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Summary

Development and application of a laminar coflow
burner for combustion studies at high pressure

The research presented in this thesis attempts to build a bridge between the most
simplified systems that have been studied in literature (laminar flame burners, in
which simple fuels such as methane, ethane or ethylene are burnt at atmospheric
pressure) and the much more complex and demanding environment that is found in
practical combustion engines. This is accomplished by designing and constructing a
high pressure vessel and laminar burner (HPVB) integrated with an evaporation sys-
tem. The capability of the HPVB setup of burning vaporized liquid fuels in laminar
diffusion and partially premixed flames brings the important opportunity to isolate
the impact of fuel chemistry on the combustion behavior of relevant fuels and bio-
fuels. This experimental setup is particularly designed to offer optical accessibility for
laser diagnostic techniques, allowing their assessment and development at elevated
pressures.

Background information on the type of high pressure burners mostly used for
combustion studies in laminar flames is reviewed in chapter 2, providing the basis for
the design of the HPVB setup. A detailed assessment of the design capabilities of the
HPVB setup and the flame stability issues encountered are also presented and dis-
cussed. The flames of gaseous fuels show very good stability at atmospheric pressure
with flame height standard deviation (o) over time of less than 1%. Flame stability
of vaporized liquid fuels at atmospheric pressure show strong dependence on fuel va-
por flow, air coflow rates and the heated ring temperature. Operational conditions
where flames show good stability are identified and presented as function of these
parameters. Blends of n-heptane with oxygenated fuels are unstable and the use of
cyclohexanone in the blend was found to damage the ball valves in the fuel line.

Chapter 2 also describes the challenges to stabilize high pressure flames and the
design modifications necessary to improve flame stability. The design modifications
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include an orifice, one-way-valve and a buffer placed in the fuel line, successfully damp-
ing the strong flame oscillations that lead to flame blow off. Overall flame stability
is improved by increasing the volume of the chimney. Water droplets are formed at
the tip of the aluminium fuel tube which causes methane-air diffusion flames become
asymmetric for pressures higher than 0.6 MPa. Changing the aluminium fuel tube to
a lower thermal conductivity material (stainless steel) keeps the fuel tip relatively hot-
ter, avoiding the water droplet formation. Methane-air partially premixed flames do
not show asymmetry and are stable up to 2.5 MPa. Long term stability of vaporized
liquid fuels flames (n-heptane) is observed for pressures lower than 0.3 MPa. How-
ever, flame instability dramatically increases for higher pressures with strong flame
flickering and oscillations.

The theory behind the laser diagnostic techniques applied in this work is re-
viewed in chapter 3. The LII (Laser-Induced Incandescence) and LOSA (Line-of-
Sight-Attenuation) techniques are chosen for soot volume fraction measurements.
The advantages and limitations of these techniques are identified considering their
application using the HPVB setup to study laminar flames at elevated pressures. In-
stantaneous 2D maps of soot volume fraction distribution can be obtained with the
LIT technique, while the LOSA technique requires laser scans over the flame width
and height. Therefore, the application of LII in this setup is recommended if mea-
surements in a large range of flame conditions (different flow rates, type of fuels,
etc.) and in low sooting flames are necessary. However, at high soot concentrations,
signal trapping significantly affects the LII signal. Conversely, the signal (attenu-
ation) to noise ratio of the LOSA technique only improves when measuring higher
soot concentrations, making it more suitable for high pressure measurements. The
LIF (Laser-Induced Fluorescence) technique is chosen for qualitative measurements
of OH radicals and polycyclic aromatic hydrocarbons (PAH’s), since these are species
playing an important role in soot formation and oxidation.

Chapters 4 to 6 present the measurements carried out to characterize a large
range of flames from gaseous and vaporized liquid fuels, using the mentioned laser
diagnostics techniques. In chapter 4, the LOSA technique is verified by comparison
with experimental data from literature, showing good correspondence both in peak
values and location of maxima in soot volume fractions. Measurements in methane-air
flames at elevated pressures indicate that the maximum soot volume fraction increases
as fu,... o< P*4 over the pressure range of 0.6 to 1.0 MPa.

In chapter 5, using a combination of LII and LIF, soot, PAH and OH measure-
ments are carried out to characterize two important surrogate fuels: n-heptane and
n-decane. The results provide experimental data for future validation of numerical
models in partially premixed flames of vaporized liquid fuels. The combined LIF and
LIT results, using both 266 nm and 1064 nm as excitation wavelengths, illustrate that:
(a) this combination can provide unambiguous spatial identification of PAH and soot
in laminar flames; (b) the maximum PAH LIF signal is a good predictor of f,, .. from
LII; (c) excitation at 266 nm with delayed detection results in a linear correlation with
soot volume fraction from LII using prompt detection and 1064 nm excitation; (d) the
influence of any additional photo-chemical processes using high laser power at 266 nm
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and the influence of particle size for the delayed gate time, appear not significant for
the flame conditions studied here; (e) the delayed and prompt measurements of LII
signals spatially match, suggesting good synchronization between the different optical
setups and a good flame repeatability of the HPVB setup.

Chapter 6 presents a combined experimental work (done by the author) and nu-
merical modeling work (done by others) aiming at the investigation of the capability of
the flamelet generated manifold (FGM) approach to numerically model multidimen-
sional, laminar, non-premixed flames with the inclusion of PAH chemistry. Qualitative
measurements of OH radical and PAH are carried out in a laminar CHy /Ns-air co-flow
flame doped with two dopants, benzene and toluene, each at three different concen-
trations. Results showed that the model is able to capture the major characteristics
of PAH formation.

In chapter 7, the heat flux method for laminar burning velocity measurements
is presented and a feasibility study is performed to extend the applicability of the
method to higher pressures. This is accomplished by integrating the heat flux burner
in the high pressure vessel of the HPVB setup. Measurements of burning velocities
are achieved at pressures up to 0.5 MPa in premixed methane-air flames. The results
show that improvements in the heat transfer from the burner plate to the burner head
is crucial to extend the method to higher pressures, as well as to avoid strong flame
instabilities in sub-adiabatic and close-to-adiabatic conditions. Chapter 8 summarizes
the conclusions and provides recommendations.

Overall, a new and innovative experimental setup has been added to enrich the
spectrum of experimental research on future fuels and engines, carried out at the
Combustion Technology group at Eindhoven University of Technology.



Summary




CHAPTER 1

Introduction

1.1 Motivation

The global demand of energy continues to increase, despite the recent crises in the
world economy and the uncertainties in the future perspective. An outlook by Exxon
(figure 1.1) predicts that the global energy demand will be almost 30% higher in 2040

than it was in 2010 [1].

Global energy demand by fuel type
Quadrillion BTUs
250

2040

From its peak in 2025, coal
will decline by more than
10 percent by 2040.

Latin America and

China are the biggest
users of hydro power,
which makes up over

80 percent of total
Hydro/Geo supplies.
Coal Nuclear Biomass/Other Wind/SbIar{ Hydro/Geo
Biofuels

Figure 1.1: Projected demand of energy for 2040 (taken from Ref. [1]). BTU = British
thermal unit (~ 1055 Joules).
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Combustion processes account for more than 90% of the energy conversion on
earth. The most predominant sectors where combustion systems play a key role are
transportation and electrical power supply. Fossil fuels are still carrying over 80% of
the energy involved in these combustion systems. The energy outlook report provided
by the International Energy Agency (IEA) foresees that the share of fossil fuels in the
global primary energy consumption tends to slightly decrease (except for natural gas,
which tends to increase) while renewable energy technologies will increase. However,
IEA also predicts that the age of fossil fuels is far from over with the demand for
all fuels rising until at least 2035 [2]. In the power sector, renewable energy will
grow faster relatively to other energy forms but it will still be a small contribution
in absolute terms of total energy supply. The transport sector will be responsible
for the net increase in oil demand, driven by the economic growth of the emerging
countries and their needs for personal mobility and transport of goods. While we have
more flexibility to use different fuels (including gases and solids) to make electricity,
this does not hold for transportation, since 98% of this sector runs on liquid fossil fuels.

In this scenario of growing energy demand, the emissions associated with fossil
fuel combustion and the depleting fossil reserves motivate intense research on alterna-
tive fuels and on clean and efficient combustion processes. “Clean” usually designates
low emissions of NOx, soot, unburnt hydrocarbons and carbon monoxide. “Efficient”
typically indicates low fuel consumption. Among the candidates for partial replace-
ment of fossil fuels are pure vegetable oils (for instance rapeseed oil), bio-diesel, GTL
(gas-to-liquid) and ethanol. The way towards a more efficient and clean combustion
process requires work on two fronts: (1) development of the combustion systems (for
instance the engine, furnace or gas turbine) and (2) “engineering” of the fuel. The
first resulted already in large improvements over the last decades, although there is
certainly room for more developments. The second front requires improved under-
standing of combustion processes on a molecular scale, allowing the “design” of a fuel
for best efficiency and lowest emissions. A combination of both strategies will lead to
even more effective improvements.

Independently of the strategy taken, detailed understanding of the combustion
process is necessary. In complex systems, such as a diesel engine, combustion occurs
in a turbulent, high pressure, high temperature and unsteady conditions. Besides
that, typical commercial fuels are blends of hundreds of components also containing
very complicated molecular structures. Therefore, studying combustion on a molecu-
lar level in such combustion systems is not easy. Time-resolved and spatially resolved
measurements of all relevant process parameters (temperature, velocity, fractions of
all major and minor species) are necessary for a detailed understanding of the combus-
tion behavior of fossil or alternative fuels. Such measurements seem simply impossible
in real combustion engines and other combustion systems. The same difficulties hold
for a complete numerical computation to understand and predict all relevant param-
eters, specially considering the number of chemical species and reaction mechanisms
involved. There is a clear need for simplified systems in which the basic processes can
be studied and the knowledge and tools acquired that can later be applied to practical
combustion systems.
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The most simplified combustion systems that have extensively been studied in lit-
erature include laminar flame burners, in which simple fuels such as methane, ethane
or ethylene are burnt at atmospheric pressure. Among the reasons that most of these
studies have been carried out with simple fuels at atmospheric pressure, are the ex-
perimental difficulties involved in vaporizing larger hydrocarbon fuels and achieving
stable combustion in a well controlled pressurized environment. The challenges in
experimental and computational analysis brought by the complex nature of practical
liquid fuels can be tackled using the surrogate approach. Surrogate fuels are simpler
representations of practical fuels that sufficiently represent their physical and chemical
properties. Such fuels have been studied in practical devices, such as engines; how-
ever, it is difficult to isolate fuel chemistry effects from changes in flame lift-off length,
temperature, pressure, and other variables, that may be caused by both physical and
chemical effects.

In this work, an attempt is made to build a bridge between the most simplified and
complex systems, by designing and constructing a high pressure vessel and laminar
burner (HPVB) integrated with an evaporation system. The capability of the HPVB
setup to burn vaporized liquid fuels in laminar diffusion and partially premixed flames
makes possible studies aiming to isolate the impact of fuel chemistry on the combus-
tion behavior of relevant fuels. This experimental setup was designed to offer ample
optical accessibility for laser diagnostic techniques, also allowing their assessment and
development at elevated pressures. In the next section, the HPVB setup is put into
the context of the stepped approach taken for combustion engines and fuels research
at Eindhoven University of Technology (TU/e).

1.2 The stepped approach in engine and fuels re-
search at TU/e

The stepped approach in combustion engines and fuels research at TU /e consist of a
systematic study of relevant combustion parameters throughout a well-balanced set
of test rigs. Figure 1.2 places the experimental setups in perspective, considering the
level of their practical relevance and experimental accessibility.

In the extremes, simple atmospheric burner systems offer great experimental ac-
cessibility while having low practical relevance compared to real engines. A consider-
able amount of research has been done in internal combustion engines, but most of
these studies are limited to a kind of “black box” approach, in which flows into and
out of the engine are analyzed. The optical engine setup is the first step to “open the
black box”. It offers optical accessibility to the engine through a transparent ring,
sometimes combined with a piston window in order to observe a plane near the cylin-
der head, where most of the combustion processes takes place. The Eindhoven High
Pressure Cell (EHPC) is a so-called “spray bomb”, forming another simplifying step
towards the understanding of diesel combustion. It is a constant volume chamber in
which a diesel spray can be observed through windows. This helps a lot in the appli-
cation of laser diagnostic tools, since the surrounding geometry of the spray does not
move. Both the optical engine and EHPC setups are quite complex and hardly suited
for fundamental combustion studies: unsteady and turbulent processes still take place
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\Atmospen'c burner

-y

HPVB
High pressure
vessel and burmer

EHPC spray bomb

Experimental accessibility

Real engine

A4

Practical relevance

Figure 1.2: Position of the HPVB setup in the "spectrum” of available test rigs at TU /e.

at high pressure, making these setups only slightly simpler than the real engine from
a combustion point of view.

The HPVB setup is an excellent candidate to bridge the gap between the simplest
burner studies and the combustion research in real engines and turbines. The main
reason is that the relevant complications can be introduced one-by-one like moving
from gaseous to liquid fuels or moving from atmospheric to high pressures. Turbulence
can also be introduced by manipulating the reactants’ flow velocities and/or via small
changes in the burner design.

1.3 Research goals

The main goal of this research is to develop a high pressure laminar co-flow burner,
both as a tool for combustion studies and as a test vehicle for application of optical
diagnostic techniques. Such experimental setup opens the opportunity for combus-
tion research in a quite broad range of topics. Therefore, the first investigations with
the HPVB have to be narrowed down and one relevant topic for combustion engine
emissions is initially chosen: soot formation. Laser diagnostics will be applied in
diffusion and partially premixed flames to measure soot volume fraction and other
species playing a role in soot formation. The laminar burning velocity (S7) is a key
parameter that governs many properties of a combustible mixture. A feasibility study
to measure Sy, at elevated pressures using the heat flux method will also be carried out.
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Summarizing, the goals of this research are:

1. Develop a high pressure co-flow burner and a modular/flexible high pressure
vessel to study the combustion behavior of both gaseous and vaporized liquid
fuels up to 3.0 MPa;

2. Apply laser diagnostics for soot studies;
3. Assess existing optical diagnostic methods for applicability at higher pressures;

4. Investigate the feasibility to study laminar burning velocities (flat flame burner)
at elevated pressures, using the high pressure vessel developed.

1.4 Thesis outline

Following the introduction chapter, chapter 2 starts with background information on
the type of burners mostly used for combustion studies in laminar flames. Focus is
on the advantages and disadvantages of using these burners for measurements in a
high pressure environment. Little research on flames from vaporized liquid fuels is
found due to experimental difficulties involved in producing a stable vapor of larger
hydrocarbon fuels. Nevertheless, some burners for vaporized liquid fuels, evaporation
concepts and pressure vessels are evaluated in the process of designing our High Pres-
sure Vessel and Burner (HPVB) setup. Subsequently, the design capabilities of the
HPVB setup are discussed and the flame stability issues encountered are assessed at
both atmospheric and elevated pressures. The main parameters observed to influence
flame stability are discussed and a range of operational conditions for stable flames
is defined and presented. The design modifications attempting to damp large flame
oscillations and improve overall flame stability are also discussed and presented in this
chapter.

Chapter 3 describes the theory behind the laser diagnostic techniques applied
for measurements of soot volume fraction and qualitative profiles of polycyclic aro-
matic hydrocarbons (PAHs) and hydroxyl radicals (OH) reported in later chapters.
In chapter 4, an optical setup is described for application of the line-of-sight atten-
uation (LOSA) technique for soot volume fraction measurements. The LOSA setup
is validated using data obtained at atmospheric pressure in ethylene-air flames from
literature and first measurements of a vaporized liquid fuel (n-heptane) are reported.
Measurements of soot volume fractions in methane-air flames at elevated pressures are
presented and the soot formation dependence on pressure is compared with literature
data.

In chapter 5, partially premixed flames of the surrogate fuels n-heptane and n-
decane are characterized in a range of equivalence ratios using a combination of Laser
Induced Fluorescence (LIF) and Incandescence (LII) techniques to measure qualita-
tive profiles of OH, PAH and soot, as well as soot volume fractions. In chapter 6,
a similar laser diagnostic approach is applied in laminar CHy/Ns-air co-flow flames
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doped with benzene and toluene to provide experimental data for assessing a numer-
ical model study (done by others).

The heat flux method for laminar burning velocity measurements was developed
in our group by De Goey and co-workers [3-5] and has been applied for pressures
between 0.02 and 0.3 MPa. A feasibility study to extend the applicability of this
method to higher pressures is investigated in chapter 7, accomplished by integrating
the heat flux burner in the high pressure vessel of the HPVB setup.

The thesis is finalized in chapter 8 with conclusions and recommendations.
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CHAPTER 2

Experimental setup

2.1 Literature review

2.1.1 Laminar flame burners

Most of the experimental work on the fundamental understanding of the combustion
behavior of gaseous and liquid fuels has been carried out in laminar flame burners.
The main reason is to avoid the complications introduced by turbulent fluctuations
that also require time resolved measurements for their characterization. Laminar
flames are considered as a starting point towards a more complex combustion envi-
ronment. They permit line-of-sight diagnostic methods to be used and offer higher
potential for application and development of advanced laser measurements techniques.

Laboratory flame configurations can be mainly classified as premixed and non-
premixed flames. The most common type of burners to realize these flames are:
flat flame burner, counter-flow burner and co-flow burner. Their working principle,
advantages and disadvantages in combustion studies are reviewed in the following
sections. Special attention is devoted to the applicability of these burners for elevated
pressures and liquid fuels.

Flat flame burner

The flat flame burner has been used to study stable one-dimensional premixed flames
over a large range of pressures. Fuel and oxidizer are mixed within the burner tube
or chamber and exit through a nozzle which is packed with a thermally conductive
material.

Flame chemistry has been characterized by measurement of OH, Hy, NO and tem-
perature using laser diagnostics such as Laser-Induced Fluorescence (LIF) and CARS
[1-3]. Soot properties have also been measured in flat flames by probe techniques.
However, the flame front shifts towards the burner nozzle when pressure is increased

7
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and, although Bohm and co-workers [4] have achieved 10 MPa, for pressures higher
than 1.5 MPa measurements can only be achieved in the over flame region (flue gases)
[5]. Besides that, the burner design for high pressure measurements is complex and
requires continuous maintenance.

Counter-flow burner

The counter-flow burner is another very common laboratory burner. Fuel and oxidizer
streams flow towards each other and flame front(s) may exist in the vicinity of the
stagnation plane between them.

This burner can produce both premixed and non-premixed flames. These can be
approximated as one-dimensional in the flame front region, which is an advantage for
numerical simulation with detailed chemistry. Counter-flow flames have been used
mainly for global flame parameter measurements, such as ignition, extinction and
sooting limits [6-8]. The flames are stabilized through flame stretch and consequently
they are inherently not as stable as those produced by the flat flame burner where
flames stabilize by heat transfer to the burner surface. Despite that, a high pressure
flame has been achieved by Sato [6] who studied the effect of pressure on flame ex-
tinction up to 3.0 MPa. Other difficulties with counter-flow burners are related to the
strong dependence of flame properties on the stretch rate which is difficult to maintain
constant when pressure is varied. Another problem is posed by measurements of the
spatial distribution of combustion products.

Coflow burner

The coflow burner consists of two concentric circular tubes where the fuel flow is
forced through the inner tube. The oxidizer flows through the space between the
inner and the outer tube (figure 2.1). When only fuel flows through the inner tube,
a non-premixed flame is formed and this is the type of flame that so far has been
studied mostly. Eventually, air can also be mixed in the fuel tube creating partially
premixed flames.

Temperature, species concentration and soot volume fraction have been measured
in this type of burner using both probe techniques and laser diagnostics. Extensive
work to characterize laminar non-premixed flames of gaseous fuels at atmospheric
pressure, both experimentally and numerically, has been done by Long and Smooke
[9-14]. In the probe techniques, an uncoated thermocouple is used for spatial mea-
surements of temperature and a technique called thermocouple particle densitometry
(TPD) is used to measure soot volume fractions. This technique is based on the error
in the temperature measurement due to soot deposition and has an uncertainty of
50%. They also applied Rayleigh spectroscopy to measure temperature and Laser In-
duced Incandescence (LII) to measure soot concentration calibrating with extinction
measurements. All flames have been studied at atmospheric pressure.

The work of Miller and Maahs [15] has been mostly referred to as one of the
first on laminar non-premixed flames at high pressures. They measured NOx and
temperatures up to 5.0 MPa in a coflow burner. Regarding the effect of pressure on
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T air
fuel

Figure 2.1: Coflow burner

soot formation in coflow burners, the work of Lee and Na [16] represents the first
report of spatially resolved soot concentration, having achieved moderated pressures
up to 0.4 MPa. Thomson and co-workers have greatly extended the pressure range
by a factor of 10 by measuring spatially resolved soot concentration in methane/air
flames at pressures up to 4.0 MPa. In his PhD thesis [17], Thomson points out
several advantages of using the coflow burner for studies of soot formation at elevated
pressures:

e Constant mass flow rate of fuel and air can be maintained while operating over
a range of pressures allowing easy comparison of measured flame properties;

e The flame originates at the rim of the burner and extends well above. Therefore,
it is possible to distinguish zones of soot nucleation and growth, even at high
pressure;

e The coflow burner has a simple design with a basic tube-in-tube configuration,
there is little maintenance required and there are few parameters to optimize
during implementation of the burner;

e Good stability has been demonstrated for pressures up 5.0 MPa;

e The burner offers optical accessibility for spatially resolved observation of pre-
and post-combustion characteristics.

McEnally et al. [18] also mention the advantage of coflow flames when applying
probe techniques. Fuel decomposition and aromatics formation occur throughout the
fuel-rich core of the flame, which has dimensions comparable to the flame height.
These dimensions greatly exceed the spatial resolution achievable with sample probes
allowing easy detection of differences between the spatial behavior of hydrocarbons.
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2.1.2 Burners for vaporized liquid fuels

The majority of the work on characterization of atmospheric flames burning vapor-
ized pure or multi-components fuels has been carried out in premixed flat-flame and
counter-flow burners [19-24]. Coflow flames were mainly used to investigate aro-
matic pathways and soot formation by doping gaseous fuels with small amounts of
the investigated liquid fuels. McEnally and co-workers have produced a large set of
measurements utilizing this approach (see [18, 25-27] and references therein) which
was first applied by Hamins and co-workers [28]. Only recently (2011), work has been
reported on a setup burning a laminar coflow n-heptane flame [29].

Flat flame and counter-flow burners

Zervas investigated the formation of organic acids from propane, isooctane and toluene-
isooctane flames [19] as well as the formation of oxygenated compounds in isooctane
flames [20] by probe techniques. In both works, lean and rich premixed flames were
stabilized on a flat flame burner. The liquid fuels were first evaporated in a long inox
tube at 120 °C, and then mixed with air. The stability of the vapor flow was assessed
by measuring the flame temperature which varied less than 2 °C, indicating a constant
fuel/air ratio, so a constant evaporation rate. The fuel flow rate was controlled by a
peristaltic pump.

Inal and Senkan also used the flat flame burner to characterize the structure of
laminar n-heptane/oxygen/argon flames at atmospheric-pressure [21]. Two fuel rich
conditions were investigated and benzene, large PAH’s and soot were measured by
both probe techniques and light scattering/extinction measurements. They also used
a fuel rich n-heptane flame, applying the same burner and measurement techniques,
to evaluate the effect of oxygenated additives (methanol, ethanol and MTBE) on the
formation of polycyclic aromatic hydrocarbons (PAHs) and soot [22]. They found
that all oxygenated additives reduced PAH and soot concentration. A high precision
syringe pump was used to introduce the fuel and oxygenate into preheated mixtures
of argon-oxygen stream at 150 °C. No more details about the evaporation concept or
issues with flame stability were reported.

Berta and co-workers investigated the structure of non-premixed and partially
premixed n-heptane flames both experimentally and numerically [23, 24] using the
counter-flow burner. Flames were established by varying strain rates, equivalence
ratios and nitrogen dilutions. They measured temperature with thermocouples. With
probe techniques (microprobe and gas chromatography), they measured major species
(Og, Ny, COq, H50, etc), intermediate species (CO, Hy, CHy, CoHy, etc) and higher
hydrocarbon species (C4Hg, C4Hg, C4Hy, C4Hs, CsHyg and CgHyz). Their evaporation
concept consisted of an electrically heated stainless steel chamber used as pre-vaporizer
and n-heptane was led to this chamber by a liquid pump which maintained the desired
mass flow rate. The chamber was filled with glass beads to increase its residence time
and consequently enhance the heat transfer to the liquid fuel. Pre-heated air was
mixed with the pure n-heptane flow to create rich premixed flames.
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Coflow burner

According to McEnally and co-workers [18], who extensively applied the doped flame
approach in coflow flames, the advantage of this methodology is that the dopant con-
centrations are chosen to be so small that the dopants do not affect the overall flame
structure (size and shape, temperature distributions, residence times, etc.). There-
fore, the effects on aromatic products (which are soot precursors) can be attributed
directly to the chemical reactions of the dopant and its decomposition products. Soot-
ing tendency of hundreds of hydrocarbon compounds have been reported [25, 27| as
well as the identification of several aromatic formation pathways [18, 26]. They also
claim that since simulations for large hydrocarbons are impossible, the doped flame
approach is the only way to identify aromatic pathways. Besides that, it provides
better experimental data to test detailed mechanisms because many uncertainties in
measurements and the simulation can be factored out since the comparison of absolute
concentrations in one flame is shifted to relative concentrations in a series of flames.

Although the doped gaseous fuel flame approach in coflow burners has been
demonstrated to be successful in soot formation studies, it seems to be unsuitable
for studies which investigate the impact of oxygenated fuels in reducing soot forma-
tion. An example is the work of McEnally [30] where a non-premixed ethylene flame
was doped with DME and ethanol and both oxygenates showed an increase in soot
concentration. They measured gas temperature with thermocouples, soot volume
fraction with laser-induced incandescence, and species concentrations with a gas sam-
ple probe coupled to on-line mass spectrometry. The explanation given is that DME
and ethanol decompose to methyl radical, which promotes the formation of propargyl
radical (C3Hs) and consequently the formation of benzene (soot precursor). Ethylene,
however, does not decompose to methyl and its flames are particularly sensitive to
this mechanism. Large alkanes that are part of most practical fuels, do decompose to
methyl radical, and therefore, are not as sensitive to this mechanism as ethylene.

