ISTANBUL TECHNICAL UNIVERSITY _* INSTITUTE OF SCIENCE AND TECHNOLOGY

REDUCTION OF GAS-PHASE REACTION MECHANISM OF ISOOCTANE
FOR THE DESCRIPTION OF PARTIAL OXIDATION OF SURROGA TES
OF GASOLINE AND DIESEL

M.Sc. Thesis by

Hiiseyin KARADENiZ

Department : Mechanical Engineering

Programme : Automative

Thesis Supervisor: Prof. Dr. Cem Sorgbay

SEPTEMBER 2010






ACKNOWLEDGEMENTS

This study has been performed under supervisioRrof. Dr. Cem Sorbay in
Istanbul Technical University. He has been my stpensince my M.Sc. study in
Istanbul Technical University Mechanical EngineeriDgpartment Automative
Master Program. | would like to thank to him fos lsupervision and contribution to
my thesis study.

| would like to express my deep gratitude to Do¢. Bakan Serhad Soyhan from
Sakarya University who has been my co-advisor dunty master thesis study. He
has always been a great advisor and supportergdomynmaster study.

This study has been performed with the cooperatbrKarlsruhe Institute of
Technology, Institute for Chemical Technology andlyfher Chemistry. My
supervisor in Karlsruhe Institute of Technology hasen Prof. Dr. Olaf
Deutschmann. | would like to express my deep grdditto him for his great support
and advices during my thesis study.

| would like to deeply thank also to Dr.rer.natef&¢n Tischer from Institute for
Chemical Technology and Polymer Chemistry in Katigr Institute of Technology
for his advises during my thesis study.

| would like to deeply thank also to Dr.rer.nat.blowv Maier from Institute for
Nuclear and Energy Technologies (IKEif) Karlsruhe Institute of Technology for
her advises during my thesis study.

I would like to deeply thank also to Dr. Martin Wi@r from Institute for Nuclear and
Energy Technologies (IKETin Karlsruhe Institute of Technology for his kinélp
during my study, as well.

Finally, 1 would like to deeply thank to my familfpr their constant support and
patience during all my life. | owe every succesmilife to my family.






TABLE OF CONTENTS

Page
TABLE OF CONTENTS ..ot e e %
ABBREVIATIONS ..ottt ettt e e e e e e e e e e e e e eeennees viii
LIST OF TABLES ...ttt X
LIST OF FIGURES ......oiiiiiiiiiiiiiiiiiiiee e sttt e e e e e e e e e e e e e e e s s s s snnsnnssneeeeeeees Xiv
LIST OF SYMBOLS ..ottt XX
SUMM ARY o et e e e et aaan————a XXIV
(@ Y74 = [T ORUURRORRTUSRORUPRO XXVi
1. INTRODUCTION ...ccttiiiiiiiiiieeeee ettt eee ettt eeeaeeessenns 1
2. FUNDAMENTALS OF CHEMICAL KINETICS ....ccoooiiiiiiis i 6
2.1 Rates of Reaction and Reaction Orders ...oovvveiiiiiiiiieeeeeeeeeeeeeeeeeiiieees 6
2.2 REVEIrSE REACHONS ........uuiiiiiiiiiiiieeeeeent et e e e e e e e e e e s e e e e e 10
2.3 Elementary Reactions, Reaction Molecularity.............cccceeiiiiinniinniiiininnee. 10
2.4 COoNSECULIVE REACHIONS ....ccoviiiiiii e 11
2.5 Competitive REACLIONS ........uuuuiiiiiie et e e 12
2.6 Chain REACTIONS ...ttt bttt et e e e e e e e e e e e e e s s mnnnne e e e e e e e es 12
2.7 Fre@ RAMICAIS .....uuiii i ettt e e ena e e a e e e e e e e e e e eees 12
2.8 SUIface REACHIONS.........coi ittt 13
3. REACTION MECHANISMS .....outiiiiiiiiiiiiiiieeecmiiiiiiiieeeeeeeeeeaaeaaa e e e e e e e e s e nnnnnes 51
3.1 Detailed MECNANISMS .........viiiiiiiii s ettt e e e e e e e s s eeee e 15
3.2 SKkeletal MeChaNISIMS......ccoo i eneneeeeaeees 16
3.3 Reduced MeChaNISIMS.........uuuiiiiiiees ettt e e e e e e e e 17
3.4 Reaction Mechanism Analyzing TeChNIQUEeS ccaeae oo eeeeeeeei 18
3.4.1 Quasi-Steady-State-Approximation (QSSA)......ccccceeveeiieeeeeeeeeeeeiieiinnns 18
3.4.2 Partial EQUIlIDIIUM ....eee 19
3.4.3 SENSILIVILY ANAIYSIS....uuuueiiiiiiieeeceeers s 20
3.4.4 Reaction FIOW ANAIYSIS ......uuuuiiiereeeiii e s 22
3.5 Reaction Mechanism Simplifying TeChNIQUES..cccce.vvvvvvviiiiiiieiieeieeeeeeeeee, 24
3.5.1 Skeletal Reduction TEChNIQUES .......ccoaaaamurriiiiiieeee e 25.
3.5.2 Life TiM& ANAIYSIS......cuuuruuuiiiisereeetiiiies s e e e e e e eeeeeeeeeeeeasanssnnn e 32
4. DEVELOPMENT OF THE REDUCTION METHOD............ coooiiiiiiiiiiiieeee, 40
4.1 Implimentation of The Necessity Analysis Method.............ccccceeiiiiiiiieeeennn. 40
4.2 Necessity Analysis With Simultaneously Combieasitivity And Reaction
Flow Analysis Through Each Reaction Method...............ccccceeiiiiiiiiiiiennnnn, 41
4.2.1 Sensitivity Analysis of DETCHERY ™ ... 43
4.2.2 Reaction Flow Analysis With Simultaneous 0E8ensitivity Analysis
Through Each Reaction.............coeeeeieeiiiiiiiiiiiiiiiee e 44
D RESULTS .ttt e e e e e e e e abrrrae e 50
5.1 Implimenting “Necessity Analysis With Simultanesly Combined Sensitivity
And Reaction Flow Analysis Through Each RieacMethod ........................... 50
5.2 DETCHEM T ™ COE .....c.oviviiccic s emeen e 50
5.3 DETCHEM ™  COUE ....ovviviiiiiiicic e 51



T [ 11U F= LT S 53
5.4.1 Results of The Batch SimulationWith Methaneckbnism.................... 53
5.4.2 Results of The Batch SimulationWith The LLNOctane Mechanism . 59
5.4.3 Comparison of The Batch Simulations of Neitggshalysis Method And

Necessity Analysis With Simultaneously Gamed Sensitivity And..........

Reaction Flow Analysis Through Each ReaciMethod........................ 85
5.4.4 Results of The Plug Simulations With The Detal LNL I-Octane..........
1YL = T £ o 89

5.4.4.1 Simulation Results of Speciesévfelactions For One Exact .......

Temperature Through The Cleann...............cccoeeeivviieieiiiinnns 90

5.4.4.2 Simulation Results of Speciesévfelactions For One Exact .......

Position In The Channel Faifédent Temperatures ............... 103
B6.CONCLUSIONS ...ttt e e e e s e e e e e e aaaaeeeae e e e e sennneees 109
REFERENCES ... ..ottt sttt e e e e e 110
APPENDICES .....oiiiiiiie ettt ettt e e e e e e e e e e e s e rn e e e ee e e e as 114
CURRICULUM VITAE ...ttt ettt e e e e e e e e e a s nnes 146

vi



Vi



ABBREVIATIONS

APU

CFD
CPOX
CPU

CSP

DRG
DRGEP
DRGASA
DRGEPSA

ILDM
OCM
ODE
LLNL
POX
PMSR
PSR
QSS
QSSA
RR
S
SR

. Auxiliary Power Unit

: Computational Fluid Dynamics

: Catalytic Partial Oxidation

: Central Processing Unit

: Computational Singular Perturbation

: Directed Relation Graph

: Directed Relation Graph With Error Propagation

: Directed Relation Graph Aided Sensitivity Analysis

: Directed Relation Graph With Error Propagation Awhsitivity

Analysis

. Intrinsic Low-Dimensional Manifolds
: Oxidative Coupling of Methane
: Ordinary Differential Equation
: Lawrence Livermore National Laboratory
: Partial Oxidation

: Pairwise Mixing Stirred Reactor

: Perfectly Stirred Reactors
:Quasi-Steady-State

: Quasi-Steady-State-Approximation
: Reaction Rate
: Spark Ignition

: Steam Reforming

viii






LIST OF TABLES

Page

Table 3.1 :Schematic illustration of the output of a reactilonv analysis.............. 22
Table 4.1 :Output of sensitivity analysis of DETCHE ™ .........cocovviiiieee ) 43
Table 5.1 :Species list of the detailed methane reaction ar@sh ....................... 53
Table 5.2 :Initial conditions of methane simulation for C/Q81.......................... 53
Table 5.3 :Gas phase composition for C/O=1. ........cccceeeeeiiiiiiriieeeeeeeeeeeeeeeiiiiiees 53
Table 5.4 :Relative necessity values of each species in CBO»ethane............. 54
Table 5.5: Remaining species numbers and reaction numbedfferent skeletal

mechanisms for CPOX of methane: C/O=1.0...eeeeeeeerererennnnnnn. 55
Table 5.6: The list of the deleted species from the detailethane reaction mechanism

according to each skeletal mechanisms.....cccccccceeeeeeiiviieeeiiiiiiceenn, 55

Table 5.7: Errors of the skeletal mechanisms for the preafictiof important species............
distribution in thebatch reactofor CPOX of methane: C/0O=1.0, 1005.78 K... 57

Table 5.8: Errors of the skeletal mechanisms for the preafigtiof important species
distribution in the batch reactor for CPOX of i-aee:C/O=1.6, 1005.78 K,

L 002 SR PPPURR 59
Table 5.9 :Initial parameters of i-octane simulation for C/O&1L..............c.uuunn..... 60
Table 5.10:Initial mole fractions of reactants for C/O=1.6............ccceevvvrreeeeennns 60
Table 5.11:Remaining species numbers and reaction numbedsfferent skeletal
mechanisms for CPOX of i-octane: C/O=116005.78 K..........ccevrveiennnnnns 61l

Table 5.12:(a) Errors of the skeletal mechanisms for the ipteshs of important species
distribution in the batch reactor for CPOX of i-ace: C/O=1.6, 1005.78 K. . 63

Table 5.13:(b) Errors of the skeletal mechanisms for the téatis of important species
distribution in the batch reactor for CPOX of i-aee:C/0O=1.6, 1005.78 K63

Table 5.14:CPU times of CPOX of i-octane simulations in bateactor: C/O=1.6,

LO05.78 Koottt s e e e e e e e e e e e e eeeeernnnnnn s 63
Table 5.15 :Initial parameters of i-octane simulation for C& ......................... 65
Table 5.16 :Initial mole fractions of reactants for C/O=2.Q..u........cccvrrrrrrrrnannnnn. 65
Table 5.17 :Remaining species numbers and reaction numbetsfferent skeletal

mechanisms for CPOX of i-octane: C/0=2.0, 998.26 K..........ccvuvrvrnnnnn. 65

Table 5.18 :(a) Errors of the skeletal mechanisms for the jptafis of important species
distribution in the batch reactor for CPOX of i-ae: C/0=2.0, 998.26 K67
Table 5.19 :(b) Errors of the skeletal mechanisms for the mtemtis of important species
distribution in the batch reactor for CPOX of i-age: C/0=2.0, 998.26 K638
Table 5.20 :CPU times of CPOX of i-octane simulations in bateactor: C/0=2.0,

9O08.26 K. oot 68
Table 5.21 :Initial parameters of i-octane simulation for C0Zand 4.2E-02 s... 70
Table 5.22 :Initial mole fractions of reactants for C/O=1.2.........cccccccceeeeeeeerrnnn. 70
Table 5.23 :Remaining species numbers and reaction numbedifferent skeletal

mechanisms for CPOX of i-octane: C/0=1.2, 1017.86 K.............. 70

Table 5.24 :(a) Errors of the skeletal mechanisms for the jotamfis of important species
distribution in the batch reactor for CPOX of i-ace: C/0=1.2,1017.86 K.2
Table 5.25 :(b) Errors of the skeletal mechanisms for the mtémtis of important species

X



distribution in the batch reactor for CPOX of i-ace:C/0=1.2,1017.86.K73

Table 5.26 :CPU times of CPOX of i-octane simulations in bateactor: C/0=1.2,
0 ) 1 N PR 7.3
Table 5.27 :Initial parameters of i-octane simulation for CD8: ......................... 75
Table 5.28 :Initial mole fractions of reactants for C/O=0.8............ccccceeeerrrrnnnnnn. 75
Table 5.29 :Remaining species humbers and reaction numbedsfferent skeletal
mechanisms for CPOX of i-octane: C/0=0.8, 1374.85 K.............. 75
Table 5.30 :(a) Errors of the skeletal mechanisms for the tadis of important species

Table 5.31

Table 5.32

Table 5.33

Table 5.35

Table 5.36

distribution in the batch reactor for CPOX of i-ace:C/0=0.8,1374.85.K77

:(b) Errors of the skeletal mechanisms for the mtémts of important species

distribution in the batch reactor for CPOX of i-ace:C/0=0.8,1374.85.K77

:CPU times of CPOX of i-octane simulations in bateactor: C/0=0.8,

L374.85 Koot e 78

:Initial parameters of i-octane simulation for C/O&and 1.0 second. 80
Table 5.34 :
:Remaining species humbers and reaction numbedsfferent skeletal

Initial mole fractions of reactants for C/O=1.6uu...cccccevvveereereieenren.. 80

mechanisms for CPOX of i-oeta@/0=1.6, 1005.78 K, t=1.0 s........

:(a) Errors of the skeletal mechanisms for the jgtaatis of important species

distribution in the batch reactor for CPOX of i-ace:C/0=1.6,1005.78 K,

Table 5.37 :(b) Errors of the skeletal mechanisms for the mtémtis of important species
distribution in the batch reactor for CPOX of i-aee:C/0=1.6,1005.78 K,

B0 0 ettt —————— 1111111111 e et rneaeee s 82
Table 5.38 :CPU times of CPOX of i-octane simulations in bateactor: C/O=1.6
1005.78 K, t21.0 S ooieeiiiiiiieiit e 3.8
Table 5.39 :Number of the species and reactions of the sketetahanisms and
reduced mechanism used in plug simulations..............cccceevvvveennns 90
Table 5.40 :Initial parameters of i-octane simulations in pbagle for C/O=1.6. .. 91
Table 5.41 :Initial mole fractions of species for C/O=1.6.cum..cceevvveeeieeeniiiniinnnnns 91
Table 5.42 :Initial parameters of i-octane simulations in paggle for C/0=2.0. .. 94
Table 5.43 :Initial mole fractions of reactants for C/O=2.0.........cccccccceevriiiiinnnns 94
Table 5.44 :Initial parameters of i-octane simulations in paggle for C/O=1.3. .. 97
Table 5.45 :Initial mole fractions of reactants for C/O=1.3..........ccccccceerininnnnnns 97
Table 5.46 :Initial parameters of i-octane simulations in ptagle for C/O=1.0. 100
Table 5.47 :Initial mole fractions of reactants for C/O=1.0..........c.ccccceevrirnnnnnn 100
Table 5.48 :Errors of the reduced mechanism for the predictadnsportant
distribution after catalyst: C/0=1.6, 770 K... . . 103
Table 5.49 :Errors of the reduced mechanism for the predlctufnmportant
species distribution after catalyst: C/O=1.6, 877.K..........ccc......... 104
Table 5.50 :Errors of the reduced mechanism for the predictadnsportant
species distribution after catalyst: C/0=1.6, 993.K...........cccoove. 104
Table 5.51 :Errors of the reduced mechanism for the predictadnsportant
species distribution after catalyst: C/O=1.6, 1KO08....................... 104
Table 5.52 :Errors of the reduced mechanism for the predictadnsportant
species distribution after catalyst: C/0=2.0, 773.K........ccccevvvrnnns 105
Table 5.53 :Errors of the reduced mechanism for the predictadnsportant
species distribution after catalyst: C/0=2.0, 881.K..........ccc......... 105
Table 5.54 :Errors of the reduced mechanism for the predictadnsportant
species distribution after catalyst: C/0=2.0, 997.K..........cccccovv. 105

Table 5.55

:Errors of the reduced mechanism for the predictanmportant

Xi



Table 5.56

Table 5.57

Table 5.58

Table 5.59

Table 5.60

Table 5.61

Table 5.62

Table 5.63

Table B.1 :

Table B.2 :

Table B.3:

Table B.4 :

Table B.5 :

Table B.6 :

species distribution after catalyst: C/0=2.0, 1Kl12....................... 105

:Errors of the reduced mechanism for the predictainsportant
species distribution after catalyst: C/O=1.3, 768.K...........ccc........ 106
:Errors of the reduced mechanism for the predictainsportant
species distribution after catalyst: C/O=1.3, 875.K.........ccccevvrnnns 106
:Errors of the reduced mechanism for the predictainsportant
species distribution after catalyst: C/O=1.3, 992.K..........cccceeuuns 106
:Errors of the reduced mechanism for the predictainsportant
species distribution after catalyst: C/O=1.3, 1KO7........................ 106
:Errors of the reduced mechanism for the predictainsportant
species distribution after catalyst: C/O=1.0, 758.K..........cccceeuuuns 107
:Errors of the reduced mechanism for the predictainsportant
species distribution after catalyst: C/O=1.0, 874.K..........cccevuuun. 107
:Errors of the reduced mechanism for the predictainsportant
species distribution after catalyst: C/O=1.0, 990.K...........ccc...... 108
:Errors of the reduced mechanism for the predictainsportant
species distribution after catalyst: C/O=1.0, 1KO3...................... 108
List of 857 species of detailed LLNL i-octaneg&an mechanism
containing 7191 reacCtioNsS. .............uuveummmmmmsessnnnnaeeeaeeeeeeeeeeeeeeennnnens 128

List of 312 species of the reduced mechanismatoiny 2903 reaction
for the description of catalytic partial oxidatiohi-octane for C/O=1.6
T=1005.78 Koottt 134
List of 320 species of the reduced mechanismatoing 2933 reaction
for the description of catalytic partial oxidatiohi-octane for C/0=2.0
T=998.26 K ..ottt 136
List of 320 species of the reduced mechanismatoingy 3073 reaction
for the description of catalytic partial oxidatiohi-octane for C/O=1.2
T=L10L7.86 Koot 138
List of 315 species of the reduced mechanismatoing 3127 reaction
for the description of catalytic partial oxidatiohi-octane for C/0=0.8
T=L374.85 Koot e 141
List of 337 species of the reduced mechanismatoiny 3183 reaction
for the description of catalytic partial oxidatiohi-octane for C/O=1.6
T=1005.78 K, 121,05 cee it 143

xii



Xiii



LIST OF FIGURES

Figure 1.1 :
Figure 2.1 :
Figure 2.2 :
Figure 2.3 :
Figure 3.1 :
Figure 3.2 :
Figure 3.3 :
Figure 3.4 :
Figure 3.5:

Figure 3.6 :
Figure 3.7 :

Figure 3.8 :

Figure 4.1 :

Figure 4.2 :
Figure 5.1 :

Figure 5.2 :
Figure 5.3 :
Figure 5.4 :
Figure 5.5 :
Figure 5.6 :
Figure 5.7 :
Figure 5.8 :

Figure 5.9 :

Page
Catalytic combustion monolith and physical andnstoal process
occurring in the single monolith channel. ............cccccceeeiiii, 3
Temperature dependence of reaction rate constant.k..................... 8
Time behavior of the concentrations for first ardand order reactions... 10
Processes of catalytic surface reaction of hydragadation.............. 14
Sensitivity analysis for the laminar flame velgaif a stoichiometric
methane/air flame at p=1 ba=R98 K......ccovvvviiiiiiii e, 21
Sensitivity analysis for the laminar flame velgaif a stoichiometric
propane/air flame at p=1 bar angFZ98 K. ........ccccoevviiiiiiiiiiiiiiiiiiiiiins 22
Integral reaction flow analysis in a premixed dbodenetric CH/air
flame at p=1 bar and,F298 K.......ooviiiiiiii e, 23

Integral reaction flow analysis in a premixed rieH,/air flame at p=1
bar and T=298 K [30]; the analysis of acetylene is left duk to its

(070 ] 101 0] (=21 (1 /25 24
Flow chart of the necessity analysis method. ...ccccovvvviviiiiinn.... 26
Direct relation graph showing typical relationsloé species.............. 29

Part of a directed relation graph involving fopesies. Although the
link between species B and C is not the weaketstargraph, removing
C should introduce the smallest error in the prgahicof the target A........ 30
Sample trajectories in the state space for a GlAitHsystem. ¢ denotes
the equilibrium value. (a) Projection in to the GB20 plane. (b)
Projection in to the OH-CO2 plane [45] ......ccceeeririeiiiiiiiiiieeeeeeeeeee, 38
Flow chart of necessity analysis with simultanepesimbined
sensitivity and reaction flow analysis through essdiction method... 42
Implementation of the cutoff levels according te tiecessity values af... 49
Implementation of the cutoff levels accordinghe hecessity values

of the species for CPOX of methane. ........ccceeeeiiiiiiiniiiieeiiiiis 55
Numerically predicted CHD and H distribution in CPOX of methane
as a function of timén the batch reacto€/O0=1.0, 1005.78 K. ............. 56
Numerically predicted ClHand Q distribution in CPOX of methane

as a function of time in the batch reactor: C/OF1@05.78 K ........... 56
Numerically predicted C£and CO distribution in CPOX of methane

a function of time in the batch reactor: C/O=1.003.78 K .............. 56

Numerically predicted CHD and H distribution in CPOX of methane
as a function of timén the batch reacto€/0=1.0, 1005.78 K, t=0.2s. .58
Numerically predicted ClHand Q distribution in CPOX of methane

as a function of time in the batch reactor:C/O=11005.78 K,t=0.2s .. 58
Numerically predicted C£and CO distribution in CPOX of methane
asa function of time in the batch reactor:C/O=1.03.08 K,t=0.2s .. 58
Numerically predicted Hand IGH;g distribution in CPOX of i-octane

as a function of time in the batch reactor: C/O1@5.78 K ........... 61
Numerically predicted pO and GHe distribution in CPOX of i-octane .
as a function of time in the batch reactor: C/O1@5.78 K ........... 61

Figure 5.10 :Numerically predicte®, and IGHs distributionin CPOX of i-octanes

Figure 5.11

a function of time in the batch react@/O=1.6, 1005.78 K..........c........ 62
:Numerically predicted,H, and CQ distributionin CPOX of i-octanes

Xiv



Figure 5.12
Figure 5.13
Figure 5.14
Figure 5.15
Figure 5.16
Figure 5.17
Figure 5.18
Figure 5.19
Figure 5.20
Figure 5.21
Figure 5.22
Figure 5.23
Figure 5.24
Figure 5.25
Figure 5.26
Figure 5.27
Figure 5.28
Figure 5.29
Figure 5.30
Figure 5.31
Figure 5.32
Figure 5.33
Figure 5.34
Figure 5.35

Figure 5.36

a function of time in the batch react@/O=1.6, 1005.78 K..........c........

:Remaining Species — Error % ofid CPOX of i-octane: C/0O=1.6,

LO05.78 Koottt e s e e 64

:Remaining Species — Error % ofghfig in CPOX of i-octane: C/O=1,6

LO0S5.78 Koot e e 64

:Remaining Species —Error % ofidg in CPOX of i-octane: C/0=1.6

LO0S5.78 Koot e e 64

:Numerically predicted Hand IGH1g distribution in CPOX of i-octane

as a function of time in the batch reactef0=2.0, 998.26 K 66

:Numerically predicted kD and GHe distribution in CPOX of i-octane

as a function of time in the batch reactor: C/O=298.26 K 66

:Numerically predicted, and IGH;s distributionin CPOX of i-octanes

a function of time in the batch reactor: C/0=293 26 K

:Numerically predicted,H, and CQ distributionin CPOX of i-octanes

a function of time in the batch reactor: C/O=29826 K ............... 67
:Remaining Species — Error % ofid CPOX of i-octane: C/0=2.0,
L LT T2 < T 69

:Remaining Species — Error % ofgkfig in CPOX of i-octane: C/0=2.0

998.26 K ..o 69

:Remaining Species —Error % ofidg in CPOX of i-octane: C/0=2.0

:Numerically predicted Hand IGH1g distribution in CPOX of i-octane

as a function of time in the cataly§/O=1.2, 1017.86 K.................. 71

:Numerically predicted kD and GHe distribution in CPOX of i-octane

as a function of time in the batch reactor: C/O=1@17.86 K 71

:Numerically predicted, and IGH;s distributionin CPOX of i-octanes

a function of time in the batch reactor: C/0=1.2171.86 K

:Numerically predicted,H, and CQ distributionin CPOX of i-octanes

a function of time in the batch reactor: C/0O=1.2]11.86 K ............. 72
:Remaining Species — Error % ofid CPOX of i-octane: C/0=1.2,
O 1 AR 1 TR 14

:Remaining Species — Error % ofgkfig in CPOX of i-octane: C/0O=1.2

LOL7.86 .. e e 4

:Remaining Species —Error % of g in CPOX of i-octane: C/0=1.2

LOL7.86 .. e e 4

:Numerically predicted Hand IGH1g distribution in CPOX of i-octane

as a function of time in the cataly§t/0=0.8, 1374.85 K.................. 76

:Numerically predicted kD and GHe distribution in CPOX of i-octane

as a function of time in the batch reactor: C/O=0374.85 K 76

:Numerically predicted, and IGH;s distributionin CPOX of i-octanes

a function of time in the batch reactor: C/0=0.874.85 K

:Numerically predicted,H, and CQ distributionin CPOX of i-octanes

a function of time in the batch reactor: C/0O=0.874.85K ............. 77
:Remaining Species — Error % ofid CPOX of i-octane: C/0=0.8,
Ry 31T TR 79.

:Remaining Species — Error % of4kg in CPOX of i-octane: C/0=0.8.

