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Abstract

Model development for ionization phenomena in premixed laminar �ames

Modern household heating boilers use a �ame detection circuit for safety purposes.
These �ame detection circuits utilize the electric current that can be found in carbon
based �ames that are subjected to an external electric �eld. The electric currents in
these �ames were previously found to be correlated to the equivalence ratio of the
�ames and this correlation can be utilized to use the �ame detection circuit for active
�ame control through a feedback loop. To do so requires an in-depth knowledge of the
interactions of the charged �ame species, that facilitate the electric currents, and the
electric �elds that are applied by the �ame detection circuit.

To be able to investigate this behavior a new model is developed in this study to simu-
late the electric behavior of one-dimensional ionized �ames and to predict the electric
currents in these �ames. The model utilizes Poisson’s equation to computed the elec-
tric potential. A multi-component diffusion model, including the in�uence of an electric
�eld, is used to model the diffusion of neutral and charged species. The model is encor-
porated into the existing CHEM1D �ame simulation software. A comparison between the
computed electric currents and experimental values from literature show a good qual-
itative agreement for the voltage-current characteristic. Physical phenomena, such as
saturation and the diodic effect are captured by the model. The depence of the sat-
uration current on the equivalence ratio is also captured well for equivalence ratio’s
between 0.6 and 1.2.

Simulations show a clear relation between the saturation current and the total number
of charged particles created. The model shows that the potential at which the electric
�eld saturates is strongly dependent on the recombination rate and the diffusivity of the
charged particles. This knowledge is used to optimize the ionization chemistry mecha-
nism with respect to experimentally determined voltage-current characteristics.

To investigate the applicability of the optimized ionization mechanism to other situa-
tions than the experimental setup that was used to create the optimizedmechanism, the
optimized chemistry mechanism is validated with a set of experimental results, which
were obtained by Bosch Thermotechnology B.V. with a different setup. The numerical
simulations shows small, but acceptable differences with the experimental results.

The optimized ionization mechanism is used to investigate the physical background of
speci�c interesting features of the voltage-current characteristic. For strong applied
electric �elds the electric current is independent of the applied �eld strength. This
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saturation effect is caused by the depletion of electrons from the �ame plasma and
a domination of the electric forces over Fick diffusion for the cations. According to the
simulations, the diodic effect is mostly de�ned by the distance that the heavier and less
mobile ions have to travel to reach the negatively charged electrode.

The �ame detection circuit is based on the diodic effect in conjuction with an alternating
applied electric �eld. To investigate the electric behavior of �at �ames in the presence
of alternating electric �elds, simulations are performed of �at �ames subjected to these
electric �elds and these simulations are compared to experiments. In the experiments
it was found that the electric currents in �ames that are subjected to the alternating
electric �elds with an amplitude higher than the saturation voltage initially will surpass
the saturation current. This overshoot is encountered particularly in electric �elds with
frequencies up to 100 Hz, but the absence of this overshoot in �ames with higher fre-
quencies is caused by a capacitive effect in the experimental setup.

The overshoot is also found in numerical simulations and this is used to investigate the
physical backgrounds of this overshoot thoroughly. The overshoot is found to be caused
by the time response of the charged species in the �ame. The concentrations of charged
species is found to be much lower than expected the moment the overshoot occurs and
it is concluded that the charged species are in�uenced by an inertia with respect to the
changing electric �eld. This causes a different electric �eld than can be expected based
on the quasi-steady behavior and this forms the basis of the second order system that
is observed for saturating electric currents.



Samenvatting

Modelontwikkeling voor het ionisatie gedragvanvoorgemengde laminaire vlam-
men

Om veiligheidsredenen zijn moderne CV ketels uitgerust met een vlamdetectiecircuit.
Deze elektrische circuits maken gebruik van de elektrische stromen, die gemeten kun-
nen worden in koolwaterstofvlammen, die blootgesteld worden aan externe elektrische
velden. Het is eerder aangetoond dat deze elektrische stromen een correlatie vertonen
met de equivalentieverhouding en deze relatie kan gebruikt worden om vlamdetectiecir-
cuits te gebruiken voor actieve vlamcontrole via een feedback loop. Om dit mogelijk te
maken is fundamentele kennis nodig over de geladen deeltjes in vlammen en hun gedrag
onder invloed van externe elektrische velden.

Om dit gedrag te kunnen onderzoeken wordt in deze studie een nieuwmodel ontwikkeld
om het gedrag van ééndimensionale geïoniseerde vlammen te kunnen simuleren en
de elektrische stromen in deze vlammen te kunnen voorspellen. In het model wordt
Poisson’s vergelijking voor de elektrische potentiaal gebruikt om het elektrisch veld te
simuleren. Een multicomponent diffusiemodel wordt gebruikt om zowel de elektrische
als de massa diffusie van de neutrale en geladen deeltjes te simularen. Dit model is in-
gebouwd in het bestaande CHEM1D software pakket. In een vergelijking tussen de berek-
ende en experimenten uit de literatuur, laat hetmodel kwalitatieve overeenkomstenmet
de experimentele voltage-stroom karakteristiek zien. Fysische verschijnselen, zoals sat-
uratie en het diodisch effect worden aangestroffen met het model. Verder is het model
in staat om de saturatiestroom voor een reeks equivalentieverhoudingen accuraat te
voorspellen.

De simulaties laten een duidelijke relatie zien tussen de saturatiestroom en het totaal
aantal geproduceerde geladen deeltjes. Verder laat het model zien dat de opgelegde
potentiaal waarbij saturatie optreed sterk afhangt van de recombinatiereactie en de dif-
fusiviteit van de geladen deeltjes. De kennis die hierbij is opgedaan wordt gebruikt om
het ionisatie mechanisme te optimaliseren in vergelijking met experimenteel bepaalde
voltage-stroom karakteristieken.

Om het toepassingsgebied van het model en het ionisatie mechanisme verder te onder-
zoeken, worden resultaten van hetmodel gevalideerdmet een tweede set experimentele
resultaten. Deze experimenten zijn uitgevoerd bij Bosch Thermotechniek B.V. met een
andere meetopstelling dan is gebruikt voor de optimalisatiedata. De numerieke simu-
laties laten kleine afwijkingen zien met de experimenten, maar deze afwijkingen zijn zo
kleine dat ze acceptabel zijn.
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Na deze validatiestap is het model gebruikt om de fysischeachtergronden van bepaalde
interessante eigenschappen van de voltage-stroom karateristieken the onderzoeken.
Voor sterke elektrische velden is de stroomsterkte onafhankelijk van het opgelegde veld.
Dit zogenaamde saturatie gedrag wordt veroorzaakt door het verlaten van de stroming
van de elektronen en door het feit dat de elektrische krachten de Fick diffusie gaat
domineren voor ionen. Het diodisch effect wordt, volgens de simulaties, primair bepaald
door de afstand die de zware en minder mobiele cationen af moeten leggen om de cath-
ode te bereiken.

Vlamdetectiecircuits werken op basis van het diodisch effect in samenwerking met wis-
selspanningen. Om het gedrag van vlakke vlammen, die worden onderworpen aan op-
gelegde electrische velden, te kunnen onderzoeken, worden er eerst tijdsafhankelijke
simulaties uitgevoerd die vergeleken kunnen worden met experimentele observaties. In
vlammen die worden onderworpen aan elektrische velden met een amplitude die boven
de saturatiespanning uitkomt, is een overschrijding van de saturatiestroom te zien. Deze
overshrijding wordt zowel numeriek als experimenteel geobserveerd voor lage frequen-
ties. Voor hogere frequencies kan deze overschreiding niet geobserveerd worden in de
experimenten, maar de meetopstelling is hier ook niet nauwkeurig genoeg voor.

De eerder genoemde overschrijding is kritisch onderzocht met het numerieke model en
er wordt geconcludeerd dat deze overschrijding veroorzaakt wordt door de tijdsrespons
van de geladen deeltjes. De geladen deeltjes zijn in veel kleinere getalen aanwezig dan
uit quasi-statische simulaties niet gevonden worden en er wordt geconcludeerd dat de
geladen deeltje beïnvloed worden door een traagheid met betrekking tot het veran-
derende elektrisch veld. Dit heeft een ander elektrisch veld tot gevolg en dit vormt de
basis voor een tweede orde system.



Contents

Nomenclature xiii

1 Introduction 1
1.1 Flame ionization in literature . . . . . . . . . . . . . . . . . . . . . . . . 5
1.2 Objective of this study . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
1.3 Outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

2 Theoretical framework 11
2.1 Modeling approach . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
2.2 Fluid �ow �eld . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.2.1 Reacting �ow relations . . . . . . . . . . . . . . . . . . . . . . . 13
2.2.2 Thermodynamic relations . . . . . . . . . . . . . . . . . . . . . . 15

2.3 Electric �eld . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
2.3.1 Maxwell’s relations . . . . . . . . . . . . . . . . . . . . . . . . . 17
2.3.2 Closure relations . . . . . . . . . . . . . . . . . . . . . . . . . . 18

2.4 Multi-component diffusion model . . . . . . . . . . . . . . . . . . . . . 19
2.5 Chemical model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

2.5.1 Chemical source term . . . . . . . . . . . . . . . . . . . . . . . . 21
2.5.2 Ionization pathways . . . . . . . . . . . . . . . . . . . . . . . . . 22
2.5.3 Comparison of ionization mechanisms . . . . . . . . . . . . . . . 23

2.6 Physical model for one-dimensional ionized �ames . . . . . . . . . . . . 24
2.6.1 Set of one-dimensional equations . . . . . . . . . . . . . . . . . 24
2.6.2 Boundary conditions . . . . . . . . . . . . . . . . . . . . . . . . 25

2.7 One-dimensional numerical model . . . . . . . . . . . . . . . . . . . . 29
2.7.1 Discretization . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
2.7.2 Newton Solver . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
2.7.3 Solution strategy . . . . . . . . . . . . . . . . . . . . . . . . . . 33
2.7.4 Convergence study . . . . . . . . . . . . . . . . . . . . . . . . . 33

2.8 Concluding remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

3 Model validation and optimization 37
3.1 Ion concentrations without applied electric �elds . . . . . . . . . . . . . 38

3.1.1 Lean methane-air �ame . . . . . . . . . . . . . . . . . . . . . . . 38
3.1.2 Lean methane-oxygen �ame . . . . . . . . . . . . . . . . . . . . 43

3.2 Electric currents . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
3.2.1 Experimental setup . . . . . . . . . . . . . . . . . . . . . . . . . 48
3.2.2 Laminar �ame speed . . . . . . . . . . . . . . . . . . . . . . . . 49
3.2.3 Electric currents . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

Model development for ionization phenomena in premixed laminar �ames



xii CONTENTS

3.2.4 Analysis of mechanism parameters . . . . . . . . . . . . . . . . . 53
3.2.5 Optimized ionization mechanism . . . . . . . . . . . . . . . . . . 56

3.3 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

4 Ionized �ame properties 63
4.1 Test case description . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

4.1.1 Experimental setup . . . . . . . . . . . . . . . . . . . . . . . . . 64
4.1.2 Numerical setup . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

4.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
4.2.1 Electric currents . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
4.2.2 Saturation of the electric �eld . . . . . . . . . . . . . . . . . . . 69
4.2.3 Diodic effect . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
4.2.4 In�uence of the equivalence ratio . . . . . . . . . . . . . . . . . 75

4.3 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

5 Unsteady electric �elds 77
5.1 Setup description . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

5.1.1 Experimental setup . . . . . . . . . . . . . . . . . . . . . . . . . 78
5.1.2 Numerical Setup . . . . . . . . . . . . . . . . . . . . . . . . . . 81

5.2 Non saturating alternating �elds . . . . . . . . . . . . . . . . . . . . . . 81
5.2.1 Reference case . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
5.2.2 In�uence of frequency . . . . . . . . . . . . . . . . . . . . . . . 84
5.2.3 In�uence of the equivalence ratio . . . . . . . . . . . . . . . . . 88

5.3 Saturating alternating �elds . . . . . . . . . . . . . . . . . . . . . . . . 90
5.3.1 Reference case . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
5.3.2 In�uence of frequency . . . . . . . . . . . . . . . . . . . . . . . 93
5.3.3 In�uence of the equivalence ratio . . . . . . . . . . . . . . . . . 96
5.3.4 Detailed analysis of unsteady saturation . . . . . . . . . . . . . . 98

5.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101

6 Conclusions and recommendations 105

A Reaction mechanisms 111

References 115

Acknowledgements 121

Curriculum vitae 123



Nomenclature

Latin symbols
A amplitude of the alternating applied po-

tential difference
V

a1, . . . , a7 NASA polynomial constants
AG Richardson’s constant m2 K2
Ai general chemical species
Ael electrode surface area m2

B Arrhenius pre-exponential factor mol1−
∑

νr i m−3(1−
∑

νr i ) K−β s−1
cp mass speci�c heat coef�cient at constant

pressure
J kg−1 K−1

DT
i

thermal diffusion coef�cient kg m−1 s−1
Di j generalized diffusion coef�cient m2 s−1
e elementary charge C
E electric �eld strength in x -direction V m−1
Ea activation energy J
We work done on the �ow by the externel

forces
J m−3 s−1

f computational �ux
f frequency of the alternating applied po-

tential difference
Hz

Fw auxiliary function
h mass speci�c enthalpy J kg−1
I electric current A
k reaction rate constant mol1−

∑

νr i m−3(1−
∑

νr i ) s−1
L distance between the burner deck and

the electrode
m

ṁ mass �ow rate kg m−2 s−1
M molar mass kg mol−1
N number of data points. −

n molar density mol m−3
NA Avogrado’s number mol−1
Nr number of reactions
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xiv Nomenclature

Ns number of species
p pressure Pa
P e local Péclet number −

q charge density C m−3
R universal gas constant J mol−1 K−1
R electric resistance Ω

r residual value
S Surface area m2

s entropy J K−1
Si charge number −

T temperature K
t time s
u velocity component in x -direction m s−1
Ui diffusion velocity in x -direction m s−1
v velocity component in y -direction m s−1
w velocity component in z -direction m s−1
Ws Work function eV
X molar fraction −

x �rst spatial dimension m
Yi computational variable i −

Y species mass fraction −

y second spatial dimension m
z third spatial dimension m

Greek symbols
α inverse �lter width s−1
β coef�cient that indicates a temperature

dependence
−

∆Φ externally applied potential difference V
ε relative error −

ε0 permittivity of free space C V−1 m−1
η coef�cient of dynamic viscosity Pa s
λ heat conductivity J m−1 K−1 s−1
λn numerical relaxation factor
µ0 permeability of free space T m A−1
ν molar stoichiometric coef�cients of a re-

action reaction
ξ arbitrary integration parameter −

ρ̇ species mass chemical source term kg m−3 s−1
ρ density kg m−3
Φ electric potential V



Nomenclature xv

φq heat �ux in x -direction W m−2
Ω conservation equation source term
ω reaction rate mol m−3 s−1

Vectors and tensors
B magnetic �eld T
b accelerations caused by body forces m s−2
di diffusion vector m−1
E electric �eld V m−1
fe,i body forces on a single particle N
Fe �eld density of external forces N m−3
g gravitational acceleration �eld m s−2
J current density A m−2
~̄J Jacobian matrix
n local domain outward unit normal vector −

q heat �ux W m−2
V species diffusion velocity m s−1
v �ow velocity vector m s−1
~Y numerical solution vector
¯̄τ viscous stress tensor Pa

Subscripts
i properties of species i
i + properties of cations
i − properties of anions and electrons
k computational cell index
r properties of reaction r

Superscripts
0 numerical property at Newton step 0
◦ properties at standard state, T =

298.15 K, p = 1 bar
B prescribed in�ow quatity
f properties of the forward reaction
n time or steady step number
r properties of the reverse reaction

Model development for ionization phenomena in premixed laminar �ames



xvi Nomenclature

Abbreviations
PSU power supply unit



Chapter 1
Introduction

Model development for ionization phenomena in premixed laminar �ames



1

2

Fire is one of the best known and one of the oldest forms of a combustion process. Fossil
evidence of �re is dated back to as early as 470 million years ago [27] and the widespread
use of �re by humans is dated to 100,000 years ago. Interestingly, the resistance to air
pollution seems to have arrisen in humans since that time [7]. During most of human
history, combustion has primarily been used to prepare food, for lighting, for heat and
safety against predators, but during the industrial revolution mankind found new ways
to harness the power of combustion processes.

The generation of heat for the heating of houses from chemical energy has also changed
in the past millennia. Where at �rst open �res were used for heating these where grad-
ually replaced by stoves and in the 20th century these were replaced by central heating
systems. These central heating systems initially used diffusion �ames, where the fuel
and oxidizer are fed into the combustion chamber separately. The utilization of these
�ames has strong disadvantages on the emissions of pollutants, because these �ames
produce relatively large amounts of NOx, which is generally seen as the precursor to
smog [15]. To cope with these emissions, heating boilers started using lean premixed
�ames, where the fuel and oxidizer are mixed before being fed into the combustion

(a) View of the internal design of a central heat-
ing boiler

(b) Cut-out view of a central heating boiler combustion cham-
ber and heat exchanger. The burner deck is shown in orange
and the red circle shows the downstream electrode.

Figure 1.1: Design of a central heating boiler. Images courtesy of Bosch Thermotechnol-
ogy B.V.
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chamber. These �ames produce lower amounts of NOx, while the carbonmonoxide emis-
sions remain low [26]. Another bene�t is that premixed �ames are smaller in size than
diffusion �ames [70], making smaller design possible.

The heat generated by the �ames in central heating boilers is used to heat a closed
loop water system and this eventually evolved into central heating boilers that can also
be used to heat tap water. In the Netherlands, heating boilers are the primary means
of heating households and an average household spends approximately AC1100, = p.a.
[43, 44] on the natural gas that provides this heat. Dutch households use approximately
16%of the yearly Dutch energy consumption and approximately 39%of this is generated
from natural gas [20]. These numbers make the ef�ciency a major driver for the devel-
opment of central heating boilers and in the recent decades household heating boilers
have signi�cantly increased in ef�ciency and at this moment the thermal ef�ciency has
been increased to over 100% [58].

Another major development driver is the reduction of emissions of harmful combustion
products. For central heating boilers the primary interest is in the emissions of CO, be-
cause it is a transparant, odourless and lethal gas and NOx, because this is a precursor
for smog and acid rain. The emissions of CO can beminimised by using lean methane-air
�ames and with our understanding of the elementary reactions involved, the poluting
emissions have been reduced greatly in the past decades. The NOx emissions can be
reduced by reducing the temperature in the combustion chamber.

To meet future challenges, heating boiler manufacturers have been trying to implement
active control systems. Active control systems can be used to curb pollutant emissions
even further, control the �ame more accurately when the boiler is performing on a par-
tial load or adjust the fuel-oxidizer mixture when fuels with different caloric contents are
used. The combustion control systems are an evolution of the �ame detection circuits
that can be found in most combustion devices. These circuits utilize the presence of
charged species in all carbon based �ames by applying an electric �eld across the �ame
or even the entire combustion chamber. This allows the measurement of the resulting
electric current and in this way it can be determined if a �ame is present or not.

The observation of electric currents in carbon based �ames implies the presence of
charged particles in the �ame. These ions and electrons can be found in all carbon
based �ames �ames [28–30, 40] and they are produced in elementary reactions involv-
ing CH and O radicals [30]. If electric �elds are applied to these �ames, the charged
species will experience an electric force and these forces will cause an acceleration of
the charged species. Since the positively charged ions and the negatively charged par-
ticles experience an accelartion that is opposite in sign, the charged species will start
moving in different directions and this movement of charged particles results in an elec-
tric current.

These electric currents are strongly dependent on the applied electric potential. This
relation is shown in �gure 1.2 by showing the electric current as a function of the applied
electric potential for a lean �at methane–air �ame. Three main regions can be observed
in �gure 1.2. Both regions I and II show an approximately linear increase of the electric
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Figure 1.2: Voltage-current characteristic for a �at methane–air �ame on the heat �ux
burner [6]. φ = 0.9,Ti n = 350 K, L = 10 mm.

current with the applied electric potential. If both regions I and II are compared it can be
observed that the dependence of the electric current on the applied potential is much
smaller for negative potentials than for positive potentials. This so-called diodic effect
is the undelying phenomenon for �ame detection circuits. By measuring the electric cur-
rents that occur in a sinusoidal time-dependent applied electric �eld an average electric
current can be determined. If this value is positive, a �ame is present and if it is zero no
�ame is present.

Another interesting phenomenon in �gure 1.2 is found in region III. Here the electric cur-
rent does not increase any further with an increase in the applied electric potential and
this is called saturation of the electric �eld. If the electric �eld strength is increased
even further to a certain threshold value (approximately 2kV), the electric �eld becomes
strong enough to cause secondary ionization by the collisions of high-energy electrons
with neutral species, ultimately leading to electric breakdown. This so-called electric
break-down can be found in region IV in �gure 1.2.

The applied voltages in typical domestic heating boilers range up to 240 V RMS. This
means region IV is not reached and the break-down regime is thus outside the scope of
this study. The electric �eld strength, however, does enter the saturation region. There-
fore it is clear that, in order to be able to produce amore ef�cient �ame detection circuit
and a better �ame control feedback loop, it is vital to gain a better understanding of
�ame ionization currents in general and of the diodic effect and saturation in particular.

This dissertation will focus on modeling the electric current in �at �ames under the in-
�uence of an applied electric �eld. The model will be used to investigate saturation of
the electric �eld and the diodic effect in �at methane–air �ames under the in�uence



1

Introduction 5

of steady state electric �elds. After this the focus will shift to electric currents in �at
methane–air �ames that are subjected to alternating electric �elds.

1.1 Flame ionization in literature
In the past decades quite some researchers have taken interest in the �eld of �ame ion-
ization and �ameplasma. These two �elds are intimately related, due to a non-negligible
presence of charged particles in �ames. The presence of these charged particles is still
relatively low (charged species mole fractions are in the order of 1.0× 10−9) and �ames
can thus be viewed as weak plasmas [41]. As such the research �eld of �ame ioniza-
tion can be seen as a subset of the �ame plasma research �eld. Another important
subtopic of this research �eld is spark ignition, because a spark creates a plasma chan-
nel between two electrodes to provide highly reactive radicals to the fuel-air mixture
and thus improve ignition. This method has received a lot of attention in research pa-
pers [8, 37, 39, 67, 76], primarily due to its applicability to spark ignition engines.

Another interesting topic in this �eld is plasma assisted combustion, where the com-
bustion process is in�uenced by applying microwaves to �ames, for example. These
techniques can be utilized to signi�cantly widen the �ammability limits of combustible
mixtures [65], by making more radicals available to the mixture. A comprehensive review
of this research �eld is presented by Starikovskaia [64].

The main topic of this study, however, is �ame ionization. The interaction between �ame
ions and electric �elds has received signi�cant attention, because it can be used to im-
prove the stabilization of carbon based �ames by applying strong electric �elds to the
�ame [3, 25]. Fields in the order of 1 kV cm−1 are applied to a �ame to generate an elec-
tric force that is strong enough to affect the �ame’s postion [16]. If this so-called ionic
wind effect is used to shift the �ame in the direction of the burner, it loses more heat to
the burner and can remain burning beyond the blow-off limit [17, 40].

The source of charged particles in �ames is generally accepted to be the so-called chemi-
ionization reaction, which is given by [3, 9, 28, 30, 73]

CH + O −−−⇀↽−−− CHO+ + e−. (R 1.1)

It seems obvious that this reaction is not present in hydrogen �ames and this fact en-
abled Green and Sugden [30] to determine this as the elementary reaction responsible
for the presence of ions and electrons in �ames.

In the 1960’s and 1970’s the research focussed initially on themeasurement of the charged
species concentrations in methane or acethylene �ames [28, 29, 31, 73]. These results
have also been replicated numerically, mainly to investigate reaction mechanisms (e.g.
[3, 12, 38]). The primary focus of the numerical investigations is tradionally aimed at the
predictions of the positively charged cation concentration, but Prager et al. [53] also in-
cluded a range of negatively charged anions in their model.

Only a few numerical models exist that take charged particles in �ames into account

Model development for ionization phenomena in premixed laminar �ames
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and electric currents are generally not taken into account. A model developed by Thiele
et al. [67], for example, investigates the effect of electrical discharges on fuel-air mix-
tures, with a focus on ignition of the fuel-air mixture. The model developed by Thiele
et al. [67], prescribes the boundary current density instead of an applied electric poten-
tial, which is the preferred way for the aim of this research project.

The main shortcoming of the model developed by Thiele et al. [67] is the use of a quasi-
neutrality assumption, which is quite common in plasma-physics. This approach has not
been used here, due to the suggestion of Cancian et al. [12] that quasi-neutrality might
not be applicable for weakly ionized methane-air �ames. The applicability of quasi-
neutrality will also be investigated in the present study. Furthermore, themodel of Thiele
et al. [67] bases the transport properties of the charged species on the transport prop-
erties of ionized air, which does not consist of the same species as a �ame mixture.

The model that is developed by Cancian et al. [12] is more sophisticated than the model
of Thiele et al. [67]. It uses the electron energy density function to predict the concentra-
tions of the charged species and a separate energy equation is employed to compute the
electron temperature. The transport model in the study of Cancian et al. [12], however,
is a mixture-averaged diffusion model, but it is unclear how the binary diffusion coef�-
cients are computed. The only electric transport term taken into account in the model of
Cancian et al. [12] is ambipolar diffusion, which is used to ensure a neutral mixture, and
as such an applied electric �eld can not be considered and the implementation does not
allow prediction of electric currents.

