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Resumo

As atuais preocupações ambientais têm levado a maiores restrições de emissões e a uma maior procura

de métodos capazes de conseguir baixos níveis de emissões e de incorporar combustíveis mais ecológicos,

como o biogás. Estes devem, idealmente, ser capazes de estabilizar chamas mais pobres, com o objetivo

de reduzir as emissões de NOx.

O desenvolvimento das chamas em swirl, um desenho baseado na adição de rotação ao escoamento, vem

sendo aperfeiçoado há décadas, e originou o queimador de low-swirl (LSB, Low-swirl burner). Apesar de

terem sido feitos vários estudos acerca da escalabilidade e adaptabilidade a novos combustíveis, a maioria

dos trabalhos utilizou queimadores de maior potência e maiores dimensões.

Este trabalho pondera a possibilidade de usar um queimador menor e avalia os limites de estabilidade

para diversas composições de combustíveis com biogás e hidrogénio. Os testes mostraram que chamas

enriquecidas com hidrogénio exibem blow-o� a razões de equivalência menores que chamas de metano,

baixando-se o limite de uma gama de 0.75 a 0.85 para 0.6 a 0.7. Além disso, mostrou-se que as anteriores

são menos afetadas pela adição de CO
2
que estas últimas, permitindo uma queima abaixo de φ = 0.6.

Ademais, estimativas de emissões para chamas ideais mostraram uma quebra nos níveis de emissões

de NOx para condições pobres. Estimou-se uma redução das emissões em cerca de 80% numa redução

de φ de 1 para 0.8, e uma redução adicional para metade para um combustível base de 60/40% de CH
4

e CO
2
. A adição de hidrogénio não mostrou um impacto signi�cativo nas emissões.

Palavras-chave: Low-Swirl, Biogás, Hidrogénio
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Abstract

The current environmental concerns have led to increased restrictions on emissions and a higher demand

of methods capable of achieving both lower pollutant emission levels and incorporating environmentally

friendly fuels such as biogas. These should ideally be able to stabilize �ames under leaner conditions,

with the goal of lowering the NOx emission levels.

Development of swirled �ames, a design based on adding rotation to the �ow, has been ongoing for

decades, and has eventuated the low-swirl burner (LSB) design. Although several studies have been made

on the scalability and fuel �exibility of the design, most previous work has focused on higher thermal

loads and larger burners.

This study ponders the possibility of using a smaller burner and evaluates the stability limits for

di�erent compositions of biogas and hydrogen as fuel. Tests showed that hydrogen-enriched �ames

exhibited blow-o� at lower equivalence ratios than methane �ames, lowering the lean blow-o� limit from

a range of 0.75 to 0.85 to values of 0.6 to 0.7. In addition, it was shown the former are less a�ected by

the addition of CO
2
than the latter, allowing for burning at equivalence ratios under 0.6.

Furthermore, emissions estimates for ideal �ames showed a drop in NOx levels for leaner conditions.

A drop from a φ of 1 to 0.8 was estimated to drop NOx emissions by roughly 80%, and emissions drop

even further to about half for a base fuel with a 60/40% split of CH
4
and CO

2
. Hydrogen addition in

the fuel was shown not to signi�cantly impact emissions.

Keywords: Low-Swirl Burner, Biogas, Hydrogen
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Chapter 1

Introduction

1.1 Motivation

The current necessity for energy and power as a pillar for the development of world societies has led to

an incessant increase in energy production demands [1], which for centuries has been largely met using

fossil fuels. This practice has led to a number of environmental problems, among which the decrease of

air quality due to the increase in air pollutants, particularly in urbanized centres, leading to a number

of consequences ranging from an increase in catastrophic meteorological events to numerous impacts on

human health, such as a number of acute and chronic diseases and even reduced life expectancy due to

premature mortality, as well as signi�cant damage to the Earth's ecosystems, impacting all living beings

[2].

Although combustion has been a staple of energy generation for centuries, this backdrop has urged a

development of cleaner alternative methods, which have gradually reduced the necessity for the usage of

combustion, especially in smaller applications. However, due to a large amplitude of output capacity of

these methods, often rather inconsistent by themselves, a need for combustion based power generation is

still very much present albeit with ever stricter restrictions, especially on emissions levels [3]. This has led

designers of combustion based systems to adapt. New power generation solutions have been developed,

capable of not only reducing pollutant emissions but also allowing the possibility of using alternative

fuels sourced in such way that a steady supply can be provided inde�nitely, ideally causing very little or

no harm to the surroundings.

The usage of biogas yields an even more optimistic outlook, as it can typically be sourced from

Anaerobic Digestion (AD), a process which consists of the decomposition of organic substrates within an

oxygen-free environment, meaning the solution would yield energy from biodegradable waste, a source

which would not be utilized and possibly neglected [4, 5]. Furthermore, it's often a by-product of agri-

culture and animal husbandry, meaning it would be promptly available in rural regions where these are

carried out and infrastructure may be lacking, and it would be comparatively inexpensive, especially if

implemented in large scale. Despite these advantages, biogas is considered to be a poor fuel largely due

to the CO
2
within its composition, especially when compared to most carbohydrates such as propane
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and methane (which constitutes a large part of biogas in the �rst place) [6, 7], as carbon dioxide is not

consumed in an ideal reaction, meaning no power is added by the addition of CO
2
. However, due to its

large heat capacity, the thermal inertia of the mixture is increased, leading to a lower �ame temperature,

and the increased di�usion caused by a higher component of CO
2
slows the reaction kinetics, which causes

blow-o� to occur at higher equivalence ratios.

An important focus of reducing pollutant emissions is centred around reducing the levels of NOx,

which can be achieved by burning at lower equivalence ratios (φ), closer to the lean limit, since one

of the main formation reactions for stoichiometric NOx is a thermal process (Zeldovich Mechanism)

[8]. This, in turn, poses some challenges. Leaner �ames tend to become less stable as they approach

the stability limit, causing, among others, oscillations, noise and possibly �ame blowout. This stability

problem is aggravated by the aforementioned poor properties of biogas. A number of processes have been

suggested and developed to improve the properties of biogas, such as scrubbing, or amine gas treating.

The goal in these methods is to remove the undesirable by-products of anaerobic digestion, like H
2
S

and CO
2
, increasing the methane component in the fuel, and thus improving its properties [5]. These

methods, however, require speci�c (and often expensive) equipment, which would negate the economic

and accessibility advantages of using biogas.

Alternatively, the enrichment of biogas can be a good solution to achieve the same goal by adding a

fuel which can mitigate the negative e�ects of carbon dioxide. Typically, methane enrichment is used,

yielding a similar result to the aforementioned processes. However, hydrogen (H
2
) has emerged as a prime

candidate for this usage, as its combustion properties contrast even further with the Biogas'. While Biogas

has a lower �ame speed, and higher lean stability limits, H
2
is notable for its high combustion rate, and

in consequence its elevated �ame speed, as well as its low lean combustion limits, properties which are

desirable when burning biogas.

These di�erences in fuel properties comprise a fascinating challenge in adapting and attuning the

available technologies to the contemporary requirements, so as to continue the usage of combustion not

as a burden, but as a solution to the environmental problem.

1.2 Swirl Burners

Swirl stabilized �ames were �rst introduced in the mid 1960's as a technique of �ame stabilization mainly

for large applications, usually non-premixed, using the basic principle of adding a tangential component

to an outer annulus of the burner exit �ow. This is usually achieved in one of two ways: either by way of

guide vanes or by injecting air tangentially into the main �ow of premixed fuel [9]. In the original high

swirl designs, the burner often contained a cylindrically shaped hub on the outlet, with a small ori�ce

from where fuel was injected onto the �ow, and which created a low pressure zone where the �ow would

display recirculation. This zone, �ttingly named the Reverse-�ow Zone (RFZ), created stagnation points

where the �ame could anchor as well as promoting mixing of the fuel and air and increasing the residence

time, keeping the hot reaction products in this zone, thereby preventing quenching and sternly reducing

the possibility of blow-o� [10]. Due to the high level of turbulence of the High-Swirl Burner (HSB) design,

2



�ames for these burners were usually rich, as lean �ames tend to destabilize much more easily.

This technique was later enhanced by Chan et al. in the early 1990's [11], modifying the original

design by changing the �ame to a premixed �ame and introducing a centre non-swirled channel. This

drastically altered the �ame structure as it was now designed to stabilize a detached �ame through

the �ow divergence downstream of the outlet, exploring the propagating nature of the premixed �ame

instead of relying on recirculation of the �ow in order to anchor the �ame, which, due to the premixed

condition of the �ame, was no longer necessary for fuel mixing. This new design was initially executed by

adding a tangential air �ow upstream of the burner outlet, but was later remodelled as it was deemed too

complicated for widespread use. A small piece, called a swirler, was then developed to be placed where

the tangential inlet would be [12], dividing the �ow into two sections: a central non-swirled section,

restricted by a perforated plate in order to induce a drop in pressure, and an outer swirled section,

where a tangential component is introduced onto the �ow through a set of angled vanes. A number of

modi�cations have been proposed through the years, changing swirler, �ow and even ambient conditions

[13�15], through which this design proved its adaptability by keeping a largely similar �ow�eld and �ame

shape in these conditions, provided certain criteria, which will be presented in Section 2.1.1, are met.

Low-swirl burners (LSB) have been shown to be capable of operating with loads as low as less than 1 kW

for households and as high as 7.5 MW for industrial applications, burner diameters varying from 12 mm

to 254 mm, and have shown promising results utilizing methane, syngas (a mixture of CH
4
and CO),

hydrogen and various mixtures of fuels [14, 16, 17].

More importantly, the LSB design has reliably allowed for the stabilization of lean �ames at lower

equivalence ratios and temperatures, therefore reducing the emissions levels of such pollutants, particu-

larly the aforementioned NOx. Very low levels of under 5 ppm are possible under the leanest conditions,

a signi�cant improvement over the common high-swirl burner (HSB) design, as previous works have been

able to stabilize a methane �ame at equivalence ratios as low as φ = 0.5 [17].