L374.85 Koot 79,

:Numerically predicted Hand IGH1g distribution in CPOX of i-octane

as a function of time in the batch reactor: C/O=1005.78 K, t=1.0s..... 81

:Numerically predicted kD and GHe distribution in CPOX of i-octane

XV



Figure 5.37
Figure 5.38
Figure 5.39
Figure 5.40
Figure 5.41

Figure 5.42

Figure 5.43

Figure 5.44

Figure 5.45

Figure 5.46

Figure 5.47

Figure 5.48

Figure 5.49

Figure 5.50
Figure 5.51
Figure 5.52
Figure 5.53
Figure 5.54
Figure 5.55
Figure 5.56

Figure 5.57

as a function of time in the batch reactor: C/O=1005.78 K, t=1.0s..... 81

:Numerically predicted, and IGH;s distributionin CPOX of i-octanes

a function of time in the batch reactor C/0=1.604.08 K, t=1.0s... 81

:Numerically predicted,H, and CQ distributionin CPOX of i-octanes

a function of time in the batch reactor: C/0=1.603.78 K, t=1.0s.. 82

:Remaining Species — Error % ofid CPOX of i-octane: C/0=1.6,

1005.78 K, t=1.0S ... e 84

:Remaining Species — Error % ofgkfig in CPOX of i-octane: C/O0=1.6

1005.78 K, t=1.0S ... 84

:Remaining Species — Error % of4Kg in CPOX of i-octane: C/0=1.6

1005.78 K, t=1.0S ... 84

:Comparison of the necessity analysis method andowe method for

numerically predictedd, distribution in CPOX of i-octane as a function
of time in the batch reactor: C/O=1.6, 1005.78 Ko eeoveveeereeeannee. 86

:Comparison of the necessity analysis method andowed method for

numerically prettted CQ distribution in CPOX of i-octane as a

functionof time in the batch reactor: C/0O=1.6, 1005.78.K.......... 86

:Comparison of the necessity analysis method andowe method for

numerically predictedCgH1g distribution in CPOX of i-octane as a
function of time in the batch reactor: C/0=1.60808 K ................ 86

:Comparison of the necessity analysis method andowed method for

numerically predictéd C4Hg-2 distribution in CPOX of i-octane as a

functionof time in the batch reactor: C/0O=1.6, 1005.78.K......... 87

:Comparison of the necessity analysis method andowe method for

numerically predie¢d H distribution in CPOX of i-octane as a function
of time in the batch reactor: C/0=1.2, 101786.......c..ccevvvveeeeeenn. 87

:Comparison of the necessity analysis method andowed method for

numerically predicted O, distribution in CPOX of i-octane as a

functionof time in the batch reactor: C/0O=1.2, 1017.86.K.......... 88

:Comparison of the necessity analysis method andowe method for

numerically predictediCgH;g distribution in CPOX of i-octane as a
function of time in the batch reactor: C/0O=1.211B6 K ................ 88

:Comparison of the necessity analysis method andowed method for

numerically predicte€4Hs-2 distribution in CPOX of i-octane as a

functionof time in the batch reactor: C/0=1.2, 1017.86.K.......... 88

:Numerically predicted KHdistribution as a function of axial position

along the reactor: C/0=1.6, 1108 K.. .92
:Numerically predicted IgH1g dlstrlbutlon as a funct|on of aX|aI
positionalong the reactor: C/0O=1.6, 1108 K .. . .92
:Numerically predicted IgHg distribution as a functlon of aX|aI
positionalong the reactor: C/0=1.6, 1108 K. e 92
:Numerically predicted ClHdistribution as a funct|on of aX|aI
positionalong the reactor: C/0=1.6, 1108 K. .93
:Numerically predicted g distribution as a functlon of aX|aI
positionalong the reactor: C/0=1.6, 1108 K. .93

:Numerically predicted Kdistribution as a functlon of aX|aI posmon

along the reactor: C/0=2.0, 1112 K.. .95
:Numerically predicted IgH1g dlstrlbutlon as a funct|on of aX|aI
positionalong the reactor: C/0=2.0, 1112 K... ..95

:Numerically predicted IgHg distribution as a functlon of aX|aI

XVi



Figure 5.58
Figure 5.59
Figure 5.60
Figure 5.61
Figure 5.62
Figure 5.63
Figure 5.64
Figure 5.65
Figure 5.66
Figure 5.67
Figure 5.68
Figure 5.69

Figure 5.70

Figure 5.71

Figure 5.72

Figure 5.73

Figure 5.74

positionalong the reactor: C/0=2.0, 1112 K... SRR © L)
:Numerically predicted ClHdistribution as a funct|on of aX|aI
positionalong the reactor: C/0=2.0, 1112 K... ... 96
:Numerically predicted §Hg distribution as a functlon of aX|aI
positionalong the reactor: C/0=2.0, 1112 K... ..96

:Numerically predicted KHdistribution as a functlon of aX|aI posmon

along the reactor: C/0O=1.3, 1107 K.. " ... 98
:Numerically predicted IgH1g dlstrlbutlon as a funct|on of aX|aI
positionalong the reactor: C/0=1.3, 1107 K... . ...98
:Numerically predicted IgHg distribution as a functlon of aX|aI
positionalong the reactor: C/0=1.3, 1107 K... wrineeeeeeennnn. 98
:Numerically predicted CiHdistribution as a funct|on of aX|aI
positionalong the reactor: C/0=1.3, 1107 K... - .99
:Numerically predicted €Hg distribution as a functlon of aX|aI
positionalong the reactor: C/0=1.3, 1107 K... ..99

:Numerically predicted Kdistribution as a functlon of aX|aI posmon

along the reactor: C/0=1.0, 1103 K.. .. 101
:Numerically predicted IgH1g dlstrlbutlon as a funct|on of aX|aI
positionalong the reactor: C/0O=1.0, 1103 K.. ..101
:Numerically predicted IgHg distribution as a functlon of aX|aI
positionalong the reactor: C/0=1.0, 1103 K.. e 101
:Numerically predicted ClHdistribution as a funct|on of aX|aI
positionalong the reactor: C/0=1.0, 1103 K.. ..102
:Numerically predicted g distribution as a functlon of aX|aI
position along the reactor: C/0O=1.0, 1103 Ku...ooooviiriiiiniiieennnns 102
:Numerically predicted distribution of some impaitapecies as a
function of gas temperature at one exact jposih the channel (20
00100 O @ o Y T PR 103
‘Numerically predicted distribution of some impattapecies as a
function of gas temperature at one exact jposih the channel (20
MM): C/OT2.0 oo eer e e e e e e e e e e eeeeeebnaees 104
:Numerically predicted distribution of some impaitapecies as a
function of gas temperature at one exact josih the channel (20
00100 R O @ o PR 106
:Numerically predicted distribution of some impaittapecies as a
function of gas temperature at one exact jposih the channel (20
MM): C/OTL.0 i e e e e e e e e e eeeeebnaaas 107

:Numerically predicted and experimentally measuristtidution of some

important species as a function of gas temperatuoee exact position in
the channel (20 mm): C/O=1.6.....cceuiiiiiiiii e eeee e 108

Figure A.1 : Numerically predicted species distribution in CP@{-octane as a

function of time in the catalyst: C/O=1.6, 50B K : (a) CH and
CHO. (b) GHs and GH.. (c) CO. (d) CH. (e) OH. (f) CHCHO .. 115

Figure A.2 : Numerically predicted species distribution in CP@{-octane as a

function of time in the catalyst: C/0=2.0, 8K : (a) CH and
CHO. (b) GHg and GHa4. (c) CO. (d) CH. (e) OH. (f) CHCHO.. 116

Figure A.3 : Numerically predicted species distribution in CP@{-octane as a

function of time in the catalyst: C/O=1.2, I(86 K : (a) CH and
CHO. (b) GHs and GH.. (c) CO. (d) CH. (e) OH. (f) CHCHO.. 117

XVii



Figure A.4 : Numerically predicted species distribution in CP@{-octane as a
function of time in the catalyst: C/0=0.8, #3835 K : (a) CH and
CHO. (b) GHg and GHa4. (c) CO. (d) CH. (e) OH. (f) CHCHO.. 118
Figure A.5 : Numerically predicted species distribution in CP@-octane as a
function of time in the catalyst/O=1.6, 1005.78 K, t=1.0s(a) CH, and
CHO. (b) GHg¢ and GHa. (c) CO. (d) CH. (e) OH. (f) CHCHO.. 119
Figure A.6 : Comparison of the necessity analysis method apdowed method for
numerically predicted spededribution in CPOX of i-octane as a
function of time in the catsilyC/O=1.6, 1005.78 K: (a) €s
(b) GHs. (€) Go. (d) CHy. () CO. () HO cooeeeeeeeeeee 120
Figure A.7 : Comparison of the necessity analysis method apdowed method for
numerically predicted spededribution in CPOX of i-octane as a
function of time in the catstlyC/O=1.6, 1005.78 K: (a):84-A.
(b) GsH4-P. (c) GHg-1. (d) GH4. () HCCO. (f) CHCHO................ 121
Figure A.8 : Comparison of the necessity analysis method apdowed method for
numerically predicted spededribution in CPOX of i-octane as a
function of time in the catstlyC/O=1.2, 1017.86: (a) €8s
(b) GHs. (€) Go. (d) CHy. () CO. () HO woveeeeeeeeee 122
Figure A.9 : Comparison of the necessity analysis method apdowed method for
numerically predicted spededribution in CPOX of i-octane as a
function of time in the cataty§1O=1.2, 1017.86 K: (a)fEs-A
(b) GsH4-P. (c) GHg-1. (d) GH4. () HCCO. (f) CHCHO................ 123
Figure A.10 : Numerically predicted IgHsg distribution as a function of axial
position along the reactofO=1.6, 1108 K: (a) kD. (b) GH..
(c) GHa. (d) GHe. () CHO. (f) CHCHO ... 124
Figure A.11 : Numerically predicted species distribution asracfion of axial
position along the reactofO0=2.0, 1112 K:: (a) kD. (b) GH..
(c) GHa. (d) GHe. () CHO. (f) CH:CHO. ... 125
Figure A.12 : Numerically predicted species distribution asraction of axial
position along the reactofO=1.3, 1107 K: (a) kD. (b) GH..
(c) GHa. (d) GHe. () CHO. (f) CHCHO ... 126
Figure A.13 : Numerically predicted species distribution asracfion of axial
position along the react®fO=1.0, 1103 K: (a) kD. (b) GH..
(c) GHa. (d) GHe. () CHO. (f) CH:CHO. ... 127

XViii



XiX



LIST OF SYMBOLS

A

Cib

:Frequency factor
Area

. Free energy

. Elemental flux of atom A from species j to spedigbrough reaction i

:Exponent factor

: Concentration of species i

: Consumption of species i to species j througlatalins through forward

and backward reactions

: Consumption of species i to species j through aom

: Consumption of species i to species j through aanultiplied with sum

of both species’ sensitivity coefficients (speaiasd species j) through
forward reactions

: Consumption of species i to species j through aanultiplied with sum of

both species’ sensitivity coefficients (speciesnd aspecies j) through
backward reactions

: Heat capacity at constant temperature

: Averaged diffusion coefficient
:Activation energy

. Absolute sensitivity

. Relative sensitivity

. Fast modes

: Slow modes

: Formation of species i from species j throughatdins through forward
and backward reactions

XX



Ni

Nu;

: Formation of species i from species j through atom

: Formation of species i from species j through atomultiplied with sum

of both species’ sensitivity coefficients (speaiasd species j) through
forward reactions

: Formation of species i from species j through atomultiplied with sum

of both species’ sensitivity coefficients (speaiasd species j) through
backward reactions

: Graetz number
: Enthalpy

: Mass transfer coefficient
: Predefined importance value of species i

. Index of theth reaction to the production rate of #ik species in thgh

reaction

:Jacobian Matrix
:Reation rate constant

: Equilibrium constant
. Parameter of the system

: Molecular mass

:Molecular weight

: Number of atoms in species |

: Number of atoms in reaction k

: Number of atoms in species |

: Necessity of species i

. Initial necessity of species i

: Total number of atoms in reaction i

:Number of species

: Nussult number

XXi



1o

q;

Qitwd

qi rev

: Pressure

: Steric factor

. Instantaneous rate of reaction i
: forward reaction rate

: backward reaction rate

. Universal gas constant

. Rate of reaction k

. Sensitivity of species A on species B
. Sensitivity of species j on species i

. Sensitivity of species i in reaction k

: Sherwood numbers

: surface reaction rate

:-Temperature

. Internal energy

Velocity

:Stoichiometric coefficient (reactant)
:Stoichiometric coefficient (product)
. Activated complex

: production rate of species i

: gas phase reaction rate

: Volume
: Variable

: collision radius of species B and C

: Reduced mass

XXii



: Concentration

: Change of free energy in a reaction
: Diagonal matrix

: Characteristic time scale

: Composition space

: Vector

: Density

: Surface relaxation factor

XXiii



REDUCTION OF GAS-PHASE REACTION MECHANISM OF ISOOCT ANE
FOR THE DESCRIPTION OF PARTIAL OXIDATION OF SURROGA TES
OF GASOLINE AND DIESEL

SUMMARY

Development of reformers to produce hydrogen andjmthesis gas from liquid

hydrocarbon fuels (e.g., gasoline, diesel, or jel)f offers potential for NOx

abatement in diesel engines, engine combustionneeh@nt, and for electricity
production in fuel cell auxiliary power units (APUsn-board of vehicles.

Conventional fuels are attractive due to their hagiergy density, large amount of
hydrogen (elementary) stored, widespread productiad distribution and retailing
infrastructure [1]. Further, they do not requil@rging an additional fuel for on-

board vehicle applications.

There are three chemical processes using primalg fo make fuel-cell hydrogen:
steam reforming (SR), catalytic partial oxidati@POX) and autothermal reforming
(ATR). Due to its slow start-up and endothermic ragen, traditional steam
reforming (SR) is not attractive for efficient mtgbiapplications. Catalytic partial
oxidation (CPOX) and autothermal reforming (ATR)high combines CPOX and
SR, are considered to be thermally more efficientéforming [2].

Extensive efforts have been made to develop compefcrming reactors for

reformate/hydrogen production from a variety of foghrbon sources including
diesel and gasoline. The reactors consist of mmolstructures coated with noble
metal catalysts, on which the hydrocarbons areigbigrioxidized. Aside from the

heterogeneous conversion, homogeneous reactions s$eebe significant, in

particular for higher hydrocarbons and real fueltie reactors are fed with
hydrocarbon/air mixtures and can be operated aenmiklly. Coking and aging of
the catalyst under reforming conditions are majbiallenges in the reactor
development. Therefore, a profound knowledge of tBBOX for complex

hydrocarbon fuels is required to improve the ovdoahavior of the reformer and
predict coking of the reforming catalyst.

Numerical simulations have become an important té@ enhancing our
understanding of oxidation processes in reformeagtors. Homogeneous chemistry
is found to play the important role in the formatiof soot in the gas phase and
coking of reforming catalyst. In particular, therfwtion of soot precursors is likely
through homogeneous gas-phase reactions at flrebperating conditions and high
temperature.

Recent advancements in detailed descriptions ofbastion and partial oxidation
processes have led to a drastic increase in thertatnber of chemical species and
steps in the detailed chemical mechanisms. Forligasengine applications, the
detailed i-octane mechanism developed by Lawremgerinore National Laboratory
(LLNL) contains 857 species and 7193 reactions TBjs mechanism was used for
the numerical study of -catalytic partial oxidatioof isooctane over a
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rhodium/alumina coated honeycomb monolith in fle@ator at short-contact times
[4]. Although the new numerical approach [5] alloussto speed up the treatment of
large-scale 2D fluid dynamics by using a detailad-ghase and surface chemistry in
DETCHEM software [6], a typical run with the detl LLNL mechanism in plug-
flow reactor configuration takes many hours. Inesrtb significantly cut down the
computational time, a reduced description of homeges chemistry with fewer
species and steps is necessary [7]. Hence a rediesaxtiption can be used for
speedy CFD- simulations of reforming systems witmplex geometry to support
mobile fuel-cell-based APU systems operating onstogs fuels.

The objective of this study is the coupling of maaism reduction procedures with
DETCHEM software and development of i-octane reducechanism for fast and
accurate prediction of soot precursors in CPOXrmeér at fuel rich operating
conditions.
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BENZIN VE DIiZEL TEMSILI YAKITLARIN KISMI OKS iDASYONUNU
TANIMLAYAN IZOOCTANIN GAZ FAZINDAK i REAKSIiYON
MEKAN iZMASININ iNDIiRGENMESI

OZET

Sivi hidrokarbon yakitlarindan (benzin, dizel, yetkitlari vb.) hidrojen ve/veya
sentez gazi (hidrojen ve karbonmonoksit iceren gezfimi dizel motorlarinda NOx
emisyonunun azaltilmasi, motor yanmasinin gjilémesi ve araclarda yere
olarak yakit htcresi yardimci guc Unitelerinde #lkk Gretimi gibi olanaklar
sunmaktadir. Geleneksel yakitlar yiksek energuytuklari, icermekte olduklari
bliyuk miktarlarda hidrojen kayda yaygin dretim, datim ve say alt yapilari gibi
avantajlari nedeniyle bu amag icin oldukca kulhdirlar [1]. Ayrica, araclardaki
yerlesik uygulamalarda ilave yakit¢gamasini gerektirmemektedirler.

Temel yakitlari yakit hiicresi hidrojenine détiiirmek amaciyla ¢ kimyasal proses
kullanilmaktadir: buharla yeniden dizenleme (SRisnmk katalitik oksidasyon
(CPOX) ve ototermal olarak yeniden dizenleme (AT®)leneksel buharla yeniden
dizenleme (SR) yayabslangic calgma kaullari ve endotermik calma gibi
dezavantajlari nedeniyle verimli mobil uygulamakardok kullangh degildir.
Katalitik kismi oksidasyon (CPOX) ve katalitik kiswksidasyon ile buharla yeniden
dizenleme yontemlerinin bir bideni olan ototermal olarak yeniden dizenleme
(ATR) yeniden duzenleme prosesinde termal olardladserimli ¢algmaya olanak
sgilamaktadirlar [2].

Dizel ve benzin gibi hidrokarbon kaynaklarindanrbjdn tretmek amaciyla uygun
yeniden duzenleme reaktdrlerinin Uretilmesi amacigircok cakma yapilmstir.
Reaktorler, Uzerlerinde hidrokarbonlarin kismi alarokside edildii soy metal
katalizorleriyle kapli monolitik yapiya sahiptirleHomojen reaksiyonlarin 6zellikle
yuksek hidrokarbonlar ve gergcek yakitlar icin hefen dongimden daha fazla
oneme sahip olduklari gérilmektedir. Reaktorlerrdkdrbon/hava kagimlariyla
beslenmektedirler ve ototermal olarak gahilabilirler. Hidrokarbonlarin yeniden
dizenlenmesi prosesi esnasinda kokswhw ve katalizoriin yganmasi reaktor
gelistiriimesindeki en buyidk gugliklerdir. Bu yizden 1#sn dlzenleyici
reaktorlerin gektiriimesi ve katalizérdeki kok okumunun tahmin edilebilmesi
amaciyla kompleks hidrokarbonlarin katalitik kispksidasyonu ile ilgili detayl
bilgiye ihtiyac duyulmaktadir.

Yeniden duzenleyici reaktorlerin  oksidasyon prosesin  davranglarini
anlayabilmek amaciyla nimerik hesaplamalar 6nenili drac haline gelni
durumdadir. Gaz fazinda is eimunda ve yeniden dizenleyici katalizérde kok
olusumunda en O©Onemli etkinin homojen reaksiyon kimydam geldgi
anlasiimaktadir. Ozellikle, is dncllerinin gjumu ¢gunlukla homojen gaz kimyasi
reaksiyonlarinda yakitca zengin kam ve yiksek sicaklik kaollarinda
gerceklgamektedir.

Yanma ve kismi oksidasyon proseslerindeki son sigeier detayli kimyasal
mekanizmalarindaki toplam kimyasal k@@ ve reaksiyon sayilarinda 6nemli
miktarlarda arglara neden olmgiur. Lawrence Livermore Ulusal Laboratuari
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(LLNL) tarafindan benzin motoru uygulamalarn icireligtirilen detayli i-oktan
mekanizmasi 857 bgen ve 7193 reaksiyon icermektedir [3]. Bu mekanizma
i-oktanin  rodyum/aliminyumoksit kapli bal pgte seklindeki monolit alky
reaktoriinde kisa reaksiyon sirelerindeki kataktémi oksidasyon olayinin niimerik
olarak incelenmesi amaciyla kullanitnr [4]. Her ne kadar DETCHEM [6]
yaziliminda gelitirilen yeni nimerik yaklgm [5] blyuk olceklerdeki 2 boyutlu aki
dinamiklerinin gaz fazi ve yuzey kimyasigkdlari icin incelenmesini hizlandirgi
olsa da, detayli LLNL mekanizmasiyla plugsakeaktor konfigirasyonu saatler
boyu sirmektedir. Hesaplama stresini 6nemli mi&tdd azaltabilmek amaciyla,
daha az sayida bgen ve reaksiyon iceren indirgengmhomojen mekanizma
kimyasinin kullanimi gereklidir [7]. Bu ylzden, istjk yakitlarin kompleks yapidaki
yeniden dizenleme sistemlerinin yakit hiicresineaday yardimci gig¢ Unitesi
sistemlerindeki kullanimi sirasinda daha hizli pksaali akgkanlar mekargi
(CFD) simulasyonlarinin  yapilabilmesi amaciyla rgeénmi reaksiyon
mekanizmalarinin yardimina gsairulabilir.

Bu calsmanin amaci ise DETCHEM yazilimi ile mekanizmaigeine tekniklerini
birlestirerek katalitik kismi oksidasyon yeniden dizeideynde i-oktan indirgenngi
mekanizmasini yakitca zengin kamlarda kullanmak ve de is 6énclleriningo ve
hizli bir sekilde tahminini yapabilmektir.
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1. INTRODUCTION

Increasing industrialization results in increasfogl consumption. Because most of
the energy requirement is obtained by fossil fukls a great interest of increasing
the efficiency of combustion of these fuels andreasing the emissions omitted
from them. Alternative processes are investigatedorder to achieve these

objectives.

Hydrogen is an alternative energy carrier that gf@st environmental advantages.
Production of hydrogen and syngas @hd CO) from liquid hydrocarbons such as
gasoline, diesel and natural gas by catalytic @adkidation (CPOX) and steam
reforming (SR) is currently in the focus of bottademic and industrial research [4].
Hydrogen is the simplest and the most plentifuhgat in the universe. Despite its
simplicity and abundance, hydrogen does not ocaturally as a gas on Earth, it is
always combined with other elements. Water, forngxa, is a combination of
hydrogen and oxygen. Hydrogen is also found in mangg@anic compounds, notably
the “hydrocarbons” that make up many of our fuelshsas gasoline, natural gas,
methanol and propane [8Hydrogen has a very high flame speed and good
ignitibility, thus enables extremely lean operatiea lean that engines have been run
down to 30% of full load without any throttling [OHigh flame speed enables to
operate in lean mixture which leads to improvedceficy and decrease N@nd

CO emissions.

There are generally three ways to store hydrogerannautomobile: as a gas
“dissolved” in a metal (metal hydride), as a cryaigdiquid or as a compressed gas.
Hydride storage is the simplest and the safest,tbntreases vehicle weight and
results in a severe fuel economy penalty. Liquidrbgen is light, but due to its low
energy density occupies three times as much volamaasoline. Storage as a
compressed gas is inexpensive and provides foraageeration but its weight and

bulk are the main problems [10].

On-board hydrogen generation from a suitable higargy density fuel such as

gasoline is an alternative to obtain hydrogen. H@rea problem is how to generate

1



hydrogen from such fuels. Most common techniquesHis generation process are

partial oxidation (POX), steam reforming (SR) antbshermal reforming (ATR).

Partial oxidation (POX) technique involves the exothermic reaction of faesl in
the presence of a small amount of air, such tleanplete combustion should occur.

The generation of hydrogen from gasoline may beessmted as,
CHigst 1/2(G+ 79/21 N)20.93 H, + CO + 79/42 N

where the oxygen is supplied in air. Carbon in fing is converted in to carbon
monoxide, and hydrogen in the fuel is releasedrees fiydrogen. The product gas
now contains the residual nitrogen from air [104rtRl oxidation is an exothermic

reaction.

Steam reforming (SR) enables to produce hydrogen from hydrocarbons with
without the presence of a catalyst. The use oflysitanay result in low enough
temperatures and short contact times. The objedive catalytic steam reforming
process is to liberate the maximum quantity of bgeén held in water and the feed
stock fuel. Steam reforming of gasoline may be espnted by the following

idealized chemical reaction,
CHj g6+ HHO>1.93 H + CO

Carbon in the fuel is converted in to CO by oxidatwith oxygen supplied in the
steam, and hydrogen in the fuel, together with bgdn in the steam, is released as
free hydrogen. In other words, the resulting hyedrogomes from fuel as well as
from the steam. The reaction is endothermic, teaequires external heat input

through a heat exchanger surface [10].

Autothermal reforming (ATR) is known as simultaneous conversion of
hydrocarbons with steam and oxygen [11]. It offadvantages of small unit size,
and lower operational temperature, easier stamng, wider choice of materials.
Moreover, it has a higher energy efficiency comgae SR and POX. The overall

ATR of methane is ideally expressed by the follgywiaaction equation,
CHj +x(Oy) + (2-2)H,0 > CO, +(4-2X)H>

wherex is the O/C molar ratio. This ratio is the key stddmetric parameter that

determines the theoretical S/C molar ratio requicedonvert CH in to CQ and H,



the maximum H yield, and the heat of reaction at adiabatic cooras at defined
temperature [12].

Steam-reforming reaction of hydrocarbons usualkintp place at temperatures
around 708C seems to show the highest reforming efficienayt BBe drawback is
that this reaction is endothermic and therefore risctor needs to be heated by
combustion of fuels itself. POX and ATR systemsmidt require external heating
like steam-reforming system and can be heated tgpnialy relatively quickly by
exothermic reaction of fuels. Hence, they are miyamic than a steam reforming
system [13].

Catalytic reactors are generally characterized by the complex intemaof various
physical and chemical processes. Monolithic reaotan serve as example, in which
partial oxidation and reforming of hydrocarbonsmbwistion of natural gas, and the
reduction of pollutant emissions from automobiles faequently carried out. Figure
1.1 illustrates the physics and chemistry in algitacombustion monolith that
glows at a temperature of about 1300 K due to #wthermic oxidation reactions
[14].

Figure 1.1: Catalytic combustion monolith and physical androical process
occurring in the single monolith channel [14]

In each channel of the monolith, the transport ohmantum, energy, and chemical

species occurs not only in flow (axial) directidiyt also in radial direction. The



reactants diffuse to the inner channel wall, whishcoated with the catalytic
material, where the gaseous species adsorb andaeabe surface. The products
and intermediates desorb and diffuse back in to kbl flow. Due to high
temperatures, the chemical species may also reawbdenously in the gas phase. In
catalytic reactors, the catalyst material is oftispersed in porous structures like
washcoats or pellets. Mass transport in the fllhdse and chemical reactions are
then superimposed by diffusion of the species &dhtalytic centers in the pores.
The temperature distribution depends on the interacof heat convection and
conduction in the fluid, heat release due to chahmeactions, heat transport in the
solid material, and thermal radiation. If the femahditions vary in time and space
and/or heat transfer occurs between the reactortlmdambiance, a non-uniform
temperature distribution over the entire monolitii vesult, and the behavior will

differ from channel to channel [14].

The reactors for the catalytic partial oxidationogess consist of monolithic
structures coated with noble metal catalyst beingh® order of a quarter to one
millimeter in diameter, on which the hydrocarbonge partially oxidized. High
conversion of hydrogen (YH> 90%) can be achieved in rhodium catalyst attshor
contact times upon low ignition temperatures [15-2&ide from the heterogeneous
conversion, homogenous reactions seem to be ggntfiin particular for higher
hydrocarbons and real fuels. At the operating teatpees around 1000 K and
higher, homogenous gas phase reactions are likdly(Joking and aging of the
catalyst under reforming conditions are major @rajks in the reactor development.
Therefore, a profound knowledge of the CPOX for ptax hydrocarbon fuels is
essential to improve the overall behavior of th@maer and predict coking of the
reforming catalyst. Homogenous chemistry is foumgblay an important role in the
formation of soot in the gas phase and coking foirneing catalyst. In particular, the
formation of soot precursors is likely through hajaoous gas-phase reactions at

fuel rich operating conditions and high temperature

Multipurpose commercial CFD codes can simulate vargnplex reactive flows.
There are several software packages for the mageficomplex reaction kinetics in
CFD such as CHEMKIN [17] and DETCHEM [6].



DETCHEM software package [6] allows modeling andwdation of reactive flows.
It enables modeling and simulation of homogenouss @se reactions as well as
heterogeneous reactions on catalyst. Numerical ystafl different catalytic
combustion and partial oxidation processes werdieappn DETCHEM software
package such as partial oxidation of methane tthegis gas at short contact times
in rhodium coated monoliths [18], catalytic combostof methane [19], catalytic
partial oxidation of i-octane over rhodium cataty$#] and catalytic reforming of

higher hydrocarbons [20].

Hartmann et al. [20] displayed the selectivity bé tmajor by-products, methane,
ethylene, propylene, and iso-butylene as a funatio@/O ratio (carbon-to-oxygen
ratio). Their results show that full conversion iedctane on rhodium catalyst is
obtained at fuel lean and stoichiometric conditignp to C/O=1). Because the
amount of oxygen is not enough to ensure full cosive of i-octane, the amount of
fuel that is partially and totally oxidized on ttsurface decreases. Therefore,
temperature decreases with the increasing C/Osratio addition, less oxygen
content in the feed reduces the amount of fuel¢hatbe heterogeneously converted
by exothermic surface reactions forming CO,CB, and HO. Therefore, higher
C/O ratios leave more fuel for homogenous convarsimccurring further
downstream. They proved that the best selectiwty dyngas production can be
achieved at C/O=1, 98% for,tnd 99% for CO. At lower C/O ratios, the amount of
the total combustion products, g@nd HO increases but no other products are
observed. As the C/O ratio increases, the seléctioivards H and CO decreases
and the selectivity for olefins ¢&C,4) increases. Major by-products explained in their
study are methane, i-butylene, propylene, and etieyl No olefins are detected at
C/0O=1, as the C/O ratio increases, the concentratimlefins increases rapidly and

reach maximum at the end of monolith channel [4].

Solutions performed through CFD simulations reqoitech computation time. Nonlinearity,
large number of chemical species and reactionsttentict that chemical reactions exhibit a
large range of time scales make the solution ofséhequation systems challenging.
Turbulent flows as well as sometimes laminar flawguire too much of CPU time with
current numerical algorithms and computer capacitiéhis challenging fact asks for the

application of reduction of large reaction mechansis



2. FUNDAMENTALS OF CHEMICAL KINETICS

If the initial state of a reactive gas mixture rsolvn, the final state of this mixture
after chemical equilibrium can be determined. Cloamikinetics allows us to

determine how the mixture gets from its initialtstéo final state. It allows us to
determine some properties such as reaction rasssperature, pressure and
concentrations of chemical species. Here, a bugfrsary of the required formulae
will be given [21, 22].

2.1 Rates of Reaction and Reaction Orders

Chemical reactions take place at a certain rateddjaends on the conditions of the
system such as concentrations of the chemical congsp pressure, temperature,
existence of a catalyst or inhibitor. Rate of raacts defined as the consumption

rate of a reactant or formation rate of a produtbse unit is defined as moffim

A one-step chemical reaction can be expressed imsteof stoichiometric

coefficients:

N N

DM, - > VM, (2.1)
i=1 i=1

where v is the stoichiometric coefficient of reactants)is the stoichiometric
coefficient of products,M, is the specification of the molecule of thh species,

and N is the total number of compounds involvedhi@ reaction. The meaning of

this equation can be illustrated by the followingueple.

5H->2H,+H (2.2)
In this example,

N=2, M1=H, M2=H2,v; =5, v; =1, v, =0, v, =2

The chemical reaction (2.2) is balanced with tha@ickiometric coefficients. But

equation (2.1) does not provide a detailed inforomaabout the reaction mechanism.



Reaction rate of a chemical product species is @tmmal to the products of the
concentrations of the reacting chemical speciesevbach concentration is raised to
a power equal to the corresponding stoichiomewffcient. Thus, reaction rate is

given as,
= d []product — d[]reactant — A Vi
RR=— = ae K] (2.3)
d . . v
G?:W“”JRR:WrNJkD(m (2.4)

where [ ] is the concentration of species, k isrdection rate constant. Rate constant
is independent of the concentrations of specieand] depends on the temperature. In

most cases it can be expressed as,

E
k = AT exp| ——2 2.5
o -E) 29

where AT represents the collision frequency and exponereiah is called as the
Boltzmann factor. If this factor is explained in raaetail,

D=AT® (2.6)

where b is the exponent between 0 and 1. Theniequdt) becomes

E
k=Dexp ——2 2.7
p[ RTj (2.7)
1/2
A=o§{?551j P (2.8)
u

where K is the Boltzmann constant, u is the redunads of colliding molecules of
B and C [u= mgmc/ (mg+mc)], ogc is the collision radius of species B and G m

and nx are the molecular masses aRdbs the steric factor whose order is about 0.01.



Figure 2.1: Temperature dependence of reaction constant k [2]

The term E corresponds to activation energy. Chemical reastmecur only if the
reacting molecules have an energy leaboveactivation energy. In other worc
there is an energy barrier for chemical reactian®dcur. When we consider tv
reactant molecules rct and form C and D molecules. Products are pretbgiehe

activated complex, which is symbolized &". Thus,

A+Bz2 X"=2C+D (2.9)

For instanceconsidering the equation (i), when a free atom B reaches to
molecule A, then an activated complex L* may be formed. This activat
complex always has more energy than the separalecudes or atoms and it mi
separate in to BA and A moleculesthe initial components B and,. And there is a
path during the reaction from reactants to prodacis activated complex is at t
point where exist highest energy. If we considezaction as shown belc

A+B+C+...»> D+E+F+... (2.10)
where A,B and C denote the different reactants liiegbin the reaction. Since tl

species A is a reactant, the consumption rate iefdpecies is written in terms

reaction rate as,

AT
Kex, = K[B]"[C]" ... (2.11)
diA] __ a

gt Koo Al



where a, b and c are reaction orders with respespécies A,B and C,... and k is the
rate coefficient of the reaction. The sum of thesefficients gives the overall order
of the reaction, such as first order or second roréaction. Here concentrations of
species, e.g. [B], [C] shall remain almost consthming the reaction, in other words

they do not change noticeably.