Another �ame ionization model was developed by Prager et al. [53] and it also utilises
the mixture-averaged diffusion model, but the binary diffusion coef�cients are com-
puted from a range of different collison potentials to give an accurate estimation of
the charged species binary diffusion coef�cients. This way the electrons do not nec-
essarily dominate the diffusion process. The model of Prager et al. [53] also uses the
quasi-neutrality assumption in conjuction with ambipolar diffusion and it also does not
consider applied electric �elds. As such electric currents can not be predicted by the
model of Prager et al. [53].

The �nal model that is discussed here is the model developed by Belhi et al. [3]. This
model uses a �xed Schmidt number of 0.7 to predict the mixture-averaged diffusion co-
ef�cient of all species. This is augmented by the electric mobility of the charged species
to predict the electric diffusion of all charged species. This is again coupled to the
quasi-neutral assumption, but in this case external electric �elds are considered, but
no thought has been given to the electric current.

Comparing the different ionization models discussed here, shows that all models have
some speci�c strong points. The model for the binary diffusion coef�cients of Prager
et al. [53], for example, is very detailed, while the modeling of the electrons in the model
of Cancian et al. [12] is done very accurately.

The absence of the computation of electric currents is the main shortcoming of most
studies discussed. Another shortcoming of almost all models is the modeling of the
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charged species diffusion �ux, which is mostly based on a mixture averaged diffusion
model or even a constant Lewis number approach. While it can be used for neutral
species, it is less suited for charged species, because the electric �eld diffusion is cap-
tured less accurately [52].

Another shortcoming of all previous studies is that the quasi-neutrality assumption
plays a central role, while it has been observed that this might not be applicable [12].
The main disadvantage of the quasi-neutral assumption is that charge separation can-
not be taken into account, while this might play an important role in the prediction of
electric currents. To improve this situation charge separation is taken into account in
this dissertation.

Of all the research into �ame plasma’s and ionized �ames mentioned here, little has
been dedicated to the study of electric currents that are caused by externally applied
electric �elds. It has been noticed in literature that at low applied electric �elds the
current is an approximately linear function of the applied potential difference, but at
a certain external electric �eld the current does not increase further and the electric
�eld saturates [48, 49]. It is furthermore found that the slope of the electric current
in the linear region depends strongly on the polarity of the applied potential [48, 49].
Peerlings et al. [48] have suggested that this so-called diodic effect is primarily caused
by the distance of the electrodes to the burner deck, but this has not been con�rmed
in their research paper, because they focussed primarily on the relationship between
thermo-acoustic behavior and measured electric currents. Papac and Dunn-Rankin [45]
investigated the electric current caused by the motion of �ame ions numerically, but the
movement of electrons was neglected, while the �ow of electrons also plays an impor-
tant role in the total electric current [48], but this has not been taken into account by
numerical simulations up to now.

It is often assumed that the quasi-neutrality assumptionmakes the computation of elec-
tric currents impossible, but Beks-Peerenboom [2] has shown this assumption to be in-
correct. Beks-Peerenboom [2] uses an adaption of themulti-component diffusionmodel
to compute the charged species diffusive �ux. A special diffusion coef�cient matrix is
computed by using an ambipolar electric �eld. This approach, however, requires the
presence of charged species in signi�cant amount throughout the �ow. This works well
for plasma computations, but it might be less suitable for �at �ames, where charged
species might not be present upstream of the �ame front.

The quasi-neutrality assumption is sometimes enforced by introducing ambipolar diffu-
sion, which takes the diffusion caused by the internal electric �eld into account [12, 53],
and balanced in such a way that it enforces neutrality. Cancian et al. [12] computed the
so-called plasma parameter and concluded that the quasi-neutrality assumption might
not be applicable. Due to the drawbacks of the quasi-neutrality assumption, it will not
be utilized in this research project.

In summary, it can be stated that only a few models exist that take charged species in
�ames into account, but nomodel is able to predict the electric currents in carbon based
�ames. Moreover, most models cannot be extended to compute these electric currents,

Model development for ionization phenomena in premixed laminar �ames
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due to their reliance on the quasi-neutrality assumption. A new ionization model must
thus be constructed to be able to predict electric currents in �ames.

1.2 Objective of this study
The current CHEM1D [59] model is a physical and numerical model that computes the
temperature and neutral species distribution in one-dimensional reacting �ows. It is
able to utilize a Lewis number based, a mixture-averaged and a multi-component diffu-
sion model. The modeling software is able to use different chemical mechanisms, but is
unable to cope with the speci�cs of charged species. The modeling software also is un-
able to predict an electric potential distribution and as such it is also unable to compute
electric currents.

The main objective of this study is to investigate the physical phenomena that play a
role in the electric behavior of methane-air �ames. To reach this objective a physical
and numerical model will be developed that is able to predict the electric currents in
one-dimensional ionized �ames with externally applied electric �elds.

The new model will be build in as an extension to the existing CHEM1D [59] model and
it will take the full electric behavior of all the charged species into account. To com-
pute the diffusive �ux of all species a multi-component diffusion �ux will be utilized.
For the charged species an electric diffusion �ux, based on the electric �eld strength, is
computed. The electric �eld will be computed from Poisson’s equation for the electric
potential.

The developed model is evaluated, by comparing the predictions of the model with re-
sults obtained by experiments.

Furthermore, the in�uence of speci�c chemistry and transport parameters on the com-
putational results will be investigated. These in�uences will be used to optimize the rate
constants of the ionization chemistry mechanism. The model will then be used to study
the behavior of ionized �ames and the particular features of the voltage-current char-
acteristic and the physical phenomena that cause the diodic effect and the saturation
of the electric �eld in static electric �elds.

The model will also be used to evaluate the in�uence of time-dependent electric �elds,
because AC electric �elds are the basis for the �ame detection unit and active �ame con-
trol. To be able to use this model in such a scenario, �rst its applicability to AC electric
�elds will be investigated. The model will then be used to investigate the response of
the electric current to time-varying electric �elds.

1.3 Outline
This study will �rst present the theoretical framework for the computation of the elec-
tric currents in combusting �ows. This will be presented in chapter 2, by introducing the
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three-dimensional physical model for the �uid �ow, electric �eld, species diffusion and
chemical reactions. This will be completed by a discussion of the reduction of the three-
dimensional set of equations to a one-dimensional physical and numerical model.

Chapter 3 will then discuss the validation of the physical and numerical model with ex-
perimental results. First, the experimental setup will be described and this is followed
by the results that are obtained with the model. With these results an evaluation of the
chemical reaction mechanism will be made and the primary reactions of the ionization
mechanism will be ajusted to �t the experimental observations.

With the results obtained with the optimized chemicalmechanismwill be compared with
a second set of experimental results in chapter 4. Themodel will then be used to numer-
ically investigate the physical phenomena that are the underlying causes for saturation
and the diodic effect.

Chapter 5 will evaluate the applicability of the developed physical and numerical model
to �at �ames that are subjected to alternating electric �elds. After this the model will
be used to investigate some features that are encountered in saturating electric �elds.
This will be followed by the main conclusions and recommendations in chapter 6.

Model development for ionization phenomena in premixed laminar �ames
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Chapter 2
Theoretical framework
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In this chapter a physical model will be developed to predict the electric currents in
methane-air �ames in the presence of externally applied electric �elds. These currents
are described by the interaction of the �uid �ow �eld and the electric �eld. The elec-
tric �eld is in�uenced by the distribution of charged particles in the �ow �eld and the
distribution of the charged particles is in�uenced by the electric �eld strength. To give
a full description of the interaction between the �uid �ow �eld, charged particles and
electric �eld, �rst the theoretical background for the �uid �ow model is described. This
is followed by a discussion of the electric �eld, after which species diffusion will be de-
scribed. The chemical model will be presented subsequently and this is followed by a
reduction of the physical model to a one dimensional physical and numerical model.

2.1 Modeling approach
The numerical model will be build by extending the existing CHEM1D [59] �at �ame com-
putational software package to predict electric currents. To achieve this, �rst charged
species are added to the neutral species chemistry. The charged species, including the
electrons, are treated as gaseous species and the transport of all species is modeled
with the multi-component diffusion model [23]. Using the multi-component diffusion
model has a great advantage over the use of other less acurate diffusion models. It ob-
viates the need for guessing values for the charged species electric mobilities, which are
generally not known accurately [25].

The current approach for the binary diffusion coef�cients has some limitations, because
modeling the electrons as gaseous species in thermal equilibrium has limitations and at
high electric �eld strengths thiswill cause errors in the predictionof the electron concen-
trations. This limitation has a very limited effect when the collision frequency between
the fast electrons and the slow neutral species is high enough [74]. One way to quantify
if the behavior of the electrons is primarily thermal or non-thermal is by the value of
the reduced electric �eld, E /N , where E represents the electric �eld strength and N
is the total number density of particles. For values of the reduced electric �eld below
1.0 × 10−22 m2 V the electrons have been shown to be completely thermal throughout
the �ow [4].

Themaximum applied electric �eld strengths that will be considered in this study are ap-
proximately 1.0×105 V m−1. If a standard inlet pressure and temperature of 101325 Pa
and 300 K are considered, the reduced electric �eld is computed to be approximately
4 × 10−21 m2 V. This implies that the electrons show non-thermal behavior, but it is
shown that the errors, caused by this assumption are relatively small [4, 12], because
the number of collisions between the electrons and neutral particles is still high [4].

The electric �eld will be computed by using Gauss’s law with the assumption that the
magnetic �eld is stationary. This implies that the electric �eld is described as a poten-
tial �eld, which means that Maxwell’s relations are simpli�ed to a Poisson equation for
the electric potential. This assumption causes inaccuracies for electric �elds with fre-
quencies in the order 1 MHz and higher, which are not considered in this study. Finally
the electric currents themselves will be computed from the charged species �uxes com-
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puted with the multi-component diffusion model.

2.2 Fluid �ow �eld
First the partial differential equations governing the multi-component �uid �ow are dis-
cussed and this is followed by a discription of the thermodynamic relations that form
the constitutive relations to completely determine the �ow �eld.

2.2.1 Reacting �ow relations

A moving �uid in the presence of chemical reactions is described by conservation of
three basic properties. These basic conserved properties are mass, momentum and en-
ergy and this set of conservation equations is known as the Navier-Stokes equations for
viscous �uids. By some their formulation is considered one of the greatest achievements
in modern science [33].

The behavior of the species in the mixture is described by a transport equation that
takes chemical reactions into account. To be able to use this approach it is assumed
that the species are in thermal equilibrium with the bulk �uid. This is common practise
and it can be easily defended for all species, except for the electrons, because the colli-
sion between particles of similar size transfer energy ef�ciently [70]. The relatively small
size of the electrons makes that the collisions between the electrons and other species
transfer energy less ef�ciently [3]. Therefore often a separate energy equation is used
for the electrons, but results from Cancian et al. [12] show that the difference between
the electron temperature and the bulk temperature is less than 50 K.

The conservation of mass is described in terms of the mass density, ρ, and is also called
the continuity equation. As mass is neither created nor destroyed (no nuclear �ssion or
fusion) the conservation of mass is described by [1, 70]

∂ρ

∂t
+ + ·

�

ρv
�

= 0, (2.1)

where t is time and v represents the velocity vector.

The conservation of momentum is a form of Newton’s second law [33], and is also called
the equation of motion. It is given by [1, 72]

∂ρv
∂t

+ + ·
�

ρvv
�

+ + · ¯̄τ = −+p + ρg + Fe , (2.2)

where ¯̄τ is the viscous stress tensor, p is the pressure, g represents the gravitational
acceration �eld and Fe gives the �eld density of the external forces working on the �uid.

The conservation of energy in combusting �ows is most often expressed in terms of the

Model development for ionization phenomena in premixed laminar �ames



2

14 2.2. Fluid �ow �eld

mass speci�c enthalpy, h. This enthalpy equation is given by [60]

∂ρh

∂t
+ + ·

�

ρhv
�

= v · +p +
∂p

∂t
− + · q +

�

¯̄τ · +
�

· v +We, (2.3)

where q is the heat �ux andWe represents the work done on the �ow by external forces.

Themulti-component nature of reacting �ows requires the consideration of the behavior
of the different mixture components. These are often represented by the mass fraction
of species i ,Yi , which is de�ned as

Yi =
ρi
ρ
, i = 1, . . . ,Ns , (2.4)

for all species. By de�nition the sum of all species mass fractions should always equal
1.

For all species except the abundant species, which is nitrogen in premixed methane-air
�ames, a transport equation is solved. These transport equations are a form of conser-
vation of mass for the individual species, but they feature a source term to account for
the chemical reactions in the �ow. This set of Ns − 1 equations is given by [60, 70]

∂ρYi

∂t
+ + ·

�

ρYi vi
�

= ρ̇i , i = 1, . . . ,Ns − 1, (2.5)

where ρ̇ is the chemical source term. To satisfy the continuity equation with the con-
straint that the sum of all mass fractions should be equal to 1, the species speci�c ve-
locities are constraint by

v =
Ns
∑

i=1

Yi vi , (2.6)

which de�nes the bulk �ow velocity V. The species speci�c velocity, vi , can also be rep-
resented as the sum of the bulk �ow velocity, v, and the species diffusion velocity, Vi , as
[60]

vi = v + Vi , (2.7)

which, together with constraint 2.6, leads to

Ns
∑

i=1

YiVi = 0. (2.8)

Substituting equation 2.7 into equation 2.5 gives the commonly used version for species
mass balance [70]

∂ρYi

∂t
+ + ·

�

ρYi v
�

+ + ·
�

ρYi Vi
�

= ρ̇i , i = 1, . . . ,Ns − 1. (2.9)
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To ensure total mass balance, equation 2.9 is explicitly complemented by [70]

YNs = 1 −

Ns−1
∑

i=1

Yi , (2.10)

for the abundant species, which is N2 in this study. Summing equation 2.9 over Ns − 1
and adding equation 2.10, explicitly leads to satisfying the continuity equation (equation

2.1), where
Ns
∑

i=1
Yi Vi = 0 is satis�ed implicitly.

2.2.2 Thermodynamic relations
The set of partial differential equations presented in section 2.2.1 is not a closed set of
equations. To be able to solve this set of equations a set of constitutive relations is
needed. These are found by utilizing several well-know thermodynamic relations and
expressing them in the primary variables mass density ρ, �ow velocity v, species mass
fractionYi , and mass speci�c enthalpy h.

By introducing the temperature, T , the pressure can be expressed as a function of the
density, by using an equation of state. Here the thermally ideal gas law is used. This
linear relation can be used at relatively high temperatures and relatively low pressures.
At standard state (p = 1 bar, T = 298.15 K) this relation is accurate, but for high
pressures (p > 10 bar) it becomes less accurate. The pressure, density and temperature
are related through [1, 51, 57]

p = nRT , (2.11)

where R is the universal gas constant and the molar density n is related to the mass
density ρ through

n =
ρ

M
, (2.12)

whereM is the mean molar mass of the mixture.

The thermally ideal gas law (equation 2.11) also holds for the partial pressures, pi in
relation to the species molar density, n i , with the same restrictions. It is given by

pi = n iRT , (2.13)

and the bulk pressure is de�ned as

p =

Ns
∑

i=1

pi =

Ns
∑

i=1

n iRT . (2.14)

The speci�c molar density, n i , is generally used in the form of the mole fraction, which
is de�ned as

Xi =
n i
n

(2.15)
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and its sum should, similarly to the sum of the mass fractions equal 1. The mass and
molar fractions are related through [54]

Yi = Xi
Mi

M
, (2.16)

where the mean molar mass,M, is de�ned as [57]

M =

Ns
∑

i=1

XiMi =
1

∑Ns

i=1
Yi
Mi

. (2.17)

The viscous stress tensor for an isotropic Newtonian �uid can be expressed as a function
of the velocity vector, v, by [72]

¯̄τ = −η
*

.

.

,

4
3
∂u
∂x

∂u
∂y + ∂v

∂x
∂u
∂z + ∂w

∂x
∂v
∂x + ∂u

∂y
4
3
∂v
∂y

∂v
∂z + ∂w

∂y
∂w
∂x + ∂u

∂z
∂w
∂y + ∂v

∂z
4
3
∂w
∂z

+

/

/

-

, (2.18)

where η is the coef�cient of dynamic viscosity and u , v andw are the velocity compo-
nents in x -, y - and z -direction, respectively. The heat �ux, q, is given by [60]

q = −λ+T +

Ns
∑

i=1

ρYihi Vi − RT
Ns
∑

i=1

DT
i

XiMi
di , (2.19)

where λ represents the heat conductivity, the thermal diffusion coef�cient is repre-
sented by DT

i
and di is the diffusion vector, which will be discussed in section 2.4.

In equation 2.19 the �rst term on the right hand side describes thermal conductivity,
whereas the second and third term, together describe enthalpy diffusion, caused by the
transport of individual species in the mixture.

The caloric ideal gas law is employed to relate the temperature, T , to the speci�c en-
thalpy for species i , hi . This is given by [57]

hi = h◦i +

∫ T

T ◦
cp,i

�

ξ
�

dξ, (2.20)

where h◦ is the mass speci�c formation enthalpy at standard state and cp is the mass
speci�c heat capacity at constant pressure. The total speci�c enthalpy, h, is then de�ned
as [60]

h =

Ns
∑

i=1

Yihi (2.21)

and the total speci�c heat capacity at constant pressure is then de�ned as

cp =

Ns
∑

i=1

Yi cp,i . (2.22)



2

Theoretical framework 17

For most gases cp,i is a function of temperature and here it will be expressed using
NASA polynomials [42]. The NASA polynomials describe the mass speci�c heat capacity
at constant pressure, cp,i , as

cp,i =
R

Mi

(

a1,i + a2,iT + a3,iT
2 + a4,iT

3 + a5,iT
4
)

, (2.23)

and the speci�c enthalpy by

hi =
R

Mi

(

a1,iT +
a2,i

2
T 2 +

a3,i

3
T 3 +

a4,i

4
T 4 +

a5,i

5
T 5 + a6,i

)

. (2.24)

Finally the NASA polynomials also give the entropy, s , in polynomial form. It is de�ned
as

s = s◦+

∫ T

T ◦

cp
�

ξ
�

−
R

M

ξ
dξ =

R

M

(

a1,i lnT + a2,iT +
a3,i

2
T 2 +

a4,i

3
T 3 +

a5,i

4
T 4 + a7,i

)

.

(2.25)

The NASA polynomial tables tabulate the constants a1,i through a7,i for the different �ow
species, together with their applicable temperature range.

2.3 Electric �eld
The �uid motion is described by the Navier-Stokes equations, given in section 2.2. These
equations also contain terms to take external forces into account. In order to calculate
these forces the electric and magnetic �elds must �rst be known. When the electric and
magnetic �elds are determined, the electric force density, Fe , and the work done by the
electric �eld on the �ow,We , can be computed and substituted in equations 2.2 and 2.3.

To �nd the electric �eld, Maxwell’s equations are used in simpli�ed form, together with
a set of closure relations for the electric �eld equations. These closure relations also
couple the electric �eld to the �uid �ow �eld.

2.3.1 Maxwell’s relations
The electric �eld is described by Maxwell’s relations, described in Lieberman and Licht-
enberg [41]. The �rst is the Maxwell-Faraday equation, which describes the relation of
the electric �eld, E, and the magnetic �eld, B, as

+ × E = −
∂B
∂t
. (2.26)
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The second Maxwell relation is Ampère’s circuit law, which couples the electric andmag-
netic �elds with the current density, J, by

+ × B = µ0J + µ0ε0
∂ E
∂t
, (2.27)

where µ0 is the permeability of free space and ε0 the permittivity of free space. The
third of Maxwell’s relations is Gauss’s law, which couples the electric �eld to the charge
density, q , through

+ · E =
q

ε0
. (2.28)

The last of Maxwell’s relations is Gauss’s law for magnetism, which says magnetic �ux
density is zero everywhere. It is given as

+ · B = 0. (2.29)

Taking the divergenceof equation 2.27 and substituting equation 2.28, leads to the charge
continuity equation, given by

∂q

∂t
+ + · J = 0. (2.30)

In plasma’s the variation of the magnetic �eld can often be neglected, because the mag-
netic �eld strength is very small compared to the electric �eld strength. The magnetic
�eld can be neglected, i.e. the system is electro-quasi-static, if the electromagnetic wave
can propagate the a characteristic length of the system in a time that is short with re-
spect to a characteristic time of the system [32]. This is expressed as µ0ε0L2 ≪

1
f 2
and

if the maximum electrode distance of 2.0 cm is taken as the characteristic length then
the frequency should be a less than 3.00 × 108 Hz, for the error be in the order of 1%.

As such the electric �eld can be considered to be conservative. This means it can be
represented by the gradient of a scalar potential, as

+Φ = −E, (2.31)

where Φ is the electric potential. Substituting equation 2.28 into equation 2.31 leads to

+2Φ = −
q

ε0
. (2.32)

2.3.2 Closure relations
To couple Maxwell’s relations to the Navier-Stokes equations the charge density, q , is an
important parameter. The charge density can be expressed as a function of the molar
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density of the charged particles and their charge. This relation is given by [3, 75]

q =

Ns
∑

i=1

qi = eNAρ

Ns
∑

i=1

Si
Yi

Mi
, (2.33)

where NA is Avogrado’s number, e is the elementary charge and Si is the species charge
number, which equals the number of electrons that are needed to created a neutral
molecule. If the charge is positive, Si is positive and vice-versa.

The second variable that is employed to couple Maxwell’s relation to the Navier-Stokes
equations is the electric force �eld density, Fe . The electric force �eld density is given by
[36, 47, 75]

Fe = qE, (2.34)
which states that the electric force is directly proportional to the total charge in a control
volume and the electric �eld strength in that control volume.

The work done on the �ow by the electric �eld, We , is a third variable that couples
Maxwell’s relations to the Navier-Stokes equation. It is given as [3, 45, 75]

We =

Ns
∑

i=1

qi E · (v + Vi ) . (2.35)

This means that the work done on the �ow by the electric �eld is proportional to the
electric force on the �ow and the total velocity of the charges in the �ow.

The parameter that is the easiest to compare experiments with, however, is the electric
current, I , through the gas. The electric current through surface S is de�ned as

I =
x

S

J · n dS , (2.36)

where n is the local domain outward unit vector and the current density J, is de�ned as
[41, 75]

J =
Ns
∑

i=1

qi (v + Vi ) . (2.37)

2.4 Multi-component diffusion model
A major challenge in this study is to model the diffusion of all species in general, and of
the charged species in particular. To this end, the multi-component diffusion model
is used here. The most accurate expression for the diffusion �ux, ρYiVi , is given as
[19, 23, 55]

ρYiVi = −DT
i + lnT − ρYi

Ns
∑

j=1

Di jdj , i = 1, . . . ,Ns , (2.38)

Model development for ionization phenomena in premixed laminar �ames
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whereDi j are the generalized diffusion coef�cients. The diffusion vector is represented
by [19, 34]

dj = +Xj + Xj

(

1 −
Mj

M

)

+ ln p −
ρ

p
*

,

Yj bj −Yj

Ns
∑

k=1

Yk bk +
-

, j = 1, . . . ,Ns . (2.39)

In this expression bj represents the acceleration caused by external forces acting upon
species j , which is the electric �eld in this case. These accelerations are computed from
[19, 23, 55]

bj =
NA

Mj
fe,j , (2.40)

where the body forces fe,i on a single particle of species i , is given by

fe,j = Sj eE. (2.41)

This body force is related to the electric force �eld, Fe , by

NA

Ns
∑

i=1

n i fe,i = Fe . (2.42)

It has to be noted that these expressions are only valid within the thermally ideal gas
assumption. Temperature gradient based diffusion is represented by the �rst term on
the right-hand-side of equation 2.38. The second term on the right-hand-side takes the
diffusion, due to concentration and pressure gradients and external forces, into account.

The inclusionof charged species and electric �elds in general is representedmost strongly
by the diffusion vector dj , but it is also represented in the generalized diffusion coef�-
cients. The generalized diffusion coef�cients Di j and the thermal diffusion coef�cients
DT

i
are found by solving the so-called transport linear systems and they are dependent

on the concentrations of a species in the mixture. To reduce the computational time for
the solution of the transport linear systems, an iterative method, pioneered by Ern and
Giovangigli [23] is utilized. A full discussion of the transport linear systems is outside
the scope of this research, but they are discussed in detail in Hirschfelder et al. [34].

The inclusion of charged species on the generalized diffusion coef�cients is in�uenced
by the dependence of the transport linear systems on the binary diffusion coef�cients
of all species, including those of the charged species. The binary diffusion coef�cients
are pre-computed, using Chapman-Enskog theory [14] and the Lennard-Jones and Stock-
mayer potentials [24, 55], and stored in the formof a fourth order polynomial, dependent
on temperature [24].

The Lennard-Jones and Stockmayer potentials are a description of the interaction be-
tween two neutral particles, but in this study they are also used to describe the interac-
tions between the charged and neutral particles and between the charged particles. This
approach leads to inaccuracies in the computation of the potential close to the particle,
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especially for the charged particles, but it allows for a considerably easier computation
of the binary diffusion coef�cients. This affects the computation of the binary diffusion
coef�cients of the charged species primarily, but it has a relatively minor effect on the
generalized diffusion coef�cients Di j , because these depend on the properties of all
mixture components Hirschfelder et al. [34].

