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Abstract

Experimental diagnostic techniques have been utilised and devetpeestigae the

flame wall interaction for impinging flames of propane, methane, hydrogen and syngas.
Thermal imaging has been used to evaluatethitemperature and radiation loss

at steady state. A methodology has been develdpedtemperature dependent
emissivity materials. Schlieren and direct imaging have been used to visualise flame
shapes and flow structure. A methodology has been developed to quantify the relative
effectsof visual turbulent structures on the flame wall interaction. High speed schlieren
has been used to assess the time dependent flame front propagation following ignition at

variousignition locations.

The combination of these techniques has allowed #@efl wall interaction to be
analysed for fuel composition, thermal loading, equivalence ratio, ntizplate
distance, Reynolds number, geometry and fuel exit velocity. It has been found that fuel
composition significantly affects the wall temperaturefipge even at similar nozzle
conditions. Mixing in different regions of the impingement configuration caused
significant differences in the wall temperature profiles for the different fuels due to
differences in diffusivity and laminar flame speed. Syngasmixed flames produce
similar wall temperature profiles near the-tifff limit but at different equivalence ratios

and Reynolds numbers, due to the similar turbulence shown in the schlieren images.
Plate material and nozzte-plate distance significaiyt affected the wall temperature
profiles. Radiation losses from the plate helped to explain the differences in heat

transfer for the different conditions.

Delays in the initial downwards propagation were observed for the hydrogen flames.
The competing fetors of the upstream propagation and heat production, causing
decelerations and accelerations of the flame front respectively, differed significantly for
different fuels and conditions. The propagation of the flame front immediately after
ignition was observed to be very complex, changing significantly for relatively small

changesn nozzle conditions.
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A Position A

A Cross sectional area

Ap Reference Area

A Flame surface area

B Position B

Co Drag coefficient

D Mass diffusivity

E Energy
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Es Seebeck voltage

F Flow rate

Fo Drag force
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L Characteristic length scale
Le Lewis number

Lm Markstein length
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Ma Markstein Number
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R Universal gagonstant

Re Reynolds number

Sc Schmidt number
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T Temperature
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U Integral scale

Uy Vortex maximum rotational velocity
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Vi Diffusion velocity of species i
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Excited electron
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Spectral

Superscripts

0
d

Acronyms

1D
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3D Threedimensional

CCD Charge Coupled Device

CCGT CombinedCycle Gas Turbine

CEA Chemical Equilibrium with Applications
CFD Computational Fluid Dynamics

CMOS Complimentary metabxide-semiconductor
Cv Calorific Value

DAQ Data acquisition

DDT Deflagration to detonation

DF Diffusion flame

DFCD Digital Flame Colour Discrimination
DNS Direct Numerical Simulation

emf electromotive force

FLIR Forward Looking Infrared

fps Frames per second

GFC Gas Flow Control (Model)

GRI Gas Research Institute

IGCC IntegratedGasification Combined Cycle
IR Infrared

ISO International Standards Organisation
LDV Laser Doppler Velocimetry

LES Large Eddy Simulation

LPF Lean premixed flame

LPG Liguefied petroleum gas

LWIR Long wave infrared

MP Mega Pixel
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uUSC University of Southern California
Vi Virtual Instrument
Abbreviations

CHEMKIN  Chemical Kinetics (Computer program)

Gaseq Gas Equilibrium (computer program)

LabVIEW  Laboratory Virtual Instrumentation Engineering Workberfcomputer
program)

MATLAB Matrix Laboratory (computer program)

Mech Mechanism

SPO1 Spot number 1
SP02 Spot number 2
SP03 Spot number 3

Wobbe No. Wobbe Number

Chemical Symbols

Al,O3 Aluminium Oxide
C Carbon element
CsHg Propane

CH CH radical

CH, Methane

CO Carbon Monoxide
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H Hydrogen element
H, Hydrogen

H.O Water

N Nitrogen element
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Chapter 1: Introduction

1.Introduction

1.1. Motivations

The first examples of combustion experienced by man originated from forest fires; the
ignition source was provided by lightning storms and the forest wood acted as the fuel
source[1]. Around 600,000 years ago, mpioneered the use of natural fire from forest

fires or volcanic lava to light camp fires; using sticks with fire to ignite larger fuel
supplies, determining that the heat produced by combustion is greater than the energy
required to ignite the fudR, 3]. Since then, combustion has been used as a source of
heat and light, and the use of combustion has developed into more complex systems and
has been used for powering engines, pumping watediegxt heating by flame jets.

Modern gas turbines have been used in aircraft as exhaust turbo chargers since 1918, for

aircraft propulsion since the Whittle engine, which first ran in 1&3,7and in power

plants since 19395]. Gas turbines are used in pawplants, aeroplane jet engines,
agricultural and industrial tractors and-sfiore power plants, and are used with various
fuels, such as natural gas, diesel, fuel oils and biomass [Ghs8secam engines mainly

used coal as their primary fuel source, and can be quite inefficient; coal has been used in
power stations since Thoma sionEtdtiorsio 18825 f |
which only had an efficiency of 2.5 $%]. In 19 9 7 , around 50 % of
usage was in large cefited power plant$8].

Much effort has been made to increase the efficiency of fossil fuelled power plants, and
since the 1990s, Combin&iycle Gas Turbine (CCGT) power plants have been used
[6]. Due to the growing need for emission reductions and carbon capture, Integrated
Gasification Combined Cycle (IGCC) power plants are in operation, which convert the
solid fuel feedstocknito syngas (a mixture of hydrogen and carbon dioxide) by partial
oxidation with oxygen and steam, which is then purified and used as the fuel source for
the gas turbinef]. These power plants can be used for carbon capture and to create
high hydroge content syngas for use in the CCU¥s 10], which reduces carbon
emissions comparedo coal fuelled power plants. Industrial developments in
combustion have been fuelled by the need to create more efficient heating, power
generation and propulsion methods and more recently by the growing demand to keep

emissions low. The development okaher fuels, such as hydrogen and syngas, is

1
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Chapter 1: Introduction
integral to the future advancement of combustion systems. However, the properties of
hydrogen are vastly different to the properties of other fuels such as propane and
methane, and the various compositions ofgeys also differ greatly in their properties.
Therefore, the continuing research on the properties of these fuels is integral to the
design and maintenance of many industrial systems that may use syngas asna fuel.
addition, when flames impinge directhnto surfaces in gas turbine combustors or
furnaces, the flame wall interaction can cause areas of high heat transfer, which can
affect the combustor performance or cause damage to the combustor walls. Hydrogen
has a very high thermal diffusivity and a higlame temperaturecompared to
hydrocarbon fuelsand so the effects of the flame wall interaction for hydrogen and
syngas can be very different than for hydrocarbon fuels. Laboratory scale experiments
can provide much useful information into the intei@ctbetween the flame and wall,
and can allow hydrogen and syngas to be studied meaningfully in terms of the flame
wall interactionso that information and data can be provided for new combustor designs

that may use these new cleaner fuels

Impinging flames occur often in industry, for example in the heating of glass and metals
and on combustor walls in furnaces and gas turbines. Direct flame impingement can
cause advantages and disadvantages, due to the higher heat transfer rates and non
uniform heat fluxrespectively[11]. Impinging flames provide a simple geometric
configuration for the sualy of flame wall interactions. The configurations allow optical
access to the flame and allow various aspects of the flame wall interactions to be
studied. They provide a controlled environment where different parameters may be
compared. In addition, theie much literature concerning impinging flames and they
are well understood. However, the principle focus of impinging flame studies has
usually been hydrocarbon fuels rather than hydrogen and syngas fuels. Therefore, this
thesis aims to look into the flee wall interactions for impinging flames of hydrogen

and syngas fuels.

Although combustion has been economically and technically important throughout
history, the scientific study of combustion is relatively redept This is due to the
science behind combustion phenomena, including thermodynamics amd fl
mechanics, and the more recent developments in chemical kinetics and transport

processes, not being understood until recently, so that combustion science did not
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Chapter 1: Introduction
properly develop until the early $0Century [2]. More recently, advances in
computational ability and power haved to combustion simulatia being possible
which has greatly improved scientific knowledge of combustion phenomena. Alongside
this, increased experimental ability has led to advances in research at high pressure and
high speed, allowing a greater range of experimental conditionise t@xplored.
Therefore, this thesis will use advanced experimental techniques and some
computations in order to look into the combustion of fuels that are being studied more
and more due to their clean combustion nature, in an impinging flame configusatio

that meaningful results can be obtained and compared.

Technological advances have made it possible for combustion to be studied in a wide
variety of methods, and consequently, much is being discovered regarding flow
structure, heat transfer and comsbon characteristics of many types of flame. New
fuels that are being developed for the purposes of cleaner combustion mean that various
aspects of combustion must be studied for these fuels and this thesis is concerned with
the particular interaction beeen jet flames and a flat impingement surface.
Computational and experimental advances will be utilised in this thesis by using Gaseq
and CHEMKIN to calculate the adiabatic temperatures and laminar flame speeds of the
various mixtures for use with the esqimental results. Advanced experimental
techniques will be used to study the wall temperature, flame structure and propagation
characteristics in order to better understand the flame wall interactions. Various fuel and
flow conditions will be studied toett their effect on the flame wall interactions and

experimental diagnostic techniques will be utilised and improved upon for this purpose.

1.2. Aims and Objectives

Advances in experimental methods and instrumentation mean that measurements of
flame and surfaceemperature, flame structure, fluid velocity, particle size and species
concentration can be performed with greater accuracy and efficiency and for a larger
range of experimental conditiofi2]. High speed cameras, lasers, thermal imaging and
other diagnostic tools are constantly being developed, and along with the computational
and theoretical combustion advascallow more and more combustion phenomena to

be understood. It is the aim of this thesis to use and develop diagnostic and
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visualisation techniques in order to evaluate flame wall interactions in the following

ways:

1 Use a simple geometric configuratitmcompare impinging flames of hydrogen,
syngas, propane and methane.

1 Combine the use of schlieren and thermal imaging to evaluate the heat transfer
and flow characteristics.

1 Develop these techniques for use with impinging flgmesticularly to use the
thermal imaging to evaluate the noniform temperature of the heated
impingement plate, and to use schlieren to evaluate flow and turbulence
characteristics.

1 Vary flow conditions, fuel parameters and geometric properties in order to test
the effect of thenozzle exit conditions on the flame wall interactions.

1 Calculate the laminar flame speeds and adiabatic temperatures of the syngas
compositions in order to test their effects on the flame wall interactions.

1 Evaluate the flame propagation characteristicsnmgdinging flames using the

advanced diagnosttools

The objective of this thesis is to develop the experimental diagnostic techniques so that
the interaction between the flame and wall for hydrogen and hydrocarbon fuels can be
meaningfully evaluated ancompared.The results presented are specific to the
configurations used; however, the techniques that have been developed can be applied
to industry. The heat transfer and flame wall interactions in many industrial setups can
be evaluated and monitoredhcluding measuring the temperature and flame wall
interaction in furnace walls and gas turbine combusidns. next section will give a

brief outline of the thesis.

1.3. Thesis Outline

Following this introduction, a detailed literature review will be given in Chapter 2. This
will consist of background information, a review of experimental techniques and a
review of literature pertaining to impinging flames, heat transfer and flame @topag
Chapter 3 will discuss the rig setup and the experimental techniques and methodologies,
along with error analyses. Chapter 4 will discuss the adiabatic flame temperature and

laminar flame speed calculations for the various compositions. Chapteis & aill

4
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contain all of the results and discussions; Chapter 5 will look into the wall temperature
comparisons, comparing flames of propane, hydrogen and syngas at various
experimental conditions using thermal imaging, schlieren and direct imaging and
Chapter 6 will look into the flame propagation of hydrogen mixtures and methane,
using the high speed schlieren imaging. Chapter 7 will give a brief conclusion to the
results and outline the major findings of the thesis, which will be followed by the scope
for future work in Chapter 8, where improvements on the methods used and possibilities

for further research will be discussed.
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2.Literature Review

2.1. Introduction

Combustion is a very complex phenomenon, with various factors and parameters
affecting flames of many kinds. Therefore, it is necessary to define in clear terms the
combustion and flowproperties of certain types of flames, and present a review of the
literature. The review will begin withneoutline of the basic properties of combustion,
heat transfeand impinging flames. A review of experimental diagnostic techniques
used in combustio studies will then be given, followed by a comprehensive review of
impinging flame studies; in particular the configurations, heat transfer and flow
properties thereof, including a review of how the various experimental techniques may
be utilised and immved in an impinging flame configuration, as these are the main
focus of this thesis. Following that, a review of ignition and flame propagation
phenomena will be given, as the flame propagation in impinging flames is also a focus
of this thesis. In this &y, a clear overview of combustion characteristics and ways in
which these can be measured, along with a review of the literature pertaining to

combustion and impinging flames will be given in this chapter.

2.2. Combustion Theory

This section will give a comphensive discussion of the background theory of
combustion in order to define various terms, look into the specific properties of jet
flames and impinging flames, including flow structure and heat transfer mechanisms

and to compare properties of variousl$ue

2.2.1.Flames

2.2.1.1. Flame Definition
A flame, by definition, is an exothermic chemical reaction, whereby reactants (or fuel)
react with an oxidant, usually air or oxygen, to form products of a different chemical
composition. The reaction is demonstrated mathealbtidoy the stoichiometric
chemical equation. For a reaction to be stoichiometric, the oxygen content must be of
the exact amount to convert all of the reactants into products. For stoichiometric
hydrocarbon reactions, the reactants will contain elemdntarbon (C) and hydrogen

(H), and perhaps other elements such as nitrogen (N). The oxidiser will contain oxygen
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(O) and, if reacting in air, 79 % nitrogen. The products will contain carbon dioxide
(COy), water (HO) and possibly nitrogen. An example faopane (GHsg) reacting in
pure oxygen is shown iRig. 2.1 C3Hg requires 5 times th@nolar) amount of oxygen
(Oy) than reactant to burn stoichiometricallyhe reaction rateis defined as the rate of
decrease of the concentration of a reactantjoakly as the rate of increase of a reaction
product[13].

Reactant Oxidiser  Products

C,H; +50, - 3CO, +4H,0
Figure 21: Chemical equation for propane reacting in stoichiomekygen.

The reaction requires some initial stimulant to begin the process. This stimulant is
normally the addition of heat, with a large enough thermal energy testack the
reaction. This is called thactivation energyr ignition energyand often take different
values depending on the fudlable 21 shows the minimum ignition energies for the
fuels used in this thesis. It can be seen that hydrogggnres much less energy to ignite
than carbon monoxide and the hydrocarbon fuels.

Fuel Minimum Ignition Flammability Limits
Energy (mJ) in Air (% Fuel)
Hydrogen 0.02 4-74
Carbon Monoxide <0.3 10.9-76
Propane 0.25 1.7-10.9
Methane 0.28 4.4-17

Table 21: Ignition energy and flammability limits in air of the fuels used in this thesis
[14-18].

Thefire triangle (Fig. 2.2a) has often been used to demonstrate the requirements of a
stable fire; in order for a fire to burn, three elements are needed; fuel, oxygen and heat
[19]. If one or more of these factors are taken away, then the flame cannot burn.
Moreover, the ratio of fuel to oxidiser must be sufficient to support combustion. The
percentages of fuel in the fuair or fuetoxygen mixture that will soport combustion

are called thélammaubility limits The flammability limits in air of the fuels used in this

thesis are given ifTable 21. Hydrogen and carbon monoxide both have quite a large
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range of flammability limits in air, whereas the hydrocarbon fuels require more air in

the mixture for the fuel to ignite.

Fuel
Figure22:Di agrams to illustrate (a) The Ofi

tetrahedrono.

The flame exists in theeaction zongwhere the change of chemical composition takes
place and where high temperatures are produced. In dlcga® zone, many complex
reactions occur, inducing other chain reactions. Many factors affect these complex
reactions. More recently, an element has been added to the fire triangle to make the
combustion tetrahedrorwhereby, it is stated thatraactionchainis also required to
sustain combustionF{g. 2.2) [20]. The reaction chain cars after initiation of the

flame and before the formation of the final products and the reaction processes are many
and complex. The process involves the formatiofre¥ radicals such as C, O, H and
combinations of the form Oldnd CH for example which facilitate other reactions in

the reaction zon§1]. The radicals eventually combine, after many reaction steps, to
form the final products. In addition to thequirements for a flame to ignite, there are
many classifications to describe the type of flame, which will be discussed in the next

section.

2.2.1.2. Flame Classifications
Fire is usually referred to as an uncontrolled combustion reaction, whefieaseas a
controlled reaction, usually in a regulated environment. The latter is the subject of this
thesis, and in particular flames produced by gaseous fuels, which can be easily
controlled; parameters may be altered by simply changing the flow rate foplexdam
this way many different parameters can be studied experimentally. Gaseous flames can
be classified according to their state before and during combustion. These classifications

can be split into combustion related properties and flow properties.
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2.2.1.2.1.Combustion Properties
The main combustion related property used to classify a gaseous flame is whether the
fuel and oxidiser are initially mixed or separated. Combining the fuel and oxidiser
before combustion is known as premixing. The flames can be @dssito three

categoriesdiffusion(or non-premixed, partially premixedandpremixedfilames.

Diffusion Flames
For a diffusion flamgFig. 2.3), the flame exists in a reaction zone located in between

the reactants and the products, which mix by molecular and thermal diffusion. In this
case, the mixing rate is lower than the chemical reactioj2aleand so the reaction is
controlled by the diffusion mixing process. A typical example of a diffusion flame is a
candle flane, where the wax evaporates to form a zone containing reactants, which
combust in the reaction zone; observed by a yellow flame. In the reaction zone,
diffusion occurs between the reactants and the surrounding air. This process is slower
than the reactioprocess causing a wide region where the gas composition and amount

of products/reactants are variafl8].

Burned R

AN

S e P e
\’\\ \ pmdm,tb\‘i ‘e Diffusion
/ /(\ !

/

envelope
\

—

Luminous h ||
reaction zone I L
\ ) AINNous
- &\D ’ reaction zone
ak ZQH? Dark zone
(}nlbluned (unburned i
fuel) fuel and air) Key:
Diffusion
of oxidant
Diffusion
of tuel
‘j\ln‘uhile :1)191111016 Flame
| é—l—"' Osec be \Iﬁ. | propagation
e 7 | 5 Fuel/fuel
i N Fuel Inlet / N\ and air flow
(a) (b)

Figure 23: Schematics of Bunsen burner flames for (a) Diffusion fear (b)
Premixed flames (adapted frd2e]).

The Bunsen burner, invemtdy Robert Bunsen in 19832], is able to produce gaseous

flames of all three classifications by allowing the input of air to be adjusiguke 2.2
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shows a schematic of a Bunsburner with the air hole closed, producing a diffusion
flame. The diffusion of the fuel and air are shown by the orange and green arrows
respectively. The structure of diffusion flames has been investigated exterj2&ely
28], in particular buoyancythe rising of the hot gases due to gravitational forces, plays
a large part in diffusion flame structure, causing the convection of vortical structures
and flame flickering29-31].

Premixed Flames
In a premixed flame, the reaction occurs within the fuel and air mixture, and the flame

propagates through the mixture, for example, in a petrgine. The flame propagates
through the unburned mixture at theminar flame speedS); which is the flame
propagation rate relative to the unburned [, and depends on the fuel type and
mixing ratio. Figure 2.3b shows the Bunsen burner with the air hole open, producing a
premixed flame. In a Bunsen flame, the premixed flame propagation is stabilised by the
fuel flow velocity in the opposite direction. In this case the flame exists between the
unburned fuehkir mixture and the burned reaction products. The mixing rate is
considered to be very fast andis@s the chemical reactiothatdominates the reaction
rate, in contrast to diffusion flames. Partially premixed flames are flames thatt do no
contain enough oxidiser in the unburned mixture so that combustion is facilitated by the
diffusion of the fuelair mixture and the surrounding air. This creates a flame with
premixed and diffusion flame characteristic features.

Thelaminar burning velotties; which are the rates of consumption of unburned fuel, of
various gas mixtures have been calculated using CHEMRR\ 33], and the flame
structure of premixe{B4-37] and partially prenxed flameg38-40] has been studied by

many researchers.

Equivalence Ratio
The amount of mixing for premixed flames can be characterised bggtngalence

ratio, / defined by Eg.2.1 as the ratio of the actual fuel to air mass ratidp the

stoichiometric fuel to air mass ratiig, which is calculated from EQ-2:

f = %St , 2.1)

10
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f = m; _ anf _ Mf

*“m., M,n. 29.da+b/4- g/2)476) (22

wheremy and mys represent the mass of the fuel and the stoichiometric air respectively
and Ms and M, are the molecular weights of the fuel and air respectiwdly= 29.0)
Nad s is the number of moles of stoichiometric air per mole of fuel, calculated from the

stoichiometricatom balance equatiofieq. 2.3), equal to 4.764 + bl41 g?2):

C,H,0,+(a+b/4- g/2)0,+3.76N,) -
aCo, +(b/4)H,0+3.76(a + bj4- g/2)N,, (2.3)

wherea, b and gare the number of carbon, hydrogen and oxygen atoms respectively in
the fuel components. For propanesig) reacting in air, the stoichiometric atom
balance equation (adapted fréfig. 2.1for the addition of nitrogen) is given by Ej4,

and the value ofd + b/47T ¢g2) is (3 + 8/4i 0) = 5. This means that 5 moles of oxygen

are needed to react 1 mole of propane stoichiometrically. For methane, the vaue of (
blAi g2)is 2. For hydrogen and carbon monoxide the valuaaf /47 ¢2) is 0.5.

This means that a much lower amount of air per fuel is required to burn these gases

stoichiometrically than for propane and methane.
C,H; +5(0, +3.76N,) - 3CO, +4H,0+18.8N,. (24

When the fuel to air ratio is changed, the value of the equivalence raso2(E@nd

2.2) changes accordingly; a value 6f 1 indicates that the mixture is stoichiometric,
whereasf < 1 indicates duel leanflame (there is more oxidiser than is needed to
combust the fuel) and > 1 indicates duel rich flame (there is not enough oxidiser to
fully combust the reactants). The equivalence ratio characterises the initial premixing
conditions, which have been described in the previous paragraphs.

There are many differences betweefiugion (f = D), fuel rich (partially premixed),

and fuel lean (premixed) flames. The temperature of diffusion flames is much lower due
to the lack of oxygen and slow mixing rates. They experi@gmo@mplete combustion;
where much of the carbon in the reaids takes the form of CO in the products, due to

lack of available oxygen to form GODiffusion hydrocarbon flames generally produce

11
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soot particles, which cause a bright yellow flame, whereas premixed flames are
generally blue in colour due to the higgmperature induced oxidation of the fuel and
complete combustignvhere the products are in the form of the stoichiometric reaction
equation (Eq2.4 for propane). Partially premixed flames will produce some soot but
will also exhibit a blue flame at the base, due to air entrainment at the base providing
sufficient oxygen, and incomplete combustion towards the tip where the oxygen cannot
mix fast enouf with the reactants.

The equivalence ratio also affects the laminar flame speed and consequently the stability
of the flame on the burner nozzle. If the flame speed is much higher than the nozzle exit
velocity of the fuel then the flame will propagateoirthe nozzle, causinflashback
Flashback can also be caused by turbulence and acoustic instabilities and in swirl
combustorg41-43]. If the nozzle is small and cold enough, the nozzle pipequéhch

the flashback; the cool pipes will cause the flame to be extinguished, causing no
damage, but flashback can bery dangerous if the flame is able to propagate further
into the nozzle and fuel pipes. On the other hand, if the nozzle exit velocity is higher
than the flame speed, the flame Wift off from the burner nozzle. In some cases the
flame can be stabilexd during liftoff so that it becomes a stabited flame However,

if the flow velocity becomes too high, theiow-out will be observed and the flame will

be extinguished. For the cases where the flame does not lift off but becomes
extinguished when the flow velocity is increased, this is cdiledv-off [44]. The
laminar flame speed of hydrogen is much faster than that of propane and other
hydrocabon fuels, and so the risk of flashback is much higher for hydrogen and
hydrogen enriched fuels. The laminar flame speeds for the fuels used in this thesis will
be determined using CHEMKIN and will be discussed further in Chdpter

Heat Release
Other combustion properties of gaseous fuels are related to energy release in the form of

heat. The local temperature of a flame depends on many factorasuweduivalence
ratio, soot formation, reactants, pressure and the complex reactions that take place
within the flame. A property used to describe flame temperature isadrebatic
temperature This is the maximum temperature that a flame will reacH daahbustion

processes are completed and there is no heatloddence is an idealised temperature

12
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The adiabatic temperatures of propane, methane, hydrogeheasghgas compositions
will be determined by Gaseq and CHEMKIN and will be discussed furii@hapte#.

A common parameter used to assess the energy that can be gained from a specific fuel is
the calorific value of that fuel. The calafic value is a measure of the amount of
potential energy per kg of fuel, i.e. the amount of heat energy that can be gained by
combusting all reactants into products. Tness calorific valuas that calculated when

the water in the fuel is consideredite a liquid, whereas theet calorific values used

for when the water is assumed to be already vaporised, and so does not take into
account the energy required to vaporise the water. From the calorific value, a term
called theWobbe numbecan be calcutad (Eqg.2.5). The Wobbe number is a measure

of the interchangeability of different fuels and takes into accounspkeific density

(the denominator in Eq2.5) and calorific value of the fuel. However, the Wobbe
number does not take into account factors such as adiabatic teampevetich may

cause large differences in heat transfer effects and other factors that relate to the

interchangeability of fuels.

WobbeNo.= M, (2.5)

r
r

a

where Gros€V s the gross calorific value of the fueljs thefuel density and, is the
density of air. It can be seen frofable 22 that the Wobbe numbers for propane,
methane, hydrogen and carbon monoxidevagly different and this implies that the
fuels cannot be interchanged. However, when the fuels are mixed together, the Wobbe
numbers will change quite quickly due to the changes in calorific value and specific
density.

Thermal loadingcan also be used to characterise the heat energy in the fuel. It is a

measure of the thermal power available in the flame and can be calculated frdé Eq.
Thermaloading= CV 3 masdlow rate, (2.6)

whereCV is the calorific value of the fuel in kJ Rgthe mass flow rate is in%s™ and
the thermal loading is calculated in kW. It can be used to compare fuels in specific

burners, anddr heat transfer studies with flame impingempti-47]. The thermal

13
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loading can be used to compare fuels in the same combustor as the same thermal power
could be achieved by simply altering the flow rate although other factors relating to the
flow properties must also be taken into consideration.

Fud GrossCV Wobbe Number
(MJ kg™) (MJ kg™)
Methane 55.53 74.7
Propane 50.35 40.9
Hydrogen 141.79 537.8
Carbon Monoxide 10.11 10.3

Table 22: Calorific value and Wobbe number of various fuels at normal temperature
and pressure (NTH8].

The next section deals with the properties related to the flow structure, and can be
applied to cold flows as well as combusting gases. The flow properties may change the
specific effects of the combustion related properties due to the fluid dynamics and
aerodynamics of the fuel, and tleéfects of flow structure and flow properties on the
heat transfer and flame wall interaction are a large focus of this thesis.

2.2.1.2.2.Flow Properties

Turbulence
The main flow related property used to describe gaseous flameg idetiree of

turbulencein the flow. Laminarflow is thatwhich does not exhibit turbulence and can

be characterised by a smooth flow without any fluctuations or disturbances. Turbulent
flow contains eddies, which are small scale or large scale vortices, and other
fluctuations within the flow. Turbulent structures liease the mixing rates of the fluid

and so cause fluids that are initially separated to mix more quickly with one another.
Increasing the flow velocity will cause the turbulence to increase and in nature most
fluids will become turbulent as flow velocity increased and obstacles are placed in the
flow [49]. The simplest way to visualise turbulence is to observe flow within pipes.
Figures2.4a and b show examples of laminar and turbulent flow in a pipe respectively.
Laminar flow will exhibit a parabolic profile due to resistance from the walls of the
pipe. Turbulent flow willdisplayvortices and disturbances within the flow. Turbulent
[34, 36, 37, 40, 5G5] and laminaf23, 32, 5661] flows in jet flames have been studied

at length
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Figure 24: Example profiles of (a) Laminand (b) Turbulent flow within a pipe.

Reynolds Number
The Reynolds numbe(Re) is used to characterise the degree of turbulence and the

effect of the viscous forces of the fluid, and is defined as the ratio of inertial forces to
viscous forceqd62]. This means that for low Re, the flow is dominated by viscous
forces, but for higher Re, the flow is dominated by the inertial forces, causing more
resistane to changes in motion. The higher the Reynolds number, the higher the
turbulence degree. It was first introduced in 1883 by Osborn Reynolds, who observed
that the laminar and turbulent characteristics of a stream of dye within a tube of flowing
water weredependent upon the velocity of the wgd#9]. Figure 2.5 shows an example

of this experiment; at low velocities, the stream of dye was distinctly separate from the
water flow and followed a straight flow without mixing with the water. Whea th
velocity was increased above a certain value, the dye would mix with the water due to

the turbulent nature of the flow.

Low velocity water Water direction Dve in laminar flow

(@)

Hich velocity water Dye in turbulent flow

Figure 25: Example of Reynol dsd experi ment t
flow (adapted fronj49]).
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The Reynolds number (EQ.7 [62]) takes a dimensionless form, using a characteristic
length scalel, the fluid density,, dynamic viscosity/n and a characteristic velocity
V.

_ Inertialforces _ rV?L> _ rVL

= = = ) (2.7)
Viscousforces  nY/L m

For flow exiting a burner nozzle (EQ.9), L is taken as the nozzle diametgrandV is

taken as the nozzle exit flow velty, v, so that:

Re= id (2.8)
m

Values of density and viscosity of the pure fuels used in this thesis are giVable
2.3. The densities and viscositiestbe fuel mixtureswere calculated using LabVIEW
(seeAppendix A). For a certain fuel and burner geometry, the flow velocity can be
adjusted to vary the Reynolds number. For free circular jets, Reynolds numbers below
1000 are considered to be laminar, those between 1000 and 3000 turhihient
transitional regime, orsemiturbulent, and those above 3000 to be turbulehl The
effects of Reynolds number in jet flames hawen studiedin depth [63-65]; in
particular Re significantly affects heat transfer characteristics of impinginpjet66
68]. Impinging flames are the subject of Secti@?2.2 (for background information)

and?2.4 (for a detailed review) and heat transfer will be discussed in more detail there.

Gas Density (kg m®)  Viscosity (kg m*s* x 10°)

Air 1.19 1.84
CsHg 1.80 0.80
CcO 1.15 1.74
CO, 1.80 1.48
CH, 0.66 1.03
H, 0.08 0.87
N2 1.15 1.75

Table 23: Viscosities and densities at NTP of the gases used in this Té@sis
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Turbulent Length Scales
For high Re flows, the turbulence scales can be represented by an energy cascade;

where energy is transferred from larger scale eddies to form smaller scale eddies, driven
by the largenertial forces present in high Re caf#3. When Rgbased on the size of

the eddies)becomes of the order of unity, the smallest scale eddies are driven by
viscous forces and dissipation of kinetic energy is significant at these length[g0hles

The smallest turbulence scales can be characterised Kplthegorov length scajer:

o

an3'<3%1

h~é£e_d§

~LRe 4, 2.9)

where n is the kinematic viscosityg is the rate of energy dissipation ahdis the
characteristic length scale of the largest ed{ii€. Other length scales include the
Integral scale U,, and theTaylor microscale /1, which characterise the largest
turbulence scales and the smallest turbulence scales before dissipation comes into effect
respectively, and are represented by EtQ[71]:

e ~n—-. (2.10)

Along with the turbulent properties such as Re and the premixing conditions, which are
important for stable flame analysis, many important flame properties also relate to the
ignition of the fuels, which, with the development lwgh speed cameras, has been
studied more in recent years. The time depengropagation of flames is also
important when dealing with factors such as burning velocity. The next section deals

with some important parameters related to the ignition anghgeadion of gaseous fuels.
2.2.1.3. Ignition and Flame Propagation

2.2.1.3.1.Ignition Definition
Ignition is the process by which unburned fuel begins to combust with the addition of a
heat source. For a spark ignition, the process begins when the mixture reaches a high
enough temperature, producingflame kernel[72]. A flame kernel is the period
between ignition and either a ssaliistaining flame (growth of the kernel) or extinction

(death of the kernel), and typically moves from a cylindrical shape to a spherical shape
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approximately 0.01 m in diametgf2, 73] After ignition, the flame will either reach a
state of steady combustion, wadhe flame can exist without an additional heat source,
or become extinguished and may need a pilot flame to keep the flame ignited.