Wu and co-workers [31] also added ethanol to an ethylene flame and obtained the
opposite result of McEnally. They observed that the addition of ethanol to ethylene
decreased the soot concentration, as normally expected. They used, though, a differ-
ent type of flames and methodology. McEnally used doped non-premixed flames in
a coflow burner and Wu used partially premixed flames (¢ =2.43 and 2.64) in a flat
flame burner. Inal and co-workers [22] also used a flat flame burner to study the effect
of ethanol on soot formation but used a different base fuel, a liquid fuel (heptane). As
Wu, Inal reported a decrease in soot concentration. Wu and Inal obtained the same
trend (soot concentration reduction) with the same type of flame (partially premixed)
and burner (premixed flat burner) even using completely different base fuel (ethylene
and heptane). The difference in trends between McEnally and Wu/Inal can be due
to different reaction mechanisms present in the premixed and non-premixed flames.
However, McEnally et al. did not perform measurements in partially premixed flames,
nor did they use liquid fuels.

An ideal experimental setup seems to be one that can burn gaseous and vapor-
ized liquid fuels in premixed and non-premixed configuration using the coflow burner
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concept due to its mentioned advantages for high pressure measurements. It would
be even more advantageous, if this setup would incorporate the fuel-doped approach
by allowing these coflow gaseous and vaporized liquid flames to be doped with small
amounts of liquid compounds. This is the kind of setup that has been the focus in this
thesis. The most challenges are expected to be in the stabilization of these laminar
coflow flames when burning vaporized liquid fuels, especially at elevated pressures.
The liquid fuel evaporation concept is critical to achieve such laminar stable flames.
Besides the ones utilized in some flat and counter-flow burners reviewed in this section,
more detailed literature research is done in the next section.

2.1.3 Evaporation concepts
Bubbler systems

In many evaporation systems used in existing experimental or commercial installa-
tions, an inert gas is used as a carrier gas to transport the liquid fuel. To evaporate
small amounts of liquid, bubbler systems are regularly used [32-34]. These systems
run the carrier gas through a heated reservoir filled with a liquid which has to be
evaporated. The liquid tends to evaporate as soon as it contacts the gas. The bubbles
formed in the tank contain a mixture of the carrier gas and evaporated liquid. This
evaporation method is hard to apply to the vaporization of multi-component liquids.
Due to the range of boiling points of the components in such a liquid, the components
with the lowest boiling points will start to vaporize first and leave the components
with the high boiling points in liquid phase. The risk of having such a distillation
process while running an experiment is critical and therefore this concept is discarded.

Hot plate evaporator

A concept which is fairly similar to the bubbler system is a hot plate evaporator. The
main difference is the method of liquid supply. While the bubbler system has a heated
reservoir, the hot plate or spray evaporator has an external reservoir and the liquid
is inserted in the module through a hypodermic (hollow) needle. The spray from the
needle hits a heated plate inside the evaporator which will vaporize the liquid. Similar
to the bubbler system, a carrier gas will transport the vapor out of the evaporator.
To avoid cooling the evaporated fluid, the carrier gas is preheated. An example of a
hot plate evaporator is the module of Vranos [35, 36], see Figure 2.2, which is used to
investigate the decomposition of vaporizing hydrocarbons with a high boiling point.
The evaporator was entirely made out of copper, except for the fuel supply tube, and
the internal surfaces nickel plated. The latter was done to avoid deposits of solid
residues on the heated plate as much as possible. Unfortunately, deposits were ob-
served during the course of testing [36]. This might be a drawback of using such an
evaporator to produce a steady vapor flow. On the other hand, the investigations of
Vranos conclude that the fraction of decomposed fuel is small if the temperature of
the carrier gas is sufficiently high [36], which means that a representative fuel vapor
can be created.

Another example of a hot plate evaporator is the module of Stobakk [37], see Figure
2.3, which is conceptually similar to the one of Vranos. The fuel is injected by a
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Figure 2.2: Two sectional views of the hot plate evaporator of Vranos [35, 36].

needle into a box which is heated from beneath by a heated plate and all the way
around by heating tape. A pre-heated carrier gas is used to pressurize the fuel line
via a by-pass and simultaneously transporting the vaporized fuel to the exit of the
evaporator. In the investigations of Stobakk, a counterflow burner is connected to the
evaporator and is used for flame extinction measurements. In their measurements,
they used heptane, two component fuels and diesel fuel. The latter fuel gave prob-
lems due to high temperatures required in the evaporator, because some materials of
the evaporator could not resist such temperatures. On the other hand, contrary to
the findings of Vranos, they claim that all the components of the fuel are uniformly
evaporated and no heavy components are left in the evaporator as deposits.

p—— < |_iqUid

Vapor <

Heat

Figure 2.3: The hot plate evaporator design of Preben Stobakk [37].
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Controlled evaporator mixer

A different concept to vaporize liquid in a carrier gas stream is obtained by a mixture
vaporizer. In this concept, the liquid and carrier gas are mixed before both the fluids
are heated. This mixing process can be controlled precisely, resulting in an accurate
mixture composition, which consists of liquid droplets mixed in the carrier gas. After
the mixing process, the mixture is externally heated, which vaporizes the droplets. An
example of a mixture vaporizer is the controlled evaporator mixer, or short CEM, of
the company Bronkhorst High-Tech, which is also a supplier of mass flow controllers.
The CEM module, see Figure 2.4, can be divided into a mixing part, on the top side,
and a heating part, at the bottom side of the module.

Control
valve

-+—— Gas 1 ~
J L—ﬂ:h‘ %" nut

Linear spring
— Plunger

Orifice

Orifice seal

Heating
spiral

«——— Vapor

Figure 2.4: A schematic lay out of a Controlled Evaporator Mixer.

The mixing part mainly consists of a control valve and a liquid and gas connection.
The control valve is able to restrict and control the liquid flow. The restriction is
achieved by a small orifice, with a diameter of about 100 gm, which can be closed by
a plunger. The plunger is spring loaded and naturally closed. An electric magnetic
force is able to open the plunger, which causes the liquid to flow through the orifice.
The mass flow of the liquid is measured upstream and by adjusting the magnetic
force of the valve, the flow can be controlled. When the liquid is able to pass the
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orifice, it will be cut off in small droplets by the carrier gas flow, which is entrained
just underneath the orifice. This process creates a mixture of droplets and carrier
gas. If the carrier gas mass flow is also measured and controlled, a very accurate
mixture can be created. After the mixing process the mixture is forced to flow to the
heating part of the module. The heating part consists of a spiral which is casted in a
solid metal block and is externally heated. The mixture of liquid droplets and carrier
gas flows through the spiral and heats up. If the temperature of the heated block is
sufficient, the droplets in the mixture will vaporize. This process results in a stable
and accurately controllable vapor flow. The main drawback related to the liquids
considered for the experiments regarding automotive fuels, is the limited temperature
of the CEM module. Due to prevention of melting the metal block, the temperature
of the module is restricted to a maximum of 483 K, while the boiling point of diesel,
for instance, range from 453 to 633 K. This module will be used in this thesis for the
reasons discussed in section 2.3.

2.2 Design of the High Pressure Vessel and Burner
setup (HPVB)

2.2.1 Vessel design

During the design of the high pressure vessel mainly three options were considered.
The first design (Figure 2.5(a)) is the work of Miller and Maahs [15]. which is pi-
oneer and one of the most refereed regarding laminar flames studies in pressurized
environment.

The second design (Figure 2.5(b)) to be considered was the work of Thomson and
co-workers [17, 38]. They based their burner design largely on the Miller and Maahs
design. However there are significant differences in the pressure vessel design. Their
high pressure vessel weighs 700 Kg with an internal diameter and height of 240 x
600 mm and can withstand pressures up to 10 MPa. The last design to be analyzed
was the cubic shaped vessel design of the Eindhoven University of Technology (TU/e).

Since laser diagnostic techniques will be applied in this experimental setup, the
vessel has to be optically accessible and proper windows are required to obtain this
access. In the cylindrical vessel design, the windows need to be external, because there
is not enough material structure in the wall of the main cylinder to attach the win-
dows. Therefore, the cylindrical design contains welded support structures which are
designed to support the windows. If the required windows become sufficiently large,
the diameter of the main cylinder may become very large compared to the diameter
of the burner. This is the case in the design of Thomson and co-workers [17, 38] where
the internal diameter of the vessel (240 mm) is almost 10 times the diameter of the
burner (25.4 mm) becoming a very large and heavy vessel. They have opted to put
the whole burner assembly inside the vessel which is mounted on an external 3-axis
translation system.

In contrast to the cylindrical vessel, the cubic shaped vessel design (Figure 2.5(c),)
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does not require external windows. This design is focused on integrating the windows
into the walls of the vessel. While the external shape is cubical, the internal structure
is made out of three drilled cylinders through the three axes of the cube, which meet
and merge in the center of this cube. The result is a robust and flexible high pressure
design, with the possibility to have six access points from different directions. It
also offers the opportunity to create additional holes to insert other measurement
equipment, for example thermocouples for temperature measurements. The internal
volume of the cylindrically shaped vessels of Miller and Maahs and Thomson are both
approximately 27 dm? while the internal volume of the cubic shaped vessel is 1.6 dm?,
which is significantly smaller.

The flexibility of the cubic vessel, compact design and the in-house experience in
other high pressure experiments, made this design more favorable than the cylindrical
ones. Therefore, it was decided to use the cubic vessel design and adapt it for a high
pressure burner.

2.2.2 Burner

The coflow burner developed by Long and Smooke has been used in extensive exper-
imental and numerical studies of laminar flames [9-14]. It was made commercially
available, giving other parties the opportunity to compare results obtained from ex-
periments performed using the same burner. The dimensions of our burner is primary
based on the burner by Long and Smooke. However, design information from other
high pressure burner designs [15, 17, 38] were also considered.

The inner and outer diameter of the fuel tube are 4 mm and 6 mm, respectively.
The inner diameter of the concentric tube, where the oxidizer stream flows, is equal
to 50 mm and the height of the burner, from the bottom to the top of the coflow
compartment is 100 mm. The (interchangeable) fuel nozzle is tapered both inside
and outside to reduce the formation of turbulent eddies in the air and fuel flow. Sin-
tered metal porous disks are used in the fuel and oxidizer line as also done by Miller
and Maahs [15]. Other flow straighteners as aluminium beads (3 mm diameter) and
perforated plates are placed in the air stream. A schematic drawing of the burner is
shown in Figure 2.6.

The fit of the burner inside the pressure vessel is done by clamping the burner in
one of the holes of the cubic shaped pressure vessel. In this case, the burner is partly
placed inside the vessel, while the major part is left outside the vessel. This is done to
efficiently use the space inside the pressure vessel and create a good alignment with
the optical ports. Consequently, the pressure difference between the inside and the
outside of the burner is increased significantly compared to the atmospheric burners,
which implies the outer walls of the burner require sufficient strength to withstand the
pressure difference. The drawing of the burner with detailed dimensions and material
specifications can be found in the appendix. Figure 2.7 shows the setup assembly.

Liquid fuels have to be vaporized, and to avoid the cooling and consequent con-
densation of this vapor, the burner needs to be heated. This heat is supplied by a
heated ring (supplying maximally 110 W of heat) which is mounted around the burner
and is capable to keep the temperature of the burner at a constant temperature using
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a temperature controller. To enhance this control and to avoid unnecessary heat loss,
the heated burner is isolated from the pressure vessel by a heat insulating ring made
out of PTFE (Teflon). The burner is made of aluminum in order to transport heat
more efficiently from the heated ring into the co-flow.
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2.3 Liquid fuels vaporization

Some criteria were set up in order to decide for a fuel evaporation concept. The first
criterion was the capability to vaporize the fuels with a high boiling point, requiring
high temperatures for evaporation, which might give problems to the materials inside
the devices. The second criterion was the guarantee of a fair vapor quality and purity,
which creates a representative vapor flow for the experiments. A representative vapor
flow implies that the chemical structure of the vapor is equivalent to the structure in
the liquid phase. Deposition of heavy components of the fuel on parts of the device,
creating solid residues, or decomposition of the fuel due to high temperature cracking,
might destroy the chemical structure, which has to be prevented. The third criterion
was the possibility to control accurately the mass flow which can be easily repro-
duced. The fourth criterion refers to the possibility to use the device in a pressurized
environment, required for the experiments. The devices have to withstand elevated
pressures and operating the burner in this environments might be of great value. The
last condition is not the least important one: the availability of the devices. Can the
components of the device be delivered from shelf or does it have to be designed and
constructed?

The evaporation concept chosen is the Controlled Evaporator Mixer (CEM). It
can deliver reproducible and accurate stable vapor flow, there is experience in its use
at high pressure environments and good availability. The main drawback of the CEM
is that the module has a limited maximum temperature of 473 K, which is too low to
evaporate the components in the automotive fuels with a high boiling point, such as
hexadecane (Ci6Hgz4), which has a boiling point of 560 K. This issue is solved keeping
the partial pressure of the liquid fuel below its saturation vapor pressure by increasing
the carrier gas flow. If the mixture of liquid and carrier gas is sufficiently heated, the
liquid will be entirely vaporized. To determine the partial pressure, the maximum
vapor pressure of the liquid at the adjusted temperature of the evaporator is required.
Figure 2.8 shows a vapor pressure chart of a range of hydrocarbon fuels. In every
point above the line of a fuel, the fuel is in a liquid phase and in every point below
the line it is in a gas phase. From this chart the partial pressure of a fuel p; can be
determined at a given temperature. Together with the total pressure of the fuel and
carrier gas mixture, the fuel mole fraction can be determined by:

X; =", (2.1)

Y4

where p; is the total pressure of the mixture. For example, if hexadecane (CisHsy)
as fuel is considered and the maximum evaporator temperature is limited to 473 K,
the vapor pressure of the fuel is maximum 0.075 bar, according to Figure 2.8. This
means that, if the system is operated at atmospheric pressure (1 bar), the maximum
fuel mole fraction Xy we can realize is 0.075, since Xy, = py/pi. The mole fraction
of the carrier gas is determined by: X, = 1 — X;. Now that the mole fractions
are determined and the mass flow of the evaporated fuel and carrier gas mixture is
known, the maximum fuel mass flow can be calculated using:
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Figure 2.8: Vapor pressure chart of a range of hydrocarbons [39].

M

O = 0X; . (2.2)

where ¢ and ¢, are the mass flow of respectively the fuel and the total mixture, My
is the molar mass of the fuel and M is the mean molar mass of the fuel and carrier
gas mixture, given by M = X fMp+ (1 — Xy)M,yqs. During the experiments, carrier
gas flow and the system temperature are always higher than the minimum required
to avoid condensation.

2.4 System layout and operation

The HPVB is able to combust gaseous fuels and vaporized liquid fuels. In figure 2.9
the schematic system layout for gaseous fuels is shown. This layout is rather straight-
forward. The gas enters the burner in the middle and the air enters the burner from
the side. If desired the gas can be diluted with nitrogen, to decrease the mass fraction
of combustible gas entering the burner for a certain gas velocity. All gases are metered
with calibrated mass flow controllers (Bronkhorst, EL-FLOW type).

The pressure in the vessel is regulated by the pressure controller which is placed in
the exhaust tubing of the setup. Safety measure in case of vessel over pressurization
is taken by installing one burst disk and one pressure relief valve via the available
corner holes.

The layout for vaporized liquid fuels is more complex (see figure 2.10). The liquid
in the fuel accumulator is pressurized with nitrogen, in the accumulator a membrane
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divides the liquid and the nitrogen. The flow of pressurized liquid is measured by the
liquid flow meter (Bronkhorst, mini CORI-FLOW®)) and the amount of liquid enter-
ing the burner is controlled by the controlled evaporator mixer (CEM). The nitrogen
that goes through the CEM is controlled by the mass flow controller (MFC) nitrogen.
The vaporized liquid fuels can be delivered at a temperature up to 200 °C. Because of
risk for condensation these fuels may not cool down during the path to and through
the burner. To prevent cooling and possible condensation of the vaporized liquid flow,
the vapor hosing and total burner must be kept at 200°C. To accomplish this the
vaporized liquid is led to the burner through a heated hose of which the temperature
can be set between 20 °C and 200 °C. Furthermore a heated ring is placed around the
burner. Subsequently this will warm up the co-flow.

The flue gas from the chimney of the pressure vessel can have a temperature above
200°C. The pressure regulator of the vessel can resist a maximum gas temperature
of 70°C. This means that the flue gas has to be cooled before it goes through the
pressure regulator. The pressure regulator of the pressure vessel is coupled to the
pressure regulator of the liquid fuel accumulator, in order to keep the pressure in the
accumulator on a higher level than the pressure in the vessel.

2.5 Flame stability

The laminar coflow flames realized by the experimental setup are required to be stable
for a period long enough to apply the measurement techniques proposed. This chal-
lenge is greatly increased when working at elevated pressures. For example, several
problems are faced by Thomson and co-workers [17, 38] to stabilize a methane-air
diffusion flame. They are our main reference regarding high pressure laminar coflow
flames since they have reached stable flames in a larger range of pressures than others.

Intermittent and unpredictable flame stability and repeatability were observed
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Figure 2.10: System layout for vaporized liquid fuels

under pressurized conditions [17]. They carried out air co-flow visualization using an
argon-ion laser as a light source and smoke from incense (aromatic biological derived
material which releases smoke when burned) to investigate the causes of instability.
Large scale recirculation was occurring inside the chamber and flow patterns in the
coflow-air were substantially different at elevated pressures compared to those ob-
served at atmospheric pressure conditions for the same mass flow rate. At elevated
pressure, the outer momentum driven air jet observed at atmospheric pressure is re-
placed by a slowly moving coflow which interacts strongly with the ambient fluid,
exhibiting time dependent boundaries and vortical structures.

Flame stability was improved by increasing the coflow flow rate and the pressure
limit for a stable flame was about 2.0 MPa for their vessel/burner combination. Fur-
ther analysis showed that large flame instabilities were linked to periods over which
recirculating water droplets interacted with the flame. In order to push this stability
limit further, an inner chimney was placed around the flame as also done by Miller
and Maahs [15]. The presence of the chimney walls limited recirculation of the com-

bustion products and flames stable over longer than 30 seconds were achieved up to
9.0 MPa.

Fuel flow rate also plays a role in flame stability. Of the two main fuel flow rates
studied by Thomson, the lower flow rate produced flames with better overall charac-
teristics at high pressures. At pressures above 4.0 MPa, Thomson also observed other
anomalies in the flame such as asymmetric or split flame shapes which were related
to the formation of carbonaceous solids on the burner fuel nozzle rim. It is important
to point out that the flow patterns influencing the flame stability will also depend on
the vessel /burner configuration. Therefore, different stabilization problems and flame
anomalies are also expected in our experimental setup.
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The type of fuel burnt is another factor to be considered in flame stability. Gohari
and co-workers [40] studied the effect of fuel variability on flame stability at elevated
pressures. The dynamics of methane, ethylene and propane laminar diffusion flames
were investigated at pressures up to 1.6 MPa by high speed imaging. The results show
that the flame dynamics depend on the fuel used. In laminar diffusion flames, the
flickering is known to be caused by the interaction of the flame and the vortices both
inside and surrounding the flame jet. Gohari observed different vortex-flame interac-
tions depending on the fuel type. The region (flow regime) of stable combustion was
markedly reduced as pressure was increased and there is a linear dependence between
the dominant flickering frequency of the flame and pressure.

Since our experimental setup is designed to also investigate the combustion behav-
ior of liquid fuels, we expected to face much greater challenges due to a larger range of
parameters that can influence flame stability. Indeed, elevated pressure measurements
and the stabilization of vaporized liquid flames turned out to be very challenging. The
following description of flame characteristics is not chronological and seeks to high-
light the relevant observations and design modifications carried out to achieve and/or
improve flame stability.

2.5.1 Gaseous fuels

This section describes the stability and general characteristics observed when gaseous
fuels are burnt in the HPVB setup. First, flame height variation of diffusion flames
of methane and ethylene is evaluated at atmospheric pressure. Methane flames are
further characterized at elevated pressures in both diffusion and partially premixed
modes.

Atmospheric pressure

The first flame stability tests were performed in atmospheric flames using as gaseous
fuels methane and ethylene. The flame stability was evaluated on the basis of flame
height variations. An ICCD camera was triggered at 1 Hz and used to record flame
images during one minute. A paper grid was used to convert pixels to millimeters
and the images were processed in a Matlab algorithm to obtain the flame height at
several flow conditions. Table 2.1 shows the results for methane. The flows applied
are shown on both volumetric (liters per minute, defined at 273.15 K and 101.325
kPa) and mass (grams per hour or grams per second) basis.

For ethylene flames, four different flames were reproduced from the work of
Smooke et.al. [14] whose burner we based our design on. These flames were se-
lected to validate our soot volume fraction measurements with the LOSA technique
in Chapter 4. The fuel was a mixture of varying ratios of ethylene and nitrogen with
an average cold-flow velocity of 35 cm/s. The results are shown in table 2.2 with the
flames designated by the same ethylene/nitrogen flow ratio as in the paper of Smooke
[14] to facilitate the comparison.
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Table 2.1: Flame height variation in atmospheric methane-air diffusion flames

Fuel flow [L/min] - [g/h] | Flame height [mm] | o [mm] | o%

0.06 - 2.583 9.910 0.048 | 0.49
0.08 - 3.444 14.469 0.043 | 0.30
0.09 - 3.874 16.724 0.029 | 0.17
0.10 - 4.305 19.062 0.033 | 0.17
0.11 - 4.735 20.848 0.257 | 1.23
0.12 - 5.166 22.726 0.379 | 1.67
0.13 - 5.596 24.614 0.279 | 1.13

Both methane and ethylene flames have shown very good stability with flame
height standard deviation (o) of less than 1% in most of the conditions investigated.
This is a similar level of flame stability obtained by Thomson [17] and considered
acceptable to apply the LOSA technique for soot measurements.

Table 2.2: Flame height variation in atmospheric ethylene-air diffusion flames

Flame (CoHy/No%) | Flame height mm] | o | 0%

32/68% 25.6 0.042 | 0.16
40/60% 31.4 0.071 ] 0.23
60/40% 50.6 0.063 | 0.12
80/20% 72.4 0.370 | 0.51

Elevated pressures - methane

Figure 2.11 shows a methane-air diffusion flame with fuel flow of 0.05 L/min (0.6
g/s) and coflow air of 20 L/min (0.43 g/s). At atmospheric pressure, the flame is
completely blue with a bulbous appearance. When pressure is increased, the flame
shape changes dramatically. Soot emission is visible already at 0.15 MPa in a small
yellow tip and the soot region increases towards the base of the flame with increasing
pressure. The diameter of the flame at its base is slightly larger than the burner
diameter at atmospheric pressure and becomes narrow as pressure increases. When
fuel flow is increased, the flame tends to be less stable and water condensation on the
view ports also increases. Higher air coflow rate helps both to minimize the water
condensation as well as to improve overal flame stability. These observations are in
line with the work on diffusion methane-air flames of Miller and Maahs [15], Thomson
[17] and Gohari [40].

The flame height increases up to 0.6 MPa which was the limit of stable flames.
For higher pressures, anomalies start to occur when the flame starts to become asym-
metric (see figure 2.12). This behavior could not be linked to carbonaceous deposits
as observed by Thomson [17]. Instead, a water droplet is observed on the fuel tube tip
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) 0.10 MPa (b) 0.15 MPa (c) 0.20 MPa (d) 0.25 MPa (e) 0.35 MPa (f) 0.45 MPa (g) 0.60 MPa

Figure 2.11: Direct photographs of diffusion methane-air flames at elevated pressures.

surface when the asymmetric flame shape is formed (see figure 2.13). A water droplet
is also observed on the fuel tube tip when partially premixed flames are created for
pressures higher than 0.8 MPa. However, in the case of partially premixed flames, no
flame asymmetry is observed and the flames are stable up to 2.50 MPa.

(a) (b)

Figure 2.12: Flame asymmetry in diffusion methane-air flames at elevated pressures. a)
Methane 0.10 L/min, coflow-air 10 L/min, 0.74 MPa. b) Methane 0.10 L/min, coflow-air
20 L/min, 1.04 MPa. ¢) Methane 0.05 L /min, air 20 L/min, 1.04 MPa.

(a) (b) (©)

Figure 2.13: Water droplets on the fuel tube tip surface. a) Diffusion flame, b) Fuel tip,
c) Partially premixed flame.

Partially premixed flames are formed when the fuel stream is mixed with a substo-
ichiometric amount of air (referred to as primary air) before encountering a separate
oxidizer (referred to as secondary air). They are characterized by a visible inner pre-
mixed flame front and an outer non-premixed flame. Partially premixed flames of
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methane (primary equivalence ratio ¢ = 1.5) can be seen in figure 2.14 for pressures
up to 2.5 MPa. The flame is remarkably more stable than the diffusion flame. The
flame height, defined by the inner premixed flame front, shrinks as pressure increases.
The outer non-premixed flame becomes gradually narrower and an extended line of
soot appears at the tip.

(a) 0.10 MPa (b) 0.20 MPa (c) 0.30 MPa (d) 0.40 MPa (e) 0.50 MPa (f) 0.60 MPa

N

(g) 0.70 MPa (h) 0.80 MPa (i) 0.90 MPa (j) 1.00 MPa (k) 1.10 MPa (1) 1.20 MPa

(m) 2.50 MPa

Figure 2.14: Partially premixed (¢ = 1.5) methane-air flames at elevated pressures.

2.5.2 Liquid fuels

In this section, the stability of vaporized liquid fuels is assessed at atmospheric and
elevated pressure. The straight-chain alkane n-heptane is chosen as the main base
fuel for the experiments for several reasons: a) its cetane number is similar to that of
conventional diesel fuels, b) it is one of the primary reference fuels for octane number
evaluation in internal combustion engines and c) it is a representative component of
the aliphatic fraction in commercial gasoline and diesel oils. Besides n-heptane, fuel
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blends including oxygenated fuels are also evaluated.

The relevant parameters and their effect on flame stability are summarized in the
following subsections.

