ETITPOCOHETWS CUUPWVOUV LIE
UEAETES (BLwv Kavoiuwy og @AGYeS StdxvonGi264l. Ev kaTakAe(SL, TO KEQAANLO TTAPEYEL TIPWTOYEVH
TELPAUATIKA SESOUEVA YA TO XaPaKINPLoUO Kavaoipwy Fischer-Tropsch, ta omoia Bpiokovtal otnv
LU NG €PELVVAS TNG TEYVOAOY OGS Kauopwy.

OL SlayvwoTikéG TeXVIKEG OV avaAVovtal kat s@apudlovral oe Bacikeég SLATAEES KATA TA
TponNyoUueEVa Ke@AaAatla G StatpiPrig, cuvdudlovtal oto £BSOU0 KEPHANLO YIX TO XUPAKTNPLOUO
€VOG CUOTNHATOG KAUGTHPA TIOPWSoUG adpavous péoov. XTa mAaiol Tou Ke@aAaiov avaAdovtal
T KUPLX YOPOKINPLOTIKA KL TIAEOVEKTNUATA TNG TEXVOAOYIAG TNG KAUONG Of TOPWOELS
KOWOTNTEGB3S], T omolar SikaoAoyolv TNV €mMAOYN TOU GUGTHHATOS YO TN OUVSUACUEVT
E£QAPUOYN TWV AVATITUXOEVTWVY SLAYVWoTIK®WV epyaAeiwy. Ev TTpokelévVw, 0 KauaTpa Tov TEONKE
UTO pPEAETN amoTeAeital amd SV0 OTPWOELS SLPOPETIKNG TUKVOTNTAS Topwdovus. To TpwTo
TOPWAEEG TUNUA XPNOLUEVEL, OLV TNG GAAOLS, WG @AoyoTtayiSa evwy 1M kavon Aapfdavel xwpa
OTIOKAELOTIKA 0TO 8eVTEPO MOPWeG TUNpa. H melpapatikn pebodoAoyla TPAYUATWOVETAL WG EENG:
A@evos TIPAYUOTOTIOLEITAL O TIAPAUETPLIKOG XAPOAKTNPLOUOS TNG AELTOUPYING TOU KAUOGTNPA HE
XPNOM UN ToPEUPATIKOV TEYVIKWY, LTEpOepaTifovtag Tn SuokoAla TG OTTIKNG TPOCoPAONS Kot
QAPETEPOV XAPAKTNPILETAL ) ATTOS00T) KAL 0 CXNUATIONOG pUTIWV KATA T1 AELTOVPYIA TOU KAVGT P
HE pia TANB WP CUUPBATIKWOV KoL AEPIWV KAUOTHWV.

Mt TV e@appoyn TG TEXVIKNG NG PACHATOOKOTING Touv @Boplopol pe ypnomn AéWlep eivat
avaykaia n Stavoldn omtikng Stadpoung Stapéoov g Topwdoug Soung. ApYIKA TPAYUATOTIOLE(TAL
TAPAUETPIKN UEAET YIO TNV €0peoT NG BEATIOTNG SLATAgnG Yia T S€oun AEWep KL TOUG OTITIKOUG
Sékteg, M omola Swatapacoel gdaxiotws ta @awopeva. Ev ovvexeia, n pida tou vdpoluiiov
TapakoAovBeital pe TNV Tpoava@epbeica TEXYVIKI, avayvwpllovtas TA YOAPAKTNPLOTIKA TNG
@AOYQG 0€ GUVAPTNOT] HE TNV ETIKPATOVOA GTOLYXELOUETPIA Kot TO eMBaAAOpevo Beppikd @optio. H
HEAETN avadelkviel To €0UPOG TNG €VOTAOOVUG AELTOLPYIAG TOU KALOTHPA KOl TA ETIHEPOUS
KAOEOTWOTA €VOTADELNG, KAAUTITOVTOS TO @Acpx Bepuikwv @opTiwv amd 200 KW/m? £wg
800 KW/m?2 KL a6 GTOLYELOUETPLKESG £WG CUVOTKEG OTOLYELOUETPIAG VTIEPTIAOVGLEG OE AP

21N ovvéxela, eEeTATETAL 1] OHOLOYEVELX KATAVOUNG Beppokpaciag Kol pUTWY TNV EMPAVELX TOV
KOUOTNPA UE PEVOGS Xprion VTtEpUOPN G Bepoypagiag Kol BepUoaTOLXEIWVY KL TWV TAPEURATIKWV
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TEXVIKWV TIOV avAAVOVTAL 6TO SeVTEPO KEPAAXLO APETEPOV. H peAET) amokaAUTTTEL OTL Tar eMiTIESA
CO xat NOx eivat m¢ 1déng twv 50 kat 25 ppm avtioTola, ToPOUCIA{OVTAS LKOVOTIOTIKMG
opolopop@n katavoun. Emiong, kablotatal eLQAVEG OTL HE TNV ETAOYT KATAAANAWY cUVONKWV
OTOLYELOPETPLlaG, 0 €EeTalOMEVOG KauoTnpag Svvatal va TANPol Ta QUOTNPOTEPA TPOTUTIH
TIEPLOPLOUWY EKTOUTIOVIZSS], yia Aettovpyla pe kavowua pulypata pebaviov, @uoikol agpiov kat
vypaepiov. TeAikwg, o (6l0¢ kavompag TiBetal o Aettovpyla pe TUTIKG piypa Sto&eldiov Tov
avOpaka kot pedaviov mov pooouoldlel To Bloaéplo. AKOAOLVOWVTAG TA TIPONYOUUEVA EVPTUATA, O
KOO TN POG EAEYXETAL GTNV TIEPLOXT OTABEPN G AELTOVPYLNG TOU, OTIOU KL KABIloTATAL ELPAVEG OTL TO
TEPLEXOLEVO OT POT] TOU Kauoipov 510&eidlo Touv avBpaka emnpedlel T Asttovpyla ToU KAQUOTHPA
Kal 10 oYNUaTiond pUTWV Kupiwg WG (PUOIKOG TAPAYOVTNG Kol OUEANTEN WG XTNULKOG,
mapovoLafovtag 50% avinuéva moocooTd povoieldiov Tou avBpaka, Ta omold OUWG UTOPOVV VA
SikaoAoynBovv amd 1o HEWWHEVO XPOVO TAPAUOVIG OTN (Wvn KAUOMG KOL TN XOUNAOTEPT
adafatikny Beppokpacia. LTO TMAPATAVW CUVNYOPEL TO YEYOVOG OTL UTO TIAPOUOLEG GUVOTKEG
Tapoxns pebaviov kat agpa, To piypa tov Broaepiov mapovotdlel 10% xaunAotepeg Bepokpaoieg,
Kol Katd 50 £wg 60% petwpéva o&eidia Tov alwTtov.

[lpotdoeig peAdovtikig epyaciag

To meplexduevo ™G mapovoag Satplfrg duvatal ev duvauel va emektabel SlaTnp@OVTAG TOUG
afoveg Tov avamTUxONKav, HECH € PEXALOTIKA TAaiola, SivovTag pia akdun o OAOKANpwUEVT)
EIKOVA TWV @UVOUEVWVY TIOU HeEAeTNONKav. XapaKINPLOTIKO TAPASElYUA ETMEKTAONG TOU
TEPLEXOUEVOL TNG SLATPLBNG amoTEAEL 1] TTGvTA ETIIKALPT UEAETN UIYUATWY peBaviov o€ TPOTUTIEG
Slatagelg, Omws o avtidbpacthipag euBoAlkniG pong TOU TETAPTOL Ke@oAaiov. Xe aquth TNV
katevbuvon Ta Sla 1/kal eplocdTepa piypata Oa pmopovoav va SlepeuvnBolv vTd GUVONKES
0&elbwong HEAETWOVTAG TAPAAANAN TO CYNUATIONO TWV TOAVKUKAIK®OV OPWHOATIKWOV EVWOOEWYV,
TPOCPEPOVTAG KATA aUTOV TOV TPOTIO TPWTOYEVI] TELPAUATIKY SeSopéva yia ™ Baduovounon
UTIOAOYLOTIKWV EpYaAeiwV Kat cuvapa BabUTepn KATAVOTOT) TWV VTTOLOTKOVG WY (PALVOUEV®OV.

Emtiong, n peAétn meploodtepwv kavoipwyv diepyaciag Fischer-Tropsch, mpogpydpeva amo mAeloteg
TNY£EG TIPWTWV VAWV, PTopolV va egetactolv ot Baon ¢ pebodoroyiag mov mpoteiveTal ato
TEUTTO KePAAao. Katd autov tov tpdmo, kalolua PLOAOYIKNG 1 U1 TPOEAELONG UTTOPOUV va
HEAETNBOOVV O€ EPYATTNPLAKIG KAIHLOKAG EAEYXOUEVESG SLATAEELS KL LEGW TNG €V SUVANEL TANBWPAG
TEPAUATIKOV SES0UEVWY, PTTOPOVV VA TIPOKVPOUV TA KATAAANAQ UTTOAOYLOTIKA HOVTEAX Yl TO
oxeSla0o U0 Kal BEATIOTOTIOMOT), APEVOS TWV SIEPYATLOV TIAPAYWYTNG TWV KOAUVGIHWY KoL APETEPOV
TOU GAPECTEPOV EAEYXOU KAl pUBULONG TWV TIPAKTIKWV EQAPLOYWOV TTOU AUTA XPTOLLOTIOLOVVTAL

Tédog, mepetaipw SAYVWOTIKEG TEXVIKEG HUTOPOVV VA E€QAPUOCTOUV OTA GCUCTHHATA TOU
efeTaoTnKAV KAl 81 6TOV Kawotipa Topwdoug adpavous péoov. I'a TapadSetypa, oL HETPNOELS TG
pifag Tou vSpotuAiov umopovv va GUVEVACTOUV LE UETPNOELS QOPUAASEDLSTG, TTapéyovTag £TaL
TANPESTEPN EKOVA Yyl TNV £€kAvor Beppotntag oto meplBdArov TG @AGYagld7l. H mapamavw
TEXVIKI UTOPEL €V SUVAEL VA TIpAYHATOTIOMBOEL e TN XpT oM TNG TPITNG APHOVIKNG YEVWITPLAG TOV
Nd: YAG ywx tn 81€yepomn Kat ev ouvexeia aviyvevon Tov @OopLopov aTo EVPU PACUA EKTIOUTING TNG
@opuaASeldNG Tepl Ta 420 nm, o€ pia SLATAEN TTAPOHOLA LE EKEVT) TIOV TIEPLYPAPETAL OTA TIAXIOLA
™G SLaTPPNGS Yo TNV avixvevon TG AKETOVNG UE TN XPNOT TNG TETAPTNG APHUOVIKIG YEVVITPLAG.
ETmpoobEétws, 1 KATAAANAN ToToBETNoN NG OMTIKNG Sladpoung péoa oty Sour Tov ToPwWSOUG
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Kauotnpa, UTmopel va odnNyNoeL o€ UETPNOELS OTPWTHG TAXVTNTAS KOVONG UECW TNG
TapakoAoVOnong ¢ pifag Tov V8PoELAIoLB43]. TEA0G U TTHPEUPATIKESG KAl TIAPEUPATIKEG TEXVIKEG
SUvavtal va cuvduaoToUV Of EMKOXAUTITOUEVA AVTIKEIPEVA, OTIWG AOYOU XAPLV 1| METPNOT TOU
povo&eldiov Tou alwtou ywx TN BabBuovounon Twv OMTIKWV SIYVWOTIKWOV EPYUAElWY Kol N
SLevEPYELX EVOEAEX WV TIELPAUATIKDV UEAETWV.
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Chapter 1

Introduction

Combustion has accompanied mankind since humans became involved with the repetitive action of
tool making, converting mechanical energy into heat and deposing it in their processing apparatus.
Ever since, combustion has become the primary means of utilizing energy sources. Energy demand
is steadily growing since the era of the industrial revolution and continuous to do so nowadays with
an increasing rate. Prior to the present age of jet travel and space exploration, energy demands
were relatively low and energy was comparatively cheap. Until recent events, including critical
shortfalls in certain crucial fuel reserves and environmental consciousness, very little motivation
existed to develop applied combustion engineering (Keating, 2007). Moreover, the world
population growth itself, as well as the adoption of higher living standards by increasing people
numbers, results in a dramatically escalating energy demand. Transport and energy are key
components of the modern life and the foundation of economy. The majority of the produced
energy originates from the combustion of fossil fuels and its share is not expected to substantially
decrease despite the increased penetration of renewable energy sources. Despite its impressive
age, combustion is still of crucial importance in many key human activities, such as heating,
electrical power, waste handling and transportation, and will remain so for the foreseeable future.
In technical combustion systems the chemical energy of fossil fuels such as coal, crude oil and
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natural gas is converted into heat through oxidation with the oxygen present in air. However, fossil
fuel resources are finite and this issue can, in principle, be overcome by two approaches; the
incorporation of alternative fuels and the development of novel technologies such as fuel cells,
which unfortunately are not yet matured. This dependence on fossil fuels is shown in Figure 1.1,
where the global energy production in tons of oil-equivalent is depicted, along with the near future
projections. Consequently, efficiency, maintainability and reliability of existing combustion devices
must be further improved in order to enhance the sustainable use of fossil fuels. Achieving such
improvements is unambiguously connected to an in-depth understanding of fundamental
combustion chemistry, as well as in optimized engineering design (Kiefer and Ewart, 2011).
Furthermore, improved understanding of combustion is a prerequisite in order to design devices
with increased efficiency, which will in turn reduce the environmental footprint of fossil fuel
combustion emissions; apart from greenhouse gases such as carbon dioxide, these emissions
include nitric and sulfur oxides, polyaromatic hydrocarbons, soot and particulate matter, which are
harmful to human health.

14000 World Energy Production (Mtoe) 27.56%

577%
12000 g 20.8% s 2.29%

10000

B Geothermal/Solar/Wind 5
mBiofuels & Waste 32.64%

| Hydro 30%
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@ Natural Gas
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3%

1970 1980 1990 2000 2010 32%

Figure 1.1 World energy production with respect to feedstock. Electricity trade excluded.
(International Energy Agency - IEA )

The thorough study of reacting flows is particularly important regarding the global dependence on
fossil fuels and the detailed understanding of combustion-generated pollutants. Combustion is a
result of dynamic, or time-dependent, events that occur on a molecular level among atoms,
molecules, radicals and solid boundaries. The general performance of technical combustion systems
in terms of efficiency, fuel consumption, pollutant formation, cost and reliability is determined
through a multitude of interdependent parameters. Applied combustion engineering increasingly
depends on computer simulation, which effectively models combustion processes in terms of cost
and time. Computational fluid dynamics use the fundamental equations of conservation of mass,
momentum, energy and individual species and generally require models in order to obtain closure
and solution of these equations. Such computer models become increasingly reliable as a result of
detailed measurements of velocity, temperature, species concentration, particle size and velocity,
and number density as a function of both space and time. The quantification of these parameters
necessitates the development and use of appropriate diagnostic tools. The new developments in
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measurement techniques and the increased sophistication and quantity of these measurements are
resulting in improved understanding of fundamental mechanisms as well as more accurate
predictions (Chigier, 1991). However, while progress is currently being made in simulating the
interaction of a turbulent flow field with the complex network of chemical reactions, a
comprehensive description of practical combustion systems is far beyond the capability of
computer models. In order to optimize and control combustion processes it is of crucial importance
to have access to techniques which are able to measure critical parameters, such as temperature,
species concentration, velocity profiles and particle characteristics. Combustion measurements can
provide details of the chemical processes as they actually take place in a flame, highlighting the
wide range of chemical reactions that occur even with simple fuels. This type of information can
lead to the formulation of kinetic models, which coupled with fluid dynamic models, result in more
accurate predictions and analyses. This thesis deals with the development and application of
traditional and modern optical diagnostic techniques and their implementation in fundamental as
well as complex combustion systems. The present chapter introduces the general framework for
the development of the utilized diagnostic techniques, justifies their necessity and states the
innovation and scope of the present study.

1.1. Combustion technology and applications

Combustion encompasses diverse research areas, ranging from fundamental studies of the physics
of flames and high temperature molecular chemistry to applied engineering programs, involved
with producing clean burning coal plants and low emissions, high mileage combustion engines
(Keating, 2007). In combustion, unlike for example in nuclear engineering in which understanding
of the process had to precede its use, scientific understanding follows the technological advance.
The resolution of various microscopic scales which compose combustion processes has been made
possible by the joint application of advanced numerical and diagnostic tools, such as lasers and
modern high speed computers. These innovations facilitated major progress in both scientific
investigations and engineering applications of this most basic and universal phenomenon.

Currently, combustion technology has reached a certain level of development where further
improvements require advanced, complementary methods. The classical trial-and-error approach
based on experimental experience has been enhanced by numerical simulation with comprehensive
models that describe all relevant aspects taking place. In practical devices such as internal
combustion engines, furnaces and gas turbines, various submodels are used, based on conservation
equations, elementary chemical reactions and closures such as physical models for transport
processes and the equations of state. Due to the complexity of the underlying chemical and physical
processes as well as their mutual interaction, simplifying assumptions are necessary (Tropea,
2007). As it is not granted a priori that these underlying assumptions are valid for a specific
problem, experimental validation is imperative. A thorough experimental validation should
examine each submodel as well all mutual interdependencies among the various physical and
chemical processes and this enormous task can, in practice, only be fulfilled piecewise through the
intelligent application of combustion diagnostic tools.
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1.1.1. Conventional and alternative fuels

A fuel can be considered as a finite resource of chemical potential energy, or in other words, energy
stored in the molecular structure of particular compounds that may be released via complex
chemical reactions. Fuel choice is not a trivial issue, considering that the ideal chemical energy
source, treating fuels as such, should comply with numerous conflicting requirements such as being
nondepleting, nonpolluting, readily available, economically viable, politically neutral, technically
accessible, legally valid, socially acceptable and aesthetically pleasing (Mahallawy and Habik, 2002).
Ideally, combustion engineering demands high energy content and heat release, easiness of storage
and vaporization and reduced environmental impact, hence respectively necessitating the fuel
candidate to offer high energy density and high heat of combustion, good thermal stability and low
vapor pressure, being at the same time nontoxic.

Combustion systems may be operated with gaseous, liquid and solid fuels. Examples of gaseous
fuels include hydrogen, methane and natural or synthetic natural gas (SNG), as well as vapors such
as propane, butane, and liquefied petroleum gas (LPG) which are condensable over normal
temperatures and pressures. Most conventional liquid fuels such as gasoline, diesel and kerosene
are distillate products of crude oil. Knowledge of the properties, structures, safety, reliability of
these fuels, as well as the manner in which they affect the combustion system performance are
important for design and control of combustion systems. From the stand point of pre-mixing and
homogeneous delivery into the combustion chamber, gaseous fuels present the least difficulty,
which under appropriate conditions may lead to reduced emissions and deposits. However, their
field of operation is restricted from handling and storage demands, as is the case of the automotive
industry. On the other hand, liquid fuels are being used to a larger extent, offering advantages like
large energy contents per unit volume, and ease and safety of handling, storing, and transporting.
Nevertheless, difficulties are met at distributing and vaporizing fuel droplets and mixing them with
the primary combustion air in order to obtain complete combustion. Solid fuels include wood and
other forms of biomass, lignite, anthracite and bituminous coal, with coal being the most prominent
natural solid fuel resource. Solid fuels cannot compete with liquid and gaseous fuels following the
modem trend for cleaner and efficient fuels operating on small sized furnaces. However, since solid
fuels are cheap and easily available, they still supply approximately 30% of the total energy
requirements of the world (see Figure 1.1). At the same time, solid fuels contain significant amounts
of water, oxygen and ash, as well as nitrogen and sulfur compounds, which in turn increase
pollutant formation and negatively affect system viability; for instance ash, the inorganic residue
remaining after the fuel is completely burned, should be seriously considered in system design so
as to minimize slagging, fouling, erosion, and corrosion (McAllister et al., 2011).

Currently, conventional fuel prices and feedstock necessitate the investigation of alternative fuel
blends which can resemble fossil fuel properties, in order to partially replace them without
requiring tremendous modifications in existing applications. One may argue that the quest for
alternative fuels originate as early as the 1920’s, when Thomas Midgley working for the General
Motors fuel selection, developed the tetraethyllead (TEL) additive to gasoline as well as some of the
first chlorofluorocarbons, in order to prevent knocking in internal combustion engines. Currently,
the fuel development is at the cutting edge of combustion research, motivated by the diverse
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capabilities of alternative fuels, compared to traditional fuels, as far as their environmental impact
is concerned. In order to be fully compatible with the running infrastructure, novel fuels should
primarily resemble on the one hand the physical properties of conventional ones, such as density,
boiling and flashing points, and on the other hand should satisfactory capture the chemical
characteristics of conventional fuels such as ignition time delays. However, both alternative and
conventional fuels involve mixtures of saturated and unsaturated hydrocarbons, oxygenated
compounds as well as alcohols and esters. This suggests that the detailed chemistry of their
constituents should be accurately determined, in order to design, develop and control combustors
with enhanced efficiency and reduced emissions. In this sense, experimental campaigns are carried
out in two main axes. Firstly, they verify that the new candidate fuels operate acceptably within the
operational limits of a certain engine, such as a gas turbine, or secondly they focus in more
fundamental issues, such as the kinetic behavior of these new fuels. The diversity of alternative
fuels dictates the need for an analytical, systematic examination of their behavior in simple devices,
avoiding for instance flow-induced uncertainties, in order to assign trends in each constituent
species and further improve the understanding level of the reaction processes and eventually
pollutant formation. The present thesis, dedicates a chapter in evaluating the behavior of novel
aviation fuels addressing the above issues through a systematic experimental campaign.

1.1.2. Premixed flame burners

There is an increasing demand by air-quality regulations to reduce combustion-generated pollutant
emissions to increasingly lower levels, while economic interests demand high efficiency equipment
for a wide range of applications. Pollutant reducing procedures need to satisfy two competing
trends, since it is crucial to achieve a fine trade-off between reducing nitric oxides as well as
carbonaceous species formation. While low flame temperature favors NOy reduction, it rapidly
prevents the complete oxidation, hence increasing CO and unburned hydrocarbon levels.
Practically, the objective is to cope with emission limits imposed by the legislation, by choosing the
appropriate burner type and controlling its operating point.

There are two basic types of flames, namely premixed and diffusion flames. Specifically, combustion
of gaseous fuels may occur as premixed flames, as diffusion flames, as radiation-dominated
reactions of surfaces or porous media, or as detonation waves (Borman and Ragland, 1998).
Premixed flames refer to the combustion mode that takes place when a fuel and oxidizer have been
mixed prior to their burning. A premixed flame is a rapid, essentially constant-pressure, exothermic
reaction of gaseous fuel and oxidizer. Due to the fact that a potentially ignitable mixture is created,
premixed flame burners should be specifically designed in order to avoid ignition prior to the
combustion chamber, also preventing flashback. This poses additional concerns when preheating is
demanded, as for instance for operation in the low temperature, mild combustion regime.
Nevertheless, premixed flame burners provide a homogenized fuel/air mixture distribution that
allows good control over flame and noise characteristics. Since premixed flames are kinetically
driven, exhibiting higher temperatures than diffusion flames in more confined space, premixed
burners exhibit enhanced capabilities of producing significantly less emissions and nitric oxides. In
this context the present thesis examines various premixed combustion systems and eventually
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attempts a comprehensive characterization with the developed tools in a state-of-the-art premixed
combustion system, as is the porous inert medium burner. Porous burner technology allows burner
operation in lean and ultra-lean combustion regimes, further improving its emission reduction
capabilities. Finally, since porous burners exhibit a remarkable flexibility with respect to
stoichiometry, this type of burners may be operated with a wide variety of fuels, with a very
satisfactory fuel interchangeability, as presented in sections 7.3.1and 7.3.3.

1.2. Combustion diagnostics

Modern world requirements make essential for combustion engineers to grasp both scientific and
technological practices, in order to implement diverse activities, necessary to conceive,
manufacture and maintain innovative products. This knowledge is classified in three distinct skill
areas; theory, design, and operation (Keating, 2007). Theory, a predominantly academic-centered
activity, focuses on precise formulation and development of basic principles, in order to predict
specific characteristics of combustion systems. Design addresses the standardization and utilization
of codes and practices, utilizing scientific achievements, in order to produce specific characteristics
of systems and devices. Operation deals lastly with all necessary aspects and actions so as to protect
and maintain specific characteristics of system components. Combustion diagnostic research
requires the highest sophistication level from the aforementioned interrelated areas. Combustion
diagnostics is the set of experimental operations that aims to measure important combustion
parameters such as local velocities, temperatures and species concentrations. A diagnostic
methodology engulfs both elements of theory and design in order to obtain trendsetting results.
Combustion diagnostics cover a wide spectrum of applications including gas turbines and
automotive industries to domestic products. Measurement techniques, developed in laboratories,
are being used in high temperature, reacting, particle-laden flow systems. Information obtained on
detailed temperature, velocity, particle size and gaseous species concentration distribution is
leading to improved understanding of the chemical combustion processes and more sophisticated
combustor design.

1.2.1.  Necessity and applicability of combustion diagnostic

Combustion processes consist of a complex multi-scale interaction between fluid mechanics and
chemical kinetics. Combustion diagnostic techniques must be based on the properties of the
phenomena which are to be detected and the characteristics of the techniques which are to be
employed (Zhao and Hiroyasu, 1993). Combustion diagnostic techniques serve as a means for
establishing fundamental knowledge for the operation of a system, which is essential for
comprehending the governing mechanisms for fuel consumption and pollutant formation. A
comprehensive experimental analysis needs therefore measurements of flow and scalar fields,
which have to be performed in situ with high temporal and spatial resolution, as well as high
accuracy and precision. Additionally, combustion diagnostics supply measurements that critically
assess an aspect predicted by simulations, as for example velocities, temperatures and species
concentrations. As the experimental methods steadily improve, they provide extremely detailed
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measurements that forward the fundamental understanding of the chemistry and physics involved
in combustion environments. This fact leads to more sophisticated models which embody the latter
findings. In this sense, it is not inappropriate to describe the future of combustion research as the
future of combustion diagnostics. Apparently, diagnostic research not only validates the existing
models but also focuses on fundamental aspects of combustion with regard to its environment,
pushing towards the understanding of the flame at a local scale.

A detailed understanding of the combustion mechanisms is required for optimizing the complex
relationship between fuel economy, combustion emissions and performance. The application of
modern diagnostic methodologies aims at developing and testing solutions for a better and cleaner
way to convert energy from fossil and alternative fuels and assess their performance in typical
combustion systems as boilers, furnaces and combustors. In this sense, combustion diagnostics are
essential for burner optimization, as well as novel combustion systems design. As a part of the
design of a combustion process, one has to choose among various fuel characteristics, which in turn
would lead to the appropriate engine choice. During this procedure, fuel characteristics such as
chemical stability, energy content, flammability limits and flame speed should be appropriately
coupled with engine characteristics. Various considerations concerning the engine choice include
its use ie. heat/power/thrust application and its combustion modes ie. internal/external or
continuous/intermittent. However, many crucial characteristics arise from the so called fuel-engine
coupling (Keating, 2007). These include the fuel-engine compatibility, pollutants generated by
burning particular fuels in certain engines, general energy input/output performance
characteristics of individual engines operating on a given fuel and various interactions and
efficiencies associated with those interfaces. The latter, up to a large extent, can be sufficiently
examined only through the utilization of appropriate combustion diagnostic methods.

Additionally, measurements in combustion systems are required for purposes of analysis and
control. Flow-rates, temperatures and concentration of fluids and materials introduced into the
system or leaving it, need to be continuously monitored. This information is fed directly into the
control system. Temperatures of the walls of a combustor and of gases flowing through the
combustor also need to be monitored to prevent damage to inner walls and surfaces of the
combustor. For example, the safe, clean and reliable operation of combustion devices depends to a
large degree on the exact control of the fuel/air mixing process prior to ignition; hence the inlet gas
mixture has to be accurately quantified. This suggests that combustion diagnostic tools hold and
important role in the combustor’s operation itself.

Finally, there is an increased interest in the application of control to combustion, in order to
monitor the process and alleviate instabilities and their severe consequences. Combustion control
may improve the system performance by reducing the levels of pollutant emissions, especially
when exhaust after-treatment technologies are used, or even extend the stability domain by
reducing the level of oscillation induced by coupling between resonance modes and combustion.
Specifically, for premixed combustors operating near the lean stability limit, the flame is more
susceptible to blowout, oscillation or flashback and research is carried out to reduce these
dynamical problems with passive and active control methods (Docquier and Candel, 2002). The
latter boost the research efforts for development for high-tech sensors for combustion control.
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1.2.2. Intrusive and nonintrusive diagnostic tools

Traditionally, the first diagnostic techniques required a physical probe to reach the specimen
volume, in order to sample the investigated quantity and translate it into useful information. For
example a hot-wire anemometer translates the thermal effect on the tip of the probe into velocity
and a thermocouple correlates the Seebeck effect on its junction to a specific temperature.
Techniques which require the introduction of a physical probe in the measuring volume are termed
intrusive. For species measurements, a wide range of techniques have been employed as intrusive,
utilizing various measuring principles, such as electron spin resonance, mass spectrometry, gas
chromatography and Fourier transform infrared spectroscopy. In general, although a large variety
of detectors can be combined after sapling, probe methods are cheap, inherently simple, easy to use
and often still the most accurate. Moreover, in the case of concentrations measurements of large
hydrocarbons with complex spectra, physical probing coupled with mass spectrometry may prove
more successful than optical techniques such as absorption or fluorescence. However intrusive
probing is a main concern as far as aerodynamic, thermic or chemical disturbances are concerned.
Physical probes, due to their intrusion, can seriously perturb the fundamental flame behavior and
in addition, are confronted with survival at high temperatures and pressure. Besides probe-
flowfield interference, there are additional disturbances from its presence in a flame. For example,
the flame can be disturbed by a thermocouple because its surface intrusion in an area of high
radical concentrations may lead to catalytic processes, introducing additional uncertainties, which
add up to radiation losses (Kohse-Hoinghaus, 1994). Nevertheless, an important drawback of
conventional, intrusive techniques is the lack of temporal resolution and hence the difficulty in
interpretation the results. Since combustion takes place in quite narrow region and most of
chemical reaction is fast, fine spatial as well as time resolutions are required for combustion
diagnostics. These requirements disqualify intrusive techniques for studies of turbulent or
unsteady flames. Finally, an important source of error is the recombination losses of radicals or
even species in the sampling system, which can only be avoided via optical sampling.

In nonintrusive, optical techniques the laser light penetrates the specimen volume with minimum
disturbance of the actual phenomena and the signal is either collected in the laser light direction or
perpendicularly. The power in a laser beam permits the exploitation of very weak processes,
formerly not practical for probing, or it reveals new, nonlinear phenomena not observed in low
intensities. Laser-based diagnostic techniques, due to their advantages against conventional probes,
have been finding an explosive application in the field of combustion research during the last
decades (Penner et al, 1984). Early studies provided phenomenological insight into the
fundamental behavior of combustion systems. Laser combustion diagnostic tools have considerably
matured during the last decade. Nowadays, lasers are routinely used in many practical applications
where direct inspection of the combustion process is necessary. Specifically, laser spectroscopy is
assuming an ever increasing role in combustion research due to the capability to provide remote, in
situ, spatially and temporally resolved measurements of important parameters, avoiding any
disturbances during the measurement. With the increasing availability of laser sources, laser
spectroscopy is assuming an ever broadening role in the diagnostic probing of the hostile, yet easily
perturbed, environments characteristic of combustion processes. Furthermore, the coherent nature
of radiation, results in efficient delivery of the entire source power to the probing location, focusing
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into very small volumes, hence obtaining high spatial resolution (Eckbreth, 1981). Currently, the
main difficulties arise from the lack of optical access in practical devices.

Additionally, new measurement techniques based on planar imaging provide a powerful
complement to single-point laser diagnostics. Although optical access may be a problem in some
cases, imaging diagnostics may be expected to reveal previously unobserved phenomena in
complex flow fields in practical devices. Progress in the development of flowfield imaging is tightly
coupled to array detector technology and advances in laser sources, requiring higher power and
repetition rates as well as broader wavelength tenability. Planar lased induced fluorescence
approaches offer even higher sensitivity for species measurements and greater versatility for
measuring multiple flowfield parameters (Hanson, 1986). Moreover, a number of fruitful
combinations of methods allow the simultaneous measurement of different gas parameters with
minimum flame disturbance. In such cases, temperature measurements i.e. with Rayleigh scattering
provide additional information of molecular quenching effects (see paragraph 3.1.1.1), assisting in
improving the accuracy of concentration measurements obtained with laser induced fluorescence.
Finally, the utilization of such techniques may real-time visualize, the formation of radicals in the
reaction zone, avoiding recombination losses, hence providing more reliable results.

1.2.2.1. Species and radical concentration measurements

Species concentration measurements are required in order to control, optimize and regulate the
operation of a practical combustion system. Additionally, species measurements in fundamental
configurations such as low pressure premixed flames with extended reaction zones, shock-tubes
and well stirred and plug flow reactors (see section 4.1) provide useful information for the
governing chemical processes concerning ignition, fuel consumption and pollutant formation.
Moreover, there are important species that are considered to be intermediates in the formation of
soot, such as acetylene and polycyclic aromatic compounds (Bockhorn et al., 2012). However, the
cutting-edge experiments that challenge the models today are largely based upon optical
diagnostics dealing with radical concentration measurements.

Combustion proceeds through a multitude of elementary reaction steps, which involve small
radicals. These intermediates play a dominant role in controlling the network of chemical processes
and have attracted the interest of combustion researchers for a long time, since they are also quite
readily detected with sensitive laser techniques. These species are predominantly involved in fuel
consumption, oxidation and pyrolysis and are thus of eminent influence on ignition, heat release,
flame propagation and flame quenching, as well as pollutant formation reactions (Kohse-
Hoinghaus, 1994). For example, the OH radical is probably the most commonly detected reactive
intermediate in combustion, which is due to its prominent role in the reaction mechanism of
hydrocarbon flames, its relatively high concentration and its well-known spectroscopy. Another
important intermediate is the CH radical which is present in a thin layer of the reaction zone, hence
also employed for flame front visualization. Moreover, CH radical, as well as CN and HCN radicals
are strongly involved in the formation of nitric oxides through the prompt NOx mechanism (Miller
and Bowman, 1989). In addition, combined OH and HCHO radical measurements may be used in
order to experimentally determine heat release rates (Fayoux et al, 2005) or burning velocities
(Yamamoto et al, 2011). Finally, a typical example that underlines the usefulness of radical
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examination against stable species formation studies, becomes obvious from comparison of
formaldehyde (HCHO) and formyl radical (HCO) studies. Whereas formaldehyde may be formed
and subsequently consumed in an early stage of the chemical conversion of hydrocarbons (Bockle
et al., 2000), the formyl radical is generated in a reaction where a major part of chemical energy is
released (Medwell, et al., 2007), hence capturing with more accuracy the actual flame front.

1.3. Structure of the thesis

The present paragraph describes the thesis structure and details the experimental investigations
carried out. The importance, the classification and the field of applications of combustion
diagnostics have been stated earlier in the present chapter. Within the context of the thesis, several
and diverse intrusive and nonintrusive diagnostic techniques have been developed and utilized in
order to investigate combustion phenomena of varying complexity. The scope of the next two
chapters is to provide a comprehensive support to the experimental investigations carried out
which assists in planning, executing and interpreting experiments. Chapter 2 presents the basic
theory behind gas chromatographic separation techniques and describes the principle constituents
of a chromatographic system. In this context, a novel gas chromatographic method was developed.
A slightly different chromatographic configuration, used for the measurements presented in
chapter 4, is also discussed. Additionally, chapter 2 presents the theory and instrumentation of a
continuous gas analysis system, primarily based in non-dispersive infrared and ultraviolet
spectrometry. Chapter 3 presents the fundamental principles of laser spectrometry, mainly as
applied in a laser induced fluorescence system, and details the components of the utilized system.
The detection scheme for hydroxyl radical as well as acetone-tracer LIF is also given.

The developed diagnostic tools are firstly implemented in configurations with generally moderate
complexity. Gas chromatographic measurements are obtained in a simple flow reactor, where
gaseous products up to toluene are quantified. The results are reproduced by two detailed chemical
kinetic models, with satisfactory agreement. Additionally, soot and selected polycyclic aromatic
hydrocarbons are monitored in order to obtain a complete picture of the process under study. The
laser induced fluorescence system is firstly utilized for the study of a premixed laminar cross-flow
flame, where its shape characteristics are discussed using hydroxyl radical and acetone-tracer LIF.

A premixed laboratory flame burner is utilized in an attempt to investigate the performance of
virtually similar fuels of high complexity in chapter 6. The developed chromatographic method is
utilized in order to assess the combustion performance of various Fischer-Tropsch aviation fuel
blends. Aviation fuels have to meet strict criteria with respect to physico-chemical properties and
this poses additional challenge to the work. Temperature and emission measurements are
combined with an analytical methodology that aims at the systematic evaluation of the different
fuels, facilitating the assignment of trends to constituent compounds.

In the chapter 7, both intrusive as well as nonintrusive diagnostic tools, for stable species and
radical concentrations, are combined in order to fully characterize a complex combustor, namely a
porous burner. For stable species, besides the continuous analyzers, the versatile technique of gas
chromatography is employed. Furthermore, OH radical imaging measurements are utilized in order
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to parametrically examine the burner operating regimes. The burner fuel interchangeability is
thoroughly tested with respect to nominal thermal loads and stoichiometries.

Finally, the conclusions of the work are summarized in chapter 8 along with possible future work. A
schematic diagram showing the structure of the thesis, graphically connecting the respective
chapters, is presented in below.

1. Introduction

Combustion Modern
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Figure 1.2 Schematic depiction of the structure of the thesis
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1.4. Innovation and prospects of the thesis

The overall scope of the thesis is to provide fundamental knowledge on the chemically reactive,
combusting flows using advanced diagnostic methodologies, also focusing on the development of
appropriate diagnostic tools for the studied phenomena. In this frame, both chromatographic and
spectrometric techniques were utilized in numerous premixed flame configurations. Chapter 4 and
5 examine systems of moderate complexity, as it is essential to evaluate novel experimental
methodologies in fundamental applications before their incorporation in complex systems. With
regard to this, the choice of fuels and operating conditions were made so as exploit the produced
results and link the fundamental investigations with practical systems and particularly fuel cells.
Fuel cell development forms a promising, not yet matured energy production technology.
Paragraphs 1.4.1and 1.4.2 describe the innovations of the conducted research in chapters 5 and 6,
respectively, and discuss the prospects of the work to the field of application of fuel cell technology.
The developed diagnostic methodologies are subsequently utilized in combustion applications with
increased sophistication. In chapter 6, complex jet fuel mixtures are examined in a laboratory scale
premixed burner, in order to investigate their combustion performance and assess trends to their
constituent species. In chapter 7, the developed intrusive and nonintrusive diagnostic tools are
combined for a multi-parametric characterization of a complex combustor, namely a porous
medium burner. Paragraphs 1.4.3 and 1.4.4 summarize the innovative aspects of the conducted
studies that respectively concern the experimental characterization of complex fuels and
combustors, namely chapters 6 and 7, respectively.

1.4.1. Innovation of the 4th chapter and link to practical applications

Solid-oxide fuel cells (SOFC) constitute a particularly attractive technology both as standalone
systems for power generation as well as part of hybrid systems with combined heat and power
capabilities, due to their relatively high operating temperatures (Holtappels and Stimming, 2003;
Singhal and Kendall, 2003) Additionally, SOFC systems are potentially ideal candidates for de-
centralized micro-co-generation systems (Vourliotakis, 2012), producing both heat and electricity
in a certain ratio to each other, providing potential reductions in carbon emissions and costs by
generating both heat and electricity locally with efficient fuel use and by offsetting the use of
centrally-generated electricity from the grid (Zink et al., 2007; Zhang et al., 2010; Liso et al., 2011).
SOFC operation directly on hydrocarbon fuels is also possible (Gorte and Vohs, 2003) but practical
systems rely entirely on fuel reforming processes in order to convert the fuel into hydrogen and/or
syngas (Ghosh and De, 2003; Varbanov and Klemes, 2008). Syngas, in particular, is ideally suited for
use in SOFC systems, with pure CO also being a viable option (Kee et al., 2005; 2008).

Currently, methane and natural gas is the fuel of choice in fuel cell applications mainly in view of its
high hydrogen to carbon ratio. Alternatively, renewable methane sources, such as biomass or
biogas from anaerobic digestion gas from municipal waste incinerators, can also be utilized as
syngas sources to feed SOFC systems (Farhad 2009; 2010). Synthetic natural gas (SNG) produced
from biomass is a promising, environmentally-friendly, alternative fuel for use in SOFC applications,
particularly for small scale domestic applications. Efficient operation of the fuel cell system requires
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not only optimization of the syngas yield, under a wide range of operating conditions, but also
minimization of the potentially harmful carbonaceous species formation. Furthermore, there are
still significant gaps in the understanding of synergistic effects in the gas-phase chemistry of
hydrocarbon blends and of soot formation processes under partially oxidative conditions, even for
small hydrocarbon fuels (Appleby, 1996). Accurate and complete predictions of fuel conversion,
molecular growth and carbon formation processes can only be accomplished by employing a full
detailed description of the primary fuel combustion chemistry (Rabenstein and Hacker, 2008).

There are numerous studies on practical reformers and SOFC systems, operating with methane or
natural gas mixtures available in the literature (Joensen and Rostrup-Nielsen, 2005). Nevertheless,
the accurate quantification of the combustion chemistry needs to be performed in well-controlled
fundamental experimental configurations as the flow reactors, which resemble the operating
conditions of practical devices avoiding complexities. It is well established that exhaust gases from
a plug flow reactor, satisfactory resemble the potential of a reforming process, as numerous studies
suggest (Walters et al., 2003; Sheng and Dean, 2004). It can be anticipated that detailed studies of
methane mixtures chemistry under fuel-rich conditions are essential in order to explore the syngas
production potential, which, in a way, is expected to be maximized under pyrolytic conditions and
high temperatures, since they are required in order to achieve efficient operation in the absence of
a catalyst. However, high temperatures and pyrolytic conditions provide ideal conditions for soot
formation and coke deposition which in turn can seriously affect reformer and system performance.

In chapter 4, the pyrolysis of methane mixtures is investigated using gas chromatographic means, in
an atmospheric, isothermal flow reactor, at the temperature range of 1000-1200 °C. The results
concern the gaseous products from the pyrolysis of different methane mixtures, representative of
natural gas and biogas, as their operation is resembled through pure nitrogen and mixed N;/CO>
atmospheres. Additionally, soot and selected polycyclic aromatic hydrocarbon levels from the
respective investigations are experimentally determined in order to assess carbonaceous pollutants
formation mechanisms. Subsequently, it is anticipated that the present study explores the potential
of syngas production and soot formation tendency from non-catalytic reforming processes through
the investigation of atmospheric pressure methane mixtures pyrolysis. Furthermore, the results
presented in chapter 4 are valuable in calibrating and formulating numerical model schemes and in
this context two literature detailed kinetic mechanisms are used to reproduce the experimental
results. In addition, despite the fact that methane pyrolysis has been extensively studied in the past,
chapter 4 presents novel polycyclic aromatic compounds speciation data from varying methane-
based mixtures. Overall, the chapter examines synergistic effects among methane, natural gas and
biogas mixtures serving as a reference case for chapter 7, where the fuel interchangeability is
discussed in complex flames.

1.4.2. Innovation of the 5th chapter and link to practical applications

As also stated in paragraph 1.4.1, the perspective of incorporating fuel cells as part of hybrid
modern systems, both for heat and power production is a particularly attractive option. High
temperature SOFC systems can operate directly on hydrocarbon fuels, syngas or hydrogen.
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However, this is not the case for mobile applications (lower temperatures), where the dominant
fuel cell type is the Proton Exchange Membrane (PEM) fuel cell, only functioning with pure
hydrogen. Moreover, the powertrain costs of fuel cell vehicles are still far from being cost-
competitive, unless the fuel cell costs are drastically reduced. Fuel cell cars may become a viable
alternative to nowadays conventional cars equipped with a diesel or gasoline combustion engine.
Most of the large car manufacturers have already presented demonstration models of fuel cell cars,
which are mostly equipped with pure hydrogen storage systems or methanol reforming units, with
conventional fuels also being an option, taking advantage of the existing infrastructure (Fischer et
al.,, 2005). However, life cycle analyses suggest that the economic efficiency and environmental
impact of hybrid vehicles, substantially depends on the feedstock for hydrogen production i.e. fossil
fuels or renewable sources (GranovskKii et al., 2006).

The use of hydrogen as an energy vector or the vision of hydrogen energy is not new. Until the
1960’s, hydrogen was used in many countries in the form of town gas for street lighting as well as
for home energy supply and the idea of a hydrogen-based energy system was already formulated in
the aftermath of the oil crises in the 1970’s. The breakthrough in fuel cell technology in the late
1990’s is the main reason behind the revival of interest in hydrogen. The main product of hydrogen
combustion is water, yielding obviously reduced carbonaceous emissions in comparison to fossil
fuels and improved environmental impact. While hydrogen can be utilized in different applications,
the transport sector is going to play the crucial role for the possible introduction of hydrogen. This
is also where fuel cells can make the most of their high conversion efficiencies compared to the
internal combustion engine (Ball and Wietschel, 2009).