Ignition phenomena are very important in internal combustion engines, where design
factors, such as ignition location tirespect to fuel/air compositions, will influence
how quickly the combustion processes are completed and how easily the mixture is
ignited [39], and in gas turbine combustion the fuel mixture may need to be quiekly re
ignited or a steady state flame estsiiid quickly. Design factors, ignition location and
fuel composition can all affect the ability of the mixture to ignite and also the ignition
time, which is related to the propagation of the flame immediately after ignition and
before a stable flame isaehed. The propagation of the flame kernel and subsequent
flame are important in ignition studies, and flame propagation phenomena are essential
to some analytical and computational modél] and to the understanding of ignition
processes. Some important parameters relating to flame propagation will now be

discussed.

2.2.1.3.2.Flame Propagation Parameters

Burning Velocity and Flame Speed
The laminar flame spee& | has been defined in Secti@rR.1.2.1as the rate of flame

propagation relative to the unburned gas. For example, fuel propagating along & tube a
a velocity equal to the laminar flame speed will produce a stationary flame. If the fuel
velocity is lower than the laminar flame speed then the flame will propagate into the
unburned mixture, but if the fuel velocity is higher tt&rhen the flame wilpropagate

away from the unburned fuel. The burning velocig;)(is a measure of how fast
reactants are consumed into products, and the turbulent burning veBgitg for
flames where there exists turbulence in the unburned gases, causing an inctiease
flame surface area due to wrinkling and flame front distortions, and increasing the

overall mass consumption ratéq. 2.9 [75].
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Flame propagation
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Figure 26: Diagram showing the increase in flame surface area due to turbulence
(adaped from[75]).

Lewis Number
For gaseous fuels, the fuel must be within a certain range of conditiogsitan to be

viable (see Sectio.2.1.]), but other factors such as turbulence, the interaction of the
flame kernel with the flow field and the Lewis number (BEd.1) may also affect the

ignition process.

Le = Lhermal .Diffgs.ivitv = 23 (2.11)
Mass Diffusivity Pr

where Le is the Lewis number, Sc is the Schmidt number and Pr is the Prandtl number
(Eq.2.12):

sc="", pr=" (2.12)

rD k

where mis the dynamic viscosity; is the densityD is the mass diffusivityg, is the
specific heat and is the thermal conductivity. The Prandtl number is a relation of the
relative thicknesses of the hydrodynamic and thermal boundary layers, and represents
the ratio of momentum and heat diffusion within the fluid, connecting the velocity and
temperature &lds, whereas the Schmidt number is significant when both convection
and mass transfer are importdi@6]. The Lewis number controlsafine stability;

premixed flames with Le < 1 tend to develop cellular structures and instabilities, which
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cause turbulent flames to be more wrinkled for lower Le. This is because of the
continuous distortion of the flow field due to inhomogeneities in thes fl77]. The
Lewis number also affects local flame temperatures and reaction rates due to the effects
of curvature and strain rates, or flame stretch, which affect the flame propagation and

ignition phenomen§r7].

Flame Stretch
For norruniform flow fields, a propagating flame surface is subjected to effects of strain

and curvaturg22]. For fluids, the shear stress is proportional to the rate of angular
def or mati on, or the strain rate, through
fluid andthe thermodynamic state of that fljRR]. Flame curvature may begitive or

negative depending on whether the flame is curved towards or away from the unburned
mixture respectively, for example in expanding and collapsing spherical fl&ngss (

2.7a and b respectivelyy8].

Burned
mixture

Unburned
mixture

Flame
propagation]

Flame
propagation

Expanding
spherical flame

Collapsing
spherical flame

Figure 27: (a) Positive curvaturior expanding spherical flame and (b) Negative
curvature for collapsing spherical flame.

For Le = 1, positive curvature reduces the flame speed and negative curvature increases
the flame speed (due to the heat entering a control volume via a smallesglarfgee
respectively), but does not affect the burning velofi]. The effects of strain and
curvature lead to changes iretflame front area, and are characterized by the flame
stretch factork, defined as the relative rate of change of the flame surface area due to

flame stretch[22]:
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. 1 dEA) 1 dA

= , (2.13
A, dt A, dt

wherek is the flame stretch facto#y is the flame surface area anig time.

Flame stretch reduces the thickness of the flame front and the flame speed, and
influences the flame structure due to the effects of heat and mass diff28]oiThe

flame stretch factor is made up of contributions from the strain rate tensor, dilatation
(volume expansion of the fluid) and curvature eff¢2®. Taking stretch into account,

the laminar flame spee& ) becomes:
S =S, - Luk, (219)

whereS o is the unstretched laminar flame spekds the flame stretch factor ahg is
the Markstein | ength, which characterise
the nondimensional form of the Markstein number, Ma (E4.5):

Ma=-—"", (2.15)

where d characterises the thermal thickness of the flame. The Karlovitz number, Ka,
(Eqg. 2.16) is a nondimensional stretch factor using the thickness of the unstretched
flame, d o, and the unstretched laminar flame sp8gdand is made up of contributions
from the strain and curvarte (Eq.2.17) [22]:

Ka = Residence time for crossing an unstretched fla_ U, k
Characteristic time for flame stretchin So |

(2.16)

Ka=Ka, +Ka,, (2.17)

where Kg and Ka are the strain and curvature gooments respectively. Combining
Egs. 2.14t0 2.16, the apparent flame speed is related to Ma and Ka b¥.Ej[22]:

So_g4m aKa. (2.18)
S,
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The burning velocity is also affected by the flame stretch in a similar way2(E9).
[22]:

S,=SC - Lyk, (219

whereS; is the burning velocity associated with the reference flame suSates the
onedimensional (1D), unstretched burning velocity, is the Markstein length anklis

the stretch factor.

Flame stretch is present in the stagnation region of opposed jets and impinging flames
[79], and laminar flame speeds and burning vélegiare affected by flame stretch due
to strain and curvature of the flame front, and can have significant effects on flame

propagation.

Background information for various properties of jet flamegluding premixing,
turbulenceand ignition has been \@n. The flame propagation characteristics of
impinging flames hee not been widely studied and will be looked into in this thesis,
along with other properties and flame wall interactions of impinging flames. The next
section deals witkthebackground infomation integral to any study of impinging flames
and flame wall interactions. Aetailedreview of impinging flame studies will be given

in Section2.4.

2.2.2.Impinging Flames
An impinging flames one in which part of the flame experiences direct contact with a
surface or wall. Impinging flames exist in many areas of combustion, including inside
combustor chambers, where the flame will impinge onto the combustor walls, or in
heating processes wie flame jets may be used to heat materials, melt glass or forge
metals. Impinging flames may be desirable, for high heat transfer rates, or undesirable,
where flame wall interactions may cause hot spots or flame quenching. Temperature

gradients on wallwfaces may also cause uneven heating which can lead to damage.

2.2.2.1. Structure
The structure of jet flame impinging upon a surface will lukfferent tothe non
impinging (free) jet structure due to the obstruction of the flow. In addition, the

combustion prperties will change the structure when compared to areacting jet.
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The effect of an impingement plate and combustion on the jet structure will be

discussed here.

Free NonReacting Jet
The structure of a free, naracting jet is shown ifig. 2.8 It consists of gotential

core zone which has a constant velocity, equal to the nozzle exit velocity, and the
length of which depends on the turbulencethe nozzle exit and the initial velocity
profile [11]. Downstream of that is theeveloping zonan which air is entrained due to
turbulence caused by large shear stresses at the jet boundary, and the axial velocity
profile decays[11]. Following that is thefully developed zonewhere linear jet
broadening with axial velocity decay and also a Gaussian veldistsibution have

been observed 1].

Fully
developed
zone

Developing
zone
= -

Potential
core zone

Potential core

Nozzle
inner rim

Figure 28: Structure of dreenonreacting jet (adapted frofd1]). The symbolsl andu
are the nozzle diameter and developed velocity profile respectively.

Impinging Non-Reacting Jet
Impinging flame jet aerodynamics are vesiynilar to those of impinging nereacting

jets[11]. Viskanta[11] has described the structure of impinging jets as follows: In an
impinging jet, there are three distinct regions; filee jet regionstagnation regiorand

wall jet region(Fig. 2.9. In the free jet region, the fuel initially exits the nozzle in a
nearuniform velocity,v, before mixing with the ambient air in tkbear layey causing

entrainmenbf mass, momentum and energy. The amount of entrainment depends upon
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the velocity and turbulence within the flow. This entrainment causes an increase in mass
flow, due to the increase in air amount within the flow, -naiform velocity
distribution, a chage in jet temperature and an increase in the width of the jet, as for the
free jet[11]. The stagnation regios where the jet changes direction upon coming into
contact with the plate, and at the stagnation point, the velocity is zero due to the gas
flowing in opposite directions away from the stagnation point. Following this is the
transition to the wall jet ggon, which is a bulk flow radially outward, away from the

stagnation regionHg. 2.9 [11].

Wall jet region : Stagnation region : Wall jet region

Impingement surface

Stagnation point Boundary layer

Free jet region
Shear layer

A
Nozzle
inner rim? \/
7

d

Figure 29: Structure of impinging isothermal jet (adapted fridrh]). The symbolsl, h,
andv are the nozzle diameter, noztteplate distance and nozzle exit velocity

respectively.

Impinging Reacting Jet
However, for impinging flame jets, the reaction zones and temperature gradients cause

the structure to be different than for impinging isothermal[jEt$. In particular, there
exists an intense reaction zone slightly away from the stagnation point, and for low
enough nozzko-plate distances/nozzle diametelgd) there is a cool central core
consisting of unbured gases, causing the stagnation point temperature to be lower than
the temperature just away from the stagnation pokig.(2.1Q. Also, the air
entrainment that causes jet widening in freacting jets causes thecal equivalence

ratio to become lower with widening jet diameter due to air entrainment.
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Impingement surface

Stagnation
point

Very intense

combustion zone Envelope

Thin Low temmperature
reaction combustion zone
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Cool
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Nozzle
outer rim

Figure 210: Diagram showing reaction zones and cool central corgpical methane

air flame, Re = 7000f = 2,h/d = 10 (adapted frorfiL1]).

In addition to the intense combigst zones, various impinging flame modes can be
observed, being stabilised either on the nozzle rim or the plate, depending on the flow
conditions, nozzle exit velocityyozzleto-platedistance and place of ignitid84, 80]

These include the ring flame, conic flame, disc flame, envelope flame and cool central
core flame Figs. 2.11a to e respectively{80]. In addition, blown ring, detached conic

and compdx flames can be observgg¥]. The ring flame, blown ring flame and disc
flame are stabilised by the impingement plate and are detached from the nozzle, due to
the high flow velocity. The ring flame has a core of unburned gases but the disc flame
has burning at the stagnation pointeTtiown ring flame occurs at higher jet velocities
than the ring flame and cannot be ignited in the centre, whereas the ring flame can be
ignited at the centre to form a disc flame. The conical flame has a low axial velocity
near the plate due to the largezzleto-plate distance, and the detached conic flame
exists at fuel rich conditions, is lifted from the nozzle and can be formed from a disc
flame. The cool central core flame has unburned fuel impinging on the stagnation point
due to the lownozzleto-plate distance but the envelope flame, formed with less rich
mixtures, has combustion occurring at the stagnation point. Both the envelope and cool
central core flames have cellular structures that need high shutter speeds to be observed.
The complex flara is made up of different types of flame and occurs in fuel rich

mixtures and at large/d.
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Plate Plate Plate Plate Plate

A7

Flame
Flame

a) (b (c) (d) (e)
Figure 211: Flame modes: (a) Ring flame, (b) Conic flame, (c) Disc flame, (d)

Envelope flame and (e) Cool central core flame (adbjoten [80]).

The various flame modes and flow structures will greatly affect tae trensfer to the
impingement plate, due to whether unburned fuel, flame or hot combustion products are
impinging on the plate. The turbulence, gas velocity and flame temperature will also
affect the heat transfer, along with the mechanisms by whichid&ainsferred to the
plate. The heat transfer mechanisms relevant to impinging flame studies will be

discussed in the next section.

2.2.2.2. Heat Transfer Mechanisms
An important area of study in impinging flames, along with the flame structure, is the
heat trangdr between the flame and the plate. This section deals with the mechanisms
whereby heat can be transferred to and from the impingement surfacgitanithe
importance of each mechanism in heat transfer impingement studies. Heat can be
transferred to and dm impingement surfaces vieonduction forced or natural

convectionyadiation andthermochemical heat relea§ECHR).

Conduction
Conduction heat transfer is the transfer of heat energy resulting from interaction

between particles, and so occurs when substances of different temperatures are in
contact with one another. For fluids, it is described by the net transfer of thermal energy
by random molecular motiof81] and always moves from states of higher to lower

energy, i.e. hotter to colder substanddeat flux (which is the rate of heat energy

transfer) due to conductioﬁ:d (units W m?), is proportional to the temperature

gradientn T, and the thermal conductivitl, of the material, and can be represented by
Eq.2.20[81]:
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gy, =-kDT. (2.20)

In impinging flames, conductive heat transfer occurs when the flame is in direct contact
with the surface, thereby heating the surface and also removing heat from the flame if
the surface is cold. However, in general there exists a layer of hot gasesrbédtee
flame and the plate, causing the heat conduction to the plate to be minimal. The main
mechanism of conduction is generally through the impingement surface, whereas a large

amount of heat may be transferred to the plate from the gases via convection.

Convection
Convection is the motion of fluid particles across a surface or within an enclosure.

When fluid particles are heated up, they will become less dense and will rise above the
surrounding particles, creatirmgnvection currentsHeat transfer bgonvection carbe

either forced or natural. Natural convection is caused by the heat/mass transfer itself.
Natural convection will be present on the top side of a flame impinged plate, if it is not
insulated, caused by the high temperature plate heangnibient air and producing
convection currents. Buoyancy induced natural convection on the underside of the plate
may increase or decrease the heat transfer to the plate depending on plate location with
respect to the flame structy&2]. Forced convection is that for which the motion of the

fluid is caused by something other than the heat/mass transfer, for example by a fan or
pump[81, 83] So, for example, in an impinging flame configuration, there exists forced
convection of the gas on the wall, due to the motion of the gas from the ridiae.
convectionoccurs when both natural and forced convection are present, for example, a
high temperature material cools by natural convection due to the temperatusnigradi
between it and cooler surrounding air, but would also cool by forced convection if a fan
was bl owing cool air over the surface. Ci
cooling (Eq.2.21) [81]:

q,=-h (T, -T.), (2.21)

wherei is the convective heat flux (units W3 he is the convective heat transfer
coefficient (units W rif K™%, T, is the temperature of the surface dads the

temperature of the surrounding fluid.
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For turbulent flow past a solid boundary, contained in the boundary kiger2(9 and
very close to the wall, there islaminar sublayer where the flow slows down due to
resistance from the wall. In the laminar sublayer, macroscopic fluid motion no longer
contributes to the heat transfer, and the heat is omgfeered by molecular conduction
[81]. The laminar boundary layer resists the heat transfer depending upon the fluid and
the thickness; for thicker boundary layers, the heat transfer will be lower. The more
turbulent the flow, the smaller the boundary layer, and so turbulernceases the
conductive heat transfer to a solid surff&¥H. Forced convection contributes to a large
amount of the heat transfer from flames to impingement surfaces, particularly in relation
to the radiation effect459, 8486], and in modern furnaces (with direct flame
impingement) it can account for 7090 % of the total heat transferrgg@b, 87] and
higher temperature flames will produce higher forced convection heat transfer rates
[88].

Nusselt Number
The Nusselt number represents heat exchange between a fluid and surface, and is

defined by Eq2.22, combining conductive and convective heat transfes.(E80 and

2.21respectively):

Nu=—2—, (222

where Nu is the Nusselt numbéy, is the convective heat transfer coefficientis a
characteristic length scale ardis the thermal conductivity of the fluifi76, 89]
However, Eq.2.22 applies only if the surface temperature is constant, and so is often
used for isothermal boundaries/floy@9-92]. The local Nusselt number can be applied

to problems with constant surface heat f83-95] using Eq2.23:

U:ﬁl_'ﬂ,)’ (2.23
where g is the surface heat fluxl, is the surface temperature aig is the fluid
temperaturg 76, 89] For impinging jets, the stagnation point heat transfer is often
characterised by the local Nusselt number at the stagnation poimg, losal radial
velocity gradients or local heat flux measurements to calculate the Nusselt f@6ber

98]. The radial velocity in the stagnation region of low Re turbulent flames is significant
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to the stagnation point heat transf@6, 98] However, large uncertainties arise from
heat flux measurements in impinging jets (up to 6 %) and flame temperature
measurements in impinging flames (up to 10[96-98]. The Nusselt number is more

commonly used in impinging air jet studi@®, 100]

Radiation
Heat can also be transferred to the impingement surface via radiation from the flame. In

particular, if the flame is luminous, i.a. sooty, yellow flame, then heat will radiate
from the soot particles via approximdilack body radiatior{101]. A black body is a
perfect absorber/emitter of electromagnetic radiation. Black body radiation is an
idealised concept but objects may be approximated as black bodies if they emit/absorb
nearly al electromagnetic radiation. A common visualisation of a black body is a cavity
with a small holeKig. 2.13. When light is shone on the hole, manternal reflections

will take place, but the probability of the light escaping through the small hole is very
low. Therefore, the object absorbs nearly all of the light that is incident upon it. In terms
of thermal radiation, the radiation emitted by bl&cddies is dependent solely upon the
temperature of the body, due to the electromagnetic radiation emitted from the charged
particles in the object. The thermamissivityof a material is defined as the ratio of
thermal energy emitted by the material batt emitted by a black body at the same

temperature.

Insulated cavity

Figure 212: Visualisation of black body radiation using a cavity with a small hole.

The soot in flames can be approximated as black body particles and therefore radiate
heat from the flame dependent on their temperature. Felunonous flames, such as
hydrogen flames or premixed hydrocarbon flames, the radiation from the flame is
minimal, due to the lack of soot particles, although radiation can still be transferred

from CG, and HO particles in the producfd01]. When tle soot deposition on the
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plate is small, due to the nduiminosity of the flames, the effects of heat transfer to the
impingement surface due to radiation from the flame can generally be nedktted
However, thermal radiation may also be emitted from the plate to the flame and, if it
reaches high enough temperatuisuld possibly increase the temperature of the flame
and facilitate combustion. The higher the emissivity of the plate, the more radiation will
be emitted from it at a particular temperature. If the configuration is enclosed, for
example in a furnace, ¢n the radiation heat transfer to the flame from the surroundings

will be significant.

In addition, heat may be radiated away from an impingement surface if not cooled. The
radiative heat transfer from a solid circular surface can be calculated usidg4dt. is

highly dependent on the surface temperatufé dependence) and so temperature
measurements must be accurate in order to achieve acadwon calculations from
Eq.2.24.

&..= i 20rs &) - Tk, (2.24)

whered s the radiative heat loss (units W)),is the total radius of the surface/plate,
r is the variable radius of the platejs the StefarBoltzmann constant, equal to 5.67 x
108 W m'?2 K™, e(r) is the emissivity at radius, T () is the temperature of the

surface at radiusandTp, is the anbient temperature.

Thermochemical Heat Release
Heat can also be transferred to the plate by thermochemical heat release, otherwise

known asconvection viveThis occurs in high temperature flames when radicals in the
flame, which have not been convertedbifinal products due to chemical equilibrium,
impinge on the cool surface of the wall and consequently recombine with other
dissociated products to form more thermodynamically stable sj86ies02, 103] The
recombination process is exothermic and so the reactions heat the wall surface further.
Above temperatures of 1600 K radicals (such as CO apdrH preferred but when the
temperatures are below 1600 K produasch as C@and HO) are preferredl101].

TCHR is mairy significant to the heat transfer for those flames burned with oxygen or

oxygen enriched air due to the high temperatafehese flamefl02].
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2.2.3.Conclusions
Various combustion properties have been defined and a backgmgodbustion has
been given, with particular regards to flame jet structure, premixing, turbulence, ignition
and heat transfer characteristics. The conditions needed to support combustion, along
with flow and combustion properties of jet flames have lw==tTribed and the structure
and heat transfer mechanisms relating to impinging flames have been discussed. It has
been shown that flow and fuel properties are important in flame jet impingement
studies. Premixing and turbulence are significant propertigt fames and affect both
flame structure and heat transfer characteristics. A more detailed review of impinging

flame studies will be given in Secti@.

These characteristics are studied widely for combusting flows using various
experimental diagnostic and visualisation techniques. The next section gives a
comprehensive review of these techniques in order to highlight the advantages of each
techniqgue and how they can be utilised in combustion and impinging flame studies.
Following this, a detailed review of the literature relevant to impinging flames,
including a discussion of how the aforementioned techniques may be utilised and
improved in impnging flame configurations, will be given, as this is the focus of this

thesis.
2.3. Experimental Diagnostic Techniques

2.3.1.Introduction

The development of imaging techniques is integral to advances in combustion
experimentation. In particular digital and higipeed imaging, lasers and thermal

imaging techniques have made it possible to study combustion in greater detail.

Digital Imaging
The use of digital cameras has led to increased experimental power, partly due to a

reduction in the time it takes to procesmgesWith digital cameras, the images can be
viewed, stored and processed immediately, so that any mistakes can be quickly resolved
and viewing angle, exposure and frame rate issues can be dealt with immediately.
Camera quality is constantly increasswthat better spatial resolution is available. This
allows smaller features to be studied with greater accuracy. The development of Charge
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Coupled Device (CCD) chips has been important to the development of digital cameras,
and are used for many sciemdifpurposes due to the high sensitivity, good
responsiveness, low noise and large dynamic régb@4). A CCD chip consists of an
array of lightsensitive capacitors that store charge depending on the amount of light
incident on each cell (or pixel), using electioole pairs (see Sectidh3.2.1.2 [104,
105]. A colour filter or prism is used to separate the red, green and blue signals in each
cell so that colour images can be processed. The spatial resolution of the CCD device
depends on the numbers of pixelad high resolutiodigital cameras are widely in use
[105].

High Speed Imaging
High speed cameras record images at a highdnate so that the images can be played

back in slow motion, giving a high temporal resolution and allowing detail to be seen
that would otherwise happen too quickly. Early high speed imaging in the 1870s utilised
a sequence of still frame cameras, whchgressed to using film strips capturing up to
200 frames per second (fps) in the 1970s and up to 2000 fps in the[198PDigital
imaging devices with CCD chips and complementary rmexadle semiconductor
(CMOS) sensors are used today, saving on materials such as film and offering
advantages such as quick rstap time, immediate playback and quick triggering
capability [106]. CCD cameras can record frame rates up to 1000 fps and CMOS
cameras over 650,000 fps at reduced resolytl®7, 108] High speed cameras are

constantly being developed to record at higher and higher frame rates.

In combustion, high speed cameras can be used to visualise rapid fluid motion and
flame structureg34, 109112]. Flickering frequencies can be observidd3] and
detailedinformation can be gained about flame structures. High speed cameras can be
used with a triggering device that can record data before the trigger is pressed, so that
spontaneous events can be recorded without using up lots of memory in anticipation of
the event. This allows ignition and explosion characteristics to be recorded easily at
high speed112, 114116]. (A more detailed review of ignition and flame propagation
studies will be given in Sectior2s2.1.3and2.5). High speed cameras in combustion are
often canbined with other techniques such as schlieren and Particle Image Velocimetry
(PIV) (which will be described in more detail 8ection2.3.3) to obhin better temporal
resolution with these techniques.
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Lasers
The use of lasers in combustion has been integral in determining velocity fields,

turbulent structures, vorticity fields, species concentration and flame structure. Before
lasers, probes were wse combustion studies for measuring velocity, temperature and
species concentratiofl17]. Lasers and other flow visualisation techniques, unlike
probing techniques, have made it possible to obtain quantitative information abeut two
dimensional (2D) flow fields in one set of images and without disturbing the 8],

and the understanding of turbulent flows has greatly improved since the introduction of
these techniques. In addition, laser basedhods tend to have very good spatial and
temporal resolution (~ 280 nm and < 10 ns respectivelj}19]. Lasers are used for
many applications in combustion, including using PIV to study turbulence and vorticity
[120-123] and combustion flow velocity field$51, 122, 124, 125] Flame front
positions can be studied using Planar Laser Induced Florescence (PLIF); where a laser
is used to excite molecules, usually OH or CH radicals, in the flow into a higher energy
state. These radicals Withen reemit the radiation, via fluorescence, which can be
detected119]. The radiation emitted depends on the species and in this way, the flame
front position can be determined; OH radicals are prominent in the burned gas, showing
the flame front, but for more turbulent flames, the flame front becomes distorted and so
it is better to use CH radicals, which are produced in the flame front and represent the
reaction zone[123]. PLIF is often combined with PIV studies to simultaneously
measure flame characteristics, in particular the flame front position, and velocity fields
[51, 54, 126]

Thermal Imaging
Advances in optics have also led to the use of thermal ngagimeras (which will be

discussed in greater detail in Secti®13.2.) for surface temperature measurements.
Surface temperature measurements are important for heat transfer and flame wall
interaction studies, as well as for finding {spiots or regions of lowemperature to
prevent damage and/or flame quenching. Previously, thermocouples were mainly used
to measure wall temperature, requiring drilling into the surface to install the
thermocouples and only giving singdeint temperature measurements. Thermal
imaging allows 2D, noiintrusive temperature measurements and can also be used to
measure a material 6s e B2.%52i3.2.1.1ang2.48dfithe c us s
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temperature isknown. However, in general, thermal imaging cannot be used to
investigate flame temperature due to the large spectral range of emissions from the
flame, and has not been used widely in combustion studies. Thermal imaging
techniques will be utilised and dgweped in this thesis to measure the temperature

distributionsof flame impinged walls.

A review of these techniques will be given in this section with particular relevance to
impinging flames. The sectionill explore the main principles and science Ineheach
technique. Firstly, the techniques used to measure heat transfer will be discussed.
Following this, the techniques used to measure flow structure and flow properties will

be looked into.

2.3.2.Heat Transfer
In order to evaluate flame wall interactiortse heat transfer to the wall must be studied.
Heat transfer to and from a surface depends highly on the temperature of that surface.
Therefore, this section deals with ways to accurately measure the temperature of flame

impinged walls in order to evaluatee flame wall interactions.

2.3.2.1. Thermal Imaging
Thermal imaging takes advantage of the thermal radiation emitted by objects depending
on their temperature. However, various factors affect the emission of radiation from

these objects as will be examined irsthéction.

2.3.2.1.1.Thermal Radiation

Electromagnetic spectrum
All objects emit thermal radiation depending on their thermal energy. Thermal radiation

is radiation in the infrared (IR) range of the electromagnetic spectrum, but can also
include radiation from theisible and ultraviolet rangesand liesin the intermediate
range of the electromagnetic spectrum; 0.1 to 1@®0[127]. Figure 2.13 shows the
wavelength ranges for the IR section of the electromagnetic spedrspiayingthe

short, medium and long wave barii28] and thenearandfar infrared bandg127].

Thermal radiation is transmitted from objects, without requiring any intermediate
matter, due to the temperature of the ob[@@9]. The higher the temperature of the
object, the shorter the wavelength of the radiation, with objects abo@aper point
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of 798 K[127] emitting radiation in the visible spectrum, visualised as red, blue and
then white light and known ascandescenceThis means that the temperature of an
objed may be determined by the wavelength of radiation emitted from it. However,
various factors affect thermal radiation from a surface, including temperature,
emissivity, viewing angle and reflection and transmission properties of the surface. If
these propies depend on the wavelength of the radiation then they are spbettal
properties. In addition, the emissivity (defined in Sec#dh2.2 of a particular surface
may also depend on the surface temperature, viewing angle and radiation wavelength.

Surface propertiethat affect the emission of thermal radiatieil now bediscussed
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Figure 213. Thermalradiation part of the electromagnetic spectrum.

Temperature Dependent Emissivity
Many surfaces have an emissivity that changes with temper&moir¢hesesurfaces,

infrared absorption bandRéststrahlen bandlswhich are narrow energy bands through
which electromagnetic radiation cannot propagate, tend to increase in width and
decrease in strengtith an increase in temperaturélso, the wavelength of peak
absorption shifts towards higher values. This generally increases the emissivity in the
near infraed and decreases it for shorter wavelenfitB8]. A method for dealing with

the problems encountered in measuring the temperature of a surface whose emissivity
depends on that temperature will be explaredhis thesis using a quartz platend

more detail will be given in Chapt8r

Spectral Emissivity
Surfaces with spectral emissivity have diff@reemissivities depending on the

wavelength being observed, and are cafletkctive emittersif these emissivities are

averaged over all wavelengths, this is catladl emissivity A grey bodyis one whose
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emissivity does not depend on wavelendtit is lower than that of a black body

Figure 2.14 shows examples of spectral emissivity curves for a black body, grey body
and selective emitter.

—Black body

Grey body

Emissivity

—Selective
emitter

0 5 10 15 20
Wavelength (um)

Figure 214: Graph to show examples of spectalissivity for a black body, gyebody,
and selective emitter (adapted fr¢h28]).

Directional Emissivity
Surfaces may also have varying emissivity depending on the viewing andl&uge

emitteris one that emits radiation uniformly in all directioR8rectional emissivity is

the emissivity in a chosernrdction, and emissivity averaged over all directions is called
thehemispherical emissivifit27]. A black body is a diffuse emitter bum, general, real
surfaces have emissivity depending on the viewing anglérig. 2.15. For non
conductors, the directional emissivity is generalbnstant for angles up to 7@ the
normal, and for conductors up to °4QFig. 2.1§ [131, 132] The hemispherical

emissivity may also be represented by the emissivity normal to the sugacd)
[131].

Radiation enutted
normal to surface

P Radiation emtted at
angle from surface

Black body ™~ Surface /’ Real body

Figure 215: Directional dependence of radiation emitted by a diffuse emitter (black
body) and a real surface, (length of arrows represents radiation intensipysatie

angle from the normal).
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Figure 216. Examples of emissivity dependence on viewing angle for a black body,

non-conductor and conductor (adapted frfir@8, 131).

Reflection, Absorption and Transmission
As well as emitting thermal radiation due to its temperature, an object will also reflect,

absorb and/or transmihgident radiationKig. 2.17. Most solid objects arepaqueto
(do not transmit) thermal radiation. Thasorptivity of a material is related to the
emissivity byK i r ¢ h h o(Eqft2&@% [127]a w

e/d (/ ’ qcone’ qcirc ’T) = a/d (/ ’ qcone’ qcirc ’T) ' (225)

whereg®anda,® are the spectral, directional emissivity and absorptivity respectitely,
is the wavelengthg.oneand girc are the cone and circumference angles respectively and
T is the surface temperature. This means that the absorptivity of radiation at wavelength

/ from a particular direction from a black body at the same temperature will be the same
as the emissivity ahat surface.

2
Incident \9 /&.Reﬂected
ray 4 ray
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l ('€ absorbed ray
S
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Object _)9 \‘ﬁ\‘-—--. Transmitted
: N Tay

Figure 217: Diagram showing the reflection, absorption and transmission of incident

radiation through a sentiansparent, reflective object.
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The reflectivity of a surface generally depends on the roughnesatafurface. Smooth
surfaces are callespecular they reflect incident radiation in one direction, at an angle
equal to the angle of incidenceg, (Fig. 2.1&). For example a mirror is a specular
reflector. Lambertian reflectors reflect
intensity of reflected radiation is proportional to the cosine of the viewing angle with
the normal of the surfacd=ig. 2.1&). Most surfaces exhibit a combination of both
specular and diffuse reflectioRkig. 2.18) [128].

Specularly
Incident ) reflected ray

(a)

Partly
reflected ray

Incident
ray

Diffuse
scattering

(b)

Incident
ray
Only
diffuse
(©) scattering

Figure 218: Reflecton characteristics for (a) A very smooth reflecting surface, (b) A
reflecting surface with partial roughness and (c) A Lambertian (rough) surface (adapted
from [128]).

The mechanisms and applications of thermal imaging cameras will now be discussed.
Emissivity and reflection, and their spectral and directional dependence, of surfaces
must be taken into consideration when usingrritial imaging cameras to measure

surface temperature and this will be discussed in more detail in CBapter

2.3.2.1.2.Thermal Imaging Cameras
Thermal imaging cameras are able to detect portions of thermal radiation and convert
the information into dhermogram a visual image of the temperature distribution of the

object based on the wavelength of the detected radiation. In principle, a theagialg
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detector works much in the same way as a typical digital camera in that it consists of a
number of cells that interact with incoming radiation, creating an electric current that is
converted into an image relative to the wavelengths of the raditieach pixel. There
are different types of thermal imaging detectors; the main distinction being whether the

detector is cooled or uncooled.