1.3 Objectives

The goal of this work is to investigate the e�ect of lean biogas combustion and hydrogen enrichment in

small scale low-swirl burners, comparing �ame geometry and stability limits for various compositions.

Albeit the LSB design has been studied for use with hydrogen-enriched syngas, most studies employ a

higher load burner, usually of a larger diameter so as to keep the bulk �ow velocities within the same

order of magnitude as the �ame speed (in this case, the turbulent �ame speed, ST ). Hence, the main

goal can be sub-divided into 3 main goals:

1. The acquisition of non-reacting �ow parameters, and subsequent validation and quanti�cation of

the low-swirl �ow �eld through Particle Image Velocimetry acquisitions;

2. The de�nition of stability limits for a number of fuel scenarios, and comparison of the e�ects of fuel

compositions on them.

3. The estimation of the emissions in the ideal lean scenarios, and hypothesizing of the ultra low NOx

3



claim for the LSB design.

1.4 Thesis Outline

This work is divided into �ve main sections: Introduction, Background, Implementation, Results and

�nally, Conclusion. On a �rst instance, the basic principles of swirl burning and the consequent adaptation

to low-swirl burning are presented, and the objectives of the work are de�ned. A theoretical background

for swirl burning is then described, as well as properties of the fuels to be used, particularly methane

(CH
4
), carbon dioxide (CO

2
) and hydrogen (H

2
).

A thorough description of the experimental setup for both the particle image velocimetry (PIV) and

image capture tests, as well as an explanation of the processing undertaken to obtain the results. Test

conditions for the fuels are also de�ned in this section.

Results are presented �rstly for the non-reacting �ow, de�ning the �ow �eld for di�erent ventilator

velocities, both in an axial/radial plane and in a radial/tangential plane. Using these results, it was

possible to de�ne the �ow characteristics for the di�erent velocities. Flame images are also presented for

an array of fuel conditions, showing the e�ect on �ame shape and position. Blow-o� limits for the same

fuel conditions were then de�ned, and emission results were estimated for ideal conditions. Finally, the

Conclusions section presents the interpretation of the obtained results, and suggests future testing to be

undertaken on this subject.
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Chapter 2

Background

2.1 Theoretical Overview

The swirl burner design is a historical design for �ame stabilization, �nding its way into diverse industrial

applications such as turbines and boilers, and providing an economical and reliable form of �ame stabi-

lization. The basic principle of swirl combustion is the introduction of a tangential component of velocity

onto the burner outlet �ow, causing a spiralling �ow which, in its original di�usion �ame design, caused

an increase in divergence of the �ow, and increased the rate of entrapment through way of recirculation.

This allowed for better mixing between the swirling air and the fuel, often injected as a central gas or

atomized particle �ow [9, 10].

In any swirl burner, the initial challenge is to quantify a value to characterize the type and character-

istics of the �ow, and consequently of the �ame. This dimensionless ratio, �rst proposed by Chigier and

Beér [18], is called the Swirl Number S0, and it represents a ratio between the axial �uxes of tangential

and axial momenta, made non-dimensional by the burner radius, being represented as follows:

S0 =
Gθ
GxRb

(2.1)

where Gθ is the axial �ux of tangential momentum (kg m2 s-2), Gx refers to the axial �ux of axial

momentum (kg m s-2), and Rb is the burner radius (m). A cylindrical coordinates system (x, r, θ) is

considered for the axial, radial and tangential directions, respectively, with the dimensions in m, and the

velocities (U, V,W ) represent the velocities for each respective dimension (m s-1). Should it be assumed

that the �ow is perfectly axisymmetric along the x axis, the �uxes of momentum are then de�ned by:

Gθ =

∫ Rb

0

(Wr)ρU2πrdr (2.2a)

Gx =

∫ Rb

0

2πrρU2dr +

∫ R

0

2πrpdr (2.2b)

where ρ is the local density of the �ow (kg m-3) and p refers to the static pressure (Pa).

The latter, however, is somewhat di�cult to measure in an experimental apparatus as it requires
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various measurements of static pressure within the �ow, possibly disrupting it. Thus, an alternative

de�nition of the swirl number G′x was established, substituting the contribution of the static pressure by

an approximation using the tangential velocity [19], yielding:

G′x =

∫ Rb

0

2πrρ

(
U2 − 1

2
W 2

)
dr (2.3)

and resulting in a modi�ed swirl number, hereby referred to as S, which, if constant density was to

be assumed in the whole control volume, can be de�ned as:

S =
Gθ
G′xRb

=

∫ Rb

0
r2UWdr

Rb
∫ Rb

0
r
(
U2 − 1

2W
2
)
dr

(2.4)

This swirl number is fundamental to distinguish between low swirl and high swirl applications. A

boundary was set at S equal to 0.6, above which the �ow would be considered a high swirl �ow, and

below, a low swirl �ow. These low swirl �ows showed relatively low �ow divergence, which resulted in a

much smaller recirculation zone, and showed worse results that the higher swirl �ows for a typical high

swirl burner geometry. They were therefore considered undesirable for widespread use [9, 10].

In addition to S, the Reynolds number of the �ow is also important to de�ne its characteristics, as

turbulence level is crucial to the turbulent burning velocity ST . For the �ow on the outlet of swirl burners,

Re can be de�ned as:

Re =
U∞D

ν
(2.5)

Where U∞ corresponds to the bulk �ow velocity (m s-1), calculated by averaging the �ow velocity

for the outlet surface, D is the burner diameter (m), or two times Rb, and ν represents the kinematic

viscosity of the �uid, in this case, air (m2 s-1).

It was observed that within the swirl conditions, four main types of �ow were observable [20], as

shown in �gure 2.1:

1. Type 1 �ows exhibited an annular recirculation zone, inside of which the �ow would not show any

recirculation. These would be present in high velocity �ows and would generate long detached

�ames due to low entrapment of combustion reactants.

2. Type 2 �ows would be present in lower velocity burners, and would generate a closed ovate shape

which would restrain the reactants and generate short, high intensity �ames, either detached or

attached.

3. Type 3 �ows describe a situation between types 1 and 2, as the centre �ow is of high enough velocity

to partially penetrate the type 2 "bubble", but not enough to fully traverse it, thereby following a

radial trajectory.

4. Type 0 �ames were de�ned as a swirling �ame which showed no recirculation zone.
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Figure 2.1: Types of swirling �ows, with de�ned recirculation zones. The arrows show the �ow in an
axial/radial plane, perpendicular to the burner outlet.

2.1.1 Low Swirl Burners

Initially, type 0 �ames were regarded as undesirable, as they showed poor performance for �ame stabi-

lization in a typical high-swirl layout, which relies on �ow recirculation for the mixing of fuel and air,

and the resulting stagnation points for anchoring the �ame, and preventing blow-o�.

However, in 1992, utilizing a novelty burner with no inner hub, of S in the region of 0.05-0.3, Chan et al.

stabilized a detached premixed �ame not through recirculation, but rather through the divergence of the

�ow as it exited the burner nozzle [11]. This design made use of the propagating nature of premixed �ames

and, due to deceleration of the �ow, the �ame would rest at a location where the �ow velocity matched

the local �ame speed, creating a slight cup-like shape due to the increased mass �ow (and corresponding

velocity) in the outer region of the �ow, and the lower velocity of the undisturbed centre region. Despite

this light curvature, the �ame showed properties resembling an ideal 1D combustion layout. Initial results

were already promising for the LSB geometry as a stabilization method for premixed lean �ames, since

the initial design was capable of stabilizing a methane �ame within the 0.8 < φ < 1 range. These results

�rst showed the potential of the LSB for lean low emissions burning. The layout of this burner used

air inlets from where air would be injected tangentially into the �ow, generating swirl in the outermost

zone of the burner �ow. This method, however, required a dedicated burner design, as well as a second

air supply system, negating some advantages which were attributed to it, especially the adaptability to

smaller applications.

To solve this issue, Yegian et al. [12] developed a novel solution to generate the desired �ow conditions,

creating a piece which was divided into a central partial blockage of the �ow aimed at causing a pressure

loss, and consequent reduction of velocity, while still not generating undesired recirculation, and an outer

annular section composed of guide vanes which introduced the swirling motion onto the �ow. This led

to the development of a simpli�ed swirl number calculation, based on the geometric parameters of this

piece.

S =
2

3
tanα

1 − (Rh/Rb)
3

1 + (Rh/Rb)2 ((Uc/Ua)2 − 1)
(2.6)

where α is the vane angle, Rh is the radius of the non-swirled centre hub (m), Rb is the burner outer
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radius (m), with Uc referring to the bulk velocity for the central section [0, Rh], and Ua to the bulk axial

velocity in the swirled annulus [Rh, Rb]. Both �ow bulk velocities are calculated by averaging the velocity

in each respective section, dividing the �ow rate by the cross-sectional area at the burner outlet, yielding

a velocity result (m s-1).

This piece, called the swirler, is the fundamental piece of the current LSB design, as it is the piece

responsible for generating the according �ow �eld, and it's much cheaper, scalable and easy to produce

than the previous implementation. Further studies on swirler geometry have been made, from which a

number of conclusions can be taken. An increase in swirl number, either by increasing the angle of the

vanes or decreasing the hub radius, will cause the �ame to move upstream, and in extreme cases can

cause signi�cant recirculation and possible �ame anchoring on the burner outlet, as the �ame nears the

high swirl condition. An increase in screen blockage yields a similar outcome, as it also increases the swirl

number [13]. The swirler used in this work, and a more detailed analysis of its speci�cations is present

in Section 3.2.

Fuel Adaptability

Extensive studies have been conducted on the fuel �exibility of the LSB setup, which have shown a

broad acceptability range of fuels, particularly hydrocarbons [17]. This �exibility to the variation in fuel

composition can be explained by the equilibrium equation for the velocity balance at the �ame front [14]:

1 − dU

dx

xf − x0
U∞

=
ST
U∞

=
SL
U∞

+
Ku′

U∞
(2.7)

In this equation, U and U∞ are the aforementioned axial velocity and bulk axial velocity, respectively,

xf represents the �ame front coordinate in m, x0 is a virtual origin of the �ow, the point where velocity

U is equal to the �ow bulk velocity U∞, also in m, K is an non-dimensional speci�c constant of the

fuel (although it should be noted that it represents an approximation, as turbulent �ame speed tends to

experience an e�ect of "bending" and stagnate for higher turbulence levels [21], and u′ is the root mean

square (RMS) of the turbulent velocity �uctuations (m s-1).

