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Summary

In our current society, society is more than ever aware that fossil fuel stocks are fi-
nite. As a result, the interest in alternative sustainable energy sources has increased
significantly. A promising renewable conversion techniqueis biomass gasification.
Gasification can be defined as thermal degradation (devolatilisation) in the presence of
an externally supplied oxidizing agent. The resulting gas mixture is called producer
gas or syngas, and is itself a fuel. The gas consists mainly ofCO, CO2, H2O, H2,
CH4, and other hydrocarbons [van Loo and Koppejan, 2000]. Syngas can be directly
used for the production of heat and electricity. During the process of gasification, tars
are formed which exit the gasifier in vapor phase. On, or in cold pipes, e.g. sam-
pling pipes of biomass pyrolysis or gasification plants, tars tend to condense, and then
gradually carbonize or polymerize [Vreugdenhil and Zwart,2009]. Tar condensation
creates problems like fouling and plugging of after-treatment, conversion and end-use
equipment. Tar formation during the thermal decompositionof biomass is not avoid-
able. For the wide-spread application of biomass gasification it is of great importance
to convert or remove the tars at high temperature before condensation takes place.
The research presented in this thesis focuses on an after-treatment technique which is
known as partial combustion or partial oxidation. During ex-situ partial combustion
producer gas is partially combusted at a low air factor, reducing the tar content by tar
cracking.

Former experimental research has demonstrated the possibilities and difficulties of tar
conversion by partial combustion, leaving questions unanswered. The current status of
technology and the promising advantages led to the inspiration to uncover more of the
fundamentals of tar conversion in a partial combustion reactor. A modeling approach
has been chosen as the main research tool.

Modeling of combustion applications very often requires the use of detailed chemistry
models in two or even three dimensional simulations. To account for tar conversion,
complex reaction mechanisms involving many chemical species and reactions have to
be used. It is well-known that the use of such detailed mechanisms results in high com-
putational costs, and that reduction methods are needed, such as chemical reduction
techniques, to decrease the computational burden. The reduction technique regarded
here is the flamelet-generated manifold (FGM) approach [vanOijen, 2000]. The pur-
pose of this research is twofold. First, the bigger picture is concerned with gathering
additional knowledge of the physical and chemical mechanisms behind tar conversion
by partial combustion. This is required to optimize the process and the reactor ge-
ometry for the partial oxidation of tar. Secondly, to achieve this, an investment has
been made into the available reduction technique FGM. This combined approach has
led to the development of a modeling tool which has been used to gain fundamen-

1



tal knowledge of tar conversion in a partial combustion reactor. The development of
FGM, which is extensively discussed in this work, is also applicable to other multi-
dimensional combustion systems.

Within the partial combustion reactor several laminar diffusion flames are created to
convert the tars present in the producer gas. To study the complex combination of phys-
ical and chemical processes taking place in the reactor, an extensive validation study
has been executed of the application of FGMs to laminar diffusion flames. Firstly, a
well-documented diffusion flame is modeled. The solution ofa FGM is compared to
the solution of the full set of transport equations. Specialattention has been given to
preferential diffusion. Polycyclic Aromatic Hydrocarbon(tar is a collection of PAHs)
chemistry is not taken into account at this stage, due to the limitation of the number of
species that can be involved in solving the full set of transport equations. By including
a tabulated Lewis number for one of the controlling variables, the progress variableY ,
large improvements are observed in the FGM results comparedto the full chemistry
solution. It can be concluded that FGM is an efficient dimension reduction technique
that has great potential for accurate simulations of the laminar non-premixed flames
studied in this thesis.

Next, PAH chemistry is included, and it is demonstrated thatthe results achieved with
FGM in one-dimensional flamelet calculations, both with andwithout the inclusion of
preferential diffusion effects, are in good agreement withthe full chemistry solution.
The number of species that can be involved in solving the fullset of transport equa-
tions in a multi-dimensional geometry is limited, and it wastherefore not possible to
numerically validate the FGM results in a multi-dimensional environment. As a result,
a FGM is applied within a two-dimensional environment, and compared to the exper-
imental results of qualitative measurements of the concentration of PAHs, and OH.
Planar Laser Induced Fluorescence, and Laser Induced Incandescence measurements
have been executed on a laminar diffusion flame, where the fuel flow is seeded, at three
different doping rates of tars, here represented by benzeneand toluene. The OH pro-
files of the FGM solution and the experiment are in good agreement. Phenomena like
ring-growth and an increase in PAH formation with increasing dopant concentration,
are observed in both the numerical simulations and the experiments.

Finally, all gained knowledge has been combined to model thethree-dimensional par-
tial combustion reactor, including detailed PAH chemistryand preferential diffusion
using FGM. The results show that it is unlikely that naphthalene (tar modeling com-
ponent) can be converted up to 95%. The numerical results showed a decrease in the
concentration of naphthalene of only 5%. It is likely that the remaining 95 % will
subsequently lead to soot. So, based on the observations in this thesis work, it appears
that applying a partial combustion reactor to convert tars in producer gas, is able to
convert only a very small part of the tars, and the remaining tar will most likely lead to
soot formation.
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Eν oιδα óτι oυδǫ́ν oιδα

I know that I know nothing

Socrates (469-399 B.C.)

1
General introduction

Civilization has become aware that fossil fuel stocks are finite. This led to an interest in
sustainable energy sources. A promising renewable conversion technique is biomass
gasification. Gasification can be defined as thermal degradation (devolatilisation) in
the presence of an externally supplied oxidizing agent. Theresulting gas mixture is
called producer gas or syngas and is itself a fuel. The gas consists mainly ofCO,
CO2, H2O, H2, CH4 and other hydrocarbons [1]. Syngas can be directly used for the
production of heat and electricity. Other possibilities are further conversion into liquid
automotive fuels or Synthetic Natural Gas (SNG). To produceSNG, syngas is applied
to several complex catalytic processes to increase the concentration of methane to sim-
ilar levels as natural gas. It can then be directly injected in the current gas grid. A lot
of research is still conducted in the field of biomass gasification and syngas conver-
sion technologies. During the process of gasification tars are formed which exit the
gasifier in vapor phase. Gasification tars can be regarded as acollection of Polycyclic
Aromatic Hydrocarbons (PAHs), which are chemical compounds consisting of fused
aromatic rings. In this work it is assumed that naphthalene,a 2-ring PAH, is a good
representative of the tars found in producer gas. In heated pipes, e.g. sampling pipes
of biomass pyrolysis or gasification plants at 200 - 400◦C, tars tend to condense and
then gradually carbonize or polymerize [2] (chemical reactions induce a growth in
the molecular ring structure until solid (soot) particles are formed). Tar condensation
creates problems like fouling and plugging of after-treatment, conversion and end-use
equipment. Tar formation during the thermal decompositionof biomass cannot be
avoided. For the wide-spread application of biomass gasification it is of importance
to convert or remove the tars at high temperature (before condensation takes place).
The research presented in this thesis focuses on an after-treatment technique which is
known as partial combustion, or partial oxidation, of tars.

1.1 MILENA gasification technology

It has been studied what the effect of tar conversion by partial combustion on a new,
promising gasification technology could be. The MILENA gasification technology
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Figure 1.1: MILENA gasification process, developed by the Energy Research Center,
ECN, the Netherlands.

has been developed by the Energy Research Center of the Netherlands (ECN) [3].
MILENA is a so-called indirect gasification technology, which means that the com-
bustion and gasification processes are separated. The conversion of biomass takes
place in two different, but integrated reactors (see figure 1.1). In the first reactor, the
combustor, char is burned with an excess of air to heat the bedmaterial. The hot bed
material is recycled back to the second reactor, the riser, where gasification takes place.
This results in a medium calorific nitrogen free producer gaswithout the need of pure
oxygen. The producer gas can, amongst other possibilities like conversion to heat or
electricity, be converted into Substitute Natural Gas (SNG) and injected into the gas
grid. After extensive research a 800 kWth MILENA pilot plantwas taken into oper-
ation in the summer of 2008 [4]. The composition of the MILENAproducer gas is
visualized in figure 1.2. To remove tars and dust, ECN (in cooperation with Dahlman)
has developed a tar removal system which is known as OLGA [5].This technology is
discussed in the in the next section.

1.2 Current state of tar conversion technologies

The following literature study demonstrates the variety offields in which research is
done and underlines the current necessity for further research. At the moment a number
of technologies is applied at the larger biomass gasification plants. By highlighting
the disadvantages and advantages of each technology it willbecome clear that, at this
moment, not a sole technology is capable to tackle all issuesinvolved with tar reduction
or decomposition in biogas.
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Figure 1.2: Composition producer gas of MILENA indirect gasification technology.

Physical methods

All physical methods are regarded as such when tar is physically removed from the
producer gas. These methods include filters, cyclones, wet and dry scrubbers, ESPs
(ElectroStatic Precipitators) and absorption on solids. Filters are tar selective and the
accumulation of tar will eventually lead to plugging. The tar deposited in the filter can-
not be easily cleaned. Scrubbers are a diverse group of air pollution control devices
that are used to remove particulates and/or gases from industrial exhaust gas streams.
These are fairly expensive systems taking up a lot of space. Most wet scrubbers gen-
erate a lot of contaminated water, which means that the problem is not solved, only
shifted. What characterizes the majority of these methods among other tar reduction
technologies is that by physically removing the tar from theproducer gas the energy
which is contained within tar is also removed. Another disadvantage of the described
technologies is that the majority can only function at low temperatures. Since it is fa-
vorable to remove tar at high temperature, before condensation can occur, this can be
considered as a big drawback of physical removal methods. Onthe other hand, these
methods have been applied for several decennia to remove anykind of particulates
from gas and liquid streams. So knowledge and experience is widely available.
A multi stage scrubber which removes tars and dust at a temperature of 380◦C, which
is higher than ordinary wet and dry scrubbers, has been developed by ECN and is
known as OLGA [5]. In the first section of OLGA the gas is gentlycooled down by
scrubbing oil. Heavy tar particles condense and are collected, after which they are sep-
arated from the scrubbing oil and can be recycled to the gasifier. In the second section
lighter gaseous tars are absorbed by scrubbing oil. This saturated oil is regenerated in
a stripper. Tar waste streams are efficiently recycled. The OLGA technology is still in
the process of commercialization.

Self-modification

By selecting the optimal operation conditions for a gasifierand its biomass fuel the
amount of tar produced can be minimized. The important parameters include temper-
ature, equivalence ratio, type of biomass, pressure, gasifying medium and residence
time. But minimizing the tar production is almost always at the expense of reducing
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Figure 1.3: Condensed tar deposits [15] (left), scrubber installation [16] (middle) and
in-situ catalyst olivine [17] (right).

the heating value of the producer gas [6]. At present, a new two-stage gasifier (devel-
oped in Denmark) can generate producer gas with a low tar content and a high heating
value. [7]

Thermal treatment

Thermal treatment, often referred to in literature as thermal cracking, is executed by
exposing the producer gas for a set time at high temperatures(1300 - 1600 K) in ab-
sence of oxygen. It has been proven that the total tar contentcan indeed be reduced by
thermal treatment. However, a negative side effect is soot production [8–10]. Instead
of converting the tar into lighter fuel components the tar isconverted into extremely
fine soot [11].

Corona Plasma

Non-thermal plasma can be used to achieve a reduction of the tar content in producer
gas up to approximately 70% [12–14]. Unfortunately, the generation of a plasma con-
sumes a considerate amount of energy. This technology appears to be very promising,
but can only be successful if the efficiency can be increased.At this moment research
is conducted in lowering the energy cost of generating corona plasma discharges.

Catalytic reforming

A branch within the current gas cleaning technology which has made significant progress
in the last few years is catalytic hot gas cleaning. Because of its present position within
gas conditioning the several types of available tar converting catalysts will be shortly
introduced and discussed. It is believed that catalytic hotgas cleaning will not become
a commercial technology unless adequate catalyst lifetimes can be demonstrated.

Nickel-based catalyst

Nickel-based catalysts almost completely remove tar, but they are deactivated by coke
formation [18–22] and they are expensive [18]. Regeneration is often required for
which additional energy is needed. Since the lifetime of a nickel-based catalyst is
limited an additional toxic waste stream is created. This certainly influences the sus-
tainable character of biomass gasification [23, 24].
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Dolomite/Olivine

Dolomite needs to be calcinated at temperatures around 1200K to become active as a
catalyst [8]. Calcination (also referred to as calcining) is a thermal treatment process
applied to ores and other solid materials in order to bring about a thermal decompo-
sition, phase transition, or removal of a volatile fraction. Dolomite can effectively
remove tars in some cases, but there are still many problems.The conversion of tar,
catalyzed by dolomite, is difficult to reach or exceed 90 - 95%. Calcinated dolomite is
a brittle, inhomogeneous material which differs from source to source. And although
vast deposits are present in the geological record, the mineral is relatively rare in mod-
ern environments. The lifetime of calcinated dolomite is not that high and since it is
an inexpensive mineral the frequent disposal of dolomite will generate an additional
waste stream [18, 20, 22–24]. The facts concerning dolomitealso hold for olivine.
Untreated olivine can convert 46% of the naphthalene present in hot gas [22]. Af-
ter calcination this percentage rises to 80%. Olivine is also a brittle, inhomogeneous
material of which the composition differs from source to source.

Alumina-doped zirconia catalyst

Recently a new catalyst for tar reduction was developed by VTT (Finland). Zirconia
is an active oxidation catalyst [25, 26] at 900 K, and aluminaimproves the oxidation
selectivity of toluene and ammonia. Oxygen is added to enable the oxidation reac-
tions typical for zirconia catalysts. Oxygen is useful in supplying the heat needed for
endothermic reforming reactions. Alumina-doped zirconiais also resistant to poison-
ing by H2S, a typical catalyst poison in gasification gas. Laboratoryexperiments look
promising, but so far there is no information concerning lifetime, deactivation or cost
of this novel catalyst [20].

1.3 Tar conversion by partial combustion

A seemingly useful after-treatment technique for tar conversion is partial combustion.
This technology can be described as low-cost, simple, waste-free, and easy to install.
Studies by Houben [10, 27] and Van der Hoeven [28, 29] have demonstrated the pos-
sibility to remove naphthalene, a tar model component, fromproducer gas at high
temperature by means of introducing a limited amount of air (λ ≈ 0.20). During the
experiments air was fed continuously through several nozzles into a partial combustion
reactor creating multiple diffusion flames (see left graph in figure 1.4). These multi-
ple (inverse) diffusion flames create local radical pools and a rise in temperature. It is
believed that due to the mixing of these radicals with the remaining producer gas the
naphthalene is converted to smaller hydrocarbons. To encourage mixing, the oxidizer
was introduced to the reactor with swirl. The experimental results demonstrated that
95% of the naphthalene could be converted to smaller hydrocarbons. Problems which
occurred during the upscaling of the reactor indicated thatadditional knowledge of
the working mechanism behind this tar conversion process isrequired to optimize the
process and the reactor geometry.
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Figure 1.4: Converting tars by means of partial combustion [10, 28].

1.4 Energy cost

In this work, the conditions as were applied by Houben are examined. In addition,
it has been studied what the effect of tar conversion by partial combustion on a new,
promising gasification technology like MILENA could be. So,the application of par-
tial combustion for tar conversion under experimental conditions is complemented by
extending our study to a genuine industrial application. The composition, temperature
and the amount of tar within the MILENA producer gas is quite different from the
experimental conditions of Houben. The producer gas has a high temperature when
leaving the gasifier (≈ 1200 K), in comparison with the experimental conditions of
Houben, being 500 K. The heating value of MILENA producer gasis also higher,
since it almost contains no nitrogen. To get a first impression of the applicability of
this tar conversion process and the influence of the added oxidizer amount (air factor
λ) on the energy cost on a genuine application, a simple study has been performed.
This first analysis is an analytical study where an ideal reaction path for the tar com-
ponent naphthalene is assumed.

The following is assumed:

All the oxygen available will prefer consuming the tars firstbefore consuming
the producer gas of the MILENA gasification technology.

The MILENA gasifier produces on average 27.8 g/m3 tars [3]. This amount will be
regarded as a fixed amount. Based on the composition of the producer gas, the density
(volume-averaged) is 0.985 kg/m3. The mass fraction of tars can now be calculated to
be 0.0282. Lets assume that the fraction of tars can be approximated by naphthalene
(C10H8). Taking the volume fractions into account it can be calculated that, to com-
pletely combust 1 m3 of producer gas, 3.9 m3 of air is needed. The tar (naphthalene) is
regarded as a combustible component of the producer gas. Theanalysis is based on the
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fact that most gas conditioning technologies remove the tars, rather than convert them.
When converting tars into lighter species likeCO andCH4, this can be regarded as an
increase of the heating value of the producer gas. A common measure for the ratio of
air and fuel in combustion devices is the air factorλ.

λ =

mox

mfu
(

mox

mfu

)

st

(1.1)

The air factor describes the ratio between the mass of oxidizer and fuel in respect to
the stoichiometric ratio. At stoichiometric conditions (complete conversion of fuel
into reaction products without oxidizer remaining), the air factor is equal to 1.0. Rich
mixtures are described by an air factor which is smaller than1.0. Lean mixtures are
described by an air factor which is larger than 1.0. There is adirect relation between
the equivalence ratioϕ and the air factorλ:

ϕ =
1

λ
(1.2)

It is assumed that naphthalene is completely converted intocombustible gas compo-
nents. Two specific paths are examined. The first path resultsin hydrogen and carbon
monoxide.

C10H8 + 5O2 → 4H2 + 10CO + ∆H̃ (1.3)

The second path considers the full conversion of naphthalene into methane and carbon
monoxide.

C10H8 + 4O2 → 2CH4 + 8CO + ∆H̃ (1.4)

After the naphthalene is converted into hydrogen and carbonmonoxide the remain-
ing oxygen will consume the MILENA gas mixture. During the consumption of the
MILENA gas mixture the fuel components are converted into carbon dioxide and wa-
ter. The carbon dioxide and nitrogen already present in the gas are assumed to be
inert.

The results of the change in the heating value is presented infigure 1.5. The in-
crease at the beginning of the curves is caused by the conversion of naphthalene while
the MILENA producer gas is conserved. This is explained by the fact that in the def-
inition of the initial heating value, naphthalene is not included. It can be concluded
that for very small values of the oxygen factor (λ < 0.03) the naphthalene is consumed
by the added oxygen. The additional energy costs depend on the requiredλ. Forλ =
0.30, approximately 20 % of the heating value of the producergas is lost. Although it
is not likely that the assumed reaction paths are in reality preferred by naphthalene, the
results give a good first impression of the process and the influence ofλ on the energy
cost of this tar conversion technology in a genuine application. It shows that partial
combustion as conversion technology can be a very interesting technology for genuine
gasification applications. The decrease of heating value can be considered to be ac-
ceptable for small values ofλ. The main benefits of this tar conversion method are
its simplicity (easy to install and maintain in existing gasifier setups), its widespread
applicability (large- and small-scale installations), and its robustness.

1.5 Purpose of this study

Former research has shown the possibilities and difficulties of tar conversion by partial
combustion, leaving questions unanswered. The current status of technology and the
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Figure 1.5: The fraction of the remaining heating value of MILENA producer gas vs.
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promising advantages led to the inspiration to uncover moreof the fundamentals of
tar conversion in a partial combustion reactor. Since knowledge is required of detailed
chemical kinetics in a multi-dimensional environment a modeling approach has been
chosen as the main research tool.
Modeling of combustion applications very often requires the use of detailed chemistry
models in two or even three dimensional simulations. To account for tar conversion,
complex reaction mechanisms involving many chemical species and reactions have
to be used. It is well-known that the use of such detailed mechanisms results in ex-
tremely high computational costs and that efficient methodsare needed to decrease
the computational burden. Chemical reduction techniques have been introduced to
treat this problem. The reduction technique regarded here is the flamelet-generated
manifold (FGM) approach [30]. This method was extensively studied in premixed
flames, both laminar and turbulent [31–33]. At the same time,the extension of FGM
to non-premixed flames has been investigated as well. Applying FGM for the numer-
ical simulation of multidimensional flames leads to a gain incomputational cost of
approximately two orders of magnitude.
The purpose of the research presented here is twofold. The bigger picture concerns
gathering additional knowledge of the physical and chemical mechanism behind tar
conversion by partial combustion. This is required to optimize the process and the re-
actor geometry for the partial oxidation of tars. To achievethis, a large investment is to
be made in the available reduction technique FGM. This investment will result in the
application of FGM to more complex combustion applications, including phenomena
like soot formation.

1.6 Outline

In chapter 2, it is examined if tar conversion by partial combustion can be described
within an environment where transport is not important. Simple reactor models are
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applied while including detailed chemistry. Several reaction mechanisms which have
been used throughout this work will be introduced and discussed. Results are com-
pared to experimental results by Houben [10, 27]. It is demonstrated that spatial ef-
fects, like flow and mixing, cannot be excluded.

In chapter 3, the Flamelet Generated Manifolds (FGM) methodis introduced. The
flamelet equations and the construction and application of the reduced mechanism are
discussed. To demonstrate the potential of FGM in non-premixed combustion a well-
documented diffusion flame is modeled. The solution of FGM iscompared to the
solution of the full set of transport equations including detailed chemistry. Preferential
diffusion and the prediction of the slowly reacting speciesnitrogenmonoxide are inves-
tigated. PAH chemistry is however not included, due to the limitation of the number
species which can be involved in solving the full set of equations.

In chapter 4, PAH chemistry is included within the model. Several numerical studies
have been executed in one-dimensional laminar stagnation flames. A time scale study
will demonstrate that the main assumption for applying FGM,implying that chemi-
cal time scales are much smaller than flow time scales, is alsovalid for PAH species.
The fuel flow is doped with several PAH species. Since a complete two-dimensional
validation is not possible due to the limitation of the amount of species involved in
solving the full set of transport equations, a FGM solution has been compared against
experiments. The model is compared with advanced Planar Laser Induced Fluores-
cence (PLIF) measurements which have been executed in collaboration with a PhD
colleague de Andrade Oliveira, and the Centre for Combustion Science and Technol-
ogy at Lund University, Sweden.

In chapter 5, all gained knowledge and experience have been combined. A FGM
including PAH chemistry and preferential diffusion is applied to a three-dimensional
segment of the actual partial combustion reactor. In the final chapter of this thesis,
chapter 6, all the conclusions of the previous chapters are summarized.
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Everything should be made
as simple as possible, but
not simpler

Albert Einstein
(1879-1955)

2
Homogeneous Reactor modeling

In this chapter tar conversion by partial combustion is investigated using simulations
of homogeneous reactors and detailed chemistry models. Thepurpose of the executed
reactor simulations is twofold. Firstly, by examining the process of partial combustion
in a simplified modeling environment, a good impression is given of the chemistry tak-
ing place without the influence of flow. The processes which occur within the reactor
are a complex combination of flow and chemistry. By decoupling these phenomena,
the main drivers behind the examined tar conversion processcan be determined. Sec-
ondly, the simulations will show if the application of reactor modeling is able to cap-
ture the process of partial combustion. If so, there will be no need to execute complex
multi-dimensional simulations of the partial combustion reactor. In this study chemi-
cal equilibrium and Perfectly Stirred Reactor (PSR) calculations have been executed.
Several producer gas compositions have been examined. Section 2.1 introduces the
physical model, describes the examined producer gas compositions, and explains the
simulation tools which have been applied. The assessed detailed reaction mechanisms
are discussed in section 2.2. The numerical results are presented and discussed in
section 2.3.

