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Abstract

ABSTRACT

Different aspects of porous burners have been studied in the past in terms of the bed
material, design, heat transfer modes and flame characteristics. However, the
application of porous burners to NOx reduction and the effect of the bed surface on
the chemical reactions have not yet been explored. Hence, the objective of this study
is to investigate the effect of the design and operating parameters on NOXx reduction
inside a porous burner.

To achieve this objective, a variety of flames, stabilised inside porous burners, were
investigated experimentally, utilizing thermocouples, gas sampling and
chromatography. Numerical tools were also used to understand the chemical
pathways under different operating conditions better.

Premixed CNG-air and LPG-air flames at very low equivalence ratios were stabilised
inside the porous bed. The relationship between the volumetric flow rate of the
mixture and the minimum equivalence ratio was studied (experimentally and
numerically) for equivalence ratios as low as ¢=0.35 (equivalent to thermal power of
2kW). The maximum temperature observed to be consistent with super-adiabatic
flame temperatures. The maximum measured NOx and CO mole fractions at the
burner exit were found to be in the order of few PPMs.

The conversion of NOx was then assessed. A mixture of CNG-air doped with NO
was introduced into the burner inlet and the effects of the operating parameters on
NOx reduction were assessed. It was found that NOx reduction is a function of the
equivalence ratio, total flow rate and NO mole fraction at the inlet. Higher flow rates
led to an increase in the conversion rate at higher equivalence ratios, due to shorter
residence times, and the greater need for more flame radicals in the flame.

The numerical study revealed that different chemical pathways dominate at different
equivalence ratios, which led to the production of other intermediates and stable
radicals. The study showed that the Total Fixed Nitrogen, TFN, reduction followed a
similar trend to the NOXx reduction for moderately fuel-rich conditions (¢ < 1.2) and
opposite trends for higher equivalence ratios. For ¢>1.2, most of the NO is converted
to N-containing species such as N2O, NHz and HCN and not to N2. Analysis of the
chemical pathways showed that the formation of nitrogen-containing species under
very fuel rich conditions is due to the increased importance of the HCNO path, as
compared with the HNO path. The best TFN conversion efficiency, 65%, was found
at p=1.1.

Intermediate radicals have different rates of destruction and production on the porous
bed surface, especially for mixtures close to stoichiometric conditions. Under these
conditions, the conversion of NOx is strongly influenced by the concentration of H
radicals. A collision probability of 7 = 8x10*was found to represent this radical loss
effect and to help predict the destruction and production of intermediate terminals
with a good level of accuracy.

This study also found that NOx reductions using porous burners are technically
feasible and that the resulting CO in the exhaust, derived from the rich mixtures, can
be burned outside the porous bed.
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Introduction

INTRODUCTION

1.1 Importance of combustion

Combustion has played a major role in human existence throughout history,
improving the quality of life throughout history. Mankind has used it for cooking,
warming up, refining and treating metals for making tools and armaments, for
example. A quick glance around our local environment shows that combustion is still
an essential element that contributes to our current life-style. The majority of our
transport systems rely on burning fuel, as is the case in cars, trains, airplanes and
ships. The heat for our houses, offices, shops and the like comes either directly from
gas-based or oil-based furnaces or indirectly through electricity that is generated by
burning different types of fossil fuels. As a result, most of the world’s energy (power
and heat) needs for thermal power generation is produced from the combustion of
fossil fuels. As a consequence, two major issues have become essential to balance the
sustainability of energy resources and economic growth: improving thermal

efficiency and lowering pollutant emissions.
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1.2 Environmental pollution

Emission of pollutants has put human health in danger in different ways. This
includes both types of primary pollutants (those emitted from combustion systems)
and secondary air pollutants (those produced by the post reactions of primary
pollutants in the atmosphere). Major pollutants include carbon dioxide (CO.), water
vapour (H20) and nitric oxide (NO) which is the main component that causes acid
rain and results in plant damage [1]. Other pollutants include nitrogen dioxide (NO2),
carbon monoxide (CO), a variety of hydrocarbons (HC), sulphur oxides, soot and
other particulates. For example the emission of NOx produced in the stratosphere
(mostly produced by jet engines), although contributing less than 2% of global
pollution [2], is the major cause of the destruction of the ozone layer in the
atmosphere. The destruction of stratospheric ozone allows more harmful ultraviolet

solar radiation to reach the earth’s surface.

The effects of the emission of pollutants attract intense political and community
pressures, resulting in stringent emission reduction regulations (e.g. the Montreal
Protocol in 1987 focusing on stratospheric ozone destruction, the 1990 clean air act
amendments discussing air toxic and hazardous air pollutants, the Kyoto protocol in
1997 concerned with the greenhouse effect and global warming and the 2015 Paris

agreement to mitigate emissions to reduce their effects in terms of climate change).

On the other hand, fossil fuel reserves are becoming depleted and more expensive to
recover. These depletions are encouraging the development of new combustion
technologies to utilise alternative sources and improve the thermal efficiency in
existing ones. To achieve these aims, scientific communities worldwide have been
engaged in research programs aiming at developing technologies to minimise the
emission of hazardous pollutants and reduce fuel consumption, which will improve

the thermal efficiency of existing and new combustion systems [3-5].

Nitrogen oxides (NOx) are an example of these major pollutants. They are formed in

combustion processes as a result of:

e Thermal or Zel'dovich mechanism which dominates in high-temperature
combustion over a wide range of equivalence ratios. The mechanism consists

of three chain reactions:
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O+N2< NO+N
N+02& NO+0O
N+ OH <& NO+H

e Fenimore or prompt mechanism formation, which is particularly important in
fuel rich zones within the flames, i.e. by high temperature combination of
free nitrogen and oxygen. Prompt NOx refers to those oxides of nitrogen that
are formed early in the flame and do not result from the Zel'dovich
mechanism. Prompt NOx formation is caused by the interaction between
certain hydrocarbon and nitrogen components and/or an excess of oxygen

atoms that lead to early NOx formation;

e N2O-intermediate mechanism, which is important in lean (¢ < 0.8) and low

temperature, premixed combustion;

e Fuel nitrogen mechanism, in which fuel-bound nitrogen is converted to NO.
The fuel-N mechanism is not generally important in premixed combustion
systems since most fuels used in premixed combustion contain little or no
bound nitrogen. But in non-premixed combustion applications, some fuels,
such as coal and heavy distillates, carry significant amounts of fuel-bound

nitrogen.

For natural gas firing, virtually all of the NOx emissions result from thermal
fixation, which is commonly referred to as thermal NOx, or from prompt NOx. The
formation rate is strongly temperature dependent and generally occurs at
temperatures in excess of 1800 K and generally is more favoured in the presence of
excess oxygen. At these temperatures, the usually stable nitrogen molecule
dissociates to form nitrogen atoms, which then react with oxygen atoms and

hydroxyl radicals to form NO, primarily.

In general, NOx formation can be retarded by abatement techniques. The underlying
principles of most of these techniques involve reducing the concentrations of oxygen
atoms at the peak combustion temperature, by reducing the peak flame temperature
and the residence time in the combustion zone. For example in industrial burners
and spark-ignition engines, this can be achieved by mixing flue or exhaust gases

with fresh air or fuel. Another strategy to reduce NOx levels is to use multi-stage
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combustion, in which combustion occurs in a lean stage followed by a rich stage or
vice versa. Catalytic converters are also employed in automotive applications to
reduce NOx emissions from combustion systems. Reburning, is another method of
NOx control, where some of the fuel is introduced downstream of the main

combustion zone to convert NOx back into No.
1.3 Alternative combustion systems

Different combustion systems have been designed and brought to practice during the
last few decades in order to reduce emissions and decrease fuel consumption at the
same time. Such systems include lean premixed gas turbines, MILD combustion or
flameless oxidation (FLOX®) and porous burners (PB). This thesis is concerned
with the principles of operation of porous burners’ technology and its potential to be

utilised widely in low NOx combustion processes.
1.4 Porous Media Combustion

In conventional burners (i.e. open flame burners) the premixed air and fuel
chemically reacts (burns) in a self-sustaining flame, which is stabilised at the burner
exit via fluidic or mechanical means. The burning of premixed (sometimes partially
premixed) air and fuel in such flames occurs in a narrow combustion zone, which is

usually called a flame front. A flame front is usually only few millimetres thick.

In porous burners, combustion takes place inside cavities and pores of a porous
matrix, as shown in Figure 1.1. The porous matrix mostly consists of ceramic-based
foams or discrete materials packed in an ‘enclosure’, forming a porous bed. The
flame stabilises inside the porous bed, or close to the exit surface for porous radiant
burners, which are described later. Heat is recirculated upstream, mainly by
radiation, from a high temperature zone to incoming reactants. Reactants are
preheated without being diluted with exhaust gases, unlike some other regenerative
or recuperative systems. The preheated fuel/oxidiser mixture enters the reaction
zone, releases energy and either heats up the rest of the bed using convection or
transfers heat to a local heat exchanger. The exchange with the bed creates an excess

enthalpy regime in the reaction zone, which results in stretching the flame front, a
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higher flame speed and stable combustion under leaner fuel/oxidiser mixture

conditions. The stabilisation mechanism described above is mostly similar in all

kinds of porous burners.

The two most developed porous burners are:

Porous Burners (PB): Porous beds are reasonably thick (more than a few
centimetres) and the flame stabilises inside the porous matrix exhibiting a
wider flammability limit [6-9]. In the next few chapters, porous burners are
studied and their physical and chemical properties are investigated in detail

via numerical modelling or laboratory experiments.

Porous Radiant Burners (PRBs): These burners are also known as surface
flame burners, surface combustion burners or as a “Flat Porous Inert Surface”
[10]. In porous radiant burners, the flame stabilises very close to the surface
of the porous matrix, usually operating at nearly stoichiometric conditions
and radiation is the dominant heat transfer mechanism [11-15] (see Figure
1.1). As an example, “radiant tube burners” have radiation units inside, in
which a radiating surface is placed between a flame and a load. Another
variation is the Super-adiabatic Radiant Porous Burner developed by Vandadi
et al. [16, 17]. They used radiation rods to preheat the incoming air/fuel
mixture and enhance the burner thermal or combustion efficiency. Another
type is termed surface combustion [18-21] infrared burners. They incorporate
a radiating surface with a porous refractory through which a combustion
mixture is passed and then burned above the surface to heat the surface by
conductive heat transfer. Gas-fired infrared generators also have a burner
with a radiating refractory surface that is heated directly with a gas flame
[22].

The porous matrix in each category can appear as an inert medium [9, 23-25] or as a

catalytic supporter [26-29].
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Figure 1.1: Porous burner schematic (left), Regular porous burner (middle)
[30], and Porous radiant burner (right) [31].

1.41 Advantages of porous burners

Porous burners (PB) have so far been proven to have many environmental
advantages over conventional burners, with respect to reduced emissions of NOx and
CO. Furthermore, these burners have several operational advantages including high
radiant heat outputs, wider dynamic power ranges (about 1:20 [32]), wider
flammability limits, increased thermal efficiency, fast heat-up times and uniform heat
distribution [13]. As an example, the wider flammability limits of porous burners
could be utilised to burn fugitive methane gases emitted from mines, landfill gases,
and the combustion of gaseous fuels derived from the gasification of solid biomass.
These types of gases are usually diluted by a large amount of air and/or inert gases
with a heating value smaller than 250 kJ/m®, which is equivalent to a flame
temperature increase of about 200 K [33]. Usually, in conventional burners, a large
amount of fuel is needed to enrich these low-heating value gas mixtures and burn
them in a cost effective and safe manner. Using the right porous burner technology,
feeding these gases into a PB can establish a self-sustaining flame, while the released

energy can be utilised in some other applications.

To summarise the above mentioned characteristics of porous burners, one can
conclude that porous burners using high radiation characteristics employ high
thermal efficiency and low emissions of most harmful pollutants such as NOx and
CO [34]. Wider flammability limits and higher power density result in a smaller

volume combustion zone and hence smaller burner dimensions (about 10 times [32]);
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flexibility in the adaptation of the combustion chamber geometry of the burner, and
high flame speeds are some of other attractive characteristics of these burners. These
advantages over conventional burners make the PB applicable to a wide range of

applications.

1.4.2 Applications of porous burners

The thermal output of PBs is mostly based on radiation, so they can be employed by
the many industries using infrared heating. What follows is a list of applications and
industries to which PBs directly contribute. Many of them are described in detail by
MoRbauer [35] and Rumminger [36]:

e Catalytic assisted combustors and Porous reactors [32]
e Gas turbine combustion chambers

e Thermal regeneration and thermal efficiency improvement in diesel engines
[37-40]

e Radiant heaters: commercial and residential space heating [41], chemical &
metal processing, glass annealing, coatings & paint drying, food processing,

pulp and paper drying, independent vehicle heaters for automobiles
e Combustion of liquid fuel (such as oil and kerosene) [42]
e Heat generator for chemical reactors
e Steam generation [43]
e Dual-fuel burner (gas- and liquid-fuels)

e Burner for the power generation from mineral oil, liquid, pyrolysis or coking

plant gas

e Burner for the regenerative energy sources, such as gasified biomass,
hydrogen (from solar energy), wood gas, biogas [44], dump or sewer gas and

low-calorific value fuels [45-47]

e Ultra-lean combustion in which the fuel concentration is well below the
flammability limit when compared with conventional flames (see a detailed
review by Wood et al. [45])
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e Thermal exhaust cleaning: by using this burner it is possible to reduce the

levels of H-C and NO, and utilise the energy produced [48, 49]

e Syngas production for fuel cell applications [50-53]

1.4.3 Limitations of porous burners

Durability of the ceramic-based materials of the main body or the porous matrix is
still a challenge for manufacturers of such materials. Although the temperature is
relatively low through lean and ultra-lean combustion, it is still high enough to
causes cracks and degradation due to thermal cycling [54]. Metal-based porous
materials can be utilized as an alternative substitute for ceramic-based materials.
Metal-based porous materials (i.e. austenitic and ferritic stainless steels [55]) have a
better resistance to thermal shock and are more robust when compared with ceramic-
based porous materials. However, at temperatures higher than 1200 K [55],
oxidation-induced corrosion can result and this limits the functional lifetime of such
materials. Hence, porous burners are preferred in moderate temperature conditions,

especially in ultra-lean or ultra-rich combustion regimes.

Another common problem with porous burners is flame stability inside the porous
matrix for a wide range of firing rates and equivalence ratios. This is especially
important to avoid the risk of flashback and blow-out phenomena. This implies a
certain limited range of stable flames for a particular porous burner design and

geometry.

Apart from the physical limitations of a porous matrix, limited fundamental
knowledge of heat transfer and fluid mechanics during the combustion process
within the bed have kept the modelling efforts relatively immature. Modelling full
combustion without making certain common assumptions and simplifications is still
very difficult. Researchers in this field face different challenges in modelling the
combustion process, which involves solving simultaneously the energy and mass
conservation equations and the chemical kinetics in the porous matrix. Energy
equations should be solved individually for both solids (as schematically shown in
Figure 1.2) and gas within the porous media, considering conduction, convection and
radiation. Oliveira et al. [56] and Ziauddin et al. [24] focused their modelling on

ignition temperature over a wide range of parameters. They provided a
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comprehensive review of all modelling challenges and proposed a simplified
approach to fully explain both surface and homogenous reactions.

It is worth noting that chemical Kinetics is usually considered for the gas phase only
when inert porous media is used. However, inert porous media could also affect the
chemical kinetics in the gas phase within the porous media, as will be discussed later

in this study.
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Figure 1.2: Heat and mass transfer in a schematic porous medium, formed
by a continuous gas phase and dispersed solid phase [56].

It is worth noting that in the last decade, researchers and scientists from both the
academic and industry sectors have made great progress in eliminating most of the
problems and limitations mentioned earlier. Hence, as described earlier in section
1.4.2 “Applications of porous burners”, porous burners are being utilized extensively

in niche applications in a wide range of industries.

1.5 Motivation for the research

The concept of porous burners has been known for some time and the technology is
relatively mature, although some of the fundamentals are yet to be fully explored.

For example, little is known about the efficacy of introducing the fuel into the porous
bed (as compared with premixing it with the air a priori) of flames’ stability and

emissions in a porous media. Consideration of the nature of porous media, which
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restricts easy access to the internal parts of the porous media, has played a major role
in shifting most studies and applications towards a premixed (or partially remixed)

air fuel mixture within porous media.

Another area which has not yet been extensively studied is the detailed
understanding of pollutants” (in specific NOx) formation and destruction
mechanisms within the porous media. This includes both catalytic and inert porous
media, where the effect of the surface reaction is usually excluded from modelling

studies.

These issues form the basis of the present study, which is aimed at furthering
understanding of flame stability and heat transfer mechanisms over different

operating ranges.

Also, this study investigates the effects of surface chemistry on NOx formation,

within porous media, when inert materials have been used as the porous matrix.

Designing and developing modular porous burners and then investigating flame
stability under different conditions, i.e. premixed air and fuel, non-premixed air and
fuel, lean and ultra-lean combustion regimes and rich and ultra-rich combustion
regimes are the foci of this study. Once the stabilisation mechanisms are known, CO
and NOx emissions can be quantified. The results of these findings are then used to
study NOx formation and reduction mechanisms when a PB is used as a post
processor for existing combustion systems. Later, findings from those studies will be
compared to a numerical model in order to extend the scope of this project beyond its

experimental limitations.

1.6 Scope

This research aims to advance our knowledge and understanding of heat transfer
characteristics and chemical Kinetics inside porous burners in lean and rich
combustion regimes. In particular this experimental and numerical study will address

the following objectives:

e Investigate the effects of different operating parameters including; the firing
rate (flow rate), equivalence ratio and fuel type on the stability and the

location of the flame inside porous burners;

10
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e Investigate the PB flame structure, temperature and exhaust gas emission as a

function of the operating parameters;

e Investigate the NOx and Total Fixed Nitrogen reduction mechanisms inside a
PB and the role of the surface reactions of their conversions.

To achieve the above, different modular porous burners have been designed and built
in the School of Mechanical Engineering at the University of Adelaide. A variety of
flames were stabilised and studied in these burners, using various experimental and

numerical techniques.

1.7 Thesis structure

Following this chapter (Chapter 1), which has provided a general introduction and

presented the research topic, the thesis is structured as follows:

Chapter 2: In this chapter, the background literature is presented and discussed. It
covers research into combustion within porous burners, as well as NOx reduction

mechanisms in different combustion systems.

Chapter 3: In this chapter, different fuel injection designs to achieve stabilised flames
inside the PB are presented and discussed. The chapter covers the advantages and
challenges in introducing the air and fuel separately and the physical difficulties to

create a homogenous air-fuel mixture, resulting in a uniform flame inside the PB.

Chapter 4: In this chapter, experimental and numerical investigations of flames
stabilised in a PB are presented and the behaviour of premixed flames and their
pollutant emissions under different firing rates, equivalence ratios and fuel types are
investigated. Effects of super-adiabatic flame temperatures and excess enthalpy are

also studied and discussed.

Chapter 5: In this chapter, the findings and results from previous chapters are used to
develop a porous burner in which the reduction of initial NOx in an experimental and
modular PB is investigated and the results are then simulated using a numerical

model.

Chapter 6: In this chapter, the effects of the surface reaction on NOx reduction

mechanisms are investigated and discussed. These effects are a consequence of the

11
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high surface to volume ratio, despite the inert nature of the porous bed material (i.e.

silicon carbide and aluminium oxide).

Chapter 7: In this chapter, a summary of all the findings from this research are
provided. This is followed by a list of conclusions from this work and latter some
recommendations for future work which this study could be a useful base.

12



Background

BACKGROUND

2.1 Porous Burners: Principles of operation

The most basic configuration of a porous burner consists of an organic-, metallic- or
ceramic-based porous matrix within a high temperature resistant structure. The
premixed air and fuel mixture (from low-pressure gases to liquid macromolecules
[56]) enters the porous matrix where it is preheated by recirculating heat, mainly
radiation, from the high temperature zone to upstream parts of a porous matrix, as
schematically shown in Figure 2.1. As the preheated mixture gets close to the flame
front location, the temperature rises to that required for ignition; reactions then occur
and energy is released. One part of the released energy convectively heats up the
porous matrix downstream as hot products flow through the pore structure of the
matrix to the exit. The rest of the flame released energy is radiated back to the porous
matrix upstream and heats the incoming unburned gas, keeping this cycle running
and helping to stabilise the flame within the bed. The flame location is controlled by
the balance between the flow speed and the laminar flame speed, with a major role
undertaken by the heat transfer. When the flow speed is lower than the laminar flame
speed, flashback occurs. To deal with this problem and extend the stability range, a

different porous matrix (shape, size or material) can be used at the PB inlet [54, 57].
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Hot combustion products

Radiation

Front

Medium

Temperature
Fuel and Air mixture
Figure 2.1: Schematic of a porous burner and its principles of operation
Many researchers have investigated flame propagation and stabilisation inside the
porous matrix in the last three decades [35, 57-59]. Babkin et al. [60] showed

experimentally that the propagation is completely dependent on the modified Péclet

number:

=Spdcp,o
A

Pe (2.1)

Where 4, Sp, cp, and p are the coefficient of thermal conductivity, laminar flame
speed, specific heat capacity and density of the unburned gas mixture, respectively.
Here d is the equivalent porous diameter, which differs for different geometries and
calculations. For some fluid mechanics calculations, the hydraulic diameter dh is
used. For porous burners with sphere packed beds, the bead diameter (dm) is used and
the pore diameter (dp) will give the best results for calculating the Péclet number.
Lyamin and Pinaev [61] proposed a formula for determining dm, instead of using the
hydraulic diameter for a cylindrical tube, where the porous medium works as a flame

arrestor;

5
d,~— 2.2
"2 22

where dm is the equivalent porous diameter for a sphere packed bed and ¢ is the
diameter of the spheres.

Babkin et al. [60] showed that for values of Péclet numbers greater than 65, flame

propagation happens. For values less than 65, the heat release to the porous media is
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less than the heat production and the flame will be extinguished. This outcome later
became a major consideration in the design and testing of several bi-layered porous
burners [62]. Porous burners have thicker flame fronts when compared with free
flame burners. For example a Bunsen burner has a flame thickness of ~1 mm in the
case of methane/air under atmospheric conditions [63], while in porous burners it can

be in the scale of several centimetres [64].

2.2 Porous medium materials and shapes

Compared with conventional burners, porous burners are exposed to lower
temperatures because of the different heat transfer mechanisms, predominantly
radiation heat transfer. But these temperatures are still high enough to cause severe
thermal and chemical stresses. These stresses, over time, downgrade most of the
porous metal structures and are the major reason for cracks developing in porous
burners [65]. Recent progress in the production of ceramic-based materials has
allowed the use of more durable materials with a variety of geometrical, physical and
chemical characteristics. The pores and the vigorous shapes of the packing material
impose large vortex structures and large friction coefficients, resulting in an
extensive momentum and interphase energy exchange between the solid and the gas
phase. Porosity (void fraction) is one of the most important parameters of the porous
medium, which significantly impacts on flow velocity, momentum and even the

stability of the flame. It is defined as:

g=-PM__"P (2.3)
Vew
where ¢ is the porosity, Vewm is the porous media volume and Vp is the total volume of

pebbles; such as spherical balls or saddles.

MoRbauer et al. [25] reviewed metal-based and ceramic-based materials used in
porous burners. They compared aluminium oxide, silicon carbide, metal alloys and
solid zirconia with respect to temperature resistance, conduction heat transport, start-
up phase, radiation heat transport, dispersion and pressure drop. The effect of the

presence of an LaMnOs (Pervoskite-type catalyst) deposited over a FeCrAlloy fiber
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panel on the porous burner’s performance has been investigated by Cerri [66]. The
results were then compared with a non-catalytic burner. Catalytic porous burners
showed significantly lower concentrations of CO and HC but the NOx levels were
remarkably similar to those from the non-catalytic burner when operated below 800
KW/m?.

There have been many different studies using different materials and different
porosities [67], but generally, the most common materials used in porous media can
be classified into three major groups; porous foams/fibres, wire meshes and discrete

elements.

2.21 Porous foams/fibres

Ceramic foam is a porous material with open cavities within a continuous ceramic
matrix, usually processed by a polymeric-sponge replication technique [68]. Ceramic
foams are available in a variety of materials. The composition is specified as a base
material stabilised by another material used as a binder. Base materials include:
silicon carbide, silicon nitride, mullite, cordierite (a bicolour mineral silicate of
magnesium, aluminum, and sometimes iron), alumina and zirconia. Some materials,
including magnesia and yttrium, are used as a binder i.e. to make Y2Osz-stabilized
ZrO2 known as YSZ [69]. The rigid structure of foams allows them to be operated at
any angle, which makes them easier and more practical to use. On the other hand, the
lower resistance of the ceramic foams to thermal shocks and cracking limits the use

of porous foams in some applications.

Trimis [32] and MoRbauer et al. [35] reviewed the use of SiC foams, mixer-like
structures made of Al,Os fibres (Figure 2.2a), C/SiC™ (Figure 2.2b) and ZrO;

(Figure 2.2c) foams in different applications.
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(a) (b)

Figure 2.2: Different ceramic porous foams: (a) Al.Os fibres, (b) C/SiC™
structure and (c) static mixer made of ZrO, foams [32]

They compared the above-mentioned materials in terms of the high temperatures,
thermal expansion coefficient, thermal conductivity, specific thermal capacity,
thermal stress resistance parameter and thermal emissivity. They related the
applications of this technology to a variety of applications and the type of material
that can be utilized in each one of them. Such applications include:

e Household and air heating systems

e Light oil burners

e Gas turbine combustion chambers

¢ Independent vehicle heating systems
e Steam generators

e Oxy-fuel combustion

e Other special applications [32, 35].

The above list highlights the applicability of PB technology to a wide range of
applications due to the benefits mentioned earlier, namely; small and compact

designs, large turndown ratios and low pollutant emissions.

2.2.2 Metallic wire meshes and foils

Wire meshes used as a porous matrix have a short start up time, high thermal

capacity per unit volume, high radiation heat characteristics and an excellent low

17



Background

pressure drop. The constraints of using metals as a porous matrix lie in the limited
temperature range they can allow. For nickel-based and Fe-Cr-Al-alloys the
maximum use temperature is about 1300 °C, while for porous foams typical
maximum temperatures can be more than 1600 °C. At the same time, due to the high
porosity, they have poor conduction heat transport and dispersion properties. Figure
2.3 shows a picture of a Fe-Cr-Al-alloy wire mesh.

Figure 2.3: Fe-Cr-Al-alloy wire mesh[32]

2.2.3 Discrete materials

Discrete ceramic elements are mostly made of alumina in a ball or saddle shape. A
saddle has an elongated concave shape, like a horse saddle. Their sturdy shape and
the fact that they are not constrained in a rigid matrix, makes them less subjected to
stress. A packed bed of sphere balls has a porosity of 0.36 to 0.43 [70], while
porosity will be increased for the irregularly shaped saddles to around 0.9 [71].
Availability of different sizes of discrete materials makes them easier to fit and pack
as a matrix in any shape of container. The specific surface ‘a’ (the surface area
density) for a packed bed, formed with ceramic spherical beads with a diameter of ¢,

can be calculated as:
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_6(1-¢)
S

a (2.4)

The surface area density ‘a’ of the porous media is generally quite large, compared

with conventional burners.
2.3 Flow inside porous medium

Materials which are used as porous media have relatively high porosity. Hence
pressure drops within the porous medium are mostly low and pore Reynolds numbers
of less than 300 have been reported in the past. The pore Reynolds number [72] can

be defined as:

pdu,
Y7

Re =

(2.5)

Where up is the superficial velocity (cross-sectional mean velocity), u is the fluid
viscosity and d is the characteristic length of the porous media. For example, for a
packed bed of spherical beads, d is the beads’ diameter, or mean pore diameter, when

porous foams are used.

In most modelling cases or applications and where the flow velocity is low using
porous burners, the particle or pore size of the porous matrix is small when compared
with the hydrodynamic length scales. So, the inertial forces are small and negligible

and the flow velocity u is a function of the applied pressure differential,

K oP
Uu=——

2.6
o (2.6)

where 4 is the fluid viscosity, P is pressure and K is the specific permeability of the

porous medium for low velocity flow and steady conditions.

24 Combustion within porous media
Combustion in porous media is different in nature from that of conventional
combustion or free flames. There are phenomena which make the combustion in

porous burners either advantageous or challenging in some other respects. The

efficient heat transfer between the gas and the solid phases, caused by the high
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surface area of the porous media, is the main factor in achieving uniform
temperatures across the porous medium. Also, heat transfer from the flame zone
through radiation and conduction via a solid medium heats the porous solid and,
subsequently, the incoming reactants by convection. This heat recirculation process
results in higher burning speeds, excess enthalpy combustion, lower pollutant
emissions and the ability to stabilise leaner flames. Below, some of the main

characteristics of porous burners are explained and discussed.

24.1 Ignition, heat-up process and stabilisation in PB

Stabilisation in porous burners can be defined as having a steady combustion within
the porous media. The reaction zone does propagate neither upstream nor
downstream unless conditions change. Changing the equivalence ratio or firing rate
shifts the reaction zone, but establishing the original configurations brings the flame
back to the original, stable location. Reaching a stable combustion in porous media
results in a wider reaction zone and higher heat transfer between the gas-phase and
the porous medium, and subsequently a more uniform temperature within the bed.
Kennedy et al. [6, 7] investigated flame stability and ways to identify the controlling
parameters in a PB. They classified the stability of the combustion, on what they
called “filtration combustion’, in terms of super-adiabatic combustion waves
(SCWs). The propagation of the SCW was related to the thermal wave within a
porous matrix. A correlation was also developed which identified the regimes of
decaying and stable waves. The stability of the flame was then conditioned on the
filtration velocity and fuel concentration (related to adiabatic temperature). In order
to utilise this wave and extract the energy produced under these conditions, a
reciprocal flow burner, operated by a periodic flow reversal, was devised [73].

Cerri et al. [28] showed different combustion regimes and performances for various
porous matrices, including catalysed materials. As shown in Figure 2.4, the catalyst
caused a reduction of the radiant regime area and an enlargement of the blue-flame
regime. On the other hand, the catalyst affected both porosity and the tortuosity of
the foam matrix, which caused an increase in the pressure drop across the foam, as

well as the local momentum of the gas phase.
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Figure 2.4: various combustion regimes as a function of excess air Ea and
firing rate Q for three different types of burners: non-catalytic, surface
catalysed and the fully catalysed structures [28].

24.2 Propagation speed

Flame propagation in porous media has been of interest for many years. The majority
of the studies have been performed in tubes containing porous materials. Premixed
air/fuel enters the system and ignites at one end or somewhere inside the bed. The
flame front starts moving (propagating) and stabilises at a certain location if the flow
rate, equivalence ratio and Péclet number are within the range of stabilisation.
Otherwise, the flame will blow off and extinguish or flashback upstream which could
be a major safety concern. Lammers et al. [74] studied the flashback and stabilisation
phenomena for both porous burners and porous radiant burners. The study
investigated different parameters, including equivalence ratios, porous medium
physical characteristics, environment temperature and radiation to the environment.
They proved numerically that the volumetric heat transfer coefficient and the porous
medium material effective conductivity are the parameters which affect the flash-
back limits the most, as they have the largest impact on the effective burning velocity

inside the porous medium.
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Figure 2.5: Stabilisation diagram for flames stabilised inside and outside a
porous burner in ambient temperatures and in hot environments (Tenv= 750
K, dashed line, Tenv=775 K, dotted line) for ®= 0.9 [74].

Their findings showed numerically the stabilisation window for an environment

temperature (as they phrased it) of 775 K (as shown in Figure 2.5).

Similarly, Akbari et al. [75], in a parametric numerical study, determined the
flashback, stable combustion and blow-out regions in PBs. The variant parameters
included porosity, equivalence ratios and firing rates. The results are shown in Figure
2.6 and Figure 2.7.
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Lyamin and Pinaev [61] and Babkin et al. [60] defined different flame propagation
regimes in porous media as a parameter of the flame wave velocity. They performed
several experiments on methane/air and propane/air mixtures and measured flame
propagation velocities for a wide range of pressures, equivalence ratios and
characteristic sizes of cavity space. They showed that in porous media the flames
accelerate and attain high velocities as effectively in rough tubes as in tubes

containing obstacles. They believed that the most important factor for this
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acceleration is a positive feedback between the velocities of flame propagation and
fresh gas movement. Based on the study performed by Lyamin and Pinaev [61] and
Babkin et al. [60], six regimes were observed, which are listed in Table 2.1:. The low
velocity regime (LVR) includes an intense interphase heat exchange in the zone of
chemical transformation and normally combustion velocity is less than 10 m/sec.
The factors that define the wave velocity are the thermal structure and propagation
limits. Convective gas movement mechanisms under uniform pressure are an
example of high velocity regime HVRs, where a typical velocity lies between 0.1
m/sec and 10 m/sec. Smooth changes in pressure will push the velocity to higher
values, defined as a rapid combustion regime (RCR). Further increases in the
pressure gradient lead to a sound velocity regime (SVR), which is defined as falling
between 100 m/sec to 300 m/sec. Detonation is defined for velocities of more than
500 m/sec and can be caused by self-ignition under shock wave interactions in low
velocity detonation (LVD), or in normal detonation regimes under heat and pulse

losses.
Regime Wave velocity (m/s) Flame propagation mechanism

Low velocities (LVR) 0- 1x10* Heat conductivity, interphase heat exchange
High velocities (HVR) 0.1-10 Convective, uniform pressure
Rapid combustion (RCR) 10-100 Convective, smooth pressure gradient
Sound velocities (SVR) 100-300 Convective, pressure gradient
Low velocity detonation 500-1000 Self-ignition under shock wave interaction
(LVD)
Normal detonation (ND) 1500-2000 Detonation under heat and pulse losses

Table 2.1: Steady-state regimes and reaction transfer mechanisms for gas
combustion in inert porous media [60, 61]
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2.5 Super-adiabatic flame temperature (excess enthalpy

combustion)

One of the interesting features of PB is the ability to extend the flammability limit
and to achieve high reaction rates, leading to effective flame speeds, in excess of the
laminar flame speed of the inlet mixture. Recirculation or recuperation of heat from
the combustion products to the air/fuel mixture upstream of the reaction zone is one
of the mechanisms that contribute to this phenomenon. The peak temperature can be
higher when compared with the adiabatic flame temperature, for a range of

equivalence ratios.

Many applications use preheated incoming reactants in order to obtain higher flame
temperatures and thus higher efficiency. Weinberg [76] first studied the idea of
borrowing energy from a premixed flame to preheat the incoming mixture of air and
fuel. Enthalpy is transferred from products to reactants, which helps achieving higher
temperatures in excess of the adiabatic flame temperature for a certain equivalence
ratio. Hardesty and Weinberg [77] later showed theoretically that the flammability
limit for what they called excess enthalpy flames, is beyond that for free propagating
flames. They believed that the backward radiation from solids within the reaction
zone is the main cause of the heat up of the porous medium upstream of the reaction
zone. The second most effective heat transfer mechanism was found to be the
transferred heat via conduction by the porous medium itself. Heat transfer via
radiation (from hot gas to the incoming reactants) was found to be almost negligible.
Hanamura et al. [33] investigated the super-adiabatic temperature phenomena in a
reciprocating heat engine using a one-dimensional numerical model. Their system
included a thin porous medium inside a cylinder and one piston in each side of the
porous matrix. They concluded that super-adiabatic temperature would increase the
thermal efficiency when compared with other engines like Otto and diesel. Their
results also confirmed that using a porous medium with a large conduction-radiation
parameter would increase the maximum temperature, resulting in the extension of the

flammability limit.