Temperature

In order to create flames from liquid fuels, they are vaporized using a carrier gas and
their vapor flow temperature is controlled to avoid condensation. This is done by
heating up the three main components where the vapor flows through: 1) the CEM,
where liquid fuel and carrier gas are mixed; 2) the electrically heated hose that leads
the vapor from the CEM to the bottom of the burner and 3) the electrically heated
ring that is placed around the burner (see figure 2.10). The temperature in each of
these parts can be controlled independently. System temperature refers to the same
temperature set for all these parts.

Experiments with varying temperature of these three components and the flow
rates showed that the coflow rate and the heated ring temperature affect more criti-
cally the flame stability. The heat generated by the electrically heated ring will first
be transferred to the coflow air that surrounds the fuel tube. Consequently, the tem-
perature of the fuel vapor will also depend on the heat transfer from the coflow air.
When the coflow velocity is varied, the temperature field inside the vessel changes and
a new equilibrium must be reached before the flames stabilize. The coflow rates that
contributed for better stability varied between 20 and 25 L/min (0.43 - 0.54 g/s). In
general, the observations show that the partially premixed flames are more stable if
the system temperature is around the liquid fuel boiling point. For diffusion flames,
higher temperatures show better stability.

Fuel flow rates

Using low fuel flow rates of around 4.5 g/h, a larger set of stable flames (2 < ¢ < 15)
can be created compared to higher fuel flow rates. For fuel flow rates larger than 5.0
g/h, partially premixed flames are more stable if the premixing air flow rate is higher
than 0.26 L/min (¢ < 6.5). Comparatively, the diffusion flames are much less stable
than the partially premixed ones at high fuel flow rates. However, stable diffusion
flames can be achieved at high fuel flow rates if the temperature of the three compo-
nents is higher than 150 °C and longer warm up periods (time > 3 hours) are applied.

The operational conditions for stable n-heptane flames at atmospheric pressure
are summarized in table 2.3. The coflow rate is 25 L/min (0.54 g/s) and the carrier
gas is nitrogen in diffusion flames and air in partially premixed flames.

Pressure upstream of the flow controllers

The pressure upstream of the mass flow controller (MFC) must be increased gradually
in such way that it is always around 50% to 75% higher than the pressure inside
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Table 2.3: Operational conditions for stable n-heptane flames at atmospheric pressure.
The carrier gas is air for partially premixed flames (PPF) and nitrogen for diffusion flames
(DF). Coflow = 25 L/min (0.54 g/s).

Flame type | Fuel flow [g/h] |  Carrier gas [L/min] - [g/h] | System temp. [ C]

PPF ~ 4.5 0.057 to 0.471 - 4.42 to 36.54 > 100
PPF 5.0 to 8.5 > 0.26 - > 20.17 > 100
DF 5.0 0.078 - 6.05 > 150
DF 6.0 0.104 and 0.130 - 8.07 and 10.09 > 150
DF 8.0 0.130 - 10.09 > 150

the vessel (i.e., the downstream pressure of the flow controller). A large upstream-
downstream pressure difference (APy,—pewn) can introduce control problems for the
fuel/air/Ny flows and consequently flame instabilities. It is observed that the fuel
MFC is much more sensitive to the inlet pressure than the gas MFC’s. During the
experiments, APy, pown = 8 bar caused the flames to jump and/or pulsate. When
the inlet pressure was decreased to APy,_pown, = 3 bar the flame became stable for
a larger set of flow conditions.

Liquid fuel variability effect on flame stability

Besides the experiments with n-heptane described above, flames from n-heptane/iso-
octane blends with the following liquid fuels were also realized: cyclohexanol, cyclo-
hexane, cyclohexanone, n-hexane and 1-hexanol (see table 2.4 for the blend composi-
tions). These blends are part of a stepped approach study (see section 1.2 in chapter
1) on the effect of oxygenated fuels on soot formation across different experimental
setups. They were burnt in a modified engine setups where exhaust soot emission is
measured. The aim of studying these blends (or other automotive surrogates fuels)
also in laminar burners is to isolate fuel chemistry effects from changes in flame lift-off
length, temperature, pressure, etc., that may be caused by both physical and chemical
effects. The preliminary studies carried out using the HPVB setup can be found in
[41, 42].

Table 2.4: Composition of the liquid fuels blends.
Blend number | Fuel A [%Vol.] | Fuel B [%Vol] | Fuel C [%Vol ]

1 n-heptane [44.9%] | iso-octane [30.3%] n-hexane [24.8%]

2 n-heptane [68.9%] | iso-octane [5.8%] | cyclohexane [25.3%)]

3 n-heptane [59.1%] | iso-octane [12.8%] 1-hexanol [28.1%)]

4 n-heptane [62.3%)] | iso-octane [13.7%] | cyclohexanol [24.0%)]

5 n-heptane [65.4%)] | iso-octane [10.5%] | cyclohexanone [24.1%]

The flame stability was observed at a range of temperatures (CEM, heated hose
and burner) and flow conditions at atmospheric pressure. The blends containing the
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cyclic hydrocarbons were tested first and only the non-oxygenated cyclohexane was
stable. The operational conditions for stable flames with the cyclohexane blend were:

e CEM, heated hose and burner temperature at 180 °C.

e Partially premixed flames with premixing air fixed in 0.312 L/min and fuel
varying up to 6.5 g/h.

e Diffusion flames: nitrogen flow = 0.104 L/min, fuel flow = 6 and 5 g/h; nitrogen
flow = 0.130 L/min, fuel flow = 6.5 and 7.0 g/h.

The flames of the blend with cyclohexanol showed very strong instabilities with
the flame expanding and contracting for all conditions tested. The flames from the
blend containing cyclohexanone were unstable at all conditions. The ball valves in
the fuel line got stuck and it was no longer possible to open/close them. It is thought
that cyclohexanone reacted with the material of the ball valves carrying impurities to
the evaporator system (CEM), influencing negatively the device performance and the
flame stability. The system was purged with nitrogen for several hours, but no stable
flame could be realized for the other blends and pure n-heptane. The CEM and the
ball valves were replaced.

In order to prevent future damage to the system (specially the evaporator) during
the studies with oxygenated or more aggressive fuels, it is advised to apply the doped
flame approach where only a small amount of these fuels is added to the fuel line after
the evaporator.

Elevated pressures - n-heptane

For both diffusion and partially premixed n-heptane flames, soot luminosity increases
and flame shape changes are observed already at 0.2 MPa . Soot that initially is
formed in the flame tip at atmospheric pressure is observed to be formed earlier, up-
stream in the flame, when pressure is increased. The blue region in the flame base at
atmospheric pressure completely turns into a sooting region for pressures higher than
0.5 MPa (see figures 2.15 and 2.16).

The diffusion flame instabilities start already at pressures slightly above atmo-
spheric when the vessel is closed. The flame flickering and oscillations instabilities
increase fast with pressure. Good flame stability could only be achieved for partially
premixed flames below 0.3 MPa. However, when the pressure is around 0.3 MPa the
flame seems to start rotating and pulsating. Further increase in pressure worsens these
instabilities. Flame rotation speed increases and the rotating cells start in the flame
base and grow towards the flame tip until they break the flame envelop in a sooting tip.

A stable laminar n-heptane flame at atmospheric pressure can be created for
a large set of flow conditions. However, the stability will depend on the settings
of several parameters of the experimental setup as described. The effect of these
parameters on the flame stability also varies if the flame is a diffusion flame or partially
premixed flame. The flames become more susceptible to instabilities when pressure
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) 0.10 MPa (b) 0.35 MPa

Figure 2.15: Diffusion n-heptane flames at pressures of 0.1 and 0.35 MPa. Fuel flow = 6.0
g/h and carrier gas (N3) = 0.13 L/min.

) 0.10 MPa (b) 0.20 MPa (c) 0.30 MPa (d) 0.50 MPa (e) 0.70 MPa

Figure 2.16: Partially premixed n-heptane flames at different elevated pressures. Fuel flow
= 4.5 g/h and premixed air = 0.22 L /min.
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is increased and no long term stability has been observed for pressures higher than 3
bar. During the stabilities tests discussed in this section some design modifications
were implemented to improve stability and are described in the following section.

2.5.3 Design improvements for flame stability

For the tests at elevated pressures the chimney is placed on top of the vessel, initially
leaving one corner hole opened for flame ignition (figure 5.1). Once ignited , an at-
tempt is made to close the vessel but the flame starts to become very unstable with
very strong up- and down-stream oscillation and sudden blow-off. Due to the small
volume of the vessel, the pressure inside will always be slightly above atmospheric
even with the minimal fuel and oxidizer flow needed to light a flame.

Combustion instabilities in closed systems such as a combustion chamber, is a
subject that has been investigated for decades in the thermo-acoustic field. The be-
havior of a system including a combustion chamber is governed by the basic variables:
(a) air/fuel ratio, (b) flame characteristics and (c) system geometry. Each of these
variables can actively affect the instability of the system. In order to characterize such
instabilities, several problems must be investigated, such as the effect of the excited
system parts on the total response of the system, the generation of instabilities by the
flame and coupling into the feedback system and the effects of the chamber volume
on instabilities, among others. These components of the system can be excited by
modifying one or a combination of any of the basic system variables.

An experimental investigation of the exact mechanism which drives the combus-
tion oscillations observed in the present experimental setup was considered very com-
plex and time consuming. Therefore, the first approach was to find a solution to damp
the flame oscillations. During the tests conducted to find the solution, three instabil-
ity dampers an orifice, one-way-valve and a buffer placed in the fuel line appeared
to be successful. They are described below in the section ”Instability-dampers”.

The problem with water droplet formation on the fuel tip surface at elevated
pressure is addressed in the section ”Water-condensation”.

Instability dampers

Pressure waves generated in the vessel might be traveling upstream in the fuel line
causing the fuel flow, and therefore the flame, to strongly oscillate up and down. A
small orifice was introduced in the fuel line to create high flow velocities near the sonic
velocity. When velocities near the sonic velocity (also known as chocked velocity) are
achieved, pressure waves generated in the pressure vessel do not travel upstream in
the fuel line.

In order to determine what is the best orifice diameter for our system, we need
to know what is the mass flow through an orifice when the sonic velocity is achieved.
Sonic velocity occurs when the ratio of the absolute source upstream pressure to the
absolute downstream ambient pressure is equal to or greater than [(y+1)/2]y/(v—1),
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where 7 is the specific heat ratio of the discharged gas. For many gases, v ranges from
about 1.09 to about 1.41, and thus [(y+ 1)/2]v/(y — 1) ranges from 1.7 to about 1.9.
This means that chocked velocity usually occurs when the absolute source vessel
pressure is at least 1.7 to 1.9 times as high as the receiver vessel pressure. For the
case of methane, v = 1.3 and the absolute source upstream pressure must be 1.83 for
a chocked flow. When the gas velocity is chocked, the equation for the mass flow rate

m 1s:
Y41
v+1

where P,, is the absolute upstream pressure, Ay is the orifice area and Cj is the speed
of sound. The mass flow through an orifice in the situation where the flow is chocked
was calculated using equation 2.3 for several orifice diameters ranging from 0.1 to 1
mm. The results are shown in Table 2.5 for methane.

m =

Co

{P “”A’“] (2.3)

Table 2.5: Mass flow through an orifice in chocked flow conditions

Doyifice [mm] ‘ Mass Flow rate [g/h]

0.1 11.66
0.2 46.10
0.4 186.44
0.6 419.49
0.8 T745.77
1.0 1165.26

The mass flow controller (MFC) for methane used in our experimental setup has
a maximum mass flow rate of 13 g/h which was chosen to produce the desirable flame
heights. From Table 2.5 it can be seen that the flow through the orifice diameter
of 0.1 mm will achieve sonic velocity within the mass flow range of 11 < m < 13
g/h. Experimental tests were then conducted with the same orifice diameter range.
A metal foam was introduced as a flow straightener downstream the orifice to avoid
possible flow disturbances due to the high speed flow in the orifice. The fuel tube is
made in two parts with an interchangeable tip. When the orifice is introduced in this
interchangeable tube tip, the pressure upstream increases and the tube tip is blown
away. Therefore, the tests were conducted with a new fuel tube that is made out
of only one piece. It was observed that the orifice of 0.1 mm also showed the best
results in terms of flame stability even when working below the chocked condition in
the mass flow range of 4 < m < 11 g/h. This approach was successful avoiding flame
blow-off and oscillations when the vessel was closed.

The disadvantage of the orifice appears when it is necessary to carry out exper-
iments using different fuel tube material as the ones performed to solve the water
condensation problem (see the next section ”Water condensation”). Because the fuel
tube must be made out of only one piece, the whole burner must be removed from
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the vessel to exchange the entire fuel tube. Therefore, it would be cheaper and faster
to experiment if only the fuel tube tip could be exchanged. A fuel tube made of two
parts can be re-introduced but an alternative to the orifice solution must be found to
avoid the fuel tip to detach. This was achieved by placing the one-way-valve in the
fuel line upstream the burner. The one-way-valve forces the flow in one direction and
therefore it was also efficient in avoiding the oscillatory flow when the vessel is closed.

Another way to damp the flame oscillations is to introduce a buffer of 200 mL in
the fuel line between the heated hose and the burner. This solution showed stability
improvements when burning n-heptane at atmospheric pressure. A controlled heating
tape is wrapped around the buffer to control the temperature, avoiding condensation.

Water condensation

The condensation of water vapor depends mainly on its partial pressure and tem-
perature and very weakly on total pressure. However, the combustion products will
mix with the ambient gases in the chamber and the mole fraction of water vapor will
depend on the fuel/air ratio. Therefore, the partial pressure of water vapour in the
chamber will be proportional to and increase with the total pressure.

In order to decrease the partial pressure of water vapor and avoid condensation,
the air coflow rate is increased. Although less condensation is observed on the optical
windows of the vessel for increased air flow, the droplets are still formed on the fuel
tip. The next attempt to avoid the formation of water droplets considered the tem-
perature of the fuel tip. The fuel tube is made of aluminum which has a high thermal
conductivity. Therefore, if the aluminum fuel tip is changed for another material with
a lower thermal conductivity, it will keep the heat released by the flame for a longer
period. Consequently, the fuel tip will be hotter with a lower thermal conductivity
material and possibly avoid water condensation on its surface. Using the interchange-
able tube tip, stainless steel and brass were tested and both indeed were successful in
avoiding water droplet formation.

Overall, the design modifications described above, extended the range of opera-
tional conditions where flames from both gaseous and liquid fuels were stable. How-
ever, at elevated pressures, the flame stability of vaporized liquid fuels remains lim-
ited as described in this section. Stable methane-air partially premixed flames were
achieved up to 2.5 MPa. The flame asymmetry observed for methane-air diffusion
flame was solved, which was thought to be caused by the water droplet formation in
the fuel tip.
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CHAPTER 3

Laser diagnostic techniques

The following sections describe the theory behind the laser diagnostic techniques used
in the measurements of soot volume fraction and qualitative profiles of polycyclic aro-
matic hydrocarbons (PAH’s) and hydroxyl radicals (OH), reported later in this thesis.
The theoretical background of the LOSA (Line-of-Sight Attenuation) technique will be
discussed in section 3.1 while the LII (Laser-Induced Incandescence) and LIF (Laser-
Induced Fluorescence) techniques are discussed in section 3.2. These techniques are
applied in laminar flames from gaseous and liquid fuels in chapter 4 (LOSA) and chap-
ters 5 and 6 (LII and LIF), formatted as articles. Therefore, a detailed description of
the respective optical setups and measurement procedures can be found therein.

3.1 Line-of-Sight Attenuation (LOSA)

LOSA is a relatively simple and straightforward diagnostic technique that has been
frequently used for quantification of soot volume fraction in flames [1-18]. Tts princi-
ple is based on the extinction of light by a medium. When a light beam is attenuated
by a medium, the intensity decrease of the light beam can be linked to the volume
fraction of particles in the medium (see figure 3.1). In an axisymmetric system, two
dimensional spatially resolved soot volume fractions can be obtained using LOSA in
combination with inverse Abel transformation [12, 13].

The light extinction passing through the sooting flame is caused by two phenom-
ena, namely scattering and absorption. Scattering is determined by the scattering
factor @), given by

Q= &dﬁf(m, N), (3.1)

where A is the wavelength of the light, d is the diameter of the scattering particle, f is
a function depending on m, the complex refractive index of the soot particle and N is
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Figure 3.1: Scheme of an extinction measurement.

the particle number concentration. The absorption is determined by the absorption
coeflicient K p,:

2

Koy = %E(m)ng (3.2)
with
m? —1
E(m) = —I 3.3
(m) = —Im{_——=}. (3.3)

where E(m) is the soot refractive index function. It can be noticed that the scattering
factor is related to d%/A* while the absorption factor is related to d®/\ implying
that when d/\ is small, K, > @ and, therefore, the influence of scattering can
be neglected. The domain where scattering can be neglected is called the Rayleigh
regime [6, 7] and it is given by

d
2 <03 4
<03 (3.4)

In moderately sooting flames and in the lower half of heavily sooting flames,
the soot particles are considered to be in the early stage of soot formation and small
enough to use the Rayleigh assumption [12, 19]. An experimental extinction coefficient
can be calculated by measuring the transmitted light intensity I, the incident light
intensity Iy and the absorption length L in the flame:

1. I
Koy = —1In—. 3.5
L Iy (3.5)
If the soot particles are small enough to be in the Rayleigh regime, the absorption
coefficient is equal to the extinction coefficient. By assuming the soot particles to be
spherical, the soot volume fraction f, can be calculated with

‘n:%Nf. (3.6)
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Combining equation (3.6) with equations (3.5) and (3.2), this results in

A
fv = k_Kemt (37)
with
ke = 6m(1 + age) E(m). (3.8)

The parameter k. is the dimensionless optical extinction coefficient and «, is the
scatter to absorption ratio. The parameter ay, is only considered when the influence
of scattering is taken into account. In order to estimate ay,, knowledge of the mor-
phology of the soot and multi-angle scatter measurements are required. When this
information is not available, the scatter to absorption ratio is normally assumed to
be ag, ~ 0 which is a reasonable assumption for particles in the Rayleigh regime.
Thomson [12] assumed a4, =0.05 but with an uncertainty of 100%. Other authors
report values of ay, varying from 0.01 to 0.3 [11, 18, 20, 21].

Many different values for the soot refractive index m are found in literature. The
work of Smyth et al. [22] presents an extensive debate about the most widely used
value for the soot refractive index, m = 1.57 — 0.56i. According to Smyth et al. [22],
this value is based on a misinterpretation of the work of Dalzell and Sarofim [23].
Actually, they have reported m = 1.56 — 0.46¢ for acetylene and m = 1.57 — 0.50¢
for propane flames at visible wavelengths. Other m values found in literature are
1.75 — 1.03i for a wavelength of 635 nm [18] and m = 1.90 — 0.55¢ [24]. Chang et al.
[25] suggest that the appropriate values of refractive index as a function of wavelength
are given by

m = n—ik, (3.9)
n = 1.811+0.12631n()\) 4+ 0.027 In*(\) + 0.0417 In*(\), (3.10)
k= 0.5821 +0.1213In(\) + 0.2309 In*(\) — 0.01In*(\). (3.11)

When m is calculated for A = 632.8 nm (which is the wavelength of the laser used
in our LOSA measurements), this results in m = 1.755 — 0.576i. This value is also
used by Kunte [13]. Not in all publications reporting refractive indices, a wavelength
is specified. Furthermore, if it is specified, values are often contradicting.

The parameters m and «y, define the dimensionless optical extinction coefficient
ke. Zhu and co-workers [26] claim to present the first fuel-specific data of k. available
in the near-IR spectrum (at 543.5, 632.8, 856, 1314 and 1565 nm). They combined
Transmission Electron Microscopy (TEM) and optical microscopy analyses to evalu-
ate soot morphology in acetylene and ethene laminar diffusion flames. The reported
ke values range from 7.95 4+ 0.44 to 10.0 £ 0.8 and, specifically for 632.8 nm, from
8.12 £ 0.44 to 9.65 £ 0.40. They pointed out that their measured k. values are much
larger than the calculated ones using reported values of the refractive index and the
Rayleigh theory which normally ranges from 2.69 to 4.87 for a wavelength of 632.8 nm.
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Krishnan et al. [20, 21] measured optical properties of soot at visible wavelengths
(351.2-800.0 nm) in several gaseous (acetylene, ethylene, propylene and butadiene)
and liquid (benzene, cyclohexane, toluene and n-heptane) fuel flames. Dimensionless
extinction coefficients were relatively independent of fuel type and wavelength (for
wavelengths in the range of 400-800 nm) yielding a mean value of k. = 8.4 (£ 1.5). In
these publications, k. was measured in the over-fire (or post-flame) region and not in
the flame. However, Williams et al. [18] measured k. using a small extractive sampling
probe to withdraw soot from ethylene and kerosene diffusion flames. Their in-flame
values were in the range of 9 to 10, similar to the results from previous studies of
post-flame soot. The work of Shaddix et al. [27] in laminar ethylene diffusion flames
and a JP-8 (kerosene-based jet fuel) pool fire supports the recent measurements of
k. suggesting that the optical absorptivity of agglomerating soot shows only minor
variations for different fuels and flame types.

Based on the discussions above, no calculation of k. using E(m) and «ay, is made.
Instead, and considering the possibility to use the experimental setup developed in
this work to a large range of fuels, the mean value of k. = 8.4 (£ 1.5) reported by
Krishnan et al. [20] will be used. An exception is made if a specific comparison of
soot volume fraction with reported values in literature is necessary. This was the case
during the validation of the LOSA technique in our burner when soot measurements
in ethylene flames are compared to the work of Smooke et al. [28] using k. = 10.

Inverse Abel transformation

The logarithm of the incident laser intensity divided by the transmitted laser intensity
determines the line-of-sight integral projection data

P(y)=In (ﬁ) . (3.12)

In order to convert line-of-sight integral projection data of an axisymmetric mea-
surement field into a spatially resolved distribution F'(r), in this case spatially resolved
K1, and subsequently soot volume fraction (see equation 3.7), inverse Abel transfor-
mation is applied:

F(r) _ _l Y=Ymax P/(y)

T Jy=r V y? —r?

Numerically, the integral is replaced by a summation with segments between
points y; and P’ is considered to be constant between these points. This leads to

dy. (3.13)

Yi=Ymazx Y=Yi+Ystep d
Y

Py = Y. 1P [ -~

yizr T Y=yi y2 —r?

in which the integral can be evaluated analytically, and the derivative P’(y;) is ob-
tained from the measurements.

(3.14)
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In order to verify whether the inverse Abel transformation was performed cor-
rectly, Abel transformation is applied to the calculated spatially resolved K., (equa-
tion 3.14) to obtain back the measured line-of-sight K.,;. Comparison between this
recalculated line-of-sight K.,; and the original measured data showed deviations typ-
ically much smaller than 10%.

3.2 Laser-Induced Incandescence (LII) and Fluo-
rescence (LIF)

OH radicals play an import role in the soot oxidation mechanism. Polycyclic aromatic
hydrocarbons (PAH’s) are well known as soot precursors. Therefore, along with soot
concentration measurements, their characterization is of great importance to elucidate
soot formation and oxidation mechanisms. First, the working principles of the laser
techniques are described, followed by a review of the combined approaches found in
literature to measure soot, PAH and OH.

3.2.1 Laser-Induced Incandescence - LII

The LII technique allows measurements of a 2D soot volume fraction field and soot
particle size and has been widely applied in combustion studies. When soot particles
are heated by a laser to temperatures above 4000 K, they will emit radiation according
to the Planck distribution law in a broad wavelength range. Soot radiation is also
naturally emitted from hot soot particles in a flame. However, the intensity of the
radiation emitted by laser heated soot particles will be much higher than the radiation
emitted at a normal flame temperature (1500-2000 K) and it is displaced towards short
wavelengths, see figure 3.2(a). Therefore, the background flame luminosity can be
efficiently suppressed by detecting short wavelengths. The intensity of the radiation
can be linked to a certain soot volume fraction and the temporal behavior of the
radiation decay relates to the soot particle size. A typical LII setup is composed by a
Nd:YAG laser used at 1064 nm or 532 nm, laser sheet forming optics (combinations
of spherical and cylindrical lenses) and an ICCD camera as the detector, equipped
with a short-pass filter that transmits shorter wavelengths than ~ 450 nm.

The physical processes present in generating the LII signal are very complex and
involve particle heating by laser absorption, vaporization, heat conduction to the
surrounding atmosphere, oxidation, thermal annealing and others [29, 30]. Many
attempts have been made to model these processes in order to analyze LII data,
specially for time-resolved signals for primary particle size measurements. A compre-
hensive comparison of LII models can be found in Schulz et al. [31] and references
therein. A wide variability in both model predictions and experimental results is
observed. Schulz concluded that despite the widespread application of LII for soot-
concentration and particle-size measurements, more research is necessary to overcome
the significant lack in fundamental understanding of many of the underlying physical
processes.
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Due to a complex interplay of the physical processes mentioned above, there is
a LII signal dependence on laser fluence, being the laser pulse energy divided by the
cross section area of the beam at the measurement point. If the laser pulse energy
is changed and the laser fluence calculated, a curve as in figure 3.2(b) is obtained.
At low laser fluences the LII signal increases with the laser fluence due to the fact
that a bigger part of the laser sheet will be able to heat the soot particles to a high
temperature. Above 0.2 J/cm? the LII signal reaches more or less a constant level (a
plateau region) and at least part of the soot particles will be affected by vaporization,
which will result in a loss of signal for increasing laser pulse energy. A normal LII-
experiment is operated at a fluence around the knee.
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Figure 3.2: Planck spectral distribution normalized at 700 nm and depicted only in the
visible spectral range (a). Fluence curve for a LII-measurement (b). Figures extracted from

[32).

To obtain quantitative results from LII, the measurements must be calibrated. A
common way of calibrating a LI measurement for soot volume fraction measurements
is applying the extinction measurements to a well characterized flame. Normally a
stable partially premixed flat flame is used where the pathlength of the laser and the
equivalence ratio (¢) is known. In case of soot particle sizes evaluated from the LII
decay, the calibration is usually done using thermophoretic sampling and the trans-
mission electron microscopy (TEM) technique. Therefore, the uncertainties in the
calibration method will be transferred to the LII method. Other sources of uncertain-
ties are related to the optical properties of the soot particles, excitation and detection
wavelengths, laser fluence and spatial beam profile [31].