2.1 Physical model

In this section the physical model, and several producer gascompositions are intro-
duced and discussed. A common measure for the ratio of air andfuel in combustion
devices is the air factorλ. This is the ratio of the oxidizer and the fuel divided by its
stoichiometric ratio. Considering the energy cost (fraction of the caloric value of the
producer gas which is consumed) and the experiments conducted in the past [27], only
small values ofλ are considered in this study. The definition reads

λ =

mox

mfu
(

mox

mfu

)

st

(2.1)
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Table 2.1: Composition of the synthetic producer gas applied by Houben (mixture 1)
and the MILENA producer gas (mixture 2)

Species Mixture 1 (V%) Mixture 2 (V%)
H2O Water vapor 31.2
H2 Hydrogen 22.4 21.2
CO Carbon monoxide 18.2
CO2 Carbon dioxide 14.9
CH4 Methane 5.0 9.5
N2 Nitrogen 72.6 0.9
C2H2 Acetylene 0.2
C2H4 Ethylene 3.1
C2H6 Ethane 0.2
C6H6 Benzene 0.5
C7H8 Toluene 0.04

wheremrepresents the mass. The subscriptst indicates that the conditions between the
brackets are stoichiometric. Two compositions of producergas are studied. The first
mixture is taken from the experiments executed by Houben [27], which have demon-
strated the principle of tar removal by partial oxidation and form the basis behind the
executed research as a whole. The experiments were executedto investigate if tars can
be converted into lighter components for small values ofλ. During these experiments
different synthetic gas mixtures, resembling producer gas, were saturated with naph-
thalene (which resembles the tar content found in producer gas). These mixtures did
not contain anyCO, due to health safety issues. The mixture was kept at 473 K, to
prevent condensation of the naphthalene, and was fed to a partial combustor where air
was added through seven small nozzles (see figure 1.4). The examined mixture con-
sists of hydrogen, methane, and nitrogen.
The second mixture is the producer gas of the indirect gasification technology MILENA,
developed by ECN [3]. The purpose of including MILENA producer gas in this work
can be found in the additional value of examining the effect of tar conversion by partial
combustion on genuine producer gas. The composition, temperature and the amount
of tar within the MILENA producer gas are quite different from the first mixture. The
fuel temperature is based on the temperature of the producergas after it leaves the
gasifier. The idea is to clean the gas before it enters the gas cooler, preventing fouling
of the cooler. The type of oxidizer is pure oxygen. Indirect gasification produces a gas
with a low content of nitrogen. If air had been chosen as an oxidizer, the producer gas
would have been diluted with nitrogen. This is not desirable, because it reduces the
caloric value of the producer gas. On the other hand, pure oxygen is expensive and at
λ = 0.10 the dilution of nitrogen can be considered to be small.The regarded pressure
is assumed atmospheric and constant for both cases (becauseopen systems are con-
sidered). The specifications of both mixtures are presentedin the tables 2.1 and 2.2.
For both mixtures the condensed tar matter is known, being respectively 2.6 x 10−3

g m−3 for mixture 1, and 28 g m−3 for mixture 2. The applied tar model component
is naphthaleneC10H8. From an experimental view, naphthalene is a component which
can be denoted as relatively harmless, and processing higher ring components would
have been difficult due to their condensation behavior. Another aspect is that naph-
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Table 2.2: Condition specifications

Parameter Mixture 1 Mixture 2
Fuel temperature (K) 473 1173
Tar content (g/Nm3) 2.6×10−3 28.0
C10H8 (V%) 7.7×10−5 1.7
Caloric value (MJ/Nm3) 4.6 18.0
Oxidizer (300 K) Air Oxygen

thalene resembles the tars coming from a downdraft gasifier [10]. To convert the tar
concentrations from standard conditions to volume fractions at elevated temperature,
the ideal gas law is employed to determine the density of naphthalene. The density of
pureC10H8 is given by

ρC10H8
=

( p0

RT

)

MC10H8
- for pureC10H8 (2.2)

where,p0 represents the atmospheric pressure,R the universal gas constant, andMC10H8

the molar mass of naphthalene. Based on the calculated densities at the two different
gas temperatures, the volume fractions are determined. Foran overview of the set con-
ditions see table 2.2.
Partial combustion of tar contaminated producer gas has been modeled by using de-
tailed reaction mechanisms in homogeneous reactors. The analysis tool applied is the
CHEMKIN II simulation package [34]. Chemical equilibrium is the state in which the
chemical production equals the consumption, and the concentrations of the reactants
and products have no net change over time (ω+

i = ω−
i ). Enthalpy, pressure and the ele-

ments (C, H, N and O) are conserved. Chemical equilibrium canbe found numerically
by an iterative process where the Gibbs energyG = H - TSof the system is minimized.
In this relation enthalpy is represented byH, temperature byT, and entropy byS. The
thermodynamic data of the 159 species present in the MSR mechanism (see section
2.2) are used in the chemical equilibrium calculations. Theassessed mechanisms are
discussed in the next section. The PAH species with the largest molar mass in this
set of species is pyrene (C16H10, a 4-ring PAH). Polymerization is the formation of
PAHs with more rings than naphthalene and is undesirable, but it may occur in high
temperature, fuel-rich environments. It is the first step inthe formation of soot, and the
occurrence of PAHs with a larger molar mass than the added naphthalene is a strong
indicator that soot particulate will eventually form. The sum of the mass fractions of
PAHs, that have a larger molar mass than naphthalene, is a measure for the mass pro-
duced during the involved polymerization process.
The equilibrium calculations describe a model environmentwhere time scales and
chemical kinetics do not play a role. To investigate the timescales that are involved,
PSR calculations are also executed. When the reactants enter a PSR reactor, instan-
taneous mixing with the oxidizer is assumed. The reactor walls are considered to be
non-catalytic and insulated, and therefore the enthalpy isconstant. The following sta-
tionary relation for species mass fractionYi is solved:

ωiτ

ρ
= (Yi,outlet − Yi,inlet). (2.3)

In this relationωi is the net reaction rate,τ the residence time,ρ represents the density,
andYi is the mass fraction of speciesi at respectively the inlet and outlet of the reactor.
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The densityρ is assumed constant (ρ = M/V ). With this relation the change of the
species mass fraction in the reactor is determined as a function of residence timeτ .

2.2 Chemical model

A reaction mechanism describes step-by-step the elementary reactions taking place
during a chemical transformation. It accounts for species,like reactants and interme-
diate species, being consumed and formed at different rates, depending mostly on tem-
perature, pressure and the concentrations of the reactants. The amount of information
contained within a reaction mechanism can be enormous depending on the processes it
describes and in what degree of detail reaction pathways areincluded. Mechanisms are
therefore designed for specific chemical routes like natural gas combustion, a reacting
flow over a catalyst or the formation of soot in an ethylene flame. In this study, a re-
action mechanism is required which is suitable to model the processes of interest, i.e.
the oxidation of tar species during combustion. Most available mechanisms dealing
with polycyclic aromatic hydrocarbons (PAHs) are concerned with the formation and
growth of PAHs [35]. The reason for this is that aromatic hydrocarbons are considered
to be the precursors of soot. Soot formation, and more importantly its prevention, is
of grave importance to any application of combustion. Sincethe majority, if not all
considered here, of the current available reaction mechanisms consider the reactions
taking place to be reversible, the mechanism for the formation of PAHs is assumed to
model their consumption as well. A suitable reaction mechanism should include the
following:

• elementary reactions describing (hydrocarbon) combustion of the producer gas

• tar species up to at least 3-ring PAH species, in order to observe PAH growth

• oxidation (O, OH or O2) of PAHs

Three reaction mechanisms have been assessed to study the differences in kinetics
between the employed mechanisms. The assessed reaction mechanisms have been
validated for different flame types and employ various PAH growth mechanisms.

Mechanism by M. Skjøth Rasmussen (MSR)

The mechanism by M. Skjøth Rasmussen is referred to as the MSR mechanism. This
chemical kinetic model is based on the mechanism from Pope and Miller [36], which
has been validated for three low-pressure premixed laminarflat flames. The fuel flow
consisted of C2, or C3 species (acetylene, ethylene, and propene). The MSR mech-
anism contains 159 species and 773 reactions [37, 38]. The growth of PAH is mod-
eled by HACA up to pyreneC16H10 [39]. The kinetic sub-mechanism of Hydrogen-
Abstraction-C2H2-Addition (HACA) of [40, 41] describes the PAH growth process by
the abstraction of hydrogen to activate aromatics, followed by adding acetylene. Fur-
ther PAH growth is described by cyclopentadienyl addition and combinative growth of
aromatics [42]. Marinov et al. [43] show in their reaction flux analysis that the pro-
duction and destruction of aromatics and PAHs are essentially controlled by reactions
involving a combination of resonantly stabilized radicals, ring destruction by O2, PAH
isomerization, and acetylene addition to benzylic radicals. They concluded that PAH
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formation may be promoted by small amounts of O2, rather than inhibited, as is be-
lieved based on the HACA mechanism [43]. The MSR mechanism has been validated
against temperature and species measurements (including 48 hydrocarbon species) in
a laminar flow reactor that was fed with a methane/air mixturefor fuel-rich conditions
[37].

Mechanism by Richter (Richter2)

A mechanism developed by Richter and Howard [44] was initially used for the oxida-
tion of benzene (C6H6) by Shandross [45]. In the research of Shandross a flat, laminar,
premixed H2/O2/Ar flame is seeded with benzene to study the destruction chemistry
of single-ring aromatics. The experimental results were used to investigate benzene
and phenol (C6H5OH) reaction networks proposed in three earlier literaturemodels.
PAH formation is described by cyclopentadienyl self-combination. This mechanism
is referred to as the Richter2 mechanism. Comparisons of model predictions with ex-
perimental mole fraction profiles show in four different low-pressure premixed flames
[acetylene (rich mixture), ethylene (rich and lean mixture), and benzene (rich mix-
ture)] the ability of the developed model to describe quantitatively the consumption of
the fuel and oxygen, oxidation of benzene, and the formationof major oxidation prod-
ucts such as CO, CO2, and water [45]. This mechanism is referred to as the Richter2
mechanism to avoid mixup with the original Richter mechanism which describes the
formation of soot particles with diameters of up to .70 nm (296 species and 6663 re-
actions!). The size of this mechanism has proven to be too large (stiff chemistry led to
convergence difficulties), for it to be suitable for using itin this thesis work.

Mechanism by Appel, Bockhorn and Frenklach (ABF)

The ABF mechanism consists of 101 chemical species and 544 reactions. Their start-
ing point was a detailed kinetic mechanism of Wang and Frenklach (99 species and
527 reactions) [46]. The elementary reactions are described by the GRI 1.2 mecha-
nism consisting of 32 species and 177 reactions [47]. This mechanism describes the
combustion of natural gas that was developed by GRI (Gas Research Institute). Wang
and Frenklach designed their mechanism (WF) for ethylene and acetylene flames. Few
alterations were made to the GRI 1.2 mechanism concerning the elementary reactions.
The WF mechanism predicted the concentration profiles of major and key species rea-
sonably well and, most importantly, aromatic molecules in anumber of ethylene and
acetylene flames available in the literature [46]. The growth of PAHs is described by
the HACA submechanism. In cooperation with Appel and Bockhorn, the mechanism
was modified and tested for eight sooting flames [39]. The experimental data of these
flames could be reproduced by the reaction model within a factor of 3.

An overview of the key features of the three assessed reaction mechanisms can be
viewed in table 2.3. All three mechanisms have been validated for different types of
flames and fuels. The predictive capability of the applied mechanisms to combus-
tion applications, other than their validation case, can bequestioned. On the other
hand, the reactions themselves are based on elementary physical processes, mean-
ing that they should hold for the majority of combustion applications. The involved
reaction constants are empirically determined in experiments with residence times
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Table 2.3: Overview reaction mechanisms

Name MSR Richter2 ABF
Number of species 159 158 101
Number of reactions 773 872 544
Aromatic rings included 4 3 4

τ ≈ 10−5 − 10−2 s. This implies that for these small residence times, the results can
be regarded to be accurate. For larger residence times, the reaction constants might be
wrongly extrapolated from the region for which they were validated.

2.3 Results

The general purpose behind applying partial combustion is to convert the tar content to
smaller hydrocarbons. Polymerization (the growth of larger hydrocarbons to eventu-
ally form soot) is therefore undesired. However, this is likely to occur in environments
of high temperature and where little or no oxygen is present (fuel-rich areas, like the
partial combustion reactor). Since soot is not included in the reaction mechanisms,
solid carbon C (species graphite, thermodynamic data has been retrieved from the
BURCAT database [48, 49]) has been added to the set of speciesin the equilibrium
calculations, to mimic the formation of soot. However, since the formation of soot is
not included in the mechanisms, it is also not included in thePerfectly Stirred Reactor
(PSR) simulations.

2.3.1 Equilibrium calculations: formation of carbon

Equilibrium calculations have been executed for both mixture 1 (experimental condi-
tions of Houben) and 2 (MILENA producer gas). The air factorλ has been varied from
0 (no oxygen added) to 0.30. Two phenomena are important: thechange in concen-
tration of the tar model component naphthalene and the presence of soot precursors or
soot itself (in these calculations represented by the formation of solid carbon).

The equilibrium calculations show that, for both mixtures,the added naphthalene is
completely (> 99.9 %) converted for every examined value of the air factorλ. In ad-
dition, no PAH species, which have a larger molar mass than naphthalene, are present
under the set conditions, excluding the occurrence of polymerization. The results for
solid carbon can be seen in figure 2.1. When the formation of solid carbon is taken
into account in the equilibrium calculations, a considerable amount is formed. This in-
dicates that, although no larger PAHs are present at equilibrium, polymerization does
occur for small values ofλ. Since the general purpose is the cracking of tar compo-
nents to smaller hydrocarbons, polymerization is undesired.

The results for mixture 1, with an inlet temperature of 473 K,show that forλ = 0,
no solid carbon is formed, polymerization does not occur, and the tar is converted.
This would mean that tar can be converted to smaller hydrocarbons by simply waiting.
An overview of the species concentrations, in molar fractions atλ = 0 for mixture 1,
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Figure 2.1: Equilibrium results showing the mass fraction of solid carbon, mixture 1
(left), and mixture 2 (right), as a function of the air factorλ. For mixture 1, the inlet
temperature of the mixture has been varied to examine its influence.

before and at equilibrium, can be seen in table 2.4. Solid phase carbon is referred to
by Cs. The table shows that there is no increase in temperature, which is expected
for λ = 0. The initial state of the mixture is unchanged, be it that the naphthalene is
converted into solid phase carbon andCH4. When the air factor is increased,CH4 will
be converted into solid carbon, leading to the increase in solid carbon which is visible
in figure 2.1. Solid phase carbon is eventually, for larger values ofλ, converted into
CO2. So due the small quantity of naphthalene in respect to the other gas components,
figure 2.1 gives the impression that no solid carbon is formed. In reality almost all
present naphthalene is converted into solid carbon.

Table 2.4: Species molar concentrations, mixture 1,λ = 0

Species Initial state (X) Equilibrium state ( X)
Temperature(K) 473.0000 473.7474
H2 2.2399 x 10−1 2.2373 x 10−1

CH4 4.9998 x 10−2 5.0189 x 10−2

N2 7.2597 x 10−1 7.2583 x 10−1

C10H8 7.6994 x 10−5 0.0000
Cs 0.0000 1.2921 x 10−4

The results of the equilibrium calculations showing the concentration of solid car-
bon are quite different for the two examined mixtures. To investigate if the differences
found in the results for the two mixtures are induced by temperature, the initial tem-
perature of mixture 1 has been varied and set to 600, 800, and 1000 K (the initial
temperature of mixture 2 is 1173 K). The results are shown in figure 2.1 (left). When
the temperature is increased, solid phase carbon is formed at lower values ofλ. Al-
though both mixtures differ great in composition a similar course of the solid carbon
concentration can be seen forT = 1000 K (mixture 1) and mixture 2. It can be con-
cluded, that the formation of solid phase carbon, at small values ofλ (λ < 0.20), is
greatly influenced by the initial state temperature.
Roesler et al. [50] studied the role of methane on the growth of aromatic hydrocarbons
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Figure 2.2: Equilibrium results showing the mass fraction of solid carbon for mixture
1 (left), as a function of air factorλ with a varying initial methane concentration.

and soot in several fundamental combustion processes. According to Roesler, benzene,
naphthalene, and pyrene show the strongest sensitivity to the presence of methane:
this synergy trickles down to soot via enhanced inception and surface growth. They
observed these results strongest under fuel rich environments (premixed) and in diffu-
sion flames. Since these conditions resemble the conditionsused in the experiments of
Houben (mixture 1), it has been examined if the presence ofCH4 influences the for-
mation of solid carbon. The concentration ofCH4 in mixture 1 has been varied from 5
V% (original case) to 0. The results are presented in figure 2.2.

The bottom line in figure 2.2 shows that when noCH4 is present in the mixture, solid
phase carbon is still formed (C10H8 → Cs). Table 2.5 shows the species molar frac-
tions forλ = 0.10, when naphthalene is added to a mixture which does not contain any
methane. The balance shows that the entire fraction of naphthalene is converted into
solid carbon,CH4 andCO2. Experiments of Houben where the influence of hydrogen
was examined, indicated that the hydrogen content of the mixture has a strong positive
influence on the cracking of naphthalene. The equilibrium calculations presented here
show that the presence of a pure hydrogen environment (no methane) does not inhibit
the formation of solid carbon.

Table 2.5: Species molar fractions, mixture 1,λ = 0.10, concentration ofCH4 = 0

Species Initial state (X) Equilibrium state ( X)
H2 2.0345 x 10−1 1.6829 x 10−1

CH4 0 1.675 x 10−5

N2 7.772 x 10−1 7.791 x 10−1

C10H8 6.9937 x 10−5 0.0000
Cs 0.0000 3.4526 x 10−4

CO2 0.0000 2.6553 x 10−6

H2O 0.0000 3.9227 x 10−2

For every examined concentration of methane, the corresponding temperature is given
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(see table 2.6), at the air factor at which the formed solid carbon has its maximum. The
data in the table shows that the temperature can be considered equal for each methane
concentration (due to the shift in the air factor). Therefore, the increase in the forma-
tion of solid carbon which can be seen in figure 2.2 is mainly caused by the increase
of methane in the mixture. It can now be concluded, that the majority of the solid
phase carbon originates from the methane in the mixture. In addition, the presence of
methane does not influence the conversion of the tar model component,C10H8, into
solid phase carbon.

Table 2.6: Temperature when the molar fraction ofCs [X] reaches its maximum, as a
function of methane concentration

λ CH4 [V%] Cs [X] Temperature [K]
0.10 0 3.4526 x 10−4 788
0.11 1 4.6965 x 10−3 788
0.12 2 8.8155 x 10−3 789
0.13 3 1.2721 x 10−2 785
0.14 4 1.6430 x 10−2 791
0.15 5 1.9957 x 10−2 791

Summarizing, the results of the chemical equilibrium calculations presented here,
show that solid carbon is formed under all examined conditions. The presence of
methane does not influence the conversion of the tar model component naphthalene
into solid carbon. No proof of the conversion of naphthaleneinto lighter hydrocarbons
without subsequent solid carbon formation could be found for the examined range of
λ. The temperature appears to have a large influence on the formation of solid carbon.
Since chemical equilibrium describes a state in which the residence time is infinitely
large, the influence of residence time on the conversion of naphthalene is studied in
the next sections by means of Perfectly Stirred Reactor (PSR) calculations.

2.3.2 Influence of reaction mechanism on PSR results

To investigate the influence of the applied reaction mechanism, PSR calculations con-
cerning mixture 2 are performed with all three mechanisms. The results are presented
in figure 2.3. The range of residence timeτ is larger (10−5 to 106 s) than that applied
in the remaining calculations (10−5 to 10−2 s). In examining the different employed
mechanisms a broader range ofτ is investigated to ensure that the calculations ap-
proach equilibrium for large residence times. For further PSR calculations a more
realistic range ofτ is employed. Some differences are observed in absolute concentra-
tions, but in general the major trends agree quite well. The naphthalene decreases with
increasing residence time. Addition of oxygen (larger values ofλ) accelerates this pro-
cess resulting inC10H8 conversion at shorter residence times. The residence timesat
which naphthalene is fully converted is different for each mechanism. The MSR, ABF
and Richter2 mechanisms also predict the formation and the subsequent conversion of
soot precursors. The resulting trends for the major speciesand the smaller hydrocar-
bons are the same for each mechanism. So, although the three discussed mechanisms
employ different sub-mechanisms for the ring growth of aromatic species, qualitatively
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Figure 2.3: Mixture 2 - Naphthalene (left column) and formed soot precursors
(C10H8+, right column) from the a) MSR mechanism b) ABF mechanism c)Richter2
mechanism as a function of the residence timeτ , λ = 0 (dotted), 0.10 (dot-dashed),
0.20 (solid) and 0.30 (dashed).
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no large differences are observed in the results. Further results have all been achieved
with the application of the MSR mechanism, since it containsthe most species and
reactions.

2.3.3 Perfectly Stirred Reactor calculations

In regard to mixture 1, only PSR simulations with a very largeresidence time (τ =
104 − 106 s) are able to converge due to the low reactor temperature forsmaller values
of τ . The employed solver could otherwise not come to a convergedsolution. To over-
come these numerical problems the PSR calculations have been conducted by keeping
the temperature at the corresponding equilibrium temperature (τ → ∞), instead of
assuming constant enthalpy (as has been done for mixture 2).Three values have been
applied:Teq = 759, 853 and 973 K forλ = 0.10, 0.20 and 0.30, respectively. Since the
initial temperature of mixture 2 is high enough to initialize chemistry, no numerical
problems were encountered and the enthalpy of the mixture isassumed to be constant
for this case. This results in an increase in temperature of mixture 2 upon leaving the
reactor. An overview of the involved temperatures for the two mixtures can be seen in
table 2.7. The results for naphthalene and the soot precursors (C10H8+) for a small

Table 2.7: Temperature atτ = 10−2 s

Air factor λ TMix1
(K) TMix2

(K)
0 473 1173
0.1 759 1332
0.2 853 1633
0.3 973 1771

range ofλ are shown in figure 2.4. For mixture 1, conversion of naphthalene (into soot
precursors) only takes place forλ = 0.30 (973 K), in respect to the investigated range
of τ . For mixture 2, conversion ofC10H8 also occurs forλ = 0. These observations
indicate that the conversion of the tar model component is strongly temperature driven.
Conversion increases for larger values ofλ, due to the increase of temperature. Never-
theless, at a realistic value ofτ (≈ 10−3 − 10−2 s) still a large amount of naphthalene
remains unconverted. The results for the soot precursors (for both mixtures) show that
polymerization does occur. Atτ ≈ 10−3 s,C10H8+ is formed in the same amount as
thatC10H8 is consumed. Both processes seem to balance. In regard to mixture 2, at
λ = 0.20 and 0.30, it can be seen that, after a maximum is reached, the mole fraction
of formed soot precursors decreases again. This consumption of soot precursors, after
creation, is not expected. With the presence of only small amounts of oxidizer, and at
elevated temperature, a further growth of PAHs is more likely to occur. However, since
there is no pathway to soot (solid phase carbon) present in the the reaction mechanism
it is not clear what causes the formed soot precursors to convert again, other than that
the solution is forced to chemical equilibrium by thermodynamics forτ → ∞ due
to the reversible reactions in the mechanisms. The chemicalequilibrium results have
shown that soot precursors are not present under the set conditions, regardless the in-
clusion of solid phase carbon.
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Figure 2.4: Mole fractions of naphthalene (C10H8) (left) and soot precursors (C10H8+)
(right) for mixture 1 (top row), andmixture 2 (bottom row). PSR results of forλ = 0,
0.10, 0.20, and 0.30, as a function ofτ . The arrow indicates the increase ofλ.
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Figure 2.5: Temperature [K] formixture 2 for λ = 0, 0.10, 0.20, and 0.30, as a function
of τ . The arrow indicates the increase ofλ.

Summarizing, the tar model component naphthalene is completely converted for large
values ofλ (> 0.20) andτ (> 10−2 s). At the same time, soot precursors are formed
and converted again. The conversion of soot precursors for larger values ofτ (in the
simulations) is believed to be an artifact of the mechanism driven by thermodynam-
ics. The process of naphthalene conversion is believed to beaccelerated by increasing
temperature, since a decrease in the concentration ofC10H8, for λ = 0, is observed for
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mixture 2 (high initial temperature). For mixture 1 (low initial temperature), no de-
crease atλ = 0, could be observed. The temperature of mixture 2, forλ = 0, 0.10, 0.20
and 0.30 as a function ofτ can be seen in figure 2.5. The decrease of naphthalene (see
figure 2.4) appears to coincide with an increase in temperature. These results strongly
suggest that the conversion of naphthalene to soot precursors is mainly temperature
driven.
Houben has investigated the influence of temperature on tar conversion in the absence
of O2 (soλ = 0). Large amounts of soot were found at elevated temperatures (T ≈ 1350
K) for large residence times (τ ≈ 1 s). Houben states that the origin of the formed soot
cannot be found solely in the conversion of naphthalene intosoot. It is explained that
smaller C-containing components (likeCH4) convert stepwise into soot: small ring
components (e.g. benzene) are converted step by step into higher ring components.
Eventually, these high ring components are converted into soot [10]. To further in-
vestigate this observation, calculations have been executed in an environment which
does not contain any carbon, except for the carbon added by the tar model component
naphthalene.