2.5 Chemical model
Equation 2.9 has a strong dependence on its source term, ρ̇i . This term represents the
consumption or production of species i by chemical reactions and will be described in
short, followed by a description of the elementary reactions that are involved in the
ionization of �ames. This is done by describing the pathway that is involved in �ame
ionization. Finally a comparison is presented between three ionzation chemistry mech-
anisms.

2.5.1 Chemical source term

Generally, the combination of forward and reverse reactions is described by [60, 70]

Ns
∑

i=1

ν ′i Ai ⇋

Ns
∑

i=1

ν ′′i Ai , (R 2.1)

whereAi represents a species in the model and the difference ν ′i −ν
′′
i is the net number

of molecules of type Ai consumed by the reaction. In this system the elemental mass
fractions are conserved, which means that the number of atoms of each element should
be equal on both sides of the reaction.

The reaction rate, ωr i , of species i in reaction r can be represented by [60]

ωr i =
�

ν ′′r i − ν
′
r i

�

ωr , (2.43)

where the total reaction rate, ωr , is the difference between the reation rates of the for-
ward (ωf ) and the reverse (ωr ) reactions: ωf

r − ωr
r . The forward and reverse reaction

rates are then expressed as functions of the concentrations of species involved in the
reaction, by [70]

ωf
r = k f

r

Ns
∏

i=1

n
ν′
r i

i
(2.44)

and

ωr
r = k r

r

Ns
∏

i=1

n
ν′
r i

i
, (2.45)
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where k is the reaction rate constant. The forward reaction rate is given by the modi�ed
Arrhenius equation as [60]

k f = BT β exp
(

−
Ea

RT

)

, (2.46)

where B is a pre-exponential factor, β expresses a possible additional temperature de-
pendence next to that based on the activation energy Ea of the reaction. The reverse
reaction rate is computed from thermal equilibrium [70]. The species source term is
�nally given by [70]

ρ̇i =Mi

Nr
∑

r=1

�

ν ′′r i − ν
′
r i

�

*

.

,

k f
r

Ns
∏

j=1

n
ν′
r j

j
− k r

r

Ns
∏

j=1

n
ν′
r j

j
+

/

-

(2.47)

2.5.2 Ionization pathways
The charged species considered in this study are produced in a series of elementary re-
actions. Green and Sugden [30] noticed that pure hydrogen �ames show no presence
of charged species, while hydrogen �ames with hydrocarbon impurities contain charged
species in the �ow �eld. Based on this observation, they concluded that the reaction
mechanism for �ame ions is carbon based.

The study by Green and Sugden [30] concludes that there is one major chemical reac-
tion responsible for the ions in hydrocarbon �ames. This conclusion is based on three
observations. First of all the concentrations of the �ame ions increases proportionally
to the amount of impurities added to the hydrogen fuel. Secondly, a large concentration
of electronically excited CH is present in the primary reaction zone. And �nally, other
electronically excited species are only present in very small quantities in the primary
reaction zone.

Green and Sugden [30] proposed what the so-called chemi-ionization reaction as the
primary reaction in the production of charged species. This reaction is described by
[3, 30, 53]

CH + O −−−⇀↽−−− CHO+ + e−. (R 2.2)

The conclusion that this reaction is the primary reaction, is furthermore supported by
thermochemistry, because it is approximately thermoneutral. This is important, because
it is unlikely that this �rst step requires a signi�cant activation energy [30]. This reaction
is the rate limiting step in the charged species reaction branch. The CHO+ ions react to
another �ame ion very fast, through a proton transfer reaction. One of the commonly
used examples of a proton transfer reaction is given by [3, 30, 53]

CHO+ + H2O −−−⇀↽−−− CO + H3O
+. (R 2.3)

Proton transfer reactions can also occur with different other species, e.g. CH
2
CO. The

ionization pathway of the cations �nishes with a dissociative electron recombination
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reaction. The most commonly used recombination reaction is [3, 30, 53]

H3O
+ + e− −−−⇀↽−−− H2O + H. (R 2.4)

Mechanisms that also include anions have an additional pathway for negatively charged
ions. This pathway starts with a three-body electron attachment, e.g. [53]

O2 + e− + N2 −−−⇀↽−−− O2
− + N2. (R 2.5)

The anions can then react to other anions, through either a charge transfer reaction,
which transfers a larger charged part of the anion to a molecule, or a charge exchange
reaction, which only exchanges an electron. Another group of anion reactions are the
three body cluster formations. The recombination of anions to neutral species works
through two mechanisms. The �rst of these mechanisms is associative electron detach-
ment, which frees the electron from the anion and makes it available for a dissociative
electron recombination reaction. It is also possible that an anion and a cation collide
and form neutral species in an ion-ion recombination reaction.

2.5.3 Comparison of ionization mechanisms
This study will use three different ionization mechanisms in the numerical simulations
and the results obtained will be compared to investigate the in�uence of the mecha-
nisms on the results. The ionization mechanisms are described in Belhi et al. [3], Green
and Sugden [30] and Prager et al. [53]. These mechanisms will be called Belhi, Green-
Sugden and Prager, respectively. Belhi and GreenSugden are relatively simple mecha-
nisms. They only include the chemi-ionization reaction (R 2.2), one proton transfer reac-
tion (R 2.3) and one recombination reaction (R 2.4) between three charged species; CHO+
and H

3
O+ cations and electrons. Prager on the other hand also includes anions.

The main difference between Belhi and GreenSugden is in the value of the rate constant
for the chemi-ionization reaction (R 2.2). The rate constants for the proton transfer re-
action (R 2.3) also differ, but these are considered to be large enough to make sure that
the CHO+ ion quickly reacts to hydronium in both mechanisms. They employ the same
rate for the recombination reaction (R 2.4). The Arrhenius parameters for all ionization
mechanisms can be found in appendix A.

The difference in the reaction rate of reaction R 2.2 can provide insight in the in�uence
of chemi-ionization on the electric currents. The mechanism of Prager uses the same
Arrhenius’ parameters for the chemi-ionization rate as the mechanism of Belhi, but con-
siders more types of ions, which might have an effect on the electric current. It also has
a different recombination path than the mechanisms of Belhi and GreenSugden. Com-
paring the results of these mechanisms allows for an investigation into the in�uence of
the recombination rate on the electric current. This will be presented in chapter 3.

The Arrhenius parameters of reaction R 2.2 that are used in the Belhi and Prager ion-
ization mechanism are taken from a review study, performed by Warnatz [69], which

Model development for ionization phenomena in premixed laminar �ames
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recommends parameter values for elementary reactions in the C/H/O system. These
recommendations are based on a combination of experiments, performed by others.

The recommendation for the Arrhenius parameters of the chemi-ionization reaction is
made by combining two sets of experimental data and it is valid for a temperature range
of 300 K to 2500 K. The �rst dataset has been obtained in a �ame by Peeters and Vinck-
ier [49], by measuring the saturation current and it is valid for a temperature range of
2000 K to 2400 K. The second dataset has been obtained by Vinckier [68] in a �ow re-
actor at a temperature of 295 K with an electrical discharge to produce the radicals and
the analysis is performed with mass spectrometry.

The rate constants that are presented by GreenSugden are based on the mass spectro-
metric analysis of a Bunsen-like hydrogen-air �ame with a 1% acetylene addition. In
addition to the mass spectrometric analysis a thermochemical analysis is performed to
support the ionization mechanism that is presented. The �ame temperature in these
experiments is approximately 2300 K.

2.6 Physicalmodel forone-dimensional ionized�ames
The physical model will be simpli�ed signi�cantly by reducing it to a one-dimensional
model. The most important reason to do this is the strong reduction in computational
time that can be achieved by this simpli�cation. It does not diminish the capacity to
evaluate the model, because one-dimensional data is available in literature and one-
dimensional �ames are readily produced on a variaty of burners, e.g. the heat �ux burner
[6] or the McKenna burner [35]. A photograph of a one-dimensional setup for a stoichio-
metric �ame, that is stabilized on the McKenna burner is shown in �gure 2.1. In this one-
dimensional system it is also possible to fundamentally investigate the ionized �ames,
because geometric effects are excluded.

In the modeling of ionization effects in a one-dimensional �at �ame, some simpli�ca-
tions can be made. The momentum equation is not solved here, because the �ow under
consideration is a low Mach number �ow, and a one-dimensional geometry is assumed.
In this section �rst the �uid �owwill be discussed and then the electric �eld is described,
followed by species diffusion and �nally the boundary conditions for the ionized �ames
are discussed.

2.6.1 Set of one-dimensional equations

The reduction of the three-dimensional model to a one-dimensional, is accompanied
by a few additional assumptions. First of all the momentum equation is unnecessary
under the combustion approximation [11], which assumes that the pressure is constant
throughout the �ow �eld. This is assumed to be equal to the atmospheric pressure. Fur-
thermore the electric work term in the enthalpy equation is neglected. To estimate the
maximum work term,We , an electric current of 180 µA and a �ame area of 7.0686 cm2

is taken from Peerlings et al. [48]. This is used in conjuction of a maximum electric �eld
strength of 100 V mm−1 and it leads toWe = 2.5465 × 104 J m2 s−1 or approximately
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Figure 2.1: Photograph of a �at stoichiometric �ame on the McKenna burner [35]. The
metallic part at the top is the electrode and themetallic part at the bottom is the burner.
The red glowing re�ection on the polished burner shows the �at electrode thermal emis-
sion. φ = 1.0 and L = 10 mm. Photograph courtesy of Bosch Thermotechnology B.V.

0.1% of the enthalpy variation over a domain of 3.7 mm.

The one-dimensional set of equations is given by

∂ρ

∂t
+
∂ρu

∂x
= 0, (2.48)

∂ρYi

∂t
+
∂ρYiu

∂x
+
∂ρYiUi

∂x
= ρ̇i , i = 1 . . .Ns − 1, (2.49)

∂ρh

∂t
+
∂ρhu

∂x
= −

∂φq

∂x
, (2.50)

and
∂2Φ

∂x 2
= −

q

ε0
. (2.51)

2.6.2 Boundary conditions
To be able to describe the boundary conditions �rst a general one-dimensional exper-
imental setup is described. The experimental setup, considered in this study is shown

Model development for ionization phenomena in premixed laminar �ames
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Flame front x

Burner deck

Wire gauze electrode

Fuel/air mixture

x = 0

x = L

Figure 2.2: Schematic of a general one-dimensional experimental setup.

schematically in �gure 2.2. The computational domain is given as x ∈ [0, L]. The fuel-
air mixture enters the domain through the burner deck at x = 0 with a prescribed mass
�ow rate ṁB and temperatureT B . The combustion products leave the domain at x = L
and it is assumed that the electrode placed at x = L is not obstructing the �uid �ow.

The burner deck is grounded and the electric potential is thus given by

Φ = 0. (2.52)

The ionization electrode is located at the domain exit at x = L and the potential is
prescribed by a potential difference ∆Φ at the electrode boundary as

Φ = ∆Φ. (2.53)

The rest of this section will �rst discuss the boundary conditions as they are imple-
mented at x = 0 on the burner deck. And the boundary conditions at x = L on the
ionization electrode will then be described.

Burner deck boundary conditions
The boundary conditions at the burner deck, located at x = 0 are primarily determined
by the quantities that can be controlled in possible experimental setups. First of all, the
mass �ow rate, ṁ , can be controlled at x = 0. This is implemented mathematically as

ρu = ṁB , (2.54)

where the superscript B denotes a prescribed in�ow quantity. The temperature is set
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Φ = 0 ∆Φ > 0
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−

E

Figure 2.3: Schematic of the boundary conditions for a positive applied potential differ-
ence.

toT B , because the temperature of the gas entering the domain is a prescribed exper-
imental variable. The boundary conditions for the neutral species mass fractions are
described by a �ux boundary condition, represented by

ρYi (u +Ui ) =Y B
i ṁB . (2.55)

The boundary mass �ow rate of species i is thus assumed to be equal to bulk mass �ow
rate multiplied with the species mass fraction supplied at the in�ow.

For the charged species, different boundary conditions are used. Since the charged
species might have an out�ow at the bulk mixture in�ow, the charged species concen-
trations and �uxes cannot be described in the same, relatively simple way as the neutral
species. This is caused by the fact that the �uxes are not only dependent on Fickian dif-
fusion, but also on the electric �eld. If a positive potential difference ∆Φ is applied at
x = L, the mixture entering the domain is assumed to contain only the prescribed fuel
and air mixture components and no anions or electrons. This is schematically shown in
�gure 2.3 and it is mathematically modeled as

Yi − = 0, if ∆Φ ≥ 0, (2.56)

whichmeans the electrons and anions are assumed to have no in�ow at x = 0 if positive
electric potential is applied at the electrode. If the polarity changes the anions and
electrons are assumed to move freely out of the domain. This is displayed schematically
in �gure 2.4 and is modeled as a zero valued gradient with

∂Yi −

∂x
= 0, if ∆Φ < 0. (2.57)

It is furthermore assumed that the cations follow the direction of the applied electric
�eld. This means that, if the applied potential at the ionization electrode is positive, the
cations are assumed to move from the ionization electrode at x = L to the grounded
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Φ = 0 ∆Φ < 0
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Figure 2.4: Schematic of the boundary conditions for a negative applied potential differ-
ence.

burner deck at x = 0. As such it is assumed that the cations can also leave the domain
at the burner deck without obstruction.

Mathematically this is represented with a Neumann boundary condition as

∂Yi +

∂x
= 0, if ∆Φ ≥ 0. (2.58)

If the applied electric �eld is negative (∆Φ < 0), however, the cations are assumed to
�ow from the grounded burner deck to the ionization electrode at x = L. The cations
are thus assumed to enter the domain at x = 0 with the fuel-air mixture. The fuel-air
mixture is, however, assumed to be free of charged species when it enters the domain
and the cation mass fractions at x = 0 are thus modeled with a zero-valued Dirichlet
boundary condition as

Yi + = 0, if ∆Φ < 0. (2.59)

Ionization electrode boundary conditions
At x = L the boundary value of themass �ow rate is determined from the �ow inside the
domain. The neutral species mass fractions at the out�ow boundary are computed from
their transport equations and the �ow properties inside the computational domain. This
is given by

ρ
∂Yi

∂t
+ ρu

∂Yi

∂x
= ωi , (2.60)

whichmeans that the diffusion is neglected at x = L. A similar approach is taken for the
enthalpy, where no heat loss is taken into account on the boundary. This is described by

ρ
∂h

∂t
+ ρu

∂h

∂x
= 0. (2.61)
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At the ionization electrode boundary the charged species are also treated different than
the neutral species. The underlying assumptions are the same, so the cations at the
electrode boundary are assumed to move in the direction of the global electric �eld at
the boundary location. This means that if the applied potential is positive, the cation
mass fractions are described by a zero-valued Dirichlet boundary condition as

Yi + = 0, if ∆Φ ≥ 0, (2.62)

because it is assumed that no cations are created at the electrode (see �gure 2.3). If
the polarity is changed the assumption that the cations follow the global electric �eld
means that the cations are assumed to leave the domain at the electrode boundary. This
is modeled in the same manner as the neutral species, as is described by equation 2.60.
This method is preferred over a zero-valued Neumann boundary condition, because it
takes the physical processes at the boundary into account. It is not used at the burner
deck boundary, because the species are convected in the other direction than the species
leaving the domain there.

For the electrons and anions the situation is reversed. I.e., these species are assumed to
leave the domain at x = L if the applied potential is positive, which is alsomodeled with
equation 2.60. If the polarity of the electric �eld is negative the electrons and anions are
assumed to �ow away from the ionization electrode at x = L. It is again assumed that
no electrons are emitted by the electrode, so the electron concentration at the electrode
is modeled with a zero-valued Dirichlet boundary condition (see �gure 2.4), given by

Yi − = 0, if ∆Φ < 0. (2.63)

2.7 One-dimensional numerical model
The CHEM1D [59] �ame simulation software uses an adapted form of Newton’s method
to solve the system of discretized equations. The convective �ux is modelled with an
exponential upwinding scheme [46] and an adaptive gridding technique is utilized.

This section gives a short overviewof the computationalmethodemployed by the CHEM1D
[59] software package and the way it is utilized to solve the equations for the charged
species and the electric �eld.

2.7.1 Discretization
The CHEM1D [59] software package uses a �nite volumemethod for the spatial discretiza-
tion and a second order BFD2 time discretization method. The �nite volume method
solves conservation equations for all variables Yi in their integral forms. The solution
vector Y contains all species mass fractions Yi , with the exception of the abundant
speciesYN

2
. It furthermore contains the mass �ow rate ρu , the enthalpy h and the elec-

tric potential.

The numerical model will be applied on a non-equidistant staggered grid. The cell mid-
points are de�ned to be located under index k and the right cell faces are located at
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Figure 2.5: Schematic representation of the cell layout.

index k + 1
2
. The location of the cell faces can be computed from

xk+ 1
2
=

1

2
(xk+1 + xk ) . (2.64)

It has to be noted that all variables are de�ned at the cell centers k , with the exception
of the mass �ow rate, which is de�ned at the cell faces at k + 1

2
and to use the variables

at the cell faces they are computed from

Yk+ 1
2
=

1

2

�

Yk+1 +Yk
�

. (2.65)

The general form of the conservation equation of variableYi at gridpoint xk is given by
the residual ri ,k as [60]

r ni ,k =

(

∂Yi
∂t

)n

k

+ 2

f n
i ,k+ 1

2

− f n
i ,k− 1

2

xk+1 − xk−1
− Ωi ,k , (2.66)

which should reduce to zero. In equation 2.66, Ωi represents the equation’s source term,
which is computed from equation 2.47 for the species transport equations, for example.
The time derivative of the variables at time level n is numerically computed with the
BDF2 method and this is described mathematically as

(

∂Yi
∂t

)n

k

≈
2t n − t n−1 − t n−2

�

t n − t n−1
� �

t n − t n−2
�Y

n
i

+
t n − t n−2

�

t n − t n−1
� �

t n−1 − t n−2
�Y

n−1
i

+
t n − t n−1

�

t n − t n−2
� �

t n−1 − t n−2
�Y

n−2
i ,

(2.67)

where the superscript n indicates the time level, the subscript k represents the the
spatial element number index (see �gure 2.5) and the subscript i denotes the speci�c
variable in the solution vector.
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Furthermore, fi in equation 2.66 is the �ux of Yi . For the species transport equations
and the enthalpy equation (equation 2.53), it is computed with an exponential upwinding
scheme [46] for the convective part as

f n
j ,k+ 1

2

=
�

ρu
�

k+ 1
2

[

Yj ,k + Fw

(

P e j ,k+ 1
2

)

�

Yj ,k+1 −Yj ,k

�

]

, (2.68)

where Fw is an auxiliary function based on the local Péclet number, P e , given by

Fw =
exp

�

1
2
P e

�

exp (P e) − 1
, (2.69)

where the local Péclet number P e is computed as

P e j ,k+ 1
2
=

�

ρu
�

k+ 1
2
(xk+1 − xk )

ρk+ 1
2
D j j ,k+ 1

2

. (2.70)

The convective �uxes of the other partial differential equations are computed similarly.

The diffusive part of the species �ux is computed from equation 2.38, which is linearized
to

f n
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2
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2
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2
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2
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2
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+
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.

(2.71)

Poisson’s equation can also be expressed in this way, if one notices that the time deriva-
tive for the electric potential is 0 and the �ux is given by the negative electric �eld
strength,−E , which is computedwith a secondorder accurate central difference scheme,
as

fΦ,k+ 1
2
= −Ek+ 1

2
=

Φk+1 − Φk

xk+1 − xk
. (2.72)

This is also used for the numerical evaluation of the electric �eld strength in equation
2.40, which is necessary to compute the diffusive �ux of the charged species. The residual
for the electric potential is thus given by

rΦ,k =

(

Φk+1 − Φk

xk+1 − xk
−
Φk − Φk−1

xk − xk−1

)

+
xk+1 − xk−1

2

qk
ε0
. (2.73)

This equation couples the concentrations of the charged species directly to the electric
potential and as such introduces a stiffness in the computation because the electric �eld
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strength is coupled implicitly to the concentrations of the charged species (equations
2.38, 2.39 and 2.40).

The solution vector furthermore contains variables, which are not solved from a partial
differential equation, but are solved from their respective constitutive relations. The
residual then is computed by reducing this constitutive relation to zero. The variables
that are computed in this way are the temperature T , the charge density q and the
current density J . The residual of the temperature, for example, is computed from

rT ,k = hk −

Ns
∑

i=1

Yi ,k
R

Mi

(

a1,iTk +
a2,i

2
T 2
k +

a3,i

3
T 3
k +

a4,i

4
T 4
k +

a5,i

5
T 5
k + a6,i

)

. (2.74)

2.7.2 Newton Solver
The CHEM1D [59] software package uses an adapted form of Newton’s method to itera-
tively solve the set of partial differential equations, presented in the previous subsec-
tions. The solution vector, ~Y , at Newton step n + 1 is computed from the solution at
step n as [59]

~Yn+1 = ~Yn + λn∆ ~Y, (2.75)

where the change in solution vector at step n + 1 is given by [59]

∆ ~Y = −

(

~̄J 0
)−1

~r n . (2.76)

In equation 2.76 ~̄J 0 is the Jacobian computed at step 0, ~r represents the residual vector
and the relaxation factor, λn is chosen, such that the norm of the residual at step n + 1
must be smaller than at step n . This is represented by [59]

λn 7−→






~r
(

~Yn + ∆ ~Y
)





2
<






~r
(

~Yn
)





2
. (2.77)

The relaxation factor λ = 1 and if the criterion 2.77 is not satis�ed it is multiplied by
0.5 and ~r n+1 is recomputed and criterion 2.77 is reevaluated. If the relaxation factor
λ becomes smaller than 1/27 the Newton step fails. If a previously succesfull Jacobian
was used a new one is computed and otherwise the software resorts to a quasi-transient
method with pseudo-timestepping. This method also uses the modi�ed Newton solver,
but with a modi�ed residual, which is computed as

~r nt = ~r n −

(

∂Yi
∂t

)n

k

, (2.78)

where ~r nt represents the time dependent residual vector. If this pseudo-timestepping
procedure �nds a suf�ciently small error, the solver switches back to the steady Newton
procedure. The simulation is considered to be converged when the norm of the residual
reaches a suf�ciently small value.
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2.7.3 Solution strategy
To obtain a converged solution of a one-dimensional burner stabilized �ame in the pres-
ence of an electric �eld, some steps need to be taken. First a one-dimensional �ame
without charged species is solved, without considering Poisson’s equation, i.e. Φ = 0
throughout the domain. In the next step the charged species are added to the mech-
anism, still without considering Poisson’s equation. After a converged solution is ob-
tained, Poisson’s equation is also taken into account, but without an externally applied
electric �eld, i.e. ∆Φ = 0. Finally an external �eld is applied.

This approach is taken, because the initial software uses an initial guess based on chemi-
cal equilibrium. This, however, does not take the electrical forces on the charged species
into account. This means that the initial guess of the concentrations of charged species
are not close enough to the converged solution to be able to �nd the converged solution
with the Newton solver.

2.7.4 Convergence study
To evaluate the behavior of the numerical scheme the voltage-current characteristic is
computed for a varying number of non-equidistant spatial elements. This is plotted in
�gure 2.6 for a methane–air �ame with an equivalence ratio of 1.0. The �ame in this test
case is assumed to be burner stabilized with an in�ow velocity equalling the laminar
�ame speed, SL , at room temperature. The burner deck temperature is 350 K. The
distance between the electrode and the burner deck is L = 10 mm. The electric current
I is computed from

I = −JAel ,L, (2.79)

where Ael ,L is the electrode surface area at x = L, which is assumed to be equal to the
�ame surface area. This assumes that the ionization electrode collects all particles that
are leaving the computational domain.

It can be seen from �gure 2.6a that the solution that is found with 100 spatial elements
shows some spikes, especially around an applied potential of 0 V and around the applied
potentials where the electric �eld saturates. It can be seen that if the number of points
is increased to 200 these spikes disappear and a smooth voltage-current characteristic
is obtained. It can also be seen that increasing the number of points to 400 or even
1000 has no additional effect on the voltage-current characteristic.

To investigate the behavior with increasing numbers of points a convergence plot is dis-
played in �gure 2.6b on a log scale. A reference solution is computed with 1600 grid
points and this is used to compute a relative error as

ε =
1

Np

√

√

√

NΦ
∑

i=1

(

Ii − Ii ,r ef

Ii ,r ef

)2

, (2.80)

where NΦ indicates the number of voltage steps, which is equal for all computations.

Model development for ionization phenomena in premixed laminar �ames



2

34 2.8. Concluding remarks

−250 −200 −150 −100 −50 0 50 100 150 200 250
−0.5

0

0.5

1

1.5

2

2.5

3

3.5

4

Φ (V)

I
(A
)·
1
0
−
4

bC bC bC bC

bC bC bC

+ + +

+

+ + +

* * *

*

* *

rS rS rS

rS
rS rS

Np = 100

Np = 200
Np = 400

Np = 1000

bC
+
*rS

(a) Voltage-current characteristic. ϕ = 1.0.