3.2.2 Laser-Induced Fluorescence - LIF

The laser-induced fluorescence (LIF) technique is largely used in combustion diag-
nostics due to several characteristics: high sensitivity, high spatial resolution, species
specificity and applicability in harsh environments [33]. The technique is based on the
excitation of atoms or molecules from a lower energy state to a higher excited state
using a laser source. The excited atom or molecule re-emits radiation after a short
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time. From this emitted radiation it is possible to deduce information on both temper-
ature and concentration. Because it is possible to probe very specific vibrational and
rotational levels, LIF has considerable selectivity. LIF can measure 2D temperature
fields and species distributions of atoms (O, H, N, C) and diatomic molecules (NO,
OH, CH, CN, C,, Oy, CO, Hy). However, LIF suffers from quenching (i.e. collisional
deexcitation) and quantitative species concentration measurements are not trivial. In
order to relate the signal to an absolute number density scale, quenching correcting
calculations and calibration procedures (e.g., absorption, Rayleigh and Raman scat-
tering) must be performed [33, 34].

The main interest in the application of the LIF technique in this PhD thesis is
the qualitative measurements of OH and PAH. The OH radicals are important in the
overall combustion reactions. It is one of the most important chemical intermediates
participating in the oxidation of CO to form COs. There is a strong link between
the maximum temperature and the maximum OH concentration in flames and it is
a marker for the spatial location of the flame front. Several studies strongly suggest
that OH dominates the soot surface oxidation process in subatmospheric (0.01-0.1
MPa) [35], atmospheric [36] and elevated pressures (up to 0.8 MPa) conditions [37].
The most used approach to measure OH is to use a tunable dye laser (283 — 284
nm) to excite the (1(8) transition near 283 nm in the v’ = 0, v’ = 1 band of the
A?Y — X211 system. This transition system is convenient due to its weak dependence
on temperature, which is known to vary less than 5% over the temperature range
1400-2100 K. The same approach is used in this thesis to measure qualitative OH
profiles and a description of the optical setup can be found in the chapters 5 and 6.

Although some polyatomic species (NHz, HoO, HCO, CH,0) can also be mea-
sured with LIF, quantification of PAH using the LIF technique has been very difficult
and only relative concentration measurements in flames are normally reported in the
literature using this technique [38-42].

3.2.3 Combined LII/LIF - Review

The detection gate used in the LII technique has a significant impact on the accuracy
of soot volume fraction measurements. Because soot is a broad-band absorber, exci-
tation wavelengths in the UV (266 nm), visible (532 nm) or IR (1064 nm) can be used
for LII detection. The mostly used wavelengths are 1064 nm and 532 nm generated
by Nd:YAG lasers. However, if wavelengths in the visible and UV regions are used,
possible interference from PAH’s and electronically excited C, fragments is greatly
increased as compared to 1064 nm excitation [43, 44]. Emissions from Cy and PAH
decay quickly and their interference occurs only during the laser pulse. One strategy
to avoid these interferences with the LII signals, as suggested by Cignoli [45], is the
delayed detection approach where the LII signal is detected after the laser pulse. How-
ever, the prompt LII has shown a higher proportionality to soot volume fraction than
the delayed signal [32, 44]. Also, long or delayed detection gates bias the LII signal
towards large particles since smaller particles cool faster than large ones (see [31] and
references therein). Therefore, LII signals in soot volume fraction measurements are
normally collected using a detector synchronized with the laser pulse and detection
gates around 50 ns.
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A way to unambiguously identify the spatial location of PAH’s and soot is to
compare 2D laser-induced emission images using either 1064 nm or 266 nm as excita-
tion light as demonstrated by Vander Wal [46-48]. Figure 3.3 shows a simultaneous
LIF-LIT image of a fiber-supported burning fuel droplet. The picture in the left is ob-
tained upon excitation using 266 nm and the right picture is the LII image using 1064
nm. While 1064 nm does not produce molecular fluorescence in the visible region, the
266 nm excitation wavelength is known to result in a broad band fluorescence from
large combustion species. Therefore, a comparison between the images in figure 3.3
indicates that the signal on the base of the flame observed upon 266 nm excitation is
likely to be LIF from PAH’s. A dark region between the LIF-LII signals can also be
observed and transmission electron microscopy (TEM) was used to characterize the
material from within this region. The results suggested that a fundamental change
in the material chemical/physical properties occurs in the dark region indicating a
conversion between soot-precursors and solid carbonaceous soot particles.
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Figure 3.3: Simultaneous LIF-LII image of a fiber-supported burning fuel droplet (n-
decane) produced by 266-nm excitation (left) and LII image of a similar droplet using
1064-nm excitation light (right). Figure extracted from Vander Wal [46].

While soot particles in flames can be quantified using calibrated LII signals, there
is no feasible method to quantify PAH’s from LIF signals. The spectral profile of aro-
matic substances in gas phase are broadband and change with temperature, making
the spectral distinction of different species very difficult. There have been inves-
tigations on the possibility to discriminate between different PAH’s by means of a
temporal evolution of the fluorescence emission (see Ossler et.al. [49, 50] and refer-
ences therein). They measured temporally resolved fluorescence emissions from gas
phase naphthalene, fluorene, anthracene and pyrene in a flow cell at temperatures
between 400 and 1200 K using a picosecond laser at 266 nm. They found that life-
times and spectral profiles are influenced by the density of vibrational states and that
the aromatic substances investigated would be chemically unstable in the presence
of oxygen at flame temperatures in hydrocarbon flames. The extrapolation of these
results in the cell to flame temperatures (1200 1500 K)indicates that a high tem-
poral resolution is required for the discrimination of different PAH’s since at flame
temperatures lifetimes of the order of tens to hundreds of picoseconds are expected.
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Furthermore, studies on the dependence of the fluorescence emission on pressure and
excitation wavelength are also pointed out as necessary.

Despite the difficulties in identification and quantification of specific PAH’s via
fluorescence emission analysis, McEnally and Pfefferle [40] observed a close correlation
between the concentration of some PAH species measured with PTMS (photoioniza-
tion time-off light mass spectrometer) and the maximum intensity of the PAH LIF
signals. Besides that, it is possible to relate the emission spectra of PAH fluorescence
to their relative sizes. When PAH’s are excited at 266 nm it is observed that the emis-
sion spectra present two spatially separated bands; one in the UV region and another
in the visible region. It has been shown that the UV region emission originates from
small aromatic species from 2- to 3-rings and the visible region emission is character-
istic of larger aromatic species. When PAH’s are excited in the wavelength range of
265-297 nm this emission characteristic does not change much (see [39, 51, 52] and
references therein).

Lee et.al. [39] used the second harmonic (532 nm) of a Nd:YAG laser and a narrow
band-pass filter (FWHM =10 nm) centered at 400 nm to obtain the LII signal. For
PAH-LIF measurements, the excitation wavelength chosen was 283 nm. The distin-
guished spatial locations of soot and PAH can be seen in figure 3.4(a). The detection
wavelength was varied using narrow band pass filter centered at 330, 360, 400, 450
and 500 nm to differentiate the relative size groups of PAH’s. It was observed that
as the detection wavelength of the PAH-LIF becomes longer, the PAH profile shifts
closer to the LII profile (figure 3.4(b)). Since PAH’s grow from the fuel side toward
the flame and soot particles are formed from PAH’s, it was concluded that PAH LIF
signals measured at shorter (longer) wavelengths represent relatively smaller (larger)
PAH’s.
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Figure 3.4: Images of LII (left) and PAH LIF (right) detected at 330 nm (a) and Profiles
of LIT and PAH LIF signals along the centerline of counterflow for a fuel of 73% ethylene
and 27% nitrogen. Figure extracted from Lee et. al. [39].

A combined LIF/LII approach is also applied in chapter 5 and 6 to measure soot
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and PAH’s in vaporized liquid fuels and doped methane flames. First excitation upon
266 nm is used to collect both PAH-LIF and soot-LII signals in the range of 300 nm
to 500 nm with the laser and ICCD camera synchronized (prompt detection). Im-
mediately after the prompt measurement, the spatial location of soot and PAH’s is
distinguished by delaying the detection with 50 ns. Quantitative soot volume fraction
is obtained later by excitation upon 1064 nm and calibration using extinction measure-
ments. In some flames, a combination of filters is used to qualitatively discriminate
the relative sizes of PAH’s.
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CHAPTER 4

Soot measurements with LOSA

This chapter presents the soot volume fraction measurements performed with the
HPVB setup applying the LOSA technique. The section 4.1 is a paper accepted for
the Proceedings of the 4™ European Combustion Meeting (ECM) where atmospheric
pressure measurements in ethylene-air flames are validated by comparison with data
from literature and the first measurement in a vaporized liquid fuel flame (n-heptane)
is shown. In section 4.2, soot volume fraction measurements in a methane-air diffusion
flame at pressures up to 1.0 MPa are presented and discussed.

4.1 Soot measurements in laminar flames of gaseous
and vaporized liquid fuels

A High Pressure Vessel and diffusion Burner (HPVB) were designed,
constructed and integrated with an evaporation system, to enable laminar
flames studies of gaseous and vaporized liquid fuels. This experimental
setup is designed to offer ample optical accessibility for laser diagnos-
tics techniques; its capabilities and specifications are described. Soot vol-
ume fraction measurements are performed with line-of-sight attenuation
(LOSA) and validated using data of ethylene flames from literature. The
first measurements of a vaporized liquid fuel (n-heptane) are reported.
A stable laminar n-heptane flame is achieved with a mazximum standard
deviation in soot volume fraction of 0.04 ppm.

The content of this section has been largely taken from:

M.H. de Andrade Oliveira, C.C.M. Luijten, L.P.H. de Goey.
Soot measurements in laminar flames of gaseous and (prevaporized)
liquid fuels.  Proceedings of the 4™ European Combustion Meeting,
Editors: P. Szentannai and F. Winter, Vienna, Austria (2009).

93



54 Chapter 4: Soot measurements with LOSA

4.1.1 Introduction

In the present work, it is attempted to build a bridge between the most simple com-
bustion systems that have been studied in literature (laminar atmospheric burners, in
which mostly simple, gaseous fuels are burnt) and the much more complex environ-
ment that is found in practical combustion engines. This is accomplished by the design
and construction of a high pressure vessel and diffusion (co-flow) burner, and integrat-
ing this with a commercial evaporation system CEM (Controlled Evaporator Mixer),
making it possible to study the combustion at elevated pressures of automotive (bio-)
fuels, which are typically liquid at room temperature. A set of gaseous and liquid fuels
is selected for soot volume fraction studies, aiming to get new insights into the effects
of fuel structure on soot formation. These experiments will also serve the purpose
of integrating, debugging and validating the experimental setup, including its use at
high pressures (up to 3 MPa). The first experimental approach comprises a charac-
terization of different fuels in terms of soot formation tendency, using the line-of-sight
attenuation (LOSA) technique. Future investigations will include an investigation of
the pressure effect on soot formation and soot formation/reduction tendency, using
different oxygenated fuels blended with more conventional fuels. Further detailed
studies will be carried out using advanced laser diagnostic techniques that will be
assessed and/or developed for use in a high pressure and sooting environment.

4.1.2 Specific objectives

In this paper, the design of the high pressure burner setup, its capabilities and specifi-
cation are described. The soot volume fraction measurements performed with LOSA
are validated using ethylene flame data from literature. For the first time, according
to the author’s knowledge, soot volume fraction measurements of a vaporized liquid
fuel (n-heptane) performed in a laminar co-flow diffusion burner are presented.

4.1.3 Experimental methods
Pressure vessel, burner and evaporation system

The High Pressure Vessel and Burner (HPVB) were built and connected with an
evaporation system, thus forming an experimental setup capable of burning gaseous
and vaporized liquid fuels at pressures ranging from atmospheric up to 3 MPa. Both
the high pressure vessel and the burner were designed for working pressures up to 3
MPa with a safety factor of eight (to assure safety even in the improbable case of
explosion). The external shape of the vessel is cubic, the internal structure is made
out of three drilled cylinders through the three axes of the cube, which meet and
merge in the center of this cube. The result is a robust and flexible high pressure
design, with six access ports and an internal volume of 1.6 liters. Four access ports
are used to accommodate quartz windows with a diameter of 50 mm, offering the
optical accessibility to apply laser diagnostics techniques. The other two access ports
are used to couple a chimney with a sliding glow plug igniter to the top of the vessel,
and the burner to the bottom. The vessel also has eight additional holes to insert
measurement equipment such as thermocouples and pressure meters, and it is flexible
to be adapted to several burner configurations (premixed, non-premixed and partially
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premixed burners) and sizes. The HPVB is mounted on an adjustable table allowing
vertical movement with an accuracy of 0.1 mm (see figure 5.1).

Exhaust

Chimney

High pressure vessel

Plug of corner hole

Quartz window

Burner

Adjustable height table

Figure 4.1: Pressure vessel and assembled parts.

The burner dimensions are based on the Long and Smooke burner [1] and its
design is adapted to take into account the fit of the burner inside the pressure vessel
and the use of the burner at elevated pressures. It is a coflow diffusion burner with a
fuel tube inner diameter of 4 mm, an oxidizer coflow inner diameter of 50 mm and a
height of 100 mm (see figure 4.2). The fuel nozzle is tapered to reduce recirculation
from the burner tip and improves stability of the fluid-ambient interface. Aluminum
beads, perforated plates and sintered metal are used as flow straighteners.

The high pressure vessel and burner are integrated with a commercial (Bronkhorst)
evaporation system called CEM (Controlled Evaporator Mixer). In this unit, a liquid
(fuel) and carrier gas are accurately mixed and then heated. The heating part consists
of a heated spiral where the liquid droplets and carrier gas flow through. When the
temperature of the heated block is sufficient, the droplets will vaporize. This process
results in a stable and accurately controllable fuel vapor/ carrier gas stream. To avoid
condensation of the fuel vapor on its way to the burner, an electrically heated tube is
used to connect the CEM to the burner. The burner is also heated by an electrically
heated ring.

High pressure soot diagnostics

Soot formation has been studied in the literature using both physical probing of the
flame and non-intrusive optical techniques. Among the non-intrusive optical tech-
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Figure 4.2: High pressure burner assembled parts. 1: Exchangeable fuel tube tip, 2: Teflon
isolation ring, 3: Sealing ring, 4: Fuel tube, 5: Co-flow inlet, 6: Fuel inlet, 7: Burner casing,
8: Chamber for aluminum beads, 9: perforated plate, 10: Heated ring, 11: Support ring,
12: Sintered metal.

niques, soot volume fraction has been investigated using a variety of diagnostics in-
cluding line-of-sight attenuation by soot particles (LOSA), also known as extinction,
and laser induced incandescence (LII).

The LII technique allows measurements of a 2D soot volume fraction field and it is
able to measure very low soot concentrations. However, in order to give quantitative
results, LIT must be calibrated using the LOSA technique and it has some drawbacks
when used at elevated pressures: soot volume fractions at high pressure are much
higher than at atmospheric conditions and signal trapping can occur when the LII
signal is attenuated on its way to the camera by soot particles in the flame. Choi and
Jensen [2] claim to correct for signal trapping in their measurements, however Liu
and co-workers [3] strongly disagree with their method. Liu claims that correction of
signal trapping in general is difficult, if not impossible, since it requires knowledge of
the distributions of soot volume fraction and the morphology of soot particles.

This stated, and with high pressure application in mind, the LOSA technique
was chosen for this work. LOSA is a relatively simple and straightforward diagnostic
technique for quantification of soot volume fraction in flames. Its principle is based on
the extinction of light by a medium (see figure 4.3). It offers high spatial resolution and
does not rely extensively on prior knowledge of physical constants or morphological
properties. Several researchers have obtained two dimensional spatially resolved soot
volume fractions using LOSA in combination with inverse Abel transformation [4, 5].

Extinction consists of scattering and absorption. Assuming the soot particles
small enough to be in the Rayleigh regime given by

7d
— <0.3 4.1
s (4.1)

where A is the wavelength of the light and d is the particle diameter, scattering
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Figure 4.3: Scheme of an extinction measurement.

can be neglected and absorption is equal to extinction [6]. The extinction coefficient
(Keyzt) can be calculated by measuring the transmitted light intensity I, the incident
light intensity Iy and the absorption length L in the flame:

1. Iy
Ky =—In— 4.2
tT T n Iy ( )
Assuming the soot particles to be spherical, the soot volume fraction can now be
calculated:

fv = — Ky (43)

In Eq. 4.3 K, is the dimensionless optical extinction coefficient. The calculation of
K. demands knowledge of the soot refractive index (m) and scattering to absorption
ratio (as,). The latter is neglected in the Rayleigh regime. Recently reported values
of K, are in the range of 8 to 10 at a wavelength of 632.8 nm [7, 8]. The logarithm of
the incident laser intensity divided by the transmitted laser intensity determines the
line-of-sight integral projection data:

P(y) =In (;—;) (4.4)

In order to convert line-of-sight integral projection data of an axisymmetric mea-
surement field into a spatially resolved distribution F'(r), in this case spatially resolved
(Keyzt) and subsequently soot volume fraction, inverse Abel transformation is applied:

R ()

T Jy=r VY2 —1?

dy (4.5)
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Numerically, the integral is replaced by a summation with segments between
points y; and P’ is considered to be constant between these points. This leads to

YiYmaz 4 , Y=Yi+Ystep dy
F(r) = Z ——P'(y) /yy' \/ﬁa (4.6)

in which the integral can be evaluated analytically, and the derivative P’(y) is
obtained from the measurements.

Optical setup

The LOSA layout and equipment used in this work are shown in figure 4.4.

Mirror

Attenuation e Laser

detector

High |
igh pressure vesse B epiiler S
_}}-_;::""' /' detector
Interference il
filter
U > diffuser
Negative lens

Integrating .

sphere Adju_stable Diaphragm

mirror
Aperture Electric motor

Figure 4.4: LOSA layout and equipment.

The LOSA setup is designed to minimize all possible disturbances. The laser
used for this research is a HeNe laser, with a power of 5 mW and a wavelength of
632 nm. To compensate for laser intensity variation, a reference detector is used.
Making use of a wedge shaped beam splitter; approximately 4% of the laser intensity
is split to the reference detector. The incident light intensity is determined from the
measurement without flame and the reference signals. To filter out background light
in the reference detector, a tube with a diaphragm is placed in front of it. To prevent
errors due to non-uniformity of the reference detector a negative lens is placed behind
the diaphragm to diverge the beam to the size of the detector and a diffuser is placed
just before the detector to make the signal completely uniform. The mirrors used in
the setup are first layer mirrors to prevent multiple reflections. A laser scan is created
by an adjustable mirror and two positive anti-reflection coated lenses. The angle of
the adjustable mirror can be changed with an electric step-motor; the length of the
scan is approximately 30 mm. The aperture right behind the first lens will block the
laser beam when it is far away from the flame and transmits the beam when it is close
to or in the flame. The laser beam with a diameter of 0.8 mm is focused in the flame
where its diameter is approximately 100 gm. The diameter of the second lens is 50
mm and it is large enough to compensate for beam steering. An integrating sphere
is used to create a uniform light beam for the interference filter and the attenuation
detector. The entrance of the integrating sphere is placed behind the second lens at
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its focal point to make sure that the total light from the laser beam will always be
captured by the integrating sphere. The interference filter with a wavelength of 632
nm and a FMHW of 3 nm, filters out background light. The HPVB is placed slightly
non-perpendicularly (~ 15°) to the laser beam, to prevent reflections in the same
direction as the main laser beam.

Measurement procedure

The first measurements of soot volume fraction performed with this experimental
setup are carried out in ethylene and n-heptane laminar diffusion flames at atmo-
spheric pressure. In order to validate the LOSA measurements on the HPVB, results
of soot volume fraction measured in laminar diffusion ethylene flames are compared
with available data from Smooke and co-workers [9] using the same dimensionless
extinction coefficient (K, = 10). The oxidizer is air and the fuel is a mixture con-
taining varying ratios of ethylene and nitrogen. Two flames are selected and named
according to the ethylene/nitrogen fractions: 60% ethylene/40% nitrogen flame and
80% ethylene/20% nitrogen flame flame.

To generate laminar n-heptane diffusion flames, the n-heptane is vaporized in the
CEM using nitrogen as a carrier gas and air is used as a coflow oxidizer. Two flames
are generated: flame 1 has an n-heptane mass flow of 4 g/h, nitrogen flow of 0.052
L/min and coflow air of 30 L/min; flame 2 has an n-heptane mass flow of 4 g/h,
nitrogen flow of 0.070 L/min and coflow air of 25 L/min. One set of measurements
consists of an average of six unique measurements (a radial scan in the flame). Three
sets of measurements are carried out at different days to evaluate the precision.

The soot volume fractions in these flames were measured at different flame heights.
The flame height zero (the flame base) is accurately determined by changing the burner
height until the laser beam is attenuated by the fuel tube tip. The scan-velocity of the
laser beam is measured by scanning the beam over a known distance and analyzing
the signal on the oscilloscope. This velocity is used to determine the radial position of
the laser in the flame. The middle of the flame is determined by assuming the flame to
be axially symmetric. To examine whether this assumption is valid, the attenuation
signal of both sides of the flame is compared with every measurement. The laser scans
the flame from right to left with a speed of 4.63 mm/s and two signals are collected at
the same time: one by the attenuation detector, the main signal (1), and one by the
reference detector, the reference signal (Iy ,.f). The data is read out with a digital
oscilloscope and from the oscilloscope the data is transferred to the computer where
the data is interpreted. The same scan is made without flame, collecting Ionr and
Ionr ref (NF = 'no flame’). This data is also transferred to the computer, the two
scans together form one measurement. In order to determine the exact transmitted
laser intensity Ir, the contribution of the flame emission (/rg) to the I4 must be
subtracted. The flame emission can be measured with the attenuation detector by
blocking the laser. There is another way to obtain the flame emission without this
extra measurement. Taking the measurements with and without flame, it appears that
the difference between the intensity of a measurement with flame, measured outside
the flame area (14 outsite flame area), and the incident laser intensity (1), is exactly
equal to the flame emission. Therefore, I7 can be calculated by equations 4.7 and 4.8
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Ir =14 — I (4.7)

IFE - (IA outsite flame area — IO) (48)

The incident intensity (Iy) is determined using the measurement without a flame
and the reference signals according to equation 4.9. This is done to take into account
possible variations in laser intensity during the measurements.

‘[ re
Iy = Ionr <07f) (4.9)

IONF ref

In order to enhance the precision of the measurement, all measurements are performed
six times. The average of this set of measurements is considered as one complete
measurement.

4.1.4 Results and Discussion
Ethylene flames

In the subsequent figures we plot the radial profile of soot volume fraction measured
in two ethylene flames along with the data provided by Smooke and co-workers. The
ethylene flames generated in this work show differences in height of 5% when compared
to those of Smooke. It is likely that these differences in flame heights are caused by
the differences in accuracy of the mass flow controllers used in both setups. Due to
this fact, the flames were compared at three different vertical positions: 30%, 50%
and 70% of the respective flame heights. The flames measured in this work have 60%
ethylene/40% nitrogen and 80% ethylene/20% nitrogen in the fuel tube. Figures 4.5
to 4.7 show the results obtained with the flame 60% ethylene/40% nitrogen.

The flame measured in this work showed very good stability with maximum stan-
dard deviations of the soot volume fractions of 0.06 ppm. Peak soot volume fractions
are located on the flame wings and considering the heights measured, the peak value
of 1.2 ppm appears at 50% of the flame height. The comparison with Smooke data
shows very good agreement in the absolute soot volume fractions values and in the
location of the maxima. Figures 4.8 to 4.10 show the results obtained with the flame
80% ethylene/20% nitrogen.

This flame also showed good stability, although it was less stable than the flame
60% ethylene/40% nitrogen, with maximum standard deviations of soot volume frac-
tions being 0.08 ppm. Peak soot volume fractions also appear on the flame wings with
a peak value of 2.5 ppm at 50% of the flame height. The comparison with Smooke
data also shows good agreement in the curve profile and location of the maxima.
However, the differences in the absolute soot volume fractions values are larger when
comparing with the flame 60% ethylene/40% nitrogen.
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Figure 4.5: 60% ethylene/40% nitrogen flame soot volume fraction at 30% of the flame
height.
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Figure 4.6: 60% ethylene/40% nitrogen flame soot volume fraction at 50% of the flame
height.

n-Heptane flames

Figure 4.11 shows the first measurements of soot volume fraction in a vaporized lig-
uid fuel flame performed with this experimental setup. The n-heptane flow is 4 g/h,
nitrogen (carrier gas) flow is 0.052 L/min and the coflow air is 30 L/min. The mea-
surements were carried out in five different days at 90% of the flame height.

The results show soot volume fractions in the center line (flame axis) varying from
1.3 ppm to 1.5 ppm and a large deviation of one measurement (set 4) near the flame
edge. It can be seen that it was not possible to achieve the same repeatability as
for ethylene with this flame, which has a maximum standard deviation of 0.17 ppm
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Figure 4.7: 60% ethylene/40% nitrogen flame soot volume fraction at 70% of the flame
height.
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Figure 4.8: 80% ethylene/20% nitrogen flame soot volume fraction at 30% of the flame
height.

within the flame area.

Efforts to improve the flame stability were made changing the carrier gas and
oxidizer flows. A more stable flame was visually observed when using an n-heptane
flow of 4 g/h nitrogen and air flows of 0.070 L /min and 25 L/min, respectively. The
improved flame stability was reflected in the soot volume fractions measurements as
can be seen in figure 4.12. The measurements were carried out in three different days
also at 90% of the flame height.

As expected, the flame with 0.070 L/min of nitrogen has lower soot volume frac-
tions when compared with the flame with 0.052 L /min of nitrogen due to the dilution
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Figure 4.9: 80% ethylene/20% nitrogen flame soot volume fraction at 50% of the flame
height.
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Figure 4.10: 80% ethylene/20% nitrogen flame soot volume fraction at 70% of the flame
height.

effect. The maximum standard deviation of this flame was 0.04 ppm within the flame
area. As in the case of ethylene flames, the wiggles observed in these two n-heptane
flames can be caused by the fact that the line-of-sight integral projection data is
smoothed less than in the center of the flame in these areas, as a result of the variable
smoothing method used.
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Figure 4.11: 4 g/h heptane/0.052 L/min nitrogen flame soot volume fraction at 90% of
the flame height.
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Figure 4.12: 4 g/h heptane/0.070 L/min nitrogen flame soot volume fraction at 90% of
the flame height.