25



Background

2.6 Multi stage combustion in porous burners

Several researchers have investigated multi stage combustion [22, 46-52] in which
the air/fuel mixture is combusted in at least two successive combustion regions
within a porous matrix. The products of the first stage mix with the unburned fuel/air
mixture and this mixture acts as a reactant in the next stage of the porous matrix.
This method enables the minimising of pollutant emissions by controlling the
maximum temperature, temperature distribution and equivalence ratios in each
individual stage. As the first stage combustion is happening in a lean or ultra-lean
fuel/air mixture, the combustion gases from the first stage still contain enough
oxygen to burn more fuel in the second stage. Chaffin [78] reported an experimental
investigation in a cylindrical quartz-tube porous burner and showed that the NOx
concentration was higher than in a regular single-stage porous burner when the
system is fed with a rich fuel/air mixture in the first stage and a lean mixture in the
second stage. On the other hand, the NOx concentrations decreased while the system
was working with a lean first stage and rich second stage for the same overall
equivalence ratio as for regular single stage burners. Bell et al. [79-81], in two sets of
experiments, showed that using both methods (rich first stage and lean second stage
and vice versa) decreases the thermal and prompt NOx concentrations. Their best
result was a 50% reduction of NOx in the case of lean combustion at the primary
stage, followed by the addition of a rich fuel mixture in the second stage. Khinkis et
al. [82] performed experiments on staged combustion by removing the heat directly
from the porous matrix. This keeps the combustion temperature generally below the
temperature required for substantial NOx formation. They embedded heat exchanger
tubes directly inside the porous matrix and reported NOx concentration levels of less
than 10 ppm. They believed that intense heat transfers between the porous bed and
the heat exchanger results in high combustion intensity, high efficiency, ultra low,
NOx generation, creating opportunities to design smaller combustors and lower
operating costs. Maruko [29] performed similar experiments on multistage catalytic
combustion using noble metal catalysts at conditions under 1000 °C and using silica
at conditions up to 1400 °C. Pickenacker et al. [51, 52] designed a multi stage porous
medium burner according to the criterion presented by Babkin et al. [60] and
measured NOx and CO concentrations simultaneously. Their results showed that

while other pollutants like CO and unburned hydrocarbons can be kept below the
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limits of environmental standards, NOx emissions could be decreased by 30%
compared with the most efficient single stage porous medium burner.

Although multistage combustion in porous burners contributed to decreasing NOx
emissions, some aspects of this approach are yet to be explored. Several researchers
published different results. Some believed using rich-lean stages will increase the
NOx emissions and some found that multi staging in either rich-lean or lean-rich
would decrease the pollutant emissions significantly. How the lean-rich or rich-lean
multi staging in porous burners contributes in the combustion process and the effect
of thickness and material on each stage of stabilising of the flame are some of the

unsolved issues in this field.
2.7 Liquid fuels

Combustion of liquid fuels in conventional burners, which employ a spray nozzle (or
swirl spray [83]) to atomise and mix the fuel with air, faces many problems. Because
of poor spray qualities and difficulties in flame stabilisation, due to the influence of
the aerodynamic behaviour of air and fuel droplets, conventional liquid fuel burners
show a low power modulation. The vaporizing and combustion zones are not
completely separated, so the system is sensitive to changes in the temperature and
flow field, which arise with power rate modulations [42]. Hence, burners that make
stable continuous combustion possible for a wide range of heat loads for liquid fuels
are required. PB is one of the most successful systems in achieving this. Using
porous burners with liquid fuels will extend the flammability limit against the input
load of liquid fuels as a result of the contribution of the porous matrix as a fuel
distributor, a flame holder and a medium to absorb the imposed radiation. PB also
enhances the evaporation rate of the liquid fuel, obtaining help from the significant
radiation heat from the solid phase [84-88]. Once the liquid fuel vaporises, the
combustion of the vapour-air takes place using a similar mechanism to that of
gaseous fuels, described before in detail. Of interest in liquid fuels is the auto-restart
phenomenon. It implies that when a flame within the porous medium extinguishes
due to a momentary interruption of the fuel or oxidiser, combustion will immediately
restart after restoring missing fuel or oxidisers. This parameter will increase the

safety factor for industrial applications. Incineration of liquid hazardous waste [53,
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89] is one of the most useful applications of porous liquid burners. Due to the low
energy content of liquid hazardous waste, incineration in conventional burners is
quite difficult. On the other hand the soot formed in conventional incinerators often
acts as a local condensation site for hazardous materials, becoming hazardous itself
when emitted to the atmosphere. Vaporization of liquid fuels before combustion can
prevent this problem.

Jugjai et al. [87] and Takami et al. [90] investigated the flammability limit of
kerosene in a porous burner and quantified the NOx emission from the liquid fuel
stabilised in the porous burner. Jugjai et al. [87] successfully stabilised a flame
within a limited range of equivalence ratios of ¢ = 0.37 to ¢ = 0.55 for a firing rate of
520 kW/m? to 700 kW/m?. Takami et al. [90] performed similar experiments within
the range of firing rates falling between 674 kW/m? and 3879 kW/m?2. Their
apparatus, which had a relatively high turndown ratio, (more than 7) could operate
within equivalence ratios of 0.9 down to 0.1. Their experimental results showed that
the temperature profile for kerosene-air flames is very similar to methane-air flames.
They also measured the NOx emission behaviour within their experiments in 5
different axial positions along the bed. The measurements showed NOx emissions of
less than 60 ppm for most experiments, except under extreme conditions. These
values showed a good improvement when compared with NOx emissions from the
combustion of kerosene in conventional open-spray liquid burners. Korzhavin et al.
[91] investigated the propagation characteristics of flame inside a porous medium
wetted with n-octane as fuel. The whole porous matrix was restricted in a closed
vessel. For each individual test case, the tube was charged with air up to a particular
pressure and then sealed. Measurements were taken for a wide range of initial
temperatures, from 18 °C to 39 °C and initial pressures from 70 kPa to 700 kPa. The
pressure rise showed a bigger value for porous mediums wetted with liquid
hydrocarbon, when compared with a dry, porous medium. They observed two
different combustion regimes inside the porous medium: a high velocity regime and
an evaporative-diffusion regime. The evaporative-diffusion regime showed greater
sensitivity to porous media heat capacity variations. Fuse et al. [84] developed a fuel-
vaporizing combustor equipped with a porous burner made of Al.O3 and 1.7 MHz-
ultrasonic oscillator using ethanol as fuel. Stable and complete combustion was

achieved within a range of equivalence ratios between 0.63 and 0.8, similar to a
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premixed combustion. Compared with premixed combustion in porous burners, the
NOx concentration was higher (59 ppm to 97 ppm on a 0% oxygen base) due to an

increase in the heat value per surface area of the flame, caused by a shorter flame.

Applications of liquid fuel in PB show a promising future for this industry. Low
emissions of pollutants, high combustion intensity with moderate turndown ratios
and compactness have made PBs more advantageous when compared with
conventional liquid fuel burners. On the other hand, liquid fuels, compared with
gaseous fuels, have a higher energy rate and less pressure drop due to the increase in

their mole number.

2.8 Pollutant emissions

Beginning in the 1960s, increasing levels of smog and toxic pollutants became the
major environmental problem. Hence, one of the major concerns of any newly-

designed combustion system is to minimise and control pollutant emissions.

Combustion processes occur in the gas phase (as the interacting medium) without
any significant contribution to and from other phases. This will make the temperature
rise steeply in the vicinity of the flame. The combustion process has small radiation
and conduction characteristics, which result in high local temperatures. These high
local temperatures help in the formation of large quantities of pollutant emissions,
especially nitrogen oxides. In PB, the flame propagates in cavities of an inert or
catalytic porous medium [63]. The intensive heat transfer between the gas- and solid-
phase makes the local temperature relatively low and prevents the high temperature
regions that cause the production of nitrogen oxides. Hence, it has been found that

PB is one of the most successful combustion systems to achieve this goal.

Most experiments performed by researchers on different types of PBs have
quantified major pollutants, like NOx and CO. Bingue et al. [92] experimentally
investigated NOx and CO emissions from a porous burner operating under lean and
ultra-lean conditions. Within the ultra-lean region (¢ < 0.5) they measured NOx
concentrations of less than 4 ppm and CO concentrations of less than 10 ppm. They
also found that although faster filtration velocities and higher combustion
temperatures correspond to higher NOx concentrations, the emission index is more

dependent on the equivalence ratio than any other parameter. The emission index is a
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dimensionless quantity and for species i can be defined as the ratio of the mass of

species i to the mass of fuel burned by the combustion process:

Bl =t 2.7)
Me

MoRbauer [25] investigated steady combustion within the range of 0.53 to 0.91 for
methane/air. They reported NOx concentrations of less than 25 mg/kWh and CO
concentrations of less than 7 mg/kWh over the complete range of dynamic power
(about 1:20). They showed that porous burner emissions are significantly lower than
the European standards, as shown in Figure 2.8. These results were in the same order
of magnitude for NOx measurements on a radiant porous burner developed by

Bouma et al. [93].
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Figure 2.8: NOx and CO emissions of a 30 kW porous media burner in
comparison with stringent European standards [25]

Cerri et al. [28] investigated NOx and CO production in porous media for non-
catalysed, surface-catalysed and fully-catalysed ceramic foams. Figure 2.9 shows
that the NOx emissions for three different types of porous matrices are not very
different. Although for higher excess air values, the fully-catalysed burner yields
NOx concentrations higher than those for non-catalysed and surface-catalysed
burners. Figure 2.10 shows CO concentrations for non-catalysed burners at power
densities less than 300 kW/m? and at excess air values less than 10% or bigger than

80%, were higher than for the two other types of burners. Under these conditions, the
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catalyst promoted a significant reduction of the CO levels. Such a reduction was
more pronounced for the surface catalysed than for the fully-catalysed burner.
Presumably, the higher local momentum in the fully catalysed foam resulted in a

lower residence time for the reacting gases in the catalytic burner.
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Figure 2.9: NOx emissions as a function of excess air Ea for different firing
rates Q for three ceramic burners: non-catalytic, surface-catalysed and the
fully-catalysed burners [28].
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Figure 2.10: CO emissions as a function of excess air Ea for two different
firing rates Q=190 and 300kw/m2 for the three ceramic burners: non-
catalytic, surface-catalysed and the fully-catalysed burners [28].
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2.9 NOxreduction mechanisms

New combustion technologies with low NOx emissions have been developed and
utilised. The lifetime of most stationary combustion systems is decades long. Hence,
the treatment of exhaust gases to decrease the emissions of NOx becomes more
viable. Different NOx reduction mechanisms have been developed in the past. These
mechanisms include burner replacement, fuel staging, fuel reburning, steam or water
injection, selective catalytic reduction and selective non-catalytic reduction [94]. In
many instances this has led to a reduction in combustion efficiency and has required
expensive retrofits [95]. Among the aforementioned NOx reduction techniques [95],
reburning [96] is a cost effective technology [97] in which nitric oxide is consumed
using fuel as a reducing agent. This method was developed in the early 50s and was
termed “reburning” by Wendt et al. [96]. An NOx reduction of 50%-70% [98] is
achievable using such an approach. The process involves partial oxidation of the
reburning fuel, under fuel-rich conditions, followed by the reaction of hydrocarbon
radicals (CHx) and NO. This results in the formation of intermediate nitrogen species
such as HCN and their subsequent conversion to N2. More recently, detailed analysis
of the reburning chemistry, by Dagaut et al. [99] along with an earlier study by
Kilpinen et al. [100], has revealed the important role of the HCCO radical which
reacts with NO to produce either HCNO or HCN, both of which are then
subsequently reduced to N2. In general, reburning happens when gaseous, liquid or
solid hydrocarbon fuels are injected downstream of the main combustion zone.
Further reductions of NOx species, through advanced reburning and second
generation advance reburning, are also possible via the addition of agents such as
ammonia [101], urea or similar substances [102]. NOx reductions of up to 90% are
achievable using advanced reburning technologies, which invariably involve
catalytic surfaces. Such successful results have encouraged researchers to conduct
bench-scale and pilot-scale reburning experiments in order to develop the technology

to a mature stage where it can be implemented in existing combustion systems.

One of the earliest industrial scale systems for NOx reburning was performed in
Japan. Their system was capable of reburning 50% of the NOx in a full-scale boiler
by Mitsubishi in the early 1980s. Later, the Babcock & Wilcox [103] company in

Japan successfully applied the technology to a few wall-fired utility burners. Ever
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since, the reburning process has been investigated in many different combustion
systems, such as flow reactors [104] and jet stirred reactors [105, 106].

Despite the successful progress achieved, reburning is still considered a very
complex process, which relies on several parameters which influence its
performance. It also involves a number of interrelations among these parameters,
which make it very difficult to study the influence of each variable individually. The
most important parameters which control reburning efficiency are finite-rate mixing,

equivalence ratios and reaction zone temperatures [100, 107, 108].

NOx reburning has been analysed extensively for a wide range of temperatures.
Maintaining a uniform constant temperature over the experimental domain has made
the experiments a real challenge. Bilbao et al. [109] have conducted a range of
experiments in a 1500 mm long quartz-tube, which has a diameter of 23 mm.
Observing a longitudinal temperature profile they assumed that the temperature is
almost constant in a 600 mm zone in the middle of the tube. They used this zone to
determine the gas residence time. Their results showed that for moderately low
temperatures (between 600 °C and 1100 °C) NOx reduction efficiency increases as
the temperature increases. It was found that at a given temperature, the fuel
effectiveness in NOx reduction follows the sequence: acetylene, ethylene, ethane,
natural gas and methane. It is also found that natural gas and methane are of greater
interest for high temperature applications, while acetylene is more suitable for low
temperature cases. Dagaut et al. [105] explained this sequence through the
importance of the HCCO intermediate for the production of HCN and extended the
list to include propene. They noted that more HCCO is produced from acetylene

fuels than the other reburning fuels, especially at lower temperatures.

Using similar experimental techniques, Dagaut and Ali [110] extended this study to
include a Liquefied Petroleum Gas (LPG) blend for a range of equivalence ratios and
a temperature range of 950 K to 1450 K. They found that using LPG as a reburning
fuel follows the same general oxidation path already delineated for simple alkanes.

Williams and Pasternack [111] used a McKenna flat flame burner to investigate the
intermediates of premixed flames for a variety of fuels doped with NO. They showed
that for a fixed temperature of ~1800 K the methane, ethane and ethylene flames all

have similar re-burning chemical pathways, whilst acetylene flames are quite
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different. They noted that acetylene produces about three times as much CN and
NCO as other fuels.

A few studies also examined the controlling parameters and the type of fuel that can
be used for the reburning process. Ditaranto et al. [16] investigated the influences of
oxygen concentration, temperature, steam concentration, and mixing conditions in a
laboratory scale experimental set-up, representing a 5 kW methane jet flame burning
in the turbine exhaust gas of a virtual 10 kwWh gas turbine, containing up to 50 ppm
NOx. The NOx reduction was successfully reproduced, showing reduction
efficiencies as high as 30%. It has been found that reburning is best achieved at
conditions with low oxygen, low temperature and high steam concentration. Others
[112-114] examined the influence of a variety of gaseous, liquid and solid fuels on
the reburning efficiency of NOx, while others again concentrated on reducing NOx
from the recirculated exhaust gas from oxy-fuel combustion systems [115, 116].

It is clear from the above that moderately low temperatures, fuel rich conditions and
sufficiently high residence times are required to achieve the reduction of NOx using
hydrocarbon fuels. It is also apparent that well controlled conditions are required in

order to optimize the conversion efficiency better.

In summary, it can be concluded that porous burners [32, 54, 62, 117-121] were
found to be a suitable medium to achieve such controlled conditions. The large inner
surface area of the porous bed ensures an efficient heat transfer [117] between the
solid and gas phases. Although in most porous burners, overall flow is calculated in
the laminar range; in the vicinity of the small pores within the porous media there is
a likelihood of a turbulent gas flow. This effect, locally, increases the effective
diffusion and heat transfer within the gas phase. These phenomena result in a
different temperature pattern from the adiabatic flame temperature for different
equivalence ratios. The maximum temperature in porous media for a range of
equivalence ratios between 1 and 2 are considerably below the adiabatic flame
temperature. This great advantage results in better NOx conversion and makes

porous burners a suitable post processor for NOx reburning.
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2.10 Surface reactions

The highly developed inner surface of the porous bed ensures an efficient heat
transfer between the solid and gas phases. While the overall flow is laminar, in the
vicinity of the small pores within the porous media, the local gas flow is turbulent.
As a result, modelling the combustion process in porous burners is very challenging
due to the requirement for the simultaneous solution of mass and energy balances for
a large range of geometric length scales, coupled with the estimation of the thermo-
physical and thermo-chemical properties. This is further complicated by the
requirement for large chemical kinetic mechanisms in order to describe pollutant
formation and other kinetically-controlled phenomena, adequately. Porous media
also embrace a wide range of pore sizes, porosities, pore connectivity and specific
interfacial areas between phases. Porous matrices use different organic-, ceramic- or
metallic-based materials and the fluid-phase properties may range from low-pressure
gases to liquid macromolecules. Convection, conduction and radiation between the
gas- and solid-phase, and energy release due to chemical reactions, must also be
included [56].

Many researchers have modelled porous burners treating the non-catalytic porous
media as being chemically inert [23-25, 54, 61, 64, 78, 91, 92, 118-122]. However, it
is known that the presence of surfaces can strongly influence gas-phase reaction
systems (e.g. the oxidation of hydrogen and carbon monoxide [123]). This effect
arises as a result of heterogeneous reactions between gas-phase radicals and surfaces.
The rate of radical termination at a surface is strongly influenced by both the nature
of the surface and the conditions, if any, under which the surface has been pre-
treated. Given the large surface-to-volume ratios that are characteristic of porous
burners, it seems imperative that these surface reactions, leading to termination of the
gas-phase radicals, be considered when modelling combustion, and the formation of
minor species, in porous burners. To the author’s knowledge, no previous studies
have considered the impact of surface reactions on NOx conversion in porous

burners.

In the absence of detailed information about the surface or an elementary
heterogeneous gas-solid reaction mechanism, it is possible to use a short-cut

approach to estimate the impact of surface reactions for a gas-phase system. One
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such approach is to estimate the maximum possible rate of radical termination as the
mass-transfer-limited rate [124-126]. In this case, the diffusion-limited reaction rate
may be calculated following the method of Thomas et al. [124], based on a
cylindrical channel model, assuming laminar flow. Another related approach is to
assume that only a certain fraction of radicals that diffuse to the surface are
consumed, as defined by a sticking coefficient or collision probability.

2.11 Modelling

Modelling the combustion process in porous burners has been the most challenging
task in their development. Simultaneous solving of mass and energy transfers under
the influence of a large range of geometric length scales, thermo-physical and
thermo-chemical properties, besides the chemical kinetics for both solid- and gas-
phases, has retained the modelling stage as quite immature. Porous media embrace a
wide range of pore sizes, porosities, pore connectivities and specific interfacial areas
between phases. The prediction of pollutant formation requires the use of detailed
simulations and chemistry. Convection, conduction from gas to a solid medium and
chemical energy release from reactants must be included in the gas-phase equation,
while conduction, radiation and convection from solid to gas should be considered in
the solid phase equation. Using a catalytic porous matrix will also increase the non-

equilibrium even further [56].

Several researchers have modelled the combustion process in porous burners in the
last few decades. Based on chemical kinetics, models are classified as one-step
reaction [127-129], multi-step reactions or complete reaction sets [36, 118, 130].
Among those multi-step reaction modelling studies, Mishra et al. provided the most
complete calculations, accounting for energy equations for the solid and the gas
phases (non-local thermal equilibrium) and multi-step chemical kinetics. Mishra et
al.’s [130] calculations also included the issue of radiation from the solid porous
matrix, by considering the porous medium to be absorbing, emitting and also

scattering.

The one-step reaction mechanism assumes that all of the heat releases in a thin flame
front but the multi-step reaction mechanism considers a wider reaction zone. Hsu and

Matthews [131] studied one-step and multi-step kinetic models and differences in
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their performance. They found that one-step kinetic models are not accurate enough
to predict the peak flame temperatures, but they can be used for prediction of exit
temperatures and flame speeds with a reasonable accuracy. While the one-step
reaction simplifies the numerical modelling, a multi-step reaction is more
representative of the actual combustion process. Furthermore, incomplete
combustion, where reactants are not completely converted to their final products, can
only be modelled with multi-step reaction mechanisms. For either case, the resulting
equation set is extremely stiff and it is difficult to achieve a converged solution. Even
successful standard techniques (such as the PREMIX code [132]) often fail and must

be modified when applied to porous media.

Shardlow [133] developed a one-dimensional numerical model which has the
capacity to model both homogeneous and heterogeneous reactions in multi-layered
porous burners. The numerical model represents the conservation of energy
equations for both gas and solid phases. Those energy equations include the
convective heat transfer between the gas and solid phases. The radiative heat transfer
is considered only in the solid phase energy equation. Although he showed a good
agreement between his model and some experimental data, the code is still incapable
of predicting flame properties using catalytic porous media. Rumminger et al. [14]
used another one-dimensional model to analyse a radiant surface burner and to
investigate the influence of placing a porous medium close to the burner exit on

radiant efficiency, NOx and CO production.

Predictions of super-adiabatic flame temperatures within the porous matrix have
been reported by many researchers. Min and Shin [8] showed the excess enthalpy
phenomena inside a ceramic honeycomb. Their model showed a good reproduction
of temperature profiles and flame behaviours. On the other hand the model predicted
a stable flame downstream of the combustor, which was not the case in the
experiment. This instability can be blamed on the two-dimensional effects of heat
loss, while the analysis was based on a one-dimensional representation of heat loss.
Hackert et al. [129] developed another model and examined a honeycomb burner and
a geometry consisting of many parallel plates. The two-dimensional model was
capable of predicting the peak burning rate for insulated burners, the downstream
radiant output and their behaviour as a function of the equivalence ratio.
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Other researchers modelled flame stabilization, heat transport mechanisms, and
chemical kinetics in porous burners. Early work on surface-stabilized burners was
performed by Yoshizawa et al. [134], who applied a one-dimensional two-phase
model with one-step kinetics to investigate the effects of heat transport parameters on
flame structures and burning velocities. Later on, Martynenko [23], in a similar
experiment, showed that the most important parameters for self-sustaining
combustion in an inert porous medium, under a fixed thickness of porous medium,

are:
o the superficial velocity of the gaseous phase
e the thermal conductivity of the solid and
e the convective heat transfer coefficients across different phases.

Neef et al. [120], using a one-dimensional model, showed that a minimal mass flow
rate is required to establish steady combustion inside a porous inert media. They
defined their model based on a multi-layer porous burner, which was constructed by
Trimis and Durst [135]. They found that full combustion, including flames, exists for
a Péclet number within the range of 800 to 3000. For Péclet values between 350 and
800, when more than 75% of reactants are consumed, the combustion was not
complete and for values less than 350, no combustion existed. They compared their
results with a numerical solution of a two-dimensional problem and observed that
there is a good agreement in the cases of temperature and mass fraction distribution
along the cooling boundary. Like most of the models, radial temperature distribution
across the bed was non-uniform and the agreement between solutions of one-

dimensional and two-dimensional models was not completely satisfactory.

Sathe et al. [127] and Rumminger [36] employed models to analyse flame behaviour
in a porous radiant burner PRB. Sathe et al. [127] using a one-dimensional, one-
reaction model, showed that stable combustion could be maintained in two spatial
domains: one in the upstream half of the porous bed and another in a thin layer close
to the exit plane. In the upstream zone, the flame front moved downstream as the
flame speed increased. Tong et al. [136] using a one-dimensional model with
spatially dependent heat generation carried out an analysis to determine the
performance of PRB as a function of fibre size. Silica and alumina fibres were

considered for use as porous materials. They found that a smaller fibre diameter
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results in a smaller, single scattering albedo and a higher radiant output for both
types of fibres. They obtained an increase of 63% and 109% respectively for the
silica and alumina fibres for a characteristic temperature of 1000 °C and 72% and

150% for a characteristic temperature of 1500 °C.

Certain common assumptions have been made for all models of combustion within
porous media. Although those assumptions helped scientists to simplify the
modelling and improve the knowledge of combustion within the porous bed, still,
some of them led to inaccurate solutions. Most of the researchers assume that the fuel
and oxidiser are completely premixed and have certain initial conditions when they
enter the system. Radiation heat transfer to/from the gas-phase has been neglected in
most models and it has been assumed that the gas within the pores works as non-
participating medium. In all cylindrical models, it has been assumed that there is no
radial heat loss to the surrounding environment and these assumptions have led to a

relatively high level of inaccuracy in the models to date.
2.12 Research Objectives and Gap

It is clear from the above literature review that, despite many years of research on the
different aspects of porous burners’ design, operation and characteristics, there are
very few studies that address the issue of NOx and TFN (Total Fixed Nitrogen)
reduction using PBs. While different aspects of porous burners have been studied at
length, their application to NOx and TFN reduction and the effect of surface

reactions are yet to be explored.
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Bed Fuel Injection in a Porous Burner

BED FUEL INJECTION
IN A POROUS BURNER

3.1 Introduction

Due to physical limitations, and in particular air and fuel mixing problems, few
studies have been conducted on the injection of fuel at different positions in the bed
instead of premixing it with the air externally. An extensive search in the literature

resulted in very few studies, some in non-peer reviewed publications [137, 138].

One of the major problems with premixed porous burners is flashback. Hall [139]
reported that flashback problems could be eliminated by altering the fuel and air
injection positions but CO emissions were considerably higher than those from
premixed air/fuel mixtures. He also showed that the turn-down ratio range in ‘non-
premixed’ PBs is wider when compared with the equivalent fuel to air ratios in

premixed PBs.

Kamal and Mohamad [140] used a vane-rotary burner to stabilise non-premixed
flames and found that the radiation flux was improved. They also measured the CO
and NOx emissions from their high swirl burner and reported very low values of

pollutant emissions from their non-premixed porous burner.
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The following chapter explores the challenges associated with injecting the fuel into
the porous bed and its impact on mixing and stabilisation of a flame in the porous
burner. The data will be used to develop an understanding of the flame behaviour and
pollutant emissions in a porous burner when the air and fuel streams are introduced
to the porous burner at different locations. Later on, these data will be compared with
a premixed air and fuel mixture inside a porous burner in order to explore optimum

ways to operate porous burners safely.
3.2 Experimental setup

An experimental system was designed and built for this study. The system was
designed in such a way that it allows the user to investigate the effects of different
parameters on chemical and physical flame properties in a porous burner. These
parameters include the flow velocity (flow rate or firing rate), equivalence ratio
(excess air) and chemical kinetics (different fuels). The maximum flame temperature,
flame location and flame thickness were some of flame properties investigated in this
study. Access to a multi-component gas analyser system allowed for the accurate
measurement of Oz, NOx, CO and CO.. The burner was designed in such a way as to
make the radial and axial gas sampling in the porous bed possible. The modular
design allowed for fast and easy assembly and the flexibility to test different
configurations. The burner system consists of three sections: namely, a swirl-burner,
a heat exchanger and a porous bed. The components are connected to a control
system to allow full control of the burner.

3.2.1 Swirl-burner

The swirl-burner has two roles: to preheat the porous medium and supply hot exhaust
gases to the PB. It consists of a central jet with an 8mm inner diameter surrounded by
a bluff-body with a diameter of 50 mm. The use of a bluff body ensures a shorter and
more stable flame. The annulus has an inner diameter of 100 mm and extends to 290
mm. A combustion chamber is attached to the annulus and extends for 190 mm. It
has a 50 mm side opening for ignition and a 25 mm hole for a flame detector.
Different fuel mixtures can be supplied through the central jet (Figure 3.1 and Figure
3.2).
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Air is sourced from a compressor through an adjustable regulator and pressure gauge.
It is supplied through three tangential inlets on the sides and two radial inlets further
upstream. Tangential air inlets were chosen to create a swirling flow, which creates
better mixing and shorter flames through a recirculation zone stabilised on the bluff-
body. The relative air mass ratio supplied to the tangential and radial air inlets
controls the swirl number and the upward swirling motion. The current design

ensures a stable, short flame for a wide range of conditions.

To meet safety concerns a UV flame detector (Landis and Staefa, QRA10.c) is
installed in the 25 mm opening in the combustion chamber. It reports the presence of
the flame inside the combustion chamber to a solenoid, which controls the fuel
supply. If the flame blows off, the fuel flow will automatically shut down. A quartz
plate is placed in front of the detector. The plate allows the transmission of the UV

light to the detector and prevents damage of the detector by the hot gases.
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Figure 3.1: Schematic description of swirl burner
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Figure 3.2: Manufactured swirl burner, air and fuel inlets (left), bluff body
and flow straightener (right)

3.2.2 Heat exchanger

Controlling the temperature inside the PB was essential in order to conduct different
experiments and test different configurations. In particular it allows the de-coupling
of the reactants’ temperature and the equivalence ratio. A heat exchanger is used to
control the temperature of the exhaust gases before entering the porous burner. The
heat exchanger extends for 400 mm and is made of '4” copper tube. The outer
annulus has an inner diameter of 154 mm. A fibre blanket, 25 mm in thickness, is
used to insulate the heat exchanger to minimise heat losses to the surroundings.
Water is used as the coolant. The heat exchanger also enhances the mixing of the hot
products and excess air, which improves the uniformity of the flow properties at the
inlet to the PB.

The heat exchanger was designed to reduce the temperature of the swirl-burner
exhaust gases from 2000 K to 800 K. This was a challenging task due to the space
limitations and the low heat transfer capacity of air. A heat transfer analysis was

performed, resulting in the design of a heat exchanger unit, as shown in Figure 3.3.

43



Bed Fuel Injection in a Porous Burner

Water Inlet —

Themocouple

400 mm

Water QOutlet

Figure 3.3: Manufactured (left) and schematic view of heat exchanger
(Right)

3.2.3 Porous burner

A circular geometry for the porous burner was selected to match the swirl-burner and
the heat exchanger. This symmetrical geometry also helps to make the radial heat
distribution across the surface more uniform, resulting in less complexity in
modelling. The modular porous burner consists of a main ceramic tube, insulation
and fuel distribution system: each one is described in detail, below. Insulation for the
porous burner is necessary to minimise heat losses through its walls and also to
achieve a better heat uniformity. A number of holes circumferentially drilled along
the main ceramic tube can be used as inlets for the temperature probes, sampling gas
probes and as ports to introduce extra fuel or air. The main ceramic tube can be filled

with different porous materials and shapes in different experiments.

3.2.3.1 Main tube

The main tube is made of ceramic (99% Alumina) with an inner diameter of 154
mm, an outer diameter of 214 mm and is 600 mm long (Figure 3.4). It is attached to
the heat exchanger via a thick flange and is sealed using a high temperature resistant
gasket. The ceramic tube has 22 multi-purpose holes (circumferentially), with 7 mm
diameter, spaced at 25 mm and staggered at 90°. The holes in the casing of the

ceramic tube are used for inserting N-type thermocouples. They can be positioned at

44



Bed Fuel Injection in a Porous Burner

the centre of the cylinder or can be moved across the ceramic tube. This allows for
the measuring of radial temperature profiles in different levels of the porous medium.
The holes can also be used for inserting the fuel distributor in any level. A perforated
plate is used upstream of the ceramic tube to hold the porous medium and make the
incoming gases more uniform. A sampling probe can also be inserted in any of the
side holes.

£00 mm

Figure 3.4: A view of the manufactured (left) and designed (right) ceramic
tube

3.2.3.2 Insulation

The ceramic tube is insulated using fibre bulk to minimise heat losses to the
surroundings. A 2mm thick perforated sheet is rolled to create a cylinder with 450
mm diameter. The fibre bulk is then inserted between the ceramic tube and the
perforated plate. The use of the perforated plate allows for the easy insertion of the
thermocouples, fuel distributor and gas sampling probe through the fibre bulk and the
holes in the ceramic tube. Minimising the heat losses through the outer surface of the
ceramic tube is essential to achieve a quasi-adiabatic condition, which is easier to
model and to control. The selection of the insulation material and thickness was
calculated analytically as a one-dimensional convective-conductive heat process

across a multiple layer cylinder. The total thickness of the insulation material was
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selected such that the outer surface temperature of the perforated cylinder is less than
50 °C at all times. Such a low temperature satisfies key safety requirements.

3.2.3.3  Temperature measurements

Due to the high radiation characteristics of the porous materials and continuous heat
transfer between the gas and solid phases, solid phase temperatures could differ from
the gas temperature along the porous medium [141-144]. The dominant heat transfer
mechanisms include but are not limited to conductive heat transfer in solid phase,
convection from incoming gas and radiation from solid to gas phase. There are also
other parameters that could affect the temperature measurements (in this study, using
thermocouples inside the porous medium). These parameters include the temperature
range, thermocouples’ response time, thermocouples’ junction diameter and

emissivity [145].

Temperature measurements, and hence errors, associated with temperature
measurements could also be a function of time. Depending on the response time of
the thermocouples’ junction, readings of the same point could change slightly as time

passes.

Considering the expected temperature range to which the thermocouples will be
exposed, N-Type thermocouples were selected for all subsequent experiments. All
the thermocouples were similar and they were all calibrated before the experiments.
The thermocouple’s shield is made of Inconel alloy 600, which has an emissivity of
0.19 - 0.21. For temperatures between 293 °C and 1250 °C, thermocouples could
have a maximum + 9 °C inaccuracy in addition to those above-mentioned

parameters.

These errors have been minimized for the temperature measurements by waiting long
enough for each condition to let thermocouples’ reading be stabilised and get to a

quasi-equilibrium state before changing the conditions further.

3.2.3.4 Material selection

Figure 3.5 a, b and ¢ show different materials and shapes that can be used as the
porous matrix. The modular design of the porous burner allows for the use of a

variety of materials, shapes or layers (bilayered or multi-layered). Most experiments
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are accomplished using alumina-based flint clay (Figure 3.5 a) as flame arrestor in
the first region and alumina ceramic beads (Figure 3.5 b) in the combustion region as
an inert porous matrix. A layer of flint clay is set on top of the perforated plate. The
flint clay has low thermal conductivity, which helps in minimising backward
radiation and flashback into the lower sections. It consists of fine materials (2 mm to
3 mm in diameter for some experiments and 2 mm to 5 mm for others) that work as a
flame arrestor because of the narrow passageways. Alumina ceramic beads of a 6mm

nominal diameter are then added on top of the flint clay.

Figure 3.5: Varity of material used as packed bed: (a) Calcinated flint clay,
(b) Alumina ceramic beads and (c) alumina saddles as an alternative for
ceramic beads

3.24 Fuel distribution system

For those experiments where the fuel should be fed into the PB independently from
incoming gases to the PB, the fuel can be introduced via a fuel distributor through
one of the circumferentially distributed holes around the ceramic tube. Different
shapes of fuel distributors were made and tested. The effects of each fuel distributor
on flame uniformity, flame thickness and location were investigated and are

described hereafter.

3.2.5 Control system and Data collection

All the thermocouples are attached to a 16-channel data logger (DATA SCAN 7220
RS 629-415), which is used to send all the measured temperatures, at fixed time

intervals, to a PC and store them in an ASCI|I file.

The gas sampling tube takes the exhaust gases to the gas analyser unit (Figure 3.6)
where all the data are analysed and recorded in a file. The gas analyser system
consists of a FUJI ELECTRIC ZRH CO: and CHj4 analyser, Thermo Environmental
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42H Chemiluminescence NOx analyser, ECOTECH ML®9830B CO analyser and
ECOTECH 9400 Data acquisition system. Table 3.1 shows the technical

specification of the gas analyser components used in the gas sample recordings.