2.3.4 The influence of carbon on tar conversion

Both examined mixtures contain species which hold carbon. Experiments by Houben
have demonstrated that cracking of naphthalene is favored in an environment which
does not contain any carbon, besides the carbon which is contained in naphthalene
itself. To investigate this, a mixture of hydrogen and nitrogen, with the addition of
naphthalene as tar model component, is examined. For this particular case (λ = 0.20)
experimental data (weight percentages of all carbon containing species, measured with
gas chromatography) is available for comparison with the calculations.
In the computations the enthalpyh is assumed constant, which leads to a rise in tem-
perature in the reactor from 473 to 1543 K (λ = 0.20). The residence time in the
experimental reactor is approximated to be5.7 × 10−2 s. This residence time is based
on the dimensions of the partial combustion reactor and the flows of producer gas, and
oxidizer. The PSR results are presented forτ = 5.7 × 10−2 s in figure 2.6. The white
bars show the results from the experiment and are presented as weight percentages of
the carbon concentration of the initial added naphthalene concentration. For example,
the top white bar in figure 2.6 shows that 28 % of the total carbon concentration present
in the initial naphthalene concentration ends up inCO2. The black bars represent the
percentages found by the PSR calculation.

The results show that when naphthalene is added to a gas mixture without methane
the path of cracking is indeed favored, since no larger PAH species could be found.
Naphthalene (C10H8) is mainly converted toCO, CH4, CO2, andC2H2 (acetylene).
The main type of products are predicted to reasonable agreement with the experimental
data. The largest deviations in absolute concentrations are found in the weight percent-
ages of methane (factor of 5 difference in absolute values).Although large deviations
are observed in the absolute values, both calculation and experiment show the con-
version of the tar model component (C10H8) in smaller non-aromatic species. Similar
calculations, when executed with a carbon-containing gas,show the growth of species
larger thanC10H8. It is interesting to note that polymerization (the formation of 3- or
4-ring PAHs) also does not occur for larger values ofτ (see figure 2.7). AlthoughCH4
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Figure 2.6: Carbon balance - Calculation (MSR mechanism) vs. experimental data,
τ = 5.7×10−2 s,λ = 0.20,XH2

= 0.39,XN2
= 0.61,C10H8 = 2.6 mg/m3, T = 1543 K.
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Figure 2.7: Carbon balance - Calculation (MSR mechanism) vs. experimental data,
τ = 1 s(left) and 10 s (right),λ = 0.20,XH2

= 0.39,XN2
= 0.61,C10H8 = 2.6 mg/m3.

is formed during the conversion ofC10H8, it does not lead to subsequent polymeriza-
tion. The concentration of methane increases from 0.02 V% (τ = 1× 10−3 s) to 0.034
V% (τ = 3.4 s). The initial concentration of naphthalene is 0.053 V%. When methane
is initially present in the mixture however, polymerization does occur under similar
conditions (see figure 2.4). For larger residence times the majority of hydrocarbons
(e.g. C2H2, CH3, andC6H4), and the remainingC10H8, are converted intoCO2 via
CO.

The calculations have also been performed with the ABF mechanism. Besides some
deviations in absolute weight percentages, no large deviations could be found when
applying the two different mechanisms. Both experimental,and numerical results,
show the formation of methane and acetylene. These two species, which can be con-
sidered as initializers of polymerization [35], have also been examined as a function
of τ . Again, polymerization (formation of 3- or 4-ring PAHs) didnot take place for the
examined range ofτ = 10−4 - 102 s. It can be noted that, when the ABF mechanism
is employed, considerate amounts of naphthalene (up to 10 wt% at τ = 1 s) are still
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Figure 2.8: Carbon balance - Calculation (ABF mechanism) vs. experimental data,
τ = 1 s (left) and 10 s (right),λ = 0.20,XH2

= 0.39,XN2
= 0.61,C10H8 = 2.6 mg m−3.

present. At the introduction of the several assessed mechanisms, it has been clearly
stated that for larger residence times (τ > 10−2 s), the reaction constants might be
wrongly extrapolated from the region where they were validated for. In regard to the
results atτ = 1, and 10 s, this should be kept in mind.

Summarizing, when naphthalene is added to a mixture of pure hydrogen, diluted
with nitrogen, the naphthalene is mainly converted toCH4, CO, andCO2 and no poly-
merization takes place in agreement with the experiments performed by Houben. This
appears to hold for the entire range of examined values ofτ (5.7× 10−2, 1, and 10
s). When a different reaction mechanism is applied, these conclusions still hold. It
appears, that under these unique conditions, the path to cracking is indeed favored.
In reality, a producer gas which does not contain any methane(or any other carbon
containing species except tar) is very unlikely to exist.

2.4 A two-step PSR approach

Previous calculations have indicated that the process of tar conversion in a homoge-
neous reactor is mainly temperature driven. The tar seems tobe converted into soot,
unless an almost carbon-free environment is created or low the temperature is kept low.
In addition to the previous described simulations, it has been examined whether partial
combustion can be better described by modeling two separatereactors. A schematic
representation of the two-step PSR model is visible in figure2.9. Visual observations
of blue flames inside the reactor [10] indicate that part of the producer gas is com-
busted at a high air ratio (λ ≈ 1). This means that most oxygen is consumed by a
small part of the producer gas. So the 95% tar reduction is probably not caused by
oxidation of naphthalene, as the oxygen is consumed before it can come into contact
with naphthalene. To model the process of partial combustion in a more realistic man-
ner, the process is separated into two separate zones. The first zone is described by
complete combustion of part of the fuel, soλ = 1, which takes place locally in region
of the inverse diffusion flames. The second zone is the zone where mixing takes place
between the hot reaction products and the unburned gaseous fuel. This region can be
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Figure 2.9: Two-step PSR model.

described by0 < λ < 0.20. The fraction of oxidizer is now replaced by a fraction of
reaction products. For a graphical representation see figure 2.10. This approach is used
before by van der Hoeven [28]. However, PAH species were not taken into account
in his analysis and the calculations were used to determine the absolute magnitude of
chemical timescales and the concentrations of radicals. Inthe current analysis PAH
species are taken into account. The streams of fuel, oxidizer, and products are repre-
sented bymf , mox, andmp. To retrieve maximum radical concentrations, the state of
chemical equilibrium is assumed forλ = 1 (PSR 1). Forτ → ∞, the PSR calculation
approaches the state of equilibrium.

2.4.1 Model

The first PSR represents the complete combustion of a part of mixture 2 in the observed
diffusion flames. The second PSR is applied to model the mixing of the hot reaction
products with the remaining unburned fuel mixture in the partial combustion reactor.

Figure 2.10: Representation two-step PSR model.

28



In the second reactor the reaction products of the first reactor are mixed with mixture 2
satisfying the overall value of the air factorλ. A relation for an overallλ is deduced in
the following way. The total mass flow of fuel is defined as the sum ofmf1 andmf2.

1

λ
= φ =

(mf1 + mf2)/mox

(mf/mox)st

(2.4)

PSR 1 is assumed to be stoichiometric, i.e.

mf1

mox

=

(
mf

mox

)

st

(2.5)

Combining relation 2.4, and 2.5 the following relation holds:

mf2

mox

=

(
mf

mox

)

st

·

(
1

λ
− 1

)

(2.6)

Let us assume that the oxidizer mass flowrate is equal to 1 kg/s. Applying relation 2.5
the mass flow of fuel stream 1 should be equal to 1.26 kg/s. For acertain value ofλ
the fuel stream 2 can now be determined from equation 2.6. Theinlet mass fractions
for the two separate PSR’s are calculated by simply scaling the mass flow to 1. So for
the first PSR these are determined in the following way.

Yf1 =
mf1

mf1 + mox

(2.7)

Yox =
mox

mf1 + mox

(2.8)

And for the second PSR,

Yf2 =
mf2

mf2 + mf1 + mox

(2.9)

Yp1 = 1 − Yf2 (2.10)

When the reactants enter the PSR reactor, instantaneous mixing with the oxidizer is
assumed. The reactor walls are considered to be non-catalytic and the enthalpy is con-
stant. The temperatureT1in of the incoming fuel-oxidizer mixture at PSR1 is equal
to 1173 K, and the reaction products leave PSR1 with a temperature of 2900 K (local
temperature rise due to stoichiometric combustion with oxygen). The initial tempera-
tureT2mix of PSR2 is determined by mixing the enthalpy of the mixture coming out of
PSR1 with the incoming mass flowmf1 of PSR2. The two enthalpies are mixed in the
same ratio as the two incoming mass flows. With the initial composition and enthalpy
known,T2mix can be determined:

h2,mix =
mf2h2,in + mp1hp1

mf2 + mp1

(2.11)

2.4.2 Results

Figure 2.11 shows the concentration of the radicalsOH, O, andOH, at the outlet of
PSR2. Forτ = 10−6 s, the concentrations are almost equal to the inlet concentrations
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of PSR2 (=outlet concentration PSR1, mixed with fuel), since this residence time is
too small for chemical activity. PSR1 (λ = 1.0) produces a high amount of the rad-
icals OH, O and H. These radicals are thought to be responsible for cracking the tar
component naphthalene [27, 29]. The radicals mix with the unburned producer gas in
the second PSR. The results show that the radicals do not exist very long in the sec-
ond reactor (τ ≈ 10−5 − 10−4 s). The concentrations of radicals, when a single PSR
(for λ = 0, 0.10, 0.20, and 0.30) is used for the complete simulation, are about 100
times smaller, and are therefore not visualized in figure 2.11. The explanation for this
significant difference in the concentration of radicals canbe found in the fact that the
production of radicals depends, among other parameters, ontemperature.

The concentration of naphthalene and the soot precursors, at the outlet of PSR2,
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Figure 2.11: Radical mole fractions of O, H, and OH at the outlet of PSR2, as a
function ofτ for λ = 0.10, 0.20 and 0.30. The arrow indicates the increase ofλ.

as a function ofτ can be seen in figure 2.12. It shows the mole fraction ofC10H8

when a single PSR is applied (black triangles), and with two coupled PSR’s (black
circles). It can be observed that the reduction of naphthalene occurs at time scales
which are much larger than the time scales where radicals have a maximum in their
concentration. It appears that the radicals don’t exist long enough to crack the tar (see
figure 2.11). Soot precursors are again formed in similar amounts as naphthalene is
converted.
Figure 2.13 shows the corresponding temperature (left) forλ is 0, 0.10, 0.20, and 0.30

as a function ofτ . The temperature profiles corresponding to a single PSR (black tri-
angles), as well as two coupled PSR’s (black circles) are visible. The mole fraction of
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Figure 2.12: Mole fraction of naphthalene (C10H8) (left) and soot precursors (C10H8+)
(right). One single PSR (black triangles) and two coupled PSR’s (black circles). PSR
results ofmixture 2 for λ = 0.10, 0.20, and 0.30, as a function ofτ . The arrow indicates
the increase ofλ.
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Figure 2.13: The temperature [K] (left) and the mole fraction of naphthalene (C10H8)
(right). One single PSR (black triangles) and two coupled PSR’s (black circles). PSR
results ofmixture 2 for λ = 0.10, 0.20, and 0.30, as a function ofτ . The arrow indicates
the increase ofλ.

naphthalene is shown in the right figure. These two figures clearly underline the con-
nection between naphthalene conversion and temperature. Since the radicals do not
exist very long (τ ≈ 10−4 s), the results indicate that the conversion of naphthalene
(τ ≈ 10−2 s) is mainly caused by an increase of temperature. Connecting two PSR’s
to model tar conversion by partial combustion does not improve the overall similarity
between experimental and numerical results. The experimental results demonstrated
that forλ = 0.20, polymerization did not occur and 95% of naphthalene had been con-
verted. The numerical results indicate that soot is still formed, in contradiction to what
the experimental observations demonstrate. This was unexpected, since it seems to
describe the process in a more realistic manner.
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2.5 Discussion

The two examined mixtures are very different when it comes tocomposition, amount
of tar, temperature, and caloric value. Yet the results showthe same trends for both
cases, when it comes to naphthalene conversion and the formation of soot precursors
as function ofλ andτ . And although the three assessed chemical mechanisms employ
different sub-mechanisms for PAH ring growth, no large qualitative differences could
be observed in the results.

According to the experimental data of Houben,λ = 0.20 describes to most suitable
environment for tar conversion. Experiments demonstratedthat only 7.5 wt% of the
added naphthalene was converted to aromatic species which contain more than two
rings (analysis was made of one- to five-ring PAHs). For larger values ofλ the concen-
tration of PAHs with more than two rings increased. The fact that no PAHs with more
than five rings could be measured, can mean that they are simply not present or that the
measurement technique was not able to detect them. This implies that the possibility
of polymerization of PAHs with more than five rings to subsequently form soot cannot
be ruled out.

When chemical equilibrium is considered, naphthalene is fully converted and soot
appears to be formed in the form of solid carbon (graphite). The formation of solid
carbon is strongly influenced by temperature. An increase intemperature or methane
concentration results in an increased solid carbon concentration.The PSR simulations
show that, for all values ofλ, which were considered here, soot precursors (C10H8+)
are formed. A transition point, where soot precursors are not formed atλ = 0.20, or
smaller values ofλ, could not be observed. At realistic values ofτ andλ, 10 - 50 % of
the initial naphthalene concentrations remains unconverted. The results also show that
the process is strongly influenced by temperature and residence time.

It is interesting to see that within a nearly carbon-free environment naphthalene is
converted to smaller hydrocarbons (λ = 0.20), which agrees with the experimental
observations. Polymerization does not occur, even after the formation of methane and
acetylene. However, when methane is present in the producergas (5 %V) larger PAH
species are formed. Roesler et al. [50] studied the role of methane on the growth of
aromatic hydrocarbons and soot in several fundamental combustion processes. They
concluded that the effect of the methane content on the formation of PAH and soot pro-
duction in a non-aromatic fuel mixture changes significantly depending on the com-
bustion system used. For a diffusion flame containing a smallamount of aromatic
hydrocarbons, it holds that increasing the methane fraction of the fuel results in a con-
version of carbon into soot via a synergistic chemical mechanism. They stated that
the synergy of methane with other hydrocarbons to produce PAH can be attributed
to the ability of methane to produce methyl radicals, that will then promote the pro-
duction of aromatic species that rely on odd-carbon numbered species. According to
Roesler, benzene, naphthalene, and pyrene show the strongest sensitivity to the pres-
ence of methane: this synergy trickles down to soot via enhanced inception and surface
growth. They observed these results strongest under fuel rich environments (premixed)
and in diffusion flames. These conditions resemble the conditions used in the exper-
iments of Houben. Experiments were also executed by Houben without the addition
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of naphthalene, which showed no soot formed. It is interesting to see that with the
addition of such a small amount of naphthalene this strong tendency to polymerization
is observed (in calculations presented here and the past experiments). The conversion
of naphthalene is in line with experiments executed by Houben. However, a different
trend was witnessed during experiments regarding polymerization. Experimentally,
polymerization was only observed for values ofλ > 0.20, while in the numerical anal-
ysis polymerization always takes place.

Connecting two PSR’s to approach the process of partial combustion in a more re-
alistic manner, does not improve the similarity between theexperimental observations
and the simulations. Although this approach shows an increase in radical production of
a factor 100, their corresponding lifetime seems too short to contribute to the conver-
sion of naphthalene, which occurs at larger values ofτ . The results, when compared
to the application of a single PSR, show that a decrease in naphthalene coincides with
an increase in temperature. Since the radicals do not exist very long, the results indi-
cate that the conversion of naphthalene is mainly caused by an increase of temperature.

Based on the executed simulations, it seems that polymerization does occur when par-
tial combustion is applied to convert the tar model component naphthalene, in contrast
to the experimental results. In practice, this would make partial combustion less suit-
able for most biomass gasification installations. However,the experimental results of
Houben demonstrated that tar conversion atλ = 0.20 is possible without the formation
of soot. The difference between experimental and numericalresults may be attributed
to spatial inhomogeneous distributions of species (and temperature) in the reactor. The
next chapters focus on performing multi-dimensional reactor simulations with the in-
clusion of detailed chemistry and transport effects.
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From a little spark may
burst a flame

Dante Alighieri
(1265-1321)

3
Modeling diffusion flames

From the previous chapter it seems that tar conversion by partial combustion cannot
be fully described by homogeneous reactor models. The inclusion of spatial effects,
like diffusive and convective transport, in the model is investigated in the following
sections. To include detailed chemical information in a multi-dimensional combus-
tion system, without the occurrence of extremely high computational costs, a chemical
reduction technique is required. The technique consideredin this work is the Flamelet-
Generated Manifolds (FGM) method. The basic assumption of FGM is that a multi-
dimensional flame can be considered as a collection of one-dimensional flames, called
flamelets. To demonstrate the potential of FGM in non-premixed combustion, a well-
documented diffusion flame is modeled. The solution of FGM iscompared to the
solution of the full set of transport equations. PAH chemistry is not taken into account
at this stage, due to the limitation of the number of species that can be involved in
solving the full set of transport equations. Since transport of fuel and oxidizer plays
an important role in this chapter, section 3.1 will shortly discuss the elementary differ-
ences between normal and inverse diffusion flames. In section 3.2 the physical model
is discussed. Section 3.3 deals with the influence of the applied grid. In section 3.4,
the construction and application of the manifold will be discussed. The results are
presented in section 3.5.

3.1 Normal and inverse diffusion flames

Depending on the initial state of the mixing of the fuel and the oxidizer, a combustion
process can be either defined as premixed or non-premixed. Premixed flames propa-
gate in a mixture of fuel and air due to heat conducted from theburned hot products
to fresh cold reactants. Premixed combustion often occurs in a thin reaction zone sep-
arating reactants and products. In non-premixed combustion, however, the fuel and
oxidizer are not yet mixed when entering the reactor, and diffusion and convection
of species determine the reaction progress. Chapter 2 has demonstrated that partial
combustion process can probably not be described by homogeneous reactor models
alone. The type of combustion involved in tar conversion by partial combustion, can
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Figure 3.1: A normal diffusion flame (left) and an inverse diffusion flame (right)

be defined as non-premixed combustion. The type of flame involved is also known as
a diffusion flame. In a Normal Diffusion Fame (NDF) the fuel flow is surrounded by a
co-flow of oxidizer. In the partial combustion reactor the situation is in reverse, lead-
ing to an Inverse Diffusion Flame (IDF). The oxidizer is injected and is surrounded
by a co-flow of fuel. Figure 3.1 visualizes the difference between a NDF and an IDF.
Publications concerning IDFs are scarce. Literature states that soot and polycyclic aro-
matic hydrocarbons (PAH) form on the outside of an IDF in the fuel stream. The PAHs
experience temperature and mixture fraction histories different from those they would
experience in NDFs, and escape un-oxidized since they do notpass through the high-
temperature reaction zone [51, 52]. This makes an IDF an interesting object of study,
since it may yield information about soot inception, and growth, and the formation of
soot precursors, such as PAHs [53].

3.2 Physical model

FGM has been extensively studied in premixed flames, both laminar and turbulent
[31–33]. In this chapter the extension of FGM to laminar non-premixed flames will be
investigated. As stated before, information concerning the IDF’s present in the partial
combustion reactor is scarce. To create a strong validationcase for FGM, a well-
documented laminar NDF is modeled. The FGM solution is compared to the solution
of the full set of transport equations (also referred to as the Full Chemistry (FC) model).
After introduction of the studied diffusion flame, the mathematics behind the physics
are presented and discussed.

3.2.1 Problem definition

In this study a laminar (Re = 80) methane-air coflow diffusion flame is studied. De-
tails of the burner configuration can be found in [54–56]. Theburner is formed by
two concentric tubes (see figure 3.2). The fuel flow consists of a mixture of 55V %
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Figure 3.2: Burner configuration of the studied diffusion flame

methane and 45V % nitrogen. The inner diameter of the fuel tube is 0.012 m. The
coflow of air has an inner diameter of 0.055 m. The stoichiometric mixture fraction
is Zst = 0.124. The flame is described within an axisymmetric unstructureddomain
containing almost 100.000 grid cells. The length of the domain is 0.10 m. Both the
oxidizer and fuel stream enter the geometry with a temperature of 300 K. The fuel
flow is prescribed by a parabolic velocity profile (umax ≈ 0.23 m s−1). The coflow is
modeled by a plug flow with a constant velocity equal to the maximum velocity of the
fuel inlet. No-slip conditions are applied at the outer wall(r = 0.0275 m). The outlet
is modeled as an outflow boundary condition, assuming a zero normal gradient for all
flow variables except pressure. The flow is considered to be incompressible, assuming
that the density does not change with pressure. Although gases are compressible, for
speeds< 100 m s−1, the fractional change of absolute pressure in the flow is small
[57]. Because the velocities present in the burner geometryare< 10 m s−1, it can be
assumed that the flow acts as an incompressible flow.

3.2.2 Modeling species transport

To determine the mass fractions of speciesi in a reacting system the following transport
equation is to be solved for each species.

∂

∂t
(ρYi) + ∇ · (ρ~vYi) = −∇ · ~Ji + ωi (3.1)

In this partial differential equation~Ji represents the diffusion flux which arises due
to concentration gradients andωi is the net chemical production of speciesi.

~Ji = −ρDi,m
~∇Yi (3.2)

Multiple approaches are available to model the diffusion flux. In the present study,
it is described by the dimensionless Lewis number, which is the ratio of thermal con-
duction and species mass diffusion.

37



Table 3.1: Species Lewis numbers

Species Lewis number [-] Species Lewis number [-]
H2 0.317 H 0.189
O 0.712 O2 1.086
OH 0.736 H2O 0.854
HO2 1.079 CH2 1.023
CH2(s) 1.022 CH3 1.049
CH4 1.043 CO 1.171
CO2 1.404 HCO 1.314
CH2O 1.329 CH3O 1.360
C2H4 1.402 C2H5 1.551
C2H6 1.546 N 0.796
NO 1.080 AR 1.173
N2 1.152

Lei =
λ

ρcpDi,m

(3.3)

In equation 3.3,λ represents the thermal conductivity coefficient, andDi,m the
diffusion coefficient of speciesi in the mixturem. Two different approximations are
examined. The first case assumes thatLei = 1 for each species. Subsequently, it is as-
sumed that the Lewis numbers are constant, but different foreach species. The applied
Lewis numbers for each species are listed in table 3.1. The numbers are retrieved from
a flamelet calculation which solves complex transport for each species.

In general the thermal conductivity of the mixture depends on the temperature and
the composition of the mixture in a complex way. In order to reduce the computational
cost, the mixture conductivityλ is modeled by using a simplified formulation as in
[58]. A similar approach is used to describe the dynamic viscosityµ.

λ/cp = 2.58 × 10−5 (T/298 K)0.69 (3.4)

µ/cp = 1.67 × 10−8 (T/298 K)0.51 (3.5)

In all models applied, the Soret and Dufour effect is neglected. The specific heat
coefficient is determined by the mixing law. This law states that the mixture’scp,m can
be described as a mass weighted average of the single speciesheat capacities.

cp,m =

Ns∑

i=1

Yi · cp,i (3.6)

3.2.3 Modeling chemical kinetics

In chemical kinetics the reaction rate constantk quantifies the speed of a chemical
reaction. Let’s consider the following reaction of two species, A and B, converting
into species C.

A + B → C (3.7)
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The concentration of species C formed in regard of time is equal to

ωC =
d[C]

dt
= k(T )[A]n[B]m (3.8)

The parameterk is the rate constant and depends on the temperatureT. The reaction
order in respect to speciesA is n. For speciesB the order of the reaction ism. The total
order of the reaction isn + m. For example, whenA + 2B → C, n = 1, m =2, and the
total order of the reaction is 3. Reaction orders are determined by experiments. The
temperature dependency of the rate constant is representedby the Arrhenius equation.

k = Arexp

(
−Er

RT

)

(3.9)

The constantAr represents the pre-exponential factor, Er the activation energy, and R
represents the universal gas constant. The pre-exponential factor is determined em-
pirically and its unit is dependent of the order of reaction,which is a summation of
the separate species-bound orders. The orders of the reaction are established in exper-
iments by varying in turn the amounts of reactants and monitoring the reaction rate.
The activation energy is defined as the energy which must be overcome to initiate the
reaction. The net source of chemical speciesi due to reactionωi is described by the
following relation.

ωi = Mw,i

NR∑

r=1

ωi,r (3.10)

In this relationMw,i is the molecular weight of speciesi andωi,r is the molar rate of
production/consumption of speciesi in reactionr.The employed reaction mechanism,
which is referred to as the DRM19 mechanism, contains 21 species and 84 reactions.
It was developed by truncation of the original GRI-Mech 3.0 [59]. This is sufficiently
detailed to validate the performance of flamelet based models in the examined flame.
In order to study the use of FGM for slow chemical processes like NO formation, the
Zeldovich reactions from GRI-Mech 3.0 are added to the DRM19mechanism.

N + NO ↔ N2 + O (3.11)

N + O2 ↔ NO + O (3.12)

N + OH ↔ NO + H (3.13)

The formation of NO was only examined for the case of non-unity Lewis numbers.