Cooled Detectors
Cooled detectors usgemiconductorsmaterials that have very low conductivity and

whose electcal resistivity falls with increasing temperature, to detect thermal radiation.
Theinternal photoelectric effeaccurs in semiconductors; incoming photons above the
required threshold energyE, to excite an electron from the valence band (bourtldeto
atoms) to the conduction band (free to move within the -semiluctor) are absorbed,
creating electron and electron hole paiFsg( 2.19. This clanges the free carrier
concentration, that is the concentration of electrons free to move in theeaaictor,

which causes a change in the electronic energy distribution, which can be converted into
the thermal imaggL28].

Electrons
EMN
y { ) § Conduction band
A
Econ
AE (Energy gap)
ol g,y |Fp3
Eya)
Valence band

Electron holes

Figure 219: Internal photoelectric effegthotons(with energie€s,, Ey;andEpz > LE)
excite electrons from the valenleand(E < E,,) to the conduction bandE® Econ)

creating electron holes (adapted fr{it28]).

Due to the quantum nature dfet internal photoelectric effect, the detectors are only
sensitive below a certain caoff wavelength, proportional to the inverse of the threshold
energy (Eq2.26) [128]:
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— hPC

= o (2.26)

cut
where/ ¢ is the cutoff wavelengthh,i s P | a n c kcassthe speed sftlightnand,

LCE is the threshold energy. This means that the detectors will not detect thermal
radiation above the culff wavelength. ZE can be altered by changing the
semiconductor alloymaterial and can be varieby using an alloy with varying
composition[133]. Atmospheric transmission of IR radiation is highest in the medium
wave infraed (MWIR) and long wave infrared (LWIR) bands§3mim and 814 mm
respectively), with the maximum emissivity of objects at 300 K being atri[134].

The detectors must be cooled to avoid noise from the semiconductors themselves; the
thermally excited free charge carrier concentration in semicomcuid much higher

than the increased concentration caused by the radiation excitation. Therefore, the
background noise from the semiconductor itself would drown out that of the thermal
radiation being measured. However, cooling the semiconductor redoeeroise
significantly. Detectos operating in LWIR bands ardifBng cooled to 77 K, but with
increasing cubff wavelengths, the cooling temperature needs to be |f@2&]. This

means that the cameras have a cooling down period before they can be operated.

The Forward Looking Infrared (FLIR) SC3000 thermal imaging camera used in this
thesis has a setiooling detector, witla cooling down time of less than 6 minuf&35].

It uses Quantum Well Infrared Photodetectd@QWIP) technology, so that longer
wavelength radiation can be detected with larger energy band gap materials, which are
easier to produce than small band gaatemals.Figure 2.20 shows the bands in a
quantum well; ground state electroSq or holes Enj) in the conduction or valence
bands respectively are excited ifigher energtates E., andEp, respectively)n the

same band, without crossing the energy [d&3]. The QWIP can then be designed so
that the charge carrier can escape from the quantum well and be detected. The quantum
well allows the absorption spectrum to be altered and allows for easier production with
high accuracy, large area andavlgost arrays. The SC3000 also has very high thermal
sensitivity along with accurate temperature measurements up to 2298 K 19 i 8

spectral ranggL36].
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Figure 220: Band structure in a quantum well (adapted ff@B88]).

Uncooled Detectors
Microbolometerdevices have been used in thermal imaging since the 1990s in order to

avoid the bulky and expensive cooling systems required in themstuctor device
thermal imaging camerd428]. A bolometer is a sensor that detects thermal radiation
using the change in ettrical conductivitythat results froma temperature increase in

the sensof137]. A microbolometer consists of an IR absorbing plate with a thin film
resistor. An electrical bias voltage is applied across the resistor so that as the incident IR
radiation varies, so does the electric curf@B8]. Figure 2.21 shows a schematic of a
typical microbolometer pixel. It consists of a square plate of electrically insulating
silicon which is held above semiconducting silicon nitrate by thin silicon nitrate legs.
The silicon nitrate contains electrical readout circuits. A thin conducting film is placed
over the silicon nitrate plate and the legs to carry metal film conductors between the
plateand substrate, while minimising the thermal contact. A thin reflecting metal film is
placed on the substrate to enhance the IR absorfitg&8). Although not as thermally
sensitive as the QWIP devices disagsabove, the microbolometer devices allow good
sensitivity for practical applications without the need for expensive, bulky cooling
systems, and the silicon technology allows for inexpensive production[t88{s The

FLIR SC640 used in this thesis uses an uncooled microbolometer array.

The next section will discuss typical applications of thermal imaging cameras and

limitations faced in combustion and impinging flame studies.
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Figure 221: Schematic of a silicon based microbolometer.

2.3.2.1.3.Applications and Limitations
Thermal imaging cameras have been used in many practices, including military use,
medical systems, climatology, law enforcement and fire seryi3%142]. They can
be used for testing the thermal efficiency of heating/cooling devices, and for finding hot
spots in electrical systems. Thermal imaging can also provide a way for constant
monitoring of time dependent temperature in various systems so thateshang
component failure can be trackgdi3, 144] Thermal imaging provides a namtrusive
temperature measurement system that can view 2D dtreas. also be used to test the

emissivity of materials provided the temperature is known.

In combustion research, thermal imaging can be used to test the time dependent wall
temperature on the oudl® of furnaces or ducts for example, at various sizes including
mesoscalg145-147], and for finding hot spots or cool areas where damage or flame
guenching respectively may occur,arder to increase efficiency and prevent damage.
Thermal imaging has also been used to test the temperature of air jet impinged walls
[148, 149]and of the impinged side of flame impinged w§llS0]. However, thermal
imaging cameras cannot be used to accurategsureflame temperature due to the

high spectral range of emissions from flagrethough thin filament pyrometry; where

the radiaibn from a thin filament placed in the flame can be detected for temperature
measurementsand flame structure can be visualised with thermal imaging cameras
[151, 152]

Problems also occur due to the need for accurate emissivity input values and the
problems related to the pendence of the emissivity on temperature and viewing angle.

As such, thermal imaging cameras are not widely used in combustion systems due to the
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large ranges and variable temperatures of surfaces, anchahg types of surfaces
involved. However, thermal imaging has been usedm®asurewall boundary
conditions for validation with computer simulatigi%3].

Therefore, this thesis explores solutions to these problems in order that thermal imaging
may be used more widely in impinging flame configurations, to allow plate temperature
distributions to be more easily visualised and quantitatively analysed. This tieals

with measuring the temperature of flame impinged walls using a flame switch off
method, developed frofi50]. Thermal imagingwill be used to measure temperature
distributions of flame impinged walls artd calculate radiation heat loss using B4

(p. 30). An iterative method is also proposed to deal with temperature measurements of
surfaces with temperature dependent emissivity. Mbé&odologiewill be discussed
further in ChapteB. Many impinging flame studies use thermocouples to measure wall

temperature, which will be described in the next section.

2.3.2.2. Thermocouples

Principles
Thermocouplebave been used since early developments of thermodynamics ifthe 19

Century[154]. Thermocouples work on the $a that when junctions of two different
conducting metals of different temperature are placed together, an electric current will
flow between them, known as tlseebeclelectromotive force (emfL55]. In this way,
thermal energy is converted to electrical energy. If the Seebeck coefficient of the
conducting metals is known, and one of the junctions is kept at a reference temperature,
then the teperature of the other junction may be calculated, using the voltage produced
(EqQ.2.27) [154]:

dE, =a,,dT, (2.27)

whereEs is the Seebeck voltagea g is the Seebeck coefficient (depending only on the
materials used), anfis the temperature. So the temperature difference between the two
metals is directly proportional to the voltage produced. If the reference temperature is
known, then the temperatucef t he Ohot & poligune2.22shows &d e c a
schematic of a thermocouple. An extension wire, usually copper, can be used at the

referencetemperature side as it is cheaper to use and as long as the temperatures at
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either end of the copper wire are the same, it will not affect the emf produced by the
temperature difference in the other metals. Common types of thermocouple materials
are shownn Table 24. The Ktype is the most commonly used in practical systems.
Copper

. wires
Wire | ;

Hot
region

Wire 2

> Voltmeter

Reference
temperature
region

Figure 222: Schematic of a typical thermocdap

Thermocouple Type Wire 1 (Positive Charge)  Wire 2 (NegativeCharge)
B 70% Platinum, 30 % 94 % Platinum, 6 %
rhodium rhodium
E 90 % Nickel, 10 % Constantan
chromium
J Iron. Constantan
K 90 % Nickel, 10 % 95 % Nickel, 5 %
chromium silicon/aluminium
R 87 % Platinum, 13 % Platinum
rhodium
S 90 % Platinum, 10 % Platinum
rhodium
T Copper Constantan

Table 24: Materials for various thermocouple tyés4].

Applications and Limitations
Thermocouples need to be in direct contact with the material in order to méasure

temperature. Therefodilling holes in the materials, in order to have the thermocouple
flush with the surface, is often necesstryget an accurate reading of the temperature
Also, the presence of the thermocouple may affect the surface temperature. If the wires
are placed in hotiafor example, this may also affect the eamdso it is necessary to

have insulated wires. However, if the thermocouple has good contact with the surface

andcausesninimal effect to the surface temperature, then thermocouples can be a good
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and accurate way to measure spot temperatures. Thermocouples will not be used in this
thesis due tdime restraintsthe necessity for drilling and the probleassociatedvith
insulating the thermocouples against the high temperatures of the flames,thatitke
thermocouples do not interfere with the thermal imaging measurements, which are a

main focus of the thesis.

Thermalimaging will be used to measure the surface temperature of flame impinged
walls in order to evaluate the flame wall interactiém.addition, flow visualisation
techniques can significantly aid the understanding of the flame wall interaction and will
be used alongside the wall temperature measurements. Flow visualisation techniques

will now be discussed.

2.3.3.Flow Visualisation
In orderto evaluate the physical mechanisms related to the heat transfer and flame wall
interaction, the flow structure must be visualised. This section deals with various
methods that may be used to visualise and diagnose flame and flow structures of

impinging flames.

2.3.3.1. Schlieren
Schlieren(from the German for streaks) is an experimental technique used to visualise
density gradients in inhomogeneous, transparent materials; that is materials that exhibit
variable densities and allow light to pass through. It takearddge of the process of

light refraction in order to visualise the density gradients.

2.3.3.1.1.Light Refraction
When light passes through materials of variable density, the light will bend according to
Snel |l 6s Law o228:Refraction (EqQ.

n, sing, =n, sing;, (2.28)

wheren,; andn,; are the refractive indices of materiaksndj respectively, andy and g
are the angles of incidence of light in materiakndj with the normal between the

materials respectively (shown kig. 2.23.
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Figure 223: Light refraction between two media of different densities.

The density of a gas is proportional to its refractive index, as shown by the Gladstone
Dale relation (Eg2.29) [118]:

n-1=Kr, (2.29

where («-1) is called the refractivity of the gasjs the density an# is the Gladstone

Dale coefficientwhich depends on gas characteristics and the wavelength of light being
used. In an inhomogeneous gas, the variation of refractive index, caused by variation in
r, will cause light to be refracted larious degrees throughout the fluid; the higher the
change in density, the more the light will be refracted, and light will bend towards the
normal when passing into a region of higher density.(2.23.

Optical visualisation of the change in refractive index with density can be applied to
gaseous combustion, and in particular jet flames, due to mixing and high temperature
flows [118]; when two or more gases mix with each other, the local concentration of
gases will cause density variations in the mixing zone. Convection currents caused by
temperature variations thin the gas will also cause a density distribution proportional

to the temperature gradients. The convective plumes of jet flames are often visualised
using schlieren, along with flame front positions, and propagattesand laminar

flame speeds cansa be measured. Shock waves may also be visualised due to rapid
changes in velocity and density. The shadowgraph and schlieren optical techniques take
advantage of this fact, creating a visual image of the density gradient distribaioins

the principlesof these techniques will now be discusstllowed by configurations,

applications and limitations of the schlieren technique
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2.3.3.1.2.Principles

Shadowgraphy
Shadowgraphyis a simple experimental technique that can be best visualised using

convection currents above a candle flame. Robert Hooke pointed out int@eatry

that the convective plume of a candle can be seen simply by its shadow in sunlight, but
the first published shadowgraph photographs ghadowgramswere by Boys in 1893

[156]. When the plume rises and sunlight is shining through the air, shadowse

seen on the wall behind the currents. This is due to the light refracting through the
convection currents by different degrees, causing light and dark areas to be seen. The
dark areas are due to the net amount of light being refracted away froenaiteas
(causing a shadow), whereas the light areas are where more light has been refracted

towards them.

Figure 2.24 shows a simple shadowgraph setwith a point light source and a
disturbance. The disturbance causes light that would initially travel to point A to refract
by an angleg and hit the wall at poinB, a distance% from pointA. This would cause

point B to be lighter and poinf to be daker than if there were no disturbance. The
shadowgraph technique is simply a recording of these shadows caused by density

variations in inhomogeneous, transparent media that has been illuminated by a light

source.
Test Area B
Light R Q/'\E’/Jé
sourceﬁ \
A
Disturbance
Figure 224: Simple shadowgraph setup (adapted ffa66]).
Schlieren

The schlieren technique is a little more complex than shadowgraptmile the
shadowgaph technique is sensitive to changes in the second derivative of the density,

the schlieren technique is sensitive to changes in the first deriyati8g It utilises the
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cutting off of part of the light in order to make the density variations more distinct. The
first demonstration of schlieren was shown by Hooke, using two candles and a lens
(Fig. 2.25. Light from the first, distant candle illuminated the lens to the eye, observing
from the other side. When a second candle was placed close to the lens, some of the
light from the first candle was refracted strongly egtoby the convective plume to fall
outside of the range of the eye and the transparent convective plume of the candle could
be seerj156].

Refracted

Light
source

(candle) '

Second
candle Lens

Figure225: Schematic of efeneipeiment (adaptedfiqibé])l s c hl

The principles for this phenomenon are illustrate#ign 2.26using a modern schlieren
system. A parallel beam of light is shone through the test area and focused towards a
lens and camera. A knife edge is placed at the focal point and used asdfieleuice,
similar to the edge of the eye in Hooked
test area, the image will lose a uniform degree of intensity due to the knife edge (dotted
lines inFig. 2.2§. However, when light is refracted towards the normal of the knife
edge, it will be cut off by it, causing darks regions in the image (red linéig.ir2.29.

Similarly, when light is bent away from the knife edge, it will not be cut off at all, and

will appear brighter in the image (blue linesHiy. 2.26). By removing the knife edge,
shadowgrams may be recorded with the same setup as for the schlieren imaging.

Lens Lens

Un-deflected light

Lower
intensity
light

Dark

Deflected light / ..... i

Blocked
light Knife
edge (Clamera
lens

Disturbance

»

Figure 226 Function of the knife edge in theldieren technique.
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Configurations
A variety of setups for schlieren imaging can be used, depending on whether lenses or

mirrors are used. When using lensegy(2.274), the setup tends to require more space,
whereas using parabolic mirrors allows a smaller space to be used. With mirrors, the
most common types of setup are théy@de alignmentkig. 2.2°b) and thedouble pass
alignment, coincident or necoincident Figs. 2.2°1 and c respectively. For the lens
arrangementKig. 2.2a), the light diverges from the light source onto the first lens,
creating a parallel beam of light. The ligheh passes through the test region, where
refraction occurs, and converges through the second lens onto the knife edge and to the
camera. The principle is the same for théy@e schlieren arrangemerfig. 2.2°D),

with the exception that parabolic mirrors are implemented to converge the light beams.
This means that less space needs to be used in the setup. Also, parabolic mirrors tend to
have fewer irrgularities and are less expensive than lenses of similar size and quality
[157].

The double pass alignmenigs. 2.2 and d) use only one parabolic mirror, so that

the lightdiverges through the test area onto the mirror, where it converges back through
the test area and onto the knife edge as before. There is no parallel beam of light, and so
a smaller teat area is required, although only one mirror needs to be used. The
coincident double pass setup uses a beam splitter in order to allow the light to reach the
mirror without obscuring the cameir@ig. 2.2@). In this setupthe incident and
refracted rays occupy the same space. In thecoowrident setugFig. 2.2%) the

camera and light source are at an angle to one another, so that they overlap in the test

area but not near the camera or light source.

Three dimensional (3D) shadowgraphy is also being developed whereby two sets of
mirrors may be used to view the ttegea from different directions, and the image is
reconstructed using stereoscopic reconstruction techniques, allowing depth information
to be obtained158]. Colour schlieren may also be applied; a colour filter is used in
place of the knife edge. This gives a colour image of the density gradient distribution
whereby different colours are observedteéasl of the light and dark regions as
previously discussed 59].
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Figure 227. Schematics of (a) Lens, (b}t¥pe, (c) Double pass and (d) Double pass
coincident schliene alignments.

The experiments in this thesis will use théyge alignment so that a large test area with
a parallel beam may be used while conserving space andTtestpplications and

limitations of the schlieren technique for combustion studies will he discussed.

2.3.3.1.3.Applications and Limitations

Schlieren can be used to gain visual images of the integrated density distributions within
transparent inhomogeneous materials. It is particularly useful in gaseous flows, where
the local mixing dictates the density distribution, but can also be usedetd deacks

and other imperfections in glass, and for liquid flows. It is often used for jet fl@#%es

29, 55] where schlieren allows visualisation of hot combustion gases, flame structures
and convective plumes of flames extending past the visual flame area, which digital
photography cannot see alone. Flickering frequencies can also be obsetvéugtvi
speed schlieref80, 160] It can also depict unburned gases in the cool central core of
flames since the density of these gases differs greatly from that of the combustion
products. It can pick up the air entrainment in flame jets and can show a clear line

between the flame edge and the surrounding air. Laminar and turbulent properties can
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also be ked up due to the changes in density caused by turbulent structures and

mixing of the burned and unburned gas&y.

Schlieren has been used rneeasure the laminar burning velocity, flame stretch and
instabilities of mixtures using the spherical bomb metfil@l-163]. This is where
mixtures are enclosed in a sphere and ignited at the centr&i(se27, p. 20). The

flame spreads through the mixture in a spherical shape and the laminar burnaity velo

can be calculated using the radius of the flame sphere and specific heats of the unburned
gases. However, it is difficult to attain high accuracy in this method due to the variation
of the unburned gases, temperature and burning velocity througleoelosion13].
Schlieren is good for visualising flame front positions and flame propagation
characteristic$55], partcularly when used with high speed cameras, and shock waves

may also be visualisdd64].

Good optical access is required for the schlieren method, therefore it cannot be used on
enclosed areas, unless optical quality windows, of quartz for example, are used, which
may disturb the experiment. Also, if obstacles were required in the flow, theldw

block the schlieren view. In addition, the image shows an integrated density gradient
di stribution, rat her than a 2D O0sliceb
particularly suited to thick areas with many density changes. In verticallyngimgj
flames, the wall jet region and hot combustion products spread across the plate.
Therefore, when viewed horizontally, wall jet region features will be obscured by the
hot gases. However, some information can still be gained from the schlieren images,

such as the free jet region and some features in the stagnation and wall jet regions.

In this thesis, schlieren will be used to visualise the flow structure in gaseous impinging
flame jets. The thickness of hot gas regions below the plate will be eachfoatvarious
fuels, and unburned fuel regions and mixing regions in the free jet and stagnation
regions will be visualised. A gquantitative method using schlieren to analyse turbulent
structures within the impinging flames will be developed. The flamé ini@ractions
will also be analysed by comparing the schlieren images with the thermograms in order
to gain more understanding about flame wall interactions for propane, hydrogen and
syngas. The laminar and turbulent nature of the flows at various Reynoidbers,
thermal loadings and equivalence ratios will be evaluated to test their effect on the
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flame wall interactions. Schlieren will also be used to evaluate flame propagation
immediately after ignition at various locations of the impinging flame gardition for
various fuel and flow conditions. The methodologies for these applications of the
schlieren technique will be described in Chap8rThe use of Particle Image

Velocimetry (PIV) for flow visualisation will now be discussed.

2.3.3.2. Particle ImageVelocimetry
Schlieren may be used for flow visualisation, but in order to gain more quantitative
results regarding the structure of the flow withie flames, other methods need to be
used.PIV is a technique that can gain information about the velocity flow field and

local velocity distributions within the flow.

2.3.3.2.1.Principles

Seeding the Flow
PIV uses the principle of seeded flow to examine flow fieldsen objectshatare able

to follow the fluid motion are introduced into a flow field, the movement of the objects
represents the movement of the surrounding flow, for example leaves on the surface of a
stream, or balloons in the air. If objects can Hected that follow the flow closely and

can be observed individually, then the motion of the fluid can be visualised. An early
example of using seeding particles is an experiment performed by Ludwig Prandtl in
1904. Prandtl used a suspension of mica pestion the surface of water in a tunnel,

with disturbances in the water caused by obstacles, and tracked their strefidifnes

165]. More recently, developments in laser and optical technology and computing and
electronics have made it possible to obtain quantitative measurements of instantaneous
velocity vector fields in a number of floW65]. In modern PIV, a laser sheet is shone
through a test area and scatters off the seeding particles so that the camera can pick up
their position. The camera is positioned perpendicularly to the laser shh¢hat a 2D

slice of the flow field can be visualiseBlig. 2.29.
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Figure 228: Example of a typical PIV setup withe laser sheet illuminating seeding

particles.

Particle Tracking
The camera and laser are synchronised so that the camera shutter will open at the same

time that the laser pulse fires. The laser pulse, fired twice in quick succession, is used,
giving twoimages; frames A and B respectivalyapart. The software can map groups

of particles in each image and correlate these groups to find the velocity distribution.
Each group of particles represents a o0f
images. Small interrogation regions are defimedrame A, where a fingerprint is
recorded. This interrogation region is then correlated with each area in frame B, pixel by
pixel, where the maximum correlation defines a match between frame A and B. The
displacement of this interrogation region can thergiven a velocity vector depending

on the particle group displacement and time interdtalbetween frames A and B. A
velocity vector is then assignellig. 2.29. This is repeated for each small interrogation
region in frame A until a 2D velocity field is achieved. In order that the correlation
values can be as high as possible, the interrogation area size can be adjusted so that each
interrogationarea contains 5 15 particles and so that the maximum displacement is
approximately 25 % the size of the interrogation redi@®6]. The seeding density dn

time between each laser pulse may also be adjusted prior to recording in order to satisfy
these values, however, it is not always possible to satisfy all of these required conditions
[166].
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Figure 229 Examples of interrogation region iame A and matched displaced region

in Frame B, along with the corresponding displacement vector yahdz directions.

2.3.3.2.2.Seeding

Seeding Conditions
The seeding used in PIV is very important as it must be small enough to follow the flow

while still being large enough to scatter the laser light effectively. The ability of a

particle to follow flow fluctuations depends on the aerodyinatiameter (Eq2.30):

do=d g7, (2.30)

whered,e is the aerodynamic diametely is the particle diameter andis the density.
The smaller the aerodynamic diameter t he
fluctuations, andhe higherthe frequency responsg67]. The ability of a particle to
scatter laser light depends the refractive index and surface properties of the particles;
particles with irregular or metallic surfaces tend to scatter light WeélF]. The
scattering of light occurs in thklie regime this means that the wavelength of the
incident light is smaér than the particle diameter (typicallymh for gases and hén

for liquid flows) [168]. Other considerations are the padidifetime in the flow,
particularly the resistance to thermal breakdown in high temperature/reacting flows, and
toxicity and disposal of the seeding partid&67]. Depending on the type of floviof
example liquid, gaseous or reacting), various égpof seeding may be used as outlined

in Table 25.
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Seeding Aerodynamic Scattering Ability Type of Huid
Particle Diameter
(X 10—4 kgl/2 m3/2)

Vegetable/olive Typically 0.3to Depends on droplet size Low temperature

oil 0.9 gases and liquids.
Aluminium 1.8 Irregular shapes => Goo Reacting/high
oxide power scattering in all temperature gases
directions. melting point =
Refractive index = 1.79. 2288 K.
Titanium 191t03.2 Irregular shapes => Goo Reacting/high
dioxide power scattering in all temperature gases
directions, melting point =
Refractive index = 2.6 1750 K.
2.9.
Silicon carbide 0.85 Irregularshapes => Gooc  Reacting/high
scattering in all temperature gases
directions, melting point =
Refractive index = 2.65. 2700 K..
Hollow glass 26t04.1 Large geometric diamete Liquids.
spheres => High scattering
intensity.
Metallic coated 4.6 Good scattering intensity Liquids.
particles

Table 25: Properties of various seeding particles used for[P&7, 168]

Powder particles may typically be used for reacting gaseous flowsodineir high
scattering intensity produced by their irregular shapes and to their resistance to high
temperatures. However problemsse when generating the seeding, due to coagulation
caused by humidity in the air flow, moisture in the powder bed and the flow rate of air
through the seeder, and so dry gas and powder must b§l68ed 69] Agglomeration

also increases with the flow rate, causing the powder bed to becorumifanm, with
bubbles or slugs of aidisturbing it, leading to an erratic generation rgté9]. Oil
droplets are more commonly used in lower tempeeagaseous flows or liquid flows,

as they are notoxic, will remain in air for long periods of time and remain of constant
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size[108]. Hollow glass spheres and metallic coated particles are also used in liquid

flows due to their high scattering ability.

Seeding Generators
A common type of seeding generator using powder is the cyclone aerosol generator,

which utilises a powder bed with cyclone of gas and an outlet for the aerobd.(

2.30a). The cyclone disperses the powder and also separates the large from the small
particles, dpending on the size of the outlet tulpg68], and also reduces the
fluctuations in particle concentratigh69]. Other seeders are the rotating brush seeder
(Fig. 2.3M), which uses a rotating brush to take off the top layer of a column of power
and introduce it into high speed flow, which breaks up coagulated paffi6ls Sonic

jets may also be used to create high shear flow fields that break up powder while being
dispensed in an outer chamber, reducing particle agglomenfdfi@®) (Fig. 2.3@).
However, measures must be takenreduce the amount of coagulation in seeding

powders, and other factors will also affect the ability to adequately seed the flow.

Aerosol

Seeded
gas out [ |
— e e

Rotating
powder

Gas in

Rotating

Cyclone
4 brush

m\ Powder

Piston outlet air jets

(@ (®) (©)

Powder

Figure 230: Images of solid particle seeders; (a) Cyclone aerosol gengr&&jr (b)

Rotating brush seedg68] and (c) Sonic air jet seeder.

Oil droplets can be generated by aomiser the most common type of which is the
twin fluid or air assist atomisgf68]. Figure 2.31a shows a schematic of this type of
atomiser; oil is drawn from a reseir into a high speed gas jet, undergoing atomisation
using Laskin nozzlegFig. 2.3b). The Laskin nozzles cause small oil droplets to be
carriedinside air bubbles, due to the shear stress induced by the small sonkggets (
2.31b) [108]. An impactor plate or separator is used to separate larger droplets, allowing

only the small droplets to get past the edges of the plé&x, 168] A cascade of
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nozzles can be used to vary the concentration at constant flow rates and bypass air can

be usd to dilute the seeded flow if necessHI§8].

Bypass air e Valves
G
]
—§

O1l droplets
—

Compressed
air

Oil trapped in
air bubbles

Laskin

Collar

Lmpactor
plate

Sonic jets Laskin

nozzle

(@) (b)
Figure 231: (a) Air assist atomiser and (baskin nozzle, adapted frofh08, 168]

2.3.3.2.3.Applications and Limitations
PIV may be used for a variety of flows, including liquid and gaseous, reacting and non
reacting. The seeding method and particles used must be such that the particles follow
the flow as closely as possildadcan be illuminated enough by the laser topluked
up by the camerdn addition,the seeding densityiust beconsistent and large enough
to give good statistical evaluation of the flow while being small enough that the camera
can pick up individual particles. PIV can be used for high temperature reacting flows as
long as the seeding particles have a high enoegistance to thermal breakdown. PIV
has been used for calculating vorticity and analysing turbulent flame strufddres
120123, 126, 171]Flow velocity distributions can be obtainfsil, 122] and flame
vortex interactions can be analydd@0, 172] PIV has been used for studying vortex
structure in an impinging jet on a protruded surfgcés], impinging jets on a planar
surface using polyamide tracearficles[174] and oil dropletd175], and impinging

water jets on a planar surfgde’6, 171.

For impinging flame jets; the flow characteristics of opposed preparié26] and
opposed hydrogeair [178] impinging jets have been studied. For a metkainédame
impinging on a flat plate (using alumina particles and a cyclone seeder), velocity maps

and flame contours near the plate were recorded and many statistical parameters were

57



Chapter 2: Litesiture Review
found[179]. However, there is a lack of research for hydrogen flames impinging upon a
flat plate. In impinging flames, density variations and high valueacoéleation in
stagnation regiongor example, may cause the particles to not follow the flow properly.
A sonic jet powder seeding generator was used in this thesis with aluminium oxide
particles. However, problems such as particle coagulation, inconsisteimgeensity,
not being able to achieve certain flow conditions due to the air velocity required to
adequately seed the flow, pipe blockage, leakage and high accelerations in the
stagnation region caused the PIV to be unsuccessful. This will be discossente
detail in Chapte8.

2.3.4.Conclusions

Various diagnostic techniques used for impinging flame analysis have been reviewed. It
has been shown th#termal imaging can be a useful tool for visualising temperature
distributions of 2D solid surfaces. However, problems arise due to the surface
emissivity, and its dependence on temperature and viewing angle. Also, the flame
temperature cannot be measucke to the high spectral emissions from the flames.
Thermal imaging will be used in this thesis to record the temperature distributions of
flame impinged plates using a flame switch off method, and temperature dependent
emissivity problems will be explodeusing an iterative methodology so that the wall
temperature can bevaluated Radiation losses from the plate will also be analysed
using the thermal images and the flame wall interactions of various fuel and flow

conditions will beexamined and compared

This will be used alongside schlieren and direct photography. Direct photography is
often used in impinging flame studies and will be used in this thesis for analysing the
flame shapes. It will also be used for comparisons with the schlieren technigue. T
schlieren technique is well known for its use in visualising flame structure and is
extensively used for jet flames. However, when using it with impinging flames, the
layer of hot gases that spread across the plate partly obscure the view. Nevertheless,
useful information on the flow structure in the free jet region and features such as
unburned fuel, where there is a very distinct density gradient, can still be gained.

Turbulent structures can also be visualised, and the images can be compared to the
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direct images. Schlieren will be useful for analysing the flame wall interactions of

various fuels and flow conditions when combined with the thermal imaging techniques.

Schlieren can also be used for flame edge visualisation, and when used with a high
speel camera, can be useful for analysing ignition phenomena. The effect of an
impingement plate on the ignition and propagation characteristics will be explored in
this thesis. In addition, a quantitative method for analysing the turbulent structures in

impinging flames will be developed using the schlieren technique.

Particle Image Velocimetry is a very useful tool for obtaining velocity distributions
within fluids. However, very specific seeding and flow conditions need to be met. PIV
was attempted in thithesis but was unsuccessful in the current setup. This will be
discussed more in Chapt&; along with the other experimental techniques and

methalologies mentioned in the above paragraphs.

The techniques discussed will be used for analysing flame wall interactions of
impinging jet flames of various fuels and flow conditions, and ignition and flame
propagation phenomena in an impinging flame coméigon. A detailed review of
impinging flame studies is given in the next secgtwhich will be followed by a review

of ignition and flame propagation studies
2.4. Impinging Flames

2.4.1.Introduction
Background information regarding the structure and heat traosferpinging flames
has been given in Secti@?2.2 This section will give a detailed review of the literature
pertaining to impinging flames, ihaling looking at different configurations used,
common fuels and flow conditions studied. Common experimental techniques used to
measure flame structure and flame wall interactions will be discussed including their

relevance to the work in this thesis.

2.4.2.1mpinging Flame Research
Many researchers look experimentally at the effects of impinging aif{98{95, 97,
99, 149, 157, 17376, 180184], or perform computational/analytical studies of
impinging air jets[90, 92, 100, 173, 1844nd flame jetg25, 58, 59, 68, 79, 98, 159,
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185-201]. However, this thesis concerns the experimental investigation of impinging
flame jets, where the effects tfel, flame structure, equivalence ratio, reactions and
flame impingement affect the flame wall interactions, along withfélceorsthat also
affect impinging air jets. Limited information in the literature means that a complete
understanding of impingmjet flames and their heat transfer characteristics is not yet
possible and due to the complex nature of impinging flames a lot more work needs to be
done[84] (and references thereinjy addition, he detailed coupling effects between
fuel and flow configuration have not been investigated thoroughly. This chapter dea
with the research concerned with impinging flame jets of various configurations, fuels

and flow parameters, and the flame wall interactions thereof.

Various review papers have been written with regards to impinging flgrhe84, 101,

202]. In general it is concluded that the effects of Reynolds number, equivalence ratio
and nozzleto-plate distance have been studied extensively. Chander and[82qy
concluded in 2005 that some aspects of catibn that still needed attention included
testing: H/air and CO/air flames impinging normal to a plane surface and-multi
component mixtures of fuels, particularly with hydrogen addition, which will be

explored in this thesis.