102 103
10−5

10−4

10−3

10−2

10−1

100

Np (−)

ε
(−
)

bC

bC

bC

bC

+

+

+

+

*

*

*

*

ϕ = 0.8
ϕ = 1.0
ϕ = 1.2

bC
+
*

(b) Error plot. ϕ = 0.8, 1.0, 1.2.

Figure 2.6: Convergence study for the voltage-current characteristics of a stoichiometric
methane–air �ame with the GRI 3.0 [56] chemistry base mechanism and Belhi ioniza-
tion mechanism,Tbur ner = 350 K . The triangle in sub�gure b indicates second order
convergence.

Ii indicates the current found at voltage step i . It is observed in �gure 2.6b that the
relative error decreases from 1 × 10−1 for Np = 100 to approximately 1 × 10−5 for
Np = 1000 in an exponential fashion. The triangle in �gure 2.6b indicates a second
order convergence and it can be seen that the numerical method follows this triangle
for all three equivalence ratio’s displayed. It is thus concluded that the simulations
show a second order convergence. The relative error is found to be less than 0.01 for
all investigated equivalence ratio’s. For this reason all computations will be performed
with 200 spatial elements in a domain of L = 10 mm, to keep the computational time
limited.

2.8 Concluding remarks
In this chapter a physical and numerical model to compute the electric currents in pre-
mixed methane-air �ames was developed. The model adds Poisson’s equation for the
electric potential �eld to the well-known Navier-Stokes equations. To model diffusive
species transport, both concentration gradient and electric �eld based, themulti-component
diffusion model is utilized. Together with Poisson’s equation for the electric potential,
this couples the electric �eld and the species transport equations.

Next to the physical background of the phenomena that are to be studied, chemistry
also plays an important role, because the charged species in the �ow �eld are assumed
to be created only by chemical processes in our model. For this reason the chemical
pathways that are of interest for ionized �ows were discussed. It was found that almost
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all literature sources accept the chemi-ionization reaction (R 2.2) as the �rst step in the
ionization pathways.

The three dimensional physical model was then reduced to a one-dimensional physical
model. Several additional assumptions, e.g. the combustion approximation, were em-
ployed to further simplify the set of equations. The boundary conditions were discussed
for both the burner deck and the ionization electrode, because the charged species need
to be treated differently from the neutral species.

Finally the numericalmethodwas discussedby �rst describing thediscretizationmethod.
Thiswas followed by a desciption of theNewton solver that is being used and an explana-
tion of the solution strategy to �nd a solution for a one dimensional methane-air �ame
in the presence of electric �elds. Finally a convergence study was performed and the
method was found to exhibit second order convergence.

Model development for ionization phenomena in premixed laminar �ames
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Chapter 3
Model validation and optimization

This chapter is an adaptation for this dissertation of:

N. Speelman, L.P.H. de Goey, and J.A. van Oijen.
Development of a numerical model for the electric current in burner-stabilised

methane–air �ames.
Combustion Theory and Modelling, 19(2):159 – 187, 2015
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To evaluate the validity of the physical and chemical model, developed in chapter 2, re-
sults obtained with it are compared to experiments. To do so, �rst the model will be
validated with experimental studies from literature, that measured ion concentrations.
The next step is to compare the electric currents predicted by the model with an ex-
perimental dataset, obtained at Eindhoven University of Technology with the heat �ux
burner [6].

After the physical model has been validated against several test cases, it will be used
to evaluate the dependencies of the ionization current characteristics on the chemical
mechanism. The knowledge obtained in this process will be used to optimize the ioniza-
tion mechanism. Finally, a set of conclusions will be presented at the end of the chapter.

3.1 Ion concentrations without applied electric �elds
The accuracy of the model is assessed by comparing results obtained with the computa-
tional model with two test cases from literature. These studies are performed by Wort-
berg [73] and Goodings et al. [28] and they are primarily aimed at the measurements
of ion concentrations in a �ame. The numerical simulations are performed with three
different neutral chemistry mechanisms, respectively described in Smith et al. [56], Pe-
tersen et al. [50] and Blanquart et al. [5]. These will be denoted as GRI 3.0, Curran and
Blanquart, respectively, throughout this study for the neutral species chemistry. The
three ionization mechanisms described in section 2.5.3 are coupled to the three differ-
ent base mechanisms for the neutral chemistry.

3.1.1 Lean methane-air �ame

Wortberg [73] studied the presence of ions in a very lean methane-air �ame with a Lang-
muir probe. The �ame is stabilized on a Powling-Egerton burner [21, 22] and has an
equivalence ratio of 0.513 and an elevated inlet temperature of 402 K. Since the in�ow
velocity of the fuel-air mixture is unknown for this �ame, it is taken to be equal to 99 %
of its laminar burning velocity SL . To accomodate for the differences in the selected
base mechanisms, the in�ow velocities are adapted to the laminar burning velocities,
as computed from these mechanisms. The adiabatic �ame temperature is measured by
Wortberg [73] to be approximately 1500 K.

Figure 3.1a displays the computational results for the major species and the temperature
distributions for all three base mechanisms, together in one �gure comparing the base
mechanisms. Figures 3.1b, 3.1c and 3.1d shows a comparison of the major species and
temperature distributions for the three neutral chemistry mechanisms. The adiabatic
�ame temperature is computed to be 1587 K for all three base mechanisms and this
corresponds reasonably well with the adiabatic �ame temperature that was measured
by Wortberg [73].

From �gure 3.1a it is observed that the three base mechanisms give a very similar result
when it comes to the major �ame species and temperature. The most notable difference
between themechanisms is the location of the reaction zone. For the GRI 3.0 mechanism
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Figure 3.1: Major species and temperature distribution of the Wortberg [73] methane–air
�ame predicted by the three different base mechanisms, ϕ = 0.513, Ti n = 402 K ,
L = 20 mm. Temperature is shown on the right axis and the location of the �ame front
(maximum heat release) is indicated by the vertical dash-dotted line.

this is found a little bit further downstream of the burner deck than for the Curran and
Blanquart mechanisms.

Figures 3.1b through 3.1d compare the major species and temperature distributions that
are computed with the base mechanisms and their charged species extensions. It can
be observed in these �gures that the major species and temperature distibutions are
not in�uenced by the inclusion of any charged species mechanism. Thus it is concluded
that the macroscopic �ame properties are hardly affected by the inclusion of charged
species.

Model development for ionization phenomena in premixed laminar �ames
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Figure 3.2: Electric properties of the Wortberg [73] test �ame as predicted by the combi-
nation of the GRI 3.0 base mechanism and Belhi ionization mechanism. The location of
the �ame front (maximum heat release) is indicated by the vertical dash-dotted line.

Figure 3.2a shows the mole fraction distributions of the neutral species (CH and O) that
are involved in the chemi-ionization reaction (R 2.2) on the left axis and the right axis dis-
plays the electron sourceωe− . It can be observed that the concentration of the O radical
has a peak concentration 0.3 mm downstream of the �ame front (location of maximum
heat release), which is indicated by the vertical dash-dotted line and the CH radical con-
centration peaks at the �ame position. The rate at which these two radicals react to ions
and electrons, can thus also be found to reach a peak value in the area just downstream
of the �ame front. Interesting behavior of ωe− can be found upstream and downstream
of this peak, where charged species are consumed in a recombination reaction.

The location of the charged species source term is also found from �gure 3.2b in the
charged species concentrations, because the peak location of the charged species can
be found at the same location as the charged species source. This �gure shows the dis-
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tributions of the CHO+ and H3O+ ions and the electrons on the left axis and the charge
density is found on the right axis. It is observed that the H3O+ and electron concentra-
tions overlap for the entire domain except for the region closest to the burner deck at
x = 0mm. The CHO+ concentration can be observed to be at least 5 orders of magnitude
smaller than the concentrations of the other charged species and it can be concluded
that the CHO+ ion reacts very quickly to the H3O+ ion throught reaction R2.3 in this mech-
anism combination.

The charge density is seen to be large close to the burner deck and a peak appears just
downstream of the �ame front. At the electrode boundary a strong negative peak can
be observed. The strong peak values at the boundary locations are primarily caused by
the assumptions introduced for the boundary conditions, but the peak value found just
downstream of the �ame front is not caused by the boundary assumptions. The �ow
�eld is expected to be electrically neutral, due to the attractive forces between the posi-
tive and negative particles, if no electric potential difference is applied. The �ow �eld is,
however, not neutral, even in the absence of an applied electric �eld, but the maximum
charge density is small enough that it can be neglected if no applied electric �elds are
considered.

Figure 3.2c shows a plot of the electric potential �eld and it can be observed that it is
non-zero, even if the applied potential is zero. Themaximum value, however, is less than
0.5 V and it is found just downstream of the �ame front, where also the charge density
has its peak value. The electric �eld strength can be found in �gure 3.2d and it can be
used to show the direction of the electric forces on the charged species throughout the
�ow. The cations experience a negative electric force when the electric �eld strength is
negative and the electrons experience a postive electric force if the electric �eld strength
is negative. This means that the electric force on the cations is directed away from the
�ame front generally, because the electric �eld strength is negative upstream of the
�ame front and positive downstream of the �ame front. The electric force on the elec-
trons is generally directed towards the �ame front. This behavior is known as ambipolar
diffusion, which means that the charged species are attracting each other through an
internal electric �eld.

Figure 3.3 shows the pro�les of the total cation concentration C for the simulated Wort-
berg [73] �ame, including data from the experimental results and a numerical study that
was performed by Belhi et al. [3]. It can be seen that the computed ion concentration dif-
fers strongly from the experimental value for all base and ionization mechanisms. The
difference of the peak value varies from one order of magnitude for the combination
of the GRI 3.0 base mechanism and the Prager ionization mechanism to a factor of ap-
proximately 2.3 for the combination of the Curran mechanism and the Belhi ionization
mechanism.

A comparison with the numerical work of [3] is more favorable. The computed ion con-
centrations of Belhi et al. [3] and the ion concentration that are computed in this study
are observed to be very similar. As mentioned before, the value of the ion concentration
peak differs strongly between the different mechanism combinations, but the trend is
similar, when compared to the study of Belhi et al. [3]. The difference between the simu-

Model development for ionization phenomena in premixed laminar �ames
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(b) Curran chemistry base mechanism
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(c) Blanquart chemistry base mechanism

Figure 3.3: Comparison of the experimental positive ion pro�les obtained by Wortberg
[73] and numerical simulations with several chemistry base mechanisms, ϕ = 0.513,
Ti n = 402 K . The location of the �ame front (maximum heat release) is indicated by the
vertical dash-dotted line.

lation results and experimental values might be caused by the experimental method as
indicated by Belhi et al. [3]. The Langmuir probe is reported to be placed inside the pri-
mary reaction zone and as such thermionic emissions might play an important role, due
to a high probe temperature. Furthermore, the boundary mass �ow rate and temepra-
ture are not accurately known. This can lead to errors in the predicted temperature and
as such in the predicted concentrations.

It can be seen that the difference between the three ionization mechanisms is similar
for all three base mechanisms. The Belhi ionization mechanism shows the highest peak
value and the Prager mechanism shows the lowest peak value. The axial position of
the peak values of the Belhi and GreenSugden mechanisms furthermore coincide for all
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Figure 3.4: Numerical results of the Goodings et al. [28] methane-oxygen test �ame with
the GRI 3.0 chemistry base mechanism, ϕ = 0.216, Ti n = 300 K . The location of the
�ame front (maximum heat release) is indicated by the vertical dash-dotted line.

three base mechanism, while the primary peak in the simulations with the Prager mech-
anism lies a little upstream of this location. The behavior in the other parts of the �ow
�eld with the Belhi and the GreenSugden mechanisms also re�ect each other. This can
be explained by the fact that these mechanisms are essentially the same, except for the
reaction rate of the chemi-ionization reaction, while these mechanisms differ from the
Prager ionization mechanism by the number of ions included in the �ow. These addi-
tional ions change the mixture-averaged ion diffusivity and as such the ion distribution
is also changed, when compared to the other two mechanisms.

3.1.2 Lean methane-oxygen �ame
Goodings et al. [28, 29] studied the concentrations of cations and anions, in a very lean
methane-oxygen �ame by using a �ame ionmass spectrometer. The use of thismeasure-
ment technique is considered to be more reliable and accurate by Belhi et al. [3] than
the Langmuir probe, as is used by Wortberg [73]. The �ame has an equivalence ratio
of 0.216 and a computed adiabatic �ame temperature of 2241 K. Due to the unknown
inlet velocity and temperature, the in�ow velocity is assumed to equal 0.99SL and the
in�ow temperature is assumed to be 300 K. The simulations are again performed by cou-
pling the ionization mechanisms, described in section 2.5.3, to the GRI 3.0, Curran and
Blanquart chemistry mechanisms. Because the location of the downstream electrode is
unknown, in this experiment it is taken to be located at x = 20mm, as was also used in
the previous test case.

The computed �ame temperature is approximately 2240 K for all base mechanisms. Fig-
ure 3.4 shows the major species and temperature distributions for the numerical simu-
lations of the Goodings et al. [28] �ame with the GRI 3.0 mechanism, to reiterate that the
coupling of the ionization mechanisms has no considerable effect on the distribution of

Model development for ionization phenomena in premixed laminar �ames
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Figure 3.5: Electric properties of the Goodings et al. [28] test �ame as predicted by the
combination of the GRI 3.0 base mechanism and Belhi ionization mechanism. The loca-
tion of the �ame front (maximum heat release) is indicated by the vertical dash-dotted
line.

the major species or temperature. This indicates that the macroscopic �ame properties
are not affected by the inclusion of charged species in the model.

Figure 3.5a shows the distributions of the CH and O radicals on the left axis and the
charged species source ωe− is shown on the right axis for the Belhi ionization mecha-
nism. It can be seen that the distributions of the CH and O radicals show a behavior that
is similar to what was observed for the methane-air �ame in �gure 3.2a. The consump-
tion of charged species is less clearly visible, but the scale of the �gures is very different.
The peak value of the electron source term is 30 times greater than for the Wortberg [73]
�ame. This is not unexpected, because the O and CH radicals are also present in larger
quantities, especially in the reaction zone.
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Figure 3.6: Comparison of the experimental positive ion pro�les obtained by Goodings
et al. [28] and numerical simulations with several chemistry mechanisms, ϕ = 0.216,
Ti n = 300 K , Methane-Oxygen �ame

The similarity of the charged species source term between the Wortberg [73] and Good-
ings et al. [28] test �ames implies that the distributions of the charged species will also
be similar, because this reaction is the only source of charged species in the reaction
mechanism. Figure 3.5b shows these pro�les on the left axis and displays the charge
density on the right axis. A strong similarity between �gures 3.2b and 3.5b, can indeed
be found and the boundary condition assumptions, again give rise to peak values of the
charge density near the boundaries. In this case again a peak value of the charge density
is observed just downstream of the �ame front, but the value is approximately one order
of magnitude higher than in the Wortberg [73] methane–air �ame.

The pro�les for the electric potential �eld and the electric �eld strength also strongly
resemble their counterparts in the Wortberg [73] test �ame. The main difference is in
the quantitative aspect. The values found for the electric potential �eld are smaller for
the Goodings et al. [28] test �ame than for the Wortberg [73] test case, but the electric
�eld strength upstream of the �ame front is higher for the Goodings et al. [28] case.

Figure 3.6a compares the experimental total cation distribution throughout the �ame
with the distributions obtained with all three base mechanism and the Belhi ionization
mechanism. It can be seen that overall the GRI 3.0 and Blanquart base mechanisms pre-
dict the concentrations accurate to within an order of magnitude, but the Curran base
mechanismshows an overprediction by a factor 5. The GRI 3.0 - Belhi combination under-
predicts the ion peak concentration by approximately 50%, while the Blanquart - Belhi
mechanism combination predict a peak ion concentration which is approximately simi-
lar to the experimentally found peak concentration. All three base mechanisms show a
different behavior when compared to the experimental values downstream of the peak
value, where these concentrations are preserved further downstream than is found in

Model development for ionization phenomena in premixed laminar �ames



3

46 3.1. Ion concentrations without applied electric �elds

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

10−20

10−18

10−16

10−14

10−12

10−10

10−8

10−6

10−4

10−2

bC

bC bC bC bC bC

+

+ + + + + +

bC

bC

bC bC bC bC bC

+ + + + + + +

bC

bC

bC bC bC bC

+ + + + + +

CH
O
Blanquart
Curran
GRI30

bC
+

Figure 3.7: Comparison of the computed O and CH radical distributions computed with
several chemistry base mechanisms,ϕ = 0.216,Ti n = 300 K , Methane-Oxygen �ame,
Belhi ionization mechanism.

the experimental work performed by Goodings et al. [28]. Due to the relatively weak elec-
tric forces encountered in these �ames (see �gure 3.5d), it seems reasonable that this is
primarily caused by the diffusivity of the ions and the rate of recombination (R 2.4).

Figure 3.7 compares the CH and O radial distributions for the three different base mech-
anisms on a log scale. It is observed that the distribution of O radicals does not signif-
icantly differ between the three different base mechanisms, but a signi�cant difference
can be observed in the distributions of CH radicals throughout the �ow �eld. Especially
the overlap between the CH and O distributions is signi�cant, because this leads to a
smaller charged species source. This in turn causes a different charged species concen-
tration.

The ion distributions that are computed with the GRI 3.0 - Belhi and Blanquart - Belhi
mechanisms closely resemble each other, where the GRI 3.0 - Belhi mechanism ion con-
centration is approximately 40% smaller than the ion concentration computed with the
Blanquart - Belhi mechanism. This is expected, considering that the Blanquart mech-
anism is build on the GRI 3.0 mechanism [5]. The axial position of the peak value with
the Blanquart base mechanismmatches the experiments better, but due to the long tail
downstream of the peak value it can be seen that quantitatively the experiments are
replicated better by the GRI 3.0 mechanism downstream of the peak value.

Figure 3.6b shows the ion concentrations that are computedwith the GRI 3.0 basemecha-
nism and the three different ionization mechanisms that were discussed in section 2.5.3.
It can be observed that the Belhi and GreenSugden ionization mechanisms show a very
similar ion distribution, but the concentrations predicted with the GreenSugden ioniza-
tion mechanism are approximately 25 % smaller than the ionization mechanisms that
were predicted by the Belhi mechanism. If the GreenSugden ionization mechanism is
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compared to the Belhi mechanism (see appendix A), it can be seen that these are es-
sentially the same, except for the chemi-ionization reaction rate. The chemi-ionization
reaction rate thus determines the ionization concentration throughout the domain. The
total number of ions (and charged species in general) is determined for a large portion
by the chemi-ionization reaction and this is not unexpected, because it is the only source
of charged species in the �ow.

When the distributions that are computed with the Prager ionization mechanism are
compared to the Belhi mechanism, it can be seen that the Prager distribution shows a
very high peak value that has a value that approximately equals the experimental value.
The behavior downstream of this peak shows a large contrast from the Belhi mecha-
nism. The so-called tail has a value that is much lower for the Prager mechanism. The
chemi-ionization reaction rates are the same for these two mechanisms, so this cannot
be the cause for the difference. The Prager mechanism, however, takes more ions into
account and will affect the average ion diffusivity, which in turn is a possible explanation
for the behavior that is observed in �gure 3.6b. The in�uences of these mechanisms on
the computational results will be investigated further in the following sections.
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Figure 3.8: Schematic of the heat �ux burner setup. A detailed schematic is presented in
�gure 3.9. Source: Bruinsma [10]
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3.2 Electric currents
Thenext step in the validation of the numericalmodel is the comparisonof the computed
electric currents with values obtained in experiments. Two experimental data sets are
available, for this purpose. The �rst of these sets of experiments has been obtained in
the laboratory of Eindhoven University of Technology and these will be investigated in
depth in this section. The second dataset was graciously provided by Bosch Thermotech-
nology B.V. and has been obtained in their laboratory in Deventer.

First the experimental setup prepared for the �rst dataset will de described brie�y. This
is followed by a comparison of the computed laminar �ame speed and its experimentally
determined value. Then the computed electric current will be compared to the exper-
iments, which leads to an optimization of the ionization mechanism. And �nally the
optimized mechanism will be discussed.

3.2.1 Experimental setup

The experimental �at �ame that will be studied with the model developed in chapter 2
is a one-dimensional premixed methane-air �ame. This �ame is produced with a heat
�ux burner [6] and the electric currents it produces have been studied experimentally by
Peerlings et al. [48] and Bruinsma [10]. A schematic of this burner setup is given in �gure
3.8. To produce an adiabatic �at �ame in this burner setup, the in�ow velocity should be
equal to the laminar burning velocity, SL , at 298.15 K. The burner deck temperature is

0 - 360 V
0 - 400 Hz

V

R1

Burner deck

Ionization electrode

Flat flame

Thermocouples

Laptop

USB I/O DAQ
NI USB-6221

Thermocouple DAQ
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Figure 3.9: Schematic of the electric �eld generation and current measurement setup.
Source: Bruinsma [10]
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Figure 3.10: Comparison of numerically computed laminar burning velocities with exper-
imentally measured laminar burning velocities.

kept constant at 350 K to stabilize the �ame, while the net heat transfer to the burner
deck is zero [6].

A detailed schematic of the measurement setup is given in �gure 3.9. To produce the
electric �elds which are the main focus of this study, an air cooled wire mesh is placed
at a distance L = 10 mm above the burner deck to act as the downstream electrode,
while the grounded burner deck acts as the upstream electrode. The electric �elds are
created with a Elektro-Automatik EA-PS 8360-15 DT DC power supply unit (PSU). This PSU
allows the applied potential to be varied between 0 V and 360 V, with an accuracy of
0.1 V and it can be controlled from the measurement computer.

The studied �ames have equivalence ratio’s ϕ ranging from 0.7 to 1.2. The electric po-
tential ∆Φ is varied in the simulation from −250 V to 250 V, to investigate the electric
behavior including saturation and the so-called diodic effect. To investigate the ionized
�at �ames numerically, the GRI 3.0 mechanism is used in conjunction with all the ioniza-
tion mechanisms described in subsection 2.5.3. For simplicity the Curran and Blanquart
mechanisms are only coupled to the Belhi base mechanism, while the Belhi mechanism
is used to investigate the base mechanisms further.

3.2.2 Laminar �ame speed

Before the electric currentswill be investigatednumerically, �rst themodel will be evalu-
ated for its ability to compute laminar �ame speeds SL . This is relatively easy to compare
to experimental values, because the experiments were performed with an in�ow speed
that equals the laminar �ame speed. This comparison is performed for the full range of
studied equivalence ratio’s. Figure 3.10 shows this comparison and it can be seen that
all three basemechanisms show an objective performance in this regard, but the GRI 3.0

Model development for ionization phenomena in premixed laminar �ames
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Figure 3.11: Comparison of the temperature and major species (a) and the CH and O
radical distributions (b) computed with the GRI 3.0 - Belhi mechanism at ∆Φ = 250 V
with the Belhi mechanism. Ti n = 350 K , ϕ = 1.0. The location of the �ame front
(maximum heat release) is indicated by the vertical dash-dotted line.

base mechanism has the best agreement. When comparing the other two base mech-
nisms it can be seen that the Blanquart chemistry mechanism has a higher accuracy for
lean mixtures than the Curran base mechanism, while this is reversed for rich mixtures,
where the Blanquart mechanismunderpredicts the laminar �ame speed SL . Figure 3.10b
depicts the laminar �ame speed for the GRI 3.0 base mechanism, coupled to all three
ionization mechanisms. This �gure shows that the laminar �ame speed is not affected
by the inclusion of charged species.

Figure 3.11a compares the temperature and major species distributions computed with
the GRI 3.0 - Belhi mechanism, at an applied electric potential of 250 V, with these pro-
�les that were computedwith the GRI 3.0mechanism,without charged species or applied
potentials. It is observed from �gure 3.11a that the temperatures for these two mecha-
nism are essentially the same. And this is also observed for the major species in �gure
3.11a.

Figure 3.11b shows a comparison between the chemi-ionization precursors, the CH and
O radicals, that were computed without charged species and without an applied electric
�eld and with the inclusion of charged species and an applied potential difference of
250 V. It is seen that the CH and O radical distributions are not affected by the appica-
tion of an electric potential of this magnitude in the presence of charged species.

It is thus concluded that in these computations themacroscopic �ame properties are not
affected by the inclusion of the charged species and electric �elds. This is contrasted by
several studies that do encounter changes in the laminar �ame speed and �ame stabil-
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Figure 3.12: Numerical results of voltage-current characteristic of the heat �ux burner
�ame with several mechanisms,Ti n = 350 K

ity [3, 16]. It has to be noted, however, that these investigations used electric �elds in
the order of 2 kV cm−1. A reason for the differences that were found in �ame stand-off
distance is that the �ames that were studied were not one-dimensional, whereas the
so-called ionic wind effect has no effect in one-dimensional �ames [25]. Although dif-
ferent results were found by Criner [16], for the conditions considered in this study no
difference should be found in the macroscopic �ame properties.

3.2.3 Electric currents

Figure 3.12 depicts the electric currents as a function of the applied electric potential for
a lean, stoichiometric and a rich methane–air �ame and compares the simulated elec-
tric currents with the experimentally obtained values. Qualitatively speaking it can be
seen that the model performs well. The most important physical phenomena, i.e. satu-
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ration of the electric �eld and the diodic effect, are reproduced. It can also be seen that
all combinations of base and ionization mechanisms overpredict the saturation current
with values that depend on the speci�c mechanism.