This equation, which applies for all self-similar LSB setups, approximates the divergence of the �ow

linearly, with a constant divergence ratio ax = (dU/dx)/U∞ and represents the turbulent �ame speed as

a function of the turbulence intensity, with the added factor of the linear �ame speed. This equation is

applied on the centreline of the �ow, where the �ame is expected to have its closest point to the burner,

and where turbulence is generated by the central screen of the swirler. Littlejohn et al. [22] refers the

turbulence intensity generated by the screen is proportional to the bulk velocity, which would mean the

main factor for the �ame brush position is the normalized laminar �ame velocity SL/U∞. For most

hydrocarbons, the laminar �ame velocity does not vary signi�cantly, and the �ame brush position should

not di�er for most hydrocarbons, which holds especially true if the bulk velocity is signi�cantly greater

than the linear �ame speed SL.

Although this helps explain the adaptability of the LSB for hydrocarbons, it poses problems for

a fuel like hydrogen, for which the �ame speed is signi�cantly greater. Tests for the addition of H
2
to
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hydrocarbons showed the LSB could operate up to 100% H
2
, albeit this condition signi�cantly altered the

�ame shape, as due to the increased �ame speed, the �ame anchored on the burner outlet. Nevertheless,

the regular LSB stabilization mechanism remains unchanged until 60% H
2
[23], and the addition of

hydrogen lowered the blow-o� limit of the �ames [15, 17]

Scalability

As mentioned previously, the LSB design shows excellent scalability properties. Burners with varied

power outputs, as low as 1 kW and as high as 10 MW, have shown consistent stability and emissions

results, which has allowed the design to be established as a viable commercial solution for industrial

applications, such as heaters and boilers.

This has led most research work to favour higher power, larger systems, as a demand was present for

burners capable of meeting the stringent pollutant thresholds reliably. Thus, several results have showed

the capabilities of the LSB, both at atmospheric and in boiler conditions [15, 24], for a variety of fuels.

Despite this, more recent studies for smaller burners, particularly a burner of the same dimensions as

the one used for the laboratory tests (D = 25.4 mm), show similar trends of divergence as the bigger LSB

setups [16], indicating �ow �eld coherence, and the same basic principles as the larger, more thoroughly

studied systems.

2.2 Fuel Properties

For the laboratory tests, the main goal was to verify the LSB's adaptability to varied fuels, under various

combustion regimes, particularly the combustion of biogas and the viability of its mixing with hydrogen.

Both these fuels constitute attractive alternatives to the common fuels used for combustion, for di�erent

reasons.

Biogas is a biofuel which can be sourced naturally through Anaerobic Digestion of organic matter,

and is mainly composed of methane (CH
4
) and carbon dioxide (CO

2
), also containing traces of other

species such as N
2
and residual amounts of H

2
, O

2
and CO, among others [5]. Although its renewable

origin is one of its merits, the wide variation of its components poses challenges for the design of a burner

system, as it has been shown that due to the inert nature of the carbon dioxide, it is not consumed in a

reaction. However, due to its relatively high speci�c heat, the thermal inertia of the fuel increases, which

reduces �ame stability and burning speed [6, 25]. For these studies, biogas was simulated by creating two

combinations of methane and carbon dioxide, with 60% and 80% CH
4
by volume.

Hydrogen, on the other hand, has very good combustion properties, and it has been proven to improve

the lean stability of methane-air and syngas �ames [17]. Its high burning rate and high mass heating value,

combined with the fact that, in a perfect setting, the only byproduct of its combustion is water (H
2
O),

make it an attractive fuel option, and it has been show to increase e�ciency and lower irreversibilities

in a variety of applications [26]. However, its increased �ame speed and reactivity can lead to a faster

combustion, which in turn can lead to �ashback if the burner conditions are not ideal, and the increased

�ame temperature of hydrogen may lead to higher emission levels for comparable equivalence ratios.
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Thus, it is important to de�ne the properties of the reacting fuels used in the tests. The properties

presented are molecular weight (MW), density (ρ), lower heating value (LHV), both molar and per unit

of mass, the adiabatic temperature of combustion and the �ame speed.

Table 2.1: Combustion properties of methane and hydrogen at 25oC and 1 atm. [27, 28]

Fuel
MW ρ LHV LHV Tad SL (at φ = 1)

[kg kmol-1] [kg m-3] [MJ kmol-1] [MJ kg-1] [K] [m s-1]

Methane (CH
4
) 16.043 0.6565 802.41 50.0 2226 0.36

Hydrogen (H
2
) 2.016 0.082 241.92 120.0 2527 2.1

These properties then enabled the calculation of important parameters to the �ow, such as the equiv-

alence ratio φ, which is de�ned by the ratio between the amounts of air and fuel supplied to the burner

and the stoichiometric air fuel ratio, as shown:

φ =

(
A
F

)
st(

A
F

) (2.8)

The stoichiometric air fuel ratio is de�ned as the amount of air necessary to completely oxidize the

fuel divided by the amount of fuel itself. Note that both a mass air/fuel ratio and a molar air/fuel ratio

can be de�ned, depending on whether mass or molar values are used in the equation. However, provided

the units used are consistent, the stoichiometric ratio φ is independent of whether molar or mass ratios

are used, and the equation holds true for both cases. In the case of the LSB, the main goal is to achieve

lower emissions when burning, an therefore lean conditions (φ < 1) are favoured, as will be shown in

Section 4.4.

The calculation of the �ame power was made with the following equations, combined with the ideal

gas law:

P = ṁfLHV = ṅfLHV =
pV̇fLHV

R0T
(2.9)

Other Gas Properties

Knowing the combustion properties of the reacting fuels, it is also important to de�ne the properties of

the other reacting substances. Since these gases are not considered to be reacting fuels by themselves,

there are evidently no values relating to combustion, but it is still relevant to de�ne the thermal and �uid

properties, such as the heat capacity Cp, the density ρ, and the viscosity µ. From the latter two, the

kinematic viscosity ν can be calculated:

Table 2.2: Properties of air and CO
2
at 25oC and 1 atm [27, 29]

Gas
MW ρ Cp µ× 106 ν × 106

[kg kmol-1] [kg m-3] [kJ kmol-1 K-1] [N s m-2] [m2 s-1]

Air 28.96 1.203 29.163 18 15.41

CO
2

44.01 1.825 37.198 14.8 8.11
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Using the obtained values from tables 2.1 and 2.2, the properties for each simulated composition of

fuel can be obtained:

Table 2.3: Properties of the simulated mixtures of methane, biogas and hydrogen for testing.

Biogas Hydrogen MW ρ LHV LHV

Composition Percentage [kg kmol-1] [kg m-3] [MJ kmol-1] [MJ kg-1]

Methane

0 % 16.043 0.6565 802.41 50

10 % 14.640 0.5991 746.36 50.98

20 % 13.238 0.5416 690.31 52.15

30 % 11.835 0.4842 634.26 53.59

BG 80/20

0 % 21.636 0.8902 641.93 29.67

10 % 19.674 0.8094 601.93 30.60

20 % 17.712 0.7286 561.93 31.73

30 % 15.750 0.6477 521.93 33.14

BG 60/40

0 % 27.230 1.1239 481.45 17.68

10 % 24.708 1.0197 457.49 18.52

20 % 22.187 0.9155 433.54 19.54

30 % 19.666 0.8113 409.59 20.83
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Chapter 3

Implementation

In the laboratory tests, there are necessary assumptions that must be made in order to �ll in unknowns

which are not practical or simply impossible to measure. For these tests, the following were considered:

1. The environment was considered to be at standard pressure and temperature conditions;

2. The non-reacting �ow was considered to be incompressible, making air density ρ constant in the

entire control volume;

3. All fuels were perfectly mixed in the mixing chamber, and the �nal fuel composition is perfectly

uniform;

4. The fuel is ideally premixed with the air inside the burner end, and φ is considered to be uniform

as it exits the burner.

3.1 Experimental Setup

3.1.1 Burner Setup

For the performance tests, an open �ame LSB setup was assembled in the laboratory, as depicted in

Figure 3.1. This setup was conceived to be modular and easily modi�able, not just in height and location

relative to the supporting structure, but also in orientation, as was necessary for the PIV measurements

parallel to the burner outlet.

Air �ow was provided by a ventilator controlled by an AC power supply, which was in turn attached

to a Fluke 123 Series scopemeter (min. division 0.1 V), with the aim of obtaining a more accurate reading

of the voltage supplied to the ventilator. Although the power supply was capable of an output of up to

240V, the ventilator had an inbuilt safety feature which restricted the voltage to roughly 180V, shutting

o� should the input exceed this value. This limited tests to a maximum air �ow rate of just over 150

litres per minute (LPM), which translates to a maximum Reynolds number (calculated as per Section

2.1) of approximately 8500, limiting the possibilities of �nding the blow-o� conditions of higher power

output �ames, or even stabilizing them at the desired lean conditions.
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Figure 3.1: Setup for photo analysis. The JAI camera can be seen on the right foreground, attached to
the lens and behind the bandwidth �lters, the burner end on the left background.

The ventilator was linked to a settling chamber, 50 cm long and 42 mm in internal diameter, encom-

passing three layers of pressure drops so as to stabilize the �ow. The burner was then assembled on the

end of this chamber through a custom-made quick release adapter, which allowed for the easy removal of

the burner end. This cylindrical burner end constricts the �ow to the diameter of 1 inch (2.54 cm), and it

maintains a cylindrical geometry until the burner outlet. The swirler was placed upstream of the outlet,

at a recess distance Li of 1 inch, or 2Rb. The geometry of this swirler piece, as well as its placement

within the burner will be further discussed in Section 3.2.

Also within this burner end were the fuel inlets, meaning the air/fuel mixture was formed at this point.