The data acquisition system used the data control software AQMS, version 5.00.3, to
interpret and store data in an ASCII file. Further details can also be found in Section
3.2.

Apparatus Range Accuracy Zero drift| Span
drift
Thermo Environmental 42H | 0-10, 20, 50, 100, 1% Full
+ 1% Fu
Chemiluminescence NOx 200, 500, 100, 50 PPB 50 PPB |
scale
analyser 2000, 5000 PPM
0-0.05, 0.1, 0.2, + 2% of
FUIELECTRICZRHCO: | " +0.5% Full scale (for low range) | 494, of full "
and CHa analyser + 1% Full scale (for high range) scale/week
50 =1 ghrang scale/week
ECOTECH ML®9830B CO 0-200 PPM 0.1 PPM or 1% of reading, 0.01 ppm per | 0.05 per
analyser whichever is greater °C °C

Table 3.1: Technical specification of gas analyser as per calibration
certificates

Figure 3.6: Gas analyser system showing the different analysers and data
acquisition system
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Figure 3.7: Different fuel distributor designs used in the experimental study:
(a) single-tube, (b) spiral-tube and (c) multi-tubes

3.25.1  Single-tube fuel distributor

The fuel distributor (single-tube) was made of a 6mm stainless steel tube. It was
blocked at the end and had two rows of 0.6 mm holes drilled in the horizontal sides
along the tube (Figure 3.7 a). The insulated ceramic cylinder was filled with a 75 mm
layer of flint clay, followed by a 350 mm layer of Alumina ceramic beads. The fuel
(CNG - see Table 3.2) in the porous burner is supplied via a radially inserted tube
mounted at the top of the flint clay layer. To do the experiments with a single-tube
fuel distributor, the system was assembled as shown schematically in Figure 3.8
(right) and practically in the laboratory as shown in Figure 3.8 (left). For clarity, the
assembled porous burner system is shown without the fibre bulk insulation layer.
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Mass fraction (Y) | Lower heating | Molecular weight (W)| Mole fraction (X)
value
(%) (MJ/kg) (kg/kmol) (%)
Methane 90.9 50.016 16.043 95.3
Ethane 6.1 47.489 30.069 34
Nitrogen 0.9 0.000 28.013 0.5
Carbon dioxide 2.1 0.000 44011 0.8

Heat Exchanger Porous Burner

Swid-burner

-—

Ceramic Tube

Ceramic beads

Fuel inlet

Ciorebustion Charaber

Ay inlets

Fuel inlet

Figure 3.8: The porous burner assembly: schematically (right), and as
assembled in the laboratory (left).

3.2.5.2  Spiral-tube fuel distributor

After completing the first set of experiments with a single-tube fuel distributor, a

second fuel inlet (a spiral-tube) was manufactured to enable a better understanding of

the fuel distribution effects across the ceramic tube in terms of the stability and
location of the flame. The spiral-tube fuel distributor was also made of a 6 mm
stainless steel tube rolled into a spiral shape with 0.6 mm holes in the horizontal

sides and at the bottom (Figure 3.7 b). Similar experiments to those performed for
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the single-tube fuel distributor were then repeated with the newly designed fuel
distributor. The ceramic tube was filled with 75 mm of flint clay as a flame arrestor
and 350 mm of 6 mm nominal size ceramic beads. The spiral-tube fuel distributor
(Figure 3.7 b) was inserted through the second hole downstream of the ceramic tube.
The porous bed was heated up to ~500 °C and the fuel in the swirl burner was turned
off. The premixed and heated mixture was ignited on the top of the beads. After a
while, the surface started glowing and the flame slowly propagated upstream. A
stable flame was first established inside the porous bed and the equivalent ratio was
adjusted by varying the air and/or fuel flow rates. The system was then operated for a
sufficiently long time before recording the temperatures to ensure steady state

conditions prevailed.

3.2.5.3  Multi-tube fuel distributor

A multi-tube fuel distributor consists of a series of stainless steel tubes (Figure 3.7
C), all inserted horizontally in a short steel cylinder (a mixing chamber). To make
sure that the fuel distribution is as uniform as is physically possible, a code
(Appendix B) was developed which calculates the distance between the steel tubes,

holes on each tube and also the diameter of the holes.

The distance between the tubes and holes in each row is calculated using the results
of the experiments on a single-hole tube and simple pressure drop calculations
(Figure 3.7c). The experiments started by taking the swirl burner and heat exchanger
off and installing an electrical heater to heat up the porous bed (Figure 3.10). The
electrical heater helped heat up the bed more quickly and eliminated the need for the

swirl burner’s operation.

Figure 3.9: Leister electrical air heater 10000 S used in the ‘porous bed fuel
injection’ experiments
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a8 Air Inlef

Figure 3.10: Porous burner assembly with electrical heater

Similar to other experiments, the ceramic tube was filled with 75 mm of flint clay as
a flame arrestor and 350 mm of 6 mm nominal size ceramic beads. The porous bed
was heated up to ~ 800 K and then the heater was turned off and a mixture of air/fuel
was ignited on the top. After a while, the top surface started glowing and then the
flame propagated upstream and stabilisation happened somewhere within the porous
bed.

3.3 Results and discussion

One thing which was common across all the ‘non-premixed’ experiments was that
the air and fuel mixing was a challenge, in terms of the need to inject the fuel into the
incoming air and accommodate the residence time before reaching the flame front
and impacting on the porous medium. In all the experiments, the Global Equivalence

Ratio (GER) was used, which is simply an indication of the mass ratio between the

total incoming air and total injected fuel. In the following sections, @ is used to

indicate the global equivalence ratio.
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In the following section, the experimental results from different fuel distribution
designs are discussed and compared. Depending on the various set-ups, different
parameters were considered in the experiments, i.e. flow velocities, mixture flow
rates, equivalence ratios or thermal powers. Two tables have prepared in Appendices
E1 and E2 which lists and translates different flow rates to different flow velocities

and also thermal powers for both CNG and LPG fuel/air mixtures.

3.3.1 Single-tube fuel distributor

The porous burner was heated up using the swirl-burner until the temperature in the
bed reached ~ 500 °C. The swirl-burner was then switched off, but the air flowrate

was kept constant at 230 I/m. The fuel (CNG) supply to the porous burner was turned

on and a mixture with a global equivalence ratio of @ = 0.4 was established.

The premixed and heated mixture at the top of the porous burner was then ignited.
Initially, the flame moved rapidly to a location about 225 mm above the perforated
plate, as shown in Figure 3.11. With the flame radiating backwards, the flame front
gradually shifted upstream (this took around 9 minutes) and stabilised at a location
175 mm above the plate. The temperature profiles presented in Figure 3.11 were
measured axially at the centreline of the ceramic tube. The inlet temperature to the
burner was measured at 37°C. The sharp increase in the temperature between
locations 150 mm to 175 mm, indicate the existence of a flame. The temperature
profile can be regarded as in a quasi-steady state, as a minor variation in the
temperature was still recorded at the end of the experiment. The temperature
variation at the end of experiment was recorded to be less than 1°C /min (and
continuously decreasing) versus tens of degrees per minute at the start of the
experiment (depending on the thermocouple position). The exact location of the
flame front cannot be accurately determined, however it is believed that the flame

front would have stabilised closer to the 150mm location.
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Figure 3.11: Temperature profiles along the centreline of the ceramic tube.
O Initial position of the flame in the bed; @ final position of the flame in the
bed. A single-tube is used as fuel distributor.

Despite being successful in securing a stable flame at @ = 0.4, the results of the
temperature uniformity in the radial direction were not adequate and the flame was
propagating in a non-uniform fashion, as shown schematically in Figure 3.12. The
fuel was burning in two rectangular regions off the centreline. The presence of the
flame in those two regions showed that the fuel has been burnt in a non-uniform area
across the ceramic tube. Also, the radial temperature measurements at different levels
were further evidence of temperature non-uniformity across the porous burner. A
temperature difference of 180°C was observed between various radial parts of the
porous medium for a certain height in the burner, as shown in Figure 3.13.

Single-tube fuel
distributor
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PR EEPIRREERIILPPCIE
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Figure 3.12: Top view picture of the PB using a single-tube fuel distributor.
Schematic view and fuel distributor insertion (left)
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Figure 3.13: The radial flame temperature gradient in a single fuel
distributor. Measurements were from a +125mm axial location of the
porous bed.

It is worth noting that different ultra-lean air/fuel mixtures (5 < 0.4) were tried, with
no success in stabilising the flame in the porous bed. This lack of success is caused
by the significantly different temperatures in the bed, due to a non-uniformed fuel
distribution across it, hence the difficulty in establishing flame stabilisation at any
given location. It is worth noting that having forward and backward radiation
resulting in uniform heat distribution and the presence of a reasonably hot solid bed
in the vicinity of the flame zone are known to play a major role in stabilising the
flame in porous burners.

3.3.2 Spiral-tube fuel distributor

Figure 3.14 shows the measured temperature profiles for different global equivalence

ratios and thus different thermal powers for a fixed air flow rate of 265 lit/min. For

@ = 0.7 (which corresponds to a total thermal power of 10.62 kW), the flame is
located ~150 mm downstream of the burner inlet. The Figure 3.14 also shows that
the fuel is not consumed completely in the first region and that a proportion of the
fuel is burning at locations 275 mm and 400 mm downstream of the burner inlet,
which shows the existence of two flame fronts. Decreasing the global equivalence

ratio to @ = 0.5 did not change the flame locations. The temperature within the bed

and at the exit, however, dropped to values lower than those for ® = 0.7. Further
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decreases in the global equivalence ratio to & = 0.4 made a significant change to the
flame location within the bed. The flame moved downstream to 275 mm downstream
of the burner inlet. As most of the fuel was burning in this region, the temperature

was relatively high but the exit temperature was lower than before.
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Figure 3.14: Temperature profiles along the centreline of the ceramic tube
when a spiral-tube is used as a fuel distributor. ¢, O and Ashow a fuel/air
mixture with a total flow rate of 265 lit/min and GER of 0.4, 0.5 and 0.7
respectively.

Figure 3.15 shows the temperature profiles along the centreline of the ceramic tube
for different global equivalence ratios 0.15, 0.2 and 0.3, corresponding to air flow
rates of 200 lit/min, 150 lit/min and 100 lit/min, respectively. The total thermal

power is fixed at 1.72 kW for all cases, by fixing the fuel flow rate and varying the

air flow rate to change the @ ..

Experiments were started by reducing GER to ® =03 (by reducing the fuel flow
rate). The flame position moved upstream to ~ 475 mm, which is close to the burner
exit. Further reduction of GER to @ = 0.2 and then to & = 0.15 (by increasing the
air flow rate), moved the flame further downstream towards the burner exit. As
shown in Figure 3.15, the temperature along the porous bed is reduced significantly

as the incoming fuel/air mixture velocity exceeded the flame speed for a particular
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air/fuel mixture. At the same time, the temperature downstream of the flame was

dropping, caused by convective and radiative heat transfer mechanisms.

The other phenomenon observed during the experiments was that of multiple flame
fronts along the burner. This could be an indication of non-uniform mixing of fuel
and air. It is believed that part of the fuel was burning in an ultra-rich combustion
zone in some areas within the bed and some fuel mixed with the air further

downstream and was burning closer to the surface.
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Figure 3.15: Temperature profiles along the centreline of the ceramic tube
for different GERs. A, 0 and & show a global equivalence ratio of 0.15, 0.2,
and 0.3 and a flow rate of 200, 150 and 100lit/min respectively. The firing
rate is fixed at 92kw/m? for all cases. A spiral-tube is used as a fuel
distributor.

The results in Figure 3.14 and Figure 3.15 show that it is possible to burn lean
air/methane mixtures (® = 0.5 and ® = 0.4) within the bed and also ultra-lean
mixtures (@ = 0.3, 0.2, and 0.15) close to the surface, while maintaining a stable
flame with an average temperature between 950 °C — 1050 °C. However, considering

the uniformity of fuel/air mixing was still in doubt, further experiments were needed
to confirm the results.
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It is worth mentioning that stabilising a flame of a mixture with @ < 0.6, using

conventional free flame burners, is extremely difficult, while burning ultra-lean

mixtures (@ < 0.5) is nearly impossible under atmospheric pressure.

Figure 3.16 shows top view photographs of the burner during the start-up and flame
propagation processes. The flame distribution across the surface and thus
temperature uniformity are improved, compared with a single-tube fuel distributor,
but it is still not uniform, as seen in Figure 3.16 (c).

(2)

Figure 3.16: Top view pictures of PB using spiral-tube fuel distributor: (a)
igniting on the top surface, (b) glowing and start propagating and (c)
propagation upstream and stabilisation.

Unfortunately, the radial temperature distribution was not measured for the flames
with a spiral fuel distribution. Instead, a non-reacting experiment was conducted to
measure the distribution of the fuel within the porous bed. In this experiment, pure
oxygen was fed through a spiral-tube fuel distributor while air was fed in the same
way as for the reacting case. The oxygen concentration was then sampled at different
radial locations to evaluate the uniformity of the distribution. The results are
presented in Figure 3.17. It is clear that the results show a marked improvement in
uniformity distribution. However, the distribution was not uniform enough to result
in a uniform temperature across the porous bed, as is evident in the Figure above. It
is worth noting that while this is an improvement in comparison with the measured
temperature profiles for a single-tube fuel distributor, it was not yet sufficient to

provide the uniformity required.
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Figure 3.17: Testing of gas distribution uniformity in a spiral-tube fuel
distribution system. Oxygen was used (no combustion) in the fuel
distributor and the concentration of oxygen was measured at different
radial locations at 125mm downstream of the fuel distributor.

3.3.3 Multi-tube fuel distributor

In order to improve the temperature uniformity within the porous burner, a multi-
tube fuel distributor was installed in the porous burner and the effects of GER and
the flow rate on the flame location and stability of the flame were studied. Figure
3.18 illustrates the temperature profiles along the centreline of the ceramic tube for
different airflow rates (300 lit/min, 400 lit/min, 500 lit/min and 600 lit/min) and for

® =0.3. For the first case, the flame was sustained for a flow rate of 300 lit/min and

GER of @ = 0.3. The sharp increase in the temperature (from 236 °C at 75 mm to
1023 °C at 100 mm downstream of the burner inlet) shows that the reaction is
happening somewhere close to 100 mm downstream of the burner inlet. It was
observed that increasing the flow rate to 400, 500 and 600 lit/min does not change
the flame location but increases the flame temperature to 1088 °C, 1203 °C and
1274°C, respectively. This increase is believed to be due to increasing firing rate for
higher flow rates. Meanwhile, the radiative heat loss from the porous medium was
almost the same, increasing the firing rate, while keeping the GER the same, was

releasing more heat within the bed and hence increasing the temperature.
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It was also observed that the temperature profiles for different total flow rates of 300,
400 and 500 lit/min are consistent. The discrepancy with the profile at 600 lit/min is
believed to be related to an experimental error induced by not reaching sufficiently
steady state conditions. More time was required for the porous bed to reach a thermal

steady state. Nonetheless, the profiles are consistent and show a similar pattern.
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Figure 3.18: Measured temperature profiles along the centreline of the
ceramic tube for flow rates of 300 (), 400 (A), 500 (o) and 600 (&) lit/min

and a global equivalence ratio of @ =0.3.

Further experiments were conducted using the same configuration to investigate the
effects of different ®s while the total flow rate was kept constant. Hence, after
fixing the airflow rate at 500 lit/min, different @ s (0.3 down to 0.15) were tried, as
presented in Figure 3.19. For ® = 0.3, the maximum flame temperature reached

1162 °C and stabilised 100 mm above the flint clay layer. Decreasing @ to 0.25

changed the flame temperature to 998°C, but did not change the flame location. A

further decrease of the @ to 0.15 moved the flame zone upstream and caused more

reductions in the flame temperature to 939 °C and 603 °C, respectively. It is worth

noting that flames with @ < 0.2 were unstable and blew out easily.
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Figure 3.19: Measured temperature profiles along the centreline of the
ceramic tube for global equivalence ratio of flow rates of ®=10.3 (#), D =

0.275 (o), ®=0.25 (A), D= 0.225 (*),(5: 0.2 (+),®=0.175 (A) and D =
0.15 (@) and a flow rate of 500 lit/min. A multi-tube is used as a fuel
distributor.

Figure 3.20 shows a comparison between the measured and calculated @

equilibrium temperatures, as well as the NOx concentration for different ®s. Both
temperature profiles exhibit a linear behaviour but the measured temperature profile
inside the porous media has a steeper slope. From the Figure 3.20, one could

conclude that for @ > 0.15, the measured temperatures exceed the equilibrium

temperatures and the difference increases as @ increases. These higher flame
temperatures are related to the excess enthalpy phenomenon previously described in

the literature.

Also shown in Figure 3.20, is the measured NOx concentration for 0.15 < ® <0.3,
both as absolute values and at reference 3% oxygen concentration. The reference
NOx values were calculated using measured oxygen concentrations during the

experiments and based on:

C, =C, 209-r (3.1)
20.9-m
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In which C,, Cm, r and m are the reference NOx concentrations, measured NOx
concentrations, reference oxygen concentrations (please note, industry references are
different from industry to industry and usually fall between 3% and 10%) and

measured oxygen concentrations.

As expected, the NOx levels are quite low for @ < 0.2 and the NOx increases as ®
increases. However, the NOx emissions are still fairly low when compared with

conventional flames.
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Figure 3.20: Comparison of experimental and equilibrium temperatures

and measured NOx for (@ = 0.15 to @ = 0.3) and atotal flow rate of 500
littmin. € and o adiabatic flame temperatures and measured flame
temperatures respectively. A and @ measured NOx concentrations
(absolute values and at 3% oxygen respectively. A multi-tube fuel
distributor is used.

Figure 3.21 shows photographs of the flame/heat distribution on the top of the porous
bed. It is clear that heat is more uniformly distributed and that the multi-tube fuel
distributor works better than in the two earlier designs. Air and fuel are mixed better

in the mixing chamber and hence the temperature profile is more radially uniform.
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(a)

Figure 3.21: Top view of the PB using a multi-tube fuel distributor: (a)
igniting on the top surface, (b) glowing and starting to propagate and (c)
propagation upstream and stabilisation inside the porous medium.

A repeat of the non-reacting experiments of pure O in the fuel stream show a more
uniform mixture distribution (see Figure 3-21), which is consistent with the uniform

temperature observed visually in Figure 3-20 (C).
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Figure 3.22: Fuel distribution uniformity in a multi-tube fuel distribution
system. Oxygen was used (no combustion) in the fuel distributor and the
concentration of oxygen was measured in different radial locations at 225

mm downstream of the fuel distributor.

63



Bed Fuel Injection in a Porous Burner

3.4 Summary and Conclusions

Injecting the fuel into the porous bed is fraught with many challenges, mostly due to

the difficulty of ensuring good homogeneous air and fuel mixtures. Non-uniform

mixtures influence flame stability differently at different mixture strengths.

Despite known difficulties associated with the stabilisation of ‘non-premixed’ flames

in a porous burner, the proposed experimental setup succeeded in the stabilisation of

lean flames of CNG/air. Different avenues for introducing the fuel into the air stream

were trialled and the impact on flame uniformity, stability and emissions was

measured. The following conclusions can be drawn from the bed fuel injection

experiments:

Uniformity of fuel distribution, and hence radial heat distribution, plays a
major role in the stabilisation of the flame within the bed. A stable flame
inside the porous bed with a global equivalence ratio of ® = 0.4 was
achieved when using a single-tube fuel distributor. The flame appeared in two
distinct zones associated with the two rows of holes in the tube. The flames
stabilised close to the exit plane and exhibited great sensitivity to minor

variations in the inlet flow rates;

The spiral-tube fuel distributor improved the fuel distribution radially when

compared with a single-tube fuel distributor. Using a spiral-tube, it was
possible to stabilise the flames with @ = 0.4 within the porous bed and as

low as @ = 0.15 close to the porous bed exit plane. Flow rates of 200 lit/min

and 500 lit/min were possible for similar fuel mixture strengths;

The multi-tube fuel distributor produced the most radially uniform fuel/air
mixture. Studying the central part of the burner (away from the walls —
central area with a radius of 40 mm), it can be concluded that the fuel

concentration and hence heat distribution is quite uniform. Flames with 600
lit/min were stabilised in the bed and with @ = 0.15. The NOx levels are less

than 1 ppm for @ < 0.275 and slowly increase when @ increases.
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PREMIXED AIR/FUEL
IN A POROUS BURNER

4.1 Introduction

The experiments performed with different fuel distributors, as discussed in the
previous chapter, flame distribution and improved temperature uniformity can be
seen in Figure 3.12, Figure 3.16 and Figure 3.21. Yet there is still considerable non-
uniformity in terms of the air/fuel mixture, leading to high levels of inaccuracy when
modelling optimisation processes, as there is much remaining assumed about
uniform radial distribution and treatment of the system as one-dimensional, axially
along the bed. Although premixed air/fuel mixtures impose a higher risk of
flashback, few strategies have been utilized which minimize this risk and prevent the
flame from propagating upstream of the bed inlet section. The majority of these
strategies relied on controlled heat transfer and, in particular heat extraction from the
porous layers in the vicinity of mixing chamber. In this chapter, a new set of
experiments were conducted using premixed air/fuel mixtures and the results are

compared with those from Chapter 3.
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4.2 Experimental setup

A new configuration for the PB system, to supply premixed air/fuel, was assembled,
as shown in Figure 4.1 (left). Fuel is introduced through a T-piece connection to the
air supply line (see Figure 4.1, right). A partially mixed air/fuel mixture is then
completely mixed inside a mixing chamber upstream of the porous bed. To avoid any
risk of explosion and flashback, a non-return valve is installed on the fuel supply line

(see Figure 4.1, right).

pn-Return valve

Figure 4.1: Assembly for feeding premixed air/fuel (left), a close view of the
air and fuel supply lines (right)

4.2.1 Electrical heater

To accelerate the porous medium heating up process, and hence the stabilisation of
the flame, a Leister electrical air heater 10000 S was used upstream of the porous

medium.
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Figure 4.2: Leister electric air heater 1000 S (left), Air heater assembled
upstream of the porous medium (right)

The electric heater had the capacity to handle a maximum of 650 lit/min of ambient
air when used upstream of the porous bed. The total flow rate, at elevated
temperatures of ~750 K, decreased to 430 lit/min due to the increase in air viscosity.

4.2.2 Porous medium and temperature measurement

The bi-layered PB is filled with 75 mm of flint clay, sized between 2 mm and 3 mm,
followed by 345 mm of ceramic beads with a nominal diameter of 6.35 mm. The
ceramic tube is insulated by 125 mm of fibreglass bulk. A set of 16 N-Type
thermocouples are inserted circumferentially around the ceramic tube every 25 mm
in order to measure the temperature at the centreline. The thermocouples were
staggered such that they were inserted from four different directions so as not to
obstruct the flow on one side. Thermocouple no. 15 is located at the top surface of
the ceramic beads and was measuring and reporting the bed surface temperature. The
exhaust gas temperature is measured by thermocouple no.16. For safety reasons, the
first thermocouple is inserted in the flint clay layer to measure the incoming air and
fuel mixture temperature and prevent any un-expected situation where the
temperature increased sufficiently to cause ignition and/or flashback. Temperature

measurement uncertainty was discussed earlier in Section 3.2.3.3.
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4.2.3 Start-up

The porous bed is first preheated to around 800 K using a Leister electrical air heater
10000 S. The electric heater is then turned off. Air and fuel valves are subsequently
opened and the required air and fuel are supplied to the porous bed through gas
flowmeters. Fuel entrains into the air stream via a T-piece connection and mixes with
the incoming air before reaching the porous bed. The air/fuel mixture is then ignited
on the top surface of the bed with a close to stoichiometric mixture, using a hand
held torch. The bed, which has been preheated with the electric air heater, is then
heated up through radiation and conduction heat transfer from the flame that had
propagated upstream through the bed. When the local temperature exceeded 850 K, it

was possible to operate the burner under lean or ultra-lean flame conditions.
4.3 Numerical modelling

Combustion processes inside porous media include many physical and chemical
phenomena, which need detailed consideration. These include chemical reactions,
mass and heat transfers, including conduction, convection and radiation. Hence,
numerical investigations of combustion processes have always been a challenging
task. In this section a numerical method has been selected to represent these
processes in a porous burner (PB). The porous burner model (PBM) which was
developed by Shardlow [133] is used in this study. It is based on the original Sandia
Premix model [132].

The computational model presented assumes a one-dimensional, laminar and
adiabatic flow. The code utilises the core routines of the chemical kinetics package,
CHEMKIN [132, 146-148]. The code was used previously by Christo et al. [11, 31,
149] and showed a reasonable agreement with their experimental results, mostly
when applied to porous radiant burners. In this section, the PBM code is used to
predict combustion characteristics in porous burners for a wider range of conditions
inside PBs. A full description of the PBM model and governing equations are

included in Appendix C.
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4.3.1 Model description

PBM includes a separate energy equation for the gas and the solid-phase accounting
for conduction, convection and radiation heat transfer mechanisms in both phases.
The model allows detailed chemistry of gaseous species and surface reactions to be
incorporated. The model is capable of handling single-layer or multi-layer porous
burners and is suitable for planar, cylindrical or spherical geometry. A schematic

description of the model is shown in Figure 4.3.

Second Porous
layer
Producis

| | | | |
Hin . H, g Hoat

Figure 4.3: Schematic description of the computational domain for the
porous burner model.

4.4 Results and discussion

4.4.1 Validating of the 1-D assumption

Figure 4.4 shows radial profiles of the temperatures of liquefied petroleum gas
(LPG)/air flames (see Table 4.1 for the composition of LPG). The measurements
were taken at locations 175 mm, 225 mm, and 275 mm above the flint clay layer.
While the temperature profiles at each location show an almost linear decline from
one side to another radially, the temperature around the centreline is consistent
within £20 °C. The slope radially is not well-understood, especially as to how it
changes from one axial location to another. As the experimental measurements are
all done on the centreline of the burner, the variations in temperature radially are
assumed to be related to heat transfer, flame response and stability. Worth noting is
the large cylinder diameter used for this burner, which is designed to isolate the
centreline flame properties from the wall effects, which will make it more suitable

for 1-D representation at the centreline, especially when using numerical techniques.

69



Premixed Air/Fuel in a Porous Burner

1500

———_

1300 -

«=fii=175mm above the Flint Clay

1200 =¢=225mm above the Flint Clay

Temperature (K)

=$=275mm above the Flint Clay

1100

1000
-25 -20 -15 -10 -5 0 5 10 15 20 25

Radial Position (mm)

Figure 4.4: Measured Temperature radial profiles at different axial
locations for LPG/Air flames with ¢ = 0.39.

4.4.2 Heating up process and propagation speed

Pre-heating of the porous bed before starting the flame is one way to speed up the
attainment of flame stabilisation and achieve a steady state more quickly. This
preheating is achieved either with a swirl-burner, an electrical heater or by using the
heat transfer characteristics of the flame itself. Once the bed is hot and a
stoichiometric flame is stabilised inside it, lean and ultra-lean flames can be
stabilised. Figure 4.5 illustrates the heating up process using the swirl-burner
upstream. It has been observed that the temperature increase happens in three
different stages. At the first stage, all thermocouples reach a temporary equilibrium
temperature of ~ 63 °C in a short time of less than three minutes. The bed is
gradually heated until the temperatures of all the thermocouples reach the maximum
value, which is a function of the incoming gas temperature. It is believed that water
vapour in combustion products from swirl-burners cause this step temperature

increase.
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Figure 4.5: Measured centerline temperatures at different axial locations
inside the porous bed during the heat up process, using an external swirl-
burner

The heating up process using the electrical heater is presented in Figure 4.6. Unlike
the swirl-burner, the electrical heater produces no water vapour and the heat will be
consumed proportionally to heat up the whole bed at the same time. Upstream of the
porous matrix was more affected by heat released from the electrical heater and
hence it reaches the maximum temperature in a shorter time. It is worth noting that

the maximum operating temperature for the heater was 650 °C.

71



Premixed Air/Fuel in a Porous Burner

— 50 mm —73 mm 100 mm 129 mm — 190 mm — 179 mm — 200 mm — 225 mm
250 mm — 275 mm — 300 mm — 325 mm 350 mm 375 mm 400 mm 425 mm
1000
)
.
[+ 1]
=
=
® — —
L
o
g 100 - e
[ + —_—
i =
/f / -
[T —— e
10 T T T T T T
0 5 10 15 20 25 30 35
Time(min)

Figure 4.6: Measured centerline temperatures at different axial locations
inside the porous bed during the heat up process, using an electrical heater

Figure 4.7 shows a different method for heating up the bed from the two previously
described methods. Unlike those two methods, no external heat source was used. The
air/fuel mixture was ignited on the top surface of the beads with an equivalence ratio
(0.6 < ¢ < 0.9) within the flammability limit. Through radiation and conduction
processes of the porous matrix the flame propagates upstream and heats up the bed
gradually. After the whole bed reaches the required temperature, it is possible to
reduce the equivalence ratio to lower values and stabilise a flame with a lean or ultra-

lean regime.
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Figure 4.7: Measured centerline temperatures at different axial locations
inside the porous bed during the heating up process, using combustion in

the porous bed (recuperating)

It is clear from the information above that the use of an external heat source to heat
up the bed (an electrical heater and/or a swirl burner upstream) is a quicker method
to heat up the porous matrix. However, heating up the bed by initiating a flame on
top of the bed and allowing it to propagate upstream is proven to be more effective,
especially given that the total time from cold start to a stable flame was shorter. It
was found that once the porous medium is heated by the internal flame, decreasing

the equivalence ratio to lower values will result in quick stabilisation of the flame not

far from the current flame front.

4.4.3 Effect of flow velocity on flame stabilisation and the location of
the flame

In the following subsections, results from both experiments and numerical modelling
of premixed air/fuel flames, stabilized in the porous bed, are presented and discussed.
Figure 4.8 to Figure 4.17 show a parametric study aimed at identifying the effects of

flow velocity, equivalence ratio and fuel type on a flame’s physical characteristics.

Compressed Natural Gas (CNG) and Liquefied Petroleum Gas (LPG) have been
selected as fuels for these experiments. Each fuel mixture was introduced into the PB
and results have been recorded after stabilisation of the flame inside the matrix.

Fuels’ contents and their physical properties are presented in Table 3.2 and Table
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4.1. Methane (CH4) is used as a fuel in the numerical modelling and is compared
with experimental results from CNG fuel (~ 90.9% CH4).

Mass fraction (Y) | Lowerheating | Molecular weight (W) | Mole fraction (X)
value
%) (M/kg) (kg/kmol) %)
Propane 95.250 46.357 44.090 94.2
Ethane 3.250 47.489 30.069 4.70
Butane 1.500 45.742 58.120 1.10

Table 4.1: LPG composition and physical properties.

Figure 4.8 shows measured centreline temperature profiles for CNG/air flames. The
equivalence ratio was fixed at ¢ = 0.4 and the flow velocity was varied between 9
and 28 cm/sec. These velocities represent the operating envelope for this fuel
mixture and burner geometry. For the 9 cm/sec flow velocity, the flame front,
identified at the location of the highest measured temperature, stabilises at the top of
the flint clay layer. This lower threshold is determined by heat loss from the flame,
which still sustains the bed at above ignition temperature, and allows the flame to
propagate. Simultaneously, the momentum balance at the flame front determines the
higher flow velocity limit. At flow velocities much higher than the local flame speed,
the flame front propagates downstream and the flame extinguishes. It is worth noting
that the maximum flame temperature is almost the same for all flow velocities. Also
noticeable is that increasing the flow velocity results in a shift in the location of the
flame front further downstream. This can be attributed to the increase in flow
momentum and changes in the preheating rate of the incoming gases. There is a
smooth temperature gradient in all cases, starting from the flame front location,
which has the maximum temperature and extends 375 mm downstream of the burner
inlet. This gradient is caused by heat losses through sidewalls and insulation to the
surroundings. The radiation heat losses to the surroundings make the temperature

gradient steeper between 375 mm and 425 mm downstream of the burner inlet.
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Figure 4.8: Measured centreline temperature profiles for CNG/air flame at
¢ = 0.4 and for different flow velocities.

Similarly, temperature profiles for LPG/air flames at ¢ = 0.4 and different flow
velocities are shown in Figure 4.9. The results are similar to those of the CNG/air
flames (Figure 4.8), albeit for the 28 cm/sec velocity case, with a slight decrease in
the maximum flame temperature and a further downstream shift in flame position

becoming more noticeable.
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Figure 4.9: Measured centreline temperature profiles for LPG/air flame at
¢=0.4 and different flow velocities.

Figure 4.10 and Figure 4.11 show the numerical modelling results for methane fuel at

two different flow velocities (9 & 19 cm/s) and different equivalence ratios (¢ = 0.35
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& ¢ = 0.4). The experimental results (dashed lines with symbol) for equivalent cases
are also plotted in these Figures. The dotted lines represent the calculated gas
temperature and the solid lines represent the calculated solid temperature profiles for

a range of 0 — 425 mm of the porous layers.

The temperature peak, shown in Figure 4.10, moved from 75 mm to 82 mm
downstream of the burner inlet as the flow velocity increased from 9cm/sec to
19cm/sec. This flame behaviour is consistent (although the shift in the experimental
results is much higher than for the numerical results) with results achieved
experimentally and can be attributed to the difference in flow momentum and the
preheating rate. Further increases in flow velocity to 29 cm/sec for equivalence ratio
¢ = 0.35, move the flame front out of the porous bed. The stability limit, established
experimentally, was also found numerically, where blow off occurred at an
equivalence ratio ¢ = 0.35 and a flow velocity of 29 cm/sec. This phenomenon was
described before, in Section 2.5, as excess enthalpy or a super-adiabatic flame

temperature.

The maximum flame temperatures in the numerical results show a good agreement
with the experimental results (the difference was observed to be less than 10% or
between 50 K to 100 K for all cases). The modelled flame front results show a very
sharp and thin behaviour (in the order of 2-3 mm), while experimentally the
temperature profile peak appears wider. This can be attributed to spatial resolution
where the thermocouples used in the experiments are 6 mm in diameter and

distributed at 25 mm intervals.
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Figure 4.10: Comparison of measured and calculated centerline
temperatures for initial velocities of 9 cm/sec and 19 cm/sec and an
equivalence ratio of ¢ = 0.35.
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A large discrepancy was observed between the calculations and experimental results
in the post flame front region. Few parameters could cause higher temperatures in the
experimental results, as compared with the calculations. One larger inaccuracy in the
temperature measurement is due to the different radiation characteristics of the
thermocouple and the porous medium. The thermocouple’s shield is made of Inconel
alloy 600 which has an emissivity of 0.19 - 0.21, while the ceramic beads have a
higher emissivity of 0.45 to 0.69. Probes inserted into a hot medium can be
influenced by conduction if the temperature difference across the medium is not
uniform. In the experiments, it was assumed that the temperature is uniform and
hence was no conduction from other parts of the bed. A full description of
thermocouple inaccuracies can be found in Section 3.2.3.3. One smaller effect that
may contribute to the discrepancy here is the failure of the PBM model to account for
the radiation heat transfer from the gas phase to the solid phase. This may have had
the effect of decreasing the gas temperature and increasing the solid phase
temperature, which would bring the results (for both the gas and solid phases) closer

to the experimental results.