3.2.4 Solution procedure

To demonstrate the potential of FGM in a laminar non-premixed flame, a well-documented
diffusion flame is modeled using the commercial software package ANSYS FLUENT.
Details of this burner can be found in [54–56]. For every species mass fraction a
transport equation is solved (see equation 3.1). In addition the equations for flow and
energy are solved. The obtained solution is referred to as the full chemistry solution.
The solution obtained by using FGM is compared to the full chemistry solution.
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Solver options

A control-volume-based technique is employed to convert a general scalar transport
equation to an algebraic equation that can be solved numerically. This control volume
technique consists of integrating each transport equationabout each control volume,
yielding a discrete equation that expresses the conservation law on a control-volume
basis. Two types of solvers are available: a pressure-based, and a density-based solver.
The pressure-based approach has been developed for low-speed incompressible flows,
while the density-based approach is mainly used for high-speed compressible flows.
The pressure-based solver is therefore most suitable. The pressure-based solver em-
ploys an algorithm which belongs to a general class of methods called the projection
method [60]. In the projection method the constraint of massconservation (continuity)
of the velocity field is achieved by solving a pressure (or pressure correction) equation.
The pressure equation is derived from the continuity and themomentum equations in
such a way that the velocity field, corrected by the pressure,satisfies the continuity
equation. Since the governing equations are nonlinear and coupled, the solution pro-
cess involves iterations in which the governing equations are solved repeatedly (in a
segregated manner) until the solution converges. Figure 3.3 shows an overview of the
solver. It is also possible to solve the set of governing equations in a coupled man-
ner. Since the momentum and continuity equations are solvedin a closely coupled
manner, the rate of solution convergence significantly improves when compared to the
segregated algorithm. However, the memory requirement increases by 1.5 - 2 times
than that of the segregated algorithm since the discrete system of all momentum and
pressure-based continuity equations needs to be stored in the memory when solving
for the velocity and pressure fields (rather than just a single equation, as is the case
with the segregated algorithm). The additional memory requirement resulted in higher
iteration times. So in the end, the segregated option provedto achieve convergence
faster. Chemical kinetic models are usually highly non-linear and form a set of stiff
coupled expressions. Solving reacting flows can therefore be considered as quite time-
consuming. First the unreacting flow is simulated by solvingthe equations for flow,
energy and species (reactions are disabled). This cold flow solution is the initial so-
lution for solving the reacting flow. After enabling the reactions, an ignition source
is placed within the computational domain to initiate combustion. The location of the
ignition source is not arbitrary. A badly placed ignition source can lead to extinction,
ignition-failure or difficulties during the solution process (divergence or an increase in
calculation time).

In Situ Adaptive Tabulation (ISAT)

In Situ Adaptive Tabulation (ISAT) [61] is a computational reduction technique, which
is available within the applied commercial software package, to speed up the compu-
tation of the chemical source terms. It can decrease by threeorders of magnitude
the computer time required to treat detailed chemistry in reactive flow calculations.
ISAT is a storage and retrieval method which learns as it goes, so there is no specified
amount of initial data before it starts performing. ISAT is based on the observation that
the accessed region of the composition space, defined as the set of all compositions oc-
curring during a calculation, is much smaller than the realizable region. Therefore, it is
sufficient to tabulate only the accessed region, rather thanthe whole realizable region.
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Figure 3.3: Pressure-based segregated algorithmFLUENT 6.3 User’s Guide
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Figure 3.4: Outline counterflow diffusion flame test case

Figure 3.5: Two-dimensional counterflow diffusion flame; Full chemistry solution
(DRM19 mechanism) - temperature results;Lei = 1

The table is built up during the reactive flow calculation, which is referred to as in
situ tabulation. It this study, it is applied during ignition, and evolvement of the flame.
When the flame is sufficiently evolved, the chemical source terms are solved by direct
integration to increase the final accuracy of the solution.

3.3 Grid generation

The matter of grid generation is a significant considerationin Computational Fluid Dy-
namics (CFD); the type of grid that is chosen for a given problem can make or break
the numerical solution [62]. To rule out that the numerical solution is influenced by
the dimensions of the grid, a grid convergence study has beenexecuted. As a test case
a counterflow diffusion flame was modeled in a two-dimensional environment. The
studied counterflow situation is outlined in figure 3.5. The height of the geometry is
10−3 m and is divided in 33 grid cells. Four grid sizes are examined, having respec-
tively 100, 200, 400 and 800 grid cells equally divided over the width of the numerical
domain. The velocity of the fuel and oxidizer flow are the sameand of the same or-
der (v =10−1 m s−1) as will be applied in further simulations. The detailed chemical
mechanism considered is DRM19 (21 species and 84 reactions). For every species
mass fraction a transport equation is solved (Le i = 1). All parameters are solved with
second-order accuracy. In this approach, higher-order accuracy is achieved at cell
faces through a Taylor series expansion of the cell-centered solution around the cell
centroid. At the start of the simulations, ISAT (see section3.2.4) is applied to speed
up the calculations.

Figure 3.6 shows the temperature profile along the line y(x) =5 × 10−3 m, at the
middle of the computational domain, for all four grid cell sizes. At first glance (left
figure) no real differences can be noticed, but an enlarged image near the flame front
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Figure 3.6: Temperature profile [K] along the x-axis of the domain - closeup near the
flame front

(right figure) demonstrates the differences.
The results show that refining the grid size from 12 to 6× 10−5 m has the biggest

influence on the accuracy of the solution. Based on these results it can be said that the
grid size (∆x = ∆y), around the flame front, should be between 3 and 6× 10−5 m.
Larger grid sizes will lead to significant deviations in the results.

3.4 Flamelet-Generated Manifolds

Modeling of combustion applications very often requires the use of detailed chem-
istry models in two or even three dimensional simulations. If, for instance, accurate
predictions of NO or soot formation are required, complex reaction mechanisms in-
volving many chemical species and reactions have to be used.It is well-known that
the use of such detailed mechanisms results in extremely high computational costs and
that efficient methods are needed to decrease the computational burden. The mod-
eling efficiency could be increased enormously, if it would be possible to decouple
the chemical kinetic processes in the flame from the main flow and mixing processes
[63]. This approach is implemented by chemical reduction techniques which are based
on the observation that a typical combustion system contains many chemical processes
with a much smaller time scale than the flow time scales. Basedon this observation the
total number of differential equations which has to be solved can be reduced. Multiple
methods, which are referred to as reduction techniques, have been developed in which
each method identifies the fast chemical processes in a different manner. Very success-
ful are dimension reduction techniques as reviewed in [64].The most commonly used
dimension reduction methods are based on the quasi steady-state assumption (QSSA).
For a large number of species a QSSA is invoked and the differential equation de-
scribing its evolution is replaced by an algebraic one. Additional well-known methods
are the intrinsic-low dimensional manifold [65] and computation singular perturbation
[66] method. More recently, several new approaches were introduced in which diffu-
sion effects are included in the generation of the reduced model [30, 67–69].

Combustion may take place in many different forms and circumstances. Depending
of the flow type and the type of premixing, it is possible to distinguish different kinds
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of flame structures. A flamelet is a one-dimensional flame structure. Combustion
takes place along a spatial coordinatex which is positioned perpendicular to the flame
front. The flame front can be defined as a thin region where the majority of reac-
tions takes place. A reduction technique which decouples chemical kinetic processes
from the main flow and mixing processes by solving a set of equations, in the form of
one-dimensional flamelet equations, separately from the flow is the flamelet-generated
manifold (FGM) approach [30]. This method has been extensively studied in premixed
flames, both laminar and turbulent [31–33]. At the same time,the extension of FGM
to non-premixed flames has been investigated [70]. The laminar flamelet approach
plays an important role in both laminar and turbulent combustion modeling.

In the FGM approach, a low-dimensional manifold is created from solutions of flamelet
equations (describing one-dimensional flame behavior). Inmathematics a manifold is
defined as a mathematical space that on a small enough scale resembles the Euclidean
space of a specific dimension, called the dimension of the manifold. Thus, a line and
a circle are one-dimensional manifolds, a plane and sphere (the surface of a ball) are
two-dimensional manifolds, and so on into high-dimensional space.
It is assumed that a multi-dimensional flame can be regarded as a collection of one-
dimensional flamelets. Flamelet simulations are performedin a pre-processing step.
In this work, a series of flamelet solutions are used to createa 2D manifold parame-
terized by two controlling variables. The dimension of the manifold is defined by the
number of used controlling variables. A manifold is also known as a table or library.
Although any choice of controlling variables that results in a function is possible, a
natural selection of the controlling variables is the mixture fractionZ and a reaction
progress variableY , viz.

φ = φ (CV 1, CV 2) = φ (Z,Y) , (3.14)

in which φ can denote any thermochemical variable like a species mass fractionYi

or the temperatureT . So, it is assumed that the species mass fractions and other pa-
rameters, like temperature, can be described by a function which only depends on the
controlling variablesZ andY . Since the pioneering work of Peters [71], non-premixed
flamelet tables (manifolds) have been used in many turbulentflame studies [72–76],
both using the original parametrization in terms of mixturefraction and scalar dis-
sipation (Z,χ) and a parametrization in terms of progress variables (Z,Y) as in FGM
methods [77, 78]. Surprisingly, only few publications can be found which validate lam-
inar flamelet modeling in multi-dimensional laminar diffusion flames [79–86]. This
gap in flamelet modeling validation has also been underlinedin a recent publication
by Carbonellet al. [81]. In order to understand and improve flamelet modeling itis
believed crucial to validate the application of flamelet based methods with the solution
of the full chemistry model in a laminar flame, where accuratevalidation is possible.

3.4.1 Flamelet equations

The set of one-dimensional flamelet equations has been derived from the full set of
three-dimensional transport equations [63] and it describes the conservation of mass,
species, and enthalpy in a flame adapted coordinate system. Assuming constant Lewis
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numbersLei and neglecting flame curvature, the steady equations read

∂ (ρu)

∂x
= −ρK (3.15a)

∂ (ρuYi)

∂x
=

1

Le i

∂

∂x

(
λ

cp

∂Yi

∂x

)

+ ωi − ρKYi, i = 1, . . . , Ns − 1, (3.15b)

∂ (ρuh)

∂x
=

∂

∂x

[

λ

cp

∂h

∂x
+

Ns∑

i=1

hi

λ

cp

(
1

Lei

− 1

)
∂Yi

∂x

]

− ρKh (3.15c)

in whichx, ρ, h, u, K denote the spatial coordinate perpendicular to the flame, mixture
density, enthalpy, velocity and flame stretch rate [63], respectively.Yi, ω̇, λ, cp denote
the mass fraction of speciesi, chemical production rate, thermal conductivity, and
specific heat at constant pressure, respectively.Ns denotes the total number of species.
The stretch fieldK(x) follows from a transport equation, which has been derived from
the momentum equation in transverse direction [63]. It reads

∂ (ρuK)

∂x
=

∂

∂x

(

µ
∂K

∂x

)

− 2ρK2 + ρ2a
2, (3.16)

in whicha denotes the applied strain rate [s−1] at the oxidizer side, soK(x → ∞) = a.
The indices 2 refers to the oxidizer stream. The applied strain ratea can be approached
as a residence time scale. For example, when the strain ratea is large, species reside
less time in the flame and the conversion to reaction productslike CO2 andH2O will
not be complete. This results in the additional formation ofspecies likeCO andCH3.
The opposite occurs when the applied strain ratea is small, and species reside a long
time in the reaction zone. Much larger fractions ofCO2 andH2O will be formed at
smaller values ofa. Chemical equilibrium describes a state in which the residence
timeτ → ∞. This state is approached bya → 0.

Additional to (3.15), a transport equation for the mixture fractionZt is solved, viz.

∂ (ρuZt)

∂x
=

∂

∂x

(
λ

cp

∂Zt

∂x

)

− ρKZt. (3.17)

Note that this equation is not derived by taking a linear combination of (3.15b), but it
describes the transport of a passive scalar without preferential diffusion terms (Lez =
1). The meaning of this mixture fractionZt is not physical, but purely mathematical.
The advantage of this definition is the fact thatZt(x) is a monotonic function, which
can be used as parameterizing variable of the manifold. Thisadvantage is the reason
that this approach is applied by most conventional flamelet applications. The mixture
fraction which is based on the local element composition cansubsequently increase
and decrease in a flamelet. It is important to distinguish thetransported mixture frac-
tion Zt from the mixture fractionZ which is based on the local element composition
(according to [87]):

Z =
2ZC/MC + 1

2
ZH/MH + (ZO,2 − ZO)/MO

2ZC,1/MC + 1

2
ZH,1/MH + ZO,2/MO

(3.18)

whereZj andMj are the elemental mass fractions and atomic masses for the elements
carbonC, hydrogenH and oxygenO. The subscripts 1 and 2 refer to values in the
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incoming fuel and air streams, respectively. The definitionfor the elemental mass
fractionZj reads as follows:

Zj =
∑

i

wijYi (3.19)

In equation 3.19, the coefficientswij represent the mass proportion of the elementi
in the speciesj, andYi is species mass fraction. For example, when methaneCH4

is considered,wC,CH4
is MC/MCH4

= 12

16
= 3

4
. So, the mixture fractionZ describes

the local mixing of fuel and oxidizer. AtZ = 1, only fuel is present. AtZ = 0,
only oxidizer is present. Any value between 0 and 1 describesa mix of fuel and
oxidizer. In this work, the mixture fractionZ, which is based on the local element
composition, is only applied in the post-processing of fullchemistry solutions. In full
chemistry calculations a transport equation is solved for every involved species. These
calculations serve as validation for the applied reductionapproach FGM in which the
mixture fractionZt is solved by means of a transport equation (see equation 3.17).
Summarizing,Z has a physical meaning and is only used in full chemistry solutions
andZt has a mathematical meaning and is solved by a separate transport equation in
the FGM approach.

Premixed and counterflow diffusion flamelets

Two different types of flamelets have been used in this work toconstruct manifolds:
premixed flamelets and counterflow diffusion flamelets. For abetter understanding
between the differences, a premixed- as well as a non-premixed flame calculation has
been executed. The results for several main combustion reactants and products can be
seen in figure 3.7. In the left figure of figure 3.7, a typical structure of a computed,
one-dimensional premixed flame can be seen. The unburnt mixture, containing both
fuel and oxidizer, enters the geometry from the left side. The temperature increases
from its initial value at the unburnt side of the flame to its maximum value at the burnt
side. The right figure in figure 3.7 shows a computed, one-dimensional non-premixed
counterflow flame. Combustion can only take place when mixingon a molecular scale
is accomplished. Oxidizer and fuel meet each other at the flame front where they
are both consumed and reaction products are formed. The temperature reaches its
maximum value at the flame front, and decreases to both the fuel and the oxidizer side.

3.4.2 Manifold construction

In this section the construction of the manifold is discussed. By varying the applied
strain ratea, a set of flamelets is computed which are stored in a manifold (also known
as a table or a flamelet library). Parameters like species mass fractionsYi and tem-
peratureT are tabulated as a function of two controlling variables (Yi(CV 1, CV 2),
T (CV 1, CV 2)). By defining additional controlling variables, the dimension of the
manifold also increases. Subsequently, a transport equation is solved for each control-
ling variable. Species mass fractions, and parameters liketemperature, are retrieved
from the database in a postprocessing step.
The set of equations describing either premixed- or non-premixed flamelets is solved
by the fully implicit solver CHEM1D [88] developed at the Eindhoven University of
Technology. The submodels for transport and reaction kinetics used in the flamelet
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Figure 3.7: The solution of a premixed flamelet (left) and of anon-premixed counter-
flow flamelet (right). Mass fractions ofO2 (-), CH4 (-.-), H2O (··), CO2 (- -) and OH,
which has been multiplied with a factor of 10 for visualization purposes. The species
mass fractions are shown as a function of the spatial coordinatex [cm]. The thick line
represents the temperature [K].

simulations are the same as in the 2D co-flow simulations. In this work, a series of
flamelet solutions are used to create a 2D manifold parameterized by two controlling
variables. Although any choice of control variables that results in a function is pos-
sible, a natural selection of the controlling variables is the mixture fractionZt and
a reaction progress variable. The reaction progress variable Y is chosen as a linear
combination of species

Y = α1YCO2
+ α2YH2O + α3YH2

(3.20)

in which αi is defined as the weight factor for the involved species. In this case,
αi = 1/Mi, being the inverse of the species molar mass. In this way, thecontribution
of H2 to the progress variable is comparable to that ofCO2 orH2O. This choice results
in a unambiguous mapping of the dependent variables. The same grid applied for full
chemistry modeling is used to perform the FGM-based calculations. Apart from the
momentum equations, the following two transport equationsare solved forZt andY :

~∇ (ρ~uZt) = ~∇

(
λ

cp

~∇Zt

)

(3.21)

~∇ (ρ~uY) = ~∇

(
1

LeY

λ

cp

~∇Y

)

+ ωY (3.22)

with ωY being the source term forY . This source term is composed from the source
terms of the selected speciesCO2, H2O andH2 and tabulated as a function ofZt and
Y . The boundary conditions state that at the fuel inletZt = 1 andY = 0, and at the
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co-flow inletZt = 0 andY = 0. The thermal conductivity and viscosity are tabulated
in the manifold following (3.4). To initiate the solution anarea located just after the
burner exit is prescribed with the maximum value ofY . The solution ofZt andY
is used in a postprocessing step to retrieve all parameters of interest from the mani-
fold. At first, a simplified implementation is used assuming aunity Lewis number for
Y . Subsequently, a more detailed approximation is applied. In this chapter, a special
interest is shown in accurately describingNO (nitrogen monoxide, a well-known air
pollutant) with FGM. When NO chemistry is included, an additional transport equa-
tion is solved for the mass fraction of NO. The chemical source term for this equation
is retrieved from the manifold as function ofZ andY as in [89].

The construction and implementation of a FGM is discussed inthe following sections.
Because certain areas within a diffusion flame can behave as apremixed flame (e.g.
near the flame edge) the ability of both types of flamelets has been investigated. It
has been examined which type can describe a multi-dimensional diffusion flame with
more accuracy.

Manifold of premixed flamelets

In order to construct a premixed FGM, the flamelet equations are solved treating the
system as a freely-propagating adiabatic 1D flame with zero stretch (K = 0). The
boundary conditions for this case read

u (x → −∞) = sL (3.23a)

Yi (x → −∞) = Zt,uYi,1 + (1 − Zt,u) Yi,2 (3.23b)

h (x → −∞) = Zt,uh1 + (1 − Zt,u) h2 (3.23c)

Zt (x → −∞) = Zt,u (3.23d)

in whichZt,u denotes the mixture fraction of the unburnt mixture. Atx → ∞, vanish-
ing gradients are assumed. The velocity of the unburnt mixture u(x → −∞) equals
the adiabatic flame speedsL, which is an eigenvalue of the system of equations. Sub-
scripts 1 and 2 refer to the fuel and oxidizer stream, respectively. In order to span a
2D manifold, premixed flamelets are solved for values ofZt,u within the flammability
range. Outside this range the species mass fractions and enthalpy are obtained using
linear interpolation between the limit flames atZt = 0.065 andZt = 0.323 (for this
case) and the pure oxidizer and fuel composition, respectively.

Manifold of non-premixed flamelets

For the construction of non-premixed FGM’s, equations (3.15) and (3.17) are solved
for a planar counterflow diffusion flame. The boundary conditions read

u (x = 0) = 0 (3.24a)

Yi (x → −∞) = Yi,1 Yi (x → ∞) = Yi,2 (3.24b)

h (x → −∞) = h1 h (x → ∞) = h2 (3.24c)

Zt (x → −∞) = 1 Zt (x → ∞) = 0 (3.24d)

K (x → −∞) = a
√

ρ2/ρ1 K (x → ∞) = a (3.24e)
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Figure 3.8: Manifold visualization; contour plot of temperature [K] and the source
term ofY [kg m−3] as a function ofZ andY . Counterflow diffusion flamelets,Le i =
1. Database is discretized with a201 × 201 (nCV 1 × nCV 2) equidistant grid.

To span a 2D manifold, a series of non-premixed flamelets is computed for varying
strain ratea. The lowest strain rate considered here is 0.03 s−1, which is located near
chemical equilibrium (a → 0). Counterflow diffusion flamelets extinguish at a limit-
ing strain rate. Therefore, beyond the extinction strain rate time-dependent flamelet
solutions are used, which results in a natural continuationof the profiles in composi-
tion space. The most strained steady counterflow diffusion flamelet serves as an initial
condition and subsequently the strain-rate is increased toestablish quenching of the
flame. Figure 3.8 shows the temperature and the source term ofY , as it is stored in the
manifold, as a function of the two controlling variables,Z andY . The FGM’s used in
this study are discretized with a201×201 (nCV 1×nCV 2) equidistant grid. Data has
been retrieved from these databases using bilinear interpolation. This simple retrieval
method is explained in Appendix A.

3.5 Results

Several cases have been studied which are specified in table 3.2. In the following sec-
tions the results are presented and discussed. A comparisonis made between the results
of the full chemistry model (FC1,Le i=1) and the application of a flamelet-generated
manifold (FGM) constructed from one-dimensional premixedor non-premixed flamelets.
The comparison of these two models should made clear if the FGM approach is able
to achieve identical results as the FC calculations. The ability to include preferential
diffusion and NO chemistry (slow reactions) are also investigated. Figure 3.9 shows
a temperature contour plot for the unity-Lewis number case.The left side shows the
non-premixed FGM1 result, the right side the FC1 results. Figures 3.10 and 3.11 show
the results for several species, for the unity-Lewis numbercase. Again, the np-FGM1
results are in good agreement with the FC1 results. For a moredetailed analysis cen-
terline and radial profiles of several parameters are discussed in the following section.
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Table 3.2: Case descriptions

Case Flamelet Flamelet transport CFD transport
FC1 - - Lei = 1
FC2 - - Lei = ci

p-FGM1 Premixed Le i = 1 LeZt
= 1 & LeY = 1

np-FGM1 Non-premixed Le i = 1 LeZt
= 1 & LeY = 1

np-FGM2 Non-premixed Le i = ci LeZt
= 1 & LeY = 1

np-FGM3 Non-premixed Le i = ci LeZt
= 1 & LeY = LeY(Zt, Y)

np-FGM2-ap1 Non-premixed Le i = 1 Z andY retrieved from FC2
np-FGM2-ap2 Non-premixed Le i = ci Z andY retrieved from FC2

Figure 3.9: Contour plot of the temperature, np-FGM1 (left)and FC1 (right) results.

3.5.1 Unity-Lewis number

In this section the results of the FGM’s constructed from premixed and non-premixed
flamelets (Lei = 1) are analyzed. It has been explained that the mixture fraction based
on local element composition is calculated from the full chemistry (FC) solution. In
the FGM approach, a separate transport equation is solved for the mixture fractionZt.
In discussing the results the parameter will be referred to as the mixture fractionZ.
It depends on the origin of the result (FC or FGM) if this parameter is determined by
the equation 3.18 or the solution ofZt. Figure 3.12 shows the centerline profiles of
the mixture fractionZ, the progress variableY , the temperature and the mass fraction
of H2. Radial profiles at heights of 0.01, 0.02 and 0.08 m above the burner exit, can
be seen in figure 3.13 for the mixture fractionZ and the progress variableY . Figures
3.14 and 3.15 show the temperature and the mass fractions ofCO, H2, andOH. The
mixture fraction of the FC model is determined based on the local element compo-
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Figure 3.10: Contour plot of the mass fraction ofOH, andH2O, np-FGM1 (left) and
FC1 (right) results.