When studying the characteristics for the different base and ionization characteristics
in more detail, it can be seen that the behavior of the Curran - Belhi combination is
not completely consistent for all three equivalence ratio’s shown in this �gure. For an
equivalence ratio of 0.8 it can be seen to overpredict the saturation current by a factor
2.7, while for an equivalence ratio of 1.0 the overprediction is approximately a factor of
1.8. If the equivalence ratio is increased further, it can be seen that the overprediction is
only 25% and forϕ = 1.2 the Curran - Belhi mechanism actually predicts the saturation
current the most accurate of all mechanisms, investigated here.

If the Blanquart and GRI 3.0 base mechanisms are studied it can be seen that the rel-
ative overpredictions are very constant for the equivalence ratio’s presented in �gure
3.12. The overpredictions of the saturation current given by the GRI 3.0 - Belhi and GRI
3.0 - Prager combinations deserve special attention, because these are the same for all
equivalence ratio’s displayed here. These ionization mechanisms have the same value
for the chemi-ionization rate constant. Together with the same CH and O concentration
pro�les, caused by the use of the same base mechanism, this shows that the source
term of the chemi-ionization reaction is the primary driver for the value of the satura-
tion current. This becomes apparent when the saturation current computed with the GRI
3.0 - GreenSugden ionization mechanism are compared to the saturation currents that
are computed with the GRI 3.0 - Belhi and GRI 3.0 - Prager mechanisms. This mechanism
is largely the same as the Belhi mechanism, but it uses a different value for the chemi-
ionization rate. The Arrhenius pre-exponential factor B is higher for the GreenSugden
mechanism than for the Belhi mechanism, but the activation energy is also much higher
for the GreenSugden mechanism. It is thus clear that the chemi-ionization reaction is
the primary driver for the saturation current.

When the potentials at which saturation occurs (saturation potential) are compared,
however, a bigger difference becomes apparent. Where the simulations with the Green-
Sugden and Belhimechanisms saturate approximately at 40V, 55V and 70V forϕ = 0.8,
ϕ = 1.0 and ϕ = 1.2, respectively, the ionization mechanism of Prager predicts satu-
ration to occur at 55 V, 120 V and 140 V for the same equivalence ratio’s, which is ap-
proximately in line with the experimental values. On the other hand, the GreenSugden
and Belhi ionization mechanisms underpredict the saturation potential by a factor of 2
on average.

The ionization mechanisms of GreenSugden and Belhi share their recombination rate.
Taking into account the additional reaction paths of the Pragermechanism, it is expected
that the recombination reaction plays an important role in the saturation potential. An-
other difference in the ionization mechanisms of GreenSugden and Belhi on the one
hand and the mechanism of Prager on the other hand is the variety of ions considered.
The inclusion of more ions, with different diffusivities than H

3
O+, means that the mean

diffusivity of all the ions will be different from the hydronium diffusivity. The inclusion of
a larger variety of ions also has an effect on the mean diffusivity of the negative charge
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carriers. This difference in the mean diffusivity for the positive and negative charge car-
riers with respect to the mechanism of Belhi signi�es an important role for the charged
species diffusivity in the saturation potential of the �ame.

The in�uence of the equivalence ratio on the saturation current is an interesting param-
eter, because it might be used to determine the equivalence ratio from the measured
electric current. Figure 3.13 shows the relation between the saturation current and the
equivalence ratio. In this �gure the experimentally determined values are compared to
the values obtained with the different mechanisms. Figure 3.13a shows this for the base
mechanisms, coupled to the Belhi ionization mechanism, while �gure 3.13b shows this
for the three ionization mechanisms, coupled to the GRI 3.0 mechanism. It is observed
in �gure 3.13b that the combinations of the GRI 3.0 mechanism with the Prager and Belhi
mechanisms overlap with each other. In �gure 3.13a it is also observed that the combina-
tion of the Blanquart and Belhi mechanisms is relatively close to the saturation currents
for the GRI 3.0 - Belhi mechanism combination. The simulations performed with the
combination of the GRI 3.0 and GreenSugden mechanisms have a similar shape to these
combinations of mechanisms, but the combination of the Curran and Belhi shows a dif-
ferent shape than the other simulated and the experimental values.

This is further illustrated by �gures 3.13c and 3.13d, which show the same values, but now
the curves are scaled with their values atϕ = 1.0, as

Isat ,scal ed =
Isat

Isat
�

ϕ = 1.0
� . (3.1)

It can be clearly seen that the combination of the Curran and Belhi shows a different
shape than all other simulations and the experiments. The other simulations can all be
seen to provide a very good qualitative agreement with the experimental data.

The overlap of the Belhi and Prager ionization mechanismswith the GRI 3.0 base mecha-
nism further reinforces the idea that the saturation value is determined by the number of
charged species created in the �ame front. To investigate this �gures 3.13c and 3.13d also
show the integrated source value of the chemi-ionzation reaction, which represents the
number of charged particles created, also in scaled form. It is observed that the scaled
values of the chemi-ionization source and the scaled values of the saturation currents
correspond exactly. This strongly supports the idea that the fast separation of the posi-
tive and negative charged species leave no time for recombination to take place and the
charged particles thus �ow out of the domain.

3.2.4 Analysis of mechanism parameters

The previous section has shown that the chemi-ionization reaction has a very important
in�uence on the computed saturation current and it stands to reason that an adaptation
of the chemi-ionization rate constant can be used to improve the match between the
experimental and numerical results. To investigate if other mechanism parameters have
a distinct in�uence on the predicted currents, the parameters that are involved in the
chemical mechanism are investigated. First the in�uence of the recombination reaction

Model development for ionization phenomena in premixed laminar �ames
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Figure 3.13: Saturation current as a function of the equivalence ratio for the methane–air
�amewith adiabatic in�ow velocity. Scaled values are scaled with their respective values
atϕ = 1.0.

is investigated and then the in�uence of the binary diffusivity of the primary charge
carriers are investigated.

In�uence of the recombination reaction
When the saturation potentials of the Belhi, GreenSugden and Prager ionization mech-
anisms are compared, it is observed that the Belhi and GreenSugden ionization mecha-
nisms saturate at a very similar potential value, while the Prager mechanism saturates
at a higher potential value, which is very close to the experimental value. Since the Belhi
and GreenSugden ionization mechanisms have the same value for their recombination
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Figure 3.14: In�uence of the recombination reaction rate (reaction R 2.4) with the GRI 3.0
chemistry base mechanism and Belhi ionization mechanism,Ti n = 350 K .

reaction rate, while the Prager ionization mechanism has a completely different recom-
bination path, it seems reasonable that the recombination reaction rate has a distinct
impact on the saturation potential.

To investigate this the recombination reaction rate in the Belhi mechanism is adapted
and coupled to the GRI 3.0 base mechanism. The result is plotted for three equivalence
ratio’s in �gure 3.14 for the original solution and for a solution with a recombination rate
that is 5 times and 10 the original value. It is observed that the adaptation of the re-
combination reaction has a signi�cant impact on the saturation potential. Andbymaking
the reaction rate one order of magnitude higher it is seen that the saturation potentials
match the experimental values reasonably well.
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Comparing the response to the increased recombination rate in �gures 3.14a through
3.14c, it is observed that for ϕ = 1.0 and ϕ = 1.2, the saturation potential increases
more strongly than for ϕ = 0.8. The relatively small effect of the increased recombi-
nation rate forϕ = 0.8, might be caused by a relatively small concentration of charged
species, which is caused by a relatively low amount of fuel in the mixture. In the end it
seems that changing the recombination rate constant is a good option to improve the
predicted saturation potential.

In�uence of diffusivity
It has been observed that the simulations performed with the Prager ionization mecha-
nism, that includes a larger variety of ions, have a different saturation potential than the
smaller Belhi and GreenSugden ionization mechanisms. This implies that the diffusivity
of charged species also plays an important role in the saturation potential of the �ame,
because the average diffusivity of ions differs from the diffusivity of the hydronium ion.
This dependence is studied by decreasing the diffusivity of hydronium ions and electrons
separately by one order of magnitude. From this comparison, shown in �gure 3.15, it can
be seen that the altered diffusivity of hydronium has a strong impact on the shape of
the curve at low values of the applied potential ∆Φ and it also causes the electric �eld
to saturate later at approximately 120 V, 175 V and 220 V for ϕ = 0.8, ϕ = 1.0 and
ϕ = 1.2, respectively. The change in electron diffusivity has very little impact close to
the origin at low voltages, but at applied potentials higher than 10 V it has a very signif-
icant impact on the slope of the voltage-current characteristics. Saturation is reached
at approximately 140 V for ϕ = 0.8 and is not fully reached at 250 V for ϕ = 1.0 and
ϕ = 1.2.

The difference in the behavior at very low applied potential for the adapted electron
and hydronium diffusivities is probably caused by the big difference in mass between
the ions and the electrons. With a lower diffusivity the ions are less susceptible to the
increasingelectric �eld strength, while the electrons are drawn to the ions. With a change
in electron diffusivity the behavior of the ions does not change and, at applied poten-
tials under 10 V, the electrons experience a great strong force in the direction of the
main cation concentration. Above an applied potential of 10 V the electric �eld becomes
strong enough to overcome the internal electric �eld for the electrons and a large por-
tion of the electrons quickly �ow out of the domain under the in�uence of the electric
�eld strength. This causes a sharp decrease in the subsaturation slope of the current
potential characteristic.

3.2.5 Optimized ionization mechanism
The previous sections discussed the in�uence of the chemi-ionization and recombina-
tion reaction rate and the binary diffusivities of hydronium ions and electrons on the
computed electric currents. This knowledge can now be used to develop a new ion-
ization mechanism and this will be coupled to the GRI 3.0 base mechanism. This base
mechanism is chosen because it predicts the laminar �ame speed better than the Blan-
quart and Curran mechanisms and the Curran base mechanism performs less consistent
across a range of equivalence ratio’s with respect to the predicted saturation currents.
An added bene�t is that the GRI 3.0 mechanism is computationally less demanding than
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Figure 3.15: In�uence of the binary diffusivities of the H
3
O+ ions and electrons with the

GRI 3.0 chemistry base mechanism and Belhi ionization mechanism,Ti n = 350 K .

either Blanquart or Curran. To optimize the Belhi ionization mechanism, �rst the chemi-
ionization reaction is considered.

Due to the linear relation between the saturation current and the chemi-ionization reac-
tion rate’s pre-exponential factor, this optimization is rather straightforward. The factor
to change the Arrhenius’ pre-exponential factor, B , with can easily be found for a single
equivalence ratio from

Bnew =
Isat ,num

Isat ,exp
B0. (3.2)

To �nd the optimum value for B with a set of experimental and numerical values the
linear least squares method is utilized. This results in a value of the chemi-ionization
pre-exponential factor B of 1.031 × 1011 mol cm−3 s−1.

Model development for ionization phenomena in premixed laminar �ames
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Figure 3.16: Comparison of the newly developed mechanism with the GRI 3.0 chemistry
base mechanism and Belhi ionization mechanism and experiments,Ti n = 350 K .

The next step is �nding a proper value for the binary diffusivities of the hydronium ion.
This parameter can be tuned, because the model used in this research for the binary
diffusivities of the charged species has uncertainties. To do this, the Arrhenius’ pre-
exponential factor is adjusted to the optimized value of 1.031 × 1011 mol cm−3 s−1 and
then the values of the binary diffusivities of H

3
O+ and electrons and the recombination

reaction rates are determined in a trial-and-error way that is based on the results of the
previous paragraph.

Of the hydronium and electron diffusivities and the recombination reaction rate �rst the
hydronium diffusivity is considered for optimization. To �nd an optimal value for the
hydronium diffusivities the bisection method is utilized and the hydronium diffusivity
is primarily optimized in the part of the voltage-current characteristic where 0 ≤ I ≤
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Figure 3.17: Comparison of the saturation characteristics of the developed mechanism
with the GRI 3.0 chemistry base mechanism and Belhi ionization mechanism and exper-
iments,Ti n = 350 K .

0.2Isat , because the hydronium diffusivity has the largest in�uence in this part of the
characteristic of the three parameters.

The second parameter to optimize is the recombination reaction rate and its in�uence of
the recombination reaction rate is found primarily in the gradient of the voltage-current
characteristic. As such, the value of the recombination reaction rate will be optimized by
matching the gradient of the characteristic in the region where 0.2Isat ≤ I ≤ 0.8Isat .
The optimal value for the electron diffusivities is found by matching the region of the
characteristic where 0.8Isat ≤ I ≤ Isat of the numerical and experimental voltage-
current characteristic.

An initial value for the hydronium diffusivity is found by dividing it by 2 and the initial
value for the recombination rate is taken to be 5 times it’s original value. The initial value
for the electron diffusivity is one tenth of the original value. These values were chosen
based on the in�uence of these parameters that was found in the previous section 3.2.4.
Changing the value of the diffusivity of the charged species can be rationalized by the
fact that the potential model used here has uncertainties for charged species.

The performance of the opmizied mechanism is deemed satisfactory when that the hy-
dronium ion diffusivity is halved in a compromise between the behavior around the ori-
gin for the positive and the negative polarity. The recombination reaction rate is in-
creased by a factor of 2 and the electron diffusivity is decreased by a factor of 5. The
�nal values of the optimized ionizationmechanism are summarized in table 3.1. It can be
seen in �gure 3.16a that the negative polarity case matches less well for the optimized
mechanism than for the GRI 3.0 - Belhi combination, but the behavior for a positive po-
larity is much better. To quantify the improvement the mean error. The mean error is

Model development for ionization phenomena in premixed laminar �ames



3

60 3.3. Conclusions

computed as

ε =
1

N

N
∑

i=1

√

(

Inum − Iexp

Iexp

)2

i

(3.3)

where N is the number of data points in the pro�les and i is thus the applied poten-
tial difference setting. These errors are computed for a range of equivalence ratio’s and
these are tabulated in table 3.2. It can be seen that the mean error for the optimized
mechanism are an average improvement of a factor 4 when compared to the Belhi ion-
ization mechanism.

It can also be seen in �gure 3.17a that for all displayed equivalence ratio’s the computed
saturation current matches the experimental value a lot better. The mean error of the
saturation current is 2.8 for the Belhi mechanism and 0.02 for the optimized mecha-
nism. This can also be found from �gure 3.17a, which displays the saturation current as
a function of the equivalence ratio. Furthermore, the saturation potential also matches
better with the experimental values. Themean error for the Belhi mechanism is 0.21 and
0.05 for the optimized mechanism. The saturation potential is determined by taking a
linear �t of the voltage-current characteristic between 20% and 80% of the saturation
current and then computing the intercept between this linear curve and the saturation
current. This is shown in �gure 3.17b, and it can be seen that the new mechanism also
predicts this better, although there is room for improvement, especially for ϕ ≤ 0.8.
This is possible by adjusting the hydronium diffusivity, but this causes larger deviations
for negative polarities.

3.3 Conclusions
A physical and computational model was developed to compute the electric currents in
one-dimensional �ames. Themodel was able to predict saturation of the electric current
as well as the diodic effect. It is also able to predict the saturation current as a function
of the equivalence ratio in the lean combustion regime. Themagnitude of the saturation
current was found to be independent of the diffusion coef�cients and to solely depen-
dent on the total number of charged particles created in the �ame front. The deviation
found in the absolute values of the currents is therefore attributed to the rate constant
of the chemi-ionization reaction.

Parameter Value
Bi on 1.031 × 1011

Br ec 2.88 × 1017

DH
3
O+ 0.5D0

H
3
O+

De− 0.2D0
e−

Table 3.1: Adaptations to the ionization mechanism.
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The saturation potential was found to depend on two physical processes in the mix-
ture. First of all, it is dependent on the reaction rate of the recombination reaction R 2.4,
because a higher recombination rate means less charged species reach the electrodes.
The second physical phenomenon determining the saturation potential is the diffusivity
of the charged species. A smaller diffusivity implies charge separation can occur more
easily, because the charged species are less susceptible to the internal electric �eld
strength. This leads to less charged species recombining to neutrals and the end result
is a higher electric current.

This knowledge was used to construct an optimized chemistry mechanism by matching
the computed voltage-current characteristics with the experimentally determined char-
acteristics. In the next chapter, this optimized mechanism will be tested against other
experimental test case to con�rm its applicability and performance. It will be used to
investigate the properties and the underlying phenomena for the voltage-current char-
acteristics in detail.

ϕ ε (Belhi) ε (Current study)
0.7 4.4505 1.3516

0.8 1.9430 0.5439

0.9 1.6547 0.4206

1.0 1.4266 0.3490

1.1 1.6089 0.3678

1.2 2.1132 0.4375

Table 3.2: Mean relative error for the Belhi and the new ionization mechanism.
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In this chapter the physical backgrounds of electric �eld saturation and the diodic effect
will be investigated. This investigation is performed on an experimental setup that is
operated by Bosch Thermotechnology B.V. in their laboratories in Deventer, The nether-
lands and these experiments were graciously provided for this research project.

The experimental setup will �rst be described in detail in section 4.1, both for the ex-
periments and the numerical simulations. This will be followed by a discussion of the
validation results and the investigation into the voltage-current relationship. Finally a
set of conclusions will be presented.

4.1 Test case description
The test cases that are used for the experiments in this chapter will be described in this
section. The test case differs on some important points with the test case described in
chapter 3. First of all in the current test case a McKenna burner [35] is used in stead of
the heat �ux burner [6]. The second important difference between the two test cases is
the fuel–air mixture in�ow velocity, which is set equal to the laminar burning velocity in
chapter 3, but in the Bosch setup the fuel �ow will be �xed, while the air �ow is then
set to �x the equivalence ratio. Further details will be discussed in section 4.1.1, which
discusses the experimental setup. After this, the numerical setup is discussed in section
4.1.2.

4.1.1 Experimental setup

The commercially available McKenna burner from Holthuis & Associates [35] is used to
stabilize the investigated laminar �at �ames. Through the piping embedded in the sin-
tered stainless steel matrix burner head, a chiller circulates a coolant with a constant
�ow rate of 0.25 Lmin−1, giving a �xed inlet temperature at the burner of 288 K. A shield-
ing nitrogen �ow passes through a bronze shroud ring, which encloses the burnermouth,
to avoid mixing of the reacting mixture with the ambient air.

Electronic mass �ow controllers are used in combination with a control unit for the pre-
cise adjustment of the sample gas �ow rates. The fuel (methane: purity > 99.5%) and
synthetic dry air (oxygen: 21%, nitrogen: 79%, purity > 99.99%) are combined through
a tee connector directly upon leaving the �ow controllers to allow for a proper mixing
before entering the burner.

Generally, the �ow rates are adjusted in terms of ’standard liters per minute’ (slpm),
corresponding to volumetric �ow rates that are corrected to standard conditions (T =
273.15 K, p = 101.325 kPa). As a baseline for our studies, we use a sample �ame that
was previously investigated by Weigand et al. [71] in the context of �ame temperature
measurements. The equivalence ratio is varied by changing the air �ow rate while main-
taining a constant fuel �ow rate. This way, a variation in the amount of created charge
carriers due to a change in the supplied amount of carbon in the �ow can be excluded.
However, one must bear in mind that a variation of the equivalence ratio in this manner
results in a variation in the overall mixture �ow rate and consequently the �ame stand-



4

Ionized �ame properties 65

Flame
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Wire gauze electrode

L

+ −

Figure 4.1: Schematic of the McKenna burner with the wire gauze electrode and the cur-
rent detection circuit. Experimental setup built and operated by Bosch Thermotechnol-
ogy B.V.

off distance and heat transfer to the burner. For the shielding nitrogen �ow, a �ow rate
of 5 slpm is set at all times.

A dense wire gauze placed downstream and in parallel to the burner mouth is used to
mimic a �at electrode, allowing the hot combustion gases to pass without major resis-
tance. The 0.63 mm diameter wire is made of a heat resistant, iron based alloy (CrAl
25 5 according to DIN 17470 [18]). It is woven symmetrically with an aperture width of
1 mm, resulting in an average gauze thickness of about 1.7 mm. With the burner sur-
face acting as the reference electrode, a nearly uniform one-dimensional electric �eld
can be established across the entire �ame surface. The electric �eld properties in the
inner-electrode space can therefore be considered as nearly homogeneous, allowing for
a one-dimensional numerical modeling of the problem. The electrode distance, L, is
de�ned as the gap width between the burner and the surface of the gauze facing the
burner mouth, see �gure 4.1. Peeters and Vinckier [49] performed experiments with a
similar electrode con�guration on a Powling-Egerton type burner, but they used a solid,
water-cooled brass plate as a downstream electrode. The wire gauze is not cooled, and
therefore heats up considerably when exposed to the �ame, resulting in a glowing of the
wire mesh electrode for close distances to the �ame. An impact of the electrode on the
�ame characteristics, e.g. due to thermal radiation, can therefore not be excluded. This
is discussed in more detail in section 4.2.1.

Figure 4.1 illustrates a schematic of the current detection circuit. An externally triggered
polarity switch is integrated in the circuit to automatically switch the electrode polarity.

Model development for ionization phenomena in premixed laminar �ames
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Figure 4.2: Inlet mass�ow rate as a function of the equivalence ratio for the McKenna
[35] burner experiments.

The ionization current is measured across a precision resistor using an isolation ampli-
�er and the signal is subsequently �ltered and converted to a suitable voltage output
for the data acquisition unit.

4.1.2 Numerical setup
The numerical simulations are one-dimensional and are designed to mimic the exper-
iments as well as possible. The �ames are modeled as burner stabilized �ames. The
burner deck (ground electrode) is located at x = 0 mm and the electrode is located at
a distance L downstream of the burner deck. A fuel mass�ow rate of 1.733 slpm, which
corresponds to a total mass�ow rate of 3.479 × 10−4 kg s−1 for an equivalence ratio of
1.0, is set. Figure 4.2 shows the values of the inlet mass�ow rate for all the equivalence
ratio’s used in these experimental and numerical investigations.

The inlet pressure and temperature are set to 1 atm and 298 K, respectively, for the
numerical simulations. The electrode distance L is varied from 3.7 mm to 20 mm and
the applied electric potentials are varied from −350 V to 350 V with steps of 1 V for all
electrode distance considered.

Finally a set of simulations is performed for a range of equivalence ratio’s. These will
be performed with an electrode distance L of 1.0 cm and an applied electric potential
of 350 V. The equivalence ratio is varied from 0.70 to 1.35 with steps of 0.01. All nu-
merical simulations are performed with the one-dimensional model that was developed
in chapter 2, together with the optimized ionization mechanism that was developed in
section 3.2.5.

Table 4.1 shows a comparison between the computed �ame temperature, Tb , and the
�ame temperature as determined experimentally [71] by means of CARS. The differences
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between the computed and the measured �ame temperatures are relatively small, indi-
cating that of the macroscopic �ame properties at least the �ame temperature is cap-
tured relatively well by the model.

4.2 Results
This section will discuss the results of the numerical simulations. First the structures
that determine the behavior of the electric �eld will be discussed shortly, for ϕ = 1.0
and ∆Φ = 0 V. These will �rst be compared to the results that are experimentally
obtained. The numerical results will then be employed to investigate saturation of the
electric �eld and the diodic effect. These effects are only discussed in the context of
numerical simulations, because an experimental investigation cannot go into the details
that can be found in the numerical simulations. Finally the in�uence of the equivalence
ratio on the saturation current will be investigated. Experimental data is at hand for this
investigation.

4.2.1 Electric currents

To examine the numerical model in general and the ionization mechanism in particular,
�rst the electric currents as a function of the applied electric potential are computedwith
the model and compared to the experimental values for electrode distances of 3.7mm,
10 mm and 20 mm. The burner plate is considered to be the ground electrode and
the computational domain extends to the second electrode at distance L. The in�ow
temperature is set to 288 K and the in�ow mixture mass �ow rate is 1.23 g cm−2 s−1,
corresponding to the experimental methane �ow rate of 1.733 slpm at stochiometric
conditions.

Figure 4.3 shows the electric current as a function of the applied electric �eld for the
different electrode distances under consideration. Note that a positive potential value
denotes a positive polarity at the downstream electrode. The close agreement of the sat-
uration currents obtained for different electrode distances indicates that the in�uence
of the electrode presence on the combustion is very similar for all considered electrode
distances, if it has an impact at all.

ϕ TCARS [71] Tb ε

0.80 1828 K 1822 K −0.3282 %
1.00 1886 K 1912 K 1.3786 %
1.10 1826 K 1841 K 0.8215 %
1.20 1828 K 1842 K 0.7659 %

Table 4.1: Comparison of the computed �ame temperature,Tb , and experimentally deter-
mined temperature,TCARS . ε represents the relative difference between the computed
temperature and the experimental value.

Model development for ionization phenomena in premixed laminar �ames
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Figure 4.3: Comparison of simulated electric currents with experimental values for sev-
eral electrode distances. ϕ = 1.0

To estimate if thermionic emissions have a signi�cant impact on the measured electric
currents, the expected current density can be estimated from the Richardson-Dushman
equation [13], given by

J = AGT
2 exp

−Ws

κBT
, (4.1)

where κB is Boltzmann’s constant. Richardson’s constant AG = 6.009 × 109 cm2 K2
[13] and the electron work functionWs equals 4.6 eV [13]. To compute the in�uence of
the themionic emissions on the measured electric currents, the wire gauze electrode
temperature is assumed to be 1500 K, because the electrode’s melting temperature is
approximately 1750 K, which is clearly not reached during the experiments. An elec-
trode temperature of 1500 K amounts to an electric current of I = 1.3 µA, caused by
thermionic emissions, or about 1.9% of the measured saturation current of 70 µA.

