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Abstract  
Experimental diagnostic techniques have been utilised and developed to investigate the 

flame wall interaction for impinging flames of propane, methane, hydrogen and syngas. 

Thermal imaging has been used to evaluate the plate temperatures and radiation losses 

at steady state. A methodology has been developed for temperature 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 

effects of 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 

various ignition locations.  

The combination of these techniques has allowed the flame wall interaction to be 

analysed for fuel composition, thermal loading, equivalence ratio, nozzle-to-plate 

distance, Reynolds number, geometry and fuel exit velocity. It has been found that fuel 

composition significantly affects the wall temperature profiles 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. Syngas premixed flames produce 

similar wall temperature profiles near the lift-off limit but at different equivalence ratios 

and Reynolds numbers, due to the similar turbulence shown in the schlieren images. 

Plate material and nozzle-to-plate distance significantly 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 factors 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 

changes in nozzle conditions. 
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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, man pioneered 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 fuel [2, 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 water and direct 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 1937 [4], and in power 

plants since 1939 [5]. Gas turbines are used in power plants, aeroplane jet engines, 

agricultural and industrial tractors and off-shore power plants, and are used with various 

fuels, such as natural gas, diesel, fuel oils and biomass gases [6]. Steam engines mainly 

used coal as their primary fuel source, and can be quite inefficient; coal has been used in 

power stations since Thomas Edisonôs first coal burning generation station in 1882, 

which only had an efficiency of 2.5 % [7]. In 1997, around 50 % of the worldôs coal 

usage was in large coal-fired power plants [8]. 

Much effort has been made to increase the efficiency of fossil fuelled power plants, and 

since the 1990s, Combined-Cycle 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 feedstock into 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 turbines [9]. These power plants can be used for carbon capture and to create 

high hydrogen content syngas for use in the CCGTs [9, 10], which reduces carbon 

emissions compared to 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 of cleaner fuels, such as hydrogen and syngas, is 
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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 of syngas 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 as a fuel. In 

addition, when flames impinge directly onto 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 high flame temperature compared to 

hydrocarbon fuels, and 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 interaction between the flame and wall, 

and can allow hydrogen and syngas to be studied meaningfully in terms of the flame 

wall interaction so 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 flux respectively [11]. Impinging flames provide a simple geometric 

configuration for the study 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, there is 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 flame 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 recent [2]. This is due to the 

science behind combustion phenomena, including thermodynamics and fluid 

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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properly develop until the early 20
th
 Century [2]. More recently, advances in 

computational ability and power have led to combustion simulations 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 conditions to be explored. 

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 configuration so 

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 combustion 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 between 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 experimental 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 to test 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 surface temperature, flame structure, fluid velocity, particle size and species 

concentration can be performed with greater accuracy and efficiency and for a larger 

range of experimental conditions [12]. High speed cameras, lasers, thermal imaging and 

other diagnostic tools are constantly being developed, and along with the computational 

and theoretical combustion advances allow 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: 

¶ Use a simple geometric configuration to compare impinging flames of hydrogen, 

syngas, propane and methane. 

¶ Combine the use of schlieren and thermal imaging to evaluate the heat transfer 

and flow characteristics. 

¶ Develop these techniques for use with impinging flames; particularly to use the 

thermal imaging to evaluate the non-uniform temperature of the heated 

impingement plate, and to use schlieren to evaluate flow and turbulence 

characteristics. 

¶ Vary flow conditions, fuel parameters and geometric properties in order to test 

the effect of the nozzle exit conditions on the flame wall interactions. 

¶ Calculate the laminar flame speeds and adiabatic temperatures of the syngas 

compositions in order to test their effects on the flame wall interactions. 

¶ Evaluate the flame propagation characteristics of impinging flames using the 

advanced diagnostic tools.  

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 and compared. 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 monitored, including measuring the temperature and flame wall 

interaction in furnace walls and gas turbine combustors. The 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 propagation. 

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. Chapters 5 and 6 will 
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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 flow properties of certain types of flames, and present a review of the 

literature. The review will begin with an outline of the basic properties of combustion, 

heat transfer and impinging flames. A review of experimental diagnostic techniques 

used in combustion 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 improved 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 way, 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 comprehensive 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 various fuels.  