One of the most challenging issues for automotive fuel cell applications is the freeze start ability for
cold weather operation (Schiefdwohl et al., 2009). In order to meet the requirements for automotive
powertrain industry, an additional auxiliary power unit should be incorporated, also for covering
the heating demand of the passenger compartment. One of the most promising solutions proposed
in the literature is the incorporation of a porous inert medium burner (see section 7.1) for
hydrogen combustion in the integrated fuel cell system (Vof3 et al, 2011). The latter group
proposed and innovative mixing stage consisting of multiple cross-jets, incorporated in the burner’s
flame trap and utilized the technique of laser induced fluorescence to visualize the resulting mixing
efficiency (Vof$ and Trimis, 2009). The flame stabilization, the burner operation and, in general, all
combustion related issues have been explicitly analyzed in the aforementioned studies. The
innovation of the proposed mixing stage is of crucial importance for the size of the system, but it is
expected to affect the mixing efficiency and eventually burner operation. Based on the latter
concept, the geometry of a single cross flow premixed jet is isolated and studied in chapter 5 by
means of laser induced fluorescence.

A cross flow premixed flame exhibits a non-uniform flame shape due to the T-connection mixing
stage, hence affecting the fuel and air streams mixing. The work presented in chapter 5 concerns a
parametric study of the flame characteristics of a single cross flow premixed flame, with respect to
thermal load and stoichiometry variation. The studied cases cover the typical operating conditions
of an auxiliary power unit for automotive fuel cell applications (Vof3 et al., 2011). The exposed
flame characteristics, although different in comparison with the flame structure inside the porous
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medium, provide useful insight over the actual processes regarding the mixing efficiency, which is
of high importance on the previously discussed configuration. Additionally, chapter 5 presents a
fuel-tracer examination, in order to further support the findings from the flame structure study.
Moreover, the investigation of such a cross-flow premixed flame constitutes, to the author’s
opinion, an ideal candidate for evaluating the methodology for capturing the flame front
characteristics described in chapter 3 and since the very same methodology is followed in chapter
7, the work additionally serves reference purposes.

1.4.3. Innovation and prospects of the 6t chapter

A fuel could be classified as alternative, either by originating from renewable sources or as a
synthetic blend resembling the performance of conventional fossil fuels. As there is an increased
research interest for alternative fuels, the developed combustion diagnostic tools are employed in a
plain premixed flame burner, so as to assign fuel characteristics to their combustion performance,
avoiding setup induced complexities. Aviation fuels are probable the most demanding from the
viewpoint of physical as well as thermochemical properties, raising the challenge to the present
work. The work presented in chapter 6 addresses the combustion behaviour of complex fuel blends
of systematically varying compositions. In order to assess the effect of each constituent class on
performance and emissions, experimental characterization of different fuels combustion behavior
must be carried out in fundamental configurations, retaining the same global operating parameters
i.e. thermal load and fuel/air ratio. An accurate determination of the above parameters requires a
correct estimation of fuel heating value and molecular weight which, in turn, requires knowledge of
their detailed composition. In this respect, a methodological approach is here formulated, for
calculating fuel heating value and molecular weight based on detailed mixture composition.

The contribution of the present work is that it provides a detailed experimental investigation of
combustion characteristics of selected FT blends, with systematically varying paraffinic, naphthenic
and aromatic content. Flames of the above fuels were stabilized in a laboratory-scale premixed
burner and flame stability maps, temperature profiles and species concentration were obtained for
a range of operating conditions, so as to facilitate the evaluation of each constituent species
contribution to the overall fuel performance. Additionally, n-decane was also used for
benchmarking purposes. The work also demonstrates how a simple laboratory-scale premixed
burner, coupled with the proper diagnostic tools, can be utilized in order to extract valuable
information on fuel characterization.

1.4.4. Innovation of the 7th chapter

As stated earlier, in this chapter, both intrusive and nonintrusive diagnostic tools are combined in
order to fully characterize a complex combustor, as is the porous inert medium burner. The
premixed flame in a porous burner propagates in three-dimensionally arranged cavities of an inert
super-conductive porous medium. Apparently, combustion in a porous matrix is significantly
different compared to homogeneous flames, since the highly developed inner matrix enhances the
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heat transfer phenomena, increasing effective diffusion and heat transfer in the gaseous phase. The
porous burner technology is a state of the art solution that fulfills the requirements for low
pollutant formation and wide fuel interchangeability, as well as with significant prospects for the
mitigation of anthropogenic methane emissions (Wood et al, 2009). Combustion in inert porous
media has many important advantages including high combustion stability and the potential to
operate even in ultra-lean combustion regimes. As a result, it continuously improves its place in
numerous combustion applications utilizing these advantages. Although the advantages of porous
burners have started to be systematically examined over the last 15 years, the actual processes
taking place within the porous inert structure could not be investigated experimentally.

The study presented in the seventh chapter constitutes an innovative, comprehensive experimental
burner characterization. The experimental campaign carried out in the frame of this chapter,
utilizes the developed methodology for the hydroxyl radical in order to visualize the flame front.
This is the first time that nonintrusive laser diagnostic techniques are employed, in order to
visualize the flame inside a porous burner. This study parametrically correlates nominal thermal
load and stoichiometry to the burner operating regimes. Accordingly, the work continues with the
burner characterization with respect to methane and propane-based fuels and it concludes with the
investigation of the burner’s capability to operate with biogas-like mixtures.
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Chapter 2

Intrusive combustion diagnostic
techniques

Research, design and development of thermochemical processes increasingly depend on
sophisticated experimental campaigns, which produce fundamental knowledge and assist in
understanding the involved phenomena. In order to optimize and control combustion processes it
is of crucial importance to have techniques which are able to measure critical parameters, such as
temperature, species concentration, velocity, and particle characteristics. Experimental results can
on the one hand help introduce unknown process parameters or, on the other hand, reduce the
computational cost in computer simulations, in terms of achieving approximate solutions i.e.
satisfactory agreement between predictions and observations in reasonable time, or even lead to
numerical models of higher level of sophistication (Warnatz et al., 2006). Early diagnostic tools
required the sample to reach the detector through a sampling probe. This induced a disturbance of
the local flow and much effort was placed in order to minimize those probe-induced effects.
However, those techniques, namely intrusive diagnostic techniques are extremely accurate and
achieve a high degree of selectivity, being at the same time, at most cases, highly cost effective.
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The term intrusive refers to a physical probe carrying the sample from the specimen volume to the
detector, meaning in other words that the sampling method locally disturbs the actual processes.
Depending on the detector’s principle of operation, an experimental technique can be characterized
as destructive or not, which is not to be mistaken to the term intrusive. An intrusive diagnostic tool
can be either destructive or not, with a typical example the use of a flame ionization detector which
has to burn the sample in order to collect the ions formed, so as to quantify the species of interest.
On the other hand, a sample can reach, for instance, a paramagnetic detector with the use of a
physical sampling probe, characterizing the method as intrusive but non-destructive. It becomes
obvious that in order to fully characterize an experimental procedure, the integrated diagnostic tool
has to be assessed, hence sampling probe effects, detector operation and specimen volume coupling
with the instrumentation, have to be taken into account. Additionally, experimental diagnostic tools
can be further subdivided depending on whether continuous or not sampling is realized from the
specimen volume, in online or batch sampling/analysis techniques.

Intrusive tools are widely used in temperature and velocity measurements with thermocouples and
hotwire anemometers being, respectively, extremely popular. As far as species concentration
measurements are concerned, a number of techniques have been utilized. Depending on the degree
of sophistication for the measurement of interest and the necessity for real time monitoring of a
process, the utilized tools can vary from simple continuous analyzers to a combination of complex
analytical techniques. Numerous analytical tools, coupled with physical sampling probes have been
employed in the field of combustion diagnostics over the past decades, with continuous gas
analyzers and gas chromatographers being the most popular among them. The versatility of the
chromatographic technique and its potential for coupling with other diagnostic tools is mainly
responsible for the technique’s popularity in various combustion subfields. In more detail, as far as
fuel characterization (see paragraph 6.1 for typical two-dimensional gas chromatographic fuel
analysis) is concerned, gas chromatography coupled with mass spectrometry, has been employed
covering a range of fuels from simple higher hydrocarbons (Bales-Guéret et al., 1992) to diesel
(Mati et al., 2007) and kerosene (Dagaut, 2007) mixtures. Moreover, premixed flame structures and
their exhaust emission characterization, as attempted in paragraph 7.3 of the present thesis, have
been studied utilizing chromatographic methods (Mishra et al., 2005; 2006), frequently coupled
with molecular beam mass spectrometry and continuous gas analysis systems (Turbiez et al,
2004). Additionally, the applicability of chromatographic techniques extends to the field of higher
hydrocarbons (see paragraph 4.4.2.1), sufficiently covering polycyclic aromatic compounds
detection and analysis (Poddar et al., 2012). Finally, chromatographic diagnostic tools are the main
provider of comprehensive speciation data for detailed kinetic model validation (Dagaut and
Nicolle, 2005), as also presented in paragraph 4.3 of the present thesis.

It becomes obvious that gas chromatographic instrumentation along with an online continuous gas
analysis system, are essential to achieve the scope of the present thesis. This chapter provides the
basic knowledge for the intrusive diagnostic techniques utilized in this framework. This includes
methodological approach description and development, detectors’ operation and instrumentation
overview for all analytical and spectroscopic tools used in intrusive diagnostic means.
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2.1. Gas chromatographic basic theory and system overview

Gas chromatography-GC is a unique and revolutionary technique, which over the years has evolved
in the versatile analytical chemistry separation tool, covering nowadays a large field of applications
from drugs, pharmaceuticals, pesticides and food industries, to environmental and petroleum
industries (Freitag and Allington, 2002). Gas chromatography, as an analytical technique, may be
used for both qualitative and quantitative sample identification, and as it is also a physical research
technique, can be utilized to investigate various system parameters, such as partition coefficients,
thermodynamic functions and adsorption isotherms (Grob and Barry, 2004). Moreover, a gas
chromatographer coupled with an automatic sampler, can be locked into a process line so as to
monitor online the process and continuously perform routine analyses. The principle advantages
that make gas chromatography a particularly attractive technique, and consequently the separation
tool of choice, are enumerated below.

Gas chromatography is easily adapted for analysis of permanent gases samples, as well as high
boiling point liquids or volatile solids. Moreover, since the mobile phase has a low degree of
viscosity, very long columns can be employed, offering extremely high separation efficiency. Gas
chromatography offers high resolution in systems containing components of similar boiling points
where, by choosing an appropriate adsorbent, the separation of chemically and physically similar
molecules can be accomplished. In addition, gas chromatography offers high sensitivity, with most
of the utilized detectors allowing detectability ranges of a few parts per million up to even a few
parts per billion (see section 2.1.2.3). The latter chromatographic properties largely account for the
extensive GC use. In addition, the operation of a gas chromatographer is a relatively straight
forward procedure, with detectors characterized by simplicity of design and operation, and
requires little operating time, while the chromatographic analyses typically vary, for most cases,
from a few minutes up to a maximum of one hour, being at the same time extremely cost effective.
Finally, automation of the gas chromatographic processes and post-processing of the acquired data,
have reached a high degree of maturity the recent years, through coupling the chromatographic
systems with recording devices and computers facilitating enhanced reliability and repeatability
ranges (Guiochon and Guillemin, 1990).

Gas chromatographic techniques have been utilized in the frame of the present thesis, in order to
quantify gaseous emissions from the several combustion systems. The present section reviews the
basic theory of chromatographic separation, states the main chromatographer components,
presents the utilized system and investigates method development techniques in the context of
various alternative configurations.

2.1.1. Gas chromatographic fundamental theory

The term chromatography was introduced in the early 1900’s by Mikhail Semyonovich Twsett who
is considered to be the father of chromatography, mainly because he introduced the term and
scientifically described the process, when he separated chloroplast pigment on CaCO3 solid phase
and petroleum ether liquid phase (Twsett, 1906). The term chromatography covers those
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separation techniques in which the separation of compounds is based upon the partition or
distribution, of the analytes between two phases in a dynamic system. In a classical manner,
chromatography has been defined as a separation process that is achieved by the distribution of the
substances to be separated between two phases, a stationary and a mobile phase. Those solutes,
distributed preferentially in the mobile phase, will move more rapidly through the system than
those distributed preferentially in the stationary phase. Thus, the solutes will elute in order of their
increasing distribution coefficients with respect to the stationary phase (Cazes and Scott, 2002). It
follows that during the development of a chromatographic separation, two processes will occur
simultaneously and to large extent, independently. Firstly, the individual solutes in the sample are
moved apart in the distribution system as a result of their different affinities for the stationary
phase. Secondly, as the bands are moved apart, their tendency to spread or disperse is constrained
to ensure that the separation that has been achieved is maintained. Thus, the phase system must be
chosen to provide the necessary relative retention of the solutes, and the distribution system must
be appropriately designed to minimize this dispersion and permit the components of the mixture to
be eluted discretely. It is here noted, that the reader is strongly encouraged to refer to bibliographic
references given along the text, for more detailed description of the respective aspects of gas
chromatographic theory (e.g. Jonsson, 1987). The present chapter provides the information in
order to adequately define chromatographic separation methodology and nomenclature.

The result of the interaction between the mixture under separation/analysis and the column
material is the differing distribution of the sample components between the two phases.
Fundamentally, the chromatographic separation may be achieved by one of the three techniques,
namely frontal analysis, displacement development, or evolution development. In both frontal
analysis and displacement development techniques, the components are not separated by a region
of pure mobile phase, due to the strong dependence on -when present- mobile phase. The
outstanding disadvantage of the aforementioned techniques is that the column still contains sample
or displacer at the conclusion of the separation. The present thesis is dealing only with gas
chromatography, hence separation with elution development technique. In gas chromatography
there is a gaseous mobile and a liquid or solid stationary phase, whereas when the mobile phase is a
liquid, the referred term is liquid chromatography.

The relative retention of two substances in a chromatographic system i.e. the time interval between
their elution, will determine how well they are separated. The greater the retention difference
between any pair of solutes, the better will be the resolution and the farther apart they will appear
on the chromatogram. Consequently, an algebraic expression for the retention volume of a solute
will display those factors that control retention, how the retention can be increased, and how the
separation can be improved. The chromatogram that depicts the elution of a solute from a column
is actually a graph relating the concentration of the solute in the mobile phase leaving the column to
elapsed time. As the flow rate is constant, the chromatogram will also be a curve relating the
concentration of solute in the exiting mobile phase to the volume of mobile phase passed through
the column. Thus, an equation is required that will relate the concentration of the solute in the
mobile phase leaving the column to the volume of mobile phase that has passed through it.
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In order to obtain an expression for the retention volume of a solute, the equation for the elution
curve of the substance must be derived. The process of chromatographic separation can be defined
by two conditions, either from the linear/nonlinear interaction of adsorbent and sorbate at a
specific temperature (isotherm), or depending on the ideal or non-ideal chromatographic system.
Ideal, contrary to non-ideal, chromatography infers that the exchange between the two phases is
thermodynamically reversible and in addition, the equilibrium between the solid granular particles
or liquid-coated particles and the gas phase is immediate; that is, the mass transfer is very high and
longitudinal and other diffusion processes can be ignored (Grob and Barry, 2004). Gas partition
chromatography, which is here studied, is best described as linear, non-ideal and mostly viewed in
two ways; the plate theory or the rate theory. Generally speaking, plate theory envisages the
chromatographic system as a discontinuous process functioning as a distillation or an extraction
system, that is, consisting of a large number of equivalent plates. On the other hand, rate theory
considers the chromatographic system as a continuous medium where one accounts for mass
transfer and diffusion phenomena.

In more detail, the plate theory assumes that the solute, during its passage through the column, is
always in equilibrium with the mobile and stationary phases. However, as the solute is continuously
passing from one phase to the other, equilibrium between the phases never actually occurs. To
accommodate this non-equilibrium condition, a technique originally introduced in distillation
theory is adopted (Martin and Synge, 1941), where the column is considered to be divided into a
number of cells or plates. Each cell is allowed a specific length and, as a consequence, the solute will
spend a finite time in each cell. The cell is chosen to be of such size as to give the solute sufficient
residence time to establish equilibrium with the two phases. Consequently, the smaller the plate is
found to be, the faster will equilibrium be achieved and the more plates will be in the column. It
follows that the number of theoretical plates contained by a column will be directly related to
equilibrium rate and, for this reason, has been termed the column efficiency. The elution curve
equation is obtained from the plate theory, which assumes the column consists of a number of
theoretical plates which are of such a size that equilibrium can be assumed to occur between the
solute and the two phases in each plate. A mass balance is applied to a plate and, from this, the
differential equation for the change of concentration of the solute in the plate, with the flow of
mobile phase through it, is obtained. The integration of this differential equation provides the
elution curve equation. Differentiating the elution equation and equating to zero discloses the
expression for the retention volume of a solute, which is shown to depend on the distribution
coefficient of the solute between the two phases and the volumes of stationary and mobile phase in
the column. Having obtained the retention volume of a pair of solutes, their separation will depend
on the relative magnitudes of their distribution coefficients with respect to the stationary phase and
the relative amount of stationary phase available to the two solutes. Finally, plate theory states that
the peak width (the dispersion or peak spreading) is inversely proportional to the square root of
the efficiency and, thus, the higher the efficiency, the more narrow the peak (Cazes and Scott, 2002).

Although “plate theory” is a useful concept, it is an empirical approach. Since plate theory does not
explain the mechanism that determines these factors, a more sophisticated approach bust be used,
as is the rate theory to explain chromatographic behavior. The theory that results from the
investigation of the dynamics of solute distribution between the two phases of a chromatographic
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system and which allows the different dispersion processes to be qualitatively and quantitatively
specified has been designated the rate theory, although has not been, historically, developed as
such. Rate theory is based on such parameters as rate of mass transfer between stationary and
mobile phases, diffusion rate of solute along the column, carrier gas flow-rate, and the
hydrodynamics of the mobile phase. In conclusion, both “plate” and “rate” model may be used to
describe the theory of chromatography, arriving at the same basic conclusion, that zone broadening
is proportional to the square root of the column length and that the zone shape follows the normal
distribution law (Grob and Barry, 2004).

2.1.2. Gas Chromatographic system overview

Although instrumentation in gas chromatography has continually evolved since the introduction of
the first commercial systems, the basic components of a typical, modern gas chromatographer have
remained up to a large extent the same. The basic units of a chromatographer, which are essential
for all types of chromatography, include carrier gas, flow control, sample inlet and sampling
devices, columns, controlled temperature zones (ovens), detectors, and data acquisition systems,
connected as schematically depicted in Figure 2.1.

A brief description of the function of a gas chromatographer is given below. The inert carrier gas is
fed to the system through carefully monitored flow control systems and it continuously passes
through the injection ports, the columns and the detectors. The flow rate control of the carrier gas
is essential to ensure reproducible retention times and to minimize detector drift and noise. The
liquid samples are injected and vaporized through a micro-syringe into the heated injection port,
whereas gaseous samples are trapped in gas sampling valves, also kept in thermally controlled
boxes.

Flow Sample Detector

Controllers Injector Detector Electronics Acquisition

Injector/Valve | Temperature
Thermal Box Programming

Detector Qven

Figure 2.1 Flowchart of a gas chromatographer

As the sample leaves the system inlet, it is sent to the chromatographic columns, which are placed
inside the GC main temperature controlled oven, so as to facilitate the chromatographic separation.
The sample partitions between the mobile and stationary phases, and it is separated into individual
components based on relative solubility in the stationary phase and relative vapor pressures. After
the column, the carrier gas and sample, pass through a detector, which measures the quantity of the
sample, and it generates an electrical signal. This signal goes to a data acquisition system that
generates a chromatogram. In most cases the data-handling system automatically integrates the
peak area, performs calculations, and prints out a report with quantitative results and retention
times (McNair and Miller, 1998). It is clear that the carrier gas purity is of major importance to the
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overall performance of a chromatographer, directly affecting chromatographic efficiency, method
repeatability, column performance and system’s lifetime. In fact, although an increase of an order of
magnitude in carrier gas purity doubles the gas supply cost, in the long run it is proved that is more
cost effective to use premium grades (e.g. 99.999% purity) carrier gases (Jennings et al., 1997).
Additionally, all fittings, O-rings, and pipes used for the carrier gas connection to the GC system,
should be preferably made of stainless steel and generally fixed so as to avoid particle or oxygen
contamination. The main parts of a gas chromatographer are discussed in more detail in the next
sections.

2.1.2.1. Inletsystem

The sample inlet should handle a wide variety of samples including gases and liquids and permit
them to be rapidly and quantitatively introduced into the carrier gas stream. Besides on-column
injection, different column types require different types of sample inlets. Specifically, inlet systems
for packed columns include flash vaporizers, whereas inlet systems for capillary columns may be
introduced with split or splitless modes, as explained later in the present chapter. Ideally, the
sample is injected instantaneously onto the column, but in practice this is impossible and a more
realistic goal is to introduce it as a sharp symmetrical band. The difficulty of keeping the sample
sharp and narrow is related to the amount of gaseous sample introduced in the column. A large
amount of sample will require more time to carry it into the column and this would result in poor
column performance. Clearly, sampling is a very important part of the chromatographic process
and the size of the sample is critical. For the best peak shape and maximum resolution, the smallest
possible sample size should always be used. However, the more components present in the sample,
the larger the sample size may need to be (McNair and Miller, 1998). The most universal method for
liquid samples injection is the use of micro-syringes. However, since liquids expand considerably
when they vaporize, small sample sizes, typically microliters are desirable. In those situations
where the liquid samples are heated to allow rapid vaporization before passage into the column, as
in all types of vaporizing injectors, care must be taken to avoid overheating that could result in
thermal decomposition.

To column

Carrierin

Loop

Sample in

Sample out
LOAD position INJECT position

Figure 2.2 Gas sampling valve schematic of operation

The syringe is more flexible, less expensive and the most frequently used device. A gas sampling
valve, on the other hand, gives better repeatability, requires less skill and can be more easily
automated. Moreover, gas sampling valves are convenient in the case of sampling from fundamental
combustion devices, such as flow reactors (see section 4.2), combustion bombs, shock tubes and jet
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stirred reactors, where the gaseous products are directly sampled from the reactor outlet and
subsequently quantified in the chromatographer. Gas samples are generally placed on a GC column
using an external loop sampling valve connected directly to the column. A typical external loop
sample system, employing six ports, is depicted in Figure 2.2. The external loop sample valve has
three slots cut in the rotor so that any adjacent pair of ports can be connected. In the loading
position, shown on the left, the mobile phase supply is connected by the rotor slot between port (4)
and port (5) directly through to the column. In this position, the sample loop is connected across
ports (3) and (6). Sample passes either from a syringe or other sample device into port (1) through
the rotor slot to the sample loop at port (6) and the third slot in the rotor connects the exit of the
sample loop to waste at port (2). The sampling position is shown by the diagram on the right. On
rotating the valve, the sample loop is interposed between the column and the mobile phase supply
by connecting port (3) and (4) and ports (5) and (6). After sampling, the rotor can be returned to
the loading position, the system washed with solvent and the sample loop loaded in readiness for
the next injection (Scott, 2003). Alternative configurations of sampling valves may include more
ports, facilitating more complex operations, such as flushing out of the system undesired
compounds, such as heavy components or water. A typical inlet valve with back-flush capability has
10 ports, which instead of simply passing the trapped sample to the main GC column; they
introduce the sample to a first column where desired compounds are firstly separated. When the
compounds under study are eluted form the primary to the main column, valve switching reverses
the carrier gas flow and undesired compounds are flushed out from the system. Modern gas
chromatographs that are used for routine analysis usually include an automatic sampling device.
Samples can be injected automatically with mechanical devices that are often placed on top of gas
chromatographs. These auto-samplers mimic the human injection process just described using
syringes. After flushing with solvent, they draw up the required sample several times from a sealed
vial and then inject a fixed volume into the standard GC inlet. Auto-samplers consist of a tray which
holds a large number of samples, standards, and wash solvents, all of which are rotated into
position under the syringe as needed. They can run unattended and thus allow many samples to be
run overnight (Jennings et al., 1997).

2.1.2.2. Chromatographic columns

The column is the heart of any chromatographic system. It is in the column that the individual
components contained in the mixture are moved away from each other as they pass through,
emerging as individual sample bands that can be detected and measured. Column temperature
controls the rate at which the solutes migrate through the column and thus the temperature must
be carefully controlled and monitored. This is achieved by situating the column in a
thermostatically controlled oven. There are two basic types of gas chromatography column, the
packed column, and the open tubular or capillary column. They differ in that the carrier gas must
percolate though a porous bed in a packed column but in the capillary column the gas flows through
a central aperture that is unimpeded throughout the entire length of the column. This is true even
for the Porous Layer Open Tubes (PLOT) columns as well as the Wall Coated Open Tubes (WCOT)
columns, although PLOT columns contain adsorbents or loaded supports adhering to the walls, the
solid material never extends across the tube to form a permeable bed. It follows that the flow
impedance of the packed column is much greater than that of the capillary column when operated
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at the same gas velocity. For this reason capillary columns can be made much longer and thus
produce many more theoretical plates than the packed column, which implies that band dispersion
is relatively much less in a long capillary column and the peaks will be much narrower and thus a
higher resolution will be realized. However, the comparison between the two types of column is not
as simple as that. The packed column contains much more stationary phase and solute retention is
directly related to the amount of stationary phase in the column. Consequently, the packed column
will move the peaks further apart than the capillary column which carries much less stationary
phase (Scott, 1998). The separation is achieved by moving the peaks apart and keeping them
sufficiently narrow so they are eluted discretely. In a packed column the separation is
predominantly achieved by moving the solutes widely apart and thus, although the dispersion is
relatively large compared with that from a long capillary column, the solutes are still separated. In
the capillary column, the converse applies. Because the amount of stationary phase on the walls of
the column is limited, the peaks are eluted relatively close together. However, due to the higher
efficiency of the longer column, the solutes are still resolved as the peaks are relatively much
narrower. The two processes for improving a separation are not the same. If the stationary phase
loading on a packed column is doubled then the peak separation will also be doubled. However, the
contribution to variance from the stationary phase is only one factor effecting band variance and
thus the variance, initially, will only be increased slightly by the increase in column loading.
Consequently the resolution will be improved. The stationary phase load can be increased as long
as the increase in peak dispersion is not greater than the increase in separation. Thus for any
particular separation there is an optimum stationary phase loading that will produce the best
resolution. Conversely, if the column length is doubled, which can be easily achieved with capillary
columns because their flow impedance is relatively small, then both the peak separation and the
peak variance is doubled. As the peak width is proportional to the square root of the variance the
resolution must be improved as the ratio of the peak separation to peak width will also be doubled
(Scott, 1998). It follows that the resolution of a mixture can always be improved by increasing the
column length. However, increasing the resolution by increasing either the stationary phase loading
on a packed column or the length of a capillary column will always result in a proportional increase
in retention time.

A successful setup of a chromatographic analysis depends to a large extent, on the choice of column
and column temperature. Selecting the column temperature is less critical than selecting the
appropriate stationary phase, because the temperature can be easily programmed through a range
of values in order to obtain the optimum value. With packed columns, the choice of the stationary
phase is critical, but it is less so for open tubular columns because of their higher efficiency. The
stationary phase can be either liquid or solid. Liquids are more common and give rise to the sub-
classification known as gas-liquid chromatography (GLC). On the other hand, solids are met in gas-
solid chromatography (GSC). There are two types of packing employed in GC; the first is used as an
adsorbent stationary phase, largely in GSC for the analysis of gases or low boiling materials; the
second is merely a support on which the stationary phase is coated and is used for all types of GLC
analyses. In order to use a liquid as the stationary phase in GC, some means must be found to hold
the liquid in the column. For packed columns, the liquid is coated on a solid support, chosen for its
high surface area and inertness. The coated support is dry-packed into the column as tightly as
possible. For open tubular or capillary columns, the liquid is coated on the inside of the capillary. To
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make it adhere better, the liquid phase is often extensively cross-linked and sometimes chemically
bonded to the fused silica surface. The types of stationary phases, their classification, their
applications and the criteria used in selecting an appropriate stationary phase are briefly discussed
below.

Packed columns

A packed column consists of three basic components; the tubing in which packing material is
placed, the packing retainers, such as glass wool plugs, inserted into the ends of the tubing to keep
the packing in place and thirdly the packing material itself (Barry and Grob, 2007). The purpose and
role of the solid support is the accommodation of a uniform deposition of stationary phase on the
surface of the support. The most commonly used support materials are primarily diatomite earth
supports and graphitized carbon (which is also an adsorbent for GSC) and to a lesser extent, Teflon,
inorganic salts and glass beads. A support should have sufficient surface area so that the chosen
amount of stationary phase can be deposited uniformly and not leave an exposure of active sites on
its surface. Conversely, if excessive phase is deposited on the support, the phase may have the
tendency to “puddle or pool” on a support particle and can even spread over to an adjacent particle,
resulting in a decrease in column efficiency due to unfavorable mass transfer.

Diatomite supports are basically either derived from firebrick or from filter aid. The firebrick-
derived supports offer high specific surface area and can accommodate up to 30% loading of liquid
phase, which make them suitable for non-polar species such as hydrocarbons. However, although
they offer less specific surface area, filter aid supports are more suitable for the analysis of polar
compounds such as alcohols and amines. When the analysis of highly corrosive or very polar
substances is required, teflon supports may be used as well (Supina, 1974). It has been well
established that the surface of the diatomites are covered with silanol (Si-OH) and siloxane (Si-O-
Si) groups. Both types of diatomites have two sites for adsorption; van der Waals sites and
hydrogen-bonding sites. Hydrogen-bonding sites are more important, and there are two different
types for hydrogen bonding; silanol groups, which act as a proton donor, and the siloxane group,
where the group acts as a proton acceptor. Thus, samples containing hydrogen bonds (e.g. water,
alcohol, and amines) may show considerable tailing, whereas those compounds that hydrogen-
bond to a lesser degree (e.g., ketones, esters) do not tail as much. A support should ideally be inert
and not interact with sample components in any way, otherwise a component may decompose on
the column resulting in peak tailing or even disappearance of the peak in a chromatogram. The
presence of active silanol groups (Si—-OH functionalities) and metal ions constitute two types of
active adsorptive sites on support materials. Polar analytes, acting as Lewis bases, can participate in
hydrogen bonding with silanol sites and display peak tailing as well (Grob and Barry, 2004).

Contrary to gas-liquid chromatography (GLC), in gas-solid chromatography (GSC), surface
adsorption is the prevailing separation mechanism. Adsorbents for GSC are basically made of
porous polymers such as alumna and silica gel, molecular sieves and carbonaceous materials.
Porous polymers are the adsorbents of choice for most applications focusing on the analysis of
gases, organics of low carbon number, acids, amines, and water (Hollis, 1966; Hollis and Hayes
1966).Molecular sieves, also referred to as zeolites, are synthetic alkali or alkaline-earth metal
aluminum silicates and are utilized for the separation of hydrogen, oxygen, nitrogen, methane, and
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carbon monoxide. These substances are separated on molecular sieves because the pore size of the
sieve matches their molecular diameter. There are two popular types of molecular sieves used in
GSC; molecular sieve 5A with a pore size of 5 A and calcium as primary cation and molecular sieve
13X with a pore size of 13 A and sodium as primary cation. Finally, adsorbents containing carbon
are commercially available in two forms, namely carbon molecular sieves and graphitized carbon
blacks. Carbonaceous molecular sieves behave similarly to molecular sieves because their pore
network is also in the angstrom range and are mostly used for permanent gases and Ci-C3
hydrocarbons (Grob and Barry, 2004).

Capillary columns

Today, the open tubular or capillary columns are viewed as state of the art and are thus employed
in probably over 80% of all GC analyses. The term capillary column, more properly refer to open
tubular columns that are not filled with packing material. Instead, a thin film of liquid phase coats
the inside wall and since the tube is open, its resistance to flow is very low and long lengths are
possible. The tube can be made of fused silica, glass, or stainless steel, however almost all
commercial capillary columns are now made of fused silica. Wall-coated capillary columns provide
the highest resolution of all gas chromatographic columns. Tubing internal diameters from 0.10, to
0.53 mm are commercially available. Typical lengths vary from 10 to 50 m or even 100 m. Long
column lengths, however, do require long analysis times. Film coating thickness varies from 0.1 to
5.0 um. Thin films provide high resolution and fast analysis, but they have limited sample capacity.
Thicker films have higher sample capacity, but show lower resolution and are typically used for
only very volatile compounds. Two other types of capillary columns are the Support-Coated Open
Tubular or SCOT column and the Porous Layer Open Tubular or PLOT column. SCOT columns
contain an adsorbed layer of very small solid support coated with a liquid phase. SCOT columns can
hold more liquid phase and have a higher sample capacity than the thin films common to the early
WCOT columns. However, with the introduction of cross-linking techniques, stable thick films are
possible for WCOT columns, and the need for SCOT columns has disappeared. A few SCOT columns
are still commercially available but only in stainless steel tubing (McNair and Miller, 1998).

Many types of column tubing including glass, copper, nylon, and stainless steel have been used;
however, fused silica is by far the most popular. Fused silica is the most inert tubing material and
readily produces high resolution columns. The surface energy of fused silica matches well with the
surface tension of silicon liquid phases. The silicon phases adhere the tubing very well, resulting in
very uniform thin films and very efficient columns. Fused silica contains about 0.1% hydroxyl or
silanol groups on the surface and less than 1 ppm of impurities e.g. Na, K, Ca. The high purity of
fused silica is responsible for its inert chemical nature. Fused silica has a high tensile strength and
most chromatographic columns have a very thin wall, about 25 pm, which makes them flexible and
easy to handle. The thin wall, however, is subject to rapid corrosion and breakage, even on
exposure to normal laboratory atmospheres (McNair and Miller, 1998). Therefore, a thin protective
sheath of polyimide is applied to the outside of the tubing, which protects the fused silica from
atmospheric moisture. It is this polyimide coating that limits most fused silica columns to a
maximum operating temperature of approximately 360 °C. Nevertheless, for higher column
temperatures, aluminum-clad fused silica columns or fused-silica-lined stainless-steel capillary
columns can be used (Barry and Grob, 2007).
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Oven Temperature Programming

Increasing the column temperature increases the speed of solute migration through the column.
Thus in order to shorten the analysis time for mixtures that contain solutes that extend over a wide
range of molecular weight or polarity, the temperature of the column must be continuously
increased during chromatographic development in a carefully controlled manner. Increasing the
column temperature will cause the slower moving peaks to be eluted more rapidly. The necessary
temperature-over-time profile is established by a temperature programmer. This device can
increase the temperature of the oven at a chosen rate and holds the oven at a specified temperature
for a defined time before returning to a preset starting temperature. GC ovens usually require an
operating range from about 5 °C to about 400 °C although the majority of GC analyses are carried
out between temperatures of 75°C and 200 °C (Scott, 2003). Temperature programming is an
essential feature of all GC column ovens and is necessary to handle a sufficiently wide molecular
and polarity range of samples. Linear programming is the most common although other functions
of time are often available. The thermostatting medium used in GC ovens is almost exclusively
forced air as the heat capacity of the GC mobile phase is relative small. Consequently, air has
sufficient heat capacity to change the column temperature rapidly without significant cooling from
the carrier gas. The temperature program can be controlled by a microprocessor incorporated in
the programmer or can be controlled from a central computer that governs the operation of the
whole instrument.

2.1.2.3. Chromatographic detectors

A device that monitors the presence of a solute as it leaves the chromatographic system is an
essential adjunct to all chromatography instruments. In fact, without it, chromatography would
have a very limited performance and a very restricted field of application. The monitoring device
has been given the general term detector, which encompasses all types of mobile phase monitoring
instruments ranging from relatively simple detectors to very sophisticated spectrometric
equipment such as the mass spectrometers. A brief categorization of GC detectors has as follows.
Gas chromatographic detectors may be classified with respect to whether they detect a bulk
physical property of the mobile phase, or a property of the solute that the mobile phase does not
possess or has to a reduced extent, to either bulk or solute property detectors respectively. Bulk
property detectors function by measuring some bulk physical property of the mobile phase, e.g.
thermal conductivity, whereas an example of a solute property detector would be the phosphorus-
nitrogen detector (PND), which responds only to nitrogen or phosphorus. In addition, some
detectors respond to changes in solute concentration while others respond to the change in mass
passing through the sensor per unit time, giving rise to the definition of concentration and mass
selective detectors, respectively. Finally, detectors have also been classified on the basis of the
nature of their response, i.e. whether they respond to a particular type of compound or a particular
chemical group, as specific or non-specific detectors.

The design and performance of any detector depends heavily on the column and chromatographic
system which it is associated with. Since it is necessary to relate the detector design to the
properties of the column and chromatography apparatus, a simple chromatogram of a mixture,
appropriately labeled, is shown in Figure 2.3. The elution point of an unretained substance occurs
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at the dead time and the volume of mobile phase that has passed through the column between the
injection point and the dead point is the dead volume. The dead volume is given by the flow rate of
mobile phase through the column. The volume of mobile phase that passes through the column
between the injection point and the peak maximum is called the retention volume. The difference
between the retention volume and the dead is called the corrected retention volume. The distance
between the baseline produced beneath the peak and the peak maximum is called the peak height
(H). The width of the peak at 0.607 H, the position of the points of inflection of the Gaussian curve,
is called the peak width and is equivalent to 2 standard deviations of the Gaussian curve. The peak
width measured at 0.5 H is the peak width at half height. The distance between the points of
intersection of the tangents drawn to the points of inflection, and the base line produced beneath
the peak, is the base width and is equivalent to 4 standard deviations of the Gaussian curve. In fact,
elution curves from GC columns are often not perfectly Gaussian but tend to be slightly asymmetric.
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Peak Peak Width
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Retention Time at Base

Figure 2.3 The Characteristics of a Chromatogram (Scott, 1996)

Accurate performance criteria or specifications must be available to determine the suitability of a
detector for a specific application. This is necessary, not only to compare its performance with
alternatives supplied by other instrument manufactures, but also to determine the optimum
chromatography system with which it must be used to achieve the maximum efficiency. The
specifications should be presented in a standard form and in standard units, so that detectors that
function on widely different principles can be compared. The major detector characteristics that
fulfill these requirements together with the units in which they are measured are summarized
below in brief. The dynamic range of a detector is that concentration range over which a
concentration dependent output is produced. Apparently, the linear dynamic range is defined as the
range, where the latter correlation is linear. In practice, no detector has a truly linear response and
a response index is usually applied, where its deviation from unity serves as a measure of its non-
linearity. The detector response is defined either as detector output per unit change in solute
concentration or as the detector output per unit change in the units of the detector measurement
property (e.g. thermal conductivity). Detector sensitivity or minimum detectable concentration is
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defined as the minimum concentration of solute passing through the detector that can be
unambiguously discriminated from noise. The size of the signal that will make it distinctly apparent
from the noise (the signal-to-noise ratio) is a somewhat arbitrary choice. Detector noise is the term
given to any perturbation on the detector output that is not related to an eluted solute and it is a
fundamental property of the detecting system that determines the ultimate sensitivity or the
minimum detectable concentration possible. A critical issue met in all kinds of detectors is the peak
dispersion that takes place in the mobile phase conduits and sensor volumes of the detector.
However, due to the much higher diffusion rates in gas chromatography, dispersion is minimal and
does not significantly affect chromatographic performance. Finally, when designing or comparing
gas chromatographers, there are some detector specifications which need to be taken into account,
such as the sensor dimensions, the detector time constant, the pressure and flow sensitivity and the
operating temperature range. In the frame of the present thesis, two different chromatographic
detectors were utilized, namely a Flame lonization Detector (FID) and a Thermal Conductivity
Detector (TCD), which are discussed in more detail in the next paragraphs. The latter detectors
cover a wide range of applications offering catholic detection capabilities and excellent
performance and each or both of them are used in the extreme majority of chromatographic
systems in combustion research.

Flame Ionization Detector

The Flame Ionization Detector (FID) has been a commercial analyzer for about 50 years (McWilliam
and Dewar, 1958). Since its introduction has become the most widely used detector in GC due to its
reliability, low detection limits, wide dynamic range which offers a linear range that extends to
about 107 orders of magnitude, and its general utility for a variety of problems in trace organic
analysis. Additionally, under normal operation the detector response is not affected by modest
changes in flow, pressure or temperature, also not responding to impurities such as CO, and water.
The FID is a typical example of a mass sensitive GC detector which detects nearly all carbon
containing solutes, with the exception of a limited number of small molecular compounds such as
carbon disulfide, carbon monoxide, etc. In fact, due to its diverse and comprehensive response, it
could be classified as a universal detector, at least for organic materials. Due to the nature of the
detecting system, the FID can operate at very high temperatures and still maintain its high
sensitivity and wide linear dynamic range.

The FID consists of a small hydrogen-air diffusion flame burning at the end of a jet, to which the
eluted components from the column are directed with carrier and makeup gas flows as depicted in
Figure 2.4a. As the organic components reach the flame, electrically charged species are formed and
collected at an electrode set at a few volts above the flame, producing an increase in current
proportional to the amount of carbon in the flame. The resulting current is amplified by an
electrometer. The background current from the flame (ions and electrons formed by the
combustion of hydrogen alone) is normally extremely small (1.2x10-12 amperes) and consequently,
the noise level is commensurably minuscule ie. about 10-14 amperes. The ionization process is
relatively inefficient, only about 0.0018% of the solute molecules produce ions, that is about two
ions or electrons per 105 molecules. However, due to the very low noise level, the minimum
detectable mass of n-heptane is still as little as 2x10-12 g/sec. At a column flow rate of 20 ml/min.
this would be equivalent to a minimum detectable concentration of about 3x10-12 g/ml. (Scott,
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1998). The processes involved in the ionization mechanism in the FID begin at the tip of the jet and
occur in discrete regions of the flame (see Figure 2.4b). The mixture of carrier gas, makeup gas and
hydrogen flows out of the jet and expands outward, while air flows around the outside of the jet.
The heat energy produced at the flame reaction zone preheats the flow of gases from the jet by
back-diffusion. The organic materials eluting from the column undergo degradation reactions in
this hydrogen-rich region, forming a group of single carbon species. As the two gas flows mix at the
reaction methyl radical reacts with oxygen atoms forming formyl radical (CHO), which in turn
reacts rapidly with water produced in the flame to generate hydronium ions. These positively
charged ions are the primary positive charge carrying species. The process occurs approximately
once every 100,000 carbon atoms introduced in the flame and it is almost a quantitative counter of
carbon atoms being burned. In essence, therefore, the FID response is proportional to the number
of carbon atoms, instead of the compound weight or moles (Grob and Barry, 2004). Moreover, there
are studies evaluating the effective carbon atom number of various species with respect to their
homologous series (Kallai et al., 2001), molecular structures (Kallai and Balla, 2002) and different
experimental conditions (Kallai et al., 2003). The flame ionization detector is mass sensitive hence
it responds to the mass of solute passing through it per unity time. The advantage of the mass
sensitive detector is that the column eluent can be diluted without affecting the detector response.
This characteristic is particularly useful when using a capillary column as the mobile phase can pass
directly into the hydrogen flow of the FID and although the column eluent is extensively diluted, the
response of the detector is unaffected due to the fact that the FID is mass sensitive.
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Figure 2.4 (a) Schematic of an FID and (b) flame process in an FID (Grob and Barry, 2004)

However, the mechanism that fully describes the flame ionization processes and the respective
response of the detector is not totally understood. Nevertheless, an increasing effort is placed
towards a better understanding of the actual phenomena (Schofield, 2008). In this respect the
mechanism of the flame ionization detector has been reviewed (Holm, 1999) also accounting
isotope and heteroatom effects (Holm, 1997). However, the detector’s performance is such, that
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facilitates numerous hydrocarbons measurements (Wierzchowski and Zatorski, 2000; Slemr et al.,
2004), offering also the ability of predicting their response factor from their molecular structures
(Jorgensen et al, 1990) constituting the FID the most frequently used detector in analytical
combustion diagnostics.

Thermal Conductivity Detector

The thermal conductivity detector (TCD) is a universal, nondestructive detection sensor. and
responds to the mass of the solute per unit volume of mobile phase passing through it, as all
concentration sensitive detectors. Since thermal conductivity is a bulk physical property, it is also
identified as a bulk property detector, because it responds to some difference in the thermal
conductivity of the carrier gas caused by the presence of the eluted components. The TCD consists
of four tungsten-rhenium filaments in a Wheatstone bridge configuration. Electric current flows
through the four filaments causing them to heat up. A carrier gas of high thermal conductivity,
typically helium, flows across the filaments removing heat with a constant rate. When a sample
molecule with lower thermal conductivity exits the column and flows across the two sample
filaments, the temperature of the filaments increase unbalancing the Wheatstone bridge and
generating a peak as the sample molecules transit through the detector. The TCD detector is useful
because it detects all molecules, not just hydrocarbons, so it is commonly used for fixed gas analysis
(e.g. 02, N, CO, COz, H3S, NO, NO; etc.) where the target analytes do not respond well on other more
sensitive detectors. A well-designed, maintained and operated TCD is capable of noise levels as low
as 2 V. The TCD has detectability in the range of 10-¢ to 10-8 g/mL in carrier gas and its linear
response is about four to five orders of magnitude. In other words, the TCD is able to detect
concentrations from 100% down to about 100 ppm, but not lower. (Scott, 1998).
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Figure 2.5 Typical bridge circuit used in a four-cell Thermal Conductivity Detector (Grob and Barry, 2004).