Unit of the reaction rate constant is expressetgims of overall reaction order, m,

as
mole ! =moleé "cn™3s?
cm’ E‘f‘»(mole / cn?)m

If the overall order of reaction m=1 is, then uwiitthe reaction is a frequency, since
molé™™cn?™ °s'= molé* cni ®>s'= “"s. A second order reaction has a unit of

mole~2cnf3s'= cni /(mold .

Considering equation (2.11), first order reactioneg a first-order (a=1) time
behavior,

[Al, _
I =—k_ (t—-t 2.12
n[A]O exp( 0) ( )

where[A], and[A],are concentrations of species A at time t gntespectively.

Second-order (a=2) time behavior of the reactiaetermined as,

N
ALl @13

Third-order time behavior of the reaction is deteed as,

[Al]f —ﬁ:ZKexp(t—to) (2.14)



|ﬂ-[—Al' 1st order reaction _— 2nd order reaction

(Al ],

0

i

T, |
t ' t

Figure 2.2: Time behavior of the concentrations for first aedond order reactions [21]

2.2Reverse Reactions

In a chemically reacting system backward reactedss occur in addition to forward
reactions. The rate law for backward reactions loanwritten based on equation
(2.11) as,

d[A]

" =k [D]'[E][A" ... (2.15)

Forward and backward reactions have the same rate,

WAL o ap el Le).. =k [ TG T .

or (2.16)
[O]'[E]'[H - _k®

[A'[BI[C]". K"

This relation corresponds to equilibrium constént,

(f) _
K _k =exp(-ALA° /RT) (2.17)

C_W_

2.3Elementary Reactions, Reaction Molecularity

Chemical reactions occur in different steps. Whibene of them occur in hundreds
of reactions, others can occur in thousands oftiea: Such reactions are called
elementary reactions. Occurrence of a,@&@duct in a combustion system can be

given as an example for this phenomenon. In ottendsy CQ molecule does not

10



evolve only by the collision of C atom and, @olecules in one reaction. Such
reactions are called as overall reactions. Ovegalttions have complicated rate laws
comparing to elementary reactions. And they cormdistlarge number of elementary

reactions.

Reaction molecularity is transition state betweeactants and products during the
reaction and it corresponds to number of specidstedl different reaction
molecularities are considered here, respectivalymalecular reactions, bimolecular

reactions, trimolecular reactions.

A - product§ unimolecular

A +B - products| | .
bimolecular (2.18)
A +A - products

A +B +C - products
A +A +B - products; trimolecula
A+A +A - products

2.4 Consecutive Reactions

One-step elementary reactions are observed cadelaifirst-order and second-order
reactions in the previous sections. Another readiype that can occur in a reaction
system is consecutive reactions. In this type a€tien product of one reaction takes

place in another reaction and forms another praediécir instance,

A+BO'f-ABO'A-C+D (2.19)

If the rate law is written in terms of product améctant for the species AB,

—d[AB] = kl[A][B] = —M = —Cﬂ
dt dt dt (2.20)
—d[AB] =-k [AB] = _M = —M
dt ? dt dt
if two of these rates are considered together,
[@j = K[AT[B] * [CI[D] (2.21)

11



2.5Competitive Reactions

Competitive reactions take place when differendpats are formed from the same

reactants.

A+B O, AB

(222

A+BOYLE+F
If the rate laws are written for the first and #eszond reactions,

d[A
(A= kae

dIA] (2.23)
—— |=-k[A]|IB
(dtj L[AI[B]

When these two reactions are considered togetlenrdte law for species A is

obtained as,

(%j = —(k, +k,)AI[B]
e (2.24)

2.6Chain Reactions

Chain reactions are common in chemical reactionha®sms and have complex

structure that contains a series of consecutivapetitive and reverse reactions.

2.7 Free Radicals

In a chemically reacting system there exist vegctige atoms such as O, H, N or
very reactive species which have unpaired electtiomiscan react with other species
very actively. These atoms or species are calledfrag radicals” or simply

“radicals”.
Hydrogen atom is a free radical, and the dots shoelow symbolize electrons,
H-H-H-+H-

CH, is normally a stable species. If one hydrogen aisnremoved from the

compound then Cthand H free radicals are obtained,

12



H H
H : ¢ : H->H : ¢ - +--H
H H

Radical chain reactions may contain different kirdischain reactions. The most

important ones of these are shown below,

H, +0, = 20H chaininitiation } chaininitiation reaction
OHe+H, = H,O+He chainpropagatio}w chain carrying reaction
H+O, = OH.+O chainbranching

. _ chain branching reactions
O+H, = OHe+ He chainbranching

He 1/2H, chainter minatio
H.+O,+M = HO,+M chainterminatio

}chain ter min ation reactior

Free radicals are formed from stable species innahdiating reactions. Chain
carrying reactions can be classified in to two efi#ht reaction kinds; chain
propagation reactions where reactive species esatform another reactive species
and chain branching reactions where the numbeeadtive species (free radicals)
increases. Finally, chain terminating reactionsscome the free radicals and form

stable species.

2.8 Surface Reactions

Surface reactions play an important role in combuasapplications, e.g., in wall
recombination processes during autoignition, inl cm@nbustion, in soot formation

and oxidation, in catalytic combustion or in metambustion.

The main feature of this phenomenon is the exist@isurface sites and adsorption
of species in to these sites. Surface sites (sdjalycrease the reaction rate without
being consumed. Surface sites and species haveneerdoation measured in

mol/cn?. This phenomenon takes place in different steps:

- Transport of the reactant molecule to the surfacedmvection and/or diffusion

- Adsorption of the reactant molecules on the surface

- Elementary reaction steps, involving various corabons of adsorbed
molecules, the surface itself and gas-phase mascul

- Desorption of the product molecules from the sw&fac

13



- Transport of the product molecules away from thdase by convection and/or
diffusion

These processes are illustrated in the below schema

ﬂ' iL _ Adsorption

Surface reaction

Desorption

Figure 2.3: Processes of catalytic surface reaction of hydragédsation [21]

14



3. REACTION MECHANISMS

Combustion of hydrocarbons contains hundreds afti@as for simple hydrocarbons
such as Cl thousands of reactions for larger hydrocarbohe. ifiteraction of these
elementary reactions governs the whole reactiorhar@sm. Even though there are
large amount of reactions, they have characteqstperties which will be explained

further.

3.1Detailed Mechanisms

Detailed mechanisms consist of hundreds of spesiddrom hundreds to thousands
of reactions. These mechanisms contain all the itapb species and elementary
reactions. They also contain as much as possiblgafuental information. Different
detailed reaction mechanisms have been proposed ditferent kinds of

hydrocarbons such as methane, i-octane for thelézsides.

Generation of reaction mechanisms starts with #temation of necessary species
and reactions which are likely to occur in the obed conditions. Reactants, large
number of intermediate species and products mushdleded in the mechanism.
Increasing databases of rate parameters of elergeptections enable to create more
detailed “complete” mechanisms which have more demgtructures. Development
of detailed mechanisms is time-consuming and He¥atValidation against
experimental data is necessary, and usually sew&tependent research groups are
involved in the process [23]. Thermodynamic datastitute is an additional

requirement.

The above detailed mechanism generation is so engd there may always exist
human errors. In order to automate this challengmgess, computers have become

to play an important role in the last two decad$26].

A mechanism generation program follows the belowpstto create reaction

mechanisms:

15



1

Storage of chemical species which can be easily use the reaction
generator that predicts products of each chemezadtion

2
3

4- Defining the unimportant reactions that will be warad from the mechanism

Production of a feasible set of elementary reastionthe given species

Searching kinetic parameters of the generatediogadin a database

After the mechanism is constructed and rate paemare incorporated, differential
rate equations are integrated.

The next step is comparing numerical integratiod arperiments. But it is not so
easy and in order to gain more information aboatdbtailed mechanisms very few

variables are required from the analysis.

The problem of the simulation of such detailed naeitms is “stiffness” of the
mechanism which increases the computation timemé&teary reactions occur in a
reaction mechanism in different time scales. Thie i&f fastest time scale to slowest
time scale is the stiffness of the system. Becatiséffness, too small time steps are
necessary to achieve stability and using standdegjiation methods such as Runge-
Kutta method become inapplicable in detailed meisimas. Therefore, it is necessary
to reduce detailed mechanisms through some methish will be explained

further in section 3.5.

3.2 Skeletal Mechanisms

Applying detailed reaction mechanisms in CFD apians, and making a detailed
investigation on these mechanisms require too nwachputational time. Coupling
physical processes such as transport phenomeih ifhotv field with the chemical
kinetics makes the systems even more complicatesblce. For instance, the i-
octane LLNL detailed mechanism developed by Laweehtovermore National
Laboratory (LLNL) contains 857 species and 7193ctieas [3]. Different time
scales exist in such a big mechanism that correlspda the stiffness of the
mechanism which makes the solution of the numenitagration harder. Therefore,
simplification of such big mechanisms without muciss of information allows
making more detailed investigations on the systemconsiderably much less

computation time. A useful technique to simpliffacgon mechanisms from a

16



detailed mechanism and then to reduced mechanidongsas the predictability of

the kinetic model is still acceptable [27].

Some species and reactions in the detailed reanteEzhanism play less important
role on the system than other species. These speare be defined as redundant.
Removing redundant species from the detailed mestmandoes not give
considerable error on the calculations such as raletions of species. These
species and reactions are defined by the mechasimplifying techniques which
will be explained further in section 3.5. For ingta, applying a necessity analysis

allows deleting up to 55% of all species from tle¢aded mechanism.

3.3Reduced Mechanism

There are numbers of approaches to generate reduneetlanisms. They can be
classified in to two different categories: statiodadynamic approaches. Static
approaches are analyses such as reaction flow semaiynd sensitivity analysis.
Sensitivity analysis gives the reactions and spgewiéh high sensitivities and defines
them as non-redundant, which cannot be removed ften detailed reaction
mechanism. After adding fuel, oxidizer, and produtd this non-redundant list,
reaction flow analysis gives the atomic mass flavotigh the given reactions. This
iIs used to detect redundant species that are @msdidunimportant for the
mechanism, due to small amounts of formation anskrdetion, for differently

defined levels of mass flow [28].

Dynamic approaches take a detailed or skeletal amesim as reference and then to
select only the most important species and reastfon the reduced mechanism.
Reduced mechanisms can be generated by applyirgigaedy state assumptions to a
detailed or skeletal mechanism without any sigaificloss of accuracy. A measure
of species lifetimes is taken from the diagonairedats of the Jacobian matrix of the
chemical source terms. The species with a lifetgherter than and mass-fraction
below specified limits are assumed to be in stestdje and selected for removal

from the skeletal or detailed mechanism [28].

The details of sensitivity, reaction flow and spscilifetime analysis will be

explained futher.
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3.4Reaction Mechanism Analyzing Techniques

Reaction mechanisms have characteristic propedgsmentioned before. For
instance, only some of the reactions determinecotlerall rate of reactions. If a
knowledge can be obtained about these propertgsjtist the important reactions or
species which dominate characteristics of reagn@chanism (such as rate limiting
reactions) can be kept and the reactions or spedmsh are irrelevant to these
properties can be removed from the mechanism wimelily results in simplifying

of the reaction mechanism.

3.4.1Quasi-Steady-State-Approximation (QSSA)

Quasi-steady-state approximation assumes that gtiodurate of some chemical
species is close to their consumption rate whetantbe assumed that they are both
equal. This allows us to neglect the concentratmfnthiese species, and they can be
removed from the reaction mechanism which finaflgults in the simplification of
mechanisms. The biggest drawback of this methothas$ it needs a profound
knowledge of the user about the species whichiketylto be a good candidate of

this assumption.

In order to explain this method the below equatian be considered,
AD0f.BOB-C (3.1)

The rates laws for these species is given as,

% ==k,[A] (3-2)
% =k,[A] —k {B] (3.3)
d[c]_

e k,[C] (3.4)

One can assume that only the species A exist attta® and the other species (B and
C) have a concentration of zero. Based upon trgamagtion, [Al-o=[A]o, [B]i=0=0

and [C]=x=0 can be written which leads to the below solution
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d[A]

dt ==k,[A]
dAl o
[A] '
In[A] =k

[A] =[A] exp (+ 1) (3:5)

18] =TA] o —foxp (~ 1) ~exp(~k)}

C1=[A] {t -~ exp(~Kyt) + 2 —exp(- klt)}

17 R 2
If B is assumed to be a very reactive species wlarsgation and consumption rates

are almost equal, quasi steady state approximeéinrbe written as,

dle]_

Lo =k[A] K JB] [ (3.6)

which leads to

k,[A] =k JB] (3.7)

This relation can also be used for the solutio@ of

d[q]_

KAl (3.8)

dfq]_

——1=k,[A] exp(-k.t) (3.9)
dt

[C]=[A],[1-exp(-Kk1)] (3.10)

3.4.2Partial Equilibrium

Some of the forward and backward reactions areaso dt high temperatures in
reaction mechanisms where partial equilibrium camssumed for these reactions. If

hydrogen combustion at high temperatures is coreidas an example,

H+0, =OH+O
O+H, =OH+H
OH+H, = H,0+H
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Because these reactions are so fast, forward arkdvhed reaction rates are assumed

to be equal which leads to,

k[H][O,] = k,[OH][C]
ko[O][H.] = k,[OH|[H]
ks[OH][H,] = ke[H-O][H]

This equation system can be solved for O,H and Oiterinediates and

concentrations of the species are obtained as,

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

Partial equilibrium assumption provides satisfagt@sults only at high temperature

regimes.

3.4.3Sensitivity Analysis

Sensitivity analysis is used for three main purgosih respect to chemical kinetics:
(1) reducing the number of reactions in a givenbfgm, (2) identifying the rate-
limiting steps in the system, (3) understandingreiative importance of reactions in

the system.

Sensitivity analysis is one of the oldest skeletaluction techniques which identify
the rate limiting reaction steps. Rate law for acteoan mechanism consisting of R
reactions and S species can be written as a systéirst order ordinary differential
equation (ODE) as [21],

dc _ )
pre F(c,...Cik ... k)
i=1,2,..,¢ (3.11)

where the time t is independent variable, the coimagon of species,;care
dependent variable andtke parameters of the systedi,are initial conditions abt
System parameters can be defined as reaction naités, concentrations or pressure
etc. Solution of the differential equation systefill) depends on the initial
conditions and on the system parameters. Mostefe¢hctions do not have a large
affect on the solution, i.e. concentrations of sgea@t time, t. These reactions are
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related to quasi steady state or partial equilfbrphenomena. However, some of the
reactions effect deeply the solution, i.e. conardns of species at time, t. These
reactions are defined as rate-determining steps.d&pendence of the solutignoa

the parameter ks called as sensitivity. Absolute and relativessivities are defined

as,
ir :g% (312)
Erel :ﬁﬂ_ aln(‘\l (313)

" c ok dlnk

Sensitivity analysis is numerically performed byngeting a differential equation

system for the sensitivity coefficients by formadlifferentiating (3.11),

alkr(%j:aikrﬁ(qg ke k)

S
of% ) [9R) ,sl[9F 96 (3.14)
ot ok, ok, oo |\ ac, ok,
clrk\vtr’ Gazr vki kl#j
S
2Ei,r :(Ej +z (ﬁj En,r
ot okj ook L oc, Cien K

where c, after the partial derivatives means that @lare held constant during the
differentiation, andc,, , after the partial derivatives means thatctre held constant

exceptc, .

Relative Sensitivity MW Leantlams
O Stoichiometric flame
1.0 4 O Rich flame

H+0, +0OH+0D

0.5

0.0+

1 OH+O—H+O02 H+ 0y #M—HO, + M H+CHg;—~CH,
-0.5 Reaction
12 3 5 6 7 8 11 15 38 39 51 61 84 93102
. —
Ha-0x. CO-Ox. Cy-Om

Figure 3.1: Sensitivity analysis for the laminar flame velgcdf a stoichiometric
methane/air flame at p=1 bay=P98 K [29]
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Relative Sensitivity W Leanflame
O Stoichiometric flame
2.0 O Richflame

H+Op+0OH+0D

CO+0OH+COxH

e — |
.

] H

o —

| GH+O—=H40y H+0p+ M—HO +M
-1.0 Reaction
1 2 3 4 5 7 8 1517 25 38 3% 51 &1 150180
— B e ] —
Ha-Ohx, CO-0x, Cy-0Ox. Ca-Ox.

Figure 3.2: Sensitivity analysis for the laminar flame velgcdf a stoichiometric
propane/air flame at p=1 bar angc298 K [29]

Finally sensitivity analysis gives the most semsitspecies and reactions on the

entire reaction mechanism.

3.4.4Reaction Flow Analysis

Reaction flow analysis can be divided in to two onajategories: integral reaction

flow analysis and local reaction flow analysis [21]

Integral reaction flow analysis considers the overall formation or corion

during the combustion processes.

Table 3.1: Schematic illustration of the output of a reactilanv analysis [21]

Reaction Species—
! 1 2 3. ... S-1 S
1 30% 4% 1%| . . . . 0% 0%
2 0% 0% 0%| . . . . 0% 0%
3 0% 5% o. . .. 100% 80%
R-1 68% 91% 97%| . . . . 0% 5%
R 0% 7% 0%| . . . . 1% 0%
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A reaction can be considered as unnecessary, @ndlies in a row is lower than a
certain limit, e.g. 1%. For instance, the row @aton 2 is 0% and it can be removed
from the reaction mechanism, on the other handdheof reaction 2 is more than,

say 1%, and it cannot be removed.

Local reaction flow analysis considers the fornratend consumption of species
locally, i.e., at specific times in time-dependenbblems or at specific locations in
steady processes. According to this analysis, etiogais unimportant, if reaction

rate RR satisfies the following condition,

R
‘RRIJ,S M_?'X RRt'r'S‘ l S= 11-'-1N ) t 01---1 (3.15)
:H.E-
]‘ / I
— Oy T G, = CHHO -~ (00 T CH,
—=CH,0 CH, ———s CH, ,CH,0,CHO
—*CHO CHy -
1 N "..‘ "
€0 GHp=mmm=® CHL0 = CH,
|
“0 E-tI]H
]
H —"— C,  CH,0,CHO
[‘D.ﬂi +0,05
o (o,C0;

Figure 3.3: Integral reaction flow analysis in a premixed dhodenetric CHyair
flame at p=1 bar and,¥298 K [30]
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Figure 3.4: Integral reaction flow analysis in a premixed richi/air flame at p=1
bar and T=298 K [30]; the analysis of acetylene is left oute to its
complexity

3.5Reaction Mechanism Simplifying Techniques

Practical fuels such as gasoline and diesel cordamplex mixtures of different

hydrocarbons. In order to predict the behavioruwghscomplex fuels in combustion
and partial oxidation processes surrogates of thess such as single component
reference fuels like i-octane, n-heptane and chewiatic fuel components such as
aromatic, naphthenic, olefinic and paraffinic spscihave been developed and
validated over a wide range of different parametdise mechanisms used to
describe the oxidation of such surrogates are ctalletailed mechanism. Even
though these detailed mechanisms represent thevibeha surrogates, they still

contain large amount of species and reactions. &hagtical model of such chemical
reaction systems consists of a set of partial ghiffeal equations that describes the
time dependent development of all properties ofdyem such as mole fractions,
pressure and velocity. Computational simulation tioése detailed mechanisms
requires too much time. Even super computers dralsle to make these simulations
speedily because of the coupling the chemical kisetith physical conditions.
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There have been quite a lot of attempts to reduee@timber of species and reactions

of these detailed mechanisms for certain conditiorike last two decades.

Different mechanism simplifying methods have beaproved to reduce number of
species and reactions of detailed oxidation meshasi These methods can be
classified in to two major categories: skeletaluethn and life time analysis.
Examples of these methods will be explained bribflyyin a very explanatory way in
this chapter.

3.5.1Skeletal Reduction Techniques

Skeletal reduction eliminates number of speciesraadtions which are unimportant
for the particular conditions. There are differskéletal reduction techniques which

will be summarized briefly further.

Sensitivity analysis which was explained in section 3.1.3 is one ofdluest skeletal

reduction techniques which identify the rate limgtireaction steps.

Reaction flow analysis which was explained in section 3.1.4 gives charastic
reaction pathways in a reaction and allows negigainimportant reactions from the

mechanism.

Necessity analysis proposed by Soyhan et al. [31,32] which is basedimultaneous
use of sensitivity analysis and reaction flow asslyto predict accurately the
occurrence of autoignition in the end gas of alsjpgmition (SI) engine. Redundant
species are detected by simultaneous use of sétys#hd reaction flow analysis in
this method. Sensitivity analysis gives importameges due to their high
sensitivities by making small changes of systenap@ters. These important species
are kept in the mechanism. Each species is assigmatessity value according to
the importance of the species itself and the fldvatoms to the important species
and from the important species in a reaction mashanimportant species are
sensitive species which are detected by the sehgiéinalysis, and the species that
are needed to describe the global combustion pspeegh as final products and
fuels. Skeletal mechanism is obtained after remo¥vakdundant species from the
detailed mechanism according to the simultaneogsaissensitivity and reaction
flow analysis. And after the skeletal mechanismbtained, the detailed and skeletal

mechanism is compared for some considered parassnetermentioned above
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(ignition delay time, combustion duration etc.).eTihow diagram of this method is

shown in Figure 1.

| Detailed mechanism

v

Sensitivity analysis

v

Sensitive species </ Important species list

v

Reaction flow
analysis

v

Necessary species

A 4

Loop over
parameter range

End of
loop

Necessary species
for full range

Figure 3.5: Flow chart of the necessity analysis method

In this method, sensitivity coefficients have bermed to determine the species that
are most sensitive on the overall combustion pcBEserefore a sensitivity analysis

is performed,

Lol YA o
o ofe] ~ fxele] ot (819

where S, ; is the sensitivity of the species A on species&. the rate expression,

the below equation is used,
Ng )
r = CiVik k (317)
k I|:1| k

By using the above rate expression, the followatg expression is derived and used

for the sensitivity analysis.

Ng

Sui=2.

k=1

(3.18)

d[A] Vig
dr, ¢
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The transfer rates of atoms such as C, O and Highrthe species in the reaction
mechanism are calculated by the reaction flow amalyhe flow of atom a between
species i and j through formation or consumptioceisulated as follows;

Ng n_a
AR
k¥ jk ik a
a k=1 Ank

AN (3.19)
D hVi
k=1
N nea
ZrkV;'kVi'k : a
a_ ke An
C,* =" . (3.20)
r.kvi'k

where f is the relative transfer of atom a through formmtof species i from

species j and; is the relative transfer of atom a through constion of species i to

species |.

The number of atoms are normalized to the total number of atoms trarteg in

the reaction;
Anka:zvi’knka 43

The relative necessity that a species needs inr dodbe included in the reaction

mechanisml\, ,is defined as;

N =max(N, ,N§f.N¢:j=LN,&= LN (3.22)

Equation (3.22) must be solved iteratively. And tingtial value,N,,, used in

equation (3.22) is defined as the relative spesgesitivity coefficients:

N, :L (3.23)
Tomaxeg y (S)

Some important species in the mechanism have &veelaitial necessity level of

100%. They are species such as fuel, productssyfegies is found to be important

either formation or consumption of an important ceg, it is given a relative

necessity by using equation (3.22). All of thecsgee are ranked according to their

relative importance level after calculation of efijpra (3.23). Different cutoff levels
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are implemented after that and the species whiele laarelative importance level
lower than the cutoff level are defined as unimgatriand they are removed from the
reaction system. Different skeletal mechanisms @lo&gained according to the
removal of unimportant species from the reactiorclmeism based on different

cutoff levels.

F. Mauss et al. [33] derived skeletal mechanisnmfno-heptane LLNL detailed
reaction mechanism and validated it by the simelbais use of sensitivity and

reaction flow analysis which was also used by Soytaal. [31,32].

Directed relation graph is another skeletal reduction technique. Lu e{34] used
directed relation graph (DRG) to derive skeletall aaduced mechanisms from a
detailed ethylene oxidation mechanism consistingG@&pecies and 463 elementary
reactions for high temperature chemistry for thé&k Rferformance and autoignition
delay for low-to-moderately high temperature cheémisSkeletal mechanism is
generated in this method by identifying unimportspécies and thereby unimportant
elementary reactions associated to these specksd ha@pon a preset numerical
criterion. A set of target species d@e specified in this method and the other species
in the mechanism which are significant for the fatimn or consumption of these
target species are specified by the valueepfand whose removal from the
mechanism will result in target species’ concerdret an exceed. Each node in this
DRG represents a species in the detailed mecharmsoh,there is an edge from
vertex A to vertex B, and removal of species B eaua significant error to the
production rate of species A. And, an edge fronoBtmeans that B has to be kept
to correctly evaluate the production rate of A. $hspecies A depends on species B
only if there is a directed path from A to B. Fiyalthe direct influence of one
species (B) to another species is calculated bgtarmediate error to the production

rate of the other species (A)sr which is calculated as,

D Va8
Mg :W (3)24

i=1,1

1 if theith elementary reactic
O, =1 InvolvesspeciesB, (3.25)
0 otherwise
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If rag = €, then there is a direct edge from A to B?B.

Consequently, if A has to be kept, B should also kiept, because strongly
dependency of species A on species B. Even if peaiss do not directly depend on
themselves, they can be coupled indirectly withdbepling of intermediate species.
For instance, if A B and B>C, then A requires C.

=
o

Figure 3.6: Direct relation graph showing typical relationstloé species [34]

They derived a skeletal mechanism that contains@&ies and 205 elementary
reactions, and a reduced mechanism that contaisp&@fles and 16 global reactions
by using this method. And they validated their dedi skeletal and reduced
mechanisms through the comparison of results of BB autoignition with the

detailed mechanism for entire pressure, equivalesito® and residence time range of

the reduction processes.

Yu et al. extended their method to the reductiotaafe mechanisms with hundreds
of species and thousands of reactions, namely fdreptane and i-octane
mechanisms [35]. They derived skeletal mechanisitis 188 and 233 species for n-
heptane and i-octane in a two stage reduction psocespectively. They reduced
number of the species with the first-stage DRG c&dn process to 290 species for
n-heptane and 347 species for i-octane respectikalghermore, they eliminated the
skeletal mechanisms of n-heptane and i-octane ® sifcies and 233 species
respectively by performing a second-stage DRG. kge they validated their

mechanisms to represent well the performance ofddtailed mechanism for the

autoignition, PSR and independent system of jetestireactor.

Xin et al. [36] used DRG method for mechanism réidacin the oxidative coupling
of methane (OCM). They used GRI-Frenklach detaifegthanism that contains 71
species and 486 reactions and derived a skelet@ianesm that contains 39 species.
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And they proved that the skeletal mechanism theivel@ costs 30 % CPU time of
the detailed mechanism. Simulations were perforfioedsothermal and constant
pressure plug flow reactor at different temperatuamd CH/O, ratios for the

mechanism reduction. They selected,C&, C;Hs and GH, as target species and
their concentrations are required to have less Handifferences from those of the

complete mechanism.
Lu et al. explained the background of directedtr@hagraph in detail, as well [37].

Directed relation graph error propagation method (DRGEP) that is based on DRG
is a new method improved by Desjardins et al. [Fart from DRG, DRGEP
considers the length between species. This apptieakdiistrated in the below figure,

Figure 3.7: Part of a directed relation graph involving fouesies. Although the
link between species B and C is not the weaketftargraph, removing
C should introduce the smallest error in the prexhcof the target A
[38]
A is selected as a target species in the aboveefigund species B and D are directly
linked to target species A with the coefficients58b and 4%, respectively. C is not
directly linked to target species A, but speciewi the coefficient of 5%. Species
D is the first removed species in conventional DR@&thod because it gives the
minimum error for target species A. The differefmmaween DRGEP and DRG is
introduced here. It is proposed in DRGEP that renggpecies C before removing
D gives less error because it is not directly lohke target species A. Finally, the
farther away a species is from target species|etbe error gives it due to DRGEP
method. They validated their method for the oxmatof detailed LLNL i-octane
mechanism through predicting autoignition at comstamlume in a large range of
conditions relevant for engine related applicatidrfeey proved that DRGEP method

gives better results comparing to DRG method ferdbnsidered parameters.
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Directed relation graph sensitivity analysis (DRGASA) is another skeletal reduction
method. The species which were not removed by D&Jaation process are further
reduced by applying sensitivity analysis to therhisTmethod was performed by
some researchers [39,40]. Lu et al. [39] appliedIBBA to a skeletal mechanism
that contains 188 species and 909 reactions whiab derived from n-heptane
detailed mechanism that contains 561 species af8 Bfactions by using DRG
method. They selected ignition delays, extinctiomes of perfectly stirred reactors
(PSR) and laminar flame speeds as the targets ptaenfor examining. They
obtained a skeletal mechanism with 78 species &3dr@actions which gives 30%
for the worst case. Niemeyer et al. [40] also penfed DRGASA for the reduction
of n-heptane, i-octane and n-decane for the piedidf ignition delay time. They
also performed another method called as directddtior graph with error
propagation and sensitivity analysis (DRGEPSAhm $ame study and validated the
new method which combines two different method deed previously: directed
relation graph with error propagation (DRGEP) ametaled relation graph aided
sensitivity analysis (DRGASA). DRGEPSA method cevereakness of DRGASA
and DRGEP methods, and it allows removing more pomant species from the
detailed mechanisms. For instance, skeletal mesimasnwere derived for the same
conditions from the detailed mechanism of n-heptageapplying DRGEPSA,
DRGEP and DRGASA methods resulting in containing $pecies, 173 species and
153 species skeletal mechanisms, respectivelyeg#ehechanisms were derived for
the same conditions from the detailled mechanismi-oftane by applying
DRGEPSA, DRGEP and DRGASA methods resulting in @ioitig 165 species, 232

species and 211 species skeletal mechanisms, tieshec

On thefly reduction of kinetic mechanisms using elemental flux analysisis another
skeletal reduction technique [41]. This method @sdudl on element flux analysis
[42]. Instantaneous elemental flux of atom A fropedes | to species k through
reaction i, denoted asjA is defined in equation (3.26). Total instantarsedlux
between species j and k can be calculated by sugnAinover all the reactions in

which species j and k are evolved, as representeduation (3.27).