Table 26 gives a summary of experimental impinging flame studies, including
configurations, parameters studied, fuels and measurement techniques. These will be
discussed in S&ions2.4.3t0 2.4.8
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Authors Fuels Configurations Re f Parameters Varied Techniques Used Y  Parameters Measured

Baukal and  Oxygen Flameworking Diffusion flame Burner firing rate,  Calorimetric rings. Y Heat flux.
Gebhart, enhanced  torch burner, with premixed  oxidiser composition § Thermocouples. Y Temperature.
1998[203]. natural gas. impinging vertically characteristics. and axial and radial

normal to a water surface positions.

cooled metal disc.
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Authors Fuels Configurations Re f Parameters Varied Techniques Used Y  Parameters Measured

Chander and Methane 3jetsin atriangular Laminar.  Stoichiometric. Inter-jet spacingh/d § Calorimeter with heatY Heat flux distribution.

Ray,2007 air. configuration, and single/multiple flux micro- sensor.

[204]. impinging on a flat, jets. f Thermocouples. Y Surface temperature.
water cooled coppel { Direct imaging. Y Flame shapes
plate.
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Authors Fuels Configurations Re f Parameters Varied Techniques Used Y  Parameters Measured
Chander and Methane Impinging normally Laminar.  Premixed. Re, f and burner { Calorimeter with heatY Stagnation point heat
Ray, 2008 air. to a flat, water diameter. flux micro- sensor. flux.
[98]. cooled copper

surface.

Dongetal, Butaneair. Round flame jet 2500 Stoichiometric.  Plate inclination 91 Calorimeter with Y Total heat transfer anc
2002[205]. inclined onto flat angle. thermocouples. maximum point of
water cooled coppel heat flux.
plate.
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Authors Fuels Configurations Re f Parameters Varied Techniques Used Y  Parameters Measured
Dong etal, Butaneair. Row of 3 jets 900 Stoichiometric. h/dand jetto-jet 91 Calorimeter with Y Heat flux.
2003[206]. impinging on a flat, spacing. ceramic heat flux

rectangularwater transducer.

cooled copper plate 1 Thermocouples. Y Plate temperature.

=<r

Directimaging. Flame shapes.

Dong etal, Butaneair. Twin jets impinging 8001200 Stoichiometric. Re,h/d, jet-to-jet 91 Calorimeter with Y Heat flux.
2004[207]. vertically on a spacing. ceramic heat flux
square water cooled transducer.
copper plate. 9 Pressure taps Y Wall pressure
characteristics.
91 Direct imaging. Y Flame shapes.
Dong et al, Butaneair.  Inverse diffusion 3,000 0.82.1 h/d (air), Re (air) and § Coated micresensor. Y Local heat flux.
2007[208]. flame impinging 8,000 f. 1 Pressure tap. Y Wall pressure.
vertically onto a f Direct imaging. Y Flame shapes.

rectangularwater

cooled copper plate
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Authors Fuels Configurations Re f Parameters Varied Techniques Used Y  Parameters Measured
Durox et al, Methane Impinging from a Laminar.  0.95 Burner size and flow § Thermocouple. Y Plate temperature.
2002[209]. air. water cooled velocity. 1 Laser Doppler Y Axial velocity.

converging nozzle Velocimetry (LDV).

onto a water cooled f  Photomultiplier (CH* Y Global heat release.

copper disc, with a emission).

loudspeaker. Microphone. Y Sound pressure.
Fairweather Oxygen Impinging on a Laminar.  Premixed. Fuel/oxidiser ratio  § Calorimetric heat fluxyY Stagnation point heat
et al, 1984 enriched hemispherical brass andf. probe. flux and probe surface
[59]. methaneair/ probe. temperature.

oxygen. 1 Sodium D line Y Flame temperature.

reversal method.

Pitot tube. Y Velocity.

=<r

Direct imaging. Flame diameter.
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Authors Fuels Configurations Re f Parameters Varied Techniques Used Y  Parameters Measured

Hargrave et Methane Impinging onto a 2,000 0.81.2 Re, f and heat 1 Calorimeter with Y Stagnation point heat
al, 1987 air. hemisphericahosed 12,000 receiving body type. conductivity type hea  flux for heminosed
[188]. body and a flow meter. body.
cylindrical body. § Transientslugype Y Stagnation poinheat
calorimeter. flux for cylindrical
body.
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Authors Fuels Configurations Re f Parameters Varied Techniques Used Y  Parameters Measured
Hou and Ko, Methane Bunsen flame 365 Fuel rich and Heating heightand q Thermocouples. Y Jet flame temperature
2005[211]. air. impinging vertically diffusion. oblique angle. fields.

and at an angle to a 1 Thermal input to Y Efficiency.

water cooled cooling water and a

stainless steel plate. heating cup.

9 CCDcameraand Y Flame structure.

imaging tool.
Hsiehetal, Methane Conical Bunsen Laminar.  Fuel leari fuel Reacting/non I High resolution CCD Y Flame height.
2005([79]. air. flame with concave rich. reacting jet and the camera.
potential core transitionfrom lean  § Thermocouples. Y Flame temperature
impinging on a to rich flames. distributions.

water cooled

stainless steel plate.
Huang et al, Butaneair. Circular flame jet 8001700 Stoichiometric. Swirl/no swirl, Re  { Heat flux sensor. Y Local heat flux.
2006[65]. with induced swirl andh/d.

impinging on a

water cooled coppel

plate.
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Authors Fuels Configurations Re f Parameters Varied Techniques Used Y  Parameters Measured
Huang et al, Methane Impinging vertically Diffusion. Fuel and flow rate. q Multi-dimensional Ignition and flame
2013[212]. and ontoa flat, steel Digital Flame Colour propagation
Propane. plate. Discrimination characteristics.
(DFCD) and
schlieren.
Katta et al, Hydroger  Opposing air and Diffusion. PLIF. OH distributions.
1998[213]. nitrogenair. fuels jas with
vortex interaction.
Katta et al, Hydroger  Opposing air and Diffusion. PLIF. OH distributions.
2004[214]. nitrogerair. fuel jets with
injected vortices.
Kim et al, High Extension tubes of Wall height, distance § High speed imaging. Y Ignition and flame
2013[215]. pressure different lengths anc from wall and burst propagation
hydrogen.  burst pressures pressure. characteristics.

interacting with a

wall.

Pressure transducersY

and photodiodes.

Burst pressure and
flame generation

inside the tube.
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Authors Fuels Configurations Re f Parameters Varied Techniques Used Y  Parameters Measured

Kwok et al,  Butaneair. Flame jets 1,000 Stoichiometric. Round/slot jet, f Heat flux transducer.Y Heat flux distribution.
2005[217]. impinging verticaly single/multiple jets, § Digital camera. Y Flame shapes.

onto a flat, water h/d and jetto-jet

cooled copper plate. spacing.
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Authors Fuels Configurations Re f Parameters Varied Techniques Used Y  Parameters Measured
Makmool et  LPG-air. Cooker top burner Premixed. Burne thermal 1 PIV. Y Average velocity.
al, 2011 flame impinging on efficiency. 1 OH-PLIF. Y OH radicals.
[219]. the bottom surface

of a pan.
Malikov et al, Natural gas Large size industrial Premixed. Nozzle arrangement § Cylindrical Y Heatflux.
2001[189]. air. Direct Flame firing rate, nozzle calorimeter.

Impingement exit velocity,fand  § Suction pyrometer Y Gas temperature.

furnace. gas and surface and thermocouples.

temperature.

Milsonand  Methane Impinging vertically 7,000 Premixed and  Re,h/dand’. 1 Thermocouples Y Surface and flame
Chigier, 1973 air. onto a cold steel 35,300 diffusion. temperature.
[871. square plate with the 1 Direct imaging. Y Flame structure.

upper surface coate

in lamp black.
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Authors Fuels Configurations Re f Parameters Varied Techniques Used Y  Parameters Measured

Ng and Propane. Impinging star Turbulent. Diffusion (with  Viewing angle. | Stereoscopic imagincY Stereoscopic flame
Zhang, 2005 shape flames on a coflow). with a single camera.  shapes.
[221]. circular steel plate.
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Authors Fuels Configurations Re f Parameters Varied Techniques Used Y  Parameters Measured
Niu et al, Diesel oil Impinging Oxygen/carbon f Mass spectrometry. Y Gas concentration
2008[222]. (for entrainedflow content ratio. distribution.
producing  gasifier with two 1 Flame image Y Flame shapes.
syngas). opposed burners. detector.
1 Thermocouple. Y Combustor wall
temperature.
Remie etal, Methane Single circular jet ~ Laminar.  Stoichiometric. Fuel type. 1 Thermographic Y Temperature on top
2008[196]. oxygen and impinging vertically phosphor YAG:Dy side of plate.
hydragen normal to a flat
oxygen. quartz plate.
Singh etal, Natural gas Swirling flames 3,500 1-1.5 Re,f, h/dand § Calorimeter witha Y Heat flux and plate
2012[223]. air. impinging on a flat 6,000 swirling angle. heat flux sensor. temperature
water cooled distribution.
surface. 1 Thermocouples. Y Flame temperature.
{ Direct imaging. Y Flame shapes.
Su and Liu, Methane Jetto-jet 90-225 Diffusion. CH4/Nj; ratio. 1 Thermocouple. Y Flame temperature.
2002[28]. nitrogen. impingement, with f Schlieren and direct Y Flame shapes.

144 between jets).

imaging.
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Authors Fuels Configurations Re f Parameters Varied Techniques Used Y  Parameters Measured
Sullivan et al, Methane Array of flame jets Laminar.  Premixed. 1 Colour bullseye Y Flow fields.
2000[159]. air. impinging on a schlieren.
water cooled 1 Thermocouples. Y Surface temperature.
rotating cylinder.
Takagi etal, Hydrogen  Counterflow flames Laminar.  Diffusion. Micro fuel or air jet.  Laser Rayleigh Y 2D temperature fields.
1996[197]. nitrogenair. strained by scattering.
impinging micro 1 Direct imaging. Y Flame shapes.
fuel or air jet.
Tuttle etal, Methane Enclosed jet flames 1,500 Stoichiometric  Re, f andh/d. 1 Heat flux sensor. Y Local heat flux and
2005[224]. air. impinging normal to 5,600 to fuel rich. plate temperature.
a water cooled 1 Thermocouples. Y Water and flame
polished aluminium temperature.
plate. Direct imaging. Y Flame shapes.
Tuttle etal, Methane Enclosed jet flames 1,500 Stoichiometric  Re, f andh/d. Heat fux sensor. Y Local heat flux and
2005[225]. air. impinging normal to 5,600 to fuel rich. plate temperature.
a water cooled 1 Thermocouples. Y Water and flame
polished aluminium temperature.
plate. q Directimaging. Y Flame shapes.
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Authors Fuels Configurations Re f Parameters Varied Techniques Used Y  Parameters Measured
Wehrmeyer Hydrogen  Opposing hydrogen Hydrogen: 0.4. 7. f Spontaneous RamanY Species concentration
et al, 2002 propane. and propane jets. Propane: 0.6 spectroscopy. and flame temperature
[226]. 1.25.

Zhang and Jet flames Nozzle exit velocity, q

Direct imaging. Y Flame shapes.
Bray, 1999 impinging vertically h/d and ignition
[80]. on a water cooled location.
plate.
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Authors Fuels Configurations Re f Parameters Varied Techniques Used Y  Parameters Measured
Zhao et al, Butaneair.  Impinging vertically 1,200 Stoichiometric.  Plate material (brass § Minolta spot infrared Y Surface emissivity.
2006[227]. upwards onto a flat bronze and stainless thermometer and
water cooled plate. steel) and surface thermocouples.
emissivity for the Calorimeter with heatY Local heat flux.
bronze plate. flux transducer.
Thermocouple. Y Plate temperature.
Zhao et al, Butaneair.  Array of three jets 5002,500 1-1.8 With/without swirl, High speed digital Y Flame shapes.
2009([228]. with/without swil Re,h/dandf . imaging.
impinging onto the Thermocouple. Y Water temperature.
base of a water tank Heating the water to ¥ Heating efficiency.
fixed temperature
rise.
Zhen et al, LPG (70 % Swirling inverse 6,000 1-2 Swirl number, Re, Heat flux sensor. Y Heat flux distributions.
2009[229]. butane, 30 diffusion flame 10,000 h/dandf. Direct imaging. Y Flame shapes.

% propane)

air.

impinging on a flat
water cooled coppel

plate.
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Authors Fuels Configurations Re f Parameters Varied Techniques Used Y  Parameters Measured

Table 26: Summary of impinging flame studies.
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2.4.3.Impinging Flame Configurations
In combustion research, simple configurations are used to perform controlled
experiments. For closed configurations, furnaces are usuall\jj88e231, 232] but the
most common configuration for open impinging flames is to have a flame jet impinge
vertically onto a flat plateRig. 2.32) [34, 61, 66, 67, 80, 87, 98, 103, 186, 195, 196,
203, 204, 208, 210, 211, 216, 218, 221, 227, 229,. 230% allows for simple setup and
data acquisition and symmetry. Other configurations are to change the angle of
incidence of lhe flame on the plate or the orientation of the burner noEns. (2.3D
andd respectively)85, 102, 185, 205, 211T his allows buoyancy effects to be studied
due to the unsymmetrical nature of the setup. Configurations may also use-a hemi
spherical or cylindrical impingement surfacdsg( 2.3Z) [57, 59, 188] or use an
opposing jet of flame or air to create impinging flames without an impingement surface
(Fig. 2.32) [197, 201, 213, 214, 226]n this case, the stagnation point is ffnt
where the flow velocity is zero, due to the change in direction on either side caused by

the flame impingement(g. 2.32).

. Impingement
Stggﬂaﬁon surface Stillg[lﬂtl()ﬂ
pomt \ point Stagnation
; » point "
[ ~ ] - I\
N N 7 ! VARERN
\ i !/ \ 7 7 . ~
v W 7 -—C pl
H ] ~
W Flame R 1 - .« 7
a /‘ ~ o \ W}
K I N \
Nozzle \ n

(@) (b) (© () (e)

Figure 232 Diagrams of impinging flame configurations for flame jets impinging
vertically upwards onto (a) A horizontal flat plate, (b) An angled flat plate ar (c)
hemispherical plate, (d) At an angle upwards onto a vertical flat platéeqt@pposing

flame jets.

For vertically impinging symmetrical flames, the stagnation point is directly above the
nozzle, but for other configurations, such as with an angled plate, it candeno# to

the jet axis Fig. 2.32) [205]. For an angled plate, the heat flux in the uphill part (left
side ofFig. 2.32) is higher than the downhill part, and for the downhill part, the heat
flux increases with inclination ang|&85]. Different nozzle shapes, such as annular and
flat, and multiple interacting jets may also be ufesl 159, 204, 206, 207, 216, 217,
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228, 230] Dong et al looked at the heat transfer of round jet flames on an inclined plate
[205], slot jet flames on a flat plafé6] and a row of three jets on a flat pl§286] for
butaneair flames, and Chander and Ray looked at the heat flux distribufmn
methaneair flames impinging normal to a flat surfaf@8] and a cylindrical surface
[57] and in a triangular threjet configuration on a flat surfag204]. It was found that
the heat transfer characteristics were very closely related to the flame shapes and
whether or not the reaction zone impinged on the target.

This thesis concerns only singular round nozzles impinging vertically onto a flat plat
(Fig. 2.32), since this configuration gives a symmetrical setup for the thermal imaging
and schlieren techniques and it is the flame wall interadtiat is of interest rather than
the burnemplate geometry. The next section deals with flame wall interaction effects
specific to the impingement plates.

2.4.4 Plate Effects

Plate Cooling
Water cooled plates cause both the hot and cold sides of the plate to be approximately

constant at steady state, causing linear conduction though the plate, whereas uncooled
plates experience a rndinear temperature gradief233]. Water cooling takes heat

from the noAimpinged side of the plate and the flow rate and temperature rise of the
coolant can be used to measure the total hea{dkiled a heat flux calorimeter) due to

the energy gained by the water. They are commonly applied in impinging flame studies,
using the water temperature rise to obtain a steady state condition, and using a heat flux
sensor to measure the local heat flmoving the burner position relative to a single
heat flux sensor attached to the plfi€&, 61, 66, 98, 103, 186, 2207, 223, 233]

Water cooled plates can also be used to approximate the plate as isothernmagj;tkheol

plate evenly over the surface, reducing the temperature gradients within thi8@Jate

204]. If the plate is not insulated or cooled, then heat will be radiated away from the

other side of the plate, along with convection heat transfer to the surrouf&#hgs

A flame impinged plate has high radiation loss if cmbled and so far the radiation loss
from a flame impinged plate has rarely been investigated. In addition, an uncooled plate
represents a higher, more realistic temperature, and temperature distributions of

uncooled plates have not commonly been invaggd The real temperature distribution
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along the plate can be measured in this way, as the plate temperature will not be reduced
due to theforced cooling. Uncooled impingement surfaces have been used to measure
flame structures and corresponding tempeeatdistributions for metharar flames
[87] and propanair flames[34], heat transfer from buoyant diffusion flames to an
unconfined ceiling199], flame temperature and heat transfer coeffici¢agel], heat
transfer to furnace wal[85] and stagnation point heat trangfe®]. However, uncooled
plates have not been extensively studied, as for water cooled plates. The plate
temperature for uncooled plates wie higher, which will also change the flame
properties near the plate when compared to cooled plataddition, large temperature
variations across the plate radius will occur, which will affect the radiation losses.
Uncooled plates will be used inigshthesis to study the wall temperature distributions
across the plate for impinging flames. The variable temperatures across the plate surface

will affect the radiation losses, which will also be evaluated and compared

Surface Material
Various surface materials have been used in impinging flame studies. In order for the

surface to be close to isothermal in the water cooled configurations, materials with high
conductivity are used. Surface properties such as roughness, emissivity amctieiind

will affect the flame wall interaction. Many researchers use copper p&ess’, 98,

186, 204209, 216, 217, 220, 229, 230pe to its highthermal conductivity, and steel

[61, 79, 87, 210, 211, 221, 2273luminium [224, 225] brass[59, 61, 227] bronze

[227] and quartf196] surfaces have also been used, but not as extensively.

Some studies have focused on the effects of surface roughness on the flame wall
interaction, using surfaces with brass and stainless steel with different roughness
propertieg[61], or using protrusions or dimples in the impingement target for air jets
[99, 173] but mostly smooth flat surfaces are used for flame wall interaction studies.

In order to study emissivity effects for flame radiation heat transfer, pdlisimreated

and blackened surfaces have been used, as these give very different emigki\a}ies
Catalytic effects were also studied by the same aufi@3] by using alumina and
platinum coated and untreated surfaces. It was found that the paddistieolackened
surfaces gave a maximum difference in heat flux of 9.8 % and the alumina and platinum

coated surfaces gave a maximum difference of 12 %, showing that tHanmoous
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radiation from the flame and TCHR were relatively small fractions otdted heat
flux. Brass and stainless steel surfaces have also been used to compare emissivity and
conductivity effect§61] and it was found that the plate material significantly affected
the heat flux in the stagnation region, but not in the wall jet region. However, no studies
so far have looke at the effects of temperature dependent emissivity in impingement
surfaces, which will be a focus of this thesis, using a quartz plate for the impingement

surface.

Oxidised steel has the property of high thermal in¢tf®], and constant emissivity (of
0.79) with respect to temperatufg35, 236] Therefore, it makes for an excellent
surface for measuring the wall temperature of flame impingedswalu si ng a &
switch offd method, whi3lhadetion, surfabes codered c u s
in soot produced by hydrocarbon flamgererally have a constant emissivity of 0.96

[237, 238]and so the method can be applied to the surfaces heated by propasierdif
flames. Quartz has the property of temperature dependent emissivity, where the
emissivity of the material changes depending on its temperature. This allows for a
methodology to be developed for use with the thermal imaging cameras, which will also
be discussed in Chapt8r The differences in the properties of steel and quartz will also
allow for comparison of flame wall interactions dependangplate materiasince they

have significantly different emissivity and conductivity properties.

Nozzleto-Plate Distance
The distance between the burner nozzle and the impingement plate has large effects on

the flame wall interactions. Theozzleto-plate distance normalised by the nozzle
diameter /d) has been studied extensively for various impinging flame fuels and
configurationg[34, 57, 61, 657, 80, 87, 204, 20808, 217, 218, 22225, 228230]

These studies mainlyse methane, butane and LPG. In general, the flame wall
interaction and heat transfer to the plate is greatly affected by the flame shape, and
depends on whether or not the inmeaction zone or unburned fuel impinges on the
plate at the stagnation region. In addition, the flame modes are affected rnyzithe
to-platedistancg80]. At smallerh/d, the plate has a greater influence on the stagnation
point velocity and heat flux, and also, for smalkd, the dip in the heat flux at the
stagnation region is ane pronounced. The average heat flux tends to increase with

increasingh/d up to a point and then decreases, due to the section of the flame that
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impinges on the plate. The plate temperature follows the same pattern as the heat flux; a

dip in the stagnabin region when the cool central core impinges on the [8&}e

The effect ofnozzleto-plate distance on the wall temperature for propane impinging
flames and on the ignition characteristics for hydrogen impinging flames will be studied
in this thesis, ince these aspects of the effectnoizzleto-plate distance have not yet
been studied in detail. However, the majority of the results will be at a coh&tamhe

next section deals with parameters that are commonly studied for impinging flames and
that along with the plate effects, have large effects on the flame wall interactions.

2.4.5.Parameters Affecting Flame Wall Interactions

Reynolds Number
Impinging flames of varying Reynolds number have been studied with focus on the heat

transfer characteristics and heat flux. Many studies do not vary the Reynolds number,
but choose either lamin§9, 79, 196, 204, 206, 26811, 217] transitional205, 227]

or turbulenf220, 221]flames. However, the effects of varying the Reynolds number on
the heat flux and flow charaaistics of laminaf57, 61, 65, 66, 98, 207, 216, 218, 228]
transitional[61, 6567, 216, 224, 225, 228, 238hd turbulen{85, 87, 188, 208, 223

225, 229]impinging flames has also been studied at length.

The effect of Re on the heat transfer of impinging flansesignificant. For laminar
flames, increasing Re tends to increase the heat flux to the plate while making it less
uniform [65, 228] and for transitionalames, the enhancement of the heat flux with Re

is more evident in the impinging and early wall jet regi@&. For turbulent flames, an
increase in Re causes the dip in the heat flux at the stagnatimnrto be more
pronounced and increases the zone of influence of the cool central8Gora23]
However, the effect of Re on the wall temperature profiles has not been studied in as
much depth as the effect on the heat flux to the wall.

Foat et al[34] concluded that the nozzle exit Reynolds number was a less useful
variable in desching the flame structure of reacting impinging flows than ignition
location, stoichiometry, heat transfer, global stretch rate and turbulence scales. This
thesis will look at both laminar and turbulent flames of various fuels and flow

properties, focusingn the flame impinged wall temperature rather than the heat flux to
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the wall and the effect of Re along with other properties such as equivalence ratio,

thermal loading, ignition location, fuel and flame structure.

Equivalence Ratio
Most impinging flame ®widies are performed with premixed flames at a stoichiometric

equivalence rati¢g65, 66, 186, 196, 20207, 217, 227]or varying between fuel rich

and fuel lean flame7, 61, 79, 98, 188, 208, 216, 23%]stoichiometric and fuel rich
flames[223-225, 228230]. Some studies have been performed for diffusion flg2&s

213, 214, 221pnd comparing diffusion and premixed flanj8g, 210, 211]but these

are much fewer in maber since most processes in industry use premixed flames, and
diffusion flames tend to be sooty which can interfere with heat flux measurements. For
the premixed studies, when moving from stoichiometric to lean or rich flames, the
combustion efficiency deeased239] and the maximum rate of heat transfer decreased
with a shift of the maximum heat flux downstregi88]. When moving from
stoichiometric to rich flames, the wall jet region increasedize but the free jet and
stagnation zone remained unchanfizt#l] and the effect of the egvalence ratio on the
heat flux for rich swirling flames was less than the effect of the Reynolds n{@23&r

This thesis will look at diffusion flames and fuel rich flames, since these types of flames
are not as widely studied and expeental constraints such as blout mean that
stoichiometric and fuel lean flames could not be studied. The diffusion and premixed
flames of propane, hydrogen and syngas will be compared in terms of the flame wall
interaction of these flames, and the effecf soot on the wall temperature of propane
diffusion flames will be explored. The ignition characteristics of hydrogen diffusion and
rich impinging flames, hydrogen plus carbon dioxide impinging flames and methane

diffusion impinging flames will also bgtudied and compared.

Thermal Loading/Burner Firing Rate
Most studies do not consider the burner firing rate (or thermal loading) in impinging

flame studies. Studies that have used the firing rate as a parameter to vary have used a
flame working torch burer [203], a large size industtidDirect Flame Impingement
furnace[189] and jet flames impinging on flat plat¢s86, 240, 241] For the torch

burner study, the wall temperature increased by 355% % when the firing rate was
increased from 5 to 25 kW. The effects of thermal loading on the flame wall interaction
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of impinging jet flames has generally not been studied, however the firing rate is an
important property of industrial burners. When using new fuels and designing new
burners, the thermal loading is an important parameter for consideration. This thesis is
concened with testing the flame wall interaction of various fuel compositions, and the
effects of thermal loading will be looked into, along with the effects of/Rk/d and

fuel composition.

2.4.6.Fuel Effects
Most impinging flame studies use only one fuel typel amompare the Reynolds
number,h/d, configuration and as discussed in Sectio@s4.3to 2.4.5 Many studies
use methangs7, 59, 68, 79, 98, 159, 186, 188, 204, 2049, 224, 225, 24]butane
[61, 65, 66, 208208, 216, 217, 227, 228 natural ga$103, 189, 203, 220, 223and
other studies use propafg8t, 221] LPG[67, 218, 219, 229, 23P0hydrogen215] and
hydrogennitrogen mixture$197, 201, 213, 214methanenitrogen mixture$28], coke
oven gag85] and diesel oil for syngas productif222]. However, experimental papers
rarely compare the effect of different fuels on the flame wall interaction of impinging
flames. Remie et dlL96] compared temperatures of a quartz plate heated by methane
oxygen and hydrogeaxygen flames for validation of numerical results. However, the
fuels were not compared to each other; rather the experimentation was compared to the
numerical results separately for the different fuels. Huang §1&l] compared the
ignition characteristics of propane and methane impinging diffusion flames, which is
related to the work in this thessand will be discussed in Secti@rb. Saha et a]242]
explored the effects of methane and ethylene impinging flames andtfatrttie flame
luminosity for the different fuels affected the heat transfer to the plate. Some numerical
studies have been performed that compare the effects of fuel variability in impinging
flames [190, 194] Other studies compare the effects of oxidiser composition
experimentally{59, 203]Jand numerically58, 59, 192]

The effect of fuel variability on the heat transfer and flame wall interaction ohgimg

flames is lacking. The majority of research of impinging jet flames has concerned
methane and butane, but with the increasing use of hydrogen and hydrogen based fuels
such as syngas, a growing need for research on these fuels has come abolaylgarticu

because hydrogen is vastly different from these mainstream fuels in its combustion and
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flow properties. These differences will greatly affect the flame wall interaction of
impinging flames. The adiabatic flame temperature and thermal diffusivitydrogen
are much higher than for propane or methane, which will cause heat transfer rates to be
higher. In addition, the molecular diffusivity of hydrogen is higher than for hydrocarbon
fuels, which will cause faster mixing rates between the unburnedifideambient air.
The composition of syngas often varies between sources and so the effect of syngas
composition on impinging flame heat transfer should be studied. This thesis will look at
four different compositions of syngas and will compare the flami weeraction
experimentally for these fuels. This work has been performed in conjunction with the
University of Lancastef190, 191, 193, 194yvho have performedirect Numerical
Simulations(DNS) andLarge Eddy Simulationd_ES) of the syngas impinging flames

of the same compositions.

In addition to the above mentioned differences between hydrogen and hydrocarbon
fuels, the lamiar flame speed is also much larger for hydrogen, and flame curvature
effects are much different due to the differences in density between the burned and
unburned gases. When experimenting with hydrogen it was noticed that the ignition
propagation charactstics were very different to those of methane and propane (studied
by Huang et a[212]) andso the flame propagation after ignition, along with the heat
transfer characteristics, of hydrogen impinging flames at various ignition locations will
also be reported in this thesis, and will be discussed further in S2dion

2.4.7.Flame Structure
The heat flux to an impingement surface depends heavily on the flame shapes and the
section of flames that impinge on the wall, and the flame shapes and flow fields can be
visualised and measured in different wayis section deals with the literature
pertaining to the interaction of the flame shapes and flow fields with impingement

surfaces, and will be followed by heat transfer and wall temperature studies.

Flame Shape Vigalisation
Many researchers use direct imaging for visualisation of impinging flame sf8&pes

59, 67, 79, 80, 87, 197, 204, 2068, 210, 211, 215, 217, 221, 2235, 228230]. With
direct imaging, the visual flame edge and inner reaction zone can be observed, along

with the flame ctour and flame modes. Foat et[84] and Zhang and Braj30] used
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direct imaging to visualise flame modes ignitdvarious locations of an impinging
flame configuration, and Ng and Zhaj1] used a novel stereoscopic technique with

one camera to visualise the 3D structure of impigpgames.

Direct imaging has often been used with heat flux and wall temperature measurements.
Chander and Raj204] found that the heat transfer characteristics depended heavily on
whether the inner reaction zone waspinging on the target surface. Milson and
Chigier[87] used direct imaging to show the effect of the cool central core of premixed
and diffusion methane impinging flamesyhich caugd the stagnation region
temperature to be lower. Taufiq et [@39] showed that the heating efficiency is
maximised when the tip of the inner reaction cone is slightly higher than the heating
height. Tuttle et a]224] used direct imaging to show the diffusion and premixed flame
structure and vortices in the wall jet and free jet regions and their effect on the heat
transfer. In this way, direct imaging can provide information about the flame wall
interaction when usedith other techniques such as heat flux and wall temperature

measurements.

Schlieren imaging is not used as often as direct imaging in impinging flame studies.
Schlieren has been used to visualise the structure of frd8%@nd schlieren showed

that the presence of a hemispherical nosed cylinder probe in the second part of the study
did not significantly affect the visible flame appearafit@8]. Huang et a[212] used
schlieren along with DFCD to visualise the ignition and flame propagation
characteristics in flames impinging @ flat plate, and schlieren has been used for flow

visualisation of methane flames impinging on a rotating cylifices)].

When using schlieren in impinging flames the view can be obscured bgy#reof hot

gases in the impingement region, however many aspects can still be observed when
there is a large variation in the density field, such as unburned fuel impinging on the
plate, turbulent structures and the flame edge position. These featuregivean
information into the flame wall interaction, particularly when used with wall
temperature measurements. Therefore, schlieren will be used in this thesis, along with
direct imaging, combined with wall temperature measurements to examine the flame

wall interaction of impinging flames.
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Flow Field Measurements
In addition to visualising flame and flow structure, techniques are used to measure the

velocity and temperature profiles within impinging flames. Impact tUBg§ pitot
tubes[59], hot wire anemometr{34], Laser Doppler Velocimetry (LDV)209] and

PIV [219] have been used to measuthe velocity profiles in impinging flames.
Thermocoupleg$79, 210, 211, 22225], suction pyrometerf85, 189] laser Rayleigh
scattering197, 201] Rayman spectroscop®26] and a sodium D line reversal method
[59] have been used to measure the temperature profiles within impinging flames. PLIF
has also been used to measure the flame frosition in impinging flame§213, 214,

219]

These techniques have advantages over visualisation techniques due to the quantitative
nature of the measurements. Vetgcfields can provide information about flow
vorticity and the flow structure in the presence of an obstacle or impingement plate.
Flame temperature measurements can provide information regarding high temperature
regions and temperature distributions tacbepared to computational studies. PIV was
attempted in this thesis but was unsuccessful and will be discussed in more detail in
Chapter3. The sablieren technigue will be used to develop a quantitative method for
analysing turbulent structures within impinging flames and thermal imaging will be
used for quantitative measurements of the impingement wall temperature. The next
section deals with thatérature relevant to the use of thermal imaging in impinging

flames.