Temperature fluctuations or the adoption of temperature programming could affect the TCD
performance. In order to overcome the effect of temperature on the conventional resistors of the
TCD, one can control the temperature of the resistors or use resistors at very low temperatures.
Alternatively, the four-filament configuration shown in Figure 2.5 replaces fixed resistors with a
filament cell for improved stability. The flow from the analytical column enters two matched
resistors of resistance R2, while the reference flow of the reference enters two matched reference
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cells of resistance R1 (Grob and Barry, 2004). For such a design, the response factor is increased by
a factor of 2 since the two filaments are contributing to the change in signal.

A trivial issue often met in thermal conductivity detectors is the appearance of negative peaks.
There are several causes for negative peaks in bulk property detectors when actual sample peaks
are eluted, including noise of contamination of the column. Negative peak is a relative term and is
best defined as a signal from the detector that is opposite in sign to the signal from an eluting peak.
The monitoring system is usually set up so that eluted peaks move upward on a recorder or
computer chart and so negative peaks will be those that move downward and, hence, their name
(Scott, 1998). In a gas-solid column separating the permanent gasses by adsorption using the
thermal conductivity detector, negative sample peaks can often be obtained depending on the
carrier gas employed and the sample gases that are being separated. If nitrogen is being used as the
carrier gas to separate hydrogen, methane and carbon dioxide and the system is arranged to give
positive peaks for hydrogen and methane then carbon dioxide, which will be eluted last will, under
most circumstances give a negative peak. This is because the combined effects of the specific heat
and thermal conductivity of hydrogen and methane relative to nitrogen will be opposite to the
combined effects of specific heat and thermal conductivity of carbon dioxide.

2.1.2.4. Essential auxiliary systems for gas chromatography

Along with proper operation and careful use of the basic parts of a gas chromatographer described
previously, it is essential to maintain constant operating conditions of a chromatographic method,
so as to ensure measurement reliability and repeatability of results. Modern chromatographers
incorporate numerous auxiliary systems to accomplish the latter target. Although details can be
found in literature references given along this chapter, there are two groups of auxiliary systems
worth mentioning. The first essential auxiliary system refer to the pneumatic modules that control
the flow inside the column and the second correspond to a subcategory of the hot vaporizing
injectors that facilitate sample analyses without overloading capillary columns, namely the
split/splitless injection modules.

Capillary inlets: Split/Splitless mode
The development of capillary columns led to a fundamental problem, arising from the fact that
these columns carry much less sample than packed ones. In other words, column overloading had

to be avoided by the introduction of a special inlet system. There are four inlets, common use in
capillary gas chromatography today, namely split, split-less, on-column and programmed-
temperature vaporization. Split and splitless injection are both performed at the same inlet, often
termed a split/splitless inlet. A split inlet is the simplest technique for concentrated samples that
allows the introduction of a fraction of the injected sample into the capillary column by adjusting
the relative flows of carrier gas into the column or to waste through a purge valve. Split inlets are
heated to ensure that the entire injected sample evaporates quickly and mixes homogeneously with
the carrier gas. Split inlet provides the rapid injection which leads to the narrowest initial
bandwidth on the column and is the technique of choice for small-diameter columns and rapid
separations. Splitless injection is performed using the same instrumentation as split, except that the
purge valve is closed at the moment of injection leading the sample vapor into the capillary column.
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When the purge valve is opened, any sample vapor remaining in the inlet is rapidly swept out of the
purge valve and reaches the capillary column, avoiding sample overload and peak broadening
(Grob and Barry, 2004). Injection using the splitless inlet is the most common means for improving
detection limits and is currently the most commonly used technique for trace analysis, although
complex sample preparation is often required.

Electronic pneumatic modules

Carrier gas supplies are provided either from synthetic air, oxygen or nitrogen generators, or, as in
most cases, from storage vessels in line with pressure regulators which ensure the desirable set
point values. The cylinders are usually situated outside and away from the chromatograph for
safety purposes and the gases are passed to the chromatograph through copper or stainless steel
conduits. It is apparent that the proper function of a chromatographic detector lies upon the
reference or make up gases flow as well. The first control on any gas line is afforded by simple
pressure controllers, with however, a number of pressure controllers, reducing valves and flow
controllers, used for detector and column flow control. The latter are termed in many
chromatographic systems as electronic pneumatic modules.

2.1.3. Development of a chromatographic method

The incorporation of columns, detectors and other chromatographic devises along with the
appropriate configuration of temperature and flow settings is usually described under the term
chromatographic method development. In the present paragraph two different chromatographic
methods are presented, both implementing all techniques discussed in previous paragraphs. The
first method was developed in the frame of the present thesis and the second, which has been used
for the measurements in the fourth chapter and was developed in the University of Zaragoza, Spain.
The described configurations, incorporated in an Agilent 7890A chromatographer, share the same
detectors and stationary phases, with however, important differences in temperature programming
and method capabilities, such as back-flushing of heavy compounds, as presented below.

2.1.3.1. Prime chromatographic configuration

The presented method targets on detecting light hydrocarbons and major combustion products in
two separate channels that lead to a TCD and an FID detector respectively. The hydrocarbon
quantities are quantified in the FID channel and all other major combustion products are identified
on the TCD. In order to achieve this, the FID channel is equipped with a capillary column with
dimethyl-polysiloxane stationary phase, whereas the TCD channel is equipped with packed
columns with 80/100 and 60/80 supports, respectively. Table 2-1 describes in detail the chosen
columns along with their commercial name, dimensions and gases that are eventually analyzed.

In the development of a separation, temperature programming is often not necessary and many
samples can be quite satisfactorily separated by operating the column isothermally. Mixtures can be
separated isothermally when the net combination of both polar and dispersive interactions are
relatively similar. For example, a solute retained predominantly by dispersive forces can be
retained to the same extent as a molecule retained predominantly by polar forces, providing the net
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interactive forces between the different molecules and the stationary phase are of the same order of
magnitude (Jennings et al, 1997). Consequently, as long as the net forces on each molecule are
similar, then the mixture can be separated by isothermal development. However, it might be
necessary to reduce the oven temperature in order to avoid co-elution of the first compounds. In
the given configuration the oven temperature was set at 30 °C, where methane is separated with
good resolution from the ethane with a carrier gas flow of 0.5 ml/min in the capillary column.

Table 2-1 Column selection for the chromatographic method developed.

Commercial

Column Stationary phase name Dimensions Detector Gases Identified
100% Dimethyl- 50 mx 0.2 mm CH4, C2H4, C2H6, C3H6,
Al polysiloxane HP PONA 0.5 pm FID C3Hsg, C4H10, C4Hs
Porous Polymer
Adsorbent Supelco Hayesep 3ftx1/8in
A2 Nickel mesh Q Support 80/100 2 1mm TCD Back-flush column
80/100
Porous Polymer Supelco Hayesep .
A3 Adsorbent Q Support 6 f;"hln/fl mn TCD CHa, Ha, 03, N2, CO, CO-
SS mesh 80/100 80/100 '
Synthetic zeolites Supelco
A4 based on Si0; and : 6ftx1/8in TCD Ha, Oz, N2, CO, CH
AlO4 polyhedra MolSieve X 2, 02, N2, CO, CHq
Molecular sieve 54~ Support 60/80

On the first channel, species are eluted through the capillary column connected to the flame
ionization detector, with nitrogen as carrier gas. The run-time events of this channel are quite
straight forward, with the sample reaching the flame ionization detector, after leaving the sampling
valve and passing through the 50:1 split mode. This configuration, which is primarily designed for
liquid sample injection, can be utilized for gaseous samples as well, providing better resolution of
the first solutes of the chromatogram with lowering, however, the detectability limit. In order to
avoid sample condensation, split/splitless injection module, as well as gas sampling valve, is kept at
190 °C. The described setup identifies C; to C4 alkanes and alkenes as described in Table 2-1.
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Figure 2.6 TCD channel configuration (valves set in OFF position)
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The second channel leads to a thermal conductivity detector, utilizing two packed columns and a
5 A molecular sieve column, as shown in Figure 2.6. The first two packed columns are both
connected to a ten-port valve which links the sample inlet with the sampling loop and can
additionally back-flush on demand any compounds trapped in the first column. In more detail,
while the sample fills the sampling loop of the two-way, ten-port valve, the first packed column is
fed individually with carrier gas, through the electronic pneumatic modules. When the
chromatographic method starts, or in other words the valve switches to ON position, the carrier gas
stream moves the sample from the loop onto the first column, which is already filled with carrier
gas. From this time on the separation process starts and the eluents move from the first column to
the next ones, reaching eventually the detector. However, the ten-port valve configuration can be
set to its original set point on demand. This would result in reversing the flow in the first column,
venting out of the system the eluents still trapped there, while the carrier gas flow in the columns
will continue. This procedure is determined by trial-and-error runs and often termed back-flush.
This technique can protect the installed columns or assist in avoiding species overlapping when
more columns are utilized. In the given setup, the system is set so as water and species “heavier”
than ethane are flushed out and do not reach the second column. The overall process at the two
packed columns separates carbon dioxide, carbon monoxide, hydrogen and air. Additionally, in
order to separately identify oxygen and nitrogen, a third molecular sieve column is installed.
Unfortunately, carbon dioxide can damage the molecular sieve column, so extra care must be taken.
In order to achieve 02/N; separation on the third column and at the same time protect it from CO:
contamination, a switching valve is installed. The developed chromatographic method is set up so
as when the first eluents exit the second column, namely hydrogen, methane, air and carbon
monoxide with that order, are trapped in the molecular sieve column and placed on hold in a stop-
flow mode. This means that the switching valve bypasses the carrier gas through a flow regulator
and leads the carbon dioxide to the detector directly after exiting the packed columns. The flow
regulator balances the bypass flow in order to acquire the same levels of detector noise with the
molecular sieve column on- and offline. One drawback of the latter method is that changes in the
switching valve can cause small noise traces in the chromatogram. Finally, after carbon dioxide is
eluted from the second column, the species that were in a stop flow reconnect to the carrier gas and
eventually reach the detector, with 0,/N; separation achieved. In conclusion, immediately after the
last solute of interest is eluted, the temperature of the column can be rapidly raised to the
maximum temperature the stationary phase can satisfactorily tolerate. This procedure elutes the
remaining peaks in the minimum time.

2.1.3.2. Alternative configuration

Along with the chromatographic configuration described in the previous paragraph, a second
alternative set up was utilized in the framework of the present thesis, so as to facilitate the
experimental campaign presented in the fourth chapter. This method has been described in
numerous studies over the last years (Abian et al., 2008; Esarte et al,, 2012) and only a comparative
description is given in the present section. The configuration utilizes the same two detectors as in
the previously described methodology, namely a thermal conductivity and a flame ionization
detector. The lighter hydrocarbon species are identified on the TCD without back-flushing them out
of the detector’s channel, as in the previous set up, whereas the FID channel is utilized for
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identifying heavier compounds such as benzene and toluene species. The latter choice necessitates
the incorporation of temperature programming techniques in the chromatographic method, since
an isothermal operation of the column would result a number of drawbacks. In particular, if the
column temperature is too low, as in the first method, the early-eluting peaks will be closely spaced,
while the more strongly retained components will be broad and low-lying. As discussed earlier,
these strongly retained components can be more quickly eluted by selecting a higher isothermal
temperature, also improving their detectability. Nevertheless, more rapid co-elution of
components, results in an overall loss of resolution at the beginning of a chromatogram. This
situation, which prevails in all practiced versions of elution chromatography, is often called the
“general elution problem”; it is solved in GC by temperature programming, where the column oven
temperature is gradually increased at a linear rate during an analysis.

Table 2-2 Column selection for the alternative chromatographic method utilized.

Column  Stationary phase Corzllglrﬁzaal Dimensions Detector Gases Identified
0, i -
B1 100% leethyl HP PONA 50 mx 0.2 mm FID Benzene, ethylbenzene,
polysiloxane 0.5 pm toluene and xylene
C2Hg, C2Hy, C2H2, CsHy,
B2 Bogi’eig' ‘l’g’g’;?;:“e HppLOTQ 0™ 4"00'?1]3 M rep CsHe, C3Hs, i-CsH1o, -
y " C4H1o, 1,3-butadiene
B3 Molecular Sieve 5A HP-PLOT 15mx 0.53 mm TCD Ha, 05, Ny, CO, CH,

Zeolite MoleSieve 25 um

Temperature programming offers several attractive features such as reduced time of analysis and
improved overall detectability of components or in other words, peaks are sharper and have nearly
equal bandwidths throughout the chromatogram (Harris and Habgood, 1966). The alternative
configuration starts from the same temperature as the prime method and follows a temperature
ramp reaching a value as high as 210°C with a ramp of 20°C/min. The TCD channel is equipped with
HP Plot Q columns coupled with a MoleSieve column and the FID channel is equipped with an HP
PONA column, as described in Table 2-2. In this way the CO, CO,, N, Hz, methane, ethane, ethylene,
acetylene, propane, propylene, propadiene, 1,3-butadiene, isobutane, ethanol are quantified at the
TCD and benzene, ethyl-benzene, toluene and xylene at the FID. In tis here noted that both sampling
lines pass through a split injection module with a ratio of 10:1, using the same temperature,
pressure and carrier gasses as the ones described in the previous section.

2.1.4. System calibration and error analysis

Gas chromatography can be used for two types of analysis; qualitative analysis which identifies a
solute present in a mixture and quantitative analysis which determines how much of this substance
is present in a mixture. Quantitative analysis is probably the major application of chromatography
techniques. Given the fact that column length, stationary phase and its loading, oven temperature
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and carrier gas flow are kept constant, the retention time can serve as a means to identify a given
solute. While qualitative data is obtained from retention measurements, quantitative analysis
involves the measurement of either peak heights or peak areas. Peak heights can be used as a
relative measurement of the quantity of material present, providing the separation is highly
reproducible. Alternatively peak areas are used for quantitative assessment and this approach is
claimed to be more precise. Measurement of peak area accommodates peak asymmetry or peak
tailing, without compromising the correlation between peak area and quantity. Consequently, peak
area measurements give more accurate results under conditions where the peak shape is not
perfect or appears in a non-Gaussian shaped profile. Quantitative analysis makes certain demands
on the chromatographic apparatus, particularly the injection system and the detector. In the first
instance, a truly representative sample must be placed on the column by the injection system and
secondly, the detector must have a linear response that is known and defined by its response index.
All contemporary GC detectors that are commercially available are designed to give a linear output
over a defined concentration range. Consequently, providing the calibration standard is chosen to
be appropriate for the linear dynamic range of the detector, quantitative accuracy can be achieved.

Quantitative measurements are obtained using either an internal or an external standard, which is
chosen so as it elutes discretely and well-separated from all other mixture components. In the
procedure termed internal standard method, a weighed amount of the standard can be added
directly to the sample and the peak area of interest is compared with that of the standard. In the
second procedure termed external standard method, a weighed amount of the standard can be
made up in a known volume of solvent, and chromatographed under exactly the same conditions as
the unknown sample, but as a separate chromatographic run. In this case the peak area of the
standard solute in the reference chromatogram is compared to the peak areas of the solutes of
interest in the sample chromatogram. For the purposes of the present thesis, the quantification of
the obtained results was achieved using external standardization. Different standard vials, each one
containing various species of interest in reference amounts, were utilized. The calibration method
was realized, as described above, through repeating identical calibration runs. The calibration
procedure and the respective error analysis presented hereon, concern the in house developed
method, with the approach also applying for the alternative configuration previously described.
Table 2-3 presents the reference amounts used, along with the respective response area and its
standard deviation for each species. Apparently, the reference amounts are given in pA:s when the
analysis was made using the flame ionization detector and in 25 pV-s, when the thermal
conductivity detector was utilized.

As noted in Table 2-3, most species appear to have a calibration uncertainty of the order of 1-2 %,
which suggests that the method operates reliably producing high measurement repeatability. The
only inconsistency on the aforementioned uncertainty levels concerns hydrogen and methane,
when the latter is identified on the TCD channel. Hydrogen presents higher calibration uncertainty,
due to the fact that the reference amount of hydrogen used was only 5%. Such a small amount will
not significantly disturb the overall Wheatstone bridge equilibrium on the TCD, due to the fact that
that thermal conductivity of hydrogen and helium, which is used as carrier gas, does not vary
appreciably. However, this level of reference amount ensures that the detector response is within
its dynamic range and close to the expected measured levels. On the other hand, the higher
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uncertainty levels for methane on the TCD, can be attributed to the fact that methane was eluted
directly after column A4 was placed online following its stop-flow function (see paragraph above),
hence the baseline was disturbed from valve noise, resulting in larger integration errors.
Nevertheless, methane is also detected in the FID channel with very low levels of uncertainty and
those measurements were preferred. It is here noted that the FID response was calculated to be
within 2%, with respect to the effective carbon number of the analyzed hydrocarbons.

Table 2-3 Calibration table and overall uncertainty for the main method

Reference Calibration Area Calibration Normalized Overall

Species Amount Average Star_ldz{rd Detector Calibrat-ion Method
(%) Response ) Deviation Channel Uncertainty error

(pA-s or puV-s”) (pA-s or puV-s) (%) (%)

CO. 10 5256.4 8.16 TCD 0.16 3.35
0. 4.9 984.9 8.18 TCD 0.83 4.95
H> 5.7 26.62 1.16 TCD 4.35 20.35
\PR 85.1 38695.2 118.35 TCD 0.31 2.99
N # 88.2 38521.7 377.10 TCD 0.98 5.15
CH4 1.1 479.99 49.66 TCD 10.35 46.37
(0(0) 5 2110.57 38.32 TCD 1.82 8.56
CH4 1.1 128.38 1.33 FID 1.04 5.65
C2Hs 1.24 290.09 3.72 FID 1.28 6.55
C3Hs 0.91 311.59 3.37 FID 1.08 5.78
i-C4H1o 1.08 493.49 3.15 FID 0.64 4.27
n-C4Hio 1.1 490.13 5.35 FID 1.09 5.82
C2H4 0.99 890.27 6.19 FID 0.70 4.49
C3Hs 0.98 1294.72 8.99 FID 0.69 4.42
C4Hs 1.94 3294.88 56.095 FID 1.70 8.25

Additionally, in order to appreciate the produced results, it is important to comprehend the overall
measurement uncertainty along with the Ot-order uncertainty that arises from the instrument
itself (Taylor, 1997). As far as the overall measurements uncertainty a number of factors have to be
assessed besides the calibration error. Such factors include the linearity response of the detector
with respect to the calibrated range, the integration errors associated with the measurements and
the instrument accuracy. In more detail, in order to facilitate such an analysis, it is assumed that the
detector accuracy is of the order of 1% and its linear response within 1% for the FID and 2% for the

* Units correspond to pA:s for the FID and to uV-s for the TCD
t First out of two point calibration used for nitrogen
¥ Second out of two point calibration used for nitrogen
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TCD detector. The first order uncertainty associated with the scatter of the results of repeated trials
is assumed to be twice as the 0th-order uncertainty accompanied with a 2% sampling uncertainty.
Obviously, as described earlier the integration errors for methane, on the TCD channel, and the
signal-to-noise generated error for hydrogen is higher than the ones for the rest aforementioned,
with similar corrections applying on other species as proposed in the literature (Moffat, 1988). The
calculated values accounting for multiple-sample uncertainty analysis are presented in Table 2-3.

2.2, Continuous gas analysis system

Gas chromatography is an extremely versatile technique which can provide extensive speciation
data, as described earlier. However, although sampling procedures may be online and fully
automated, they do not provide the ability of real-time monitoring of a process, since the analysis is
made offline. On the other hand, there are various gas analysis systems that facilitate online
monitoring of exhaust emissions, based on state of the art, nondestructive instrumentation.
Continuous gas analyzers have a modular design that offers tailor-made, long-term, reliable
operation and the ability to upgrade with new features. Moreover, the implementation of such
diagnostic tools along with a sophisticated technique, as is gas chromatography, is also beneficial in
terms of providing supplementary data, avoiding further complexities; for instance continuous
nitric oxides monitoring with a continuous system can be easily combined with batched detailed
species measurements, rather than setup a chromatographic method incorporating all the latter.
These advantages of continuous gas analysis systems constitute them particularly attractive for
process control. Additionally, they are often used for industrial performance optimization, since in
such applications they can cover the majority of variables that need to be monitored. In the frame of
the present thesis, different continuous analyzers have been utilized, with however similar
principles of operation. This paragraph presents the employed instrumentation and discusses
detector operating principles and characteristics, providing the essential background for the
understanding of the experimental campaign which follows in the next chapters.

2.2.1. Continuous gas analysis detectors

Continuous gas analysis integrated systems may incorporate numerous detection schemes for the
analysis of major combustion products, as well as for the quantification of important pollutant
emissions. The choice of the appropriate detector is unambiguously connected to the process to be
monitored. Studies of rapidly changing phenomena, for instance, would require the use of a
detector with short time response, as is the incorporation of a chemiluminescence detector for
nitric oxides monitoring in diesel engines transient operation studies (Giakoumis et al,, 2012). On
the other hand, an integrated emission monitoring system should cover the diagnostic needs for all
species of interest, as for example sulfur oxides monitoring in studies of fuels with sulfur content
(Fryda et al., 2012). In other words, the utilized diagnostic tool should incorporate detectors that
cover all the species of interest and satisfy the detection specifications as well. In this regard, the
present section presents the detectors used within the framework of the present thesis, which
include infrared (ABB Uras26) and ultraviolet (ABB Limas11) photometers configured for the
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detection of carbon, nitric and sulfur oxides, as well as a magneto-mechanical sensor (ABB
Magnos206) for oxygen detection. The various detector modules where integrated in one central
unit with common control and interface. Their characteristics, accuracy and calibration procedures
are discussed in detail below.

2.2.1.1. Non-dispersive spectroscopic detectors

Before analyzing the principle of operation of non-dispersive detectors, it is essential to understand
the fundamentals of the absorption of light in matter, as described by Beer Lambert’s law. The
intensity of absorption by a sample varies with the length of the sample according to equation 2.1.

log (I/1,) = - &-cl (2.1)

Where I, is the incident intensity at a particular wavelength, [ is the intensity after passage through
a sample of length [ and c is the molar concentration of the absorbing species. The quantity ¢ is
called the molar absorption coefficient, also widely termed extinction coefficient. The molar
absorption coefficient depends on the frequency of the incident radiation and is greatest where
absorption is more intense. The dimensionless product A = €-c:l is called the absorbance or optical
density of the sample and the ratio I/1, is the transmittance T (Ingle and Crouch, 1988). It becomes
obvious that as a gas flow passes through a sampling cuvette with known dimensions, its
concentration in the absorbing species of interest can be derived by measuring its transmittance.
The term non-dispersive refers to the fact that all the light passes through the gas sample and is
only filtered immediately before the detector. Dispersive infrared detectors use a grating or prism
to pre-select the desired wavelength of light and pass only this through the gas sample to the
detector. Dispersive infrared detectors are usually used in bench-top analytic instruments for their
ability to scan a broad wavelength range.

Non-dispersive infrared sensors

Infrared gas analysis is one of the most basic techniques of gas detection (Luft, 1975). All gases
absorb infrared light energy of various wavelengths. Multiple gases and gases with very
complicated absorption spectra may be accurately quantified using this technique (Lammel et al.,
2001). Non-dispersive infrared absorption spectroscopy (NDIR) is currently the methodology of
choice for the accurate and reliable measurement of gas concentrations. A sensor is used to monitor
a specific range of the infrared spectrum corresponding to the signature wavelength of the target
gas. When the target gas passes between an infrared source and the detectors, the absorption
spectrum changes and instrument electronics are used to process this information and determine
gas concentration. In more detail, these techniques rely on the energy absorption characteristics of
a particular gas in the infrared region. Their key components are the infrared source, the sample
chamber or light tube, the wavelength filter, and the infrared detector. The gas is pumped into the

sample chamber and gas concentration is measured electro-optically by its absorption of a specific
wavelength in the infrared. In most NDIR instruments, infrared light passes through two identical
cuvettes and reach a detector. The first cuvette is filled with a non-absorbing gas such as nitrogen
and it serves as a reference cell, while the second cuvette is the measurement cell from which the
continuous gas flow of sample to be analyzed passes through. The detector has an optical filter in
front of it that eliminates all light except the wavelength that the selected gas molecules can absorb.
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Other gas molecules do not absorb light at this wavelength, and do not affect the amount of light
reaching the detector. Energy in the region of interest is absorbed by the gas in the measurement
cell, attenuating the energy passing through the cell and falling on the detector. This attenuated
energy is compared to the unattenuated signal from the reference cell and the difference is
proportional to the amount of absorbing gas in the measurement cell.

In particular, the utilized continuous non-dispersive infrared photometer can selectively measure
concentrations of up to four sample components simultaneously. For the needs of the present
thesis, the detector was configured to selectively measure the concentration of CO at the infrared
spectrum around 4.7 pm and CO; at the infrared spectrum close to 4.2 um. The utilised gas analysis
incorporated a built-in calibration cell and was calibrated for detecting CO at a range of 0 to
10000 ppm and CO; at a range of 0 to 25% (vol.) with 1% span accuracy per volume. As far its
overall uncertainty is concerned, the linearity deviation varied by 1% and its repeatability by 0.5%
of the span measurement, whereas zero drift and sensitivity ranged by 1% and 3% respectively,
resulting in an overall measurement error of nearly 4%.

Non-dispersive ultraviolet spectroscopy detectors

Despite the fact that numerous techniques have been employed for nitric oxides detection in the
infrared (Wang et al., 1998), ultraviolet light is often used for the analysis of nitric and sulfur oxides
as well. Ultraviolet detection is moreover, advantageous against chemiluminescence detectors due
to the fact that is generally not as cross sensitive towards major gaseous combustion products. CO>
and H>0 do not absorb well the ultraviolet light and have no ability to interfere with the UV
measurement of nitric oxides. Often, when the UV measuring principle is used it is actually termed
non dispersive ultraviolet principle (NDUV). The measurement is made by leading a gas flow
through a cuvette where the ultraviolet light source and the optical filter have been placed at one
end of the cuvette and a detector at the other. The light source sends out a scattered ultraviolet light
at a wavelength determined by the optical filter installed between the light source and the cuvette.
The absorption of the light that is sent into the cuvette is an expression of the concentration of the
gas to be analyzed, as described earlier. The amount of light passing through the gas is measured by
the detector at the other end of the cuvette.

In particular, that utilized detector (ABB Limasl1) is a process photometer which is easily
configured to meet individual process measurement requirements. The measuring principle is
particularly reliable because of its high stability which is based on the four-beam signal processing
principle. As a result, it is unaffected by contamination in the cells. A high degree of selectivity is
provided by using interference and gas filters as well as optimum selection of measured wavelength
and reference wavelength. This allows electronic cross sensitivity correction. The utilised gas
analysis incorporated a built-in calibration cell and was calibrated for detecting NO (close to
226nm) at a range of 0 to 1000 ppm and NO; at a range of 0 to 100 ppm with 1% span accuracy per
volume. As far its overall uncertainty is concerned, the linearity deviation varied by 0.5% and its
repeatability by 0.5% of the span measurement, whereas zero drift and sensitivity ranged by 1%
and 0.1% respectively, resulting in an overall measurement error of nearly 2%.
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2.2.1.2. Paramagnetic detector for oxygen detection

Oxygen concentration measurements are of high importance in combustion diagnostics, since
especially in fuel-lean flames, they constitute a major combustion product. Moreover, oxygen
concentration levels can be used to experimentally determine the equivalence ratio and by this
means reveal either system malfunctions or experimental flows (e.g. flow controller offsets). This
section presents the oxygen detectors utilized in the frame of the present thesis.

Paramagnetic sensor
Some gasses such as oxygen have paramagnetic characteristics due to non-paired electrons. This

feature can be used by letting the gas pass through a magnetic field in a gas analyzer. There are
numerous designs for paramagnetic sensors (Schmid et al., 2006) but mainly of two different types.
The first, often called thermo magnetic, consists of a heated wire placed in a magnetic field, which
serves as the measuring cell. Oxygen molecules are dragged towards the magnetic field and as they
pass through the measuring cell, they cool the heated wire and thus change its resistance. The
change of resistance in the heated wire is proportional with the 0, concentration. Alternatively, a
focused magnetic field is created and oxygen molecules that are present in the sample stream are
attracted into the strongest part of the magnetic field. Two nitrogen filled glass spheres are
mounted on a rotating suspension within a magnetic field. A mirror is mounted centrally on the
suspension and light is shone onto the mirror. The reflected light is directed onto a pair of
photocells. The attracted into the magnetic field oxygen molecules displace the nitrogen filled
spheres, causing the suspension to rotate and the photocells detect the movement generating a
signal. The signal generated by the photocells is passed to a feedback system, which pass a current
around a wire mounted on the suspension. This causes a motor effect, which keep the suspension in
its original position. The current measured flowing around the wire is directly proportional to the
concentration of oxygen within the gas mixture.

2.3. Concluding remarks

Combustion diagnostics using several different tools is commonly applied to obtain simultaneous
measurements of a wide variety of combustion parameters, in order to develop sound
understanding of process efficiency, flame stabilization, reaction kinetics, emissions generation and
many other combustion related aspects. Accordingly, there are diagnostic tools presenting large
diversity, such as batch or real-time monitoring of emissions, analytical chemistry or spectrometric
detecting principles and so on. The present chapter examines two separate intrusive diagnostic
techniques, which are utilized in the present thesis in chapters 4, 6 and 7. The first concerns a gas
chromatographic and the second a continuous gas analysis system. The basic parts of the GC system
and the developed methodology, along with an alternative configuration, were described. The
operating principles and the respective uncertainty analysis for both systems were also discussed.
This chapter presents the methodology and provides a solid background for understanding the
results presented in the following chapters, which utilize the aforementioned techniques, namely
chapters 4, 6 and 7.
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Chapter 3

Nonintrusive  combustion diagnostic
techniques

One may argue that the first nonintrusive combustion research are the early experiments of
emission spectra of heated elements by Robert Bunsen and Gustav Kirchhoff, roughly 150 years ago
(Kirchhoff and Bunsen, 1861). However, it was the incorporation of laser-based techniques that
revolutionized nonintrusive combustion research, with the first major review article appearing
almost one century later (Schwar and Weinberg, 1969). Before the introduction of laser-based
diagnostic tools, measurements in flames were made by inserting probes such as Pitot tubes and
hot-wires for velocity, thermocouples for temperature, and suction probes for gas concentration
measurements, while particle measurements required them to be collected on filters inside suction
probes for subsequent removal and size analysis. Over the last decades, there has been an
incredible development and application of laser-based tools that accompanied the respective
increase in the amount of combustion research carried out, resulting in a better understanding of
fundamental processes in high-temperature, reacting flow systems. Currently, there is a large
number of linear and nonlinear laser-based techniques for nonintrusive measurements of species
concentrations, temperatures, and gas velocities in a wide pressure and temperature range.
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Instead of relying on global measurements, instruments have been developed so as to probe into
flames and combustion environments, allowing spatially and temporally resolved measurements of
temperature, flow and species concentration. An important factor that has contributed to the
increased level of understanding of combustion phenomena is that laser diagnostics enabled to a
large extent the real-time monitoring of important combustion intermediate species. This
facilitated indirect measurements of heat release, mixture fractions, flame front visualization and
many other aspects of combustion processes, with high temporal and spatial resolution. Data
obtained from such experiments form the basis for comparison with detailed mathematical models
of laminar and turbulent reactive flows in order to obtain optimal conditions to lower pollutant
formation and fuel consumption. Beside the nonintrusive diagnostics of technical combustion
devices, the kinetics and microscopic dynamics of elementary chemical combustion reactions can
be further investigated in great detail by laser spectroscopy. These investigations show, that a small
number of relatively simple elementary steps control a large variety of combustion phenomena and
pollutant formation processes (Wolfrum, 2002). In addition, laminar flames have proved ideal for
laser spectroscopic method developing for testing and improving gas-phase reaction mechanisms
in models for practical combustion systems, which in turn are of basic importance in the validation
and further development of turbulent combustion models (Kuo and Parr, 1994).

In general, laser combustion diagnostics can be classified into flow field measurements, scalar field
measurements and combined flow-scalar diagnostics (Tropea et al., 2007). Primarily, point flow
field measurements rely on Doppler shift and are obtained using Laser Doppler Anemometry or
Velocimetry (Schneider et al., 2003), which are met in the literature with the acronyms LDA or LDV,
respectively. Additionally, plannar or even global flow field measurements are obtained by tracking
molecular traces or particles using Particle Imaging Velocimetry-PIV (Upatnieks et al., 2004).

Temperature profiles, are mainly measured using either elastic/Rayleigh scattering, by measuring
gas phase density and hence temperature (Knaus et al., 2005), or by inelastic/Raman scattering
(Pitz et al., 1990; Cheng et al., 2010), or even combining both (Masri et al., 1996). In addition, new
techniques like laser-induced breakdown thermometry (Kiefer et al, 2012), or two-line atomic
fluorescence (Burns et al., 2011) thermometry are increasingly appearing in the literature.

On the other hand, concentration measurements for major and intermediate combustion products,
including soot, are obtained using various optical and spectroscopic techniques, such as
chemiluminescence (Nau et al., 2012; Hardalupas and Orain, 2004), Intra-Cavity Laser Absorption
Spectroscopy-ICLAS (Goldman and Cheskis, 2008) or Cavity Ring-Down Spectroscopy-CDRS
(Mercier et al,, 2001). Furthermore, temperature and species measurements are obtained using
nonlinear techniques, such as Coherent anti-Stokes Raman Scattering-CARS (Kiefer and Ewart,
2011; Dreier and Rakestraw, 1990), Degenerate Four-Wave Mixing-DFWM (Seeger and Leipertz,
1996; Hancock et al., 1997; Marrocco, 2012) and polarization spectroscopy (Suvernev et al., 1995).
Moreover, electron ionization and Resonance-Enhanced Multi-Photon Ionization-REMPI
techniques are also used in order to explore formation pathways of aromatic compounds (Hansen
et al., 2012). Finally, particle sizes and concentrations are observed by laser-heating the particles
and detection of the subsequent incandescence in a process called Laser-Induced Incandescence-
LII (Axelsson et al., 2000; Shaddix and Smyth, 1996).
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Evidently, Laser Induced fluorescence-LIF is a powerful diagnostic tool and holds a distinguishing
place among the aforementioned optical and spectroscopic techniques, which justifies the reason
for being the most frequently utilized nonintrusive technique in combustion research. Its major
advantages which constitute its application straightforward rely on the comparatively simple
optical adjustments which provide a low level of experimental setup complexity, and on the fact
that the short-nanosecond exposure time scales give clear two or three dimensional images.
Additionally, the LIF technique is advantageous, as it is an extremely sensitive probe for minor
species detection, providing the experimental basis for understanding flame chemistry (Wolfrum,
1998). However, in order to perform LIF measurements, an accurate determination of excitation
and detection wavelengths has to be made, also accounting the difficulties in operating tunable
lasers. In addition, the quantification of such measurements is quite demanding and even more
essential when the species of interest appear in low concentrations. Due to the high selectivity and
wide flexibility with respect to species detection of the method, laser induced fluorescence
spectrometry has been applied to a large number of experimental investigations, covering different
aspects of combustion systems.

The most frequently, as well as the first species to be systematically by means of laser induced
fluorescence spectroscopy is the hydroxyl radical (Dryer and Crosley, 1982) and as a result its
spectrum along with the associate molecular transitions are nowadays clearly defined (Brockhinke
et al, 2005). Accordingly, nitric oxides formation in flames has been also studied extensively,
although their detection posses several difficulties (Bessler et al, 2002; 2003). The accurate
knowledge of the molecular transitions for the hydroxyl radical and the nitric monoxide, facilitates
the utilization of laser induced fluorescence technique for temperature measurements as well
(Hartlieb et al., 2000; Bessler and Schulz, 2004), with two-line excitation also possible, in order to
simplify the quantification of the results (Stelzner et al., 2012). Among other major combustion
products (Aldén et al., 1984), species that have been systematically investigated by means of laser
induced fluorescence include CH (Gibaud et al., 2005), NCN (Sutton et al., 2008) and formaldehyde
(Gordon et al, 2008). These, so called minor species, are of significant importance in the
combustion research, as for instance, OH" and CH" are important flame front markers and combined
with CH;0 can yield valuable information about the flame heat release (Kohse-Hdinghaus and
Brockhinke, 2009). In addition, there are studies utilizing the LIF technique for poly-aromatic
hydrocarbon species detection in flames (Mercier et al., 2008; Bakali et al., 2012). Apparently, LIF is
met in various applications as diverge as toxic metals detection from flames (Zhang et al., 1998), to
burning velocity measurements (Yamamoto et al., 2009) and mixing visualization in engines (Zhao
and Ladommatos, 1998), also using tracers (see section 5.2.1.1).

It becomes obvious that laser induced fluorescence is the tool of choice, that covers the diagnostic
demands which are essential to achieve the scope of the present thesis. This chapter provides the
basic knowledge for the nonintrusive diagnostic techniques utilized in this framework. This
includes the description of the methodology followed for the hydroxyl radical detection, for flame
front visualization. Accordingly, the essential parts of the utilized instrumentation are overviewed,
for all optical and spectroscopic tools used in nonintrusive diagnostic means.
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3.1. Laser combustion diagnostic tools - Laser induced
fluorescence

Laser diagnostics are widely used in fundamental combustion science, research and development to
investigate transient phenomena without influencing the system under study by inserting probes
and surfaces. Fluorescence-based diagnostic tools are advantageous against common optical
measurement techniques based on planar imaging of scattered light, due to the increased strength
of the process itself. In addition, fluorescing techniques are beneficial against traditional ones,
especially in the case of measuring radicals, which unlike stable combustion gases, do not survive a
sampling line leading, for example, to a gas chromatographer. It is thus important that the methods
used for detecting radicals are noninvasive as well as nonintrusive, contrary to, for example,
molecular beam mass spectrometer (Hanson et al.,, 1990). Laser-induced fluorescence is frequently
used for remote detection of concentration and temperature. Within the duration of a single laser
pulse, typically a few nanoseconds, volume elements in the sub-millimeter range can be observed.
Two-dimensional cross-sections can be illuminated with light sheets and the resulting signal light
can be imaged on charge-coupled device cameras (Schulz and Sick, 2005). Laser induced
fluorescence is the versatile technique which is employed in the frame of the present thesis to serve
as a means of detecting OH" radical for flame front structure, position and propagation
visualization. This technique yields valuable information about cross sections in turbulent
combustion media and therefore distinguishes between isolated areas and flame structures. This
section presents the fundamental theory behind spectrometric techniques, along with the basic
instrumentation for laser induced fluorescence measurement realization.

3.1.1. Fundamentals of laser spectrometry

Classically, light-matter interactions are a result of an oscillating electromagnetic field resonantly
interacting with charged particles. Quantum mechanically on the other hand, light fields will act to
couple quantum states of the matter. As a simple definition, laser induced fluorescence is the
spontaneous emission from atoms or molecules that have been previously excited by laser
radiation. In order to explain the phenomena involved in fluorescence, as also in all inelastic
processes, closer attention to the states of energy of the atom or molecule has to be given. The
motion of the nuclei and electrons that make up atoms and molecules is described by the well-
known Schrédinger wave equation, which correlates the wave function with the mass of the atom
or molecule, and the potential field in which the nuclei and electrons move. According to the
quantum-mechanic theory, only discrete energy states, associated with the respective wave-
functions, are allowed, which are called quantum states. The allowed quantum states depend on the
total energy and angular momentum of the system, and the angular momentum of each particle in
it. In order to define the structure of a real system, approximate or numerical solutions must be
used. For diatomic molecules the energy is determined by three important motions; orbiting and
spin of electrons, and vibration and rotation of the nuclei with respect to each other. For the
purpose of the analysis, according to the Born-Oppenheimer approximation, the motion of the
electrons may be separated from the slower motion of the nuclei, due to their small mass. In
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essence, the nuclei move within a potential field created by the motion of the electrons and the total
energy of the molecule is obtained by the summing the electronic, the vibrational and the rotational
energy (Daily, 1997).
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Figure 3.1 Energetic states of a diatomic molecule (Mayunger and Feldmann, 2001). The three characteristic
parameters; rotational state J, vibrational state v and electronic state X, 4, B etc. Primarily in laser
spectroscopy the ground and first electronic state are involved, hence the terms are simply denoted by one
(lower term) or two (higher term) primes.

The detailed structure of atoms and molecules have been extensively described over the past
(Feynman, 2005) and reach beyond the scope of the present thesis. Here, the fundamental
transitions between energy states associated with laser diagnostics are briefly described, using the
simple diatomic molecule as described earlier. The electronic transitions in an atom can even be
described using the well-known Bohr model, which, although not exactly valid, states that the
electrons move in certain radial pathways around the nuclei and the atom contains higher energy
with increasing electron motion radius. As a result, an electron can change its path of motion in
discrete steps which accordingly correspond to discrete changes of energy. Because the molecule
exists in definite states, only definite amounts of energy can be transferred. The configuration of the
electrons with the lowest energy content is called electronic ground state and all others are termed
excited states. In the diatomic molecule considered, there are two more possibilities for energy
storage beside electronic excitation of each atom; vibration and rotation. The atoms in the molecule
can vibrate against their center of the mass, due to the forces between the bonded electrons of the
atoms. The third mode of energy storage is the rotation of the molecule around its center of mass.
Like the electrons in atoms, only discrete states are allowed both for rotation and vibration
(Mayunger and Feldmann, 2001). The difference between adjacent rotational energy levels is much
lower than that between adjacent vibrational states, which in turn is much lower than the energy
difference between a molecule in an excited and its ground state. It is usual to represent this three
stage molecular energy states diagram graphically, as in Figure 3.1. There are quantum numbers
that identify the discrete energy levels, which correspond to the values of | for rotational, v for
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vibrational and X, A, B capital letters for electronic quantum numbers. Note that not all electronic
configurations result in stable potential as the ones drawn in the figure above, and these states are
called predissociative.
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Figure 3.2 Raman and Rayleigh scattering (Hassel and Linov, 2000)

The spectral absorption and emission of radiation results in the transition of the atom or molecule
between the energetic states described earlier. As initially proposed by Einstein, the radiative
processes include absorption and induced and spontaneous emission. Induced emission arises
when the presence of a radiation field forces the molecule to a lower energy state, whereas
spontaneous emission occurs as the result of the natural instability of excited states. When intense
monochromatic radiation of a laser passes through a gas, elastic or Rayleigh scattering at the laser
wavelength, as well as inelastic or Raman scattering with shifted wavelengths is observed. Since
Rayleigh scattering is an elastic process the signal is subject to interference from the intense
scattered light produced by particles and nearby surfaces. However, if the total Rayleigh scattering
cross-section of the sample volume composition is known, this method alone can produce
extremely accurate temperature measurements. Rayleigh scattering is a relatively weak effect, but
from intense laser beams it is nonetheless visible to the eye. Raman scattering is an inelastic
process in which the oscillating polarizability of the molecule modulates the scattered radiation,
thereby leading to the appearance of two side-band frequencies (Zhao and Hiroyasu, 1993).
Inelastic scattering is approximately three orders of magnitude weaker, but there appear many
extra signals at lower as well as higher wavelengths of the exciting laser. All these bands are part of
the Raman signal. Figure 3.2 illustrates the basic process, in which the scattering photon either
gains energy from the molecule ie. the anti-Stokes side, or loses energy to the molecule i.e. the
Stokes side of the Raman spectrum.

The various Raman transitions of a species characterize its spectrum, which follows a distinct
pattern; near the Rayleigh line there are relatively strong rotational Raman lines, which are, usual
in combustion experiments, totally blended with Rayleigh scattering due to the low resolution of
the used apparatus. At a molecule-specific position, strong purely vibrational transitions are packed
closely together, surrounded by very weak vibrational-rotational transitions. This part of the
spectrum on the Stokes side is usually employed for concentration measurements (Hassel and
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Linov, 2000). In summary, the electronic spectrum is composed of bands which arise from
transitions between specific vibrational and electronic states. Each pair of vibrational states may
give rise to a band, which is composed of transitions between different rotational levels. The
selection rules for electronic and vibrational transitions depend in detail on the molecular structure
(Daily, 1997). For a diatomic molecule possessing zero angular momentum around the internuclear
axis (X state), the selection rules for Raman scattering are given by 4Av = 0, #1 and 4v = 0, +2. Hence,
the pure rotational Raman spectrum (4v = 0) is characterized predominantly by a series of Stokes
and anti-Stokes rotational lines. The vibrational Raman spectrum also consists of a Stokes (4v = #1)
and an anti-Stokes (4v=-1) component, each with three branches: S (4/=+2), Q (4/=0), and
O (4] = -2). Since the rotational lines in the Q-branch are stronger and not normally resolved, this
branch is usually two orders of magnitude more intense than the S- and O-branches, and is thus the
most characteristic feature of the Stokes and anti-Stokes components of the vibrational Raman
spectrum (Laurendeau, 1988).