Steeper temperature gradients in the same region were observed for the experimental
results, which are believed to have been caused by heat losses to the surrounding
areas, through the sidewalls. Compared with the porous burner power of ~5 kW, heat
losses to the surroundings through the sidewalls and insulation were measured to be
between 0.5% and 1% per centimetre for most cases. More accurate results may be
achieved by modelling the PB in a 2-D code, which would account for both the radial

and the axial heat transfers.

At the burner exit, while the temperature gradient for the numerical model is very
small, the experimental results showed a sudden decrease at the burner exit. This is
attributed to the larger heat loss to the surroundings from the radiation. This effect is

not considered in the numerical model.

Similar results to those for equivalence ratio ¢ = 0.35 were observed for equivalence
ratio ¢ = 0.40, as shown in Figure 4.11. At these conditions, the flame front showed
less sensitivity to the increase in flow rate. The flame front shifted from 74 mm to 78
mm downstream of the burner inlet as the flow velocity increased from 9 cm/sec to
19 cm/sec. At the same time, the maximum flame temperature rose from 1520 K to

1620 K, which resulted in a 50 K higher temperature at the burner exit.
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Figure 4.11: : Comparison of measured and calculated centerline
temperatures for initial velocities of 9 cm/sec and 19 cm/sec and an
equivalence ratio of ¢ = 0.40.

The influence of the inlet flow velocity on the flame temperature at a fixed
equivalence ratio of @ = 0.40 is shown in Figure 4.12. The numerical data for the
inlet flow velocities of 19 cm/s, 38 cm/s and 56 cm/s show the expansion of the
preheating zone and the increase in flow temperature at the exit, with the increase in
the flow velocity. These results are consistent with observations made earlier from

the experimental results.
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Figure 4.12: Comparison of calculated flame temperatures for cases with
inlet flow velocities of 19 cm/s, 38 cm/sec and 56 cm/sec and an equivalence
ratio of ¢ = 0.40
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4.4.4 The effect of equivalence ratios on flame front locations

Figure 4.13 and Figure 4.14 show, respectively, centreline temperature profiles of
CNG/air and LPG/air flames for an inlet flow velocity of 19 cm/sec and equivalence
ratios of @ = 0.35 and ¢ = 0.4. It is clear that, for both mixtures, decreasing the
equivalence ratio causes the flame to stabilise at a location further downstream from

the burner entrance.
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Figure 4.13: Temperature profiles for an inlet flow velocity of 19 cm/sec and
different equivalence ratios for CNG/air flames.
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Figure 4.14: Temperature profiles for an inlet flow velocity of 19 cm/sec and
different equivalence ratios for LPG/air flames.

The magnitude of the shift in flame position differs between the CNG/air and
LPG/air flames, which are, in turn, also influenced by the equivalence ratio. This is

attributed to the reduction in the flame speed and slight decrease in the flame
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temperature. A smaller effect could be due to mixture momentum as the LPG
mixture has a higher density compared with the CNG mixture. Figure 4.15 represents
the numerical results of two different equivalence ratios, @ = 0.35 and ¢ = 0.40, for a
flow velocity of 19 cm/sec. The effect of the change in equivalence ratio on both the
flame location and the maximum flame temperature is highlighted. To compare the
numerical and experimental results, solid and gas temperature profiles (solid and
dotted lines) from the numerical models and the measured temperature profiles
(dashed lines) are plotted simultaneously in Figure 4.15 a and Figure 4.15 b. For the
flow velocity of 19 cm/sec and equivalence ratio ¢ = 0.35, it is clear that the flame
front is established at 82 mm downstream of the burner inlet. Increasing the
equivalence ratio to ¢ = 0.4, increases the flame speed and hence shifts the flame
slightly upstream to 78 mm. Because of the low radiation characteristics of the first
layer, the incoming fuel/air mixture is not preheated and the temperature gradient is
very sharp. Further increases in the equivalence ratio do not change the flame
location, even though the flame temperature increases to higher values. This scenario
is consistent with the experimental results as shown in Figure 4.15 (a) and Figure
4.15 (b) (dashed lines).

L. Caramic Porous Medium L Caramiz Porous Medium
g -—| FifClay Layef | | g -—lFIIm ClayLaysf | |
& 2600 b L e
e ; g St e,
% 1400 F -f“*‘*‘_‘_‘.‘"’k : ‘é MO0 — A
L
E‘uuo- r R — E‘uuu j - _"—"E‘\w
] ey @
* 1000f 1 LAl | 00 | |
f

800 !i 800

600 ' ‘i ——k— Ep.CHATICWS03S 600 "=k = Ep. CHA[T9 Cr/S,0.40]

00l f /e Mathana (G) (18 CmS,035) | 200 | eerseresbrees Mgthana (@) {19 CiB, 0.40) |

T Methana (8] (1 CruS, 0.35) Mgthana (S} {18 Cv/B, 0.40)
200

L 1 L | 1 | 1 1 1 J A 1 L | 1 1 1 1 1 J
0 50 100 150 200 250 300 350 400 450 500 2005 50 100 150 200 250 300 350 400 450 500
Axlal Position (cm) Axlal Position (cm)

(a) (b)

Figure 4.15: Comparison of measured and calculated centerline
temperatures for a flame with an inlet flow velocity of 19cm/sec and for ¢ =
0.35 (a) and ¢ = 0.40 (b). The solid lines are the calculated bed temperature;
the dashed lines are the calculated gas temperature and the symbols are the
measured gas temperature.
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4.4.5 Effect of fuel type on the flame front location

Figure 4.16 shows a comparison between the CNG/air and LPG/air flames for similar
conditions (flow velocity of 19 cm/sec and ¢ = 0.40). For both cases, the flame front
is located between 100 mm and 150 mm downstream of the burner’s inlet. Increasing
the flow velocity by almost 50% moved the flame front downstream by a distance of
Ax1= 62 mm for the CNG/air flame and a distance of Ax,= 75 mm for the LPG/air
flame. The shift in flame front Ax: is always larger than Axi, which indicates that
LPG flames are more sensitive to an increase in flow velocity than CNG flames. It is
also shown that although LPG has a higher firing rate under similar operating
conditions (4.67 kW LPG flames versus 4.58 kW CNG flames), higher temperatures

are achieved for CNG/air flames.
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Figure 4.16: Comparison of CNG/air and LPG/air flames for similar
equivalence ratios and different flow velocities

Figure 4.17 shows the results for an equivalence ratio of ¢ = 0.35 and different flow
velocities for CNG/air and LPG/air fuel mixtures. The flame front for the 19 cm/sec
velocity case and ¢ = 0.35 is located between 75 mm and 100 mm downstream of the
burner’s inlet. As in the ¢ = 0.4 case (Figure 4.16), doubling the flow velocity
causes the flame front for both flames to move downstream, respectively by Ax;= 68
mm for a methane/air and Ax.= 170 mm for a propane/air flame. In this case too, the
shift in the flame front Ax: is larger than Axi. Furthermore the change in the
magnitude of Ax. for ¢ = 0.35 is much larger than that observed for ¢ = 0.4. This
indicates that the sensitivity of LPG/air flames to an increase in flow velocity

becomes much higher at lower equivalence ratios. The results in Figure 4.16 and
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Figure 4.17 also show that methane/air flames produce a slightly higher flame

temperature than propane/air flames.
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Figure 4.17: Comparison of CNG/air and LPG/air flames for similar
equivalence ratios and flow velocities

Understanding the above phenomenon is quite complex, taking most of the available
data to show that the opposite trend is expected. For example, the laminar flame
speed for propane at ®=0.6 is 0.13 m/s [150, 151] while for methane at ¢ = 0.6 is
0.08 m/s [150, 151]. The heat capacity for propane is 1.67 kJ/kg.K while it is 2.2
kJ/kg.K for methane. The auto-ignition temperature for propane is 470°C while it is
580°C for methane. The flow momentum of the propane mixture is almost the same
as the methane mixture (2% less). Putting aside the fact that we are dealing with a
mixture of fuel and air at a low equivalence ratio (the air constitutes more than 95%
of the volume of the mixture) the above differences do not seem to lead to more
stable propane flames, as compared with the case for methane flame.

Nonetheless, it is clear from the temperature axial profiles that an increase in flow
velocity affects the mixture’s heating rate and impacts on the ignition delay. The
profiles also show a gradual increase up to auto-ignition temperatures before the
flame seems to propagate at a higher rate. This seems to be true for the higher
velocity cases and for both fuels. The difference between CNG and LPG is not fully
understood and may be related to the location of the flame front and the heat transfer
upstream, which is also coupled with the ignition delay phenomenon. Resolving this
issue will require more detailed modelling, which is beyond the scope of the current

study.
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4.4.6 Super-adiabatic flame temperature and excess enthalpy

Figure 4.18 and Figure 4.19 show the comparison of calculated, adiabatic, and
measured maximum flame temperatures for both CNG/air and LPG/air flames at
different equivalence ratios and flow velocities. It is clear that the peak temperatures
in all the experiments are higher than the adiabatic flame temperatures by at least
200°C for CNG/air flames and 150°C for the LPG/air flames. This is attributed to the
enhanced heat transfer between the gas and the solid in the bed and has been
described before as excess enthalpy in Section 2.5. It is worth noting that the
diameter of the shielded thermocouples is similar to that of the ceramic beads. Heat
conduction and radiation from the beads to the shield might introduce inaccuracies in
the measurements. These inaccuracies, however, are expected to be negligible. On
the other hand, the maximum calculated flame temperature, as shown in Figure 4.18,
is ~100 K higher than the equivalent experimental flame temperature. Differences in
temperature are blamed on heat loss to the surroundings through the ceramic tube
walls and the insulation. This heat loss is not accounted for in the numerical
modelling, which treats the porous burner as a 1-D adiabatic system. Closer results
can be achieved by modelling the porous burner in a 2-D model, which would
account for both radial and axial heat transfer. It is worth noting that it was not
possible to conduct modelling in the LPG case due to numerical convergence issues,
which appear to be associated with a lack of suitable chemical kinetics data at

reduced temperatures.
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Figure 4.18: Comparison of measured and calcuated maximum flame
temperatures for CNG flames with equivalnce ratios of ¢ = 0.35 and ¢ = 0.4.
Also plotted are the equilibrium flame temperatures for two equivalence

ratios.
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Figure 4.19: Comparison of measured maximum flame temperature for
LPG flames with equivalnce raios of ¢ = 0.35 and ¢ = 0.4. Also plotted are
the equilibrium flame temperature for two equivalence ratios.

4.4.7 Pollutants Emission

Table 4.2 and Table 4.3 show NOx and CO mole fractions for all cases of interest in
this study. Measurements of less than 4 ppm and 6 ppm, respectively, for NOx and
CO were recorded in most cases. The measured NOx mole fraction is significantly
smaller than the equivalent condition for premixed, freely propagating flames [152].
This is attributed to lower temperatures and the longer residence time in the porous
bed. Although the measured CO mole fraction showed higher values when compared

with the numerical modelling, it is still very low and classifies the porous burners in
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the range of low-CO emission technologies. The low mole fraction of CO in the
exhaust is attributed to lean combustion in the porous burners and sufficient

residence times to convert CO to CO..

9=035 @ =0.40
T(K) NOx (ppm) CO (ppm) T(K) NOx (ppm) CO (ppm)

Adiabatic free flame (CH,) 1166 ~130 ~0.001 1272 ~268 ~0.01

5 9 cm/sec (CNG) 1425 0.17 2.99 1469 1.35 5.23

g 19 cm/sec (CNG) 1430 13 2.77 1526 1.77 24

% 28 cmi/sec (CNG) | Blow Off N/A N/A 1557 2.52 1.38

- 9 cm/sec (CH,) 1522 N/A 0.15 1529 N/A 0.006

% 19 cm/sec (CHy) 1560 N/A 0.72 1624 N/A 0.04

2 28 cmisec (CH.) | Blow Off N/A N/A Blow Off N/A N/A

Table 4.2: Comparison of equilibrium and measured flame temperatures
and relevant measured NOx and CO mole fractions, in the exhaust, for
CNG/air flames.

¢=0.35 ¢ =040
T (K) NOx (ppm) CO (ppm) T(K) NOx (ppm) CO (ppm)

Adiabatic free flame (CsHs) 1186 ~153 ~0.001 1295 ~315 0.02

_ 9 cm/sec (LPG) 1339 1.2 2.89 1424 1.46 0.18

[o

é 19 cm/sec (LPG) 1441 1.36 6.68 1440 1.38 3.45

g Blow

5 28 cmisec (LPG) Off N/A N/A 1476 1.37 0.03

Table 4.3: Comparison of equilibrium and measured flame temperatures
and relevant measured NOx and CO mole fractions, in the exhaust, for
LPG/air flames.

The results, above, show that the experimental porous burner is capable of stabilising
flames down to ¢ = 0.35 for both CNG/air and LPG/air flames. This is an
encouraging result, which is in line with previous studies. The findings in these
experiments helped with the understanding of the flame stabilisation process and also
NOx formation in porous burners. These findings were later used as a solid base in

the NOXx reduction studies, which will be discussed in the next two chapters.

Also, the extension of this range to lower equivalence ratios will require further

optimisation of the burner geometry and fuel feed-in mechanism. This can be
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achieved by further analysis of the current data and trends and sampling inside the
bed.

4.5 Summary and Conclusions

In this chapter, the stability and characteristics of lean premixed flames stabilised in
a porous burner were measured and reported for fuel mixtures of CNG/air and
LPG/air. Few parameters were found to be of higher importance in regards to flame
stability in the porous burners. The key parameters include the flow velocity,
equivalence ratio and fuel types. Using an experimental porous burner, these
parameters were investigated individually and the following conclusions can be

drawn:

1. It is possible to stabilise CNG/air flames in porous media within a range of
flow velocities between 9 and 28 cm/sec and equivalence ratios down to 0.35.
It is worth noting that the minimum equivalence ratio for igniting a CNG/air
flame, under atmospheric conditions, in conventional burners, is slightly less
than 0.5 [153].

2. The maximum measured NOx and CO mole fractions at the burner exit, for
CNG/air flames, were 1.3 ppm and 2.77 ppm, respectively. The maximum
temperature achieved at an equivalence ratio of 0.35 was 1430 K, which is

264 K higher than the equilibrium temperature for the same equivalence ratio.

3. An LPG/air flame was stabilised in the porous burner within a range of flow
velocities between 9 and 28 cm/sec and equivalence ratios down to 0.35. The
maximum measured NOx and CO at the burner exit was 1.36 ppm and 6.68
ppm, respectively. The maximum temperature achieved at equivalence ratios
of 0.35 was 1395 K, which is 209 K higher than the equilibrium temperature

for the same equivalence ratio.

4. For both fuels, it was found that increasing the flow velocity for low
equivalence ratio mixtures has a noticeable effect on the distance to which the
flame front shifts downstream. Under similar conditions, propane/air flames
showed more sensitivity in terms of flame stability and location in

comparison with methane/air flames.
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5. Calculation results showed consistent trends with experimental results.
Differences in the maximum flame temperatures between the calculation and
the experimental results were observed to be less than 10%. The model is also
capable of predicting the extinction limit and preheat region quite well. More
work is needed to understand the discrepancy between the calculated
temperature distribution and that measured in the experiments. A more
sophisticated model needs to be considered, which is capable of accounting
for the three dimensions as well as the physical and chemical interactions in

the burner.
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POROUS BURNER AS A
POST-COMBUSTION
MEDIUM

5.1 Introduction

NOx Re-burning is a term first used by Wendt et al. [96] back in 1973, and describes
a proven technology [97] in which nitric oxide is consumed using fuel as a reducing
agent. The process involves partial oxidation of the re-burning fuel, under fuel-rich
conditions, followed by the reaction of hydrocarbon radicals (CHx) and NO. This
results in the formation of intermediate nitrogen species such as HCN and
subsequent conversion to Na. In general, re-burning happens when gaseous, liquid or

solid hydrocarbon fuels are injected downstream of the main combustion zone.

NOx re-burning has been extensively analysed for a wide range of temperatures
using different burners. Maintaining a uniform constant temperature over the
experimental domain has made the experiments a real challenge. Bilbao et al. [109]
have conducted a range of experiments in a 1500 mm-long quartz-tube which had a

diameter of 23 mm. Observing a longitudinal temperature profile, they assumed that
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the temperature is almost constant in a 600 mm zone in the middle of the tube. They
used this zone to determine the gas residence time. Their results showed that for
moderately low temperatures (between 600 °C and 1100 °C), the NOx reduction
efficiency increases as the temperature increases. It was found that at a given
temperature, the fuel effectiveness in NOx reduction follows the sequence: acetylene,
ethylene, ethane, natural gas and methane. It is also found that natural gas and
methane are of greater interest for high temperature applications while acetylene is
more suitable for low temperature cases. Dagaut et al. [105] explained this sequence
through the importance of HCCO intermediates for the production of HCN and
extended the list to include propene. They noted that more HCCO is produced from

acetylene fuels than the other re-burning fuels, especially at lower temperatures.

Using similar experimental techniques, Dagaut and Ali [110] extended this study to
include a Liquefied Petroleum Gas (LPG) blend for a range of equivalence ratios and
a temperature range from 950 K to 1450 K. They found that LPG, as a reburning

fuel, follows the same general oxidation path already delineated for simple alkanes.

Williams and Pasternack [111] used a McKenna flat flame burner to investigate the
intermediates of premixed flames for a variety of fuels doped with NO. They showed
that for a fixed temperature of ~1800 K, the methane, ethane and ethylene flames all
have similar reburning chemical pathways, while acetylene flames are quite
different. They noted that acetylene produces about three times as much CN and
NCO, compared with other fuels.

It is clear from the discoveries above that moderately low temperatures, fuel rich
conditions and sufficiently high residence times are required to achieve reductions of
NOx, using hydrocarbon fuels. It is also apparent that well controlled conditions are

required in order to better optimize the conversion efficiency.

Porous burners are known to have well-controlled bed temperatures and residence
times over a wide range of operating conditions. Porous burners also have reasonably
uniform temperature profiles radially, and lack steep temperature gradients and hence

hot spots (refer to section 4.4.1 and later in Figure 5.7).

These characteristics are indications of a promising and desirable medium for the
NOx conversion process. Furthermore, relatively low operating temperatures lead to

lower CO concentrations for fuel rich conditions [154].
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Despite an extensive literature search, there seems to be little previous research on
NOx reduction using porous burners. Beside the experimental study by this author, in
2005 [49], which reported on the effects of equivalence ratios, flow velocities and
input NO levels on NOx reburning efficiencies, Binguea et al. [155] were the only
group who studied the effect of the equivalence ratio on NO reburning in porous
burners experimentally. They reviewed the effect of the equivalence ratio on NOx
destruction and achieved NOXx reburning in excess of 60% when their porous media
was running with very rich fuel combustion regimes, up to equivalence ratios of 3.
What were missing from those experiments were the attempts at co-investigating the
other parameters that affect reburning efficiencies, such as the bed temperature and

firing rate (inlet flow rate).

The effect of the presence of a LaMnOs (Pervoskite-type catalyst) deposited over a
FeCrAlloy fiber panel on the porous burner performance has been investigated by
Cerri [66]. The results were then compared with a non-catalytic burner. Catalytic
porous burners showed significantly lower concentrations of CO and HC but the
NOx levels in the exhaust were similar to those in non-catalytic burners, when
operated below 800 kW/m?,

In this chapter, flame stabilisation over a wide range of flow velocities and rich
equivalence ratios in a porous burner is investigated. The study also focuses on the
parameters that control NOx conversion inside a porous burner, both experimentally
and numerically, including; the equivalence ratio, temperature, residence time and

input NO level.

5.2 Experimental setup
A new experimental porous burner was developed and manufactured in the school of
Mechanical Engineering at the University of Adelaide. Figure 5.1 shows a sketch of

the new porous burner, which mainly consists of a mixing chamber followed by a

heat exchanger and an insulated ceramic porous bed.
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Figure 5.1: New porous burner setup and schematic

The mixing chamber has a relatively large volume (3,521 cm?), which helps to

achieve complete mixing of the inlet gases. The inlet gases can include air,
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Compressed Natural Gas (CNG), NO and diluents such as nitrogen or carbon dioxide

which could vary in ratio for different cases.

The porous bed is securely placed and sealed on the top of a heat exchanger (see
5.2.1 for details) and consists of 4 silicon carbide disks stacked on top of each other.
Each disk is 50 mm thick, has a diameter of 150 mm, a porosity of ~ 90%, and has
10 pores per inch (ppi). The porous bed is insulated using Kaowool paper (2600
grade) followed by Kaofil Pumpable. R-type thermocouples are inserted
circumferentially inside the porous bed through pre-manufactured grooves, at 25 mm
intervals (staggered at 90°). The thermocouples’ bodies are insulated using 710
ceramic (aluminium oxide with an emissivity of around 0.5, at temperatures above
1000 °C). While it is known that solid and gas temperatures could be different due to
the high emissivity of porous materials [144, 156] and also many other parameters
(i.e. the diffusivity of the gases, the surface temperature, the surface reaction etc.
[157]). To minimize the temperature difference between the gas and solid phases,
thereby minimising the results’ inaccuracies, all the temperature measurements were
taken after the temperature had become steady in the porous burner. Also, to ensure
that the stabilisation of the temperatures in the bed occurs in a consistent rate, the
temperatures were collected along the centreline of the burner at 5 second intervals.
Once the temperature readings in all the thermocouples were stabilised (less than half
a degree temperature difference per minute), the flow conditions were changed to
another case.

Gas samples were withdrawn from both the mixing chamber and the exhaust gases
using stainless steel tubes. The gas samples were analysed using a Chemiluminescent
NOx analyser (ML® 9841B) for NO and NOx (with NO. determined by difference).
The NOx analyser has a range of 0-20 ppm with a resolution of 0.001 ppm. For NO
and NOx concentrations in excess of 20 ppm, the sample gases were diluted with N,
using a dual channel sample diluter (ECOTECH 1412PD). The sample diluter was
equipped with two individual dilution channels (ratios of 5:1 and 8.9:1), enabling the
analysis of NO and NOx concentrations up to 890 ppm.

The air and fuel are fed through the mixing chamber, wherein NO and other diluents
such as nitrogen and carbon dioxide could be added to the mixture. The mixture was

ignited on the top, and the flame propagated upstream along the porous bed. For
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most cases, flames were stabilised at a location very close to the top of the heat
exchanger. The effects of different equivalence ratios, flow velocity and initial NOx
levels in the inlet gas mixture on flame stabilisation, NOx and TFN (Total Fixed

Nitrogen) conversion efficiency were investigated.

Here, the NOx conversion is defined as the ratio of the outlet NOx concentration to

the inlet NOx concentration. Similarly, the TFN conversion ratio is calculated as:
TFN conversion ratio = 1- [TFN] / [NOin] x 100

Where;

[TEN] = [NQO] + [NO2] + [HCN] + [NH3] + 2 x [N20]

Note that [TFN] corresponds to the overall concentration of nitrogen compounds
except N2, and is a reliable indicator of the efficiency of the reburning process. It is
also worth mentioning that NOi, accounts for externally introduced NOX, in addition

to flame produced NOX.

5.2.1 Heat exchanger

Flashback is a common problem when using porous burners. This implies a certain
limited range of stable flames for a porous burner with a specific geometry. Hence,
there is a need to extend the safe and stable operating conditions, including blow off
and flashback, of the porous burner. To deal with this problem and extend the
stability range, a different porous matrix (shape, size or material) can be used at the
PB inlet [54, 57].

The heat exchanger is made of four rows of longitudinal and lateral %4 copper tubes
which use water as the coolant. The tubes are fitted in a copper box (150 mm x 150
mm x 100 mm) which is filled with calcined flint clay particles with a diameter less
than 2mm. Calcined Flint clay has a low thermal conductivity (K = 0.03 W.m 1.K™)
and during the experiments was always kept below 200 °C by the cooling coils. This
flint clay section prevents flame flashback and hence extends the operating envelope
of the porous burner. The small layer of flint clay between the cooling coils and

porous bed is added to provide preheating of the fresh reactants.
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Figure 5.2: Sketch of the heat exchanger design
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Figure 5.3: Photograph of the heat exchanger assembly

5.2.2 Control systems and measuring devices

Fischer & Porter calibrated volumetric flowmeters were used to control the fuel and
air flow rates and a mass flowmeter was used to control the NOx flowrate. More

details can be found in Section 4.2.3.

The data from the thermocouples were fed into a data acquisition system, which ran
the data control software AQMS version 5.00.3 to interpret and store data in an
ASCII file. A flame detector is used to report the flame presence to a solenoid that

can shut down the fuel supply in case the flame blows off.
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5.3 Numerical modelling

The objective of the numerical calculations is to provide an insight into the chemical
kinetics and NOx conversion chemistry for the different experimental conditions

considered in this study.

The PLUG simulator from the CHEMKIN [158] package was used in this study.
PLUG is designed to model the non-dispersive and one-dimensional chemically
reacting ideal gas mixture flowing in a channel of arbitrary geometry. The code
incorporates the CHEMKIN [158] and SURFACE CHEMKIN software packages to
interpret problems involving the gas-phase, elementary heterogeneous chemical

kinetics in the presence of a solid surface and also the thermodynamic properties.

The porous burner was designed to have a uniform radial temperature profile. In
addition, the tubular burner shape, very high porosity of the foams, and the relatively
large burner diameter result in the flow being similar to that of a plug flow reactor. In
the model, the reactor temperatures were set to values equal to those measured
experimentally. Other assumptions that the model uses were also achieved
experimentally, including: fully mixed inlet gases, uniform gas concentrations across
the burner, and a small pressure drop along the burner. The GRI-Mech 3.0 chemical
kinetic mechanism [159] was used for all kinetic modelling calculations. Some other

assumptions were also made, and are discussed below.

The pressure drop across the porous media [160-162] is calculated as:

e o pF
AP=LV, ,(—+—=V, 5.1

bed( K \/E bed) ( )
In the above equation Vied, 14, K, p, F and L are the actual bed flow velocity,
dynamic viscosity, permeability, gas density, inertia coefficient and bed length,

respectively.

For the conditions used in the experiments, it was found that the maximum
calculated pressure drop along the porous foam is 243 Pa. With such a small pressure
drop, the assumption of isobaric conditions is valid. Hence, atmospheric pressure

was assumed for all the numerical calculations.
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The fuel used in the experiments was CNG which comprised methane, ethane,
propane, butane, nitrogen and carbon dioxide with volume fractions as given in
Table 3.2

Since GRI-Mech 3.0 does not include C4H10 in its list of species and associated
reactions the 0.3% of C4H10 in the CNG was substituted with the same amount of

C3H8 in the numerical study.

5.4 Results and Discussion

In the following section, the flames’ characteristics at different operating conditions
are discussed. In addition, the experimental results are presented, which validate and
clarify those assumptions made earlier in the numerical model. Finally, the results

from the experiments are presented, along with the numerical calculations.

Both experiments and modelling were performed for air flow rates ranging from 50
slpm to 200 slpm, the equivalence ratios range from 1.0 to 2.0, for different inlet NO
mole fractions of up to 1800 ppm. The effect of the critical parameters on NOx and
TFN conversion efficiencies such as flow rates (residence times), equivalence ratios

and initial NOx mole fractions are also presented and discussed.

5.4.1 Flame temperature and heat loss

For conventional open flames, the maximum flame temperature occurs at an
equivalence ratio slightly larger than unity. Figure 5.4 shows the maximum measured
temperature in this porous burner plotted against the equivalence ratio for a CNG
flame with an air flow rate of 150 slpm. It is clear that the temperature increases with
the equivalence ratio until it becomes constant at ~1600 K, prior to the flame
becoming unstable and blowing off. The equivalence ratio at which the flame blows
out was found to be different for different flow rates. For example, flames with flow
rates of 50 slpm, 100 slpm and 150 slpm are found to be stable up to equivalence
ratios of 2.1, 2.0 and 1.9, respectively. As a result, lower flow rates have a wider

range of flame stability for this porous burner.
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Figure 5.4: Measured maximum flame temperatures in the porous burner,
along with the adiabatic flame temperature for fixed air flow rates of 150
slpm versus the equivalence ratios. The solid line represents the adiabatic
flame temperature, (Solid line,#) represents the measured maximum
temperature and (dashed line,4) represents the ratio of heat extracted by
the heat exchanger to the firing rate.

Figure 5.4 also shows the adiabatic flame temperature and the ratio of heat
extraction. The Heat extraction values are calculated by conducting an energy
balance over the heat exchanger by measuring the water flow rate and inlet and exit
temperature of the water. This heat loss is then normalized by the total heat input into

the burner by the fuel.

It is clear that the measured temperature is much lower than the adiabatic flame
temperature at lower equivalence ratios and this difference decreases close to blow
out. This trend is consistent with that observed for the heat extraction ratio. It is
found that flames with higher equivalence ratios stabilise further downstream from
the heat exchanger and hence the ratio is lower. These trends are found to be

consistent with other trends reported in the literature, e.g. Binguea et al. [51].
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Figure 5.5: Temperature versus equivalence ratios for a flow velocity of 25
cm/sec (left) from another porous burner using Methane as fuel [51].
Propagation wave velocity plotted versus different equivalence ratios (right)
[51].

Figure 5.5 (left) shows the measured flame temperature as well as the calculated
adiabatic flame temperature, plotted against the equivalence ratio for a similar burner
[51]. It is clear that the difference between the measured flame temperature and the
adiabatic flame temperature decreases with the increase in equivalence ratio. Also
apparent from the Figure is the semi-uniform temperature achieved at higher
equivalence ratios, as observed earlier. Nonetheless, the difference between the
adiabatic flame temperature and the maximum measured temperature is very
different close to blow off, which is contradictory to other findings. Also plotted in
Figure 5.5 (right), is the wave propagation rate for the same equivalence ratio,
showing the flame propagation rate and direction as a function of the equivalence
ratio. Flames with fuel-air mixtures closer to stoichiometric tend to propagate
upstream, while flames with richer mixtures, >1.6, propagate downstream. This

Figure highlights the sensitivity of these to the equivalence ratio.
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Figure 5.6: 3D contour presenting the measured centreline axial
temperature for different equivalence ratios and a fixed inlet air flow rate of
100 slpm.

Figure 5.6 shows the measured temperature profiles along the centreline of the
burner for flames with different equivalence ratios. The profiles exhibit a sharp
increase from the ambient temperature very close to the heat exchanger (x = 0),
which points to the ignition of the mixture and the axial location of the flame front. It
is clear from this Figure that, with an increase in equivalence ratio, the location of the
peak shifts downstream and away from the heat exchanger. Further downstream the
temperature drops slightly because of the heat loss through the burner walls, until a
large drop occurs close to the burner exit. This drop is believed to be caused by
radiation to the surroundings. From the Figure it is clear that for lower equivalence
ratios the flame front is narrower and the high temperature region is smaller (see
range of 1300-1500 K). As the mixture becomes richer it appears that the front is

much wider and this zone extends to a larger area within the bed.

Figure 5.7 shows the measured radial temperature profiles at two axial locations
along the burner. These temperature profiles were measured using thermocouples
located at 85 mm and 135 mm above the heat exchanger. These temperatures were
measured in flames with an air flow rate of 50 slpm, an equivalence ratio of 1.5, and

after stabilisation of the temperature readings.
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Figure 5.7: Measured radial temperature profiles for an air flow rate of 50
slpm and equivalence ratio of 1.5. (Solid line,4) and (solid line,®) show
radial temperatures at 85 mm and 135mm above the heat exchanger,
respectively.

It is clear that in the region around the centre, with a diameter of at least 60 mm, the
temperature varies by less than 5 K, while at the burner edge the drop is in the order
of 20 K. This shows that temperature measurements in the middle are not affected by
heat losses to the surroundings through side-wall heat loss.

As a result, reasonably uniform axial temperatures, as shown in Figure 5.6 (between
X =50 mm to x = 150 mm), in addition to a uniform radial temperature, as shown in
Figure 5.7 (0 < r < 30), make this porous burner a suitable media for the NOx and
TFN conversion process. These measurements also vindicate our assumption for the
numerical calculations, especially the one-dimensional flow and the use of the

centreline profile as a representative of the temperature profile along the burner.

5.4.2 CO emission

The mechanism of NOx and TFN reduction relies on the supply of free radicals in
the flame, which are being facilitated through the fuel rich flames. As a consequence,
a substantial amount of CO is emitted from the burner, especially for a mixture with
a high equivalence ratio. Figure 5.8 present the calculated CO mole fractions versus
the equivalence ratio for a CNG-air mixture. It is noteworthy that it was not possible
to measure the amount of CO in the exhaust due to the limited range of the gas
analysis system that was available at the time. A simple chamber was built and

mounted on top of the porous burner to investigate the possibility of CO burning in
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the exhaust. This chamber had a central bluff body and three tangential air jets,
which mixed the ambient air with the hot exhaust mixture in order to oxidise the CO
to CO». It was found that almost the entire CO was converted to CO2 in this
chamber, without the need for any additional heat input. Following this discovery,

the issue of CO in the exhaust was ignored and not considered further in this study.
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Figure 5.8: Calculated CO mole fractions at the exit of the porous burner
for an air flow rate of 100 slpm and input NO of 100 ml plotted versus the
equivbalence ratio.

5.4.3 Effect of Equivalence Ratios on NOx and TFN

Figure 5.9 shows the NOx and TFN conversion efficiency plotted versus the

equivalence ratios for an air flow rate of 100 slpm. For all cases, 100 ml of NO was

added to the mixture.
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Figure 5.9: Measured NOx conversion ratios and calculated NOx and TFN
conversion ratios plotted versus the equivalence ratio for an air flow rate of
100 slpm and initial NO level of 100 ml. The black solid line, grey solid line
and (dashed line,®) represent the calculated TFN conversion, calculated
NOx conversion and experimental NOx conversion, respectively. The dotted
line shows the calculated residence time for different equivalence ratios.

It is clear that NOx conversion increases with the increase in the equivalence ratio,
and the available free HC radicals in the flame. The NOx conversion starts at ¢ =
0.93, increases sharply up to ¢ = 1.2 and plateaus at ¢ > 1.5. It was found that the
maximum NOx conversion is reached at an equivalence ratio of ¢ = 1.5 for 50 slpm,
1.7 for 100 slpm and 1.9 for 150 slpm (not shown). By increasing the fuel/air ratio
beyond these values, the NOx conversion efficiency remains the same for a small
range and eventually starts to drop. At the same time, increasing the equivalence

ratio far beyond these values makes the flame unstable and blows it out of the burner.

It is clear from this Figure that the NOx and TFN conversion profiles exhibit
different behaviours at different equivalence ratios. While NOx shows a better
conversion when increasing the equivalence ratio, the predicted TFN concentration at
the output revealed different results. The analysis showed that NO does not
necessarily convert to N2 for all conditions. For equivalence ratios close to unity,
most of the NO is predicted to be converted to N2 with low concentrations of HCN,
NHs and N2O. As the fuel concentration in the mixture increases, the TFN
conversion follows a similar trend to the NOx conversion for moderately fuel-rich

conditions (¢ < 1.2) and opposite trends for higher equivalence ratios. For ¢ > 1.2
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most of the NO is converted to N-containing species such as N.O, NHz and HCN and
not to No.