4.1.5 Conclusions

An experimental setup capable to burn gaseous and vaporized liquid fuels in laminar
diffusion flames was constructed. The high pressure vessel and burner were designed
to work at elevated pressures and to offer ample optical accessibility to apply laser di-
agnostic techniques. The first experiments with this setup were performed in ethylene
and n-heptane flames at atmospheric pressure. The flames show good overall stability.
Spatially resolved soot volume fractions were measured with line-of-sight-attenuation
(LOSA) in combination with inverse Abel transformation. The measurements were
validated with data from Smooke and co-workers in ethylene diffusion flames. Overall
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good agreement was observed, both in peak values and location of maxima in soot
volume fractions.

Soot volume fraction measurements were also performed in a vaporized liquid fuel
(n-heptane) flame. The flame dynamics was clearly affected by the carrier gas and
oxidizer flows. A reasonable stable flame was achieved with the flame of 4.0 g/h
heptane/0.070 L/min nitrogen and 25 L/min coflow air. The results suggest that
although it is possible to create a stable flame from a vaporized liquid fuel, more
studies under different operational conditions should be performed with this setup to
better evaluate the flame stability.

This experimental setup enables a variety of studies on liquid fuels at elevated pres-
sures. It is also a useful tool for investigation of advanced laser diagnostics techniques
in high pressure environments, allowing for improvements and new developments.

4.2 Preliminary soot measurements at elevated pres-
sures in methane-air diffusion flames

Data at elevated pressures, which were outside the scope of the ECM paper reported
in section 4.1, are reported in this section. Soot volume fraction measurements in a
methane diffusion flame at pressures up to 1.0 MPa are presented.

As discussed in the section on flame stability (2.5), methane-air diffusion flames at
pressures above 0.6 MPa showed asymmetry due to the formation of a water droplet
on the fuel tip surface. This asymmetry can also be seen in the LOSA signal (the
attenuation signal before conversion to soot volume fraction) where the left and right
peaks have different heights, see figures 4.13 and 4.14. Although this effect is not so
evident in the LOSA signals for 0.6 and 0.7 MPa (figure 4.13), it is quite pronounced
for 0.8 and 1.0 MPa (figure 4.14). The spatial distribution of soot volume fraction
will certainly be affected by this flame asymmetry.

Although the fuel mass flow rate at the fuel tip does not change due to the flame
asymmetry, soot formation can possibly be influenced by changes in the flame prop-
erties and, consequently, also the values of soot volume fraction. Nevertheless, an
attempt will be made to compare the maximum values of soot volume fraction (f,,,..)
and their dependence on pressure with other similar flame conditions in the litera-
ture. The discrete soot measurement lines over the flame height are converted to a
2D picture for better identification of the location of f, .. In figures 4.15, 4.16 and
4.18(a), soot volume fractions are calculated via inverse Abel transformation using
the proposed dimensionless extinction coefficient K, = 8.4 (see section 3.1).

In order to compare the results with other pressurized methane flames from lit-
erature, two flames are selected and soot volume fractions are recalculated using
the corresponding dimensionless extinction coefficient K, of the respective literature
sources. The first comparison is done with the work of McCrain and Roberts [10].
They used the LII technique to measure the soot volume fraction in methane flames
up to 2.5 MPa and the signal is calibrated with extinction measurements. The re-
fractive index for soot was chosen to be m = 1.57 — 0.56¢ which leads to a coefficient
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Figure 4.14: LOSA signal of methane-air diffusion flames. Fuel flow = 0.1 L/min, coflow-
air = 20 L/min.
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K. = 5.6. The methane flame at 0.8 MPa (figure 4.16(a)) is chosen for comparison
and soot volume fraction is recalculated using K, = 5.6 (figure 4.17). McCrain and
Roberts [10] report a peak soot volume fraction of 20 ppm while we obtained 30 ppm
(see figure 4.17). As discussed in the section 3.2, applying the LII technique in ele-
vated pressure flames can lead to inaccurate results. Soot concentrations can be very
high in pressurized flames and the LII signal is attenuated by the soot particles on
the way to the detector. This is known as signal trapping and can become significant
already at soot volume fractions above 10 ppm [6]. Choi and Jensen [2] developed a
methodology to correct for signal trapping; however, Liu and co-workers [3] strongly
disagree with their methodology, claiming that correction is very difficult because it
requires knowledge of the distribution of soot volume fraction and the morphology of
soot particles. Therefore, the signal trapping might still account for the lower values
of soot volume fraction observed in the work of McCrain and Roberts [10].
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Figure 4.17: Soot volume fraction profile of methane-air diffusion flame using K. = 5.6
for comparison with McCrain and Roberts [10]. Fuel flow = 0.1 L/min, coflow-air = 20
L,,/min and pressure = 0.8 MPa. Maximum f,=30 ppm.

Thomson [11] used the LOSA technique to measure the soot volume fraction in
methane flames up to 4.0 MPa. A constant value of F(m)= 0.27 was used and the ra-
tio of scatter to absorption a,, was assumed to be equal to 0.05 leading to a coefficient
K. = 5.34. Initially, for purpose of comparison with his work, a new measurement
was performed by reducing the fuel flow of the flame in figure 4.16(b) to 0.05 L /min,
keeping the pressure constant at 1.0 MPa, which resulted in a peak in soot volume
fraction of f,=13 ppm when using our K, = 8.4 (see figure 4.18(a)). Then, the soot
volume fraction profile of this flame was recalculated using the same K, = 5.34 from
Thomson [11], which resulted in a peak in soot volume fraction of f,=20 ppm, see fig-
ure 4.18(b). It can be seen comparing with the result of Thomson (see figure 4.18(c))
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that the peak soot volume fraction agrees in f,=20 ppm. Although our value f, ..
at 1.0 MPa agrees with the the work of Thomson [11] when using the same K, =
5.34, the location of the maxima does not correspond. In the work of Thomson [11],
the soot volume fraction peak is located on the wings (figure 4.18(c)) while in our
work the peak is located near the flame center line (figure 4.18(b)). This difference is
largely due to the flame asymmetry.

The dependence of the maximum soot volume fraction on pressure, normally re-
ported in literature in the form f, o P", was also evaluated and compared with
the work of Thomson [11] and McCrain and Roberts [10], see figure 4.19. The LOSA
measurements in this work indicate that the maximum soot volume fraction increases
as fy,.. o< P%1 over the pressure range of 0.6 to 1.0 MPa. This trend agrees closely
with the work of Thomson for the pressures of 0.5 and 1.0 MPa while it does not agree
with the work of McCrain and Roberts over the pressure range of 0.2 to 0.8 MPa.

Despite the flame asymmetry, the measurements of methane-air flames in this
work show good agreement with the work of Thomson for pressures up to 1.0 MPa.
The problem with the flame asymmetry was solved after the measurements reported
here, however, new measurements could not be performed within the time of this
research.
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CHAPTER b

Soot, PAH and OH measurements in vaporized liquid fuel flames

Qualitative measurements of OH and polycyclic aromatic hydrocarbons (PAH)
and quantitative data of soot volume fraction f, in vaporized liquid fuels are
presented, with the main goal of providing experimental data for combustion
models and numerical mechanism validation. Measurements were carried out
n a laminar coflow burner which was also designed and integrated with an
evaporation system to work with vaporized liquid fuels at elevated pressures up
to 3.0 MPa. The fuels n-heptane and n-decane are mentioned in the litera-
ture as important surrogate fuels and were chosen for the first measurements
at atmospheric pressure in this experimental setup, using a combination of
the Laser Induced Fluorescence (LIF) and Laser Induced Incandescence (LII)
techniques. The partially premized flames of n-heptane and n-decane showed
similar combustion characteristics in the range of 1.9 < ¢ < 3.7. For both
fuels the threshold for soot formation was observed around ¢ ~ 3.3. Compar-
ison between LIF and LII measurements for n-heptane flames in the range
of 3.7 < ¢ < 8.5 indicates that the mazimum PAH LIF signal is a good
predictor of f.,... from LII. Excitation at 266 nm with delayed detection re-
sults in signals giving a linear correlation with soot volume fraction from LII
using prompt detection at 1064 nm excitation. Hence, the influence of any
additional photo-chemical processes using high laser power at 266 nm and the
influence of particle size for the delayed gate time, appear not significant for
the flame conditions studied here.

The contents of this chapter will be submitted to a scientific journal.

M.H. de Andrade Oliveira, H. Bladh, N.-E. Olofsson, J. Johnsson,
A. Lantz, B. Li, Z. Li, M. Aldén, P-E. Bengtsson, C.C.M. Luijten,
L.P.H de Goey. Soot, PAH and OH measurements in laminar flames of
liquid fuels.
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5.1 Introduction

Most investigations on soot formation so far have been performed in laminar flame
burners, in which simple fuels such as methane, ethane or ethylene are burnt at atmo-
spheric pressure [1-7] . However, practical combustion systems such as diesel engines,
which are a significant source of soot formation, burn liquid fuels at high pressure.
One reason that most of the studies have been carried out with simple fuels is the
experimental difficulties involved in vaporizing larger hydrocarbon fuels. Moreover,
simulations of laminar flames of these larger hydrocarbons require a complex and ex-
pensive computational analysis using extensive chemical mechanisms. Practical fuels,
such as diesel, comprise hundreds of larger hydrocarbons (alkanes, cycloalkanes, aro-
matics, etc) making experimental and computational analysis even more challenging.

The surrogate approach is an attempt to overcome the challenge of modeling
practical fuel combustion. Surrogate fuels are simpler representations of practical
fuels that could sufficiently represent their physical and chemical properties. These
fuels have been studied in practical devices, such as engines [8-10]. However, in prac-
tical combustion systems it is difficult to isolate fuel chemistry effects from changes in
flame lift-off length, temperature, pressure, etc., that may be caused by both physical
and chemical effects.

An attempt to build a bridge between the most simplified and complex systems has
been made by designing and constructing a high pressure vessel and laminar burner
(HPVB) integrated with an evaporation system. The capability of the HPVB setup
of burning vaporized liquid fuels in laminar diffusion and partially premixed flames
brings the important opportunity to isolate more easily the impact of fuel chemistry
on the combustion behavior of relevant fuels and bio-fuels. This experimental setup
was particularly designed to offer optical accessibility for laser diagnostic techniques,
also allowing their assessment and development at elevated pressures. Its specifica-
tions and first measurements are described elsewhere in more detail [11].

In this work, Laser Induced Fluorescence (LIF) and Laser Induced Incandescence
(LIT) techniques are applied to characterize laminar coflow flames at atmospheric pres-
sure of two important surrogate fuels: n-heptane and n-decane. Qualitative profiles
of OH, polycyclic aromatic hydrocarbon (PAH) and soot, as well as soot volume frac-
tions measurements, are performed and the combustion characteristics of both fuels
are discussed. A combined LII-LIF approach is applied to unambiguously identify the
spatial location of PAH’s and soot by comparing laser-induced emission using either
1064 nm or 266 nm as excitation light, as demonstrated by Vander Wal [12-14]. The
delayed detection approach, where the LII signal is detected after the laser pulse, has
been suggested [15] as one strategy to suppress the spectral emission from C, and
PAH interfering with the LII signal. However, the prompt LII has shown a better
linearity to soot volume fraction than the delayed signal [16]. Besides that, long or
delayed detection gates bias the LII signal towards large particles since smaller parti-
cles cool faster than large ones (see [17] and references therein). The influence of these
issues, related to the delayed detection approach, is verified in this work by comparing
the qualitative soot (delayed) signals obtained with 266 nm and the quantitative soot
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volume fraction obtained with 1064 nm. Ultimately, the main goal is to provide ex-
perimental data for combustion models and numerical schemes validation. Although
a considerable amount of experimental data for this purpose has been produced in the
laminar (diffusion and premixed) coflow flame configuration, they mostly represent
hydrocarbon fuels with < C, (gaseous fuels). Therefore, the data on vaporized liquid
fuels presented here represent a further step towards more practical fuels.

5.2 Experimental methods

5.2.1 High Pressure Vessel and Burner

The High Pressure Vessel and Burner (HPVB) setup was already described in detail
in [11] and only the main characteristics will be mentioned here. The burner dimen-
sions are based on the Long and Smooke burner [1]: it is a coflow burner with a
fuel tube inner and outer diameter of 4 mm and 6 mm, respectively. The oxidizer
coflow inner diameter is 50 mm with a height of 100 mm. The burner design was
adapted to fit in a high pressure vessel and to work at pressures up to 3.0 MPa (figure
5.1). The vessel offers optical accessibility for laser diagnostics through four quartz
windows with a diameter of 50 mm and eight additional holes to insert measurement
equipment such as thermocouples and pressure sensors. A commercial evaporation
system called CEM (Controlled Evaporator Mixer) can accurately mix and control
the liquid fuel and carrier gas, providing a stable fuel vapor stream at temperatures
up to 473 K. The tube connecting the CEM to the burner and the burner itself are
electrically heated in order to avoid condensation of the fuel vapor.

For the measurements presented in this paper, the temperature in the CEM, heat-
ing hose and burner is set to maintain the fuel vapor at ~ 100 °C for n-heptane and
~ 200 °C for n-decane. Partially premixed flames are created by using air as a carrier
gas (primary air, mixed with fuel), and as a coflow oxidizer. The coflow oxidizer
is maintained at 20 L/min for the n-heptane flames and 25 L/min for the n-decane
flames, which helps to stabilize the flames. The liquid fuels (99.9% purity) are stored
in a 0.5 liter container and led to the evaporator by pressurization with nitrogen.
All gases are metered with calibrated mass flow controllers (Bronkhorst, EL-FLOW
type) with absolute uncertainties in the flow rates of & 5%. The fuel flow is accurately
measured and controlled by a liquid mass flow meter and the CEM. The operating
flow conditions for the measurements are shown in Table 5.1 for n-heptane flames and
in Table 5.2 for n-decane flames.

5.2.2 Optical measurements

Figure 5.2 shows the experimental setup used for the measurements. Two different
laser-based measurement techniques were used, Laser-Induced Fluorescence (LIF) and
Laser-Induced Incandescence (LII). LIF was used to detect OH radicals using 283 nm
and polyaromatic hydrocarbons (PAH’s) using 266 nm excitation, whereas LII was
used to detect soot volume fraction using 1064 nm excitation.



76 Chapter 5: Soot, PAH and OH measurements in vaporized liquid fuel flames

Exhaust

Chimney

High pressure vessel

Plug of corner hole

Quartz window

Burner

Adjustable height table

Figure 5.1: Pressure vessel and assembled parts.

Table 5.1: Flow conditions for n-heptane flames.

Fuel flow [g/h] | Carrier gas flow [g/h] and [L/min] | Equivalence ratio (¢)

4.5 36.5 - 0.471 1.9
4.5 29.3 - 0.377 2.3
4.5 24.4 - 0.315 2.8
4.5 21.0 - 0.270 3.3
4.5 18.4 - 0.237 3.7
4.5 12.2 - 0.157 0.6
4.5 10.5 - 0.135 6.5
4.5 8.0 -0.103 8.5

Table 5.2: Flow conditions for n-decane flames.

Fuel flow [g/h] | Carrier gas flow [g/h] and [L/min] | Equivalence ratio (¢)

3.5 28.2 - 0.364 1.9
3.5 22.6 - 0.291 2.3
3.5 18.9 - 0.244 2.8
3.9 16.1 - 0.208 3.3
3.5 14.1- 0.182 3.7
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Figure 5.2: Experimental setup for OH and PAH LIF and LII. FHG and SHG stand for
Fourth and Second Harmonic Generation, respectively.

For the OH LIF, a dye laser (Continuum NDG60) was pumped by the second
harmonic radiation of a Nd:YAG laser (Spectra-Physics, PRO-290). The frequency-
doubled output of the dye laser at 283 nm was used to excite the OH radical. The 283
nm laser beam was formed into a 3 cm high laser sheet by a combination of cylindrical
and spherical lenses. The OH radical was excited through the ();(8) transition in the
A?YT - X?T1(1,0) band and the resulting fluorescence emission occurs at around 308
nm. The fluorescence signal was detected using an intensified CCD camera (PI-MAX,
Princeton Instruments) equipped with a UV lens (UV-Nikkor, =105 mm) and an in-
terference filter at 310 nm (FWHM).

For the PAH LIF measurements, the 4* harmonic at 266 nm from a Nd:YAG
laser (Brilliant b, Quantel) was used to excite the PAH’s using the same laser sheet
optics, intensified CCD camera and UV-lens as for the OH LIF measurements. When
using the strong 266 nm for excitation, there are contributions from both soot incan-
descence and PAH fluorescence in the detected signal. In order to distinguish these,
two subsequent measurements were carried out: prompt detection (synchronized with
the laser pulse) which contains both LIF and LII contributions; and delayed detec-
tion (50 ns after the laser pulse) which avoids the LIF signal from PAH’s due to its
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short life time (on the order of nanoseconds). A combination of a liquid dimethyl-
formamide filter and a Schott filter, BG3, was used to suppress scattered laser light
and collect the fluorescence signal in the range from 300 to 500 nm. For both OH
and PAH LIF measurements, 500 single shots were recorded and averaged. Calcula-
tion from 500 single-shot measurements showed signal intensity variations of 7% (1 o).

PAH’s is a group of molecules with various numbers of aromatic rings, and it is
well-known that these species absorb in broad spectral regions and fluoresce in broad
spectral regions as well [18, 19]. Absorption at a specific wavelength thus excites a
number of PAH molecules, and gives no specific selectivity. However, good correlation
between the concentration of some PAH species and the maximum intensity of the
PAH LIF signals has been observed [20)].

The LII measurements were carried out using a Nd:YAG laser at 1064 nm, with
the laser beam formed into a thin sheet directed through the flame. A fluence of
0.32 J/cm? at the start of the plateau regime [17] was used to ensure results with
low dependence on laser pulse energy and attenuation/trapping. The laser power was
adjusted using an attenuator. An intensified CCD camera was used to image the
incandescence perpendicular to the incoming laser sheet. For all LII measurements
a gate width of 50 ns was used and accumulations of 500 shots were recorded. LII
signals were quantified by calibrating the LII setup using a flat ethylene/air flame with
»=2.3 on a bronze McKenna burner, previously characterized by laser extinction at
1064 nm [21]. The uncertainty in the soot volume fraction measurements is mainly
dominated by the uncertainties in the magnitude of the soot refractive index function,
E(m) = —Im{m? — 1/m?+ 2}. The refractive index of soot applied in [21] was
m = 1.56 — 0.461, resulting in a dimensionless extinction coefficient of k. = 5.01 and
E(m) = 0.21. This value is assumed also for the flames studied in this work.

5.3 Results and Discussion

5.3.1 Data interpretation

In figure 5.3, a set of images is shown from applying various laser techniques to the
same flame, a partially premixed n-heptane flame (¢ = 3.7). The OH concentration
is high in the outer diffusion flame where the temperature is high as a result of
combustion of fuel and flame-generated species such as PAH’s. The OH distribution
(figure 5.3a) surrounds the PAH distribution, and the PAH molecules formed in the
fuel-rich part and hot gas mixture will be oxidized in the combustion zone. For high
enough equivalence ratios, soot is formed from PAH’s which in turn are oxidized
higher in the flame. Studying figure 5.3b it is, however, noticeable that the signal has
a sharp structure at the top not really following the smoothly curved shape of the
inner border in the OH image. When studying the complete data set this sharp peak
is occurring for equivalence ratios higher than 3.3 and is attributed to laser-induced
incandescence (LII) interference from soot particles. This conclusion is based on
measurements where we delayed the camera gate with 50 ns with respect to the laser
pulse. This delayed signal for 266 nm excitation (figure 5.3c) shows the same structure
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as the sharp peak in figure 5.3b. At a delay of 50 ns only species with a considerably
long lifetime can contribute to the signal. It is well-known that soot particles absorb
radiation in UV /visible as well as IR spectral regions and LII signals can persist for
lifetimes of microseconds. Additionally, the signal shape obtained using the delayed
detection with 266 nm excitation overlaps with the LII image obtained using 1064
nm excitation (figure 5.3d). The detection of the delayed signal in LIF experiments
nicely connects the different data sets, certifying that the somewhat different optical
setups for the LIF and LII experiments are synchronized.

1000 2000 600 50 100 150 0 0.005 0.01
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Figure 5.3: Example of measurement data from a partially premixed n-heptane flame
(¢ = 3.7). a) shows a LIF image of the OH distribution. The signal obtained from excitation
at 266 nm is shown for prompt detection (b) and delayed detection (c). Images a-c are only
qualitative, the color bars showing detector counts. In d) the quantitative soot volume
fraction image [ppm] obtained using LII is shown.

5.3.2 n-heptane and n-decane flames

The center line signals obtained from excitation at 266 nm for prompt detection (see
2D distribution example in Fig. 5.3b) are shown in figures 5.4 (n-heptane flames) and
5.5 (n-decane flames) as function of flame height (center line profiles) for equivalence
ratios 1.9 < ¢ < 3.7. Although fuel flow rates of both fuels are different, ¢ represents
a normalized fuel concentration which is kept the same for both fuels. One peak is
observed for ¢ < 3.3 corresponding to the PAH fluorescence, while for ¢ > 3.3 an-
other peak starts to appear at a flame height around 15 mm for n-heptane and around
12 mm for n-decane, which is attributed to incandescence from soot. Therefore, the
equivalence ratio threshold where soot starts to be formed is similar (¢ ~ 3.3) for both
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n-heptane and n-decane flames. At fuel equivalence ratios lower than this threshold,
the soot precursors (PAH’s) are not converted to soot indicating that the soot might
be completely oxidized or formed in very low (not detectible) concentration.
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Figure 5.4: Center line signals obtained from excitation at 266 nm and prompt detection
for n-heptane flames with 1.9 < ¢ < 3.7.
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Figure 5.5: Center line signals obtained from excitation at 266 nm and prompt detection
for n-decane flames with 1.9 < ¢ < 3.7.

Another indication of similar combustion characteristics between the n-heptane
and n-decane flames is observed when comparing their maximum PAH LIF signals (see
figure 5.6). The maximum PAH LIF signals show a monotonic increase as function of
equivalence ratio (figure 5.6(a)) in the range of 1.9 < ¢ < 3.7. A very similar trend
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is seen for both fuels, presenting a sharp increase from ¢=1.9 to ¢=2.3, followed by a
smaller slope for higher values of ¢. In figure 5.6(b), the maximum PAH LIF signals
of n-heptane and for n-decane are normalized to their respective maximum values at
$=3.7 and a linear correlation (R?=0.995) is found.
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Figure 5.6: Maximum PAH LIF signals as function of equivalence ratio (a) and the cor-
relation between the normalized maximum PAH LIF signals (b) in n-heptane and n-decane
flames in the range of 1.9 < ¢ < 3.7. Red line: linear fit y = ax+b, with b0 and R?=0.995.

When fuel concentration in the n-heptane flames is increased further (by decreas-
ing premixed air flow) to equivalence ratios up to ¢$=9.0, the LII signal from soot
(second peak) becomes stronger than the PAH LIF signals (first peak) (see figure
5.7). As the 2D images in figure 5.8 also evidence, the second peak is LII from soot
that becomes stronger as the equivalence ratio increases. Over this range of equiv-
alence ratio (3.7 < ¢ < 8.5), the soot LII signal starts to increase when the PAH
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LIF is decreasing, which is observed as a local minimum in the region between both
signal peaks. This observation supports the view that the chemical species giving
rise to the LIF signal are soot precursors. Applying a combined LII-LIF technique,
Vander Wal [12] also identified this local minimum characterizing the material from
within this region by transmission electron microscopy (TEM). The results suggested
conversion from soot-precursor material into solid carbonaceous soot particles. This
transitional soot-precursors region has also been observed in other related studies of
gas-jet diffusion flames [13, 14].
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Figure 5.7: Center line signals obtained from excitation at 266 nm and prompt detection
for n-heptane flames with 3.7 < ¢ < 8.5

The maximum soot volume fraction (f,, . .) obtained upon excitation with 1064
nm correlates very well (R? > 0.99) with the maximum prompt PAH LIF signal. The
later is the first local maximum in figure (5.7). Figure 5.9 indicates that the maximum
PAH LIF signal is a good predictor of f,, . from LII. This observation is in line with
the work of McEnally and Pfefferle [20] on partially premixed ethylene flames.

We will now look further into possible influences related to the LII signal when
using the delayed detection approach. These influences are assessed by comparing the
signal obtained upon excitation with 266 nm and delayed detection, with the soot vol-
ume fractions obtained using (prompt) LII at 1064 nm excitation. Figure 5.10 shows
that a good correlation coefficient (R? > 0.99) is found, indicating that the influence
of particle size on the signal, which can be an issue when detecting the delayed LII
signal, is minor [16]. The linear correlation also indicates that possible physicochem-
ical interferences, which could be introduced using high-power UV excitation, do not
produce systematic errors.
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Figure 5.8: 2D images of n-heptane flames from excitation at 266 nm for prompt detection
(left) and delayed detection (right).
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Figure 5.9: Correlation between maximum soot volume fraction and PAH LIF signal in
n-heptane flames. Black squares: experimental data in the range of 1.9 < ¢ < 3.7. Red
line: linear fit y = ax + b, with b0 and R?=0.998.

1,04

266 nm)

0,8—-
0,6—- (4
041
0,2—-

0,01

00 02 04 06 08 10
Normalized f from prompt LIl signal (A = 1064 nm)

Normalized delayed LIl signal (A

Figure 5.10: Correlation between the normalized delayed LII signal (obtained upon 266
nm excitation) and soot volume fraction (obtained from prompt LII at 1064 nm excitation)
in in n-heptane flames. Black squares: experimental data in the range of 3.7 < ¢ < 8.5.
Red line: linear fit y = az + b, with b#£0 and R?=0.997.
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5.4 Conclusions

Partially premixed flames of the surrogate fuels n-heptane and n-decane were charac-
terized in an experimental setup capable of burning vaporized liquid fuels in laminar
coflow flames. The LIF and LII techniques were applied to measure qualitative pro-
files of OH, PAH and soot, as well as quantitative soot volume fractions. The results
illustrate that a combination of LIF and LII using both 266 nm and 1064 nm as ex-
citation wavelengths can provide unambiguous spatial identification of PAH and soot
in laminar flames.