. Ny Nak
Ai(t) =q, (t)T (3.26)
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z‘ijk (t)= _NZj:Aijk (t) (3)27

where g (t) is instantaneous rate of reaction i (molfs), is the number of atoms in
species j,n, is the number of atoms in speciesk, ; is the total number of atoms

in reaction i, andN is the number of the reactions these species apjge@actants

or products. The atomic fluxes of each atom (COKHN etc.) between sources and
sinks are sorted in descending order and a useredetutoff level is applied on the
flux list and reduced mechanisms are obtained doogrto cutoff levels. Forward
and backward reactions are taken into account aggharwhen calculating flux

according to equation (3.28).

A () = (G (O] ] (O 22 (328)

A

where q,,, and g, are forward and backward reaction rates, respagtiddter flux

is calculated, reduction scheme is integrated me#stive flow simulation. In the on-
the-fly scheme, reduced mechanism is updated dymdisniwhen the conditions
change. Their idea for using on-the-fly scheme t@&#g into account of reaction
and mixing effects during each time step when readlow model divides the
simulation in to discrete time steps. They validateeir method for a pairwise
mixing stirred reactor (PMSR) model [43] and a pfloyv reactor (PFR) model.

3.5.2Life Time Analysis

Life time analysis can be divided in to two majoowps: computational singular
perturbation (CSP) andintrinsic low-dimensional manifolds method (ILDM).

The idea of time scales in a set of ordinary déferal equation (ODE) system
describing reaction kinetics stems is the fact thl@mentary reactions occur at
different rates which finally results in differetime scales due to the elementary

reactions.

Computational singular perturbation (CSP) method separates QSS species from the
fast species induced by reactions in partial €lojiiim [44]. Lu et al. [44] used this
method to develop a reduced mechanism for metheadatmn. Skeletal mechanism

with 30 species is obtained from a detailed meth@aadation mechanism with 35
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species by the application of directed relatiorpgraCSP method is further applied
to the skeletal mechanism later. ODE in a chenyigalhcting system is given as,

ay_

p a(y) (3.29)

where y is the vector of dependent variables, gpgcies concentrations, and g is the source
term. The way to capture different time scales wuthe elementary reactions is to find the
eigenvalues of the Jacobian of the ODE system.bi@tanatrix J can be derived by the

chain rule as,

== =Jy(y), == (3.30)

In the CSP theory the rates in g can be combinetiddes, f, through the below

change,

df

— =AM, f =BIg,
dt 9

(3.31)
/\=(§+BEDJDA, A=B"

where A and B are matrices consisting of the coland row basis vectors respectively.
Jacobian matrix, J, is time independent for lirgatems and time dependent for nonlinear
systems. In addition, a diagonakan be easily obtained for linear systems realibyyever

it is not so easy to obtain a diagodaflor nonlinear systems. A CSP refinement procedure
applied to find a pair of A and B iteratively whéris not easy to find a diagonal, This

results in a block-diagonal such that the fast modeggf can be decoupled from the slow

ones:
df as dfs ow —
# = fastf fast? dlt =N\ sIovI slow
AN
/\ :( st /\ j’ A = (Afast A slow)’
slow
_ Bfast
leow

dB,.
/\fast = (# +B fast E‘]]j LA fast

/\slow = (M + B E‘Bj DAs.low
dt

slow
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Eigenvalues ofA,are negative, and with large quantities compared g,. Fast

fast

and slow subspaces are separated here, and thedédss inf.,, vanish in a rapid

period, i.e.f,, =0. A characteristic time scalg, is introduced here and it separates

fast
the fast and slow subspaces. They chose ignitideydane of autoignition as the
characteristic time for ignition processes, andetistales shorter than the ignition
delay are assumed exhausted. In addition, theyechgBnction residence time in
PSR for extinction processes, and fast modes fstarthe extinction processes are

assumed exhausted.

After separating fast and slow subspacesijtthepecies is presumed as a good quasi
steady state (QSS) species if it satisfies thevibelguation,

Q[ <&, Q= diad Ao, Biow) (3.33)

where € is a threshold value, say 0.1, that limits theatreé¢ error in the
concentration of théth species induced by the QSSA. Q consists of thgodal
elements of the matrix of the slow subspace.; I€&) be neglected comparing to the
threshold valuee, thenith species is mostly within the fast subspace exshausted
fast modes and it is assumed to be in QSS. Maipepty of the QSS species is low
concentrations and sparsely coupling. Further etlaee two different types of fast
species in a large mechanism: one with low reaatid® and a high destruction rate,
which means that is consumed fast and remains &ll ssoncentrations, and the
other type is with large creation and destructioat toalances each other. The first
type of species are good candidates for QSS, andettond type is a good candidate
for partial equilibrium species. These two diffaregypes of species are distinguished
through by introduced CSP method. QSS species erigtin the fast subspace,
whereas fast species induced by partial equilibriexrst both in fast and slow

subspaces [10].

By considering these assumptions, they derived até reduced mechanism from
the detailed mechanism and validated it for PSRaartdignition conditions. Ignition

delay prediction comprises very good with the detkmechanism. They compared
species profiles in autoignition and PSR conditi@ml they proved that their
reduced mechanism comprises well with the detameelchanism. They also

compared laminar premixed flames and non-premixpgdosed-jet flames. They
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compared laminar flame speeds as an importantrsyptgameter in the study of
chemistry-diffusion interaction, and it is showrmtheduced mechanism predicts the
flame speeds well within the range of entire pressid equivalence ratios.

Finally, they compared a 17-step reduced mechaamisdhdetailed mechanism for
NO formation. They proved that their reduced me@rangives acceptable results
for NO mass fraction comparison in an opposed-@tipnemixed flame and three

premixed flames with different equivalence ratios.

Lu et al. performed CSP method to a skeletal mashamerived by a detailed
mechanism of n-heptane [10]. They improved the weldefinition for the
elimination of the reactions which is based on @&®hod.

v

MJ_?EFE;H .38)

j=LN

wherel,; is the importance index of thth reaction to the production rate of tib

species in th@h reaction, N number of the reactions, ands the net rate of thih

reaction. Theth reaction is considered to be unimportant fagaction state if,

<& k=1,.,M, (3.35)

condition is satisfied, whereis a threshold value, i.e. 0.1.

They reduced the number of the reactions from 85317 by applying this method

while number of the species remained constant. Mewehey further reduced the
number of species by applying CSP to define QSSispevhich was explained

above [15]. The number of the species in the siklefaechanism is decreased from
68 to 55 by applying this technique.

Intrinsic low dimensional manifold method (ILDM) is the second major life time

analysis method introduced and implemented by Maas [16-19].

Chemical time scales ranges from°1® 10° s and they cover larger range than
physical time scales (molecular transport e.g.),48p Aside from CSP method,

Maas et al. [45] improved a method to distinguiabt fand slow time scales that
needs just detailed kinetic mechanism and numbedegfees of freedom as input. It

does not rely on experience from the user. Bug itat as easy as QSS technique to
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understand ILDM. However, the input required by MDis easier, and no
assumptions about the reaction rates at which epe@ce consumed of produced are
necessary. This finally makes ILDM easier to actlyaapply. It must also be
mentioned here that QSSA can not cover low temperategime results, but in

contrast ILDM covers this regime calculations quvil.

Degrees of freedom mentioned above correspondrttbauof steps of mechanism.
For instance, four degrees of freedom means a di@r-mechanism. The user
doesn’t need to provide extra information as ini€SP method, for instance which
species are assumed to be in quasi steady st sybtem is changed by reducing
the mechanism in CSP, but instead of reducingyktes), the most important part of
the solution is found in its phase space in ILDMhtg@que. It must be pointed out
that they decoupled fast time scales from slow tisoales for homogenous,

adiabatic, isobaric closed system.

The state of the reaction is described by a set; ofdinary differential equations,
where R is the number of the species. Thusdifferent time scales govern the
process andgwvariables are needed to describe the state ofytbiem. It must be
clarified that other state variables such as tetdhalpy, the pressure must also be
included in this set of ordinary differential egoat For instance, if total enthalpy
and pressure are also added to this set tiighget of ordinary differential equations
are obtained. Since they use constant h and Pein $iystem, pnset of ordinary

differential equations are obtained.

Very fast time scales usually correspond to equulib processes in chemical
kinetics. If the number of these fast time scalesrseamed assrand removed from
the solution, then remaining time scales are gibgn(remaining time scales are
named as §) ng= ns. 'y, Making such an assumption allows describing théesysvith
less amount of variable numbers such gdagrees of freedom. It means that number
of equations to be solved to describe the systemedsiced and jinumber of
manifold is obtained and the reducegstep mechanism yields trajectories on this
manifold. If all solution trajectories reaches tkame equilibrium point, this
equilibrium point means zero-dimensional manifolat the system. When the
slowest time scales dominates all other time scalesach point, then one-
dimensional manifold is obtained. When the nextvslst time scale dominates all

other time scales, then the solution trajectorieaches to a two-dimensional
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manifold. From the same point of view higher ordeanifolds are obtained,
respectively. The method improved by Maas et al] [dé&fines an intrinsic y
dimensional manifold, local conditions that generate the manifold steomfthe
eigenvalue-eigenvector representation of the |dealobian matrix. The Jacobian
contains the necessary information to define tHetism of the local behavior of a
linearized system. Real parts of the eigenvaluesespond to time scales associated
to the system, and imaginary parts of the eigemgborrespond to frequency where
the solution oscillates at a point. They use simit@thods to CSP but their method
has different approach. For instance, fast timéescare detected and removed then
the stiffness of the ordinary differential equatsystem is decreased and solved by
explicit methods in CSP method. However, they dodezrease the stiffness of the
system they develop a scheme that reduces thesgpi@te of a reaction system which

can then be tabulated for the following purposehsas combustion calculations.

In this method chemical reaction system is treate@rms of element and reaction
vectors. Number of atoms of element i in a spegids called as “element
composition vectors” denoted ag. Similarly, each elementary chemical reaction is
defined in terms of a “reaction vector” denotedvasReaction subspace R is the
space spanned by the reaction vector§he dimension of this space is defined hynane.
Inert species are also treated as elements. Thisned composition space is showndas

And as explained above this space is representeddiya set of vectors.

If a chemical system has a state that correspandspbint on the manifold, the state of the
system is given by a point on this manifold for tithes. Movements in the state space
according to reaction vectors results in a charfgstate due to chemical reaction. This
change means a movement parallel to the manifotoiefhents in element vectors results in
the change of element composition. They are peipelad to the manifold. All the

trajectories on the manifold approaches equilibripont of the system. Sample plots of
trajectories are shown in the below figures thatenabtained from a numerical solution of a
detailed reaction mechanism for the water-gas sysi@ specific values of pressure,
enthalpy and element composition. These plottgddiaries are obtained for CO2/H20 and
CO2/0OH planes, respectively. Finally chemical rescis regarded as a movement along

those trajectories.
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Figure 3.8: Sample trajectories in the state space for a GlaitHsystem. ¢ denotes
the equilibrium value. (a) Projection in to the GB20 plane. (b)
Projection in to the OH-CO2 plane [45]

Trajectories that are seen on the graphics braeébrd equilibrium is reached. A
low-dimensional manifold, which is represented biyna in this projection, has the
property that all trajectories tend to approach tmanifold, and only slow time
scales govern the chemical reaction on this manhif@l5]. Low-dimensional
manifold in the state space represents slow tinkegrocesses, and the systems that

do not lie on this manifold occur fast in time hretdirection of the manifold.

If a chemical reaction system with the below gouggrequations is considered,

oh

— =0 )

or (3.36)
oP

—=0 37
ot o0
09 _a(h.PO) ;15 (3.38)
ot p(h,Po)
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in terms of vector notation,

oW _
“TEFW) (3.39)

whereW =(h,P@ @, ,..pNn )

Eigenvalues of the JacobiaR(W)identifies n+2 different time scales associated
with the movement in the state space. And corradipgneigenvectors describe
“characteristic directions” associated with timalss. The main idea of looking for
the points in the state space for which componémtthe directions of certain

eigenvectors (in this case those associated wstitifae scales) vanish [45].
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4. DEVELOPMENT OF THE REDUCTION METHOD

Necessity analysis with simultaneously combinedsieity and reaction flow
analysis through each reaction reduction methodisheompatible with DETCHEM
[6] is proposed in this study. This method is basececessity analysis developed
by Soyhan et al. [31] which was described in dataisection 3.2. A FORTRAN
code is written based on this method. The new FORVYRode is compatible with
DETCHEMPATM [6]. It correlates with DETCHERf ™" via DETCHEM Interface
and the Batch Library.

In this study, reduction of CPOX (catalytic part@tidation) of detailed LLNL i-
octane mechanism in homogenous gas phase and exdases after catalyst is

investigated.

In order to reduce catalytic partial oxidation aftailed LLNL i-octane reaction
mechanism, necessity analysis which was performe&dyhan et al. [31] that is
explained before, is chosen as the starting resluctiethod. Necessity analysis with
simultaneously combined sensitivity and reactionvfanalysis through each reaction

reduction method is proposed further.

4.1 Implementation of the Necessity Analysis Method

Necessity analysis was implemented via a FORTRA#8edbat is compatible with
DETCHEMPA™™ The improved FORTRAN code receives basic infoiomafrom
DETCHEM software library, such as stoichiometrieffizients of species, atomic
composition of species and reaction numbers, andesmthe calculations according
to the necessity analysis method. After the FORTR&dde was improved and
correlated with DETCHER™" it was found that this analysis can be improwad f
this study. It was seen that necessity analysisestienates some species’ relative
necessity values. For example, in a methane CP@xtiom mechanism, CH(s)
appears in 6 reactions and contributes to the faomand consumption of GHCO,
OH, H, GH; and CH species. In contrast, GHappears in 24 reactions and
contributes to the formation and consumption ef €H; (s), GH4, CH,, H, CHO,
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CH,;, CH,O, OH, CHO, GH, CHs HO, HO, H,O, and CHOH species.
Sensitivity values of Cklare also higher than sensitivity values of &$). So, it can
easily be said that GHnust have a higher relative necessity tharp 3 But, in
contrast, necessity analysis calculation assigniglzer relative necessity to GKk)

than CH, and deletes it from the mechanism before (Nis deleted.

From this point of view, it is decided to improvecessity analysis method for this
study. And a new method is proposed which is callednecessity analysis with
simultaneously combined sensitivity and reactionvfanalysis through each reaction
which is explained in the following chapter. Conipan of the results of necessity
analysis and newly proposed method based on ngcassilysis is given in section
5.4.3.

4.2 Necessity Analysis With Simultaneously Combined Seitivity And Reaction
Flow Analysis Through Each Reaction Method

Sensitivity analysis is performed at first in nessgsanalysis method, improved by
Soyhan et al. [31], then reaction flow analysipesformed and finally sensitivity
analysis and reaction flow analysis are combinedh wan iterative method
(sensitivity and reaction flow analysis were coesédl simultaneously). After these
steps, species are eliminated according to cutetls and skeletal mechanisms are
obtained.

In the necessity analysis with simultaneously coradisensitivity and reaction flow
analysis through each reaction method, simultanesasof sensitivity and reaction
flow analysis is performed for each reaction sejeya The difference between
necessity analysis improved by Soyhan et al. [31d aecessity analysis with
simultaneously combined sensitivity analysis arattien flow analysis through each
reaction method is introduced at this point. Theyfgrmed sensitivity analysis at
first and summed all species’ sensitivity valuesotigh all reactions and then
coupled them with reaction flow analysis. On thieeothand, sensitivity coefficients
of each species’ in each reaction are considerpdrately (they are not summed
through all reactions) and coupled with reactioowflcalculations through each

reaction, in the new approach proposed in thisshstady.

41



By applying these simultaneous sensitivity and tieacflow analysis, necessity
species are detected, and new skeletal mechanisenslesived based on these
necessary species. Each species is assigned aityeeakie according to the flow of
atoms from or to each species that it contribubeBtmation or consumption in a
reaction mechanism multiplied with each speciessiigity coefficients through

each reaction. The flow diagram of this proposethogtis shown in Figure 2.

‘ Detailed mechanism

v

Sensitivity
analysis

v

Sensitivity
coefficients

!

Sensitivity
coefficients

A 4

+

Loop over

parameter range Reaction Flow
analysis

Necessary
species

End of
loop

v

Necessary species
for full range

Figure 4.1 : Flow chart of necessity analysis with simultanepusbmbined
sensitivity and reaction flow analysis through essdiction method

The details of necessity analysis with simultangow®mbined sensitivity and
reaction flow analysis through each reaction metisodescribed in the following

sections.
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4.2.1Sensitivity Analysis:

In this method, sensitivity coefficients are usediétermine the species that are most
sensitive on the overall CPOX process. Therefosgnsitivity analysis is performed
in DETCHEMPAT®H with respect to all or reduced number of kinetargmeters.
Absolute and relative sensitivity values were c@md using the following
expressions [6]:

E’__dni

=— absolute sensitivities 4.7)
1,] dp
]

e :&%:alnni

" relative sensitivities (4.2)
"onop dlinp

In order to improve the accuracy of the computdatire sensitivities, an option for

sensitivity analysis with respect top, is also introduced:
on, _ on

Elnpj: R
i p’apj dlnp

(4.3)

Standard implicit solvers LIMEX and DAESOL can bged to solve the coupled

governing equations.

Sensitivity analysis in DETCHER™" gives a matrix that contains the information
of each species’ sensitivity coefficients througitlereaction. An example of output

of sensitivity analysis is shown in the below table

Table 4.1: Output of sensitivity analysis of DETCHERT "

Reaction Sensitivity Sensitivity Sensitivity Sensitivity Sensitivity
Coefficient of Coefficient of Coefficient of Coefficient of Coefficient of
CH, 0, ¢ H,O H
1 -2.29E-04 -2.95E-04 8.69E-11 3.46E-04 1.42E-10
2 -4.47E-08 -1.12E-07 -6.70E-13 1.71E-07 5.38E-13
3 -1.20E-05 -3.13E-05 4.83E-12 4.66E-05 1.36E-10
4 0.00E+00 -7.45E-09 -3.75E-13 1.49E-08 2.66E-14
5 0.00E+00 0.00E+00 0.00E+00 0.00E+00 -1.78E-15
108 -2.87E-05 -3.64E-05 9.09E-13 4.13E-05 3.30E-11
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As it can be seen from the table, each speciesalsnsitivity coefficient in each

reaction.

4.2.2Reaction Flow Analysis With Simultaneous Use of Seitivity Analysis

Through Each Reaction

As mentioned in the last section, the differencevben necessity analysis with
simultaneously combined sensitivity and reactionvfanalysis through each reaction
method and necessity analysis method proposed fyaBcet al. [31] is introduced
at this point: the transfer rates of atoms suc@,&and H through the species in the
reaction mechanism are calculated through the icgaffow analysis in necessity
analysis method. The flow of atom a between speciaad species j through
formation or consumption is calculated throughdhaations (3.19) and (3.20).

In order to consider sensitivity values of eachcggs (sensitivity coefficients) in the
new approach proposed in this study, sensitivitefftments are considered
simultaneously with the reaction flow analysis heven in the below equation (for
the forward reactions);

a
j

Ng n
o
zrkvjkvik Ana [S(i,k) +$j,k) ][I(|) + I(J)]
- k=1 k

a _ _f 11
fijf Ny _f 2 1 (4-4)
Zrkvi'L o
k=1
Ng n2
Z rkvjkvik Air]]a[s(i,k) + Sj,k) ][I(i) + I(j)] 1
c == £ === (4.5)
S c 21
Vi o
k=1
wherefif‘f is relative transfer of atom a through formatiorspécies i from species j

multiplied with sum of both species’ sensitivityefficients (species i and species j)

through forward reactions (the f notation in theuaipn points out forward

reactions),cf; is the relative transfer of atom a through consimnpdf species i to

species j multiplied with sum of both species’ ity coefficients (species i and
species j) through forward reactions (the f notatiothe equation points out forward

reactions),r,is the reaction rate coefficient of reaction , is the stoichiometric
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a

coefficient of species j in reactlon—A(,‘—a is the ratio of the number of atonmg to
nk

the total number of atoms transported in the reaptf is the stoichiometric
coefficient of species i in reaction §,, , is the sensitivity coefficient of species i in

reaction k, S, is the sensitivity coefficient of species j in rean kKl is

(i:k)

predefined importance value for speciesl j,is predefined importance value for
species j.

If there is not any backward reaction in the reactinechanism, equations (4.4) and
(4.5) can be used to calculate formation and copsom values of species.
However, in a reaction system, backward reactiomy mlso occur. In order to

consider the backward reactions, the following ¢igua are improved,

Ng nd
rviv., —S .. +S L. +1.
f.fa _ ; k¥ jk Vik Anﬁ[s("k) sl,k) ][(|) (])] _ f_l_2 (46)
ue Ne f 2 2
Zrkvik
k=1
Ng n2
rvi v, —S. ... +S. L. +].
Ca _ ; k¥ jk Vik Anz[ i,k) $j,k) ][(|) (J)] _ _1_2 (4 7)
b Ne c 2 2 '
P —-

wheref? is relative transfer of atom a through formatiorspécies i from species j
multiplied with sum of both species’ sensitivityefficients (species i and species j)
through backward reactions (the b notation in tgeagion points out backward
reactions)¢y, is the relative transfer of atom a through constimnpof species i to
species j multiplied with sum of both species’ ity coefficients (species i and

species j) through backward reactions (the f namtain the equation points out

forward reactions).

If both forward and backward reactions occur in teaction mechanism, the total
amount of formation and consumption values thgiexiges has can now be summed

considering both forward and backward reactionf®lmws;

nf 1 1+f 1 2
ij_z__ — (4.8)

& 2 1+f_ 2 2
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N n’ N n
roon j me,! ]
. PAANH A S+ 80 M +1 1+ 2nviv, A IS0 *S )+l
=3 f s (4.9)

[ Ny N,
n I
Z Vi + Z T Vi

k=1 k=1

11
[y

a

n
c_ 1 +c_1 2
G =) o (4.10)
=.C 2 I+c 2 :
& no nla & L nla
. Vi Vi Ana[S(Mk) 0 My +1 ]+ 2onv,vy Ana[su.k) S0 g +1]
k=1 k=1
Cii = : N, N, ‘ (411)
=1 r "
) zrkvlk +Zrkvn<
k=1 k=1

In this equation, sensitivity coefficients are nplled with reaction flow calculations

through each reaction, and summed in the end cemsgl both forward and

backward reactions. It can be seen that not onéyspecies’ sensitivity coefficients,
but both species’ (species i and species j) seitgitcoefficients are considered
together. There is also another control parametehis equation that is called as |
(importance). Some important species, such as ptedreactants and by-products
are assigned a pre-defined high importance valud, @l the other species are

assigned an importance value of 1. The basic iflegroducing an importance value

for each species is to give a high formatifgn or consumptionc; values to the

species which contributes to the formation or comstion of important species.
After this calculation, each species is assignedeaessity value according to

maximum of its formation or consumption value,
N, =max(f ,¢ ) 12)

Finally, all of the species are ranked accordinghieir necessity values. Different
cutoff levels are implemented for necessity valumsg] a species which have a
necessity level lower than the cutoff level is defl as unimportant and removed
from the reaction mechanism. Different skeletal haaisms are obtained according
to the removal of unimportant species from the tieacmechanism based on
different cutoff levels. And skeletal mechanismttgaes the most consistent results

is defined as “reduced mechanism”.

During the simulations and observations of the ltesii was seen that the new
improved method gives very consistent results ialstime intervals such as 4.2 e-2
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miliseconds (shown in the following chapter), ugives considerably worse results
for longer time intervals such as 1.0 second fer same cutoff levels. After this
problem had been seen, it was decided to improvat®Ems between (4.4 — 4.11),
and it was seen that removing normalization sectainequations (4.4-4.7)
(denominator parts of equations 4.4-4.7) and adsoorving “important parameter”
from the equationsI(i) and I(j)) gives better results not also for small time
intervals such as 4.2 E-02 but also for longer timervals such as 1.0 s. The idea of
removing normalization part of the equations wasattng an equation without
considering just one species’ stoichiometric coedfit values. As it is seen in
equations (4.4-4.7), just one species’ stoichioimewefficient values are considered
for the normalization. In contrast, both specidsichiometric coefficient values are
considered in the numerator part of the same empmmtiThe idea of removing the
importance parameter from the equation is relyingtlee sensitivity analysis and
reaction flow analysis results instead of interi@mtthe reaction mechanism by
adding another control parameter.

The new derived equations based on the above asisasipre explained below;

The flow of atom “a” between species i and spegiethrough formation or
consumption multiplied with the sum of each spéciesnsitivity coefficients
(species i and species j) are calculated for faiweaactions as follows;

n
IJf zr Vkalk I‘Jla [S(i,k) +$j,k) ] (4.13)
k

Z E ViV [S. 0 * S ] (4.14)

And the flow of atom a between species i and jugtoformation or consumption
multiplied with the sum of each species’ sensiivitoefficients (sensitivity

coefficients) are calculated for backward reactiam$ollows;

a

IJ b zr V]kvlk (| k) SJ k) ] (415)

Zrkvw v a[s.k) S ] (4.16)
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If both forward and backward reactions occur in thaction mechanism, the total
amount of formation and consumption values thgiexies has can now be summed

considering both forward and backward reaction®kimws;

n

fi =;(fuaf +f% ) (4.17)
Z[Zr vjkv.k S + S ]+ZN L L 30 9 ]] (4.18)

c, = an:l(q;"‘f +¢) (4.19)
::Z:{ZN' r;k [Si + S0 ]+EZZ A Alr']k [Sh + S ]] (4.20)

At the end, each species is assigned a necessity gacording to maximum of its
formation or consumption value multiplied with siingy coefficients via using

equation (4.12).

Different cutoff levels are implemented for necgssialues, and the species which
have a necessity level lower than the cutoff leigetefined as unimportant and
removed from the reaction mechanism. The implentiemtaof the cutoff levels is
illustrated in the below figure. After necessitylues of each species is calculated,
the cutoff procedure begins and deletes the spadieh has a lower necessity value
assigned by the user. For example, seven differettff levels are defined in the
below figure, and according to these cut off leyelgoff 1 deletes the species which
has a necessity value lower than 1.0E-40, cutatetes the species which has a
necessity value lower than 1.0E-36, cutoff 3 del¢e species which has a necessity
value lower than 1.0E-31, cutoff 4 deletes the mgewhich has a necessity value
lower than 1.0E-29, cutoff 5 deletes the specieghvhas a necessity value lower
than 1.0E-27, cutoff 6 deletes the species whichahaecessity value lower than 1.0
E-25, and finally cutoff 7 deletes the species Whias a necessity value lower than

1.0E-21. Continuous lines on the graphs correspotige cutoff levels.

48



NECESSITY VALUE

1,00E-16

1,00E-20

1,00E-24

1,00E-28
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Figure 4.2: Implementation of the c-off levels according to the necessity value:

Different skeletal mechanisms are derived accortinthe removal of unimporta
species fom the reaction mechanism based on different clgetls. Consistencie
of the skeletal mechanisms are validated by comgethe predictions of th
distribution ofimportant species in thbatch reactorDuring the simulations C/f

ratio, temperature and contact times are changed.skeletal mechanism that gi\

the specie

the most consistent results is defined as “redumecechanism”
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5. RESULTS

5.1Implementing “Necessity Analysis With Simultaneoust Combined

Sensitivity And Reaction Flow Analysis Through EachReaction” Method

Before getting started with i-octane reaction medra, the new improved method
is validated with a smaller mechanism (with methegaetion mechanism consisting
of 26 species and 108 reactions). The main idassioig a smaller mechanism is to
save the computation time for the validation of tbede. I-octane detailed
mechanism (LLNL detailed mechanism) that will bedisn this study consists of
857 species and 7193 reactions [3]. Making a sitimiand observing the results of
such a big mechanism requires much time. For igstaperforming a sensitivity
analysis for such a big mechanism may require dayslculation according to the
conditions. As mentioned before, in order to sdeevalidation time of the method,
the FORTRAN code is first tested with the methamaction mechanism. This
reaction mechanism consists of 26 species and &@8tions. Thus making a
calculation with such a smaller mechanism (compafio i-octane mechanism)

requires considerably much less time.

The simulations of catalytic partial oxidation ofethane and i-octane for
homogenous gas phase are performed in DETCHEM [6], and the simulations of
the gases after catalyst are performed in DETCHER [6]. The details of
DETCHEMPA™ and DETCHEM"Y® are explained in the following two sections.

5.2DETCHEM BAT®" Code

The batch code simulates homogenous gas-phase at@miodeneous surface
reactions in a batch reactor. Time dependent presstolume and temperature
profiles can be specified by the user. Governingatigns used in Batch code are as

follows;

dn, =V ox+ASk gas-phase species (5.1)
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an, _

p Asi surface species AP

pV =nRT ideal gas equation .3p

where w, is the gas phase reaction rag,is the surface reaction rata, is the
catalytic surface area, and V is the reactor volumespectively. The species
concentrationsn, are expressed in terms of mole numbers. As it exgdained in

the sensitivity analysis calculation section, sty calculations can also be
performed in DETCHENM" ",

5.3DETCHEM "Y¢ Code

DETCHEM™Y® code simulates the behavior of plug flow chemieaktors. And the
code is improved for the non-dispersive one dinmraiflow of chemically reacting

ideal gas mixture. Governing equations used in Badg are as follows;

kg .
d(pUAc) :ASZSKMK (54)
dz k=1
dYk kg . B . .
pUAcE+YkASZSkM M (A s F+A W) (5.5)
k=1
d(C ) kg . kg .
puAcd—ZP+Zwk hMA +> s, hMA =UA(T,-T) (5.6)
k=1 k=1
pM =pRT (5.7)

The above equations represents total continuitggcisg continuity, energy, and the
equation of state respectively. In addition to ¢hequations, residence time of gas is

calculated through the below differential equation,

dz u

In order to compensate model limitations, massstencoefficients can be used
additionally. They approximate the “resistance”sfmecies mass transport between
the mean composition and the composition at thetireachannel surface. The mass

transfer coefficients are defined by the follownegationship,

é( Mk = hk (psYk,S_pk,m) (59)
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where h, is the mass transfer coefficient, which can be esgnted in non-

dimensional form using the Sherwood numbers,

h
Sh=—— 5.10
D (5.10)

The Sherwood numbers are calculated locally udisngdsrd correlations.