3.1.1.1. Theoretical considerations on laser induced fluorescence

Fluorescence is the emission of light from an atom or molecule following promotion to an excited
state by means of electron bombardment, heating, chemical reaction or photon absorption,
appearing in lifetimes between 10-10 and 10-5 seconds (Eckbreth et al., 1979). Laser induced
fluorescence is absorption, followed after a finite time period by spontaneous emission from the
excited manifold. The energy of the emitted photon(s) is, according to Planck’s law, directly
proportional to the frequency of the emitted light. Since natural fluorescence occurs in transitions
from weakly populated excited energy electronic levels, the signal is as weak as the population
density. The role of laser induced fluorescence is to promote a considerable number of atoms or
molecules, from the densely populated lower energy levels to the excited ones, so as to enhance the
subsequent fluorescence. The detected fluorescence in not necessarily from the directly pumped
state, which in other words means that the fluorescing light may appear in a different frequency
than the excitation light, so the latter can be filtered out, avoiding potential interferences from
particle (Mie) or spurious laser scattering. Moreover, since fluorescence involves the cross sections
between two different electronic states, it generally results many orders of magnitude stronger
signal than the light scattering methods, described earlier. The latter, poses several difficulties in
quantitative measurements since depopulation via collisionally induced energy transfer must be
determined. Since fluorescence is only one of the aforementioned concurrent effects, it becomes
obvious that absorption lines and the emission pattern are highly specific for particular species, so
LIF is very sensitive not only to concentration levels but also to species present at the probed
volume, as well as to operating conditions.

Although LIF measurements are realized based on the same principle, which is to observe the
resulting spontaneous emission that follows the excitation of a molecule, different detection
strategies are distinguished. Different methods are distinguished according to the characteristics of
the actual transition processes involved and the configuration of the probe. In order to characterize
those detection schemes, it is essential to comprehend the subsequent processes that follow the
one-photon excitation of a molecule in a higher electronic level. Those processes are schematically
depicted in Figure 3.3 and briefly summarized (Mayunger and Feldmann, 2001) as follows.
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Figure 3.3 Graphical depiction of the processes occurring after excitation of a molecule AB (Hassel and Linov,
2000). Fluorescence and quenching are getting the molecule back to back into its ground state, whereas
ionization and dissociation change the molecule into AB* or into fragments A and B.

Firstly, the excited molecule can undergo a laser stimulated transition back to its original quantum
state with subsequent emission of a photon at the laser beam frequency and direction, or fluoresces
back to its ground electronic state, also involving light emission. Secondly, the molecule can absorb
an additional photon from the incident light and go to an even higher energy level or even reach
ionization. Thirdly, the internal energy of the system can be altered in inelastic collisions with other
molecules, which may cause a transition to a lower electronic state without emission of light; an
effect commonly referred as collisional quenching and depends on pressure, temperature and
intermolecular characteristics of individual colliders. As a rule of thumb for flame applications, only
one out of a thousand excited species fluorescence, due to large cross sections produced as a result
of the high reactivity of species under investigation. Nonetheless, collisions with other molecules
may cause vibrational and rotational transitions within the excited state with subsequent
fluorescence. Finally, interactions between the separate atoms of the molecule produce internal
energy transfer and dissociation of the molecule; if the dissociation caused by a shift from a stable
configuration to an unstable electronic configuration, showing a repulsive energy potential curve
without specific energy minimum, the process is called pre-dissociation (Hanson et al, 1990).
Accordingly, three main domains of excitation can be distinguished. In the case of weak excitation,
the ground state is not disturbed and the signal depends linearly on the laser power, hence this
approach is termed linear-LIF. On the other hand, if an intense excitation is achieved, saturation
connects the upper and lower levels; this approach is termed Laser Induced Saturated
Fluorescence-LISF. The signal from LISF is independent of collisional effects and the laser power,
but saturation over the whole space and time of a measurement is not easy to achieve (Hassel and
Linov, 2000). Finally, an approach to avoid the dependence of the measurement on momentary
environment uses the effect of pre-dissociation. In this technique strongly dissociating states are
pumped, which depend only on the molecule itself hence this approach is termed Laser Induced
Pre-dissociation Fluorescence-LIPF (Cooper et al., 1998).

A major problem for specific diagnostic techniques is the competition of collisions with the
radiation process that leads to the observable signal. In order to perform accurate measurements,
the structure and distribution of the energy levels of the species of interest, along with the possible
transitions and transition probabilities or transition saturation levels must be known. This involves
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the calculation of cross section of individual lines, which in turn necessitates the knowledge of the
relative intensities of all the transitions from the excited rovibronic level. For molecules with
complex spectra this is rather difficult or sometimes even impossible. The problem is that the
measured radiation time corresponds to the transitions from the excited electronic rovibrational
level to all the vibrational levels of the lower electronic state. Therefore, the radiation time
corresponds to the total absorption from all these levels. This demands detailed knowledge of the
spectrum, including, for example, Franck-Condon factors. Moreover, in some molecules the
relationship between the absorption cross section and emission Einstein coefficient can be
distorted because of the different types of intermolecular interactions, such as the ones between
rovibronic levels of the excited and the ground electronic states, i.e. the so called Douglas effect
(Cheskis, 1999). Explicit details on the calculation of Einstein coeffiecients and cross sections
(Hilborn, 1981) and in general, the approaches followed to treat those issues are available in the
literature (Kohse-Hoinghaus et al., 2005).

In order to clarify the previous discussion, the governing equations for fluorescence signal
calculation are briefly summarized below. As the fluorescence depends on the population of the
upper state, the state-dependent population dynamics must be solved. In order to avoid the
complexity of a quantum mechanical solution based on density-matrix interaction descriptions, a
simpler semi-empirical rate analysis is presented. The rate equations are conceptually and
mathematically more treatable than the quantum approach and are generally valid for combustion
measurements, where the laser pulses rise slowly compared to the characteristic collision time
(Hanson et al,, 1990). In order to illustrate the essential properties of laser induced fluorescence
and practically understand the difference between the various applied approaches, a two-level
molecular system, based on the two levels coupled by the laser radiation, is assumed. In order to
further simplify the equations, steady state is assumed, as justified for most combustion
environments, since laser pulses are long compared to the process time constant. Moreover,
collisional excitation from lower to upper level is omitted, since the two states are typically
separated by a few electron-volts. Finally, as conservation constrain, it is assumed that the higher
level was negligibly populated prior to laser pulse and that no chemical reactions occur during the
measurement. Given the latter, the population of the second energy level N, as a subset of the
previous one N3, as well as for the Nj, is described by equation 3.1 (Eckbreth, 1996).

dN

d_tl =—N,b, +N,(b,, + A, +Q,,) Equation (3.1a)
dN.
dtz =Nb;, —N, (b21 + Ay +0Qy, +P+VV21’) Equation (3.1b)

Here, Az; is the Einstein coefficient for spontaneous emission, b is the absorption rate coefficient
and b;; is the stimulated emission rate coefficient. Quantities bz; and b;z are related to Einstein
coefficient for stimulated emission B from b = B-I,/c, where c is the speed of light and I, the incident
laser intensity per unit frequency interval (spectral irradiance). Symbols Q, P, W»; denote the rate
constants for quenching, predissociation and photoionization respectively.

By formulating the solution of the two-level model into the integrated optical configuration, the
fluorescence signal power is related to the state population densities via equation 3.2.
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In the above described relation, h is the Planck constant, v is the frequency of emitted radiation, A is
the focal area of the laser beam, I is the axial extent along the beam from which the fluorescence is
observed and (2 is the detection solid angle. The term I's is the saturation spectral irradiance and
ginen by equation 3.2b.
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At low laser excitation irradiances, i.e. I' <<I'
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and neglecting the P, W>; terms, which is very usual

unless they are intensely introduced, equation 3.2b is simplified to equation 3.3.
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The latter equation describes the linear regime where fluorescence is namely linearly proportional
to the input laser irradiance. Ont the other hand, when I'>>I, the correlation between

fluorescence and ground state population is formed into equation 3.4 and as noted previously, the
quenching corrections could be avoided; this regime corresponds to the LISF approach.
hv Q B,

F=——IAN0

A .
c 4r "B,+B, Equation (3.4)

Finally, when the transition is excited to a predissociative state, which implies that the the LIPF
approach is utilized, the resulting fluorescence is given by equation3.5, given the fact that P>>Q.
hv Q

A,
F=——IAN;B,,I,—2* i )
s 121, P Equation (3.5)

It becomes obvious from the last equation that in LIPF approach, the effect of collisions in the
electronically excited state is completely eliminated, contrary to e.g. LISF approach, which is based
on sufficiently fast redistribution. However, in both techniques, care must be taken to avoid
depletion of the ground state, otherwise collisions within the electronic ground state repopulate the
level and make the signal sensitive to gas composition. Detailed description of the assumptions
made for the two-level model, as well as for three- and four-levels systems reach beyond the scope
of this thesis, but can be found in the literature references provided along this section (eg.
Mayunger and Feldmann, 2001; Daily, 1997).

3.1.2.  Basic components of the laser induced fluorescence detection
system

The rather complex (inter-) molecular interactions described earlier, caused by laser intrusion on
the species under study, raise notable demands for the diagnostic instrumentation. These equally
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concern the achievement of desired excitation, as well as the obtainment of proper detection bands.
As far as the excitation of a specific species is concerned, a narrowband monochromatic light, with
sufficient energy output, corresponding to the chosen wavelength, has to be achieved. This is not
trivial, since in order to obtain the targeted wavelength, a compromise for the systems’ output
power is usually made, which in many cases results in a highly “inefficient” configuration; a typical
diagnostic setup may originally produce a few joules per pulse, which are reduced, in favor of the
desired wavelength, to only a few millijoules per pulse. As far as the detection instrumentation is
concerned on the other hand, it is crucial to identify which bands of the emitted fluorescence will be
monitored, which would be the spatial and temporal resolution and more importantly, how is the
signal post processing going to be realized, in order to obtain accurate results. The present section
demonstrates the utilized instrumentation for the realization of the experimental campaigns
carried out in the frame of the thesis by nonintrusive means, namely in chapter 5 and section 7.2.
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Figure 3.4 Experimental configuration for laser beam and wavelength manipulation

A schematic representation of the experimental configuration is given in Figure 3.4. In the depicted
scheme, the laser beam undergoes changes in its energy and wavelength, namely from 1064 nm and
1]/pulse to either 280 or 220 nm with approximately 10 or 2 m]/pulse, in order to obtain the
desirable wavelengths for hydroxyl radical and nitrogen monoxide detection, respectively.
Although the description of the setup along with the operating principles of its components, are
described in more detail in the following sections, a brief summary of the instrumentation at the
T.U.-Bergakademie Freiberg, where this experimental campaign was realized has as follows. The
utilized laser system consists of a Q-switched Nd: YAG (Brilliant B) laser which produces laser
emission at a fixed wavelength of 1064 nm, coupled with a tunable dye laser (Quantel-TDL90). The
dye laser system consists of the oscillator and the dye cells. The addition of a second harmonic
generator (SHG) to the Nd:YAG doubles the frequency, resulting in a wavelength of 532 nm. This
beam is divided via a beam splitter into the fundamental beam which goes inside the oscillator
(~10%) and the pumping beam which is used for the amplifiers (~90%). The wavelength tuning
inside the oscillator is accomplished by a fixed grating mirror. The fundamental beam is intensified
by a pre-amplifier and a capillary amplifier. After this stage, it is possible to double the laser beam
which again halves the wavelength. Furthermore, it is possible to mix the pumped beam with the
1064 nm, or even use mixing after doubling. Due to the fact that the energy of the Nd:YAG laser
changes from pulse to pulse, it is necessary to measure this in order to achieve quantitative

109



Chapter 3 - Nonintrusive Diagnostic Techniques in the Frame of the Thesis

evaluation of the fluorescence. The last stage is a light sheet generator which builds up the two-
dimensional measurement domain. The fluorescence is eventually captured from the specimen
volume by the collection optics with a charge-coupled device camera with a specialized filter
mounted, according to the detection needs.

3.1.2.1. Nd: YAG laser and harmonic generators

Light sources used for LIF measurements vary in their spectral, temporal and spatial characteristics
(Rothe and Andersen, 1997). Practically, temporal characteristics are distinguished by either the
continuous wave or pulsed laser output. Spectral characteristics on the other hand are primarily
classified into single frequency or tunable wavelength systems. In any case, the produced laser light
ought to have a uniform radial spectral irradiance distribution. The adopted technique followed in
the frame of the present thesis, was to utilize a dye laser, pumped with a frequency-doubled
Nd: YAG pulsed laser. The Nd: YAG stands for Neodymium-doped Yttrium Aluminum Garnet or
Nd: Y3Al5012. The Nd: YAG is a solid state laser system in which the active gain medium is the YAG,
or in more detail, the triply ionized neodymium which replaces a small fraction of the YAG crystal
structure. The active gain medium, also referred as lasing medium, is the source of optical gain
within a laser, resulted by the stimulated emission of electronic or molecular transitions from a
previously populated higher energy state to a lower one, after population inversion is achieved. The
Nd: YAG can be described as a four level solid state laser (Trager, 2007) and provides the capability
to run it in continuous wave mode, with however, pulsed operation producing higher peak power
levels. Solid-state lasers are optically pumped, mostly with pump sources such as flashlamps (which
is the case here), or as increasingly done nowadays, with semiconductor diode lasers, which
operate with much higher efficiency and reduced heat load in solid-state laser materials (Schulz et
al., 2008). The laser material interacts with the radiation field of its own or another resonator and is
pumped by one or more excitation sources (flashlamps). The pump light may be incident on the
laser material from any direction relative to the laser radiation. Nd: YAG lasers typically emit light
with a wavelength of 1064 nm in the infrared region.

Electrooptical

Modulator ~ Polariser Flashlamp Output Mirror
. ST
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Cavity Quarter wave plate  Nd:YAG Active Medium
rear mirror

Figure 3.5 Layout of the used Nd: YAG laser (Quantel Brilliant B)

Q-Switch

Flashlamp pumped solid state lasers such as the Nd: YAG ones, generally produce laser emission
with an undefined energy structure; a behavior commonly called spiking. These generated spikes,
which occur due to different population environments, are fully random in amplitude, duration and
spike-to-spike time distance. In order to avoid this behavior and increase the generated laser
emission energy as well, an electro-optical cell is used. This is usually called Q-switch, due to the
fact that it alters the quality factor of the configuration’s optical resonator. The optical switch is

110



Chapter 3 - Nonintrusive Diagnostic Techniques in the Frame of the Thesis

inserted in the laser cavity waiting for a maximum population inversion in the neodymium ions
before it opens. After the electric energy which stored in the capacitors is discharged into the
flashlamps, the emitted optical energy is subsequently stored in the laser crystal. When the
maximum of population inversion is reached the optical cavity opens by means of this electro-
optical cell. Then the light wave can run through the cavity, depopulating the excited laser medium
at maximum population inversion. In this Q-switched mode, output powers in the megawatt region
and pulse durations of a few nanoseconds may be achieved. In general a Q-switch is an opaque
shutter inside the laser cavity which can be opened or closed; an often used shutter is the Pockels
cell along with a polarizer (Figure 3.5). If the Q-switch is closed no radiation takes place due to high
resonator losses and thus the number of excited atoms can reach a very high level. If the shutter is
opened after a certain time period, where the inversion has reached a high level, the resonator
losses reduce drastically and laser emission occur in a single short pulse with very high energy. The
pulse time is determined by the runtime of the laser light in the laser cavity. The Q-switch delay, for
all experiments carried out in the frame of the present thesis, was set at 215 ps.

Harmonic generators

Frequency conversion based on a neodymium doped solid state laser to generate harmonic waves
is an effective way to obtain visible and ultraviolet lasers. The high-intensity produced infrared
emission of the Nd: YAG laser may be efficiently frequency doubled to generate laser light at
532 nm, utilizing the so-called Second Harmonic Generator (SHG). The nonlinear crystals with high
nonlinear coefficient and good quality are key factors for harmonic generation. Specifically, this
green light is widely used in combustion diagnostics for dye laser pumping, as well as for Raman
scattering measurements. The latter procceses are realized via optical frequency multipliers. An
optical frequency multiplier is a nonlinear optical device, such as potassium dihydrogen phosphate
or KTP crystals, in which photons interacting with the nonlinear material are froming photons with
greater energy and thus higher frequency or, in other words, shorter wavelength. The physical
mechanism behind frequency doubling or, in other words, second-harmonic generation, can be
understood as follows. Crystal materials lacking inversion symmetry can exhibit a so-called x®
nonlinearity. Due to this nonlinearity, the fundamental (pump) wave generates a nonlinear
polarization wave which oscillates in the medium with twice the fundamental frequency, which in
turn radiates an electromagnetic field with this doubled frequency. In most cases, the pump wave is
delivered in the form of a laser beam, and the frequency-doubled (second-harmonic) wave is
generated in the form of a beam propagating in a similar direction (Paschotta, 2008). By additional
optically non-linear frequency conversion, wavelengths of 355 nm and 266 nm are also attainable,
which are respectively referred as the third (THG) and fourth (FHG) harmonic generators. The
infrared 1064 nm beam may be used for additive frequency mixing with the output of a dye laser.

3.1.2.2. Dyelaser

Contrary to most laser systems where the active medium dictates the fixed-wavelength generated
laser emission, dye lasers offer a tuning ability in a wide frequency range, from the near infrared to
the ultraviolet region. The active media in this type of lasers are solutions of certain complex
organic dye compounds in liquid solvents, such as ethyl or methyl alcohols and can be pumped with
either flashlamps or lasers. It is essential for a dye to have minimum overlapping between
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absorption and emission spectra, short fluorescence lifetimes and high quantum yield and
photochemical stability. Generally, these complex molecules contain a number of ring structures,
leading to complex absorption and emission spectra. Dyes are able to emit in a small wavelength
range, and due to their narrow range, different dyes are necessary to cover the entire spectral
range. The laser dyes can be categorized into different classes by virtue of their structures that are
chemically similar, such as coumarins, xanthenes and pyrromethenes. Typical solvents for laser
dyes are ethanol, p-dioxane and dimethylsulfoxid, with common dye concentrations normally well
below a gram per liter, although the exact levels normally depend on the used pumping power.
Figure 3.6 presents the emission spectra of the most common dyes after Nd: YAG pumping. In
addition to tunability, an intrinsic feature of dye lasers is their inherent ability to yield high pulse
energies and high-average powers in the visible spectrum region.
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Figure 3.6 The approximate working ranges of various Nd: YAG-pumped laser dyes (Stuke, 1992).
(Relative energy in logarithmic scale)

Dye lasers are normally pumped at relatively short wavelengths. Intense dye laser pulses can be
obtained with pulsed pumping, using a Q-switched pump laser, with power conversion efficiency
typically up to 30%. Pulsed pumping allows the excitation of large volumes and thus the generation
of pulses with high energies. A common strategy is to pump a green laser such as a frequency-
doubled solid state laser, as the one described earlier. As indicated also from Figure 3.6, a 532 nm
pumping beam may result in laser emission in the green, yellow, orange, red or near infrared
spectral region, depending on the utilized dye. Laser dyes for shorter emission wavelengths, such as
coumarin, have to be pumped at shorter wavelengths, typically with ultraviolet light. In order to
achieve excitation of the latter, the third or fourth harmonic generators of an Nd: YAG laser, are
commonly utilized. In the frame of the present thesis, a xanthene family dye, Rhodamine 590 also
known as Rhodamine 6G (C27H29CIN207) has been used, solved in ethanol. Most of the xanthene
laser dyes show efficient laser action in the 560 to 800 nm region, which may produce target
wavelengths around 280 to 400 after frequency doubling. Rhodamine 6G shows efficient laser
action in the 590 nm region and efficiently lases in most flashlamps pumped dye lasers. Rhodamine
6G exhibits good photostabilty and is one of the most often used and studied, or even used as
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reference to measure the efficiencies of other dyes. Since Dyes are circulated on the system and
pumped through thin transparent cuvettes, which obviously are of high optical quality and are
resistant to the laser and pump light. Although dye solutions have to be periodically exchanged in
order to avoid chemical degradation, they constitute a reliable laser tuning solution. Due to the low
dye concentration, the solvent plays an additional, important role. For example, the ethanol-solved
Rhodamine 6G presents a maximum main absorption at 530 nm, whereas the same dye solved in
either hexa-fluoro-isopropanol or dimethyl-sulfoxide presents absorption maximum values at
514 nm or 540 nm, respectively.
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Figure 3.7 The integrated dye laser system overview

Dye laser system overview; Oscillator and Amplifiers for fine tuning

In order to achieve a narrowband, fine tuning with dye lasers, an optical parametrical oscillator-
OPO, is often utilized. An optical parametric oscillator is a light source similar to a laser, but based
on optical gain from parametric amplification in a nonlinear crystal rather than from stimulated
emission. A main attraction of optical parametric oscillators is that the signal and idler wavelengths
can be varied in wide ranges, which are determined by a phase-matching condition. Most oscillators
are pumped with nanosecond pulses from a Q-switched laser, as is the case here, which assists to
overcome the pumping power threshold (Paschotta, 2008). The output pulses are often slightly
shorter than the pump pulses, since parametric oscillation sets in with some delay. The parametric
amplification process requires efficient phase matching, which primarily determines the oscillation
wavelength. Wavelength tuning is in most cases achieved by influencing the phase-matching
conditions, such as changing the angular orientation of the crystal. Here, wavelength tuning is
simply achieved by grating rotation, based on a diffraction grating in the so-called Littrow

configuration (Trager, 2007). This is achieved by rotating a tuning mirror which in turn rotates the
grating mirror with an accuracy of 2400 lines per mm, resulting in respectively tuning the produced
laser beam in the range of 420 to 750 nm. This laser beam is referred as the fundamental beam and
after leaving the oscillator is inteOnsified by a preamplifier and a capillary amplifier. The
amplification is enhanced by a 532 nm light-pumped Rhodamine 6G dye, as described earlier. The
overall process of described the wavelength tuning is graphically depicted in Figure 3.7.
Respectively, the energy levels are correspondingly dropping from almost 1] per pulse on the
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Nd: YAG, to approximately 400 m]/pulse after the second harmonic generator, reaching eventually
approximately 80 m]/pulse for the fundamental beam and almost 10 m]/pulse at 283 nm.

Alternative configurations: Mixing, doubling and mixing after doubling techniques

The final stage of laser tuning includes doubling, mixing or if necessary mixing after doubling
techniques. Nonlinear crystal materials, lacking inversion symmetry, are utilized to manipulate two
pumped beams and generate another with the sum or difference of the optical frequencies of the
pumped beams. In a sum frequency mixer, both pump waves experience pump depletion when the
signal becomes intense. For efficient conversion, the photon fluxes of both input pump waves
should be similar. In a differential frequency mixer, the lower-frequency wave is amplified rather
than depleted. This is because photons of the beam with highest photon energy are effectively split
into two lower-frequency photons, thus adding optical power to both lower-frequency waves
(Paschotta, 2008). For example, a frequency doubled fundamental beam, results in a laser light
around 280 nm, which is close to the OH-LIF target wavelength (see next section). A sum frequency
mixer is often called a Frequency Addition Source of Optical Radiation or simply FASOR. The
resulting beam after frequency mixing reveals a wavelength of A4,,;,, = 1;4,/(4; + 1;) where A;

and A; are the initially mixed beam wavelengths. For instance, mixing the Nd: YAG initial infrared
(1064 nm) with the frequency doubled fundamental beam results in a wavelength around 222 nm,
as depicted in Figure 3.4, which , along with the respective adjustments on the collection optics, is
of great importance in NO-LIF measurements

3.1.2.3. Receiving optics, detectors and filters

The combination of the Nd: YAG laser along with the associated harmonic generators and the
tunable dye laser system, provide the basis for acquiring laser light at the desirable wavelength, for
achieving the excitation of the species under investigation. The light is passed through a cylindrical
lense to acquire a planar sheet shape, in order to perform two dimensional measurements. A
portion of the emitted fluorescence is collected from the appropriate optics and led to the detector.
The detection system includes the collection optics, such as lenses and filters, as well as detectors,
amplifiers, digitizers and control electronics. Although the most severe error source is primarily
introduced by the laser light itself, the choice of an appropriate detector is of great importance, as
far as a reliable measurement signal is concerned.

The variety of optical signal devices exploit several physical principles, such as photoemissive,
photothermal, photoconductive, photovoltaic or charge coupling phenomena. Practically, detectors
may vary from simple photodiodes, used for point measurements, to charge-coupled device - CCD
image sensors, used for two dimensional analyses, as is the case here. The CCD image sensor is a
low noise, high sensitivity and high resolution device, well suited for combination into arrays. On
the other hand, it exhibits relatively slow rise times, hence they are often combined with
photoemissive intensifiers in array configurations. The utilized camera (Dantec Dynamics - HiSense
MKII) uses a high performance progressive scan interline CCD chip, with 1280 x 1024 light sensitive
storage cells, reaching a quantum efficiency of up to 70% near the green light region. The selection
of a lens is a major tradeoff between spatial response and light gathering ability, hence the attached
Nikon lens (Micro-Nikkor) had focal length of f=60 mm and an f-ratio of 2.8. However, the
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detector’s quantum efficiency drops in the blue and ultraviolet region, necessitating the use of an
intensifier. Image intensifiers allow capturing of instantaneous images of fast processes, by
intensifying the signal at high gain and high speed gating. The so-called gated mode operation
serves as a powerful means of reducing background radiation, which, along with the proper
filtering, can eliminate noise signals. The utilized intensifier (Hamamatsu C9546-03L) had a
refreshing rate of 12 Hz in order to follow the 10 Hz repetition rate of the laser system.
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Figure 3.8 Specifications of utilized filters in the frame of the thesis.

An important component of the detection system is the filter that determines which part of the
spectral radiation will reach the detector. During the experimental campaign of the present thesis,
laser induced fluorescence measurements were carried out for hydroxyl radical and acetone
detection. The choice of excitation and detection band for the hydroxyl radical poses several
concerns, which are analyzed in detail in the next section. However, for continuity purposes, it is
here noted that fluorescence at the OH (0,0,) band was observed, which is satisfactorily captured by
a filter with spectral characteristics presented in Figure 3.8a. As far as acetone detection is
concerned, the followed methodology suggested an excitation wavelength at 266 nm using the
fourth harmonic of the Nd: YAG laser, which resulted in peak energy levels close to 90 m] per pulse.
The highest absorption in the acetone spectrum is observed near 280 nm, but, as shown in
Equation 3.23, it is diagnostically more beneficial to exploit the high laser beam energy obtained
from the FHG, rather than to tune to the absorption peak, with significantly weaker laser beam at
the latter wavelength (approximately 15m]/pulse). This strategy can be applied since acetone has a
broad fluorescence spectrum, which, as shown in Figure 3.8b, is widely captured from the
employed filter. Finally, the post processing of the signal was realized using an in-house developed
code, though which the instantaneous measurements were integrated, in order to provide a
statistically independed description of the flame size and position in the respective studies (see
section 7.2.1.2).

*

Full width at half maximum (FWHM) is an expression of the extent of a function corresponding
approximately to FWHM = 2.3548-0, where o is the standard deviation of the Gaussian distribution function.
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3.2. Hydroxyl radical imaging with laser induced fluorescence

The hydroxyl radicals are primarily formed from oxygen atom attack on hydrocarbon molecules
and are subsequently combined with hydrogen atoms to form water. This sequence makes the
hydroxyl radical of great importance for understanding combustion chemistry, as well as for
comprehending flame characteristics and validating kinetic models. All the latter have contributed
in turning the hydroxyl radical into the most widely investigated radical with nonintrusive laser
diagnostic techniques. Consequently, there are extensive theoretical studies describing the OH
molecule’s energetic states (Brockhinke and Kéhse-Hoinghaus, 2001), which assess the modeling of
the energy transfer phenomena within the hydroxyl molecule, also assisting the experimental
campaigns and vice versa.

When performing LIF measurements, during the lifetime of the excited level, collisional processes
lead to a redistribution of energy and population, depending on the chemical composition,
temperature and pressure of the combustion environment. The accurate determination of the latter
facilitates the performance of high precision absolute concentration measurements. However, this
feature is not always essential. In certain situations, the mere detection of a particular species in a
specific combustion environment may provide a wealth of unique information, as well as some
insight into the chemistry of the process. In this context, it may often be sufficient to measure the
relative concentration and relative spatial distribution of the molecule under investigation. A
typical example is the reaction zone imaging of a combustion process, which can be visualized by
detecting the laser-induced fluorescence of the hydroxyl radical (Kohse-Héinghaus, 1990). As in
absolute measurements, the uncertainty in relative OH measurements arises from variations in the
quenching rate coefficient across the flame structure and from changes in the Boltzmann
population fraction with variations in temperature. The Boltzmann fraction for the ground level of a
particular excitation transition can be chosen to be fairly independent of temperature over a range
of operating conditions; however, the quenching rate coefficient often cannot be sufficiently
modeled, and assumptions must be made to interpret the planar LIF images correctly. Additional
issues that arise in linear LIF measurements concern the intensity of the laser. In order to avoid the
saturation threshold, the laser light must not be too intense. Nevertheless, if the light is too weak
the image may be distorted due to absorption of the light as the beam passes through the flame.
Nonetheless, a strong absorption is required, so as to result in strong fluorescence, hence a
satisfying signal. This section presents the followed diagnostic strategy for the hydroxyl radical
measurements, presented in chapters 5 and 7.

3.2.1. Detection scheme for OH radical measurements

Determining the absorption cross section in spectra of stable molecules is usually not a very
difficult problem, because of the ability to directly calibrate. A similar procedure is much more
complicated for atoms and radicals or molecules with complex spectra (Cheskis, 1999). For the
excitation of the OH radical, the transition between the ground and the first energy state, which is
symbolized as A2X* - X2[I;, was chosen due to the high transition probability (high Frank-Condon
factor), the relatively similar nuclear distance and the relatively low energy needed for excitation.
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Additionally, the excitation transition was chosen in order to avoid predissociation; a molecule can
undergo predissociation if the excited state lies higher than the dissociation limit and there exists a
state that can couple excited and predissociation states — Some A2X* - X2[I; (3,0) transitions are
predissociative (Hassel and Linov, 2000). As explained earlier, the excitation and detection bands
were intentionally different, in order to avoid scatter from laser light. Specifically, fluorescence was
observed in the OH (0,0) band, whereas excitation to v'=1 vibrational level was achieved. In
addition, the excitation of the weaker OH (1,0) band helps avoiding problems of optical thickness in
the flame. Overall, this transition has been extensively studied over the last decades. In more detail,
the A2X* state vibrational and rotational energy transfer along with the respective factors against
various combustion-related colliders have been described in detail in the literature. As far as the
involved bands are concerned, the 422+ v’=0 (Jorg et al.,, 1992) and the A2+ v’=1 (Kienle et al.,, 1993)
have been thoroughly investigated leading to a rate-equation model of multiple quantum
vibrational energy transfers (Kienle et al., 1999), which is of great importance for quantitative LIF
measurements, since the influence of collisions is the most troublesome aspect of making accurate
profile measurements of minor species with LIF. Nevertheless, for qualitative measurements, it is
not necessary to determine the aforementioned energy transfer phenomena, as long as the
appropriate bands are excited and monitored. Such a detection scheme is depicted in Figure 3.9 and
described in more detail below.
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(Luque and Crosley, 1999) fluorescence to the ground state (Kohse & Jeffries, 2002)

Figure 3.9 Hydroxyl bands involved in the followed excitation strategy

Figure 3.9 (left) presents a part of the OH molecule’s A2X* - X2[]; state spectrum, as a function of
wavelength, which captures the (0,0), (1,0) and (2,0) vibrational transitions, as calculated by the
LIFBASE software (Luque and Crosley, 1999). Although absorption intensity is presented in
arbitrary units, it is clear that the choice of (1,0) band can assist in providing image distortion due
to optical saturation, since it exhibits significantly lower potential. In order to obtain a clearer
picture of the followed methodology, Figure 3.9 (right) illustrates the subsequent collisions that
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follow the excitation of the OH (1,0) vibrational band. The initially excited v’ =1 level with a laser
light around 282 nm, besides the obvious fluorescence back to v” =1, also emits fluorescence to the
v” =0 via vibrational energy transfer (VET). This facilitates the detection of the (0,0) band which
appears approximately around 308 nm, avoiding scattering from the laser sheet. The depicted lines
arise from a single vibronic transition, namely with vibrational quantum number v’ =0 and end at
the vibrational quantum number v’ = 0. Vibrational energy transfer is a very complex process which
cannot be generally treated by a simple physical model and such an analysis reach beyond the
scope of the present thesis, hence are not further discussed. The ramification of this so called (0,0)
vibrational band arises from the manifold of rotational levels. The quantum number of rotation is
named J]. Simultaneously, the OH molecule undergoes various collisions which in turn populate the
respective rotational levels. In more detail, rotational energy transfer distributes the population
from the initially excited rotational level (J°) among other J’ levels of v'=1, and these can have
different radiative and collisional characteristics. Vibrational energy transfer moves population
downward into v’=0, resulting in a possible non-thermal J’ population in that level (Kohse-
Hoinghaus and Jeffries, 2002). Rotational energy transfer affects the J” population distribution in
v’=0 as well, causing compilations similar to those in v’=1. In order to obtain a clear population
depiction from the measurements, a temperature independent rotational level should be chosen, as
discussed in the next paragraph. Finally, all excited states are depopulated by quenching (Q)
without emission of light during the experiment. Quenching removes the electronically excited
hydroxyl radical molecule altogether, transferring population to v”levels within X2[I; ground
electronic state (Kohse-Hoinghaus, 1994). Quenching is commonly understood as collisional
deactivation to a lower electronic state, whereas VET and RET denote collisional transfer to
different vibrational or rotational levels in the same electronic state.

3.2.1.1. OH-LIF imaging measurements - Choosing a temperature independent
rotational line

Different types of collision processes influence the fluorescence signal and quantum yield. The
excited level in the electronic state can be depopulated by electronic quenching, vibrational and
rotational energy transfer. Given the energy transfer processes described in the previous section, a
detection scheme for accurate OH population imaging has as follows. The aforementioned
processes are temperature depended, so if population measurements are targeted, it is of crucial
importance to choose a temperature-independent rotational level for excitation. Rotational levels
from excitation of the (1,0) vibrational band of the OH molecule, proposed by numerous
publications, vary from the Qi(1) near 282 nm and the Q1(8) near 283 nm. Instead of measuring all
necessary coefficients as a function of quantum state, collision partner and temperature, it may
therefore be preferable to simulate the collisional energy transfer with an appropriate formalism in
order to describe the entire matrix of energy transfer coefficients on the basis of the previously
measured ones. Here, a simulation-based solution for the temperature-dependance of the excited
rotational level is examined.

Using the LASKIN software (Biilter et al., 2004), different rotational lines from the (1,0) vibrational
band were investigated. This software incorporates a rate equation model which includes VET, RET
and quenching collisional effects that arise from the described excitation. It can be clearly seen that
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the Q1(6), the Q1(7) and the Q1(8) rotational levels, which are presented in the left part of Figure
3.10 with solid lines, have the least dependence on temperature as far as their level population is
concerned. The apparent result in the respective fluorescence is demonstrated in the right part of
Figure 3.10, where the fluorescence in the (0,0) vibrational band is shown after exciting the Q1(1)
and the Qi(6) levels, respectively. It can be concluded from the figure below, that although the
excitation of both rotational states results in similar fluorescence signal levels in the (0,0) band, it is
clear that Qi(6) appears a relatively temperature independent behavior, especially in the
temperature region up to 1500 °K, providing a good depiction of the population. The necessary
laser light wavelength to excite the Q1(6) line of the OH (1,0) band near 283 nm, was achieved as
described earlier with doubling the fundamental beam, which in turn led to a mean laser beam
energy of approximately 8-10 m]/pulse. Accordingly, the signal of the OH (0,0) transition was
selectively filtered (Figure 3.8) to record the two dimensional LIF images.
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Figure 3.10 Temperature dependence of LIF signal, for different rotational level excitation.
Simulation performed with LASKIN (Biilter et al., 2004)

3.3. LIF system calibration and error analysis

The most common cause for measurement uncertainty in laser induced fluorescence is the
variation in collisional quenching. The collision-based processes, whereby excited state molecules
become de-excited without light emission, are competing with fluorescence. The rate for collisional
de-excitation determines the fluorescence yield, which is the fraction of fluorescing molecules of
the total excited ones. For concentration measurements, the accuracy is a measure of how close the
measured value of excited state population is to the actual one. The purpose of calibration is to
define the precision of the measurement and evaluate systematic errors. For short-lived free
radicals or atoms such as OH, absolute measurements pose a problem, because there is no way of
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introducing known amounts of these radicals in the flame, so as to calibrate the signal intensity,
hence the confidence interval has to be estimated by evaluating systematic and random errors. If
random errors are limiting the accuracy or a measurement, the averaging of a series of repetitive
measurements may increase the confidence of the result (Daily, 1997). However, if accuracy is
limited by systematic sources of error, only calibration may improve the measurement confidence
level. The OH radical can be calibrated in two ways; direct absorption and numerical calculation.
Nevertheless, if the scope of the investigation is the visualization of the flame front through
monitoring the OH concentration, those errors could be limited.

Hydroxyl radical LIF measurements realized in the frame of the present thesis, focused, mainly, on
capturing flame positioning and shape characteristics. In this respect, no absolute OH concentration
measurements are presented. Moreover, averaging of a series of repetitive measurements was
systematically performed in order to subtract random errors sourcing from laser intensity
fluctuations and periodical flow disturbances. As equation 3.2 suggests, the fluorescence signal is
directly correlated with the laser excitation intensity, hence it is essential for planar imaging to
maintain a uniform energy profile along the specimen volume. In all measurements a flat excitation
laser intensity profile was constantly maintained within 5% of its maximum energy, resulting in the
respective uncertainty for the OH population. In addition, in order to further reduce the spatial
uncertainty concerning the flame front positioning, which is not limited by resolution, all two-
dimentional data were normalized with its minimum signal, leading to a clear description of the
reaction zone.

Another issue is that as the laser beam and fluorescence signal respectively travel through the
flame, the possibility exists that they will be attenuated due to absorption by gaseous species. This
effect will manifest itself as a reduction in the excitation rate in the case of the laser beam
attenuation and attenuation of the fluorescence signal as it reaches the detector. However, since the
weaker (compared to the fluorescence signal) OH (1,0) absorption spectra were choosen for
excitation, such issues were not met. Other sources of error may originate from signal interference
due to emission from other species, or due to scattering. In particular, laser beam scattering
avoidance is a highly demanding procedure for measurements inside porous media, as the ones
presented in chapter 7. There are several possible scattering interferences that must be taken into
account and which may limit detectability or even harm the detector. Scattering from windows and
other surfaces can harm the detection system, because such directly scattered laser light will be
many orders of magnitude greater in amplitude than LIF signal, so extra caution should be placed as
far as the optical layout is concerned.

3.4. Concluding remarks

Progressing, development and application of laser-based diagnostics to combustion problems is
proceeding rapidly. The combustion research community aggressively applies emerging measuring
techniques including laser sources, cameras and computational tools, which could further
revolutionize the development of combustion diagnostics depending on the character of the
technological advance. Laser induced fluorescence remains the most sensitive and straight forward
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method for concentration measurements, since it is relatively easy to implement, with the least
restrictive constraints on optical alignment. The present section describes the LIF technique for
performing detailed species measurements in combustion environments. The fundamental
background in molecular structure and spectroscopic concepts is given, followed by a discussion
concerning LIF measurement strategies and the principal rate equations that govern them. The
utilized system is afterwards presented, including laser excitation and tuning sources along with
optical signal collection and uncertainty analysis. Finally, the followed strategy for measuring
hydroxyl radical concentration in order to monitor the flame front characteristics is given.
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Chapter 4

Implementation of gas chromatographic
system in fundamental combustion
applications and performance evaluation

The configuration and the methodology developed for the realization of experimental
investigations utilizing intrusive diagnostic techniques has been described in detail in chapter 2.
This included a gas chromatographer and a system for continuous gaseous emission analyses. The
continuous gas analyser is a built-ready instrument, as long as it is properly used within its
calibration and operational capabilities; hence there is no necessity for validating its performance.
However, this is not the case when a novel gas chromatographic method is developed, since its
proper operation is a multi-parametric problem, linked with its various components i.e. columns,
detector capabilities, method events etcetera. The present chapter attempts to access the GC
methodological approach and evaluate its capabilities utilizing a simple fundamental configuration,
as is the flow reactor, and validate the obtained results against numerical predictions. The flow
reactor configuration is one of the most fundamental applications for species measurements for
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detailed chemistry schemes validation and for this reason two different literature detail kinetic
mechanisms were used, so as to investigate the measurements’ validity. In order to evaluate the
system’s performance, a study of the pyrolysis of various methane mixtures has been carried out at
atmospheric pressure in the 1000 °C to 1250 °C temperature range. The investigation explored the
influence of the bath gas used (N2 and CO2) and the presence of small amounts of ethane to simulate
natural gas. Exhaust gases, including methane, hydrogen, carbon monoxide and key pollutants, from
the reactor were monitored and quantitatively analyzed online, using the gas chromatographic
system, described in section 2.1.3.2 and total soot was determined by collecting and weighing soot
samples from the reactor’s exit as well as from deposits along the reactor for each case. In addition,
Polycyclic Aromatic Hydrocarbons (PAH), also collected along the reactor and at the reactor exit,
were measured using a coupled gas chromatographic and molecular spectrometric system (GC-MS),
at selected temperatures.

The choice of fuel mixtures in the flow reactor additionally serves to establish a base case that links
this investigation with modern practical applications. Such a study can be useful for understanding
and optimizing the performance of modern engines, gas turbines and particular fuel cell systems,
where the syngas feed is obtained from the partial oxidation of different mixtures with possible
formation of soot and other undesired products. The choice of fuels covers a range of methane-
based mixtures, from natural gas to biogas, aiming at the understanding of their behaviour in a
fundamental reactor, before utilizing them in complex state-of-the-art applications, as is for
example porous burners (see chapter 7). Moreover, these fuels can serve as the primary feedstock
for Fischer-Tropsch synthesis, which eventually leads to fuels that are directly applicable and fully
compatible with the existing infrastructure (see chapter 6). Additionally, the present work provides
a basis for further development and optimization of existing detailed chemical kinetic schemes.

4.1. Literature review of the pyrolysis methane-based mixtures

Methane pyrolysis has been extensively studied over the past, providing the solid background to
evaluate the developed methodology as well as, partially, the obtained results. However, the choice
of the investigated mixtures carries innovative research especially linking the conducted
experimental campaign to modern applications. Detailed studies of methane mixtures chemistry
are equally essential in order to understand and optimize the performance of modern engines,
turbines and fuel cell (FC) systems operating with hydrogen rich mixtures. Currently, hydrogen is
primarily produced from fossil fuels and in particular from natural gas, since several methane-
related hydrogen production processes have reached maturity for commercial exploitation, such as
Steam Methane Reforming (SMR), catalytic decomposition of natural gas, biomass gasification, and
methane pyrolysis (Momirlan and Veziroglu, 2002). It is well known that hydrogen production is
enhanced under fuel rich conditions and it is anticipated that it could be maximized under pyrolytic
conditions. In the latter case, however, soot and non-gaseous carbonaceous products may be
maximized as well. In this context, considering pyrolysis as an extreme of high fuel-rich regime, the
obtained data define the maximum hydrogen production and soot deposition.
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Methane pyrolysis in shock tubes (Hidaka et al, 1999; Agafonov et al., 2008), Jet Stirred Reactors
(JSR) (Tan et al., 1994; 1995) and flow reactors (Olsvik et al., 1995; Arutyunov et al., 1991) has been
extensively studied over the past decades. However, most of the above studies focus on high
temperatures and relatively high pressures. Methane pyrolysis at low temperatures (lower than
1000 °C) was reported in an early work by Chen and coworkers (Chen et al, 1975; 1976) as well as
in more recent studies incorporating modern techniques concerning temperature controlling (Sun
et al., 2000). The formation of soot from methane pyrolysis at 1100 °C in a similar flow reactor to
the present work has been also reported (Mendiara et al., 2006). As far as methane based mixtures
are concerned, a number of studies have addressed the pyrolysis of methane/ethane mixtures
(Bilbao et al, 1997) under non-sooting conditions. However, although there are several
experimental (Du et al.,, 1991) and numerical (Liu et al., 2001) studies of the effect of CO, addition
on soot formation in flames, literature data relating to the effect of CO, dilution of methane
mixtures on soot formation are scarce.