Methane, hydrogen and carbon dioxide were bottle sourced (Air Liquide Alphagaz bottles, >99.95%

purity), while the propane used in earlier testing was pipe sourced. All gases were measured through a

set of Alicat M-Series digital �ow meters of varying capacities, ranging from 5 SLPM to 50 SLPM. SLPM

indicates standard litres per minute, a �ow measurement unit that makes use of the �owmeter's inbuilt

thermometer to provide a constant mass �ow under all conditions. Although the standard de�nition

refers to the equivalent mass of a litre per minute of gas at 1 bar and 0o C, Alicat de�nes SLPM as the

mass of a litre per minute at ambient conditions (1 atm and 25o).

In particular, biogas mixtures with higher percentage of carbon dioxide required a larger �ow of CO
2

to be supplied, and therefore a 50 SLPM capacity �ow meter was employed. A 20 SLPM capacity �ow

meter was used for the control of CH
4
�ow rate, and two separate 5 SLPM �ow meters were used for CH

4
.

All �ow meters were controlled using the LabView software, and were connected to a mixing chamber,

which in turn was connected to the fuel inlets of the burner. Propane, on the other hand, was not mixed

with any other gases and bypassed the mixing chamber, being sourced directly from an Alicat �ow meter

of 5 SLPM capacity to the burner's fuel inlets.
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Figure 3.2: Camera and fuel system setup schematic.

3.1.2 Camera Setup

Figure 3.2 shows a schematic of the layout for the camera setup assembled, as well as the burner setup

and fuel sourcing system. A JAI CV-M9GE RGB camera, capable of a resolution of 1024x768 pixels,

was used for the �ame photos attached to a Nikon AF Nikkor 50mm f/1.4D lens. JAI's own JAI Control

Tool was used as the image capture software. The lens aperture was set to the highest setting possible,

f/1.4, and both zoom and focus calibrations were made with the use of a graph paper target.

The bandwidth �lters were placed on a holder in front of the camera lens, with the aim of de�ning

the location of the forming substances, and from there deducing �ame shape. 3 types of �lters were used,

each restricting the incoming light to a substance's formation speci�c wavelength. The �lters used had

a bandpass centre wavelength of 516nm (Andover 515FS10-50) for the C
2
images, 431nm for the CH

images (Andover 430FS10-50) and 451nm for the CO
2
images (Andover 450FS10-50). The fuels used for

the pictured �ames and their respective compositions will be further discussed in section 3.4.

3.1.3 PIV Setup

Particle Image Velocimetry (PIV) studies were undertaken as a non-intrusive way of de�ning the LSB

�ow�eld for this particular installation. PIV allows for the measurement of the �ow characteristics by

illuminating the pre-seeded interest region through a pair of laser beams within a de�ned interval of each

other. This illuminates the seeded �ow, and de�nes two �ow conditions from which �ow data can be

assessed. A synchronized camera then captures the two �ames, and from a sample of pairs, by de�ning

the scale factor, the local velocity can be de�ned for the laser plane.

The overall layout of the PIV setup is similar to the camera layout albeit with some fundamental

di�erences. While the camera layout was conceived for studies of a reacting �ow, the PIV tests were

undertaken using a non-reacting �ow. This overrides the necessity for fuel supply, but adds the necessity
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Figure 3.3: Non-reacting PIV setup schematic.

Figure 3.4: Burner under PIV analysis (Laser visible).

for an air supply to provide the seeding particles for the PIV tests.

For this application, liquid para�n was used to provide the seeding. The para�n was atomized into

particles through a pair of atomizers, reusing the aforementioned Alicat �ow meters for the necessary

air supply (dry air was supplied to the �ow meters through a compressor). One of the atomizers was

then connected to where the fuel inlet would be, while the other slowly released particles to �ll the

environment surrounding the burner outlet. This was made with the aim of reducing uncertainty in the

outer shear layer between the seeded burner �ow and the external environment. The external environment

was enclosed with light absorbent blankets, both to keep the stagnant environment undisturbed, and to

prevent any external light from causing re�ections which may disrupt the results. Figure 3.3 shows a

simpli�ed schematic of the PIV setup layout.

The laser used to illuminate the particles was of the Dantec DualPower 65-15 Nd:YAG type, synchro-

nized to an ANDOR Zyla 5.5 sCMOS camera through a BNC Model 575 synchronizer. The laser has a
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Figure 3.5: Pair of swirlers of the same geometry. The swirler on the left was produced by injection
moulding, the one on the right by 3D printing.

beam wavelength of 532 nm, and is capable of a maximum frequency of 15 Hz. The camera made use

of a Nikon AF Nikkor 60mm f/1.28D lens, set to its largest aperture (f/1.28), coupled to a Meller Griot

bandwidth �lter of 532nm wavelength to protect the lens from overexposure and �lter undesired noise,

and is capable of obtaining images with a resolution of 2560x2160. The laser intensity was established

by trial and error, and was adjusted until the seeding was adequately visible. The focus of the camera

was then adjusted using a graph paper target positioned where the laser beam would be in operation.

All results were obtained and processed using the Dantec DynamicStudio 5.1 software.

For the tests of the plane tangent to the burner exit, as the �ow was non-reactive and the particles

were considered to not su�er from signi�cant di�usion e�ects, the whole burner setup was rotated 90o

to obtain the �ow velocities. The laser beam was aligned with the burner outlet without illuminating it,

illuminating the particles directly downstream of the outlet instead. The axis of the camera was then

lined up with the axis of the burner exit, and a protective screen was introduced, together, again, with

light absorbent cloaking to prevent any re�ections.

3.2 Swirler Selection

As described previously, the swirler is a small piece consisting of two separate regions: a central axial �ow

region, restricted by a perforated centre screen designed to induce a pressure loss in the inner annulus

of the �ow, and a number of vanes on the outer annulus designed to induce a tangential velocity to the

outer annular �ow.

The laboratory had available a pair of polymer swirlers from a previous installation using the same

burner end, the dimensions of which are shown in Figure 3.6, produced by injection molding. These

swirlers �t in the 25.4 mm (1 in) burner outlet diameter, and have 8 vanes at a �xed angle of 37o.

Therkelsen et al. obtained ideal results for vane angles of 30o < α < 42o for hydrocarbons, and 30o <

α < 35o for high-hydrogen fuels to decrease the risk of �ashback, and hence the swirler keeps a good

compromise for the test fuels [13]. The centre section is 20 mm in diameter, and the screen that covers

it is perforated with circular holes 1.5 mm in diameter, laid out in a square pattern, spaced at regular
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Figure 3.6: Technical drawing of 1 in diameter swirler and primary dimensions (in mm).

Figure 3.7: Swirler stability limits comparison for an Injection moulded and a 3D printed swirler.

2.5 mm intervals in both the x and y directions. This results in a screen blockage of roughly 74% of the

total area.

Another swirler was 3D printed as a test comparison using ASA-X polymer to the exact same geometry

speci�cations. The goal of this was to study the feasibility of 3D printing for swirlers, as it allows for a

much greater level of customization and geometry variation. For example, a change in the centre screen

pattern, namely with the use of fractals, has been shown to improve the stability limits when compared

to circular pattern perforated screens, especially for �ames with the addition of hydrogen [30].

The stability limits of both swirlers were then measured for a pure propane �ame to assess the

similarity between the two production methods. Tests showed (Fig 3.7) the 3D printed swirler to have

similar, if not slightly narrower �ashback limits, and visibly higher blow o� limits, resulting in markedly

tighter stability limits overall. This is mainly due to its noticeably worse surface roughness, and its larger

vane thickness, increasing the turbulence levels, and leading to quenching of the �ame at higher levels of

φ. As a consequence of this, the injection molded swirler was chosen for the tests, and the possibility of

3D printed swirlers was discarded.
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Swirler Position

The position of the swirler inside the burner is measured by a parameter Li, named swirler recess, which

measures the axial distance between the top of the swirler and the burner outlet.

Despite showing a relatively small e�ect on the �ow characteristics when compared to other geometric

parameters of the swirler, previous studies recommended maintaining an interval of 2Rb < Li < 3Rb as

acceptable values of swirler recess [13]. More recently, however, it has been shown that an increase in

swirler recess inside the burner can have an e�ect similar to that of decreasing the swirl number [31].

Tests showed, as will be presented in Section 4.1.2, a swirl number for this particular setup of roughly

0.5, which puts it within the low swirl regime. Furthermore, it was considered that, due to the relatively

small axial velocities of the tested �ows, a larger recess could lead to a mixing of the centre and annular

�ows, deforming the desired �ow �eld. Therefore, a swirler recess of 2Li was enforced.

3.3 Processing

3.3.1 Image Processing

The �ame images were obtained as .ti� �les, with a gain of 150 for images without �lter and 425 for

images with �lter. A set of 36 conditions was then de�ned for testing, by adding a molar fraction of 0, 10,

20 and 30% H
2
to pure methane and two compositions of biogas (80/20 and 60/40), each for a φ of 0.9,

1 and 1.2. A more detailed insight of the fuel composition and properties is present in Section 3.4. The

mixture of pure CH
4
with 30% H

2
was deemed at risk of �ashback for the φ = 1.2 condition, and images

could not be obtained safely for that condition. For each condition, a set of 5 images was obtained so as

to allow the calculation of a more representative average of the �ame at each set point.

The obtained images were then processed using the ImageJ software. In a �rst instance, the 5 images

for each case were averaged, and each type was then processed separately. All cases had visibility issues

for leaner �ames, which would cause the software to struggle with de�ning �ame boundaries. Therefore,

each type of photo was processed using its speci�c process, in order to make sure the �ame was visible

under all conditions, while still keeping the pictures of the richer �ames from saturating.

Therefore, for the �ame photos with no �lter (named "Blank"), a brightness scaling of 0-200 was

performed (from the original 0-255 range), at which point the image was converted into an 8-bit scale (by

averaging the red, green and blue channels). This darkened the image, as there is virtually no red light

emitted from the �ame. Thus, a new brightness adjustment for 0-132 was performed, and a threshold of

18-255 was set. This allowed the "Analyze Particles" function of Image J to locate the contours of the

�ames.