For the constant wall temperature, the Nussult rermsdefined as,

-0.545
Nu, = 3.657+ 8.82?%} ex(p%ﬂ (5.11)

For the case of constant heat flux,

-0.545
NU,, = 4.364+ 13.1%%) ex(p%ﬂ (5.12)

where Gz is the Graetz number for the heat transfer. Indhge of mass transfer,
Sherwood numbers are expressed by the same equatiothe Gz replaced by the
Greatz number for mass transfer. Since the Graatiber number is calculated as a
function of reactor position, the mass and heatsfiex coefficient calculated in

DETCHEM""Y¢ are the local values.

In DETCHEM"Y® the standard implicit code LIMEX is used to sothe coupled
governing equations. DETCHEM’® offers various options to solve the problem.
The temperature solution offers isothermal, nomhkisomal, adiabatic and non-
adiabatic conditions. In addition to these, theabxemperature profile can be
specified by a subroutine. In isothermal as weliraghe axial temperature profile
case the energy equation is not solved. The sptaiesport can be modeled for Gas-
phase and the Surface reactions. As a special tasesurface reactions can be

specified to take place on washcoat.

Though DETCHEM" is essentially a one dimensional model, it suppart

number of geometrical configuration (The mass aadt liransfer coefficients are
specific to the flow geometry). The configuratiorssipported currently are
cylindrical, cylindrical with gradually increasingross-sectional area, triangular,

square, hexagonal and a sinusoidal geometry.
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5.4 Simulations

Simulations are performed at first for methane tieacmechanism then they are
performed for i-octane LLNL detailed reaction meulsan.

5.4.1 Results of The Batch Simulation With Methane Mechaism

The list of the species of detailed methane reactiechanism is shown in the below table:

Table 5.1: All species in the detailed methane reaction mechanism

CHy O, o) HO H HO, H2O; Ha

CO CO CH,O CHOH CHOH CHO CH, CoH>
CHO,H CHs CHO  OH CH  CH CHy(s) CHO,
CoHy N2

Initial conditions and initial mole fractions thate used in methane partial oxidation
simulation for C/O=1.0 is shown in table 5.2 anolésb.3.

Table 5.2: Initial parameters of methane simulation for C/@=1

Parameter Value
Volume (1) 2.8e-6
C/O 1
Pressure (bar) 10

Temperature (K) 1005.78

Table 5.3: Gas phase composition for C/O=1

Species  Mole Fraction

O, 0.1477
CH,4 0.2954
N> 0.5569

After the simulation was performed according to itlet conditions (table 5.2 and
5.3) through improved FORTRAN code based on thegsed reduction method, the

below relative necessity values for each specie®hrained as follows:
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Table 5.4: Relative necessity values of each species in CBO%ethane

Species Necessity Value
CH,4 5.06E-10
0O, 4.31E-08
O 3.92E-13
H.O 2.59E-10
H 1.06E-12
H.0, 3.83E-11
H, 2.23E-12
CO 2.31E-11
CO, 4.51E-12
CH,O 3.42E-10
CHO 5.68E-11
CH,OH 9.32E-12
OH 3.48E-10
CH3;OH 1.53E-11
CHjs 5.89E-10
CH30 1.35E-11
CH 1.10E-24
CH, 6.36E-17
CHa(S) 1.03E-17
CoH, 1.86E-35

CH302 4.31E-08
CHzOH 7.54E-14

CoHa 2.60E-20
CoHs 1.72E-12
N2 4.31E-08

Different cutoff levels are defined according téatere necessity values of species,
different skeletal mechanisms are obtained basdtese cutoff levels. These cutoff
levels can be seen in the below diagram. Cutoférhaves the species from the
mechanism which have a necessity value lower th@B-24, cutoff 2 removes the
species from the mechanism which have a necessig Vower than 1.0E-17, cutoff
3 removes the species from the mechanism which aawecessity value lower than
1.0E-16, cutoff 4 removes the species from the misin which have a necessity
value lower than 1.0E-13 and cutoff 5 removes theces from the mechanism

which have a necessity value lower than 1.0E-12.

54



1,00E-09
1,00E-11 -
1,00E-13 -
1,00E-15 -
1,00E-17 -
1,00E-19 -
1,00E-21 -
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1,00E-27 -
1,00E-29 -
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1,00E-33 -
1,00E-35 -
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C2H4
C2H6

CH4
N2

N
(O}e)

Figure 5.1: Implementation of the cutoff levels according te tiecessity values of
the species for CPOX of methane

The list of the removed species numbers and thaireng total reaction numbers

are shown in table 5.5.

Table 5.5: Remaining species numbers and reaction numbersdifterent skeletal
mechanisms for CPOX of methane: C/0=1.0

Mechanism Number of Remaining Species Number of Reactions
Detailed 26 108
Skeletal_1 24 97
Skeletal_2 22 89
Skeletal_3 21 84
Skeletal_4 20 78
Skeletal 5 19 61

The list of the deleted species are shown in téble

Table 5.6: The list of the deleted species according to s&eletal mechanism

Mechanism Deleted Species

Skeletal_1 GH, CH

Skeletal 2 GH, CH CH, CH, (s)

Skeletal_3 GH, CH CH, CH, (s) CH

Skeletal_4 GH, CH CH,4 CH,(s) CH CH;0H
Skeletal_5 GH, CH GH, CH;(s) CH CH;O.H O
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Predictions for the distribution of important spescin the batch reactor of the detailed and

skeletal mechanisms are shown in the following lgicgp

Figure 5.2:
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|- ——————— Skeletal_1(2a
— Skeletal 2({22
- Skeletal 3{21
—— Skeletal_4(20
| ————— Skeletal 5(19
8.0E-03 |—
= L
2
B i
—_ —
L 4 0OE-03
=2 B
[=]
= B
20E-03 |~

0.0E+000

Time [s]
Numerically predicted CH¥D and H distribution in CPOX of methane as a
function of timein the batch reacto€/0=1.0, 1005.78 K
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@
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Figure 5.3: Numerically predicted CHand Q distribution in CPOX ofethane as
a function of time in théatch reactorC/O=1.0, 1005.78 K
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Figure 5.4: Numerically predicted C@and CO distribution in CPOX of methane as
a function of time in the batch reactor: C/0=1.004.78 K
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As it can be seen from the above graphics, skeletalskeletal 3 mechanisms give
almost the same results with the detailed mechansimmole fraction profiles of
skeletal 4 and skeletal 5 deviate from the detaiethanism. The differences (or
errors) from the detailed mechanism of skeletal dkieletal 3 mechanisms are lower
than 1%. However, the differences with skeletal ntl &keletal 5 mechanisms
increase. The meaning of error here is the deviatfdhe mole fraction results of the
skeletal mechanisms from the detailed mechanisme ni@ction results in a
percentage interval. Error levels of mole fractiesults of skeletal mechanisms are
calculated through equation (5.1)

xdet _x

Error = ( Ske'j (100 % (5.1)

det

where X, represents mole fraction of the detailed mechanam, X, represents

mole fraction result of the skeletal mechanism.

Error levels of the skeletal mechanisms at 4.2E&02given in the below table.

Table 5.7: Errors of the skeletal mechanisms for the predistiof important species
distribution in the batch reactor for CPOX of meteaC/O=1.0, 1005.78 K

H, O, H,O CcO CcO, CH, CH,O C,Hs CH;OH
Mechanism Error% Error% Error% Error% Error% Error% Error% Error%  Error%

Skeletal_1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Skeletal_2 0.06  0.00 0.08 0.09 0.02 0.02 0.02 0.15 0.08
Skeletal_3 0.06 0.06 0.08 0.09 0.02 0.02 0.02 0.16 0.09
Skeletal_4 18.87 10.83 14.13 12.99 29.57 2.74 3.55 10.87 6.52
Skeletal_5 22.46 14.54 20.08 21.13 29.11 3.70 3.92 16.37 9.39

According to the error levels, skeletal-3 mechanimchosen as the reduced

mechanism for this case and it is shown with acaddr in the below table.

The simulations aren’t performed just for one exawie. The next simulation is

performed for 0.2 seconds.

Predictions for the distribution of important speciin the batch reactor of the

detailed and skeletal mechanisms are shown irollenwing graphics.

57



Figure 5.5:

Figure 5.6
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Figure 5.7: Numerically predictedCO, and CO distribution in CPOX of methane as a

function of time in the batch reactor: C/0=1.0, 80® K, t=0.2s
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It is seen again that skeletal-1 to skeletal-3 rapidms give very consistent results.
The differences from the detailed mechanisms arewbed.1 %. Skeletal 4
mechanism gives for all species an error level wel® % except @ For G the
difference is about 15 %. Skeletal 5 mechanismnmmpredict @, CH,O, CHOH
mole fractions very accurately. The errors of &klstal mechanisms at 0.2 time is

given in the below table:

Table 5.8: Errors of the skeletal mechanisms for the predistiof important species
distribution in the batch reactor for CPOX of i-agé: C/O=1.6, 1005.78 K,

t=0.2s

H, 0, H,O co co, CH, CH,O0 CHg CHsOH
Mechanism  %Error %Error  %Error  %Error  %Error  %Error  %Error  %Error  %Error
Skeletal_1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Skeletal_2 0.02 0.00 0.01 0.03 0.05 0.01 0.01 0.07 0.05
Skeletal_3 0.02 0.08 0.01 0.03 0.05 0.01 0.02 0.08 0.06
Skeletal_4 4.69 14.79 0.70 1.60 0.52 0.63 7.20 0.11 6.70
Skeletal_5 5.81 27.85 1.65 3.20 0.01 1.26 12.16 93.8 15.05

It is seen again that skeletal-3 mechanism giveg geod results, and it is chosen as
the reduced mechanism for the new condition. Aftese calculations, it is seen that
the code gives consistent results for methane CR&xXtion mechanism. Finally, it
is possible to delete up to 5 species and 24 meactvithout any lose of information
in the CPOX simulations of methane mechanism. Sig, decided to make further

calculations with the detailed i-octane mechanism.

5.4.2 Results of The Batch Simulations With The LLNL I-Odane Mechanism
As the last simulation (methane detailed reactioeclmnism) was performed
through improved FORTRAN code that correlates VBBBTHCEMPA™®" | i-octane

simulations will also be performed in the same code

Applicability of the proposed reduction method tbhe CPOX study of i-octane will

be investigated in this section. In more detaiél fand oxygen consumption, major
products (H, CO, HO and CQ) and by-products (methane, ethylene, propylene and
iIso-butylene) occurrence will be examined. All #ndw/-products play a significant
role as coke and soot precursors, hence understaride behavior of these by-
products is crucial to understand coke formationhia catalyst. Accurate and fast
prediction of fuel, oxygen, major products and bgeducts by the reduced

mechanisms will be investigated through the sinhat
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The parameters used at i-octane batch code simngafnot the mole fractions, but
parameters) are always constant (except reactopeeture, C/O ratio and

simulation time). As it is seen in table 5.9, thstfsimulation time is chosen as 4.2
E-02 s. And the reason of specifically selecting time is the occurrence of the
contact time specifically at this time. Becauseftrst aim of this study is to validate

the proposed method for rich conditions, C/O ratios set for 1.2, 1.6 and 2.0. But,
the conformity of the code for lean mixtures wid lmvestigated, as well. C/O ratio
for lean mixture is set as 0.8. The first simulatis performed for C/O=1.6 and
4.2E-02 seconds. The parameters and initial malgiéms used in the simulation for

this case are shown in table (5.9) and table (pré8pectively;

Table 5.9: Initial parameters of i-octane simulation for C/O&1

Parameter Value
Reactor Volume () 2.83 E-06
Diameter (m) 0.019
Radius (m) 9.50 E-03
Length (m) 1.00 E-02
Area (nf) 2.83 E-04
Pressure (Pa) 101325
Reactor Temperature (K) 1005.78
C/O 1.6
Simulation Time (s) 4.2 E-02

Table 5.10: Initial mole fractions of reactants for C/O=1.6

Species Mole Fraction

ICgH1sg 5.71E-02
O, 1.43E-01
Ny 8.00E-01

The results of the simulations are given respelgtivéhe remaining reaction

numbers and species numbers can be seen in the tadiie.
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Table 5.11: Remaining species numbers and reaction numbersdifterent skeletal
mechanisms for CPOX of i-octane: C/0=11605.78 K

Mechanism Number of Remaining Specie Number of Reactions

Detailed 857 7191
Skeletal_1 587 5473
Skeletal_2 515 4827
Skeletal_3 434 4103
Skeletal _4 382 3599
Skeletal _5 338 3169
Skeletal _6 312 2903
Skeletal 7 287 2723

Predictions for the distribution of important speciin the batch reactor of the

detailed and skeletal mechanisms are shown irollening graphics.
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Figure 5.8: Numerically predictedH, and IGH,g distribution in CPOX of i-octane as a
function of time in the batch reactor: C/0=1.6, 80® K
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Figure 5.11: Numerically predicted,H, and CQ distributionin CPOX of i-octanes
a function of time in théatch reactor: C/0=1.6, 1005.78 K

In addition to the above main products and by-pct&lusome of the main products,

by-products and radical results can be found iraffpeendix section.

It is seen on the graphics that skeletal mechangives similar profiles for each
observed species. But, it is not easy to comparedsults just according to the mole
fraction profiles on the graphics, or it can evennhisleading sometimes. Because it
can be just a rough estimation for the comparisbndetailed and skeletal
mechanisms. The main idea of observing the grapkid® see whether or not
skeletal mechanisms give similar mole fraction pesf In order to compare the
detailed and skeletal mechanisms in more deta, ltetter to investigate the error
levels of each skeletal mechanism. The error levklhe skeletal mechanisms for

the important reactants, products and by-produgtshown in tables 5.12 and 5.13
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(C/O = 1.6 and simulation time is 4.2 e-2 s). Thstlskeletal mechanism (maximum

deleted species with minimum error) is shown witleécolor in the tables.

Table 5.12: (a) Errors of the skeletal mechanisms for the ptadis of important species
distribution in the batch reactor for CPOX of i-aae: C/O=1.6, 1005.78 K
Mechanism  WEror% QEmor% gl 0.l gl E gy
Skeletal_1 0.01 0.00 0.02 0.02 0.01 0.00 0.00 0.00
Skeletal _2 0.01 0.01 0.06 0.07 0.02 0.01 0.01 0.01
Skeletal _3 0.11 0.14 1.24 0.97 1.97 0.01 0.67 0.15
Skeletal _4 0.13 0.15 1.36 1.07 2.12 0.03 0.72 0.14
Skeletal _5 0.19 0.20 1.80 1.59 2.68 0.07 0.92 0.10
Skeletal _6 0.30 0.32 2.79 2.42 3.95 0.01 1.43 0.12
Skeletal _7 0.60 2.66 30.87 26.19 25.63 3.96 12.53 0.00
Table 5.13: (b) Errors of the skeletal mechanisms for the mtémhis of important species
distribution in the batch reactor for CPOX of i-aae: C/O=1.6, 1005.78 K
Mechanism C?Ha  CeHz  CaHe ICiHg  ICgHig  CHg OH HCCO CH,CHO
Error% Error% Error%  Error%  Error % Error% Error% Error%  Error%
Skeletal _1  0.02  0.00 0.00 0.01 0.00 0.01  0.02 0.01 0.01
Skeletal _2  0.04  0.11 0.00 0.00 0.02 0.01  0.04 0.11 0.04
Skeletal _3 0.31  0.60 0.04 0.06 0.28 0.00  0.92 0.93 0.75
Skeletal _4 0.44  0.70 0.03 0.06 0.32 0.00 1.04 1.09 0.86
Skeletal _5 0.58  0.90 0.02 0.10 0.44 0.02 153 1.64 1.27
Skeletal 6  1.07 1.59 0.17 0.20 0.71 0.17  2.67 2.95 2.33
Skeletal 7 6.98  20.12 2.51 1.81 5.94 448 2322 8®5 21.46

Error levels of skeletal 1, skeletal 2 and skel8tahechanisms are lower than 2 %.

Skeletal 4, skeletal 5 and skeletal 6 mechanisws lgiwer than 4 % error levels.

Error levels of skeletal 7 mechanism increase $hdop some species such as £0

and HO.

CPU times of the detailed mechanism and all théegldemechanisms are shown in

table 5.14.

Table 5.14: CPU times of CPOX of i-octane simulations in batehctor: C/O=1.6,

1005.78 K

Mechanism CPU Time Mechanism CPU Time

Detailed 2,31 Skeletal 4 0,58

Skeletal 1 1,29 Skeletal 5 0,51

Skeletal 2 1,17 Skeletal 6 0,48

Skeletal 3 1,06 Skeletal 7 0,41
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Finally, skeletal-6 is chosen as the reduced mashmfor C/O=1.6 and 4.2E-02 seconds.

Because it gives consistent results without muais lof information and reduces the CPU

times well. Remaining species versus error % grapbsalso plotted for some species, and

they can be seen below.
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Simulation is not performed just for one casesiperformed for different cases, as
well. The next simulation is performed for C/O=2abd 4.2E-02s case. The

parameters and initial mole fractions of this caseshown in the following tables,

Table 5.15: Initial parameters of i-octane simulation for C/0&2

Parameter Value
Reactor Volume (19 2.83 E-06
Diameter (m) 0.019
Radius (m) 9.50 E-03
Length (m) 1.00 E-02
Area (nf) 2.83 E-04
Pressure (Pa) 101325
Reactor Temperature (K) 998.26
C/O 2.0
Simulation Time (S) 4.2 E-02

Table 5.16: Initial mole fractions of reactants for C/0=2.0

Species Mole Fraction

ICgH1e 6.67E-02
O, 1.33E-01
N> 8.00E-01

The results of the simulations are given respelgtivéhe remaining reaction
numbers and species numbers can be seen in the tadiie.

Table 5.17: Remaining species numbers and reaction numbersdifterent skeletal
mechanisms for CPOX of i-octane: C/0=2.0, 998.26 K

Mechanism Number of Remaining Species Numb®&emnaining Reactions
Detailed 857 7191
Skeletal 1 588 5475
Skeletal _2 514 4821
Skeletal 3 430 4049
Skeletal 4 380 3489
Skeletal _5 336 3155
Skeletal _6 320 2933
Skeletal 7 286 2701
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Predictions for the distribution of important speciin the batch reactor of the

detailed and skeletal mechanisms are shown irollening graphics.
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Figure 5.15: Numerical prediction of Hand IGHg distribution in CPOX of i-octane as a
function of time in thédatch reactorC/0=2.0, 998.26 K
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Figure 5.16: Numerical prediction of §0 and GH; distribution in CPOX of i-octane as a
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Figure 5.18: Numerical prediction of ¢4, and CQ distributionin CPOX of i-octanes
a function of time in théatch reactor: C/0=2.0, 998.26 K

As it is seen on the graphics, all skeletal medranigive similar mole fraction
profiles for C/O=2.0 case. In order to examine itbgults in detail, error levels are
calculated again. Error levels of the skeletal naatdms for C/0=2.0 and 4.2E-02
seconds can be seen in table 5.18 and table 5H®© b&st skeletal mechanism is
shown with a red color in the tables.

In addition to the above main products and by-pct&lusome of the main products,
by-products and radical results (¢HOH, HCCO CH,CHO) are shown in the

appendix section, as well. But, error levels of alhsidered species are shown in
table 5.18 and table 5.19. And as it is seen frbengraphs and error levels, the

method gives consistent results for radicals, dk we

Table 5.18: (a) Errors of the skeletal mechanisms for the iptiehs of important species
distribution in the batch reactor for CPOX of i-acé: C/0=2.0, 998.26 K

H, O, H,O CcoO CO, CH, CH,O C,Hs
Mechanism Error% Error% Error% Error% Error% Error%  Error%  Error %
Skeletal_1 0.00 0.00 0.02 0.02 0.01 0.00 0.00 0.00
Skeletal_2 0.02 0.01 0.07 0.09 0.06 0.01 0.03 0.02
Skeletal_3 0.12 0.14 1.37 1.01 2.58 0.00 0.75 0.13
Skeletal_4 0.14 0.15 1.49 1.12 2.72 0.01 0.80 0.13
Skeletal_5 0.19 0.20 1.96 1.66 3.30 0.07 1.00 0.06
Skeletal_6 0.26 0.27 2.67 2.22 4.04 0.13 1.34 0.09
Skeletal_7 0.01 2.63 34.95 28.19 27.10 4.03 13.44 3.72
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Table 5.19: (b) Errors of the skeletal mechanisms for the jotemhs of important species
distribution in the batch reactor for CPOX of i-acé: C/0=2.0, 998.26 K

C,H, C,H, C3Hg IC4Hg ICgH15 CHs OH HCCO CH,CHO
Mechanism Error% Error% Error% Error% Error% Error% Error% Error% Error%

Skeletal _1 0.02 0.00 0.00 0.01 0.00 0.00 0.03 0.01 0.01
Skeletal_2 0.06 0.16 0.01 0.00 0.02 0.01 0.05 0.06 0.04
Skeletal _3 0.32 0.67 0.06 0.09 0.24 0.02 101 809 0.75
Skeletal _4 0.47 0.74 0.05 0.10 0.26 0.02 113 311 0.86
Skeletal _5 0.62 0.97 0.05 0.14 0.36 0.01 163 916 1.27
Skeletal _6 1.01 1.54 0.15 0.24 0.51 0.10 238 425 194
Skeletal _7 7.13 20.46 3.21 2.52 4.99 4.75 25.246.412 22.40

The error levels of skeletal 1, skeletal 2 and etlabl3 are again lower than 2 %.
Skeletal 4, skeletal 5 and skeletal 6 give lowanth % error levels. The error levels

of skeletal 7 mechanism increase sharply agaisdore species.
CPU times of the detailed mechanism and all théetldlemechanisms are shown in

table 5.20.

Table 5.20: CPU times of CPOX of i-octane simulations in bateactor: C/0=2.0,
998.26 K

Mechanism CPU Time

Detailed 2,26
Skeletal 1 1,27
Skeletal 2 1,16
Skeletal 3 1,04
Skeletal 4 0,58
Skeletal 5 0,52
Skeletal 6 0,46
Skeletal 7 0,42

Finally, skeletal 6 is chosen again as the redubeghanism. Because it gives
consistent results without much loss of informato reduces the CPU times well.
Remaining species versus error % graphs are plédtedome species again, and

they can be seen below.
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The next simulation is performed for C/O=1.2 caSinulation conditions of this

case is shown in the table 5.21 and table 5.22,

Table 5.21: Initial parameters of i-octane simulation for C0Zand 4.2E-02 s

Parameter Value
Reactor Volume () 2.83 E-06
Diameter (m) 0.019
Radius (m) 9.50 E-03
Length (m) 1.00 E-02
Area (nf) 2.83 E-04
Pressure (Pa) 101325
Reactor Temperature (K) 1017.86
C/O 1.2
Simulation Time (s) 4.2 E-02

Table 5.22: Initial mole fractions of reactants for C/0=1.2

Species Mole Fraction

ICgH1s 4.62E-02
O} 1.54E-01
N, 8.00E-01

The remaining reaction and species numbers caadreis table 5.23.

Table 5.23: Remaining species numbers and reaction numberddifterent skeletal
mechanisms for CPOX of i-octane: C/O=1.2, 1017.86 K

Mechanism Number of Remaining Species Number of &eimg Reactions
Detailed 857 7191
Skeletal_1 591 5505
Skeletal_2 521 4907
Skeletal_3 436 4149
Skeletal_4 389 3659
Skeletal_5 343 3191
Skeletal_6 320 3073
Skeletal 7 293 2729

Predictions for the distribution of important speciin the batch reactor of the

detailed and skeletal mechanisms are shown irollening graphics.
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Figure 5.22: Numerically predicted KHand IGH1g distribution in CPOX of i-octane
as a function of time in the batch reactor: C/O=1@17.86 K
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Figure 5.24: Numerically predicted ©and IGHs distribution in CPOX of i-octane
as a function of time in the batch reactor: C/O=1@17.86 K
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Figure 5.25: Numerically predicted, and IGHg distribution in CPOX of i-octane
as a function of time in the batch reactor: C/O71(217.86 K

As it is seen on the graphics, all skeletal medranigive similar mole fraction
profiles for C/O=1.2 case. In order to examine itbgults in detail, error levels are
calculated again. Error levels of skeletal mecharigor C/O=1.2 can be seen in
table 5.24 and table 5.25. The best skeletal mestmais shown with a red color in
the tables. In addition to the main products anepimgucts some of the main
products, by-product and radical results ¢C8BH, HCCQ CH,CHO) are shown in
the appendix section, as well. Error levels ofodithem are shown in table 5.24 and
table 5.25. And as it is seen from the graphs anor devels, the method gives

consistent results for radicals, as well.

Table 5.24: (a) Errors of the skeletal mechanisms for the ptixhs of important species
distribution in thebatch reactofor CPOX of i-octane: C/O=1.2, 1017.86 K

H, 0, H,O Cco CO, CH, CH,O C,Hs

Mechanism Error%  Error% Error% Error% Error% Error% Error% Error%
Skeletal_1 0.10 0.14 1.03 0.87 1.38 0.03 0.55 0.15
Skeletal_2 0.11 0.15 1.11 0.95 1.49 0.04 0.58 0.16
Skeletal_3 0.11 0.15 1.11 0.93 1.48 0.04 0.57 0.16
Skeletal_4 0.14 0.20 1.44 1.34 1.84 0.04 0.76 0.20
Skeletal_5 0.15 0.20 1.48 1.35 1.86 0.04 0.76 0.20
Skeletal_6 0.27 0.29 2.05 1.91 2.73 0.12 0.87 0.21
Skeletal_7 0.47 1.69 12.69 12.65 14.77 2.31 6.49 .201
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Table 5.25: (b) Errors of the skeletal mechanisms for the mtémhs of important species
distribution in the batch reactor for CPOX of i-acé: C/0O=1.2, 1017.86 K

C,H, C,H, CsHg IC,Hg ICgH1g CH; OH HCCO CH,CHO
Mechanism Error% Error% Error% Error%  Error% Error% Error% Error% Error%

Detailed 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 .000
Skeletal_1  0.27 0.49 0.00 0.02 0.36 0.01 0.02 0.01 0.00
Skeletal_2  0.36 0.56 0.02 0.02 0.40 0.03 0.00 0.19 0.00
Skeletal_3  0.36 0.55 0.02 0.02 0.40 0.03 0.80 0.89 0.78
Skeletal_4  0.44 0.72 0.06 0.02 0.52 0.05 0.86 0.92 0.81
Skeletal 5 0.44 0.75 0.06 0.02 0.53 0.02 1.30 1.34 1.18
Skeletal_6  0.53 1.19 0.76 0.04 0.79 0.08 1.84 2.17 1.70
Skeletal_7  4.07 17.01 0.38 0.29 4.51 3.10 13.31 3316. 12.68

The error levels of skeletal 1, skeletal 2, skél@takeletal 4, skeletal 5 and skeletal
6 are lower than 3%. Error levels of skeletal 7 n@eism increase sharply again for

some species.

CPU times of detailed mechanism and all skeletathaeisms are shown in table
5.26.

Table 5.26: CPU times of CPOX of i-octane simulations in batehctor: C/0=1.2,
1017.86 K

Mechanism CPU Time

Detailed 2,39
Skeletal 1 1,3
Skeletal 2 1,16
Skeletal_3 1,03
Skeletal 4 0,56
Skeletal 5 0,52
Skeletal 6 0,49
Skeletal 7 0,43

Skeletal 6 mechanism is chosen again as the redueetianism. Because it gives
consistent results without much loss of informato reduces the CPU times well.
Remaining species versus error % graphs are pléttedome species again, and

they can be seen below.
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The last simulation is performed for C/O=0.8 case4.2E-02 seconds. Simulation

conditions of this case are shown in the table ar&¥table 5.28.

Table 5.27: Initial parameters of i-octane simulation for C/0C8-@nd 4.2E-02 s

Parameter Value
Reactor Volume (19 2.83 E-06
Diameter (m) 0.019
Radius (m) 9.50 E-03
Length (m) 1.00 E-02
Area (nf) 2.83 E-04
Pressure (Pa) 101325
Reactor Temperature (K) 1374.85
C/O 0.8
Simulation Time (S) 4.2 E-02

Table 5.28: Initial mole fractions of reactants for C/0=0.8

Species Mole Fraction
ICsH1g 3.33E-02
O, 1.67E-01
N> 8.00E-01

The remaining reaction and species numbers caadreis table 5.29.

Table 5.29: Remaining species numbers and reaction numberddifterent skeletal
mechanisms for CPOX of i-octane: C/0=0.8, 1374.85 K

Mechanism Number of Remaining Species  Number of Reactions
Detailed 857 7191
Skeletal 1 608 5703
Skeletal_2 540 5121
Skeletal_3 441 4113
Skeletal 4 381 3665
Skeletal 5 332 3315
Skeletal_6 315 3127
Skeletal_7 270 2463

Predictions for the distribution of important speciin the batch reactor of the

detailed and skeletal mechanisms are shown irollewing graphics.
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As it is seen on the graphics, all skeletal medransigives similar mole fraction

profiles for C/0O=0.8 case. Error levels of skelata@chanisms for C/O=0.8 can be
seen in table 5.30 and table 5.31. The best sketetahanism is shown with a red

color in the tables. In addition to the above mainducts and by-products, some of
the main products, by-products and radical reg@ts;, OH, HCCQ CH,CHO) are

shown in the appendix section, as well. As it BnsiEom the graphs and error levels

the method gives consistent results for the leawitions, as well.