We have demonstrated that there is a good linear correlation between f,,, obtained
using prompt detection and excitation at 1064 nm, and both PAH LIF and delayed
(50 ns) LII signals obtained upon excitation with 266 nm. This result particularly
suggests that, if one is interested only in a comparison of soot formation character-
istics for a large range of flame conditions and fuels, it can be done with one optical
setup arrangement using 266 nm as the excitation wavelength.

Possible issues related to the use of high-power UV excitation (photo-chemical
processes) and delayed signal detection (influence on particle size) for PAH and soot
measurements, are not significant for the flame conditions studied here. Also, these
delayed and prompt measurements of LII signals seem to spatially match, suggesting
good synchronization between the different optical setups and a good flame repeata-

bility of the HPVB setup.

Bibliography

[1] M.D. Smooke, Y. Xu, R.M. Zurn, P. Lin, J.H. Frank, and M.B. Long. Computa-
tional and experimental study of OH and CH radicals in axisymmetric laminar
diffusion flames. in: Twenty-Fourth International Symposium on Combustion,
The Combustion Institute, Pittsburgh, pages 813-822, 1992.

[2] C.S. McEnally, A.M. Schaffer, M.B. Long, L.D. Pfefferle, M.D. Smooke, M.B.
Colket, and R.J. Hall. Computational and experimental study of soot formation
in a coflow, laminar ethylene diffusion flame. The Combustion Institute, 27th
symposium on Combustion:1497-1505, 1998.

[3] K.T. Walsh, J. Fielding, M.D. Smooke, and M.B. Long. Experimental and com-
putational study of temperature, species, and soot in buoyant and non-buoyant

coflow laminar diffusion flames. Proceedings of the Combustion Institute, 28:
1973-1979, 2000.

[4] C.S. McEnally, L.D. Pfefferle, A.M. Schaffer, M.B. Long, R.K. Mohammed, M.D.
Smooke, and M.B. Colkei. Characterization of a coflowing methane/air non-
premixed flame with computer modeling, Rayleigh-Raman imaging, and on-line
mass spectrometry. Proceedings of the Combustion Institute, 28(2063-2070), 2000.

[5] M.D. Smooke, R.J. Hall, M.B. Colket, J. Fielding, M.B. Long, C.S. McEnally, and
L.D. Pfefferle. Investigation of the transition from lightly sooting towards heavily



86

Bibliography

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

sooting co-flow ethylene diffusion flames. Combustion Theory and Modelling, 8:
593-606, 2004.

M.D. Smooke, C.S. McEnally, L.D. Pfefferle, R.J. Hall, and M.B. Colket. Compu-
tational and experimental study of soot formation in a coflow, laminar diffusion
flame. Combustion and Flame, 117(117-139), 1999.

M.D. Smooke, M.B. Long, B.C. Connelly, M.B. Colket, and R.J. Hall. Soot
formation in laminar diffusion flames. Combustion and flame, 143:613—628, 2005.

Chevron. Motor gasolines technical review. Technical report, Chevron, San
Ramon, CA, USA, 2007.

Chevron. Diesel fuels technical review. Technical report, Chevron, San Ramon,
CA, USA, 2007.

J.T. Farrell, N.P. Cernansky, F.L. Dryer, D.G. Friend, C.A. Hergart, C. K. Law,
R.M. McDavid, C.J. Mueller, A.K. Patel, and H. Pitsch. Development of an
experimental database and kinetic models for surrogate diesel fuels. SAE paper
2007-01-0201, 1, 2007.

M.H. de Andrade Oliveira, C.C.M. Luijten, and L.P.H. de Goey. Soot measure-
ments in laminar flames of gaseous and (prevaporized) liquid fuels. Proceedings
of the 4th ECM (FEuropean Combustion Meeting), Editors: P. Szentannai and F.
Winter, Vienna, Austria, 117, 2009.

R.L. Vander Wal. Soot precursor material: visualization via simultaneous LIF-
LIT and characterization via TEM. Twenty-Sizth Symposium (International) on
Combustion/The Combustion Institute, 78:2269-2275, 1996.

R.L. Vander Wal, K.A. Jensen, and M.Y. Choi. Simultaneous laser-induced
emission of soot and polycyclic aromatic hydrocarbons within a gas-jet diffusion
flame. Combustion and Flame, 109:399-414, 1997.

R.L. Vander Wal. Soot precursor carbonization: Visualization using LIF and LII
and comparison using bright and dark field TEM. Combustion and Flame, 112:
607-616, 1998.

F. Cignoli, S. Benecchi, and G. Zizak. Time-delayed detection of laser-induced
incandescence for the two-dimensional visualization of soot in flames. Applied
Optics, 33:5778-5782, 1994.

H. Bladh, J. Johnsson, and P.-E. Bengtsson. On the dependence of the laser-
induced incandescence (LII) signal on soot volume fraction for variations in par-
ticle size. Applied Physics B, 90(1):109-125, 2008.

C. Schulz, B.F. Kock, M. Hofmann, H. Michelsen, S. Will, B. Bougie, R. Suntz,
and G. Smallwood. Laser-induced incandescence: recent trends and current ques-
tions. Applied Physics B, 83:333-354, 2006.



Bibliography 87

[18] F. Beretta, A. D’Alessio, A. D’Orsi, and P. Minutolo. Modeling non-premixed
laminar co-flow flames using flamelet-generated manifolds. Combustion Science
and Technology, 85:455-470, 1992.

[19] L. Petarca and F. Marconi. Fluorescence spectra and polycyclic aromatic species
in a n-heptane diffusion flame. Combustion and Flame, 78:308-325, 1989.

[20] C.S. McEnally and L.D. Pfefferle. Experimental study of nonfuel hydrocarbons
and soot in coflowing partially premixed ethylene/air flames. Combustion and
Flame, 121:575-592, 2000.

[21] J. Zerbs, K.P. Geigle, O. Lammel, J. Hader, R. Stirn, R. Hadef, and W. Meier.
The influence of wavelength in extinction measurements and beam steering in
laser-induced incandescence measurements in sooting flames. Appl Phys B, 96:
683-694, 20009.






CHAPTER 6

Soot, PAH and OH measurements in doped methane flames

During the process of biomass gasification tars are formed which exit the gasi-
fier in vapor phase. Tar condensation creates problems like fouling and plugging
of after-treatment, conversion and end-use equipment. Gasification tars consist
mainly of Polycyclic Aromatic Hydrocarbons (PAHs). Former research has shown
the possibilities and difficulties of tar conversion by partial combustion. Basic
studies to investigate the oxidation of tars in non-premized combustion processes
are expected to give more insight in this problem. In this paper the ability of
the flamelet-generated manifold (FGM) approach to numerically model multi-
dimensional, laminar, non-premized flames with the inclusion of PAH chemistry
is investigated. Modeling detailed PAH chemistry requires the employment of large
reaction mechanisms which lead to expensive numerical calculations. The appli-
cation of a reduction technique like FGM leads to a considerable decrease (up to
two orders) in the required computation time. A 1D numerical validation shows
that the improvements achieved by implementing a varying Lewis number for the
progress variable Y are significant for PAH species with a large Lewis number,
such as CigHg. Considerable improvements are found near the flame front and
on the fuel side of the flame. A comparison has been made of FGM results with
qualitative Planar Laser Induced Fluorescence (PLIF) measurements. A laminar
CH4/Ns-air co-flow flame has been doped with two dopants, being benzene and
toluene, at three different concentrations. A set of filters has been used in or-
der to qualitatively distinguish the small (1-2 rings) and large (3 or more rings)
aromatic species. The results show that the model is able to capture the ma-
jor flame characteristics typical for PAH formation in multi-dimensional laminar
non-premixed flames.
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6.1 Introduction

Civilization has become aware that fossil fuel stocks are finite. This led to an increas-
ing interest in sustainable energy sources. A promising renewable conversion technique
is biomass gasification. The resulting gas is called producer gas or syngas and is itself
a fuel. During biomass gasification, tars are formed which exit the gasifier in vapor
phase. These tars mainly consist of Polycyclic Aromatic Hydrocarbons (PAHs). Tars
tend to condense and then gradually carbonize or polymerize until solid (soot) par-
ticles are formed [1]. Tar condensation causes problems like fouling and plugging of
after-treatment, conversion and end-use equipment, which hampers the wide-spread
application of biomass gasification. Tar formation during the thermal decomposition
of biomass cannot be avoided. Therefore, it is of importance to convert or remove the
tars at high temperature, before condensation takes place.

Studies by Houben et al. [2] and Van der Hoeven et al. [3] have demonstrated
the possibility to remove naphthalene, a tar model component, from producer gas at
high temperature by means of introducing a limited amount of air (with an air ratio
A = 0.20). During the experiments air was fed continuously through several nozzles
into a partial combustion reactor creating multiple diffusion flames. These multiple
(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. These past studies have shown the
possibilities and difficulties of tar conversion by partial combustion, leaving questions
unanswered. To further investigate the conversion of tars in partial combustion reac-
tors, a numerical model is developed. In this paper, we present a numerical model for
tar/PAH chemistry in laminar diffusion flames. For validation, the results are com-
pared with laser-diagnostic measurements of PAH in coflow diffusion flames doped
with tar model compounds.

Modeling of tar conversion in partial combustion reactors requires the use of de-
tailed chemistry models in two or even three dimensional simulations. Reaction mech-
anisms that describe the complicated PAH chemistry with sufficient detail, usually
contain several hundreds of reactions between more than hundred species. This leads
to a huge computational cost. Multiple methods, which are referred to as reduction
techniques, have been developed to reduce the computational cost by eliminating fast
chemical processes and as such the number of degrees of freedom of the problem [4—
6]. Each method identifies the fast chemical processes in a different manner. Here we
consider the flamelet-generated manifold (FGM) reduction technique which decouples
chemical kinetic processes from the main flow and mixing processes by solving a set
of one-dimensional (1D) flamelet equations [7]. This method has been extensively
studied in simulations of premixed and non-premixed flames, both laminar and tur-
bulent [8-12]. In the present work, the FGM approach is investigated for the modeling
of PAH chemistry in non-premixed flames. Since the molar mass of PAHs is much
larger than that of the major combustion species, the diffusivity of PAHs is signifi-
cantly smaller, resulting in preferential diffusion effects. From a modeling perspective,
preferential diffusion of PAHs has been rarely studied. The study presented in this
paper focuses on the numerical and experimental validation of FGM in a laminar
diffusion flame with the inclusion of detailed PAH chemistry. The first part focuses
on a numerical validation in a 1D steady laminar CHy/Ns-air counterflow flame. In



92 Chapter 6: Soot, PAH and OH measurements in doped methane flames

the second part, two-dimensional laminar diffusion flames doped with benzene and
toluene — considered as tar representatives — are modeled with FGM and compared
to measurements. Experiments have been executed to measure the distribution of OH
and PAHs with Planar Laser-Induced Fluorescence (PLIF) in several doped flames.

6.2 Numerical approach

In the FGM approach, a low-dimensional manifold is created from solutions of the
so-called flamelet equations. This set of 1D equations has been derived from the
full set of 3D transport equations [13] and it describes conservation of mass, species
and enthalpy in a flame-adapted coordinate system. For further details the reader
is referred to [12]. In this study a series of counterflow diffusion flamelets is used to
create a 2D manifold which is parameterized by two controlling variables. A natural
selection of the control variables is the mixture fraction Z and a reaction progress
variable ), so ¢ = ¢(Z,)), in which ¢ can denote any thermo-chemical variable.
Although any choice that results in a single-valued function is possible, the reaction
progress variable is chosen here as a linear combination of the mass fractions of the
main products and hydrogen: Y = aco,Yco, +om,0 Yi,0+am, Yi,. The weight factors
are chosen to be a; = 1/M;.

The diffusion fluxes are modeled by assuming a constant Lewis numbers for each
species: Le; = ¢;. The Lewis numbers are retrieved from a 1D flame simulation
employing a complex transport model. Traditionally, the progress variable ) is trans-
ported without the inclusion of preferential diffusion (Ley = 1). Here, we examine
what the influence on the results is, if preferential diffusion is taken into account by
assuming a variable Lewis number Ley = Ley(Z,)). As the controlling variable ) is
a linear combination of species mass fractions, the diffusive flux of ) in a flamelet is
given by a linear combination of the diffusion fluxes of the species:

(6.1)

Tey9r ~ 2= Teidr'

Assuming a Fick-like diffusion model for ), the Lewis number can be determined as
follows [12]:

1 ( aH2 8YH2 aH2o 6YH20 + a002 6Y002) <8y)_1

Ley \Lew, Ovr  Lem,o Ox Leco, Ox ox (6.2)
in which we have used the present choice of ). The parameter 1/Ley has been
calculated for every single flamelet and tabulated as a function of the two controlling
variables. The FGM databases used in this study are discretized on a 201 x 201
(Z x Y) equidistant grid. Data has been retrieved from these databases using bilinear
interpolation. The solution of Z and Y is used in a postprocessing step to retrieve all
parameters of interest from the manifold.

6.3 Burner configuration

The diffusion flame is created in a co-flow burner with a fuel tube inner diameter
of 4 mm and an oxidizer coflow inner diameter of 50 mm. In the fuel tube flows a
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Table 6.1: Experimental conditions.

Nr. Dopant species Concentration
No dopant -
Benzene CgHg 1333 ppm
Benzene CgHg 2000 ppm
Benzene CgHg 2667 ppm
Toluene C,;Hg 1121 ppm
Toluene C;Hg 1667 ppm
Toluene C;Hg 2222 ppm

N O Ol W N

mixture of 55 V% methane and 45 V% nitrogen, and the co-flow consists of air. In the
experiments, methane and nitrogen are supplied from high-purity gas cylinders and
air from a compressor. All gases are metered with calibrated mass flow controllers
(Bronkhorst, EL-FLOW type) with absolute uncertainties in the flow rates of £5%.
The flames investigated in this work showed good stability with a maximum standard
deviation of 1.7% of the total flame height over time. A syringe pump system (pump =
model SP100i; syringe= Hamilton 100uL) is used to inject the two dopants (benzene
or toluene) in the fuel line at three different flow rates. The dopants purity is 99.8%
(Sigma Aldrich). The fuel line was heated to 323 K before and after the injection
point down to the bottom of the burner, to assist vaporization of the dopants and
prevent condensation. At this temperature and the highest flow rate applied, the
saturated vapor pressure of benzene is 2 orders of magnitude higher than its partial
pressure in the fuel mixture (0.362 bar vs 0.0026 bar). The dopant concentrations of
the seven studied flames are listed in table 6.1. As a reference, all measurements have
been executed (in addition to the doped flames) on a flame without dopant. This
flame is defined as the base flame (nr. 1 in table 6.1).

Numerically, the flame is described within a 2D axisymmetric domain by using
an unstructured mesh containing 50.000 grid cells. Several grid size studies have
shown that an applied grid cell size of 3 to 6 x 107° m in the region of the flame
front is adequate [12]. The size of the numerical domain is 0.075 x 0.025 m. The
stoichiometric mixture fraction is Zy = 0.124. The oxidizer (air) stream enters the
geometry with a temperature of 300 K. The fuel stream enters the geometry with a
temperature of 323 K. The flow in the fuel tube is prescribed by a parabolic velocity
profile with a maximum of 0.58 m/s. 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
(radius » = 0.025 m). The outlet is modeled with an outflow boundary condition,
assuming a zero normal gradient for all flow variables except pressure. The so-called
ABF reaction mechanism [14, 15] (101 chemical species and 544 reactions) has been
employed to compute the flamelets. Since toluene chemistry is not present in the
ABF mechanism, the so-called Richter mechanism [16] (158 chemical species and 872
reactions) is employed for the flamelet calculations in which the fuel is doped with
toluene.
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6.4 1D numerical validation

In order to validate the FGM implementation, 1D steady laminar CHy/Ny-air stag-
nation flames have been computed with Le; = ¢;. Results of detailed chemistry are
compared with results obtained by using FGM. In this validation study CgHg (2667
ppm) has been added to the fuel (55 %V CHy, 45 %V Ny). When applying FGM, the
following two transport equations, apart from the momentum equations, are solved

for Z and Y:

V (piiZ) =V @62) (6.3)
P

Y (pity) =¥ (- A9y 6.4

(puy) = Tey +wy (6.4)

with wy being the source term for Y, A the thermal conductivity and c, the heat
capacity. The source term is composed from the source terms of the selected species
CO,, HyO and H, and tabulated as a function of Z and ). The solution of Z and ) is
used in a postprocessing step to retrieve all parameters of interest from the manifold.
A comparison is made between the detailed solution employing the full chemistry
model (FC), a non-premixed FGM (np-FGM) where Ley = 1 , and a non-premixed
FGM with Ley = f(Z,Y) (np-FGM2). Calculations have been executed at a range of
strain rates. The results for the mass fractions of CioHg, C14H19, and CigHyg at two
different strain rates: a = 0.10 and 100 s~!, can be seen in Fig. 6.1. A recent publi-
cation [12] has shown the performance of the inclusion of a Lewis number for ) for
main species such as Hy, and OH. The results in Fig. 6.1 show that the improvements
achieved by implementing a varying Lewis number for ) (Ley = f(Z,))) are signif-
icant for PAH species with a large Lewis number. The Lewis numbers of the shown
species C1gHg, C14H1g, and CigHyg are respectively 2.99, 3.66, and 3.94. Considerable
improvements are found near the flame front and on the fuel side of the flame. The
results validate the FGM approach for the modeling of laminar, non-premixed flames
with the inclusion of detailed PAH chemistry and preferential diffusion. Comparing
FGM results to experimental data does not derogate this, since the accuracy of a
reduced chemistry model is always limited by the accuracy of the detailed model on
which it is based.

6.5 Experimental measurements

Planar laser-induced fluorescence was used to visualize OH radicals using 283 nm,
and PAHs using 266 nm excitation. Figure 6.2 shows the experimental setup used
for all measurements. For the OH measurements, a dye laser (Continuum NDG0,
Rhodamine 590) is pumped by the second harmonic radiation (532 nm) of a Nd:YAG
laser (Spectra-Physics, PRO-290). The output of the dye laser (566 nm) is frequency-
doubled to 283 nm to excite the OH radical. The 283 nm laser is guided by two
dichroic mirrors and formed into a 3.5 cm high laser sheet (positioned 1 mm above
the burner tip) by a collection of cylindrical and spherical lenses. The Q1(8) line
belonging to the A?XT - X?2I1(1,0) band is excited and the fluorescence at around
308 nm is collected by an ICCD camera (Princeton PI-MAX, 1024 x 1024 pixels)
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Figure 6.1: One-dimensional steady counterflow flamelet calculations with Le; = ¢; for a

strain rate a =

0.10 s=% (left) and @ = 100 s~! (right). Profiles of the mass fractions of

CioHg (1% row), C14Hyg (2" row), and Cy6Hyg (3" row) are shown for the full chemistry
solution (FC; solid black), non-premixed FGM simulations with Ley = 1 (np-FGM; dashed),
and non-premixed FGM simulations with Ley = f(Z,)) (np-FGM2; solid red), as function

of the mixture fraction Z.
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Figure 6.2: Experimental setup for OH and PAH PLIF. FHG and SHG stand for Fourth
and Second Harmonic Generation, respectively.

equipped with a UV objective (UV Nikon, 100 mm focal length) and an interference
filter (centered at 310 nm with FWHM of 10 nm).

For the PAH measurements, the 4™ harmonic at 266 nm from a Nd:YAG laser
(Brilliant b, Quantel) is used. To detect the PAHs, the same laser sheet optics, ICCD
camera and UV-lens are used as for OH PLIF. When using the strong 266 nm for
excitation, there are contributions from both soot incandescence and PAH fluorescence
in the detected signal. In order to distinguish these, two subsequent measurements are
carried out: prompt detection (synchronized with the laser pulse) which contains both
LIF and LII contributions; and delayed detection (50 ns after the laser pulse) which
avoids the LIF signals from PAHs due to their short life time (~ 15 ns). Although the
prompt measurements thus contain some incandescence, it turned out to be negligible
compared to the PAH signal. A liquid dimethylformamide filter is used in combination
with the BG3 filter to suppress laser scattering and collect the fluorescence of PAH
in the range of 300 to 500 nm. In some flames a set of filters are used, in order to
qualitatively distinguish the small (1-2 aromatic rings) and large (3 or more aromatic
rings) aromatic species which show characteristic fluorescence in the UV region and
visible region, respectively [17, 18]. The filters used were: small aromatics: UG11 +
WG320; large aromatics: GG420 + BG12. For all measurement conditions, 500 single
shots were captured and averaged. Calculation from 500 single-shot measurements
showed signal intensity variations of 7%.
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Figure 6.3: Base flame (dopant-free); a) Comparison of OH PLIF signal (left) and calcu-
lated OH mass fraction (right). b) Comparison of PAH PLIF signal (left) and calculated
PAH mass fraction (right). The color scheme is based on the normalization of both the
signal strength (experiment) and the species mass fractions (numerical model).

6.6 Results

6.6.1 Contour plots

A contour plot of the OH PLIF signal strength (left), and the mass fraction of OH
calculated by FGM (right) of the dopant-free base flame can be seen in Fig. 6.3a.
Although the LIF signal strength is directly related to the species concentration, no
statements can be made regarding the agreement of absolute concentrations [19]. For
comparison both the experimental data and the FGM results have been normalized.
The model predicts the flame tip, defined as the location of the maximum OH value
on the center line, at a position 7% higher than the experimentally observed one. This
small difference can be related to the difficulties in matching the correct boundary
conditions from experiments for coflow flames [20-23]. Conduction and radiation
from the flame to the burner in the experiments can cause noticeable preheating of
both fuel and air inlet streams. Calculations in Ref. [20] have demonstrated that the
flame height and local temperature can be significantly affected by the assumed inlet
temperatures. Since the burner tip is not included in the present calculation, it is
very likely that the fuel flow in reality is somewhat preheated, leading to a deviation
in flame height.

Figure 6.3b shows a contour plot of the PAH PLIF signal (left) and a summation
of calculated PAH mass fractions (right), in which PAH species are defined as species
with a molar mass larger than that of benzene: M; > M¢,u,. The FGM model results
capture the lower part of the experimental profile. It is very likely that PAH species
that have more than four aromatic rings, which are not included in the applied reaction
mechanism, are present in the flame, possibly explaining the observed difference at
higher heights.

The tendency of a flame to form PAH, which subsequently can lead to the for-
mation of soot, is strongly dependent on the fuel structure [24]. The experimental
results show that PAH distributions are found before the flame front, on the fuel side.
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Figure 6.4: Benzene doped flame - 2667 ppm; a) Comparison of OH PLIF signal (left)
and calculated OH mass fraction (right). b) Comparison of PAH PLIF signal (left) and
calculated PAH mass fraction (right). The mass fraction 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) and the species mass fractions (numerical model).

When quantities of benzene are added to the fuel (see Fig. 6.4), the results show no
effect on the OH distribution and an increase of the PAH concentration, in respect to
the base flame. Since addition of the first new ring is typically the rate-limiting step
in the formation of larger PAHs, and subsequently soot [25], this increase in PAH
concentration is to be expected. Furthermore, it appears that the LIF signal also
captures smaller aromatic species like the dopant itself, since it is highly unlikely that
benzene is converted to PAHs at the involved low temperatures in the region close to
the burner exit. The experimentally observed cone is not visible in the model results,
since the dopant itself is not included in the definition of the numerically computed
PAH. To show the agreement between the measured PAH and the calculated benzene
fraction, iso-lines of the computed dopant mass fraction are included in Fig. 6.4b on
the right.

Also when toluene is applied as a dopant, a strong LIF signal is observed near
the burner tip, visualizing the dopant (see Fig. 6.5a). The PAH concentrations near
the flame tip are higher when toluene is added, than when benzene is applied as a
dopant, when it is assumed that an increase in LIF signal strength is directly related
to an increase in concentration. This increased tendency to form larger PAHs, which
will subsequently lead to an increase in soot formation, is in line with experiments by
McEnally et al. [24]. They determined sooting tendencies for a large number of aro-
matic hydrocarbons. Their results showed that, when toluene was added (400 ppm)
to a fuel mixture, identical to the mixture applied in this study, a higher sooting ten-
dency was found in comparison to benzene (400 ppm). This is confirmed here by LII
measurements which have been executed in addition to the PLIF measurements. Soot
volume fraction measurements obtained upon excitation at a wavelength of 1064 nm
show that in the flame doped with toluene, soot is formed with a concentration which
is 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
presented in Fig. 6.5b. The experimentally determined profile has been compared
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Figure 6.5: Toluene doped flame - 2222 ppm; a) Comparison of PAH PLIF signal (left),
and calculated PAH mass fraction (right). The mass fraction 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). b) Comparison
of the filtered (small aromatic species) PAH PLIF signal (left) with the numerical result
showing the mass fraction of the dopant C7Hg (right).

with the sum of all calculated species mass fractions, which have a molar mass smaller
than the 2-ring aromatic species naphthalene. In the lower region of the flame, the
dopant species in the fuel, being toluene, seems to be responsible for the small cone
visible at the burner tip.

The results obtained with the filter for large aromatic species are presented in
Fig. 6.6. Figure 6.6a 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). The exact ring class definition is given in
the next section. These results indicate that, in the experiments, PAH species are
excited which contain more than three rings. A ring analysis on the centerline of the
flame, which is presented further on in table 6.2, strengthens this assumption. The
right figure shows the species mass fraction profile of 9,-anthryl C;4Hg, which has been
found to be the species which can be found highest up in the modeled diffusion flame.