Figure 3.11: Contour plot of the mass fraction ofH2, andCH4, np-FGM1 (left) and
FC1 (right) results.
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Figure 3.12: Centreline profiles of the mixture fractionZ, the progress variableY , the
mass fraction ofH2 and temperature for unity Lewis numbers. Full chemistry (FC1,
solid) vs. non-premixed (np-FGM1, solid red) and premixed (p-FGM1, dashed) FGM.

sition, according to [87]. Since unity Lewis numbers are considered, this calculated
mixture fractionZ is equal to the transported mixture fractionZt, which is solved in
the flamelet calculations.
The results show that forZ andY good agreement is achieved between the FC1 model
and both FGM approaches. The non-premixed FGM (np-FGM1) is slightly more accu-
rate than the premixed variant (p-FGM1). The temperature and CO results show large
deviations for the premixed FGM, which is mainly caused by the fact that species in a
premixed FGM cannot diffuse in direction of the gradient ofZ. In the non-premixed
table, however, diffusion of CO from near-stoichiometric conditions to lean and rich
regions is included, resulting in more accurate results. This effect is less pronounced
for OH, which is a fast reacting species that can be assumed inquasi-steady state, so
that these diffusion effects are much less important. The results show that a flamelet
library constructed from non-premixed flamelets has the ability to overall describe
a laminar non-premixed multidimensional flame more accurately (deviations< 1%)
than the premixed FGM (deviations≫ 1%). This error is defined as the relative error
in respect with the FC1 solution.
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Figure 3.13: Radial profiles of the mixture fractionZ (left column) and the progress
variableY (right column) ath = 0.01 m (top),0.04 m (middle) and0.08 m (bottom)
for unity Lewis numbers. Full chemistry (FC1, solid) vs. non-premixed (np-FGM1,
solid red) and premixed (p-FGM1, dashed) FGM.
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Figure 3.14: Radial profiles of the temperature (left column) and mass fraction ofCO
(right column), ath = 0.01 m (top),0.04 m (middle) and0.08 m (bottom) for unity
Lewis numbers. Full chemistry (FC1, solid) vs. non-premixed (np-FGM1, solid red)
and premixed (p-FGM1, dashed) FGM.
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Mass fractionH2 (Le i = 1) Mass fractionOH (Le i = 1)
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Figure 3.15: Radial profiles of the mass fractions ofH2 (left column) andOH (right
column), ath = 0.01 m (top),0.04 m (middle) and0.08 m (bottom) for unity Lewis
numbers. Full chemistry (FC1, solid) vs. non-premixed (np-FGM1, solid red) and
premixed (p-FGM1, dashed) FGM.
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Figure 3.16: Centreline profiles of the mixture fractionZ, the progress variableY ,
the mass fraction ofH2 and temperature for non-unity Lewis numbers. Full chemistry
(FC2, solid) vs. non-premixed (np-FGM2, solid red) and a priori results based on
different flamelet tables.

3.5.2 Non-unity-Lewis number

Based on the findings in the previous section, a manifold has been constructed from
non-premixed flamelets, including preferential diffusionby includingLe i = ci in the
flamelet calculations (np-FGM2). The results of np-FGM2 arecompared to the full
chemistry solution FC2 (Le i = ci). Figure 3.16 shows the centerline profiles ofZ, Y ,
the temperature and the mass fraction ofH2. Radial profiles at heights of 0.01, 0.02
and 0.08 m above the burner exit, can be seen in figure 3.17 for the mixture fractionZ
and the progress variableY . Figures 3.18 and 3.19 show the temperature and the mass
fractions ofCO, H2, andOH. The results ofZ show good agreement between the np-
FGM2 and FC2 calculations. To investigate the influence of preferential diffusion on
Zt, the mixture fractionZ according to [87] (mixture fraction based on local element
composition) has been calculated from the species mass fractions of the non-premixed
FGM result. So, in addition to the mixture fractionZ which is calculated from the full
chemistry solution FC2,Z is also calculated using the species mass fractions from the
FGM solution. In the results in figure , the mixture fractionZ, which originates from
the FGM results, is indicated by ’np-FGM2 (Bilger)’.

The results (figure 3.17) indicate that the influence of preferential diffusion ofZt

profiles is negligible; the maximum difference betweenZt andZ from the FGM cal-
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Figure 3.17: Radial profiles of the mixture fractionZ (left column) and the progress
variableY (right column) ath = 0.01 m (top),0.04 m (middle) and0.08 m (bottom) for
non-unity Lewis numbers. Full chemistry (FC2, solid) vs. non-premixed (np-FGM2,
solid red).
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culation is 0.5%, which is not visible in the results. Significant deviations from unity
Lewis number can only be found for H2 and H. Since the mass fraction of these species
is small compared to the major species, the effect on the mixture fraction is negligi-
ble. The fact that this difference is small, means that the results are not influenced
by choosing either the controlling variableZt or the mixture fraction based on element
mass fraction as a lookup variable. The maximum difference between the mixture frac-
tion of the FC2 calculation and that from the np-FGM2 is≈ 1%. The progress variable
results deviate further downstream and near the axis of the flame, probably caused by
the LeY = 1 assumption forY . This has a direct effect on the determination of all
species and the temperature. To be able to distinguish between deviations caused by
1) the transport of the control variables and 2) the construction of the flamelet library,
an a priori analysis is included. In this a priori analysisY andZ are reconstructed
from the FC2 solution and used as lookup variables in the flamelet libraries, which
prevents deviations due to 1). By comparing a priori resultsof Lei = 1 andLei = ci

databases, it can be seen that inclusion of non-unity Lewis numbers in the flamelet
simulations leads to significant improvements in the np-FGM2 results ofH2, which
has a very small Lewis number. It also improves the result of the quasi-steady state
speciesOH, because it includes the local change in element composition. So by im-
proving the solution ofH2, the predictions forH subsequently lead to an improvement
in the prediction ofOH. Both types of deviations (1 and 2) have been examined for
better understanding and exploration of the room for improvement.

Deviation 1: Transport of the controlling variableY
The second controlling variable, the progress variableY , has been transported without
the inclusion of preferential diffusion (LeY = 1). The results show a deviation of the
Y profile in comparison of that retrieved from the full calculation FC2 (figure 3.17). It
has been examined what the influence on the results would be ifLeY = LeY(Zt,Y).
Since the progress variableY has been chosen as a linear combination of species, the
definition ofLeY for a single flamelet can be determined as follows:

1

LeY
=

(

α1

1

LeH2

∂YH2

∂x
+ α2

1

LeH2O

∂YH2O

∂x
+ α3

1

LeCO2

∂YCO2

∂x

) (
∂Y

∂x

)−1

(3.25)

in whichαi = 1/Mi are the weight factors of the involved species in the definition of
Y (equation 5.1). The controlling variableY is chosen as a linear combination of the
three speciesH2, H2O andCO2. The diffusive behavior ofY can thus also be defined
as a combination of the diffusive behavior of these three species. In a counterflow
diffusion flamelet,Y reaches a maximum at the stoichiometric mixture fractionZt,st.
As a result, 1

LeY
, will go to infinity. To prevent this,LeY has been restricted to have a

value between the extremes of the individual components ofY , beingLeH2
= 0.317

andLeCO2
= 1.404. The parameter1

LeY
has been calculated for every single flamelet

and tabulated as a function of the two controlling variables. The left side of figure
3.20 shows the contour plot of the applied Lewis number forY . To compare these
results with the flame structure, a contour plot ofY of the np-FGM3 calculation is
shown on the right side. Near the reaction layer of the flame the diffusive transport of
H2 is dominant. In the hot regions on the fuel side the diffusionbehavior of CO2 is
dominant. Cold regions are well-described by a Lewis numberof 1 forY .

Axial and radial profiles ofY are depicted in figures 3.21 and 3.22. Modeling the
Lewis number of the progress variableY as a function of the two control variables
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Figure 3.18: Radial profiles of the temperature (left column) and the mass fraction of
CO (right column), ath = 0.01 m (top), 0.04 m (middle) and0.08 m (bottom) for
non-unity Lewis numbers. Full chemistry (FC2, solid) vs. non-premixed (np-FGM2,
solid red) and a priori results based on different flamelet tables.
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Figure 3.19: Radial profiles of the mass fractions ofH2 (right column) andOH (right
column), ath = 0.01 m (top), 0.04 m (middle) and0.08 m (bottom) for non-unity
Lewis numbers. Full chemistry (FC2, solid) vs. non-premixed (np-FGM2, solid red)
and a priori results based on different flamelet tables.
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Figure 3.20: Contour plot of the Lewis number ofY . Left side shows the non-premixed
FGM results (np-FGM3) with the inclusion of a constant Lewisnumber forY , the right
side shows the np-FGM3 results of the progress variable [-].

leads to an improvement in the results forY , although the improvement is not signif-
icant. The found deviations between the FC2 and np-FGM3 results can not be fully
explained by the transport behavior ofY . In the next section the construction of the
manifold is examined further.

Deviation 2: Construction of the flamelet library
To exclude the deviation caused by 1) an a priori analysis is included. In this a priori
analysisY andZ are reconstructed from the FC2 solution and used as lookup variables
in the flamelet libraries. By comparing a priori results ofLe i = 1 and Lei = ci

databases, it can be seen that inclusion of non-unity Lewis numbers in the flamelet
simulations leads to improvements in the np-FGM2 results ofH2, which has a very
small Lewis number. It also improves the result of the quasi-steady state speciesOH,
because it includes the local change in element composition. So by improving the
solution ofH2, the predictions forOH are subsequently improved. But in general, the
a priori results still show large deviations. In some cases,the deviation of the a priori
results is larger than the deviation in the np-FGM2 results,in respect with the FC2
calculation. For a better understanding concerning the origin of these deviations found
in the results, the separate contributions within the species mass conservation equation
are examined. Since major deviations are mainly found near the axis, the species mass
conservation equation atr = 0 is written as [90]:

∂

∂z
(mYi)

︸ ︷︷ ︸

Convection

−
∂

∂z

(
λ

Leicp

∂Yi

∂z

)

︸ ︷︷ ︸

Axial diffusion

− ωi
︸︷︷︸

Chemistry

= κFi
︸︷︷︸

Curvature

− ρKYi
︸ ︷︷ ︸

Stretch

+ Qi
︸︷︷︸

Tangential diffusion

(3.26)

where all perturbations from one-dimensional counterflow flamelet behavior are gath-
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Figure 3.21: Centreline profiles of the progress variableY from full chemistry simula-
tions (FC2; solid), non-premixed FGM simulations withLeY = 1 (np-FGM2; dashed),
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Figure 3.22: Radial profiles of the progress variableY at h = 0.01 m (left), 0.04
m (middle) and0.08 m (right) from full chemistry simulations (FC2; solid), non-
premixed FGM simulations withLeY = 1 (np-FGM2; dashed), and non-premixed
FGM simulations withLeY = f (Z,Y) (np-FGM3; solid red).
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ered in the right hand side. The contribution of chemistry isdescribed by the net reac-
tion rate, being the summation of the productive and consuming source terms. Stretch
has been determined as follows [90]

−ρK = ~∇ · (m~n) (3.27)

and

~n =
∇Z

|∇Z|
with ~n(nz, nr) (3.28)

where the mass flowm is defined asm = ρ~u · ~n. Because the applied counterflow
diffusion flamelets are based onZ-profiles, the normal vectors have been calculated
based on the mixture fractionZ. Curvatureκ is defined by

κ = ∇ · ~n =
∂

∂z
(nz) +

1

r

∂

∂r
(rnr) (3.29)

Using this expression, equation 3.27 can be reformulated asfollows:

−ρK =
∂m

∂z
− κm (3.30)

The fluxFi of speciesi is given by

Fi = mYi −
λ

Leicp

∂Yi

∂z
(3.31)

A summation of both the curvature and stretch terms (a combination of equations 3.30
and 3.31) leads to

κFi − ρKYi = Yi

∂m

∂z
− κ

λ

Le icp

∂Yi

∂z
(3.32)

Because the mass flowm appeared to be nearly constant along the z-axis,∂m/∂z ≈ 0,
their summed contribution can be regarded mainly as a curvature effect. The different
contributions in (3.26) have been calculated for the major speciesH2, CO2, CH4, CO,
andOH. The results forH2, for Le i = ci, andLe i = 1, are shown in figure 3.23. From
the results for the other species (not shown) the same conclusions can be drawn. For
the non-unity Lewis case (left figure), the results show thatthe iso-contours of the mass
fraction ofH2 are strongly curved. The same results also show that tangential diffusion
(along the iso-lines ofZ) has a much larger contribution to the transport ofH2 than
axial convective or axial diffusive transport. So, close tothe axis the iso-surfaces of
Yi are curved resulting in an enhanced radial diffusion effect, which is not present in
the manifold that is based on planar flamelets. For the unity Lewis case (right figure),
the contribution of tangential diffusion to the transport of H2 is large and curvature
terms cannot be neglected. Although these effects are not accounted for in the applied
manifold, good results are achieved with application of non-premixed flamelets when
Lei = 1. It is the combined effect of curvature and preferential diffusion that results
in different relative diffusion velocities leading to species correlations different from
the ones in the FGM. Summarizing, the differences between the FC2 solution and
np-FGM2, near the axis, are likely caused by a combination ofradial diffusion and the
strong curvature of the flame front, which for the non-unity Lewis number case result
in deviations from the manifold.
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Figure 3.23: Various contributions on the centerline (z-axis) for the mass fraction of
H2, FC2 (left) and FC1 (right) results.

To further show that curvature and tangential diffusion arethe main drivers behind
the observed deviations between the full chemistry solution and FGM, one-dimensional
simulations have been executed. One-dimensional counterflow flamelets (Le i = ci),
with no curvature or tangential diffusion effects, have been simulated. A comparison is
made between the detailed solution FC2, a non-premixed FGM (np-FGM2), and a non-
premixed FGM withLeY = f(Z,Y) (np-FGM3). Calculations have been executed at
two different strain rates:a = 10 and 100 s−1. The results for various parameters and
species can be seen in figure 3.24.

The results show the capability of FGM to reproduce planar flame structures with
the inclusion of preferential diffusion. The FC2 results are difficult to see, since the
np-FGM3 results overlap the FC2 results for the majority of the figures. The im-
provements found by implementing a varying Lewis number forY (LeY = f(Z,Y))
are impressive. Large improvements are found near the flame front and on the fuel
side of the flame. These results underline that the origin of the deviations found in
multi-dimensional flame calculations can be attributed to curvature and tangential dif-
fusion. The use of curved flamelets could lead to further improvements of the results
of the multi-dimensional calculations. This has been investigated for premixed turbu-
lent flames [33]. As a first validation step, the full chemistry solution can be used
to determine the curvature which can subsequently be imposed on the flamelets. It is
also possible to include a model for the tangential diffusion termsQi in the flamelet
calculations. Solving the flamelet equations for differentamounts of tangential dif-
fusion then results in an extra dimension to the manifold. These two options can be
investigated in further research.

3.5.3 NO formation

The steady flamelet approach still relies on the assumption that the unsteady terms are
much smaller than the convective and diffusive terms in the species mass conservation
equation. The formation of NO can be considered as a slow process and most likely
does not fulfill this requirement. Since PAH chemistry can also be regarded as slow
chemistry, the performance of FGM in respect with this particular group of species is of
great interest. A comparison is made between direct look-upof NO in the FGM table
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Figure 3.24: One-dimensional counterflow flamelet calculations. Straina = 10 s−1

(left) anda = 100s−1 (right). Profiles ofY , temperature, mass fractions of H2, and
OH are shown for the full chemistry solution (FC2; solid black), non-premixed FGM
simulations withLeY = 1 (np-FGM2; dashed), and non-premixed FGM simulations
with LeY = f (Z,Y) (np-FGM3; solid red), as function of the mixture fractionZ. The
FC2 results are difficult to see, since the np-FGM3 results overlap the solid black line
for the majority of the figures.

65



radius r [m]

M
as

s
fr

ac
tio

n
N

O
[-

]

0 0.005 0.01 0.015 0.02 0.025
0.0E+00

2.0E-05

4.0E-05

6.0E-05

8.0E-05

1.0E-04

FC2
np-FGM2
np-FGM2 (from table)

Lewis number

radius r [m]
0 0.005 0.01 0.015 0.02 0.025

0.0E+00

2.0E-05

4.0E-05

6.0E-05

8.0E-05

1.0E-04

Lewis number

radius r [m]
0 0.005 0.01 0.015 0.02 0.025

0.0E+00

2.0E-05

4.0E-05

6.0E-05

8.0E-05

1.0E-04

Lewis number
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m (middle) and0.08 m (right) from full chemistry simulations (FC2; solid) and non-
premixed FGM simulations (np-FGM2) by solving an additional transport equation
(solid red) or direct look-up from the table (dashed).

and looking up the source term of NO and solving an additionaltransport equation.
This approach is not new, and has been successfully applied by others as well, e.g.
[89, 91–93]. Figure 3.25 shows that NO indeed needs special treatment due to the
involved larger chemical time scales. By solving an additional transport equation,
good agreement is obtained between the FC2 and np-FGM2 (Lei = ci) solutions. The
small remaining deviations can be attributed to differences inY andZ.

In comparison to direct look-up, large improvements are observed as in, e.g., [89].
In order to get an impression of the performance of FGM for NO,compared to the
classical flamelet model, the present results can be compared with results obtained
by Claramuntet al. [83] using theZ-χ approach for a very similar flame. In their
study, they observe deviations of 35% in NO mass fraction using a steady flamelet
approach. With a much more expensive unsteady flamelet approach, deviations of
15% were found. In this respect, the current results for NO, maximum deviations
of 20%, are very promising (much lower computational cost than the application of
interactive methods). If PAH chemistry is included within the manifold, there may be
an increased need for solving several additional transportequations to come to accurate
results. This is investigated in the next chapter.

3.6 Summary

The applicability of premixed and non-premixed flamelet-generated manifolds for the
numerical simulation of multidimensional laminar non-premixed flames has been in-
vestigated. When unity Lewis numbers are considered, an FGMwhich consists of
counterflow diffusion flamelets is able to predict temperature and species concentra-
tions in very good agreement with the FC solution. Premixed flamelets give less good
results, because diffusion of species across iso-surfacesof Z are neglected, which
agrees with the observations in simulations of turbulent jet flames [73, 89]. The results
for non-unity Lewis numbers demonstrate that it is still difficult to capture differential
diffusion effects to a satisfactory level. Using non-unityLewis numbers in solving
the one-dimensional flamelets leads to a significant improvement of the results. Incor-
porating an estimated Lewis number forY also leads to further improvements. With
the current definition, the Lewis number ofY ranges fromLeH2

= 0.317 toLeCO2
=

1.414. This artificial cut-off ofLeY , which was necessary due to the maximum value
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of Y near the stoichiometric mixture fraction, could lead to numerical instabilities.
Perhaps a progress variable which does not includeH2 (for instance a combination
of CO andCO2), which will have an average Lewis number much closer to 1, will
lead to better results. On the other hand, excludingH2 from the progress variableY ,
may lead to large deviations in the prediction ofH2 and closely related species like
OH. Furthermore, usingY = YCO/MCO + YCO2

/MCO2
has proven to be unsuitable

as a controlling variable. One of the conditions for a progress variable to be a valid
controlling variable, is that it must decrease or increase monotonously as function of
strain rate. Calculations have shown that this is not the case for this progress variable
definition. Further research concerning a suitable progress variable, without the addi-
tion of H2, is recommended. Significant deviations are observed near the axis because
of enhanced radial diffusion effects due to the fact that theflame is strongly curved.
These effects are not accounted for in the laminar flamelets,which are used to span up
the applied manifold. This is underlined by the results of the one-dimensional flamelet
calculations. The results show the capability of FGM to reproduce planar chemical
flame structures with the inclusion of preferential diffusion. The improvements found
by implementing a varying Lewis number forY are significant. The use of curved
flamelets could lead to further improvements of the results of the multi-dimensional
calculations. This has been investigated for premixed turbulent flames [33]. It is also
possible to include a model for the tangential diffusion termsQi in the flamelet calcula-
tions. Solving the flamelet equations for different amountsof tangential diffusion then
results in an extra dimension to the manifold. These two options can be investigated
in further research. Keeping further understanding and improvement of the preferen-
tial diffusion terms in mind, it can be concluded that FGM is an efficient dimension
reduction technique that has great potential for accurate simulations of non-premixed
flames. The results emphasize that modeling multi-dimensional non-premixed lami-
nar flames which include differential diffusion with laminar flamelet models is still a
challenging task. In the next chapter, the inclusion of PAH chemistry is investigated.
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No one believes the CFD
results except the one who
performed the calculation,
and everyone believes the
experimental results except
the one who performed the
experiment.

Patrick J. Roache

4
Modeling Polycyclic Aromatic

Hydrocarbon chemistry in diffusion
flames

The previous chapter has demonstrated the ability of FGM to capture most flame char-
acteristics of a laminar diffusion flame (temperature and species concentrations) to a
satisfactory level. In this chapter a laminar non-premixedflame, with a tar model com-
ponent (an aromatic hydrocarbon) added to the fuel stream, is modeled with FGM. To
investigate if Polycyclic Aromatic Hydrocarbon (PAH) chemistry can be considered
to be ’slow’ chemistry, as was indicated by the homogeneous reactor calculations in
chapter 2, an a priori study has been executed to investigatethe applicability of FGM
when PAH chemistry is involved. Several studies have been executed. One study fo-
cuses on the effect of tabulating steady (∂a

∂t
= 0), or unsteady (∂a

∂t
6= 0) flamelets on the

performance of a FGM in one-dimensional diffusion flames. The next sections will
focus on the numerical validation of FGM, with the inclusionof PAH chemistry, in
one-dimensional flamelet calculations. To validate the performance of FGM in multi-
dimensional environments, a numerical validation is almost impossible. The cause
is the limitation of the number of species that can be involved in solving the full set
of transport equations in a multi-dimensional geometry. Therefore, a comparison has
also been made of FGM results with measurements. The comparison is presented and
discussed in section 4.5.

4.1 Time scales of PAH chemistry

The steady flamelet approach is based on the assumption that the unsteady terms are
much smaller than the convective, diffusive and reaction terms in the species mass bal-
ance equations. It was shown in section 3.5.3 that, forNO, large improvements in the
results could be achieved when an additional transport equation for NO was solved.
Since the homogeneous reactor calculations of chapter 2 indicate that PAH chemistry
can also be considered as ’slow’ chemistry (like NO), it has to be determined whether
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Table 4.1: Boundary conditions

Fuel Oxidizer
CH4 [V %] 55 O2 [V %] 21
N2 [V %] 45 N2 [V %] 79
C6H6 [V %] 22 x 10−2

Tfuel [K] 323 Tox [K] 300

Reaction mechanism ABF

PAHs should be handled in the same manner by solving an additional transport equa-
tion for each PAH species. In the following analysis, the netreaction rateωi of species
i (see equation 3.10) is split into two separate contributions, being the ’producing’
(forward) and the ’consuming’ (reversed) part of the sourceterm. If both contributions
are of similar magnitude for a speciesi, that species is considered to be in steady state.
The definition of steady reads now as follows:

ωi,r = ωi,forward − ωi,reversed = 0 (4.1a)

ωi,forward = ωi,reversed (4.1b)

If a species can be considered to be in chemical steady state,it can be tabulated as a
function of Z andY without a large loss of accuracy (compared to solving a trans-
port equation for that species). This analysis has been executed for one-dimensional
non-premixed counterflow flames with different strain ratesa [s−1]. Especially, low
strain rates are of interest, due to large residence time scales related to it. All nu-
merical results presented in this section have been executed with the use of the ABF
mechanism (see section 2.2). The Perfectly Stirred Reactorstudy (see figure 2.3) has
demonstrated that all three assessed mechanisms, being MSR, ABF, and Richter2,
show similar trends in the conversion of PAHs. The ABF mechanism is the small-
est mechanism of the three, with 101 species and 544 reactions, and can therefore be
regarded to have the lowest computational cost. The boundary conditions have been
summarized in table 4.1. All values are normalized, so that the summed fractions add
up to 1.

Results

The results showing the forward, reversed, and summed reaction rates for several
species are presented in figure 4.1. The results of all species, within the applied ABF
mechanism, have been studied. The stretch rateK(inf) can considered to be low, with
a = 0.03 s−1. The involved time scales are large for small values of strain, resulting in
a thick flame front. The contribution of the forward and reversed reaction rates are al-
most equal, resulting in summed reaction rates which approximate zero. These results
demonstrate that the major species involved in combustion,as well as the PAH species
can be considered to be in quasi-steady state (see figure 4.1). Quasi-steady state can
be defined by:

ωi,r = ωi,forward − ωi,reversed ≈ 0 (4.2a)

ωi,forward ≈ ωi,reversed (4.2b)
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Figure 4.1: Forward (solid), reversed (dashed), and summed(red) reaction rates as a
function of the physical coordinatex in a steady laminar one-dimensionalCH4/N2 -
non-premixed counterflow flame, fora = 0.03 s−1, profiles ofCH4 andCO2 (left), and
PAH speciesC10H8 andC14H10 (right).

0 0.05 0.1 0.15 0.2 0.25
−4

−2

0

2

4x 10
−3

x−coordinate [cm]

R
ea

ct
io

n 
ra

te
 [m

ol
 c

m−
3  s

−
1 ]

CH
4

CO
2

0 0.05 0.1 0.15 0.2 0.25
−6

−4

−2

0

2

4

6x 10
−9

x−coordinate [cm]

R
ea

ct
io

n 
ra

te
 [m

ol
 c

m−
3  s

−
1 ]

C
10

H
8

C
14

H
10

Figure 4.2: Forward (solid), reversed (dashed), and summed(red) reaction rates as a
function of the physical coordinatex in a steady laminar one-dimensionalCH4/N2 -
non-premixed counterflow flame , fora = 100 s−1, profiles ofCH4 andCO2 (left), and
PAH speciesC10H8 andC14H10 (right).