As the C
2
�lter allowed very little light to come through, a very small brightness scale of 1-33 was

used. Despite this, �ames at φ=0.9 were barely discernible, and neither a higher intensity threshold nor

a lower threshold could properly localise the �ame. While the high threshold would not acknowledge the

�ame, the low threshold would also pick up background noise, precluding the identi�cation of the �ame

outlines in this case. For the �ames at other equivalence ratios, the colour channels were separated, as
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Figure 3.8: Flow �eld results for 100 V, and interrogation areas of size 16x16, 32x32 and 64x64, respec-
tively.

the �ame is purely green in colour, and the green channel was converted into an 8-bit black and white

image. For this image, a range of 36-255 was then de�ned to establish the �ame outlines.

Similarly, for both CH and CO
2
bandwidth �lter pictures, a brightness modi�cation was applied (7-94

for CH; 8-84 for CO
2
), and only the blue channel was considered, as the �ames were shown to be mainly

blue. From there, a threshold of 20-255 was de�ned for �ames taken with the CH �lter, and 18-255 for

the CO
2
ones, and again, the "Analyze Particles" function was used to de�ne the �ame outlines.

3.3.2 PIV Data Processing

The PIV images were acquired in sets of 400 pairs of images at a frequency of 15 Hz, with a time between

pulses of 20 ms. This generated a good sample size for averaging �ow speeds at a reasonable time expense.

The images were then masked to include only the interest area, and dimension calibration was made using

a graph paper target. With this scale factor de�ned, the velocity vectors could be obtained.

The velocity calculations were made using cross correlation, by dividing the image into small zones.

These zones, called Interrogation Areas (IA), can be of 16px, 32px, 64px or 128px in size for both of the

2D cartesian coordinates, and the software will register the movement of each particle within this IA over

the time between the two image captures. For the analysis of each IA an overlap factor of neighbouring

interrogation areas can be de�ned, which de�nes an outer boundary within which the particles will be

considered (and can be 25%, 50% or 75% of the IA size, for both x and y).

If the time between pulses is too large, the particles within that boundary will move over to another

IA, and the results will not be valid. In addition to that, the swirling �ow is a 3D �ow, which means

the particles of the �ow are moving not only along the laser beam plane, but through it. Bearing these

two restrictions in mind, the time between pulses was set to be relatively low, reducing the risk of the

particles moving on into other areas and being substituted by other particles entering the IA.

For this application, tests were made for 16x16, 32x32 and 64x64px interrogation areas, as shown on

Figure 3.8. The smallest areas did not yield cohesive results, possibly due to the particles exiting the

IA in the second frame, while the 64x64px interrogation areas did not provide the desired resolution.

Thus, an IA size of 32x32 was chosen, with an overlap parameter of 25% in both the x and y directions.
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Cross correlation was then performed for each of the image pairs, and outliers were discarded by way of

a maximum value �lter. The 400 individual results were then averaged to provide the �ow �eld for each

case.

3.4 Fuel Test Conditions

For the reacting �ows, and bearing the purpose of studying �ame stability in mind and ensuring the

results are comparable, fuel conditions were set so that two main criteria were met:

1. The molar fractions of the components of the fuel were set beforehand and kept constant, so that

a good comparison on the impact of the variation of each component could be obtained;

2. The power of the �ame was kept constant between all tests.

A set of 12 conditions were then set. To simulate biogas, two mixtures of CH
4
and CO

2
were

considered, one with 80% methane and 20% carbon dioxide, and another with 60% methane and 40%

CO
2
, in addition to a pure methane condition. Subsequently, 4 percentages of H

2
were mixed into the

overall �ow (0, 10, 20 and 30%). For a mixture of biogas constituted of A% CH
4
, and consequently

(100 − A)% CO
2
, and a hydrogen percentage of B%, the molar fraction for each of the substances can

be calculated as follows:

yH2
=

B

100
(3.1a)

yCH4 =
A

100

(
1 − B

100

)
(3.1b)

yCO2 =

(
1 − A

100

)(
1 − B

100

)
(3.1c)

As the temperature and pressure conditions were considered to be uniform for all the species, the

volume �ows for each set condition, as set by the �ow meters, must therefore follow these restrictions.

Since tests were made experimentally by de�ning the desired volume �ows, the equations for molar

fractions were used. Thus, the stoichiometry ratio for any biogas and hydrogen combination was given

by:

φ =
(2yCH4

+ 0.5yH2
) ∗ 4.76(

V̇air

V̇f

) (3.2)

where V̇f = V̇CH4
+ V̇H2

+ V̇CO2

Power of the �ame was calculated through the lower heating value of the fuel, using Equation 2.9.

A base power value was then set, to be used by all �ames, calculated as the equivalent power of a pure

methane �ame with a fuel �ow rate of 9.85 SLPM. The power for all �ames was then de�ned to be

approximately P = 5.88 kW. For combinations, the power equation was de�ned as:
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P
R0T

p
= V̇H2LHVH2 + V̇CH4LHVCH4 (3.3)

This equation was then combined with Equations 3.1 and numerically solved to calculate the necessary

�ow rate for each case. The �ow rates for each fuel are shown in table 3.1:

Table 3.1: Fuel rates in SLPM for CH
4
(top), CO

2
(middle) and H

2
(bottom) for the �ame test conditions.

Base Blend H
2
0% H

2
10% H

2
20% H

2
30%

Methane
(CH

4
100%)

9.85 9.53 9.15 8.72

0 0 0 0

0 1.06 2.29 3.74

Biogas 80/20

9.85 9.53 9.15 8.72

2.46 2.36 2.25 2.12

0 1.31 2.81 4.54

Biogas 60/40

9.85 9.53 9.15 8.72

6.57 6.22 5.83 5.4

0 1.06 2.29 3.74

3.5 Air Flow Rate Calculation

To obtain the air �ow through the burner outlet, a numerical integration process was de�ned to integrate

the velocity pro�le along the outlet surface. This outlet surface is a 2D surface in polar coordinates, which

means the numerical integration had to be adjusted from cartesian coordinates. The integral which yields

the �ow rate, considering an axisymmetric velocity pro�le, is de�ned as:

V̇air =

∫ 2π

0

∫ Rb

0

V rdrdθ (3.4)

Since the function for the velocity at the burner outlet is discrete, a trapezoidal numerical integration

was used to calculate the �ow rate. The trapezoidal integration formula for a function f(x) for an interval

[a; b] divided into n sections so that a = x0 and b = xn, considering ∆xk = xk − xk−1 is as follows:

∫ b

a

f(x)dx =

n∑
k=1

f(xk−1) + f(xk)

2
∆xk (3.5)

In the radial integration a factor of r has to be multiplied by the velocity function, meaning, for

the numerical integration a secondary function g(r) = V (r) ∗ r was de�ned and numerically integrated

between 0 and Rb. To take into account the asymmetry of the velocity pro�le, a second integration was

made between −Rb and 0, which was then averaged with the positive integration and multiplied by 2π

to obtain the results.
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3.6 Cantera Modelling

To estimate the emissions for an LSB �ame, adiabatic 1D �ames were made using Cantera [32] to

simulate the propagating LSB �ame. Cantera is an open-source Python module for chemical kinetics

and thermodynamics of combustion, and the simulations were conducted using the GRI Mech 3.0 [33]

mechanism. This mechanism calculates a one-dimensional adiabatic freely-propagating �ame at a pressure

of 1 atm and burner temperature of 300 K by de�ning the reaction rates for 53 species, totalling 325

reactions. GRI Mech 3.0 is a widely used mechanism, both in an academic setting [34] and in the industry,

and although more detailed mechanisms are available, it provides a good balance between result accuracy

and computational cost, yielding good results for the desired species (NO and NO
2
in this case) under

the test conditions [35, 36].

The simulation takes the initial conditions as input, and is considered to provide the �nal combustion

products fraction when the adiabatic temperature is reached. The simulation was made for equivalence

ratios of 0.8 < φ < 1.2, delivering results for the set conditions of methane, carbon dioxide and hydrogen

mixtures for such variables as �ame speed, adiabatic temperature and molar fraction of the combustion

products. For this study, and for the LSB architecture in general, the main goal is to reduce the levels

of NOx, which were considered to be the sum of NO and NO
2
, and thus the results for these levels were

considered, as well as adiabatic temperature, which is related to the formation of these species, as will

be further discussed in Section 4.4.

3.7 Uncertainty Analysis

The Alicat �ow meters, mentioned in Sub-section 3.1.1, show an error dependant on both the set point

�ow and the �ow meter capacity. These uncertainties are de�ned as:

UV̇ = ±0.008V̇sp ± 0.002V̇max (3.6)

where UV̇ is the uncertainty associated with the �ow rate, V̇sp is the �ow rate for a determined set

point, and V̇max is the maximum capacity �ow rate of the �ow meter. Since the latter is a constant

for each �ow meter, independent of the �ow rate, the highest uncertainties, de�ned as the error eV̇ (in

percentage) will be associated with the lowest values set for the highest capacity controllers, and the lowest

error values will be associated with the highest values (relative to the capacity) of the lowest capacity

�ow meters. Table 3.2 shows the maximum and minimum value of error for the conditions described in

Table 3.1, keeping in mind the �ow meter capacities for each fuel (described in Section 3.1.1).

The hydrogen �ow rate was controlled using 2 �ow controllers mounted in parallel, as the 5 SLPM

capacity was lower than the maximum �ow necessary. The uncertainty when using both controllers was

then calculated by adding the uncertainty of the two controllers at the set points (one opened fully, the

other at a partial load of 0.79 SLPM). If only one controller was used, the uncertainty is calculated as

normal, seeing that the closed controller has no in�uence in the �ow rate. This case was found to contain

both the lowest and the highest uncertainty, since, for the single case where both �ow meters were used,
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Table 3.2: Maximum and minimum uncertainties for each fuel species.

