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Zusammenfassung

Kraftstoffe aus nicht-essbarer Biomasse stellen als nachhaltige Energieträger
eine mögliche Alternative zu konventionellen Kraftstoffen dar. Eine wichtige
Voraussetzung hierfÃĳr ist das detaillierte VerstÃďndnis ihres Oxidationsver-
halten, welches stark von der Kraftstoffstruktur abhängt. Zur umfassenden
Untersuchung der Oxidation einer Klasse von Furanen und Tetrahydrofuranen
werden daher in der vorliegenden Arbeit detaillierte Reaktionsmechanismen
entwickelt und darauf aufbauend die Zusammensetzung von Kraftstoffmis-
chungen systematisch für konkrete Anwendungen optimiert.

Im ersten Teil wird der Effekt der Beimischung des Oktanzahlverbesserers
2-Methylfuran zu der reaktiveren Komponente von Primären Bezugskraft-
stoffen, n-Heptan, untersucht. Hierzu wurde ein detaillierter Reaktionsmech-
anismus formuliert, welcher die relevanten Reaktionspfade der Oxidation
von 2-Methylfuran und n-Heptan enthält, und auf Basis neuer Messungen
und experimenteller Literaturdaten validiert. Beide Kraftstoffkomponen-
ten zeigen ein nichtlineares Mischungsverhalten. Die detaillierte chemische
Analyse zeigt, dass hierfür keine direkte Interaktion von 2-Methylfuran und
n-Heptan, sondern die Rolle von 2-Methylfuran als Radikalbinder in der
Mischung verantwortlich ist. Der zweite Teil der Arbeit analysiert den
Einfluss der molekularen Kraftstoffstruktur auf die Reaktivitäten von 2-
Methyltetrahydrofuran und 3-Methyltetrahydrofuran. Für beide Kraftstoffe
wurden zunächst Reaktionsmechanismen entwickelt und mittels experimentell
ermittelter Zündverzugszeiten sowie Flammendaten aus der Literatur vali-
diert. 2-Methyltetrahydrofuran weist dabei eine geringere Reaktivität als
3-Methyltetrahydrofuran auf, wofÃĳr die Lage der Seitenkette als der entschei-
dende Faktor identifiziert wird. Im letzten Teil der Arbeit wird schließlich die
Zusammensetzung potentieller Kraftstoffmischungen optimiert. Die Identifika-
tion geeigneter Kraftstoffkandidaten erfolgt mittels eines eigens entwickelten
Tools. Dieses erlaubt die Berechnung der physikalisch-chemischen Kraftstof-
feigenschaften auf Basis vordefinierter Mischungsregeln und darauf aufbauend
die Auswahl geeigneter Kraftstoffkomponenten für die vorgegebenen Randbe-
dingungen der Mischung. Die Kraftstoffauswahl ergibt hierbei, dass durch
Beimischung von Alkoholen oder Ketonen zu konventionellem Ottokraftstoff
ein hohes Potential zur Steigerung des Motorwirkungsgrades besteht.
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Abstract

Fuel components derived from non-edible biomass are regarded as sustainable
substituents for conventional fuels. A major prerequisite for their application
in engines, however, is the understanding of their detailed oxidation behavior,
which strongly depends on the fuel structure. In the present work, the
oxidation behavior of a group of bio-derived furans and tetrahydrofurans
is investigated by developing their detailed chemical kinetic mechanisms.
Furthermore, to identify potential fuel blends for the desired applications, a
systematic optimization approach is proposed.