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 mathematically by 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 elements of carbon (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 

(CO2), water (H2O) and possibly nitrogen. An example for propane (C3H8) reacting in 

pure oxygen is shown in Fig. 2.1. C3H8 requires 5 times the (molar) amount of oxygen 

(O2) than reactant to burn stoichiometrically. The reaction rate is defined as the rate of 

decrease of the concentration of a reactant or equally as the rate of increase of a reaction 

product [13]. 

 
Figure 2.1: Chemical equation for propane reacting in stoichiometric oxygen. 

The reaction requires some initial stimulant to begin the process. This stimulant is 

normally the addition of heat, with a large enough thermal energy to kick-start the 

reaction. This is called the activation energy or ignition energy and often takes different 

values depending on the fuel. Table 2.1 shows the minimum ignition energies for the 

fuels used in this thesis. It can be seen that hydrogen requires much less energy to ignite 

than carbon monoxide and the hydrocarbon fuels.  

Fuel Minimum Ignition 

Energy (mJ) 

Flammability Limits 

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 2.1: Ignition energy and flammability limits in air of the fuels used in this thesis 

[14-18].  

The fire 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 fuel-air or fuel-oxygen mixture that will support combustion 

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

thesis are given in Table 2.1. 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. 

 
Figure 2.2: Diagrams to illustrate (a) The ófire triangleô and (b) The ócombustion 

tetrahedronô. 

The flame exists in the reaction zone, where the change of chemical composition takes 

place and where high temperatures are produced. In the reaction 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 tetrahedron, whereby, it is stated that a reaction chain is also required to 

sustain combustion (Fig. 2.2b) [20]. The reaction chain occurs 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 formation of free radicals, such as C, O, H and 

combinations of the form OH and CH for example, which facilitate other reactions in 

the reaction zone [21]. The radicals eventually combine, after many reaction steps, to 

form the final products.  In addition to the requirements 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, whereas a flame is 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 for example. In 

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 classified into three 

categories; diffusion (or non-premixed), partially premixed and premixed flames.  

Diffusion Flames 

For a diffusion flame (Fig. 2.3a), 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 reaction rate [22], and so the reaction is 

controlled by the diffusion mixing process. A typical example of a diffusion flame is a 

candle flame, 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 reaction process causing a wide region where the gas composition and amount 

of products/reactants are variable [13]. 

 

Figure 2.3: Schematics of Bunsen burner flames for (a) Diffusion flames and (b) 

Premixed flames (adapted from [22]). 

The Bunsen burner, invented by Robert Bunsen in 1985 [22], is able to produce gaseous 

flames of all three classifications by allowing the input of air to be adjusted. Figure 2.3a 
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shows a schematic of a Bunsen burner 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 extensively [23-

28], in particular, buoyancy; the 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 flickering [29-31]. 

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 petrol engine. The flame propagates 

through the unburned mixture at the laminar flame speed (SL); which is the flame 

propagation rate relative to the unburned gas [22], 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 fuel-air mixture and the burned reaction products. The mixing rate is 

considered to be very fast and so it is the chemical reaction that dominates the reaction 

rate, in contrast to diffusion flames. Partially premixed flames are flames that do not 

contain enough oxidiser in the unburned mixture so that combustion is facilitated by the 

diffusion of the fuel-air mixture and the surrounding air. This creates a flame with 

premixed and diffusion flame characteristic features.  

The laminar burning velocities; which are the rates of consumption of unburned fuel, of 

various gas mixtures have been calculated using CHEMKIN [32, 33], and the flame 

structure of premixed [34-37] and partially premixed flames [38-40] has been studied by 

many researchers.  