Table 5.30: (a) Errors of the skeletal mechanisms for the ptixis of important species
distribution in thebatch reactofor CPOX of i-octane: C/0=0.8, 1374.85 K

H, 0, H,O co co, CH, CH,O CoHs
Mechanism Error%  Error% Error% Error%  Error%  Error% Error% Error%
Skeletal_1 0.00 0.03 0.01 0.00 0.00 0.04 0.00 0.01
Skeletal_2 0.00 0.05 0.01 0.00 0.01 0.05 0.00 0.04
Skeletal_3 0.00 0.05 0.01 0.00 0.01 0.05 0.00 0.04
Skeletal_4 0.00 0.05 0.01 0.00 0.01 0.05 0.00 0.03
Skeletal_5 0.01 0.05 0.01 0.00 0.01 0.04 0.00 0.02
Skeletal_6 0.01 0.05 0.01 0.00 0.01 0.04 0.00 0.02
Skeletal 7 0.00 0.04 0.01 0.00 0.01 0.04 0.00 0.02

Table 5.31: (b) Errors of the skeletal mechanisms for the mtémhs of important species
distribution in thebatch reactofor CPOX of i-octane: C/0=0.8, 1374.85 K

C,H, C,H, CsHg IC4Hg CH; OH HCCO CH,CHO
Mechanism Error% Error% Error% Error% Error% Error% Error% Error%
Skeletal_1 0.04 0.49 0.03 13.24 0.00 0.00 0.00 0.00
Skeletal 2 0.05 0.56 0.04 13.22 0.02 0.05 0.11 0.08

77



Table 5.31: (Continued)(b) Errors of the skeletal mechanisms for the mtemfis of
important species distribution in tHeatch reactoifor CPOX of i-octane:
C/0=0.8, 1374.85K

C,H, C,H, CsHg IC,Hg CH; OH HCCO CH,CHO
Mechanism Error% Error% Error% Error% Error% Error% Error% Error%

Skeletal_3 0.05 0.55 0.04 13.24 0.01 0.05 0.10 0.07
Skeletal_4 0.05 0.72 0.04 13.24 0.00 0.05 0.08 0.05
Skeletal_5 0.04 0.75 0.03 13.67 0.01 0.05 0.09 0.06
Skeletal_6 0.04 1.07 0.03 13.67 0.01 0.05 0.09 0.07
Skeletal_7 0.04 10.14 0.04 13.67 0.41 1.56 6.85 04.6

The error levels of skeletal 1, skeletal 2, skél@taskeletal 4, skeletal 5 and skeletal
6 are lower than 1% exceptds species. The error level of J8gis at about 13%
for all skeletal mechanisms. The error level@fH,s cannot be defined because at
this time (4.2E-02) the mole fraction of ddig goes to zero, in other words, full
conversion of i-octane is reached. The error lewélskeletal 7 mechanism increase
sharply again for some speciesiflp). Finally, CPU times of detailed mechanism

and all skeletal mechanisms are shown in table. 5.33

Table 5.32: CPU times of CPOX of i-octane simulations in batehctor: C/0=0.8,
1374.85 K

Mechanism CPU Time

Detailed 29,30
Skeletal_1 21,06
Skeletal 2 19,23
Skeletal 3 16,01
Skeletal 4 14,05
Skeletal 5 2,28
Skeletal 6 2,18
Skeletal 7 1,54

Skeletal 6 is chosen again as the reduced mechdioisi®/O=0.8 for 4.2E-02
seconds. Because it gives consistent results withmuch loss of information and
reduces the CPU times well. Remaining species sexgor % graphs are plotted for

some species again, and they can be seen below.

78



5.0E-03

= c/o=0.8
i H, t=4.2E-02s

4.0E-03 [
3.0E-03

= |

a B

S i

= B
2.0E-03 [
1.0E-03 |-
00E+007""""""""" N SR
: 300 400 500 600 700 500

Species
Figure 5.33: Remaining Species — Error % of; th CPOX of i-octane: C/0=0.8,
1374.85 K
1.4E+01
B c/o=0.8

1.2E+01 |- Ic,H, t=4.2m-02s
1.0E+01 |-

== B.0E+00 |-

5 B

: |

W0 6.0E+00 [—
4.0E+00 |
2.0E+00 |-
00E+007""""""'""'"""""'
. 300 400 500 600 700 500

Species

Figure 5.34: Remaining Species — Error % of i in CPOX of i-octane: C/0=0.8,
1374.85 K

It is seen for 4.2E-02 seconds that newly improveduction method based on
necessity analysis gives consistent results up3t®46 % species and 63-64 %
reactions deleting for all observed working comis including rich and lean
conditions. But, in order to validate the methodIweext simulation time is chosen
as 1.0 second. In such a long time, in comparigoprevious simulation time,
inconsistent results can deviate much from theildetanechanism. Next simulation
time is chosen as 1.0 seconds from this point @vviGraphs, error levels and CPU

times of C/O=1.6 simulation will be shown, respeely.

The parameters and initial mole fractions used ®@©0=1.6 for 1.0 seconds

simulation are shown in table 5.33 and table 5.34.
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Table 5.33: Initial parameters of i-octane simulation for C/O&and 1.0 second

Parameter Value
Reactor Volume (19 2.83 E-06
Diameter (m) 0.019
Radius (m) 9.50 E-03
Length (m) 1.00 E-02
Area (nf) 2.83 E-04
Pressure (Pa) 101325
Reactor Temperature (K) 1005.78
C/O 1.6
Simulation Time (S) 1.0

Table 5.34: Initial mole fractions of reactants for C/O=1.6

Species Mole Fraction

ICgH1e 5.71E-02
O 1.43E-01
N> 8.00E-01

The remaining reaction and species numbers caadyeis table 5.35.

Table 5.35: Remaining species numbers and reaction numbeudifferent skeletal
mechanisms for CPOX of i-octane: C/O=1.6, 1005.78K.0 s

Mechanism Number of RemainingSpecies Number of Reactions
Detailed 857 7191
Skeletal 1 653 5945
Skeletal_2 573 5377
Skeletal_3 483 4535
Skeletal 4 439 4163
Skeletal 5 337 3183
Skeletal_6 314 2989
Skeletal_7 286 2629

Predictions for the distribution of important speciin the batch reactor of the

detailed and skeletal mechanisms are shown irollening graphics.
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As it is seen on the graphics, all skeletal medmsigives similar mole fraction
profiles for C/O=1.6 and 1.0s of simulation timesealn addition to above main
products and by-products, some of the main produmtgroducts radical results
(CHs, OH, HCCO, CHCHO) are shown in the appendix section, as weltorEr
levels of species related to skeletal mechanismsbeaseen in table 5.36 and table

5.37. The best skeletal mechanism is shown wittdacolor in the tables.

Table 5.36: (a) Errors of the skeletal mechanisms for the ptais of important species
distribution in thebatch reactofor CPOX of i-octane: C/O=1.6, 1005.78 K,

t=1.0s

H, O, H,O CO CGo, CH, CH,O C.He
Mechanism Error%  Error% Error% Error%  Error% Error% Error% Error%
Skeletal_1 0.03 0.06 0.01 0.00 0.02 0.00 0.01 0.01
Skeletal_2 0.03 0.06 0.01 0.00 0.02 0.00 0.01 0.02
Skeletal_3 0.13 5.86 0.13 0.08 0.15 0.22 1.24 0.17
Skeletal_4 0.14 5.63 0.13 0.09 0.07 0.23 1.15 0.16
Skeletal_5 0.18 6.97 0.18 0.10 0.14 0.16 3.00 0.00
Skeletal_6 0.31 141 0.10 0.22 0.48 0.27 6.87 1.26
Skeletal_7 2.67 0.71 0.57 0.68 1.61 0.00 3.32 2.01

Table 5.37: (b) Errors of the skeletal mechanisms for the mtémhis of important species
distribution in thebatch reactofor CPOX of i-octane: C/O=1.6, 1005.78 K,
t=1.0s

C2H4 C2H2 C3H6 IC4H8 IC8H18 CH3 OH HCCO CH2CHO
Mechanism Error% Error% Error% Error% Error% Error% Error% Error% Error%

Skeletal_1 0.02 0.02 0.01 0.02 0.06 0.03 0.01 0.06 0.03
Skeletal 2
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Table 5.37: (Continued)(b) Errors of the skeletal mechanisms for the mtemfis of
important species distribution in tHeatch reactoifor CPOX of i-octane:
C/0=1.6, 1005.78 K, t=1.0s

C2H4 C2H2 C3H6 IC4H8 IC8H18 CH3 OH HCCO CH2CHO
Mechanism Error% Error% Error% Error% Error% Error% Error% Error% Error%

Skeletal_3 0.15 0.37 0.18 0.92 0.61 1.64 0.05 426 2.92
Skeletal_4 0.15 0.35 0.20 0.93 0.57 1.59 0.02 416 2.85
Skeletal_5 0.29 0.76 0.44 0.86 1.05 1.71 0.43 453 3.24
Skeletal_6 1.98 7.08 2.48 0.22 2.28 0.93 0.53 1.21 0.19
Skeletal_7 3.23 7.11 1.62 1.17 8.60 1.62 0.57 3.65 0.60

Error levels of skeletal mechanisms from skelettd $keletal 5 are lower than 7%.
Skeletal 6 gives unacceptable errors for 8keletal 7 gives less error than skeletal 6

for Oy, but it gives more errors for other species thiweoskeletal mechanisms.
Finally, CPU times of detailed mechanism and adllstal mechanisms are shown in

table 5.38.

Table 5.38: CPU times of CPOX of i-octane simulations in Batehctor: C/O=1.6,
1005.78 K, t=1.0 s

Mechanism CPU Time

Detailed 20,23
Skeletal 1 12,59
Skeletal 2 10,45
Skeletal 3 8,27
Skeletal 4 7,1

Skeletal 5 5,38
Skeletal 6 4,55
Skeletal 7 4,25

Skeletal 6 is chosen as the reduced mechanismuBedagives consistent results

without much loss of information and reduces thé&J@ikhes well.

Remaining species versus error % graphs are platiath, and they can be seen in
the below table. Because of the limited numberrapgs in order, the other graphs

are shown in the appendix again.
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In a conclusion of i-octane results for differed©OCGatios, full conversion of i-octane
Is obtained in fuel lean mixtures which resultsncreasing HO and CQ selectivity.
It is the result of full conversion of i-octane K g).

The amount of oxygen is too little for full conviens at fuel rich conditions. 56 %

conversion of i-octane is obtained at C/0=2.0 coowli

Methane dominates by-products at fuel lean conltithat is followed by acetylene
(CH2) and ethylene (€H4). Propylene (6He) and iso-butylene (I§Hs) does not
play significant role at this condition (they areoguced in the beginning of the

CPOX process, but further consumed again througlialfowing reactions).

Iso-butylene and propylene selectivities increasesler fuel rich conditions.
Methane has also high selectivity under fuel riomditions. In contrast, acetylene
and ethylene selectivities decreases with the astng C/O ratios. Their selectivities

are high under fuel lean conditions.

Finally, it is seen that the reduction method alawaking the above investigations
of CPOX of i-octane process consistent with thaited mechanism results up to %
61-62 species and % 58-60 reactions deleting nigtfonsmall time scales but also

for long time scales such as 1.0 seconds.

5.4.3Comparison of The Batch Simulations of Necessity rfalysis Method And
Necessity Analysis With Simultaneously Combined Sertivity And

Reaction Flow Analysis Through Each Reaction Method

In this chapter the differences of necessity amalgsethod and necessity analysis
with simultaneously combined reaction flow and gentsy analysis through each
reaction method for the prediction of the importapécies distribution in the batch
reactor for CPOX of iso-octane is introduced. Inta@ot species distribution
comparisons of these two method will be performedtivo different conditions
respectively; one is for C/O=1.6 case and the oihdor C/O=1.2 case. Reactant,
main product and by-product distribution predicsionill be considered during the
comparison. Necessity analysis with simultaneoustmbined sensitivity and
reaction flow analysis through each reaction mettsodeclared as the improved
method in the graphs and at graph explanationst bfodhe comparison graphs are

shown in the appendix section because of the dpattation.
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Necessity analysis method results with 385 spegiiess similar prediction results with the

detailed mechanism excepiHs-2 by-product result for C/O=1.6 case. However Bsitg

analysis method results with 373 species givestisfasetory distribution prediction results
especially for by-products such asHg2,CHs-1 ,GHg and for some radicals such as

HCCO. Improved method results with 312 speciesdssity analysis with simultaneously

combined sensitivity and reaction flow analysisotigh each reaction method) which was

selected as the reduced mechanism for C/O=1.6grase similar results with the detailed
mechanism for all considered species results. Btralso be pointed out that both methods

predict mole fraction profiles correctly for allses.

Next comparison is considered for C/O=1.2 case.
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Figure 5.46: Comparison of the necessity analysis method amutawed method for
numerically predicted Hdistribution in CPOX of i-octane as a function

of time in the batch reactor: C/0=1.2, 1017.86
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Figure 5.48: Comparison of the necessity analysis method anmgtawed method for
numerically predicted I§H,s distribution in CPOX of i-octane as a

function of time in the batch reactor: C/O=1.2, 1@8H
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Figure 5.49: Comparison of the necessity analysis method amgtawed method for
numerically predicted §Hg-2 distribution in CPOX of i-octane as a function

of time in thebatch reactorC/0=1.2, 1017.86)
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Necessity analysis method results with 398 spegiess similar results with the
detailed mechanism exceptHs-2 by-product result for C/O=1.2 case. However
necessity analysis method results with 386 speagiiess unsatisfactory distribution
prediction results especially for by-products sashGHs-2,CHs-1 ,GHg and for
some radicals such as HCCO. Improved method resithis320 species (necessity
analysis with simultaneously combined sensitivitg @aeaction flow analysis through
each reaction method) which was selected as theceddmechanism for C/O=1.2
case gives similar results with the detailed memarfor all considered species
results. It must also be pointed out that both wathpredict the mole fraction

profiles correctly for all cases.

After these comparisons, it is seen that neceasi#yysis method allows deleting up
to 56 % of the species from the detailed mechanmw#imout loss of information for
C/0=1.6 and 4.2E-02 s case, where the improvedadettnich is called as necessity
analysis with simultaneously combined sensitivitg aeaction flow analysis through
each reaction method allows deleting up to 64 %hefspecies for the same case.
Necessity analysis method allows deleting up to%3of the species from the
detailed mechanism without loss of information @O=1.2 and 4.2E-02 s case,
where the improved method method allows deletingpu®3 % of the species for the
same case. After these observations, it can beuecthat necessity analysis with
simultaneously combined sensitivity and reactionvfanalysis through each reaction
method allows deleting more species and more wrecthan necessity analysis for

the same conditions.

5.4.4Results of The Plug Simulations With The Detailed LNL Iso-Octane
Mechanism

The next step of this study is to investigate tippliaability of the reduced
mechanisms for the noncatalytic study of gas comtipasafter the reforming in plug
flow simulations. To investigate the behavior oftanverted fuel in the fuel rich
region downstream the catalyst, simulation of ahaest gas composition, from
CPOX reforming of i-octane, consisting of syngasalt oxidation products and two
hydrocarbon species (table 5.41) with i-octanesisdufor different C/O ratios at the
plug flow simulations. In more detail, thermal dteog of remaining I@H;s because

of the high temperatures (at temperatures highan ©73 K) which leads to the
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potential production of soot precursors and giviserdo a starting deposition of
carbon on the catalytic surface, and hydrogenadiorthylene (GH,4) into ethane
(CoHsg) which decreases the amount of hydrogen produaedglCPOX process in
the catalytic reactor is investigated in plug flseimulations. DETCHENM""®is used
for this purpose. To start making the simulationthWLUG code, different skeletal
mechanisms and the reduced mechanism are selewsd the BATCH code
simulation results of C/O=1.6 for 4.2E-02 second$ese selected skeletal
mechanisms are skeletal 5 and skeletal 7 mechaniBnesmain idea of choosing
skeletal 5 is that it gives very small errors farge amount of species deleting,
reduced mechanism is the optimal mechanism, arldtak& will be investigated if it
gives consistent results in plug simulations, bseathough skeletal 7 gives
inconsistent results in batch code simulationsjaly give consistent results in Plug
simulations. It must also be pointed out that dlablenechanism 6 is declared as
“reduced mechanism” in graphs for the importantcgsedistribution prediction in
the reactor.

Plug simulations are also performed for differemnditions such as C/O=1.0,
C/0=1.3, C/0O=1.6 and C/0=2.0. The results are inyated at four different
temperatures in an exact position of the chanmel, tarough the channel for one
exact temperature. The remaining species and osaatumbers of skeletal

mechanisms that are used in plug simulations ig/sho the below table,

Table 5.39: Number of the species and reactions of the skete¢ghanisms and
reduced mechanism used in plug simulations

Mechanism Number of Remaining Species bemof Reactions
Detailed 857 7191
Skeletal_5 338 3169
Reduced 312 2903
Skeletal 7 287 2723

5.4.4.1Simulation Results of Species Distribution Predicins For One Exact
Temperature Along The Channel

The first simulation is performed through the chelrfor one exact temperature. And

these results will be shown for each case respagtiv
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The first simulation is performed for C/O=1.6 caSéne parameters and mole

fractions used in this simulation are shown ineghk1 and table 5.42, respectively.

Table 5.40: Initial parameters of i-octane simulations in paggle for C/O=1.6

Parameter Value
Reactor Volume (19 8.01 E-05
Radius (m) 1.00 E-02
Length (m) 2.55 E-O01
Area (nf) 3.14 E-04
Flow (m/s) 1.00E-04
Reactor Temperature (K) 1108
Initial flow speed (m/s) 3.18E-01
C/O 1.6
Simulation Time (S) 8.01E-01

Table 5.41: Initial mole fractions of species for C/O=1.6

Species  Mole Fraction
ICgH1g 7.682E-03

H> 2.120E-01
CO, 1.414E-02
H.O 1.336E-02
CO 1.681E-01
CoHy 4.387E-04
Ny 5.843E-01

Predictions for the distribution of important spgeciin the reactor of the detailed,
skeletal and reduced mechanisms are shown in tlewiog graphics. The error
levels of plug simulations will not be shown foristtcase. They are going to be

shown for one exact length in the channel for défifé temperatures.
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Figure 5.53: Numerically predictedCH, distribution as a function of axial position
along the reactor: C/0=1.6, 1108 K
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Figure 5.54: Numerically predicted;Hs distribution as a function of axial position
along the reactor: C/0=1.6, 1108 K

As it is seen in from the figures that i-octanecmmpletely converted in the
beginning of 0.01-0.05 m in the flow reactor whather hydrocarbon species like
methane, ethylene, propylene and acetylene araipeddwithin 0.05 m. Lengthwise
the reactor, propylene is decreased again, consuwgithdr via further thermal
cracking and hydrogenation processes or the foomati aromatics or polyaromatics
finally resulting in carbon deposition. Conversiohhydrogen reaches 10% at this
high temperature and fuel rich condition whereasi€®&lightly converted (1-2 %).
Simulations of exhaust gases after catalyst for=0/6 case prove that skeletal
mechanisms and reduced mechanism give similarilmitvn prediction for each
considered species. Skeletal 5 mechanism and r@édueehanism give consistent

results again, as they give consistent resultsag ghase (batch) simulations. Even
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though skeletal 7 mechanism gives inconsistentteefar some species in gas-phase

(batch) simulations, it gives consistent resultsplag calculations for C/O=1.6 case.

The next simulation of exhaust gases after catadyperformed for C/O=2.0 case.
The parameters and mole fractions used for thisutation is shown in table 5.43
and table 5.44.

Table 5.42: Initial parameters of i-octane simulations in paggle for C/0=2.0

Parameter Value
Reactor Volume (19 8.01 E-05
Radius (m) 1.00 E-02
Length (m) 2.55 E-01
Area (nf) 3.14 E-04
Flow (m?/s) 1.00E-04
Reactor Temperature (K) 1103
Initial flow speed (m/s) 3.18E-01
C/O 2.0
Simulation Time (S) 8.01E-01

Table 5.43: Initial mole fractions of reactants for C/0=2.0

Species Mole Fraction
ICgH1e 3.154E-03
H, 1.947E-01
CO, 1.909E-02
H,O 2.126E-02
CO 1.652E-01
CoHy 2.354E-04
N> 5.963E-01

Predictions for the distribution of important speciin the reactor of the detailed,

skeletal and reduced mechanisms are shown in Hlogviing graphics.
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Figure 5.58: Numerically predictedCH, distribution as a function of axial position
along the reactor: C/0=2.0, 1112 K
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Figure 5.59: Numerically predictedC;Hs distribution as a function of axial position
along the reactor: C/0=2.0, 1112 K

As it is seen in the figures that i-octane is caetgdly converted in the beginning of
0.01-0.05 m in the flow reactor again while othgdtocarbon species like methane,
ethylene, propylene and acetylene are producedinv@05 m. Lengthwise the
reactor, propylene is decreased again, consumier eita further thermal cracking
and hydrogenation processes or the formation ahatigs or polyaromatics finally
resulting in carbon deposition. Conversion of hgwno reaches 5% at this high
temperature and fuel rich condition whereas CQightty converted (less than 1%).
Simulations of exhaust gases after catalyst for=2/Q case prove that skeletal
mechanisms and reduced mechanism give similarilmitvn prediction for each
considered species. Skeletal 5 mechanism and r@édueehanism give consistent

results again, as they give consistent resultsag ghase (batch) simulations. Even
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though skeletal 7 mechanism gives inconsistentteefar some species in gas-phase

(batch) simulations, it gives consistent resultsplag calculations C/O=2.0 case.

The next simulation of exhaust gases after catadyperformed for C/O=1.3 case.
The parameters and mole fractions used for thisutation is shown in table 5.46
and table 5.47.

Table 5.44: Initial parameters of i-octane simulations in paggle for C/O=1.3

Parameter Value
Reactor Volume (19 8.01 E-05
Radius (m) 1.00 E-02
Length (m) 2.55 E-01
Area (nf) 3.14 E-04
Flow (m?/s) 1.00E-04
Reactor Temperature (K) 1107
Initial flow speed (m/s) 3.18E-01
C/O 1.3
Simulation Time (S) 8.01E-01

Table 5.45: Initial mole fractions of reactants for C/0=1.3

Species Mole Fraction
ICgHysg 2.773E-03
H, 2.294E-01
CO 1.175E-02
H,O 8.749E-03
CcO 1.821E-01
CHy 4.852E-04
N, 5.648E-01

Predictions for the distribution of important speciin the reactor of the detailed,

skeletal and reduced mechanisms are shown in Hlogviing graphics.
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Figure 5.60: Numerically predictecH, distribution as a function of axial position
along the reactor: C/0=1.3, 1107 K
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Figure 5.61: Numerically predictediCgH,g distribution as a function of axial
position along the reactor: C/0=1.3, 1107 K
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Figure 5.62: Numerically predictedC,H; distribution as a function of axial position
along the reactor: C/0=1.3, 1107 K
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Figure 5.63: Numerically predictedCH, distribution as a function of axial position
along the reactor: C/0=1.3, 1107 K
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Figure 5.64: Numerically predictedC;Hs distribution as a function of axial position
along the reactor: C/0=1.3, 1107 K

As it is seen in the figures that i-octane is cagtgdly converted in the beginning of
0.01-0.05 m in the flow reactor while other hydndan species like methane,
ethylene, propylene and acetylene are producedinw@05 m. Lengthwise the
reactor, propylene is decreased again, consumkeer eita further thermal cracking
and hydrogenation processes or the formation ahatigs or polyaromatics finally
resulting in carbon deposition. Conversion of hyggno reaches 4-5% at this high
temperature and fuel rich condition whereas CQighitty converted (less than 1 %).
Simulations of exhaust gases after catalyst for=Q/® case prove that skeletal
mechanisms and reduced mechanism give similaritmistvn prediction for each

considered species. Skeletal 5 mechanism and r@édueehanism give consistent
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results again, as they give consistent resultsag ghase (batch) simulations. Even
though skeletal 7 mechanism gives inconsisteniteeBar some species in gas-phase
(batch) simulations, it gives consistent resultsplag calculations C/O=1.3 case.

The last simulation for one exact temperature thinothe channel is performed for
C/0=1.0 case. The parameters and mole fractiordsfosehis calculation is given in
table 5.48 and table 5.49.

Table 5.46: parameters of i-octane simulations in plug codeJi@=1.0

Parameter Value
Reactor Volume (19 8.01 E-05
Radius (m) 1.00 E-02
Length (m) 255 E-01
Area (nf) 3.14 E-04
Flow (m/s) 1.00E-04
Reactor Temperature (K) 1112
Initial flow speed (m/s) 3.18E-01
C/O 1.0
Simulation Time (S) 8.01E-01

Table 5.47: Initial mole fractions of reactants for C/0O=1.0

Species Mole Fraction

ICsH1g 6.255E-05
H» 2.316E-01
CO; 1.100E-02
H>O 1.471E-02
CO 2.014E-01
CoHy4 1.679E-05
N> 5.412E-01

Predictions for the distribution of important speciin the reactor of the detailed,

skeletal and reduced mechanisms are shown in Hlogving graphics.
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Figure 5.65: Numerically predicted Hdistribution as a function of axial position
along the reactor: C/0=1.0, 1103 K
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Figure 5.67: Numerically predicted I¢Hs distribution as a function of axial position
along the reactor: C/0=1.0, 1103 K
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Figure 5.68: Numerically predicted CHdistribution as a function of axial position
along the reactor: C/0=1.0, 1103 K
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Figure 5.69: Numerically predicted g, distribution as a function of axial position
along the reactor: C/0=1.0, 1103 K

As it is seen in the figures that i-octane is cagtgdly converted in the beginning of
0.01-0.05 m in the flow reactor while other hydndman species like methane,
ethylene, propylene and acetylene are producedinw@05 m. Lengthwise the
reactor, propylene is decreased again, consumkeer eita further thermal cracking
and hydrogenation processes or the formation ahatigs or polyaromatics finally
resulting in carbon deposition. Conversion of hg#no is less than 1 % at this high
temperature and fuel rich condition whereas CO ewmiun is less than 0.1 %.
Simulations of exhaust gases after catalyst for=Q/Q case prove that skeletal
mechanisms and reduced mechanism give similaritmistvn prediction for each
considered species. Skeletal 5 mechanism and r@édueehanism give consistent
results again, as they give consistent resultsagghase (batch) simulations. Even
though skeletal 7 mechanism gives inconsistentiteeBar some species in gas-phase

(batch) simulations, it gives consistent resultsplag calculations C/O=1.0 case.
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5.4.4.2Simulation Results of Species Mole Fractions For GnExact Position In

The Channel For Different Temperatures

The next simulations are performed for one exasttiom in the channel for different
temperatures for exhaust gases after catatysdictions for the distribution of important
species in the reactor are shown in the followirepbics.Apart from the mole fractions
of one exact temperature through the reactor, éek@is will also be shown in this
case.Even though skeletal 7 mechanism also gives camdistesults in plug
calculations at one exact temperature throughdhetor, reduced mechanism of the
gas phase simulation results of C/O=1.6 and t=02%is chosen for the simulations
of one exact position in the channel for differeamperatures. Different C/O ratios
are used again for the calculations (C/0=1.6, C/0=2/0=1.3, C/0=1.0)

— Detailed(CH4)
—i—.: Reduced (CHAL) C/O=1.6

— Detailed (C2ZH2)

2.5E-02

b Reduced (C2HZ2)
— Detailed{C2ZH4)
—_——— Reduced (C2ZHA})
————————— Detailed{C2HG)
— i — Reduced (C2ZHG6)}
— Detailed{C3IHG)
— —) Reduced (C3IHG)
Detailed{(XCiHSB)
Reduced (IC4HE)
Petailed(ICBH1S)
Reduced (ICBH1S8)

2.0E-02
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0.0E+00 800 850 200 a50 1000 1050 1100

Temperature [K]
Figure 5.70: Numerically predicted distribution of some impottapecies as a
function of gas temperature at one exact positrothe channel (20
mm): C/0=1.6
Reduced mechanism gives very consistent resulterferexact position in the channel for
different temperatures for C/O=1.6 case. Mole faacprofiles are very similar, detailed
mechanism and skeletal mechanism mole fractionilpsotan not be seperated on the
graphs. The error levels will be shown on the befales (from table 5.50 to table 5.53).

Table 5.48: Errors of the reduced mechanism for the predictiohamportant
species distribution after catalyst: C/O=1.6, 770 K

CH4 C2H6 C2H4 C2H2 C3H6 IC4H8 IC8H18
Mechanism Error% Error% Error% Error% Error% Error% Error%
Reduced 4.69E-02 471E-02 4.14E-04 5.76E-02 4, 70E-0 4.58E-02 2.22E-04
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Table 5.49: Errors of the reduced mechanism for the predictiohamportant
species distribution after catalyst: C/O=1.6, 877 K

CH4 C2H6 C2H4 C2H2 C3H6 IC4H8 IC8H18
Mechanism Error% Error% Error% Error% Error% Error% Error%
Reduced 9.50E-02 2.14E-03 3.46E-03 2.60E-02 1.42E-0 1.20E-02 4.18E-03

Table 5.50: Errors of the reduced mechanism for the predictiohamportant
species distribution after catalyst: C/0=1.6, 993 K

C2H6 C2H4 C2H2 C3H6 IC4H8 IC8H18
Mechanism CH4 Error%  Error% Error% Error% Error% Error% Error%
Reduced 3.54E-01 5.45E-01 1.27E-01 1.21E+00 2.20E-0 1.34E-02 3.22E-01

Table 5.51: Errors of the reduced mechanism for the predictiohamportant
species distribution after catalyst: C/O=1.6, 1K08

CH4 C2H6 C2H4 C2H2 C3H6 IC4H8 IC8H18
Mechanism Error% Error% Error% Error% Error% Error% Error%
Reduced 3.86E-02 5.30E-03 1.52E-02 2.56E-01 1.35E-0 1.06E-01 1.03E-01

It is seen in tables that error levels of plug datians of one exact position in the channel
for different temperatures for C/O=1.6 case arewehan 1%. So it can be easily mentioned

that reduced mechanism gives very consistent eeRrlconsidered cases.