2.4.8.Thermal Imaging

Surface Temperature Measurements
Most studies look at the convective heat transfer to an impingement plate using water

cooled plates and heat flux sensors as discusseseation 2.4.4 However, wall
temperature measurements can provide an alternative to heat flux measurements, and
can aid in realistic computationahvestigations by providing measured boundary
conditions. The temperature of a wall can be important in industry in order to find hot
spots and cool regions where damage or flame quenching may occur. Wall temperature
measurements can also provide muchrimition about flame wall interactions. Many
researchers use thermocouples to measure the wall temperature in impinging@lames

66, 85, 87, 159, 20206, 209, 220, 222, 2274nd have thermocouples drilled into the
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impingement surfaces atrious positions to give spot readings. A thermal imaging
camera can give a nantrusive, 2D image of a temperature field of a flat surface,
provided the emissivity is known. However, thermal imaging is not often used in
impinging flame studiesThe principles of thermal imaging cameras have been
discussed in SectioR.3.2.1along with applications and limitations. This section will
discuss the wsof thermal imaging cameras with particular regards to impinging flames
and to the work in this thesis that deals with the limitations of thermal imaging cameras

and the solutions to the problems.

Air Jets
Thermal imaging has been used to test the maasfer from air jets to thin stainless

steel foil sheets, using the thermal imaging camera on the back of th&4f;jl18%

184]. Matt finish paintwas used on the back surfaces in order to gain an emissivity of
0.99 for accurate temperature measurements. The foil sheets were thin enough (~ 0.05
mm thick) so that lateral conduction was negligible and so that a constant heat flux was
assumed. The tempure difference across the plate was shown to be negligible so that
the thermal images taken on the back of the plate were the same as on the impinged side
[181]. The thermal images were used to calculate the local Nusselt numbers, with heat
loss estimated experimentally. The uncertainties in thasorements of heat transfer
coefficients were stated to be between 3.4 andI8%]|. However, thermal imaging has

not been extensively used in combustion systems or impinging jet flames where high

heat transfer rates occur.

Impinging Flames
For impinging flames, high temperatures are attained, wdlgd causes high radiation

loss (Eq-2.24 p.30). Thermal imaging can be used to evaluate the radiation loss from a
flame impinged plate, which has not been studied in depth. This thesis will look at the
radiation loss from uncooled flame impinged plates. It will also deal with problems
faced when measing the temperature of surfaces whose emissivity depends on the
temperature of that surface, which will vary across the surface when impinged upon by

a flame.

Emissivity Problems
It has been discussed in Secti@r8.2.1that thermal radiation detected by thermal

imaging cameras depends on viewing angle, reflection, and the wavelength of emitted
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radiation. Theesolution of these factors will be discussed in more detail in Chagdter
has also been discussed that for accurate temperature measurentientsemmnal
Imaging cameras the emissivity must be known and the emissivity can depend on the
temperature of the surface. Therefore, an iterative methodology has been developed to
deal with this problem, using a quartz plate, whose emissivity depends paratune.

This will be discussed in more detail in Cha@er

Flame Emission
The wavelength of radiation to be detected is limited by the themeding camera.

Therefore, the flame temperature cannot be measured by the cameras used in this thesis
due to the high spectral emi ssions from
has been developed frofh50], in which the flame is switched off after reaching a
steady state. The image recorded by the
footprintdé of the flame 1 mpinged wall
surfaces means that the wall temperature can be measured in this way to analyse the
flame wall interaction and heat transfer to the plate. In addition, the thermal imaging
camera can be used to monitor when a steady state is reached.

Thermal imaging canébused to measure the thermal footprints of flame impinged walls
provided the surface emissivity is known, even if the emissivity depends on the
temperature being measured. This can allow-intmsive, 2D measurements of the
wall temperatures, from whichadiation losses can be calculated and flame wall
interactions analysed, particularly when used with other techniques such as schlieren

and direct imaging. These methods will be utilised and developed in this thesis.

2.4.9.Conclusions
Many aspects of combusti@md flame wall interactions of impinging flames have been
discussed. It has been shown that combustion, and in particular impinging flames, is a

very complex and extensive topic.

Experimentally, measuring heat transfer to and from impingement surfaagseseq
known temperature gradients, which can be difficult to measure. Also, parameters such
as emissivity, thermal conductivity and convection heat transfer coefficients must be
known to calculate heat flux. However, temperature distributions across dte pl

combined with information regarding the flame structure and flow properties can give
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insight into flame wall interactions, and how these interactions differ for different flame
and flow properties. Simple burner geometry and controlled flow conditansgive
bases for meaningful comparisons between different fuels in order to compare the effect
of fuel and flow properties on flameall interactions. In addition, computational
studies often approximate impingement surfaces as isothermal, whereas wall
temperature distributions may provide more realistic boundary conditions for impinging
flame studies. This thesis will deal with the flame wall interactions of impinging flames
using wall temperature distributions obtained by thermal imaging, using a $laito

off technique, and flame structure measurements using schlieren and direct imaging.

In addition, an iterative methodology has been developed in order to deal with
measuring the temperature of surfaces whose emissivity depends on that temperature
with thermal imaging techniques. This will be discussed in Ch&pt&ihe radiation

losses from the plates will also be calculated using the tetaperarofiles. The
schlieren method will be utilised for quantitative analysis of the turbulent structures

within impinging flames.

Many properties affect the flame wall interaction of impinging flames. The properties
that will be compared in this thesisll be Reynolds number, equivalence ratiozzle
to-plate distance, thermal loading, fuel composition and ignition location. In addition,
two plate materials, namely fused quartz and heavily oxidised steel, will be used in
order to compare the effect pfate material on the flame wall interaction, and the

effects of oxidisation and soot will be discussed.

An aspect of combustion that has not been widely studied in relation to impinging
flames is the ignition and flame propagation characteristics inngimm jet flames.
Ignition location in impinging flames can determine flame modes, and flame
propagation characteristics can be very important in hydrogen mixtures due to the high
laminar burning velocity. The ignition properties of hydrogen are veryrdiiteo those

of hydrocarbon fuels and an impinging flame configuration can allow simple geometry
and optical access to ignition and flame propagation mechanisms and the effect of fuel
and flow conditions on these phenomena. The next section deals wilitethture

pertaining to ignition and flame propagation phenomena.
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2.5. Ignition and Flame Propagation

2.5.1.Introduction
This thesis will explore an interesting phenomenon noticed with hydrogen impinging
flames; when ignited near the plate and propagating towbedsdzzle, a ncfinear
acceleration was observed. This was not observed for methane flames. The properties of
hydrogen differ greatly to those of methane and the effect will be looked at. This section
deals with the literature pertaining to ignition afahfe propagation characteristics in

combustion studies and in impinging flames.

2.5.2.Flame Propagation Configurations
The principles of ignition and flame propagation have been discusSstiion2.2.1.3
Various experimental configurations can be used to study flame propagation and these
will be discussed in this section. Following that, flame propagation in jet flames and

impinging flames Wl be discussed.

Spherical Bomb
The constant volume or constant pressure bomb method; where a flame is ignited at the

centre of a spherical/cuboid chamber (Beg 2.7, p.20) and the flame propagation is
recorded, is often used to experimentally find unstretched burning velodihiesis

done by calculatig the flame propagation speed with respect to burned gases and
calculating the effects of stretch and Markstein lengths by extrapolating to zero stretch
using the linear relationship between stretch and burning velocity2(E%.p. 22) [22,
243-245]. It has been shown that the stretched burning velocity for hydrogen/methane
mixtures increases exponentiallytivhydrogen content and can reach up to 18 fiois
hydrogenrair flames, and that the Markstein length increases with hydrogen content,

increasing the diffusiothermal instability of the flame frof244, 246]

Deflagration to Detonation
The flame front can also be consideredb® a reaction wave propagating through a

combustible mixture, and for premixed flames the reaction can be categorised into
explosive reactions; where a combustion wave is not required and heat generation is
extremely fast, deflagration reactions; where twmbustion wave propagates at

subsonic speed, and detonation reactions; where the combustion wave propagates at
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supersonic spee@2]. A 1D dationary combustion wavdr¢m the reference frame of
the wave) can be visualised IByg. 2.33 where the unburned and burned gases are
represented by subscripts 1 and 2 respectiselg u, p, T and r are the velocity,
pressure, temperature and density of theegesspectively A combustion wave in a
duct may undergo a deflagration to detonation transition (DDT) if the turbulent burning
velocity is high enough to cause a shock wave ahead of the flame, increasing the
pressure and temperature and further increasing the maximtbuletnt burning
velocity and accelerating the flarfi47]. For channels with neslip walls, the DDT is
determined by the flow ahead of the flame fr¢248]. Flame propagation and the

propagation of shock waves aredigtal in studying the effects and causes of DDT.

Unburned gas : Bumed gas
U =E > i
pl:Tlapl .N p2:T23p2

Stationary combustion wave

Figure 233: Stationary 1D combustion wave (adapted f{@21).

Triple Flames
Flame propagation has also been studied in triple (or tribrachial) flames; consisting of a

lean premixed branch, a rich premixed branch and a diffusion tail trailingtfreniple

point, propagating along a stoichiometric contokig( 2.394. In partially or non
premixed flames, triple flames are responsible for flame propagation and stabilisation
[249], and are important in lifted flame jets, autoignition fronts and famé
propagation in mixing layers (commonly found in flame jets), boundary layers and
opposed flame spred@50]. The effects of CO addition on the propagation ofsCH
triple flamesafter ignition has been studi¢2¥49], and it was found that the normalized
global flame speed was (as theoretically predicted) proportional to the square root of the
density ratio between the reactants and the products2(8h[251]) for flames with

low CO ontent but not for the higher CO content as the flame was still in the

developing stage.

Maximum propagation speec _ [ // 231
— unbume . .
rburned ( )

Stoichiometric burning velocity
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Figure 234: Triple flames (a) In a ube configuration (adapted frojf@49]) and (b)
Lifted jet flame (adapted frof250]). DF, LPF and RPF are diffusion flame, lean
premixed flame andah premixed flame respectively.

The propagation speed of triple edge flames with respect to the unburned gas depends
strongly on the mixture concentration gradient in front of the edge, since the
concentration gradient affects the local laminar burninpowty and the effective
thickness of the flammable regid250]. The propagation of laminar propane jets
ignited downstream and propagating towards the nozzle has been studigdvasd

found that the displacement speed varied-lnogarly with axial distance due to the

flow velocity being similar to the propagation speed of the triple flame, and significant
buoyancy effects were observed when compared to the flame in microdbdfly

Other propagation properties specific to jet flames will now be discussed.

2.5.3.Flame Propagation in Jet Flames

Lifted flames
Flame propagation in lifted flames is important for studies obfiftheight and flame

stabilisation[252]. Changing the flow conddns can cause a change in-6ft height;

the flame may propagate upsim@downstream, changing the idtf height, and then
stabilise. The interaction between large scale turbulent structures and a lifted flame are
responsible for lifoff height fluctuations of the order of nozzle jet diameters. This is
due to excessive stretch causing local flame extinction which allows vortices to carry
the stabilisation point downstream, with turbulent flame propagation carrying the flame
upstream agn [252].

Turbulence can affect the flame propagation in lifted andliftexl jet flames because
of the interaction between the flame chemistry and the flow fields, due to lans fl
extinction and strain rates caused by the turbulence. The interaction of vortices and

flame propagation will now be discussed.

92



Chapter 2: Literature Review

Vortex Flame Interactions
The structure of premixed turbulent flames and the mechanisms controlling their

propagation is impant for accurate modelling, and the interaction between a laminar
flame and turbulent flow can provide a better understanding of the turbulent flame
propagation[77]. Straight flow disrupted by a vortex can produtextures that
experience a range of strain raf253]. The vortices can affect the flame propagation in
three ways, depending on the values of the vortex maximum rotational velocity
normalised by the laminar flame speél}/§ ) and the vortex core diameter normalised
by the flame thicknessi/d o) [77]:

a) Smalluy/S andd/do: There is little or no effect from the vortéxthe flame is
faster than the vortex and propagates through it with only a small amount of
wrinkling.

b) IntermediateU,/S and d/do: The flame is significantly wrinkle@ pockets of
hot gases may lEntrained into the burnt products.

c) HighU//S: Flame quenching may occur.

The vortices can also affect the regions of autoignition, depending on the scale of
chemistry relative to the vortg253]. The flame base of a lifted turbulent jet can be
affected by vortex interactions which cause the flame base to move radially inward,
subjecting it to larger gas velaes and moving the position of the flame base
downstreanj254].

Turbulence and vortex interactions in jet flames affect the turbulent flame propagation,
depending on the size of the turbulent structures, owing to effects caused by strain due
to the tubulence. This may also be affected by the fuel type used and the next section

deals with the effects of hydrogen on flame propagation in jet flames.

Hydrogen
In turbulent jets, the mixture sensitivity can cause the turbulence in the jet to either

promote flame propagation, leading to flame acceleration, or to cause flame quenching.
In well-developedturbulence, this effect can be characterised by the expansion
coefficient (the ratio of the density of the unburned to burned gases), which is more
significant in hydrogen mixture$55]. In turbulent hydrogen jets ignited at different

locations from the nozzle, two regimes can be observed: fast combugliere the
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flame canpropagate upstream and downstream even if the flow velocity is more than
100 m &, and slow unstable combustiomherethe flame can only propagate upstream
[55]. For te fast regimes observed [f5] the upstream velocity reached 18 thasd
the downstream velocity reached up to 70" mamd this regime could only be observed
for mixtures with > 11 % hydrogenn addition, upstream propagation was more

difficult when ignited further downstreaf5].

For nonpremixed lifted jets, where the lift is caused by coaxial air, the stabilisation is
due to edge flame propagatiq@55]. However, the addition of nitrogen in non
premixed hydrogen lifted flames can cause the flame structure to become more
premixed, due to the destruction of weak edge flames by turbulent structures, changing
the stabilisation mechanism to premixed flame propagafzsb]. Another non
premixed configuration using hydrogen to study edge flame propagation is the €ounter
flow regime, where local extinction causes thinning of the reaction zone, establishing an
edge flame[256]. This edge flame interacts with an autoignition kernel, and the
interaction is more significd with NO addition due to the catalytic effect, and the
concentrations of pHand NO are significant to the sensitivity of igniti@%6].

For ignition and flame propagation mechanisms, the concentration of hydrogen and the
ignition location are significant, and fast propagation velocities canbberved. The

next section deals with ignition and flame propagation in impinging flames.

2.5.4.Ignition and Flame Propagation in Impinging Flames
Flame propagation in impinging flames has not been widely studied. For flame
propagation of jet flames near an imgement plate, the ignition location may affect the
stable flame mod€g84], including whether the flame is lifted or attached, and whether
unburned fuel impinges on the plate at the stagnation region. Leiaditien of areas
extinguished due to a cold impingement plate may alsaradge to the propagation
from hot products, and the propagation of flames near solid surfaces is a very complex
phenomenoii257].

Flame Stretch in Impinging Flames
Many studies focus on the effects of flaraurvature and strain rate and it has been

observed that flame curvature changes with respect to the location in the turbulent flame

zone of an impinging methane air flarfb8]. Also, transient flame propagation in

94



Chapter 2: Literature Review
areas of high stretch rate, caused by impingement of a microuwnerflow flames
of H, and N, can exist (whereas the steady flame cannot), allowing reignition of the
flame[201].

The ignition location is important in determining the combustion madenpinging
flames[34, 80] The global stretch rate (the ratio of mean nozzle exit velocitpzale
to-platedistance) has been identified as a cause for preventing ignitibe oentre of a
blown ring flame (see Sectidh2.2.]), whereas a normal ring flame can be ignited in
the stagnation region, causing transformation into a disc f[84je The global stretch
rate, ignition locationgequivalence ratio and turbulestructures all affect the final

flame structure in impinging flame j€it34].

Propagation after Ignition
The propagationrbm ignition to combustion for methane and propane impinging jets

has also been studied using digital flame colour discrimination (DFCD) and schlieren,
focusing on the propagation of the flame from the point of ignition to a stable flame
[212]. That work is similar in configuration to the work in this thesis; however different
experimental techniggs and fuels will be used. There is a lack of research concerning
the propagation of hydrogen impinging jets, which will be a focus of this thesis. The
propagation of hydrogen is very different to that of methane and propane and so the
propagation of hydmgen flames after ignition in an impinging flame configuration will

be compared to methane, and the effect of, @dilition to hydrogen will also be
explored. Varyingnozzleto-plate distances and fuel exit velocities will also be

explored.

2.5.5.Conclusions
Somre important parameters, including flame stretch, and some common configurations
concerned with ignition and flame propagation have been discussed. It has been
identified that hydrogen content is significant in flame propagation studies due to the
density dfference between the burned and unburned gases, and that flame stretch is
present in the stagnation region of impinging jet flames. However, there is a lack of
research concerned with the ignition and flame propagation of hydrogen impinging jet

flames, ad this will be studied in this thesis.
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2.6. Literature Review Conclusions

Advances in computational ability, theoretical understanding and optical techniques
have allowed combustion to be studied in more depth. Cleaner fuels such as hydrogen
and syngas have rewed nuch attention in recent decadékwever, the properties of
hydrogen are very different to the properties of other mainstream fuels such as methane
and propane. Therefore, the differences between hydrogen and these hydrocarbons must

be properly undstood for the development of combustion devices.

An impinging flame configuration gives a simple geometry, good optical access and a
controllable experimental environment, which is excellent for the study of fzaie
interactions of jet flames. Reselrim impinging flames has been reviewed, and most
researchers study methane or butane flames impinging onto water cooled plates to look
at the heat flux distribution. This thesis will use uncooled plates and will look at the
temperature profiles of the ftee impinged plates, rather than the heat flux, as the wall
temperature can give information into the flame wall interaction and radiation losses
from the plate. In addition, hydrogen and syngas will be the main fuels studied in this
thesis as these fuelseabecoming more widely used but their properties differ greatly
from hydrocarbon fuels. The fuels will also be compared to propane and methane.

The schlieren technique is excellent for visualising convective plumes and density
gradients in jet flames, dnwith high speed imaging, can allow high spatial and
temporal resolution of the density structure of the jet flames. The mixing regions,
convective motion and turbulent structures can be visualised, and these will be applied
in an impinging flame configation, which has been studied in less depth with the
schlieren technique than for free jet flames. A method for quantifying the turbulent
structures from the schlieren images will be developed and schlieren will also be used
for observing the flame frontrppagation following ignition in an impinging flame

configuration.

PIV can give quantitative information about flow fields and velocity distributions in
impinging flames. PIV was attempted in this thesis but was unsuccessful due to various

limiting conditions. These will be discussed in the next chapter.
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Thermal imaging cameras are able to record 2D quantitative images of the temperature
of the impingement plate. The experimental technique isimousive and can give
high spatial resolution when comparéa thermocouples, which would give spot
readings and require drilling. Thermal imaging can be a useful tool for monitoring
combustion systems, for example spotting hot spots or low temperature regions where
damage or flame quenching may occur. This thedisdevelop the thermal imaging
technique for use with impinging flames. A flame switdhmethod will be developed
in order to obtain thermal footprints of the flame impinged plate, and to give
measurements of the high temperature, uncooled surfaceth&meal footprints will
also be used to calculate radiation losses from the plate, which kavianot been
widely studied. An iterative emissivity correction method will be developed in order to
deal with surfaces whose emissivity depends on the tetuperbeing measured, using
fused quartz as a basis. The effect of plate materialbeilstudied byalso using a
heavily oxidised steel plate. The thermal footprints will be used with the schlieren
technique to test the effects of flasmall interactionsof propane, hydrogen and syngas

flames. The methodologies mentioned will be described in the next chapter.

The areas to be studied in this thesis will be in two parts; firstly, the effects of fuel and
flow conditions on the flame wall interactions of hydadbon, hydrogen and syngas
flames impinging normal to a flat, uncooled plate will be studied using two nozzle
diameters and two plate materials. This will allow information to be gained regarding
hydrogen and syngas impinging jets at a range of expemneanditions. The wall
temperature measurements will give quantitative information about the wall temperature
profiles, which can be compared to the schlieren and direct images. The results will also
be compared to propane impinging jets, and the eftdat®zzleto-plate distance and

plate material will be analysed. Secondly, the flame propagation of impinging hydrogen
jets will be studied, focusing on the effect of ignition location and comparing to
impinging methane jetsand hydrogen with carbon diaka and air additianThis will

add to the limited research concerning the ignition and flame propagation of hydrogen

impinging jet flames.

Advanced optical techniques will be utilised and developed in order to study the flame
wall interactions and flame @pagation of impinging flames of hydrogen and syngas

under various flow conditions. Comparisons will be made with flames of propane and

97



Chapter 2: Literature Review
methane and with varying syngas compositions. CHEMKIN and Gaseq will be utilised
to calculate the 1D laminar flame spsethd adiabatic temperatures of the compositions

used, which will aid in the physical understanding of the results obtained.

The theory and application of various experimental techniques has been discussed,
along with a review of impinging flame studieshel next chapter deals with the
specifics of the experimentation used in this thesis, including the burner, piping and
impingement plate configuration, the gas control system, and the schlieren, direct
imaging and thermal imaging setup. The methodologiesttie flame switch off
technique, thermal profiling, steady state determination, temperature dependent
emissivity, radiation loss calculations, flame front propagation, and turbulent structure
quantification will be described in the next chapter. Detdith® PIV setup will also be
discussed along with the problems faced with this technique for the aforementioned
configuration. The computations using CHEMKIN and Gaseq will be discussed in the

chapter following that.
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3.Experimental Setup andMethodologies

3.1. Introduction

The main principles of various experimental techniques have been given in Chapter
This chapter focuses on the experimental setup and apparatus used in the remainder of
the thesis. The specifications will be given, includiagthe flow control methods and
imaging tools.The methodologies developed will be described, including an accuracy

evaluation of each methodology.

3.2. Rig Setup

This section gives details of the rig used in the experiments. The details of the burners,
plate holder and plate materials will be given, fokalAby a description of the mixing

system, ignition methods, fuels and flow control.

3.2.1.Burners

There were two burners, with different nozzle sizes, used for the gaseous fuels in this
thesis. Both burners had circular nozzles with pipes long enough to dhthin

developed flow. The nozzles and burner housing were made from stainless steel.

Small Nozzle
The first BigsmBdalarndb)hbhad a node irner fliameter of 4.6 mm which

was surrounded by a honeycomb mgh8mm diametéerthat could allow the flow of

air (coflow) around the nozzle. This burner was designed and built at the University of
Manchester. The nozzle size allowed a range @f ftonditions depending on the flow
rates achievable for each individual flow controller, which will be discussed in Section
3.2.3 It also helpeda prevent flashback due to the small interior piping, which would
take heat away from the flash back flame before it could travel to the main fuel pipes.
However, flashback was still a risk with the hydrogen flames, and so the hydrogen
compositions were tited with 1.67 x 10 m*® s* nitrogen in order to prevent flashback.
However, the nozzle size was too small to admit PIV measurements due to seeding
particle clogging. The coflow section allowed a straight flow of air or inert gas to
surround the main flame. Coflow air helps to stabilise flames and suppress flickering
[113, 160] The coflow was fed into a separate section whereby the air was fed through

glass beads, which aidetixing and gave a uniform flonand exited the burner through

99



Chapter 3: Experimental Setup and Methodologies
the honeycomb which straightened the flguwg. 31a). Coflow was used in some of the
experiments but was mostly not used. The burner housing was painted black in order to
reduce thermal reflections from the burner to the plate for the thermal imaging

measurements.

Honeycomb

/ Honeycomb

Glass
beads

(@

air in

\\\
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() (© (d)

Figure 31: (a) Cross section and (b) Outwangige of the 4.6 mm nozzle, straight
coflow burner andc) Cross section and (d) Outward image of the 8.0 mm nozzle, swirl

coflow burner.

Large nozzle
The second burnerFigs. 3.1c and d) had a larger nozzle size of 8.0 mm (inner

diameter). This allowed larger florates to be used without blesut occurring. This
meant that the thermal loading could be tested to highle@es wih lower nozzle exit
velocities. The larger nozzle presented a greater risk of flashback, since the inner
diameter of the nozzle was larger and so would take more time to quench the flame.
Adding nitrogenreduces the laminar flame speed as lballdiscussed in Chapter 4, and
increases the nozzle exit velocity so that the risk of flashback is redUicedarger
nozzle burner was designed to allow PIV measurements of the fuel stream to be taken,
since the nozzle size and flow velocity could bgdagnough for the seeding particles to
pass through without getting stuck and clogging up the pipes. However, many problems

occurred with the PIV measurements as will be described in S&ction
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This burner was designed by the author at the University of Sheffield. It had a section
for coflowing air to exit in a swirling motion. It did this by having the air enter a small
chamber at the base of tharner, via two pipes that were tangential to the cylindrical
surface. This caused a turning motion before the air was fed into a conical chamber
where it slowed down and mixed via diffusion before exiting the burner in a swirling
motion. However, coflow &s not used on the second burner due to time resjrands

is reserved for the scope for future work

3.2.2.Impingement Plates and Device

This section gives details of the device used for holding the plate above the flame, and

of the specifications of the twaates used in the experiments.

Device
A schematic diagram for the device that held the plate is showig.ir8.2 It consisted

of a heavy stand, capable of holding the plate in place without wobbling. A vertical
knife edge and a screw system with a turning knob were installed to move the plate up
and davn accurately to 1 mm. The plate was supported by an upper ring, 0.39 m in
diameter, with three small, evenly spaced spindles to hold the plate at the edges without
causing disturbances in the flow. The device allowed the plate to be held horizontally

without wobbling and the plate could be moved up to 0.8 m in the vertical direction.

Screw 1 Knife
I

4 Plate
. _ A edge ¢
Jppert ring

Plate

Upper 1ing
Flame Pl ©

111’11::=‘L;; ,] | L
l |

(a) (b)

Spindles

Figure 32: Device for holding the plate (a) Side view and (b) Top view.

In all cases in this thesis, the plate was held horizontally abweetiaal impinging jet
flame. The device allowed viewing horizontally from the side, used for the schlieren,

direct imaging and PIV measurements, and from the bottom (at a minimum angfe of 40
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to the plate normal) used for thermal imaging and direct ingadihe specific setups

for these experimental techniques will be discussed in Se&iéns3.7.

Plate Materials
The experiments were performed using impinging flames of various fuels and flow

conditions. In addition to this, two different impingement plates were used. The first
was a heavilyoxidised stainless steel plate, 0.3 m in diameter and 10 mm thick. The
emissivity of oxidised steel is widely known to be insensitive to temperature, and its
value was taken as 0.79 frd@86] (between 473 K and 873 K) af2B5] (between 293

K and 811 K). The temperature ranges in these sources are very close to the temperature
range of the plate in the results and so a constant emissivity of 0.79 was assuatied f
cases. This allowed the thermal imaging measurements to be made without emissivity
corrections. However, for some of the experiments the plate had been polished, and
became unevenly oxidised when heated. This allowed oxidisation effects to beéxplor
and will be discussed in Sectidn2.5 In addition, for some cases the surface was
coated with soot, and so a constant emissivity of 0.96 sssreed for these cad@s7,

238].

The other plate was a fused quartz plate, 0.3 m in diameter and 6 mm thick. The
emissivty of quartz varies with temperature, which allowed experiments to be
performed regarding this emissivitgmperature dependence. This will be discussed in
Section3.6.4 Unfortunately, the quartz plate cracked when heated with the hydrogen
flame, due to uneven thermal stresses, and so the results for the quartz plate are limited

to propane flames.

3.2.3.Fuel and How Control

This section deals with the specifics of the fuel compositions, ignition methods, flow

control and gas mixing systems.

3.2.3.1. Fuels
The fuels for both burners were supplied from gas cylinders, which were kept outside
for safety reasons. The individugdses were propanesds), methane (Ck), hydrogen
(H2), carbon monoxide (CO), carbon dioxide (& itrogen (N) and air. The air was

supplied from an air compressahich was installed inside the lab. However, the air
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from the compressor was more huntidin fromthe cylinder and so bottled air was

substituted for the PIV experiments. This will be discussed in Se&ffon

The propane and methanere not mixed with the other gases (except premixing air),
but the gases for the syngas were mixed in order to achieve the required compositions.
The mixing system will be described in Secti®2.3.3 Compositions of syngas with

the maximum values of HHCO, CQ and N respectively were used based on data from
various sources provided by Siemens, Lincolrable 31). In order for simpler
experimentation at a laboratory scale, the compositions were changed by removing the
minor constituents and keeping the/€O volume ratio the same. In this wayngas
compositionsonaméd géh iGEIdghgdNadiwerdn studied and

the compositions are shownTiable 32.

High H, High CO High CO, High N,
% H, 61.9 31.8 34.4 10.7
% CO 26.2 63.5 35.1 29.2
% CH, 6.9 0.4 0.3 0.01
% CO2 2.8 3.6 30.0 1.9
% N, + 1.8 0.5 0.2 54.0
Argon
% H,0 0.2 4.2
H,/CO Ratio 2.36 0.5 0.98 0.37
Source SVZ, Schwarze Opti, Nexen Shell, Pernis Puertellano,
Pumpe Spain
Gasifier CoGen GSP Unspecified CoGen Shell IGCC
Fuel Source Coal/Waste Unspecified Qil Coal/Pet Coke

Table 31: Syngagroperties taken from real syngas data.

Composition H,/CO %H, % CO %CO, %N,
High H» 236 703 29.7
High CO 050 334 66.6
High CO, 098 346 353
High N, 037 114 311 57.5

Table 32: Constituents by volume tiie syngas compositions with minor constituents

removed.
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The propane and methane flaaweuld become quite sooty and so an extraction system
was put in place to remove the soot particles from the ar. It also meant that any fuel that
was leaked into the rmwas quickly removed. The extraction caused a slight draught in
the air and so the burner was placed directly underneath the extraction system in all
cases to stop the flow being distorted. However, the extraction was not strong enough to
change the flowields and the effect of the extraction on the flame was minimal in all

cases.

3.2.3.2. Ignition
For the wall temperature measurements (Chdptewhere thagnition mechanism did
not significantly affect the results, the flames were ignited with a pilot flame. This was
produced by a single pulse spark Cricket Firepower Lighter, which used a piezoelectric
mechanism to generate voltages over very short titeeviaels and LPG fuel. The flame
was held above the burner nozzle until a flame was established and then removed.

For the ignition experiments (Chap®) the flames were ignited with the same device

but without the gas, so that only a spa
igniterao. Il n addi t ao gnitionfdevice wa® desgned fn ortleh e r
that the ignition location coulbe fixed. This consisted of an electric spark generated
bet ween two steel el ectrodes with sharp
igniterao. The spark was g¢<«oldlEGKPO2) anl r o m
powered by a sealed lead acid bat{@3/volts, 1.2 amyhours). It produced a consistent

spark voltage of approximately 1 kV. The flames were ignited at various locations
between the plate and nozzle, which will be discussed, along with the accuracy of these
methods, in Sectio®.4.4

3.2.3.3. Mixing System
A mixing system was designed in order that the gases for the compositions with/without
premixed air were well mixed before entering the burner nozzle. The system, shown in
Fig. 3.3 consisted of separate pipes for each fuel, 6mm in diameter. The flow rates were
controlled by flow controllers, which will be discussed in Sect®2.3.4 and
LabVIEW, which will be discussed in Secti@3. The gas lines were connected to a
series of6 t e e tonsjplacedafter the flow controllers, connecting thdo the main

fuel line. This pipe then led to a mixing cylinder, 500°cmhere the fuels became well
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mixed due to the diffusion of the gases from the small pipes into the large cylinder, and
from vottices created in the corners of the cylinder. The mixed fuel then exited the
cylinder into the second main fuel line, 6 mm in diameter, which was connected to the
burner nozzleThe air for the premixing was fed into the mixing chamber in the same
way as he other gases. However, the air for the coflow was separated from the
premixing air before the flow controller, and fed into its own (larger) flow controller
and directed to the coflow section of the burnBrg( 33). The individual flow

controllers will now be discussed.

Alr compressor

Burner

Pressure
gauges

E. 1 Flow
-

controllers
LabVIEW
Figure 33: Sketch of the piping system for the mixing of the gases for the fuel and

separate cofloyunction (not to scale).

3.2.3.4. Flow Controllers
The flow rates of the fuels were individually controlled by digiEds Flow Control
(GFQ Aalborg flow controllers and LabVIEW. The LabVIEW system will be
discussed in SectioB.3. The flow controllers had individual maximum flow rates to
allow a range of nozzle exit velocities. The maximum nozzle exit velocities, for the
individual gases and for the syngas compositions are showablae 33. However, due
to factors causinglow-out, flamescould not be stabilised at the maximum flow rates
for all fuels, and so the values Trable 33 arebased on the flow controller capabilities
and notfor stable flames. The equivalence oaand Re dependence on the blowt and
impingement plate stabilisation, and hence the actual ranges of flow conditions will be

discussed in Chaptér
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Gas Maximum Flow Maximum Nozzle Exit
Rate (ns™) Velocity (m s?)
Small Nozzle Large Nozzle
H, 1.0 x 10° 60.2 19.9
CO 1.0 x 10° 60.2 19.9
CO, 1.0 x 10° 60.2 19.9
High H, 1.4 x 10° 84.2 27.9
High CO 1.5x 10° 90.3 29.8
High CO, 2.8x10° 168.5 55.7
High N, 1.4 x 10° 84.2 27.9
CsHs 1.0 x 10° 60.2 19.9
CH, 1.0 x 10° 60.2 19.9
N, 8.3x 10" 50.1 16.6
Premix Air 8.3 x 10° 50.1 16.6
Coflow Air 3.3x10°

Table 33: Maximum flow rates and corresponding nozzle exit velocities for gash

and nozzle size.