Gas V̇sp (SLPM) V̇max (SLPM) UV̇ (SLPM) eV̇

Maximum

CH
4

8.1 20 ±0.1048 1.294%

H
2

1.06 5 ±0.0185 1.743%

CO
2

2.12 50 ±0.1170 5.517%

Minimum

CH
4

9.85 20 ±0.1188 1.206%

H
2

4.54 5 ±0.046 1.020%

CO
2

6.57 50 ±0.1526 2.322%

the error associated with the �ow meter capacity was doubled, increasing the uncertainty, yet the total

�ow rate was the largest of all cases studied, reducing the error. This meant the error (± 1.145%) was

within the range of errors of the single �ow meter cases.

These uncertainties a�ect the fuel mixture parameters, namely φ and the molar fractions of H
2
and

CO
2
. To calculate the uncertainties on these, the error propagation formula is used. The uncertainty for

CO
2
is given by:

UyCO2
= ±

V̇CO2

V̇CH4
+ V̇CO2

√√√√√(UV̇CO2

V̇CO2

)2

+


√
U2
V̇CO2

+ U2
V̇CH4

V̇CH4
+ V̇CO2

2

(3.7)

Using this formula, the maximum uncertainty for the CO
2
fraction can be calculated as:

Table 3.3: Maximum yCO2
uncertainty, error and conditions.

V̇CH4
(SLPM) V̇CO2

(SLPM) UyCO2
eyCO2

8.48 2.12 ±0.01143 0.539%

The uncertainty for the hydrogen molar fraction can be calculated in a similar way, taking into account

the �ow rates and uncertainties of both CH
4
and CO

2
:

UyH2
= ±

V̇H2

V̇CH4
+ V̇CO2

+ V̇H2

√√√√√(UV̇H2

V̇H2

)2

+


√
U2
V̇CO2

+ U2
V̇CH4

+ U2
V̇H2

V̇CH4
+ V̇CO2

+ V̇H2

2

(3.8)

And the maximum uncertainty for hydrogen molar fraction was calculated as being:

Table 3.4: Maximum yH2
uncertainty, error and conditions.

V̇CH4
(SLPM) V̇CO2

(SLPM) V̇H2
(SLPM) UyH2

eyH2

9.53 0 1.06 ±0.00243 0.229%

The air �ow supply was not provided through �ow meters, instead relying on the ventilator. As will be

shown in section 4.1.1, the air �ow rate was calculated through the integration of the velocities obtained

by PIV analysis at the burner outlet using numerical methods, and an approximate curve was obtained

for use in the equivalence ratio calculations. As such, the uncertainty analysis for this �ow was considered

not to be accurately de�nable, further invalidating an uncertainty analysis for φ.
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Chapter 4

Results and Discussion

This chapter presents the studies made on the fuel �exibility of the LSB design. The �rst studies made

measured the �ow �eld downstream of the burner exit, comparing it to a typical LSB �ow �eld. Photo

analysis of the reacting conditions is then presented, together with the analysis of the e�ects of the addition

of hydrogen, carbon dioxide and a mixture of both to the base methane �ame. Flame parameters such

as position, shape and brightness are discussed.

Stability limits are then established for the same conditions as the photos, and the e�ects of fuel

composition on the stability limits are discussed. Finally, a simulation of the emission levels is presented

for each case, and results are evaluated.

4.1 Non-reacting PIV Flow�elds

Non-reacting PIV studies were made to de�ne the �ow �eld at the burner's outlet, speci�cally, in both

a plane perpendicular to the outlet, aligned with a centreline of the burner, and a plane parallel to the

burner outlet at the minimum distance achievable. This distance was estimated to be less than 2 mm,

and the plane was e�ectively de�ned as the x = 0 plane. For coherence in the results, this distance was

also discounted in the perpendicular plane, and the origin was de�ned as being the intersection point

between the centreline of the burner and the x = 0 plane. For the study of the �ow for an (x, r) plane,

an area of interest was de�ned for a radius of 25 mm from the axial centreline and a distance of 40 mm

from the burner outlet, while for the (r, θ) plane, the area of study was de�ned as a circle centred at the

origin with a radius of r = 12.7 mm.

To calculate the �ow rates, �ow �elds are considered to be axisymmetric around the normal axis to

the burner outlet. Although results for the plane tangent to the burner outlet show a clear imprint of

the guide vanes on the tangential �ow vector map, the e�ect of these on the global �ow rate was not

considered, as the imprints are relatively small when compared with the overall domain. As mentioned,

a pre-seeded environment was created by introducing para�n particles similar to those introduced into

the burner in the environment around it, and allowing the particles to settle before running the tests.

As an example, in Figure 4.1 it is perceivable that the �ow �eld for unseeded results shows a very
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(a) Unseeded environment (b) Seeded environment

Figure 4.1: Comparison of seeded vs. unseeded environment (80 V)

abrupt velocity di�erence between the swirling �ow and the environment, which would indicate a very

strong turbulent shear layer in this region. However, further testing with the pre-seeded environment was

made, which showed a much smoother transition, and much more in line with the expected results for

an uncon�ned �ow at the tested Re [16]. Further tests were then made for 10 di�erent ventilator voltage

levels: 30, 40, 60, 80, 100, 110, 120, 130 and 140 V, as Figures 4.2 and 4.3 show.

Flow �eld analyses show a well de�ned Low Swirl environment both in the horizontal and vertical

planes, and in both cases the lower velocity axial �ow centre section and the higher velocity annular

swirled �ow section are distinguishable in all cases, providing cup-shaped streaklines on the (r, x) plane,

on which, considering constant ST , a �ame can stabilize, forming the typical cup-shaped LSB �ames.

The velocity gradient between the two sections is smaller than that between the swirled �ow and the

stagnant environment, primarily due to the swirler recess inside the burner, but also due to the relatively

small scale of the burner, which allows the �ow to reduce this abrupt velocity di�erence. This e�ect is

noticeable in both �ow �eld map types, but can be better perceived in the vertical plane map.

The results in the (r, x) plane also showed the divergence of the �ow, exhibiting a noticeable radial

component to the velocity, particularly in the outermost part of the swirled annulus. This causes the

�ow to expand in the radial direction into the environment and slightly increase the size of inner annulus

x, sharply reducing axial velocity of the overall �ow. This is one of the staples of the low swirl burner's

adaptability, as the divergence of the �ow allows the �ame to stabilize at the location where the �ow

velocity is equal to the turbulent burning velocity ST , regardless of the conditions which a�ect it (such

as φ or the fuel properties). Results also show, particularly for the higher velocities (120 V, 130 V and

140 V), a very low velocity area in the centre of the �ow, showing that this particular �ow �eld is at

a swirl number on the upper scale of low swirl, almost generating a recirculation bubble. Although

the non-reacting PIV results don't show it, other studies have shown that the reacting �ow causes the

acceleration of the �ow due to gas expansion at the �ame brush, which, due to the larger velocity of the

outer annulus, may cause stagnation of the �ow or even a small recirculation zone as the divergence e�ect

decreases [14, 16]. Nevertheless, this recirculation zone is not particularly important for the �ow as it
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Figure 4.2: Vector plots for the (x, r) plane. Left to right; top to bottom: 30 V, 40 V, 60 V, 80 V, 100
V, 110 V, 120 V, 130 V, 140 V.

generates downstream of the �ame brush, meaning the main stabilization mechanism is �ow divergence.

The velocity pro�les at the burner exit also show similar results. A clear distinction between the

non-swirled centre and the tangentially swirled annulus can be recognized, more clearly in the tangential

�ow pro�le than in the axial one.

Moreover, both the �ow �eld map results and the pro�le results show that the �ow characteristics

remain largely the same for all ventilator voltages, with the velocity vectors changing largely only in

scale, except for the 20V case, as this low voltage yields a relatively small fan speed, leading to very small

bulk velocity and a �ow resembling a plug type �ow rather than a typical swirling �ow. This particular

result was therefore discarded from any calculations relating to the swirling �ow, especially seeing as �ow

velocities this low weren't used in any of the �ame tests. However, the �ow rate was taken into account,

particularly in Section 4.1.1, as the axial �ow rate is independent from the �ow geometry.
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Figure 4.3: Vector plots for the (r, θ) plane. Left to right; top to bottom: 30 V, 40 V, 60 V, 80 V, 100
V, 110 V, 120 V, 130 V, 140 V.

4.1.1 Ventilator Calibration

With the velocity pro�les de�ned, the calculation of the axial �ow rate can be made by simply integrating,

in cylindrical coordinates, the axial velocities within the burner diameter as discussed in section 3.5. As

mentioned in chapter 3, the laboratory tests were considered to be at ambient conditions, and therefore

these results can be considered to be standard results in line with the calculated �ow rates based on the

�ow meter values. From this �ow rate an average bulk velocity can be determined, and from Equation

2.5 the Reynolds number can be calculated.

Table 4.1: Calculated values of �ow rate (LPM) and respective Re.

Voltage (V) 30 40 60 80 100 110 120 130 140

Flow Rate (LPM) 0.458 0.490 0.489 0.488 0.462 0.562 0.543 0.522 0.505

Re 3026 3953 5135 5952 6597 6903 7171 7401 7641
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(a) Axial Pro�les (b) Radial Pro�les

Figure 4.4: Axial velocity and tangential velocity pro�les at the burner exit centreline.

Figure 4.5: Inverse of Re in function of voltage, and respective �t curve.

Figure 4.5 shows the points corresponding to the calculated Re for each voltage setting, showing an

apparent quadratic correlation between the voltage and Re (and thus the �ow rate). This is coherent

with the pressure loss equations in partially obstructed pipes, which assert ∆p α V 2 [37]. From this

result, and with the aim of obtaining a better �t, the variables were switched to obtain an equation for

voltage as a function of Re. The curve �t found was Vvent = 3e− 6 ∗ Re2 − 0.0097 ∗ Re+ 28.03, with a

coe�cient of determination of R2 = 0.99885, and that equation was numerically solved in order to obtain

Re as a function of the voltage.

4.1.2 Swirl Number Veri�cations

Having obtained the pro�les of the velocity in both the perpendicular and parallel planes to the burner

exit permitted the calculation of the Swirl Number using either of the previously de�ned equations (Eq.