The first part of this thesis is a detailed investigation of the effect of blending
an octane booster, 2-methylfuran, with the more reactive primary reference
fuel candidate, n-heptane. A detailed model comprising the chemistry relevant
for 2-methylfuran and n-heptane was formulated, which predicts newly mea-
sured and literature data well. A non-linear mixing behavior was observed, and
the detailed chemical analysis reveals no direct interaction between these two
fuels, but the effect of 2-methylfuran as a radical scavenger is responsible for
this trend. The second part of the thesis addresses the question, how a small
change in molecular structure can lead to a substantial change in the reactivity.
The oxidation behavior of two structural isomers, 2-methyltetrahydrofuran
and 3-methyltetrahydrofuran, is investigated numerically and experimentally.
The developed detailed chemical kinetic models show good agreement with
experimental ignition delay measurements and flame data from the literature.
The influence of molecular structure on ignition propensity was investigated by
comparing the ignition delay times of these two components. A comparative
reaction path analysis ensures that the location of the side chain is the decisive
factor for their ignition propensity. The last part of the thesis focuses on the
optimization of potential gasoline blending agents. For this purpose, a large
database containing the physical and chemical properties of about 500 fuel
components was established. In order to identify the potential candidates, a
simple automatic tool was developed, whose main functions involve the physic-
ochemical property calculation of the blends based on pre-defined blending
rules and selecting the potential candidates for a set of constraints on these
properties. Fuel candidates comprising the alcohol and ketone functional
groups were observed to have good potential for blending with gasoline for
superior efficiency.
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(MF25OH4J). . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2.3 Co-oxidation reactions of 2-MF and its intermediate species
with n-heptane and its intermediate species. . . . . . . . . . . 11

2.4 Addition of O2 to 2-furanylmethyl radical. . . . . . . . . . . . 12
2.5 Typical pressure trace obtained from the RCM, together with

the definition of characteristic times . . . . . . . . . . . . . . 15
2.6 Typical end wall pressure traces obtained from the SWL ST

and PCFC ST, showing the method . . . . . . . . . . . . . . 17
2.7 Effect of pressure on ignition delay times of 2-MF/n-heptane

blend in RCM and in ST . . . . . . . . . . . . . . . . . . . . . 20
2.8 Ignition delay times of 2-MF/n-heptane blend in RCM at 10 bar.

Symbols - experiments; . . . . . . . . . . . . . . . . . . . . . . 21
2.9 Ignition delay times of 2-MF/n-heptane blend in RCM at 20 bar.

Symbols - experiments; . . . . . . . . . . . . . . . . . . . . . . 23
2.10 Comparison of simulation results with and without the devel-

oped 2-MF low-temperature sub-model. . . . . . . . . . . . . 24
2.11 Ignition delay times for pure 2-MF in RCM and in ST. Symbols

- experiments; . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
2.12 Ignition delay times for 2-MF. Symbols - experiments from

Somers et al. [2]; . . . . . . . . . . . . . . . . . . . . . . . . . 26
2.13 Ignition delay times for 2-MF. Symbols - experiments from Wei

et al. [3] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
2.14 Ignition delay times for 2-MF. Symbols - experiments from

Eldeeb et al. [4] . . . . . . . . . . . . . . . . . . . . . . . . . . 28
2.15 Ignition delay times for 2-MF. Symbols - experiments; solid

lines - numerical simulations at constant volume; solid lines
with open symbols - numerical simulations including RCM
facility effect. . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

2.16 Laminar burning velocities for 2-MF. Symbols - experiments:
(a) Somers et al. [2] . . . . . . . . . . . . . . . . . . . . . . . . 30

xiii



LIST OF FIGURES

2.17 Flame species profiles for low-pressure premixed 2-MF/O2/Ar
flame at an initial temperature of 373 K . . . . . . . . . . . . 31

2.18 Flow reactor species profiles for 2-MF/O2/H2O/N2 mixtures
at atmospheric pressure . . . . . . . . . . . . . . . . . . . . . 32

2.19 Comparison of 2-MF, 2-MF/n-heptane blend, and n-heptane
ignition at φ = 1 . . . . . . . . . . . . . . . . . . . . . . . . . 34