Furthermore, the positive and negative saturation currents are similar in the experiment.
If there was a signi�cant level of thermionic emission, a noticeable impact (i.e. differ-
ence) on the saturation current for positive and negative polarity would be observed,
according to the Schottky emission theory [66]. It can thus be concluded that thermionic
emissions are negligible.
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Figure 4.4: Comparison between simulated charged species source and mole fraction
pro�les for one saturation and two non-saturation cases. The electrode distance L is
3.7mmand the entire computational domain is shown. Cations (+) and electrons (◦), as
well as the production (∗) and consumption (�) of charged species are plotted seperately
and the location of the �ame front (maximum heat release) is indicated by the vertical
dash-dotted line. ϕ = 1.0.

The saturation current for the numerical simulations amounts to 80 µA in all cases and
the saturation current in the experiments is approximately 70 µA. Looking at �gure 4.3,
it can be seen that the numerical results agree well with the experimental data. The
model is able to predict the diodic effect and it also correctly shows the saturation of
the current, as it is observed in the experiment. The numerical results are also able to
correctly predict the behavior for different electrode distances, L.

4.2.2 Saturation of the electric �eld

The numerical model is now used to investigate the differences in the saturation and
non-saturation regime. Figure 4.4a compares the ion and electron mole fractions for
several applied potentials in order to study the physical phenomena that cause satura-
tion. In this �gure one case without an applied potential difference (∆Φ = 0 V), one case
with a saturated electric �eld (∆Φ = 50 V) and one case in a non-saturated electric �eld
(∆Φ = 20 V) are considered. The case without an electric �eld will be considered �rst
and for ∆Φ = 0 V, it can be observed that the charged species have a strong peak with
a maximum value, 0.12 mm downstream of the position of maximum heat release. The
latter is depicted by the vertical dash-dotted line. It can be seen from �gure 4.4b that
this peak occurs just downstream of the peak charged species production term, which
is located 0.10mm downstream of the �ame front, which is de�ned to be located at the
position of maximum heat release, for all three applied potentials. In �gure 4.4b it is
also clearly observed that the consumption of charged species also peaks at this loca-
tion and this is expected, because the both the electrons and the cation are abundant

Model development for ionization phenomena in premixed laminar �ames
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Figure 4.5: Comparison between simulated electric �eld strength and current densities
for one saturation and two non-saturation cases. The electrode distanceL is 3.7mmand
the entire computational domain is shown. Cation (+) and electron (◦) current densities
are plotted seperately and the location of the �ame front (maximum heat release) is
indicated by the vertical dash-dotted line. ϕ = 1.0.

at that location. In �gure 4.4a it can clearly be observed that the concentration of the
ions equals the concentration of the electrons in the largest part of the domain. This
is expected when no electric �eld is applied, because the internal electric �eld of the
charged species keeps the charged species together.

Figures 4.5b through 4.5d show the current densities as a function of the distance from
the burner plate for the potentials discussed in �gure 4.4a. J+ and J− represent the
current density in the positive x -direction caused by the movement of cations and elec-
trons, respectively. In �gure 4.5b it is observed that for ∆Φ = 0 V the cation current
density is negative upstream of the charged species peak position and positive down-
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stream of the charged species peak position. With a positive cation current density,
the cations are transported to the domain exit at x = L and a negative cation current
density indicates that the cations are moving towards the burner deck at x = 0. The
electron current density displays a similar behavior as the cation current density, but
with an oposite sign. A negative electron current density means that the electrons are
transported towards the domain exit at x = L and a positive electron current density
indicates a movement of the electrons towards the burner deck at x = 0. It is further-
more observed that the current densities become weaker with an increasing distance
from the charged species peak position.

Upstream of the charged species peak position, both the electrons and the ions are thus
transported to the domain entrance at x = 0, and that downstream of the charged
species peak position, the charged species are transported to the domain exit at x = L.
The only physical phenomenon that is able to accomplish this is the mass based Fickian
diffusion, because the electric �eld has a negligible in�uence if no applied electric �eld
is present, as is observed in �gure 4.5a. The electric �eld for ∆Φ = 0 V is negligibly
small and only serves to minimize the charge separation. Temperature based diffusion
also cannot explain this behavior, because it would cause the charged species to be
transported to the domain entrance at x = 0.

Now the situation for ∆Φ = 20 V in �gure 4.4a is considered. It is seen that upstream of
the �ame front no electrons are present, while cations are found there. The peak values
of the cation and electron mole fractions and the values downstream of the peak value
are approximately the same, but they are signi�cantly smaller than the peak values for
∆Φ = 0 V. In �gure 4.4b it can be observed that the net amount of charged species
produced in the �ame is signi�cantly higher for ∆Φ = 20 V than for ∆Φ = 0 V, because
the consumption of charged species is signi�cantly lower than for ∆Φ = 0 V.

This is primarily caused by the absence of recombination upstreamof the �ame front and
this is expected when it is observed that the electron concentration equals 0 upstream
of the �ame front. The charged species are thus accelerated by the applied electric �eld
to higher velocities and as such leave the �ow �eld in a smaller amount of time. This
means less time is available for the electrons and cations to recombine.

The situation for the cation and electron current densities in �gure 4.5c for ∆Φ = 20 V,
show a strong, approximately constant negative value for the cation current density up-
stream of the charged species peak position and a positive value downstream of the
charged species peak position. The situation is different for the electron current den-
sity, however. It can be seen that it is negative throughout the computational domain.

The constant value of the cation current density J+ upstream of the charged species
peak position is interesting when it is considered that the cation concentration is de-
clining when traveling upstream from the �ame front. This means that, even though the
current density caused by Fick diffusion is decreasing in that direction, it still manages
to remain constant. The ion transport is thus slowly taken over by the electric �eld when
the charged species are traveling upstream from the �ame front. In �gure 4.5a this is
also observed, because for ∆Φ = 20 V the value of the electric �eld strength decreases
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rapidly when traveling upstream from the �ame front.

The positive value for the cation current density downstream of the maximum cation
concentration, however, means that the ions are still transported towards the domain
exit at x = L, which can only be caused by Fickian diffusion and convection, because
the general direction of electric �eld based diffusion is in the negative x -direction. The
negative value for the electron current density, J− throughout the �ow means that the
electrons are alway transported towards the electrode at x = L, regardless of any gradi-
ent in its concentration. The electrons at every position in the domain are thus traveling
towards the domain exit at x = L and this causes the absence of electrons upstream of
the �ame front in �gure 4.4a. It can also be concluded that for the electrons the electric
�eld dominates over the mass based Fickian diffusion.

Finally, the saturation case of ∆Φ = 50 V is consered. At ∆Φ = 50 V the mole fraction
of the electrons is approximately zero throughout the �ow, as is visible in �gure 4.4a,
while the mole fraction of the cations is a lot smaller than for the non-saturation cases,
but it doesn’t vanish. This leads to a situation where the recombination of electrons and
cations to neutral species is very improbable. This is observed in �gure 4.4b, where it
can be observed that the production of charged species is unaffected, but the consump-
tion has collapsed to 0. When the saturation currents in �gure 4.5d are studied it can be
observed that the electron current density is zero upstream of the charged species peak
location and the cation current density is zero downstream of the charged species peak
location.

It can thus be found that all electrons in the �ow are strongly attracted by the electrode
at the domain exit and that the ions are strongly attracted to the ground electrode at
the burner deck. This means that at∆Φ = 50 V, also for the ions the electric �eld based
diffusion dominates over Fickian diffusion. At saturation, the electrons are strongly ac-
celerated out of the reaction zone. This strong separation between the electrons and
ions, causes a negligible reaction rate for reaction R 2.4.

A point has to be made on the quasi-neutrality assumption. In �gure 4.4a it is observed
that charge separation is not an issue for∆Φ = 0 V, but even for the relatively small ap-
plied potential difference of ∆Φ = 20 V a strong charge separation is observed in parts
of the �ow. For the saturated case of∆Φ = 50 V, this effect is even stronger and most of
the �ow carries a signi�cant charge. This means that the quasi-neutrality assumption is
invalid when studying �ame plasmas with applied potentials of the studied magnitude.

It can be concluded that saturation is caused by two processes. First of all, the electric
�eld becomes strong enough to dominate over Fickian diffusion, for all species. This is
preceded in subsaturation by the dominance of the external electric �eld over the in-
ternal, ambipolar electric �eld, which draws the electrons and ions to each other. The
second process is the strong acceleration of the charged species out of the reaction zone
and the ensuing charge separation, which causes recombination to become improbable.
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Figure 4.6: Comparison between simulated charged species source and mole fraction
pro�les for positive and negative polarity non-saturation cases. The electrode distance
L is 3.7 mm and the entire computational domain is shown. Cations (+) and electrons
(◦), as well as the production (∗) and consumption (�) of charged species are plotted
seperately and the location of the �ame front (maximum heat release) is indicated by
the vertical dash-dotted line. ϕ = 1.0.

4.2.3 Diodic effect

Another interesting feature in the voltage-current characteristic (�gure 4.3) is the so-
called diodic effect. This is the difference between slopes of the positive and the nega-
tive part of the voltage-current characteristic. It can be seen in �gure 4.3 that the electric
current rises more strongly with increasing applied potential and saturation is reached
at a lower applied potential for positive applied potentials than for negative applied po-
tentials. To investigate this further, �gure 4.6a shows a comparison between a positive
and a negative applied potential with the same current. The positive applied potential
that is selected is the previously discussed 20 V, because it is well below saturation. The
negative applied potential that is used in this comparison is ∆Φ = −155 V. This case is
selected because it results in an electric current with the samemagnitude as the positive
case, but with an opposite sign. The case for ∆Φ = 0 V is plotted for reference.

When the positive and negative non-saturation cases are compared with each other, it
can be seen that for the negative polarity the electrons are absent downstream of the
�ame front, while for positive polarity this happens upstream of the �ame front. The
electric �eld is strong enough to pull all the electrons to the positively charged side of
the �ow �eld. The cations, however, don’t have this strong response to the electric �eld
and they can be found throughout the domain. Comparing the ion mole fractions of
the negative and the positive applied potentials in �gure 4.6a with each other, it can be
seen that the cations leave the domain at the negatively charged electrode, primarily
due to the electric forces, but also, to a lesser extend, to Fick diffusion. In the case of
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Figure 4.7: Comparison between simulated electric �elds (a) and current densities (b) for
positive and negative polarity non-saturation cases. The electrode distance L is 3.7mm
and the entire computational domain is shown. Cation (+) and electron (◦) current den-
sities are plotted seperately and the location of the �ame front (maximum heat release)
is indicated by the vertical dash-dotted line.

the ions, which are approximately four orders of magnitude heavier than the electrons,
the electric �eld is not strong enough to dominate over Fickian diffusion throughout the
domain. The distance between the �ame front and the negatively charged electrode to
be overcome is much larger for the negative polarity and this results in the so-called
diodic effect.

In �gure 4.7a it is observed that the electric �eld strength at the cathode is approxi-
mately −50 V mm−1 for ∆Φ = 20 V. For ∆Φ = −155 V the electric �eld strength is
approximately 80 V mm−1 at the cathode, which is higher than for 20 V. This difference
is unexpected, because the cation current densities differ only in sign at the cathode for
these two cases.

If the cation concentration gradients in �gure 4.6a at the cathode for 20 V and for−155 V
are compared, it is observed that the gradient of the cation concentration at the cath-
ode for 20 V is much greater than for −155 V, where it almost vanishes. As such the
distance from the �ame front to the cathode is important for the diodic effect, because
it forces a minimum gradient from the cation peak concentration a little downstream of
the �ame front to the cathode. This forces a lower limit for Fickian diffusion and with
that a minimum current density for positive applied potentials. This means that a small
positive applied potential is able to produce the same electric currents as a much higher
negative applied potential.
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Figure 4.8: Comparison of simulated saturation currents and experimental values as a
function of equivalence ratio for an electrode distance of 10 mm. ∆Φ = 300 V

4.2.4 In�uence of the equivalence ratio
In experimental works a characteristic relation between the saturation current and the
equivalence ratio is often encountered [48, 49]. To verify if this can also be predicted by
the numerical model, the saturation current at 300 V is simulated for a range of equiv-
alence ratios. The equivalence ratio is changed by changing the air �ow, while keeping
the fuel mass �ow rate constant, as it was done in the experiments that were described
in section 4.1.1. Figure 4.8 shows a comparison between the simulation results and the
experimental values of the saturation current as a function of the equivalence ratio. The
model predicts the saturation current well in the lean combustion regime. The overall
peak value, betweenϕ = 1.05 andϕ = 1.10 is also captured quite accurately, but above
an equivalence ratio of 1.1 the performance of the model deteriorates. Previously this
deterioration was attributed to the absence of C3H3+ and CH3+ in the chemical mech-
anism, which are the dominant cations in rich methane �ames according to Goodings
et al. [28], whereas the dominant cation in lean methane �ames, H3O+ is represented in
themechanism. This explanation does not hold, because it was found by Green and Sug-
den [30] that the formation of these C3H3+, CH3+ and all other �ame ions is also initiated
from the chemi-ionization reaction R 2.2. This is also con�rmed by �gure 3.12c, where
a mechanism that also includes these ions computes the same saturation current as a
mechanism that doesn’t include these ions. As such, the model’s discrepancies in the
rich regime are probably based in the base mechanism and the prediction of CH and O
radicals.

4.3 Conclusions
The optimized ionization chemistry mechanism, developed in chapter 3 was used to
study an experimental setup with a different set of boundary conditions. It was shown
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that the optimized chemistry mechanism performs well, both qualitatively and quanti-
tatively. The model, together with the optimized ionization mechanismwas then used to
study saturation of the electric �eld and the diodic effect and the underlying causes. To
perform this analysis several charged species concentration pro�les and current densi-
ties were investigated.

It was concluded that two processes form the physical mechanism behind the satura-
tion of the electric current. First, the electric �eld becomes strong enough to dominate
over the Fickian diffusion that is important for the motion of ions. The second process is
the strong acceleration of the charged species out of the reaction zone and the ensuing
charge separation, which causes recombination to become improbable.

The diodic effect was concluded to be caused by the difference in diffusivity and mobil-
ity between the electrons and ions and the distance that the cations have to travel to
reach the cathode. This is primarily caused by a lower limit on Fickian diffusion, which is
caused by the distance between the charged species peak concentration and the cath-
ode.
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Unsteady electric �elds
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Flame detection circuits that are used in most combustion devices, utilize the diodic
effect in conjunction with an alternating electric �eld to determine the presence or ab-
sence of a �ame. A �ame detector generates an alternating electric �eld over the com-
bustion region and measures a time-averaged electric current. If this current is 0, either
no �ame is present or the circuit is short-circuited, and the system will shut down. If the
measured time-averaged current is above a certain threshold the �ame’s diodic effect
plays a part and a �ame must be present.

In order to investigate alternating electric �elds, �rst the physical and numerical model
and the chemical mechanism that were developed in chapters 2 and 3 are evaluated
for several applied alternating electric �elds. The results of these simulations will be
compared to experimental values that were obtained with the heat �ux setup that was
discussed in section 3.2.1.

This chapter will �rst discuss the experimental setup that is studied and this will be fol-
lowed by an investigation of the alternating current behavior in a sub-saturation elec-
tric �eld. The next step is an evaluation for the current response to an applied electric
potential that surpasses the saturation potential. This investigation shows interesting
behavior in the obeserved currents around the saturation moment. This behavior will
be discussed in detail in section 5.3.4 and this is followed by some concluding remarks.

5.1 Setup description
To investigate alternating electric �elds the heat �ux burner setup that was discussed
in section 3.2.1 was modi�ed to be able to perform experiments with alternating electric
�elds. This will �rst be discussed, followed by a discussion of the numerical set up for
this test case.

5.1.1 Experimental setup

The experiments for the time-dependent case have been performed on the same basic
set-up as was discussed in section 3.2.1. A schematic of this setup is displayed in �gure
3.9. The main difference between the setup for steady electric �elds and for alternating
electric �elds, is the equipment that is used to generate the electric �elds, because the
power supply unit that was used for the steady electric �elds is unable to produce an
alternating electric �eld.

A schematic of the alternating electric current setup is shown in �gure 5.1, where the
�ame is represented by a so-called �ame equivalent circuit. The equivalent circuit con-
sists of a diode and a resistor in series that are connected parallel to another diode and
resistor series circuit. To ensure the diodic effect is represented by the equivalent cir-
cuit, the diodes oppose each other and the resistance R2 differs from R3. In this setup
R2 = 15 M˙ to mimic the �ame’s electric behavior for negative polarities and R3 = 1 M˙
for positive polarities. These resistances are similar to the �ames resistance for negative
and positive polarities.
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Figure 5.1: Electric circuitry used for the generation of an alternating electric �eld. Source:
Bruinsma [10]

This �ame equivalent circuit is also used to analyse the electric measurement setup. The
electric potential applied to the downstream electrode is mathematically described as

∆Φ = A sin (2πf t ) , (5.1)

where f is the frequency of the applied electric �eld and A represents the amplitude of
the applied potential difference.

Since a single power supply unit has problems to produce the required alternating elec-
tric �elds, the alternating electric potential is generated as a sinusoidal wave by the
National Instruments USB-6221 power supply unit. However, this unit can only produce
a maximum amplitude of 2.5 V. This potential is then used as an input for an audio
ampli�er, with a maximum output of 450 W, when it is loaded to 4Ω. The cut-off fre-
quencies of this ampli�er are 10 Hz and 30 kHz. This signal is �nally fed to a 1 : 22.2
audio transformer to increase the voltage to the desired values. Since the maximum ap-
plied potential that is considered is 200 V, the frequencies are limited to values between
50 Hz and 400 Hz, because outside this range the signal is distorted signi�cantly. To av-
erage out noise in the experimental data, datasets span a duration of 10 s and the mean
periodic behavior is computed from all periods present in each dataset. The standard
deviation for these experiments amounts to approximately 2% of the average maximum
current in the period.

Figure 5.2 shows the electric current as a function of time for the �ame equivalent circuit
that is displayed in �gure 5.1, to investigate the behavior of the measurement setup. The
standard deviation of the electric current is given by the error bars in �gure 5.2 and it
is observed that this is very small for f = 50 Hz, as well as for f = 400 Hz and the ex-
periments are thus very reproducible. The electric current that is found in an idealized
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Figure 5.2: Time-dependent electric current response of the �ame equivalent circuit sub-
jected to an applied potential amplitude A = 50 V with f = 50 Hz (a) and 400 Hz (b).
The error bars indicate the standard deviation of the 500 periods in the dataset.

situation is given by

I =










∆Φ
R3

: ∆Φ ≥ 0 V
∆Φ
R2

: ∆Φ < 0 V
. (5.2)

It is found in �gures 5.2a and 5.2b that this description does not produce the electric
currents that are found in the experimental setup, for f = 50 Hz, but especially for
f = 400 Hz. It is hypothesized that the measurement circuit has a parasitic capacity,
which acts like a �lter on the electric current response. To investigate this, idealized
electric current (equation 5.2) is �ltered by

Ĩ (t ) = α

∫ t

−∞

exp
�

α
�

ξ − t
��

I
�

ξ
�

dξ, (5.3)

where α represents the inverse of the �lter width. The consequence of this �ltering is
that the �ltered current is in�uenced by the time history of the current.

The �ltered current is plotted in red in �gures 5.2a and 5.2b with α = 4600 s−1 for
f = 50 Hz and α = 5600 s−1 for f = 400 Hz. These values were selected to ensure the
�ltered electric currents are zero at the same time as the measured currents, through
a process of trial-and-error. It is observed in these �gures that the behavior of the �l-
tered idealized current is qualitatively the same as the experimental value. This means
that the maximum current is found at a similar time in the period as is the case for the
experimental data. The response of the �ltered idealized current still is approximately
0.2 ms ahead of the measured currents and the predicted maximum of the �ltered cur-
rent is approximately 10% larger than the experimental value, but all in all this is a huge
improvement in the agreement between the theoretical and the experimental values.
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The good agreement between the �ltered idealized current output and the experimen-
tal results implies that a capacitative effect is present in the measurement circuit. This
means that a time lag will be encountered when alternating electric �elds with higher
frequencies are studied. To alleviate the effects of this capacitive effect, the �lter will
also be applied to the numerical results to compare with the experimental data.

5.1.2 Numerical Setup

The numerical simulations are one-dimensional and are designed to mimic the exper-
iments as well as possible. The �ames are modeled as burner stabilized �ames. The
burner deck (ground electrode) is located at x = 0mm and the electrode is located at a
distanceL = 10mmdownstreamof the burner deck. The in�ow velocity is set to the adi-
abatic burning velocity SL at 298 K. The inlet pressure and burner temperature are set to
1 atm and 350 K, respectively, for the numerical simulations. The elevated temperature
ensure that the �ame stabilizes on the burner deck, while the �ame temperature equals
the adiabatic �ame temperature. The applied electric potential amplitude is taken to
be 50 V as a typical non-saturation case and 200 V for a typical saturation case. The
computations are performed for ϕ = 0.8, 1.0 and 1.2, to be able to investigate the re-
sponseof the electric current for a rangeof equivalence ratio’s. The numerical results are
taken from a simulation of two periods and the second period is always used to exclude
possible numerical start-up effects, even if they are barely present. If �ltered numeri-
cally determined currents are displayed, they are �ltered as discussed in equation 5.3,
with an inverse �lter width α that is a linear function of the frequency from 4600 s−1 at
f = 50 Hz to 5600 s−1 at f = 400 Hz.

5.2 Non saturating alternating �elds
This section will focus on the electric current in �ames that are subjected to alternating
electric �elds that are not saturating. To this end, �rst a reference case, with ϕ = 1.0,
A = 50 V and f = 50 Hz will by investigated. This is followed by a discussion of the
behavior for different frequencies and �nally the in�uence of the equivalence ratio will
be studied.

5.2.1 Reference case

To demonstrate the electric currents that can be found in �at �ames in alternating ap-
plied electric �elds, this section focusses on a stoichiometric �at �ame in the pres-
ence of an electric �eld alternating at a frequency of 50 Hz and an amplitude of 50 V.
The computed and measured electric currents for this test case are displayed in �gure
5.3, together with the currents that would be found if temporal effects played no role,
i.e. f → 0 Hz. These so-called quasi-steady currents were found from the steady-state
simulations and experiments, discussed in chapter 3, by computing the current from a
steady state simulation with the same steady applied potential difference as is applied
at the speci�ed time. Figure 5.3 furthermore displays a �ltered simulated electric cur-
rent.
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Figure 5.3: Time-dependent electric current response to a subsaturation applied alter-
nating electric �eld. ϕ = 1.0, A = 50 V, f = 50 Hz. The error bars indicate the standard
deviation of the 500 periods in the dataset.

The experimental results will be considered �rst and are shown in red in �gure 5.3. This
�gure shows the electric currents as a function of time for an equivalence ratio of 1.0.
The experimental time-dependent electric response rises a little slower than its quasi-
steady counterpart, shown as the red dashed line, for 0 ≤ t ≤ 5.0 ms. The peak value
of the quasi-steady electric current at t = 5.0 ms is thus also higher than the time-
dependent electric current. The peak value of the time-dependent current at t = 5.1ms
is approximately 66 µA, while themaximumquasi-steady current is approximately 72 µA
at t = 5.0 ms. This difference in the maximum current is most likely caused by day-to-
day variations that exist in the mass �ow controllers of the experimental setup [10].
These variations can cause a minor difference in the set equivalence ratio, as well as a
difference in the total in�ow. An increased in�ow of fuel can cause a larger amount of
charged particles to be produced, because more CH radicals are present and the tem-
perature is higher. The larger amount of charged particles leads to a higher ionization
current.

The variation in the equivalence ratio as a results of inaccuracies in the mass �ow rate
is ±0.02 [6], which leads to errors in the measured electric current of ±8%. The dif-
ference between the time-dependent and quasi-steady electric current falls within this
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error range. The differences that are observed between the rise in the time-dependent
and quasi-steady currents is probably also caused by this error.

The time-dependent experimental current drops from its peak value at t = 5.1 ms to
0 A at t = 10.0ms and this drop is a bit faster than the rise of the ionization current for
0 ≤ t ≤ 5 ms. After t = 10.0 ms the diodic effect can be observed quite clearly and
the time-dependent and quasi-steady experimental currents do not show differences
greater than 1 µA. It is found that the experimentally determined time-dependent elec-
tric currents for f = 50 Hz behave very similar to their quasi-steady equivalents in
subsaturation.

Now the simulated electric currents are compared to the experimental results in �g-
ure 5.3 and it is found that time-dependent and the quasi-steady simulation rise at the
same rate initially, but at t = 2.0ms the time-dependent simulation rises faster and to
a higher peak value than the quasi-steady current. If �ltering is taken into account, a
very small lag of the time-dependent current with respect to the quasi-steady current
is observed in the numerical data, but this seems almost insigni�cant. The peak value,
however, is still larger than the quasi-steady peak current if the result is �ltered.