2.1 or Eq. 2.6). Since both velocities pro�les are obtained at the same section, contained within the
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same straight line, the results could be coupled to de�ne the (U, V,W ) components for this section. An

adjustment had to be made though, as the measured points in the radial dimensions did not perfectly

line up. Since the tangential velocity measurements had a better resolution as a result of having a larger

number of points, the tangential velocity for the axial velocity measurement points was obtained through

a linear interpolation. For any point rj where the axial velocity V is known, and two points ri and ri+1

where the tangential velocity is known, so that i < j < i+ 1, the tangential velocity at j is given by:

W (j) =

(
W (ri+1) −W (ri)

ri+1 − ri

)
(rj − ri) +W (ri) (4.1)

As more complete data was available, it was considered that there was no need for the use of the

approximation of Equation 2.6. Thus, combining Equations 2.2a and 2.3 with Equation 3.5, for a set of

n points, enabled the calculation of the �uxes of momentum numerically as follows:

Gθ = 2πρ

n−1∑
i=0

1

2

[
(Wi+1Ui+1r

2
i+1) + (WiUir

2
i )
]

(ri+1 − ri) (4.2a)

G′x = 2πρ

n−1∑
i=0

1

2

[((
U2
i+1 −

1

2
W 2
i+1

)
ri+1

)
+

((
U2
i − 1

2
W 2
i

)
ri

)]
(ri+1 − ri) (4.2b)

The swirl numbers were then calculated for the nine measured voltage settings. As expected, results

showed the swirl number to be roughly constant around an average value of 0.5, which is a typical value

for low swirl burner setups [13].

Table 4.2: Calculated values of swirl number.

Re 3026 3943 5119 5932 6577 6903 7171 7401 7641

Swirl Number 0.458 0.490 0.489 0.488 0.462 0.562 0.543 0.522 0.505

4.2 Flame Characteristics

Flame photos were obtained for the fuel conditions described in Section 3.4, for equivalence ratios of

φ = 0.9, φ = 1 and φ = 1.2. In addition to that, pictures using 3 types of bandwidth �lter were taken

for a total of 140 pictures. As both the power and the fuel composition were �rmly de�ned, the air

�ow rate was adjusted by adjusting the ventilator voltage. However, the Reynolds numbers for all tests

did not di�er widely, and were well within the same order of magnitude, which, in conjunction with the

results of Section 4.1 assures similarity of the �ow across all conditions. As previously mentioned, �ames

composed of 70% CH
4
and 30% H

2
were considered to be at risk of �ashback at φ = 1.2, and no results

were attained.

Flames at a stoichiometric equivalence ratio with no �lter are represented in Figure 4.6, and they

show the e�ects of fuel composition on the �ame size, shape, position and brightness. For a particular

composition of fuel, a number of parameters can in�uence any, or all in fact, of these characteristics.

As a method of analysis, the �rst impact studied will be that of the variation of hydrogen in the fuel.

30



Figure 4.6: Un�ltered �ames for φ = 1. Top Row: Methane; Middle Row: 80/20 Biogas; Bottom Row:
60/40 Biogas. Left to Right: 0, 10, 20, 30% H

2
.

As mentioned in Section 2.2, hydrogen is an extremely volatile fuel, particular for its faster combustion

chemistry, and consequent high �ame speed.

Flame shape, size and position can all be examined in a more intuitive manner by way of the brightness

contours created for each composition of �ame. As the most representative example of �ame shape change

for these conditions, the outlines of the four hydrogen percentages for a 60/40 mixture of biogas were

chosen, and are represented in Figure 4.7. The outlines are coloured in a brighter shade of blue for an

increased percentage of hydrogen, with the black outline corresponding to 0% H
2
and the lightest outline

corresponding to 30%.

From the outlines, 3 conclusions are easily drawn. The �rst is that an increase in hydrogen fraction

largely corresponds to a much more easily visible �ame. This is associated with the higher brightness

levels for greater hydrogen fractions, largely in part due to its fast combustion rate. The second is that

an increase from 0% H
2
to 10% anchors the �ame slightly downstream, a result which is counter-intuitive

with the tendency for hydrogen addition. However, if the hydrogen percentage was to be further increased,

the �ame would move upstream and settle at a position where the �ow velocity is higher, a result of the

e�ect of its higher �ame speed on the fuel.

Another signi�cant e�ect noted was the widening of the �ame as the H
2
percentage rose. Due to the

previously mentioned characteristics of hydrogen, in particular the quick combustion mechanics, hydrogen

�ames tend to be shorter than those of hydrocarbons, which leads the �ame to propagate in the axial

direction. This results in wider, yet �atter �ames and can, together with the increased �ame speed, cause

the �ame to anchor at the burner outlet.

Figure 4.6 shows clearly that the e�ects of hydrogen are much more appreciable for higher levels of
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Figure 4.7: Flame outlines for a 60/40 biogas mixture and 0, 10, 20, 30% H
2
at φ = 1.

CO
2
composition, as the e�ects of the smaller kinetic inertia of hydrogen are more noticeable when in

combination with the higher inertia of the methane/carbon dioxide mixture, and hence why the contours

of 60/40 biogas composition were chosen as an example.

E�ects of CO
2
are also observable by comparing the �ames in the columns of the grid. An increase

in carbon dioxide fraction has the reverse e�ects of hydrogen addition: the inert nature of CO
2
draws

energy from the �ame, reducing its brightness [34]. Furthermore, the slower combustion chemistry of

biogas leads the �ame downstream and into a more closed and elongated, tulip-like shape, as opposed to

the wider, shorter bowl-like shape of high CO
2
percentage �ames.

(a) φ = 0.9 (b) φ = 1.2

Figure 4.8: Flame outlines for an 80/20 biogas mixture and 0, 10, 20 and 30% H
2

Figure 4.8 con�rms the conclusions drawn from the stoichiometric �ames, as the �ames exhibit the

same general characteristics for the addition of each species. One noticeable exception is the case for

30% hydrogen in the φ = 0.9 conditions, whose brightness contours are smaller than its 20% hydrogen
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counterpart. This marks the start of a tendency for higher hydrogen fractions in leaner conditions which

can be related to two phenomena. The �rst is due to the shift in radiation emission away from visible

radiation, which could cause the brightness captured by the un�ltered images to appear lower than that

of �ames with a lower hydrogen component. Additionally, the higher combustion rate of the hydrogen,

combined with the abundance of air in leaner conditions leads the fuel to be consumed faster, therefore

generating smaller �ames. Although these �ames are smaller and dimmer than those of smaller hydrogen

fraction, they are in fact of higher stability, as will be shown in Section 4.3.

A further comparison can be made between the outlines at φ = 0.9 and φ = 1.2. In the former, the

outline shows a variation mainly in size, showing the e�ects of the accelerated combustion mechanics of

H
2
. However, in the latter, the main variation is in overall �ame shape and position, meaning the �ame

is impacted by the increased �ame speed, which draws it closer to the outlet, as well as shortening and

slightly widening the �ame, maintaining, however, the overall �ame size.

Flame pictures for the other conditions, including the bandwidth �ltered �ames, largely show the same

results as the ones on Figure 4.6, particularly the e�ect of fuel composition of �ame shape and location,

and the increase of brightness for the conditions with higher fraction of hydrogen, with the exception of

30% H
2
for biogas mixtures. The pictures are shown in Annex A.

4.3 Stability Limits

Previous studies have shown the e�ects of biogas composition and hydrogen in other types of �ames, and

the general consensus shows higher levels of CO
2
in the biogas composition tend to worsen �ame stability

by increasing the lean �ame limit, causing the �ame to quench at higher φ. This is due to the addition of

an inert component with a relatively high heat capacity, while the addition of hydrogen tends to improve

�ame stability by lowering the lean �ame limit, due to both the higher LHV and higher combustion rate.

[7, 38]

To assess the e�ect of biogas composition, as well as hydrogen addition, lean stability tests were

conducted for the conditions of Section 3.4. The �ashback limits were not measured in this case as

the LSB is designed for better performance while burning a lean premixed �ame. Therefore, results

for rich �ames were not measured, and no �ames under any conditions exhibited �ashback for lean or

stoichiometric burning. The fuel �ows were set, and the ventilator was gradually adjusted to a higher

velocity setting, until the �ame was extinguished. This process was repeated at least 3 more times for

each case until an agreeable value was reached.

Figure 4.9 shows the results obtained from the stability tests. For analysis purposes, it is convenient

to split the results into two parts, and study the e�ects of biogas composition and the e�ects of hydrogen

addition, and lastly a third analysis can conclude from the combined e�ects of both. As expected, and in

agreement with previous �ndings for LSB setups [17], speci�cally for lower Reynolds numbers, the blow-

o� limits unanimously and monotonically rise with the increase in Re, showing the highest amplitude of

results of φ in the region of 0.15 for the 60/40 biogas mix with no hydrogen. On the other hand, �ames

based on pure methane, with no addition of CO
2
tend to show less variation of blow-o� limits, and for
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Figure 4.9: Blow-o� limits for the test fuel compositions.

certain cases, such as the pure methane �ames, show an in�exion towards keeping the blow o� equivalent

ratio constant for higher Re. As mentioned, these results are coherent with a lower Reynolds blow-o�

limits evolution, before hitting a maximum lean limit for Re in the order of 10000, and dropping slightly

for even higher Reynolds' numbers.

The addition of hydrogen also showed the expected e�ect in the �ame stability. Previous tests, both

with LSB setups [17] and other types of burners [38] show that the addition of hydrogen signi�cantly

reduces the �ame stretch rate, thereby avoiding local quenching of the �ame and signi�cantly lowering

the blow-o� limits of the methane/biogas �ames.

A particularly interesting result is revealed when the addition of CO
2
is considered and compared to

other �ames with the same molar fraction of hydrogen. Flames with no hydrogen show a decrease in

�ame stability, signi�cantly raising the blow-o� limit, and for these conditions the addition of 40% CO
2

results in an increase of the blow-of φ of roughly 0.1, on average when compared to the methane �ames.

However, as hydrogen is added, that di�erence is reduced and for �ames with 20% H
2
or over the biogas

�ames show lower blow-o� limits when compared with the mixture of methane and hydrogen. Although

this situation bene�ts from the highest value of both H
2
�ow rate and total �ow rate, it nonetheless shows

a trend for a larger relative in�uence of hydrogen on biogas �ames.