Equivalence Ratio 

The amount of mixing for premixed flames can be characterised by the equivalence 

ratio, f, defined by Eq. 2.1 as the ratio of the actual fuel to air mass ratio, f, to the 

stoichiometric fuel to air mass ratio, fst, which is calculated from Eq. 2.2:    

stf
f

=f ,        (2.1) 
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where mf and mas represent the mass of the fuel and the stoichiometric air respectively 

and Mf and Ma are the molecular weights of the fuel and air respectively (Ma = 29.0). 

nas/nf is the number of moles of stoichiometric air per mole of fuel, calculated from the 

stoichiometric atom balance equation (Eq. 2.3), equal to 4.76 (a + b/4 ï g/2):  

( )( )­- 22 3.76N+O24++OHC gbagba         

( ) ( )222 N243.76+OH4+CO gbaba -+ ,    (2.3) 

where a, b and g are the number of carbon, hydrogen and oxygen atoms respectively in 

the fuel components. For propane (C3H8) reacting in air, the stoichiometric atom 

balance equation (adapted from Fig. 2.1 for the addition of nitrogen) is given by Eq. 2.4, 

and the value of (a + b/4 ï g/2) is (3 + 8/4 ï 0) = 5. This means that 5 moles of oxygen 

are needed to react 1 mole of propane stoichiometrically. For methane, the value of (a + 

b/4 ï g/2) is 2. For hydrogen and carbon monoxide the value of (a + b/4 ï g/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.  

2222283 18.8N+O4H+3CO)3.76N+5(O+HC ­ .    (2.4) 

When the fuel to air ratio is changed, the value of the equivalence ratio (Eqs. 2.1 and 

2.2) changes accordingly; a value of f = 1 indicates that the mixture is stoichiometric, 

whereas f < 1 indicates a fuel lean flame (there is more oxidiser than is needed to 

combust the fuel) and f > 1 indicates a fuel 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 between diffusion (f = Ð), 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 experience incomplete combustion; 

where much of the carbon in the reactants takes the form of CO in the products, due to 

lack of available oxygen to form CO2. Diffusion hydrocarbon flames generally produce 
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soot particles, which cause a bright yellow flame, whereas premixed flames are 

generally blue in colour due to the high temperature induced oxidation of the fuel and 

complete combustion, where the products are in the form of the stoichiometric reaction 

equation (Eq. 2.4 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 enough 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 propagate into the nozzle, causing flashback. 

Flashback can also be caused by turbulence and acoustic instabilities and in swirl 

combustors [41-43]. If the nozzle is small and cold enough, the nozzle pipe will quench 

the flashback; the cool pipes will cause the flame to be extinguished, causing no 

damage, but flashback can be very 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 will lift off from the burner nozzle. In some cases the 

flame can be stabilised during lift-off so that it becomes a stable lifted flame. However, 

if the flow velocity becomes too high, then blow-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 called blow-off [44]. The 

laminar flame speed of hydrogen is much faster than that of propane and other 

hydrocarbon 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 Chapter 4. 

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 factors such as equivalence 

ratio, soot formation, reactants, pressure and the complex reactions that take place 

within the flame. A property used to describe flame temperature is the adiabatic 

temperature. This is the maximum temperature that a flame will reach if all combustion 

processes are completed and there is no heat loss, and hence is an idealised temperature. 
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The adiabatic temperatures of propane, methane, hydrogen and the syngas compositions 

will be determined by Gaseq and CHEMKIN and will be discussed further in Chapter 4.  

A common parameter used to assess the energy that can be gained from a specific fuel is 

the calorific value of that fuel. The calorific 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. The gross calorific value is that calculated when 

the water in the fuel is considered to be a liquid, whereas the net calorific value is 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 the Wobbe number can be calculated (Eq. 2.5). The Wobbe number is a measure 

of the interchangeability of different fuels and takes into account the specific density 

(the denominator in Eq. 2.5) and calorific value of the fuel. However, the Wobbe 

number does not take into account factors such as adiabatic temperature, which may 

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

interchangeability of fuels.    

a

CV

r
r

Gross
=No. Wobbe ,       (2.5) 

where Gross CV is the gross calorific value of the fuel, r is the fuel density and ra is the 

density of air. It can be seen from Table 2.2 that the Wobbe numbers for propane, 

methane, hydrogen and carbon monoxide are vastly 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 loading can 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 from Eq. 2.6:  

rate flow mass=loading Thermal ³CV ,     (2.6) 

where CV is the calorific value of the fuel in kJ kg
-1

, the mass flow rate is in m
3
 s

-1
 and 

the thermal loading is calculated in kW. It can be used to compare fuels in specific 

burners, and for heat transfer studies with flame impingement [45-47]. The thermal 
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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.  