Another problem exists in the chosen value for the amplitude of the potential difference
and this is displayed in the voltage-current characteristic of this test case in �gure 5.4
and it can also be found in �gure 3.16b in section 3.2.5. It is observed in these �gures that
the steady currents for ∆Φ = 50 V are very different. At a steady-state of ∆Φ = 50 V
the difference between the experimentally determined and the computedmaximum cur-
rents is larger than anywhere else along the voltage-current characteristic. This means
that the numerical case of ∆Φ = 50 V is much closer to its saturation current and this
may have signi�cant consequences for the behavior of the charged species, as will be
discussed in section 5.3.1.

To investigate this further, �gure 5.5 displays a comparison between a numerical simu-
lation with A = 33 V and experiments with A = 50 V. The amplitude of 33 V for the
numerical simulation is chosen because the quasi-steady electric current at that ap-
plied potential is similar to the quasi-steady current that is found in experiments with
A = 50 V.

It is seen in �gure 5.5 that the numerical quasi-steady current pro�le for A = 33 V
is very similar to the experimental quasi-steady current pro�le. The rise of the un�l-
tered numerical and quasi-steady currents are just as fast, while the time-dependent
experimental data lags when compared to its quasi-steady counterpart. Furthermore,
it is found that the numerical time-dependent response has a peak value that is a little
smaller than the numerical quasi-steady response. If the �ltered numerical response is
studied, a lag with respect to the quasi-steady numerical response is identi�ed. If the
experimental errors are taken into account this lag is found to be very similar to the lag
that is found for the experimental curves. The peak value, however, is still higher than
the value that is found for the quasi-steady response. This was also found in the �ame
equivalent circuit in section 5.1.1 and it seems this plays a role here as well.
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Figure 5.4: Voltage-current characteristic for a subsaturation applied alternating electric
�eld. ϕ = 1.0, A = 50 V, f = 50 Hz.

Overall it is concluded that the discrepancies at the same amplitude are caused by dis-
crepancies in the ionization mechanism in the subsaturation regime, but it has to be
noted that this was not optimized for. The currents are very similar when an amplitude
is selected that gives the same maximum current. It was furthermore found, that the
time-dependent response for subsaturation �elds behaves very similar to the quasi-
steady response in a �eld with a similar applied electric �eld at 50 Hz. A very small lag
was observed, that is attributed to a parasitic capacity in the experimentalmeasurement
system.

5.2.2 In�uence of frequency
To investigate the in�uence of the frequency, �gure 5.6 shows the experimental current
response as a function of dimensionless time f t for several frequencies and the quasi-
steady case for a non-saturating electric �eld. When the response to a frequency of
100 Hz (red line) is compared to the response of a frequency of 50 Hz (blue line), it can
be observed that they risewith approximately the same dimensionless rate, but the peak
value for f = 100 Hz is a little higher and occurs a little later in the period. The current
of both cases changes sign around t = 10.0 ms and the time-dependent response for
f = 100 Hz is a little later than the time-dependent response for f = 50 Hz, which
indicates a small time lag for f = 100 Hz.
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Figure 5.5: Comparison of the time-dependent subsaturation response with an experi-
mental amplitude of 50 V and a numerical amplitude of 33 V. ϕ = 1.0, f = 50 Hz.

When the electric current for a frequency of 200 Hz (green line) is compared to the re-
sponse for f = 50 Hz, it can be seen that the current for f = 200 Hz rises slower than
the time-dependent current for f = 50 Hz, relative to the period of the oscillation. It
can also be observed that the maximum current is a little smaller than the peak current
that is found for f = 50 Hz and the peak also occurs at a later moment in the period.
The drop of the current for f = 200 Hz is comparable to the gradients of the test cases
with lower frequencies, however the later peak value is also re�ected in the fact that the
current goes to negative values at f t = 0.56, where the ideal system would reach a this
at f t = 0.5.

A comparison of the electric currents for a frequency of 400 Hz (magenta line) with the
currents found at lower frequencies shows the current increases more slowly, relative to
the period, then for f = 200 Hz. The peak current is clearly smaller than the peak cur-
rent found for other frequencies and the current drop following the peak value is similar
to the current gradients of the other frequencies investigated. The electric currents for
f = 400 Hz are then dropping below 0 A at f t = 0.67, which is signi�cantly later in the
period than the currents for the other frequencies.

In general terms it is observed that the phase lag increases with an increasing frequency.
The maximum electric current shows non-monotonic behavior. With an increase from
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Figure 5.6: Experimentally determined time-dependent electric current response to a
non saturation applied alternating electric �eld. ϕ = 1.0, A = 50 V.

f = 50 Hz to 100 Hz the peak value is seen to rise, while a further increase in the fre-
quency has the effect to decrease the peak value. This peak value occurs later in the
period with an increasing frequency. The current drop from its maximum value is similar
between all frequencies, but this results in the fact that negative currents are encoun-
tered much later than f t = 0.5.

This experimentally found time lag is quite probably caused by the same capacitive ef-
fect that was encountered in the �ame equivalent circuit in section 5.1.1. This means that
this time lag is primarily caused by themeasurement equipment. Themoment where the
current becomes negative for the �ame equivalent circuit is also similar to the moment
the current in the �ame equivalent circuit becomes negative. In the �ame equivalent
circuit for f = 400 Hz this happens at f t = 0.64, whereas in the �ame with f = 400 Hz
this happens at f t = 0.67.

To investigate if the trends that were observed for the experimental results can be re-
produced numerically, the numerical time-dependent response to an alternating sub-
saturating electric �eld with several different frequencies is analyzed in �gure 5.7a. The
equivalence ratio ϕ = 1.0 and the amplitude of the electric potential is chosen to be
33 V to equalize the maximum quasi-steady currents as was found in the previous sec-
tion. It is observed that the numerical currents are approximately 5%higher than for the
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Figure 5.7: Numerically determined time-dependent electric current response of a �ame
subjected to a non saturating applied alternating electric �eld for several frequencies.
A = 33 V,ϕ = 1.0.

experimental results. This difference is caused by the selection of the amplitude. This
was selected base on a comparison between the maximum numerical and experimental
quasi-steady currents.

The time-dependent response for f = 100 Hz are almost the same as for f = 50 Hz.
Increasing the frequency to 200 Hz has almost no effect, while a further increase in fre-
quency to 400 Hz shows a decrease in the maximum electric current, while the behavior
is qualitatively the same as for the other frequencies. The largest difference between
the experimental and numerical results, however, is the moment in the period where
the current becomes negative. For the numerical results this is at f t = 0.5 for all fre-
quencies, so no time delay is found there.

Figure 5.7b displays the �ltered numerical results and it is observed that, for an increase
of the frequency from 50 Hz to 100 Hz, the time-dependent response changes very lit-
tle. With an increase to f = 200 Hz a signi�cant time lag can be observed in the time-
dependent response. This time lag is also found in the time where the current becomes
negative, which increases signi�cantly with increasing frequency for the �ltered numeri-
cal results. If the frequency is doubled to 400 Hz the time lag is seen to increase further,
together with the moment that the current becomes negative.

The �ltering also has an in�uence on the maximum electric current that is found. The
maximum current remains the same when the frequency is increased from f = 50 Hz
to f = 100 Hz, but the decrease of the peak current with an increase in frequency to
f = 200 Hz or 400 Hz is signi�cant. This is in line with the experimental results and
as such it is found that the �ltering plays an important role and the �ltering quite ac-
curately describes the behavior that is found in the experimental setup. The un�ltered
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numerical response shows that the response to higher frequencies is very similar to the
quasi-steady response.

5.2.3 In�uence of the equivalence ratio

The effect of the equivalence ratio’s on the experimental and numerical time-dependent
response is investigated in �gure 5.8 for non-saturating electric �elds. Themaximum ap-
plied potential is 50 V for the experimental case and the values of A = 29 V, 33 V and
35 V are selected for ϕ = 0.8, 1.0 and 1.2, respectively, in the numerical simulations.
These values are selected to ensure similar quasi-steady electric currents are found at
the maximum applied potential. Figure 5.8a displays the experimental time-dependent
current response for the equivalence ratio’s of 0.8, 1.0 and 1.2. The behavior for the
�ame with an equivalence ratio of 1.0, displayed in red, has been discussed in section
5.2.1.

The behavior of the experimental time-dependent electric current forϕ = 0.8, displayed
in blue is very similar to the behavior for ϕ = 1.0. From t = 0 s it rises slower than its
quasi-steady counterpart to its maximum value around t = 5.0 ms. This peak value is
smaller than that of the quasi-steady electric current and after the peak value it drops
to 0 A at t = 10.0 ms. The main difference between ϕ = 0.8 and ϕ = 1.0 is found in
the peak values. The value forϕ = 0.8 is much lower than forϕ = 1.0.

The behavior for ϕ = 1.2 is qualitatively the same as the behavior for ϕ = 0.8 and
ϕ = 1.0. The main difference is found around t = 3.8 ms, where the time-dependent
electric current starts rising faster than the quasi-steady electric current. This results in
a 7% higher maximum current than is found in the quasi-steady response, which falls
within the experimental error. As this peak is later than t = 5.0 ms, the current also
drops faster back to 0 A than its quasi-steady counterpart.

It has to be noted that for ϕ = 0.8 and 1.0, the quasi-steady peak current is ap-
proximately 7% higher than the corresponding time-dependent peak current, while for
ϕ = 1.2 the quasi-steady peak current is smaller than the time-dependent peak cur-
rent. This is consistent with an equivalence ratio that is higher than anticipated and the
problem with the day-today variations of the current measurements.

To emphasize the similarities between the responses for the three investigated equiva-
lence ratio’s, �gure 5.8b plots the time-dependent currents for these equivalence ratio’s
scaled with their maximum values. It can be observed that the lines for these different
equivalence ratio’s are overlapping and as such the behavior of the currents for all three
equivalence ratio’s is the same with respect to their maximum values. This suggests that
for the equivalence ratio’s under consideration the time response of the electric current
behaves like it would in a quasi-steady situation.

It has to be noted that these curves were scaled with their maximum values, because
a scaling with their saturation values would lead to different peak values. To explain
why this does not scale with the saturation current, �gure 3.12 in chapter 3 is recalled.
From this �gure it was observed that the saturation potential differed greatly between



5

Unsteady electric �elds 89

0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02
−2

0

2

4

6

8

10

t (s)

I
�

1
0
−
5
·
A�

Time dep., φ = 0.8
Quasi-steady,φ = 0.8
Time dep., φ = 1.0
Quasi-steady,φ = 1.0
Time dep., φ = 1.2
Quasi-steady,φ = 1.2

(a) Experimental results

0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02
−0.1

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

1.1

t (s)

I
I m

a
x
(−
)

bC

bC

bC

bC

bC bC bC

+

+

+

+ + + +

*

*

*

* * * *

φ = 0.8
φ = 1.0
φ = 1.2

bC
+
*

(b) Scaled experimental results

0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02
−2

0

2

4

6

8

10

t (s)

I
�

1
0
−
5
·
A�

Time dep., φ = 0.8
Quasi-steady,φ = 0.8
Time dep., φ = 1.0
Quasi-steady,φ = 1.0
Time dep., φ = 1.2
Quasi-steady,φ = 1.2

(c) Numerical results

0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02
−2

0

2

4

6

8

10

t (s)

I
�

1
0
−
5
·
A�

Time dep., φ = 0.8
Quasi-steady,φ = 0.8
Time dep., φ = 1.0
Quasi-steady,φ = 1.0
Time dep., φ = 1.2
Quasi-steady,φ = 1.2

(d) Filtered numerical results

Figure 5.8: Time-dependent electric current response of a �ame subjected to an applied
potential amplitude A = 50 V for the experiments (a and b). For the numerical simula-
tions A = 29 V, 33 V and 35 V are selected forϕ = 0.8, 1.0 and 1.2, respectively (c and
d). f = 50 Hz.

the equivalence ratio’s of 0.8, 1.0 and 1.2. This means that the different test cases are
in different relative locations with respect to their saturation potentials when the max-
imum applied potential of 50 V is reached.

From the observations made in �gure 5.8 it can be concluded that the behavior in non-
saturating alternating electric �elds is quasi-steady for all investigated equivalence ra-
tio’s. The electric response for f = 50 Hz follows the quasi-steady current closely and
themaximum current is thus completely determined by the steady-state voltage-current
characteristic. As such the in�uence of the equivalence ratio is limited to the value of
the saturation potential and current for non-saturating electric �elds.
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To investigate the time-dependent numerical response, �gure 5.8c shows the numerical
time-dependent response for ∆Φ = 50 V and f = 50 Hz with three different equiva-
lence ratio’s. It is seen that the time-dependent response forϕ = 1.2 follows the same
pattern as the response for ϕ = 1.0. This means that the time-dependent current re-
sponse rises at a similar rate as the quasi-steady response and the peak value is higher
and occurs earlier than t = 5.0 ms, because the rise of the quasi-steady current stops
its fastest rise earlier than the time-dependent current rise.

The �ltered response for ϕ = 1.2 in �gure 5.8d also shows a similar behavior to the
�ltered current for ϕ = 1.0 and the �ltered response lags on the quasi-steady current.
The peak value, however, is still higher than its quasi-steady couterpart, as was also
found for ϕ = 1.0 in section 5.2.1. This behavior is also encountered for ϕ = 0.8 and
it also responds to an alternating electric �eld as is expected based on the steady state
voltage-current characteristic.

5.3 Saturating alternating �elds
The response of the current to subsaturating electric �elds shows no unexpected behav-
ior, with respect to the quasi-steady current response, but some interesting behavior
might be found in the current response for saturating electric �elds. First the reference
case with ϕ = 1.0, A = 200 V and f = 50 Hz will be discussed. This will be followed
by studying the in�uence of the frequency and the equivalence ratio. Finally some inter-
esting behavior in the saturation region will be discussed.

5.3.1 Reference case

In the previous section it was found that the electric current response shows the same
behavior as for the quasi-steady case for a subsaturation alternating applied potential
where f ≤ 200 Hz. To investigate if this also is the case for electric �elds that surpass
the saturation potential, a set of simulations and experiments will be investigated that
use an amplitude for the applied potential of 200 V. The results are shown in �gures
5.9 and 5.10, which display the numerical and experimental time response, together with
their respective quasi-steady solutions and the �ltered simulated electric current.

It is observed in �gure 5.9 that initially (t ≤ 1.0 ms) the experimental time-dependent
current rises slower than the quasi-steady current, but this changes around t = 1.0 ms
and at approximately t = 1.90 ms the time-dependent current becomes greater than
the quasi-steady current. This trend continues until the time-dependent current peaks
at t = 2.60ms at a value of 152 µA, which is higher than the saturation value of 151 µA,
that is found in both the quasi-steady and the time-dependent current. This is observed
more clearly in �gure 5.10, which shows a detailed view of the saturation region. In this
�gure it is seen that the time-dependent current drops after the peak value at 2.60 ms
to a value that is lower than the saturation current of 151 µA. The lowest value in this
region is 148 µA and it is reached at t = 3.17 ms. After this dip the time-dependent
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Figure 5.9: Full period of the experimentally determined time-dependent electric cur-
rent response to a saturating applied alternating electric �eld. The error bars show the
standard deviation of the 500 periods in the dataset. ϕ = 1.0, A = 200 V, f = 50 Hz.

current recovers up to the saturation value. This oscillation is observed in all recorded
cycles.

For 5.00 ≤ t ≤ 10.00 ms the time-dependent and the quasi-steady currents behave
quite similar. As the time progresses from t = 0.005 s, both the time-dependent and
the quasi-steady currents drop towards zero around t = 0.010 s. The current of the
time-dependent electric current, however, can be seen to pass through 0 A a little later
than t = 0.010 s. From the moment the time-dependent current passes through 0 A,
its behavior becomes almost indistinguishable from the response of the quasi-steady
current. Around the half period point, the gradient can be observed to change rapidly
and the diodic effect can be observed again.

When the numerical results are investigated, it is observed that the same oscillation is
present. The electric current rises from 0 A to a value that is higher than its saturation
current. This overshoot is then compensated by an oscillatory recovery to the saturation
current. This is investigated further in �gure 5.10, which zooms in on the region where
1.0 ≤ t ≤ 9.0 ms. In this �gure the behavior of the numerical simulation is partic-
ularly striking, because it �rst overshoots the saturation current to a value of 151 µA,
whereas the quasi steady saturation value is 148 µA. This overshoot is damped out in
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Figure 5.10: Zoomed view of the saturation region of the time-dependent electric cur-
rent response to a saturating applied alternating electric �eld. The error bars show the
standard deviation of the 500 periods in the dataset. ϕ = 1.0, A = 200 V, f = 50 Hz.

an oscillatory fashion later in the period. This behavior is similar as the behavior of the
experimental current response. In comparison to the experimental value the overshoot
occurs very brie�y and the oscillations are also more pronounced than in the experi-
ments.

When the �ltered numerical response is studied in �gure 5.10, it is seen that this pro�le is
smoother than the un�ltered numerical response. Thepeak value is less pronounced and
the oscillatory recoverymode is less pronounced. Qualitatively the �ltered numerical re-
sponse is a lot more similar to the experimental response than the un�ltered numerical
response. Quantitative difference are still present, especially when the initial slope to-
wards the saturation region is investigated. These differences are also found between
the quasi-steady numerical and experimental values and as such these difference can
be attributed to shortcomings of the ionization mechanism and trensport model in the
subsaturation regime.

The qualitative agreement between the �ltered numerical and experimental responses
shows that the observed saturation overshoot is present and the numericalmodel is able
to predict it qualitatively. The numerical model can thus be used to investigate the un-
derlying mechanism of overshoot in the saturation current that was found to exist both
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Figure 5.11: Experimentally determined time-dependent electric current response to a
non saturation applied alternating electric �eld. ϕ = 1.0, A = 200 V.

in the experimental and the numerical time-dependent responses. This behavior is an
interesting phenomenon, because the electric current rises faster when compared to its
quasi-steady counterpart. This means that the electric current responds more rapidly
to a changing electric �eld than would be expected based on the quasi-steady behavior.
This will be investigated in detail in section 5.3.4.

5.3.2 In�uence of frequency

The effect of the frequency on saturating electric �elds is investigated in �gure 5.11, where
the electric current response is presented as a function of dimensionless time f t for the
experimentally determined electric current. In this �gure the full period for frequencies
of 50 Hz, 100 Hz, 200 Hz and 400 Hzis shown, together with the quasi-steady response.

If the electric current rise for f = 100 Hz (red line) is compared to the response for a
frequency of f = 50 Hz (blue line), it is seen that the current rise for 0 ≤ f t ≤ 0.25 is
slower for the higher frequency. When the frequency is doubled to 200 Hz (green line), it
is observed that this rise slows down further and for f = 400 Hz the current rises even
slower. This time lag is attributed to a capacitive effect in the measurement setup, as
was discussed in section 5.1.1.
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Figure 5.12: Time-dependent numerical electric current response of a �ame subjected
to a saturating applied alternating electric �eld for several frequencies. A = 200 V,
ϕ = 1.0.

If the saturation behavior for f = 100 Hz is compared to the saturation behavior for
a frequency of 50 Hz in �gure 5.11, it is seen that saturation occurs later in the period.
Furthermore, it is dif�cult to see if the overshoot over the saturation current is present
for f = 100 Hz. If the frequency is doubled to 200 Hz, the overshoot over the saturation
current is absent and the saturation current is actually never reached. This effect can
be observed even more strongly if the frequency is increased to 400 Hz. The maximum
current then is signi�cantly smaller than the saturation current.

It is observed that the overshoot over the saturation current becomes indistinguishable
when the frequency is increased and it disappears completely for suf�ciently high fre-
quencies. This is probably caused by the capacitative effect in the measurement setup,
but this can not be con�rmed from these �gures, although it seems plausible when the
time lag that is found previously is considered.

Figure 5.12 shows the numerical results for a �ame that is subjected to an alternating
electric �eld with an amplitude of 200 V and several frequencies, together with its quasi-
steady response. In this �gure it is observed that increasing the frequency of the electric
�eld has a small effect on how fast the electric current rises to its saturation values. This
slows down with an increasing frequency, as was found in the experimental results, but
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Figure 5.13: Filtered time-dependent numerical electric current response of a �ame sub-
jected to a saturating applied alternating electric �eld for several frequencies. A =

200 V,ϕ = 1.0.

it is not as pronounced for the numerical results. The most striking difference with the
experimental results, however, is found in the overshoot over the saturation current,
which becomes stronger with an increasing frequency. This is contrasted strongly by the
experimental results, where an increased frequency results in the disappearance of this
overshoot. Another difference with the experimental data is found at the time where the
current becomes negative. For the numerical results this happens at f t = 0.5, irrespec-
tive of the frequency, while the experimental results show an increasing time lag with an
increasing frequency.

Figure 5.13 shows the �ltered time-dependent numerical response to a saturating elec-
tric �eld with a frequency that increases from 50 Hz to 400 Hz. If the �ltered numerical
results are compared to the un�ltered numerical results it can be seen that the time lag
for the slope of electric current increases signi�cantly with an increase of the frequency.
This effect is more pronounced than in the un�ltered numerical results and it can be
seen that this effect is on par with the experimental results displayed in �gure 5.11.

If the overshoot for the �ltererd numerical data is considered it can be seen that increas-
ing the frequency from 50 Hz to 100 Hz results in the disappearance of the overshoot
and increasing the frequency even further changes the saturation behavior to a rela-
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Figure 5.14: Experimental time-dependent electric current response of a �ame subjected
to an applied potential amplitudeA = 200 Vwith several equivalence ratio’s. f = 50Hz.

tively soft saturation, where the time that the electric �eld saturates can no longer be
determined accurately. For f = 400 Hz the saturation current is not reached anywhere
in the period as is also found in the experiments.

Turning the attention to the time when the �ltered numerical results become negative,
it is observed that increasing the frequency has the effect of postponing this time. This
is in stark contrast to the un�ltered numerical results, but it is in line with the exper-
imental results. It is thus concluded that the experimental results are �ltered, due to
problems with the measurement setup. The overshoot that is encountered in the exper-
iments for f = 50 Hz is represented well by the �ltered numerical results and as such
the instantaneous numerical results can thus be used to analyze this phenomenon. It is
furthermore expected that this overshoot is also present for higher frequencies, but this
cannot be con�rmed with the experiments, without revising the measurement setup.

5.3.3 In�uence of the equivalence ratio

Figure 5.14 displays the experimental time-dependent currents for a saturating electric
�eld for equivalence ratio’s of 0.8, 1.0 and 1.2. The maximum applied potential for all
equivalence ratio’s is 200 V. If the current for ϕ = 0.8, displayed in blue, is compared
with the stoichiometric case that is displayed in red it can be observed that the rise of
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(a) Numerical results
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Figure 5.15: Numerical time-dependent electric current response of a �ame subjected to
an applied potential amplitude A = 200 V with several equivalence ratio’s. f = 50 Hz.

the current for the lean �ame for 0 ≤ t ≤ 5.0 ms is less strong than the rise of the cur-
rent observed in the stoichiometric �ame. The saturation current, however, is reached
earlier than forϕ = 1.0. This also is the case for the quasi-steady current withϕ = 0.8.
An important similarity between the stoichiometric case and ϕ = 0.8 can be found in
�gure 5.14, where it is observed that the overshoot that was �rst found in section 5.3.1
forϕ = 1.0 is also present forϕ = 0.8.

When the response for ϕ = 1.2 is analysed, similar characteristics are found as for the
response of ϕ = 1.0. The overshoot over the saturation current is also observed for
ϕ = 1.2. And this is followed by the dip below the saturation current that was also
encountered for ϕ = 1.0. There are no qualitative differences between the responses
for the different time-dependent responses. The main differences that are found are
quantitative and these are quite readily explained by the value of the saturation current
that is found for a particular equivalence ratio.

To investigate the numerical time-dependent response, �gure 5.15a shows the time-
dependent numerical response for the saturation case with several equivalence ratio’s.
It is seen that for ϕ = 0.8 and ϕ = 1.2 the time-dependent response is similar to the
time-dependent response forϕ = 1.0. A strong overshoot is found for all three equiva-
lence ratio’s and an oscillatory recovery is found. The �ltered numerical response is for
ϕ = 0.8 andϕ = 1.2 then is very similar to the �ltered numerical response forϕ = 1.0.
The �ltered numerical responses are qualitatively similar to their experimental coun-
terparts and when the maximum currents are compared it is found that a quantitative
agreement is found. This is mainly because the saturation current was an optimization
goal for the ionization mechanism. The physical and chemical model predicts the time-
dependent current response well for these three equivalence ratio’s.
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(b) t = 0.1 ms
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(c) t = 0.2 ms
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(d) t = 0.3 ms

Figure 5.16: Current densities for a stoichiometric �ame subjected to an alternating satu-
rating electric �eld at speci�c times. The �ame front (location of maximum heat release)
is given by the black dash-dotted line. A = 200 V, f = 50 Hz,ϕ = 1.0.

5.3.4 Detailed analysis of unsteady saturation

In the previous sections two interesting time-dependent phenomena were found in the
current response to an alternating electric �eld. In this section the physical backgrounds
of the overshoot will be investigated. A detailed view of the saturation behavior is given
by supplemental material video_phi100_dPhiMax200V_f050Hz2.mp4, which dis-
plays all timesteps in two periods in a short videoclip.