The effect of CO; addition on combustion performance and soot formation has been mainly studied
in flames. The CO; addition to methane mixtures is of particular importance since it is related to the
increasing interest of incorporating biogas mixtures in practical applications (Xuan et al., 2009).
Additionally, the results of such investigation can also be utilized for evaluating the performance
and determining the carbonaceous emissions threshold in devices incorporating Exhaust Gas
Recirculation (EGR) strategies [Bermudez et al., 2011; Natelson et al.,2010). Studies of the presence
and effect of CO2 on the conversion of CO and on the formation of soot have been reported in the
same reactor installation as here (Abian et al.,, 2011). In this context, the present work aims to study
the pyrolysis of methane mixtures (namely CH4/N», CH4/CO2, and CH4+C;He/N>) in the 1000 °C to
1250 oC temperature range and atmospheric pressure.

4.2. Flow reactor apparatus and coupling with GC system

The experimental facility consisted of the reactor configuration, the soot collection and gas analysis
systems. The reactor main components, as shown in Figure 4.1, are the gas feeding system, which in
turn is made from the reactor head and the mobile outlet module that allows retention time’s
parameterization. The gas feeding system consisted of two inlets allowing mixing of the reactants
before entering the reaction zone. Mixture components were introduced at the desirable
concentrations through mass flow controllers (Bronkhorst High-Tech B.V.). A digital optical flow
meter was utilized to crosscheck flow rates. A total volumetric flow of 1000 Nml/min (STP) was
maintained in each case by balancing with nitrogen flow. The reaction system consisted of a quartz
tube of 45 mm inner diameter and 800 mm length placed in an electrically heated oven, allowing
temperature control between 700 °C and 1200 °C, with an accuracy of +10 °C. The reactor inlet and
outlet were cooled by auxiliary air flows running through tubes concentric to the reactor, in order
to keep temperature fluctuations along the reaction zone within *10°C of the specified
temperature. During the experiments, soot deposition (and water formation when CO; was also
introduced in the inlet mixture) resulted in a slight overpressure. In order to prevent leakages or
air entrainment from the reactor connections, care was taken so that the overpressure was never
above the value of 50 mbar. Gas products were identified and quantified at the reactor outlet by
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using the Gas Chromatographic system described in section 2.1.3.2 and here is briefly summarized
as follows; The GC system was equipped with FID and TCD detectors, capable of detecting CO, CO2,
N2, H,, methane, ethane, ethylene, acetylene, propane, propylene, propadiene, 1,3-butadiene,
isobutane, ethanol, benzene and toluene, with less than 10 ppm uncertainty. The TCD channel was
equipped with HP Plot Q columns coupled with a MoleSieve column and the FID channel was
equipped with an HP PONA column. Soot formed at the exhaust of the reactor was collected in a
quartz fiber thimble of 25 mm diameter and 60 mm length, with a pore size of the order of 1 um.
The soot formed at the reactor body was also collected after disassembling the reactor parts
described previously at the end of each experiment. In order to collect a significant amount of soot,
each experiment lasted three hours (3 h). Such duration is necessary in order to minimize
systematic error from soot collection while avoiding system over-pressurization. After collecting
the soot from each experiment, the samples were weighted in a high precision electronic balance. In
order to ensure repeatability measurements were reproduced twice for most of the cases studied.
Indicatively it is noted that measured soot mass varied less than 2%.
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Figure 4.1 The flow reactor main features. Drawings not in scale.

4.2.1. Case studies

The isothermal flow reactor described above, has been extensively used in the past in many studies
at the research group of the Universidad de Zaragoza, for the pyrolysis studies of hydrocarbon fuels,
such as acetylene (Ruiz et al., 2007), ethanol (Esarte et al., 2011a) and acetylene/ethanol mixtures
(Esarte et al., 2009; 2011b), where a detailed description of the experimental setup can be found.

Table 4-1 Initial species mole fractions for Cases A-C

Case CH4 (%) C:Hs (%) CO: (%) N2 (%)
A 10 - - 90
B 10 - 33 57
C 9 1 - 90
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The current experiments addressed the pyrolysis of pure methane and a typical natural gas in a
nitrogen atmosphere, as well as the pyrolysis of methane in an N,/CO; atmosphere, as a base case
facilitating useful conclusions for CO; addition effect in the context of biogas mixtures chemistry.
Initial mixture composition for all cases is provided in Table 4-1. In all cases the hydrocarbon
concentration did not exceed the 10% threshold of the total mixture in order to ensure isothermal

conditions in the reactor.

4.3. Computational model

Experimental campaigns in ideal flow reactors are of great importance for numerical model
validation. The conditions of the flow reactor facilitate the numerical simulation via incorporating
detailed kinetic schemes. In this respect, numerical simulations of the experimental results have
been carried out using two detailed kinetic mechanisms. The first mechanism has been developed
over the past years in the National Technical University of Athens and for this reason will be
referred hereon as “NTUA mechanism”. The second used mechanism has been used to evaluate
experiments in the very same reactor configuration and was developed in the Universidad de
Zaragoza, hence it will be referred from now on as “UZ mechanism”. Calculations have been
performed using commercial computational software (Kee et al., 1991).
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Figure 4.2 Comparison between computed and experimental data (Dagaut and Nicolle, 2005) for the
oxidation of a rich (¢ = 2.0) natural gas (CH4: 8928 ppm, C2He: 879 ppm, C3Hs: 198 ppm) blend in an
atmospheric pressure JSR at a residence time of 120ms.

The NTUA comprehensive mechanism has been extensively validated in the past against
experimental speciation data from counter-flow and premixed flames, including laminar flame
speeds, shock tubes, including ignition time delays, as well as from perfectly stirred and plug flow
reactors, all under a wide range of temperatures, pressures and stoichiometries. In particular, the
mechanism has been shown to successfully reproduce the chemistry of both conventional e.g. CHa,
C2H>, C2H4 and C3Ha4 (Lindstedt and Skevis, 1997, 2000; Gazi et al., 2011), as well as alternative C1-Cs4
fuels e.g. CH30H and C;HsOH (Vourliotakis et al, 2012). Recently, the C¢ part of the mechanism has
been updated against recent experimental data from a total six laminar premixed benzene flames,
as well as data from shock tubes, stirred and flow benzene reactors, providing the opportunity for a
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critical assessment of benzene oxidation and combustion chemistry under a broad range of
operating conditions (Vourliotakis et al, 2011).

Previous validation studies with the NTUA mechanism did not consider PAH species and soot
formation. In order to realistically simulate fuel chemistry in a pyrolytic environment, where the
formation of gaseous PAH species and eventually soot, is expected to be particularly pronounced, a
literature detailed PAH submechanism (Slavinskaya and Frank, 2009) has been coupled with the
previously described Ci-Cs detailed mechanism. This PAH model including 181 reactions among 42
species, up to benzo-a-pyrene (A4), has been previously validated and optimized for rich methane
combustion and has been shown to very accurately reproduce a series of PAH data, from toluene to
pyrene in atmospheric pressure rich methane and ethane premixed flames. The current version of
the mechanism consists of 164 species and 1011 reactions.
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Figure 4.3 Comparison between computed and experimental (a) C7-Co aromatic species and (b) A2
(naphthalene), P2 (biphenyl) and A3 (phenanthrene) profiles from the rich (¢ = 1.8), low pressure
(p = 50 mbar) benzene premixed flame (Yang et al., 2007).

In the framework of the present work, the mechanism has been further validated. Excellent
agreement has been obtained between computed and experimental species profiles from the
oxidation of a natural gas blend, with a similar typical composition with the present study
(literature data also introduce 2% C3Hs) in the atmospheric pressure rich natural gas jet stirred
reactor (Dagaut and Nicolle, 2005) over the temperature range of 1100-1450 K, as shown in Figure
4.2. Moreover, further validation against measured PAH species profiles concerning low pressure
rich premixed benzene flames (Yang et al., 2007) is presented in Figure 4.3.

The mechanism developed at the University of Zaragoza (UZ mechanism) takes as a starting point
the GADM mechanism (Glarborg et al., 1998), including oxidation reactions for parabenzoquinone
(Alzueta et al.,, 1998) and benzene (Alzueta et al., 2000). This mechanism was recently updated in a
study of acetylene conversion (Alzueta et al, 2008), and has been completed with reactions for
ethanol conversion (Alzueta et al., 2002) and the PAH reactions, up to pyrene, from the well-known
ABF mechanism (Appel et al., 2000). The UZ mechanism consists of 156 species and 929 elementary
reactions and has been successfully validated against combustion parameters directly relevant to
this work, as mentioned in paragraph 4.2.1.
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4.4, Results and discussion

In the present section, the results obtained for the pyrolysis of various methane based mixtures are
presented. The results are presented along with the numerical predictions, so as to achieve a deep
understanding of the actual processes taking place in the reactor and extract valuable information
concerning the prospect of the work concerning practical applications such as SOFC systems
(paragraph 1.4.1). The interpretation of the experimental data utilizing two different detail kinetics
schemes is not only beneficial for the procedure validation, but facilitates the explanation of
synergetic effects as well.

4.4.1. Fuel conversion and major species

Experimental results for the pyrolysis of the three methane mixtures listed in Table 4-1 are
presented in the following sections. First, results for fuel conversion and major products are
presented. Experimental data for key intermediate species participating into the molecular growth
processes, and eventually, soot formation, are presented in the following section. Figure 4.4
presents fuel conversion and hydrogen production data at the reactor exit for the pyrolysis of pure
methane, Case A (Figure 4.4a) and for the methane-ethane mixture, Case C (Figure 4.4b). Results for
methane pyrolysis in the presence of CO,, Case B, are shown in Figure 4.5. Numerical simulations
using the two detailed kinetic mechanisms, described in section 4.3, are also presented for all cases.
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Figure 4.4 Comparison between experimental data and numerical simulations for methane conversion and H;
mole fraction in (a) pure methane pyrolysis (Case A) and (b) methane/ethane pyrolysis (Case C). Symbols
correspond to experimental data, black lines correspond to the NTUA and grey lines to the UZ mechanism.

C2Hg¢(+M)=C;Hs+H(+M) (R4.1)
CH3+CH3(+M)=C;Hs(+M) (R4.2)
CH3+H(+M)=CH4(+M) (R4.3)
CH4+H=CH3+H; (R4.4)
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Generally, the results confirm the enhanced reactivity of the methane-ethane mixture as compared
to pure methane, which is also in agreement with earlier studies (Alzueta et al., 1997). For example,
methane conversion in Case A is of the order of 25% at a temperature of 1050 °C, while total initial
carbon (CHs and C;He) conversion reaches almost 50%, at the same temperature, in Case C. This is
due to the fact that, at such temperatures, the relatively more unstable ethane molecule
decomposes to the ethyl and hydrogen radicals, reaction R 4.1. The hydrogen radical subsequently
feeds into reaction R 4.4 and accelerates methane conversion (Bilbao et al, 1997). At higher
temperatures, reaction R 4.1 becomes significantly slower than the ethane thermal decomposition
(-R 4.2) and, as a result, hydrogen radical production diminishes.
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Figure 4.5 Comparison between experimental data and numerical simulation for (a) methane conversion and
H, mole fraction and (b) CO and CO; levels in methane pyrolysis in the presence of CO; (Case B).

On the other hand, the addition of carbon dioxide has no discernible effect on methane conversion
at low temperatures. As the temperature is increased, hydrogen radicals produced from methane
pyrolysis (-R 4.3) favor the CO,+H=C0+0H reaction leading to enhanced OH radical formation rate.
The latter initiates H radical abstraction reactions from methane, thus enhancing its conversion.
Despite differences in the respective fuel consumption rates, hydrogen mole fractions are of the
same level in both Cases A and C, as can be deduced from Figure 4.4. On the other hand, H:
production is greatly diminished when CO; is added. Overall, numerical predictions for major
species, using both mechanisms, come in reasonable agreement with the experimental data for all
cases. Both mechanisms are shown to be able to reproduce methane conversion and H,/CO
production trends along the temperature range studied, with hydrogen levels being a notable
exception, particularly under high temperatures (T > 1100 °C), mainly in Cases A and C. The reason
for this discrepancy is discussed below.

CHe+H=C,Hs+H, (R 4.5)
CoHs(+M)=C,Hy+H(+M) (R 4.6)
CoHy+H=C,Hs+H, (R 4.7)
CoHs(+M)=C,H+H(+M) (R 4.8)
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Rate-of-production analysis has been performed in order to investigate the paths through which
methane and the methane/ethane mixture evolve during pyrolysis. In all three cases studied, both
mechanisms suggest that the overall reaction starts with methane thermal decomposition to
produce methyl and hydrogen radicals, reaction -R 4.3. Subsequently, the H radical attacks methane
generating more CHz (R 4.4). This sequence contributes over 50% of the total molecular hydrogen
in Case A, for both mechanisms. Methyl radical is then exclusively converted to C;Hs, via the self-
recombination reaction R 4.2, initiating the C; chain. Hydrogen radicals act as chain carriers of a
sequence of H abstraction reactions leading from ethane down to acetylene and shedding H:
molecules along the way, as follows;

The above described paths (R 4.4, R4.5, R4.7) account for the H; production. However, both
mechanisms tend to under-predict hydrogen mole fractions at higher temperatures (T > 1100 °C)
and in particular in Cases A and C, with discrepancies of the order of 30%. Such discrepancies
cannot easily be attributed to deficiencies of the two major H, production paths described above
(R 4.5, R4.7). The reason is that methane consumption profile and total C; levels, particularly in
higher temperatures, are adequately captured. This implies that, there may be additional hydrogen
production paths, such as thermal cracking reactions, possibly involving higher aliphatic, e.g. C4, or
(poly-) aromatic species. The UZ mechanism includes some molecular elimination reactions, such as
reaction R 4.9, but they do not appreciably contribute to H; formation. Also note that molecular
hydrogen is “numerically” locked in higher PAH species, since both mechanisms do not include any
soot reactions.

C2H4+M=C2H2+H2+M (R 49)

On the other hand, hydrogen levels are satisfactorily reproduced in Case B, for both mechanisms.
This is due to CO; presence which induces an oxidative character into the pyrolytic process,
resulting into a more balanced chemistry. For instance, and at a the case of 1200 °C, in addition to
R 4.4 and the C; chain paths discussed above, there is a substantial contribution to H, formation
from reactions involving oxygenated species, such as formaldehyde, ketene and propionaldehyde.
Note that the above discussion is applicable to both mechanisms. In the CO, atmosphere, H radicals
interact efficiently with CO2, reaction R 4.10, as documented in oxy-fuel combustion studies (Abian
etal, 2011), where the differences between the use of N; and CO, atmospheres were addressed.

CO2+H=CO+0OH (R4.10)

In the presence of CO, the abstraction reactions with OH radicals constitute a considerable fraction
of the total fuel abstraction reactions and lead to water formation, competing with H, production.
As a result, the yield of hydrogen in Case B is almost half as compared to Cases A and C, The above
discussion suggests that CO; acts as an oxidizer and not as a mere diluent, like N;. The issue is
further numerically explored in the last section of the present paper.

In the present experiments, the production of a significant amount of water was found, which is in
agreement with the findings of similar studies (Abian et al,, 2012). Figure 4.6 presents estimated
water levels at the reactor exit. These estimated values were obtained through balancing the H
atom content in the inlet mixture, with the total H atom content in the gaseous (C:-C;) species
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quantified at the reactors exit. The difference is roughly proportional to the water levels, since
contributions from hydrogen contained in PAH species can be assumed to be minor. Estimated
water values presented in Figure 4.6 are thus an upper threshold and carry an uncertainty level of
+25%. Computations using both models are also presented in Figure 4.6. Both mechanisms
qualitatively capture the trend in water formation, with also satisfactory agreement in peak values.
A closer examination of the numerical and estimated H;O results, reveals that there are essentially
two distinct regions; a sharp increase in exhaust water levels followed by a plateau. The transition
point occurs at around 1150 °C. In order to explain such a behavior, rate-of-production analyses
have been performed at 1050 °C and 1200 °C, the former being chosen as the starting point of the
sharp increase while the latter is located well within the plateau. Under lower temperatures, water
is still being formed by OH radical attack to the fuel, reaction R 4.11, with a minor (up to 20%)
contribution from reaction R 4.12. At higher temperatures, water achieves steady state behavior; it
is now formed through reaction R 4.12 and destroyed mainly via addition reactions with C; (mainly
acetylene) and C3; (mainly propargyl radical) hydrocarbons leading to the formation of C; and Cs
oxygenated species.

CH4+0OH=CH3+H-0 (R4.11)
OH+H,=H,0+H (R4.12)
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Figure 4.6 Comparison between estimated water levels against numerical predictions at the reactor.

[t can be anticipated that changes in H,0 behavior are directly related to a more subtle alteration in
the overall system behavior, from a purely kinetically controlled to a partially equilibrated regime,
especially above 1200 °C, when the water-gas-shift reaction quotient, is markedly distinct from the
thermodynamic equilibrium (Keramiotis et al., 2012).

4.4.2. Sootand soot precursors formation

Soot formation tendency is closely linked to the chemistry of several key soot precursors.
Acetylene, ethylene and benzene, in particular, are closely linked both to PAH formation and soot
mass growth processes. Accordingly, a quantification of the acetylene and benzene formation
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dynamics is expected to provide valuable information on carbonaceous formation and deposition
processes. Experimental and predicted data for C2He, C2Hs, C2H2, C3He and a-C3Hy4 (allene) are shown
in Figure 4.4 to Figure 4.9, respectively. The initiation of the C; chain, starting form C;H¢ formation
and finally leading to acetylene formation, has been described above (R 4.5 to R 4.8), and found to
be directly linked to fuel consumption chemistry. Overall the agreement is satisfactory, although
there is room for improvement. While both mechanisms result in very similar predictions for the
major species, they behave quite differently for most intermediates. By a careful inspection of both
numerical and experimental results, two major deficiencies of the mechanisms appear. The NTUA
mechanism over-estimates C;He levels under lower temperatures, for Cases A and B, by a factor of
five (Figure 4.7). Since C2Hs comes exclusively from methyl radical recombination, and the latter in
the low temperature regime is determined by the rate of reaction R 4.3, it is reasonable to argue
that the rate constant of the latter reaction is inappropriate. Reaction R 4.3 is pressure dependent,
with a temperature independent high pressure limit, and an enhanced collision efficiency for
ethane of 5 for the low pressure limit (Baulch et al., 2005). Thus, the above reaction is catalyzed
under the studied conditions by the high C;He levels in the system, resulting in such an over-
prediction. This further indicates that the rate is not appropriate for such pyrolytic conditions. At
higher temperatures reaction -R 4.3 becomes irrelevant for CHz production, since abstraction
reaction R 4.4 dominates, and the level of agreement between experimental and predicted data
improves. Finally, for Case B the sudden drop in C;Hs profiles for temperatures above 1100 °C, is
corroborated by the lack of detection in the same range implying that ethane levels are below TCD
detection limit under the present conditions. Further downstream the C; chain, ethylene levels are
in general satisfactorily described.
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Figure 4.7 Comparison between experimental data and numerical simulation for C;Hs (left) and C;Ha (right)
exhaust levels in (a) Case A, (b) Case B and (c) Case C. Symbols correspond to experimental data, black lines
correspond to the NTUA mechanism and grey lines to the UZ mechanism.

On the other hand, UZ mechanism over-predicts acetylene levels by almost an order of magnitude,
particularly at higher temperatures (Figure 4.8). Reaction path analysis indicates that acetylene is
formed through the molecular decomposition, reaction R 4.9, with an increasing contribution as
temperature increases. This indicates that the above reaction features a fast rate. Peak acetylene
levels for all three cases, and within the studied temperature range, are similar, with values of
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around 2000 ppm. The acetylene formed, is quantitatively consumed to CsHs species which in turn
initiate further molecular growth reactions. In particular, the C3 chain is initiated by CHs radical
addition to acetylene, reactions R 4.13 and R 4.14, leading to allene and propyne respectively.

C2Hz2+CHs=a-C3H4+H (R4.13)
C2H2+CH3=p-C3H4+H (R 4.14)
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Figure 4.8 Comparison between experimental data and numerical simulation for C;H; exhaust levels in (a)
Case A, (b) Case B and (c) Case C.

C3Ha species are exclusively consumed to the propargyl radical, which in turns recombines to form
benzene. Propene (Figure 4.9) is also formed by CH3 addition to C;H. either directly, reaction -
R 4.15, or indirectly, through the n-propyl radical, reaction R 4.16, and subsequently goes down the
Cs chain, as described above.
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Figure 4.9 Comparison between experimental data and numerical simulation for Allene/a-C3Ha4 (left) and
C3Hs (right) exhaust levels in (a) Case A, (b) Case B and (c) Case C. Symbols correspond to experimental data,
black lines correspond to the NTUA mechanism and grey lines to the UZ mechanism

As a result of the above sequence, a-C3H4 levels in the UZ mechanism are over-predicted by a factor
of 4 and are shifted to higher temperatures. Further upstream in the C3 chain, C3Hs levels are over-
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predicted by a factor of 2 by the NTUA mechanism (Figure 4.9). Since propene formation is solely
due to the methyl vinyl radical recombination, the above over-prediction can be attributed to the
overall CHz over-prediction, as discussed earlier.

C3H6+H=C2H4+CH3 (R 415)
n-CsHy=C,H,+CHs (R 4.16)

Exhaust benzene levels as a function of temperature are shown in Figure 4.10. Experimental data
appear to be insensitive to temperature, while numerical results show distinct peaks at
intermediate temperatures. Generally, the simulated pyrolysis of the methane/ethane mixture
(Case C) appears to result in significantly higher benzene levels, particularly at lower temperatures
and as compared to the pure methane pyrolysis case (Case A). Since numerical results are generally
higher than experimental data, the discrepancies found are attributed to the fact that the formation
of soot is not included in the models and this suggests the need for further improvement in the
current models in order to reproduce the complex behavior of soot formation.
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Figure 4.10 Comparison between experimental data and numerical simulation for C¢He exhaust levels in (a)
Case A, (b) Case B and (c) Case C.

Finally, Figure 4.11 presents total soot amounts collected for all studied cases. The values
correspond to soot collected at the soot trap and to the amount deposed along the reactor body. As
shown in Figure 4.11 the temperature threshold for soot formation appears to be higher (1050 °C)
for the case of methane pyrolysis (case A) than for the methane/ethane mixture (case C) (1000 °C),
which is explained in terms of the temperature at which the conversion of hydrocarbons is
produced, i.e. the sequence C;H,<C;H4<C;H¢<CH4/C2He mixture<CH, (Bilbao et al., 1997). A striking
feature is that soot production appears to correlate with the computed rate of fuel conversion. Also,
the amount of soot produced from the methane/ethane mixture pyrolysis, systematically exhibits
higher values than the pure methane pyrolysis in nitrogen diluent. This comes in agreement with
the higher carbon content of the former mixture, due to the C:Hs presence. However, for a
temperature of 1100 °C, soot levels for case B, are substantially higher than Cases A and C. Indeed,
at that temperature, fuel conversion for Case B is significantly faster than for the other two cases.
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Further, soot levels for Case B do not appreciably increase above that temperature, something that
also follows the similar trend in fuel conversion rate.
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Figure 4.11 Total weight of soot (g/hr) collected at reactor surface and reactor exit, compared
against calculated fuel consumption (%).

4.4.2.1. Supplementary PAH measurements

In addition, separate experiments were conducted for the identification and quantification of
Polycyclic Aromatic Hydrocarbons (PAH) compounds. These measurements are presented here to
escort the respective soot measurements and aim towards a better understanding of the overall
processes. The total PAHs correspond to the amount extracted from the soot formed in the reactor,
from the amount adsorbed at a resin filter and from the amount attached along the reactor.
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Figure 4.12 Comparison between temperatures T=1050°C and 1110°C PAH species levels for Case B for
naphthalene (A2), acenaphthylene (A2R5), anthracene (A3) and pyrene (A4), during one hour experiment
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Generally, PAHs are a function of the inlet mixture composition and hence the initial carbon
content. For instance, at T=1050 °C, total PAH amounts for cases B and C were 30% higher than for
Case A. A comparison of PAH levels at two selected temperatures (T=1050 °C and T=1100 °C) was
carried out for Case B in order to preliminary investigate temperature effects on PAH formation.
The results revealed that at T=1100 °C the total PAH amount was 20% less than for T=1050 °C.
Speciation data presented in Figure 4.12 also reveals interesting features. Naphthalene, anthracene
and pyrene decrease with temperature, following the trend of total PAHs. This can be explained as a
result of either increased dissociation at higher temperatures or to conversion to soot particles.
However, acenaphthylene levels appear to be unaffected and a possible explanation is that
acenaphthylene levels are mainly controlled by acetylene levels which, as shown earlier, remain
constant over the temperature window considered here.

Besides reducing performance efficieny, PAH species have been proven extremely hazardous. It is
nowadays well established that PAH species are responsible for various effects on human health
and depending on their composition can be extremely carcinogenic. PAHs toxicity is very
structurally dependent, with isomers varying from being nontoxic to extremely toxic. In this
respect, the United States Environmental Protection Agency (EPA) has classified those compounds
as probable human carcinogens.

Case C

@ naphthalene W acenaphthylene O acenaphthene O fluorene

m phenanthrene ol anthracene B fluoranthene oI pyrene

M benzo(a)anthracene m chrysene O benzo(b)fluoranthene m benzo(k)fluoranthene
B benzo(a)pyrene B indeno(1,2,3-cd)pyrene B dibenz(ah)anthracene B benzo(gh,i)perylene

Figure 4.13 The 16 quantitatively analyzed PAHs for all studied cases at 1050°C

The sixteen most hazardous ones have been quantified and presented here for purely
demonstrative reasons. Figure 4.13 indicatively presents these sixteen PAH species from the
respective studied cases for reactor temperature of T =1050°C. It is clear that primarily
naphthalene, pyrene and benzo-perylene and secondly acenaphthylene and phenanthrene, are
primarily formed in all cases. The increased carbon content of Case C, when compared to the similar
Case A, appears to result in lower naphthalene quantities in favor of higher PAH species formation;
this observation points towards the higher mixture reactivity, as also noted earlier. The presence of
CO; in Case B on the other hand, reveals similar PAH distribution, with respect to the different
species as in case A, leading to similar conclusions for this case as the ones noted for soot formation
processes.

The details for the experimental procedure are not described here, since PAH measurements
constitute a wide field in combustion research outside of the scope of the present thesis. However
details concerning the methodology followed in the same configuration can be found in recent
studies (Sanchez et al., 2010; 2012a; 2012b).
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4.5. Concluding remarks

Experimental methodologies such as novel gas chromatographic methods need to be evaluated in
well-controlled, fundamental configurations. In this concept, the approach described in paragraph
2.1.3.2, was validated, utilizing an isothermal flow reactor configuration. Cases studied, also
relevant also to fuel reforming process in SOFC systems, included methane pyrolysis in pure
nitrogen and in N;/CO, atmospheres, as well as the pyrolysis of a typical natural gas, with a
composition of 90% methane and 10% ethane, in pure nitrogen atmosphere. Experimental results
for fuel conversion, H; and CO and levels and concentrations of key species i.e. ethane, ethylene,
acetylene, propene, allene and benzene as well as selected PAH species up to pyrene, were
presented and critically analyzed. Trends in exhaust gaseous species levels as a function of
temperature and initial mixture composition were identified. In particular the chemical effect of
CO; was demonstrated. The higher carbon content and reactivity of the natural gas mixture were
reflected in soot measurements and the temperature threshold for soot formation was measured
for all cases studied. Furthermore, it was preliminary shown that soot levels follow fuel
consumption variation for all cases. The results were also reproduced with two comprehensive
detailed kinetic mechanisms, with the adoption PAH models.

As far as the major pyrolysis products are concerned, the numerical predictions came in very close
agreement with experimental results. Methane and natural gas pyrolysis yielded hydrogen of the
order of 20% in the temperature range of 1200 °C, whereas the numerical results under predicted
this potential. In the case of N,/CO; atmosphere, hydrogen production was suppressed and CO was
also present at the exhaust of the reactor. Key species for soot formation, such as ethylene,
acetylene, allene and benzene were also measured and compared against numerical predictions.
The numerical predictions captured the trends of the mixture behavior for all cases, but failed to
accurately quantify benzene levels. The higher carbon content and reactivity of the natural gas
mixture were reflected in soot measurements and the temperature threshold for soot formation
was estimated or all cases studied. Furthermore, it was revealed that soot formed follows the fuel
consumption trend at all cases. For assessing the synergetic effects appearing in soot formation
processes of the different mixtures behavior a preliminary experimental study for PAH species was
conducted.
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Chapter 5

Implementation of laser induced
fluorescence technique in fundamental
premixed combustion systems.

Combustion diagnostics have been used in systems as diverse as Bunsen flames and full-scale
power plants. The necessity of nonintrusive diagnostic methodologies has been explicitly justified
in previous chapters. Chapter 3 described the technique of laser induced fluorescence (LIF) along
with the experimental configuration utilized and the methodology developed for hydroxyl radical
detection in flames. Following the proposed methodology the flame front can be characterized,
serving as a useful indicative tool for flame stabilization and heat release. However, before
incorporating this methodology in complex combustion systems (see chapter 7), it is essential to
evaluate the system’s performance in fundamental applications of moderate complexity. The
present chapter is covering the gap between the system and method development and their
implementation in state-of-the-art burners, so as to certify the validity of the approach. Simple
fundamental applications for laser-based diagnostic tools can include a variety systems from
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laminar to turbulent flames, with however some common denominators; the easy of optical access
and the stationary (mean) flow field. However the variability of mean stream lines influences the
flame characteristics, implying a nontrivial coupling between the flow field and the flame.
Furthermore, for the purposes of such studies, the flame two-dimensionality is a prerequisite for
the evaluation of planar optics strategies. In order to achieve the chapters’ goals, two simple
configurations have been utilized among the various configurations proposed in the literature; a
Bunsen-type flame and a simple cross-flow mixing jet flame. The results demonstrate that the
followed methodology captures satisfactory the flame front and can be further used for numerical
simulations or system calibration.

5.1. Fundamental flame configurations for optical measurements

Fundamental flames investigations are commonly used to validate and improve modern diagnostic
tools performance and more specifically laser induced fluorescence configurations. These flames
are characterized by simple geometries, convenient optical access and physically or artificially
stationary flow fields (when not under study), allowing numerical reproduction of the results and
eventually leading to the optimization of both numerical and experimental methodologies.

One dimensional flames are often used for the latter reasons, with the well-known McKenna burner
being the most commonly used configuration for flat flame investigations (Migliorini et al., 2008).
McKenna burner configurations have been studied over the past, utilizing a variety of traditional
spectroscopic methods (Etzkorn et al, 1992), as well as for introducing and calibrating modern
optical techniques (Sutton, et al., 2006). The design simplicity and the wide stable operation regime,
along with the burners’ capability to resemble large scale flat flame configurations, constitute the
McKenna burner an attractive technology among other premixed flame, NOy reduction
technologies. NOy formation mechanism on a McKenna burner has been extensively studied, both
numerically and experimentally by means of nonintrusive techniques, for methane flames
(Juchmann et al., 1998), hydrogen enriched methane flames (Sepman et al., 2008) and natural gas
blends (Mokhov and Levinsky, 1996). However, despite the fact that McKenna burners are
producing low NOy exhaust levels, the flame stabilizes at the burner surface rather than inside of a
porous material, hence presenting reduced efficiency in comparison to porous radiant burners,
which are examined in detailed in chapter 7.

Additionally, although the present thesis investigates premixed combustion systems, it is worth
mentioning some outstanding fundamental diffusion flame configurations, frequently met in the
literature for optical and more specifically LIF measurements. Methane based mixtures have been
studied over the past decades in simple flames, such as co-flow burners (Plessing et al., 1998) and
inverse diffusion flame configurations (Stelzner et al., 2012), or even Wolfhard-Parker slot burners
(Garman and Dunn-Rankin, 1998). Specifically, LIF measurements have been performed for
measuring stable species (Norton et al, 1993), radicals, such as hydroxyl radical (Smyth et al,
1985) as well as other important combustion products, as is NO (Smyth, 1995) and formaldehyde
(Harrington and Smyth, 1993) profiles above Wolfhard-Parker slot burners.
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Finally, for the case of turbulent premixed flames, the conceptually ideal configuration of a steady
plane turbulent premixed flame with a constant normal velocity flow cannot be stabilized on a
burner because the inherent non-uniformities of the turbulent flow will always destroy the planar
configuration (Chen et al, 1996). Therefore, one must choose among several other, at least two-
dimensional, configurations for a laboratory study of premixed turbulent combustion such as, rod
stabilized V-shaped flames, wall-stabilized stagnation flames, edge-stabilized flames (Micka and
Driscoll, 2012), swirl-stabilized flames (Day et al, 2012), bluff-body (recirculation bubble)
stabilized flames or rim (pilot flame)-stabilized conical flames (Bunsen burner), with freely
propagating flames being also an option allowing the avoidance of flame stabilizer effects (Videto
and Santavicca, 1990). For all these flame configurations, the mean flow field is stationary, making
the numerical predictions easier and facilitating the investigation of the interaction of flame
propagation and turbulence structure.

5.1.1. Indicative Bunsen-type flame front imaging using OH-LIF

The Bunsen type conical flame is a classic configuration for fundamental combustion research.
However, Bunsen-type flames, if stabilized by the burner rim, are unstable and blow-off easily
under fuel-lean and high flow rate conditions. Although the use of a pilot flame can extend the
operating range, in many cases the emissions from the pilot alter the overall flame emissions and
can hinder research on ultra-lean premixed combustion systems (Johnson et al, 1998).
Nevertheless, flames from Bunsen-type burners are by far the most studied turbulent flames in the
literature. Bunsen-type flame configurations have been extensively studied in the past, with the
usage of nonintrusive diagnostic techniques, investigating the flame stabilization mechanisms
(Lacour et al., 2008). Specifically, the OH-LIF technique has been used, for studies of turbulence
intensity in premixed Bunsen flames (Mansour et al., 1998), among other optical techniques also
utilized over the last years (Pfadler et al, 2004). There are also studies investigating the latter
phenomena using LIF excitation of other important combustion intermediates, such as NO (Mokhov
and Levinsky, 1999) or coupled CH and OH radicals LIF (Nogenmur et al., 2010) or even exploiting
their research with OH-LIF in practical applications, such as internal combustion engines
(Deschamps et al., 1996).

In the present section, the hydroxyl radical detection scheme presented in the paragraph 3.2 is
applied for the study of a Bunsen-type flame. This part of the thesis mainly focuses on evaluating
the methodology earlier described, with respect to the accuracy of capturing the flame front
characteristics and does not discuss the turbulent flame structure since the latter is beyond the
scope of the present thesis. The work presented here serves as an indicative study that assists the
reader in the familiarization with the OH-LIF technique for the flame visualization. Additionally, it
serves reference purposes, as it introduces a typical Bunsen-type flame shape which is of high
importance in comprehending the discussion in chapter 7, concerning the optics positioning above
the flame trap and inside a porous inert medium burner (see paragraph 7.2.1).

Figure 5.1 presents single shot (left) and averaged mean of two hundred single shot normalized
OH-LIF images (right) for a typical Bunsen-type flame. The turbulent premixed conical flames
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presented in the figure below were produced by an axisymmetric Bunsen-type burner with a nozzle
diameter of approximately 20 mm. Premixed turbulent stoichiometric propane-air flames were
stabilized by a propane pilot flame. The instantaneous flame fronts were visualized by planar laser-
induced fluorescence of the OH radical. The irregular, random, turbulent structure of the flame is
clearly captured in the single shot OH-LIF image, especially in the inner part of the flame where the
fuel/air mixture is introduced. Moreover, the coaxial flame fronts, where the OH radicals greatly
produced, are also satisfactory captured. However, this is even clearer with the averaged OH
imaging where the inner irregular flame front is diminished, implying that the main heat release is
produced in the coaxial direction. The latter is also useful for calculating the burning velocities
through the cone angle, as proposed in the literature (Yamamoto et al., 2009). It is finally stated that
the results concerning the mean OH profiles although not capturing the total flame height due to the
laser sheet insufficient width, are in fine agreement with the OH radical profiles found in the
literature for various equivalent/normalized distances above the burner (Giilder et al., 2000), as
well as with literature studies using also, besides OH-LIF, other techniques, such as
chemiluminescence for the OH radical detection (Hardalupas et al, 2004). However, no further
analysis is attempted here, since one the one hand, such flames have been systematically examined
as explained earlier and on the other hand the scope of the paragraph, i.e. the LIF system validation,
will be accomplished in simpler laminar cross-jet flame as shown in the next section, where the
complex turbulent interactions are avoided.
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Figure 5.1 Single shot (left) and averaged mean normalized OH-LIF images (right) for a typical Bunsen flame

5.2. Premixed, cross-flow mixing hydrogen/air flame

As stated earlier, the development of a novel experimental procedure necessitates its evaluation in
simple, fundamental applications. The presented Bunsen-type flame indicatively introduced the
detection scheme followed for the flame front visualization, through monitoring the hydroxyl
radical induced fluorescence. The present section extends the previous investigation and, at the
same time, introduces the parametrical methodology for the study of flame shape characteristics
with respect to stoichiometry and power variation as, followed in paragraph 7.2.1.2, also serving as
a reference case study compared to the results resented there. Moreover, the present paragraph
being in line with Chapter 4, not only validates the developed nonintrusive diagnostic tools, but
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attempts to expand this basic piece of research in the context of modern practical applications as
described in paragraph 1.4.2. In this framework, a premixed flame with a cross-flow mixing
configuration is investigated by means of laser induced fluorescence and the flame shape and
height is discussed, in the context of hydrogen/air combustion, at varying stoichiometry and
nominal thermal load. A premixed cross-jet flame does not have the inherent limitations of the
Bunsen-type flame and it is therefore, herewith investigated. The chosen configuration is beneficial
for the scope of the chapter, since the cross-flow mixing stage is expected to introduce a non-
uniform spatial flame distribution, challenging in this way the diagnostic methodology to capture
the flame shape variations.

As far as the choice of fuel for this study is concerned, the Hz/0; reaction system is fundamental in
combustion science and has historically received significant attention due to both its fundamental
importance for chemical kinetics and to energy conversion in a variety of applications. Since H; and
the intermediate oxidation species are also dominant intermediate species in the oxidation of all
hydrocarbon and oxygenated fuels, the Hz/0, mechanism not only forms an essential subset of any
hydrocarbon or oxygenate oxidation mechanism but also contains a number of reactions whose
rate constants are among the most sensitive for combustion predictions for all hydrocarbon and
oxygenate fuels (Burke et al., 2012). Furthermore, it can be anticipated that hydrogen-air mixtures
combustion are ideal for validating the present diagnostic methodology since the investigation is
performed via monitoring the hydroxyl radical, thus avoiding complexities from the interaction
with hydrocarbon fractions.
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Figure 5.2 A schematic of the premixed jet flame configuration (left). Picture of the hydrogen flame from the
jet-flame burner (middle) and OH-LIF scanning (right)

The burner itself, presented in Figure 5.2, is made of two crossed tubes, joined approximately seven
equivalent diameters before the outlet, so as to maintain a laminar flow. All studied cases refer to
flow conditions with maximum Reynolds number of the order of Re = 1300, which by far ensure
laminar flows. Additionally, the tubes were enclosed in a larger box, confining the vicinity of the
burner tip, hence avoiding entrainment and disturbance of the flow from the surrounding air.
Figure 5.2 also presents a picture of the hydrogen/air flame (middle) and 3D OH-LIF imaging
(right), as firstly presented for the current setup (Werner, 2009). From this early study, it is clear
that the fuel/oxidizer flows do not produce a three-dimensional, isotropic flame, due to the mixing
configuration and this is analyzed in detail below.
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5.2.1. Qualitative OH-LIF results for cross-flow premixed flames

The present section presents qualitative hydroxyl radical concentration with the methodology
described in section 3.2. It is here noted that contrary to the indicative OH-LIF profiles shown in
paragraph 5.1.1, the height of the laser sheet was sufficient to totally enclose the flame. The primary
result of this investigation concerns the depiction of the flame front and its altered characteristics
with respect to thermal load and stoichiometry variation, serving as a means for evaluating the
methodology as well as for introducing the parametric methodological approach, followed for
complex systems in chapter 7. Furthermore, the configuration of the cross-jet induces an
anisotropic flame shape, facilitating the study of its mixing efficiency.

All figures presented herein demonstrate the hydroxyl radical distribution for flames, above the
burner’s centerline or in other words with the laser sheet alignment placed so as to coincide with
the flame inlet-hole diameter. A first parametric study concerns the flame characteristics as a
function of the air supply ie. the mixture’s global stoichiometry. Both images in Figure 5.3
represent the OH distribution for a 5kW thermal load hydrogen/air mixture, under (a)
stoichiometric and (b) fuel-lean regime, namely fuel-air equivalence ratio of ¢ =0.5 (A=2). It is
here stated that since all flames were operating under laminar flow conditions, there is no necessity
in presenting mean or averaged OH-LIF profiles as for the case of the Bunsen flame, which was
briefly examined earlier in this chapter.
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Figure 5.3 Normalized OH LIF for a thermal load of 5 kW and stoichiometry values of (a) ¢ =1 and (b) ¢ =0.5

The results reveal that the stoichiometric flame is nearly twice as thick compared to the one
corresponding to an equivalence ratio of ¢ = 0.5, with the latter however requiring more height for
the reaction completion. A more detailed observation reveals that the flame corresponding to an
equivalence ratio of ¢ = 0.5, presents stronger signal intensity along the flame body with a signal
peak area at a height of 5 to 10 mm. This behavior implies that the examined fuel-lean flame
presents higher hydroxyl radical concentration, suggesting a more intense reaction zone. It can be
anticipated that the latter behavior is mainly due to the increase of total mass flow rate, which is of
the order of 60%. The additional mass flow rate directly correlates with the increase of the air
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content in the mixture, hence stretching the flame, confining the reaction zone in a narrower
window. Moreover, the described behavior is also noticeable at the mixing region side, where the
stoichiometric flame is trying to maintain the Bunsen-like flame shape. On the other hand, the
Bunsen-like flame shape is greatly diminished with the presence of higher air content, leading
eventually the fuel-lean flame appearing as a lifted flame from the fuel supply side. Finally, it is here
noted that the local peak hydroxyl radical concentration is of the same order for both flames,
leaving the main difference lying on the OH distribution, as discussed earlier.

Continuing the cross-jet parametric investigation, the influence of thermal load variation is
examined for flames under the same stoichiometry. Figure 5.4 presents qualitative hydroxyl radical
profiles for four different flames under a constant global stoichiometry of ¢ =0.5 (A=2) and
thermal loads of (a) 2kW, (b)3kW, (c)4kW and (d)5KkW. This parametric investigation
significantly differs from the previous mainly due to the fact that both fuel and air supplies change
in order to maintain the desired conditions. As a matter of fact, the influence of the total air supply
is highlighted in the first flame (Figure 5.4a) where the fuel is not confined by the air stream
resulting the most axisymmetric flame among all studied cases. With increasing thermal load the
flame symmetry is lost, with the fourth studied flame (Figure 5.4d) appearing the most distorted,
especially in the region close to the burner inlet. Nevertheless, it is obvious that the flame front
intensity, as monitored through the hydroxyl concentration, is enhanced with increasing the
thermal load, as expected due to the enriched mixture enthalpy content. The reaction zone is also
augmented in terms of flame height and width, due to the same reason, with an obvious tendency of
reaching a threshold for complete conversion at approximately 20 mm. Finally, the phenomenal
lifted flame from the fuel supply side is noticed here as well. Overall, this study showed that the
system described in chapter 3 along with the proposed methodology, are able to capture flame
characteristics with respect to various combustion parameters variation. The described,
aforementioned approach is later used, in more complex systems i.e. the porous inert medium
burner in chapter 7, where also optical access and flame thermal radiation interaction issues arise.
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Figure 5.4 OH LIF imaging for constant stoichiometry of ¢ = 0.5 and varying thermal load of (a) 2 kW,
(b) 3kW, (c) 4 kW and (d) 5 kW
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5.2.1.1. Supplemental investigation using acetone tracer-LIF

The present chapter concludes the cross-jet examination study, utilizing tracer laser diagnostics.
Laser-induced fluorescence detection has been acknowledged as an ideal technique for tracer
diagnostics. Tracer species molecules are electronically excited by absorbing a photon and
spontaneous emission from the excited molecule is detected, typically representative of the local
tracer concentration. There is, however, a strong influence of the bath gas on absorption, energy
transfer in the excited state, and non-radiative relaxation from the excited state on signal intensities
and spectral distribution. An interpretation of measured signal intensities therefore requires a
detailed knowledge of the underlying photophysical processes, as long as significant changes of
these processes are expected relative to the calibration system. The aforementioned issues
however have been analyzed in detail in the literature (Shulz and Sick, 2005).

Ideally, the tracer should yield LIF signal intensities that are directly proportional to the desired
quantity and should not be influenced by the ambient conditions. Unfortunately, signals from all
fluorescent tracers show at least some dependence on local temperature, pressure, and bath gas
variation. Therefore, in experiments where ambient conditions change in time or space, the
underlying interdependencies with the tracer signal must be understood in order to obtain
quantitative results. The pressure and compositions dependence of acetone laser induced
fluorescence have been thoroughly reviewed in the literature (Thurber and Hanson, 1999), as well
as its implications on temperature measurements (Thurber et al., 1998).