The flow controllers use a primary flow cantland a capillary sensor tubleoth at

laminar flow so that the ratio of the flow rates is consfaB®]. Temperature sensing
windings on the sensor tube are then heated and the gas flow transports heat from the
upstream @ the downstream positions. This causes a temperature differential that is
proportional to the change in resistance of the windings, which is in turn linearly
proportional to the instantaneous flow rd#59]. Output voltage signals are then

generated, which correspond to the gas flow rate.

The gases flow through a proportionating electromagnetic valve witipairopriately
selected orifice in order to maintain the flow rate at the selected (289§ which is
contolled by the LabVIEW system. Due to this method of controlling the flonsrate
slight fluctuations occur, but these do not significantly affect the results. Therefore, all
flow rates quoted in this thesis are the averaged flow rates produced by the flow
controllers. The next section describes the LabVIEW system used for controlling the
flow rates of the individual gases, including using LabVIEW to calculate various

properties of the fuels depending on the flow rates used.
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3.3. LabVIEW

LabVIEW is a computer progm that allows the calculation of equations and the
control of devices via an image based programming language. In order to control the
individual flow rates of the gases, a LabVIEW Virtual Instrument (VI) was used. This
VI allowed the user to input theedired flow rate and would send the signal to the flow
controllers using a data acquisition (DAQ) card system. This meant that the gases could

be accurately mixed to the correct proportions.

Modifications were made to the VI so that values of Reynolds beun{Re),
equivalence ratiof{), nozzle exit velocity\(), thermal loading, viscosityr, density

(r), molecular weight, Wobbe number and total flow rate could be seen on the screen. It
also gave values of mass and volume percentages of the individuabfoponents.
However, due to the small fluctuations in the voltage readings of the DAQ card these
values also fluctuated. Therefore, a separate VI was designed to calculate these values
using a manual input of the individual flow rate values. The fronebpé.e. the user
interface) of this VI is shown iRkig. 3.4 When CH was used, the values fogls were

changed to those for GHas these controlle shared one data cable.

An example of the use of the block diagram (i.e. the programming space) of the VI is
shown inFig. 3.5 This example is for the nozzle exit velocity calculations. More details
of the other calculations and the whole block diagram are given in Appendix A. The

nozzle exit velocity was calculated from El:

V= (F/pr ZXO.OO%O), (3.1)

wherev is the nozzle exit velocity (in M, r is the nozzle radiug; is the total flow
rate (in litre/minute) and 0.001/60tise conversion factor for changing litre/minute into

m°s?,
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Figure 34: Front Panel of the LabVIEW VI at an example flow mixture.
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In the VI (Fig. 3.9 the flow rate values were used as the input commands and summed
to give the total flow rate. The noeztadius was added as an input and this was squared
(multiplied by itself in the bottom middle dfig. 3.9 and multiplied byp to give the
nozzle ara. The total flow rate was then divided by the nozzle area and multiplied by
0.001/60 to give the fuel exit velocity as in E31. This small block gram is a
section taken from a larger block diagram (see Appendix A) which includes the other

calculations shown in the front panelfig. 3.4
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Figure 35: Nozzle exit velocity calculations using LabVIEW.

LabVIEW can be a very useful tool for quickly calculating the properties of given gas
mixtures, and for electronically controlling the individual gas flow rates. Itusas to

find the flow rates of the mixtures at specified conditions, for example finding a mixture
of a certain composition at a certain thermal loading and equivalence ratio. Tig.VI (
3.4) was used prior to the experiments, adjusting the flow rates using a trial and error
method until the desired conditions were met. The resulting flow rates were then
inputted into the VI thatvasconnected taherig and was used to control tigasflow

rates.

The experimental apparatus used for controlling the flow and igniting and mixing the
fuel, and therig have been described. Th®llowing sectiors deal with the
specifications and methodologies for the wvasiodiagnostictechniques Accuracy

evaluations will also be given for each of the methodologies described.
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3.4. Schlieren

3.4.1.Experimental Setup

Specifications and Configuration
The schlieren technique (described in Sect®8.3.) was used for visualising the

density distributions within the flame and surrounding gases. HypeZarrangement

was usedFKig. 3.9 as this was easier to accommodate in the lab since it requires less
space. A monochrome Photron SA 1 high speed camera was used to capture the results.
| /10 grade parabolic mirrors were used tswee high quality results. The light source

was a 500 W Xenon lamp, which gave a high enough intensity of light for the schlieren

technique.
Photron —:
FASTCAM !_r% <‘|
Viewer '\\
thm}h.-{.}em 2 Kuife
SA1 Camera “f L. edge
Parabolic
mirror #1
T w o F Parabolic
S mirror #2
Lens #@
=1 Light
source
Figure 36: Z-type schlieren setup.
Procedure

The mirrors had a focal length 8048 m and a diameter of 0.3048 m. When setting up

the schlieren, lens IF(g. 3.9 was used to focus the light onto mirror 1 and then the
angle of miror 1 was adjusted so that the beam fully covered the area of mirror 2. A
screw was then placed on top of the burner nozzle, and lens 2 was used to focus the
image onto the camera, using the screw thread as a visual aid. The knife edge was then
positionedat the focal point of the beam from mirror 2 and adjusted until the darkness

of the image was correct. The camera was turned on and connected to the Photron
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FASTCAM Viewer software during the setup to help with the focusing of the image
and the adjustmeiof the knife edge.

The analysis procedures for the various schlieren diagnostics will now be given, along

with accuracy evaluations for each metblogy.

3.4.2.Impinging Flame Structure

Methodology
The schlieren images were used to visualise the flow stru@ncke turbulence.

Structures such as the flame boundaries between the products and the ambient air, and
the products and reactants, unburned fuel, position of the hot gases and heat convection
can easily be seen with the schlieren technidtig. (3.7. However, the schlieren
imaging gives an integrated view of the changes in density throughout the flow field,
and is not a 62D s lringiesken bylthedat gabes towards theo me
front and back edges of the platéig. 3.7, which bend downwards, due to flame
bulging in the outward radialirection [11]. This causes the hot gas region to appear

thicker than it actually is in the stagnation region.

Hot gases

Product/ambient
boundary

Figure 37: Example schlieren image of a lifted propane flame showing the positions of
the nozzle andlate, flame edge, h@ases, uburredfuel and convection currents off

the top of the plate.

In addition, the 3D qualities of the flame might make the flame appear differently on the
image than in reality, for example if the flame is lifted on one side the schlieren might

not pick up this information depending on the viewing angle. However, much
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information can be gained by using schlieren imaging, particularly when used with

other techniques, as will be shown in Chapter

Accuracy
The images captured in this work were all taken using the maximum shutter speed of 1

ns and a frame rate of 1000 fps. The high shutter speed allowed good temporal
resolution and ensured thaetk was no blurring of the image even when the velocity of
the fluid was high. The frame rate allowed high speed analysis to be performed on the
schlieren images. The camera resolution of 1 Megapixel (MP) was high enough to allow
visualisation of small faares in the flow such as the unburned gases and small scale
turbulent structures. A quantitative methodology was also developed to analyse the
turbulent structures visible in the density fields of the impinging flames and this will be

discussed now.

3.4.3.Wrink le Scale Methodology

Methodology
A typical schlieren image of an impinging flame can clearly show two distinctive

regions: the fuel/air mixing region and the flame/hot gas/air region, as these regions are
visually different from one another and can be ettlout by eye. Each region has
characteristic scales. The wrinkling scale in the fuel/air region is small in comparison
with the flame/hot gas/air region due to the much lower density in the latter. It is
reasonable to say that more ambient air mixing With hot combustion gases would
reduce the average size of the turbulent structures, especially when the Reynolds
number (based on the nozzle diameter) is the same or very close, due to the added
mixing in this region. In addition, the flame edge and unedrfuel streams can also be
seen. Analysis of turbulence wrinkling scales was performed using the schlieren images

in the following way.

The schlieren images give a visual distribution of the integrated density gradients in the
flame, unburned fuel andoh gas/flame impingement regionBigs. 3.8 (i) to (iii)
respectively). A methodology has been developed to quantify the size of these turbulent
strudures, whereby the lines in the image were detected using the MATLAB line
detection tool Fig. 3.&). The percentage of space occupied by boundaries (white
pixels/total pi xels) was defined as the
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average number of the turbulent structuresaichearea and so the smaller the value of

the wrinkle scale, the larger the average size of the structures and vice versa.

Figure 38: (a) Example schlieren image with Tihe flame region, (iiY he fuel region

and (iii) The mpinging region and (b) Corresponding line images.

Interrogation Areas
From the imageHig. 3.8), it is clear that there are distinctive small scalé E&rge

scale 6wrinkles6 in the fIl| améeig 3@&ritodiy ned
respectively). Three interrogation areas werdgassl to these zones and they are
defined as o0fl amebé6, 60fuel 6 dmd.8dhefigme ngi n
area was defined as an amgarting 5 mm left of and 4 mm up from the nozzle and
spanning an area of 5 mm to the left and 64 mm upwé&ids .& (i)). The fuel area

was defined as an area enclosed by 5 mm to either side of the nozzle and spanning
upwards by 25 mm for the pure hydrogen flames and 67 mm for the syngas fiagnes (
3.8 (ii)), due to the larger height of the unburned fuel for the syngas cases (Section
5.5). The impinging area was defined as an aremfthe centre line, 4 mm down from

the plate and spanning an area of 0.1 m to the left and 33 mm downweyd3.&

(ii)). In this way, different egions of the flame and different flame conditions could be

compared in terms of the size of the turbulence scales.

Accuracy
The areas were chosen to ensure that the interrogation zones were of equal size and

position for the various cases and so that ttiielynot go outside of the flame area,
which would give a larger amount of empty space and so would reduce the wrinkle

scale value. The resolution of each image was kept the same so that the wrinkle scales
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could be comparable between casése methodologywas developed in order to
compare the flame wall interaction of different flow conditions in the same setup, and
not as a general methodology for quantifying turbulence in flames.

The wrinkle scales for ensemble averages of sequences of 26 imagesittetivads of
1 ms were calculated for the three flame interrogation areas. The analysis was only
performed on the cases with notable turbulent structures visible in the schlieren images,
which were the hydrogen premixed cases and the syngas cases §Sedtta@and5.5

respectively).

3.4.4.Flame Front Propagation

Methodology
Schlieren was also utilised for the analysis of the ignition and flame propagation

characteristics of impinging flame$he flame edgeposition can be seen due to the
large density variations between the burned and unburrsed.géhe propagation of the
boundary between the hot products and the reataambient air mixture will be studied

and he results will be presented in Chager

Images from the points of ignition to attachment were captured using high speed
schlieren imaging. The images were then analysed in the following way: The pixel
information was used to chliate the height per pixel from the nozzle to the plate. A
sequence of images, starting with the ignition and ending with the flame attachment to
the nozzle or contact with the plate, was used for the analysis, in which the height of the
flame boundary athe centre line wagplotted Five ignition locations were studied,;
ignition at the centre of the plate, radial plate locations of 50 mm and 100 mm from

the centreand axial locations dfialf way between the nozzle and the plate and at the
nozzle itself Example sequences of images for the ignition process for the plate centre,
between the nozzle and the plate and the nozzle locations are shbigs. iB.% to ¢
respectively. The analysis was done for the lower flame boundary in the cases where the
fl ame was ignited at the plate and in th
100 mmdé and oOMiddl e, Down 6 r eflarpeeboundary el vy .
for the cases where the flame was ignited at the nozzle and the middle locations, named
ONozzl eb6 and O6Mi ddl e, Up6 respectively,

downwards when ignited in the middle (as showRim 3.D).
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Figure 39: Example of ignition sequences for hydrogen diffusion flames at 10 ms
when ignited at (a) The plate, (b) The middle &) The nozzle, with 0.04, 0.001 and

0.002 s between images respectively.
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The height of the respective flame boundaries at the centre waee then plotted
against time, with ignition dt= 0 s.In addition, for the cases ignited at 50 mm and 100
mm from the plate centre, the radial position of the flame was plotted asFngath.
these plots, best fit polynomials of the order of 3 to 6 were fitted to the data, and the
derivatives were found andedsto plot the velocity of the flame front at the centre line
against time.Figures 3.10a and b show examples of the height and velocity plots
respedvely for hydrogen flames at 10 m'.sThe data points iffig. 3.1® are for the
velocity calculations usingh/zr = (hy - hy)/(t2 - t1), whereas theirles are for the
calculations using the gradients of the best fit polynomials as described above. It can be
seen that the lines taken from the best fit polynomials fit the data quite well but they do
not take into account the zero velocity conditiort & 0. However, these lines give
much smoother curves and remove the disjointedness that arises from the data
processing. In addition, the velocitytat O will be equal to the fuel velocity rather than
0 m s'. However, the fuel velocity cannot be subtrddi®m the propagation velocity

since it differs between the nozzle and the plate due to air entrainment.

(a) Time for 'Middle' and 'Nozzle' Cases (s) (b) Time for "'Middle' and 'Nozzle' Cases (s)
0 0.005 0.01 0.015 0.02 0.025 0 0 0.005 0.01 0.015 0.?2 0.025
0.2 T T T T % Plate
2 - 0Middle, Down |
~ 015 = e~ = Middle, Up
g E 0 - ::“Q‘_ ., aNozzle
_:En 0.1 g |4 L Maworada,,,
= o Plate % 0 Moo—o—o—o—o o0 noo%"\
005 oMiddle, Down - a ¢
. . =)
= Middle, Up -0 @,..B-m8
) A Nozzle o
0 & - ' -20

0 0.05 0.1 0.15 0.2 0.25 0 0.05 0.1 0.15 02 0.25
Time for "Plate' Case (s) Time for 'Plate' Case (s)

Figure 310: Example of (a) Height and (b) Velocity plots for a hydroddfusion

flame at 10 m'S.

Pixel information was also used to calcultite spreading rateg, of the unburned fuel

for each of the cases, as shownFig. 3.11 Pixel values fom corner points of the
6triangled of wunburned fuel ( B2 fwlere¢he i gni
symbols are demonstratedfig. 3.11 with the coordinate in the top left corner of the
image at (0, 0). Thepreading ratevas used to qualitatively represent the amount of
mixing with the ambient air in the shear layer.
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tar(q) — [(Xz B X1)/2] 3 [(on 3 X01)/2] .

(3.2)

Yo- Y1

Figure 311: Example of the c@rdinate locations for calculating tspreading rate

Accuracy
The flames in Section6.3.3 and 6.4 were ignited with the spark from the Cricket

Firepower Lighter, judging the positions by hand. Each spark was produced by pressing
the button manually. There were slight changes in the posid the igniter for each
separate case, but this did not affect the results significantly compared to the larger
changes in ignition location that were the subject of the study, and it was attempted to
get as close to the plate centre, middle and na=zleossible for the plate, middle and
nozzle locations respectively. The spark generated hot gas pocket was approximately 20
mm in diameter before ignition took place, and so small changes in axial/lateral position
of the igniter did not affect the resutlsie to the large size of the spark in contact with

the fuel/air mixture at the point of ignition.

Figure 3.12 shows the differences for two attemptéth a small change in lateral
position for the case of pure hydrogen diffusion flames at 28 wtempts 1 and 2

were with the igniter at 0.01 m and 0.002 m from the centre of the plate respectively. It
can be seen that there is a difference in thehbheigd velocity values, however, the
trends are the same and of similar time scales (within 3 Blegre are many
uncontrollable factors that affect the repeatability of the results, such as fluctuations in
the flow controllers that will affect the localofv velocity, fluctuations in ambient
temperature and pressure, plate temperature and igniter power. In addition, the

electrodes were not always a constant distance apart for the electrode igmiter.
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differences in propagation time from the point of igmitto attachment were compared
for two repetitionsfor most of the cases studiedn @veragethe difference between the
propagation timeg; andt; (i.e. [1-to|/((t1+t2)/2)), for two repeated cases18.8 %, with
the differences for turbulentansitional and laminar flames at 19.0 %, 29.4 % and 15.2
% respectivelyThis is because of changes in axial position of the igniter, fluctuations
in the flow velocity caused by the flow controllers, unreliability of itpeiter kernel
size and power anthat the fuel must be ignited as soon as possible and so the fuel
composition may not be perfectly steady when ignifdterefore small changes in the

igniter position do not significantly affect the results when compared to other factors.

The ignter wa attempted to be in contact wi t h
ONozzl ed cases and so the axi al affpcothei t i or
resultss n t hese cases. The axial position for
of the marker points at ignitiont € 0) on the graphs:igure 3.9 shows that although the

igniter was placed within the flow, and was quite large in,dize flow field is still
symmetrical, indicating that the effect of the igniter to the flow field is minimal. The
electrode igniter was used for the flames in SectbAsnd6.3.2 This igniter was set

to a fixed height using a screw thread and so was more accurate in terms of the ignition
location, although could not be used as close to the plate or nozzle as khigsiper.

In addition, it had to be removed from the flame once ignited, causing small changes in
location when replaced. No shock wave could be detected in the experiments. The
sparks were relatively weak and may not have produced a shock wave anthiso in

study the shockwave did not play a role in the ignition process.

o Attempt |, Height
0O Attempt 2, Height 10
Attempt 1, Velocity
= === Attempt 2, Velocity

0.1

Height (m)
Velocity (ms™!)

0.05 r

1}
&

0 L I 1 > -
0 0.01 0.02 0.03 0.04 0.05
Time (s)

Figure 312 Graph of change in results with small change in ignition position for a

hydrogen diffusion flame at 28 msignited at the plate centre.
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The eposure time used in the high speed imaging wasahd the maximum velocity
observed was less than 3 mhfer the methane flames, and 90 hfsr the hydrogen
flames, which means that the flame front moved no more thran 8r 90nm within 1
frame for tle methane or hydrogen flames respectively. This means that the images
were sharp enough to judge the height of the flame to an accuracy of IHawaver,
discrepanciesccurred when judging the flame front position due to interferences from
convection arrents in the ambient air. These discrepancies nemore than 4 pixels.
The largest distance per pixel observed was 0.46 mm and so the height measurements

are accurate th.8 mm, and the error bars are too small to add to the graphs.

The accuracy ofthe curve fitting depends on the number of data points in the
height/time graphs. For some of the cases, the velocity was so fast that only 5 data
points were recorded. The curfiting was performed in MATLABand the lowest
degree polynomial was used dgove the best fit for the data and to avoid efriing.

This method is accurate enough for the velocity trend approximatiegs3 .10, but

not for calculating acceleration values, as this would require differentiating twice.

The propagation of the flame front is three dimensional and the schlieren images do not
pick up on the 3D motion of the flame front. However, the analysis was fiw the

centre line of the flame front, which still gives insightful information into the
propagation with or against the fuel stream flow. The main focus of the flame
propagation studies is the trends of the instantaneous, time dependant propagia¢ion of
flame front at different conditionsTherefore, the results were not averaged over
different cases as this would remove the instantaneous behaMieuschlieren will be

used for the aforementioned diagnostic techniques, and will be compared with the
thermal imaging results and with the direct imaging. The next section deals with the use
of the direct imaging camera for the impinging flames.

3.5. Direct Imaging

3.5.1.Experimental Setup
A Casio EXF1 6 MP digital camera was used alongside the schlieren imagitigats
visual images of the flames could be compared withstidierenimages. The camera

has frame rate settings from 30 to 1200 fps for recording videos, with reduced image
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size (336 x 96 Pixels) for the higher frame rate. It has International Standards
Organisation (ISO) sensitivity settings ranging from 100 to 1600, and shutter speeds
from 60 to 1/40000 s, with an ISO of 400 representing the slowest shutter speed and
1600 the fastest. The aperture size can be adjusted fpom27 to 7.5[260]. The
shutter speed and aperture size were varied when capturing images of the flames since
the hydrogen flames have a much lower emission in the visible range and so a longer
exposure time creates morgsibble images. The shutter speed for the propane flames
was reduced due to the high emission from the yellow sooty flames. This was so that
images could be captured showing the flame size and shape with the best temporal
resolution and brightness for eadlame. Since the images were only used for
qualitative visualisation, the camera settings could be adjusted to suit the flame type
without affecting the results. The camera was positioned horizontally to the plate so that
the images could be compared te gthlieren images. In addition, for some cases, the
camera was also positioned at an angle to the plate so that the flame distribution across
the plate and the flame mode could be more easily visualised.

3.5.2.Comparison with Schlieren
The images showed vast differences in the position and size of the visual flame and the
schlieren imageskig. 3.13shows an example of schlieren andedt images of the
same flame. The position of the hot gas layer from the schlieren irkage3(13) is
represented by the white line in the direoageFig. 3.13). The flame also appears
thicker in the schlieren images due to the mixing of the unburned and burned gases.
This allows the flame whinteractions to be analysed in terms of the visual flame and
of the density variations and hot gas layers.

(a) (b) (¢)

Figure 313 Examples of (a) A schlieren image, (b) A direct image from the side and

(c) A direct image from belowor a lifted propane flame.

Figure 3.1 was taken at a different angle Fbg. 3.1 and shows the flame

distribution across the plate but not the shape of theFjgtire 3.13 and c also
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illustrate the differences in camera shutter speed; for the higher shutter Bpped (
3.1%) the temporal details of the flame can be seen but the lowtersbpeedKig.
3.13%) shows the flame colour and position. In addition to the flame visualisation,

thermal imaging was used to measure the wall teatpes. This will be discussetbw.

3.6. Thermal Imaging

In addition to the flame structure visualisation techniques discussed, thermal imaging
will be used to study the flame wall interaction in terms of the temperature distribution
across the plate. Various methodologies have been developed in order tahaihsal

imaging as a tool for impinging flame analysis. These methods will be described in this

section andhe results will be presentad Chaptels.

3.6.1.Experimental Setup

Camera Types
Two thermal imaging cameras warsed the FLIR SC3000 and the FLIR SC640. The

mechanisms of these cameras have been described in S2&idri.2 The SC3000
uses theself-coolinganalysis systerand the SC640 uses theaooled microbolometer

focal plane arrayThe specifications of each camera are outlinethivle 34.

The SC3000 was used for the experiments in this thesis due to the lower wait time and
the higher frame rate. The SC640 has a higher spatial resolution and so was also used
for some experinms. However, these results are not presented here as they were for
comparison with the PIV measurements which were unsuccessful as will be discussed
in Section3.7. When balancing out the advantages of each camera, the SC3000 was
more suited to the experiments, since portability and quick cool down times were not
particularly required, whereas a higlarire rate at a large picture size and a short wait

time were very advantageous,. In addition, the resolution of the SC3000 was sufficient.

121



Chapter 3: Experimental Setup and Methodologies

Feature FLIR SC3000 FLIR SC640

Mechanism Selfcoolinganalysis system Uncooled microbolometer
focal plane array
Frame rate 50 Hz with no reduction ir 15 Hz with no reduction ir

viewing area, to 750 Hz witl viewing area, to 30 Hz witl

reduced viewing area size. reduced viewing area size.
Cool down time Approximately 6 minutes. No cool down time.
Size/Portability Large heavy cameraand  Smaller camera and equipme

equipment not suitable for  (weighing 1.7 kg) for portable

portable use with PC. use.
Wait Needs to be booked2months Needs to be booked > 5 mont
time/availability in advance. in advance.
Software ThermaCAM Researcher. ThermaCAM Researcher.
Temperature 253 Kto 2273 K. 233 Kto 2273 K.
range
Accuracy + 1 % for temperatures up to 4z Unspecified.
K and+ 2% for temperatures
over 423 K.
Thermal sensitivity 20 mK at 303 K. 60 mK at303 K.
Spectral range 8to 9Im. 7 to 13m.
Resolution 320 x 240 pixels. 640 x 480 pixels.

Table 34: Properties of the SC3000 and SC640 thermal imaging cameras.

Setup
Figure 3.14shows the setup used for the thermal imaging. The thermal imaging camera

was positioned at an angle of°46 the plate normal for the quartz plate and 0 the

steel plate, which was th@mallest angle achievable in the sewdple being able to
observe enough of the platéhis was acceptable since the directional emissivity for
nonconductors is generally constant for angles less than the grazing angle of 40 ° for
conductors and 70° faron-conductord132]. Also, diffuse emissivity is nearly always

an acceptable approximation, even though glassy materials may display strong secular
peakg130]. Since the angles were kept the same for the same plate material, the results
could be quantitatively compared meaningfullihe methodologies developed for the

thermal imaging analysis of impinging flames will now be discussed.
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Figure 314: Schematic ofthethermal imaging camera setup.

362.6Fl ame Switch Offo6 Met hod

Methodology
The spectral ranges of both cameras were too small to mahsuilame temperature

due to the high range of emissions from the flame. Therefore the thermal imagng w
used to measure the plate temperature by
the plate. This was done by heating up the plate at tHéogetonditions and waiting

until a steady state was reached. The steady state was determined by watching the
temperature readings at particul arFigospot
3.15 and waiting until the temperature was no longer rising. This means that the
temperature has reached a steady state since the amount of heat being put into the
system from the flame is equal to the amonfnbeat lost to the atmosphere and to the
plate. The large fluctuations seen in the first part of the graptigin3.1% are due to

the flame emissizs and movement. Three spots were chosen at different radial

positions, and hence different temperature regions, for higher accuracy.

Once a steady state was achieved the camera was set to record at 50 Hz for the SC3000
and 15 Hz for the SC640, so thah@gh fame rate could be reached without loss of
viewing area. The temperature could not be monitored while recording due to the slow
buffering rate. The flame was then switched off suddenly at the valve ant ithadge

without a flame was used for theadysis (for example the last imagekig. 3.19. The

plate was then left to cool before the next case (negative gradient cuRrgs3rilH)
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Figure 315: (a) Snap shot of thermal image with the flame impinging on it and three
spot positions (b) Screen snap shot of the graph showing the temperatures of the spots

against timedisplayingthe heating and cooling of the plate.
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Figure 316. Example sequence of the flame switching off (each image is 0.02 s apart).

Accuracy

The SC3000 gave a greater accuracy in this method due to the higher frame rate of the
camera. The maximum temperature variation for the quartz plate was less %han
within the first 0.2 s and for the steel plate was €1lin the first 1.5s, giving an
accuracy of 1 % for the quartz plate and 0.13 % for the steel plate over 0.2 s between
switching off and the flame becoming completely extinguistied. (3.19. Due to the

high thermal inertia of the plate, the temperature can be measured in this way to

represent the temperature of the plate while the flame isngimg on it. Certain
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analysis tools available in the software could then be applied to the image for image

processing and analysis and these will be described now.

3.6.3.Thermal Profiling

Methodology

In order to profile the thermal footprint of the plate, pieel information for the plate
temperature values were extracted for a line taken across the centre of th€iglate (
3.17a) using the THERMACAM Re=archer software. From this profile, the

temperature along the centre line of the plate was plotted against radial distance and

defined as t he

Temperature (K)

Temperature (K)
N
=]
(=]

630

580

Figure 317: (a) Thermal image of the steel impingement plate heated byraxec:

propane flame and (b) Corresponding thermal profile.

60t emp e IFig.t 3ulb)e Stepp termperatwed
gradients near the ends of the line demarcated the positions of the edges of the plate.
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of

The heat transfer to the plate can occur via three different scenarios: heat transferred

from the direct flame impingement (i.e. the combustion zone), hot gas impingement (i.e.
the products) or the fuel and air mixture impingement (i.e. the reactantshebibe

transferred from the flame will be higher than that of the products, which will in turn be

higher than that of the cool reactants. The thermal footprints can be used to identify the

most likely scenario at certain plate locations, and can aid trerstadding of how the

flame conditions can affect the heat transfer to the plate. A peak in the temperature
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profile indicates that heat is flowing away from that location in both radial directions
(Fig. 3.1'b, point A), and so it is likely that the actual flame is impinging on the plate at
this location. On the other hand, a dip near the stagnation ragmn3(7b, point B)
indicates that heat is flowing inwards towards the centre of the plate, showing that
unburned fuel or fuel/air mixture reaches the plate at this region. The schlieren and

directimages can help to verify this information.

In addition, radiation losses from the plate were calculated using a trapezoidal
numerical integration of the radiation heat loss equationZ2d, p. 30) in MATLAB.

For the steel platehé pixeltemperaturénformationwas usedor T(r), and{r) was set

at 0.79 or 0.96 for the plates covered in soot. The method for the quartz plate will be
discussed irsection3.6.4

Accuracy
The average distance per pixel was 150 mm per 150 pixels, giving a maximum error of

0.7 % in the radius distance measurements. The error in the temperature measurements
as discussed in Secti@6.2is maximum 1 % for the quartz plate and 0.13 % for the
steel plate, for the switch off method. However, differences in temperature will occur
depending on the determination of steady state. Since the temedratrease when

being heated is exponential, and due to the variations in temperature due to the flame, it
can be difficult to assess when a steady state has been rekahe8l.15. This will

produce less repeatable resufsgure 3.18 shows two attempts for propane flames
impinging on the stegdlate at various equivalence ratios. It can be seen that there are
quite large differences for the diffusion ahé 15.8 cases (around 10 %), but not much
difference for the other premixed cases (around 1 %). The average change between two

cases taken aiositions of 0, 0.05, 0.1 and 0.15 m from the stagnation point is 5.1 %.

The emissivity must be inputted into the software and if the incorrect emissivity is
entered then the error will be significant. Using a typical temperature value of 688 K
from a themogram of the steel impingement plate; when the emissivity was changed
from 0.79 to 0.80 or 0.78 the temperature changed by 0.4 %. However, when the
emissivity was changed to 0.7 or 0.9, the difference was 4 %, and for 0.6 it Was 17
For a lower temperate reading of 457 K, the values are 0.3 %%3and 6 %
respectively. Therefore the error in the temperature reading with respect to the
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emissivity for the steel plate is around Q% since the emissivity is accurate to 1
decimal place. The emissivity faéhe quartz plate will be discussed in Sect®6.4
The temperature values were not compared to thermocouple readings due to the need
for drilling and also since the thermocouples could not withstand the high temperatures

produced by the direct flame impingement. This is reserved for the scope for future
work.
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Figure 318: Differences between two attempts for proppreamixed flames using the

flame switch off method.

The angular dependence of emissivity and infrared radiation was tested for the plates by
taking images of the plate at angles of,3%5°, 60° and 73 when heated by a premixed
propane flame and plottinp¢ change in viewed temperatufidne 30 angle could not

be used for the experiments as the whole radius of the plate could not bdtseen
differences in temperature for various radial positions results are giviebla 35. For

the quartz plate, there is a minimal difference of less than 2 % between the temperatures
for angles between 3(and 60. However, the temperatures changed dramatically for
the 75 angle, agreeing with the theory regarding the angular dependence of emissivity.
For the steel plate, the temperature difference was less than 8 % between andles of 30
and 73, but reduced to 3 % between°38nd 453 (Table 35). This shows that the
angular dependence of the thermal radiation plays no significant role in the temperature
determination, but that the angular dependence of the enyssithe materials used in

this thesis matches the theory for conductors andcoaductord130, 132] The next
section deals with the methodology to deal with the temperature dependent emissivity
properties of thguartz plate.
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Radial Quartz Plate - Maximum Difference  Steel Plate- Maximum Difference
Position (m) Between 30 and 60 (%) Between 30 and 45 (%)
0.05 0.97 1.36
0.075 1.86 3.01
0.1 0.37 2.04
0.125 1.69 2.74

Table 35: Themaximum temperature changes at various radial positions with change in

viewing angle for the quartz and steel plates heated by a premixed propane flame.

3.6.4. Temperature Dependent Emissivity
Some materials, for example fused qudreve emissivities that depa on temperature.
This can cause problems with thermal imaging cameras, as the emissivity determines
the output temperature value. This section deals with an iterative methodology used
with the thermal imaging software to resolve this issue.

Emissivity ofFused Quartz
The temperatureependent values of emissivity for fused quartz were taken [261]

for 873 K< T < 1329 K and fronj130] for T = 294 K (with emissivity equal t®.93 for

the room temperature value). These valuesshoavn inFig. 3.19and lines of best fit

for polynomial and exponential equations have been plotted, with the lines and
equations shown on the gragthese best fit lines will be compared for various cases. It
can be seen that the polynomial fits the data more closely. However, the turning point of
the polynomial will cause problems for temperatures higher than those shown on the
graphs. In addition, & two curves will grow further apart for higher temperatures.
However, any temperatures higher than 1329 K calculated using this methodology
should be discarded since the curve fitting only takes into account temperatures between
293 and 1329 K. In additm since there is a large gap between 293 K and 873 K, care
should also be taken for these temperatures values. However, most temperatures studied
in this thesis are within the range of 873 to 1329 K.