In comparing the experimental and numerical results, see Figure 5.9, it is observable
that the measured and predicted NOx conversions agree better at higher equivalence
ratios (¢ > 1.5) and there is an inconsistency in the profile for moderately fuel rich
flames (1 < ¢ < 1.5). Nonetheless, the trend of increased NOx conversion with the
increase in the equivalence ratio was captured well. However, the inconsistency is
believed to be caused by the physical location of the flame front. Having equivalence
ratios close to unity results in higher propagation waves upstream, as presented in
Figure 5.5 (bottom). This causes the flame to move upstream close to the heat
exchanger, as shown in Figure 5.10 and makes temperature measurement rather
difficult. It is worth noting that only the temperature at 25 mm above the heat
exchanger was recorded in the experiments. These values were then fed into the
PLUG flow reactor. In the lower equivalence ratio cases, the flame front is likely to
have been closer to the heat exchanger with a higher temperature than the one
recorded at 25 mm. This will lead to the lower measured NOx conversion rates, as
seen in Figure 6.
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Figure 5.10: Axial temperature profiles for different equivalence ratios and
inlet air flow rates of 100 slpm (left). Zoomed-in profiles close to the flame
front (right). (Dashed line,®), (solid line,M) and (Dotted line,A) represent
equivalence ratios of 1.1, 1.5 and 1.9, respectively.

In order to understand the contribution of the various N-containing species on the
predicted NOx and TFN conversion efficiencies, an analysis of the chemical pathway
was conducted for two equivalence ratios. Figure 5.11 presents species mole
fractions along the reactor for a case with an equivalence ratio of 1.1, air flow rate of

100 slpm and 100 ml of NO in the mixture. Under these conditions (i.e. ¢ = 1.1), the
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inlet NO (896 ppm) is reduced predominantly to molecular N> at the burner exit. The
extent of NO conversion to N is calculated to be 67%, based on the conservation of
atomic nitrogen. Some NO is also converted to NH3 (42 ppm), N2O (30 ppm) and
HCN (5 ppm) but in much smaller amounts (see Figure 5.11). The outlet
concentration of TEN is 291 ppm.

900
= X
g700
=
o
500 -
&
1'%
Q 4
2300
= g
100
g 80 -
S 901 NO2
g F NH3
S0t
T - N20
= 3 J HCN
0' "l}l1||=||||=||||=|1|1
25 2.5 7.5 12.5 17.5 225

Axial Distance (cm)

Figure 5.11: Calculated mole frcation of major N containing species for an
air flow rate of 100 slpm, an equivalence ratio of 1.1 and 100 ml of NO at the
inlet. Note the different scales in upper and lower graphs.

The mechanism of NO reduction under these conditions, which has been elucidated
by analyzing the rates of progress for each species, is shown schematically in Figure
5.12. While reactions R212 and R214 form a cycle, with the NO reduced to HNO
and back again, there remains a net flux of NO to HNO. The reverse of reactions
R197 and R280 accounts for the reduction of HNO to NH. The larger flux of NH is
reduced to N2O (R199) and subsequently to N> (R183, R185), while a smaller flux is
reduced directly to N2 (R198). A small amount of NH is also reduced via NH> (-
R202) to NH3 (-R277 & -R278).

H+NO +M — HNO + M R212
HNO + H — Hz + NO R214
HNO + Hz — NH + H;0 ~R197
HNO + CO — NH + CO> ~R280
NH + NO — N20 + H R199
N2O + H — Ny + OH R183
N2O (+ M) — Ny + O (+M) R185
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NH + NO — N2 + OH R198
NH + H2 — NH, + H ~R202
NHz + Hz — NHs + H Al
NH; + H,0 — NH3 + OH -R278

R198 R183
R185
R212
R199

NO z HNO el NH—’ N,O

R214 —RZDZ -R277

NH> NH3

—>
-R278

Figure 5.12: Mechanism of NO reduction for an air flow rate of 100 slpm,
an equivalence ratio of 1.1, and 100 ml of input NO. The thickness of the
arrows is indicative only and is not scaled accurately.

Under very fuel-rich conditions (i.e. ¢ = 1.7), the mechanism is different and the
inlet NO (848 ppm) is reduced predominantly to NHz at the burner exit, with smaller
amounts of NO reductions to N> and HCN, as shown in Figure 5.13. The extent of
NO conversion to NHz is 43% with an NH3 outlet concentration of 487 ppm. Smaller
amounts of NO are converted to N2 (92 ppm) and HCN (80 ppm). Under these
conditions, the outlet concentration of N2O is negligible. The outlet concentration of
TFN is 658 ppm and thus only 22% of the inlet NO is converted to Na.
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Figure 5.13: Calculated mole fractrions of major N containing species for an
air flow rate of 100 slpm, an equivalence ratio of ¢ = 1.7 and 100 ml of input
NO. Note the different scales in upper and lower graphs.

Here the NO reduction is initiated by reaction with HCCO (R274) to form HCNO.
HCNO is then reduced via three separate channels (Figure 5.14): the major channel
Is via reaction R270 to form HNCO. The minor channels are via R271 forming HCN
as a stable product and via R272 forming NH> as an intermediate product. HNCO is
reduced directly to NH, (R265), which then reacts with either H, (-R277) or H20 (-
R278) forming NHs as the major stable product. A minor reaction sequence exists in
which NO is reduced firstly to HNO via reaction R212. HNO then reacts with either
CO (-R280) or H2 (-R197) to form NH which then reacts with NO to form either N2
(R198) as a stable product or N2O (R199) as an intermediate; N2O reacts directly
with H (R183) to form stable No.

HCCO + NO — HCNO + CO R274
HCNO + H - H + HNCO R270
HCNO + H - OH + HCN R271
HCNO + H - NH; + CO R272
HNCO + H - NH; + CO R265
NH; + H> > NHs + H —-R277
NH; + H,O — NHz; + OH -R278
H+NO+M—>HNO+M R212
HNO + CO - NH + CO2 —R280
HNO + H, - NH + H.0 —-R197
NH + NO - N2 + OH R198
NH + NO - N.O+H R199
N2O +H — N2+ OH R183
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Figure 5.14: Mechanism of NO reduction for an air flow rate of 100 slpm,

an ¢ = 1.7, and 100 ml of input NO. Note that the arrows’ thicknesses are
indicative and are not scaled accurately.

It is clear from the above results that different chemical paths dominate at the
different equivalence ratios, which lead to the production of other intermediates such
as NHs.

The predictions reported in Figure 5.14 are broadly consistent with the modelling
results of Dagaut et al. [99] for similar fuels and at similar equivalence ratios. Some
differences are apparent, which are to be expected given the different kinetic
mechanisms employed. Notably, the GRI-Mech 3.0 mechanism does not include the
important channel: HCCO + NO - HCN + CO2 and so this is missing from Figure
5.14. Thus the current calculations are likely to under-predict the formation of HCN
[99]. This, of course, cannot be verified in the present experiments since [HCN] was

not measured.
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5.4.4 Effects of Flow Velocity (residence time) on NOx and TFN

The flame front location in porous burners is a function of the flow velocity (flow
rate), the equivalence ratio and the rate of heat extraction from the system. The
residence time is not only related to the flow velocity but to the other parameters too;
i.e. for similar equivalence ratios, increasing the flow velocity results in higher flame

temperatures, as seen in Figure 5.15, and a decrease in the residence time.
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Figure 5.15: Measured axial temperature profiles for different air flow rates
and for an equivalence ratio of 1.1. (Dotted line,m), (Dashed line, ), (solid
line,®) and (Dashed-Dotted line,A) represent air flow rates of 50 slpm, 100
slpm, 150 slpm and 200 slpm, respectively.

It is now well established that the increase in the mixture flow rate affects the

residence time in three ways:

1. Increasing the superficial velocity and actual velocity inside the bed leads to a

shorter residence time, as seen in Figure 5.16;

2. Moving the flame location further downstream decreases the burner effective
length, (L-f), in the following equation and with it the effective residence
time. The effective residence time (terr) in porous burners is defined as the
time during which the gas mixture is exposed to temperatures where chemical
reactions can happen. The equation below calculates the effective residence
time under different operating conditions of the burner.
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CTuL-DAe £ A
T(X)Qup Xo Qup + Aup |n(TT(X))

(5.2)

The first term on the right hand side represents the gas residence time after
the flame front and the second term represents the gas residence time between

the inlet and the flame front (the preheating stage).

Applying boundary conditions x= Xo=0, Txy=Tmax and no preheating results
in:

_ Tin(L_ f)AJpg

Tett = T 0O (5.3)
max “eup

In the above equations, Tin, Tmax, L, f, Ay and ¢ are the gas mixture inlet

temperature, flame temperature, porous bed length, flame location, upstream
cross sectional area of the burner and the porosity, respectively. Qup is the

inlet volume flow rate;

3. Increasing the firing rate and the heat exchange between the solid and the gas
phases simultaneously increases the flame temperature, Tmax, in the above
equation and hence decreases the density and residence time, as indicated in
Figure 5.15.

In summary, by increasing the flow rate, Q, , the flame temperature, Tmax, and the

up »
flame location (the distance between the flame front and the heat exchanger), f, also
increases. This will decrease the residence time and, as a consequence, the
conversion efficiency, as can be seen in Figure 5.16. It should also be noted that in
the temperature range from 1000 K to 1500 K, increasing the flame temperature for

the same residence time could result in better NOx to N2 conversion efficiency.
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Figure 5.16: Measured and calculated NOx conversion ratios plotted versus
air flow rates for an input NO level of 100 ml and ¢ = 1.1. Black solid line,
grey solid line and (dashed line,®) represent the calculated TFN conversion,
calculated NOx conversion and experimental NOx conversion, respectively.
The dotted line represents the residence time for different cases.

It is worth noting, that increasing the total flow rate (by adding more fuel) results in a
reduced residence time and higher temperatures along the burner. If the temperature
Is within the desirable range of 1000 - 1500 K, there would be a competition between
the two effects of production and destruction of NO. For temperatures above 1500 K,
both ‘temperature increase’ and ‘residence time decrease’ degrade the NOx and TFN

conversion efficiency.

Figure 5.16 shows a comparison between the numerical and experimental conversion
results for different air flow rates and for ¢=1.1. Also plotted in Figure 5.16 is the
change of residence time with the air flow rate. It is clear that the numerical NOx and
TFN modelling results show fairly similar trends to that measured experimentally
(for the NOx conversion only), albeit with a difference in the absolute values. This
difference is larger at lower flow rates and lower equivalence ratios. This
discrepancy is again believed to be a product of the experimental setup where the
maximum flame temperature happens closer to the heat exchangers and is not

captured by the existing thermocouples.

It is worth noting that the above mixture strength range can vary slightly from one

system to another. This range gets narrower when the flow rate is increased, as the
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flame moves further downstream. As a result, the discrepancy between the
experimental and numerical results was smaller for higher air flow rates (e.g. 200
slpm in Figure 5.16) or higher equivalence ratios where the flame stabilises further

downstream.

It is clear from Figure 5.16 that increasing the flow rate from 50 slpm to 200 slpm
increases the rate of consumption by a factor of 3.7, while the residence time
decreases by a factor of 4.75. This eventually results in a decrease in NO

consumption and hence NOx and TFN conversion efficiency.

5.4.5 Effect of Initial NOx Mole Fraction

Figure 5.17 shows the NOx and TFN conversion efficiency plotted versus the inlet
NO concentration for an air flow rate of 100 slpm and ¢ = 1.1. It was found that the
NO concentration in the inlet mixture may change the conversion efficiency by up to
20%. In general, the higher the NO level in the reactant stream, the better the
conversion efficiency. However, this trend is only sustained up to a certain level. The
desirable NOx reduction was found to be a function of the flow rate and almost
independent of the equivalence ratio. In other words, for any flow rate there is an
optimum inlet NOx/air ratio (or more accurately a narrow range of ratios), which
gives the best conversion efficiency. This ratio seemed to be almost the same for

different equivalence ratios and decreases as the flow rate increases.
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Figure 5.17: Measured and calculated NOx conversion ratios plotted versus
the input NO levels for air flow rates of 100 slpm and ¢ = 1.1. The black
solid line, grey solid line and (dashed line,®) represent the calculated TFN
conversion, calculated NOx conversion and experimental NOx conversion,
respectively.
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Figure 5.18: Measured and calculated NOx conversion ratios plotted versus
the input NO levels for air flow rates of 100 slpm, and ¢ = 1.7. The black
solid line, grey solid line and (dashed line,®) represent the calculated TFN
conversion, calculated NOx conversion and experimental NOx conversion,
respectively.

From Figure 5.17, it is clear that for the ¢ = 1.1 case there is a clearly increasing
trend in NO conversion in line with the increase in the initial level of NO. For
example, increasing the initial NO level from 20 ml to 100 ml for an equivalence
ratio of 1.1 increases the conversion efficiency by 20%. While for richer fuel
conditions (¢ = 1.7) as shown in Figure 5.18, the conversion efficiency increases just

by 4% for the same range of input NO level.

5.4.6 Effect of CO; in the inlet mixture on NOx and TFN

The motivation of this particular part of the project is to reduce NOx from the
exhaust gases of any combustion system. All of the work reported above shows a
mixture of fuel and air doped with NO. In this section, the effect of CO in the inlet
mixture on the NOx and TFN conversion is considered. In doing so, the composition

of the exhaust stream, say of an engine or a furnace, will be simulated.

Figure 5.19, below, presents the NOx reburning efficiency plotted versus the
equivalence ratio for two cases. One with no CO> added to the mixture at the inlet
and the second with 7.8% CO> by volume added to the mixture. It is clear that the
addition of CO> has no effect on the trend, which implies that there are no changes to
the chemical Kkinetics. This is expected, as CO> at these temperatures is chemically

inert and does not influence the chemical pathways. The small difference (< 4%) in
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the magnitude of the efficiency is related to the slight reduction in temperature due to
the dilution effect, which also shifted the flame slightly downstream, as compared
with the flame with no added CO.. These results indicate that the concept of NOx
reburning inside the porous bed is not affected by the amount of CO> (or other inert
substance including N) in the mixture, as long as the temperature of the flame can

be maintained.
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Figure 5.19: The effect of CO addition on the measured NOx conversion
efficiency at different equivalence ratios, for 100slpm and an input NO of
100 ml.

5.5 Summary and Conclusions

A laboratory-scale porous burner was designed and constructed to examine the
parameters controlling the NOx and TFN conversion inside a porous medium. The
experimental porous burner showed consistent, reliable and stable behaviour for a
wide range of conditions. Results from the experiments were compared with those
calculated using the PLUG simulator of the CHEMKIN package and with the GRI-

Mech 3.0 chemical kinetic mechanism.

It was found that porous burners are a suitable medium for NOx conversion because

of the ease by which temperature, equivalence ratios and residence time can be
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controlled. This feature allows for maximum optimisation to improve the conversion

efficiency under varied inlet conditions.

It was also found that the best conversion was achieved for a maximum bed
temperature below 1500 K and that NOx conversion of 90% is possible. It was also
found that for the slightly rich equivalence ratios ¢ < 1.3 conditions, most of the NO
converts into N2, while for higher equivalence ratio cases, more intermediate species
are formed, in particular NHs. The best TFN conversion efficiency (65%) was found

ato=1.1, T = 1370 K and a total air flow rate of 100 slpm.

For similar equivalence ratios, it was also found that lower flow rates or flow
velocities result in better conversions by increasing the residence time and decreasing
the temperature to the desirable temperature range. While residence time was the
most important parameter in the conversion process, lower temperatures (for lower
flow rates) were also found to improve both NOx and TFN conversion. In addition,

lower mixture flow rates were found to have a wider range of flame stability.

Analysis of the chemical pathways for low and high equivalence ratio cases showed
that the formation of nitrogen-containing species in the very rich conditions is due to
the increased importance of the HCNO, as compared with the HNO, path. The latter

is the dominant path at low equivalence ratios and leads to the formation of No.

The NO concentration in the initial mixture can change the conversion by up to 20%
at low equivalence ratios (¢ < 1.3) and have a negligible effect at higher equivalence

ratios.

Adding CO: to the mixture had a negligible effect on the NOx conversion efficiency.
This is believed to be due to the non-reactive nature of CO, at such low

temperatures.
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SURFACE REACTION
IN POROUS BURNERS

6.1 Introduction

In the previous chapter, detailed measurements and modelling of the NOx and TFN
conversion in a premixed mixture of CNG/air flames were presented and discussed.
These flames were stabilized inside a porous burner and the effects of different
controlling parameters were investigated. This chapter expands on the modelling
study and, in particular, assesses the role of surface kinetics on the results under

different operating conditions.

Many studies have modelled porous burners, treating the non-catalytic porous media
as being chemically inert [23-25, 54, 61, 64, 78, 91, 92, 118-122]. However, it is
known that the presence of surfaces can strongly influence gas-phase reaction
systems (e.g. the oxidation of hydrogen and carbon monoxide [123]) due to the
termination of reactive radicals at the surface. The rate of radical termination at a
surface is strongly influenced by both the nature of the surface and the conditions, if
any, under which the surface has been pre-treated. Given the large surface-to-volume
ratios that are characteristic of porous burners, it is imperative that surface reactions

leading to the termination of gas-phase radicals be considered when modelling
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combustion and, in particular, the formation of minor species in porous burners.
Despite an extensive search in the literature, no previous studies have specifically
considered the impact of radical recombination at the surfaces in the predictions of

NOx conversion in porous burners.

Despite the absence of detailed information about the nature of the surface or a
detailed elementary heterogeneous gas-solid reaction mechanism, it is still possible
to estimate the impact of surface reactions in a gas-phase system. One approach is to
assume that the rate of radical termination at the burner surface occurs at the mass-
transfer-limited rate [124-126]. The diffusion-limited reaction rate may be calculated
following the method of Thomas et al. [124], based on a cylindrical channel model,
assuming laminar flow. This approach estimates the maximum possible rate of
radical termination and hence the maximum possible effect of surface reactions on
the model predictions. A comparison of these predictions with those for which
surface reactions are neglected provides an upper and lower limit of the likely effects
of surface reactions on the model predictions. Under conditions where the upper and
lower limits coincide, it is appropriate to neglect the influence of radical termination
at the burner surface. Otherwise, an effective rate of radical recombination (with a

value intermediate between these limiting cases) may be assumed.

In this chapter, the impact of radical termination at the surfaces on the kinetic model
predictions of NO reburning in a porous burner is examined and the effect is
compared with our previous experimental measurements of NOx/TFN conversion in

a porous burner, as presented in Chapter 5.

6.2 Numerical Modelling

The PLUG simulator from the CHEMKIN 3.6 [158] package, which is designed to
model the non-dispersive and one-dimensional chemically reacting ideal gas mixture

flowing in a channel of arbitrary geometry, is used in this study.

As discussed earlier in the thesis, the pressure drop, 4P, across the porous media is
calculated [160-162] as:

AP =LV (C5+ 52,,) (6.1)

JK
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In this equation, Vied (M/sec), u (kg.sec/m), K (m?), p (kg/m?), F (m™) and L (m) are
the cross-sectional mean velocity (also called the Darcian or seepage velocity [161]),
dynamic viscosity, permeability, gas density, inertia coefficient and bed length,

respectively.

For the conditions used in the experiments, the maximum calculated pressure drop
along the porous foam is less than 250 Pa and hence atmospheric pressure and

isobaric conditions are assumed in the model.

The fuel used in the experiments is Compressed Natural Gas (CNG) which
comprises methane, ethane, propane, butane, nitrogen and carbon dioxide, with

volumetric fractions as detailed earlier in Table 3.2.

As discussed earlier, the GRI-Mech 3.0 mechanism is used here, however it does not
include CsH10, which has a mole fraction of 0.3%. Instead, the C4H10 in the CNG is
substituted for the same amount of CsHg when specifying the inlet composition for

the model.

As discussed in Chapter 5, the burner is designed to have a uniform radial
temperature profile. In addition, the tubular burner shape, very high porosity of the
foams, and the relatively large burner diameter result in the flow being similar to that
of a plug flow reactor. In the modelling calculations, the reactor temperatures are set
to values equal to those measured experimentally. Other assumptions include having

fully mixed inlet gases and a uniform gas concentration across the burner.

Unless otherwise indicated, kinetic modelling predictions were determined using the
GRI-Mech 3.0 chemical kinetic mechanism [159] and the Sandia thermodynamic
database [163]. In some limited cases, the Konnov chemical kinetic mechanism [164]
has also been used for comparison. In both mechanisms, surface reactions are
incorporated by considering the termination of key radicals at the reactor surfaces.
The key radicals for the CH4-H»>-O> system, viz. H, O, OH, HO>, CHj3, and CH30, are
assumed to react to stable species according to the irreversible pseudo-reactions
shown in Table 6.1. The pseudo-species, “H_W”, “O_W?”, etc., denote radicals which
are converted to stable species and hence are removed from the radical pool. This is
an approximation since, in the experimental system, radicals that are lost at the wall
would actually be converted to stable species. However, the rates of production of

pseudo-species in the simulations presented are relatively small and so this
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assumption does not impact on the predicted concentrations of stable species under

any of the conditions investigated.

NO. Reaction A (S-1) n E/R
326 H=>H W 4.18E-01 1.75 0
327 Oo=>0_W 1.01E-01 1.75 0
328 OH=>0OH_W 9.06E-02 1.75 0
329 HO2=>HO2,_W 6.42E-02 1.75 0
330 CH3=>CHs_W 6.66E-02 1.75 0
331 CH30=>CH3O_W 5.03E-02 1.75 0

Table 6.1: Arrhenius parameters for reactions added to GRI-Mech 3.0 and
Konnov mechanisms that account for surface reactions.

The forward rate constant, k;j, for these pseudo-reactions is estimated according to
three different conditions, as detailed in the cases below:
Case 1: Negligible surface reactions (kj = 0)

The surface reactions are assumed to be negligible and therefore each of the

kinetic mechanisms is unchanged.
Case 2: Very fast surface reactions (kj = ki)

The surface reactions are assumed to occur at the mass-transfer limited rate,
kei, which is estimated based on a cylindrical channel model, assuming a
laminar flow [124]. Thus,

k, =1576°D, (6.2)

and D; is estimated using the Chapman-Enskog model [165] as applied by
Fuller et al. [166]:

D 1.00*107°*T** (/M , +1/ M ,)"'? 63
i,N, P[(Zivk )1/3 + (ZNZ V, )1/3]2 '
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Fuller et al. [166] define a procedure for calculating ka for simple

molecules using empirically determined data. Note the temperature
dependence, T+7, which is determined empirically by Fuller et al. [166].

The forward rate constants for the surface pseudo-reactions are then

expressed in Arrhenius form as:

1.00x10°(UM, +¥M, }*

k. = AT".exp(—E/RT) =1.576°.
| PIC )™ + (X, v T

T (6.4)

where A, n and E are the 3-parameter Arrhenius coefficients. Thus, using
Eqgn. (4), the 3-parameter Arrhenius coefficients for the surface reactions
(R326 — R331) are calculated, as shown in Table 6.1. Note that the
temperature exponent, n = 1.75, occurs due to the temperature dependence of
the diffusivity, Di, as determined by Fuller et al. [166].

Case 3: Intermediate case (0 < kj < ki)

In this case, the effective rate of surface reaction, kes, is assumed to be
intermediate between the two limiting cases (Cases 1 and 2), such that kj =
ke, Where O < keff < Kci. Here we define a parameter, 7, so that 7 = Keff / Kei,

such that kj = 7kci.

Thus, the maximum rate of radical termination at the reactor surfaces occurs for Case
2 when the forward rate constant, kj, corresponds to the mass-transfer-limited rate ki,
or, in terms of the effective reaction rate, when ket = kci (i.e. when 7 = 1.0). The
minimum rate of radical termination occurs when the surface reactions are neglected,

which corresponds to 7 = 0.

6.3 Results and Discussion

This work utilizes experimental data that were presented in Chapter 5. A short
description of the setup and data collected are provided here, as a quick reminder.
The insulated porous bed is 150 mm in diameter and is 210 mm long. The bed is
made of 4 SiC disks with a porosity of ~ 90%, and 10 pores per inch (ppi). A

premixed mixture of CNG, Air and NO is introduced uniformly at the inlet of the
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burner. The temperature inside the bed and the exhaust composition are measured for

different total flow rates, equivalence ratios and NO initial concentrations.

In Figure 6.1, the measured NOx conversion efficiency versus equivalence ratio, for
an air flowrate of 100 slpm (standard litres per minute) and 100 ml of input NO, are
reproduced. Also plotted in Figure 6.1, are the modelling predictions (black solid
line) using the GRI-Mech 3.0 mechanism, without surface reactions (i.e. = 0), and
modelling predictions (dash-dot line) from the present study assuming that key
radicals are consumed on the surfaces at the mass-transfer limited rate (i.e. 7 = 1.0).
It is clear from the Figure that this assumption produces results which are not in
agreement with the experimental data, particularly for ¢ = 1.1. Further assessment of
the effect of surface reactions (77 > 0) on the NOx conversion rate shows that values
in the range n = 8 x 10* to 10 x 10 give better overall agreement with the

experimental results.

100%

80% 1

60% 1

40% T

)
S
s~

L
)

 — —

NO, Conversion Efficiency

0% .....
0.9 11 1.3 1.5 1.7 1.9 21
Equivalence Ratio

Figure 6.1: Measured NOx conversion ratios and calculated NOx plotted
versus equivalence ratio for an air flow rate of 100 slpm and initial NO level
of 100 ml. Lines (from top to bottom) represent =0, 7= 4x10%, 57 = 6x10%,
n = 8x10%, 57 = 10x10“ and 5 = 1 (100% collision probability), respectively.
Also, A represents the experimental NOx conversion efficiency.

Thus, values of the collision probability which are 7 << 1 are more suitable,
suggesting that radical loss at the burner surface occurs at an effective rate that is

finite and much lower than the mass-transfer-limited rate.

120



Surface Reaction in Porous Burners

For the case where the effective rate of radical loss is much lower than the mass-
transfer-limited rate, the overall reaction will be kinetically controlled. Accordingly,
it is more relevant to compare the assumed rate of radical loss with the theoretical
collision rate of radicals with the burner surface. The surface collision rate constant
for species i, keoit,i, may be estimated [167] as:

co

colli = T

k (6.5)

where the mean speed, C;, is the average magnitude of the velocity of gaseous

molecules, which can be determined from the kinetic theory of gases as:

c _ [BRT
C = ) (6.6)

For the case of H atoms, €= 5.4 x 10° m/s at 1400 K, corresponding to a typical
burner temperature for these experiments. Thus, the collision rate of H atoms at the
burner surface may be estimated as keon = 8.7 x 10° s. This collision rate is
approximately five orders of magnitude larger than the effective reaction rate, Ke ,
implied by the predictions (7 = 8 x 10%) plotted in Figure 6.1. This implies a

recombination efficiency, defined as: y = ket / kcon, in the order of y = 1 x 10°.

The role of surfaces in the recombination of radicals is well known, e.g. [168], and
depends on many factors, including the nature of the surface and any surface pre-
treatment. More recently, Grubbs and George [169] have measured the rate of H
atom recombination on Pyrex and quartz surfaces with a recombination efficiency of
y=0.94 x 10° and y = 0.75 x 10°, respectively, which is in good agreement with the

values estimated by the present work.

The effect on NOx conversion, at different equivalence ratios, of different 7 is also
shown in Figure 6.1. It is clear that for higher equivalence ratios (¢ > 1.3), radical
termination at the surface has a minimal effect on the NOx conversion efficiency. On
the other hand, for slightly fuel rich conditions (¢ < 1.3), surface reactions play an

important role in the prediction of NOx conversion efficiency.

In Figure 6.2, the measured NOx conversion efficiency versus the equivalence ratio,

for an air flowrate of 100 slpm (standard litres per minute) and 100 ml of input NO,
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are compared with the modelling predictions obtained using the Konnov mechanism
[164]. While the predictions of NOx conversion using the Konnov mechanism differ
substantially from those obtained with GRI-Mech 3.0, it is clear that the assumption
of surface reactions, even at very low 7, also has a significant effect on model
predictions using the Konnov mechanism and that this effect is also only observed

for ¢ < 1.3.
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Figure 6.2: Measured NOx conversion ratio and calculated NOx (using
Konnov mechanism) plotted versus the equivalence ratio for an air flow rate
of 100slpm and initial NO level of 100ml. Lines (from top to bottom)
represent 7 = 0 and n = 8x10* Also, A represents experimental NOx
conversion efficiency.

In Figure 6.3 and Figure 6.4, the calculated concentrations of N-containing species
along the burner for n = 0 (left) and 7 = 8x10™ (right) are shown, using GRI-Mech
3.0 and Konnov mechanism. Both graphs are plotted for an air flow rate of 100 slpm,
¢ = 1.1 and input NO of 100 ml. It is clear that the different rates of production of the
species change the concentration of those species along the burner. Studying the
chemical paths at different locations also confirms that NO conversion follows
different paths at different points. Hence, as a first order approximation, the net

average reaction rate is calculated for different conditions as:

JL‘a(x)dx

- (6.7)

O =

where o (mole/s), o(x) (mole/cm3.s) and L (cm) are the average and net reaction

rates along the burner, and the bed length, respectively. Considering the uniformity
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of the radial heat distribution for this burner [48], it can be concluded that the local

reaction rate, o(x), is one dimensional.
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Figure 6.3: Comparison of N-containing species calculated using GRI-Mech
3.0. Left figure show predictions for no surface reactions (n = 0) and the
right plot show predictions with surface reactions for = 8x10%. All
predictions are for flow rates of 100 slpm, ¢ = 1.1 and input NO of 100 ml.
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Figure 6.4: Comparison of N-containing species calculated using Konnov
mechanism; Left plot show predictions for no surface reactions (n = 0) and
the plot in the right show predictions with surface reactions for 7 = 8x10*.
All predictions are for flow rates of 100 slpm, ¢=1.1 and input NO of 100 ml.

6.8 shows the indicative chemical paths for an air flow rate of 100 slpm, ¢ =

1.1, input NO of 100 ml for the cases 7 = 0 (left) and 7 = 8x10* (right). The

chemic

al pathways are qualitatively similar for both cases. Table 6.2 summarises the
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major reactions involved in the conversion of NO to N or other N-containing

species. Analysis of the two chemical paths revealed that incorporating surface

reactions had little effect on the majority of the reaction rates, however a few

reaction rates decreased significantly, mainly due to the effect of H = H_W.

Amongst those reactions, R212 and -R214 had the maximum effect on decreasing the
NO conversion rate to N2 through NO => HNO => NH => Ny. This is attributed to

the importance of H concentration in the net reduction of NO to HNO, via reactions

R212 and -R214. This effect is also observed when the Konnov mechanism is used.

GRI-Mech 3.0 Mechanism Konnov
Casel | Case2 | Case3 | Case4 |Case5| Case6 | Case7 | Case 8
Rxn #
Rxn # ®=11 ®=17 ®=11 ®=11
GRI-Mech Reaction
3.0 ey Input NO = 100 ml Input NO = 20 ml{Input NO = 100 ml
n=0 [n=8x10*| n=0 [n=8x10*| n=0 [n=8x10*| n=0 [n=8x10*
178 29 N+NO<=>N2+0O 75.9 68.0 51 5.1 16.5 12.5 109.6 95.4
179 30 N+02<=>NO+0 - -7.7 -8.0
180 106 N+OH<=>NO+H 26.7 26.9 0.0 0.0 16.0 15.5 26.3 25.8
183 107 N20+H<=>N2+OH 238.5 | 121.5 61.3 61.1 29.9 8.6 215.6 102.0
185 33 |N20(+M)<=>N2+O(+M)| 61.3 | 645 | 223 | 223 | 73 | 55 | 304 | 312
186 126 HO2+NO<=>NO2+0OH |16891.7|16840.6 |22851.6| 22865.2 | 3816.6| 3788.2 |40410.1 |40400.0
187 38 NO+O+M<=>NO2+M 91.6 95.8 -8.0 -8.1 33.4 34.9 42.1 42.2
188 40 NO2+0<=>NO+02 1355 | 1354 110.0 110.1 30.1 29.9 81.9 81.8
1058 | CH3+NO2<=>CH30+N - 27611.0|27603.2
189 125 NO2+H<=>NO+OH |[17055.4|17000.8 |22774.8| 22796.9 [3866.9| 3839.4 |11525.6 |11500.4
127 [NO2+HO2<=>HONO+O - 623.6 623.1
150 |NO+OH(+M)<=>HONO( - -517.0 | -518.5
153 | HONO+H<=>HNO+OH - 158.1 156.3
1192 |[NO2+HCO<=>0OH+NO+ - 356.2 356.3
191 58 NH+H<=>N+H2 112.5 101.3 6.7 6.7 46.2 37.4 161.8 141.7
192 187 NH+OH<=>HNO+H -20.7 -20.4 0.4 0.4 -6.0 -5.8 -15.2 -14.0
193 188 NH+OH<=>N+H20 5.6 5.1 0.4 0.4 2.2 1.8 8.8 8.0
194 191 NH+02<=>HNO+O 9.1 9.0 23.9 23.9 2.5 2.4 47.9 48.3
197 193 NH+H20<=>HNO+H2 | -529.9 | -368.0 | -84.1 -83.7 |-116.9| -54.8 -564.4 | -396.2
198 196 NH+NO<=>N2+0OH 108.7 73.4 24.5 24.5 15.0 51 49.3 31.8
199 108 NH+NO<=>N20+H 369.3 250.5 82.4 82.2 51.1 17.4 355.6 230.1
192 NH+02<=>NO+OH - 113.1 110.6
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280 1196 | NH+CO2<=>HNO+H2 | -148.8 | -102.4 | -135.9 | -135.2 | -36.8 | -14.7 -251 -192.4
202 64 NH2+H<=>NH+H2 -75.3 -39.7 -60.2 -59.4 | -37.3 -9.8 -71.2 -23.5
203 174 | NH2+OH<=>NH+H20 | -3.8 -2.0 -0.9 -0.9 -1.9 -0.5 -3.9 -0.2
212 137 H+NO+M<=>HNO+M | 4629.5 | 4278.8 | 213.6 | 212.2 |1439.9| 1247.4 | 2226.8 | 1860
213 140 HNO+O<=>NO+OH 121 12.6 0.5 0.5 4.1 4.3 3.7 3.7
214 138 HNO+H<=>H2+NO | 3886.5 | 3738.0 | 37.0 36.9 |1262.7| 1155.5 | 1836.8 | 1703.4
215 139 | HNO+OH<=>NO+H20 | 62.7 61.7 0.9 0.9 19.9 18.7 56.1 53.2
216 142 | HNO+02<=>HO2+NO | -15.3 -15.2 -17.2 -17.2 -3.0 -2.9 9.9 9.9
237 1097 |H+HCN(+M)<=>H2CN(+| -4.6 -4.6 -14.8 -14.7 -0.7 -0.7 -2.3 -20.9
249 1108 | CH2+NO<=>H+HNCO | 38.3 37.2 87.9 87.9 5.7 5.6 1.8 1.8
250 998 | CH2+NO<=>0OH+HCN 6.2 6.0 14.3 14.3 0.9 0.9 0.0 1.2
251 1109 | CH2+NO<=>H+HCNO 8.7 8.5 10.2 10.2 1.3 1.3 8.6 8.6
252 ---  |CH2(S)+NO<=>H+HNC| 4.0 3.9 2.7 2.7 0.7 0.7 - -
253 ---  |CH2(S)+NO<=>0OH+HC| 0.6 0.6 0.4 0.4 0.1 0.1 - -
254 ---  |CH2(S)+NO<=>H+HCN| 1.0 0.9 0.5 0.5 0.2 0.2 - -
255 1112 |CH3+NO<=>HCN+H20| 28.9 28.7 81.4 81.2 4.5 4.4 94.9 94.8
256 1113 |CH3+NO<=>H2CN+OH| 4.4 4.4 12.1 12.0 0.7 0.7 7.0 7.1
265 1159 | HNCO+H<=>NH2+CO | 12.3 9.9 981.7 | 980.9 2.8 1.3 100.1 91.5
268 1165 |HNCO+OH<=>NH2+CO| 0.2 0.2 3.7 3.7 0.0 0.0 0.0 0.0
270 1119 | HCNO+H<=>H+HNCO | 49.8 46.8 904.8 | 905.0 4.0 3.7 233.1 232.2
271 1118 | HCNO+H<=>OH+HCN | 4.4 4.1 80.0 80.0 0.4 0.3 47.7 47.5
272 1121 | HCNO+H<=>NH2+CO 2.6 2.4 46.8 46.9 0.2 0.2 12.1 12.9
274 1114 |HCCO+NO<=>HCNO+C| 161.1 | 155.1 |1022.2 | 1021.7 | 17.8 16.9 943.3 | 938.4
- 1122 | HCNO+O<=>NCO+NO - - - - - - 584.4 | 589.2
- 1117 HCNO<=>HCN+O - - - - - - 35.8 36.4
277 73 NH3+H<=>NH2+H2 -50.3 -29.8 | -904.9 | -905.0 | -22.3 -6.4 -91.9 -75.7
278 168 | NH3+OH<=>NH2+H20 | -43.0 -23.5 | -233.7 | -232.1 | -19.8 -5.4 -20.5 -4.4
279 167 NH3+O<=>NH2+OH 0.1 0.1 49.6 49.7 0.0 0.0 3.1 3.1
283 1127 N+C02<=>NO+CO 13.5 9.8 -5.8 -5.8 15.1 10.3 26.9 19.4
--- 242 |HNO+NH2<=>NO+NH3 - - - - - - 0.1 0.1
--- 1032 |CH4+NH2<=>NH3+CH3 - - - - - - 17.9 17.9
--- 1115 |HCCO+NO<=>HCN+CO - - - - - - 281.8 | 281.2
--- 1184 | NO+HCO<=>CO+HNO - - - - - - 183.2 179.5
--- 1188 |CH30O+NO<=>CH20+H - - - - - - 120.2 124.0

Table 6.2: Net average reaction rates (1 x 10'°) of reactions affecting NO

reduction for cases 1 to 8.
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Also, the differences between the concentrations of N2O and NH3 in Figure 6.4 (left
and right) are due to the different branching ratios of NH between N2O, N2, NO and
NHs, compared with the total NH produced by the reactions R197, -R192, -R194 and
-R280. This is quantitatively shown in Table 6.3. Again, it is observed that these
differences are due to the assumed termination of H atoms at the surface (H =
H_W).