2.20 Simplified schematic of primary decomposition pathways of
2-MF and n-heptane . . . . . . . . . . . . . . . . . . . . . . . 35

2.21 Simplified schematic of reaction path analysis of 2-MF . . . . 37
2.22 Simplified schematic of reaction path analysis of 2-MF in the

2-MF/air mixtures at 30 % 2-MF consumption . . . . . . . . 38
2.23 Sensitivity coefficient of main 2-MF and n-heptane specific

reactions showing the effect of temperature . . . . . . . . . . 41
2.24 Sensitivity coefficient of main 2-MF specific reactions showing

the effect of temperature . . . . . . . . . . . . . . . . . . . . . 42

3.1 Experimental pressure traces of stoichiometric 2-MTHF/air/diluents
from NUI Galway ST. . . . . . . . . . . . . . . . . . . . . . . 47

3.2 RCM pressure traces showing differences in the measurements
from NUI Galway and RWTH Aachen RCM; . . . . . . . . . 48

3.3 Structure and bond dissociation energies of 2-MTHF compared
with those of 3-MTHF. . . . . . . . . . . . . . . . . . . . . . . 49

3.4 Ignition delay times of 2-MTHF/oxidizer/diluents, experimen-
tal data (points) and simulations at constant volume (lines) . 52

3.5 Comparison of experimental pressure traces to the calculated
pressure traces at 20 bar. . . . . . . . . . . . . . . . . . . . . . 53

3.6 Ignition delay times for 2-MTHF/oxidizer/diluent, solid lines
correspond to the simulations . . . . . . . . . . . . . . . . . . 54

3.7 Numerical ignition delay times of C5 fuels at 20 bar and φ =
1.0. n-Pentane model from Bugler et al. [5] . . . . . . . . . . 56

3.8 Simplified schematic of reaction path analysis for 2-MTHF/air
mixtures at 30 % fuel consumption . . . . . . . . . . . . . . . 57

3.9 Sensitivity analysis on ignition delay of 2-MTHF/air mixtures
at P = 20 bar and φ = 1. . . . . . . . . . . . . . . . . . . . . 59

3.10 Sensitivity analysis on ignition delay of 2-MTHF/air mixtures
at T = 800 K and φ = 1. . . . . . . . . . . . . . . . . . . . . . 61

3.11 Comparison among 3-MTHF RCM data from Sudholt et al.
[6], RCM data from present work, . . . . . . . . . . . . . . . . 62

xiv



LIST OF FIGURES

3.12 Second stage ignition delay times of 3-MTHF in RCM and in
ST. Closed squares - ST experiments; . . . . . . . . . . . . . 63

3.13 Comparison between experimental and calculated pressure
traces at 10 bar. . . . . . . . . . . . . . . . . . . . . . . . . . . 64

3.14 Second and first stage ignition delay times of 3-MTHF in RCM.
Closed circles - second stage . . . . . . . . . . . . . . . . . . . 65

3.15 Reaction path analysis for 3-MTHF/air mixture at 20 bar,
650 K and 1000 K, φ = 1, and 30 % fuel consumption. . . . . 66

3.16 Comparison of rate coefficients of O2 addition and β-scission
reactions of α-fuel radicals . . . . . . . . . . . . . . . . . . . 67

3.17 Reaction path analysis for one of the α fuel radicals of 3-MTHF,
at 20 bar, 650 K . . . . . . . . . . . . . . . . . . . . . . . . . . 68

3.18 Reaction path analysis for the tertiary β fuel radical of 3-MTHF,
at 20 bar, 650 K . . . . . . . . . . . . . . . . . . . . . . . . . . 69

3.19 Sensitivity analysis on ignition delay of 3-MTHF/air mixtures
at P = 20 bar and φ = 1. . . . . . . . . . . . . . . . . . . . . 70

3.20 Comparison between 3-MTHF and 2-MTHF ignition delays.
Closed squares - ST experiments; closed circles - RCM exper-
iments; solid lines - ST simulations; solid lines with points -
RCM simulations. . . . . . . . . . . . . . . . . . . . . . . . . 71