The current density starting from t = 0 s is investigated for ϕ = 1.0 and A = 200 V,
with f = 50 Hz in �gure 5.16 for t = 0.0 ms, 0.1 ms, 0.2 ms and 0.3 ms. In �gure 5.16a
it is observed that the time-dependent current density is a little smaller than the quasi-
neutral current density. This is caused by the fact that the second period is shown and



5

Unsteady electric �elds 99

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
0

0.2

0.4

0.6

0.8

1

1.2

t
(

10−3 · s
)

Q
Q

m
a
x
(−
)

+

+

+

+

+ +

bC

bC

bC bC bC

+

+

+

+ +

bC

bC

bC
bC bC

QI +

−Qe−

Time dep. sim.
Quasi-steady

+
bC

Figure 5.17: Scaled total charge of cations (+) and electrons (◦) in the computational do-
main as a function of time for a stoichiometric �ame subjected to an alternating saturat-
ing electric �eld. The total electron charge is plotted negative for comparison purposes.
A = 200 V, f = 50 Hz, ϕ = 1.0. Scaling was performed with the maximum absolute
value of the total charge.

this doesn’t start out from a steady-state solution, but has a time history.

At t = 0.1 ms the quasi-steady current density picks up the change of the applied
potential difference very fast and its value is seen to be a little bit smaller than the
time-dependent current density. This time delay before the time-dependent current
density responds to te changing applied potential difference becomes bigger with each
step in time. The quasi-steady current density is thus rising much faster than the time-
dependent current density.

To study this phenomenone further, �gure 5.17 shows the total amount of charge for
cations and electrons in the domain for the time-dependent and quasi-steady simula-
tions. These values are scaled with their maximum absolute value, because the time-
dependent and quasi-steady simulation have a slightly different value at t = 0 s. This
�gures shows that the total amount of electrons and the total amount of cations rapidly
drop with an increasing applied potential difference. The total amount of electrons,
however drops signi�cantly faster than the total amount of cations.

Model development for ionization phenomena in premixed laminar �ames
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The time-dependent simulations show a similar initial behavior, but the decrease of
the amount of charged particles is slower. This lag is greater for the cations than for
the electrons. The time-dependent charge depletion increases and at t = 0.8 ms the
time-dependent total electron charge is lower than the quasi-steady value. For the time-
dependent total cation charge it takes 0.1 ms longer to catch up with its quasi-steady
value. When the time-dependent total cation and electron charge catch-up with their
respective quasi-steady counterparts, the time-dependent depletion of charged species
from the domain keeps accelerating, whereas the quasi-steady charge depletion stays
constant until saturation occurs. Saturation also slows down the charge depletion for
the time-dependent total cation and electron charges and the total charges recover to-
wards their respective quasi-steady value. This recovery overshoots the quasi-steady
value and a damped oscillation is seen to take place.

This secondorder behavior implies that some inertia effects play an important role in the
time-dependent saturation behavior. In the time-dependent case the charged species
cannot respond immediately to the change of the applied potential difference, but when
they start responding, they respond stronger than can be expected based on the quasi-
steady case.

To investigate this second order behavior further, the electric �eld strength and the
charged species source term are plotted together in �gure 5.18 for t = 0.5 ms, 0.7 ms,
1.0 ms and 1.3 ms. At t = 1.3 ms the maximum current is reached. This �gure shows
that the charged species source term is largely unaffected by the changing applied po-
tential. The peak charged species source is approximately the same for all time levels
shown. One difference between the charge species source for t = 1.3 ms and the other
time levels is found around x = 0.6 mm. It is seen that the charged species source
becomes negative for t = 1.3 ms at that point. This means that recombination plays a
role at the time level where the peak current occurs.

This in itself is not signi�cant, but it indicates that at the moment the overshoot occurs,
the cations and electrons react with each other to form neutral particles. To understand
how it is possible that charges particles are able to react with each other in signi�cant
quatities, the electric �eld is considered. If the electric �eld for t = 1.3ms is compared
to the electric �eld for t = 1.0 ms and 1.2 ms, it is found that it is not only stronger,
but it also is negative well downstream of the peak of the charged species source. The
electric �eld for t = 1.2 ms is also neagtive downstream of the charged species source,
but with a smaller strength and it persists not as far upstream as for t = 1.3 ms. The
electric �elds for t = 1.0 ms, on the other hand, is slightly positive downstream of the
charged species source.

This means that at the moment that the overshoot occurs the electric �eld is exerts a
negative electric force on the cations and as such it acts in the oposite direction of Fick-
ian diffusion for the cations and enhances Fickian diffusion for the electrons. In �gure
5.19b the electrons are seen to move to the electrode at x = L under the in�uence of the
electric �eld and Fickian diffusion and as such their concentration goes to zero upstream
of x = 1.4 mm. The cations follow the same general movement, but it is observed that
the concentration of the cations is small, but remains distinctly greater than zero, even
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Figure 5.18: Electric �eld strength for a stoichiometric �ame subjected to an alternating
saturating electric �eld at speci�c times. The �ame front (location of maximum heat
release) is given by the black dash-dotted line. A = 200 V, f = 50 Hz,ϕ = 1.0.

between x = 0.7 mm and 1.4 mm. As such a signi�cant charge separation exists in this
region, and this changes the electric �eld strength further, until at t = 2.5 ms, from �g-
ure 5.18 it is seen that the electric �eld is negative throughout the domain. At t = 2.6ms
this suddenly leads to an increase in the charged species concentration at x = 0.7mm.

Concluding it is found that the saturation current overshoot is caused by the inertia of
the charged species in their response to the applied electric potential. This causes a de-
lay in the charges �owing out of the domain and this is compensated for by the electric
�eld strength, albeit after a short amount of time and the overshoot occurs, because
more charged species �ow out of the domain than can be sustained in a steady-state
situation. This causes a different electric �eld and thus a second order time-dependent
response is found.

5.4 Conclusions
In this chapter the model developed in chapters 2 and 3, together with the ionization
mechanismdeveloped in chapter 3 was evaluated for themodeling of electric currents in
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Figure 5.19: Charged species distribution for a stoichiometric �ame subjected to an al-
ternating saturating electric �eld. The �ame front (location of maximum heat release) is
given by the black dash-dotted line. A = 200 V, f = 50 Hz,ϕ = 1.0.

�at �ames with standard alternating applied electric �eld strengths. This evaluation was
performed by comparing the simulation results with experimental observations. These
experiments were discussed and it was found that the experimental measurement setup
shows a time lag for all electric �eld frequency. For low frequencies this time lag is not
very signi�cant, but for frequencies equal to or higher than 200 Hz this lag becomes sig-
ni�cant, but it can be replicated by a �lter.

It was shown that discrepancies exists when the model is used to evaluate electric cur-
rents in electric �elds that don’t show saturation characteristics and these discrepancies
were primarily attributed to a discrepancy in the ionization mechanism, because this
does not predict the ionization current accurately in that regime of the voltage-current
characteristic. If the maximum currents for the numerical simulations are selected to
equal the maximum experimental current, a very good agreement is found between the
numerical and experimental responses.

When the model is evaluated for saturating electric �elds, it can be seen that the largest
discrepancies disappear. The main discrepancies are then found in the value of the sat-
uration current overshoot and the oscillatory behavior after this overshoot occurs. This
oscillatory behavior is observed only very lightly in the experimental cases, but in the
numerical results the oscillatory behavior is very pronounced. This difference is found
to disappear when a the numerical simulation results are �ltered. The oscillatory behav-
ior is found to be caused by the charged species exiting the computational domain in
a stronger response to the changing electric �eld than is expected based on the quasi-
steady behavior.

This difference was investigated with the numerical model and it was found that the
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primary initiator for this difference is a inertia effect of the charged species. In the time-
dependent simulation the charged species are initially �owing out of the domain slower
than for the quasi-steady simulations. When the charged species catch up on this �ow
speed they keep accelerating where in the quasi-steady simulation this acceleration is
reduced strongly. This causes a stronger electric �eld strength upstream of the �ame
front and this will cause a stronger charge separation. This continues untill the �ow is
mostly void of charged species, and a correction occurs through the electric �eld, which
draws the ions and electron towards the location where they are produced. This is the
cause for the oscillatory correction that is found in the saturation region.

Model development for ionization phenomena in premixed laminar �ames
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The main objective of this study was to investigate the physical phenomena that play a
role in the electric behavior of methane-air �ames. To this end a physical and numer-
ical model was developed to predict the electric currents in one-dimensional ionized
�ames with applied electric �elds. The model consists of a �at �ame model that solves
the continuity equation and the energy equation for the bulk �uid. To determine the
concentrations of all species in the reacting �ow a transport equation is solved for all
species. In this model also electrically charged species are included and solved through
these transport equations. The charged species response to an externally applied elec-
tric �eld is computed from amulti-component diffusionmodel, which is augmented with
the electric forces working on the charged particles. The electric �eld itself is computed
as a derived property from an electric potential �eld, which is found from Poisson’s
equation.

The results of the physical and numerical model shows a good agreement with exper-
imental charged species distributions from literature. The performance of the model
is comparable with existing models in this respect. A qualitative agreement between
the numerically predicted electric current and the experimentally observed current was
found for a range of applied potentials and this model is the �rst to be able to predict
ionization currents in �ames. The experimental voltage-current characteristicwas repro-
duced with the model in a qualitative way for a range of equivalence ratio’s. The depen-
dence of the predicted electric current on several of the model parameters was studied
and it was found that the value of the saturation current was directly proportional to the
production rate of charged species by the chemi-ionization reaction (reaction R 2.2). Fur-
thermore, the saturation potential was found to be dependent on the diffusivity of the
charged species and the rate of recombination of the ions and electrons to form neutral
species (reaction R 2.4). This knowledge allows chemistry models to be evaluated with
another parameter and this was used to optimize an chemi-ionization mechanism.

The numerical model, together with the optimized ionizationmodel, was shown to agree
quantitatively with the experimentally observed current-voltage relationship for a range
of electrode distances and equivalence ratio’s. The model was then utilized to investi-
gate the physical processes that are responsible for saturation of the electric �eld and
it was concluded that saturation of the electric �eld is dependent on two physical pro-
cesses. The �rst cause for saturation is found in the balance between Fickian diffusion
and the electric forces that act on the charged species. When the electric �eld strength
becomes high enough to dominate over Fickian diffusion for the ions saturation occurs.
Secondly, saturation occurs when no recombination can take place, due to the absence
of electrons with which the ions can recombine to form neutral species. The diodic effect
was concluded to be caused by the difference in mass and mobility between the elec-
trons and ions and the time it takes the ions to move from the primary reaction zone to
the cathode. It was furthermore shown that the often used quasi-neutrality assumption
is not applicable when externally applied electric potentials are taken into account.

The physical and computational model was used in conjuction with the optimized ion-
ization mechanism to validate it for predicting the electric current in �at �ames in the
presence of alternating applied electric �elds. This evaluation was performed by com-
paring the simulation results with experimental observations. The model was shown
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to predict the behavior of the charged species and electric currents accurately for sub-
saturating. The minor discrepancies that were found, were shown to be caused by the
ionization mechanism that was not optimized for subsaturation cases. Through the use
of a �lter on the numerical results it was furthermore shown that the experimental re-
sults suffer from a capacitative effect in the measurement setup and as such it is not
capable of capturing the subtleties of alternating currents at high frequencies.

The performance of the physical and numerical model with respect to saturating alter-
nating electric �elds is very satisfactory. In the experimental results an overshoot over
the saturation current and high frequency behavior was found around the moment of
saturation and this was perfectly replicated with the numerical model. It was found that
second order effects play a role in this overshoot and the subsequent oscillations. The
primary cause for the overshoot was found in inertia effect for the charged species. Due
to the in�uence of the internal electric �eld these particles are unable to respond im-
mediately to a changing applied electric potential. The internal electric �eld also plays a
role during the oscillations, because it in�uences wether or not charges leave the com-
putational domain.

To improve the experimental investigations of the time-dependent behavior it is recom-
mended to improve the measurement setup, because it is not suf�ciently fast to be able
to measure the dynamics of time-dependent currents for high frequency electric �elds.
This makes it improbable that the sharp overshoot can be found with this measurement
setup. This improvement would give more insight into the behavior of the saturating
alternating electric �eld.

A second recommendation is directed at the physical and numerical model. Even though
the model performs very satisfactory for a wide range of cases and physical phenom-
ena, it can be improved by reconsidering some base assumptions. The main problem
is found in the predictions in the subsaturation range and the primary assumption to
reevaluate for these predictions to improve should be the modeling of the binary dif-
fusion coef�cients of the charged species. The physical and numerical model that was
developed in this study can be improved further. To this end, especially the modelling
of the charged species diffusivities must be reevaluated. To be physically more correct
the current methods for evaluating the binary diffusivities of the neutral species can be
adapted to take into account different potential models for the binary collisions between
charged species and neutrals and between charged species and other charged species.
This also means the implementation of the multi-component diffusion model needs to
be reconsidered, because the iterative model of Ern and Giovangigli [23] can only use
binary diffusion coef�cients that are dependent on the temperature only. This imple-
mentations will result in a computer code that is computationally more expensive, due
to the high computational costs associated with a real-time computation of the charged
species diffusivities and the full matrix inversion of the generalized multi-component
diffusion coef�cients.

The physical modeling can also be improved further by using more accurate models to
predict the behavior of the electrons. In the current approach these are treated as parti-
cles and they are assumed to be in thermal equilibrium with the bulk �uid. Even though

Model development for ionization phenomena in premixed laminar �ames
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the error in this respect is found to be only 50 K Cancian et al. [12], it might cause small
errors in the prediction of the electric current. To improve this part of the model, the
electron energy density function, whichmodel electrons as a quantum-mechanismwave
function, should be considered, together with a seperate energy equation for the elec-
tron temperature. The main drawback of this approach is again found in the computa-
tional cost of the method, which is higher than the model that is used in this study and
the improvements in accuracies might not warrant these costs.

Further improvement can be made by considering phenomena that were originally not
considered. One of these is the breakdown of the electric �eld when the applied elec-
tric �eld is increased to values in the order of 2 kV cm−1. To be able to investigate the
behavior of this ionization regime, secondary ionization should be investigated. In this
process charged species are no longer just produced from chemi-ionization, but they are
also produced by collisions of high energy electrons with neutral species. If this is the
objective, a lot can be learned from literature on spark ignition.

Another step to be taken in the development of this model, is to extend it to three di-
mensions to be able to predict the electric currents in realistic geometries. This opens
up the possibility for industrial parties to numerically investigate the electric currents
that occur in their �ames. This opens up the possibility of optimizing the positions of
the electric components for measuring �ame ionization in household heating boiler, for
example. To this end the full set of three-dimensional equations must by considered.
The extension of this model to three dimensions also implies that the transport linear
systems must be solved on each grid point in the computational domain. The solution
for the transport linear systems is feasible in this one-dimensional study, but the num-
ber of gridpoints for two and three-dimensional studies, however, are generally counted
in the order of millions. This makes the inversion of the transport linear systems too
costly in itself.

The computation of the reaction rates must then also be taken into account, and the
number of equations that need to be solved on a grid of millions of cells stack up unfa-
vorably high. The lack of pure computational power is often a reason to resort to order
reduction techniques. To be able to use these techniques reliably the charged species
diffusion must be split into a part for the electric �eld diffusion and the mass based
Fickian diffusion. The Fickian diffusion can be modeled by computing the Lewis num-
bers of all species and then computing the Fickian diffusion for the three-dimensional
�ow �eld. Something similar is possible for the electric �eld diffusion. An electric mo-
bility could be computed for the charged species and this can then be used to computed
the electric �eld diffusion in the three-dimensional �ow �eld. One condition has to hold
for this approach and this is that these mobilities are independent of the electric �eld
strength.

Generally speaking the performance of the model developed in this study is very satis-
factory, both qualitatively and quantitatively, for all the physical processes and phenom-
ena that were investigated. The development of this model paves the way to modeling
of charged species in real world applications, such as household heating boilers and this
allows original equipment manufacturers to perform virtual prototyping. This reduces
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the development cost for the manufacturers greatly, while it also a way to investigate
more environmentally friendly designs and production methods.
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Appendix A
Reaction mechanisms
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Table A.1: Green and Sugden [30]

Green and Sugden [30]
Reaction B β Ea

�

J mol−1
�

Chemi-ionization reaction
CH + O −−−⇀↽−−− CHO+ + e– 5.75 × 1011 0.0000 2.510 × 104

Proton transfer reaction
CHO+ + H2O −−−⇀↽−−− H3O+ + CO 5.02 × 1017 0.0000 1.004 × 105

Dissociative electron recombination reaction
H3O+ + e– −−−⇀↽−−− H2O + H 1.44 × 1017 0.0000 0.0000

Table A.2: Belhi et al. [3]

Belhi et al. [3]
Reaction B β Ea

�

J mol−1
�

Chemi-ionization reaction
CH + O −−−⇀↽−−− CHO+ + e– 2.512 × 1011 0.0000 7.118 × 103

Proton transfer reaction
CHO+ + H2O −−−⇀↽−−− H3O+ + CO 1.000 × 1016 −0.0897 0.0000

Dissociative electron recombination reactions
H3O+ + e– −−−⇀↽−−− H2O + H 1.44 × 1017 0.0000 0.0000

Table A.3: Prager et al. [53]

Prager et al. [53]
Reaction B β Ea

�

J mol−1
�

Chemi-ionization reaction
CH + O −−−⇀↽−−− CHO+ + e– 2.512 × 1011 0.0000 7.118 × 103

Cation reactions
Proton transfer reactions

CHO+ + H2O −−−⇀↽−−− H3O+ + CO 1.506 × 1015 0.0000 0.00

CHO++C2H5OH −−−⇀↽−−− H3O++CO+C2H4 6.000 × 1014 0.0000 0.00

H3O+ + CH2CO −−−⇀↽−−− C2H3O+ + H2O 1.204 × 1015 0.0000 0.00

Charge transfer reactions
H3O+ + C −−−⇀↽−−− CHO+ + H2 6.022 × 1012 0.0000 0.00

CHO+ + CH2CO −−−⇀↽−−− C2H3O+ + CO 1.259 × 1015 −0.0480 0.00

CHO+ + CH3 −−−⇀↽−−− C2H3O+ + H 7.763 × 1014 −0.0060 0.00

C2H3O+ + O −−−⇀↽−−− CHO+ + CH2O 2.000 × 1014 0.0000 0.00

CHO+ + CH3OH −−−⇀↽−−− CH5O+ + CO 8.710 × 1014 −0.0560 0.00

H3O+ + CH3OH −−−⇀↽−−− CH5O+ + H2O 1.506 × 1015 0.0000 0.00
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Reaction B β Ea

�

J mol−1
�

CH5O++CH2CO −−−⇀↽−−− C2H3O+ +CH3OH 1.486 × 1015 −0.0770 −3.470 × 102

Dissociative electron recombination reactions
H3O+ + e– −−−⇀↽−−− H2O + H 2.291 × 1018 −0.5000 0.00

H3O+ + e– −−−⇀↽−−− OH + H + H 7.949 × 1021 −1.3700 0.00

H3O+ + e– −−−⇀↽−−− H2 + OH 1.253 × 1019 −0.5000 0.00

H3O+ + e– −−−⇀↽−−− O + H2 + H 6.000 × 1017 −0.3000 0.00

CHO+ + e– −−−⇀↽−−− CO + H 7.400 × 1018 −0.6800 0.00

C2H3O+ + e– −−−⇀↽−−− CH2CO + H 2.291 × 1018 −0.5000 0.00

C2H3O+ + e– −−−⇀↽−−− CO + CH3 2.403 × 1017 −0.0500 0.00

CH5O+ + e– −−−⇀↽−−− CH3OH + H 2.403 × 1017 −0.0500 0.00

Anion reactions
Three body electron attachment

O2 + e– + O −−−⇀↽−−− O2– + O 3.627 × 1016 0.0000 0.00

O2 + e– + O2 −−−⇀↽−−− O2– + O2 1.523 × 1021 −1.0000 4.989 × 103

O2 + e– + H2O −−−⇀↽−−− O2– + H2O 5.077 × 1018 0.0000 0.00

O2 + e– + N2 −−−⇀↽−−− O2– + N2 3.590 × 1021 −2.0000 5.810 × 102

e– + OH + M −−−⇀↽−−− OH– + M 1.088 × 1017 0.0000 0.00

e– + O + O2 −−−⇀↽−−− O– + O2 3.627 × 1016 0.0000 0.00

e– + O + O −−−⇀↽−−− O– + O 3.021 × 1017 0.0000 0.00

Charge transfer reactions
O2– + H −−−⇀↽−−− OH– + O 1.084 × 1015 0.0000 0.00

OH– + HCO −−−⇀↽−−− CHO2– + H 2.959 × 1015 −0.1400 −4.410 × 102

O– + H2 −−−⇀↽−−− OH– + H 1.987 × 1013 0.0000 0.00

O– + CH4 −−−⇀↽−−− OH– + CH3 6.022 × 1013 0.0000 0.00

O– + H2O −−−⇀↽−−− OH– + OH 8.431 × 1014 0.0000 0.00

O– + CH2O −−−⇀↽−−− OH– + HCO 5.601 × 1014 0.0000 0.00

O– + CH2O −−−⇀↽−−− CHO2– + H 1.307 × 1015 0.0000 0.00

O– + C2H6 −−−⇀↽−−− C2H5 + OH– 6.130 × 1015 −0.5000 0.00

Charge exchange reactions
O2– + OH −−−⇀↽−−− OH– + O2 6.022 × 1013 0.0000 0.00

O2– + O −−−⇀↽−−− O– + O2 1.987 × 1014 0.0000 0.00

Three body cluster formation
CO3– + H −−−⇀↽−−− OH– + CO2 1.020 × 1014 0.0000 0.00

CO3– + O −−−⇀↽−−− O2– + CO2 4.600 × 1013 0.0000 0.00

OH– + CO2 + O2 −−−⇀↽−−− CHO3– + O2 2.760 × 1020 0.0000 0.00

OH– + CO2 + HO2 −−−⇀↽−−− CHO3– + HO2 1.104 × 1021 0.0000 0.00

O– + CO2 + O2 −−−⇀↽−−− CO3– + O2 1.123 × 1020 0.0000 0.00

Associative electron detachment
O2– + H2 −−−⇀↽−−− H2O2 + e– 6.022 × 1014 0.0000 0.00

O2– + H −−−⇀↽−−− HO2 + e– 7.226 × 1014 0.0000 0.00
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Reaction B β Ea

�

J mol−1
�

OH– + O −−−⇀↽−−− HO2 + e– 1.204 × 1014 0.0000 0.00

OH– + H −−−⇀↽−−− H2O + e– 1.084 × 1015 0.0000 0.00

OH– + C −−−⇀↽−−− HCO + e– 3.001 × 1014 0.0000 0.00

OH– + CH −−−⇀↽−−− CH2O + e– 3.001 × 1014 0.0000 0.00

OH– + CH3 −−−⇀↽−−− CH3OH + e– 6.022 × 1014 0.0000 0.00

CHO2– + H −−−⇀↽−−− CO2 + H2 + e– 1.159 × 1014 0.0000 0.00

O– + C −−−⇀↽−−− CO + e– 3.011 × 1014 0.0000 0.00

O– + H −−−⇀↽−−− OH + e– 3.011 × 1014 0.0000 0.00

O– + H2 −−−⇀↽−−− H2O + e– 4.215 × 1014 0.0000 0.00

O– + CH −−−⇀↽−−− HCO + e– 3.011 × 1014 0.0000 0.00

O– + CH2 −−−⇀↽−−− CH2O + e– 3.011 × 1014 0.0000 0.00

O– + CO −−−⇀↽−−− CO2 + e– 3.914 × 1014 0.0000 0.00

O– + O −−−⇀↽−−− O2 + e– 8.431 × 1013 0.0000 0.00

O– + C2H2 −−−⇀↽−−− CH2CO + e– 7.226 × 1014 0.0000 0.00

O– + H −−−⇀↽−−− OH + e– 3.011 × 1014 0.0000 0.00

O– + H2O −−−⇀↽−−− H2O2 + e– 3.613 × 1011 0.0000 0.00

Ion-ion recombination
O2– + C2H3O+ −−−⇀↽−−− O2 + CH2CHO 2.090 × 1018 −0.5000 0.00

O2– + C2H3O+ −−−⇀↽−−− O2 + CH2CO + H 1.000 × 1018 0.0000 0.00

O2– + CH5O+ −−−⇀↽−−− O2 + CH3 + H2O 1.000 × 1018 0.0000 0.00

O– + C2H3O+ −−−⇀↽−−− O + CH2CHO 2.090 × 1018 0.0000 0.00

O– + C2H3O+ −−−⇀↽−−− O + CH2CO + H 1.000 × 1018 0.0000 0.00

O– + C2H3O+ −−−⇀↽−−− O + CH2CHO 1.000 × 1018 0.0000 0.00

O– + CH5O+ −−−⇀↽−−− O + CH3 + H2O 1.000 × 1018 0.0000 0.00

CHO3–+C2H3O+ −−−⇀↽−−− CH2CHO+CO2+
OH

2.000 × 1018 0.0000 0.00

CHO3– + CH5O+ −−−⇀↽−−− CH3OH + H2O +

CO2
2.000 × 1018 0.0000 0.00
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