Another property of the LSB which was veri�ed during testing was its sturdiness under transient

conditions. As a general rule, when the fuel composition was changed, the �ame simply adjusted to the

position which matched the local �ame speed, without the need to relight the burner. This shows the

robustness and �exibility of the LSB design for a variety of fuels, and means the burner should be able

to hold �uctuating fuel compositions, provided these are within the stability boundaries.
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Figure 4.10: NOx emission levels (in ppm) and adiabatic �ame temperature (K) for 0, 10, 20, 30% H
2
.

4.4 Emission Levels

As described in Section 3.6, simulations for a one dimensional adiabatic �ame were made, meaning

�ow and thermal e�ects such as turbulence, recirculation, heat transfer and �ame geometry were not

considered. Although the LSB �ames are not perfectly planar nor adiabatic, the propagating nature of

the LSB design means its �ame has been shown to be relatively well represented by the 1D approximation

used in the simulations, albeit showing a better approximation for methane than for hydrogen [39, 40].

Nevertheless, the results are still relevant for the LSB combustion, as they can show trends for the changes

in the parameters of interest in this study, namely, biogas composition, hydrogen addition and equivalence

ratio, and provide a maximum estimate for any given condition.

Figure 4.10 shows the molar fraction of NOx in the combustion products (in ppm) and the adiabatic

temperature comparison for methane and the two biogas compositions, and their respective mixing with

10, 20 and 30% H
2
. For this simulation, as a simpli�cation, NOx refers to the sum of the NO and

NO
2
molar fractions, and constitute a harmful pollutant. NOx is largely formed by way of one of three

main mechanisms [8]: thermal (or Zeldovich), prompt (or Fenimore), and fuel. Thermal NOx refers
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to the oxides that are generated under relatively large temperatures (usually over 1600 oC), and is the

mechanism by which most os the NOx is generated under conditions close to stoichiometry. Prompt

NOx was proposed by Fenimore, and describes the mechanism by which carbon based fuels under rich

conditions react with the nitrogen molecules, and this mechanism is much more signi�cant under rich

conditions. Fuel generated NOx is relevant for fuels with a signi�cant nitrogen fraction, which is not the

case. Therefore, for this case, NOx formation is ruled by the thermal and prompt mechanisms.

Results show a typical adiabatic temperature distribution as a function of φ, showing a peak around

φ = 1, in the region of 2200 K for methane/hydrogen fuels. Although the addition of a higher hydrogen

component does not seem to a�ect the adiabatic temperature of the �ame much, which is expected as

the adiabatic temperature of H
2
is only marginally superior to that of CH

4
, the addition of CO

2
to the

fuel reduces the adiabatic temperature, due to the aforementioned heat capacity of carbon dioxide. This

means a share of the energy will be spent by the CO
2
, having the same e�ect as a heat loss.

As mentioned, the main mechanism for NOx generation under lean and stoichiometric conditions is

thermal, and pollutant levels share the same trend as the adiabatic temperature, and follow the slight

increase for the fuels with a greater fraction of hydrogen. However, for the rich conditions, the dominating

mechanism becomes the prompt NOx formation, which explains the slight drop as temperature drops after

stoichiometry, and the subsequent rise as φ rises.

For low NOx LSB operation, lean conditions are always desired, as the e�ect of the prompt mechanism

becomes minimal, and the e�ect of the thermal mechanism is heavily reduced. Adiabatic results show

low levels of NOx of about 20 ppm, or less for the biogas based fuels, showing a sharp reduction under the

leaner conditions. Results showed that neither the addition of hydrogen nor biogas increased the emissions

levels considerably. While the addition of hydrogen increases the emission levels slightly, the e�ect is very

small and the emissions can be reduced by burning under leaner conditions, taking advantage of the

increased �ame stability of hydrogen blends. Biogas, on the other hand, reduces the levels of pollutants

when compared to equivalent methane �ames. This is due to the absorption of energy by the CO
2
,

causing the �ame temperature to decrease and a smaller e�ect of thermal NOx generation. If these

results are taken into account with the results of Section 4.3, showing a possibility of stabilizing �ames

for equivalence ratios as low as 0.5 by adding hydrogen, a very good case can be made for the very low

NOx claim of previous studies for the LSB [14, 22].
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Chapter 5

Conclusions

This work was divided into three main objectives. The �rst one was to con�rm the feasibility of an LSB

burner, 2.54 cm in diameter, in the laboratory. For this, a setup was assembled and PIV images were

obtained for a range (20 V to 140 V) of ventilator velocities. From these, the typical LSB �ow �eld was

observed, both in a plane normal to the burner exit and a plane parallel to it. The non-dimensional ratio

used to de�ne swirl burners was also calculated from these measurements (an average of 0.5), and was

found to be within the low-swirl operating interval.

The second objective was to evaluate the e�ects of using biogas as a fuel, and enriching it with

hydrogen. A set of conditions was established, de�ning a pure methane mixture and two levels of carbon

dioxide addition, a mixture of 80% CH
4
and 20% CO

2
, and a mixture of 60% CH

4
and 40% CO

2
. The

e�ect of the addition of each species was then analysed in two di�erent ways. Firstly, the �ame properties

for three di�erent equivalence ratios (φ = 0.9, φ = 1 and φ = 1.2) were assessed by compiling a set of

140 images of the �ame, comparing the behaviour for all di�erent conditions using a direct pictures of

the �ame and three types of bandwidth �lters from where the formation within the �ame of three species

(C
2
, CH and CO

2
) was analysed. These results were then processed to obtain a brightness based outline

of the �ame, helping evaluate such parameters as �ame shape and position. Results showed that the

increase of the fraction of carbon dioxide in the biogas mixture causes the �ame to become less bright,

to anchor in a position further downstream and to have a more elongated, narrow shape. This is a result

of the properties of CO
2
as an inert gas, diluting the properties of methane and reducing parameters

such as �ame speed SL and heat release rate. The addition of hydrogen, on the other hand, had the

opposite e�ect on the �ames, causing generally shorter, wider and more intense �ames than the ones with

no hydrogen content. The �ames also stabilized in a position further upstream, which can be attributed

to the increased �ame speed and higher heat release rate of H
2
. These e�ects of hydrogen addition were

more noticeable in the �ames with higher levels of CO
2
. The LSB was also able to hold the �ame in the

transient conditions between the set points, meaning the fuel composition can be quickly and e�ortlessly

changed.

Flame limits were then studied to evaluate the adaptability of the LSB design to the fuel conditions.

Each of the previously mentioned fuel conditions was set, and the air �ow rate was varied until blow-o�
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was observed to determine the lean limit for each composition. The �ashback limits were not de�ned, as

the LSB combustion focuses on lean combustion, making the lean limits much more relevant. Again, it

was observed that the addition of CO
2
was detrimental to the �ame properties, and it caused the lean

limit of methane �ames to rise signi�cantly. However, hydrogen was proved to substantially improve the

lean stability of the �ames, especially for fuels with more CO
2
, partly dissimulating the negative e�ects

of carbon dioxide.

Lastly, simulations were made for the same conditions using the GRI Mech 3.0 mechanism, with the

goal of obtaining a trend for the e�ects of fuel composition on the emissions of NOx. The overall trend of

results for φ was consistent with the expected results considering the NOx formation mechanisms. Higher

fractions of carbon dioxide were shown to reduce NOx levels, while hydrogen addition was shown not to

have a signi�cant impact on NOx formation, increasing it only slightly when compared to pure methane

and biogas �ames, especially around stoichiometry. This can again be traced to the inert nature of CO
2
,

which, together with its high speci�c heat, causes the �ame temperature to drop, consequently causing

thermal NOx formation to decrease, while the adiabatic temperature of hydrogen is only marginally

higher than that of methane, meaning thermal NOx formation does not increase considerably. These

results also set a very positive tendency for very low NOx levels in leaner regimes (φ < 0.8), validating

the LSB design as a low-NOx technology.

5.1 Future Work

Although the development of this work has achieved a good level of understanding on the adaptability

of low-swirl burners, it has led to several possibilities for future research on this topic:

1. The LSB reacting �ow �eld is a�ected by the thermal impact of the �ame on the �ow, accelerating

it and possibly changing the �ow �eld and �ame structure. Therefore, a reacting PIV analysis could

provide an insight on this possibility;

2. Although the emission levels simulations showed promising results for lean �ames, a study on the

emissions of the LSB, particularly at lean conditions, could con�rm the low NOx claim.

3. The conditions of this study were, when compared to most studies on LSB, low power output,

low Reynolds conditions. There are few studies on such small LSB applications, and the e�ects

of burner size reduction are not well de�ned. Thus, a study with a diameter variation, possibly

reducing it, could open possibilities for low power output applications.
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Appendix A

Flame Images

Filtered and un�ltered �ames for φ = 0.9; 1; 1.2. Top Row: Methane; Middle Row: 80/20 Biogas; Bottom

Row: 60/40 Biogas. Left to Right: 0, 10, 20, 30% H
2
.

Figure A.1: Un�ltered �ames for φ = 0.9.
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Figure A.2: Un�ltered �ames for φ = 1.2.

Figure A.3: Filtered �ames for φ = 1, λ =516nm bandpass �lter for C
2
.
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Figure A.4: Filtered �ames for φ = 0.9, λ =516nm bandpass �lter for C
2
.

Figure A.5: Filtered �ames for φ = 1.2. λ =516nm bandpass �lter for C
2
.
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Figure A.6: Filtered �ames for φ = 1, λ =431nm bandpass �lter for CH.

Figure A.7: Filtered �ames for φ = 0.9, λ =431nm bandpass �lter for CH.
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Figure A.8: Filtered �ames for φ = 1.2. λ =431nm bandpass �lter for CH.

Figure A.9: Filtered �ames for φ = 1, λ =451nm bandpass �lter for CO
2
.
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Figure A.10: Filtered �ames for φ = 0.9, λ =451nm bandpass �lter for CO
2
.

Figure A.11: Filtered �ames for φ = 1.2. λ =451nm bandpass �lter for CO
2
.
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