The next simulation of one exact position in theraiel for different temperatures is
performed for C/O=2.0. Predictions for the disttibn of important species in the reactor

are shown in the following graphics.
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B Detailed{C2H2)
—_—— rReduced (C2H2)
1.0E-02 |- Detailed(cC2H4)
R Reduced {(C2HA)
= Petailed{C2HE)
— —_— Reduced {(C2HB6)
S80E-03}F ———— petailedi(c3ns)
= | — — e Reduced {(C3H6)
__.C=:I B Detailed{TCAHB)
g B Reduced {(ICAHS)
- Detailed{ICBHIB)
I.I': 6 0E-03 - Reduced {ICBHLIS)
@ 5
2 L
= B
4 0E-03 —
2 0E-03 -
= = . - g
0.0E+00 ™=g00 850 900 950 1000 1050 1100

Temperature [K]

Figure 5.71: Numerically predicted distribution of some impottespecies as a
function of gas temperature at one exact positiothe channel (20
mm): C/0=2.0

104



Reduced mechanism gives very consistent resulia &gaone exact position in the
channel for different temperatures for C/0O=2.0 cddele fraction profiles are very
similar, detailed mechanism and skeletal mechanmsre fraction profiles cannot be
seperated again on the graphs. The error levelsbeishown on the below tables
(from table 5.54 to table 5.57).

Table 5.52: Errors of the reduced mechanism for the predictiohamportant
species distribution after catalyst: C/0=2.0, 773 K

CH4 C2H6 C2H4 C2H2 C3H6 IC4H8 IC8H18
Mechanism  Error% Error% Error% Error% Error% Error% Error%

Reduced 3.23E-02  3.21E-02  3.54E-04 4.23E-02  3.23E-R13E-02  2.20E-04

Table 5.53: Errors of the reduced mechanism for the predictiohamportant
species distribution after catalyst: C/0=2.0, 881 K

CH4 C2H6 C2H4 C2H2 C3H6 IC4H8 IC8H18
Mechanism  Error% Error% Error% Error% Error% Error% Error%

Reduced 1.46E-01 5.96E-03 2.02E-03 2.34E-02  1.38E-0R25E-02  4.83E-03

Table 5.54: Errors of the reduced mechanism for the predictiohamportant
species distribution after catalyst: C/0=2.0, 997 K

CH4 C2H6 C2H4 C2H2 C3H6 IC4H8 IC8H18
Mechanism  Error% Error% Error% Error% Error% Error% Error%

Reduced 2.98E-01 5.99E-01 1.36E-01 1.30E+00 2.84E-G.39E-03 5.95E-01

Table 5.55: Errors of the reduced mechanism for the predictiohamportant
species distribution after catalyst: C/0=2.0, 1K12

CH4 C2H6 C2H4 C2H2 C3H6 IC4H8 IC8H18
Mechanism  Error% Error% Error% Error% Error% Error% Error%

Reduced 5.36E-02 6.14E-02 3.54E-02 2.20E-01 2.85E-(B03E-01 4.19E-02

It is seen in tables that error levels of plug datians of one exact position in the
channel for different temperatures for C/0=2.0 cagebelow than 1% again. So it
can be easily mentioned that reduced mechanisns gag consistent results.

The next simulation of one exact position in tharoiel for different temperatures is
performed for C/O=1.3 case. Predictions for therithistion of important species in

the reactor are shown in the following graphics.
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Figure 5.72: Numerically predicted distribution of some impottapecies as a function of
gas temperature at one exact position in the ch&ddenm): C/0=1.3
Reduced mechanism gives very consistent resulis &maone exact position in the channel
for different temperatures for C/O=1.3 case. Moketion profiles are very similar, detailed
mechanism and reduced mechanism mole fractionlgsatannot be seperated again on the
graphs. The error levels will be shown on the beialles (from table 5.58 to table 5.61).

Table 5.56: Errors of the reduced mechanism for the predictiohsmportant species
distribution after catalyst: C/O=1.3, 768 K

C2H6 C2H4 C2H2 C3H6 IC4H8 IC8H18
Mechanism CH4 Error%  Error% Error% Error% Error% Error% Error%
Reduced 4.09E-02 4.04E-02 3.02E-04 4.15E-02 4. T0E-0 4.00E-02 1.43E-04

Table 5.57: Errors of the reduced mechanism for the predictiohsmportant species
distribution after catalyst: C/0O=1.3, 875 K

C2H6 C2H4 C2H2 C3H6 IC4H8 IC8H18
Mechanism CH4 Error% Error% Error% Error% Error% Error% Error%
Reduced 1.19E-01 7.83E-03 5.43E-04 2.24E-02 1.2Z7E-0 1.14E-02 4.08E-03

Table 5.58: Errors of the reduced mechanism for the predictiohsmportant species
distribution after catalyst: C/O=1.3, 992 K

CH4 C2H6 C2H4 C2H2 C3H6 IC4H8 IC8H18
Mechanism Error% Error% Error% Error% Error% Error% Error%

Reduced 3.34E-01 6.05E-01 1.51E-01 1.44E+00 2.83E-0 7.45E-03 8.46E-01

Table 5.59: Errors of the reduced mechanism for the predictiohsmportant species
distribution after catalyst: C/O=1.3, 1107 K

CH4 C2H6 C2H4 C2H2 C3H6 IC4H8 IC8H18
Mechanism Error% Error% Error% Error% Error% Error% Error%
Reduced 7.77E-02 9.65E-02 4.05E-02 2.59E-01 4,9E-0 4.61E-01 3.94E+00
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It is seen in tables that error levels of plug datians of one exact position in the channel
for different temperatures for C/O=1.3 case ar@wehan 1% again. So it can be easily

mentioned that reduced mechanism gives very cemistsults.

The next simulation of one exact position in theruiel for different temperatures is
performed for C/O=1.0 case. Predictions for therithstion of important species in the

reactor are shown in the following graphics.
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Figure 5.73: Numerically predicted distribution of some impottespecies as a
function of gas temperature at one exact positiothe channel (20
mm): C/O=1.0

Reduced mechanism gives very consistent resulia &gyaone exact position in the

channel for different temperatures for C/O=1.0 casele fraction profiles are very

similar, detailed mechanism and reduced mechanisihe fraction profiles can not

be seperated again on the graphs. The error lewiéllse shown on the below tables

(from table 4.53 to table 4.56).

Table 5.60: Errors of the reduced mechanism for the predictiohamportant
species distribution after catalyst: C/0=1.0, 758 K

Mechanism CH4 C2H6 C2H4 C2H2 C3H6 IC4H8 IC8H18
Error% Error% Error% Error% Error% Error% Error%

Reduced 3.28E-04 5.64E-03 4.92E-03 1.68E-04 7.22E-05.49E-05  0.00E+00

Table 5.61: Errors of the reduced mechanism for the predictiohamportant
species distribution after catalyst: C/0=1.0, 874 K

Mechanism CH4 C2H6 C2H4 C2H2 C3H6 IC4H8 IC8H18
Error% Error% Error% Error% Error% Error% Error%

Reduced 2.09E-01 1.23E-01 7.56E-03 2.36E-02 1.28E-02.49E-02 6.10E-03
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Table 5.62: Errors of the reduced mechanism for the predictiohamportant
species distribution after catalyst: C/0=1.0, 990 K

CH4 C2H6 C2H4 C2H2 C3H6 IC4H8 IC8H18
Mechanism  Error% Error% Error% Error% Error% Error% Error%

Reduced 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00.00E+00 0.00E+00

Table 5.63: Errors of the reduced mechanism for the predictiohamportant
species distribution after catalyst: C/O=1.0, 1K03

Mechanism CH4 C2H6 C2H4 C2H2 C3H6 IC4H8 IC8H18
Error% Error% Error% Error% Error% Error% Error%

Reduced 3.49E-02 6.69E-04 1.35E-02 2.01E-01 3.26E-0B.72E-01 6.27E-01

It is seen in tables that error levels of plug datians of one exact position in the
channel for different temperatures for C/O=1.3 cagebelow than 1% again. So it

can be easily mentioned that reduced mechanisns gy consistent results.

Finally, experimental results and detailed and cedumechanism predictions for the
distribution of important species in the reactoe ahown for C/O=1.6 in the
following graph. Experimental procedure and expental results are given by

Deutschmann et al. [49].
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Figure 5.74: Numerically predicted and experimentally measurédridution of some
important species as a function of gas temperatti@e exact position in
the channel (20 mm): C/O=1.6
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6. CONCLUSIONS

The main purpose of this study was coupling medmarnieduction procedures with
DETCHEM software and development of i-octane reducechanism for fast and
accurate prediction of soot precursors in CPOXrmeér at fuel rich operating
conditions. Necessity analysis was used as théingtareduction method for this
purpose. The method has been improved for thisysamt the validity of the
proposed new method which is called as necessié&yysis with simultaneously
combined sensitivity and reaction flow analysisotigh each reaction method is
investigated. It is shown that proposed methodnaaldeleting up to 64 % of species
and 60 % of reactions of the detailed mechanisrhawit loss of information. And it
allows fast and accurate prediction of soot premsrén CPO reformer at fuel rich as

well as fuel lean operating conditions.
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APPENDICES

APPENDIX A : — Numerically predicted species distribution in CPO{-octane
as a function of time in the catalyst

— Comparison of the necessity analysis method amglaved
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Figure A.1: Numerically predicted species distribution in CRPGf i-octane as a function
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Figure A.2 : Numerically predicted species distribution in CRGf i-octane as a function
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Figure A.3: Numerically predicted species distribution in CRGf i-octane as a function
of time in thebatch reactorC/O=1.2, 1017.86 K: (a) CHand CHO. (b)
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Figure A.4 : Numerically predicted species distribution in CRPGf i-octane as a function
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Figure A.7 : Comparison of the necessity analysis method amgirdved method for
numerically predicted species distribution in CP&fX-octane as a function
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121



B 1.5E-02 [~
B o n
2.0E-02 - e
i IC,H, +
i i C.H,
= 1.5E-02 |- c 1.0E-02
= i 2
= L = L
1=} c
g f g i
w + w
@ 10E-02| o 3
= o L
= = =
L 5.0E-03 -
L P |
50E-038 /  —— potailed (857 spocics) Petailed (857 Species)
y . Improved Method (320 Species) B Improved Method (320 Species)
se————Negedditty analysis (398 specles) - Hecessitty Analysis(398 Species
Hecdasity Analysls (306 Specica) / Hecessity Analysis(386 Species)
L/
ooEsop o v v 41 QOE+00 M v v
0 0.01 0.02 0.03 0.04 0 0.01 0.02 0.03 0.04
Time [s] (a) Time [s] (b)
180501 ——— Detailed (857 Species) 1.4E-02 - Detailed (857 Species)
B e Improved Method(320 Species) | — Improved Method(320 Species)
I = Hecessitty Bnalysis (398 Species) L Wecessitty Analysis (398 Species) ”
. Hecessity Analysis (386 Species) 12E-02 - " Wecessity Bnalysis(306 Species)
1.50E-01 [~ L
- 1.0E-02 [~
= c [ g
S i 8 § y
5 i g BoE03F CH,
&= 1.40E-01 [ e B /
® + @ -
2 l S 6.O0E-03 [
= L = [
I 4.0E-03 -
1.30E-01 |- o
- 2003
- r Jff
1_20E_017||||I\\\\I\\\\I....I U_UE_‘_UU”’..“l““l“‘.l“..l
0 0.01 0.02 0.03 0.04 0.01 0.02 0.03 0.04
Time [s] (c) Time [s] (d)
' = Detailed (857 Species) 1.2E-02 |- Detailed (857 Species)
80E-03 | — Dmproved Mcthod(320 Species) I ———— Improved Method(320 Species)
: ————— Hecessitty Analysis(398 Species) - Fecessitty Analysis(398 Species)
o Hecessity Analysis (386 Specics) o Wecessity Bnalysis(386 Species)
L 1.0E-02 |~
o 6OE-03 c soeosk
g - s L
= E=]
8 i 8 i H,0
[ I L 60F-03
o 40E-03| co o -
= L / =} L
= ? = = ;
I 4 .0E-03 |- &
2.0E-03 |- r
r 2.0E-03 [
L - Lo
OOE400 b L v QOE4OQ L=t L )
0 0.01 0.02 0.03 0.04 0.01 0.02 0.03 0.04
Time [s] (e) Time [s] (f)
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APPENDIX B

Table B.1: List of 857 species of detailed LLNL i-octane réactmechanism containing
7191 reactions

H20

CH3

CH30

CH

CH20H

SC2H40H

C3H4-P

C3H8

C4H8-1

IC4H10

C2H5CO

AC5H11

BC5H10

C5H11-2

CH302

CH3CO2

CH3CO3H

C3H600H1-3

NC3H70

IC3H702

IC4H70

C4H80OH-202

C4H800H2-302

C4HBOOH1-2

C4HB8O0OH2-4

H2

N2

CH4

C2H6

C2H

CH2CO

CH3CO

C3H6

IC4H7

SC4H9

C4H10

C5H9

BC5H11

CC5H10

C5H11-3

C2H502

C2H401-2

C2H3CO

C3H600H2-1

IC3H70

C3H601-3

C4H70

C4H80O0OH1-202

C4H80O0OH2-402

C4HBOOH1-3

IC4H802H-I

O

Cco

HO2

C2H4

C2H2

HCCO

CH2CHO

C4H6

IC4H8

PC4H9

CH3COCH3

C5H10-1

CC5H11

IC5H9

NEOC5H12

CH302H

C2H402H

C2H3CHO

C3H600H1-202

NC3H702H

IC4H80O

C4H8OH-1

C4H80OO0OH1-302

TC4HB8OOH-102

C4HB8OOH1-4

IC4H8O2H-T
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02

HCO

H202

C2H5

C2H3

C2H50H

CH3CHO

NC3H7

C4H7

TC4H9

CH3COCH2

C5H10-2

DC5H11

NC5H12

NEOC5H11

C2H502H

02C2H40H

C3H50

C3H600H1-302

IC3H702H

IC4H80OH

C4H8OH-2

OH

6{0)

CH20

CH2

CH3O0OH

PC2H40H

C3H4-A

IC3H7

C4H8-2

IC4H9

C2H5CHO

IC5H12

AC5H10

C5H11-1

C2H50

C2H301-2

CH3CO3

C3H600H1-2

68PH2-102

NC3H702

I02C4H80OH

C4H80OH-102

C4H80O0OH1-402 4H80O0OH2-102

IC4H80OO0H-102 IC4H80O0OH-TO2

C4HB8OOH2-1

TC4H8O2H-I

C4H8QaH

C4H8Q1-



C4H801-3 C4H801-4
SC4H90 IC4H90
IC4H902H TC4H902H
PC4H902 CH3COCH202
NEOC5KEJOL AC5H1102
AC5H1102H BC5H1102H
BC5H110 CC5H110

AC5H1000H-C AC5H1000H-D

CC5H1000H-A CC5H1000H-B
DC5H1000H-C AC5H1000H-AO2
BC5H1000H-AO2

CC5H1000H-D0O2

A-BC5H100 A-CC5H100
C-DC5H100 C5H1102-1
C5H1102H-2 C5H1102H-3

C5H1000H1-2 C5H1000H1-3

C5H1000H2-3 C5H1000H2-4
C5H1000H1-202 C5H1000H1-302
C5H1000H2-302 C5H1000H2-402
C5H1001-2 C5H1001-3
C5H1002-4 NEOC5H1102

NEOC5H1000H-0O2NEO-C5H100

C4H802-3 CC4H80
TC4H90 PC4H902H
TC4H902 IC4H902
CH3COCH202H CH3COCH20
BC5H1102 CC5H1102
CC5H1102H DC5H1102H
DC5H110 AC5H1000H-A

BC5H1000H-A BC5H1000H-C

CC5H1000H-D

AC5H1000H-BO2 AC5H1000BE

BC5H1000H-CO2 BC5H1000H-DO2 CC5H1008682

DC5H1000H-AO2 DC5H1000H-BO2 DC5H1000B2

A-DC5H100 B-CC5H100
C5H1102-2 C5H1102-3
C5H110-1 C5H110-2

C5H1000H1-4

C5H1000H2-5

DC5H1000H-A

C5H1000H1-5

C5H1000H3-2

C3H3

OCHO

NC4KET12

NC4KET24

NC5KET13

NC5KET24

IC5KETAB

C3H2
CH2(S)
NC4KET13
ICAKETII
NC5KET14
NC5KET25

ICS5KETAC

C5H1000H1-402 C5H10068A2
C5H1000H2-502 C5H100QB2
C5H1001-4 C5H1001-5
NEOC5H1102H NEOC5H110
C3H5-A C3H5-S
C3H601-2 HO2CHO
C3KET12 C3KET13
NC4KET14 NC4KET21
IC4AKETIT NEOCSKET
NC5KET15 NC5KET21
NC5KET31 NC5KET32
ICS5KETAD ICS5KETCA
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PC4H90

SC4H902H

SC4H902

NEOCS5KETOX

DC5H1102

AC5H110

AC5H1000H-B

BCEOOH-D

D®HOOH-B

AC5H1000H-DO2

CC5H1000H-BO2

A-AC5H100

B-DC5H100

C5H1102H-1

C5H110-3

O3EI0OH2-1

O3BEIOH3-1

C5H1000H2-102

C5H1000H3-202

C5H1002-3

NEOCSbBI

C3H5-T

02CHO

C3KET21

NC4KET23

NC5KET12

NC5KET23

ICS5KETAA

IC5KETCB



ICS5KETCD
C3H60H
IC3H5CHO
IC3H6CO
TC3H602HCO
TC4H8CHO
CH2CCH20H
C2H5COCH3
C2H3COCH3
C2H5CHCO
CH3CHOCHO
C3H6CHO-1
PC2H4COC2H3
IC3H6CHCOCH3
C3H6COCH3-1
IC3H6COCH3
C3H6COC2H5-3
TC3H6COC2H5
TC3H6COC2H3
NC4H9CHO
C4H8CHO-1
NEOC5H9Q2-N
AC6H13
AC6H12
AC6H1302
AC6H1302H
AC6H130
AC6H1200H-A

BC6H1200H-A

ICSKETDA ICSKETDB
HOC3H602 02C2H402H
TC3H60CHO TC3H6CHO
IC4H60OH IC3H5CO
IC3H502HCHO TC3H60OHCHO
02C4H8CHO O2HC4H8CO
NC3H7CHO NC3H7CO

ICS5KETDC IC4H7-I11
CH202HCHO IC4H70O0H
IC3H7CHO IC4H70OH
IC3H7CO TC3H602CHO
TC3H60H IC3H50H
O2HC4H7CHO C3H50H
CH2CH2COCH3 C2H5COCH2

CH2CHOOHCOCH&H3CHOOHCOCH3CH3CHOOCOCH3 CH3CHCOCHS3

CH3CHCO CH2CH2CHO
IC3H5COCHS3 IC3H5COCH2
CH3CHCHO SC3H5CHO
C2H5COC2H5 C2H5COC2H4P
SC2H4COC2H3 IC3H6CHCHO
AC3H5CHCOCH3 IC3H6CHCOCH2

C3H6COCH3-2

C3H6COCHS3-3

C3H6CHO-3 C3H6CHO-2
AC3H4COCH3 SC3H5CQCH
SC3H5CO IC3H6CHO
C2H5COC2H4S C2H521B
IC3H6CHCO AC3HEEIO
NC3H7COCH3  C3H7COCH2
IC3H7COCH3 ICBICH2
C3H6COC2H5-1 CEGPE2H5-2

IC3H7COC2H5 IC3H6COC2H5

IC3H7COC2H3 C3H6COC2H3

IC3H5COC2H4P 3HGCOC2HA4S

TC3H6COCHS3 NC3H7COC2H5
NC3H7COC2H4P  NC3H7COC2H4S
IC3H7COC2H4P IC3H7COC2H4S
IC3H5COC2H5 AC3H4COC2H5
NC4H9CO AC3H5CHO
C4H8CHO-2 C4H8CHO-3
IC4H6Q2-II HOCH20
BC6H13 CC6H13

BC6H12 CC6H12
BC6H1302 CC6H1302
BC6H1302H CC6H1302H
BC6H130 CC6H130

AC6H1200H-B

BC6H1200H-C
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AC6H1200H-C

BC6H1200H-D

AC3H5CO C2H3CHCHO
C4H8CHO-4 NEOC5H9Q2
HOCHO IC6H14
DC6H13 EC6H13
DC6H12 IC6H11
DC6H1302 EC6H1302
DC6H1302H EC6H1302H
DC6H130 EC6H130
AC6H1200H-D AB6200H-E
BC6H1200H-E COa200H-A



CC6H1200H-B

DC6H1200H-C

EC6H1200H-D

A-EC6H120

C-EC6H120

AC6H1200H-DO2

BC6H1200H-EO2

DC6H1200H-AO2

EC6H1200H-BO2

IC6KETAC

IC6KETCD

IC6KETDE

NC4H9CHO-2

C4H8CHO4-2

IC3H7CHCHO

CC5H10CHO

C4H6CHO1-44

NC5H11CO-2

C5H10CHO5-2

TC3H6CH2COCH3

NEOC6H12

FC6H1302H

HC6H130

GC6H1200H-H

FC6H1200H-HO2

F-FC6H120

NEOCG6KETFG

NEOCG6KETHG

TC4H9CHCHO

CC6H1200H-D

DC6H1200H-E

A-AC6H120

B-CC6H120

D-EC6H120

AC6H1200H-EO2

CC6H1200H-AO2

DC6H1200H-BO2

EC6H1200H-CO2

IC6KETAD

IC6KETCE

IC6KETEA

NC4H9CO-2

IC4H9CHO

IC5H11CHO

DC5H10CHO

C4H7CHO2-1

C5H10CHO1-2

ICAH9COCH3

NEOC6H14

NEOC6H11

GC6H1302H

FC6H1200H-F

HC6H1200H-F

GC6H1200H-FO2

F-GC6H120

NEOCG6KETFH

TC4H9CHO

TC4H8CH2CHO

IC6KETAE

CC6H1200H-E

EC6H1200H-A

A-BC6H120

B-DC6H120

AC6H1200H-AO2

BC6H1200H-AO2

CC6H1200H-BO2

DC6H1200H-CO2

EC6H1200H-DO2

IC6KETDA

IC6KETEB

C4H8CHOL1-2

IC4HOCO

IC5H11CO

C4H7CHO1-4

C4H7CO2-1

C5H10CHO2-2

IC4H9COCH2

FC6H13

FC6H1302

HC6H1302H

FC6H1200H-G

HC6H1200H-G

GC6H1200H-HO2

F-HC6H120

NEOCG6KETGF

TC4H9CO

IC4H7CHO
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DC6H1200H-A B1@OO0H-B
EC6H1200H-B Eaa200H-C
A-CC6H120 A-DC6H120
B-EC6H120 C-DC6H120

AC6H1200H-BO2 AQ&R20OO0OH-CO2

BC6H12008©®2 BC6H1200H-DO2

CC6H120GDE2 CC6H1200H-EO2

DC6H1206882 EC6H1200H-AO2

IC6KETAA IC6KETAB
IC6KETCA IC6KETCB
IC6KETDB IC6KETDC
IC6KETEC IC6KETED

C4H8CHO2-2 C4H8CHD3
IC3H6CH2CHO TC3H6CH2CHO
AC5H10CHO BC5H10CHO
C4H7CO1-4 C4H6CHQ1-4
C4H6CHO2-11 NCS5EHID-2
C5H10CHO3-2 CBEHOA4-2
IC3H6CH2COCH3 HIEHCOCH3
GC6H13 HC6H13
GC6H1302 HC6H1302
FC6H130 GC6H130
FC6H1200H-H GC6HD2OF

FC6H1200H-FO2C6H1200H-GO2

HC6H12GaP2 HC6H1200H-GO2

G-HC6H120

NEOCG6KETGH

NEOC5H11CHO

IC4H7CO

NEOCG6KETFF

NEOCGKH-

NEOC5H11CO

AC3H4CH2CHO



IC3H5CHCHO

IC5H10CHO-BD

C4H7CHO2-2

TC4HI9COCH3

XC7H15

XC7H13

YC7H1502H

XC7H1400H-X1

YC7H1400H-X1

ZC7H1400H-Y

XC7H1400H-Z202

ZC7H1400H-X02

X-Y2C7H140
C7KET24XY1
C7KET24ZY
QC7H15
OC7H1502
PC7H1502H
QC7H150
NC7H1400H-P

PC7H1400H-N

NC7H1400H-Q0O2
QC7H1400H-PO2

OC7H1400H-PO2

N-QC7H140

NEOC7KETNO
NEOC7KETOQ
NEOC7KETQO

CC8H17

IC5H11CHO-B IC5H11CO-B
C4H7CHO1-2 C4H7CO1-2
C4H7CO2-2 C4H6CHO2-21
TC4H9COCH2 TC4H8COCH3
YC7H15 ZC7H15
XC7H1502 YC7H1502
ZCT7H1502H XC7H150

XC7H1400H-Y1

YC7H1400H-Z

XC7H1400H-Z

YC7H1400H-Y2

IC5H10CHO-BA

C4H6CHO1-23

C4H6CHO2-24

CH2CCHO

XC7H14

ZC7H1502

YC7H150

ICEBCHO-BC

C4Her1-24

CH2CER

C7H162-4

YC7H14

XC7H1502H

ZCT7H150

XC7H1400H-Y2 XC7H1400H-X2

YC7H1400H-X2 ZC7H1400H-X

XC7H1400H-X102 XC7H1400H-X202 XC7H1400f02 XC7H1400H-Y202

YC7H1400H-X102 YC7H1400H-X202 YC7H1@8-Y202 YC7H1400H-Z02

ZC7H1400H-YO2 X-X1C7H140

X-ZC7H140 Y-YC7H140
C7KET24XZ C7KET24XY2
NEOC7H16 NC7H15
OC7H14 PC7H14
PC7H1502 QC7H1502
QC7H1502H NC7H150

NC7H1400H-N2 NC7H1400H-Q

QC7H1400H-O

PC7H1400H-Q

QC7H1400H-NO2
OC7H1400H-NO2

PC7H1400H-002

O-PC7H140

NEOC7KETNP
NEOC7KETPN
NEOC7KETQP

DC8H17

QC7H1400H-P

OC7H1400H-P

NC7H1400H-002

OC7H1400H-Q02

N-NC7H140
0-QC7H140
NEOC7KETNQ
NEOC7KETPO
IC8H18

IC8H16
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NC7H14GR0BR
PC7H140@2
N-OC7H140
P-QC7H140
NEOC7KETON
NEOC7KETPQ
AC8H17

JC8H16

X-X2C7H140 -WXLC7H140
Y-ZC7H140 C7KET24XX1
C7KET24XX2 C7KET2%Z
OC7H15 PC7H15
PC7H13 NC7H1502

NC7H1502H OC7H1502H

OC7H150 PC7H150

QC7H1400H-N NC7B0H-O

OC7H1400H-N BCAOOH-Q
PC7H1400H-O MEIOOH-N202

QC7H1400H-002
PC7H1400H-Q02
@¥R140
NEOC7KETNN
NEOCTKEP
NEOCTKEN
BC8H17

IC8H14



IC8H15

AC8H1702H

BC8H170

AC8H1600H-C

CC8H1600H-D

DC8H1600H-B

ICBETERAD

AC8H1600H-AO2

BC8H1600H-AO2

DC8H1600H-CO2

ICBKETAB

ICBKETBD

IC6H13CHO-B

EC6H12CHO-B

CC6H12CHO-D

IC3H7COC3H6-T

NEOC5H11COCH3

NEOC6H13CO

IC4H7COCH2

YC7H1300H-X1

XC7H130-Z

YC7H1300H-X2

XC7H140H-Y

OC7H140H-P

XC7H140-YO2H

YC7H140H-202

PC7H140-O02H

CC8H160H-B

CC8H160-BO2H

AC8H1702

BC8H1702H

CC8H170

AC8H1600H-D

CC8H1600H-B

DC8H1600H-A

ICBETERBC

AC8H1600H-BO2

BC8H1600H-DO2

DC8H1600H-D0O2

ICBKETAC

ICBKETDA

IC6H13CO-B

IC6H13CHO-D

DC6H12CHO-D

TC4H9COC2H5

NEOC5H10COCH3 TC4H9CHCOCHS3

FC6H12CHO
IC3H5CHCOCH3
YC7H130-X1
PC7H1300H-O
YC7H130-X2
YC7H140H-X
PC7H140H-O
YC7H140H-X02
YC7H140-ZO2H

QC7H140H-PO2
BC8H160H-C

BC8H160H-CO2

BC8H1702 CC8H1702 DC8H1702
CC8H1702H DC8H1702H AC8H170
DC8H170 AC8H1600H-A AC8H1600H-B
BC8H1600H-C BC8H1600H-A BECBOO0H-D
CC8H1600H-A DC8H1600H-C Ba8OOH-D
ICBETERAA ICBETERAB ICBETERR
ICBETERBD ICBETERCD ICBETERDD

AC8H1600H-CO2 AC8H160@D2 BC8H1600H-CO2

CC8H1600H-DO2 CC8H16GBB2 CC8H1600H-AO2

DC8H1600H-BO2 DC8H160A82 IC8KETAA
ICBKETAD ICBKETBA ICBKETBC
ICBKETDB ICBKETDC ICBKETDD

AC6H12CHO-B CC6H12CHO-B DCBHCHO-B

IC6H13CO-D AC6H12CHO-D BCBXCHO-D

EC6H12CHO-D IC3H7COC3H7-I C3H7COC3H6-I

TC4H8COC2H5 TC4H9COC2H4STC4H9COC2H4P
NEOC5H1ICER NEOCG6H13CHO
GC6H12CHO

HC6H12CHO ICAH7COCH3

AC3H4CH2COCH3 XC7H1300H-X1XC7H130-X1

OC7H1300H-N OC7H130-N XC73Q0H-Z
PC7H130-0O OC7H1300H-Q OCT7HIL30
AC3H500H NEOC6H11-H CC6HI-BO
ZC7H140H-Y YC7H140H-Z IC4H70H
QC7H140H-P PC7H140H-Q XC7THI4®?2

YC7H140-X0O2H ZC7H140H-YO2 ZC7H140-YO2H

OC7H140H-PO2  OC7H140-PO2HPC7H140H-002
QC7H140-PO2H  PC7H140H-QOPC7H140-QO2H

CC8H160H-D DC8H160H-C CC8H16802

BC8H160-CO2H CC8H160H-DO2CC8H160-DO2H
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DC8H160H-CO2 DC8H160-CO2H

Table B.2: List of 312 species of the reduced mechanismatoinig 2903 reactions for the
description of catalytic partial oxidation of i-acte for C/O=1.6, T=1005.78 K