NH=> n=0 |n»n=8x10*
N2 70.2% | 68%

N2O 10% 13.4%

NH3 11.3% | 8.4%

NO 5.8% | 7.6%

Table 6.3: Branching ratios of NH between N2O, N2, NO and NH3 compared
with the total NH produced.
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Figure 6.8: Integrated chemical path for a flow rate of 100 slpm using the
Konnov mechanism, ¢ = 1.1, input NO of 100ml and » = 8x10* Arrow
thicknesses are scaled based on the reaction rates for different reactions.

The importance of reactions R212 and —R214 is confirmed by the sensitivity
analysis. At the conditions corresponding to Case 1 in Table 6.2 (GRI-Mech 3.0; ¢ =
1.1, input NO of 100 ml; n = 0) the predicted NO concentration is most sensitive to
reactions R212 and R214 (relative sensitivity coefficient = -0.89 and 0.82,
respectively). Due to the high sensitivity to these two reactions, it is possible to

explore the possibility of accounting for the discrepancy between the model
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predictions and the experiments at @ = 1.1 by adjusting these two rate constants.

Figure 6.9 plots the measured NOx conversion efficiency, for the conditions of

Figure 6.1, over the range of p = 1.1 to ¢ = 1.3.
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Figure 6.9: Measured NOx conversion ratio and predicted NOx (using GRI-
Mech 3.0 mechanism) plotted versus the equivalence ratio for an air flow
rate of 100 slpm and initial NO level of 100 ml. Data and predictions are
shown for ¢ = 1.0 to ¢ = 1.3. Lines (as labeled) show the model predictions
using the GRI-Mech 3.0 mechanism for the following cases: (i) No surface
reactions (i = 0); (ii) Surface reactions ( = 8x10%); (iii) No surface
reactions, A2 decreased by a factor of 4.0 and A2u4 decreased by a factor
2.0; and (iv) No surface reactions, Az12 decreased by a factor of 1.4 and Azia
increased by a factor of 2.0.

Figure 6.9 presents the model predictions using GRI-Mech 3.0, also shown in Figure

6.1, for the case without surface reactions (r = 0) and with surface reactions (7 =

8x10™). While the model predictions using GRI-Mech 3.0 with surface reactions (7

= 8x10™) provide reasonable agreement to the measured data, it is also possible to

obtain good agreement using GRI-Mech 3.0 without surface reactions (7 = 0) by

manipulating the rate constants for reactions R212 and R214. Shown in Figure 6.9

are two instances: (a) R212 decreased by a factor of 4.0 with R214 decreased by a
factor of 2.0, or (b) R212 decreased by a factor of 1.4 with R214 increased by a
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factor of 2.0. However, manipulation of these rate constants to such an extent is
inconsistent with currently accepted values for these reactions.

Tsang and Herron [113] have evaluated previous data for these two reactions and
recommend rate constants for each reaction over a temperature range which includes
that of the present experiments. These recommendations are plotted in Figure 6.10
and Figure 6.11 for reactions R212 and R214, respectively. More recently, however,
Skreiberg et al. [112] have recommended the experimental determination of Riley et
al. [116] for R212 and the ab initio calculations of Soto and Page [114] for R214.
Also plotted in Figure 6.10 is a recommendation for R212 by Glarborg et al. [115],
which is based on their flow reactor experiments. At 1000 K, the rate constant for
R212 used in GRI-Mech 3.0 is 15% larger than that of Soto and Page [114] and 70%
larger than that of Glarborg et al. [115]. Figure 6.11 also plots recommendations
based on the more recent ab initio calculations of Nguyen et al. [170], which are both
consistent with the Soto and Page [114] calculations. At 1000 K, the rate constant for
R214 used in GRI-Mech 3.0 is 75% larger than the Soto and Page recommendation.
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Figure 6.10: Arrhenius plot of recommended rate constants for reaction
R212: H + NO + M —» HNO + M (M = N2). The vertical dashed lines
indicate the approximate temperature range of interest for this work.
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Figure 6.11: Arrhenius plot of recommended rate constants for reaction
R214: HNO + H — H2 + NO in the temperature range 1000 - 1600 K.

Figure 6.9 shows two instances in which the rate constants for R212 and R214 have
been manipulated to allow reasonable agreement between the experiments and the
model predictions using GRI-Mech 3.0 without surface reactions. It is clear that
neither of these predictions is consistent with the accepted rate constants for these
two reactions. In the first instance, R212 is decreased by a factor of 4.0 and is
assigned a value which, at 1000 K, is a factor of 3.4 less than the recent
recommendation by Skreiberg et al. [112]. In the second instance, R214 is increased
by a factor of 2.0 and is assigned a value which, at 1000 K, is 250% higher than the
Skreiberg et al. [112] recommendation. In both cases, model predictions that are in
good agreement with the experiments can only be obtained using GRI-Mech 3.0 and
without surface reactions, if rate constants are chosen for R212 or R214 which are
significantly outside of the accepted range for these reactions.

The experimental conditions for the data shown in Figure 6.12 are similar to those
for Figure 6.4 except that the equivalence ratio is increased to ¢ = 1.7. It is clear
from Figure 6.12 that the effect of the surface reactions on the model predictions at
@ = 1.7 is quite small and that, despite removing a considerable number of radicals
from the gaseous mixture via surface reactions, for both conditions (7 =0 and 7 =
8x10™) the concentrations of all N-containing components are predicted to remain

almost identical along the burner.
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Figure 6.12: A comparison of N-containing components; no surface

reactions (left) and applying surface reactions with n = 8e-4 (right). Both
graphs are plotted based on a flow rate of 100 slpm, ¢ = 1.7 and input NO of

100 ml.

Figure 6.13 shows the indicative chemical pathways for the average reaction rates

along the burner for ¢ = 1.7 and with n = 8x10™. It can be seen from Table 6.2

(Case 3 cf. Case 4), that the chemical pathways for 7 = 0 and r = 8x10™ are

practically identical. Thus, the inclusion of surface reactions in the chemical

mechanism did not affect the chemical pathways either qualitatively or quantitatively
for these experimental conditions. This is also consistent with the prediction of

similar NOx conversion rates at ¢ = 1.7 in Figure 6.1.
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Figure 6.13: Integrated chemical paths for a flow rate of 100 slpm, 7=8x10*,
an equivalence ratio of 1.7 and input NO of 100 ml.

As shown in Figure 6.13, this could be explained by the insignificant rate of
reactions R212, -R213, -R214, -R215 and -R216 (mostly R212 and —R214) when
compared with the rates of reactions R251, R254 and R274 in a chemical path
without considering wall reactions. Quantitatively, only 16.5% of the NO destruction
follows the NO => HNO => NH => N path, compared with 80% for ¢ = 1.1.

In Chapter 5 it was shown that the NOx conversion efficiency in a porous burner
firing CNG was also dependent on the input NO level in addition to the equivalence
ratio, temperature and firing rate. The NO conversion efficiency was found to change
significantly with the NO input level for (¢ < 1.3) but had no significant effect on

higher equivalence ratios.
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Figure 6.14: Measured NOx conversion ratios and calculated NOx plotted
versus input NO for an air flow rate of 100 slpm and an equivalence ratio of
¢ = 1.1. Lines (from top to bottom) represent =0, 57 = 4x10%, n=6x10% 7
=8x10% 5= 10x10*and 5 = 1, respectively.

The measured NOx conversion efficiency versus input NO for an air flow rate of 100
slpm and ¢ = 1.1 is shown in Figure 6.14. The conversion efficiencies for various
input NO levels (20 ml to 100 ml) and extents of radical loss (7 = 0 to 7 = 8x10%)
are plotted in Figure 6.14. The NOx conversion efficiency at 7 = 0 is overpredicted
by more than 20%. The trend over the range of NO input levels follows that of the
experimental data. When surface reactions are included (77 = 8x10%), the trend is the
same but the discrepancies increase at lower NO levels. This phenomenon is further
explored in Figure 6.15 and in Table 6.2 where Cases 1, 2, 5 and 6 are compared for

the same air flow rate of 100 slpm.
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Figure 6.15: Comparison of normalised N-containing components for an air
flow rate of 100 slpm, equivalence ratio of 1.1 and input NO of 20 ml (left)
and 100 ml (right) considering n = 8x10*. Note the different scales in the
upper and lower graphs.
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The normalised concentrations of N-containing species, for an air flow rate of 100
slpm, equivalence ratio of 1.1 and input NO level of 20 ml (left) and 100 ml (right)
for 7 = 8x10, are shown in Figure 6.15. It is clear that for lower concentrations of
input NO, the [NOJ/[NQ]in ratio decreases or NOx conversion efficiency decreases.
This could be analysed further by studying the reaction rates and chemical paths for
Cases 1 and 5. As shown earlier, applying surface reactions has a significant effect
on reactions R212, -R213, -R214, -R215 and -R216 (mostly R212 and —R214). In
other words, for cases in which the NO conversion mostly follows the NO => HNO
=> NH => N path, surface reactions have a significant effect. In Case 1, the NO =>
HNO => NH => N path contributes to 80% of the NO conversion mechanism, while
a similar path for Case 5 is responsible for 89% of the NO conversion mechanism.
Thus, applying surface reactions will have a higher impact on the NOx conversion

efficiency at lower input NO levels.
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Figure 6.16: Measured NOx conversion efficiency and calculated NOx
plotted versus the air flow rate for an equivalence ratio of 1.1 and initial NO
level of 100ml. Lines (from top to bottom) represent 7 = 0, 7 = 4x10*, 7 =
6x10%, 7 =8x10% 5= 10x10*and 5 = 1, respectively.

The effect of the air flow rate on NOx conversion efficiency at ¢ = 1.1 and an initial
NO level of 100 ml for different extents of radical loss is shown in Figure 6.16. The
model with 7 = 8x10* gives the best agreement with the experimental data. For the
same equivalence ratio (i.e. ¢ = 1.1 in Figure 6.16) a lower air flowrate results in a
higher NOx conversion efficiency and is less affected by surface reactions. For

example, with 7 = 8x10™, and for an air flow rate of 50 slpm, the NOx conversion
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efficiency drops by 19% while for an air flow rate of 200 slpm it drops by 42%. This
is believed to be caused by the higher concentrations of NO in the mixture (Figure
6.14) and also because of the lower temperatures (Figure 6.17), which give a better

NOx conversion efficiency, before and after applying surface reactions.
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Figure 6.17: Measured axial temperature profiles for different air flow rates
and for an equivalence ratio of 1.1. (Dotted line, ), (Dashed line, @), (solid
line, ®) and (Dashed-Dotted line, A) represent air flow rates of 50 slpm, 100
slpm, 150 slpm and 200 slpm, respectively.

6.4 Summary and Conclusions

Predictions of NOx conversion efficiency in a porous burner which ignore the effect
of radical loss at the burner surface disagree with the previous experimental
measurements and this discrepancy cannot be accounted for within the uncertainty of

the assumed gas-phase rate constants.

It is well known that the NOx conversion efficiency of a porous burner is highly
dependent on the equivalence ratio. The presented results in this chapter show that
the effect of considering surface reactions on the prediction of NOx conversion
efficiency also strongly depends on the equivalence ratio. Under slightly fuel-rich
conditions (¢ < 1.3), the conversion of NOx is strongly influenced by the
concentration of H radicals. Thus, the inclusion of reactions in the gas-phase
mechanism, which account for the radical termination at the burner surface, strongly
influences the model predictions for ¢ < 1.3, whereas for higher equivalence ratios (¢

> 1.3) the inclusion of surface reactions has minimal or no effect. The magnitude of
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the assumed rate of radical loss at the burner surface that is necessary to match the
experimental results is consistent with a recombination efficiency, y = 1 x 10,
which is in good agreement with recent measurements for H atoms on glassy
surfaces. The inclusion of surface reactions has a significant impact on the NOx
reduction efficiency results for mixtures with lower concentrations of NO. It is found
that these effects are due to different NO conversion paths under different conditions.
The dominant path for NO conversion is found to be NO = HNO = NH = Ny; for
cases that mainly follow this path, surface reactions have the maximum effect. In
other words, these effects are minimal when the NO conversion follows the
alternative NO conversion path (NO = HCNO = HNCO = NH2 = NHs).

Furthermore, for a certain input NO level and equivalence ratio, including surface
reactions in the calculations has different effects for different flow rates. The
significant changes in NOx conversion efficiency under such conditions are related

to the different temperature range and initial NO concentrations at various flow rates.
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SUMMARY,
CONCLUSIONS AND
FUTURE WORK

For many decades, porous media have been used in industrial applications to stabilise
flames, mostly for heating and drying processes. Porous burners have been
investigated in depth by many groups from around the world due to their favourable
characteristics of low emissions, high energy density and extended flammability
limits resulting from the excess enthalpy phenomenon. While porous burners have
been classified as low NOx burners, as a stand-alone combustion system, little is
known about the use of these burners as a post combustion NOx conversion system.
This thesis is focused on exploring the interdependent parameters that control the
conversion of NOx fed externally into the porous bed. Both experimental and

numerical techniques are utilised in this work.

The thesis reports on two distinct, but interlinked studies. The first study includes a
series of experimental and computational campaigns that investigated important

design and operating parameters that affect flames’ stability under the very lean
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condition inside a porous burner and the resulting emission of pollutants. The
parametric study included: fuel injection approaches, equivalence ratios, flow
velocities and a range of types of fuels. These studies informed the choice of burners
for the second part of the work and revealed many of the principal operations of
porous burners. In particular, the studies provided an insight into pollutant formation

mechanisms in these burners.

The second part of the study is focused on the NOx and other nitrogen containing
species conversions inside a porous bed, as a function of the operating conditions.
Both experimental and detailed modelling studies are utilised in this study, including

the surface reactions.
7.1 Porous Burner as a Combustion Medium

71.1 The Effect of Fuel Mixing

In this section, different approaches to injecting fuel into the porous bed have been
explored. The aim of this study was to find an alternative approach to fuel air
premixing, in order to minimize the risk of flashback and increase the safe operating
range of the porous burner.

71.1.1  Porous Burner with Bed Fuel Injection

There are known difficulties associated with the stabilisation of a flame using bed
injection in a porous burner. Different ways to introduce the fuel into the air stream
were trialled and their impacts on flame uniformity, flame stability and pollutant
emissions levels were investigated. Bed fuel injection studies were conducted in a
600 mm tall ceramic cylinder with a 154 mm diameter, filled with 6 mm (nominal
size) Alumina beads forming a packed porous bed. Fuel then was injected into the
porous bed using different fuel distributors, while air was introduced uniformly
through the bed inlet. Where the fuel bed injection method was used in this study, the
total fuel to air ratio was defined as the Global Equivalence Ratio (GER) and was

presented as @ . Temperatures across the porous bed were measured using N-type
thermocouples inserted in the ceramic cylinder circumferentially, spaced at 25 mm in

height and staggered at 90°.
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Three different designs were experimented with, including a single-tube with 0.6 mm
holes drilled in two rows, a spiral-tube design, 150 mm in diameter, with similar
small holes drilled along the tube and a multi-tube design with small holes drilled on
it to cover the whole cross section of the burner.

While the uniformity and stability of the flames have improved with a more elaborate
multi-tube design, the laminar nature of the flow and the porous bed itself made it
extremely hard to achieve perfectly uniform flames that are highly stable, especially
at low equivalence ratios, close to blow-off. It was also found that minor non-
uniformity in the mixture strength had major effects on the flame stability, especially

for ultra-lean mixtures.

71.1.2  Porous Burner with premixed Fuel Injection

In this design, the fuel and air are premixed a priori before they are fed uniformly
into the inlet of the burner. As expected, a premixed air/fuel mixture resulted in a

more stable flame along with temperature gradients that were radially uniform.

This burner was also fitted with a 75 mm layer of fine calcined flint clay, stacked
upstream of the porous bed, to prevent flashback and arrest the flame before it could
propagate further upstream to the supply line. In addition the air and fuel streams
were injected into a mixing chamber upstream of the calcined flint clay layer to

ensure that a well-mixed mixture enters the burner.

Both Compressed Natural Gas (CNG, mostly methane) and Liquefied Petroleum Gas

(LPG, mostly propane) were used in this burner.

7.2 Porous Burner as a Post Process Combustion Medium

Based on the knowledge and experience gained from the above study, a different
porous burner was designed and built which could work at higher equivalence ratios
> 1.0. In the burner, the porous bed consisted of 4 silicon carbide disks stacked on
top of each other to form a 200 mm high porous bed. Each disk was 150 mm in
diameter, had a porosity of ~ 90 % and 10 pores per inch (ppi). The stack was

wrapped with insulation sheets (Kaowool paper -2600 grade) followed by a layer of
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pumpable Kaofil to minimise the radial heat loss to the surrounding. As the porous
burner was working at higher temperatures (especially when close to stoichiometric
conditions), R-type thermocouples were inserted at 25 mm intervals (staggered at
90°). Thermocouples were inserted in the porous bed, measuring the temperature at

the centre of the disks.

In order to avoid any flashback, a heat exchanger was designed and installed
upstream of the porous bed. The heat exchanger consisted of a series of %4 copper
coils arrayed (longitudinally and laterally) in a copper enclosure (150 mm x 150 mm
x 100 mm) with a water inlet and outlet. The heat exchanger was filled with fine
calcined flint clay (less than 2 mm in size) with low thermal conductivity (K = 0.03
Wm™K™) in order to extract as much heat as possible from the flint clay layer,
should the temperature rise and approach auto-ignition temperature. The exhaust gas
was sampled using a suction probe and the samples were analysed using gas

chromatography to reveal the concentration of NO, NOx, CH4, CO and CO:..

Air, fuel and NOx were injected into a mixing chamber upstream of the heat
exchanger using two T-piece fittings. The mixing chamber assured complete mixing

of all the input gases.

7.2.1 NOxreduction in Porous Media

It is known well known from the literature that moderately low temperatures, fuel
rich conditions and sufficiently high residence times are suitable conditions to
achieve reductions of NOx using hydrocarbon fuels. In this study, NOx conversion
(or NOx reduction) is defined as the ratio of the burner outlet NOx concentration to
the burner inlet NOx concentration. The literature has also shown that well-
controlled conditions are essential for achieving these conditions and optimising the
reduction efficiency. These conditions are readily achievable through the use of
porous burners, which can be designed to give a uniform temperature and long

residence time.

The parameters affecting the NOx reduction inside the porous burner were studied
including the equivalence ratio, flow velocity (and hence residence time) and initial

NOX levels in the mixture.
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These findings were also modelled using a PLUG simulator, which is part of the
CHEMKIN package. The GRI-Mech 3.0 chemical kinetics mechanism was used to
represent the gaseous chemical reaction inside the bed while the surface reactions are
incorporated through consideration of the termination of key radicals at the reactor
surfaces. The key radicals for the CHs-H2-O2 system (H2 O, OH, HO2, CHs, and
CH30, are assumed to react to the stable species, according to the irreversible

pseudo-reactions.

The pressure drop across the porous burner was calculated to be less than 250 Pa and

hence atmospheric pressure was assumed for all the calculations.

Both the experiments and the modelling were performed for air flow rates ranging
from 50 slpm to 200 slpm, equivalence ratios of 1.0 to 2.0 and different inlet NO
mole fractions (up to 1800 ppm). CNG was used for the experiments and the same
composition, with minor modifications, of fuel was also used in the numerical

calculations.

To simulate the mixture from an exhaust stream of a typical combustion system,
different amounts of CO, were added to the inlet mixtures to examine their impact on
NOx conversion and flame stability. It was found that under these conditions,
especially low bed temperatures, CO2 was not chemically active and had negligible
impact on the NOXx reduction, other than a minor reduction of the flame temperature
due to dilution effects. Thus, none of the other experiments included CO: in the

mixture.

With such rich mixtures, 1.0 < ¢ < 2.0, the mole fraction of CO in the exhaust was
substantial. Through a simple chamber, mounted on top of the porous burner and
equipped with external air jets, it was possible to show that for such a mixture, with a
temperature of ~1000 K, all the CO emitted from the porous burner can be burned
into COx.

72.1.1  Effects of equivalence ratio on NOx conversion efficiency

For a fixed mixture velocity (or fixed flow rate) and also fixed input NO level, the
equivalence ratio was changed between ¢ = 0.93 and ¢ = 1.9. Both the NOx

concentrations and NOx reductions were measured. Repetitions of the results were
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also examined for other selected flow rates (to be translated to mixture velocities)

such as 50 slpm, 150 slpm and 200 slpm.

7.2.1.2  Effects of Flow Velocity on NOx conversion efficiency

For similar equivalence ratio and fixed input NO, increasing the flow velocity results
in higher flame temperatures and also decreases in the residence time. This directly
affected the NOx conversion efficiency. Increasing the flow velocity was found to
shorten the residence time in a non-linear way. The residence time was found to be

affected by three distinct parameters:

1. Increasing superficial velocity and actual velocity inside the porous bed,;

2. Moving the flame further downstream and hence shortening the time that the

inlet gases are exposed to high temperatures;

3. Increasing the peak temperature and hence further increasing the hot gases
downstream of the flame.

Thus, a series of tests were conducted using a fixed input NO, fixed equivalence ratio
and the flow velocities were changed between 5 cm/sec and 20 cm/sec (or between
50 slpm and 200 slpm). Similar experiments were repeated for different equivalence

ratios and input NO to verify that all cases followed the same trend.

7.2.1.3  Effects of Input NO on NOx conversion efficiency

For a fixed flow velocity and equivalence ratio, the input NO was changed between
20 ml and 100 ml and the NOx concentrations at the porous burner outlet were
measured and, from that, the NOx reductions were deduced. The repeatability of the
results was also examined for other selected flow rates (to be translated to mixture
velocities) such as 50 slpm, 150 slpm and 200 slpm along with equivalence ratios

falling between ¢ =1 and ¢ = 1.9.

7.2.2 TFN Reduction in Porous Burners

Extensive and detailed study of the intermediate radicals and final combustion
products (using modelling techniques) showed that NOx conversion follows different

chemical paths under different conditions. A better measure to indicate the accurate
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conversion of NOx to N2 was found to be the concentration of Total Fixed Nitrogen
(TEN).

The TFN conversion ratio is calculated as: TFN conversion ratio = 1- [TFN] / [NOin]
x 100 where; [TFN] = [NO] + [NO2] + [HCN] + [NH3] + 2 x [N20].

It was concluded that the NOx and TFN conversion profiles exhibit different
behaviours at different equivalence ratios, flow velocities and also input NO levels.

The analysis showed that NO does not necessarily convert to N> for all conditions.

7.2.3 Effect of Surface Reaction on NOx/TFN Reduction

Predictions of NOx conversion efficiency in a porous burner that ignore the effect of
radical loss at the burner surface, disagree with the previous experimental
measurements at equivalence ratios close to stoichiometric and this discrepancy
cannot be accounted for within the uncertainty of the assumed gas-phase rate

constants.

The PLUG simulator from the CHEMKIN 3.6 package was used for the numerical
calculations. PLUG is designed to model the non-dispersive and one-dimensional
chemically reacting ideal gas mixture flowing in a channel of arbitrary geometry.
Kinetic modelling predictions were determined using the GRI-Mech 3.0 chemical
kinetic mechanism. The Sandia thermodynamic database was used to model the
CNG reaction in this study. The Konnov chemical kinetics mechanism was used for

comparison purposes and only for some of the cases.

In a series of extensive numerical calculations, the impact of radical termination at
the surfaces on the kinetic model predictions was examined. These effects were
compared with the experimental measurements of NOx/TFN conversion in the

porous burner.

7.3 Conclusions

The following conclusions can be drawn from the research conducted in this thesis:

1. Flame stabilisation inside a porous burner requires careful consideration of

the way that the fuel and air are fed into the bed and strategies are needed to
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prevent the flame from flashing back, such as a low porosity bed (Pe < 65) or
embedded cooling tubes to extract any heat transferred upstream of the
porous bed. Injecting fuel directly into the bed did not produce the required
mixture uniformity and flame stability needed to stabilize flames close to

blow-off limits.

Premixed compressed natural gas, CNG-air flames, at very low equivalence
ratios, were stabilised inside the porous bed. The relationship between the
volume flow rate of the mixture and the minimum equivalence ratio achieved
was established. It was found that flames with ¢ = 0.35 can stabilise at flow
rates of 96 to 312 slpm or a heat capacity of 2 to 6.2 kW, while flames with ¢
= 0.40 can be sustained up to 618 slpm or 12.3 kW. The maximum
temperature was also above that calculated at equilibrium by ~250 K,
consistent with the super-adiabatic temperatures measured, previously, in
such burners. Flames with rich mixtures were only stable up to ¢ < 2.1 and
low flow rates. As the mixture flow rate increased, the equivalence ratio
required for stable flames decreased. Modelling was conducted using the
PBM and it showed trends consistent with the experimental data. The
difference in maximum flame temperatures between the calculated and
experimental results was observed to be less than 10%. The model also

predicted the extinction limit and preheat region quite effectively.

Premixed liquefied petroleum gas, LPG-air flames, at low equivalence ratios,
were also stabilised in the porous burner. Similar trends and observations
were made for LPG as for CNG, with some minor differences. It was found
that LPG-air flames were stable over a narrower range of flow rates, from 96
to 203 slpm for the same mixture strength of ¢ = 0.35. It is worthy of note
that, as with CNG-air flames, these flames produced very few pollutants, with
the maximum measured NOx and CO mole fractions at the burner exit
recorded to be lower than 2 ppm and 7 ppm, respectively. Also, the maximum
measured temperature at an equivalence ratio of 0.35 was higher than the

equilibrium temperature by 209 K.

The conversion of NOx was assessed in a specially designed porous burner.

A mixture of CNG-air doped with NO was introduced into the burner and the
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effect of the operating parameters on NOx reduction, from the resulting
flames, was assessed. It was found that NOx reduction (conversion) started at
¢ = 0.93 and that the conversion rate increased as a function of the
equivalence ratio, the NO mole fraction and the inlet and total flow rates (or
residence time). Higher flow rates led to an increase in the conversion rates at
higher equivalence ratios, due to shorter residence times and hence the need

for more radicals in the flame.

. A simulated exhaust gas stream, via the addition of CO, to the mixture,
showed very similar results to the mixture without CO2, mostly because CO>
is very stable at these temperatures. The CO emissions, due to the rich
mixtures, were found to be substantial and can easily be burned using an
additional chamber mounted at the end of the porous burner where jets of air

are introduced.

The maximum bed temperature (and hence gas temperature) was found to
play an important role in conversion efficiency. The best conversion was
achieved when the maximum temperature was kept at 1500 K or lower. If
such conditions were achieved, NOx conversions of up to 90% were also
achieved.

. A numerical study using a Plug flow reactor, with a pre-set temperature
profile obtained from the experiments, revealed that different chemical
pathways dominated at different equivalence ratios, which led to the
production of other intermediates and stable radicals, e.g. NHs. Hence instead
of NOx, the Total Fixed Nitrogen (TFN) was investigated, where TFN =
[NO] + [NO2] + [HCN] + [NH3] + 2 x [N20]. The study showed that TFN
reduction followed a similar trend to NOx reduction for moderately fuel-rich
conditions (¢ < 1.2) and opposite trends for higher equivalence ratios. For ¢
> 1.2, most of the NO is converted to N-containing species such as N2O, NH3
and HCN and not to N2. Analysis of the chemical pathways showed that the
formation of nitrogen-containing species in the very rich conditions is due to
the increased importance of the HCNO path, rather than the HNO path. The
latter is the dominant path at low equivalence ratios and leads to the
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formation of N.. The best TFN conversion efficiency of 65% was found at ¢
=1.1, T =1370 K and a flow rate of 106 slpm.

8. The concentration of NO in the initial mixture was also found to affect both
NOx and TFN conversion for ¢ < 1.3. Increasing the NO in the inlet mixture
increased the TFN conversion by up to 20%. For ¢ > 1.3 this effect was

reduced and was negligible after ¢ = 1.7 or higher.

9. The numerical study also revealed that, while the bed is treated as an inert
surface in most studies, the porous bed surface played an important role in
scavenging flame radicals, especially for mixtures close to stoichiometric
conditions. For moderately fuel-rich conditions, (¢ < 1.3), the conversion of
NOx is strongly influenced by the concentration of H radicals. This influence
becomes less important for higher equivalence ratios. A collision probability
of n = 8x10™* was found to represent this effect of radical loss and to help
predict the destruction and production of intermediate terminals with a good

level of accuracy.

10. This study found that NOx reduction using porous burners is technically
feasible and that the resulting CO in the exhaust from the rich mixtures can

be burned outside the porous bed.

7.4 Future Work

This study has resulted in the development of an experimental porous burner and a
numerical model, which provided a good understanding of the mechanisms that
influence NOX/TFN reduction in porous burners. However, more can be done in
order to improve the current setup and also explore further opportunities for this

technology.

Based on the findings of this study, the following future studies are recommended.

7.4.1 Porous Bed Material and Geometry

While there was no direct comparison of porous bed material in this study, two

different materials (Aluminium Oxide beads and Silicon Carbide foams) were used.
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These two porous bed materials exhibited different behaviours regarding the lead-
time for flame stabilisation in the bed and the peak temperature and temperature

gradient along the porous bed.

Furthermore, the study on the surface reaction and the effect of termination and
production of the radicals, suggests that different porous materials (including the
shape. i.e. saddles, beads or foams), porosity and pores per inch (ppi) will behave

differently.

It is also interesting to investigate the effect of the porous bed length on the NOx and
CO levels. Longer porous beds simply lead to a longer residence time, which should
be beneficial for CO reduction with a positive or no effect on NOx reduction. This
was observed numerically and needs further exploration to achieve the optimum

porous bed length.

7.4.2 Effects of actual exhaust gases on TFN conversion

In order to extend the above findings into the real world, experiments need to be
conducted where the exhaust gases from a combustion system are fed into a specially
designed porous burner and the conversion efficiency is measured and modelled.
This study will take into account the effect of other minor species in the exhaust
stream, as well as the presence of water and unburned hydrocarbons. The
experiments will also test the dynamic response of the porous burner to variations in

the exhaust stream composition, due to variations in the operating conditions.
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B. Calculating holes distances in multi-tube fuel

distributor

ok Kk ok ok ok kK ok ok ok ok kK Kk ok ok ok ok Kk k k k ok ok k k k ok ok ok ko k k k ok ok ok ok ok ok k ok ok Kk ok ok ok ok ok ok ok ok ok ok ok ok ok ko k k ok K K K K

‘Calculate optimum distance between tubes and holes for multi-fuel distributor to create uniform concentration of the fuel inside porous bed

ok Kk ok ok ok ok ok k k ok ok ok ok Kk k ok ok ok ok k ok ok ok ok Kk ok k ok ok ok ok ok k ok ok ok ok ok ok ok ok ok ok ok Kk k ok ok ok ok ok k ok ok ok ok Kk ok ok ok ok ok kK K K

'‘Define Assumptions, Constants, Variables

ok ko k ok kK K K K K K K K KKk kK kK kK K K KK K KKk kK kK Kk kKK AR KKKk kK k kAR KAk hkk ok hk ok ok ok k
CLS

CLEAR

DIM x0(100)

DIM y0(100)

Eqconstant = 18

Concentration = 0

ConcentrationMax = 0

ConcentrationMin = 100

DIM TotalConcentration(127, 127)

COLOR4,0,8

INPUT "Please input the MINIMUM Distance you need to scan”; ScanDistance

INPUT "Please input the HORIZONTAL Distance BETWEEN the Holes"; HorHolesDistance
INPUT "Please input the VERTICAL Distance BETWEEN the Holes"; VerHolesDistance
CLS

COLOR 15,0

Bk ok ke k k ok ok ok ok k ok ok ok ok ok k ok ok ok ok ok k ok k ok k Kk k ok ok ok ok ok ok k ok ok ok ok ok ok ok ok k ok k ok ok k ok ok ok ok ok k ok ok ok ok ok ok ok ok ok ok ok kK K K

‘Calculations
N T T TrTrTTTTOTTTITETETETETETTTTTTYTT
FORi=-77 TO 77 STEP ScanDistance
FOR j=-77 TO 77 STEP ScanDistance
Concentration = 0
=i

y=i

'FOR k = -(INT(77 / HorHolesDistance) + 1) * HorHolesDistance TO -(INT(77 / HorHolesDistance) + 1) * HorHolesDistance STEP

HorHolesDistance
FOR k =-80 TO 80 STEP HorHolesDistance
absk = ABS(k)
x0(absk) = k

'FOR | = -(INT(77 / VerHolesDistance) + 1) * VerHolesDistance TO -(INT(77 / VerHolesDistance) + 1) * VerHolesDistance STEP

VerHolesDistance
FOR|=-80 TO 80 STEP 18
absl = ABS(])
yO(absl) =1
Radius = SQR((x - x0(absk)) * 2 + (y - yO(absl)) » 2)
Concentration = Concentration + EXP(-(Radius * 2 / Eqconstant * 2))
NEXT |
NEXT k
absi = ABS(j)
absj = ABS(j)
TotalConcentration(absi, absj) = Concentration
IF absi >= 70 OR absj>= 70 GOTO 10
IF ConcentrationMax < Concentration THEN ConcentrationMax = Concentration: iimax = i: jjmax = j
IF ConcentrationMin > Concentration THEN ConcentrationMin = Concentration: iimin = i: jjmin = j

PRINT "TotalConcentration™; "("; i; ","; j; )"; "="; INT(TotalConcentration(absi, absj) * 1000) / 1000
10 NEXT j
NEXT i
‘Results
PRINT : PRINT "The MAXIMUM Concentration is:"; INT(ConcentrationMax * 10000) / 10000; "and occurs at"; "("; ii ;" jjmax; )"

PRINT "The MINIMUM Concentration is:"; INT(ConcentrationMin * 10000) / 10000; "and occurs at"; “("; iimin; ",
COLOR 14, 2
PRINT : PRINT" WARNING: THE DATA IN POINTS MORE THAN 70 mm FROM THE CENTRE IS IGNORED "
COLOR 15,0
PRINT : PRINT "Maximum Error"; "="; INT((ConcentrationMax / ConcentrationMin - 1) * 1000) / 1000 * 100; "%"
PRINT : INPUT "do you need a GRAPHICAL view of Concentration (1=Yes, Any Key=End)"; YesOrNo
IF YesOrNo =1 GOTO 20 ELSE END
20 SCREEN 12
CLS
FORi=-77 TO 77 STEP ScanDistance
FOR j=-77 TO 77 STEP ScanDistance
absi = ABS(i)
absj = ABS(j)

'IF TotalConcentration(absi, absj) > .5 * ((ConcentrationMax + ConcentrationMin) / 2) THEN LINE (i + 77, j+ 77)-(i+ 77, j+ 77), 2 ELSE LINE (i + 77, j +

-+ 77, ]+ 77), 4
CIRCLE (177, 177), 77, 3

IF TotalConcentration(absi, absj) > .95 * (ConcentrationMax) THEN LINE (i + 177, j + 177)-(i + 177, j + 177), 2 ELSE LINE (i + 177, j + 177)-(i + 177, ) +

177), 4

'LINE (absi, TotalConcentration(absi, absj))-(absi + ScanDistance, TotalConcentration(absi, absj)), 2
NEXT

NEXT

END
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C. Modelling porous burner using PBM

C1 Governing equations

The governing equations for mass, species, and energy conservation are described
next. In these equations, p is the gas density, u is the gas velocity, ¢ is the porosity of
the solid (¢p=1 in the gas region), Yk, Vk , Wk and ax are the mass fraction, diffusive
velocity, molecular weight, and the production rate of the k™ species, respectively. It
should be mentioned here that the porous matrix in this study is inert and does not
contribute chemically to the combustion process. Hence, the governing equations
presented below are not including the surface reaction terms. A comprehensive
description of the governing equations, including the terms for surface chemistry can
be found in Shardlow [133].