6.6.2 Centerline profiles

The mass fractions of all species have been retrieved from the applied manifold by
using the numerical solution of Z and ) on the centerline. The mass fractions of
species, with a molar mass larger than CgH (hexatriynyl), have been summed, and
this summation is referred to as the mass fraction of PAH. The dopant itself is not
included in this summation. This PAH definition also includes species which are not
poly-aromatic, but since their structure is closely related to the dopant species, their
presence in the experiments is expected. The upper left panel in Fig. 6.7 shows the
PAH distribution along the centerline in the base flame. The black dots represent
the normalized LIF signal strength, and the solid line shows the normalized modeling
results. Larger PAH species are expected to form higher up in the flame than smaller
ones. The shift between the numerical results and experimental data can therefore
be explained by the fact that no PAHs with more than four rings have been included



100 Chapter 6: Soot, PAH and OH measurements in doped methane flames

Height z [m]

0.01

0.02

-0.005 0 0.005

( b ) Experiment FGM

0.03

o
o
2

Height z [m]

o
o
=

-0.005 0 0.005
Radius r Im]1

Figure 6.6: Toluene doped flame - 2222 ppm; (a) Comparison of the filtered (large aro-
matic species) PAH PLIF signal (left) with the numerical result showing the summed mass
fraction of 3-ring species (right). (b) Comparison of the filtered (large aromatic species)
PAH PLIF signal (left) with the numerical result showing the concentration of 9,-anthryl
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Figure 6.7: Benzene doped flames - Centerline profiles of the normalized experimental
PAH LIF signal (black dots) and the mass fractions calculated by FGM (solid line) for
different benzene additions. The upper left figure shows the PAH distribution in the base
flame. The values have been normalized on the base flame results.
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Figure 6.8: Toluene doped flames - Centerline profiles of the normalized experimental PAH
LIF signal (black dots) and the mass fractions calculated by FGM (solid line) for different
toluene additions. The upper left figure shows the PAH distribution in the base flame. The
values have been normalized on the base flame results.

in calculation. The other three panels in Fig. 6.7 show the PAH distributions, when
adding benzene at three concentrations (1333, 2000, and 2667 ppm). Both the exper-
imental and the modeling results have been normalized using the base flame results.
The experimental results show two peaks in the LIF signal, of which the first one is
not present in the modeling results. This first peak corresponds to the dopant. The
height of this peak is proportional to the amount of dopant in the fuel. The left flank
of the peak is caused by the laser beam profile. Close to the burner the intensity of the
laser sheet decreases resulting in lower LIF signals. Since the dopant is not included in
the numerical PAH definition, the first peak is not observed in the numerical results.

The second peak corresponds to the PAH species which are formed just before the
flame front. The height of this peak also increases with increasing amount of dopant,
but not as much as the first peak. The computed PAH concentration shows the same
trend. The second peak appears to lie on the right flank of the first one. If the height
of the second peak is corrected for this background signal caused by the dopant itself,
the relative increase in PAH concentration with increasing amount of dopant is in
good agreement with the numerical predictions.

The results for the centerline distribution of PAHs when adding toluene, are shown
in Fig. 6.8. For easy comparison, the upper left figure shows the base flame once more.
As for the benzene doped flames, the experimental results show two peaks in the LIF
signal. The first peak, which is related to the dopant, increases much stronger with
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Table 6.2: Ring specification in terms of smallest and largest species and the position of
maximum concentrations on the centerline for the 2667 ppm benzene doped flame

Group Smallest Largest Height
species  species  [cm]
1—l"iIlg CGH C@HGF 1.44
2—ring C@H'y Clng 1.49
3-ring Ci1Hyg Ci4Hqo 1.60
4-ring CigHy  CigHig 1.62

increasing dopant rate than in the case of benzene doped flames. This confirms that
toluene results in much stronger LIF signals than benzene. The second peak, which
corresponds to PAHs that are formed, increases with increasing amount of dopant.
As in the case of benzene, the relative increase predicted by the model agrees with
the experimental values after subtraction of the toluene baseline.

To further examine the species which are present in the modeled PAH profile, the
species have been rearranged into four groups (see table 6.2): In this ring specification,
the dopant species themselves are not included. Based on these criteria the PAH
species, present in the reaction mechanism, have been rearranged in groups. Table 6.2
also lists the location of the maximum concentration of each group of rings. The
results show that with increasing height an increase in aromatic rings is involved. This
behavior is in line with the work of Lee et al. [26] in which the LIF fluorescence was
detected with filters centered at 5 different wavelengths ranging from 330 to 500 nm.
It was observed that when the detection wavelength of the PAH LIF becomes longer,
the PAH profile shifts closer to the LII profile. Since PAHs grow from the fuel side
toward the flame front and soot particles are formed from PAHs, it was concluded
that PAH LIF signals measured at shorter (longer) wavelengths represent relatively
smaller (larger) PAHs.

6.7 Conclusions

In this paper, the use of FGM for the modeling of PAH chemistry has been investi-
gated. For the first time, FGM is used to model laminar non-premixed flames with
the inclusion of PAH chemistry. The performance of FGM has been examined by
both numerical and experimental validation. Since the diffusivity of PAH species is
relatively small, additional attention has been given to the modeling of preferential
diffusion. By using a non-unity Lewis number for the progress variable, preferential
diffusion has been included in the FGM model. Validation against numerical results
computed with detailed chemistry showed that this improves the PAH predictions sig-
nificantly. The FGM model reproduces the results of the detailed model within several
percent but with only a fraction of the computational cost. This reduction in compu-
tational cost makes it possible to employ very detailed PAH reaction mechanisms in
multi-dimensional simulations by using FGM. The comparison of FGM results of 2D
simulations of a coflow flame with experiments showed that the qualitative OH distri-
butions found by the experiments and the FGM model are in good agreement. The
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PAH profiles of both the experiments and the calculations showed agreement in the
lower region of the flame. The location of the maximum PAH concentration found in
the experiments disagreed with the simulations. This is attributed to the lack of PAH
species with more than four aromatic rings in the employed reaction mechanisms.
The experimentally observed growth of PAH concentration with increasing amount of
dopant in the fuel, was also predicted by the numerical model. For both the benzene
and toluene doped flames, the relative increase in PAH concentration was predicted
with satisfactory accuracy. Although no quantitative comparison of the PAH concen-
trations could be made, the results show that the model is able to capture the major
characteristics of PAH formation in a multi-dimensional laminar diffusion flame.

Acknowledgements

The financial support of SenterNovem, the Swedish Foundation for Strategic Research
and Swedish Energy Agency through CECOST (Centre for Combustion Science and
Technology) is gratefully acknowledged.

Bibliography

[1] B.J. Vreugdenhil and R.W.R. Zwart. Tar formation in pyrolysis and gasification.
Technical Report ECN-E-08-087, Energy research Centre of the Netherlands,
20009.

[2] M. P. Houben, H. C. de Lange, and A. A. van Steenhoven. Tar reduction through
partial combustion of fuel gas. Fuel, 84:817-824, January 2005.

3] T. A. van der Hoeven, H. C. de Lange, and A. A. van Steenhoven. Analysis
of hydrogen-influence on tar removal by partial oxidation. Fuel, 85:1101-1110,
2006.

[4] J. F. Griffiths. Reduced kinetic models and their application to practical com-
bustion systems. Prog. Energy Combust. Sci., 21:25-127, 1995.

[5] U. Maas and S. B. Pope. Simplifying chemical kinetics: Intrinsic low-dimensional
manifolds in composition space. Combust. Flame, 88:239-264, 1992.

[6] S. H. Lam and D. A. Goussis. The csp method for simplifying kinetics. Int. J.
Chemical Kinetics, 26:461-486, 1994.

[7] J. A. van Oijen and L. P. H. de Goey. Modelling of premixed laminar flames
using flamelet-generated manifolds. Combust. Sci. Technol., 161:113-138, 2000.

[8] J. A. van Oijen, F. A. Lammers, and L. P. H. de Goey. Modelling of complex
premixed burner systems using flamelet-generated manifolds. Combust. Flame,
127:2124-2134, 2001.

[9] J. A. van Oijen and L. P. H. de Goey. Modelling of premixed counterflow flames
using the flamelet-generated manifold method. Combust. Theory Modelling, 6:
463-478, 2002.



104

Bibliography

[10]

[11]

[12]

[13]

J. A. van Oijen, R. J. M. Bastiaans, and L. P. H. de Goey. Low-dimensional
manifolds in direct numerical simulations of premixed turbulent flames. Proc.
Combust. Inst., 31:1377-1384, 2007.

S. Delhaye, L. M. T. Somers, J. A. van Oijen, and L. P. H. de Goey. Incorporating
unsteady flow-effects in flamelet-generated manifolds. Combust. Flame, 155:133—
144, 2008.

L. M. Verhoeven, W. J. S. Ramaekers, J. A. van Oijen, and L. P. H. de Goey.
Modeling non-premixed laminar co-flow flames using flamelet-generated mani-
folds. Combust. Flame, 159:230-241, 2012.

L. P. H. de Goey and J. H. M. ten Thije Boonkkamp. A flamelet description of
premixed laminar flames and the relation with flame stretch. Combust. Flame,
119:253-271, 1999.

Jorg Appel, Henning Bockhorn, and Michael Frenklach. Kinetic modeling of soot
formation with detailed chemistry and physics: laminar premixed flames of Cs
hydrocarbons. Combust. Flame, 121:122-136, 2000.

H. Wang and M. Frenklach. A detailed kinetic modeling study of aromatics
formation in laminar premixed acetylene and ethylene flames. Combust. Flame,
110:173-221, 1997.

R.A. Shandross, J.P. Longwell, and J.B. Howard. Destruction of benzene in high-
temperature flames: chemistry of benzene and phenol. Proc. Combust. Inst., 26:
711-719, 1996.

F. Beretta, A. D’Alessio, A. D’Orsi, and P. Minutolo. Modeling non-premixed
laminar co-flow flames using flamelet-generated manifolds. Combust. Sci. Tech-
nol., 85:455-470, 1992.

J. Wu, K.H. Song, T. Litzinger, S.-Y. Lee, R. Santoro, M. Linevsky, M. Colket,
and D. Liscinsky. Reduction of PAH and soot in premixed ethyleneair flames by
addition of ethanol. Combust. Flame, 144:675—687, 2006.

B.A.V. Bennett, C.S. McEnally, L.D. Pfefferle, and M.D. Smooke. Computational
and experimental study of axisymmetric coflow partially premixed ethylene/air
flames. Combust. Flame, 127:2004—-2022, 2001.

M. D. Smooke, C. S. McEnally, L. D. Pfefferle, R. J. Hall, and M. B. Colket.
Computational and experimental study of soot formation in a coflow, laminar
diffusion flame. Combust. Flame, 117:117-139, 1999.

C.S. McEnally, L.D. Pfefferle, A.M. Schaffer, M.B. Long, R.K. Mohammed, M.D.
Smooke, and M.B. Colket. Characterization of a coflowing methane/air non-
premixed flame with computer modeling, rayleigh-raman imaging, and on-line
mass spectroscopy. Proc. Combust. Inst., 28:2063-2070, 2000.



Bibliography 105

[22]

[23]

[24]

[25]

J.B. Bell, M.S. Day, J.F. Crcar, W.G. Bessler, C. Schulz, P. Glarborg, and A.D.
Jensen. Detailed modleing and laser-induced-fluorescence imaging of nitric oxide
in a NHs-seeded non-premixed methane-air flame. Proc. Combust. Inst., 29:
2195-2202, 2002.

S.B. Dworkin, A.M. Schaffer, B.C. Connelly, M.B. Long, M.D. Smooke, M.A.
Puccio, B. McAndrew, and J.H. Miller. Measurements and calculations of
formaldehyde concentrations in a methane/Ny/air, non-premixed flame: Impli-
cations for heat release. Proc. Combust. Inst., 32:1311-1318, 2009.

Charles S. McEnally and Lisa D. Pfefferle. Improved sooting tendency measure-
ments for aromatic hydrocarbons and their implications for naphthalene forma-
tion pathways. Combust. Flame, 148:210-222, 2007.

Charles S. McEnally, Lisa D. Pfefferle, Burak Atakan, and Katharina Koshe
Hoinghaus. Studies of aromatic hydrocarbon formation mechanisms in flames:
Progress towards closing the fuel gap. Prog. Energy Combust. Sci., 32:247-294,
February 2006.

S.M. Lee, S.S. Yoon, and S.H. Chung. Synergistic effect on soot formation in
counterflow diffusion flames of ethylenepropane mixtures with benzene addition.
Combust. Flame, 136:493-500, 2004.






CHAPTER [/

Feasibility study: burning velocities at elevated pressures

The main goal of the work presented in this chapter is to demonstrate the feasibility
of using the heat flux method in a high pressure environment. This is done by imple-
menting the Heat Flux burner for elevated pressures as designed by Slikker [1] in the
same High Pressure Vessel developed for coflow laminar flames studies, the HPVB.

7.1 Laminar burning velocity

The laminar burning velocity determines the rate at which a combustible mixture is
consumed and it gives basic information about the diffusivity and reactivity of the
flame. It is one of the key parameters when modeling laminar flames and is also the
basis to determine the turbulent burning velocity that occurs in practical applications
working under high pressure and temperature. For accurate prediction of combustion
processes, chemical reaction mechanisms play an essential role. One way of verifying
such mechanisms is to model laminar burning velocities and compare the results to
experimental data.

Methane is the main component of Natural Gas (NG), which is a very impor-
tant fuel in the production of electrical power and heat. Updated methane reaction
mechanisms for higher pressures are required but available experimental data at these
conditions are still scarce. Several methods have been developed to measure the lam-
inar burning velocity of fuel/oxidizer mixtures. For high pressure measurements, the
main methods applied are counterflow flames, conical Bunsen flames and spherically
propagating flames.

In the counter-flow burner method, fuel and oxidizer streams flow towards one
another and the flame front exists in the vicinity of the stagnation plane between
them. The flames are stabilized through flame stretch which is controlled by adjust-
ing the distance between the nozzles and/or the jet velocities. The velocity profile
along the center line is then measured using PIV or Laser Doppler Velocimetry (LDV)
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and extrapolated to a zero stretch rate, from which the laminar burning velocity (S7)
can be determined [2, 3].

The conical flames method is one of the first methods used to measure the burning
velocity where a premixed flame is stabilized on a Bunsen burner. The cone angle is
measured with a CCD camera and the burning velocity is determined from the re-
lation between burning velocity and gas velocity, flame surface and burner diameter.
The accuracy of this method depends on the optical method used to determine the
flame surface and is also affected by the heat losses to the burner rim [4].

The constant volume bomb method is based on a freely propagating flame. In this
method a (preferably spherical) combustion vessel is filled with a known fuel /oxidizer
mixture that is ignited in the center. As a result, a spherical flame will propagate
from the center towards the wall. Several methods can be used to determine (S7),
e.g. by measuring the pressure history inside the vessel, determining the density ratio
of burnt and unburnt gas mixture or measuring the gas velocity by explosion. The
results from these measuring methods need to be corrected for stretch before Sy is
determined [5].

The heat flux method developed at Eindhoven University of Technology and first
introduced by De Goey [6], does not require stretch corrections or extrapolation of
data and therefore is a potential technique for measurements of laminar burning ve-
locity also at elevated pressures. In this method, a premixed flat flame is stabilized
on a perforated burner plate and an adiabatic state is achieved by adding heat to
the unburnt gas mixture to compensate the heat loss from the flame needed for flame
stabilization.

The heat balance of the heat flux burner is shown in Figure 7.1(a). The burner
plate in this figure is sketched with only three holes for clarity. The net heat flux
is responsible for the temperature profile of the burner plate and is determined as
D, =P ¢-P,, where ®; is the heat gain from the flame to the burner plate and @,
is the heat release from the burner plate to the unburnt mixture. For subadiabatic
conditions (v, < Sp), the net heat flux is larger than zero (@, > 0) and the flame
is losing heat to the burner plate. In an extreme situation where v, < Sy, the flame
quenches or will enter the burner plate (flash-back). In the superadiabatic condition
(vg > SL), the net heat flux is smaller than zero (®,.; < 0) and in extreme situations
(vg > Sp) the flame will blow off due to the limited time to consume the fuel/air
mixture.

Figure 7.1(b) shows the axial temperature profiles of a freely propagating flame
(Tfreely) and a burner stabilized flame (Tpyrner). In this figure the thickness of the
burner plate is x, and the burner plate temperature is denoted by 7). Bosschaart
[7] has shown that the temperature gradient (d7,/dz) over the burner plate is quite
small compared to the gradient in the unburnt gases. Due to this fact and the very
thin burner plate (1 mm), it can be assumed that the temperature gradient over
the burner plate is negligible. In this way it is possible to perform one dimensional
temperature measurements using thermocouples placed in the circular burner plate.
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7.2. Experimental setup
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Figure 7.1: Schematic heat fluxes in the burner plate (a) and the temperature difference
between a freely propagating flame and a burner stabilized flame with z, as the plate

thickness (b).

In the adiabatic situation the temperature profile is uniform in the radial direction.
For subadiabatic inlet velocities the temperature in the center will be the highest. For
superadiabatic velocities this temperature is the lowest, as theoretically derived by

Bosschaart [7].

7.2 Experimental setup

A 3D sketch of the experimental setup assembly is shown in figure 7.2. The burner
head and plenum chamber are the core of the heat flux burner and are made of brass.
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The goal of the plenum chamber and burner head is to create a uniform flow at the
outlet where the burner plate is placed. The burner was designed to withstand pres-
sures up to 10 bar and was adapted to fit in the same pressure vessel as the coflow
burner in the HPVB setup (see section 2.2 in chapter 2). There were two identical
pressure vessels available, therefore, independent setups could be build.

Figure 7.2: Total assembly of the burner, high pressure vessel and chimney: 1. Chimney
2. High pressure vessel 3. Heat flux burner.

In figure 7.3 a cross section and 3D view of an assembled burner is shown with
three main components indicated by the colored boxes. The green box indicates the
burner head, the red box the plenum chamber and the blue box shows the air-diffuser,
which is wrapped around the burner head to lower the temperature in the high pres-
sure vessel.

The burner plate is placed on top of the burner head (figure 7.3(a) (1)). Around
the burner head an electrical microtubular heating element is wrapped with built-in
type J thermocouple (iron/constantan, range -40 to 4750 °C) (figure 7.3(a) (4)). The
electrical heating is used to keep the burner plate at constant temperature (in this
case approx. 90 °C). The temperature inside the pressure vessel should be maintained
below 150 °C to avoid damages to sealing and teflon rings. A diffuser was initially
designed and placed around the heating element to deliver a cold air co-flow and help
to control the temperature inside the vessel. This measure turned out to cause distur-
bance to the flame due to a combined effect of the relatively high velocity of the jets
with the small size of the vessel. However, it was still possible to perform the mea-
surements for the range of pressure studied in this work (see also recommendations).
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(a) Cross section view. (b) 3D view.

Figure 7.3: Burner head and plenum chamber, definition of parts. 1. Burner plate area,
2. Diffuser channel, 3. Insulating PEEK ring, 4. Chamber for electric heating element, 5.
Cold water jacket, 6. O-ring, 7. Inlet cold water jacket 1, 8. O-ring, 9. Cold water jacket 2,
10. Perforated plate (flow straightener), 11. Inlet fuel/air mixture.

A peek ring insulates the hot burner head from the lower part of the burner (figure
7.3(a) (3)). The cold water jackets (figure 7.3(a) (5) and (7)) are used to keep the
temperature of the incoming fuel/oxidizer flow (T,) at constant temperature (25 °C)
controlled by water baths. In the groove seen in figure 7.3(a) (6) an O-ring is placed
to make the connection between the teflon ring and the burner leak tight. Another
O-ring is placed between the teflon ring and the high pressure vessel for the same
purpose. A perforated plate is used as flow straightener inside the plenum chamber
(figure 7.3(a) (10)) to create a uniform flow. The holes in this plate have a diameter
of 2 mm and a pitch of 4 mm. This perforated plate is placed at 1.5 cm from the
bottom of the plenum chamber where the fuel/oxidizer mixture enters the burner.

The circular burner plate has an outer radius of 30 mm and contains more than
5000 holes placed in hexagonal configuration, as shown in figure 7.4(a). The holes
have a diameter of 0.3 mm and the pitch is 0.4 mm. They were calculated by De
Goey et al. [8] and simulated by Slikker [1] and are expected to give accurate results
for pressures up to 10 bar. The temperature distribution of the burner plate is mea-
sured by thermocouples of type T (Copper-Constantan) that are placed directly in
the holes of the burner plate with epoxy glue. The thermocouples are placed at the
same height in the configuration shown in figure 7.4(b) with radial distances of 0, 3.2,
4.8, 8.0, 9.6, 11.2, 12.8 and 14.4 mm.

Figure 7.5 shows the layout of the gas supply. Gas flows are measured using
calibrated Bronkhorst mass flow controllers (MFC’s). For pressures up to 3.0 bar,
a 4 L/min CH,; MFC is used for methane and a 30 L/min CO MFC is used for air
applying a conversion factor. For higher pressures a 7 L/min CHy; MFC is used for
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Figure 7.4: Burner plate perforation pattern (a) and thermocouples configuration (b).

methane and an extra 15 L/min Air MFC, placed in parallel, is used for air supply.
The change in the MFC’s was necessary to cope with the increased power (i.e. higher
mass flow) of the flame at higher pressures. All of the MFCs are tested and calibrated
up to 8 bar.
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Figure 7.5: System layout for gaseous fuels.

The only measurement required in the heat flux method is the temperature profile
of the burner plate for different gas velocities. The radial profile of temperature in
the burner plate close to the adiabatic burning velocity is fitted by the method of
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least squares to a polynomial of the form T(r) = ar® + 3. The coefficient o of
such polynomials is plotted against sub and super adiabatic burning velocities. The
adiabatic state is reached for zero value of the coefficient . The procedure and
model calculation for measuring the temperature and evaluating the burning velocity
is described in more detail by Hermanns [9]. An example of the measured temperatures
along the burner plate is given in figure 7.6 for a lean mixture of CH, and air at 3
atm and 298 K.
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Figure 7.6: Example of radial temperature profiles across the burner plate at different gas
velocities.

7.3 Results and discussions

The challenges faced during the first attempts to measure burning velocities at ele-
vated pressure are described and analyzed (preliminary results section). Some pos-
sible measures to overcome the problems observed during these initial experiments
are discussed. One of the considered measures is successfully implemented and the
measurements at elevated pressure are performed and compared with the literature
in the subsequent section.

7.3.1 Preliminary results

The heat flux burner was integrated to the high pressure vessel. Due to the relatively
small size of the vessel in relation to the flow of gases inside the vessel, the pressure
was always slightly higher than atmospheric pressure. Therefore, the measurements
on premixed methane/air flames are performed for varying pressures starting from 1.5
up to 5 bar. This is done for equivalence ratios in the range of 0.8 < ¢ < 1.4.
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During the preliminary tests, a visual flame analysis showed strong flame instabil-
ities. Four different situations were distinguished to evaluate these flame instabilities
having the adiabatic burning velocity as a reference. A stoichiometric flame at 2 bar
is taken as an example of the typical flame instabilities observed, as described below.
At this pressure, S;, ~ 29 cm/s.

ug < Sp: In the situation of subadiabatic conditions (u, ~ 27 cm/s), the flame
is heavily moving around and the blue color of the flame is not uniform (see figure
7.7(a)). There can be seen several sharp light blue contours when the rest of the flame
presents somewhat darker blue. These contours and areas are not stable and move
quite fast along the burner plate. This motion occurs in both vertical and horizontal
direction and flame edges are lifted off.

u, < Sp: In slightly subadiabatic condition (u, < 29 cm/s), flame instabili-
ties are still present. However, smoother light blue contours and lower lift off of the
flame edges are observed when compared to the subadiabatic condition (figure 7.7(b)).
Also, the movements in the vertical direction are weaker and in horizontal direction
no movement is visually noticed.

ug > Sp: In slightly superadiabatic condition (u, > 29 cm/s), the flame showed
good stability and a uniform and flat appearance (figure 7.7(c)) as it as expected and
has been described by other authors [6, 7, 10, 11] to perform reliable measurements
with the heat flux burner.

ug > Sp: In superadiabatic condition (u, ~ 31 cm/s) is close to the blow off limit
and it was not possible to measure the temperature of the burner plate. It can be seen
in figure 7.7(d) that the flame front presents sharp peaks all over the burner plate.
The inlet velocity of the unburnt gas mixture is too high to stabilize the flame, which
is no longer flat, on the burner plate.

When pressure is further increased, the magnitude of the flame instability also
increased from subadiabatic to closer-to-adiabatic condition, however, the instabili-
ties did not extend to the superadiabatic conditions up to 5 bar. Furthermore, some
noise was noticed at various pressure and equivalence ratio conditions. Some possible
physical phenomena causing these flame instabilities were considered:

Turbulence: the high pressure vessel was originally designed for small coflow flames
with much lower power than the flat premixed flames realized with the heat flux
burner. The relatively small size of the vessel in relation to these larger premixed
flames can contribute to possible turbulent flow generated by recirculation of the flue
gases inside the vessel. Glass tubes were placed around the flame serving as a protec-
tion shield for the flame. No significant changes on flame instabilities were observed.

Thermo-acoustic instabilities: fluctuations in the source of heat release can drive
thermo-acoustic instabilities. Both fluctuations in equivalence ratio and in mass flux
contribute to the heat release rate fluctuations. The behavior of a system including a
combustion chamber is governed by the basic variables: (a) air/fuel ratio, (b) flame
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(a) ug < St (b) ug < St

(c) ug > St (d) ug > St

Figure 7.7: Stoichiometric premixed methane/air flame at 2 bar and T;, = 298 K under
subadiabatic, close-to-adiabatic and superadiabatic states.

characteristics and (c) system geometry. Each of these variables can affect the insta-
bility of the system. Some attempts were made to change the system geometry by
placing several glass tubes around the flame with an outer radius of 5 cm and different
heights. Also, steel wool was placed around the burner head and inside the plenum
chamber. Besides that, the equivalence ratio was varied for each pressure condition
up to 5 bar. Despite these changes in the system variables, the flame instabilities
consistently persisted for subadiabatic and close-to-adiabatic conditions. This consis-
tency is an indication that while the thermo-acoustic instability could be responsible
for the noise generated at some conditions, it is not likely to be the only phenomena
responsible for the observed instabilities.
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Cellular flames: premixed flames typically show cellular structures on the flame
front. This phenomena can be caused by hydrodynamic (Landau-Darrieus) and
thermo-diffusive mechanisms. Hydrodynamic instabilities are typically induced by
changes in density as a result of thermal expansion of the burnt gas, normally associ-
ated with large scale flames. Thermo-diffusive instabilities can normally be quantified
by the Lewis number (Le = a/D), which is defined as the ratio of thermal diffusivity
() to mass diffusivity (D). This dimensionless number should be less than unity for
cellular flames to occur. Therefore, cellular flame instabilities are expected in fuel-
rich flames of heavy hydrocarbons and fuel-lean flames of light fuels as hydrogen and
methane [12]. However, the flame instabilities observed for our methane-air flames
occur for all equivalence ratios between 0.8 and 1.4.