H H2 0] 02 OH

H20 N2 CO HCO CcOo2

CH3 CH4 HO2 H202 CH20
CH30 C2H6 C2H4 C2H5 CH2

C2H C2H2 C2H3 CH30H CH20H
CH2CO HCCO C2H50H PC2H40H SC2H40H
CH3CO CH2CHO CH3CHO C3H4-A C3H4-P
C3H6 C4H6 NC3H7 IC3H7 C3H8
IC4H7 IC4H8 C4H7 C4H8-2 C4H8-1
SC4H9 PC4H9 TC4H9 IC4H9 IC4H10
C4H10 CH3COCH3 CH3COCH2 C2H5CHO C2H5CO
C5H9 C5H10-1 C5H10-2 IC5H12 AC5H11
BC5H11 CC5H11 DC5H11 AC5H10 BC5H10
CC5H10 IC5H9 C5H11-1 C5H11-2 C5H11-3
NEOC5H12 NEOC5H11 C2H50 CH302 C2H502
CH302H C2H301-2 C2H401-2 C2H3CO C2H3CHO
C3H50 C3H600H1-2 C3H600H2-1 C3H600H1-202 C3H62102
NC3H70 IC3H70 IC3H702H NC3H702 IC3H702
C3H601-3 IC4H80O IC4H80OH I02C4H80OH IC4H70
C4H70 C4HB8OH-1 C4HBO0OH2-302 C4HB8O0OH2-402 IC@E81-102
IC4H8OOH-TO2 C4HBOOH1-2 C4HB8OOH2-1 C4HBO0OH2-3 ICO28-T
TC4H8O2H- C4H801-2 C4H801-3 C4H801-4 CC4H80
IC4H90 TC4H90 TC4H902 IC4H902 SC4H902
AC5H1102 BC5H1102 CC5H1102 BC5H1000H-A BC5H100G0H
BC5H1000H-D CC5H1000H-B  A-AC5H100 A-BC5H100 B-CC530
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B-DC5H100

NEOC5H1000H-02 NEO-C5H100

C3H3

NC4KET24

CH202HCHO

IC4H70OH

TC3H602CHO

02C4H8CHO

CH3CHOOHCOCH3

SC3H5COCH?2
AC3H5CHO
AC6H13
BC6H12

CC6H1200H-B

DC6H1200H-E

C-EC6H120
HC6H13
TC4H9CO
YC7H15

XC7H1400H-Y1

ZC7H1400H-X

Y-ZC7H140
PC7H15
OC7H150

OC7H1400H-P

0-QC7H140
AC8H17
JC8H16

BC8H170

C5H1001-3 NEOC5H1102 NEOC5H110 NEOC5H1600
C3H5-A C3H5-S C3H5
C3H2 C3H601-2 OCHO CH2(S)
IC4KETII IC4KETIT IC4H7-11 02C2H402H
IC3H5CHO TC3H60CHO TC3H6CHO IC3H7CHO
IC3H6CO IC4H60OH IC3H5CO IC3H7CO
IC3H502HCHO TC3H60OHCHO  TC3H60OH IC3H30
O2HC4H7CHO C3H50H CH2CCH20H CH2CHOOHE3
C2H3COCH3 CH3CHCO IC3H5COCHS3 AC3IDH3
CH3CHCHO IC3H6CHO IC3H6CHCO AC3H5CHCHO
AC3H5CO C4H8CHO-3 HOCH20 HOCHO
BC6H13 DC6H13 EC6H13 AC6H12
CC6H12 DC6H12 IC6H11 CC6H130
CC6H1200H-D CC6H1200H-E DC6H1200H-B  B{A2OOH-C
A-AC6H120 A-BC6H120 B-DC6H120 C-DC6H120
D-EC6H120 NEOC6H14 FC6H13 GC6H13
NEOC6H12 NEOC6H11 F-FC6H120 TC4H9CHO
IC4H7CHO IC4H7CO C4H7CO2-2 XC7H15
ZCT7H15 XC7H14 YC7H14 XC7H13

XC7H1400H-Z XC7H1400H-YXC7H1400H-X1 YC7H1400H-Y2

ZC7H1400H-Y X-Y1C7H140 X-Y2C7H140 X-ZE140
C7KET24ZX C7KET24zY NC7H15 OC7H15
QC7H15 OC7H14 PC7H14 PC7H13
NC7H1400H-O OC7H1400H-N OC7H1400H-Q PCHBIOH-N
PC7H1400H-OOROC7H140 N-PC7H140 O-PC7H140
NEOC7KETON NEOC7KETOP NEOCYKETPO IC8H18
BC8H17 CC8H17 DC8H17 IC8H16
IC8H14 IC8H15 AC8H1702H BC8H1702H
AC8H1600H-C BC8H1600H-C BC8H1600H-A  BC&MIOH-D
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CC8H1600H-B DC8H1600H-C DC8H1600H-D IC8S8ETERAB ICEERBC
ICBETERBD ICBETERCD ICBETERDD NEOC5H11COCH3AH7COCH3
IC4H7COCH2 XC7H130-Z PC7H130-O CC6H110-B XC7H140H-Y
YC7H140H-X ZC7H140H-Y YC7H140H-Z IC4H70OH-I1 OC7H142P
PC7H140H-0O QC7H140H-P PC7H140H-Q XC7H140H-YO2 YCZBH-XO02

ZC7H140H-YO2 ZC7H140-YO2H YC7H140H-Z02 OC7H140H-POPC7H140H-002

PC7H140-O02H PC7H140H-QO2 CC8H160H-B BC8H160H-C BOBOH-D

DC8H160H-C CC8H160H-BO2 BC8H160H-CO2 BC8H160-CO2HC8EI160H-DO2

CC8H160-DO2H DC8H160H-CO2

Table B.3: List of 320 species of the reduced mechanismatoiniy 2933 reactions for the
description of catalytic partial oxidation of i-acte for C/0=2.0, T=998.26 K

H

H20

CH3

CH30

C2H

CH2CO

CH3CO

C3H6

IC4H7

SC4H9

C4H10

C5H9

BC5H11

CC5H10

NEOC5H12

CH302H

C3H50

H2

N2

CH4

C2H6

C2H2

HCCO

CH2CHO

C4H6

IC4H8

PC4H9

CH3COCH3

C5H10-1

CC5H11

IC5H9

NEOC5H11

C2H301-2

C3H600H1-2

(0]

CcoO

HO2

C2H4

C2H3

C2H50H

CH3CHO

NC3H7

C4H7

TC4H9

CH3COCH2

C5H10-2

DC5H11

C5H11-1

C2H50

C2H401-2

C3H600H2-1

136

02

HCO

H202

C2H5

CH3OH

PC2H40H

C3H4-A

IC3H7

C4H8-2

IC4H9

C2H5CHO

IC5H12

AC5H10

C5H11-2

CH302

C2H3CO

OH

COo2

CH20

CH2

CH20H

SC2H40H

C3H4-P

C3H8

C4H8-1

IC4H10

C2H5CO

AC5H11

BC5H10

C5H11-3

C2H502

C2H3CHO

C3H600H1-202 C3H62102



NC3H70

C3H601-3

C4H70

IC4H8OO0OH-TO2

TC4H8O2H-I

IC4H90

AC5H1102

BC5H1000H-D

B-DC5H100

NEOC5H1000H-02

C3H3

NC4KET24

CH202HCHO

IC4H70OH

TC3H602CHO

02C4H8CHO

CH3CHOOHCOCH3

SC3H5COCH2

AC3H5CHO

AC6H13

BC6H12

BC6H1200H-C

DC6H1200H-C

C-DC6H120

GC6H13

TC4HI9CHO

C4H7CO2-2

YC7H14

XC7H1400H-Y2

IC3H70

IC4H80O

C4H8OH-1

C4H80OO0OH1-2

C4H801-2

TC4H90

BC5H1102

CC5H1000H-B

C5H1001-3

NEO-C5H100

C3H2

IC4KETII

IC3H5CHO

IC3H6CO

IC3H502HCHO

O2HC4H7CHO

C2H3COCHS3

CH3CHCHO

AC3H5CO

BC6H13

CC6H12

CC6H1200H-B

DC6H1200H-E

C-EC6H120

HC6H13

TC4H9CO

XC7H15

XC7H13

YC7H1400H-X1

IC3H702H

IC4H80OH

C4H80O0OH2-302

C4H80OO0OH2-1

C4H801-3

TC4H902

CC5H1102

A-AC5H100

NEOC5H1102

C3H5-A

C3H601-2

IC4KETIT

TC3H60CHO

IC4H60OH

TC3H60OHCHO

C3H50H

CH3CHCO

IC3H6CHO

C4H8CHO-3

DC6H13

DC6H12

CC6H1200H-D

A-AC6H120

D-EC6H120

NEOCG6H12

NEOC5H11CHO

YC7H15

ZCT7H1502

NC3H702

I02C4H8OH

IC3H702

IC4H70

C4H8O0OH2-402 IC@xd8H-102

C4H80OO0OH2-3

C4H801-4

IC4H902

ICO23-T

CC4H80

SC4H902

BC5H1000H-A BC5H10C0H

A-BC5H100

NEOC5H110

C3H5-S

OCHO

IC4H7-11

TC3H6CHO

IC3H5CO

TC3H60H

CH2CCH20H

IC3H5COCH3

IC3H6CHCO

HOCH20

EC6H13

IC6H11

B-CC3pQ

NEOC5H1600
C3H5

CH2(S)

02C2H402H

IC3H7CHO

IC3H7CO

IC3H30

CH2CHOOHIE3

AC3IMTH3I

AC3H5CHCHO

HOCHO

AC6H12

CC6H130

CC6H1200H-E DBICBOOH-B

A-BC6H120

NEOC6H14

NEOC6H11

IC4H7CHO

ZCT7H15

B-DCe2(1

FC6H13

F-FC6H120

IC4H7CO

XC7H14

XC7H1400H-YAC7H1400H-Z

YC7H1400H-Z YC7H140O0H-Y2C7H1400H-X
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ZC7H1400H-Y
C7KET24ZX
QC7H15
NC7H1400H-O
OC7H1400H-P
0-PC7H140
IC8H18
IC8H16
AC8H1702H
BC8H1600H-A
DC8H1600H-D
ICSETERDD
PC7H130-0
YC7H140H-Z
PC7H140H-Q
YC7H140H-Z02
CC8H160H-B

BC8H160H-CO2

X-Y1C7H140
C7KET24zY
OC7H14

QC7H1400H-P

X-Y2C7H140

NC7H15

PC7H14

X-ZC7H140

OC7H15

PC7H13

Y-ZC7HOD

PC7H15

OC7H150

OC7H1400H-N OC7H1400H-Q RCAOOH-N

PC7H1400H-O PC7H1400H-OODC7H140 N-PC7H140
0-QC7H140 NEOC7KETON NEOC7KETOP NEOC7KBTP
AC8H17 BC8H17 CC8H17 DC8H17
JC8H16 IC8H14 IC8H15 DC8H1702
BC8H1702H BC8H170 AC8H1600H-C BC8H160GH
BC8H1600H-D CC8H1600H-D CC8H1600H-B DOHOOH-C
ICBETERAB ICBETERBC ICBETERBD ICBETERCD
NEOC5H11COCHIEC4H7COCH3 IC4H7COCH2 XC7H130-Z
CC6H110-B XC7H140H-Y YC7H140H-X  ZC7H140H-
IC4H70OH-I1 OC7H140H-P PC7H140H-0O QC7HH®

XC7H140H-YO2 YC7H140H-XO2 ZC7H140H-YQZXC7H140-YO2H
OC7H140H-PO2 PCT7H140H-002 PC7H140-O0RE7H140H-QO2
BC8H160H-C CC8H160H-D

DC8H160H-C  CC8H1BB02

BC8H160-CO2H CC8H160H-DO2 CC8H160-DORE8H160H-CO2

Table B.4: List of 320 species of the reduced mechanismatoiniy 3073 reactions for the
description of catalytic partial oxidation of i-acte for C/0O=1.2, T=1017.86 K

H H2 0] 02 OH

H20 N2 Cco HCO CcOo2

CH3 CH4 HO2 H202 CH20
CH30 C2H6 C2H4 C2H5 CH2

C2H C2H2 C2H3 CH3O0H CH20H
CH2CO HCCO C2H50H PC2H40H SC2H40H
CH3CO CH2CHO CH3CHO C3H4-A C3H4-P
C3H6 C4H6 NC3H7 IC3H7 C3H8
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IC4H7
SC4H9
C4H10
C5H9
BC5H11
CC5H10
C5H11-3
C2H502
C2H3CO
C3HB600H1-202
NC3H702
|02C4H8OH
C4HB8OOH2-402
C4HB8OOH2-3
C4H801-4
IC4H902
BC5H1000H-A
A-BC5H100
NEOC5H1000H
C3H5-T
CH2(S)
HOC3H602
TC3H6CHO
IC3H5CO
TC3H60H
CH2CCH20H
CH3CHCO
IC3H6CHO

C4H8CHO-3

IC4H8

PC4H9

CH3COCH3

C5H10-1

CC5H11

IC5H9

NEOC5H12

CH302H

C2H3CHO

C3H600H2-102

IC3H702

IC4H70

IC4H8OO0OH-I02

IC4HBO2H-T

CC4H80

SC4H902

BC5H1000H-C

B-CC5H100

NEOC5H1000H-02

C3H3

NC4KET24

02C2H402H

IC3H7CHO

IC3H7CO

IC3H50H

CH2CHOOHCOCHS3

IC3H5COCHS3

IC3H6CHCO

HOCH20

C4H7

TC4H9

CH3COCH2

C5H10-2

DC5H11

NC5H12

NEOC5H11

C2H301-2

C3H50

NC3H70

C3H601-3

C4H70

IC4HBOOH-TO2

TC4H8O02H-I

IC4H90

AC5H1102

BC5H1000H-D

B-DC5H100

NEO-C5H100

C3H2

IC4KETII

CH202HCHO

IC4H70OH

TC3H602CHO

02C4H8CHO

C4H8-2

IC4H9

C2H5CHO

IC5H12

AC5H10

C5H11-1

C2H50

C2H401-2

C3H600H1-2

IC3H70

IC4H80O

C4H8OH-1

C4H80OO0OH1-2

C4H801-2

TC4H90

BC5H1102

CC5H1000H-B

NEOC5H1102

C3H5-A

C3H601-2

ICAKETIT

IC3H5CHO

IC3H6CO

IC3H502HCHO

O2HC4H7CHO

C4H8-1

IC4H10

C2H5CO

AC5H11

BC5H10

C5H11-2

CH302

C2H402H

C3H600H2-1

IG82H

IC4H8OH

C4H8OOH2230

4HBOOH2-1

C4H801-

TC4H902

CC5H1102

ASBH100

NEOC5H110

HG3S

OCHO

IC4H7-11

TC3H60CHO

IC4H60OH

TC3H6GHT

C3H50H

CH3CHOOHCOCHEH3CHOOCOCH3 C2H3COCHS3

AC3H4COCH3

AC3H5CHCHO

HOCHO
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SC3H5COCH2

AC3H5CHO

AC6H13

CH3CHIH

AC3H5CO

BC6H13



DC6H13
DC6H12
CC6H1200H-D
A-AC6H120
D-EC6H120
NEOC6H12
IC4H7CHO
C7H162-4
YC7H14
YC7H1400H-X1
X-Y2C7H140
NC7H15
PC7H14
OC7H1400H-Q
N-PC7H140
NEOC7KETPO
DC8H17
AC8H1702H
BC8H1600H-A

ICBETERAB

EC6H13

IC6H11

CC6H1200H-E

A-BC6H120

NEOC6H14

NEOC6H11

IC4H7CO

XC7H15

XC7H13

YC7H1400H-Y2

X-ZC7H140

OC7H15

PC7H13

PC7H1400H-N

O-PC7H140

IC8H18

IC8H16

BC8H1702H

BC8H1600H-D

ICBETERBC

NEOC5H11COCH3C4H7COCHS3

CC6H110-B

IC4H70OH-I11

XC7H140H-YO2

OC7H140H-PO2

BC8H160H-C

BC8H160-CO2H

XC7H140H-Y

OC7H140H-P

YC7H140H-X02

PC7H140H-002

CC8H160H-D

CC8H160H-DO2

AC6H12
CC6H130
DC6H1200H-B
B-DC6H120
FC6H13
F-FC6H120
C4H7CHO1-2
YC7H15
XC7H1400H-Y1
ZCT7H1400H-X
Y-ZC7H140
PC7H15
OC7H150
OC7H1400H-P
0-QC7H140
AC8H17
JC8H16
BC8H170
CC8H1600H-B
ICBETERBD
IC4H7COCH2
YC7H140H-X
PC7H140H-0O

ZC7H140H-YO2

PC7H140-O02H

DC8H160H-C

CC8H160-DO2H

BC6H12 CC6H12
BC6H1200H-C CC6H120GBH
DC6H1200H-C B28OOH-E
C-DC6H120 C-EC6H120
GC6H13 HC6H13
TC4H9CHO TC4H9CO
C4H7CO1-2 C4H7CO2-2
ZCTH15 XC7H14
XC7H1400H-Z XC7THAOH-Y2
ZC7H1400H-Y -XLC7H140
C7KET24zX C7KET24zY
QC7H15 OC7H14
NC7H1400H-0O OC7H14a0H

PC7H1400H-OO:DCVH140

NEOC7KETON NEOC7KETOP
BC8H17 CC8H17
IC8H14 IC8H15
AC8H1600H-C BC8H160CH
DC8H1600H-C DOBOOH-D
ICBETERCD ICBETERDD
XC7H130-Z PC7H130-O
ZC7H140H-Y YC7H14GH
QC7H140H-P PC7HH4Q

ZC7H140-YO2HYC7H140H-Z02
PC7H140H-QC2C8H160H-B
CC8H160H-BO2 BC8KH-CO2

DC8H160H-COPC8H160-CO2H
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Table B.5: List of 315 species of the reduced mechanismatoiniy 3127 reactions for the
description of catalytic partial oxidation of i-acte for C/0=0.8, T=1374.85 K

H

H20

CH3

CH30

C2H

CH2CO

CH3CO

C3H6

IC4H7

SC4H9

C4H10

C5H9

BC5H11

CC5H10

C5H11-3

C2H502

CH3CO3H

C3H600H2-1

IC3H702H

IC4H8OH

C4H800H2-402

C4H80O0OH2-3

C4H802-3

TC4H902

BC5H1102

CC5H1000H-A

B-CC5H100

H2

N2

CH4

C2H6

C2H2

HCCO

CH2CHO

C4H6

IC4H8

PC4H9

CH3COCHS3

C5H10-1

CC5H11

IC5H9

NEOC5H12

CH302H

C2H3CO

C3H600H1-202

NC3H702

I02C4H80OH

IC4H80O0H-102

IC4H8O2H-T

CC4H80

IC4H902

CC5H1102

CC5H1000H-B

B-DC5H100

0]

CoO

HO2

C2H4

C2H3

C2H50H

CH3CHO

NC3H7

C4H7

TC4H9

CH3COCH2

C5H10-2

DC5H11

NC5H12

NEOC5H11

C2H301-2

C2H3CHO

C3H600H2-102

IC3H702

IC4H70

IC4H8OOH-TO2

TC4H8O2H-I

PC4H90O

SC4H902

BC5H1000H-A

CC5H1000H-D

C-DC5H100
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02

HCO

H202

C2H5

CH3OH

PC2H40H

C3H4-A

IC3H7

C4H8-2

IC4H9

C2H5CHO

IC5H12

AC5H10

C5H11-1

C2H50

C2H401-2

C3H50

NC3H70

C3H601-3

C4H70

C4HBOOH1-2

C4H801-3

IC4H90

PC4H902

BC5H1000H-C

A-BC5H100

NEOC5H1102

OH

COo2

CH20

CH2

CH20H

SC2H40H

C3H4-P

C3H8

C4H8-1

IC4H10

C2H5CO

AC5H11

BC5H10

C5H11-2

CH302

C2H402H

C3H600H1-2

HCZO

IC4H80

C4H80O0OH230

4HBOOH2-1

C4HB8O1-

TC4H90

AC5H1102

BCSHOMOD

A-GCH0

NEOC5H110



NEOC5H1000H
C3H5-T
CH2(S)
C3HB0OH

TC3H60CHO
IC4HB0H

TC3H60HCHO

C3H50H

NEOC5H1000H-02 NEO-C5H100

C3H3

NC4KET24

HOC3H602

TC3H6CHO

IC3H5CO

TC3H60H

CH2CCH20H

CH3CHOOCOCH3CH3CHCOCH3

IC3H5COCH3
IC3H6CHO
C4H8CHO-3
BC6H13
CC6H12
DC6H1200H-B
B-DC6H120
FC6H13
F-FC6H120
C4H7CHO1-2
XC7H15
XC7H13
ZC7H1400H-X
C7KET24zX
OC7H14
OC7H1400H-Q
NEOC7KETON
BC8H17
IC8H14

AC8H1600H-C

IC3H5COCH2

IC3H6CHCO

C4H8CHO-4

DC6H13

DC6H12

DC6H1200H-C

C-DC6H120

GC6H13

TC4HI9CHO

C4H7CO1-2

YC7H15

XC7H1400H-Z

X-Y1C7H140

C7KET24zY

PC7H14

OC7H1400H-P

NEOC7KETOP

CC8H17

IC8H15

BC8H1600H-C

C3H2

IC4KETII

02C2H402H

IC3H7CHO

IC3H7CO

IC3H50H

C2H5COCH3

C2H3COCHS3

AC3H4COCHS3

AC3H5CHCHO

HOCH20

EC6H13

IC6H11

DC6H1200H-E

C-EC6H120

HC6H13

TC4H8CH2CHO

C4H7CHO2-2

ZCT7H15

XC7H1400H-Y2 YC7H1400H-X1

X-Y2C7H140

OC7H15

PC7H13

N-OC7H140

NEOC7KETPO

DC8H17

AC8H1702H

BC8H1600H-A BC8H1600H-D
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C3H5-A

C3H601-2

IC4KETIT

CH202HCHO

IC4H70OH

TC3H602CHO

02C4H8CHO

HG3ES

OCHO

IC4H7-11

IC3H5CHO

IC3H6CO

IC3H502HCH

O2HC4H7CHO

CH2CHOOHCOCRBBI3CHOOHCOCHS3

CH3CHCO

SC3H5COCH2

AC3H5CHO

HOCHO

AC6H12

CC6H130

A-AC6H120

D-EC6H120

NEOC6H12

IC4H7CHO

C4H7CO2-2

XC7H14

X-ZC7H140

PC7H15

OC7H150

O-PCT7H140

IC8H18

IC8H16

BC8H1702H

C2H5CHCO
CH3GHE
AC3H5CO
AC6H13
BC6H12
CC6H1200H-E
A-BER0
NEOC6H14
NEOC6H11
IC4H7CO
C7H162-4
YC7H14
YEI400H-Y2
Y-ZC7HO
QC7H15
OC7H1400H-N
0-QCRBI1
AC8H17
JC8H16
BC8H170

GasHO0H-B



ICBETERAB ICBETERBC ICBETERBD NEOC5H11COCH3 XC7HXZO
PC7H130-O CC6H110-B XC7H140H-Y YC7H140H-X ZC7H140H-
YC7H140H-Z OC7H140H-P PC7H140H-0O QC7H140H-P PC7H14D

XC7H140H-YO2 YC7H140H-X0O2 ZC7H140H-YO2 YC7H140H-ZO2 OC7H140H-PO2

PC7H140H-002 PC7H140-O02H PC7H140H-QO2 CC8H160H-B  C8IB160H-C

CC8H160H-D DC8H160H-C CC8H160H-BO2 CC8H160-BO2H BIABOH-CO2

BC8H160-CO2H CC8H160H-DO2 CC8H160-DO2H DC8H160H-CO2DC8H160-CO2H

Table B.6: List of 337 species of the reduced mechanismatoiniy 3183 reactions for the
description of catalytic partial oxidation of i-acte for C/O=1.6, T=1005.78 K,

t=1.0s

H H2 o 02 OH

H20 N2 co HCO co2

CH3 CH4 HO2 H202 CH20
CH30 C2H6 C2H4 C2H5 CH2

C2H C2H2 C2H3 CH30H CH20H
CH2CO HCCO C2H50H PC2H40H SC2H40H
CH3CO CH2CHO CH3CHO C3H4-A C3H4-P
C3H6 C4H6 NC3H7 IC3H7 C3H8
IC4H7 IC4H8 C4H7 C4H8-2 C4H8-1
SC4H9 PC4H9 TC4H9 IC4H9 IC4H10
C4H10 CH3COCH3 CH3COCH2 C2H5CHO C2H5CO
C5H9 C5H10-1 C5H10-2 IC5H12 AC5H11
BC5H11 CC5H11 DC5H11 AC5H10 BC5H10
CC5H10 IC5H9 NC5H12 C5H11-1 C5H11-2
C5H11-3 NEOC5H12 NEOC5H11 C2H50 CH302
C2H502 CH302H C2H301-2 C2H401-2 C2H402H
O2C2H40H C2H3CO C2H3CHO C3H50 C3HB600H1-2
C3HB600H2-1 C3HB600H1-202 C3HB00H2-102 NC3H70 HZO
IC3H702H NC3H702 IC3H702 C3H601-3 IC4H80
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IC4H8OH
C4HB8OOH2-302
C4HB8OOH2-1

C4H801-3

TC4H90

BC5H1102
CC5H1000H-A
B-CC5H100
NEOC5H1000H

C3H5-T

CH2(S)

C3HB0H

IC3H5CHO

IC3H6CO
IC3H502HCHO

02C4H8CHO

CH3CHOOHCOCH3CH3CHOOCOCH3

IC3H5COCH2

IC3H6CHCO

C4H8CHO-4

DC6H13

DC6H12

CC6H1200H-D

DC6H1200H-E

C-DC6H120

NEOC6H14

NEOC6H11

TC4H9CHCHO

C4H7CO1-2

[02C4H80OH

C4H80O0OH2-402

C4H80OO0OH2-3

C4H801-4

TC4H902

CC5H1102

CC5H1000H-B

B-DC5H100

IC4H70

IC4H8OO0OH-I02

IC4HBO2H-T

CC4H80

IC4H902

BC5H1000H-A

CC5H1000H-D

C-DC5H100

NEOC5H1000H-O2 NEO-C5H100

C3H3

NC4KET24

HOC3H602

TC3H60CHO

IC4H60OH

TC3H60OHCHO

O2HC4H7CHO

AC3H4COCHS3

AC3H5CHCHO

HOCH20

EC6H13

IC6H11

CC6H1200H-E

A-AC6H120

C-EC6H120

FC6H13

F-FC6H120

TC4H8CH2CHO

C4H7CHO2-2

C3H2

IC4KETII

02C2H402H

TC3H6CHO

IC3H5CO

TC3H60H

C3H50H

C2H3COCHS3

SC3H5COCH2

AC3H5CHO

HOCHO

AC6H12

CC6H130

DC6H1200H-A

A-BC6H120

D-EC6H120

GC6H13

TC4H9CHO

ICAH7CHO

C4H7CO2-2
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C4H70

C4HBOH-1

IC4H8OOH-TG24H8OOH1-2

TC4H8O2H-I

PC4H90

SC4H902

BC5H1000H-C

A-BC5H100

NEOC5H1102

C3H5-A

C3H601-2

IC4KETIT

CH202HCHO

IC3H7CHO

IC3H7CO

IC3H50H

CH2CCH20H

CH3CHCO

CH3CHCHO

AC3H5CO

AC6H13

BC6H12

BC6H1200H-C

DC6H1200H-B

A-DC6H120

C4H7CHO2-1

HC6H13

TC4H9CO

IC4H7CO

C7H162-4

C4H8O1

IC4H90

AC5H1102

BCSHOMD

A-GCHO

NEOC5H110

HG3S

OCHO

IC4H7-11

IC4H70O0H

IC4H70OH

TC3H602CHO

TC4H8CH

CH2CHOOHIE3

IC3H5COCH3

IC3HGTH

C4H8CHO-3

BC6H13

CC6H12

CC6H120GBH

DO20O0H-C

B-DC6H120

C4H6CHQ2-1

NEOC6H12

NEOC5H11CHO

C4H7CHD1

XC7H15



YC7H15

XC7H1400H-Y1

ZC7H1400H-X

Y-ZC7H140

PC7H15

OC7H150

OC7H1400H-P

NEOC7KETON

BC8H17

IC8H14

AC8H1600H-C

DC8H1600H-D

NEOC5H11COCH3

XC7H130-Z
ZC7H140H-Y
QC7H140H-P
ZC7H140-YO2H
PC7H140H-Q02
CC8H160H-BO2

DC8H160H-CO2

ZCT7H15
XC7H1400H-Z
ZC7H1400H-Y
C7KET24ZX

QC7H15

NC7H1400H-O

N-OC7H140
NEOC7KETOP

CC8H17

IC8H15
BC8H1600H-C
ICSETERAB

IC4H7COCH3
PC7H130-0
YC7H140H-Z

PC7H140H-Q
YC7H140H-Z02

CC8H160H-B

CC8H160-BO2H

DC8H160-CO2H

XC7H14 YC7H14 XC7H13

XC7H1400H-Y2(C7H1400H-X1 YC7H140O0H-Y2

X-Y1C7H140 X-Y2C7H140 X-ZE€140
C7KET24zY NC7H15 OC7H15
OC7H14 PC7H14 PC7H13
OC7H1400H-N OC7H1400H-Q PCHFBIOH-N
N-PC7H140 O-PC7H140 0-QC7H140
NEOC7KETPO IC8H18 AC8H17
DC8H17 IC8H16 JC8H16
AC8H1702H BC8H1702H BC8H170

BC8H1600H-A BC8H1600H-D GOHOOH-B

ICBETERBC ICBETERBD ICBETERDD
IC4H7COCH2 YC7H1300H-X1 AH130-X1
CC6H110-B XC7H140H-Y YC7H140H-X

IC4H70OH-I11 OC7H140H-P PC7THIHD®

XC7H140H-YO2ZC7H140H-X02 ZC7H140H-YO2
OC7H140H-PO2 PC7H140H-O®GZ7H140-O02H
DC8BH-C

BC8H160H-C CC8H160H-D

BC8H160H-CO2 BC8H160-COZB8H160-DO2H
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