C11 Mass continuity equation
m"= pug 7.1
where m" | is the mass flow rate per unit area.

Cl1.2 Gas species conservation equation

dy, . d
pug-- +&(pquVk)=a)k W, ...k =1 kk 7.2

where kk, is the total number of gaseous species.

C1.3 Gas-phase energy equation

dT, g T,
Podx dx| % dx

kk dT kk
pugc —k _j + Zp¢YkaCpg d_Xg+ hv(Tg -T)= _Zwk h W, ¢ 7.3
k=1 k=1

where cpq is the specific heat of the k! gaseous species, Tq , Ts are the gas and solid

temperatures, respectively, hy is the volumetric heat transfer coefficient, h¢ is the
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enthalpy of the k™ species and kqe is the effective thermal conductivity of the gas

(~¢ky).

The production rate term (ax) is calculated using the kinetic mechanism that
describes the chemistry of the fuel. A general form for representing the chemistry of

kk™" chemical species is:

kk . kk )

Zuki/\k @ZukiAk---(izl,...,l) 7.4
k=L k=L

where vyi are the stoichiometric coefficients, ‘I’ is the total number of reactions, and
Ax is the chemical symbol of the k™ species. The superscripts ~ and ™ refer to the
forward and backward stoichiometric coefficients, respectively. Accordingly, the
term for the production rate for the set of chemical reactions described by Equation
7.4, 1s given as:

Wk = 'ZI:Uk{kfilﬁl[xk]UIki _kbiﬁ[xk]uﬁi}'“(k =11---’kk) 7.5

k=1 k=1

where X is the molar concentration of the k™ species, and ks , kni are the forward and
backward rate constants of the it species, respectively. The forward rate constant, ks

is calculated using the Arrhenius temperature dependence formula:
—E
k. =AT"” exp| —= | 7.6
fi A p( RT j

In Equation 7.6 the pre-exponential factor A, the temperature exponent £, and the
activation energy Ei, are specified by the kinetic mechanism. The backward rate

constant ki, is calculated indirectly from the equilibrium rate constant kei:
k,, =—", 7.7
where the equilibrium constants ke; is given by:

(ko) = 3 0 ~UL)AG s~ (0} -0 () 78

169



Appendices

The Gibbs free energy AGxi"~ (normalised by RT, R being the universal gas constant)
is calculated from the changes in the system’s normalised enthalpy AHx" and entropy

ASii”. These terms are correlated in the relationship:
AG ki = AH i —TAS i 7.9

The normalised enthalpy and entropy terms are calculated using the polynomial

formulation:
. N T(n—l) a
AHki:Za"k k . Nk 7.10
) n T,
. a1
AS,, = Z:L+a1k IN(T,) + Ay 7.11
n=2 (n_l)

where the polynomial coefficients, an, are obtainable from a number of databases
[171-173].

C14 Solid-phase energy equation

dl  dT dg
— |k ==+ ~-T)=-11
& e, - 2 -

The terms in Equation 7.12 represent conduction, convection and radiation heat
transfer, respectively. An empirical correlation has been used to determine the

convective heat transfer coefficient h, , for the porous medium.
C.1.5 Heat convection coefficient

As the characteristic pore size or particle diameter is typically in the order of
millimetres and the gas velocity for combustion is restricted within a range limited
by the flame velocity, it turns out that for most porous burners, the Reynolds number
of the flow is well within the laminar region. The Nusselt number within the various
porous solids will be different and very low as well. In the current model of the

packed bed, the Nusselt number has been estimated using the following correlation:

Nu, =0.012 Re*® Pr' 7.13
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where the Nug and Re are the Nusselt number based on the average particle diameter
of the packed bed and Re and Pr are the Reynolds and the Prandtl numbers.

C.2 Radiation model

A two-flux radiation model, also known as the Schuster-Schwarzchild approximation
has been used to calculate the net radiative flux gr, in equation 7.12. The model is
valid for radiative transfer in absorbing, emitting and scattering media. The main
limiting assumption of the model is that the medium properties are such as to yield
homogenous absorbing, emitting and scattering of electromagnetic radiation in a

forward scattering hemisphere and in a backward scattering hemisphere, separately.

The net radiative flux qr, is then calculated as the difference between the forward
radiation flux g*, and the backward radiation flux g7, (qr =q* - q’). These radiative

transfer fluxes are obtained by solving the following equations:

dg*

i 209" + 20,m0,(fq" +bq") + 20, (1- @,)o T 7.14
X
and,
dq7 - - + 4
—-—— =-20,q +20,0,(fq +bq")+20,(1-w,)oT,
dx 7.15

Here wo is the single scattering albedo, which represents the fraction of attenuated
energy that is the result of scattering. For a non-scattering medium wo=0, while for
pure scattering mo =1, ce is the extinction coefficient that represents the fraction of
attenuated energy that is the result of absorption and scattering, and f & b are the
forward- and backward-radiation scattering fractions, respectively and o is the

Stefan-Boltzmann constant.

C.3 Boundary conditions

The boundary conditions required for solving the governing equations consist of user
specified inlet conditions and a set of conditions dictated from energy balance
considerations. At the inlet (x=xin) the gas temperature and the mass fraction of the
reactants are known quantities: Tq=Tgin, Yk=Ykin. The boundary condition at the
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upstream surface of the first porous layer x=xo , is established from the energy
balance equation:

~ -9, S = G- AT, T[4 ()= %] 7.16

where ho, is the convective heat transfer coefficient per unit area and ks, is the
thermal conductivity of the solid. The radiative heat transfer components are

calculated using:
q" (%) =0T + 2,07 (%) 7.17

where T. is the upstream temperature of the environment to which the upstream
boundary of the porous medium is exposed, i.e. the burner housing. yo, is the
reflectivity of the porous medium, and e, is the average emissivity of the burner
surface. g “(xo) in Equation 7.17

is the backward radiation fraction at xo.
The boundary condition at the downstream surface of the burner (x=x.1):

4 (%) = 0T + 2,07 (%) 7.18

and

q (x,) :30_T+4+Zoq+(XL2) 7.1

T+ being the downstream temperature of the environment to which the downstream

boundary of the porous medium is exposed i.e. the ambient temperature.
At the outlet x=xout, the boundary conditions are:

dTy/dx = 0 and dYw/dx = 0. These conditions imply that the process is adiabatic and

the chemical reactions are completed.

C4 Numerical solver

The method for solving Equations

7.1 to 7.19 is to discretise the conservation equations
establishing a set of simultaneous algebraic equations that are applied on discrete
mesh points within a predetermined computational domain. The core solver is based
on Sandia’s PREMIX module [132], and makes use of the well-known CHEMKIN
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package [132, 146-148]. It uses a combined time-dependent and steady state method.
That is, a modified damped Newton method is initially used to solve the non-linear
algebraic equations by an iterative process. If the Newton method fails to achieve the
required level of convergence, then a time-stepping algorithm is used. The idea is to
determine the steady-state solution by solving the transient equations. For each of the
conservation equations (mass, species, etc.), an additional time-dependent
component is added. For example, an extra term dY/dt is added in the left-hand side
of Equation 7.2. The combination of Newton and time-stepping methods utilises the
advantage of the rapid convergence of Newton’s method, and the robustness of the

time-stepping algorithm for handling the stiffness problem.

An adaptive meshing placement is a powerful tool to alleviate convergence
difficulties and reduce the user intervention in influencing the convergence of the
solution. The iterative process commences with a coarse mesh, which is easy to
converge and provides an improved guess over that specified by the user. The
refinement of the mesh is then done automatically, allowing more mesh points to be
inserted in regions with high gradients and/or curvatures in the concentration
profiles. The gradient (GRAD) and curvature (CURV) parameters have a strong
effect on the convergence rate (but not on the solution’s accuracy). The parameter
GRAD determines the number of additional mesh point to be inserted in regions with
high gradients of concentrations, while CURV controls the number of additional
points to be added in regions with high curvature in the concentration profiles. Lower
numbers for GRAD and CURV mean more mesh points will be inserted each time
the adaptive mesh routine is called. The default values for GRAD and CURYV are 0.1
and 0.5, respectively. However, it has been found that in some cases a GRAD value
of 0.1 could be too restrictive for achieving a fully converged solution. This is
especially true near a flame front where sharp changes in the radicals’ concentration
create large gradients and curvatures in the concentration profiles of radical species.
Furthermore, inserting more mesh points does not necessarily improve the accuracy
of the solution, but it definitely demands more computing resources. Since the
Newton algorithm is more likely to converge on a coarse mesh, the strategy used was
to start the computations with a coarse grid and relax the GRAD parameter, to say
0.8. Once a solution has been achieved, the value of GRAD is then reduced and the

computations are repeated, restarting from the previously converged solution. This
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cycle is continued until the required accuracy is achieved. Typically, GRAD and
CURV values of 0.3 and 0.5, respectively, have been used.

Convergence of the solution is achieved when the residuals of the discretised
conservation equations for mass and energy are reduced to a pre-selected tolerance
and when the mesh is sufficiently refined to meet specified gradient and curvature
criteria of the solution profiles. Details of the numerical schemes, the adaptive mesh

algorithm and convergence criteria can be found in Refs [132, 146-148].
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D. Appendix C: Modified GRI-Mech 3.0 Chemical

Kinetic Mechanism Used in Surface Reaction

Calculations

! GRI-Mech Version 3.0 3/12/99 CHEMKIN-II format
| See README3QO file at anonymous FTP site unix.sri.com, directory gri;
! WorldwideWeb home page http://www.me.berkeley.edu/gri_mech/ or
! through http://www.gri.org , under 'Basic Research’,
! for additional information, contacts, and disclaimer
ELEMENTS
OHCNAR
END
SPECIES
H2 H O 02 OH H20 HO2 H202
Cc CH CH2 CH2(S) CH3 CH4 CO CO2
HCO CH20 CH20H CH30O CH30H C2H C2H2 C2H3
C2H4 C2H5 C2H6 HCCO CH2CO HCCOH N NH
NH2 NH3 NNH NO NO2 N2O HNO CN
HCN H2CN HCNN HCNO HOCN HNCO NCO N2
AR C3H7 C3H8 CH2CHO CH3CHO HW OW OHW
CH3_W CH30_W
END
THERMO ALL
300.000 1000.000 5000.000
(¢] L1/900 1 00 00 00G 200.000 3500.000 1000.000 1
2.56942078E+00-8.59741137E-05 4.19484589E-08-1.00177799E-11 1.22833691E-15 2
2.92175791E+04 4.78433864E+00 3.16826710E+00-3.27931884E-03 6.64306396E-06 3
-6.12806624E-09 2.11265971E-12 2.91222592E+04 2.05193346E+00 4
o_wW L1/900 1 00 00 00G 200.000 3500.000 1000.000 1
2.56942078E+00-8.59741137E-05 4.19484589E-08-1.00177799E-11 1.22833691E-15 2
2.92175791E+04 4.78433864E+00 3.16826710E+00-3.27931884E-03 6.64306396E-06 3
-6.12806624E-09 2.11265971E-12 2.91222592E+04 2.05193346E+00 4
02 TPIS890 2 00 00 00G 200.000 3500.000 1000.000 1
3.28253784E+00 1.48308754E-03-7.57966669E-07 2.09470555E-10-2.16717794E-14 2
-1.08845772E+03 5.45323129E+00 3.78245636E+00-2.99673416E-03 9.84730201E-06 3
-9.68129509E-09 3.24372837E-12-1.06394356E+03 3.65767573E+00 4
H L7/88H 1 00 00 00G 200.000 3500.000 1000.000 1
2.50000001E+00-2.30842973E-11 1.61561948E-14-4.73515235E-18 4.98197357E-22 2
2.54736599E+04-4.46682914E-01 2.50000000E+00 7.05332819E-13-1.99591964E-15 3
2.30081632E-18-9.27732332E-22 2.54736599E+04-4.46682853E-01 4
H_W L7/88H 1 00 00 00G 200.000 3500.000 1000.000 1
2.50000001E+00-2.30842973E-11 1.61561948E-14-4.73515235E-18 4.98197357E-22 2
2.54736599E+04-4.46682914E-01 2.50000000E+00 7.05332819E-13-1.99591964E-15
2.30081632E-18-9.27732332E-22 2.54736599E+04-4.46682853E-01 4
H2 TPIS78H 2 00 00 00G 200.000 3500.000 1000.000 1
3.33727920E+00-4.94024731E-05 4.99456778E-07-1.79566394E-10 2.00255376E-14
-9.50158922E+02-3.20502331E+00 2.34433112E+00 7.98052075E-03-1.94781510E-05 3
2.01572094E-08-7.37611761E-12-9.17935173E+02 6.83010238E-01 4
OH RUS780 1H 1 00 00G 200.000 3500.000 1000.000 1
3.09288767E+00 5.48429716E-04 1.26505228E-07-8.79461556E-11 1.17412376E-14
3.85865700E+03 4.47669610E+00 3.99201543E+00-2.40131752E-03 4.61793841E-06
-3.88113333E-09 1.36411470E-12 3.61508056E+03-1.03925458E-01 4
OH_W RUS 780 1H 1 00 00G 200.000 3500.000 1000.000 1
3.09288767E+00 5.48429716E-04 1.26505228E-07-8.79461556E-11 1.17412376E-14
3.85865700E+03 4.47669610E+00 3.99201543E+00-2.40131752E-03 4.61793841E-06
-3.88113333E-09 1.36411470E-12 3.61508056E+03-1.03925458E-01 4
H20 L8/89H 20 1 00 00G 200.000 3500.000 1000.000 1
3.03399249E+00 2.17691804E-03-1.64072518E-07-9.70419870E-11 1.68200992E-14
-3.00042971E+04 4.96677010E+00 4.19864056E+00-2.03643410E-03 6.52040211E-06 3
-5.48797062E-09 1.77197817E-12-3.02937267E+04-8.49032208E-01 4
HO2 L5/89H 10 2 00 00G 200.000 3500.000 1000.000 1
4.01721090E+00 2.23982013E-03-6.33658150E-07 1.14246370E-10-1.07908535E-14
1.11856713E+02 3.78510215E+00 4.30179801E+00-4.74912051E-03 2.11582891E-05
-2.42763894E-08 9.29225124E-12 2.94808040E+02 3.71666245E+00 4
HO2_W L5/89H 10 2 00 00G 200.000 3500.000 1000.000 1
4.01721090E+00 2.23982013E-03-6.33658150E-07 1.14246370E-10-1.07908535E-14
1.11856713E+02 3.78510215E+00 4.30179801E+00-4.74912051E-03 2.11582891E-05
-2.42763894E-08 9.29225124E-12 2.94808040E+02 3.71666245E+00 4
H202 L7/88H 20 2 00 00G 200.000 3500.000 1000.000 1
4.16500285E+00 4.90831694E-03-1.90139225E-06 3.71185986E-10-2.87908305E-14
-1.78617877E+04 2.91615662E+00 4.27611269E+00-5.42822417E-04 1.67335701E-05 3
-2.15770813E-08 8.62454363E-12-1.77025821E+04 3.43505074E+00 4
C L11/88C 1 00 00 00G 200.000 3500.000 1000.000 1
2.49266888E+00 4.79889284E-05-7.24335020E-08 3.74291029E-11-4.87277893E-15
8.54512953E+04 4.80150373E+00 2.55423955E+00-3.21537724E-04 7.33792245E-07
-7.32234889E-10 2.66521446E-13 8.54438832E+04 4.53130848E+00 4
CH TPIS79C 1H 1 00 00G 200.000 3500.000 1000.000 1
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2.87846473E+00 9.70913681E-04 1.44445655E-07-1.30687849E-10 1.76079383E-14 2

7.10124364E+04 5.48497999E+00 3.48981665E+00 3.23835541E-04-1.68899065E-06 3

3.16217327E-09-1.40609067E-12 7.07972934E+04 2.08401108E+00 4
CH2 LS/93C 1H 2 00 00G 200.000 3500.000 1000.000 1
2.87410113E+00 3.65639292E-03-1.40894597E-06 2.60179549E-10-1.87727567E-14 2

4.62636040E+04 6.17119324E+00 3.76267867E+00 9.68872143E-04 2.79489841E-06 3

-3.85091153E-09 1.68741719E-12 4.60040401E+04 1.56253185E+00 4
CH2(S) LS/93C 1H 2 00 00G 200.000 3500.000 1000.000 1
2.29203842E+00 4.65588637E-03-2.01191947E-06 4.17906000E-10-3.39716365E-14 2

5.09259997E+04 8.62650169E+00 4.19860411E+00-2.36661419E-03 8.23296220E-06 3

-6.68815981E-09 1.94314737E-12 5.04968163E+04-7.69118967E-01 4
CH3 L11/89C 1H 3 00 00G 200.000 3500.000 1000.000 1
2.28571772E+00 7.23990037E-03-2.98714348E-06 5.95684644E-10-4.67154394E-14 2

1.67755843E+04 8.48007179E+00 3.67359040E+00 2.01095175E-03 5.73021856E-06 3

-6.87117425E-09 2.54385734E-12 1.64449988E+04 1.60456433E+00 4
CH3_W L11/89C 1H 3 00 00G 200.000 3500.000 1000.000 1
2.28571772E+00 7.23990037E-03-2.98714348E-06 5.95684644E-10-4.67154394E-14 2

1.67755843E+04 8.48007179E+00 3.67359040E+00 2.01095175E-03 5.73021856E-06 3

-6.87117425E-09 2.54385734E-12 1.64449988E+04 1.60456433E+00 4
CH4 L8/88C 1H 4 00 00G 200.000 3500.000 1000.000 1
7.48514950E-02 1.33909467E-02-5.73285809E-06 1.22292535E-09-1.01815230E-13 2
-9.46834459E+03 1.84373180E+01 5.14987613E+00-1.36709788E-02 4.91800599E-05 3
-4.84743026E-08 1.66693956E-11-1.02466476E+04-4.64130376E+00 4
Cco TPIS79C 10 1 00 00G 200.000 3500.000 1000.000 1
2.71518561E+00 2.06252743E-03-9.98825771E-07 2.30053008E-10-2.03647716E-14 2
-1.41518724E+04 7.81868772E+00 3.57953347E+00-6.10353680E-04 1.01681433E-06 3
9.07005884E-10-9.04424499E-13-1.43440860E+04 3.50840928E+00 4
CO2 L7/88C 10 2 00 00G 200.000 3500.000 1000.000 1
3.85746029E+00 4.41437026E-03-2.21481404E-06 5.23490188E-10-4.72084164E-14 2
-4.87591660E+04 2.27163806E+00 2.35677352E+00 8.98459677E-03-7.12356269E-06 3
2.45919022E-09-1.43699548E-13-4.83719697E+04 9.90105222E+00 4
HCO L12/89H 1C 10 1 00G 200.000 3500.000 1000.000 1
2.77217438E+00 4.95695526E-03-2.48445613E-06 5.89161778E-10-5.33508711E-14 2

4.01191815E+03 9.79834492E+00 4.22118584E+00-3.24392532E-03 1.37799446E-05 3

-1.33144093E-08 4.33768865E-12 3.83956496E+03 3.39437243E+00 4
CH20 L8/88H 2C 10 1 00G 200.000 3500.000 1000.000 1

1.76069008E+00 9.20000082E-03-4.42258813E-06 1.00641212E-09-8.83855640E-14 2
-1.39958323E+04 1.36563230E+01 4.79372315E+00-9.90833369E-03 3.73220008E-05 3
-3.79285261E-08 1.31772652E-11-1.43089567E+04 6.02812900E-01 4
CH20H GUNL93C 1H 30 1 00G 200.000 3500.000 1000.000 1

3.69266569E+00 8.64576797E-03-3.75101120E-06 7.87234636E-10-6.48554201E-14 2
-3.24250627E+03 5.81043215E+00 3.86388918E+00 5.59672304E-03 5.93271791E-06 3
-1.04532012E-08 4.36967278E-12-3.19391367E+03 5.47302243E+00 4
CH30 121686C 1H 30 1 G 0300.00 3000.00 1000.000 1

0.03770799E+02 0.07871497E-01-0.02656384E-04 0.03944431E-08-0.02112616E-12 2

0.12783252E+03 0.02929575E+02 0.02106204E+02 0.07216595E-01 0.05338472E-04 3

-0.07377636E-07 0.02075610E-10 0.09786011E+04 0.13152177E+02 4
CH30_W 121686C 1H 30 1 G 0300.00 3000.00 1000.000 1
0.03770799E+02 0.07871497E-01-0.02656384E-04 0.03944431E-08-0.02112616E-12 2

0.12783252E+03 0.02929575E+02 0.02106204E+02 0.07216595E-01 0.05338472E-04 3

-0.07377636E-07 0.02075610E-10 0.09786011E+04 0.13152177E+02 4
CH30H L8/88C 1H 40 1 00G 200.000 3500.000 1000.000 1

1.78970791E+00 1.40938292E-02-6.36500835E-06 1.38171085E-09-1.17060220E-13 2
-2.53748747E+04 1.45023623E+01 5.71539582E+00-1.52309129E-02 6.52441155E-05 3
-7.10806889E-08 2.61352698E-11-2.56427656E+04-1.50409823E+00 4
C2H L1/91C 2H 1 00 00G 200.000 3500.000 1000.000 1

3.16780652E+00 4.75221902E-03-1.83787077E-06 3.04190252E-10-1.77232770E-14 2

6.71210650E+04 6.63589475E+00 2.88965733E+00 1.34099611E-02-2.84769501E-05 3

2.94791045E-08-1.09331511E-11 6.68393932E+04 6.22296438E+00 4
C2H2 L1/91C 2H 2 00 00G 200.000 3500.000 1000.000 1
4.14756964E+00 5.96166664E-03-2.37294852E-06 4.67412171E-10-3.61235213E-14 2

2.59359992E+04-1.23028121E+00 8.08681094E-01 2.33615629E-02-3.55171815E-05 3

2.80152437E-08-8.50072974E-12 2.64289807E+04 1.39397051E+01 4
C2H3 L2/92C 2H 3 00 00G 200.000 3500.000 1000.000 1
3.01672400E+00 1.03302292E-02-4.68082349E-06 1.01763288E-09-8.62607041E-14 2

3.46128739E+04 7.78732378E+00 3.21246645E+00 1.51479162E-03 2.59209412E-05 3

-3.57657847E-08 1.47150873E-11 3.48598468E+04 8.51054025E+00 4
C2H4 L1/91C 2H 4 00 00G 200.000 3500.000 1000.000 1
2.03611116E+00 1.46454151E-02-6.71077915E-06 1.47222923E-09-1.25706061E-13 2

4.93988614E+03 1.03053693E+01 3.95920148E+00-7.57052247E-03 5.70990292E-05 3

-6.91588753E-08 2.69884373E-11 5.08977593E+03 4.09733096E+00 4
C2H5 L12/92C 2H 5 00 00G 200.000 3500.000 1000.000 1
1.95465642E+00 1.73972722E-02-7.98206668E-06 1.75217689E-09-1.49641576E-13 2

1.28575200E+04 1.34624343E+01 4.30646568E+00-4.18658892E-03 4.97142807E-05 3

-5.99126606E-08 2.30509004E-11 1.28416265E+04 4.70720924E+00 4
C2H6 L8/88C 2H 6 00 00G 200.000 3500.000 1000.000 1
1.07188150E+00 2.16852677E-02-1.00256067E-05 2.21412001E-09-1.90002890E-13 2
-1.14263932E+04 1.51156107E+01 4.29142492E+00-5.50154270E-03 5.99438288E-05 3
-7.08466285E-08 2.68685771E-11-1.15222055E+04 2.66682316E+00 4
CH2CO L5/90C 2H 20 1 00G 200.000 3500.000 1000.000 1
4.51129732E+00 9.00359745E-03-4.16939635E-06 9.23345882E-10-7.94838201E-14 2
-7.55105311E+03 6.32247205E-01 2.13583630E+00 1.81188721E-02-1.73947474E-05 3
9.34397568E-09-2.01457615E-12-7.04291804E+03 1.22156480E+01 4
HCCO SRIC91IH 1C 20 1 G 0300.00 4000.00 1000.000 1
0.56282058E+01 0.40853401E-02-0.15934547E-05 0.28626052E-09-0.19407832E-13 2

0.19327215E+05-0.39302595E+01 0.22517214E+01 0.17655021E-01-0.23729101E-04 3

0.17275759E-07-0.50664811E-11 0.20059449E+05 0.12490417E+02 4
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HCCOH SRI91C 20 1H 20 0G 300.000 5000.000 1000.000 1
0.59238291E+01 0.67923600E-02-0.25658564E-05 0.44987841E-09-0.29940101E-13 2
0.72646260E+04-0.76017742E+01 0.12423733E+01 0.31072201E-01-0.50866864E-04 3
0.43137131E-07-0.14014594E-10 0.80316143E+04 0.13874319E+02 4
H2CN 41687H 2C 1IN 1 G 0300.00 4000.000 1000.000 1
0.52097030E+01 0.29692911E-02-0.28555891E-06-0.16355500E-09 0.30432589E-13 2
0.27677109E+05-0.44444780E+01 0.28516610E+01 0.56952331E-02 0.10711400E-05 3
-0.16226120E-08-0.23511081E-12 0.28637820E+05 0.89927511E+01 4
HCN GRI/98H 1C 1IN 1 0G 200.000 6000.000 1000.000 1
0.38022392E+01 0.31464228E-02-0.10632185E-05 0.16619757E-09-0.97997570E-14 2
0.14407292E+05 0.15754601E+01 0.22589886E+01 0.10051170E-01-0.13351763E-04 3
0.10092349E-07-0.30089028E-11 0.14712633E+05 0.89164419E+01 4
HNO And93H 1IN 10 1 0G 200.000 6000.000 1000.000 1
0.29792509E+01 0.34944059E-02-0.78549778E-06 0.57479594E-10-0.19335916E-15 2
0.11750582E+05 0.86063728E+01 0.45334916E+01-0.56696171E-02 0.18473207E-04 3
-0.17137094E-07 0.55454573E-11 0.11548297E+05 0.17498417E+01 4
N L6/88N 1 0 0 O0G 200.000 6000.000 1000.000 1
0.24159429E+01 0.17489065E-03-0.11902369E-06 0.30226245E-10-0.20360982E-14 2
0.56133773E+05 0.46496096E+01 0.25000000E+01 0.00000000E+00 0.00000000E+00 3
0.00000000E+00 0.00000000E+00 0.56104637E+05 0.41939087E+01 4
NNH TO7/93N 2H 1 00 00G 200.000 6000.000 1000.000 1
0.37667544E+01 0.28915082E-02-0.10416620E-05 0.16842594E-09-0.10091896E-13 2
0.28650697E+05 0.44705067E+01 0.43446927E+01-0.48497072E-02 0.20059459E-04 3
-0.21726464E-07 0.79469539E-11 0.28791973E+05 0.29779410E+01 4
N20 L7/88N 20 1 0 0G 200.000 6000.000 1000.000 1
0.48230729E+01 0.26270251E-02-0.95850874E-06 0.16000712E-09-0.97752303E-14 2
0.80734048E+04-0.22017207E+01 0.22571502E+01 0.11304728E-01-0.13671319E-04 3
0.96819806E-08-0.29307182E-11 0.87417744E+04 0.10757992E+02 4
NH And94N 1H 1 0 O0G 200.000 6000.000 1000.000 1
0.27836928E+01 0.13298430E-02-0.42478047E-06 0.78348501E-10-0.55044470E-14 2
0.42120848E+05 0.57407799E+01 0.34929085E+01 0.31179198E-03-0.14890484E-05 3
0.24816442E-08-0.10356967E-11 0.41880629E+05 0.18483278E+01 4
NH2 And89N 1H 2 0 0G 200.000 6000.000 1000.000 1
0.28347421E+01 0.32073082E-02-0.93390804E-06 0.13702953E-09-0.79206144E-14 2
0.22171957E+05 0.65204163E+01 0.42040029E+01-0.21061385E-02 0.71068348E-05 3
-0.56115197E-08 0.16440717E-11 0.21885910E+05-0.14184248E+00 4
NH3 J6/77N 1H 3 0 0G 200.000 6000.000 1000.000 1
0.26344521E+01 0.56662560E-02-0.17278676E-05 0.23867161E-09-0.12578786E-13 2
-0.65446958E+04 0.65662928E+01 0.42860274E+01-0.46605230E-02 0.21718513E-04 3
-0.22808887E-07 0.82638046E-11-0.67417285E+04-0.62537277E+00 4
NO RUS78N 10 1 0 O0G 200.000 6000.000 1000.000 1
0.32606056E+01 0.11911043E-02-0.42917048E-06 0.69457669E-10-0.40336099E-14 2
0.99209746E+04 0.63693027E+01 0.42184763E+01-0.46389760E-02 0.11041022E-04 3
-0.93361354E-08 0.28035770E-11 0.98446230E+04 0.22808464E+01 4
NO2 L7/88N 10 2 0 0G 200.000 6000.000 1000.000 1
0.48847542E+01 0.21723956E-02-0.82806906E-06 0.15747510E-09-0.10510895E-13 2
0.23164983E+04-0.11741695E+00 0.39440312E+01-0.15854290E-02 0.16657812E-04 3
-0.20475426E-07 0.78350564E-11 0.28966179E+04 0.63119917E+01 4
HCNO BDEA94H 1N 1C 10 1G 300.000 5000.000 1382.000 1
6.59860456E+00 3.02778626E-03-1.07704346E-06 1.71666528E-10-1.01439391E-14 2
1.79661339E+04-1.03306599E+01 2.64727989E+00 1.27505342E-02-1.04794236E-05 3
4.41432836E-09-7.57521466E-13 1.92990252E+04 1.07332972E+01 4
HOCN BDEA94H 1N 1C 10 1G 300.000 5000.000 1368.000 1
5.89784885E+00 3.16789393E-03-1.11801064E-06 1.77243144E-10-1.04339177E-14 2
-3.70653331E+03-6.18167825E+00 3.78604952E+00 6.88667922E-03-3.21487864E-06 3
5.17195767E-10 1.19360788E-14-2.82698400E+03 5.63292162E+00 4
HNCO BDEA94H 1IN 1C 10 1G 300.000 5000.000 1478.000 1
6.22395134E+00 3.17864004E-03-1.09378755E-06 1.70735163E-10-9.95021955E-15 2
-1.66599344E+04-8.38224741E+00 3.63096317E+00 7.30282357E-03-2.28050003E-06 3
-6.61271298E-10 3.62235752E-13-1.55873636E+04 6.19457727E+00 4
NCO EA93N 1C 10 1 0G 200.000 6000.000 1000.000 1
0.51521845E+01 0.23051761E-02-0.88033153E-06 0.14789098E-09-0.90977996E-14 2
0.14004123E+05-0.25442660E+01 0.28269308E+01 0.88051688E-02-0.83866134E-05 3
0.48016964E-08-0.13313595E-11 0.14682477E+05 0.95504646E+01 4
CN HBH92C 1IN 1 0 0G 200.000 6000.000 1000.000 1
0.37459805E+01 0.43450775E-04 0.29705984E-06-0.68651806E-10 0.44134173E-14 2
0.51536188E+05 0.27867601E+01 0.36129351E+01-0.95551327E-03 0.21442977E-05 3
-0.31516323E-09-0.46430356E-12 0.51708340E+05 0.39804995E+01 4
HCNN SRI/94C 1IN 2H 10 0G 300.000 5000.000 1000.000 1
0.58946362E+01 0.39895959E-02-0.15982380E-05 0.29249395E-09-0.20094686E-13 2
0.53452941E+05-0.51030502E+01 0.25243194E+01 0.15960619E-01-0.18816354E-04 3
0.12125540E-07-0.32357378E-11 0.54261984E+05 0.11675870E+02 4
N2 121286N 2 G 300.000 5000.000 1000.000 1
0.02926640E+02 0.14879768E-02-0.05684760E-05 0.10097038E-09-0.06753351E-13 2
-0.09227977E+04 0.05980528E+02 0.03298677E+02 0.14082404E-02-0.03963222E-04 3
0.05641515E-07-0.02444854E-10-0.10208999E+04 0.03950372E+02 4
AR 120186AR 1 G 300.000 5000.000 1000.000 1
0.02500000E+02 0.00000000E+00 0.00000000E+00 0.00000000E+00 0.00000000E+00 2
-0.07453750E+04 0.04366000E+02 0.02500000E+02 0.00000000E+00 0.00000000E+00 3
0.00000000E+00 0.00000000E+00-0.07453750E+04 0.04366000E+02 4
C3Hs L4/85C 3H 8 0 0G 300.000 5000.000 1000.00 1
0.75341368E+01 0.18872239E-01-0.62718491E-05 0.91475649E-09-0.47838069E-13 2
-0.16467516E+05-0.17892349E+02 0.93355381E+00 0.26424579E-01 0.61059727E-05 3
-0.21977499E-07 0.95149253E-11-0.13958520E+05 0.19201691E+02 4
C3H7 L9/84C 3H 7 0 0G 300.000 5000.000 1000.00 1
0.77026987E+01 0.16044203E-01-0.52833220E-05 0.76298590E-09-0.39392284E-13 2
0.82984336E+04-0.15480180E+02 0.10515518E+01 0.25991980E-01 0.23800540E-05 3
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-0.19609569E-07 0.93732470E-11 0.10631863E+05 0.21122559E+02 4
CH3CHO L8/88C 2H 40 1 0G 200.000 6000.000 1000.00 1
0.54041108E+01 0.11723059E-01-0.42263137E-05 0.68372451E-09-0.40984863E-13 2
-0.22593122E+05-0.34807917E+01 0.47294595E+01-0.31932858E-02 0.47534921E-04 3
-0.57458611E-07 0.21931112E-10-0.21572878E+05 0.41030159E+01 4
CH2CHO SAND860O 1H 3C 2 G 300.00 5000.00 1000.00 1
0.05975670E+02 0.08130591E-01-0.02743624E-04 0.04070304E-08-0.02176017E-12 2
0.04903218E+04-0.05045251E+02 0.03409062E+02 0.10738574E-01 0.01891492E-04 3