This is expected, becausea = 0.03 s−1 is close to chemical equilibrium (a = 0). And at
chemical equilibrium all species are in steady state. The same study has been executed
for a high strain rate,a = 100 s−1. The results are presented in figure 4.2. This increase
in stretch rate leads to a much thinner flame front, in comparison to the applied low
strain in the previous calculation. The net reaction rates of the major species regarded
here are of the same order as the separate contributions. Forinstance, the net reaction
rate forCH4 (red solid line) is negative showing the net consumption ofCH4 at the
flame front. The net reaction rate ofCO2 is positive (red dashed line) showing the net
production ofCO2. This means that these species are not in steady or quasi-steady
state. For the PAH species naphthalene (C10H8) and phenanthrene (C14H10, 4-ring
aromatic species) the deviations from steady state are small, and it can be presumed
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that the quasi-steady state assumption will not lead to large calculation errors. For
CH4 andCO2, the deviations are much larger. In flamelet models the net source term is
balanced by diffusion. The progress variableY reflects the reaction progress, including
these deviations from chemical steady state. It can be concluded that there seems to
be no need to solve additional transport equations for PAH species. The application of
FGM then remains the same as for a multi-dimensional flame without the inclusion of
PAH chemistry.

4.2 Construction of manifolds

The former section has demonstrated that, in theory, no additional transport equations
have to be solved. When constructing a manifold of steady counterflow flamelets, the
strain ratea (K(x → ∞) = a) is stepwise increased. The lowest strain rate considered
here is 0.03 s−1. For a certain imposed strain, the one-dimensional counterflow flame
approaches extinction and a steady solution does no longer exist. It is possible to apply
a time series of unsteady counterflow flamelets to include extinction in the manifold,
expanding the range of strain. In this way, discontinuitiescan occur in the transition
area where extinction starts. It is also possible to span theentire range of strain by
a set of unsteady flamelets. As a function of time, the strain is increased until the
flamelet solution reaches full extinction. In this way, the new flamelet calculations
move along a smooth course from a steady flamelet solution with the lowest strain
beyond extinction up to the mixing limit. So, unsteady flamelet solutions can be used
to fill the gap between a steady flamelet solution which reaches extinction up to the
mixing limit or to span up the entire range of the applied strain rate. The variation of
a in time has to be sufficiently small, so that the flamelet solutions can be regarded as
steady flamelets. In this section it is examined how the performance of the manifold
is influenced by the chosen course fora(t). In the first analysis, preferential diffusion
effects are not accounted for, soLei = 1 for all species. Benzene is added as a dopant
to the fuel flow. The performance of three manifolds have beencompared. Their
specifications are summarized in the following sections. Further on in this section, the
ability to include preferential diffusion (Le i = ci) is also investigated.

Steady flamelets (∂a
∂t

= 0)

A manifold has been constructed from a set of steady planar counterflow diffusion
flamelets. The strain rate ranges froma = 0.03 s−1 up to extinction,a = 420 s−1.
Extinction itself can not be modeled with steady flamelets. As a result the constructed
manifold does not include extinction.

Unsteady flamelets (∂a
∂t

6= 0)

Counterflow diffusion flamelets extinguish at a limiting strain rate. The application of
a time series of unsteady flamelets is desirable, due to its easy applicability and the
fact that little knowledge is required of areas where the calculation is sensitive to small
strain rate changes. A time series of flamelets is created by applying a time-dependent
strain, soa = a(t). A steady flamelet solution, witha = 0.03 s−1, serves as the initial
solution. In the region of low strain values, time scales arelarge and therefore the
change ina should be small as well. At higher values of strain, the change of a can
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Figure 4.3: Maximum simulation time of 1000 s (solid), and a maximum simulation
time of 500 s (dashed), as a function of strain ratea; m = 5 and n = 3.

be increased to speed up the calculation process. Therefore, a suitable function to
describe this course through time is:

a(t) = aend − (aend − a0)
(

e−m( t
tmax

)
n)

(4.3)

wherea0 andaend are the initial, and final strain rate,tmax the maximum simulation
time, m, andn are parameters describing the shape of the exponential function. To
study the influence of this function on the performance of themanifold, tmax = 500
and 1000 s have been applied to create two manifolds. The applied strain, as a function
of time, is shown in figure 4.3. The change ina is small for small values of strain, and
increases for higher values of strain. An overview of the boundary conditions for the
different cases are shown in table 4.2. The volume fractionsare automatically normal-
ized by the applied software, CHEM1D [88]. The difference inmanifold construction

Table 4.2: Boundary conditions

Fuel
CH4 [V %] 55
N2 [V %] 45
C6H6 [V %] 22 x 10−2 Model transport Le i = 1
Tfuel [K] 323 Reaction mechanism ABF

Initial strain [s−1] 0.03
Oxidizer End strain ”Steady case” [s−1] 420
O2 [V %] 21 End strain ”Unsteady cases” [s−1] 1000
N2 [V %] 79
Tox [K] 300

between applying steady or unsteady flamelet solutions is visualized in figure 4.4. The
figure on the left shows a series of steady flamelet solutions,where the bottom flamelet
solution is the solution with the highest possible strain (a = 420 s−1) before extinction.
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Figure 4.4: Steady flamelets (left) and unsteady flamelets (right) for the creation of
FGMs. The upper flamelet is in both figures the initial flamelet, with a = 0.03 s−1.
The bottom flamelet shows the solution ofa = 420 s−1 (left) and the mixing limit, after
extinction, where no chemistry takes place (right).

At higher strain rates the calculation is unable to come to a steady burning solution.
The figure on the right shows how unsteady flamelets fill up the entire domain beyond
extinction up to the mixing limit. The flamelets in figure 4.4 might appear to cross
each other. This is not the case, since crossing flamelets arenot suitable for the con-
struction of a manifold due to the requirement that the progress variable must decrease
or increase monotonously as a function of strain rate.

4.3 One-dimensional numerical validation:Le i = 1

The three manifolds have been applied to an one-dimensionalsteady non-premixed
counterflow flame for a range of strain rates, and compared to the full chemistry (FC)
solution. The examined range of strain rates is equal to thatof the steady flamelet
calculations (a = 0.03 - 420 s−1). A relative error is defined by:

ǫrel,i =
max(Yi,fc) − max(Yi,fgm)

max(Yi,fc)
(4.4)

where max(Yi,fc) is the maximum mass fraction of speciesi of the full chemistry so-
lution, and max(Yi,fgm) refers to the maximum mass fraction of the FGM solution.
By means of this defined relative error, the solution of several species, as a function
of the applied strain ratea, have been examined. In this definition, shifts inZ of
species mass fraction peak values are not included. Severalflamelet solutions will be
examined, as a function ofZ, further on in this section. Figure 4.5 shows the relative
error for several species. Acetylene (C2H2) can be considered as a key species in soot
formation mechanisms. The accuracy in determining the massfraction of acetylene
is therefore important for the determination of the larger PAH species. To be able to
distinguish between deviations caused by the transport of the controlling variables, and
the construction of the flamelet libraries, an a priori analysis is included. In this a pri-
ori analysis,Y andZ are reconstructed from the full chemistry solution (according to
equations 3.15 and 3.17) and used as lookup variables in the flamelet libraries. Since
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Figure 4.5: Relative error of several species as a function of strain ratea, created
by three manifolds constructed from steady or unsteady flamelet solutions. Unsteady
flamelets with a small simulation time (500s - filled squares) including an a priori
analysis (squares), and a larger simulation time (1000s - filled diamonds) including
an a priori analysis (diamonds). Steady flamelets (filled circles) including an a priori
analysis (circles).

the solution of the steady flamelets is used to reconstructY andZ, its a priori solution
is identical to its detailed solution, with the only possible error originating from bilin-
ear interpolation (the lookup routine). For small values ofa the a priori solutions are
equal to the FGM solutions, excluding the origin of the founddeviations in the trans-
port of the controlling variables. The found deviations aretherefore directly related
to the applied rate of∂a

∂t
. At high values of the strain rate, the relative error, of both

the a priori and the FGM solutions, is negligible. The results show that, especially for
low strain rates, deviations are obtained with the application of manifolds constructed
from unsteady flamelet solutions. The deviations are small for the main reactants and
products of combustion (not shown here); the largest deviations have been found for
H2, which show a discrepancy of 0.7 %. More significant deviations (up to 8%) are
encountered in the results ofC2H2, and larger PAH species likeC10H8 andC14H10.
Although the change in strain rate, that has been set for the unsteady flamelet calcula-
tions is small, the solutions can not be fully regarded as steady solutions. By dividing
the full simulation time of the unsteady flamelet calculations in half, the relative errors
are nearly doubled. This shows that if1

a
da
dt is large, so are the corresponding devia-
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Figure 4.6: Strain rate as a function of physical coordinatex, for a = 0.10 s−1 (left) and
50 s−1 (right). A steady flamelet (red line), an unsteady flamelet with large simulation
time (1000s - black line), and an unsteady flamelet with a small simulation time (500
s - dashed black line).

tions from the FGM constructed from steady flamelets. This can also be seen for PAH
species, and in regions where the strain rate can be considered to be small. When the
strain rate increases, the source of the found deviations can be found in errors made in
solving the transport of the controlling variables. This becomes clear by the inclusion
of an a priori analysis for every applied manifold. The appearance of a maximum in
ǫrel,i at K(x = ∞)= a = 0.10 s−1, is intriguing. To further investigate this,K(x) has
been examined for two strain rates for the employed types of flamelets. The results,
which showK as a function of the coordinatex for different flamelet solutions, are
presented in figure 4.6. For a small value of the applied strain, the stretch field is
spread out over several centimeters (left figure). At highervalues of strain this region
becomes smaller. And although the boundary values for all three cases are equal, the
profiles ofK are different. This implies thatK(x) is influenced by its course through
time. The stretch fieldK(x) has been introduced in chapter 3 (see section 3.4.2) and
reads

∂(ρK)

∂t
+

∂ (ρuK)

∂x
=

∂

∂x

(

µ
∂K

∂x

)

− 2ρK2 + ρ2

(

a2 +
∂a

∂t

)

, (4.5)

By varying a in time, an additional source forK is created. When∂a
∂t

> a2, K in-
creases. This explains the deviations observed in figure 4.6. Fora = 0.10 s−1, ∂a

∂t
> a2,

resulting in an increase ofK. When the simulation time is divided in halves, the in-
crease inK doubles. It can now be concluded that∂a

∂t
<< a2, is necessary to assume a

quasi-steady state of the flamelets. A definition of∂a
∂t

has been chosen, based on earlier
stated requirements. To study the effect of this definition on the overall performance
of FGM, a comparison has been made between the solutions of the applied manifolds.
This comparison is done at the similar values ofa as the previous study which showed
the increase inK due to ∂a

∂t
. So,a = 0.10 and 50 s−1. The results forY and several

species, as a function ofZ, are shown in figure 4.7.The results show that for all exam-
ined manifolds the results are in good agreement with the full chemistry solution. The
increase ofK on the flame front does not seem to cause any large deviations in the
solution of a steady one-dimensional non-premixed counterflow flame. The difference
between the two time series of unsteady flamelets is even not visible in the results. For
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Figure 4.7: One-dimensional counterflow flamelet calculations withLe i = 1. Straina
= 0.10s−1 (left) anda = 50 s−1 (right). Profiles ofY , mass fractions of H2, C10H8,
andC14H10 are shown for the full chemistry solution (FC; solid black),non-premixed
FGM simulations withLeY = 1; manifolds constructed from steady (FGMst; solid
red), unsteady (FGMtd; dashed black), and unsteady flamelets with a double rate of
change ina (FGMtd2; dotted black), as function of the mixture fractionZ.
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all PAH species in the reaction mechanism, small deviationsare visible in the peak
concentrations. It can be concluded that steady flamelets are considered to be most
suitable to model the steady laminar diffusion flame in question. Nevertheless, the er-
rors that are introduced by constructing the manifold from flamelet solutions produced
by varying the strain rate through time, are small. The largest errors are found for PAH
species. The concentrations of these species are small, butthe gradients∂YPAH

∂Y
are

large. So, small variations inY can lead to large variations in the species mass fraction
YPAH.

4.4 One-dimensional numerical validation:Le i = ci

The previous analysis has been executed without including preferential diffusion ef-
fects. In this section one-dimensional steady laminar counterflow flames (∂a

∂t
= 0)

have been computed withLe i = ci (FC2). In this studyC6H6 (2667 ppm, high-
est considered concentration) has been added to the fuel flow(55 %V CH4, 45 %V
N2). A comparison is made between the detailed solution FC2, a non-premixed FGM
(np-FGM2) whereLeY = 1 , and a non-premixed FGM withLeY = f(Z,Y) (np-
FGM3). Calculations have been executed at two different strain rates: a = 0.10
and 100 s−1. The results for various variables can be seen in figure 4.8. The results
show that the improvements achieved by implementing a varying Lewis number for
Y (LeY = f(Z,Y)) are significant for both species with a small Lewis number, like
H2, and those with a large Lewis number, likeC10H8. Considerable improvements are
found near the flame front, and on the fuel side of the flame. It has been shown that
the transport behavior of the controlling variableY has a major influence on the results
of species which are particularly sensitive (Le i << 1 or Le i >> 1) to preferential
diffusion effects.

Summary

Several studies have been executed to investigate if FGM is able to model PAH chem-
istry in steady laminar diffusion flames. The time scale study demonstrated that there
seems no need to solve additional transport equations for PAH species or to add extra
degrees of freedom. The application of flamelets, where∂a

∂t
6= 0, led to deviations in

PAH species mass fractions, especially for small values of the strain ratea. A detailed
analysis has shown that the found relative errors in the species mass fractions can be
directly attributed to the deviations found inK(x), which were caused by∂a

∂t
> K2.

To investigate the overall performance of the different manifolds, a comparison has
been made between the solutions of the applied manifolds with the solution of an one-
dimensional steady non-premixed counterflow flame. The results show that for all
examined manifolds the results are in good agreement with the full chemistry solution.
Nevertheless, defining a function which describes∂a

∂t
is not involuntary. Therefore, a

set of steady flamelets appears to be most suitable for the construction of the manifold
for the studied laminar diffusion flames. This approach has been chosen for all further
numerical simulations.

The last numerical study included preferential diffusion in an one-dimensional steady
non-premixed counterflow flame calculation, investigatingthe influence of tabulating
the transport ofY by assuming thatLeY = f(Z,Y). The results showed considerable
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Figure 4.8: One-dimensional steady counterflow flamelet calculations withLe i = ci.
Straina = 0.10s−1 (left) anda = 100 s−1 (right). Profiles ofY , temperature, mass
fractions of H2, andC10H8 are shown for the full chemistry solution (FC2; solid black),
non-premixed FGM simulations withLeY = 1 (np-FGM2; dashed), and non-premixed
FGM simulations withLeY = f (Z,Y) (np-FGM3; solid red), as function of the mixture
fractionZ.
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Table 4.3: The experimental conditions,Tfuel = 323 K andTair = 300 K.

Nr. Fuel Dopant species Concentration
1 55 V%CH4 & 45 V% N2 - -
2 55 V%CH4 & 45 V% N2 BenzeneC6H6 1333 ppm
3 55 V%CH4 & 45 V% N2 BenzeneC6H6 2000 ppm
4 55 V%CH4 & 45 V% N2 BenzeneC6H6 2667 ppm
5 55 V%CH4 & 45 V% N2 TolueneC7H8 1121 ppm
6 55 V%CH4 & 45 V% N2 TolueneC7H8 1667 ppm
7 55 V%CH4 & 45 V% N2 TolueneC7H8 2222 ppm

improvements (a factor 2 for the mass fraction ofC10H8 ata = 100 s−1) in comparison
to applyingLeY = 1. It can be concluded that, with the application of steady laminar
counterflow flamelets, and including the diffusive behaviorof Y by LeY = f(Z,Y),
FGM should be capable to accurately model the doped steady laminar diffusion flames
discussed in this thesis work.

4.5 Two-dimensional validation

Previous sections have focused on the numerical validationof FGM, with the inclusion
of PAH chemistry, in one-dimensional flame calculations. Tovalidate the performance
of FGM in more than one dimension, a numerical validation is almost impossible. The
computational time which is involved in solving the full setof transport equations in
a two-dimensional geometry is extremely high. In addition,the currently used CFD
software has a limitation of fifty species which can be involved in solving chemistry.
Therefore, a comparison has been made of FGM results with experiments. A laminar
co-flow burner setup has been employed. The next sections will discuss the experimen-
tal setup, the applied measurement techniques, and the comparison of the measurement
data with the application of a FGM.

4.5.1 Experimental setup

The applied laser diagnostic techniques which are discussed in the following sections
are the result of a collaboration with a colleague PhD student, de Andrade Oliveira,
and the division of Combustion Physics of Lund University, Sweden. One of the main
advantages of applying laser diagnostics in combustion applications is that these mea-
surement techniques are non-intrusive. The experimental setup used to produce the
laminar (Re = 80) doped diffusion flames consists of a co-flow burner, a heatedfuel
line, and a highly accurate injection system. The burner is formed by two concentric
tubes. The fuel tube has an inner diameter of 4× 10−3 m, and the outer diameter of the
co-flow is 50× 10−3 m. The fuel flow consists of a mixture of 55V % methane and
45 V % nitrogen. Two different dopants have been injected into thefuel flow, being
benzene (C6H6), and toluene (C7H8). The experimental conditions for the seven stud-
ied flames are listed in table 4.3. Naphthalene itself is of course preferred as dopant
species, but the required temperature to evaporate it in thefuel flow is high (T > 500
K). In order to avoid internal condensation the entire burner setup needs to be heated.
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Figure 4.9: High Pressure Vessel and laminar diffusion Burner (HPVB) during an
experiment

In order to validate the model, a homogeneous temperature distribution is required. In
practice, it is not easy to controllably heat an entire burner setup to 500 K, and keep
the temperature constant. Therefore, benzene (C6H6), and toluene (C7H8) have been
selected, since these dopants are liquid at room temperature, and lower temperatures
are needed to evaporate, and prevent condensation within the experimental setup. The
saturated vapor pressure increases with increasing temperature, so condensation can
be prevented by increasing the temperature. By injecting the PAH dopant into a heated
gas supply line, by means of a digital infusion pump, the gas mixture is doped in a
controllable manner. In practice this means that the temperature of the liquid, when
reaching the end of the syringe, is equal to the set fuel temperature. For verifica-
tion, a simple numerical model has been constructed for the syringe needle, solving
the continuity, momentum and energy equations. The calculations have verified that
the injected PAH dopants will have reached the required temperature, before they are
injected into the fuel flow. If this would not be the case, there is a chance that conden-
sation of the dopant takes place before the doped fuel reaches the burner tip.

To measure the qualitative distribution of OH and PAHs on a planar cross-section of
the flame, Planar Laser Induced Fluorescence (PLIF) has beenapplied. When apply-
ing LIF, the species to be examined is excited with a laser. The excited species will
after some time, usually in the order of a few nanoseconds to microseconds, relax to its
ground or intermediate electronic states and re-emit lightat a wavelength larger than
the excitation wavelength. The intensification of this light, fluorescence, is measured.
The intensity of this fluorescence signal is directly related to the species concentration.
The setup consists of a laser and ICCD (Intensified Charge-Coupled Device) camera
system. A dye laser (Continuum ND60, Rhodamine 590) is pumped by the second
harmonic radiation (wavelength is 532 nm) of a Nd:YAG laser.The output of the dye
laser (566 nm) is frequency doubled into 283 nm to form, by a collection of cylindrical
and spherical lenses, a 3.0× 10−2 m high laser sheet. The bottom of the laser sheet
is positioned 1 mm above the fuel outlet (burner tip). OH has been excited by a 283
nm laser sheet, and the fluorescence at around 308 nm has been collected through an
interference filter, and finally captured by the ICCD camera (Princeton PI-MAX, 1024
× 1024 pixels). The gate width of the camera has been set to 50 ns, which is long
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enough to capture all the fluorescence produced by OH∗, but short enough to suppress
the chemiluminescence from the flame. For measuring qualitatively aromatic species
distributions in the flame a combination of PLIF, and Laser Induced Incandescence
(LII) has been applied. The setup consists again of a laser, and an ICCD camera sys-
tem. A laser sheet (266 nm) of 40 mm high, produced by a Nd:YAG laser has been
used to excite the aromatic species. Filters have been employed to collect the fluores-
cence of the PAH species present in the flame. In addition to these measurements, a set
of filters has been applied in order to qualitatively distinguish the small (1-2 rings) and
large (3 or more) aromatic species, which show characteristic fluorescence in the UV
region and visible region respectively [94]. To collect thefluorescence of the aromatic
species, the same UV objective, and ICCD camera for the OH PLIF measurements
have been used. The camera settings have been adjusted in order to synchronize the
camera with the laser. When using a wavelength of 266 nm, bothsoot radiation and
aromatic species fluorescence contribute to the outgoing signal. In order to distinguish
between soot and PAH, a delayed camera gate (50 ns) has been applied. Since fluo-
rescence from PAH has a short life time (approximately 15 ns), the delayed camera
gate monitors only soot radiation, which has a much longer life time. By applying
this combined approach, qualitative distributions of sootand aromatic species can be
separately measured during one single measurement. The purpose of this combined
approach is to rule out that soot particles are interfering with the PAH PLIF mea-
surements. Comparison of flame center line profiles of PAH (prompt detection) and
qualitative soot signals (delayed detection) for toluene show very low signal for soot
detected in the region where the PAH signal is relatively strong. The flames doped
with benzene showed much weaker (delayed) signal in the sameregion. This indicates
that soot is not interfering in the PAH profiles. As a reference, all measurements have
been executed (in addition to the doped flames) on a flame whereno dopant has been
added to the fuel flow. This flame is defined as thebase flame(see nr. 1 flame in table
4.3).

The comparison of the FGM results with experimental resultshas turned out to be
a challenging task. Measuring PAH distributions in combustion devices is still a field
of research which is developing. It still remains unclear which PAH species are ex-
cited at certain wave lengths [95–99]. The comparison of measured and simulated
hydrocarbon profiles in a single flame is not always sufficientto distinguish correct
and incorrect mechanisms [35]. Therefore, the comparison,presented in this sec-
tion, is mainly used to compare bulk quantities determined in the experiments with the
FGM modeling results, other than to explore the submechanisms of PAH formation in
general.

4.5.2 Numerical approach

Several manifolds have been created according to the seven flames which have been
experimentally studied, and applied in a CFD calculation ofthe burner geometry. The
stoichiometric mixture fraction isZst = 0.124. This means that, whenZ = Zst = 0.124,
the complete concentration of fuel is converted into reaction products without any
oxygen remaining. The flame is described within a two-dimensional axisymmetric un-
structured domain containing 50.000 grid cells. Previous grid size studies (see chapter
3) have shown that the applied grid cell size is adequate. Thelength of the domain is
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0.075 m. The oxidizer (air) stream enters the geometry with atemperature of 300 K.
The fuel (55 V%CH4 and 45 V%N2) stream enters the geometry with a temperature
of 323 K, since the fuel line is heated to evaporate the dopants. The flow in the fuel
tube is prescribed by a parabolic velocity profile (umax = 2 · umean ≈ 0.58 m s−1).
The coflow is modeled by a plug flow with a constant velocity of 0.25 m/s. No-slip
conditions are applied at the outer wall (r = 0.025 m). The outlet is modeled with an
outflow boundary condition, assuming a zero normal gradientfor all flow variables ex-
cept pressure. The flow is considered to be incompressible, assuming that the density
does not change with pressure. Although gases are compressible, for speeds< 100 m
s−1, the fractional change of absolute pressure in the flow is small [57]. Because the
velocities present in the burner geometry are< 10 m s−1, it can be assumed that the
flow acts as an incompressible flow.

For each dopant (benzene and toluene), three different concentrations have been ex-
amined. For the one-dimensional flamelet calculations in regard to the case of ben-
zene, the ABF mechanism has been employed. Unfortunately, toluene chemistry is
not present in the ABF mechanism. Therefore, the Richter2 mechanism is employed
for the flamelet calculations when toluene chemistry is required. The flamelet calcula-
tions describing the base flame have been calculated with theemployment of the ABF
mechanism. Preferential diffusion is included by assumingthat the Lewis numbers are
constant, but different for each species, soLe i = ci. The applied Lewis numbers for
each species are retrieved from a flamelet calculation (a = 100s−1), which employs a
more complex transport model [88]. The Lewis number of the controlling variableY
is tabulated, and retrieved during the CFD simulation, as a function ofZ andY .