The use of acetone feed as a tracer on combustion diagnostic studies have been introduced over the
past decades (Lozano et al., 1992). Acetone tracer LIF, gained attention for use in laser-induced
fluorescence measurements of gas flows and especially for mixting efficiency validation
(Lakshmanarao et al., 2001). The absorption band of acetone is 225-320 nm, with a peak near 275
nm. Acetone can be excited by the fourth harmonic of the Nd:YAG laser at 266 nm and is
noncorrosive, weakly toxic, and emits strong LIF. This enables flow images capturing with high
temporal resolution, as well as to obtain enlarged images of the flow field with a high signal-to-
noise ratio. Additionally, the stray light problem is avoided because of the large difference between
laser and fluorescence wavelengths (Handa et al,, 2011). Here, the acetone molecule was excited
using the forth harmonic of the Nd:YAG laser (section 3.1.2.1) at 266 nm with a maximum energy
per pulse approximately 90 m]. Although this wavelength does not correspond to the maximum
acetone absorption region, the high energy achieved by the fourth harmonic, correspondingly
results in high signal intensity. The detection was realized by adjusting a filter with transmission
peak at 439 nm and FWHM 154 nm, hence taking advantage of the broad absorption/emission
spectrum of acetone.

In the present section, the cold cross-flow mixing is investigated and the results are compared with
a typical hydroxyl radical distribution from the flame. The latter investigation is essential for
understanding the mixing efficiency of the described configuration, as well as for evaluating the
previously obtained results. Acetone was introduced in the hydrogen flow so as for monitoring the
fuel cold flow stream. It is here noted that since the experiments were conducted for cold flow
conditions, the complexities described above i.e. pressure and temperature dependencies, are only
limited in altering of the flow physical properties characteristics, when compared to the pure
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hydrogen/air flow. In this concept it can be anticipated that the introduction of the acetone tracer
in the air flow could be a better choice, but even the applied methodology is providing indicative
results for the scope of the present paragraph. The desired acetone feed was achieved through
controlling its evaporation when passing the hydrogen stream through an acetone vessel and
simultaneously weighting its mass loss. The details for the experimental procedure have been
described in detail in previous studies in the very same configuration (Werner, 2009).
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Figure 5.5 Iso-surface profiles for (a) acetone-tracer LIF and (b) OH-LIF above the burner

Figure 5.5 presents the three-dimensional obtained results for a (a) acetone tracer and (b) hydroxyl
radical laser induced fluorescence. The three-dimensional structure was reproduced by integrating
a series of planar images, obtained by moving the sampling probe parallel to the laser sheet. The
conditions in the cold flow as well as the actual ones in the flame correspond to a flame of 5 kW
thermal load operated in a stoichiometry of ¢ =0.5. The results shown in the figure above are
indicative of the qualitative distribution, hence they are presented through the iso-surface of both
acetone and hydroxyl obtained signals.

It is clear that mixing is not achieved in a three-dimensional isotropic way due to the cross-flow
mixing configuration itself. As captured also in Figure 5.4d, hydroxyl radical concentration, opposite
to the fuel side is absent, implying that the air stream acts as a barrier for the flame propagation at
the specific volume. The acetone tracer LIF for the cold flow (Figure 5.5a), proves the validity of the
latter statement, resembling the fuel stream distribution. In conclusion, it can be anticipated that,
although a brief, indicative case study, the present paragraph comes in full agreement with
previously obtained results, hence strengthening the validity of the proposed methodology.

5.3. Concluding remarks

The present chapter validated the performance of the previously described laser induced
fluorescence detection system in simple fundamental applications. The hydroxyl radical laser
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induced fluorescence methodology, described in section 3.2, and has been placed into practice in a
simple cross-jet configuration. The setup was introduced earlier in the literature for similar studies
(Werner, 2009) and was a part of an integrated innovative system (Vof3 and Trimis, 2009), similar
to the one examined in chapter 7, with extension capabilities to the fuel cell research field. The
results captured the OH radical distribution and revealed the inhomogeneous mixing induced from
the cross-jet configuration. The latter, was also confirmed by supplementary examinations with
acetone-tracer LIF by presenting three-dimensional, qualitative iso-surfaces for both hydroxyl and
acetone LIF. Overall, the chapter familiarizes the reader with the hydroxyl radical profile in a
premixed flame through an indicative Bunsen-like flame investigation, realized via monitoring the
hydroxyl distribution along the flame. As far as the evaluation of the methodology is concerned, the
hydroxyl radical distribution satisfactory captured the flame front, introducing also a parametric
study for flame variation with respect to thermal loads and stoichiometry, which is followed also
later in this thesis.
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Chapter 6

Investigation of innovative complex fuel
mixtures using the validated diagnostic
tools

Previous chapters described and analyzed the methodologies followed and validated their
capabilities in fundamental applications, using common gaseous fuel mixtures. The present chapter
attempts to extend the diagnostic capabilities of the aforementioned methodologies in complex fuel
mixtures. A simplified approach is proposed in order to extract valuable information for such
mixtures’ combustion characteristics and performance.

The development of drop-in fuel mixtures is receiving increased attention by the engine fuel
industry, providing also that alternative fuels produce a reduced environmental footprint (Rye et
al, 2010). However, the increasing use of synthetic fuels, such as Fischer-Tropsch (FT) products in
various fields i.e. transportation and aviation, should be accompanied with an in-depth knowledge
of their fundamental combustion characteristics, so as to demonstrate their advantages. This
chapter deals with the characterization of innovative Fischer-Tropsch blends of varying
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composition, in a simple laboratory scale burner. In order to perform the investigation of complex
fuel mixtures, a variety of modern aviation Fischer-Tropsch blends were chosen. Appropriate
aviation fuel choice is demanding as far as thermochemical and physical properties are concerned
(Bruno and Smith, 2010a; 2010b) and this induces an additional challenge for the present work.
Fischer-Tropsch process eased the production of fuels, lubricants and waxes facilitating alternative
primary sources during the period prior and during the Second World War. Nowadays, Fischer-
Tropsch synthetic fuels are becoming a major alternative energy carrier and have noticeable share
in the global final energy mix regardless of the CO; policy (Takeshita and Yamaji, 2010), mainly due
to their low transportation and refueling costs and their compatibility with infrastructure and end-
use technologies for petroleum products. Aviation kerosene is a multi-component fuel with a
carbon chain length of Cs-Cis (CRC, 2004). However, the chemical structure of the FT kerosene is
significantly different from that of conventional kerosene consisting mainly of straight-chain
alkanes with small quantities of non-alkane compounds and virtually no aromatic content. The
effect of such chemical structure on combustion and emissions from gas turbine combustors is
currently not accurately known. Fully paraffinic components of the FT kerosene do not meet the
restrictions for density and thermal stability whereas naphthenic and aromatic compounds resolve
those issues but act in favor of particulate matter emissions. The scope of the present section is not
to access the fuel performance in modern gas turbines, but to demonstrate how a simple laboratory
scale premixed burner coupled with the previously validated diagnostic tools, can be utilized in
order to extract valuable information on the fuel characterization. This chapter compares several
flames of Fischer-Tropsch (FT) fuels stabilized in a laboratory-scale premixed burner. A total of five
fuels were assessed namely a neat, paraffinic FT blend, FT blends with varying aromatic and
naphthenic content, along with a pure n-decane for reference purposes. All thermochemical
properties where measured and calculated based on the detailed composition of each fuel and
temperature profiles and emission measurements using the GC method described in section 2.1.3,
were obtained.

6.1. Alternative Fischer-Tropsch aviation fuels

The use of alternative, renewable fuels is expected to mitigate the effects of global warming,
enhance environmental protection and increase diversity and security of energy supply (Gokalp
and Lebas, 2004). The increasing demand for such fuels in the transport sector is linked to the
availability of alternative fuels for gas turbines (Maurice et al, 2001). Fischer-Tropsch (FT)
kerosene offers substantial advantages as an alternative aviation fuel. It is physically similar to
kerosene and thus compatible with current fuel storage and handling facilities. It is a sulfur-free
fuel leading to complete elimination of SOx emissions. Depending on the primary fuel source used in
the FT process, FT kerosene can be classified as CTL (Coal-to-Liquid), GTL (Gas-to-Liquid) or BTL
(Biomass-to-Liquid), which is also virtually CO neutral.

As far as practical applications are concerned, there are several studies in the open literature
dealing with the performance and emissions of FT fuels in gas turbine engines, such as Rolls-Royce
T63 turboshaft (Timko et al., 2010) and a Pratt and Whitney PW308 (Corporan et al., 2007),
suggesting that synthetic blends also demonstrate reduced particulate matter emissions in
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comparison to commercial kerosene e.g. JP-8. Additionally, the usage of alternative synthetic fuels
mixtures has been also demonstrated in auxiliary power units (Dewitt et al.,, 2008), with equally
satisfactory operational performance as with conventional fuels. Overall, it was shown that FT
blends exhibited better atomization and mixing behavior when compared to conventional fuels and
revealed improved ignitability (Rye and Wilson, 2012). Generally, there are even studies concluding
that some fully synthetic paraffinic blends are the fit-for-purpose alternative aviation fuels (Moses
and Roets, 2009). Furthermore, there are similar studies for diesel engines running on FT blends
(Wu et al,, 2007). Generally, the use of FT blends has been shown to result in significantly reduced
carbon monoxide, unburned hydrocarbons, nitrogen oxides and particulate matter emissions when
compared to conventional diesel fuel (Abu Jrai et al., 2006; 2009).

On the other hand, the potential use of FT fuels in engines requires a thorough understanding of
their fundamental combustion properties. The accurate quantification, both experimental and
numerical, of the combustion chemistry needs to be performed in well-controlled fundamental
experimental configurations that resemble the operating conditions of practical combustion devices
avoiding complexities from e.g. complex turbulence-chemistry interactions. Experimental
investigations in such configurations include shock tubes (Kahandawala et al, 2008), combustion
bombs (Nguyen et al., 2010; Wang, 2012) and rapid compression machines (Kumar and Sung,
2010) for ignition time delay measurements, constant volume champers (Azimov and Kim, 2008)
and opposed-flow diffusion flames (Naik et al., 2011) for laminar flame speed determinations
(Kumar et al. 2011) and jet-stirred (Dagaut and Cathonnet, 2006) and flow reactors
(Gokulakrishnan et al. 2003) and diffusion flames (Moss and Aksit, 2007) for species and soot
(Saffaripour et al., 2011, 2013) measurements.

Since FT is more a generic term than a specific fuel, it is expected that the physical properties and
chemical composition of a particular blend will strongly affect combustion characteristics (Edwards
and Maurice, 2001). Synthetic fuels are complex hydrocarbon mixtures albeit with a well-defined
composition in contrast to distillate fuels, whose detailed composition may vary between batches.
However, in order to meet the same specifications with conventional fuels, FT blends have a
varying composition with respect to their paraffinic, naphthenic, aromatic and even oxygenated
constituents. In order to assess this issue numerically, an enormous amount of effort is placed in
simulating FT mixtures via coupling their chemistry with the appropriate surrogates (Humer et al.,
2007; Cooke et al., 2005) hence, a number of model fuels have been proposed (Aksit and Moss,
2005; Dagaut et al., 2006) in order to resemble their performance stability and emission behavior
with the commercial kerosene.

In order to assess the effect of each constituent class on performance and emissions, experimental
characterization of different fuels’ combustion behaviour must be carried out in fundamental
configurations, retaining the same global operating parameters i.e. thermal load and fuel/air ratio.
An accurate determination of the above parameters requires a correct estimation of fuel heating
value and molecular weight which, in turn, requires knowledge of their detailed composition. In
this respect, a methodological approach is here formulated for calculating fuel heating value and
molecular weight based on detailed mixture composition. The calculated heating values are used in
the detailed experimental investigation of combustion characteristics of selected FT blends with
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systematically varying paraffinic, naphthenic and aromatic content, which forms the core of the
present work. Flame stability maps, temperature profiles and species concentration are obtained in
a laboratory-scale premixed burner for a range of operating conditions, so as to facilitate the

evaluation of each constituent species contribution to the overall fuel performance. Additionally, n-
decane is used for benchmarking purposes.

6.2.

Fuel analysis methodology and theoretical calculation of
thermochemical properties

The FT blends studied, as well as commercial kerosene, are complex mixtures of C7-Ci7
hydrocarbons, containing normal and iso-paraffins, naphthenic and aromatic compounds. In more
detail, mono-, di- and tri-naphthenic (MN, DN, TN), mono- and di-aromatic (MoAr, DiAr), and
napthenic- monoaromatic (NmoAr) compounds can be present. Figure 6.1 demonstrates a typical
commercial kerosene mixture (Blakey et al., 2011) and neat paraffinic FT synthetic blend. All other

blends studied in the present section, are mixtures with compositions among these two “extreme”
blends i.e. from fully paraffinic blends with varying aromatic and naphthenic constituents

i n-P
1 = |-P

:,‘E % I VN o qp
—= =

c® c

3 FHEHE MoAr S A%

© A I NmoAr b

; 5 S DiAr E g

5 o

=7

c) 20 ¥ S

= & 3o P&

§ = &
& o)
[ Q by
o o
o’h 0 \&\Ovt\ X < k’p O,h 'Q§
(o)
Uf}d = \;<° Q\? o@ DOU n & O\YS 6 (_;q‘?
OUp l’oup
Typical composition of a Jet A-1 kerosene

Typical composition of a neat paraffinic FT fuel

Figure 6.1 Generic composition of the tested Jet A-1 (left) and the neat paraffinic FT synthetic fuel (right).
(Jet A-1 approximate composition obtained from Blakey et al.,, 2011)

The high hydrogen to carbon ratio of paraffins gives a high heat to weight ratio whereas the
naphthenic and aromatic compounds reduce the heat release per unit weight but also reduce the
fuel freeze point which is a vital parameter for high altitude flight (Blakey et al., 2011). The generic
composition of the FT blends examined here, is presented in Table 6-1. All blends were supplied by
Shell Global Solutions (UK). The experimental determination of physical and chemical properties of
the FT blends has been previously performed *and these data were available to the author. This
included determination of fuel density, obtained with the IP365 tmethod, and heating values,

* ECATS - Environmentally Compatible Air Transport System. Project No. ANE-CT-2005-012284. Network of
Excellence; Aeronautics (2010) [www.ecats-network.eu]

tThe Institute of Petroleum (IP) IP 365 - Density & Relative Density of Liquids by Digital Density Meter, 2003.
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obtained according to the ASTM D4809 *method, as well as the detailed composition data for all FT
blends, obtained via two dimensional GC analyses. The mean mixture molecular formula and weight
were calculated via the detailed composition data, following the following systematic methodology.

Table 6-1 Generic composition of blends under study

Fuel Blend Compound content
1 P Paraffins (99%)
2 PAr Paraffins (80%) + Aromatics (20%)
3 PN Paraffins (60%) + Naphthenes (40%)

4 PNAr  Paraffins (50%) + Naphthenes (30%) + Aromatics (20%)

The mean mixture molecular weight and formula were calculated by formulating the equivalent
stoichiometric reaction from the constituent species and the mixture (lower) heating value was
calculated through the heat of formation of the equivalent stoichiometric reaction. The later
allowed the usage of global parameters for controlling the experiments, as is the nominal thermal
load and stoichiometry. Knowledge of the detailed composition is also beneficial in the assignment
of an appropriate fuel surrogate for detailed chemical kinetic computations. In more detail, the
required thermochemical properties can be calculated if the detailed composition in known, either
in the form of mass or mole fraction, as follows. The mean mixture molecular weight is simply
calculated by equation (6.1)

A
W= [ZVL\}} Equation (6.1)
i=1l i

where, X;, Y; and W; are the mole fraction, mass fraction and molecular weight of species i and W is
the mean molecular weight of the mixture. The mole fraction of species i, accordingly calculated as

X, = Vi
' Wi Equation (6.2)
w

The equivalent molecular formula is obtained by formulating the stoichiometric reaction for each
component, equation (6.3).

C.H, +Vi02 (O, +3.76N,) ’Vicozcoz "‘VLonzO +V:\|2 N, Equation (6.3)

The stoichiometric coefficients vi for the equation (6.3) are obtained by the following expressions

Vé)z = (Xi +%j, ViCOZ =X, VLZO = %, VLZ = 3.76(Xi +%j Equation (6.4)

* American Society for Testing and Materials (ASTM). ASTM D4809 - Standard Test Method for Heat of
Combustion of Liquid Hydrocarbon Fuels by Bomb Calorimeter, ASTM 2006
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This leads to the equivalent mixture molecular formula C.H,, calculated by equation (6.5)
n . n i

X= Z XVeo, y= 22 XV o Equation (6.5)
i=1 & i=1

Finally, the fuel blend (lower) heating value is then calculated using equation (6.6)
AHof,mixture = ZXi (Véo2 AH;,COZ + V;IZOAH;,HZO - AH;,i ) Equation (6.6)
n=1

In total, Table 6-2 presents the calculated thermochemical properties for all tested fuels as they
were obtained with the described methodology, based on the knowledge of their detailed
composition and these values were used in all subsequent experiments

Table 6-2 Calculated thermochemical properties of tested fuel blends

Blend MW [g] Molecular Formula AH¢[M]/kg]

p 143.96 Ci10.14H2225 44.64
PAr 141.51 C10.08H2035 44.00
PN 171.44 C12.18H25.28 4416

PNAr 160.10 Ci1.48H22.18 43.59

Determination of fuel heating value requires knowledge of the heat of formation of all constituent
hydrocarbons. The CGxGC composition data reveals the species distribution with respect to carbon
atom and constituent classes, i.e. paraffinic, naphthenic, aromatic etc., without determining the
exact isomers present in the mixture (see Figure 6.1). In order to assign a heat of formation value to
each constituent, its exact molecular structure must be known. The choice of the appropriate
molecular structure poses some difficulties and is a potential source of error. The assumptions
made in order to assign appropriate molecular structure are described below.

For n-paraffins a unique, unambiguous assignment is possible. [so-paraffins were assumed to have
a structure of 2-methylalkanes with a very good correlation of heat of formation values with carbon
number, as shown in Figure 6.2. Additionally, the combustion chemistry of 2-methylalkanes has
been extensively characterized recently in the literature (Sarathy et al, 2012). The mono-
naphthenic isomers were assumed to have the structure of a straight, mono-substituted
cyclohexane e.g. for the C1o naphthenic species, the butyl cyclohexane was chosen and so forth. The
di-naphthenic isomers were assumed to have the structure of mono-substituted decahydro-
naphthalene while the structure of 1,1-bicyclohexyl has been assumed for the Ci» di-naphthenic
species. A linear correlation between heats of formation and carbon numbers was also noted for the
naphthenic compounds, as shown in Figure 6.2. Finally, the mono-aromatic compounds were
assumed to have the structure of straight-chained, mono-substituted benzenes e.g. butyl benzene
for C1o, and the di-aromatics the structure of straight-chained, mono-substituted naphthalenes.
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Figure 6.2 Normal and iso-paraffins, and mono and di-napthenes heat of formation values as a function of
carbon atom number. Solid symbols represent values obtained from literature and blank symbols represent
extrapolated values respectively..

After choosing the appropriate isomers, the heats of formation values of the constituent species
were obtained using the literature database (Linstrom and Mallard, 2005), appropriate
compilations (Poling et al., 2005) or obtained using the group additivity method (Benson, 1976). In
some cases, demonstrated in the present section, linear correlations between heating values of
some constituent group compounds allowed extrapolation and these values are indicated
separately. The paraffinic group constitutes a sticking example of a case where the linear
correlation between the group species’ heat of formation and their carbon atoms allows

extrapolating values.
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Figure 6.3 Measured and calculated (lower) heating values for the tested fuel blends

Calculated and measured heating values for all blends are presented in Figure 6.3. It is shown that
the methodology satisfactory captures the measured trend in the heat of formation of all FT blends.
However, the calculated values are systematically overestimated by approximately 2%. Further, the
level of agreement deteriorates with increasing presence of paraffinic compounds in the blend (see
Table 1). In order to explore the reason for this discrepancy, a sensitivity analysis on the choice of
isomeric structure for each constituent group was performed. Indicative results for CgHies
isoparaffins are presented in Table 6-3. It is apparent that the thermodynamic stability of a
particular isomer increases as the size of the side chain(s) decreases and/or the topological
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complexity increases. Thus, as shown in Table 6-3, the most stable isomer for CgHi¢ is the
tetramethyl-butane, which has a heat of formation approximately 5% lower than 2-methyl-heptane.
One may argue that adopting the most thermodynamically stable isomer for each class, would
result in a more accurate heating value calculation and may also be a more correct representation
of the actual isomers mix. However, there are several reasons for not doing so. On the one hand, the
choice of a complex side chain isomer induces difficulties in heat of formation determination, due to
limited data availability in the literature and uncertainties in using the group additivity method.
Moreover, there is no indication that the most stable isomer is the dominant one in each blend.
Further, as the sensitivity analysis suggests, the adoption of the most stable isomer would result in
severe under prediction of the mixture heating value.

Table 6-3 Heats of formation for selected CgHi16 iso-paraffin isomers (Linstrom and Mallard, 2005)

Species Structure AHe [K]/mol] Uncertainty
Heptane, 2-methyl- ,:\/\,J\ -215.5 +1.3
Heptane, 3-methyl- /\rv“ -212.6 +1.1
Heptane, 4-methyl- |~ 2121 +1.2

Hgixrizteﬁ;f— Y -219.4 +1.1
Cdmetyt 1 213 “15
Hgl";th;lz SO -224.7 1.1
Hgf;‘;ih;f o -220.1 +1.1
Ceramethyl. 11 2262 £19

The above discussion highlights that the adopted methodology can produce reliable and consistent
heating values calculation for all blends. The reported 2% margin in blends heating value
calculation is reasonable given all the aforementioned uncertainties. Moreover, since the
constituent species assignment is the same for all blends, the resulting uncertainty is systematic
and does not affect fuel comparison under the same conditions.

6.3. Sampling and coupling apparatus with a laboratory-scale
premixed flame burner
Experimental investigations were performed in a laboratory-scale premixed burner (Figure 6.4). A

simplified schematic diagram of the burner configuration for the fuel and air supply along with the
fuel evaporation system is also shown in Figure 6.5. The burner consists of a glass base which leads
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to the burner main body, the stem. The latter is connected to a prismatic flame holder, located at
the tip of the stem and having a length of 20 mm and a width of 2 mm. The burner itself is
approximately 42 cm tall with a base diameter of 13 cm and stem diameter of approximately 3 cm.
The burner assembly sits on a lab-hotplate (Heater 1), maintained at an independently-set
temperature, which heats up the base.

Configuration for temperature Flame sampling Burner in operation, with
stem (b), base (c) & | and emission measurements. setup. Probe above base hotplate exposed.
fuel/air nozzle (d). the flame holder.

Figure 6.4 The burner assembly configuration

Air was preheated by passing through a spiral coil which also sat on top of the hotplate. The
preheated air was then directed to the outer tube of a coaxial, capillary glass heat exchanger. Fuel
was fed through an automated syringe pump (Graseby 3100 Syringe Driver) into the inner tube of
the capillary heat exchanger. The nozzle of the capillary heat exchanger was located near the
burner base.

Prismatic Pressure

syl __— flame holder Heater 1 Control
Valve

Burner

/

Compressor

Heater 2 . Fuel
Coaxial

Heat
Exchanger

Air

Heater 1

Figure 6.5 Schematic diagram of the burner configuration

Fuel vaporization is initiated inside the capillary heat exchanger and is completed as the fuel/air
mixture enters the burner. In order to reduce the heat losses and achieve sufficient control over the
evaporation process a second heater was utilized, consisting of a thermal resistor/controller
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(Heater 2), covered with insulating material. The liquid fuel supply at the syringe was varied from
15 to 30 ml/h, depending on the particular case, while the air supply varied from 2 to 4 1/min. The
fuel/air mixture was subsequently ignited by a pilot flame and stabilized on the burner flame
holder. Complete fuel evaporation, coupled with constant fuel and air supply rates, are crucial
factors for maintaining the same stoichiometry and thermal power for all experiments and avoiding
periodic flame fluctuations due to droplet formation. In order to achieve complete fuel evaporation,
the temperature at the nozzle vicinity must exceed the fuel boiling point. On the other hand, an
extreme temperature at the above location is highly possible to cause fuel cracking and even
autoignition. In order to accomplish complete fuel evaporation and at the same time avoid the
above issues the temperature of Heater 1 was set at 670 K and at the Heater 2 at 500 K.

6.4. Combustion performance evaluation of the FT blends

For the evaluation of the different fuel performances on the lab scale premixed burner described,
temperature profiles and emission measurements were obtained. An Aluminum Oxide (Al>03)
ceramic sampling probe of 3 mm external diameter along with a thermocouple attached to monitor
the temperature at the edge of the probe, were used. The sampling was realized through the probe
by a peristaltic pump connected at the exit of the GC system. Temperatures were obtained along the
main burner axis, using an S-type thermocouple with a ceramic insulated body, with a junction
diameter of 350 pum, attached on a traversing system. Measurements were recorded over a distance
of 25 mm above the burner, or in other words about 3.5 equivalent diameters. This corresponds to
approximately 3.5 hydraulic diameters, defined as the diameter of a circle having the same area
with the cross sectional area of the flame holder. Radiation losses were of the order of 250 °C, which
is in agreement with the respective error from such thermocouple probes found in literature
(Heitor and Moreira, 1993). Emission measurements were performed for selected cases with the
gas chromatographic method developed (see section 2.1.3).
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Figure 6.6 Indicative flame stability map for all fuels, on a simple premixed burner configuration
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An extensive stability mapping was performed in order to define the flame extinction limits for all
six fuels, as a function of the fuel and air supply. As an example, the flame stability map with blend P
is presented in Figure 6.6. Overall, the flame stability mapping indicated that the burner was
capable of operating near stoichiometric conditions, maintaining a short blue laminar flame on top
of the flame holder. It was rather difficult to maintain a stable flame in under-stoichiometric
regimes and impossible to ignite for equivalence ratios lower than ¢< 0.8. As fuel supply rates
increased towards fuel-rich flames, fuel vaporization was found to be incomplete, resulting in the
formation of a diffusion flame that rapidly became unstable and fluctuating, eventually leading to
soot formation at stoichiometries much lower than those normally expected for paraffinic mixtures,
namely with equivalence ratio of only ¢=1.4. Consequently, the cases studied concerned
equivalence ratios of ¢=1 and ¢= 1.2 under 150 W and 200 W nominal thermal load. Although the
limitations concerning burner operation resulted in a narrow burner stability window, the current
setup provides consistent trends, facilitating the systematic analysis of the various tested blends.
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Figure 6.7 Temperature distribution above the burner for ¢ = 1 under 150 W (left) and 200 W (right) of
nominal thermal load

Temperature and species profiles, presented here, originate from respective mean values obtained
over ten time-averaged measurements, at each location. Error bars indicate the standard deviation
of the instantaneous measurements from the mean values. The x-axis represents the dimensionless
distance from the flame holder, normalized with the hydraulic diameter (Deq) of the latter. The
results presented here start from a height of 2 mm above the flame holder. It was impossible to
obtain accurate temperature measurements closer to the flame holder, since the thermocouple tip
blocked the thin slot of the flame holder, greatly distorting the flame local behavior. Temperature
profiles along the burner main axis, for stoichiometric conditions and nominal thermal loads of
150 W (right) and 200 W (left), are shown in Figure 6.7 for all blends. The corresponding
temperature profiles for ¢=1.2 and the same thermal loads are shown in Figure 6.8. Under
stoichiometric conditions temperature profiles exhibit a maximum in the vicinity of the flame
holder and decay downstream of the burner, for all FT blends. For ¢= 1.2 the temperature profiles
for the FT blends, reach a maximum value downstream of the flame holder, followed by a flat region
and a smooth decay. Increasing the operating power from 150 W to 200 W at ¢ = 1, results in higher
maximum temperatures (of ca. 100 K) for both stoichiometries.
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The above observations are valid for all FT fuel mixtures. Several further observations can be made
from simple inspection of the above figures. These relate both to burner operation and fuel
behaviour. For both thermal loads, maximum temperature values at ¢ = 1.2 are about 150 °C lower
than those measured at stoichiometric conditions. A wider flame zone is observed at ¢= 1.2, where
the flame loses its thin prismatic shape and tends to behave as a diffusion flame (see stability map)
with also higher temperature fluctuations recorded.
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Figure 6.8 Temperature distribution above the burner for ¢ = 1.2 under 150 W (left) and 200 W (right) of
nominal thermal load

Regarding the combustion performance of the fuels, all FT blends exhibit similar trends with
significant quantitative differences. Overall, n-decane appears in all cases to yield the lowest
temperatures, while the highest recorded temperatures are associated with aromatic-enriched FT
blends. Among the FT blends, the lowest temperatures are associated with the neat paraffinic
mixture (P) - with similar levels of normal- and iso- alkanes in its composition -, which also has
similar temperatures to n-decane. The highest temperatures are recorded for the PAr mixture,
which retains the relative normal- to iso- alkanes ratio. This suggests that the higher temperatures
could be attributed to the increase of the aromatic content. Moreover, the temperatures of the
naphthenic (PN) mixture are lower than those of the PAr although the naphthenic content of the
former is twice the aromatic content of the latter, and the normal- to iso- alkanes ratio is
unchanged. This may imply that the naphthenic components are less reactive than the aromatic
ones. However, it cannot be inferred whether the temperature trends are just a reflection of
differences in reactivity or whether synergistic effects are dominant. The above discussion is also
valid for the naphthenic-aromatic blend (PNAr).

Emission measurements were performed for all blends under stoichiometric conditions and
nominal thermal load of 200 W, at two locations above the flame holder. The first measurement
point, chosen so as to 1/3 ofindicate the edge of the flame prism, was set at a distance of 1/3 Deq.
The measurements obtained at this location are referred as flame emissions. The second point was
set at a distance equal to Deq above the flame edge and the measurements obtained there are
referred as exhaust emissions.
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Figure 6.9 Flame emission measurements for ¢ = 1 under 200 W of thermal load at a distance of 1/3deq.

Figure 6.9a presents CO; H,, CO and O flame emission measurements. Oxygen levels are
approximately 1% for all blends, suggesting low air entrainment and hence good sampling. All FT
fuels and n-decane, are characterized by similar major species levels. A comparison of the
measured flame emission CO; levels with the theoretical CO; levels obtained from the stoichiometric
reaction for each fuel, can provide a measure of conversion efficiency. The P and PAr blends
demonstrate the higher conversion rates as compared to the other fuels. Additionally, the
naphthenic content appears to reduce mixture reactivity. These trends roughly scale with the ones
obtained from temperature measurements. The same trends are more pronounced in the case of
exhaust emission measurements (Figure 6.9b) mainly due to the fact that the reaction is more
complete downstream the burner. The accurate quantification of exhaust emission results carries
high risk, mainly associated with the fact that by moving downstream of the flow, the uncertainty of
sampling from the same flame space or at the same flame timescale is greater. However, in
agreement with the previous discussion, Figure 6.9 underlines that blends with naphthenic content
exhibit higher CO and H; levels, and respectively higher CO; levels, than P and PAr blends. However,
an important difference between the two set of measurements, is that for flame emissions
significant hydrocarbon amounts were detected.
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Figure 6.10 Exhaust emission measurements for ¢ = 1 under 150 W of thermal load at a distance equal to deg.
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Finally, Figure 6.10 presents measurements of hydrocarbon amounts detected at a distance of 1/3
Deq. The signal to noise ratio was not satisfactory, resulting in large errors associated with the
measurements. Nevertheless, it was clear, that paraffinic blend yields lower quantities of C1-Cs
alkanes, appearing mainly as methane and C; isomers, with the latter being an order of magnitude
higher than methane. On the other hand, the paraffinic blend yielded significantly different
unburned hydrocarbons (UHCs) than n-decane. Additionally, the presence of aromatic compounds
in the fuel composition seems to affect the UHC levels the most. Overall, the results concerning
trends in measured temperatures, CO and CO: levels, as well as the unburned hydrocarbon
quantities on the simplified premixed utilized configuration, are in good agreement with similar
studies in diffusion flames

6.5. Concluding remarks

The chapter focuses on the characterization of laboratory-scale premixed flames for several FT
blends and an n-decane for benchmark purposes. The systematic variation of FT blends
composition with respect to paraffinic, naphthenic and aromatic content, made possible the
assessment of fuel mixing trends. An analytical methodology was followed in order to assign key
thermochemical properties to all blends. Thermochemical properties were calculated from detailed
composition and compared against experimental data, with good agreement. A sensitivity analysis
was performed in order to assess the effect of the choice of isomers for each constituent class on the
heating value of the fuel. An extensive flame stability mapping was realized for all blends, as a
function of thermal power and stoichiometry, which provided a set of appropriate operating
conditions for the detailed measurements. Temperature profiles were obtained along the burner
symmetry axis and species emission measurements were performed at locations representative of
flame and post-flame zones. Temperature measurements under same thermal loads and
stoichiometry showed similar behaviour for all FT blends, exhibiting constantly higher
temperatures than n-decane. Among FT fuels, the neat paraffinic blend results in the lowest
temperatures, which increase with increasing aromatic content. Species measurements highlighted
the similar behavior among all examined FT blends. It was also shown that the fully paraffinic blend
results in the lowest UHC levels, whereas blends with aromatic and naphthenic content show the
opposite tendency. Further comparison between the theoretically determined CO; levels reveals
that fully synthetic paraffinic blends also result higher conversion rates and blends with aromatic,
naphthenic, and naphthenic and aromatic compounds following with this order. Additionally, the
results concerning trends in measured temperatures, CO and CO; levels, as well as the unburned
hydrocarbon quantities on the simplified premixed utilized configuration, came in good agreement
with similar studies in diffusion flames (Saffaripour et al., 2013). Finally, it has been demonstrated
that simple laboratory scale combustion equipment, when used in a carefully controlled
environment, can provide useful information about combustion characteristics of novel fuel.
Overall, the present chapter underlines that the proper utilization of the combustion diagnostic
tools developed in previous chapters, along with the knowledge of fundamental physical properties
of the mixtures under study, can successfully extend their applicability in the research field of
complex fuel mixtures, as far as their operational performance in laboratory scale burners is
concerned.
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Chapter 7

Experimental characterization of a porous
inert medium burner with intrusive and
nonintrusive diagnostic techniques

Combustion domain augmentation by heat recirculation, on the concept of excess enthalpy burning
has been acknowledged over the past as an effective, epoch-making technique (Weinberg, 1971).
Since an intense flame of high temperature can be achieved through this energy transfer, it has
been widely adopted in numerous practical applications with various configurations (Mujeebu et al.
2009a). In particular, instead of the conventional combustion in a pure gas flow, combustion in
porous burner occurs within a porous inert structure, hence increasing the heat transport process
in comparison to free flames. (Babkin et al., 1991 and 1993). When a porous inert medium (PIM) is
inserted in a flame, its conductive and radiative heat transfers to the pre-flame zone, rendering
capabilities of high burning rate, extended flammability limits and low pollutant emissions to the
flame (Wood and Harris, 2008). It also known that the flame can survive in porous inert media
having a mean pore diameter less than the classical quenching diameter (Lee and Maruta, 2012).
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The flame stabilizes inside the porous media by energy recirculation over a wide mixture velocity
range up to several times as high as the burning velocity of the flame in free space. From the a view
point of combustion augmentation, the structure of radiation-controlled flame in the porous media,
results in a strong energy feedback by radiation through the reaction zone, yielding an excess
enthalpy flame. (Hanamura et al.,, 1991). Heat recirculating systems from hot combustion products
to cold reactants, involving convective heat exchange, thermal conduction and radiation transfer in
porous medium have been demonstrated to be efficient over the past decades. As a systematic
methodological approach dictates, after validating the diagnostic techniques in fundamental
applications, they are implemented for characterizing a complex combustor, as is the porous inert
medium burner. In this context, the porous inert medium combustor is the state-of-the-art burner
of choice, for implementing all diagnostic tools and methods developed and analyzed in the
previous chapters of the present thesis. Hereon, the burner is characterized primary by means on
nonintrusive techniques and then its operation with respect to nominal thermal load, equivalence
ratio and fuel variation, is investigated, also utilizing intrusive diagnostic tools.

7.1. The porous inert medium burner technology

The increasing need for more efficient, less emissive and less energy consuming technologies has
shifted the focus of combustion research towards technologies involving flameless applications
(Wunning and Wunning, 1997). Flameless or mild combustion (Cavaliere and de Joannon, 2004) is
winning its place among cutting-edge, emission reduction and energy saving technologies.
Numerous techniques have been employed in order to utilize inlet mixture preheating to reduce
NOx emissions (e.g. Choi and Katsuki, 2001). Excess enthalpy combustion or heat recirculation from
burned products to unburned mixture, has been proposed as a fuel flexible technology, with
reduced emissions and enhanced efficiency (Hanamura et al, 1991 and 1993), which also finds
application in porous media combustion. Porous burner combustion fulfills the aforementioned
requirements since it is characterized by low pollutant emissions, high power density, high turn-
down ratio, enhanced combustion stability (Malico et al., 2000), high radiant efficiency (Bouma and
de Goey, 1999) and the potential to operate in ultra-lean combustion regimes.

The porous inert medium burners operate on the principle that the premixed fuel/air mixture
burns within the cavities of a solid porous matrix with superior heat transfer properties, serving as
a means of internal heat recirculation. The incoming mixture is thus preheated leading to excess
enthalpy burning, also commonly referred as super-adiabatic combustion (Takeno et al, 1981). In
the case of super-adiabatic combustion in porous media, the flame is stabilized at the interface of
the preheating section and the ceramic foam with superior heat transfer properties and can be
operated with a wide range of gaseous fuels (Mishra et al., 2006). Combustion in a porous medium
is also characterized by increased flame speeds, extended flammability limits and stability across a
wide range of conditions and it continuously improves its place in numerous combustion
applications utilizing these advantages which have started to be systematically examined over the
last decades (Sathe et al, 1991), such as combined burner and heat exchanger systems, off gas
burners, partial oxidation reformers and household heating (Mujeebu et al., 2009b).
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Porous matrix stabilized combustion along with the associated burner technology development and
the materials used, have been thoroughly described in the past (Pickenécker et al. 1999 a; Trimis
and Durst, 1996) and it is not in the scope of the present thesis, hence only a brief review will be
given here. Porous burner design considerations include the length and orientation of the porous
matrix or matrices in the case of multiple stages, the shape and the porosity. As far as the porosity is
concerned, small-pored materials exhibit better conductive and convective and rather poor
radiative heat transfer. Additionally, small pored foams act in favour of thermal dispersion effects,
or in other words, enhanced heat transfer due to hydrodynamic mixing of the gas within the pore
cavities (Fend et al. 2005). Moreover, high permeability are desirable in order to minimize the
pressure drop and decrease the required preheating time during start up (Moéfsbauer et al., 1999).

However, the most critical consideration is the material selection. The type of the material has a
dramatic effect on the ability of a burner element to resist melting and on its resistance to thermal
cracking fatigue. Since the increase of the convective heat transfer coefficient leads to stronger heat
recirculation (Barra et al., 2003), ceramic materials are highly appropriate for combustion inside
porous matrix. Ceramic materials are suitable for porous burners because of their high usage
temperatures, chemical stability and resistant to corrosion and wear (Bowen, 1980). While porous
ceramic foams have good temperature resistance, their durability suffers from cracking caused by
thermal stresses due to differential expansion during start up and shutdown. The most commonly
used ceramic materials in porous combustors are alumina (or aluminium oxide, Al;03), silicon
carbide (SiC) or silicon impregnated silicon carbide (SiSiC) and zirconia (or zirconium dioxide,
Zr0z), which are typically met either as reticulated foams, lamella structures or packed beds.
Alumina has high application temperature and resistance to wear, but has a large thermal
expansion coefficient, poor thermal shock resistance and moderate thermal conductivity and
emissivity. It is however the most popular, mostly met in packed beds and lamella structures. On
the other hand, although zirconia based ceramics offer a very high application temperature, they
present low thermal conductivity and moderate thermal shock resistance and emissivity. Finally,
silicon carbide based materials present lower application temperatures, but they have higher
thermal conductivity and emissivity and very good resistance to thermal shock and they are mostly
used in reticulated foams (Pickenicker et al., 1999b).

The combustion process inside porous media is quite complex, requiring a coupled solution of the
heat and mass transfer and chemical kinetics occurring locally in the medium. Moreover, the effects
of conduction and radiation heat transfer as well as convective interactions between the gas phase
and the solid matrix must also be taken into account. The chemical kinetics can be simplified even
to one step reaction process, or extended to account for a more complete detailed reaction set. In
either case, the resulting equation is extremely stiff, because of the temperature dependence of the
chemical reactions and solutions for the temperature, the flame speed and the species
concentration inside porous media is highly uncertain (Howell et al., 1996). There is an important
amount of studies describing analytically or numerically the phenomena inside the porous media
(Pereira et al.,, 2005; Shi et al, 2011), using varying methodological approaches (Keshtkar and
Nassab, 2009) and different models (Zhou and Pereira, 1998), analysing the influence of
multidimensionality (Hackert et al., 1999) and parameterizing model uncertainties (Mendes et al.,
2011). Most studies describe and analyse flame stabilization (Catapan et al., 2011) and burner
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characterization in terms of temperature (Rumminger et al.,, 1996) and emissions (Brenner et al.,
2000), focusing also on NOx (Afsarvahid et al, 2008) and their formation mechanism (Gauthier et al,,
2008). There are also studies calculating maximum superadiabatic temperatures for laminar
stationary lean premixed flames within porous inert media (Pereira et al.,, 2011) and flammability
limits (Di Mare et al. 2000) and recently incorporating surface reactions (Machado, 2012).

In the present chapter, a porous burner with geometrical and physical characteristics as described
in section 7.1.1 is examined in terms of flame stabilization, emissions, solid and gaseous phase
temperatures and fuel interchangeability. In the following paragraphs the burner is firstly tested
with nonintrusive means, namely Laser Induced Fluorescence, and the flame shape, height and
location inside the matrix are parametrically determined. This investigation has been carried out
using methane and the effects of nominal thermal load and stoichiometry variation as well as the
sampling probe positioning on the flame are discussed. After the flame behaviour inside the porous
matrix is determined, the investigation deals with the burner characterization and fuel
interchangeability. Sections 7.2 and 7.3 deal with the burner characterization, when operated with
conventional (e.g. natural gas and LPG) and alternative (biogas) gaseous fuels respectively. The
latter investigation is realised utilizing a variety of diagnostic techniques, described in detail in the
respective paragraphs.

Figure 7.1 The burner configuration

7.1.1.  The burner configuration

For the needs of the present chapter, burners with identical characteristics were considered, for
consistency reasons. The burner has a two layer, flat, rectangular porous geometry. It consists of a
mixing tube with two supplies for air and fuel connected to a distribution chamber. The mixing
chamber is connected to the first layer, namely the flame trap, made of alumina (Al;03). The
geometry of the flame trap consists of a hole-pattern with 1 mm holes in a non-staggered
arrangement with 5 mm spacing. Thermal quenching of the flame is accomplished within the flame
trap at low thermal loads, while at high thermal loads the flow velocity within the holes is
significantly higher than the burning velocity additionally to thermal quenching. The flame trap
prevents the flashback into the mixing section through the small drillings, affecting thermal
quenching of the flame. In more detail, the low heat conductivity of the flame trap material
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(< 0.2 W/mK at ambient conditions) prevented the upstream propagation of a thermal wave, which
could lead to a flashback in the flow distributor. The second layer is the porous matrix, made out of
silicon infiltrated silicon carbide foam (SiSiC) with a pore size of 10 ppi (pores per inch) and serves
as the combustion zone. Furthermore, the SiSiC ceramic material combines high mechanical
stability with being chemically inert even at high temperatures. Dimension-wise, the burner is
185 mm long and 135 mm wide and hereon the long axis is referred as x axis. The inert porous
matrix and the flame trap have a height of 15 mm and 20 mm, respectively, as shown in Figure 7.1.

7.2. PIM burner operation characterization using nonintrusive
diagnostic techniques

Although burners of this type have been characterized over the past years, nonintrusive
experimental methods are needed to describe the actual processes taking place inside the porous
structure. In the present section, the technique of laser induced fluorescence is employed to
visualize the flame zone, utilizing the excitation of the hydroxyl radical. A pumped Nd:YAG,
frequency doubled dye laser was utilized for this purpose. Hydroxyl radical is the most widely
examined species with the LIF technique on the combustion field, because it gives a good
understanding of the flame zone and hence it was used in the present study. In order to perform LIF
measurements inside the porous combustion zone, optical access along the porous structure for the
laser beam to reach the probe volume and furthermore, to allow a sufficient amount of fluorescence
to reach the detector was realized by a thin gap of a similar size as the porous cavity size. A
parametric study for the optical gap size and positioning was performed, yielding the most suitable
configuration for a sufficient signal to noise ratio without significant disturbance of the combustion
process in the porous reaction zone. The experiments were conducted over a range of various
thermal loads and excess air ratios for methane-air combustion. The main scope of this section is to
demonstrate how appropriate optical access in a porous combustion zone can be achieved, hence
demonstrating the capabilities of the methodology described in paragraph 3. Besides this, an
experimental characterization of the wide, stable operating conditions of the porous burner is
given, along with the description of the flame zone inside the porous matrix.