The spectral diapasons used[261] were 3.6- 5.0 em, although it is not specified
whether the emissivity measurements were limited to this range orevhb#dse were
total emissivity values, and {i30] total emissivity was used. This thesis will assume

that the emissivitgemperatue curve will behave in the same way for the camera using
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a spectral range of 89 em, as most surfaces, except for highly conductive metals, can

be approximated as grey bodj262].

Eos
=
g 04 | ¢ Fused Quartz Emissivity
= 0.
— Poly. (Fused Quartz i )
02 - Emissivity) y=4E-07%?- 0.0013x + 1.2601
— Expon. (Fﬁsed Quartz. o DD
o Enussivity) 2 =11 e ‘
i} 200 400 600 800 1000 1200 1400

Temperature (K)
Figure 319: Emissivity values for various temperatures from souft88, 261]with

the best fit polynomial and exponential curves.

Methodology
For the thermal profiling, the emissivity along the line had tonpetied as a constant

value, giving incorrect temperature profiles. To overcome this difficulty, a series of
O0spotsbd were t akiren8 pxé¢lsoapagtcfossescdm the lna iRig. e
3.20, whereby the emissivity of each spot could be inputted individually. An iterative
procedure was then performed on these series of spots for each case in guestion.
order to obtain an accurate approximai the emissivity at each spot should be
determined. Initially, the emissivity can be set to any value, and in this thesis it was set
to the default value of 0.98. The initial temperatures at each spot were then extracted

and the first iterations of trEmissivities were calculated from E@s3 and3.4:

e=4310"T? - 0.001F +1.2601, (3.3)

e=1.1752e %107 (34)

whereUis the emissivity of the plate at each point dng the temperature of the plate
(in K) at the corresponding point. The emissivities were then separately inputted into
the spots in the image and the first iterations of the temperatures extracted. This
procedure was repeated until the emissivities hadverged to two decimal places,

usually requiring four or five iterations.

129



Chapter 3: Experimental Setup and Methodologies

662.9 K

Figure 320: The spot analysis tool arrangement for an example thermal image.

An example of the iterations in the temperature profiles for the polynomial and
exponential curves are given kings. 3.21a and b respectively. Theitial temperatures

were taken from the data extracted from the line and the iterations were performed on
the spots Kig. 3.20, giving fewer datgooints. This example is for the quartz plate
having been heated by a propane premixed flame and with a normalizedtogaale
distance lt/d) of 21.7 and an equivalence ratio of 7.9. It can be seen that the exponential
and polynomial curves give differeresults, due to the differences in the curve fittings
(Fig. 3.19. This will be discussed in more detail in ChapierWhen the diffusion
flames were used, the plate was covered in soot and so the methodology was not used
for these cases. Instead the temperatures from the initial line werewitbe@n
emissivity of 0.96 as for theootcoveredsteel plate.

The radiation losses for the plate were calculated in the same way as for the steel plates
(Section3.6.3, except that instead of using the pixel information from the line, the
iterated spot values were used, along with the emissivities for each individual spot,

giving values forT(r) and€r) for use in Eq2.24 (p. 30).
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Figure 321: An example of théerations for the emissivity correction method using (a)

The polynomial and (b) The exponential fits.

Accuracy
The initial spot temperatures were matched with the temperatures from the points in the

line (at each 8 pixel mark) to give distances accuwafepixel, which was typically

equal to 0.001 m in distance. The emissivity values are converged to 2 decimal places
Therefore, the main error from this technique is in the accuracy of the emissivity
temperature curveand of the emissivity value$he arve fittings will be discussed

and compared in Chaptgr The improvement of the accuracy of this technique is
reserved for the scope for futurenk. For this thesis, the emissivity values from the
sources and the curve fitskig. 3.19will be used for the purposes of assessing the
methodolog and the effects of the temperature dependent emissivity of the quartz plate
with respect to impinging flame$he use of PIV for the impinging flames will now be

discussed.

3.7. Particle Image Velocimetry

In addition to the thermal imaging and visualisatiGchhiques, Particle Image
Velocimetry (PIV) was attempted in order to obtain quantitative measurements of the

flow velocity near the wall. This will be discussed in this section.
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3.7.1.Experimental Setup
Particle Image Velocimetry (PIV) waattemptedfor mapping velocity distributions
within the flow as discussed in ChapgrFigure 3.22 shows the schematic of the PIV
setup. A double pulsed Nd:YAG laser sheet with a 532 nm wavelength, 10 mJ per pulse
and a 15 Hz pulse rate was used to illuminate a cross section of the flame through the
cente. A TSI POWERVIEW Plus camera was positioned perpendicularly to the laser
sheet in order to capture the cross sectional image. Aluminium oxig@sjAdarticles
were introduced into the flow using a Dantec Dynamics (model 10F01) solid particle,
sonic jetseeder. The AD; particles were 3m in diameter with a density of 4000 kg

m3,

Plate

; ; [l Nd:YAG Laser Insight 3G
software
1 Burner
p=———y

o
Seeder TSI

. POWERVIEW . . I
) Mixing Plus Camera Synchroniser
Air Fuel  cylinder

flow flow

Figure 322: Schematic of PIV setup.

The seeding particles were introduced into the air flmhich was connected tan 8

mm pipe to the burneithe fuel line was connected to the seeded air via a tee junction
placed after the seeder to avoid risk of a fuel leak, as the seeder was not 100 % leak
proof. This meant that diffusion flames could not be studied using PIV. In addition a

oneway valve wasnstalled to avoid the hydrogen leaking into the seeder via backflow.

The camera and laser were connected to a TSI LASERPULSE Synchroniser (model
610035) in order that the laser pulse, camera shutter and data acquisition could be
operated simultaneouslyp a 1 ns resolution. The synchroniser was controlled by

Insight 3G software which was also used for data processing.

PIV can be used in this way to gain 2D velocity distributions of the particles within the
flame. Information such as vorticity and valgycmagnitude can also be computed.
However, in order for the results to be meaningful, the particles must follow the flow

accurately and must also scatter sufficient light from the laser to be picked up by the
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camera. Therefore the seeding density mustabge enough to scatter enough light
while the particle density must be low enough to follow the flow. The seeding density

must also be consistent if ensemble averages of the results are to be performed.

3.7.2.Problems

Many challenges arose when using PIV fog tmpinging flames in this thesis. Various

solutions were put in place to deal with these problems and these will be discussed now.

Seeding Particle Agglomeration
Many problems arose when seeding the flow. The main problem was inconsistent

seeding density caused by blockages in the piping system. A main cause of the
blockages was the humidity in the air flow. This caused the powder particles to
agglomerate. The falving measures were put in place to resolve this issue. Firstly,
compressed bottled air was used rather than air from the compressor inside the lab. This
reduced the humidity of the air flow. In addition, the seeding particles were baked in an
oven at 473K for 10 minutes prior to the experiments. This dried the particles out
before introducing them into the air flowigures3.23 and 3.24 show sequences of
images taken for air flow at a nozzle exit velocity of 6.5 with and without baking

the particles respectively, for bottladt. The nozzle is located in the bottom left of the
images and the plate is seen by the line at the top of the images. It can be seen that
baking the particles helps to appease the particle flow through the pipes, giving nearly
consistent seeding densityer the sequence of imagésd. 3.23. Whereas not baking

the particles causes clogging and inconsistent seeding density as well as blocking the
flow (shown by the straight flow out of the nozzle in the latter imagEgyir3.24. This

was followed by bursts of high seeding density flow (shownhieypink areas iifrig.

3.24).

i. 7‘—

Figure 323: PIV sequence of air flow after baking the seeding patrticles.
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Figure 324: PIV sequence of air flow without baking the seeding patrticles.

However, these images are for the flow of air, and since it is impinging flames that are
the subject of this thesis, it is the near wall flow of the flames thatpsrtant. The
hydrocarbon fuels could not be used due to the low air flow rates required to sustain
premixed flames, whereas the hydrogen flames could exist with much higher air flow
velocities. However, other problems arose when using the hydrogen flaimel will

be discussed now.

Hydrogen
When using hydrogen, a omeay valve had to be used in order to stop the backflow of

hydrogen into the seeder. The valve contained small parts and became totally blocked
after each case, so that it did not stop thekbow and hydrogen leaked into the air
through the seeder. Cleaning the valve between each case solved this problem, but the
valve still caused the seeding particles to become stuck, and to be released in short
bursts of high seeding density powd€&igure 3.25 shows a burst of high density

seeding particles followed by a decline in seeding density for a typical case.

- y 4 . 3
A \ = ! ) A
s \ A W

Figure 325 PIV sequence of hydrogen premixed flame.
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In addition, when hydrogen was used, the seeding particles did not follow the flow
along the plate. The drag force (Bb) for the hydrogen premixed compositionRig.
3.25is 3.7 times larger than for the air compositiorFig. 3.23(based on the nozzle
exit velocities) due to the higher velocity of the former. Therefore, the \egitity
changen the stagnation region caused the seedartjgles to remain in the stagnation
region when hydrogen was used. This was also observed by the seeding particles
becoming stuck to the plate in the stagnation region in a cone shape after each case was

completed.

Fy =1/2(rv2CoA), (35)

where Fp is the drag forcer is the densityy is the fluid velocity,Cp is the drag

coefficient, which depends on the geometry of the opgectAy is a reference area.

Light Scattering from the Plate
If the seding problemsan beovercome, PIV can be a useful tool for obtaining local

velocity information within the flow and can be combined with schlieren and thermal
imaging to give a more complete description of the flame structure and heat transfer.
However,information very close to the plate cannot be gained due to heavy scattering
of light from the plate surface (shown by the pink lines at the plate locatiéigin

3.23. The height of the camera with respect to the plate can be adjusted so that the light
does not scatter into the camera lens, but this reduces the amount of information
regarding the flow near the wall. Lower laser intensity can alagsbé so that the laser

does not damage the camera but this reduces the scattering intensity.

Unfortunately, the accumulation of the problems discussed and the combination of
equipment and time constraints meant that PIV could not be used to analysenthe fla
wall interaction of impinging flames in this thesis. Therefore, the development of the
PIV technique for use with the other techniques that are a main focus of the thesis is

reserved for the scope for future work (Chagder

3.8. Conclusions

Details of the experimental setup have been given, including the two burners, the plate
holding device and the ignition and flow control methods. The fuels used in the

remainderof the thesis have been discussed, including the syngas compositions, and the
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plate materials, fuel control and mixing system have been described. LabVIEW has
also been used to control the flow rates and to calculate various properties of the fuel
compogions used. The setup is excellent for studying the flame wall interaction of
various impinging flames due to the ability to visualise the flame and flow structures
from various angles and to control the flow rates for adequate mixing of the individual

fuels.

The imaging tools have been described, including direct imaging, high speed schlieren,
thermal imaging and PIV. The setups of each diagnostic technique have been given in
relation to the impinging flame setup. The methodologies that have been devielope
these techniques have been discussed. These are the wrinkle scale technique and flame
front propagation analysis for the schlieren technique, and the flame switch off method,
thermal profiling and temperature dependent emissivity methodology fahénenal
imaging. The comparison of the direct imaging with the schlieren imaging has also been
discussed. An accuracy evaluation for each methodology has been given. It has also
been discussed why PIV could not be used in the experiments in this fhesis.
combined use of these experimental techniques and methodologies can allow
meaningful comparison and discussion of the flame wall interaction of impinging

flames.

The next chaptadescribe®f the details of CHEMKIN and Gaseq for the computational
analyss of the laminar flame speeds and adiabatic flame temperatures of the mixtures
used in the thesis. Following that will be the experimental results using the techniques
and methodologies discussed in this chapter.
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4.Computations

4.1. Introduction

Thermodynamics and chemical kinetics have greatly increased the scientific knowledge
regarding combustion and the mechanisms involved, which, along with advances in
computational power, has allowed detailed simulations of complex combustion
processes and a larger range of combustion phenomena to be investigated. The use of
computational means allows processes to be simulated before experimentation which
can save time and resources. Other uses of computation in combustion are seen in
Computatioml Fluid Dynamics (CFD) wittapproachesuch as LES and DNR63].

Both methods are uddor predicting unsteady features of flow fields, such as vortices,
and for solving complex flow fields which can be used for turbulence and mixing
modelling[264], and can be used alongside many experimental techniques, which have

also developed greatly over the last few decades.

Chemical thermodynamics applies the laws of thermodycgrto norequilibrium
systems, in particular to systems which involve chemical reacfR1s265] using

thermochemical laws:

1 The heat change accompanying a chemical reaction in one direction is exactly
equal in magnitude, but opposite in sign, to that associated with the same

reaction in the reversei@ction.

1 The resultant heat change, at a constant pressure or constant volume, in a given
chemical reaction is the same whether it takes place in one or in several stages
[22].

Chemical thermodynamics allows therediction of the effects of a change in
temperature, pressure or composition on an equilibrium rea@tsj, which can be
applied to programs such as tiNational Aeronautics and Space Administration
(NASA) Chemical Equilibrium with Applications (CEA) and Gaseq to predict the
adiabatic flame temperature and final equilibrium product species concentf@@yns
266]. Gaseq will be discussed in more detail int®ect.2 and will be used to calculate

the adiabatic flame temperature of the various compositions used in this Thesis.
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Chemical kinetics, unlike @mical thermodynamics, is able to give information
regarding the rates of the chemical processes invgR&dChemical kinetics is a study
of the reaction rates and mechanisms in chemical reactions and of the factors that affect
the reaction rates, including temperature, reactant concentration, pressure and radiative
effects [13, 22] Chemical kinetics has been #pd to the computer program
CHEMKIN, which can determine a wide range of thermodynamic properties and
mechanisms, including adiabatic flame temperature, flame speed, autoignition time and
detailed reaction mechanisii&67]. CHEMKIN will be discussed further in Sectidni3
and will be used to calculate the laminar flame speed and adiabatic temperature of the

mixtures used in this thesis.

This chapter deals with the comtptions used to calculate the adiabatic flame
temperature and laminar flame speeds of the fuels used in this thesis. The basics of
Gaseq and CHEMKIN will be discussed along with the specific setups for the
computations performed in this chapter. Graphadifibatic temperature and laminar

flame speed against equivalence ratio will be given for the various fuel compositions.
4.2. Gaseq

4.2.1.Description
Gaseq is a chemical equilibrium program for Wind¢@286]. It can be used to calculate
a variety of parameters for equilibrium processes. It uses chemical thermodynamics to
calculate final product species, temperature, densityvasubsity (among others) for
equilibrium reactionsk-igure 4.1 shows a screen shot of the calculations performed for a
stoichiometric hydrogeair flame.The initial reactant mole fractions, temperature and
pressure can be specified, as can the prodett (®r example, KHO./N, or
Hydrocarbon/N/O,) and problem type (for example, adiabatic temperature at constant
volume or pressure, or shock calculations). The product composition and final variables

can then be calculate#i@. 4.7).

Gaseq will be used in this chapter to calculate the adiabatic flame temperatures of the
mixtures used for a range of equivalence ratios. The problem type will be set at
adabatic temperature at constant pressure, with initial temperature and pressure of 298

K and 1.0 atmosphere (atm) respectively. Gaseq can provide a larger range of
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equivalence ratio results than CHEMKIN due to the constraints for CHEMKIN at lean

and rich nixtures In addition, Gasewill be used to verify the CHEMKIN results.

Input Input
problem product
| . type set
- Problem Type rInput File Page lille—fi
Adiabatic T and composition at const P 1' [~ Frozen Chemistry ‘ | — .{i | |
reviot e
Reactants Products '.I"
A View Species |
Species No.Moles MolFrac\ K Speci No.Moles MolFrac K
N2 0.79000 0.55634 Add | Delet | N2 0.79000 0.64582
02 0.21000  0.14789 \p, ¢ 8 ool H20 0.39646  0.32411
H2 0.42000  0.29577 p 02 0.00685  0.00560
reactants | ClearReacts | Clear Prods | |H2 0.01788  0.01462
OH 0.00910  0.00744
H 0.00222 1.81e-03
CloatAN | 2P | Hch | 0 7A07e-04 6.06e-04
Stoichiometry, Phi | 1.000  Set.. | UniformT
MoH ~Reactant Products-— Calculated
Temperature, K 2388.8
ulate (F10) Pressure. atm pI’OdUCt. .
/ Volume Products/Reactants §.9054 COIIIpOSlthIl
Inp ut Moles Products/Reactants 0.86144
initial -0.001 HO. kcal/mol -0.001
P 43.868 S0, cal/mol/K 64.274
conditions 6.943 Cp. cal/mol/K 10.025
1 1.4 Gamma, Cp/Cv 1.247
o Y-S 20.M Mean Moleﬁculal Weight. g 24.2&_\ Calculated
e e 0.8553 Density, kg/m3 0.12386 final
or property by 407.3 Sound speed. m/s 1009.8 .
double clicking -0.03 Enthalpy. H, kcal/kg -0.03 conditions
it. 2097 47 Entropy, 5. cal’kg/K 2647.33
-28.35 Intern Energy. U. kcal/kg -195.56
-625.08 Free Energy. G. kcal/kg -6323.97
331.95 Cp. cal/kg/K 412.91
24.4537 VYolume. m3 196.023
2.46E+19 Molecules/cc 3.07E+18
4. 09E-05 Moles/cc 5.10E-06
1.82E-05 Viscosity, kg/m/s 7.49E-05
2.13E-05 KinematicVisc, m2/s 6.05E-04
1.18E-02 ThermCond,cal/m/K/s 3.89E-02
4 16E-05 ThDiffusivity, m2/s 7.62E-04

Figure 41: Screen shot of Gaseq calculations.
4.3. CHEMKIN

4.3.1.Description
CHEMKIN, as the name suggests, uses chemical kinetics rather than just chemical
thermodgynamics. It utilises detailed reaction mechanisms and reaction rates to give

information about thermodynamic processes.

1D Laminar Flame Structure
For this thesis, CHEMKIN will be used with PREMIX, which uses the 1D laminar

flame structuredo calculate the adiabatic temperatures, product species concentrations

and laminar flame speeds at various positions along the flame |I&nghe 4.2 shows
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an example of the 1D laminar flame structure for a stoichiometric hydiagdiame
calculated using PREMIX.
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Figure 42: 1D laminar flame structure shavg the temperature argd) The major
species and (b)lle major radicals for a stoichiometric hydrogenflame, calculated
using CHEMKIN with PREMIX.

The major species ¢10, and HO) are shown irFig. 4.2a and the major radicals in

Fig. 4.2. It is assumed that the unburned gases are moving &fro Iright through

the reaction zonewhere thg combust into the burned gases and whbigh
temperatures are releasddg( 4.2) and radicals angroduced Fig. 4.2). Left of the
reaction zone is thpreheat zonewhich is composed of only reactants, (&hd Q).

This zone is diffusion dominated and consists of heat and mass diffusion into the
reactantg268]. To the right of the reaction zone is tfeal oxidation (or burnt ou)

zone where there is a slow approach to the final equilibrium state, which is composed
of only products species-(g. 4.2. The graphs irrig. 4.2have been cut at 0.3 cm so

that the profiles in the reaction zone can more easily be seen. Further to the right, the
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temperature continues to rise slowly and the radical species fractions approach zero.
Most hydrocarbon and hydrogen flames follthws structurg268]. The adiabatic flame
temperature is calculated in the far right (at ~ 10;amtjere all of the reactants have
combusted into products and all of theaidable heat has been released. The laminar
flame speed is calculated at the left where the unburned mixture propagates into the

burned mixtureKig. 4.2).

Governing Equations and Boundary conditions
PREMIX computes the temperature and species proffieg. @.2 in steadystate,

premixed laminar flamef269]. Two configurations can be used; burner stabilised or
freely propagating adiabatic flamga69]. It uses the governing equations (E44. to

44) along with transport properties relating to the diffusion coefficientstiaednal
conductivities for multi component formulas or for a mixture averaged diffusion model
[269]. The transport and thermodynamic properties and subroutines are stored in the
CHEMKIN and TRANSPORT databases. In addition, boundary conditions are imposed
for the two cofigurations. For the burner stabilised flames, the temperature and mass
flux fractions are specified at the cold boundary and have vanishing gradients at the hot
boundary[269]. For the freely propagating flames, the flame location is fixed by
specifying the temperaturé ane point so that the temperature and species gradients

nearly vanish at the cold bound4g9].

Continuity: Fy = ruA,, (4.2)
dTr 1 d dar A X dar A %
Energy: F -— k +—=arYvc, ,—+—awhM, =0, (42
gy M de Cpg de Adxf Cpgia:l 1717 pgl de Cpgkia:l i i ( )
: dy d :
Species: Fy,—+—(rAYV,)- AwM, =0  (i=1...,N), (4.3)
dx, dx
M
Equation of State: r=22 (44)
RT

wherex; is the spatial coordinat&,, is the mass flow rate (independentx9f r is the
density,u is the velocity of the fluid mixturé. is the cross sectional area of the stream

tube encompassing the flamik,is the temperatureg,q is the constant pressure heat
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capacity,k is the thermal conductivityy; is the mass fraction of specigsV; is the
diffusion velocity of species, N is the total number of specieg; is the molecular
production rate of speciesh; is the specific enthalpy of speciedM is the molecular
weight,p is the pressure ariflis the universal gas const4869].

Newton Method
The PREMK program uses the Newton iteration method to calculate the flame profiles

for freely propagating flames, which will be the setup used for the computations in
Section4.4. The unreacted mole fractions are inputted into the program, and the initial
estimated reactant, product and temperature profiles are specified in the reaction model,
which will be discussed in Sectigh3.2 The Newton iteration is then implemented,
which is followed by a timetep Newton iteration if this fails. These methods will be
briefly described here. The initial estimate of the mole fractions takes the form of flat
lines for the reactants in the preheat zone and for the products in the burnt zone,
connected by straighlines through the reaction zone, as shownFig. 4.3 The
intermediates, such as the radicals, take on a Gaussian peak at the centre of the reaction
zone. The linear starting profiles do not affect the accuracy of the results due to the
coarse starting meg$869].

Reactant

Product

Species Mole Fraction

Intermediate

| |

| I

X¢ Start x¢ Centre x¢End
Flame Coordinate

Figure 43: Example of initial guess profile shape for the numerical approximation
(adapted fronj269]).

The procedure begins by using finitéf@rence approximations to reduce the boundary
value problem (Eqs4.1 to 4.4) to a set of algebraic equations. A very coarse mesh is
used to begin with which is then refined at the points where the solution or gradients

change rapidly. This procedure is repeated until the solution is resolved degte=e
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specified by the usgR69]. For the Newton method, initially the governing equations
are discretised. The boundary conditions are then implemented and the iterations begin
from the starting estimat&ig. 4.3. A fixed temperature profile is used to converge the
species distributions and then the energy equation is implemented in order to converge

the temperature profild269].

A damped Newt on i solvenketntinedr aigebraic exjations on each
mesh, whereby a sequence of iterations are determined that approach the true solution to
within the limits specified by the user. The user specifies the tolerance of the
convergence, with a tolerance d>lor 10* giving an accuracy of 3 4 significant

figures respectively269]. In order for an accurate solution, a fine mesh must be used.
Therefore, the user begins the iterations on a coarse mesh and uses the solution as the
starting point for the iterations on a fmmesh. This makes the starting guess more

accurate for each finer mesh size uga9].

If a suitable convergence cannot be obtained, then the program proceeds to perform
time steps. Time stepping takes a solution that is not in the convergence domain of the
Newton methd to one that i$269].Time derivatives are added to Egsl and4.3 to

give a set of parabolic partial differential equations, and are approximated by finite
differences at time levelsandt + 1. The discretised transient problem is then a system

of nonlinear algebraic equations at time letvel 1[269], which can be solvedsing the
Newton method. If it fails to converge with the time steps then smaller time steps or a
new starting estimate should be u$269]. The next section will look at the reaction
mechanism that was used with the PREMIX program, which will be followed by the

specificsof the setup for the computations performed in Seeidn

4.3.2.Reaction Mechanisms
Various reaction mechanisms are available to use with the CHEMKREMIX
program. For methane, the most common mechanism is the Gas Research Institute
(GRI)-Mech, carried out at The University of California at Berkeley, Stanford
University, The University of Texas at Austin, and SRI Internati¢2@0d]. However,
this thesis deals with flames of methane, propane, hydrogen and syngas. Therefore, a
mechanism was used that is able to cover all of these fuels. This is the UnioErsity
Southern California (USC) Mechanism called the Higgmperature Combustion
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Reaction Model of HCO/G-C, Compoundg271]. It was developed from the GRI
Mech, with additional reztion models of H/CO, ethylene and acetylene ang fGel
combustion[271]. The mechanisms, transport data and thermochemical data can be
found in the sourcf71]. It can be applied to a wide range of combustiorupstand
incorporates thermodynamic, kinetic, and species transport updates relevant-to high

temperature oxidation of hydrogen, carbon monoxaae, G-C4 hydrocarbon$271].

It has been validated against experimental data for laminar flame speeds (and other tests
including ignition delay and burner stabilized flamé3)r hydrogerair and hydrogen

air equivalent (with nitrogen replaced by argon or helium), and for hydrogen with CO,
the results match very well with experimental dafégg 4.4a and b respectively).
However, for the methane and propane, the results are slightly off. Nevertheless, it was
deemed more appropriate to use the same mechanism for all of the fuels for consistency.
This makes it a suitable cheidor using with hydrogen, syngas, propane and methane
fuels and means that all of the computations can be performed with the same reaction

mechanism.

Methane O Vagelopouos and Egolfopoulos (1898)
B Vagelopoulos et al. (1994)
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Figure 44: Validation of the USC Mechanism with experimental data foHgir and
H.-air equivalent, (b) KHland CO, (c) Chland (d) GHs fuels (sourced fron271] with

referencesherein).

4.3.3.Setupand Method

The USC reaction mechanism was used withRREMIX program for all of the fuels

used in this thesis. The input values were kept the same for the different fuels and these
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are outlined infable 4. Wher e oO0initiald is stated, t
iterations and those shown in the table are the initial values. Otherwise, the values were
kept constant for all iterationsollowing the first iteration, the values were changed in
the ader shown inTable 42. First the mesh size was refined by decreasing the GRAD
and CURYV values. Following this, the computational interval was inede&s go
beyond the reaction zone, so that the adiabatic flame temperature could be taken at

10 cm, and the laminar flame speed;at-1 cm.

Code Definition Value

NPTS Number of points to begin uniform mesh. 20

GRAD Controls the number of poiniisserted in regions of high 1.0 (initial)
gradient.

CURV Controls the number of points inserted in regions of higr 1.0 (initial)
curvature.

XSTR Defines the start position of the computational interval (cn 0.0 (initial)
XEND Defines the end positioof the computational interval (cm). 0.3 (initial)

XCEN Estimated value for the centre of the flame (cm). 0.2
WMIX Estimate of the width of the flame zone (cm). 2.0
PRES Pressure (atm). 1.0
TFIX Temperature fixed for flame speed calculation. 350.0
FLRT Initial estimate of mass flow rate (g ¢ra"). 0.04
RTOL Relative tolerance (defines accuracy). 1x 10
TIME Number of time steps of specified time interval (S) 200 of 2 x 10

Table 41: Values of the parameters usedhie PREMIX program.

Iteration Parameter Varied Previous Value New Value

1 GRAD and CURV 1.0 0.5
2 GRAD and CURV 0.5 0.2
3 GRAD and CURV 0.2 0.1
4 XEND 0.3 2.0
5 XSTR 0.0 -1

6 XEND 2.0 10.0

Table 42: Values of thgparameters that were varied for the iterations in CHEMKIN.

An example of the results from this process is giverfrion 4.5for a hydrogerair

flame. Figure 4.5a shows that the adiabatic flame temperature istileases past the
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reaction zone, slowly increasing towards the adiabatic flame temperature. Between x =
2 and 10 cm, the temperature no longer increases and so this temperature can be used as
the adiabatic flame temperatufggure 4.5 is zoomed in to a section of the reaction
zone fromFig. 4.5, so that the iterations can be seen more clearly. It can be seen that
for each iterationmore pointsare addedo the areas of higher gradient and curvature

and even the second iteration has many more points than the initial one.
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Figure 45: Graphs showing the iterations for a hydrogénflame for (a) Adiabatic
flame temperature (with a zoomed in section shown in (b)) and (c) Laminar flame

speed.

Figure 4.5c shows the flame speed profiles. Again this has been zoomed in so the

iterations can be seen more clearly. It can be seen that the initial iteration is
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overestimated on both sides of the flame zone. Howevertaad 8" iterations show
the same velocity to the left of the reaction zone, where the laminar flame speed is
calculated, and so this value can be used for the laminar flame speed. The process was
repeated for various values of equivalence ratio untilpgfegram could no longer
compute the values due to the mixtures being too lean or too rich. This will be discussed

for the individual fuels in Sectiof.4.

4.4. Results

This section presents the results of the final iterations of adiabatic temperature and
laminar flame speed against equivalence ratio, calculated using CHEMKIN, for the fuel
compositions used in Chapters 5 and 6. The adiabatic temperatilresisov be
compared to the results from Gaseq, described in Sedt@nAll of the results

presented in this section are for fuels combustingrin a

4.4.1.Hydrocarbons
Figures4.6a and b show the adiabatic temperatures calculated for propane and methane
respectively using Gaseq and CHEMKIN. The laminar flame speeds calculated using
CHEMKIN are shown inFig. 4.7 Gaseq is able to calculate a higher range of
equivalence ratios than CHEMKINGHEMKIN could not compute the values fér<
0.6 orf > 1.3 for methaneor f < 0.6 orf > 1.4 for propane as the mixtures are too lean
and rich respectively. Thé= 1.4 values could be computed from x = 0 to 2 (iteration 4,
Fig. 4.9 for propane but not for lower values of x. Therefore the values shofsigsn
4.6 and4.7 are less accurate fédr= 1.4 than for the other equivalence ratios. It can be
seen fromFig. 4.6 that for the lean mixtures, the Gaseq and CHEMKIN values
correspond well for propane, bslightly less so for the richer/leaner mixtures (up to 2.4
% difference). For methan€if. 4.@) the values correspond very well for all values of
f (within 0.5 %).

The adiabatic temperature for propakey( 4.6) peaks at an equivalence ratio of 1 and
drops more steeply on the lean side than the rich side, giving a peak value of 2270 K,
dropping to 583 K af = 0.1 and to 1068 K at = 3 (from Gaseq). The laminar flame
speed peaks at 0.398 m at an equivalence ratio of 1.1 and drops at similar mes
either side of the peak to 0.163 and 0.183'mts" = 0.6 and 1.4 respectivelfig. 4.7.
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For methane the adiabatic temperatures and laminar flame dpstbégseak atf = 1.
The peak value of the adiabatic temperature is 2225 K, dropping to 577 K@f. and
1012 K atf = 3, being slightly lower than for propane at the same equivalatios
(Fig. 4.6§. The laminar flame speed peaks at stoichiometry at 0.361, drapping to
0.118 and 0.237 nmi'sat f = 0.6 and 1.3 respective{fig. 4.7). The laminar flame speed

is consistently lower for methane than for propane.
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Figure 46: Adiabatictemperatures calculated using CHEMKIN and Gaseq for (a)
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Propaneand methane have very similar laminar flame speeds and adiabatic flame
temperatures, with the laminar flame speed and adiabatic flame temperature of methane
at stoichiometry being 9 and 2 % lower respectively than propane. However, it is well
known that tle laminar flame speed of hydrogen is much faster than that of hydrocarbon
fuels. The next section will look at the results of the CHEMKIN and Gaseq calculations
for hydrogen, and for the hydrogeempositionswith small amounts of nitrogen and
CO, correspading to the fuels used in this thesis.

4.4.2 . Hydrogen with Additions
Figure 4.8 shows the laminar flame speeds calculated for hydrogen, hydrogen with 10
% nitrogen (which is the highest percentage of nitrogen used for the dilution of the
hydrogen to prevent flashback in this thesis), and hydrogen with 18 % carbon dioxide,
which is the percentage of hydrogen used for the IEO, compositions in Chaptes.
The hydrogen and H+ N, compositions could be calculated betwéen0.6 and 4, and
the H, + CO, between 0.6 and 3.

35
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Figure 48: Laminar flame speeds of hydrogen, hydrogen plus nitrogen and hydrogen
plus CQ calculated using CHEMKIN.