The time scale study in section 4.1 indicates that there is noneed to solve any additional
transport equations, in addition to those solved forZ andY . For further confirmation,
an additional transport equation has been solved for the dopant species. A comparison
has been made between the results of the mass fraction of the dopant, achieved by
solving an additional transport equation, where the sourceterm is retrieved from the
table as a function ofY andZ, and direct lookup of the species mass fraction in the
table. When direct lookup is applied, the species mass fraction is determined by using
the solution ofZ andY as lookup variables the manifold. The results for the dopant
mass fraction, on the centerline of the flame, are presented in figure 4.10. The solution
from direct lookup in the table shows a smaller mass fractionof benzene in and above
the burner tip, in comparison to the solution of a transport equation for benzene. In
addition, a small rise in the benzene concentration can be seen in the region where
most PAHs are formed in the flame. The difference in the results of both approaches
are significant. In the current approach, the source term of benzene depends only onZ
andY , and not on the concentration of benzene itself. So,ωC6H6

6= f(YC6H6
). As a re-

sult, it is possible that the mass fraction of benzene can locally become negative. This
behavior has been observed forH2, andCO in similar simulations. When applying
this approach toNO this effect does not occur sinceNO is only formed, and not con-
sumed. Benzene, in this case, is subsequently consumed, formed, and then consumed
again (on the centerline of the flame). This line of events is likely to be the cause
of the observed deviations. So, solving an additional transport equation for a species
mass fraction, with the retrieval of the species source termfrom the manifold, does
not guarantee an increase in accuracy of the results. The results show that benzene
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Figure 4.10: Mass fraction of benzeneC6H6 on the centerline of the flame, as a func-
tion of height. The transported mass fraction of benzene (solid line) is compared to
direct retrieval from the manifold (dashed line).

is ’leaking’ through the reaction zone, which is not in line with the excepted line of
events (complete consumption of the dopant). In addition, the small peak of benzene,
after consumption of the dopant, is more in line with expectations. So, in all further
results the dopant is represented by direct lookup byZ andY in the table.

4.5.3 Comparison

A contour plot of the OH∗ LIF signal strength (left), and the mass fraction of OH cal-
culated by FGM (right) of the base flame (dopant-free) can be seen in figure 4.11(a).
The concentration of OH in the measurements may be obtained from the Boltzmann
expression if the temperature is known. This requires a simultaneous temperature
measurement, which has not been executed. So, although the LIF signal strength is
directly related to the species concentration, no statements can be made regarding the
agreement of absolute concentrations [56]. The OH profiles presented here can be
considered to be in good agreement [100]. For comparison both the experimental
data, as the FGM results, have been normalized. So, the maximum LIF signal strength
is directly compared to the maximum species concentration from the calculation. The
location of the maximum value on the center line shows a deviation of 7% (relative
error in height) in the FGM results. The maximum mass fraction of OH (FGM) can
be found slightly higher in the flame than is indicated by the experimental values. In
the numerical validation of FGM (without the inclusion of PAH chemistry) in a two-
dimensional laminar diffusion flame (see chapter 3), the maximum value of the mass
fraction of OH on the centerline could be found 2% higher for the FGM results than
for the full chemistry solution. Thus, part of the found deviation can be directly related
to the application of a reduction technique. In addition, multiple literature resources
make notice of the difficulties in matching the correct boundary conditions from ex-
periments for coflow flames [101–104]. It is stated that conduction/radiation from
the base of the flame to the burner exit tube in the experimentscan cause noticeable
preheating of both inlet fuel, and air streams. Calculations have demonstrated that the
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(a) (b)

Figure 4.11:Base flame(dopant-free); a) Comparison of OH LIF signal (left) and OH
concentration calculated by FGM (right). b) Comparison of PAH LIF signal (left)
and PAH concentration calculated by FGM (right). The color scheme is based on the
normalization of both the signal strength (experiment) andthe species mass fractions
(FGM model).

(a) (b)

Figure 4.12:Benzene- 2667 ppm; a) Comparison of OH LIF signal (left) and OH
concentration calculated by FGM (right). b) Comparison of PAH LIF signal (left)
and PAH concentration calculated by FGM (right). The concentration of the dopant
benzene has been made visible by colored iso-lines. The color scheme is based on the
normalization of both the signal strength (experiment) andthe species mass fractions
(FGM model).
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flame height and local temperature can be significantly affected by these assumed inlet
temperatures. [101] Since the burner tip is not included in the CFD calculation, it is
very likely that the fuel flow in reality is somewhat preheated, leading to a deviation in
flame height.

Figure 4.11(b) shows a contour plot of the PAH LIF signal (left) and a summation
of PAH (Mi ≥ MC6H6

) mass fractions found by FGM (right). The FGM results cap-
ture the lower part of the experimental profile. It is very likely that species which have
more than four aromatic rings are present in the base flame, which are not included in
the applied reaction mechanism. A ring analysis of the FGM results, further on in the
section, will underline this assumption. The tendency of a flame to form PAH which
subsequently can lead to the formation of soot, is strongly dependent on the fuel struc-
ture [105]. The experimental results show that PAH distributions are found, before
the flamefront, on the fuel side. When quantities of benzene are added to the fuel, the
results show an increase of the PAH concentration, in respect to the base flame (see
figure 4.12(b)). Since addition of the first new ring is typically the rate-limiting step
in the formation of larger PAHs, and subsequently soot [35],this increase in PAH
concentration is to be expected. The incoming benzene concentration is visible in the
form of a cone at the burner tip, which is not visible in the base flame. This may lead to
the conclusion that this LIF signal also captures smaller aromatic species like benzene,
since it is highly unlikely that the benzene is converted to PAHs at the involved low
temperatures.

When toluene is applied as a dopant, the LIF signal is again strong at the burner
tip, visualizing the dopant (see figure 4.13). Overall, the PAH concentrations seem
to be higher when toluene is added, than when benzene is applied as a dopant. That
is, assuming that an increase in LIF signal strength is directly related to an increase
in concentration. This rise in signal strength of approximately a factor eight is not
clearly visible in the figure, since the results have been scaled to their maximum sig-
nal strength. Centerline profiles, which will be presented and compared to numerical
results in the next section, clearly show the increase in signal strength when toluene is
added, in respect to the base-, and the benzene doped flame. This increased tendency
to form larger PAHs, which will subsequently lead to an increase in soot formation, is
in line with experiments conducted by McEnally et al. [105].They have determined
sooting tendencies for a large number of aromatic hydrocarbons. Their results show
that, when toluene is added (400 ppm) to a fuel mixture, identical to the mixture ap-
plied in this study, a higher sooting tendency is found in comparison to benzene (400
ppm). This is underlined by the LII measurements. Soot volume fraction measure-
ments obtained upon excitation at a wavelength of 1064 nm show that in the flame
doped with toluene, soot is formed in one order of magnitude higher than in the flame
doped with benzene.

The results obtained with the filter for small aromatic species (1-2 rings) are pre-
sented in figure 4.14. The experimentally determined profilehas been compared with
all species mass fraction profiles, resulting from the FGM solution, which have a molar
mass smaller than the 2-ring aromatic species naphthalene.It appears that two types of
species make up the found experimental profile. In the lower region of the flame, the
dopant species in the fuel, being benzene, seems to be responsible for the small cone
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Figure 4.13:Toluene - 2222 ppm; Comparison of PAH LIF signal, and PAH concen-
tration calculated by FGM. The concentration of the dopant has been made visible by
colored iso-lines. The color scheme is based on the normalization of both the signal
strength (experiment) and the species mass fractions (FGM model).

visible at the burner tip. Higher up, species likeC2H2 (right figure in (b)), andCH3

(not shown here) are found to be the most compatible. These findings agree with the
filter specifications, and underline the presence of smallerhydrocarbons in the lower
region of the flame. The results obtained with the filter for large aromatic species
are presented in figure 4.15. Figure 4.15 (a) compares the profile found in the LIF
experiments (left) with a summation of species mass fractions which can be referred
to as 3-ring aromatic species found in the FGM results (right). For the exact ring class
definition, see the next section. These results indicate that, in the experiments, PAH
species are excited which contain more than 3-rings. A ring analysis, which is pre-
sented further on in this section, on the centerline of the flame, underlines that with
increasing flame height the number of aromatic rings involved also increases. The
right figure shows the species mass fraction profile of 9,-anthryl C14H9 (3-ring PAH
species). This 3-ring aromatic PAH has been found to be the species which can be
found highest up in the modeled diffusion flame.

Centerline profiles

The mass fraction of all species have been retrieved from theapplied manifold by using
the solution ofZ andY on the centerline. The concentration of species, which molar
mass is larger thanC6H, have been summed, and this summation is referred to as the
definition of PAHs. The dopant itself is not included in this summation, but its role has
been examined when the separate contribution of 1-4 ring PAHspecies is regarded.
This PAH definition also includes species which are not poly-aromatic (species which
consist of minimal two fused aromatic rings), but since their structure is closely related
to the dopant species their presence in the experiments is expected. Therefore, they are
included in the definition of PAHs. The upper left figure in figure 4.16 shows the PAH
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(a) (b)

Figure 4.14: Toluene - 2222 ppm; (a) Comparison of the filtered (small aromatic
species) PAH LIF signal (left) with the FGM result showing the concentration of the
dopantC7H8 (right). (b) Comparison of the filtered (small aromatic species) PAH LIF
signal (left) with the FGM result showing the concentrationof C2H2 (right).

(a) (b)

Figure 4.15: Toluene - 2222 ppm; (a) Comparison of the filtered (large aromatic
species) PAH LIF signal (left) with the FGM result showing the summed concentration
of 3-ring species (right). (b) Comparison of the filtered (large aromatic species) PAH
LIF signal (left) with the FGM result showing the concentration of 9,-anthryl (C14H9)
(right).
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distribution in the base flame. The black dots represent the normalized LIF signal
strength, and the solid line shows the normalized modeling results. The experiments
show that PAH species are formed higher up in the flame, when compared to the mod-
eling results. It is very likely that species which have morethan four aromatic rings are
present in all examined flames, which are not included in the applied reaction mech-
anism. Larger PAH species are expected to form higher up in the flame, than smaller
PAH species. This would explain the shift found between the numerical results and
the experimental data. The other three figures in figure 4.16 show the PAH distribu-
tions, when adding benzene at three concentrations (1333, 2000, and 2667 ppm). The
results, both the experimental and the modeling results, have been normalized using
the base flame results. The experimental results show two peaks in the LIF signal. The
two peaks are not present in the modeling results. Since the signal at the bottom of the
flame (z = 0) seems to increase slightly with increasing dopant concentrations, and this
peak is not found in the base flame, the first peak might resemble the dopant species
itself. The second peak is most likely the PAH species which are formed just before the
flamefront. Based on this reasoning, a significant shift in height can be seen between
the peak found in the modeling results and the second peak in the experiments. As was
observed for the base flame results, this shift can be explained by the presence of larger
PAH species in the experiments which are not included in the reaction mechanism.

The results for the centerline distributions of PAHs, when adding toluene at three
different concentrations (1121, 1667, and 2222 ppm) to the fuel, can be seen in figure
4.17. For easy comparison, the upper left figure shows the base flame. Again, the
experimental results show two peaks in the LIF signal. Atz = 0, the signal increases
with increasing dopant rate (first peak). This could also be observed in the result for
the flame doped with benzene. It is therefore believed that the dopants themselves are
also excited by the employed wavelength. The maximum PAH concentration found by
the model is located lower in the flame than is observed duringthe experiments. Most
likely larger PAH species are excited with the applied lasersheet which are not in-
cluded in the applied reaction mechanism. The higher sooting tendency of toluene has
been discussed earlier in this section. The centerline profiles, both experimental and
numerical, show that the injection of toluene leads to PAH concentrations which are
larger than those present during benzene injection. The concentration of PAHs in the
numerical results is twice as large when compared to the concentrations found in the
base flame. In regard to the flames doped with benzene, an increase of a factor 1.4 has
been observed in the maximum PAH concentration (with the base flame as reference
case).

Ring analysis

To further examine the species which are present in the modeled PAH profile, the
species have been rearranged into four groups, being:

1-ring All species which have a molar mass larger than hexatriynyl,
and smaller than benzene.
MC6H < Mi ≤ MC6H6

2-ring All species which have a molar mass larger than benzene,
and smaller or equal to naphthalene (two fused benzene rings).
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Figure 4.16:Benzene- Centerline profile of the normalized experimental PAH LIF sig-
nal (black dots) and the mass fractions calculated by FGM (solid line). The upper left
figure shows the PAH distribution in the base flame. The valueshave been normalized
on the base flame results, for qualitative comparison.

MC6H6
< Mi ≤ MC10H8

3-ring All species which have a molar mass larger than naphthalene,
and smaller or equal to phenanthrene (three fused benzene rings).
MC10H8

< Mi ≤ MC14H10

4-ring All species which have a molar mass larger than phenanthrene,
and smaller than pyrene (four fused benzene rings).
MC14H10

< Mi ≤ MC16H10

In this definition, the dopant species themselves are not included, but they will be
separately examined. Based on these criteria the PAH species, present in the ABF and
Richter2 mechanism, have been rearranged in groups. The exact species making up
each group (with chemical formula and species name) is included in Appendix B. Their
contribution is visualized in figure 4.18. The results show that with increasing height
an increase in aromatic rings is involved. This is emphasized by table 4.4, showing
the location of the maximum concentration of each group of rings. The results in the
table show clearly that the number of aromatic rings involved increases with increasing
height along the centerline of the flame. Reflecting back on the contour plots showing
the PAH LIF signal distribution, it appears that a large number of PAH species which
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Figure 4.17:Toluene- Centerline profile of the normalized experimental PAH LIF sig-
nal (black dots) and the mass fractions calculated by FGM (solid line). The upper left
figure shows the PAH distribution in the base flame. The valueshave been normalized
on the base flame results, for qualitative comparison.

have been excited by the laser sheet, can be considered to be large aromatic species
(more than 3 benzenoid rings) which are not accounted for in the applied reaction
mechanisms.

Table 4.4:Benzene - 2667 ppm- Position of maximum concentrations on the centerline

Group Height [m]
1-ring 0.0144
2-ring 0.0149
3-ring 0.0160
4-ring 0.0162

Summary

Since a two-dimensional numerical validation is not possible due to the limitation of
the amount of species involved in solving the full set of transport equations, several
efforts have been made to compare FGM against experiments. To measure the qualita-
tive distribution of OH and PAHs on a planar cross-section ofthe flame, Laser Induced
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Figure 4.18: Centerline profiles of the normalized experimental PAH LIF signal (black
dots), and the mass fractions calculated by FGM. The values have been normalized on
the base flame results, for qualitative comparison. An analysis has been made of the
number of aromatic rings present in the calculated PAH values.

Fluorescence (LIF) has been applied. The experimental datafrom the LIF measure-
ments has been compared to the FGM solution. Preferential diffusion has been in-
cluded byLei = ci. The Lewis number of the controlling variableY is tabulated,
and retrieved during the CFD simulation, as a function ofZ andY . It can be con-
cluded that the qualitative OH profiles found by the experiments and the FGM model
are in good agreement. The PAH profiles of both the experiments and the calculations
showed agreement in the lower region of the flame. The location of maximum PAH
concentration did not agree, but a ring analysis showed thatwith increasing height
an increase in aromatic rings is involved. This may indicatethat a large part of the
PAH species, which have been excited by the laser sheet, can be considered to be large
aromatic species which are not accounted for in the applied reaction mechanisms. A
growth in PAH concentration, with increasing dopant concentration, has been visible
for both computational as experimental results. Although no quantitative comparison
could be made, the results show that FGM is able to capture several flame characteris-
tics which can be considered to be typical for PAH formation in a multi-dimensional
laminar non-premixed flame. In the next chapter, a three-dimensional model of the
partial combustion reactor (as it was applied in the research of Houben and van der
Hoeven) has been modeled with FGM, with the inclusion of preferential diffusion and
PAH chemistry.
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It is better to travel well,
than to arrive.

Buddha

5
Modeling the partial combustion reactor

In this chapter the gained knowledge is combined to model theprocess of partial com-
bustion in a three-dimensional reactor, as it was designed by Houben [10].

5.1 Manifold construction

Steady counterflow flamelet calculations have been used to construct the manifold. The
strain rate varies from 0.03 to 2230 s−1. A mixing solution (no chemistry involved)
is added to the set of flamelets. Although the main processes are captured by this
range of strain rates, it requires little effort to extend the range ofY beyond extinction
up to the mixing limit. The area between the flamelet with the highest strain rate of
2230s−1, just before extinction, and the cold flow solution is constructed by means
of linear interpolation. The numerical study of section 4.2showed that defining a
function which describes∂a

∂t
is not involuntary. Therefore, a set of steady flamelets

appears to be most suitable for the construction of the manifold for the studied laminar
diffusion flames. The ABF mechanism is applied, which contains 101 species, and 544
reactions. Preferential diffusion is included byLe i = ci. Based on the results in chapter
3 and 4, the Lewis number of the progress variableY is included by tabulating it as
a function of the controlling variableZ andY . The boundary conditions have been
directly retrieved from the most ”successful” experiment of Houben [27]. The fuel
flow has a temperature of 473K, and consists of 22.4 V%H2, 5 V%CH4, and 72.6 V%
N2. Naphthalene is evaporated in the fuel flow with a concentration of 2.6 mg m−3.
By assuming that all gases obey the ideal gas law the concentration of naphthalene
can be translated to 7.7 x 10−5 V%. The inlet velocities have been modeled as block
profiles with vfuel = 1.19 m s−1, andvair = 6.13 m s−1. The progress variable in
this thesis has been defined as a linear combination of three species:CO2, H2O and
H2. Since a large fraction of the fuel flow consists ofH2, this combination appears
to be unsuitable forY . One of the conditions for a progress variable to be a valid
controlling variable, is that it must decrease or increase monotonously as function of
strain rate. Calculations have shown that this is not the case for the applied progress
variable definition. An alternative has been found in the linear combination ofCO,
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Figure 5.1: Manifold visualization; contour plot of the mass fraction of naphthalene
(left) and the temperature [K] (right) as a function ofZ andY .

H2O andOH. The definition ofY reads now as follows.

Y =
1

MCO

YCO +
1

MH2O

YH2O +
1

MOH

YOH (5.1)

The FGM database is discretized with a201× 201 (nCV 1× nCV 2) equidistant grid.
Data has been retrieved from the database using bilinear interpolation. Figure 5.1
shows the mass fraction of naphthalene on the left, and the temperature on the right;
both as a function of mixture fraction and progress variable. The left figure shows
that the concentration of naphthalene has a maximum in the fuel (Z =1) and decreases
to zero atZ = 0 (pure oxidizer). A second zone of naphthalene creation, near the
maximum value of the progress variable on the fuel side, can not be observed. The
concentration of formed naphthalene is expected to be much smaller than the amount
of naphthalene already present in the fuel, explaining why asecond zone is not ob-
served. The right figure shows the temperature distributionas a function ofZ andY .
The maximum temperature occurs at the maximum value ofY . The temperature de-
creases with a decreasingY . An overview of the boundary conditions can be seen in
table 5.1. The Reynolds numbers have been calculated using

Re =
vD

ν
(5.2)

wherev represents the velocity,D the diameter of the inlet, andν is the kinematic
viscosity which has been determined at room temperature as amass-average of the
mixture species. The Reynolds numbers at both the fuel and oxidizer inlet show that
the flow can be modeled as a laminar flow problem (Re < 2300). The flow is con-
sidered to be steady. If the flow cannot be considered to be steady, this will become
evident according to the convergence behavior of the solver.

5.2 CFD application

To reduce the computational cost, one-seventh of the entirereactor geometry has been
modeled. This part of the reactor is visualized in figure 5.2,together with the entire
reactor geometry. In flow configurations which involve periodic boundary conditions,
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Table 5.1: Boundary conditions

Fuel Oxidizer
H2 [V %] 22.4 O2 [V %] 21
CH4 [V %] 5 N2 [V %] 79
N2 [V %] 72.6
C10H8 [V %] 7.7 x 10−5

YC10H8
[-] 4.26 x 10−6

Tfuel [K] 473 Tox [K] 300
Re [-] 235 Re [-] 876
Reaction mechanism ABF
Overall air factorλ 0.20

the geometry varies in a repeating manner. The unstructuredmesh consists of two
million grid cells. Adaptive gridding has been applied to create a refined mesh in the
region where combustion takes place. The oxidizer (air) is injected under two angles (θ
in zx-direction andφ in xy-direction) of 45◦ to create a swirling motion. This induced
swirl has been introduced to enhance the mixing between the produced radicals and
reaction products with the naphthalene present in unburnedproducer gas. A global
air factor of 0.20 is applied, since these conditions were found by Houben to be most
successful in cracking the naphthalene in the producer gas without the occurrence of
polymerization. The following transport equations forZt andY have been solved
using the commercial software package ANSYS FLUENT:

~∇ (ρ~uZt) = ~∇

(
λ

cp

~∇Zt

)

(5.3)

~∇ (ρ~uY) = ~∇

(
1

LeY

λ

cp

~∇Y

)

+ ωY (5.4)

(a) (b)

Figure 5.2: One-seventh of the reactor has been modeled (a).By means of periodic
boundary conditions the entire reactor can be constructed,the mesh has been made
visible (b).
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Figure 5.3: Contour plot of the mixture fractionZ (left) and the progress variableY
(right) at different heights of the reactor.

Figure 5.4: Contour plot of the mass fraction of naphthaleneC10H8 (left) and the
velocity magnitude [m s−1] (right) at different heights of the reactor.
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The source termωY , andLeY have been retrieved from the manifold, where they are
tabulated as a function ofZ andY . After every iteration the values ofωY andLeY

have been updated until convergence is reached. In addition, after every iteration the
values ofZ andY are used to retrieve the temperature, density and the specific heat
capacitycp from the manifold. The temperature is used to determine the diffusion
coefficient and viscosity. Subsequently, the solution ofZ andY is used to retrieve the
solution for all species mass fractions (including naphthalene) and other parameters
like temperature, by means of bilinear interpolation.

5.3 Results

Figure 5.3 shows the solution ofY andZ, on a set of planes aligned inz-direction.
When the oxidizer is injected, inverse diffusion flames are created. The influence of
the induced swirl is clearly visible. These results indicate that, at the exit of the reactor,
no homogenous mixture is present. Significant gradients ofY andZ can be observed
throughout the top of the reactor. The multiple (inverse) diffusion flames create local
radical pools and a rise in temperature. The experimental work performed by Houben
and van der Hoeven led to the believe that due to the mixing of these radicals with the
remaining producer gas, the naphthalene is converted into smaller hydrocarbons. To
study the fate of the tar model component naphthalene, a contour plot is created show-
ing the mass fraction of naphthalene (left side of figure 5.4)at different levels in the
reactor. The mass fraction of naphthalene has been retrieved from the manifold. There
appear no regions (other than the flamefront), for instance higher up in the reactor,
which can indicate that the tar model component is convertedby subsequent mixing
with radicals, likeOH. The results show that at the exit of the reactor naphthaleneis
still present. A mass balance, which is presented in the nextsection, shows that at the
exit 95 % of the initially added tar model component remains uncoverted. The velocity
profile (right figure in figure 5.4) shows that there is no homogeneous flow pattern at
the exit, but that there are two rings with a slightly higher velocity magnitude. The
velocity can be considered to be the lowest in the middle of the reactor, and on the
walls (due to the no-slip boundary conditions which have been applied on the walls).

Figure 5.5 shows the distribution of the temperature and themass fraction ofOH.
For each variable, three iso-surface values have been plotted. The swirling shape of
the inverse diffusion flames are clearly visible. The radical speciesOH is, as can be
expected, only present close to the flamefront. The homogeneous reactor calculations
indicated thatOH radicals do not exist long (τ ≈ 10−5 − 10−4 s), which makes the
subsequent mixing with naphthalene, higher up in the reactor, unlikely. The measure-
ments, which demonstrated that up to 95% of the added naphthalene concentration can
be converted by partial combustion, are based on gas sampleswhich have been taken
60 cm above the reactor. The samples have been retrieved fromthe center (x = y = 0)
of the reactor, and analyzed by a gas chromatograph (GC). A photograph, which shows
the seven inverse diffusion flames when looking down into thereactor, has been com-
pared with iso-value surfaces of the mass fraction ofOH which nicely visualize the
shape of the flames. Although the photograph is of poor quality, the swirl in the flow
cannot be seen from the flameshapes. The effect of swirl is seen in the OH profiles of
the numerical simulation. To examine the fate of the initialnaphthalene concentration,
the mass fraction of naphthalene, at the exit, is represented in figure 5.7 (left). This
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Figure 5.5: Contour plot of temperature (1100, 1500 and 1900K; green, yellow, red)
(left) and 3 iso-values of the mass fraction ofOH (right) being 1e-3, 2e-3, and 3e-3
(maximumYOH = 3.5e-3). The shape of the swirling flames is clearly visible.