7.2.1. Experimental investigation of flame structure inside the reaction
zone using LIF

The advantages of porous burners have started to be systematically examined over the last decades
as mentioned earlier, but the actual processes taking place within the porous inert structure could
not be investigated experimentally by means of nonintrusive optical methods, due to the difficulties
in achieving optical access inside of the porous matrix. Most of the experimental campaigns carried
out in the past, concerned concentration measurements at the exhaust of the burner, or intrusive
temperature measurements by utilizing thermocouples in the porous matrix. In the case of slow
partial oxidation reforming processes in inert porous media also concentration measurements by
gas sampling through probes placed inside the porous matrix were performed (Al-Hamamre et al.,
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2009). However in the case of lean combustion the reaction zone is not thick enough to allow
resolving it by gas sampling.

Only recently, a similar burner with the one described above was tested with nonintrusive
techniques. The experiments concerned nonintrusive gas-phase temperature and hydrogen
concentration measurements, along the burner symmetry axis temperature measurements inside
the porous burner, facilitating the Coherent Anti-Stokes Raman Scattering (CARS) technique (Kiefer
et al., 2009). The same group extended the work providing advanced measurements with an
improved setup by using Dual-Pump Dual-BroadBand Coherent anti-Stokes Raman Scattering
spectroscopy (DP-DBB-CARS), presenting also measurements with variation of the radial position
within one pore, (Weikl et al., 2010). However, in these measurements the optical access was
provided axially along the burner axis by guiding the laser beam through a hole in the flame trap
structure and by creating an empty cylindrical path in the porous reaction zone downstream. Thus,
the measuring volume was always lying within a single jet exiting the flame trap structure and was
not representative for a random position in the porous structure.

The depiction of the combustion process within the porous structure supports the understanding of
the complex local physico-chemical phenomena. The scope of the present section is to examine the
methane-air combustion inside a porous burner operating under lean combustion regimes, by
means of Planar Laser Induced Fluorescence (PLIF) and clarify the aforementioned issues. The
planar LIF technique, as explained at section 3.1, has been used in the combustion field for
qualitative (Dryer and Crosley, 1982) and quantitative measurements of species concentrations
(Yamamoto et al, 2009), as well as for determining mixing efficiency (Yip et al, 1994) and
temperature in reacting flows (Hartlieb et al, 2000). Among its various advantages, the LIF
technique provides a more intense signal compared to other nonintrusive techniques, such as
Raman spectroscopy, and thus, can be also used as a planar technique. Moreover, the signal
intensity is essential for the current study, because the fluorescence signals are received at a small
solid angle from within the glowing radiating porous structure of the porous burner.

Experimental determination of the flame front location is based on measurement of quantities,
which show a large spatial gradient at the flame front boundary. The hydroxyl radical, OH, is an
important intermediate species and, since it is formed in the high-temperature regions, it is
commonly employed as a flame front indicator as stated in paragraph 3.2. As documented earlier in
the present thesis, besides acting as a flame front indicator, OH holds important advantages for the
LIF technique, that makes it the most widely examined species in the combustion field, such as well-
established structure and distribution of the energy levels, along with the possible transitions and
transition probabilities. Due to these reasons the hydroxyl radical was selected as the species to be
detected for the present study. Its normalized distribution was visualized for various thermal loads
and excess air ratios in order to support the understanding of the flame zone structure and
behavior over the operational range in the porous reaction zone.

Optical access through the porous structure cannot be achieved in a fully nonintrusive way, due to
the opacity of the employed ceramic porous material and the relatively low optical thickness, which
allow only a direct optical path up to a few porous cavity sizes distance inside the inner part of the
foam with a lot of shadowed regions from the matrix itself. In the present work, appropriate optical
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access has been created for the sending (planar laser light sheet) and for the receiving optics by
cutting two slices from the foam (Stelzner et al., 2010). The slice gap for the sending optics had to
ensure sufficient space for the parallel light sheet thickness, whereas the detector opening had to
provide a solid angle allowing a sufficient amount of fluorescence to reach the detector. Since the
experiments focused on describing the actual phenomena in a random place inside the porous
structure, the gap width for the optical paths had to be less than the characteristic length of the
porous structure, which is considered to be the porous cavity size/diameter. Possible disturbances
of the combustion process in the porous matrix due to the gap size and position were investigated
in the current work by parametrically varying the size and positioning of the gap. Moreover, the
structure of the reaction zone over the burner operating condition was examined and an extensive
stability mapping was performed, establishing the range of operation in terms of thermal loads and
mixture equivalence ratios.

7.2.1.1. Sampling probe and burner coupling with the LIF system

The fundamentals of Laser Induced Fluorescence (LIF) have been described in detail in paragraph
3.1.1, hence a short overview of the system utilized is given here for reader’s convenience. In order
to facilitate the measurements, a frequency doubled Nd:YAG laser was used, pumping a frequency
doubled dye laser (Quantel Brilliant B/TDL90), with a Rhodamine 6G dye, solved in ethanol,
providing a wavelength at the UV region near 283 nm, exciting the Q1(6) line of the OH (1,0) band.
The mean energy of the OH LIF beam was approximately 8m] per pulse and the signal of the
OH (0,0) transition has been selectively filtered to observe the two dimensional LIF images.
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Figure 7.2 Schematic illustration of laser beams and receiving optics

The scope of the work here is to capture the flame front and depict its characteristics inside the
porous matrix. The OH radical is one of the most important flame markers holding an important
share on combustion research. The OH radical was one of the first and most commonly used
radicals in combustion diagnostics from the beginning of the application of LIF in this field due to
the strong signal and the advanced possibilities for a thorough physicochemical interpretation of
the results. Here, for the excitation of the OH radical, the transition between the ground and the
first energy state, which is described as A2X > X2II;, is chosen for the high probability of transition,
the relatively same nuclear distance and the relatively low energy needed for excitation. The
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influence of collisions is the most troublesome aspect of making accurate profile measurements of
minor species with LIF and for this reason a proper selection of the excitation transition is crucial.
As described earlier in paragraph 3.2.1, the rotational level of the OH radical (1-0) band chosen
from the excitation spectrum is the Qi(6) near 283 nm, because it appears to be temperature
independent, providing a good depiction of the species population, eventually resembling
realistically the flame front inside the combustion zone of the porous matrix.

The burner main features and operational characteristics have been described earlier in the
present chapter, however it is important to note that the characteristic length scale of the porous
cavity with an equivalent diameter for the 10 ppi SiSiC foam structure, is slightly less than 5 mm as
elaborated in previous studies (Pan et al, 2003). Since achieving optical access in the porous
structure is a compromise between the disturbances of the actual phenomena taking place and
obtaining the required optical characteristics, all parametric studies conducted concerned gap sizes
smaller than 5 mm. The laser beam was passed through a cylindrical lens to formulate a planar
laser sheet profile. For obtaining the fluorescence of the excited OH radical an intensified CCD
camera with receiving optics was placed perpendicular to the laser light sheet in front of another
slice gap created in the foam for this purpose. The paths were made in a way that allowed the width
of the cut in the foam to be adjustable, so that their effect upon the actual process could be
evaluated (Figure 7.2).

The results presented hereon, concern average mean pictures made from hundred single shots. The
fluctuation of the beam energy was recorded for each shot and equalized. The background noise
from the radiating foam and from the detector (ICCD-camera) was subtracted. The thermal
radiation of the foam, according to Planck’s law, was lower than expected in the receiving band of
the OH fluorescence signal (FWHM~300-330nm). In a different case, conflict between foam
radiation and fluorescence would arise, thus compromising the experiment, since the effective
emission coefficient for SiSiC foams, could reach that of a black body (Mach, 2007). The burner was
assembled over a traversing system for the fine tuning of the beam path alignment, as well as for
the detector side. The arrangement of the optical access pathway gap sizes was achieved using
length prototype specimens in order to satisfy the minimum tolerance demand.

Foam height (

O =2 NWR OO N ©

5 15

0 10
Foam width (mm)

Figure 7.3 Flame visualization inside porous media with misplaced optical pathway positioning and sizing
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Optics positioning inside porous media

Before dealing with the gap size for the optical access, the positioning of the optical path above the
flame trap itself is of great importance. The random structure of the porous matrix induces a
uniform flame front along the foam and the optical path has to maintain this feature. Positioning the
optical path above a raw of flame-trap holes disturbs the randomness inside the foam by leaving a
shortcut to some small jets or breaking the isotropic heat transfer inside the matrix. An extreme
example with misplaced optical pathway positioning and sizing, is shown in Figure 7.3, where
besides applying large width of the optical path, the positioning is lying above a series flame-trap
holes (see Figure 7.1), maintaining a Bunsen-like shape, as the ones from a single jet, in chapter 5.

The optically accessible position in relation to the hole pattern of the flame trap is of great
importance, since the flame structures resulting from the interaction between the exiting jets and
the SiSiC foam are going to be different in the axial direction depending on the relative position of
the optically accessed area to the holes pattern. Since an optical access just above the holes could
lead to channeling of the flow, the position of the optical pathway was placed between four flame
trap holes. Alternatively, one can visualize the jets issuing by the flame trap. During this parametric
investigation, it was observed that, if the optical access opening was made above a flame trap hole,
the issuing jet -depending on the gap size- could even maintain the familiar Bunsen-like structure,
which was disappearing for gap widths less than 3 mm. In order to get a better picture of the
porous foam influence upon the flame zone, without the interaction with jets possibly directly
exiting the combustion zone, due to the channel formed by the gap, the optical access was finally
adjusted in a way so that the optical pathway was not overalping with flame trap holes.

max max

Foam height (mm)

min

Foam height (mm)
Foam height (mm)

0 5 0 5 0o 2
Foam width (mm) Foam width (mm) (b) Foam width (mm) (C)

a
Figure 7.4 OH LIF images inside porc()u)s media for the same conditions (a) above the flame trap jet, (b) above
two neighbor flame trap jets (CCD gap width of 5 mm) and (c) between the jets (CCD gap width of 2 mm)
Supporting previous discussion, Figure 7.4 depicts the difference in the OH concentrations with
respect to the discussed scenarios above, under the same thermal load (600 kW/m?) and excess air
ratio A= 1.2 (¢ = 0.83) condition, for gap widths of 2 and/up to 5 mm. The visualized area included
firstly the area of a single jet exiting a flame trap hole as shown in case (a), the interaction area
between two jets exiting two neighboring flame trap holes as shown in case (b) and the area around
the middle distance among four neighboring jets and at a gap width of 2 mm, thus without axial free
paths as shown in case (c). The flame jet is clearly seen in the first picture, whereas in the second
one, the nearby jets seem to start interacting towards creating a unified zone. It can be also seen
that the 5 mm gap width significantly disturbs the flow phenomena taking place. In conclusion, the
parametric studies established the optimum configuration to describe the homogeneous interaction

in the random porous matrix, is between nearby flame trap jets, as presented below.
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Optical pathway parametrical sizing inside porous media

Since the configuration for achieving optical access could influence the processes taking place
inside the porous matrix, the gap width for both the detector (side A) and laser light side (side B)
are crucial factors. The final optical setup is shown in Figure 7.5.

Side A Side B

SiSiC Foam

1mm hole diameter

Flametrap

Figure 7.5 Configuration for achieving optical access inside the burner

The probe volume was set near the center of the burner where the influence of heat losses is
minimized. In order to attain optical access near the probe volume, the foam was precisely cut in
three pieces. The first cut, parallel to the laser beam, served as a path for the planar laser sheet. This
path was made along the main burner axis to ensure that the beam would pass through the probe
volume in order to avoid reflections from the random porous structure. The second cut was created
with the purpose of allowing, as much fluorescence amount as possible, to reach the detector. The
modifications needed for the optical access might influence the combustion process taking place
inside the porous media. In order to minimize this effect, the influence of the foam structure
disturbance on combustion process was investigated through a parametric study with a varying gap
width. The gap size for the laser beam cannot be smaller than the largest beam width in the foam
region, while the beam focus is located in the central foam region. As a result, a gap size of Imm was
chosen. Fluorescence signal power is proportional to the detection solid angle (see section 3.1.1.1),
hence a parametric study for the gap size from the detector side was also conducted, in order to
clarify, which is the minimal width for achieving sufficient amount of fluorescence signal. The gap
width for the detector side was gradually reduced down from 5 mm, which as mentioned above, is
considered to be the characteristic length of a 10 ppi foam. In the results presented here, a gap size
of 2mm from the detector side allowed a sufficient amount of fluorescence to reach the CCD
camera. The 2 mm gap yielded a sufficient signal to noise ratio, and did not disturb significantly the
actual phenomena inside of the porous reaction zone. This configuration is demonstrated in Figure
7.5 and was set and kept for all further experiments in this work, namely 2 mm gap width for
detector side and 1 mm for laser sheet, focusing the probe volume in the middle distance among
four flame trap holes.

Flame structure without porous matrix

The comparison between the flame structure with or without the porous matrix delivers valuable
information about the effect of the heat and mass transfer of the porous structure on the flame
structure. In an attempt to compare the flame structure with the free flame formed under the same
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conditions, a comparison with burner operating without the porous matrix was made, serving as a
reference case related to the results presented in paragraph 5.2.1 of the thesis.
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Figure 7.6 Comparison of flame front structure as a function of the Height Above the Flame-trap (HAF) with
and without foam under varying thermal loads and constant stoichiometry (iso-scaled).

In burner operation without the porous matrix, the resulting structure appeared as a free flame
carpet consisting of connected individual small flames. In order to facilitate these measurements,
the burner was enclosed in a confined environment to avoid air entrainment and reduce flame
instability. This configuration can only serve as an indicative measure for the difference in the flame
length and structure, since the laser sheet cannot be focused homogeneously at a distant position
above the flame-trap. Figure 7.6 presents measurements performed in both cases with the optical
paths laying in the middle distance of neighboring flame trap jets, hence revealing the uniform
flame carpet in both cases. Images presented are normalized with their maximum intensity in order
to clearly represent the flame front spatial characteristics. The latter investigation clarified that the
presence of the porous matrix, stabilized the flame in up to 6 times less distance from the flame-
trap and furthermore reduced flame blow-off effects. It was also shown that with increasing
thermal load, as shown in Figure 7.6, the flame was stabilized in the middle of the foam whereas
without the porous matrix instability effects occurred with blow-off cases increasing dramatically.
A detailed investigation, concerning the flame behavior inside the porous matrix with variation of
thermal load and stoichiometry is given in section 7.2.1.2.

7.2.1.2. Parametric investigation and operating regimes

Influence of the thermal load on the flame front inside inert porous media

The influence of the nominal thermal load on the flame structure was parametrically investigated
by varying the latter from 200 to 800 kW/m?2, with steps of 100 kW/mz2. The excess air ratio was
kept constant at A=1.4 (¢ =0.71), corresponding to typical industrial application conditions
operating in the lean combustion regime. The aim was to visualize combustion inside the porous

media demonstrating flame stabilization over a wide range of mass flows.

Figure 7.7 presents normalized OH concentration profiles obtained with the configuration
described earlier. The normalization was made with the maximum fluorescence value for each case
in order to obtain a comparable and clear picture of the flame front inside the foam and the position
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where the reaction zone is more intense. The depicted stars (left figure) correspond to the
maximum fluorescence value, calculated for each case through spatial integration of the signal
distribution as a function of foam height (right figure) along the receiver side. The latter serves as
an indicator for the flame front intensity and stability inside the porous matrix. As far as the
maximum OH position is concerned, it is observed that its position does not significantly move over
a wide range of thermal loads. For the lower thermal loads studied (200 to 300 kW/m?2),
combustion takes place directly after the flame trap. For thermal loads of 400 to 700 KW/m?2, the
flame stabilizes approximately in the middle of the porous media, whereas, for higher loads, the
flame moves further downstream. This behavior seems to be in agreement with previous numerical
observations (Kiefer et al, 2009). The latter results show the wide range of stable operating
conditions of a porous burner and prove the advantages of internal heat recirculation. The results
also show that the starting position of the flame zone is almost independent of the thermal load for
thermal loads higher than 400 kW/m2. Besides the trend of the maximum OH concentration
position, the flame zone length remains almost constant for 200 to 600 kW /m?.
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Figure 7.7 Position of maximum OH concentration for various thermal loads and constant excess air ratio
(left). Normalized OH profiles inside porous media for various thermal loads (right)

On the basis of the aforementioned observations it can be anticipated that the flame stabilization
can be divided into three regimes. In the first regime (200 to 300 kW/m?2), the flame front starts
directly above the flame trap. The flame speed is much higher than the flow speed and the flame
trap acts to stop the flashback by thermal quenching. The second regime can be found for thermal
loads from 300 to 700 kW/m2. In this operational range, a balance between the heat released from
the combustion process and the forced convection of the incoming unburned air/fuel mixture is
achieved. In this range the flame maintains an almost constant height and a similar structure. In the
third regime (higher than 800 kW/m?2), the reaction zone moves further downstream and the flame
is at the point of crossing over to blow off conditions, since the combustion zone has a depth of only
15 mm. This behaviour is in agreement with the conducted experiments, where at a thermal load of
approximately 1000 kW/m?2, a blow-off of the flame was observed. This process is noticeable by low
levels of OH radicals at the exit of the porous structure. The reason for this behaviour is either the
lower residence times in the porous medium due to increased mass supply or due to the reduced
preheating of the unburned gas by the solid foam, which leads to lower burning velocities,
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eventually resulting reduced heat release These findings are in good agreement with the related
numerical studies (Mendes et al., 2008; Nemoda et al., 2004).

Influence of the excess air ratio on the flame front inside inert porous media

In order to extent the previous investigation in order to determine the influence of the excess air
ratio on the flame structure, a parametric study was conducted for three different thermal loads
namely 200, 400 and 600 kW/m2. The excess air ratio was varied in a range of 1.2<A1<1.8
(0.83 < ¢ <£0.56). Here, as in the previous paragraph, normalized OH concentration profiles are
presented normalized for each case to the respective maximum fluorescence value, in order to
obtain a clear picture of the flame zone location inside the porous matrix. The depicted stars at the
lesft side of the figures below correspond to the maximum fluorescence value as a function of foam
height as depicted at the right side if the figure, calculated as well, for each case through spatial
integration of the signal distribution along the receiver side. Figure 7.8 presents the flame front
measurement as a function of the excess air ratio (A =1/¢). It is evident, that the flame front does
not significantly move downstream by varying the excess air ratio up to values of 1.6, while
afterwards a clear movement downstream can be observed. In the case of a thermal load of
200 kW/m?2 the maximum OH concentration can be found at a height of approximately 5 mm within
the porous structure for all investigated excess air ratios. It can be noted that the flame stabilizes
just downstream the flame trap, for most excess air ratios. It is clear that for lower excess air ratios,
the flame peak has a horizontal flat shape at approximately 1mm height above the flame trap,
creating a homogeneous flat flame. This distance is relatively low compared with the optical path
width (2 mm) and the distance between two neighboring jets (5 mm). It can be argued that the
incoming gas is preheated and ignites immediately expanding in the horizontal axis due to the
temperature rise and the higher pressure loss in the foam structure. Increasing the excess air ratio
causes the flame to start to lift up and to stabilize in the porous inert combustion zone while the
flame peak zone starts to compress. This is obvious in both figures either through monitoring the
OH radical profiles distribution (left) or by noticing the oscillating lines of the air excess ratios of
A=1.7 or A = 1.8 (right). It is also clear that no OH radicals reach the exit of the foam.
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Figure 7.8 OH distribution for various excess air ratios at a thermal load of 200 kW /m? (left). Normalized OH
profiles inside porous media for various excess air ratios (right)
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It is here noted that the slightly inhomogeneous energy profile of the laser sheet, induced lower
excitation energies at around 2 mm and 8 mm heights, which are not to be mistakenly correlated
with the flame front intensity.
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Figure 7.9 OH distribution for various excess air ratio at a thermal load of 400 kW/m? (left). Normalized OH
profiles inside porous media for various excess air ratios (right)

Similar measurements for the cases of higher loads, namely 400 and 600 kW/mz?, as shown in
Figure 7.9 and Figure 7.10 respectively, indicated that a fully developed, stabilized flame inside the
porous inert media is achieved over the total excess air ratio range. In both cases the normalized
OH concentration peak can be found in almost the same position for all excess air ratios (6.5 mm to
7 mm). The starting point of the lifted flame moves slightly downstream in the porous media while
increasing the total mass flow, whereas this change is more significant with the increase of the
excess air ratio. The comparison shows that the flame zone shrinking follows the same trend on the
lower and upper part of the flame peak zone. When the total mass flow increased by changing the
thermal load or excess air ratio, the starting point of the lifted flame moves slightly downstream in
the porous media.
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Figure 7.10 OH distribution for various excess air ratio at a thermal load of 600 kW /m?2 (left). Normalized OH
profiles inside porous media for various excess air ratios (right)
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The latter investigation for thermal loads, 400 and 600 kW/m?, also reveals that the flame zone
length is independent of the actual flame position inside the porous matrix, when the flame zone is
located completely inside the foam. The total length of peak OH concentration increases marginally
with the thermal load in these operation conditions. Summarizing, the present section revealed the
critical limits for the flame stability, i.e. blow-off under the condition of higher mixture velocity than
the burning velocity, flame extinction under extremely low mixture velocity and flashback when the
range of mixture velocity is lower than the burning velocity according to a flame temperature
decrease by heat losses through energy conversion from gas enthalpy to radiant energy emitted
from the porous medium. Moreover the flame zone appeared to shrink with increasing each excess
air ratio under the same thermal load, and as marked through the OH radical maximum
concentration profiles, remained almost at the same position for varying excess air ratios at
approximately in the middle of the porous medium.

7.3. Burner characterization using intrusive combustion
diagnostic tools

Following the burner operation characterization conducted in the previously, the objective of the
present paragraph is to perform a comprehensive experimental characterization of the state-of-the-
art porous burner described, in terms of thermal efficiency and pollutant emissions and assess its
operating limits. The burner is operated with methane and LPG, as representative gaseous fuels for
most conventional systems and an extensive stability mapping is performed in terms of thermal
loads and mixture equivalence ratios. Gas phase temperature profiles were measured using
thermocouples and the solid phase temperature distribution was obtained using an IR camera.
Gaseous emissions are quantified using an online gas analyser sampling system and the results
confirmed the homogeneous temperature distribution, low NOx and CO emissions and wide
flexibility with respect to fuels and thermal loads. The effects of fuel interchange on efficiency and
emissions are also analysed, as well as the relative impact of thermal load on temperature and
emission values, with respect to equivalence ratio or fuel type.

7.3.1.  Burner characterization using conventional gaseous fuel mixtures

Porous media combustion offers significant advantages against free flame burners, concerning
pollutant emissions, power density, turndown ratio, combustion stability and the potential to
operate in ultra-lean combustion regimes. These advantages explained in detail in previous
sections, have started to be systematically examined over the last decades. There are numerous
studies employing intrusive methods to provide experimental data for porous burner operation
and compare it with different types of burners (Rgrtveit et al, 2002). Most studies focus on
maximum temperature and maximum CO and NOy concentration measurements at the exhaust of
the burner (Liu and Hsieh, 2004), or parameterizing operating conditions such as preheating
temperatures (Huang et al., 2002). However, there are only few studies examining the burner
behaviour over different thermal loads and equivalence ratios (Smucker and Ellzey, 2004) but
without focusing on the temperature and species concentration distribution. A parametric
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experimental assessment of the temperature and species distribution along the burner, addressing
also the issue of fuel interchangeability, over a wide operational range has not been performed, to
the authors’ knowledge.

In the present section, the rectangular two-layer porous burner considered in paragraph 7.1.1, was
operated without air confinement, over a wide range of operational conditions representative of all
combustion regimes, from back-flash to marginally blow-off conditions, as stated in the previous
section. Measurements were obtained over a range of nominal thermal loads from 200 to
1000 kW/m?2 under varying lean combustion regimes, namely of 1.2 <A <1.6 (0.83 <@ < 0.625),
within its stability limits. The burner was operated with methane and propane-based typical low-
calorific value fuels. Gas phase temperature profiles were obtained using S-type thermocouples and
the solid phase temperature distribution was obtained using an IR camera. Gaseous emissions were
quantified using an online gas analyser (UV and IR sensor, Paramagnetic) coupled with an in-house
developed ceramic gas sampling system. Temperature and species distribution above the burner
are also presented, serving as a means of experimental evaluation of the porous burner
homogeneous distribution with respect to low emission characteristics, operational range and fuel
interchangeability.

7.3.2.  Burner assembly and coupling with diagnostic test rig

The measurements performed concerned continuous monitoring of the burner performance in
terms of temperature and emission profiles. The diagnostic methodology followed in this chapter in
described in detail in chapter 2.2, hence a short description is given for chapter consistency and
continuity. Species sampling was realized directly at the burner exhaust, through a non-cooled, in-
house Al,O3; probe with an inner diameter of 2 mm, which led the exhaust gas samples to the gas
analysis system. A humidity trap was connected between the sampling system and the gas analyser.
Along with the probe, a ceramic insulated S-type thermocouple was located at the same measuring
position, to allow real time monitoring of the temperature. A simplified equation for correcting the
thermocouple temperature values based on the semi-empirical Nusselt functions was implemented
(Baehr and Stephan, 1998) and the temperature dependences of the thermocouple emissivity
coefficient was also taken into account (Deemyad and Silvera, 2008). Additional solid phase
temperature measurements were performed using two infrared cameras (FLIR PM 595 and
InfraTec-VarioCAM hr) with a maximum range near 2000 °C and nominal accuracy * 10% of the
local temperature. These measurements served for monitoring solid phase temperature, in order to
depict clearly the homogeneous temperature distribution and to correct the S-type thermocouple
values for radiation losses as in similar studies (Zheng et al,, 2011). During the IR thermo-graphic
measurements, both the burner and the camera were rotated by a slight angle less than 10° to
prevent the exhaust gas stream damaging the sensor, but still maintaining that the sensor and the
burner surface were perpendicular to each other. The utilised gas analysis system (see section 2.2)
incorporated a UV spectrometer (ABB Limas11) calibrated for detecting NO and NO; at a range of 0
to 1000 ppm with 2% accuracy per volume, an IR spectrometer (ABB Uras26) calibrated for
detecting CO at a range of 0 to 10000 ppm and CO; at a range of 0 to 25% (vol.) with 2% accuracy
per volume and, finally, for O, concentration measurements, an electrochemical cell and a
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paramagnetic detector (ABB Magnos206) were utilized. Finally, additional measurements for
detecting hydrocarbon emissions were performed for selected cases with the gas chromatographic
(GC) system described in paragraph 2.1. All detectors were calibrated close to the expected
operational range to ensure a linear response. The GC sampling system incorporated a two-way
sampling valve which introduced the sample into the GC. The sample was sucked through the GC
system by a peristaltic pump connected at its exit. The GC system was equipped with an FID
detector, analyzing Ci:-C4 alkanes and alkenes, calibrated close to the expected range to ensure a
linear response. Calibration uncertainty was less than 1% for all hydrocarbons analyzed. The
overall accuracy of the gas sampling measurements is estimated to be +5%. The presented gas
measurements are absolute and have not been corrected to reference oxygen concentration.
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Figure 7.11 The experimental setup for coupling the burner with the test rig

The burner assembly (Figure 7.11) was placed on a traversing system that allowed measurements
in the two horizontal directions above the burner. The sampling was realized at 1mm height above
the burner, through a non-cooled, in-house Al,03; probe with an inner diameter of 2 mm, which led
the exhaust gas samples to the continuous gas analysis system. Along with the probe, a ceramic
insulated S-type thermocouple was located at the same measuring position, to allow real time
monitoring of the temperature. A humidity trap was connected between the sampling system and
the gas analyser. Fuel and air flows were monitored through mass flow controllers (Bronkhorst
MFCs) with total capacity of 1600 slpm for air (two separate MFCs connected in series) and
120 slpm for the fuel stream. For CO; supply (section 7.3.3) a methane-calibrated MFC was used
with a correction factor (approx.1.04 according to the manufacturer). The CO; stream was mixed
with methane at a distant position (more than 40 diameters downstream) and then introduced as
the fuel stream at the burner inlet.

7.3.2.1. Temperature and emission measurements using methane and liquefied
petroleum gas

The burner was tested with methane and Liquefied Petroleum Gas (LPG) and temperature and
emission data were obtained. Methane was chosen as representative fuel for natural gas operation
and LPG as a typical commercial gaseous fuel with higher carbon content. The burner was tested
over a range of nominal thermal loads from 200 to 1000 kW/m2 under various lean combustion

193



Chapter 7 - Porous Burner Operation Assessment using Combustion Diagnostics

conditions, within its stability limits. These conditions correspond from flashback up to blow off
operational conditions and it was revealed that the flame stabilizes inside the porous structure
providing high turn down ratio and enhanced combustion stability. On the basis of previous
observations (section 7.2.1.2), the flame stabilization inside porous media can be divided into three
major regimes. In the first regime, occurring at ca. 200 kW/m? for the specific burner, the flame
speed is much higher than the flow speed and the flame trap acts to prohibit flashback via thermal
quenching. The second regime corresponds to the burner operating conditions where the flame
stabilizes inside the porous structure. In the third regime (above 1000 kW/mz2), the reaction zone
moves downstream and the flame towards the point of crossing over to blow off conditions.

Temperature measurements
Temperature distributions along the centrelines of the two main axes of the rectangular burner

considered are presented in this section. The measurements shown in Figure 7.12, were performed
at Imm height above the burner for excess air ratios between A = 1.2 and A = 1.6, under thermal
loads of 200 and 400 kW/m?2 with methane as fuel. The two-dimensionality of the temperature field
is confirmed when comparing the x-axis with the y- axis measurements. Systematic and random
errors (due to positioning, repeatability) of 2% and 3% respectively have been calculated for the
thermocouple measurements. The overall error of +5% justifies the measured differences in the
local temperatures when comparing temperature distribution in X and Y axis.
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Figure 7.12 Temperature distribution along the X (left) and Y (right) symmetry axes line of the burner

The profiles reveal homogeneous temperature distribution along both burner main axes. The
observed abrupt temperature drop at the edges of the burner corresponds to measuring points
above the burner housing. As expected, increasing the thermal load from 200 to 400 kW/m? leads
to higher peak temperatures (from 850 to 1050 °C). The opposite trend is observed with increasing
the excess air ratio. Overall, the operational performance of the burner is more sensitive to the
variation of the thermal load, where the mean peak temperature is increased by ca. 200 °C when
increasing the thermal load by 200 kW/m? rather than the excess air ratio. The variation of the
latter from A =1.2 to A = 1.6 revealed changes in the peak mean temperature of less than 100 °C,
independent of the power
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Solid phase temperature measurements were performed with the IR camera with methane as fuel.
They confirmed the constant and homogeneous temperature distribution on the burner surface
over various conditions. Furthermore, the IR measurements were used to improve the accuracy of
the correction for radiation losses of the gas phase measurements obtained with the thermocouple.

I

Figure 7.13 Burner surface temperature for A=1.5 (¢=0.67). Thermal loads (a) to (e) stand for 200, 400, 600,
800 and 1000W/m2. Temperature scale (indicated at the right side) 0-1200°C.

It is known that the radiation emission coefficient of the SiSiC in the range of 1000 °C is higher than
€=0.9 (Mach, 2007). For SiSiC porous structures the use of an effective emission coefficient is
suggested (Modest, 2003), which at the latter temperature range, leads to an emission coefficient of
£=10.99, a value very close to black body behaviour. Temperatures presented in Figure 7.13 have
been obtained with € = 0.99.
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Figure 7.14 Maximum temperature values obtained for A=1.2 (left) and A=1.6 (right) with IR and TC

Figure 7.14 presents the maximum temperatures measured with the IR camera and the
thermocouple (placed 1mm above the surface). The comparison between the two techniques allows
the establishment of the expected maximum temperature differences and consequently the range of
random errors. It can be observed that random errors in temperature measurements, with both
techniques, range from * 2% to + 20%, with an average of + 10%. It can be expected that thermal
losses are more significant at the lower power range, thus affecting the measurement accuracy.
Furthermore, the accuracy of the IR-temperature measurements is affected by cooling effects of the
foam as a result of flow rate increase. For example, at A = 1.6 the foam characteristics are expected
to diverge from black body behavior, as a consequence of the above effect. Hence, the assumed
value of € =0.99 may not be accurate enough, thus affecting the measured temperatures. Finally,
the thermocouple correction for radiation losses influences the accuracy of the results because the
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emission coefficient for Platinum alloys is also temperature dependant. Nevertheless, both
techniques depict the temperature at the exhaust of the burner, which are expected to be
significantly lower than temperatures reported inside the porous media.

Emission measurements

Emission measurements are presented along the burner surface at 1mm height above the burner,
for different thermal loads and excess air ratios. Figure 7.15 depicts the CO distributions along the
centreline of the two main burner axes, for excess air ratios of A=1.2, A=1.4 and A= 1.6 under
nominal thermal loads of 200 and 400 kW/mz2. CO emissions are consistently below 30 ppm for
1.2 <A< 1.6 and 200 kW/m?2 thermal load. CO levels are relatively higher at the burner edges due to
the heat losses and consequently lower local temperatures. Small inconsistencies and hence higher
CO values can be observed at some points far from the burner edges. This can be due to some small
jet flames from the flame trap holes which may find an “easier/shorter” way through the porous
structure, due to the randomized distribution of the porous cavities. For the higher thermal load,
the CO values are in the range of 50 - 100 ppm with high scatter.

In general, CO levels increase with thermal load, near stoichiometric conditions. Under these
conditions, the measured temperatures are higher and the reaction zone provided by the porous
foam is not sufficient. It can be anticipated, and confirmed from measurements not presented here,
that the respective CO levels downstream are significantly lower, since CO still converts to CO..
However, as the burner is not confined, presenting the systematic emission measurements
downstream the burner, would have limited value due to air entrainment effects.
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Figure 7.15 CO distribution along the X (left) and Y (right) centreline of the burner

In order to evaluate the influence of the excess air ratio upon the NOx emissions, Figure 7.16
present the distribution for the same cases along the burner centrelines. NO, emissions appear to
increase around 30% when increasing the thermal load by 200 kW/m?2 for the same excess air
ratios. However, the NOx emissions in high excess air ratios are of the order of few ppm, whereas
only in high power and low excess air ratios are of the order of 10 - 25 ppm. Finally, both figures
show the trend of reducing the thermal NOy formation by decreasing the equivalence ratios and
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therewith the gas temperature. As expected, the thermally generated NOx emission distribution
above the burner follows the temperature homogeneous distribution, shown in previous figures.
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Figure 7.16 NOy distribution along the X (left) and Y (right) centreline of the burner

Fuel interchangeability

Temperature and emission distribution measurements verified the capability of the burner
operating in a wide range of thermal loads and excess air ratios. A homogeneous behaviour over the
entire burner surface was confirmed. Therefore, it can be assumed that a sampling point at the
burner centre is representative of the burner behaviour under the current conditions. In the
present section, the results of the burner performance operating with methane and LPG (a mixture
of 60% propane and 40% butane, volumetrically, is considered) are compared, under different
equivalence ratios and thermal loads.
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Figure 7.17 Gas phase temperature as a function of thermal load for different excess air ratios

Figure 7.17 presents the temperature values at the burner centre for excess air ratios of A=1.2,
A=1.4 and A = 1.6, for thermal loads varying from 200 to 1000 kW /m?, for both fuels. Temperature
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measurements suggest that thermal load variation is of higher importance than equivalence ratio,
probably associated with the more significant relative heat losses at lower thermal loads.
Furthermore, measured temperatures indicate that the excess air ratio holds more important role

than the operating fuel.
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Figure 7.18 NOy concentration as a function of thermal load for different excess air ratios

The NOx concentration measurements (Figure 7.18) reveal that, at lower excess air ratios where
temperature values are higher, the NOy values rise with increasing of thermal load. An interesting
feature is that, for higher excess air ratios, NOy values remain constant, independently of the
thermal load. It can be anticipated that this behavior is due to the reduced thermal NOx production,
at higher excess air ratios where temperatures are lower, with relatively small effect of the fuel. NOy
values appear to be systematically about 20% higher for LPG operation. It is here noted that NO:
formation was an order of magnitude less than NO.
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Figure 7.19 CO concentration as a function of thermal load for different excess air ratios
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Finally, Figure 7.19 shows that CO emissions exhibit increased values with increasing thermal load,
since the residence time in the porous matrix is reduced, leading to higher unconverted CO
emissions. The results indicate that burner operation under lean combustion regimes, with excess
air ratios higher than A =1.2, can lead to CO values around 50 ppm. The measurements indicate
slightly higher CO values for the LPG operation, which can be, up to a point, justified by the higher
carbon content of the LPG mixture.

Overall, the present section presents a detailed account of temperature and emission
measurements, aiming at the experimental multi-parametric assessment of a porous inert medium
burner operation. The constant and homogeneous species and temperature distribution along the
two main burner axes and the burner flexibility with respect to fuel interchangeability is
demonstrated. It is finally noted that the CO and NOy emissions can meet the high legislative
standards that apply for modern combustion devices (RAL gGmbH - Blue angel). For instance, for
A=1.4 under 400 kW/m2 with methane as fuel, the NOx emission levels are approximately
31 mg/kWh and CO levels approximately 29 mg/kWh. Accordingly, CO and NOx levels, for the same
conditions, are 40 mg/kWh and 47 mg/kWh, respectively, under LPG operation.

7.3.3.  Burner characterization using alternative fuel mixtures. The
biogas case

Excess enthalpy burning concept was originally proposed for low calorific fuels combustion
(Weinberg, 1975). Porous media combustion constitutes a particularly attractive technology,
allowing operation in ultra-lean combustion regimes with excellent fuel interchangeability and low
levels of pollutant emissions. In the previous chapters the burner stability in terms of thermal load
and stoichiometry has been established when the burner was operated with conventional gaseous
fuels. It is also a fact that most experimental studies focused on conventional gaseous fuels, such as
methane or natural gas operation. Nevertheless, there are references for vaporised liquid fuel
operation in porous reactors (Wu et al., 2012), mainly for hydrogen (Pedersen et al, 2005) or
synthesis gas production (Pastore and Mastorakos, 2011), in slightly different design configurations
(Loukou et al, 2012). Moreover, most studies focus on temperature, CO and NOx concentration
measurements at the burner exhaust, using methane as fuel (Hsu et al, 1993) or liquefied
petroleum gas (LPG) (Muthukumar and Shyamkumar, 2012; Liu and Hsieh, 2004). Studies
examining the burner stability and behaviour over different thermal loads and equivalence ratios,
focusing also on temperature and species concentration distribution and addressing the issue of
fuel inter-changeability, over a wide operational range are really scarce (Keramiotis et al., 2011).

In the case of low caloric fuels, the combustible domain shifts to a richer environment. The internal
heat recirculation in a porous media is expected to maintain the capability of operating under fuel
lean regimes, even in the case of low calorific fuels. However, there is scarce experimental
experience concerning porous burner operation with low-calorific value fuels, such as coke oven
gas (COG) (Cho et al, 2001) and gaseous mixtures emitted by landfills and pyrolytic processes
(Al Hamamre et al, 2009). The effect of CO, addition to methane mixtures is of particular
importance since it is related to the increasing interest of using biogas mixtures in practical
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applications (Xuan et al.,, 2009). A two layer packed bed burner has been recently shown the ability
to operate on biogas (Gao et al., 2011), with good results. Although the mean porosity of the upper
layer of the packed bed burner is similar to the current porous medium structure, there are
important design differences, such as the total length of the combustion matrix which is made of
packed balls rather than an actual porous matrix.

This section demonstrates a comprehensive experimental characterization of the described state-
of-the-art porous burner fuelled with a simulated biogas mixture, in terms of thermal efficiency and
pollutant emissions. An extensive stability mapping is performed in order to establish the range of
operation in terms of thermal loads and mixture equivalence ratios. The burner is operated without
air confinement, over a wide range of operational conditions representative of regimes, from
flashback to blow-off conditions. The range of nominal thermal loads varied from 200 to
1000 kW/m?2 under lean combustion regimes, within its stability limits. The burner is operated with
a methane and carbon dioxide mixture in a 60:40 molar ratio respectively as a typical biogas
composition.

7.3.3.1. Burner stability mapping for biogas fueled PIM burner

The formulation of the stoichiometry of a biogas mixture in not unambiguous and poses several
difficulties since carbon dioxide, although contained in the fuel stream, does not contribute to the
nominal thermal load. Moreover, the methane/air ratio remains the same (namely 1:2) in both,
biogas and pure methane, air combustion. According to the strict definition of the equivalence ratio,
the CO percentage should be incorporated in the fuel stream mass fraction, since it is a constituent
of the fuel. Such an approach would apparently result in nominal equivalence ratio values
corresponding to fuel rich regimes, which are not representative of the particular burner operation.
Overall, the latter approach does not represent the essence of the equivalence ratio, especially in
the case where CO; acts more like a diluent. It is also a fact that, the total volumetric supply with
biogas, increases by approximately 5%, when compared to the same thermal load and air supply
with pure methane operation, respectively resulting in lower residence times in the porous matrix.
The effects of the latter are demonstrated in the current work and will be discussed in the last
section of the paper. In order to avoid mis-representation of results, it was decided not to include
the contribution CO; presence in the calculation of equivalence ratios. Hereafter, all equivalence
ratio (or air excess ratio) calculations do not include CO; as a constituent of the fuel stream. The
justification for this is further discussed in the last section of this work. Typically, calculated local
excess air values presented here correspond to ca. 40% lower ones according to the strict definition
of the global equivalence ratio, namely A = 1 without accounting CO; in the calculation corresponds
to A= 0.61 when CO; fraction is considered, A = 1.1 without accounting CO; corresponds to A = 0.67
with it etc. Moreover, the latter approach facilitates the comparison between biogas and pure
methane operation under the same conditions.

An extensive stability mapping, as a function of the fuel and air supply, was performed in order to
define the stable burner operation regime and the flame extinction limits. The results of the burner
performance operating with a mixture of 60% methane and 40% carbon dioxide volumetrically,
under different equivalence ratios and thermal loads are presented in Figure 7.20. The burner
stability map was based on visual observations and recorded CO values, with thermal load steps of
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40 to 50 kW/m?2 and for excess air ratios varying between stoichiometric to A=1.5, as discussed
earlier. The tested range of nominal thermal loads from 200 to 1000 kW/m?2 under various lean
combustion conditions, covers the burner’s operational limits, from flashback up to blow-off
operational conditions. Visual observations confirmed that the flame stabilizes inside the porous
structure providing high turn down ratio and enhanced combustion stability. Blue colours in Fig. 2
correspond to stable operating regime being characterized by low CO emissions. Green colour
characterizes the regime of flame stabilization inside porous matrix but with increased CO levels,
indicative of behaviour closer to blow-off and finally, red areas point towards or even represent the
blow-off regime. Exploiting previous results (7.2.1.2), the flame stabilization inside porous media
can be divided in three major regimes. In the first major regime, occurring at ca. 200 kW/m?, for the
specific burner, the flame speed is much higher than the flow speed and the flame trap acts to
prohibit flashback via thermal quenching (area I). The second major regime corresponds to the
burner operating conditions where the flame stabilizes inside the porous structure. The
aforementioned regime can be further divided in three minor ones, being characterized
respectively by low CO emissions (area III) or areas within stable operation but with increased CO
emissions closer to blow-off conditions due to increased flow rates, areas Il and IV respectively. In
the third regime (above 1000 kW/m?2), the reaction zone moves downstream and the flame towards
the point of crossing over to blow-off conditions (area V).
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Figure 7.20 Burner stability map for biogas operation. Blue colour correspond to stable operating regime,
characterized by low CO emissions, green colour characterizes the regime of flame stabilization inside porous
matrix with increased CO levels and red areas point towards or even represent the blow-off.

The flame stability mapping performed with the biogas mixture indicated that the burner was
capable of operating under stoichiometric and fuel lean conditions, maintaining low carbon
monoxide emissions with complete fuel consumption. However, with increasing nominal thermal
load it was rather difficult to maintain a stable flame under stoichiometric regimes, hence the
presented measurements start from a local excess air ratio higher than A 2 1.1. For lean fuel-air
mixtures with local excess air ratio higher than A= 1.5, small diffusion flames started forming,
indicating that the burner was in blow-off mode. Apparently, high CO values are indicative of
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unstable burner operation. Consequently, the presented temperature and emission measurements
correspond to local excess air ratios fromA=1.1toA = 1.4.