Heat balance/transport in the burner plate: the temperature magnitude and
distribution on the burner plate can also play an important role in the flame stability.
A typical measurement of Sy, is performed, even under strong flame instabilities, in
order to measure the temperature distribution on the burner plate. It can be seen in
figure 7.8 that the temperatures measured for several gas velocities along the radius of
the burner plate are extremely high for subadiabatic conditions. Temperatures around
100 °C are expected for adiabatic conditions (in this case, v, ~ 29 cm/s) and below
150 °C for subadiabatic conditions. However, 200 °C is measured around adiabatic
conditions and the temperatures reach values as high as 400 °C at subadiabatic con-
ditions. In the worst case (stoichiometric flame measured at 5 bar) temperatures went
up higher than 650 °C. These extreme temperatures also caused the burner plate to
bend and the fabrication of a new one was necessary. For superadiabatic conditions,
the temperatures were within the expected values (figure 7.8).

In situations where the temperature is above 200 °C, some chemical reactions can
be initiated which compromises the reliability of the method. Konnov [13, 14] also
expressed, in private communication, concerns about some peroxides formation on the
burner plate for temperatures > 200 °C. Therefore, it was concluded that the high
temperatures, and possible chemical reactions associated with them, were the cause
for the flame instabilities observed. From adiabatic to subadiabatic conditions the
flame is moving closer to the burner plate causing higher heat losses to the burner
plate when compared with the superadiabatic conditions. The flame instabilities get
worse when pressure is increased due to the consequent increase in flame power. A
goal to keep the temperature of the burner plate below 150 °C has been set in order
to perform reliable measurements.

The electrical heating element, used to control the burner plate temperature, can
only add heat to the burner plate. In subadiabatic situations it is automatically
switched off to also allow heat transfer to the burner head cooling down the burner
plate. This mechanism was not working properly and the thermal contact between
the burner plate and burner head had to be optimized to improve the release of the
surplus of heat in the burner plate. The following solutions were considered:

e Increase the thickness of the burner plate from 1 mm to 2 mm. This measure
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Figure 7.8: Temperature profile in the burner plate for a stoichiometric premixed
methane/air flame at 2 bar and ¢ = 1.1. Preliminary results showing unexpected high
temperatures for subadiabatic conditions (i.e. Sp < 29 cm/s).

doubles the volume of the burner plate and increases the area of contact between
the burner plate and the fresh unburnt gas mixture. Consequently, the heat flux
released from the burner plate will improve, resulting in a lower average burner
plate temperature.

Replace the electrical heating element around the burner plate with a water
channel as used in the burner originally designed for atmospheric pressure mea-
surements. The obvious advantage related to the electrical heating element is
that the water channel can cool down the burner plate when necessary.

In the current design, a mechanical contact is used to conduct heat from burner
plate to burner head. A conductive paste layer between the burner head and
burner plate could improve the contact surface and therefore heat conduction
between them.

Due to manufacturing limitations it turned out not possible to create a thicker

burner plate while keeping a hole size of 0.3 mm. The water channels option could not
be easily implemented in the current burner design due to the lack of space around the
burner head. This solution also implied other burner and vessel design modification
to guide the water channels to the burner head which could not be realized within
the time frame of the present feasibility study. Therefore, it was chosen to apply a
conductive paste layer between the burner head and the burner plate. The conductive
paste used (Thermalcote from Thermalloy inc.) has a thermal conductivity of 0.377
W/m.K and can be used for temperatures up to 204 °C.

The performance of the conductive paste was verified by measuring the tempera-
ture profile in the burner plate at 5 bar. This pressure is considered to be the worst
case where the temperature profile in the burner plate is expected to be the highest,
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in the pressure range studied here, due to the increase in flame power. As can be
seen in figure 7.9, the temperature profile for ¢p=1.1 shows a maximum value ~130
°C, which is considerably lower than the values measured before the application of
the conductive paste.
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Figure 7.9: Temperature profile in the burner plate for a stoichiometric premixed
methane/air flame at 5 bar and ¢ = 1.1 after application of a conductive paste layer between
the burner head and the burner plate.

7.3.2 Measurements of S; at elevated pressures

Measurements of laminar burning velocities were performed at elevated pressures vary-
ing from 1.5 to 5 bar in steps of 0.5 bar. In this range of pressures burning velocities
are measured for equivalence ratios varying from 0.8 to 1.4. The experimental results
are summarized in figure 7.10 (the solid lines represent a third order polynomial fit
as function of equivalence ratio for each pressure). Because the pressure inside the
vessel is always slightly higher than atmospheric pressure, even when the chimney is
taken off, no measurements at atmospheric pressure could be performed. Therefore,
for purpose of comparison, the burning velocities for atmospheric pressure are taken
from Slikker [1] since they were measured with the same burner (designed to work at
high pressure) before integration with the pressure vessel.

The uncertainty in calculated values for ¢ is only influenced by the accuracy in the
mass flow controllers (MFC’s) and estimated around 1.2% at ¢=1.0. For other equiv-
alence ratios the uncertainty increases to 1.5%, due to the relative higher inaccuracy
of the MFC’s when producing smaller flows. The uncertainty in S, is influenced by
the accuracy in fuel/air mass flows and pressure control as well as temperature mea-
surements [7, 9]. The main contribution to this uncertainty comes from the pressure
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deviations. It was estimated to be largest at 1.5 bar, and decreasing when pressure
is increased. Typically, four sets of measurements are performed to determine the
laminar burning velocities and verify the repeatability. Standard deviations in S
calculated from these measurements are within 3.2%.
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Figure 7.10: Results of adiabatic burning velocity measurements on premixed methane/air
flames for pressure up to 5 bar. The equivalence ratio is varied between 0.8 and 1.4 and
T,,=298 K. The results for atmospheric pressure are obtained from Slikker [1].
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Despite the improvement achieved with the conductive paste, the temperature
values for ¢p=1.0 at p=>5.0 are still above 200 °C, and therefore, Sy, is not measured
at this condition. For other equivalence ratios and pressures, the flame power is lower
and the large increase in burner plate temperature is only observed when the gas inlet
velocity is substantially smaller than the burning velocity. Therefore, during the mea-
surements, smaller velocity steps around the adiabatic burning velocity were taken
in order to avoid the flame getting close to the burner plate at subadiabatic conditions.

It can also be seen in figure 7.10 that, for pressures higher than 3.0 bar, the values
of S, at fuel lean condition, especially at ¢ = 0.9, are very close to each other and
relatively far from the values at 3.0 bar. It is important to be mentioned that for this
range of pressure (3.5 < p < 5.0 bar) an extra mass flow controller for air was installed
to be able to supply the desired air flow. In principle, it is not expected that larger
deviations will occur comparatively to the use of one MFC. The flow ratios between
the two MFC’s used in parallel were set proportional to their mutual maximum flow
rates to keep deviations also proportional. The burning velocity for ¢p=1.4 at p = 1.5
bar (S, = 15.3 + 0.5 cm/s) statistically coincides with the velocity at 1 bar measured
by Slikker [1]. The values at 1 bar measured by Slikker and Bosschaart [7] using
a burner designed for atmospheric measurements are higher, S;, = 17.3 £ 0.8 cm/s
and S, = 17.5 + 0.7 cm/s, respectively. At equivalence ratio ¢ = 1.4, measurements
could not be performed for 4.5 and 5.0 bar. It was not possible to keep the vessel
at these pressures due to the small flow of exhaust gases and the sealings used to
make the environment leak tight. This situation suggests a lower limit in the value of
Sy, that the current setup can measure, which is Sp ~ 8.7 cm/s. Consequently, the
equivalence ratio range that can be measured will also be shorter for higher pressures
as the values of Sy, approach this lower limit.

The dependence of the adiabatic burning velocities on pressure is normally derived
from the experimental data in the form of empirical correlations. The most common
empirical correlation found in literature can be written as

Sy = So(L)?, (7.1)
Po

where S is the burning velocity at atmospheric pressure pg, p the actual pressure and
[ the pressure exponent, which can still depend on equivalence ratio. The correla-
tions calculated in this work are valid for pressures varying from atmospheric to 5 bar
and the results are shown in figure 7.11 together with the experimental data for all
measured equivalence ratios except ¢=1.4. A correlation is not calculated for ¢p=1.4
because at this equivalence ratio only measurements up to 4 bar are performed and
the value measured at atmospheric measurement is not in correspondence with the
expected trend (it should be slightly higher compared to elevated pressure results).
The correlations in this figure show a good correspondence with the measured data.
The scatter for all correlations is largest for p=1.5 bar where also the error in pressure
is supposed to be largest.

Also the scatter in data around 3 and 3.5 bar is larger than for other pressures,
for most of the correlations. This is the point where an extra air MFC was installed
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Figure 7.11: Correlations (lines) and experimental data (circles) of Sy, as function of
pressure at different equivalence ratios in the range of 0.8 < ¢ < 1.3.

to be able to make the higher air flows. Furthermore it can be concluded that mostly
the scatter between correlation and data is less than 0.5 cm/s. A summary of the
results from the derived correlations in this section is given in figure 7.12. From this
figure it can be concluded that § is maximal for ¢=1.0 and decreasing for lean and
rich flames.
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Figure 7.12: Summary of the values 5 and Sy used for the derived correlations.
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Figure 7.13: Results of measurements at elevated pressures compared with literature with
T, = 298 K.

7.3.3 Literature comparison

A comparison with data from literature is presented in figure 7.13. The results at 2
bar, shown in Figure 7.13(a), appear to be in good correspondence with Egolfopoulos
et al. [2], Hassan et al. [5], Rozenchan et al. [15] and Ogami and Kobayashi [16].
Results from Slikker [1] and Cohe et al. [17] are somewhat higher. At 3 bar the
results are in quite good agreement with Ogami and Kobayashi [16] in stoichiometric
conditions and with Hassan et al. [5] in the range 0.9 < ¢ < 1.4 as shown in Figure
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7.13(b)). Results from Slikker [1] and Lauer and Leuckel [18] are higher and Egol-
fopoulos’ results are lower. The measurements of Slikker, shown here up to 3 bar,
were performed using the heat flux burner designed for atmospheric pressure mea-
surements which contains a burner plate with larger holes than the one designed for
high pressure measurements. Slikker also reported measurements of burning veloci-
ties at atmospheric pressure performed in both burners. The values obtained with the
burner designed for atmospheric pressure were significantly higher than most results
from the literature as well as the values obtained with the burner designed for high
pressure measurements, which is the one used in the present work.

For the results at 4 bar, as shown in figure 7.13(c), it can be concluded that a
good correspondence is reached with Hassan et al. [5] for ¢ is 0.9 and 1.0. For rich
flames the results are slightly lower and for ¢p=0.8 somewhat higher compared to Has-
san et al. [5] Stoichiometric results from Lauer and Leuckel [18] are much higher.
The results at 5 bar show good agreement with Rozenchan et al. [15] for rich flames
(p=1.2 and 1.3) and with Gu et al. [19] for rich and lean flames (¢=0.8) as becomes
clear from Figure 7.13(d)). In close-to-stoichiometric conditions at 5 bar, the results
are higher when compared with the work of Gu et al. [19] and Rozenchan et al. [15].
In general, better agreement has been observed with the work of Hassan et al. [5]
for pressures up to 4 bar which does not report data at 5 bar. The stoichiometric
flames at 2 and 3 bar show values of Sy, close to the results of Ogami and Kobayashi
[16]. Their measurements were also obtained with an experimental method where no
correction for flame stretch is necessary (Nozzle type burner).

In order to assess the measurements performed in this work using the heat flux
method for stoichiometric conditions, a comparison with other data from the litera-
ture is done [1, 2, 4, 5, 13, 15-20]. The measured burning velocity and the calculated
correlation as function of pressure are shown together with both numerical and ex-
perimental data up to 5 bar in figure 7.14.

From this figure a lot of scatter appears between results from different researchers.
Compared to this research, results from Lauer and Leuckel [18] are much higher. Also
data from Cohe et al. [17] and Slikker are comparatively high. Egolfopoulos et al. [2],
Kobayashi et al. [4] and the numerical results from the GRI 3.0 mechanism [20] are
crossing the results from this research. A good correspondence is observed comparing
with the data from Hassan et al. [5]., Ogami and Kobayashi [16] and the trend from
the Konnov 0.5 mechanism [13]. For these cases, the difference in burning velocities
between experiment and theory is almost constant for pressures up to 5 bar (< 1 cm/s).

Empirical correlations (in the form of Eq. 7.1) were also calculated for stoichio-
metric flames by Slikker [1] and Stone et al. [21] and at ¢= 0.8, 1.0 and 1.2 by Gu
et al. [19]. These correlations are valid for pressures between 0.2 and 3 bar (Slikker),
from 1 to 10 bar (Gu et al. [19]) and from 0.5 to 10.4 bar (Stone et al. [21]). The
correlation from this work is valid for pressures from atmospheric to 5 bar. In order to
compare these correlations with the present work, the coefficient § is determined for
the other literature sources. The result is plotted for lean (¢=0.8), stoichiometric and
rich flames (¢=1.2) in figure 7.15, where the circles represent the measured adiabatic
burning velocities.
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Dependence of burning velocity on pressure
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Figure 7.14: Comparison of numerical and experimental data of burning velocity as func-
tion of pressure for stoichiometric flames up to 5 bar (7;,,=298 K).

The values of 5 determined from this research are shown in Table 7.1 together
with results from other research. From this table and the figure 7.15, good agreement
with the results from Stone et al. [21] for stoichiometric flames and from Gu et al. [19]
for rich flames can be seen (there are overlaps of curves in figure 7.15). The values of
[ determined for Gu et al. [19] for stoichiometric and lean flames are slightly higher
and therefore the correlations show a slightly weaker trend.

Table 7.1: Overview of values for the pressure exponent 5 measured in literature for lean
(¢=0.8), stoichiometric and rich flames (¢=1.2)

References

| =08 | ¢=1.0 [ p=1.2

This work
Slikker [1]
Stone et al. [21]
Gu et al. [19]

-0.42
n.a.
n.a.

-0.504

-0.31
-0.26
-0.314
-0.374

-0.44
n.a.
n.a.

-0.438
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Figure 7.15: Correlations (lines) and experimental data (circles) of Sy, as function of
pressure for lean, stoichiometric and rich flames (7,,=298 K). There are overlaps of curves
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7.4 Conclusions

A feasibility study to extend the heat flux burner method to elevated pressures was
accomplished by integrating the heat flux burner setup into a high pressure vessel.
The latter was used with a coflow burner in earlier chapters.

Preliminary pressurization tests showed strong flame instabilities in subadiabatic
and close-to-adiabatic conditions. The relation of the instabilities with some known
physical phenomena was assessed and the root cause of the instabilities was attributed
to the high temperatures in the burner plate. In close-to-adiabatic and subadiabatic
conditions the flame is closer to the burner plate than in superadiabatic conditions,
comparatively increasing the heat release rate to the burner plate. The worst case
was a stoichiometric flame at 5 bar where temperatures reached values over 650°C,
damaging the burner plate. A conductive paste improved the heat transfer from the
burner plate to the burner head reducing the temperature to acceptable values below
150°C. Measurements of Sy, as function of ¢ and pressure could be performed except
for: (a) a stoichiometric flame at 5 bar, where temperatures were still above 200°C
and (b) ¢ =1.4 at 4.5 and 5.0 bar, where exhaust gases flow was not large enough to
reach those pressures with the current pressurization system. Therefore, for higher
pressure measurement with the current setup, design modifications must be imple-
mented to improve cooling of the burner plate and vessel pressurization.
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Four sets of measurements were performed at each flame condition and calculated
standard deviations in S; were lower than 3.2%. Comparison with data from liter-
ature showed good agreement with the work of Hassan et al. [5] for pressures up to
4 bar over the entire range of equivalence ratios. The rich flames at 5 bar show best
correspondence with the work of Rozenchan et al. [15], however, the lean flames at
5 bar are somewhat faster. Stoichiometric burning velocities show better agreement
with experimental data from Hassan et al. [5] and Ogami and Kobayashi [16] as well
as with numerical predictions using the reaction mechanism of Konnov [13]. Empirical
correlations of burning velocity and pressure were derived for all measured equivalence
ratios with a scatter less than 0.5 cm/s. The empirical correlation calculated in this
work for pressures up to 5 bar showed good agreement with the work of Stone et al.
[21] and Gu et al. [19] for ¢=1.0 and 1.2 respectively.

7.5 Recommendations

Based on the preceding results and findings, the following recommendations can be
made:

Burner plate temperature: in order to improve cooling of the burner plate, it
is recommended to replace the electrical heating element with a water channel around
the burner plate. This will imply in the current burner and vessel a design modifica-
tion to guide the water channels to the burner head.

Vessel temperature: due to the increase of flame power with pressure, the tem-
perature inside the vessel is reaching values close to the limit of the sealing materials
of the setup. The air diffuser designed to control the temperature inside the vessel
caused disturbance to the flame due to a combined effect of the relatively high velocity
of the jets with the small size of the vessel. The design can be adapted to deliver an
air flow with lower velocity by increasing the diameter of the holes. An increase in
the size of the vessel will also contribute to reduce the disturbances caused by the air
diffuser while keeping the temperature inside the vessel comparatively lower due to
the lager volume.

Vessel pressurization: the pressure in the vessel is measured by a manometer and
manually adjusted to the required pressure via a needle valve on top of the chimney. It
is suggested to install a back pressure regulator in order to reduce the time adjusting
the pressure and improve precision. Besides the use for cooling, the extra air (or
nitrogen) provided by the diffuser will help the vessel pressurization in case of low
exhaust gases flow, as was experienced for measurements at ¢ = 1.4 and p > 4.5 bar.
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CHAPTER 8

Conclusions and recommendations

A High Pressure Vessel and Burner (HPVB) setup was constructed, capable to burn
gaseous and vaporized liquid fuels in laminar coflow diffusion and partially premixed
flames. The evaporation concept that is used to vaporize the liquid fuels is the Con-
trolled Evaporator Mixer (CEM, Bronkhorst) which can deliver reproducible and ac-
curate stable vapor flow. The setup can be operated at pressures up to 3.0 MPa and
offer ample optical accessibility to apply laser diagnostic techniques through four opti-
cal ports. An additional syringe pump system was integrated to the fuel line allowing
these coflow gaseous and vaporized liquid flames to be doped with small amounts of
liquid compounds at atmospheric pressure. To the knowledge of the author, there is
no report of an existing experimental setup with similar characteristics and capabili-
ties.

The major observations during the operation and measurements carried out with the
HPVB setup are summarized below along with recommendations.

1. Flames of gaseous fuels have shown very good stability, with flame height stan-
dard deviation (o) over time of less than 1% in most of the conditions investi-
gated at atmospheric pressure. Measurements of spatially resolved soot volume
fractions using the line-of-sight-attenuation (LOSA) technique were validated
with data from Smooke and co-workers in ethylene diffusion flames. Overall a
good agreement was observed, both in peak values and location of maxima in
soot volume fractions.

2. The flame stability of vaporized liquid fuels (n-heptane and blends with oxy-
genated fuels) at atmospheric pressure showed strong dependence on fuel vapor
flow, coflow air flow rates and the heated ring temperature. The coflow rates
resulting in optimal stability varied between 20 and 25 L/min (0.43 - 0.54 g/s).
Partially premixed flames are more stable if the system temperature is around
the liquid fuel boiling point, while for diffusion flames higher temperatures show
better stability. Stable laminar n-heptane flame at atmospheric pressure can be
created for a large set of flow conditions as presented in table 2.3 of chapter
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2. Blends of n-heptane with oxygenated fuels were found to be very unstable
and the blend with cyclohexanone damaged the ball valve in the fuel line, due
to the chemical nature of this fuel. It is recommended for the studies with the
oxygenated fuels to use the doped flame approach, in which only a small amount
of these fuels is added to the fuel line after the evaporator.

. Methane-air diffusion flames initially became asymmetric for pressures higher

than 0.6 MPa. This anomaly was attributed to formation of a water droplet at
the tip of the aluminium fuel tube. This problem was solved by using a fuel
tube with a lower thermal conductivity material (stainless steel) which kept the
fuel tip relatively hotter, avoiding the water droplet formation. Methane-air
partially premixed flames did not show asymmetry and were stable up to 2.5
MPa. Flame instabilities of vaporized liquid fuels dramatically increased with
pressure and no long term stability was observed for pressures higher than 0.3
MPa for the investigated n-heptane flames.

Design modifications were necessary to improve flame stability. An orifice, one-
way-valve and a buffer placed in the fuel line appeared to be successful in damp-
ing the strong flame oscillations that lead to flame blow off. The chimney design
was also modified to increase the system (vessel + chimney) volume and include
a water trap channel. The increase in the system volume also improved the
overall flame stability:.

. Water condensation on the optical windows and vessel was largely avoided using

high coflow air. However, it was observed that condensation still occurs on the
lower part of the chimney’s wall. In order to verify to which extent water
condensation on this lower part of the chimney was affecting the flame stability,
it is recommended to build a water cooling system around the chimney to induce
water condensation on the upper part of the chimney’s wall far from the flame
and into the water trap channel. This cooling system would also serve to evaluate
the effect of the flue gas temperature inside the vessel on the flame stability.

. In the HPVB setup the pressure in the vessel can be regulated by a back pressure

regulator. However, diffusion flames have shown high sensitivity to the pressure
changes in the vessel when the pressure regulator was adjusting to the desired
setpoint. Manual adjustment of the pressure was necessary to prevent flames to
quench or blow off. This behavior was not observed for the partially premixed
flames: these were comparatively much less sensitive to pressure changes and the
pressure regulator could be used. It is recommended to change the parameters
in the PID controller of the back pressure regulator to slow down the adjustment
to the setpoint, avoiding sudden changes in pressure.

Considering the experimental setup developed here to study laminar flames at el-
evated pressures, there are advantages and limitations in applying the LII (Laser
Induced Incandescence) technique for soot formation investigations when com-
pared to the LOSA technique. The LII technique, after proper calibration, can
provide instantaneous 2D maps of soot volume fraction distribution in flames
with very low soot concentration. The application of LII in this setup is specially
recommended if measurements in a large range of flame conditions (different flow
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10.

11.

rates, type of fuels, etc.) and in low sooting flames are necessary. In this aspect,
the LOSA technique is a comparatively slower measurement process due to the
necessary laser scans over the flame width and height, and additionally, if the
measurement resolution needs to be improved by taking smaller spatial steps be-
tween the laser scans. On the other hand, at higher soot concentrations, signal
trapping significantly affects the LII signal as discussed in chapter 4 and refer-
ences therein. Therefore, for measurements of soot volume fraction in flames at
elevated pressure, the application of the LOSA technique is recommended since
the signal (attenuation) to noise ratio only improves when measuring higher
soot concentrations.

The LOSA measurements in this work indicate that the maximum soot volume
fraction increases as f,,... o< P%46 over the pressure range from 0.6 to 1.0 MPa.
This trend agrees closely with the work of Thomson [1] for pressures between
0.5 and 1.0 MPa.

. A combination of LIF (Laser Induced Fluorescence) and LII using both 266

nm and 1064 nm as excitation wavelengths were applied to measure qualitative
profiles of OH, PAH and soot, as well as quantitative soot volume fractions in
vaporized liquid fuels flames (n-heptane and n-decane). The results illustrate
that:

(a) this technique can provide unambiguous spatial identification of PAH
and soot in laminar flames;

(b) the maximum PAH LIF signal is a good predictor of f, . from LII;

(c) excitation at 266 nm with delayed detection results in a linear correla-
tion with soot volume fraction from LII using prompt detection and 1064 nm
excitation;

(d) the influence of any additional photo-chemical processes using high laser
power at 266 nm and the influence of particle size for the delayed gate time,
appear not significant for the flame conditions studied here;

(e) the delayed and prompt measurements of LII signals spatially match,
suggesting good synchronization between the different optical setups and a good
flame repeatability of the HPVB setup.

A laminar CH4/Ns-air co-flow flame has been doped with two dopants, ben-
zene and toluene, each at three different concentrations. No problems were
found during the operation of the injection system and the flames showed very
good stability over all conditions studied. Qualitative profiles of Polycyclic
Aromatic Hydrocarbons and OH radical have been measured to provide experi-
mental data for investigation (done by others) of the capability of the flamelet-
generated manifold (FGM) approach to numerically model multidimensional,
laminar, non-premixed flames with the inclusion of PAH chemistry. Results
showed that the model is able to capture the major characteristics of PAH for-
mation.

The feasibility of using the heat flux method in a high pressure environment was
investigated by integrating the heat flux burner in the high pressure vessel of the
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HPVB setup. Measurements of burning velocities were carried out in premixed
methane-air flames at pressures up to 0.5 MPa. Preliminary high pressure tests
showed strong flame instabilities in subadiabatic and close-to-adiabatic condi-
tions. The flame instabilities were related to the high temperature in the burner
plate. A conductive paste improved the heat transfer from the burner plate to
the burner head reducing the temperature to acceptable values, except for a sto-
ichiometric flame at 0.5 MPa. Due to pressurization problems burning velocities
for ¢ =1.4 at 0.45 and 0.50 MPa could not be measured. In order to solve these
problems it is recommended to:

(a) replace the electrical heating element by a water channel around the
burner plate;

(b) adapt the design of the current diffuser to deliver an air flow with lower
velocity, by increasing the diameter of the holes. Besides the use for cooling, the
extra air (or nitrogen) provided by the diffuser will help the vessel pressurization;

(c) install a back pressure regulator in order to reduce the time required for
adjusting the pressure and to improve precision.

Overall, a new and innovative experimental setup has been added to enrich the
spectrum of experimental research on future fuels and engines, carried out at the
Combustion Technology group at Eindhoven University of Technology.
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Appendix: Machining Drawings

This appendix contains the machining drawings of the following parts of the HPVB
setup:

e High pressure vessel
e High pressure burner
e Fuel tube with interchangeable nozzle

e Chimney
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High pressure vessel
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High pressure burner
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Fuel tube with interchangeable nozzle
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Chimney
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