Figure 5.6: Top view of the reactor showing several iso-surface values of the mass
fraction ofOH representing the flame shapes(left). Photograph of the flames visible
during the experiments (right); top view of the reactor [10]

figure clearly shows that part of the initial naphthalene concentration remains uncon-
verted at the exit of the reactor. The flow in the center of the reactor appears to be
little influenced by the seven swirling flames. The right figure shows the summation of
the mass fractions of species which have a larger molar mass than naphthalene. These
species can be regarded as the products of polymerization. These figures show that in
the exact area where naphthalene is converted, larger PAH species (up to 4-ring aro-
matic species are present in the applied reaction mechanism) are formed. The figures
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Figure 5.7: The exit of the reactor (h = 0.075 m) showing the mass fraction of naph-
thaleneC10H8 (left) - the maximum concentration in the inlet fuel composition YC10H8

= 4.26 x 10−6, and a summation of mass fractions of all species which have alarger
molar mass than naphthalene (right).

5.8, 5.9, and 5.10 show several major combustion reactants and products, as well as
temperature. The average temperature at the exit is 1125 K. The results underline the
observation that the flow in the center is little influenced bythe presence of the inverse
diffusion flames. For all involved species the distributionat the exit can be considered
to be inhomogeneous.

Houben executed the measurements, at a point 60 cm above the burner exit, assuming
a homogeneous mixture distribution. This assumption was based on an extensive flow
study, which included Particle Image Velocimetry measurements. The results of the
homogeneous reactor calculations (see Chapter 2) showed that the involved radicals
(O, OH, andH) have a short lifetime (τ ≈ 10−5 s). The main idea behind tar conver-
sion by a partial combustion reactor has been based on the mixing of radicals, which
are locally produced by combustion, and tar components. The3D modeling results
show that at the exit of the reactor no radicals are present anymore (see figure 5.5). So,
it appears to be unlikely that 60 cm upwards of the burner exit, the remaining naph-
thalene concentration decreases any further. To further investigate the fate of a range
of species in the reactor, the next section presents a mass balance of the ingoing and
outgoing flows.

5.4 Mass flow balance

The figures shown so far in this section are all based on mass fractions, or percentages
of initial mass fractions. To investigate the fate of the tarcomponent naphthalene a
mass balance has been made which shows the mass flows of all ingoing and outgoing
species. For verification, a simple calculation has been done which shows that the mass
flows (of fuel and oxidizer) which enter the burner are equal to the involved species
mass flows. The results can be seen in tables 5.2 and 5.3. For each species, present
in the initial fuel or oxidizer flow, the mass flow through the involved area has been
calculated. The data in the tables verifies that the involvedmass flows are correctly
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Figure 5.8: The exit of the reactor showing the mass fractions of methaneCH4 (left),
and water vaporH2O (right).

Figure 5.9: The exit of the reactor showing the mass fractions of carbon monoxideCO
(left), and carbon dioxideCO2 (right).

Figure 5.10: The exit of the reactor showing the mass fraction of acetyleneC2H2 (left),
and temperature [K] (right).
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Table 5.2: Mass flow balance fuel inlet reactor

Species Mass flow [kg s−1] Mass flow fuel inlet [kg s−1]
N2 4.984× 10−5

H2 1.107× 10−6

CH4 1.966× 10−6

C10H8 2.418× 10−10

Total 5.2913× 10−5 5.2908× 10−5

Table 5.3: Mass flow balance air inlet reactor

Species Mass flow [kg s−1] Mass flow air inlet [kg s−1]
N2 1.6736× 10−5

O2 5.0821× 10−6

Total 2.1818× 10−5 2.1819× 10−5

determined. The small deviation between the species mass flows and the total mass
flows can be attributed to interpolation errors which occur during table lookup.

Subsequently, a comparison has been made of all ingoing and outgoing flows. The
flows of all individual species have been examined, but only those with a considerable
contribution have been included in the overview which is presented in table 5.4. The
results show that quite a large portion of the fuel (hydrogenand methane) is consumed.
Based on an air factor ofλ = 0.20, less fuel has been expected to be consumed. Fur-
ther investigation showed that upon setting the fuel flow properties, the fuel massflow
has not been corrected for the difference in temperature (inrespect to the air flow).
Although the difference in temperature is small, this has led to an effectiveλ of 0.30.
This explains the fuel consumption which is seen in table 5.4. And it is not likely that
this deviation will change the overall observations and conclusions.

The inverse diffusion flames create regions with high temperature where pure fuel
passes through. As a result, small quantities ofCO, CH3, C2H2 andC2H4 are formed.
The results for the tar model component show that up to 95 % of the initial concentra-
tion remains unconverted. The products of polymerization only make up a very small
part of the total mass balance. In total 1.09× 10−11 kg s−1 naphthalene is converted,
and 21 % of that amount can be attributed to larger PAHs (when it is assumed that the
creation of larger PAHs can only be originated from the present naphthalene). Main
combustion products likeH2O andCO2 are also present at the exit of the reactor, as
could have been expected. Overall, the mass balance has beencompleted up to 99.4
% of the ingoing flows of fuel and oxidizer. The mass balance shows that the decrease
in naphthalene does not induce a similar increase in larger PAHs. So, the main part
of naphthalene is indeed cracked (= formation of smaller hydrocarbons likeC6H6 and
C2H2). This is in line with the experimental observations. On theother hand, 95%
of the initial concentration remains, in contradiction to the experimental results which
showed that 95% of naphthalene is cracked. Based on the applied value ofλ (air factor)
a decrease of the naphthalene concentration of at least 20-30 % has been expected. It
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Table 5.4: Mass flow balance reactor

Species In [kg s−1] Out [kg s−1] Difference [%]
N2 6.658× 10−5 6.685× 10−5 0
O2 5.082× 10−6 2.999× 10−8 -99
H2 1.107× 10−6 6.601× 10−7 -40
CH4 1.967× 10−6 1.368× 10−6 -30
C10H8 2.418× 10−10 2.309× 10−10 -4.5
CO - 4.314× 10−7 -
CO2 - 7.564× 10−7 -
H2O - 4.152× 10−6 -
CH3 - 1.827× 10−9 -
C2H2 - 3.634× 10−8 -
C2H4 - 1.091× 10−8 -
C6H6 - 1.082× 10−10 -
PAH > C10H8 - 2.2604× 10−12 -
Total 7.4736× 10−5 7.4261× 10−5 -0.6

is believed, that when the unconverted naphthalene remainsin a hot region (T ≈ 1000
K) without the presence of oxygen, it will likely grow further to larger PAHs (more
than the included 4-rings in the mechanism), which will subsequently lead to soot.

5.5 Summary

In this chapter all gained knowledge has been combined to model the three-dimensional
partial combustion reactor as it was designed by Houben. Theconditions of the most
successful experiment have been used to construct a manifold of laminar steady coun-
terflow diffusion flamelets. One-seventh of the reactor has been modeled including an
injection nozzle which induces swirl of the incoming air flowunder two angles of 45◦

(θ in zx-direction andφ in xy-direction). The results have demonstrated the capability
of FGM to model complex flow structures with the inclusion of detailed chemistry.
The results show that in the middle of the reactor the composition of the initial fuel
mixture (producer gas) is unaltered. This would suggest that the mixing in the reactor
can be improved. When the reactor is scaled up to a size which would be required
for an industrial gasifier the involved Reynolds numbers increase as well. This would
most probably lead to a turbulent flow which would enhance themixing in the reactor.
An analysis of the incoming and outgoing mass flows of the reactor has shown that
a large fraction of the initial concentration of naphthalene exits the reactor. Only a
small part of naphthalene is converted into combustion reaction products (main part)
and larger PAH species. Although no strong proof has been found that polymerization
is favored over cracking, the presented results indicate that partial combustion, in the
examined reactor design, is not able to convert tars into smaller hydrocarbons.
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An expert is one who
knows more and more
about less, until he knows
absolutely everything
about nothing.

Edward A. Murphy
(1918-1990)

6
General conclusions

This chapter concludes the thesis with a discussion of the main points, which have
emerged from this work. Former research has demonstrated the possibilities and diffi-
culties of tar conversion by partial combustion, leaving questions, such as the working
mechanism and role of radicals, unanswered. The current status of technology and the
promising advantages led to the inspiration to uncover moreof the fundamentals of tar
conversion in a partial combustion reactor.

By examining the process of partial combustion in a simplified modeling environment,
a good impression is given of the chemistry taking place without the influence of flow.
Two producer gas mixtures, which are very different when it comes to composition, tar
concentration, temperature, and calorific value have been examined in homogeneous
reactor calculations. The results show the same trends for both cases, when it comes to
naphthalene conversion and the formation of soot precursors. And although the three
assessed mechanisms employ different sub-mechanisms for PAH ring growth, no large
qualitative differences could be observed in the results. According to the experimental
data of Houben,λ = 0.20 creates the most suitable environment for tar conversion.
Experiments have demonstrated that only 7.5 wt% of the addednaphthalene was con-
verted to aromatic species which contain more than two rings(analysis was made of
one- to five-ring PAHs). For larger values ofλ the concentration of PAHs with more
than two rings increased. The fact that no PAHs with more thanfive rings could be
measured, does not exclude the possibility of soot formed atλ = 0.20. The reactor
simulations show that, for all values ofλ which were considered here, soot precursors
(C10H8+) are formed. A transition point, where soot precursors arenot formed atλ
= 0.20, or smaller values ofλ, could not be observed. At realistic values ofτ andλ
a significant amount of naphthalene remains unconverted. The results also show that
the process is strongly influenced by temperature. Based on the executed simulations,
it seems that polymerization does occur when partial combustion is applied to convert
the tar model component naphthalene, in contrast to the experimental results.

In a next step, spatial effects, like diffusive and convective transport, are included in the
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model. The applicability of FGM to well documented, multi-dimensional steady lam-
inar non-premixed flames has been investigated. When unity Lewis numbers are con-
sidered, a manifold which consists of counterflow diffusionflamelets is able to predict
temperature and species concentrations in very good agreement with the Full Chem-
istry solution. The results for non-unity Lewis numbers demonstrate that it is still diffi-
cult to capture differential diffusion effects to a satisfactory level using flamelet based
models. Using non-unity Lewis numbers in solving the one-dimensional flamelets
leads to a significant improvement of the results. Significant deviations are observed
near the axis because of enhanced radial diffusion effects due to the fact that the flame
is strongly curved. These effects are not accounted for in planar laminar flamelets,
which are used to span up the applied manifold. This is underlined by results of
one-dimensional flamelet calculations, which show the capability of FGM to repro-
duce chemical flame structures with the inclusion of preferential diffusion. The use
of curved flamelets might lead to further improvements of theresults of the multi-
dimensional calculations. It is also possible to include a model for the tangential diffu-
sion termsQi in the flamelet calculations. Solving the flamelet equationsfor different
amounts of tangential diffusion then results in an extra dimension to the manifold.
These two options may be investigated in further research. The results emphasize that
modeling multi-dimensional non-premixed laminar flames which include differential
diffusion with laminar flamelet models is still a challenging task.

Subsequently, the inclusion of PAH chemistry, which is needed to model the conver-
sion of tar in the partial combustion reactor, has been investigated. Several studies have
been executed to investigate if a FGM is able to model PAH chemistry in laminar dif-
fusion flames. First, several numerical studies have been executed in one-dimensional
laminar steady stagnation flames. A time scale study showed that there seems no need
to solve additional transport equations for PAH species. The application of flamelets,
with ∂a

∂t
6= 0, led to small deviations in PAH species mass fractions, especially for small

values of the strain ratea. A detailed analysis has shown that the relative errors found
in the species mass fractions could be directly attributed to the deviations found in the
development of the strain profileK(x) as a function of time. To further investigate
these found deviations, fora = 0.10 and 50 s−1, a comparison has been made between
the solutions of the applied manifolds. The FGM results are in good agreement with
the full chemistry solution. Steady flamelets, where∂a

∂t
= 0, are considered to be more

suitable to model the steady laminar diffusion flame in question. Nevertheless, the
errors that are introduced by constructing the manifold from flamelet solutions pro-
duced by varying the strain rate through time, are small. Thelargest errors are found
in PAH species, but since the concentrations of these species are small (Yi = 10−9 -
10−5), it is likely that part of these deviations can be attributed to interpolation errors.
A one-dimensional stagnation flame with preferential diffusion has been modeled us-
ing LeY = f(Z,Y). The results showed considerable improvements in comparison to
applyingLeY = 1. It can be concluded that, with the application of steady laminar
counterflow flamelets, and including the diffusive behaviorof Y by LeY = f(Z,Y),
FGM should be capable to accurately model laminar diffusionflames with the inclu-
sion of detailed PAH chemistry.

Since a complete two-dimensional numerical validation is not possible due to the lim-
itation of the amount of species involved in solving the fullset of transport equations,
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FGM results have been compared against experiments. To measure the qualitative
distribution of OH, and PAHs on a cross-section of the flame, Planar Laser Induced
Fluorescence (PLIF) has been applied. The experimental data from the PLIF mea-
surements has been compared to FGM. Preferential diffusionhas been included by
Lei = ci and usingLeY = f(Z,Y). The OH profiles have shown good agreement.
The PAH profiles showed agreement in the lower part of the flame. The location of
the maximum PAH concentration, on the centerline of the flame, did not agree, but
it has been demonstrated that with increasing height an increase in aromatic rings is
involved. This indicates that PAH species, which contain more aromatic rings than the
species accounted for in the applied reaction mechanisms, have been excited by the
laser sheet. A growth in PAH concentration, with increasingdopant concentration, has
been visible for both computational as well as experimentalresults. The results have
shown that the model is able to capture several flame characteristics which are typical
for PAH formation in multi-dimensional laminar non-premixed flames.

In the final chapter the gained knowledge has been combined tomodel the process of
partial combustion in a three-dimensional reactor, as it was designed by Houben [10].
The results show that, as was earlier implied by the homogeneous reactor calculations,
it is unlikely that naphthaleneC10H8 (tar modeling component) can be converted up to
95%. The numerical results showed a decrease in the concentration of naphthalene of
only 5%. It is likely that the remaining 95 % will subsequently lead to soot, although
no proof could be found that polymerization is indeed favored over cracking. So, based
on the observations in this thesis work, it appears that applying a partial combustion
reactor to convert tars in producer gas, is able to convert only a very small part of the
tars, and the remaining tar will most likely lead to soot formation.
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Nomenclature

Latin

Ar pre-exponential factor *
a applied strain rate s−1

C concentration -
cp specific heat J kg−1 K−1

Di,m diffusion coefficient x
Er activation energy J
Fi species flux kg s−1

h height m
h specific enthalpy J kg−1

~Ji diffusion flux J kg−1

k rate constant x
K stretch rate s−1

Lei Lewis number of speciesi -
Mi molar mass kg mol−1

m mass flow kg s−1

mfu mass flow of fuel kg s−1

mox mass flow of oxidizer kg s−1

Ns number of species -
NR number of reactions -
p0 atmospheric pressure Pa
Qi tangential diffusion kg m−1s−1

r radius m
R universal gas constant J mol−1 K−1

Re Reynolds number -
T temperature K
u velocity in x-direction m s−1

v velocity in v-direction m s−1

v velocity magnitude m s−1

Xi species mole fraction -
x space coordinate m
Y progress variable -
Yi speciesi mass fraction -
y space coordinate m
Z mixture fraction -
Zj element mass fraction -
Zt transported mixture fraction -
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* The units of the reaction rate variables depend on the reaction order. The unit of the
pre-exponential factor depends on the reaction constantβ as well.

Greek

α weight factor -
φ equivalence ratio -
φ thermochemical variable -
κ curvature m−1

λ air factor -
λ heat conductivity J m−1 s−1 K−1

µ dynamic viscosity kg m−1 s−1

ρ density kg m−3

τ residence time s
ωi net reaction rate mol cm−3 s−1

Subscripts and superscripts

f fuel
fu fuel
ox oxidizer
st stoichiometric

Abbreviations

CFD Computational Fluid Dynamic
CV Controlling Variable
FC Full Chemistry
FGM Flamelet Generated Manifold
GC Gas Chromatography
HV Heating Value
ICCD Intensified Charge-Coupled Device
IDF Inverse Diffusion Flame
ISAT In Situ Adaptive Tabulation
LII Laser Induced Incandescence
LIF Laser Induced Fluorescence
NDF Normal Diffusion Flame
PAH Polycyclic Aromatic Hyrocarbon
PLIF Planar Laser Induced Fluorescence
PSR Perfectly Stirred Reactor
QSSA Quasi Steady State Assumption
SNG Synthetic Natural Gas
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Appendix A - Data retrieval from a FGM

The data is retrieved from the table using bilinear interpolation. The parameterZ is
linearly spaced from 0 to 1. The same holds for the control variableY , which is scaled
between 0 and 1, with 0 being its minimal value for a certain value ofZ and 1 being its
maximum value. The database is hence spaced linearly in the direction of both control
variables. This results in easy and quick retrieval. For an arbitrary combination ofZt

andY the routine is visualized in figure 6.1.
First, the lower boundary value forZt is determined by

j = integral value of
Zt

(
1

nCV 1−1

) = int(Zt(nCV 1 − 1)) (6.1)

with nCV 1 being the number of increments in the direction ofCV 1 (which in this
case isZt). The weight factorsf10 andf11 are determined by

f10 =
Zt − j · dZt

dZt

(6.2)

f11 = 1 − f10 (6.3)

Since the progress variableY is stored as a scaled variable, the first lookup indexk1,
and its weight factorsf30 andf31 for Y are determined by:

dY =
Ymax(j) − Ymin(j)

nCV 2 − 1
(6.4)

k1 = int(Y − Ymin(dY)) (6.5)

f30 =
Y − k1 · dY + Ymin

dY
(6.6)

f31 = 1 − f30 (6.7)

In a similar manner the second lookup indexk2, and its weight factorsf32 andf33
can be determined. The variablesXi to XN are now calculated by

Xi = f10·f30·Xi(k1)+f10·f31·Xi(k1+1)+f11·f32·Xi(k2)+f11·f33·Xi(k2+1)
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Figure 6.1: Data retrieval from the manifold - control variables areZt andY
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Appendix B - Ring analysis

Table 6.1: Considered one-ring species (ABF) - dopant benzene

Species Molecular formula Name
C6H C6H Hexatriynyl
C6H2 C6H2 Triacetylene
C6H3 C6H3 Hexa-1,5-diyne-3-ene-3yl radical
l − C6H4 C6H4 Hexa-1,5-diyne-3-ene
c − C6H4 C6H4 Benzyne
n − C6H5 C6H5 Hexa13dien5ynyl
i − C6H5 C6H5

A−1
1 C6H5 Phenyl

Table 6.2: Considered one-ring species (Richter2) - dopanttoluene

Species Molecular formula Name
C6H C6H Hexatriynyl
C6H2 C6H2 Triacetylene
C6H3 C6H3 Hexa-1,5-diyne-3-ene-3yl radical
benzyne C6H4 Benzyne
C6H4 C6H4 Hexapentaene
C6H5 C6H5 Phenyl
C6H5(L) C6H5

C6H6 C6H6 Benzene
C6H6F C6H6 Fulvene
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Table 6.3: Considered two-ring species (ABF) - dopant benzene

Species Molecular formula Name
n − C6H7 C6H7 Hexatrienyl
i − C6H7 C6H7

c − C6H7 C6H7 2,4-Cyclohexadienyl
C6H8 C6H8 Cyclohexadiene
C6H5OH C6H6O Phenol
C5H5O C5H5O Cyclopentadienyloxy radical
C5H4OH C5H5O Cyclopentadienolyl radical
C5H4O C5H4O 2,4-Cyclopentadiene-1-one
n − A1C2H2 C8H7 2,-Ethenyl-phenyl
i − A1C2H2 C8H7 1,-Phenyl-ethenyl
A1C2H3 C8H8 Benzene-ethenyl
A1C2H3∗ C8H7 Phenylethenyl
A1C2H C8H6 Phenylethyne
A1C2H∗ C8H5 Phenylethynyl
A1C2H− C8H5 2,-Phenyl-ethynyl
A1C2H2 C10H6 Benz-12dietyn
A2 C10H8 Naphthalene
A2 − 1 C10H7 1-Naphthyl
A2 − 2 C10H7 2-Naphthyl
naphthyne C10H6 Naphthalene-12didehydro
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Table 6.4: Considered two-ring species (Richter2) - dopanttoluene

Species Molecular formula Name
C6H7 C6H7 Methylcyclopentadienyl
C6H813 C6H7 1,3-Cyclohexadiene
C6H814 C6H7 1,4-Cyclohexadiene
C5H5CH3 C6H8

C5H4O C5H4O 2,4-Cyclopentadiene-1-one radical
C5H5O C5H5O Cyclopentadienyloxy radical
C5H4OH C5H5O Cyclopentadienolyl radical
C6H5CH C6H7

C7H7 C7H7 Benzyl
C7H8 C7H8 Toluene
C6H5O C6H5O Phenoxyl
C6H4OH C6H5O
C6H5OH C6H6O Phenol
A1C2H ∗ 2 C8H5 2,-Phenyl-ethynyl
C8H6 C8H6

C6H5CHCH C8H7 2,-Phenyl-ethenyl
C8H7 ∗ 2 C8H7

C8H8 C8H8 Benzene-ethenyl
C6H5CO C7H5O Benzoyl
C8H10 C8H10 Naphthalene
C6H5CHO C7H6O Benzaldehyde
C6H3O2 C6H3O2

C6H5CH2OH C7H8O Benzol
C7H8O C7H8O
C6H5OCH3 C7H8O
OC6H4O2 C6H4O
PC6H4O2 C6H4O
indene* C9H7 Inden1yl
C6H5C3H2 C9H7 Propyn3yl-1ph
indene C9H7 Indene
C6H3O3 C6H3O3

A2T1 C10H6 Naphthalene-12didehydro
A2T2 C10H6 Naphthalene-23didehydro
C10H7 ∗ 1 C10H7 1,-Naphthyl
C10H7 ∗ 2 C10H7 2,-Naphthyl
C10H8 C10H8 Naphthalene
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Table 6.5: Considered three-ring species (ABF)

Species Molecular formula Name
A2C2HA C12H8 1,-Naphthalene-ethynyl
A2C2HB C12H8 2,-Naphthalene-ethynyl
A2C2HA∗ C12H7 Naphth2yl-1ethynyl
A2C2HB∗ C12H7 Naphth1yl-2ethynyl
A2C2H2 C12H9 Ethenyl-2naphthalen1yl
A2C2H2 C14H8 Naphthalene-12diethynyl
A3 − 1 C14H9 1,-Phenanthryl
A3 − 4 C14H9 4,-Phenanthryl
A3 C14H10 Phenanthrene
P2 C12H10 Biphenyl
P2− C12H9 2,-Phenyl-phenyl
P2 − H C12H11

A2R5 C12H8 Acenaphthalene
A2R5− C12H7 1,-Acenaphthylenyl
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Table 6.6: Considered three-ring species (Richter2)

Species Molecular formula Name
A2CH2 − 1 C11H9 1,-Naphthylmethyl
A2CH2 − 2 C11H9 2,-Naphthylmethyl
A2CH3 − 1 C11H10 1,-Naphthalene-methyl
A2CH3 − 2 C11H10 2,-Naphthalene-methyl
C10H7O − 1 C10H7O 1,-Naphthoxyl
C10H7O − 2 C10H7O 2,-Naphthoxyl
C10H7OH − 1 C10H7OH 1,-Naphthol
C10H7OH − 2 C10H7OH 2,-Naphthol
A2C2H − 1 ∗ 2 C12H7 1,-Ethynyl-2,-naphthalenyl
A2C2H − 2 ∗ 1 C12H7 2,-Ethynyl-1,-naphthalenyl
A2C2H − 2 ∗ 3 C12H7 2,-Ethynyl-3,-naphthalenyl
A2C2H − 1 C12H8 Naphthalene-1ethynyl
A2C2H − 2 C12H8 Naphthalene-2ethynyl
A2R5 C12H8 Acenaphthalene
biphen C12H8 Biphen
A2VINP C12H9

C12H9 C12H9

HA2R5 C12H9

biphenh C12H9 Biphenh
A2C2H3 C12H10 2,-Naphthalene-ethenyl
C12H10 C12H10 Biphenyl
A2R5H2 C12H10 Acenaphthene
A3 ∗ 1 C14H9 1-Phenanthryl
A3 ∗ 2 C14H9 2-Phenanthryl
A3 ∗ 4 C14H9 4-Phenanthryl
A3 ∗ 9 C14H9 9-Phenanthryl
A3L ∗ 1 C14H9 1,-Anthryl
A3L ∗ 2 C14H9 2,-Anthryl
A3L ∗ 9 C14H9 9,-Anthryl
A3 C14H10 Phenanthrene
A3L C14H10 Anthracene

Table 6.7: Considered four-ring species (ABF)

Species Molecular formula Name
A3C2H C16H10

A4 C16H10 Pyrene
A4− C16H9
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