Temperature and emission measurements

The burner homogeneous behaviour over the entire burner surface and consequently the
respective relatively flat temperature and emission profiles were confirmed in the previous
paragraph. Therefore, it can be assumed that a sampling point at the burner centre is
representative of the burner behaviour under the current conditions; hence all measurements were
performed likewise. Furthermore, it can be anticipated that, as the burner is not confined,
presenting the systematic emission measurements downstream of the burner, would be of limited
value due to air entrainment effects.
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Figure 7.21 Gas phase temperature as a function of local excess air ratio for different thermal loads

Figure 7.21 presents the measured temperature values at the burner center. The presented values
include the thermocouple measurement correction (TC) for radiation losses. Additional infrared
(IR) thermography measurements for the solid phase temperature were used, to improve the
accuracy of the radiation losses correction method. Systematic and random errors (due to
positioning, repeatability) have been calculated for both techniques to averagely range about + 5%.
An interesting feature is that with increasing mixture’s air content, IR values come closer to TC
systematically. As expected, increasing the thermal load leads to higher temperatures and the
opposite trend is observed with increasing the excess air ratio. Overall, the operational
performance of the burner in terms of temperatures, suggest that thermal load variation is of
higher importance than equivalence ratio, probably associated with the more significant relative
heat losses at lower thermal loads. At low nominal thermal loads e.g. from 200 to 350 kw/m, a
50 kW/m? step increase results in ca. 60 °C higher temperatures, for each stoichiometry. At higher
values of applied thermal load, namely from ca. 500 kW/m?2 to 800 kW /m?, temperature values are
concentrated within a 100 °C window for all stoichiometries.

Carbon monoxide emission measurements are presented in Figure 7.22. CO levels increase with
increasing thermal load, since the residence time in the porous matrix is reduced, leading to a
higher percentage of unconverted CO emissions. The results indicate that CO emissions are
systematically minimized when the air excess ratio is between 1.2 <A < 1.3, always maintaining
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values of the order 300ppm even under the maximum nominal thermal load tested in the present
study (1000 kW/m?2). The stepwise increase of nominal thermal load by 40 - 50 kW/m2 induces a
linear increase on CO emission levels of 10 to 15 ppm. It is also noted that elevated values for low
thermal load applied and at local excess air ratio of A = 1.4 correspond area IV presented at Figure
7.20, pointing towards unstable burner operation. However, CO levels are more than 60% higher in
comparison to pure methane operation in their common stable operational regime, as shown in
Figure 7.23, especially under high excess air ratios. This trend could be mostly attributed to the
reduced residence time of the mixture in the porous matrix due to the increased total flow rate,
which also results in lower temperatures. However, it can be anticipated that the increased carbon
content of the mixture is also partially responsible for the difference between biogas and pure
methane operation at the exhaust CO levels, although such a statement carries high risk without
investigating the phenomena inside the combustion matrix.
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Figure 7.22 CO concentration as a function of local excess air ratio for different thermal loads
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Figure 7.23 Comparison of temperature (solid line) and CO concentration levels (dots) between biogas pure
methane operation as a function of nominal thermal load for local excess air ratios of A = 1.2 and A= 1.4

In order to get a clear picture of the difference between pure methane and biogas burner operation,
Figure 7.23 presents comparative experimental results for temperature and CO levels under the
same thermal load and air supply (same local excess air ratio). It is obvious that temperature values
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are in general of the order of 10% lower than the respective ones with pure methane as fuel, under
the same nominal thermal load and air supply, which obviously correlates with the 5% volumetric
flow rate increase when using biogas contrary to pure methane under the same conditions. The
only inconsistency concerning CO levels in Figure 7.23 can be seen under low thermal loads and
higher excess air ratios, where, as Figure 7.20 suggests, the burner stable regime in these
conditions is characterized by high CO concentration levels.
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Figure 7.24 NO concentration as a function of local excess air ratio for different thermal loads
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Figure 7.25 NO- concentration as a function of local excess air ratio for different thermal loads

Figure 7.24 reveals that variation of of thermal load is of negligible importance since NO
concentrations, which reach a threshold depending only on the excess air ratio. NO values are of the
order of 10 to 16 ppm for excess air ratio of A = 1.1 and up to 7 ppm under excess air ratio of A = 1.4.
Accordingly, Figure 7.25 presents NO, concentration measurements where the same trend is noted
with small exceptions within the experimental uncertainty under low nominal thermal loads.
However, the values remain extremely low and they are 60% lower than the respective ones under
the same methane and air flows. Finally, both figures show the trend of reducing the thermal NOx
formation by decreasing the equivalence ratios and therewith the gas temperature. As expected, the
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thermally generated NOx emission distribution above the burner follows the temperature trend,
shown in Figure 7.21.
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Figure 7.26 CO; and O dry basis concentration levels as a function of local excess air ratio for different
thermal loads. Lines correspond to theoretical equilibrium and symbols to experimental data.

Finally, selected experiments were also performed with GC, within the burner’s stable operating
regime, namely A =1.2 and A=1.3 under thermal loads up to 600 kW/m?, in order to evaluate
hydrocarbon emissions. However, the measurements showed that such species were absent or
below detectability range. As a concluding remark, Figure 7.26 presents CO; and O, measurements
against the respective theoretical equilibrium values. The continuous lines correspond to dry basis
equilibrium numerical results and symbols correspond to experiments. It is obvious that the
experimental values are in total agreement with theoretical predictions. Some inconsistencies are
shown only at lower thermal loads close to stoichiometry, where as discussed on the burner
stabilization section, the burner behaviour is close to instability. This fact builds up the argument
that the small flame scale inside the porous media are subjected to the local conditions
representative of equivalence ratio calculated without incorporating CO- in the fuel stream.

Overall gas and solid phase temperature profiles measured reveal the wide stability with respect to
thermal loads, low NOy and CO levels. The effects of CO, addition on burner operation and efficiency
showed its relative impact in temperature and emission values with respect to equivalence ratio
and thermal load variation. The comparably strong physical effect of the CO, addition against its
chemical impact on the processes was also discussed.

7.4. Summary

The porous burner constitutes the state-of-the-art combustor of choice to implement the
experimental diagnostic techniques developed in previous chapters. The present chapter examines
the porous inert medium burner stability and performance, with a variety of intrusive and
nonintrusive combustion diagnostic techniques, with respect to fuel and operating conditions
variation. A two stage porous burner, incorporating materials and geometries representative of
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modern industrial porous burner applications, with an Al,O3 flame trap and a 10 ppi SiSiC foam was
considered. Measurements of the hydroxyl radical in a combustion environment inside porous inert
media were performed for the first time, and a methodology for visualizing the flame front inside a
porous inert media by planar laser induced fluorescence was proposed. OH concentration
monitoring, allowed the determination of the flame front intensity and spatial stabilization position
for various excess air ratios at different thermal loads. It was shown that the thermal radiation
could be separated from the fluorescence signal of detected hydroxyl radicals for the operating
temperature range of a porous burner’s glowing foam. Additionally, a study about the flame
disturbance, induced by creating the optical access, was carried out. The configuration used in
order to overcome technical difficulties was presented and useful parametric studies were
conducted in such a way as to facilitate future theoretical and numerical studies. In the context of
burner operation, it was observed that the position of the maximum OH concentration is almost
independent of the excess air ratio for the same thermal loads in the stable operation regime. The
results revealed that the flame zone length decreases with higher excess air ratios. For lower excess
air ratios and thermal loads of the order of 200 kW /m?2, the flame stabilizes directly downstream of
the flame trap, whereas for higher thermal loads (up tp 800 kW/m?2), the flame moved further
downstream at high excess air ratios. It total, the burner stable operation was demonstrated over a
wide operational range and this range becomes the basis for the experimental characterization of
the burner in terms of emission and performance.

The experimental campaign concerning burner performance extended to exhaust emission
measurements with online continuous analyzers and a gas chromatographic system, along with
solid and gaseous phase measurements, when the burner was operated with methane and LPG. The
results revealed a stable burner operation for wide power ranges with low emissions for different
fuels, thermal loads and stoichiometry. Mean CO emissions were of the order of 50 ppm and NOx
emissions were around 25 ppm at 1 mm height above the burner, under high power and low excess
air ratios, where the high temperature range is in favor of thermal NOy formation. In addition, the
comparison between methane and LPG operation revealed very good fuel interchangeability
concerning emissions and burner operation. In the latter case, temperature measurements indicate
that thermal load variation is of higher importance than equivalence ratio, for both methane and
LPG operation. In the context of burner operation, the results suggest that the burner provides a
wide flexibility when operated at lean combustion regimes with excess air ratio higher than A = 1.2
providing low emissions and constant thermal potential

Finally, a detailed account of temperature and emission measurements, aiming at experimental
multi-parametric assessment as well as burner stability mapping and characterization, were
performed, when the burner was operated with a typical biogas mixture. Exhaust gas
measurements revealed that the CO; presence in the fuel mixture leads to higher CO levels at the
burner exhaust. This behavior could be either attributed to the chemical impact of CO; or to the fact
that it also acts as a diluent leading to lower residence times in the porous matrix and lower
temperatures in comparison with pure methane combustion. This observation suggests that
residence times versus kinetic scales in the porous matrix of the particular burner are long enough
to overcome any kinetic effect. Overall, the work indicates that the CO; addition had eventually
small chemical impact at the exhaust of the burner, although this statement may not be valid for
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phenomena inside the combustion zone. Considering this finding and also for direct comparison
with pure methane combustion, the mixture’s stoichiometry were presented calculating excess air
ratios bypassing the strict definition of the equivalence ratio, without taking into consideration the
percentage of CO; in the fuel stream. This approach results to a phenomenal fuel rich combustible
domain, whereas the actual local conditions correspond to fuel lean regime. The burner stable
operation was tested for thermal loads varying from 200 to 1000 kW/m2 with local excess air
ratios (calculated as discussed) from A =1.1 to A =1.4. It is here noted that the global definition
would result excess air ratios from A=0.6 to A=0.9. The studied cases covered operating
conditions from flashback up to marginally blow-off operational conditions. The results revealed
stable burner operation for wide power ranges with low emissions and complete fuel consumption
(methane constituent) for different thermal loads and stoichiometries. The stable operation domain
was slightly shifted to the richer domain in comparison to pure methane operation. Temperature
values reached 1100 °C under the highest applied thermal load and were systematically 10% lower
compared to pure methane operation under the same fuel and air supply. Carbon monoxide levels
reached 300 ppm under 1000kW/m?2 of nominal thermal load and A = 1.3 and total NOy levels were
never above the threshold of 20 ppm. CO emissions were around 50% increased, in comparison to
pure methane operation, whereas total NOx values were reduced by 50 to 60%. Overall, the burner
characterization in terms of operation, performance, emission reduction and fuel
interchangeability, reveals that the porous inert medium burner constitutes a particularly
attractive technology that meets modern requirements (Richards et al,, 2001), resolving important
issues for fuel-flexible environmental friendly combustors.

Chapter References

Afsharvahid S, Ashman PJ, Dally BB. Investigation of NOx conversion characteristics in a porous
medium. Combust Flame 2008;152:604-615.

Al-Hamamre Z, Diezinger S, Talukdar P, Von Issendorff F, Trimis D. Combustion of Low Calorific
Gases from Landfills and Waste Pyrolysis Using Porous Medium Burner Technology. Process Saf
Environ Prot 2006;84:297-308.

Al-Hamamre Z, Voss S, Trimis D. Hydrogen production by thermal partial oxidation of hydrocarbon
fuels in porous media based reformer. Int ] Hydrogen Energ 2009;34:827-32.

Babkin VS, Korzhavin AA and Bunev VA. Propagation of Premixed Gaseous Explosion Flames in
Porous Media. Combust Flame 1991;87:187-192.

Babkin VS, Filtrational combustion of gases. Present state of affairs and prospects, Pure Appl.Chem.
1993;65: 335-344.

Barra A], Diepvens G, Ellzey ]JL, Henneke MR. Numerical study of the effects of material properties
on flame stabilization in a porous burner. Combust Flame 2003;134:369-79.

207



Chapter 7 - Porous Burner Operation Assessment using Combustion Diagnostics

Baehr HD, Stephan K. Heat and mass transfer, Berlin, Heidelberg, Springer; 1998.

Bouma PH and de Goey LPH. Premixed combustion on ceramic foam burners. Combust Flame
1999;119:133-143.

Bowen HK. Basic research needs on high temperature ceramics for energy applications. Mater Sci
Eng 1980;44:1-56.

Brenner G, Pickenacker K, Pickendcker O, Trimis D, Wawrzinek K, Weber T. Numerical and
experimental investigation of matrix-stabilized methane/air combustion in porous inert media.
Combust Flame 2000;123:201-13.

Catapan RC, Oliveira AAM, Costa M. Non-uniform velocity profile mechanism for flame stabilization
in a porous radiant burner Exp Therm Fluid Sci 2011;35:172-179.

Cavaliere A, de Joannon M. Mild combustion. Prog. Energy Combust. Sci. 2004;30:329-36.

Cho KW, Han K, Lee YK, Noh DS, Yoon HM, Riu K], Lee KH. Premixed combustion of coke oven gas in
a metallic fibre mat. Fuel 2001;80:1033-1036.

Choi GM, Katsuki M. Advanced low NOx combustion using highly preheated air. Energ Convers
Manage 2001;42:639-652Modest MF. Radiative heat transfer. Academic Press; 2003

Deemyad S, Silvera IF. Temperature dependence of the emissivity of platinum in the IR. Rev Sci
Instrum 2008;79:086105.

Di Mare L, Mihalik TA, Continillo G and Lee JHS. Experimental and numerical study of flammability
limits of gaseous mixtures in porous media. Exp Therm Fluid Sci 2000;21:117-123.

Dyer M.]J,, Crosley D.R. Two-dimensional imaging of OH laser-induced fluorescence in a flame,
Optics Letters, 1982:7;No 8

Eckbreth A. Laser Diagnostics for Combustion Temperature and Species, 2nd Edition, Gordon &
Breach, Amsterdam 1996

Fend T, Trimis D, Pitz-Paal R, Hoffschmidt B, Reutter O. Thermal properties. In: Scheffler M,
Colombo P, editors. Cellular ceramics: structure, manufacturing, properties and applications.
Weinheim: Wiley; 2005. p. 342-60.

Gao H, Qu Z, Tao W, He Y, Zhou ]. Experimental Study of Biogas Combustion in a Two-Layer Packed
Bed Burner. Energ Fuel 2011;25:2887-2895.

Gauthier S, Nicolle A and Baillis D. Investigation of the flame structure and nitrogen oxides
formation in lean porous premixed combustion of natural gas/hydrogen blends. Int ] Hydrogen
Energ 2008:33;4893-4905.

Hackert CL, Ellzeya JL and Ezekoyea OA, Combustion and heat transfer in model two-dimensional
porous burners. 1999;116:177-191.

208



Chapter 7 - Porous Burner Operation Assessment using Combustion Diagnostics

Hanamura K, Echigo R. An analysis of flame stabilization mechanism in radiation burners. Warme-
Stoffubertragung 1991;26:377-83.

Hanamura K, Echigo R, Zhdanok SA. Superadiabatic combustion in a porous medium. Int | Heat
Mass Transfer, 1993;36(13):3201-9.

Hartlieb A.T., Atakan B., Kohse-Hdinghaus K., Temperature measurement in fuel-rich non-sooting
low-pressure hydrocarbon flames, Appl Phys B 2000:70;435-445

Hsu PH, Evans WD, Howell JR. Experimental and Numerical Study of Premixed Combustion within
Nonhomogeneous Porous Ceramics. Comb Sci Tech 1993;90:149-72.

Howell JR, Hall M] and Ellzey JL. Combustion of hydrocarbon fuels within porous inert media, Prog.
Energy Combust. Sci. 1996;22:121-145.

Huang Y, Chao CYH and Cheng P. Effects of preheating and operations conditions on combustion in
a porous medium. Int ] Heat Mass Transfer, 2002;45:4315-4324.

Keramiotis Ch, Stelzner B, Trimis D, Founti MA. Porous burners for low-emission combustion: An
experimental investigation. dx.doi.org/10.1016/j.energy.2011.12.006.

Keshtkar MM and Gandjalikhan Nassab SA. Theoretical analysis of porous radiant burners under 2-
D radiation field using discrete ordinates method. ] Quant Spectrosc Ra 2009;110:1894-1907

Kiefer J, Weikl MC, Seeger T, Von Issendorff F, Beyrau F, Leipertz A. Non-intrusive gas-phase
temperature measurements inside a porous burner using dual-pump CARS. Proc Comb Institute
2009;32:3123-9.

Kohse Hoinghaus K, Jeffries ]J.B. (Eds.), Applied Combustion Diagnostics, Taylor Francis, New York,
2002

Lee DK and Maruta K. Heat recirculation effects on flame propagation and flame structure in a
mesoscale tube. Combustion Theory and Modelling 2012;16: 507-536.

Liu JF, Hsieh WH. Experimental investigation of combustion in porous heating burners. Combust
Flame 2004;138:295-303.

Loukou A, Frenzel I, klein ] and Trimis D. Experimental study of hydrogen production and
sootparticulate matter emissions from methane rich-combustion in inert porous media.
dx.doi.org/10.1016/j.ijhydene.2012.02.041

Machano R. Numerical simulations of surface reaction in porous media with lattice Boltzmann.
Chem Eng Sci 2012;69:628-643

Mach Al. Entwicklung eines kompakten Heizsystems fiir Heiz6l EL auf Basis der Verbrennung in
porosen Keramiken, [dissertation]. Aachen, Germany: Universitat Erlangen-Niirnberg; 2007.

209



Chapter 7 - Porous Burner Operation Assessment using Combustion Diagnostics

Malico I, Zhou XY and Pereira JCF. Two dimensional numerical study of combustion and pollutants
formation in porous burners. Combust Sci Tech. 2000:152;57-79

Mendes MAA, Pereira JMC, Pereira JCF. A numerical study of the stability of one-dimensional
laminar premixed flames in inert porous media. Combust Flame 2008;153:525-539.

Mendes MAA, Pereira JMC, Pereira JCF. Calculation of premixed combustion within inert porous
media with model parametric uncertainty quantification. Combust Flame 2011;158: 466-476.

Mishra SC, Steven M, Nemoda S, Talukdar P, Trimis D, Durst F. Heat transfer analysis of a two-
dimensional rectangular porous radiant burner. Heat Mass Transfer 2006;33:467-474.

Mofibauer S, Pickenacker O, Trimis D. Application of the porous burner technology in energy- and
heat-engineering, In: Proceedings of the fifth international conference on technologies
combustion for a clean environment (Clean Air V), Lisbon, 1999. p. 519-23.

Modest MF. Radiative heat transfer. Academic Press; 2003.

Mujeebu MA, Abdullah MZ, Bakar MZA, Mohamad AA, Abdullah MK. Applications of porous media
combustion technology - A review. Appl Energ. 2009;86:1365-1375.

Mujeebu MA, Abdullah MZ, Bakar MZA, Mohamad AA, Abdullah MK. Combustion in porous media
and its applications - A comprehensive survey. ] Environ Manage. 2009;35: 216-230.

Muthukumar P, Shyamkumar PI. Development of novel porous radiant burners for LPG cooking
applications. Fuel (2011), doi:10.1016/j.fuel.2011.09.006.

Nemoda S., Trimis D., Zivkovic G., Numerical simulation of porous burners and hole plate surface
burners, Thermal Science, Vol. 8, No. 1, pp. 3-17, 2004

Pan HL., Pickenacker O and Trimis D. Characterization of pore diameters in highly porous media, in
Proceedings of 2003 ASME Summer Heat Transfer Conference, Las Vegas, Nevada, USA, July
2003

Pastore A, Mastorakos E. Syngas production from liquid fuels in a non-catalytic porous burner. Fuel
2011;90:64-76.

Pedersen-Mjaanes H, Chan L, Mastorakos E. Hydrogen production from rich combustion in porous
media. Int ] Hydrogen Energ 2005;30:579-592.

Pereira JCF, Malico I, Hayashi TC and Raposo ]. Experimental and numerical characterization of the
traverse dispersion at the exit of a short ceramic foam inside a pipe. Int | Heat Mass Tran
2005:48;1-14

Pereira FM, Oliveira, AAM and Fachini FF. Maximum superadiabatic temperature for stabilized
flames within porous inert media. Combust Flame 2011;158:2283-2288.

210



Chapter 7 - Porous Burner Operation Assessment using Combustion Diagnostics

Pickenacker O, Pickendcker K, Wawrzinek K, Trimis D, Pritzkow WEC, Miiller C, et al. Innovative
ceramic materials for porous-medium burners. Interceram 1999;48:326-30.

Pickenacker O, Pickenacker K, Wawrzinek K, Trimis D, Pritzkow WEC, Miiller C, et al. Innovative
ceramic materials for porous-medium burners II. Interceram 1999;48:424-33.

RAL gGmbH, Low-emission and Energy-saving Gas-fired Calorific-Value Heating Devices, RAL-UZ
61, Sankt Augustin, Deutschland, 2011.

Richards GA, McMillian MM, Gemmen RS, Rogers WA and Cully SR. Issues for low emission, fuel
flexible power systems. Prog Energy Combust Sci 200;27:141-169.

Rortveit GJ, Zepter K, Skreiberg @, Fossum M, Hustad JE. Comparison of low-NOx burners for
combustion of methane and hydrogen mixtures. Proc Comb Institute 2002;29:1123-9.

Rumminger MD, Dibble RW, Heberle NH, Crosley DR. Gas temperature above a porous radiant
burner: Comparison of measurements and model predictions. Symp (Int) Comb 1996;26:1755-
62.

Sathe SB, Kulkarni MR, Peck RE, Tong TW. An experimental and theoretical study of porous radiant
burner performance. Symp (Int) Comb 1991;23:1011-8.

Shi JR, Xie MZ, Liu H, Liu HS, Zhang XS and Xu YN. Two-dimensional numerical study of combustion
and heat transfer in porous media combustor-heater. Proc Comb Institute 2011;33:3309-3316.

Smucker MT, Ellzey JL. Computational and experimental study of a two section porous burner.
Comb Sci Tech 2004;176:1171-89.

Stelzner B, Keramiotis Ch, Vo S, Werner M, Founti MA, Trimis D. Experimental Study of the Flame
Structure inside a Porous Inert Medium Burner using Planar Laser Induced Fluorescence. In:
Adrian R], Durdo DFG, Hishida K, Moreira ALN, Tropea C, editors. Proceedings of the 15th
International Symposium on Applications of Laser Techniques to Fluid Mechanics; 2010 July 05-
08; Lisbon, Portugal.

Takeno T, Sato K and Hase K. A theoretical study on an excess enthalpy flame. Symp (Int) Comb
1981;18:465-472.

Trimis D, Durst F. Combustion in a Porous Medium-Advances and Applications. Comb Sci Tech
1996;121:153-68.

Vourliotakis G, Skevis G, Founti MA. A detailed kinetic modelling study of benzene oxidation and
combustion in premixed flames and ideal reactors. Energ Fuel 2011; 25: 1950-1963.

Weinberg F]. Combustion Temperatures: The Future?. Nature. 1971:233;239-241.

Weinberg FJ. The first half million years of combustion research and today’s burning problems
Symp (Int) Comb 1975;1:1-17

211



Chapter 7 - Porous Burner Operation Assessment using Combustion Diagnostics

Weikl MC, Tedder SA, Seeger T, Leipertz A. Investigation of porous media combustion by coherent
anti-Stokes Raman spectroscopy. Exp Fluids 2010;49:775-81.

Wood S, Harris AT. Porous burner for lean-burn applications. Prog Energy Combust Sci
2008;34:667-84.

Wu D, Liu H, Xie M, Liu M and Sun W. Experimental investigation on low velocity filtration
combustion in porous packed bed using gaseous and liquid fuels. Exp Therm Fluid Sci
2012;36:169-177.

Wunning JA, Wunning ]JG. Flameless oxidation to reduce thermal NO-formation. Prog Energy
Combust Sci, 1997;29:81-94.

Xuan ], Leung MKH Leung DYC, Meng N. A review of biomass-derived fuel processors for fuel cell
systems. Renew. Sust. Energ. Rev. 2009; 13: 1301-1313.

Yamamoto K., Ozeki M. Hayashi N. Yamashita H., Burning velocity and OH concentration in
premixed combustion, Proc Comb Institute 2009:32;1227-1235

Yip B., Miller M. F.,, Lozano A. Hanson R. K, A combined OH/acetone planar laser-induced
fluorescence imaging technique for visualizing combusting flows, Exp Fluids, 1994:17;330-336

Zheng C, Cheng L, Saveliev A, Luo Z, Cen K. Gas and solid phase temperature measurements of
porous media combustion. Proc Comb Institute 2011;33:3301-3308.

Zhou XY, Pereira JCF. Comparison of Four Combustion Models for Simulating the Premixed
Combustion in Inert Porous Media. Fire Mater 1998;22:187-97.

212



Chapter 8 - Concluding Remarks of the Thesis

Chapter 8

Summary and conclusions of the thesis

Progress to develop and apply conventional as well as laser-based diagnostics to combustion
applications is proceeding at a rapid pace. Combustion diagnostics improve the understanding of a
variety of phenomena, leading to improved efficiencies in and cleanliness reduced emissions from
practical systems. Currently, there are three distinct, but overlapping scientific directions in the
area of development and application of diagnostic techniques (Alden et al., 2011). In a first level,
the combustion research targets in developing novel diagnostic techniques, as well as improving
the precision and accuracy of existing ones, through fundamental studies. This category may
involve rather fundamental aspects of atomic, molecular and laser physics and may not necessarily
aim for a deepened understanding of combustion itself, rather the measurement techniques. In a
second level, the aim is to employ mature techniques in tightly-controlled, laboratory-scale
configurations, in order to enrich the understanding of certain combustion-related, dynamic
phenomena (Candel, 2002), such as turbulent-chemistry interaction, combustion and pollutant
formation. Such studies require multidisciplinary fields of expertise, such as chemical kinetics and
fluid mechanics. The third level is the application of mature techniques for characterization,
optimization and control of industrial processes, such as in situ measurements in engines, gas
turbines or furnaces. This work deals to a certain extent with all these levels as summarized here.
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8.1. Summary and final conclusions

A number of intrusive as well as nonintrusive diagnostic tools were developed, evaluated and
finally combined to characterize a porous burner with an increased level of complexity and design
sophistication. As stated earlier, the main axes of combustion diagnostic research, relate to the
development and implementation of novel and existing diagnostic methodologies in fundamental
applications, so as to improve the knowledge concerning the methodology itself, as well as the
phenomena under study. As the degree of complexity of both the experimental technique and the
studied application increases, a number of fruitful combinations of methods allow the simultaneous
measurement of different parameters, leading eventually to a more comprehensive investigation.

The first part of the thesis presented the basic scientific background along with the essential
instrumentation concerning the techniques used with intrusive means. This included continuous
gas analysis and gas chromatographic systems. A novel gas chromatographic method was
developed and used and additional measurements were performed with a previously validated
methodology (Esarte et al., 2012). In order to obtain a clearer picture, the operating principles and
the respective uncertainty analysis for both systems were also discussed. Subsequently, the gas
chromatographic systems were utilized in the study of various methane-based mixtures under
pyrolytic conditions and high temperature ranges. In the context of the latter, novel experimental
data concerning minor species and polycyclic aromatic compounds were presented in chapter 4.
Additionally, the gas chromatographic technique was utilized, in chapter 6, for the study of
premixed flames of complex Fischer-Tropsch fuels with a systematic variation of their paraffinic,
aromatic and naphthenic content. This is one of the very few studies in the literature dealing with
premixed Fischer-Tropsch fuel blends, trying to assess their combustion performance to their
constituent species. Finally, both continuous gas analysis and gas chromatographic systems were
used in chapter 7, in order to facilitate detailed measurements at a porous burner exhaust, hence
providing novel experimental data with respect to fuel and operating conditions variation.

In the context of the rapidly increasing incorporation of lasers in combustion research, the thesis
examined the technique of the laser induced fluorescence as the nonintrusive diagnostic tool of
choice. Chapter 3 provided the fundamental background knowledge in molecular structure and
spectroscopic concepts, followed by an exhaustive discussion concerning laser induced
fluorescence measurement strategies. Specifically, the scheme for the flame zone visualization
through monitoring the hydroxyl radical was demonstrated. The utilized system was presented,
including laser excitation and tuning sources as well as signal collection units. Accordingly, the
adopted strategies were tested in simple laboratory-scale flame and a complex combustor.
Hydroxyl radical-laser induced fluorescence measurements were obtained in a simple cross-flow
premixed flame in chapter 5, where additional experiments with acetone-tracer laser induced
fluorescence, served the further support of the results. Lastly, the technique was employed in
chapter 7, in order to visualize the evolution and spatial characteristics of the flame inside a porous
medium burner. The latter, constitutes the first study with nonintrusive diagnostic in the literature,
which deals with the parametrical flame stabilization inside porous media with respect to nominal
thermal load and stoichiometry.
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As far as the choice of fuel is concerned, this study primarily focused in the conventional, methane
based mixtures, since natural gas and biogas is expected to remain the cornerstone of existing
combustion infrastructure. In this context, methane-based mixtures pyrolysis was firstly studied in
a flow reactor, so as to examine fuel conversion and pollutant and soot formation mechanisms. The
work was extended to quantify the influence of CO; environment under pyrolytic conditions, as far
as the latter mechanisms were concerned. In order to assess the influence of CO, addition in a more
practical environment, the biogas combustion in a porous burner was subsequently examined in
chapter 7. In this way, the physical versus chemical impact of the CO, addition in the fuel stream
was discussed with respect to combustor performance and emission levels. The natural gas
feedstock can be additionally exploited in order to produce liquid fuels, fully compatible with
existing engines, through the Fischer-Tropsch process. In this context, a chapter was devoted to the
study of alternative cutting-edge fuels, produced via the Fischer-Tropsch process. The composition
of the Fischer-Tropsch blends was systematically varied in order to allow the assessment of fuel
mixing trends. Mixture thermochemical properties were calculated from detailed composition and
compared against experimental data, with good agreement. As a result, the work provided a basic
methodology for addressing fuel interchangeability with respect to fuel analysis and combustion
performance.

Table 8-1 Summary of performed investigations with respect to innovative research in fuels, flames and
combustion diagnostic methodologies. Research exploitation capabilities are also shown.

Chapter| Fuels Flames Diagnostics | Exploitation Research directions
GC &GC/MS H,/CO & soot
methane, NG yield in
CH, & biogas for gaseous reformers
4 CH4/C2Hs svner i%:s in and PAH T umerical Development, optimization
CH4/CO; y flarfr;les formation in model and application of diagnostic
PFRs . techniques for fundamental
validation ..
— studies in controlled,
OH-LIF nohintrusive laboratory-scale
cross flow —— | assessment of . . .
5 H, ine fl acetone o configurations, in order to
fiixing tarmes tracer-LIF mixing enrich the understanding of
efficiency . .
tituent combustion-related, dynamic
FT constituen GC study in . phenomena
6 blends species premixed lab- alternative
(C:H,) synergies in scale burner aviation fuels
Y FT flames
flame
structure lean, mild
inside porous LIF inside __combustion Application of mature
CH medium porous media fuel diagnostic techniques for
4 . . .
emission ——————--— | interchange- characterization,
7 CEII{{B//%CI){ "' formation CGA & (_;C for ability optimization and control of
YRR with respect | . emissions heat industrial processes using
Investigation N ..
to fuels and distribution in situ measurements
operating systems
conditions
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Table 8-1 presents the experimental investigations conducted in the frame of the thesis, with
respect to the diagnostic research main directions. In addition, Table 8-1 summarizes the studied
cases with reference to the innovation of the work as far as fuels, flames and diagnostic techniques
are concerned. The field of application of each case study is also given regarding the exploitation
and expansion of the research conducted. The latter are discussed in detail in the next paragraphs.

In more detail, in the fourth chapter the pyrolysis of atmospheric pressure methane mixtures has
been experimentally investigated in an isothermal flow reactor in the temperature range of 1000-
1200 °C with gas chromatographic means. Different methane mixtures, representative of natural
gas and biogas operation, were tested in pure nitrogen and mixed N2/CO; atmospheres. The studied
cases were also relevant to the fuel reforming process in fuel cell systems, broadening the prospects
of the work towards practical applications. The results were reproduced with two comprehensive
detailed kinetic mechanisms, resulting in close agreement with experimental results. Experimental
results for fuel conversion, Hz and CO levels as well as concentration levels of key species, were
presented and critically analyzed. It was shown that methane and natural gas pyrolysis yielded
hydrogen of the order of 20% at the highest temperatures, whereas for the case of N;/CO:
atmosphere, hydrogen production was suppressed and CO was also present at the exhaust. Trends
in exhaust gaseous species levels as a function of temperature and initial mixture composition were
identified. In particular, the chemical effect of CO, was demonstrated. The results pointed towards
the enhanced physical over chemical effect of the CO, addition; a 30% increase of the mixture
carbon content, when CO; was introduced in the flow reactor, affected the mixture reactivity in
temperatures higher than 1150 °C, where soot, water and CO were also present, hence also affecting
minor species concentration levels. The higher carbon content and reactivity of the natural gas
mixture were reflected in soot measurements and the temperature threshold for soot formation
was measured. Furthermore, in order to assess the synergistic effects appearing in soot formation
processes of the different mixtures, selected PAH species measurements were also performed.

The implementation of the laser induced fluorescence system for monitoring flame shape
characteristics of a cross-flow flame was demonstrated in the fifth chapter. The potential of imaging
diagnostics in studies of combustion phenomena is readily apparent, with significant potential to
impact combustion research, for example in surveying complex flows and in guiding development
of realistic flow models. The configuration studied comprised a laminar premixed flame, where the
hydroxyl radical imaging can reveal mixing flow characteristics, hence constituted an ideal flame
for introducing the methodology of the parametric study followed latter on, in the seventh chapter.
In the frame of the chapter, the anisotropic flame structure was sufficiently captured by employing
the OH-LIF technique. A parametric study with respect to stoichiometry and thermal load revealed
a virtual confinement of the flame with increasing air content and an enhanced reaction zone
intensity with increasing flame power. Overall, the results captured the OH radical distribution and
revealed the inhomogeneous mixing induced from the cross-jet mixing configuration. This was also
confirmed by supplementary investigations with acetone-tracer LIF experiments. Additionally, this
work also has considerable linkage with practical fuels cell systems for automotive applications,
especially as a part of an integrated mixing-flame trap stage of a porous burner (Vof3 et al,, 2011),
similar to the one studied in the seventh chapter.
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As also stated in the introductory chapter of the thesis, there is an increased research interest for
alternative fuels. Combustion diagnostics should be employed in fundamental devices so as to
correlate combustion performance to fuel characteristics, avoiding complexities introduced from
the setup. Aviation fuels are probably the most challenging from the viewpoint of physical as well as
thermochemical properties (Hui et al, 2012). As premixed flames of Fischer-Tropsch fuels are
relatively scarce in the literature, the sixth chapter of the thesis used a laboratory-scale premixed
flame burner in order to test several Fischer-Tropsch blends and an n-decane for benchmark
purposes. An extensive flame stability mapping was realized, as a function of thermal power and
stoichiometry, and temperature profiles were obtained along the burner symmetry axis and species
emission measurements were performed at locations representative of flame and post-flame zones.
Although the Fischer-Tropsch blends revealed similar temperature values, the neat paraffinic blend
exhibited the lowest temperatures, which increased with increasing aromatic content in the fuel.
Through emission measurements it was also shown that the fully paraffinic blend results in the
lowest unburnt hydrocarbon quantities, whereas blends with aromatic and naphthenic content
show the opposite tendency. Overall, the findings were in good agreement with results from
diffusion flame studies (Saffaripour et al., 2013). It was demonstrated that simple laboratory scale
combustion equipment, when used in a carefully controlled environment, can provide useful
information about combustion characteristics of novel fuel mixtures.

The diagnostic methodologies developed, analyzed and implemented in fundamental configurations
are combined in the seventh chapter of the thesis, in order to assess the operation, performance
and fuel interchangeability of a porous inert medium burner. The burner characteristics, its
principle of operation and its advantages are discusses in the opening section of the seventh
chapter. A two-stage porous burner design with an Al,O3 flame trap and a 10 ppi SiSiC foam was
considered, in order to resemble leading-edge porous burners utilized in industrial applications
(Wood and Harris, 2008). The experimental characterization of the burner incorporated three
major stages. Initially, the burner operation was examined through visualizing the flame zone
inside the porous media. As the burner stability mapping was established, an extensive
temperature and emission characterization with conventional as well as alternative fuels was
performed. The conducted experimental campaign covered operating conditions from flashback up
to marginally blow-off operational conditions.

In order to capture the flame shape and characteristics, the hydroxyl radical concentration was
monitored by planar laser induced fluorescence measurements, for various nominal thermal loads
and stoichiometries. Measurements of the hydroxyl radical in a combustion environment inside
porous inert media have never been performed before, due to the high difficulty of obtaining optical
access in such an environment. A study concerning the flame disturbance, induced by creating the
optical pathway, was carried out. In the context of burner operation, it was observed that the
position of the maximum OH concentration was almost independent of the stoichiometry for the
same thermal loads in the stable operation regime. The results revealed that the flame zone length
decreases with higher excess air ratios. For a near stoichiometric regime and low applied thermal
loads, the flame stabilized directly downstream the flame trap, whereas for thermal loads up to
800 kW/m?, the flame moved further downstream at high excess air ratios. In total, the burner
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stable operation was demonstrated over a wide operational range and this range formed the basis
for the experimental characterization of the burner in terms of temperature and emissions.

In order to fully characterize the burner performance, the experimental campaign was extended to
exhaust emission measurements with online continuous analyzers and a gas chromatographic
system, along with gaseous and solid phase measurements obtained with thermocouples and
infrared thermography respectively. The burner was initially tested with methane and liquefied
petroleum gas, as the most commonly applied gaseous fuels. The burner’s homogeneous
distribution of temperature and emission profiles along its surface was confirmed and detailed
measurements were parametrically conducted. Mean CO emissions were of the order of 50 ppm
and NOy emissions were around 25 ppm, under high power and low excess air ratios, where the
high temperature range acted in favor of thermal NO formation. In the context of burner operation,
the results suggested that the burner provides a wide flexibility when operated at lean combustion
regimes with excess air ratio higher than A =1.2 providing low emissions and constant thermal
potential for both tested fuels. Finally, the considered porous burner was operated with a typical
biogas mixture. Exhaust gas measurements revealed that the CO; presence in the fuel mixture led to
higher CO levels at the burner exhaust. This behavior could be either attributed to the chemical
impact of CO; or to the fact that it also acted as a diluent leading to lower residence times in the
porous matrix and lower temperatures in comparison with pure methane combustion. This
observation suggested that residence times versus Kinetic scales in the porous matrix of the
particular burner were long enough to overcome any kinetic effect. Overall, the work indicated that
the CO; addition had eventually small chemical impact at the exhaust of the burner, although this
statement may not be valid for phenomena inside the combustion zone. In biogas operation the
burner’s stable operation domain was slightly shifted to the richer domain in comparison to pure
methane operation. Temperature values reached 1100 °C under the highest applied thermal load
and were systematically 10% lower compared to pure methane operation under the same fuel and
air supply. Carbon monoxide levels reached 300 ppm under 1000 kW/m?2 of nominal thermal load
and A =1.3 and total NOx levels were never above the threshold of 20 ppm. CO emissions were
around 50% increased, in comparison to pure methane operation, whereas total NOyx values were
reduced by 50 to 60%. Overall, the burner characterization in terms of operation, performance,
emission reduction and fuel interchangeability, revealed that the porous inert medium burner
constitutes a particularly attractive technology that meets modern requirements, resolving
important issues for fuel-flexible environmental friendly combustors.

8.2. Publications related to framework of the thesis

The majority of the work presented in the present thesis has been accepted and published in four
scientific journals and six international conferences and therefore has been submitted in extensive
reviewing process. The conducted experimental campaigns included the fruitful cooperation of
eighteen coworkers from four European. These papers are listed below.
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Publications in International Scientific Journals

[.  Ch. Keramiotis, M.A. Founti, An experimental investigation of stability and operation on a biogas
fueled porous burner. Fuel (2013) Volume 103, Pages 278-284.

II. Ch. Keramiotis, G. Zannis, G. Skevis, M.A. Founti Performance investigation of Fischer-Tropsch
kerosene blends in a laboratory-scale premixed burner. Experimental Thermal Fluid Science
(2013) Volume 44, Pages 868-874.

I11. Ch. Keramiotis, G. Vourliotakis, G. Skevis, M.A. Founti, C. Esarte, N.E. SAnchez, A. Millera, R. Bilbao,
M.U. Alzueta, Experimental and computational study of methane pyrolysis in a flow reactor
under atmospheric pressure, Energy (2012) Volume 43, Issue 1, Pages 103-110.

IV. Ch. Keramiotis, B. Stelzner, D. Trimis and M. Founti, Porous burners for low-emission
combustion: An experimental investigation, Energy (2012) Volume 45, Issue 1, Pages 213-219.

Publications in International Conferences

V. Ch. Keramiotis, L. Leon, G. Vourliotakis, G. Skevis, M.A. Founti, F. Mauss. Performance and
emission characterization of a laboratory-scale swirl burner operating with methane mixtures.
COST CM0901, 3rd annual meeting, 5th - 7th September 2012, Sofia, Bulgaria.p.172

VI Ch. Keramiotis, M.A. Founti, Experimental characterization of a two layer porous inert medium
burner operating with a biogas-like CO2/CH4 mixture. COST CM0901, 3rd annual meeting, 5th — 7th
September 2012, Sofia, Bulgaria. p.137

VIL Ch. Keramiotis, G. Vourliotakis, G. Skevis, M.A. Founti, C. Esarte, M.U. Alzueta, Experimental and
computational study of methane pyrolysis in a Flow Reactor under atmospheric pressure,
Cleaner Combustion 2011, 7th — 9th September 2011, Zaragoza, Spain. p.162

VIIL. Ch. Keramiotis, B. Stelzner, D. Trimis and M. Founti, Porous burners for low-emission
combustion: An experimental investigation, Proceedings of ECOS 2011, 920-930

IX. Ch. Keramiotis, G. Zannis, G. Skevis, A. Tsalavoutas, K. Mathioudakis, M.A. Founti, An
experimental assessment of combustion and emission characteristics of alternative aviation
fuels, The 5t European Combustion Meeting 2011, p.156

X.  B. Stelzner, Ch. Keramiotis, S. Voss, M. Werner, M.A. Founti, D. Trimis, Experimental Study of the
Flame Structure inside a Porous Inert Medium Burner using Planar Laser Induced Fluorescence,
15t International Symposium on Applications of Laser Techniques to Fluid Mechanics, p. 1.1.3

8.3. Future work

The present work could be further extended in a number of aspects, which could integrate and
complete the research carried out. Here, a few point-wise suggestions are made for future work.
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Fuel characterization
A more erudite investigation of methane-based mixtures in a flow reactor setup could provide

valuable experimental data concerning the synergistic effects of various additives, such as ethane,
propane and hydrogen, which would resemble natural gas composition and in turn uncover its
chemical pathways. Additional experimental campaigns should take place, choosing additives that
resemble biogas-like mixture compositions. Such investigations should be accompanied with an in
depth analysis of intermediates formed during the process, as well as with polycyclic aromatic
compounds speciation data. Specifically, polycyclic aromatic compounds hold an important role in
soot formation and their chemistry should be thoroughly understand, in order to develop more
accurate numerical models. The preliminary work presented in the fourth chapter could provide an
indicative guideline for future work.

Moreover, expanding the alternative fuels investigation attempted in the frame of the thesis, more
Fischer-Tropsch blends could be tested. Although, aviation demands the usage of additives for
improvement of physical fuel properties, or their blending mixed with conventional kerosene, the
same process may be drafted to reproduce lighter fuel blends for automotive industry. Following
the same methodology presented in the sixth chapter, more Gas-to-Liquid or Biomass-to-Liquid
fuels could be investigated with respect to their combustion performance characteristics.

Flame/Burner characterization

The conducted experimental campaign, which covered a several areas of the porous burner
characterization, could be further enriched with additional key investigations. For example,
following the proposed methodology, further measurements inside the porous media could be
conducted, with respect to thermal load, stoichiometry and fuel. For instance, the hydroxyl radical,

chosen here as a marker for the flame zone, may be combined with formaldehyde measurements
(CH20-LIF). Such a study can produce interesting results concerning, besides the flame zone, the
heat release rate inside the porous media as it does in free flames (Fayoux, 2005). This
investigation may be even realized with the usage of the third harmonic Nd: YAG generator and a
detection band around 420 nm, given a similar scheme to the one followed in the fifth chapter for
acetone tracer laser induced fluorescence measurements. In the same direction with OH-LIF
measurements, CH-LIF could provide extra information for reaction zone visualization and heat
release rates.

In line with the previous proposal, laser induced fluorescence measurements may be utilized in
order to measure burning velocity inside the porous media as followed in the literature of open
flames (Yamamoto et al., 2011). Furthermore, measurements with laser induced fluorescence for
the detection of nitric monoxide could be conducted at the burner exhaust and calibrated with
measurements obtained with intrusive techniques. Such studies would either require a different
dye such as coumarin or the incorporation of the mixing-after-doubling technique as described in
the third chapter. This methodology could provide quantitative speciation information, which
could, in principle, be further employed for measurements inside porous media. In conclusion the
porous burner design could be slightly modified, maintaining its principal characteristics, so as for
instance to incorporate a porous flame trap, rather than a drilled one. This configuration may
extinguish any flowfield disturbances and provide even more realistic flame zone visualization.
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