-0.07158583E-07 0.02867385E-10 0.15214766E+04 0.09558290E+02 4
END

REACTIONS

20+M<=>02+M 1.200E+17 -1.000 .00
H2/ 2.40/ H20/15.40/ CH4/ 2.00/ CO/ 1.75/ CO2/ 3.60/ C2H6/ 3.00/ AR/ .83/
O+H+M<=>0H+M 5.000E+17 -1.000 .00
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ CO2/2.00/ C2H6/3.00/ AR/ .70/
O+H2<=>H+OH 3.870E+04 2.700 6260.00
0+HO2<=>0H+02 2.000E+13 000 .00
0+H202<=>0H+HO02 9.630E+06 2.000 4000.00
O+CH<=>H+CO 5.700E+13 .000 .00
0+CH2<=>H+HCO 8.000E+13 000 .00
0+CH2(S)<=>H2+CO 1.500E+13 .000 .00
O+CH2(S)<=>H+HCO 1.500E+13 .000 .00
O+CH3<=>H+CH20 5.060E+13 .000 .00
O+CH4<=>0H+CH3 1.020E+09 1.500 8600.00
0+CO(+M)<=>CO2(+M) 1.800E+10 .000 2385.00

LOW/ 6.020E+14 .000 3000.00/
H2/2.00/ 02/6.00/ H20/6.00/ CH4/2.00/ CO/1.50/ CO2/3.50/ C2H6/3.00/ AR/ .50/

O+HCO<=>0H+CO 3.000E+13 000 .00
O+HCO<=>H+CO2 3.000E+13 000 .00
O+CH20<=>0H+HCO 3.900E+13 .000 3540.00
O+CH20H<=>0H+CH20 1.000E+13 .000 .00
O+CH30<=>0H+CH20 1.000E+13 .000 .00
O+CH30H<=>0H+CH20H 3.880E+05 2.500 3100.00
O+CH30H<=>0H+CH30 1.300E+05 2.500 5000.00
O+C2H<=>CH+CO 5.000E+13 .000 .00
O+C2H2<=>H+HCCO 1.350E+07 2.000 1900.00
0+C2H2<=>0H+C2H 4.600E+19 -1.410 28950.00
0+C2H2<=>CO+CH2 \940E+06 2.000 1900.00
O+C2H3<=>H+CH2CO 3.000E+13 000 .00
0+C2H4<=>CH3+HCO 1.250E+07 1.830 220.00
0+C2H5<=>CH3+CH20 2.240E+13 000 .00
O+C2H6<=>0H+C2H5 8.980E+07 1.920 5690.00
O+HCCO<=>H+2CO 1.000E+14 000 .00
O+CH2CO<=>0H+HCCO 1.000E+13 .000 8000.00
O+CH2C0<=>CH2+C02 1.750E+12 .000 1350.00
02+C0<=>0+C02 2.500E+12 .000 47800.00
02+CH20<=>H02+HCO 1.000E+14 000 40000.00
H+02+M<=>HO2+M 2.800E+18 -860 .00

02/ .00/ H20/ .00/ CO/ .75/ CO2/1.50/ C2H6/1.50/ N2/ .00/ AR/ .00/

H+202<=>H02+02 2.080E+19 -1.240 .00
H+02+H20<=>H02+H20 11.26E+18 -760 .00
H+02+N2<=>HO2+N2 2.600E+19 -1.240 .00
H+02+AR<=>HO2+AR 7.000E+17 -800 .00
H+02<=>0+OH 2.650E+16 -.6707 17041.00
2H+M<=>H2+M 1.000E+18 -1.000 .00

H2/ .00/ H20/ .00/ CH4/2.00/ CO2/ .00/ C2H6/3.00/ AR/ .63/

2H+H2<=>2H2 9.000E+16 -600 .00
2H+H20<=>H2+H20 6.000E+19 -1.250 .00
2H+CO2<=>H2+CO2 5.500E+20 -2.000 .00
H+OH+M<=>H20+M 2.200E+22 -2.000 .00

H2/ .73/ H20/3.65/ CH4/2.00/ C2H6/3.00/ AR/ .38/

H+HO2<=>0+H20 3.970E+12 .000 671.00
H+HO2<=>02+H2 4.480E+13 .000 1068.00
H+HO2<=>20H 0.840E+14 .000 635.00
H+H202<=>HO2+H2 1.210E+07 2.000 5200.00
H+H202<=>0H+H20 1.000E+13 .000 3600.00
H+CH<=>C+H2 1.650E+14 000 .00
H+CH2(+M)<=>CH3(+M) 6.000E+14 000 .00

LOW / 1.040E+26 -2.760 1600.00/
TROE/ .5620 91.00 5836.00 8552.00/
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ CO2/2.00/ C2H6/3.00/ AR/ .70/
H+CH2(S)<=>CH+H2 3.000E+13 000 .00
H+CH3(+M)<=>CH4(+M) 13.90E+15 -534 536.00
LOW / 2.620E+33 -4.760 2440.00/
TROE/ .7830 74.00 2941.00 6964.00 /
H2/2.00/ H20/6.00/ CH4/3.00/ CO/1.50/ CO2/2.00/ C2H6/3.00/ AR/ .70/
H+CH4<=>CH3+H2 6.600E+08 1.620 10840.00
H+HCO(+M)<=>CH20(+M) 1.090E+12 480 -260.00
LOW / 2.470E+24 -2.570 425.00/
TROE/ .7824 271.00 2755.00 6570.00 /
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ CO2/2.00/ C2H6/3.00/ AR/ .70/
H+HCO<=>H2+CO 7.340E+13 000 .00
H+CH20(+M)<=>CH20H(+M) 5.400E+11 454 3600.00
LOW / 1.270E+32 -4.820 6530.00/
TROE/ .7187 103.00 1291.00 4160.00 /
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ CO2/2.00/ C2H6/3.00/
H+CH20(+M)<=>CH30(+M) 5.400E+11 454 2600.00
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LOW / 2.200E+30 -4.800 5560.00/
TROE/ .7580 94.00 1555.00 4200.00/
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ CO2/2.00/ C2H6/3.00/

H+CH20<=>HCO+H2 5.740E+07 1.900 2742.00
H+CH20H(+M)<=>CH30H(+M) 1.055E+12 500
LOW / 4.360E+31 -4.650 5080.00/
TROE/ .600 100.00 90000.0 10000.0 /
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ CO2/2.00/ C2H6/3.00/
H+CH20H<=>H2+CH20 2.000E+13 000 .00
H+CH20H<=>0H+CH3 1.650E+11 650 -284.00
H+CH20H<=>CH2(S)+H20 3.280E+13 -.090
H+CH30(+M)<=>CH30H(+M) 2430E+12 515

LOW / 4.660E+41 -7.440 14080.0/
TROE/ .700 100.00 90000.0 10000.00 /
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ CO2/2.00/ C2H6/3.00/

H+CH30<=>H+CH20H 4.150E+07 1.630 1924.00
H+CH30<=>H2+CH20 2.000E+13 000 .00
H+CH30<=>0H+CH3 1.500E+12 500 -110.00
H+CH30<=>CH2(S)+H20 2.620E+14 -230 1070.00
H+CH30H<=>CH20H+H2 1.700E+07 2.100
H+CH30H<=>CH30+H2 4.200E+06 2.100 4870.00
H+C2H(+M)<=>C2H2(+M) 1.000E+17 -1.000 .00
LOW / 3.750E+33 -4.800 1900.00/
TROE/ .6464 132.00 1315.00 5566.00 /
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ CO2/2.00/ C2H6/3.00/ AR/ .70/
H+C2H2(+M)<=>C2H3(+M) 5.600E+12 .000 2400.00
LOW / 3.800E+40 -7.270 7220.00/
TROE/ .7507 98.50 1302.00 4167.00 /
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ CO2/2.00/ C2H6/3.00/ AR/ .70/
H+C2H3(+M)<=>C2H4(+M) 6.080E+12 .270 280.00
LOW / 1.400E+30 -3.860 3320.00/
TROE/ .7820 207.50 2663.00 6095.00 /
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ CO2/2.00/ C2H6/3.00/ AR/ .70/
H+C2H3<=>H2+C2H2 3.000E+13 .000 .00
H+C2H4(+M)<=>C2H5(+M) 0.540E+12 454 1820.00
LOW / 0.600E+42 -7.620 6970.00/
TROE/ .9753 210.00 984.00 4374.00 /
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ CO2/2.00/ C2H6/3.00/ AR/ .70/
H+C2H4<=>C2H3+H2 1.325E+06 2.530 12240.00
H+C2H5(+M)<=>C2H6(+M) 5.210E+17 -.990 1580.00
LOW / 1.990E+41 -7.080 6685.00/
TROE/ .8422 125.00 2219.00 6882.00 /
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ CO2/2.00/ C2H6/3.00/ AR/ .70/
H+C2H5<=>H2+C2H4 2.000E+12 000 .00
H+C2HB<=>C2H5+H2 1.150E+08 1.900 7530.00
H+HCCO<=>CH2(S)+CO 1.000E+14 000 .00
H+CH2CO<=>HCCO+H2 5.000E+13 .000
H+CH2C0O<=>CH3+CO 1.130E+13 000 3428.00
H+HCCOH<=>H+CH2CO 1.000E+13 .000

H2+CO(+M)<=>CH20(+M)
LOW / 5.070E+27 -3.420 84350.00/

4.300E+07 1.500 79600.00

TROE/ .9320 197.00 1540.00 10300.00 /
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ CO2/2.00/ C2H6/3.00/ AR/ .70/
OH+H2<=>H+H20 2.160E+08 1.510 3430.00
20H(+M)<=>H202(+M) 7.400E+13 -370 .00
LOW / 2.300E+18 -.900 -1700.00/
TROE/ .7346 94.00 1756.00 5182.00 /
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ CO2/2.00/ C2H6/3.00/ AR/ .70/
20H<=>0+H20 3.570E+04 2.400 -2110.00
OH+HO2<=>02+H20 1.450E+13 .000 -500.00
DUPLICATE
OH+H202<=>H02+H20 2.000E+12 000 427.00
DUPLICATE
OH+H202<=>H02+H20 1.700E+18 .000 29410.00
DUPLICATE
OH+C<=>H+CO 5000E+13 .000 .00
OH+CH<=>H+HCO 3.000E+13 .000 .00
OH+CH2<=>H+CH20 2.000E+13 000 .00
OH+CH2<=>CH+H20 1.130E+07 2.000 3000.00
OH+CH2(S)<=>H+CH20 3.000E+13 .000 .00

OH+CH3(+M)<=>CH30H(+M)

LOW / 4.000E+36 -5.920 3140.00/

TROE/ 4120 195.0 5900.00 6394.00/
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ CO2/2.00/ C2H6/3.00/

OH+CH3<=>CH2+H20 5.600E+07 1.600 5420.00
OH+CH3<=>CH2(S)+H20 6.440E+17 -1.340 1417.00
OH+CH4<=>CH3+H20 1.000E+08 1.600 3120.00
OH+CO<=>H+CO02 4.760E+07 1.228  70.00
OH+HCO<=>H20+CO 5.000E+13  .000 .00
OH+CH20<=>HCO+H20 3.430E+09 1.180
OH+CH20H<=>H20+CH20 5.000E+12 .000
OH+CH30<=>H20+CH20 5.000E+12 .000
OH+CH30H<=>CH20H+H20 1.440E+06 2.000
OH+CH30H<=>CH30+H20 6.300E+06 2.000
OH+C2H<=>H+HCCO 2.000E+13  .000 .00
OH+C2H2<=>H+CH2CO 2.180E-04 4.500 -1000.00

OH+C2H2<=>H+HCCOH
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OH+C2H2<=>C2H+H20 3.370E+07 2.000 14000.00
OH+C2H2<=>CH3+CO 4.830E-04 4.000 -2000.00
OH+C2H3<=>H20+C2H2 5.000E+12 .000 .00
OH+C2H4<=>C2H3+H20 3.600E+06 2.000 2500.00
OH+C2HB<=>C2H5+H20 3.540E+06 2.120 870.00
OH+CH2C0<=>HCCO+H20 7.500E+12 .000 2000.00
2HO2<=>02+H202 1.300E+11 .000 -1630.00
DUPLICATE
2HO2<=>02+H202 4.200E+14 .000 12000.00
DUPLICATE
HO2+CH2<=>0H+CH20 2.000E+13 000 .00
HO2+CH3<=>02+CH4 1.000E+12 000 .00
HO2+CH3<=>0H+CH30 3.780E+13 000 .00
HO2+CO<=>0H+CO2 1.500E+14 .000 23600.00
HO2+CH20<=>HCO+H202 5.600E+06 2.000 12000.00
C+02<=>0+CO 5.800E+13 .000 576.00
C+CH2<=>H+C2H 5.000E+13 .000 .00
C+CH3<=>H+C2H2 5.000E+13 .000 .00
CH+02<=>0+HCO 6.710E+13 000 .00
CH+H2<=>H+CH2 1.080E+14 .000 3110.00
CH+H20<=>H+CH20 5.710E+12 .000 -755.00
CH+CH2<=>H+C2H2 4.000E+13 .000 .00
CH+CH3<=>H+C2H3 3.000E+13 .000 .00
CH+CH4<=>H+C2H4 6.000E+13 .000 .00
CH+CO(+M)<=>HCCO(+M) 5.000E+13 .000 .00

LOW / 2.690E+28 -3.740 1936.00/

TROE/ 5757 237.00 1652.00 5069.00 /
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ CO2/2.00/ C2H6/3.00/ AR/ .70/
CH+C02<=>HCO+CO 1.900E+14 .000 15792.00
CH+CH20<=>H+CH2CO 9.460E+13 .000 -515.00
CH+HCCO<=>CO+C2H2 5.000E+13 .000 .00
CH2+02=>0H+H+CO 5.000E+12 .000 1500.00
CH2+H2<=>H+CH3 5.000E+05 2.000 7230.00
2CH2<=>H2+C2H2 1.600E+15 .000 11944.00
CH2+CH3<=>H+C2H4 4.000E+13 .000 .00
CH2+CH4<=>2CH3 2.460E+06 2.000 8270.00
CH2+CO(+M)<=>CH2CO(+M) 8.100E+11 .500 4510.00

LOW / 2.690E+33 -5.110 7095.00/

TROE/ .5907 275.00 1226.00 5185.00 /
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ CO2/2.00/ C2H6/3.00/ AR/ .70/
CH2+HCCO<=>C2H3+CO 3.000E+13 .000 .00
CH2(S)+N2<=>CH2+N2 1.500E+13 .000 600.00
CH2(S)+AR<=>CH2+AR 9.000E+12 .000 600.00
CH2(S)+02<=>H+OH+CO 2.800E+13 .000 .00
CH2(S)+02<=>CO+H20 1.200E+13 .000 .00
CH2(S)+H2<=>CH3+H 7.000E+13 000 .00

CH2(S)+H20(+M)<=>CH30H(+M)
LOW / 1.880E+38 -6.360 5040.00/

4.820E+17 -1.160 1145.00

TROE/ .6027 208.00 3922.00 10180.0 /
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ CO2/2.00/ C2H6/3.00/
CH2(S)+H20<=>CH2+H20 3.000E+13 000 .00
CH2(S)+CH3<=>H+C2H4 1.200E+13 000 -570.00
CH2(S)+CH4<=>2CH3 1.600E+13 000 -570.00
CH2(S)+CO<=>CH2+CO 9.000E+12 000 .00
CH2(S)+C0O2<=>CH2+C02 7.000E+12 000 .00
CH2(S)+C02<=>CO+CH20 1.400E+13 000 .00
CH2(S)+C2H6<=>CH3+C2H5 4.000E+13 .000 -550.00
CH3+02<=>0+CH30 3.560E+13 000 30480.00
CH3+02<=>0H+CH20 2.310E+12 000 20315.00
CH3+H202<=>H02+CH4 2.450E+04 2.470 5180.00
2CH3(+M)<=>C2H6(+M) 6.770E+16 -1.180 654.00

LOW / 3.400E+41 -7.030 2762.00/

TROE/ .6190 73.20 1180.00 9999.00 /
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ CO2/2.00/ C2H6/3.00/ AR/ .70/
2CH3<=>H+C2H5 6.840E+12 .100 10600.00
CH3+HCO<=>CH4+CO 2.648E+13 000 .00
CH3+CH20<=>HCO+CH4 3.320E+03 2.810 5860.00
CH3+CH30H<=>CH20H+CH4 3.000E+07 1.500 9940.00
CH3+CH30H<=>CH30+CH4 1.000E+07 1500 9940.00
CH3+C2H4<=>C2H3+CH4 2.270E+05 2.000 9200.00
CH3+C2H6<=>C2H5+CH4 6.140E+06 1.740 10450.00
HCO+H20<=>H+CO+H20 1.500E+18 -1.000 17000.00
HCO+M<=>H+CO+M 1.870E+17 -1.000 17000.00

H2/2.00/ H20/ .00/ CH4/2.00/ CO/1.50/ CO2/2.00/ C2H6/3.00/

HCO+02<=>H02+CO 13.45E+12 .000 400.00
CH20H+02<=>H02+CH20 1.800E+13 .000 900.00
CH30+02<=>H02+CH20 4.280E-13 7.600 -3530.00
C2H+02<=>HCO+CO 1.000E+13 .000 -755.00
C2H+H2<=>H+C2H2 5.680E+10 0.900 1993.00

C2H3+02<=>HCO+CH20

4.580E+16 -1.390 1015.00

C2HA4(+M)<=>H2+C2H2(+M) 8.000E+12 440 86770.00
LOW / 1.580E+51 -9.300 97800.00/
TROE/ .7345 180.00 1035.00 5417.00 /
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ CO2/2.00/ C2H6/3.00/ AR/ .70/
C2H5+02<=>HO2+C2H4 8.400E+11 .000 3875.00
HCCO+02<=>0H+2CO 3.200E+12 .000 854.00
2HCCO<=>2CO+C2H2 1.000E+13 000 .00
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N+NO<=>N2+0 2.700E+13 .000 355.00
N+02<=>NO+O 9.000E+09 1.000 6500.00
N+OH<=>NO+H 3.360E+13 .000 385.00
N20+0<=>N2+02 1.400E+12 .000 10810.00
N20+0<=>2NO 2.900E+13 .000 23150.00
N20+H<=>N2+O0H 3.870E+14 .000 18880.00
N20+OH<=>N2+HO2 2.000E+12 .000 21060.00
N20(+M)<=>N2+O(+M) 7.910E+10 .000 56020.00

LOW / 6.370E+14 .000 56640.00/
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ CO2/2.00/ C2H6/3.00/ AR/ .625/

HO2+NO<=>NO2+OH 2.110E+12 000 -480.00
NO+O+M<=>NO2+M 1.060E+20 -1.410 .00
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ CO2/2.00/ C2H6/3.00/ AR/ .70/
NO2+0<=>NO+02 3.900E+12 000 -240.00
NO2+H<=>NO+OH 1.320E+14 000  360.00
NH+O<=>NO+H 4.000E+13 000 .00
NH+H<=>N+H2 3.200E+13 000 330.00
NH+OH<=>HNO+H 2.000E+13 000 .00
NH+OH<=>N+H20 2.000E+09 1.200 .00
NH+02<=>HNO+O 4.610E+05 2.000 6500.00
NH+02<=>NO+OH 1.280E+06 1500 100.00
NH+N<=>N2+H 1.500E+13 .000 .00
NH+H20<=>HNO+H2 2.000E+13 000 13850.00
NH+NO<=>N2+OH 2.160E+13 -230 .00
NH+NO<=>N20+H 3.650E+14 -450 .00
NH2+0<=>0OH+NH 3.000E+12 000 .00
NH2+0<=>H+HNO 3.900E+13 000 .00
NH2+H<=>NH+H2 4.000E+13 .000 3650.00
NH2+OH<=>NH+H20 9.000E+07 1.500 -460.00
NNH<=>N2+H 3.300E+08 000 .00
NNH+M<=>N2+H+M 1.300E+14 -110 4980.00
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ CO2/2.00/ C2H6/3.00/ AR/ .70/
NNH+02<=>HO2+N2 5000E+12 000 .00
NNH+O<=>0H+N2 2.500E+13 000 .00
NNH+O<=>NH+NO 7.000E+13 000 .00
NNH+H<=>H2+N2 5000E+13 000 .00
NNH+OH<=>H20+N2 2.000E+13 000 .00
NNH+CH3<=>CH4+N2 2.500E+13 000 .00
H+NO+M<=>HNO+M 4.480E+19 -1.320  740.00
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ CO2/2.00/ C2H6/3.00/ AR/ .70/
HNO+0<=>NO+OH 2.500E+13 000 .00
HNO+H<=>H2+NO 9.000E+11 720  660.00
HNO+OH<=>NO+H20 1.300E+07 1.900 -950.00
HNO+02<=>H02+NO 1.000E+13 .000 13000.00
CN+0<=>CO+N 7.700E+13 000 .00
CN+OH<=>NCO+H 4.000E+13 000 .00
CN+H20<=>HCN+OH 8.000E+12 .000 7460.00
CN+02<=>NCO+O0 6.140E+12 000 -440.00
CN+H2<=>HCN+H 2.950E+05 2.450 2240.00
NCO+0<=>NO+CO 2.350E+13 000 .00
NCO+H<=>NH+CO 5.400E+13 000 .00
NCO+OH<=>NO+H+CO 0.250E+13 .000 .00
NCO+N<=>N2+CO 2.000E+13 000 .00
NCO+02<=>NO+C0O2 2.000E+12 000 20000.00
NCO+M<=>N+CO+M 3.100E+14 000 54050.00
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ CO2/2.00/ C2H6/3.00/ AR/ .70/
NCO+NO<=>N20+CO 1.900E+17 -1.520 740.00
NCO+NO<=>N2+CO2 3.800E+18 -2.000 800.00
HCN+M<=>H+CN+M 1.040E+29 -3.300 126600.00
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ CO2/2.00/ C2H6/3.00/ AR/ .70/
HCN+O<=>NCO+H 2.030E+04 2.640 4980.00
HCN+O<=>NH+CO 5.070E+03 2.640 4980.00
HCN+O<=>CN+OH 3.910E+09 1.580 26600.00
HCN+OH<=>HOCN+H 1.100E+06 2.030 13370.00
HCN+OH<=>HNCO+H 4.400E+03 2.260 6400.00
HCN+OH<=>NH2+CO 1.600E+02 2560 9000.00
H+HCN(+M)<=>H2CN(+M) 3.300E+13 000 .00

LOW / 1.400E+26 -3.400 1900.00/
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ CO2/2.00/ C2H6/3.00/ AR/ .70/

H2CN+N<=>N2+CH2 6.000E+13 .000  400.00
C+N2<=>CN+N 6.300E+13 000 46020.00
CH+N2<=>HCN+N 3.120E+09 0.880 20130.00
CH+N2(+M)<=>HCNN(+M) 3.100E+12 150 .00

LOW / 1.300E+25 -3.160 740.00/
TROE/ .6670 235.00 2117.00 4536.00 /
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ CO2/2.00/ C2H6/3.00/ AR/ 1.0/

CH2+N2<=>HCN+NH 1.000E+13 .000 74000.00
CH2(S)+N2<=>NH+HCN 1.000E+11 .000 65000.00
C+NO<=>CN+O 1.900E+13 .000 .00
C+NO<=>CO+N 2.900E+13  .000 .00
CH+NO<=>HCN+O 4.100E+13  .000 .00
CH+NO<=>H+NCO 1.620E+13 .000 .00
CH+NO<=>N+HCO 2.460E+13 .000 .00
CH2+NO<=>H+HNCO 3.100E+17 -1.380 1270.00
CH2+NO<=>0OH+HCN 2.900E+14 -.690 760.00
CH2+NO<=>H+HCNO 3.800E+13 -.360 580.00
CH2(S)+NO<=>H+HNCO 3.100E+17 -1.380 1270.00
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CH2(S)+NO<=>0OH+HCN 2.900E+14 -.690 760.00
CH2(S)+NO<=>H+HCNO 3.800E+13 -.360 580.00
CH3+NO<=>HCN+H20 9.600E+13 .000 28800.00
CH3+NO<=>H2CN+OH 1.000E+12 .000 21750.00
HCNN+O<=>CO+H+N2 2.200E+13 .000 .00
HCNN+O<=>HCN+NO 2.000E+12 .000 .00
HCNN+02<=>0+HCO+N2 1.200E+13 .000 .00
HCNN+OH<=>H+HCO+N2 1.200E+13 .000 .00
HCNN+H<=>CH2+N2 1.000E+14 .000 .00
HNCO+0<=>NH+CO2 9.800E+07 1.410 8500.00
HNCO+0<=>HNO+CO 1.500E+08 1.570 44000.00
HNCO+0O<=>NCO+OH 2.200E+06 2.110 11400.00
HNCO+H<=>NH2+CO 2.250E+07 1.700 3800.00
HNCO+H<=>H2+NCO 1.050E+05 2.500 13300.00

HNCO+OH<=>NCO+H20
HNCO+0OH<=>NH2+C02
HNCO+M<=>NH+CO+M

3.300E+07 1.500 3600.00
3.300E+06 1.500 3600.00
1.180E+16 .000 84720.00

H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ CO2/2.00/ C2H6/3.00/ AR/ .70/

HCNO+H<=>H+HNCO 2.100E+15 -690 2850.00
HCNO+H<=>OH+HCN 2.700E+11 .180 2120.00
HCNO+H<=>NH2+CO 1.700E+14 -750 2890.00
HOCN+H<=>H+HNCO 2.000E+07 2.000 2000.00
HCCO+NO<=>HCNO+CO 0.900E+13 .000 .00
CH3+N<=>H2CN+H 6.100E+14 -310 290.00
CH3+N<=>HCN+H2 3.700E+12 150 -90.00
NH3+H<=>NH2+H2 5.400E+05 2.400 9915.00
NH3+OH<=>NH2+H20 5.000E+07 1.600 955.00
NH3+0<=>NH2+OH 9.400E+06 1.940 6460.00
NH+CO2<=>HNO+CO 1.000E+13 .000 14350.00
CN+NO2<=>NCO+NO 6.160E+15 -0.752 345.00
NCO+NO2<=>N20+C02 3.250E+12 000 -705.00
N+CO2<=>NO+CO 3.000E+12 .000 11300.00
O+CH3=>H+H2+CO 3.370E+13 000 .00
0+C2H4<=>H+CH2CHO 6.700E+06 1.830 220.00
0+C2H5<=>H+CH3CHO 1.096E+14 .000 .00
OH+HO2<=>02+H20 0.500E+16 .000 17330.00
DUPLICATE

OH+CH3=>H2+CH20 8.000E+09 .500 -1755.00
CH+H2(+M)<=>CH3(+M) 1.970E+12 430 -370.00

LOW/ 4.820E+25 -2.80 590.0/
TROE/ .578 122.0 2535.0 9365.0/

H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ CO2/2.00/ C2H6/3.00/ AR/ .70/

CH2+02=>2H+C0O2 5.800E+12 .000 1500.00
CH2+02<=>0+CH20 2.400E+12 .000 1500.00
CH2+CH2=>2H+C2H2 2.000E+14 .000 10989.00
CH2(S)+H20=>H2+CH20 6.820E+10 .250 -935.00
C2H3+02<=>0+CH2CHO 3.030E+11 .290 11.00
C2H3+02<=>H02+C2H2 1.337E+06 1.610 -384.00
0+CH3CHO<=>0OH+CH2CHO 5.840E+12 .000 1808.00
0+CH3CHO=>0H+CH3+CO 5.840E+12 .000 1808.00

02+CH3CHO=>HO2+CH3+CO
H+CH3CHO<=>CH2CHO+H2
H+CH3CHO=>CH3+H2+CO
OH+CH3CHO=>CH3+H20+CO
HO2+CH3CHO=>CH3+H202+CO
CH3+CH3CHO=>CH3+CH4+CO
H+CH2CO(+M)<=>CH2CHO(+M)

LOW/ 1.012E+42 -7.63 3854.0/

TROE/ 0.465 201.0 1773.0 5333.0/

3.010E+13 .000 39150.00
2.050E+09 1.160 2405.00
2.050E+09 1.160 2405.00
2.343E+10 0.730 -1113.00
3.010E+12 .000 11923.00
2.720E+06 1.770 5920.00
4.865E+11 0.422 -1755.00

H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ CO2/2.00/ C2H6/3.00/ AR/ .70/

O+CH2CHO=>H+CH2+C0O2
02+CH2CHO=>0H+CO+CH20
02+CH2CHO=>0H+2HCO
H+CH2CHO<=>CH3+HCO
H+CH2CHO<=>CH2CO+H2
OH+CH2CHO<=>H20+CH2CO
OH+CH2CHO<=>HCO+CH20H
CH3+C2H5(+M)<=>C3H8(+M)
LOW/ 2.710E+74 -16.82 13065.0 /

TROE/ .1527 291.0 2742.0 7748.0/

1.500E+14 .000 .00
1.810E+10 .000 .00
2.350E+10 .000 .00
2.200E+13  .000 .00
1.100E+13 .000 .00
1.200E+13  .000 .00
3.010E+13  .000 .00
.9430E+13  .000 .00

H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ CO2/2.00/ C2H6/3.00/ AR/ .70/

O+C3H8<=>0OH+C3H7 1.930E+05 2.680 3716.00
H+C3H8<=>C3H7+H2 1.320E+06 2.540 6756.00
OH+C3H8<=>C3H7+H20 3.160E+07 1.800 934.00

C3H7+H202<=>HO2+C3H8
CH3+C3H8<=>C3H7+CH4
CH3+C2HA(+M)<=>C3H7(+M)

3.780E+02 2.720 1500.00
0.903E+00 3.650 7154.00
2.550E+06 1.600 5700.00

LOW/ 3.00E+63 -14.6 18170./

TROE/ .1894 277.0 8748.0 7891.0/

H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ CO2/2.00/ C2H6/3.00/ AR/ .70/
0+C3H7<=>C2H5+CH20 9.640E+13 .000 .00
H+C3H7(+M)<=>C3H8(+M) 3.613E+13 .000 .00
LOW/ 4.420E+61 -13.545 11357.0/

TROE/ .315 369.0 3285.0 6667.0/

H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ CO2/2.00/ C2H6/3.00/ AR/ .70/
H+C3H7<=>CH3+C2H5 4.060E+06 2.190 890.00
OH+C3H7<=>C2H5+CH20H 2.410E+13  .000
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HO2+C3H7<=>02+C3H8 2.550E+10 0.255 -943.00
HO2+C3H7=>0H+C2H5+CH20 2.410E+13 .000 .00
CH3+C3H7<=>2C2H5 1.927E+13 -0.320 .00

H=>H_W 4.180E-01 1.750 0.00
0=>0_W 1.010E-01 1.750 0.00
OH=>0H_W 9.060E-02 1.750 0.00
HO2=>HO2_W 6.420E-02 1.750  0.00
CH3=>CH3_W 6.660E-02 1.750  0.00
CH302=>CH302_W 4.320E-02 1.750 0.00
CH30=>CH30_W 5.030E-02 1.750 0.00
END
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E. Conversion of Selected Flow Rates and

Equivalence Ratios to Flow Velocities and

Power
E.1 CNG/Air Mixtures
Flow Equivalence Ratio
Rate Velocity & Power
(slpm) 035| 04 | 06 | 1.1 | 13 | 15 1.7 19
Flow Velocity (cm/sec) 464 | 4.66| 4.76| 4.99| 509| 518| 5.27| 537
>0 Power (kW) 1.00 | 1.15| 1.72| 3.15| 3.72| 4.30| 4.87| 5.44
Flow Velocity (cm/sec) 9.28 | 9.32 | 9.51 | 9.98 | 10.17 | 10.36 | 10.55 | 10.73
100 Power (kW) 2.00 | 229 | 344 | 630 | 7.44 | 859 | 9.74 | 10.88
Flow Velocity (cm/sec) 13.92 | 13.98 | 14.27 | 14.97 | 15.26 | 15.54 | 15.82 | 16.10
150 Power (kW) 3.00 | 344 | 515 | 945 | 11.17 | 12.89 | 14.60 | 16.32
Flow Velocity (cm/sec) 18.56 | 18.64 | 19.02 | 19.96 | 20.34 | 20.72 | 21.09 | 21.47
200 Power (kW) 4.00 | 458 | 6.87 | 12.60 | 14.89 | 17.18 | 19.47 | 21.76
Flow Velocity (cm/sec) 27.84 | 27.96 | 28.54 | 29.94 | 30.51 | 31.07 | 31.64 | 32.20
300 Power (kW) 6.00 | 6.87 |10.31 | 18.90 | 22.33 | 25.77 | 29.21 | 32.64
Flow Velocity (cm/sec) 55.68 | 55.92 | 57.07 | 59.88 | 61.02 | 62.15 | 63.28 | 64.40
600 Power (kW) 12.00 | 13.74 | 20.62 | 37.80 | 44.66 | 51.54 | 58.42 | 65.28

Table 7.1: Conversion of selected flow rates and equivalence ratios to flow
velocities and power for CNG/air mixtures
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E.2 LPG/Air Mixtures

Sl Equivalence Ratio
Rate Velocity & Power
(slpm) 035| 04 |06 | 1.1 | 1.3 | 15 | 1.7 | 19
Flow Velocity (cm/sec) 4.54 455| 459| 4.68| 4.72| 4.76 479| 4.83
>0 Power (kW) 1.02 | 117 | 1.75 | 3.21 | 3.79 | 438 | 496 | 554
Flow Velocity (cm/sec) 9.08 | 9.10 | 9.17 | 9.36 | 9.44 | 9.51 9.59 9.66
100 Power (kW) 2.04 | 233 | 350 | 6.42 | 759 | 8.75 | 9.92 | 11.09
Flow Velocity (cm/sec) 13.62 | 13.65 | 13.76 | 14.04 | 14.15 | 14.27 | 14.38 | 14.49
150 Power (kW) 3.06 | 350 | 525 | 9.63 | 11.38 | 13.13 | 14.88 | 16.63
Flow Velocity (cm/sec) 18.16 | 18.20 | 18.35 | 18.72 | 18.87 | 19.02 | 19.17 | 19.32
200 Power (kW) 4.08 | 4.67 | 7.00 |12.84 | 15.17 | 17.51 | 19.84 | 22.17
Flow Velocity (cm/sec) 27.24 | 27.30 | 27.52 | 28.08 | 28.31 | 28.54 | 28.76 | 28.98
300 Power (kW) 6.13 | 7.00 | 10.50 | 19.26 | 22.76 | 26.26 | 29.76 | 33.26
Flow Velocity (cm/sec) 54.48 | 54.60 | 55.04 | 56.16 | 56.62 | 57.07 | 57.52 | 57.96
600 Power (kW) 12.25 | 14.00 | 21.00 | 38.52 | 45.52 | 52.52 | 59.52 | 66.52

Table 7.2: Conversion of selected flow rates and equivalence ratios to flow
velocities and power for LPG/air mixtures
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