3.21 Low-temperature reaction pathways for 3-MTHF and 2-MTHF. 72
3.22 Reaction path analysis for O2QOOH predominantly formed in

the oxidation of the tertiary α fuel radical of 2-MTHF, . . . . 73

4.1 Fuel screening performed for constraints provided by “OMV
Refining and Marketing GmbH”, at 30 % blending. . . . . . . 95

4.2 Spectrum of remaining components at 20 % blending. . . . . . 96
4.3 Fuel screening for constraint set IV at 20 % blending. . . . . . 98

6.1 Ignition delay times for 2-MF. Symbols - experiments from Wei
et al. [3]; . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131

6.2 Flame species profiles for low-pressure premixed 2-MF/O2/Ar
flame at an initial temperature of 373 K . . . . . . . . . . . . 132

6.3 Flow reactor species profiles for 2-MF/O2/AR mixtures at
atmospheric pressure. . . . . . . . . . . . . . . . . . . . . . . 133

6.4 Ignition delay times for 2-MTHF/O2/Ar, in a shock tube;
symbols - experimental data from Wang et al. [7]; . . . . . . 134

6.5 Mol fraction species evolution in the 2-MTHF/O2/AR low
pessure flame. Symbols correspond to . . . . . . . . . . . . . 135

xv





List of Tables

2.1 List of validation cases considered in the present work for 2-MF. 18

4.1 Specifications of the physical and chemical properties of fuels. 79
4.1 Specifications of the physical and chemical properties of fuels

(continued). . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85
4.1 Specifications of the physical and chemical properties of fuels

(continued). . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86
4.2 Gasoline properties . . . . . . . . . . . . . . . . . . . . . . . . 93
4.3 Constraints on fuel properties provided by “OMV Refining and

Marketing GmbH” . . . . . . . . . . . . . . . . . . . . . . . . 94
4.4 Five different sets of relaxed constraints on physicochemical

properties of blends. . . . . . . . . . . . . . . . . . . . . . . . 97
4.5 Number of components left for the five different constraint sets. 97
4.6 Physicochemical properties of 17 components selected for fur-

ther in-depth investigation. . . . . . . . . . . . . . . . . . . . 99
4.6 Physicochemical properties of 17 components selected for fur-

ther in-depth investigation (continued). . . . . . . . . . . . . 100

xvii





Abbreviations

PCCI - premixed charged compression ignition

RCCI - reactivity controlled compression ignition

GCI - gasoline compression ignition

2-MF - 2-Methylfuran

2-MTHF - 2-methyltetrahydrofuran

3-MTHF - 3-methyltetrahydrofuran

RON - research octane number

LHV - lower heating value

SI - spark ignition

DCN - derived cetane number

LBV - laminar burning velocity

2,5-DMF - 2,5-dimethyltetrahydrofuran

EI-MBMS - electron ionization molecular-beam mass spectrometry

GC - gas chromatography

BDE - bond dissociation energy

CI - compression ignition

PAH - poly aromatic hydrocarbons

HM - hydrogen migration

CE - Concerted elimination

WE - waddington elimination

WCE - waddington concerted elimination

xix



LIST OF TABLES

RCM - rapid compression machine

ST - shock tube

NTC - negative temperature coefficient

THF - tetrahydrofuran

MBMS - molecular-beam mass spectrometry

EI - electron ionization

2-BTHF - 2-butyltetrahydrofuran

MON - motor octane number

QSPR - quantitative structure-property relationship

OI - octane index

OS - octane sensitivity

NOX - nitrogen oxides

CO2 - carbon dioxide

PM - particulate matter

uHC - unburnt hydrocarbon

CO - carbon monoxide

CN - cetane number

ID - ignition delay

HOV - heat of vaporization

xx