The laminar flame speed of hydrogen (red lin€ig. 4.9 is much higher than that of
methane and propane, being 5.7 and 5.2 times that of methane and propane respectively
at stoichiometry. In addition, the laminar flame speed peaks at a richer mixture
composition off = 1.6 compared to methane and propane which peAkdt and 1.1
respectively. The laminar flame speed of hydrogen is 8.0 and 7.2 times that of methane
and propane respectively at the peak values. The laminar flame speed of hydrogen
reduces less steeply ahe rich side than on the lean side of the peak value, in contrast

to methane and propane.
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When Nitrogen or C@are added to the hydrogen, the laminar flame speed reduces
significantly (yellow and purple lines ifig. 4.8respectively). The change is very small
for the lean mixtures, and increases as the mixture gets richer. Following the peak value,
the reduction in laminar flame speed remains @r@pmately 0.3 m S for hydrogen
with 10 % N> (9 - 19 % reduction betweeh= 1.6 and 4), and 0.85 T $or H, + 18 %
CO;, (28 to 39 % reduction betweeh= 1.6 and 3). The reduction in laminar flame
speed is more significant for the,/J8O, composition, partly due to the increased

concentration of the diluent.

Figure 4.9 shows the adiabatic temperatures of theHd/N, and H/CO, compogions
calculated using CHEMKIN. It also shows the temperatures for hydrogen calculated
using Gaseq (blue data points). The discrepancies between the Gaseq and CHEMKIN
calculations for hydrogen are similar to the hydrocarbons at the rich mixtures (within
0.5 %), but move further apart for the lean mixtures, with a difference of 3.27/% at

0.6.
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Figure 49: Adiabatic flame temperatures of hydrogen, hydrogen plus nitrogen and
hydrogen plus C¢) calculated using CHEMKIN, and bfydrogen calculated using
Gaseq.

Similar to the hydrocarbon flames, the adiabatic temperature of hydrogen peaks at
stoichiometry. The peak hydrogen flame temperatuie3snd5.2 % higher than that

of methane and propane respectivaiyg( 4.6. When N or CO, are added to the
hydrogen, the adiabatic flame temperature reduces. For thelld % N flame, the

peak temperature reduces by 2.2 %, and for the EB % CQ flame, the temperature
reduces by 8.2 %.
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Hydrogen has a much higher laminar flame speed than the hydrocarbon fuels
(approximately 10 times higher), and also has a larger adialzatie temperature. This

will cause higher heat transfer rates due the higher flame temperature and faster
propagation speeds due to the faster laminar flame speed. The effect of changing the
fuel on the wall temperature will be studied in ChaptePropane will be compared to
hydrogen, which has a higher adiabatic flame temperature, and so higher expected wall
temperaturesin addition, the propagatn for hydrogen will be compared to that of
methane, which has a much lower laminar flame speed and so a slower expected

propagation of the flame front.

The effect of adding nitrogen or carbon dioxide to hydrogen flames is a significant
reduction in adiastic temperature and laminar flame speed. This effect is larger for the
richer compositions. The effect of G@ddition on the propagation of hydrogen flames

will be studied in Chapteb. These will be compared to flames of hydrogen and
nitrogen, which will be used throughout the thesis. ThetHCO, flames have lower
adiabatic flame temperatures and laminar flame speeds than théjHcompositions

used in the thesi$n addition, syngas compositions will be looked at. The laminar flame
speeds and adiabatic temperatures of the syngas compositions will be discussed in the

next section.

4.4.3.SyngasCompositions

The laminar flame speeds and adiaba@mperatures were calculated for the four
compositions of syngas, namely, high High CO, high C@and high N, and for pure
hydrogen.Figures4.10a and b show the adiabatic temperatures calculated using Gaseq
and CHEMKIN respectively. It can be seen that the results agree well between the two
computational methods. The adiabatic temperature,phigh H and high CO are all

very similar at stoichiontey, with differences of maximum 0.7 %. However, as the
compositions become richer or leaner, the adiabatic temperatimgho€O becomes
higher than that of § with the high H, compositionlying in betweenEven so, the
differences betweeH, and high © arel.6 and5.2% at7 = 4 and 0.04 respectively
(using Gaseq). For the high @@nd high N compositions, the changes are a lot more
drastic, with differences in adiabatic temperature of 11.1 and 18.4 % respectively from

pure H at stoichiometry. Howeve the trends still remain the same for all
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compositions, with a sharp peak at stoichiometry and reducing more slowly on the rich

side than the lean side.
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Figure 410: Adiabatic temperatures of pure hydrogen and the syngapasitions
using (a) Gaseq and (b) CHEMKIN.

For the laminar flame speedri§. 4.1) the trends are different for the different
compositions, due to the differences between hydrogen and carbon monoxide. It can be
seen fronFig. 4.11that as more CO is added to the hydrogen (blue dotted line, red line
and yellow line represent COjHatios of 0, 0.4, and 2.0 respectively), the laminar
flame speed reduces drastically, particularly at stoichiometry. In addition, the peak
moves into a ricér part of the mixture, causing richer mixtures to have a higher laminar
flame speed than the lean or stoichiometric mixtures. As more CO is added, the peak

moves further and further to the rich side.

When CQ is addedpurple line inFig. 411, CO/H, = 1.0), the peak only moves a little
away from stoichiometry although the CQ/Ebntent is higher than for the High, H

flame (CO/H = 0.4). FromFig. 4.8 Sectiord.4.2it wasshown that the addan of CO,

to pure hydrogen causes the laminar flame speed to reduce but does not affect the

position of the peak. However, for the syngas compositions, the addition,cfees
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to move the peak closer stoichiometry The addition of C@causes the lamar flame
speed to be lower than that of the High CO flame, even though it has a HigGer
ratio. Again, the addition of nitrogen in the High, Momposition causes a larger
reduction in laminar flame speed and adiabatic flame temperature than for the High CO

flame.
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Figure 411: Laminar flame speeds of pure hydrogen and the syngas compositions.

4.5. Conclusions

Gaseq andCHEMKIN have been used to calculate the laminar flame speeds and
adiabatic temperatures of propane, methane, hydrogen, hydrogen with nitrogen,and CO
addition ad the four syngas compositiomgainst equivalence ratio. The adiabatic
flame temperature regslagree well for Gaseq and CHEMKIN, although Gaseq is able

to calculate a larger range of equivalence ratios.

The adiabatic temperatures peak at stoichiometry for all of the cases studied, since at
this value, more heat is available as all of the reastaill combust into products. The
adiabatic temperature is slightly lower for methane than for propane. The adiabatic
temperature is higher for hydrogen, and remains quite similar for the highdHhigh

CO compositions. The temperature significantiguees when COor N, are added to

the hydrogen or syngas compositions.

Again the laminar flame speeds are lower for methane than propane, but significantly
higher for hydrogen. In addition the laminar flame speed tremedifferentfor the
hydrocarbonfuels, hydrogen with additions compositions and again for the syngas
compositions. There is a sharper decline on the lean side for the hydrogen compositions
and a more distinct peak. When CO is added, the peak shifts towards the rich side, but
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the additionof CO, causes the peak to move back towards stoichiometry. Again, the

CO, or N, additions cause the laminar flame speed to reduce significantly.

The results for the computations can help to aid the understanding of the flame wall
interaction and how itiffers for different fuels. This will be explored alongside the
experimental results in Chapters 5 anavBichwill explore the flame wall interactions

for the wall temperature and flame propagation respectively.
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5.Results Part 1: Wall Temperature

5.1. Introduction

This chapter presents the results of the thermal profiling techniques. The thermal
profiles will be compared to direct and schlieren images in order to assess the flame
wall interacton of impinging flamest various fuel and flow conditions. The results of

the temperature dependent emissivity methodology will be discussed. The differences
between hydrogen and propane will be looked into, and the syngas fuel compositions
will be explored.The relative effects ofReynolds number and thermal loading on the
wall temperature profiles will be compareust.

The experimental conditions studied were limited by the constraints of the burner: that
is the Reynolds number and thermal loading values determined by thdft-off and

blow out of the propane flames.
5.2. Effect of Reynolds Number and Thermal Loading

5.2.1.Introduction
Due to the compleproperties of impinging flames, such as Reynolds number, thermal
loading and equivalence ratio, it is impossible to compare the effects of one parameter
while keeping the others the same. Therefore this section deals witytifecanceof
Reynolds numér and thermal loadingy using two mzzle diametersvith hydrogen
diffusion and premixed flame§his allowsone parameteto be kept the same while
changing the other. In this way the importance of the thermal loading, Reynolds number
andh/d were compad. As discussed in Chapt&r1.67 x 10 m* s* N, was added to
all compositions. These experiments were performed on a polished steel plate, whi
became oxidised during the experiments. Therefore the effects of the oxidisation will

also be discussed.

5.2.2.Experimental Conditions
The experimental conditions are outlinedTiable 51. Since the plate became slightly
oxidised after the first experiment, an emissivity of 0.79 (for oxidised steel) was used
for the thermal imagesalthough this does not represent the actmaisgvity. The
specific effects of the plate oxidation will be discussed in Seétidh Base test cases
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were chosen for the small nozzle burfarthe diffusion and premixed flames. These
were at typical values of thermal loading and Reynolds number for the hydrogen flames
used in this thesidzor the diffusion flames, the base casesthen compared to cases
with the same thermal loadings, buffefent Reynolds numbers, using the second
nozzle size. Following that, the same Reynolds numbers but different loadings were
tested. In addition, for each case two no#alplate distances were used; the first
corresponding to the sarhexind the otheratthe samé/d as the base cas€gble 51).

Case Loading Reynolds f NozzleDiameter h/d
(kW) Number (m)
Base (Diffusion) 1.8 403 Diffusion 0.0046 21.7
Same loading and 1.8 232 Diffusion 0.008 12.5
h
Same loading and 1.8 232 Diffusion 0.008 21.8
h/d

Same Re and 4.3 403 Diffusion 0.008 125
Same Re anh/d 4.3 403 Diffusion 0.008 21.8
Base (Premixed) 1.8 2401 2.8 0.0046 21.7
Same Re and 3.2 2405 2.8 0.008 12.5
Same Re anb/d 3.2 2405 2.8 0.008 21.7

Table 51: Experimental conditions for the Reynolds number and thermal loading

comparisons.

A premixed flame af = 2.8 was used for theremixedbase case. Thiepresents the
richest premixed mixture used in the rest of this chapter. Unfortunately, this equivalence
ratio could not be sustained at the thermal loading of 1.8 kW for the larger nozzle due to
flashback associated with the low nozzle exit velocity. réfuee, only comparisons
using the same Reynolds number but a different loading were performed.

5.2.3.Diffusion Flames
Figure 5.1 shows the temperature profiles for the diffusion cases outlingdbie 51.
The trerds were affected by the plate oxidation, which will be discussed in Section
5.2.5 It can be seen that when the thermal loading is kept the santieebReynolds
number is changed (red lines), the temperature profiles remain fairly similar to the base

case (black line). The average deviations from the base case were 9 % and 2 % for the
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sameh andh/d values respectively. In contrast, when the Reyholdmber was kept the
same but the thermal loading changed, the plate temperatures were significantly
increased (blue lines). The average deviations from the base case were 3348«@nd

for the sameh/d and h respectively, which is considerably larger rihhe Reynolds
number effect. Therefore, changing the thermal loading has a much more significant
effect on the diffusion flame temperature profiles than changing the Reynolds number
or nozzleto-plate distancerThis is due to the higher thermal outputloé case with the

higher thermal loadingl'he effect on the premixed case will now be discussed.
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Figure 51: Plate temperature profiles comparing the effects of Reynolds number and

thermal loading for hydrogen diffusidlames.

5.2.4.Premixed Flames

Figure 5.2 shows the temperature profiles for the premixed cases shoabie 51.

Again, a large discrepancy can be seen between the base case (black line) and the cases
with the same Reynolds number but different thermal loading (blue lines). It should be
noted that the tw blue lines have the same Re and loading but différehtshowing

thath/d has only a small effect on the temperature profiles. The deviations from the base
case are very comparable to the diffusion flames, with average deviations of 31 % and

39 % fromthe base case for the sahid andh cases respectively.

Therefore, the effect on the wall temperature of changing the thermal loading at the
same Reynolds number is similar to the diffusion flames. However, changing the
Reynolds number has a larger etfen the flashback of the hydrogen flames, due to the

lower nozzle exit velocity at the same thermal loading and larger nozzle diameter. The
focus of this chapter is the effect of fuel and flow variations on the wall temperature

profiles. For this reasorthe comparisons made in the remainder of this chapter will be
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made at a constant thermal loading dwid unless the aforementioned parameters are
the subject of comparison. The effects of fuel composition and equivalence ratio can
then be compared at sefed values of thermal loading and nozteplate distance.
However, it should be noted that other factors such as the Reynolds number and flow
velocity will have a large effect on the temperature profiles, and care should be taken

when making comparisons.
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Figure 52: Plate temperature profiles comparing the effects of Reynolds number and

thermal loading for hydrogen premixed flames.

5.2.5.Plate Oxidisation

The effects of the plate oxidation can be sedrigs. 5.1and5.2 The base case for the
diffusion case was performed with minimal oxidisatiom the plate. When the plate
becomes slightly oxidised, its emissivity increases until it becomes oxidised enough that
an emissivity of 0.79 could be used. Following the first test, the plate had become
slightly oxidised over the whole area, with a largenount of oxidation in the ring
around the stagnation point, shown by the dip in the curve (black lirig.i5.1). This
pattern was carried over tbhe premixed base case and the diffusion case at the same
thermal loading and (black line inFig. 5.2and red dotted line iRig. 5.1respectively).

This dip in the temperature profile was caused by the larger amount of oxidisation
around the stagnation region causing a higher actual emissivitysand lower
temperature output valuBollowing that were the blue dotted linesHigs. 5.1and5.2

which had uneven oxidation around the stagnation reglwmwn by the bumpy profiles

After those cases, the plate became quite evenly oxidised, which is shown by the dashed

lines inFigs. 5.1and5.2, which have smoother temperature profiles
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The emissivity of the lightly oxlised steel was unknowhut for heavily oxidised steel
it is 0.79 (Section3.2.2. Therefore,the rest of the cases for the steel plate were
perfamed on the plate having been heavily oxidised by repeated testing. This allowed a

constant emissivity of 0.79 to be used with the thermal imaging software.

5.2.6.Conclusions
It has been shown that the thermal loading has a large effect on the impingement plate
temperature and so it will be used as a control variable in the rest of the wall
temperature results in this chapter. This will allow comparisons to be made with regards
to equivalence ratio, fuel composition, nozieplate distance and thermal loading.
However, it should be noted that the Reynolds number has a significant effect on the
heat transfer and should be carefully considered in the wall temperature analysis.

The steel impingement plate becomes oxidised after each test, and so a heavily oxidised
steel plate will be used for the rest of the results in order to facilitate the thermal
imaging measurements. Heavily oxidised steel has a constant emissivity, however many
materials have emissivities that depend on temperature. The next section de#ig wit
methodology dealing with this type of temperature dependence.

5.3. Quartz Plate

5.3.1.Introduction
This section looks at the wall temperature profiles of the quartz plate heated by propane
flames at various conditions. It presents the results of the methoddésgyibed in
Section3.6.4 The method overcomes the issues faced when using thermal imaging to
calculate temperatures of materials with tempeeatiependent emissivity. The heat
transfer to quartz materials is important in industries such as the lighting infa&jtry
solar application$272] and glass productioj273], and quartz was used in this section
as its emissivity is highly temperature dependent, making it a suitable choice for study.
The methodology coulbe applied tathermaterias whose emissivity is a function of
temperature, as long as the dependes&nown.

Thermal radiation heat transfer is highly dependent on temperature and so the

temperature profilesereused to calculate the radiation heat loss from the plate using
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Eq. 2.24 (p. 30). It will be shown that even a slight change in the temperature
distribution can result in large variations in thelisgion heat loss, and that complete
temperature distributions should be considered mpgational boundary conditions,

for example, oinstead of usingsothermal approximations

5.3.2.Experimental Conditions
The experimental conditions for this section areeg in Table 52. Propane was used
for each case, with a thermal loading of 1.6 kW, which corresponds to a fuel flow rate
of 1.67 x 10 m®s™,

Section h/d f v(msh Re Coflow Coflow
(m®s? (ms?h
5.3.3 10.9 Diffusion 1.0 1039 None None
21.7 Diffusion 1.0 1039 None None
32.6 Diffusion 1.0 1039 None None
43.5 Diffusion 1.0 1039 None None
5.3.4 21.7 Diffusion 1.0 1039 None None
21.7 Diffusion 1.0 1039 1.67 x 10 0.15
21.7  Diffusion 1.0 1039 3.33x 10" 0.30
21.7 4.2 6.7 2539 None None
21.7 4.2 6.7 2539 2.50 x 10" 0.22
21.7 7.9 4.0 1758 1.67 x 1¢' 0.15
21.7 7.9 4.0 1758 5.00 x 10" 0.45
5.3.5 10.9 Diffusion 1.0 1039 None None
10.9 15.8 2.5 1346 None None
10.9 7.9 4.0 1758 None None
10.9 4.9 5.8 2276 None None
10.9 4.2 6.7 2539 None None
21.7 Diffusion 1.0 1039 None None
21.7 15.8 2.5 1346 None None
21.7 7.9 4.0 1758 None None
21.7 4.9 5.8 2276 None None
21.7 4.2 6.7 2539 None None

Table 52: Experimental conditions for thiuartz plateesults.
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The equivalence ratios, velocities and Reynolds numbers were calculated using
LabVIEW as described in Appendix A. The temperature profiles were determined using
the SC3000 thermal imaging camera. The emissivity was set to 0.96 for the soot
covered surface$or the diffusion flames and = 15.8. The temperature dependent
emissivity methodology was used for the other premixed cases, using the default

emissivity of 0.98 for the initial iterations.

5.3.3.Nozzleto-Plate Distance
Figure 5.3a shows the temperature profiles of the impingement plate at various values
of h/d for propane diffusion flames. Fdvd = 10.9 Fig. 5.3, black dotted ling the
temperaturencreasesowards the edge of the plate due to the flame spreading out more
and coming around the edges, increasirggheat transfer to the outer regids.h/d is
increased, the temperatures towards the edges of the plate deeigasess.30 shows
the maximum andtagnation point temperaturegh increasingh/d. Forh/d> 10.9, the
maximum temperatures occur just away from the stagnation region, due to the intense
combustion zones at these locatioiie position of this temperature peak moves
radially outward wibh decreasingh/d (Fig. 5.3). For h/d = 10.9, the maximum
temperatureoccurs at the edge of the plataee to the flara curving around the plate
edge(Fig. 5.3).
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Figure 53: (a) Temperature profiles of the quartz impingement plajayiaximum and

stagnation point tengratures andcf Radiation losses for variotngd.
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At h/d = 43.5 the stagnation point temperature is equal to the maximum temperature,
due to the lack of unburned fuel impinging on it, shown by the schlieren images in
5.4. As h/d decreasesHgs. 5.40 to a repectively) the schlieren images show that
amount of unburned fuel impinging on the stagnation region increases, causing the
temperature to decrease and the cool region at the stagnation zone to bdrigider (
5.3a). This also causes the difference between the maximum and stagnation point
temperatures to become largeérg 5.d).

iy
Figure 54: Schlieren images of the propane diffusion flamédgat (a) 10.9, (b) 21.7,

(c) 32.6 and (d) 43.5.

Figure 5.3c shows the radiation heat loss from the plate as a functidrdofThe
radiation losses have been normalised by the thermal loading. It shows that as
increases between 10.9 and 32.6,rttkation loss from the plate decreases. This is due

to more heat being lost to the atmosphere caused by the greater distance between the
nozzle and the plate. In addition, the schlieren imageps 6.4 show that as the plate

height is increased, there is more turbulence in the flame and so more mixing occurs
with the cool ambient air, which increases the heat loss to the surroundings. For the
lower plate heights, the higher temperatures towards the edge of the plate with
decreasind/d (Fig. 5.3) (caused by the larger area of flame impingemseg)n to

have more of an effect on the radiation loss than the increased unburned fuel

impingement since the radiation losses increase with lower plate hef{gius 5.3).
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However, when the cool central core no longer impinges on the plate, the radiation loss
starts to increase slightly, which is due to the extra heat that is added to trdupl&te
the combustiomat the stagnation region.

The nozzleto-plate distance significantly affects the plate temperature profiles for
propane diffusion flames. This is due to the amount of unburned fuel impinging on the
plate, the amount of mixing with the cool ambient air, and the width of the flame across
the pate. When the cool central core of unburned fuel impinges on the plate, the
radiation losses are affected more by the higher temperatures towards the edges of the
plate, caused by the large flame area. However, \afebis just higher than the inner
reacton zone, the radiation losses are larger due to the lack of unburned fuel
impingement.The changes in temperature profiles that are due to the section of the
flame that impinges on the plate significantly affect the radiation losses from the plate.
The net section presents the effect of coflow on diffusion and premixed propane

flames at a constahtd.

5.3.4.Coflow

The results in this section will be performed at a condtahof 21.7, varying instead
the amount of coflow and the equivalence ratio. The enitigsivethodology will be
used to look at the effects of using coflowing air with the premixed propane flames but

not with the diffusion flames, again due to the soot deposition.

5.3.4.1. Diffusion Flames
Figure 5.5a shows the effect of coflow air on the plate temperature profiles for
impinging diffusion flames of propan&igures5.% and ¢ show the maximum and
stagnation point temperatures and the radiation heat losses respectively. The coflow air
has a high impact on the plate tempemtoofiles for diffusion flamesjecreasing the
temperaturegowards the edges of the plassd decreasing the width of the low
temperature stagnation region, while the temperature of the high temperature ring
around the stagnation point remained relatively the s&ige $.5). In addition, e
maximum temperature and the radiation loss decreased rapidy3for s* of coflow
air. This could be due to the coflow air impinging on the parts of the flame towards the
outer edges of the plate, taking heat away in the form of conductive and convective heat

transfer.
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Figure 55: (a) Temperature profiles for propane diffusion flames with varying coflow,

(b) Maximum and stagniah point tempeatures and (c) &liation losses from the plate.

On the other hand, the stagnation point temperature increased rapidly for the higher
coflow amount Fig. 5.%). This could be due to more air entrainment for the higher
coflow velocities, causingore efficient combustioand higher temperatures within the
reaction zone, due to the added mixing of air increasing the adiabatic flame temperature
and laminar flame speed (see ChagierFigures 5. and b show the schlieren and
direct images respectively for the cases with varying coflow. It can be seen thatethe cas
without coflow has slightly more unburned fuel impinging on the stagnation region, due
to the coflowing air aiding the mixing process and causing the fuel to be burnt more
quickly. This can also be visualised by the larger amount of turbulence in the fue
stream near to the plate for the higher coflow amounts. However, not much difference

can be seen between the images other than that.

The coflow amount has a large effect on the temperature profiles of propane diffusion
flames. The coflowing air causes more air entrainment, causing higher temperatures
within the reaction zone, while also removing heat from the wall jet region and the

bumed gases through convective heat transfer. The coflow air tends to increase the
temperature of the stagnation region by facilitating combustion due to the added mixing
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with the coflow air. However, it reduces the temperature of the plate at the wall jet

region due to the cooling of the burned gases by the coflow impingement.

L DY IR W ST
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)

Figure 56: (a) Schlieren and (b) Direct images of propane diffusion flames with (i) No

coflow, (i) 0.15m s® coflow and (iii)0.3m s* coflow.

5.3.4.2. Premixed Flames

This section deals with the effect of coflow on propane premixed flaos#sg the
temperature dependent emissivity methodoléggures5.7a to ¢ show the temperature
profiles of the plate before and after the corrections using the polynomial and
exponential curve fits respectively for varying coflow amounts. The analysis was don
for two equivalence ratios; 4.2 and 7Rigure 5.7a shows that there is minimal
difference in the temperature profiles when coflow air is increabatl,that the
equivalence ratio has a much more distinct eff@ith more premixed aiincreasing the

temperature at the stagnation region while reducing it in the wall jet region.

Figures 5.B and c show that the temperatures increase when the emissivity corrections
are performed. For thé = 7.9 cases, it can be seen that when the corrections are
performed, the temperature profiles become more el@finthat is the higher
temperatures increase further than the lower temperatures. This is the case for both
curve fits, although the polynomial fittingrig. 5.%) causes a much larger increase in

the temperature values than the exponential fittiig. (5. 7). The difference in scale of

the two graph (Fig. 5.7a compared to b and c) should be noted.
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Figure 57: Temperature profiles for propane premixed flames with varying caflmv
equivalence ratios (a) Before corrections, (b) and (c) After the corrections using the
polynomial and exponential curve fits respectively, and (c) Maximum and stagnation

point tempeatures and (d) Radiation losses for 7.9,0.15m s* coflow.

A limitation in the software meant that when the temperatures were above 1213K, the
temperature could no longer be determined, and sé fo4.2, part of the temperature
profile is missing #er the iterations had convergdeids. 5. and c). This was due to

the settings used for the camera which can only record between certain teraperatu
values. A higher temperature setting could be used, but this would mean that the lower
temperatures could not be recorded. This will be discussed in SBQiér2 However,

the initial temperature profiles can still provide qualitative information into these cases.
For the f = 7.9 casesHig. 5.7 black and red lines), a dip followed by a slight

temperature rise can be seen at around 0.12 m. This is because there was soot on the
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plate for these cases, which was burnt off in the centre. The white data pdtgs.in
5.7b and c are for the soot on the plate and were performed with an emissivity of 0.96.
The first white point is located at the intersection between the parts of the plate with and
without soot, and so the emissivity at this point is undetermined, causing the

disjointedness of the curve.

Figures5.8 and5.9 show the schlieren and direct images for the premixed cages at

7.9 and 4.2 respectively. It can be seen that forthe'.9 lifted flame,case Fig. 5.8,

the coflow air causes a higher {dtf height and a wider flame width. This slightly
affects the temperature profiles, causing a higher temperature in the wall jet region for
the higher coflow amount (black lisen Fig. 5.7). For thef = 4.2 ring flame,case Fig.

5.9 the coflow air causes the wall jet region to be more turbulent, due to the coflow air
impingement. This could be the cause for the slight differences in the temperature
profiles (blue and green lines kig. 5.7).

)
Figure 58: (a) Schlieren and (lirect images for propane flamesfat 7.9 with (i)

0.15ms™*and (ii)0.45m s* coflow.

(a) - (b)

Figure 59: Schlieren images for propane flame< at4.2 with (a) N coflow and (b)

0.22m s? coflow.
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The maximum and stagnation point temperatures were only plotted fo=tie9 cases
since thef = 42 cases could not be plotted in the stagnation or maximum temperature
regions due to the reasons discussed al¥egare 5.7d shows these values for tel5
m s* coflow amount for théwo corrections and for the default emissivity of 0.98. The
behaviour of the.45m s* coflow is very similar; the maximum andagnation point
temperatures do not change significantly for the different values of coflow and, in
addition, the maximum temperatures occur at a similar distance from the stagnation
point for both cased~(gs. 5.7a to c). Therefore, the coflow effect on the temperature
profiles for the premixed flames is much less than on the diffusion flames, although the
effect on the flame shape is more significargct®n5.3.4..

It can be seen that the emissivity corrections have a much larger effect on the maximum
temperatures than the stagnation point terajres, and that the effect of using the
polynomial is twice that of using the exponential curve. In addifam,5.d shows the
radiation lossesrém the plate before and after the corrections for the same case. The
corrections have a significant effect on the radiation losses, increasing from 52 % to 63
% and 78 % of the input thermal loading for the exponential and polynomial fits
respectively. Threfore, the emissivity and curve fits are significant in determining the
temperature profiles, and the subsequent radiation losses from the plate. More detailed
analysis of the emissivity of quartz with respect to temperature would help to determine
the pate temperatures more accurately and this is reserved for the scope for future
work. The effects of the equivalence ratio on the radiation losses could not be discussed
due to the software limitations discussed above. However, a more detailed account of

the equivalence ratio effects without coflow will be given in the next section.

5.3.5.Equivalence Ratio
The equivalence ratio comparisons were made at two nteplate distances and 5
equivalence ratios. The results will be discussed separately for each-toeaiate

distance.

5.3.5.1. Lower Nozzleto-Plate Distance f/d = 10.9)
Figures5.10a to ¢ show the temperature profiles of the quartz plate heated by propane
flames of various equivalence ratios befarelafter the corrections for the polynomial

and exponential fits respectively. These cases af@/dor 10.9. For the diffusion flame

168



Chapter 5: Results Part 1: Wall Temperatur
and f = 15.8, the plate was covered in soot and so a constant emissivity of 0.96 was
used and the corrections were not performed on these cases (yellow and green lines
respectively). The limitation in the software that affected Ahe 4.2 cases in Section
5.3.4.2also affected thé = 4.2 case here for the polynomial #ig. 5.1M). Again, the
exponential fit produced lower final temperatures due to the different curve fitting

(Chapter3), and so the limitation did not affect tiie= 4.2 case here.
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Figure 510: Temperature profiles of the quartz plate heated by propane flames of
various equivalence ratioslafd = 10.9 (a) Before and (land (c)After the corrections
for the polynomial and exponential fitsspectively, andd) Maximum and stagnation

point temperatures ar{d) Radiation losses from the plate before and after the

corrections.
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The temperature corrections effectively
lower temperatures towards the edges and the stagnation region remain fairly similar but
the higher temperatures slightly away from the stagnation region becomehigheh
The high temperatures also needed additional iterations to converge; requiring up to
seven iterations, while the lower values required only four. In addition, fewer iterations

were required for the exponential curve fit.

The temperature profile@Figs. 5.1@ and c) show that as the equivalence ratio is
decreased, the stagnation regmetomescoolerwhile the temperatures in the wall jet
regionbecome higher-igure 5.11 shows that as the equivalence ratio changes, so does
the flame mode. The flame first becomes lift€ey( 5.11iii) and then becomes a ring
flame, with unburned fuel impinging on the stagnation regiogs(5.11iv and v). As

the flame mode changes, the plate edge temperature first becomes higher, due to the
added heat from the more premixed flame, and then lower due to the smaller flame area
across the plate. Howevdnr f = 4.2, the flame has a higher adiabatic temperature
(Chapter 4) andhlso more turbulence in the stagnation region. This accounts for the
high peak at 0.04 ni{g. 5.1&). The premixed lifted flames are bluer in colour, rather
than yellow, and so less soot is produced. Therefore, the effect of the luminous radiation
heat transfer from the flame to the platél be reduced. However, the effect is not

significant as the plate temperatures still increase with added premixed air.

Figure 5.10d shows the mawrium and stagnation point temperatures before and after
the corrections, against 71/ The maximum temperatures are all higher than the
stagnation point temperatures due to the large amount of unburned fuel impinging on
the stagnation region at this heiglkig. 5.11 shows that all of the flames exhibit
unburned fuel in the stagnation region, due to the Hédy and so the cool stagnation
region is quitesimilar for all flames[igs. 5.1 and c¢). The maximum and stagnation
point temperatures move further away from each other as the equivalencesratio i
decreased, due to the premix air causing higher flame temperatuagsfrom the
stagnation regionFor f > 7.9, the maximum temperatures occur at the edges of the
plate, due to the flames extending beyond this point and heating the plate from the edge
as well as from the bottont{gs. 5.1 (i to iii)). This causes thmcreasen maximum

temperature af = 7.9 (Fig. 5.1@). The large difference in maximum temperature

170



Chapter 5: Results Part 1: Wall Temperatur
between the uncorrected and corrected case§<4at5.8 is due to the larger difference
in emissivity (from e = 0.98) for the cases without soot on the plate. Again, the

polynomial fitting caused higher final temperatures than the exponential fitting.

Figure 511: (a) Schlieren and (b) Direct images of the propamadtath/d= 10.9 and
for (i) Diffusion flames and premixed flames/at (ii) 15.8, (iii) 7.9, (iv) 4.9 and (v)
4.2.

Figure 5.10= shows the radiation losses before and after the corrections for the various
equivalence ratios. The radiation loss for 4.2 polynomial corrections could not be
calculated due to the missing data points in the curve as discussed above. The adiabatic
flame temperature peaks at a valué sfl (Chapte#d), and so the radiation loss would

be expected to peak at this value also. However, for fulelfl@anes, due to the air
entrainment in the shear layer, air is added to the fuel between the nozzle and the plate,
and so the local equivalence ratio at the plate is decreased. This means that the radiation
loss from the plate would be expected to peak abzzle exit value higher than= 1.
However, for this case, a lean enough mixture was not achieved and so the radiation
loss continues to increase with a decreasg ifhis will be discussed in more detail in
Section5.4.3 For the exponential fitting, there is an almost linear increase in radiation

loss with increases in A/ Whereas for the uncorrected cases, the radiation loss
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