Fuel Gross CV     

(MJ kg
-1
) 

Wobbe Number  

(MJ kg
-1
) 

Methane 55.53 74.7 

Propane 50.35 40.9 

Hydrogen 141.79 537.8 

Carbon Monoxide 10.11 10.3 

Table 2.2: Calorific value and Wobbe number of various fuels at normal temperature 

and pressure (NTP) [48]. 

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 the effects 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 flames is the degree of 

turbulence in the flow. Laminar flow is that which 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 increase 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 is increased and obstacles are placed in the 

flow [49]. The simplest way to visualise turbulence is to observe flow within pipes. 

Figures 2.4a 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 will display vortices and disturbances within the flow. Turbulent 

[34, 36, 37, 40, 50-55] and laminar [23, 32, 56-61] flows in jet flames have been studied 

at length. 
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Figure 2.4: Example profiles of (a) Laminar and (b) Turbulent flow within a pipe. 

Reynolds Number 

The Reynolds number (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 forces [62]. 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 

resistance 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 were dependent upon the velocity of the water [49]. 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. When the 

velocity was increased above a certain value, the dye would mix with the water due to 

the turbulent nature of the flow.  

 

Figure 2.5: Example of Reynoldsô experiment to demonstrate laminar and turbulent 

flow (adapted from [49]). 
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The Reynolds number (Eq. 2.7 [62]) takes a dimensionless form, using a characteristic 

length scale, L, the fluid density, r, dynamic viscosity, m, and a characteristic velocity 

V:  

m

r

m

r VL

VL

LV
==

22

forces Viscous

forces Inertial
 =Re .      (2.7) 

For flow exiting a burner nozzle (Eq. 2.8), L is taken as the nozzle diameter, d, and V is 

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

m

rvd
=Re .       (2.8) 

Values of density and viscosity of the pure fuels used in this thesis are given in Table 

2.3. The densities and viscosities of the fuel mixtures were calculated using LabVIEW 

(see Appendix 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 in the turbulent 

transitional regime, or semi-turbulent, and those above 3000 to be turbulent [11]. The 

effects of Reynolds number in jet flames have been studied in depth [63-65]; in 

particular Re significantly affects heat transfer characteristics of impinging jets [61, 66-

68]. Impinging flames are the subject of Sections 2.2.2 (for background information) 

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

Gas Density (kg m
-3
) Viscosity (kg m

-1
 s

-1
 x 10

-5
) 

Air  1.19 1.84 

C3H8 1.80 0.80 

CO 1.15 1.74 

CO2 1.80 1.48 

CH4 0.66 1.03 

H2 0.08 0.87 

N2 1.15 1.75 

Table 2.3: Viscosities and densities at NTP of the gases used in this Thesis [69].  
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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 large inertial forces present in high Re cases [70]. When Re (based 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 scales [70]. 

The smallest turbulence scales can be characterised by the Kolmogorov length scale, h: 

4
3
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3

Re~~
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ö
ö
÷

õ
æ
æ
ç

å
L

de

n
h ,              (2.9) 

where n is the kinematic viscosity, ed is the rate of energy dissipation and L is the 

characteristic length scale of the largest eddies [70]. Other length scales include the 

Integral scale, UI, and the Taylor microscale, lT, which characterise the largest 

turbulence scales and the smallest turbulence scales before dissipation comes into effect 

respectively, and are represented by Eq. 2.10 [71]: 

 ~
2
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d

T
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l
ne .           (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 of high speed cameras, has been 

studied more in recent years. The time dependent propagation 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 and propagation 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, producing a flame kernel [72]. A flame kernel is the period 

between ignition and either a self-sustaining 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 diameter [72, 73]. After ignition, the flame will either reach a 

state of steady combustion, where the 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 with respect 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 quickly re-

ignited or a steady state flame established 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 is reached. 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 models [74] 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 speed (SL) has been defined in Section 2.2.1.2.1 as the rate of flame 

propagation relative to the unburned gas. For example, fuel propagating along a tube at 

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 than SL then the flame will propagate 

away from the unburned fuel. The burning velocity (SU) is a measure of how fast 

reactants are consumed into products, and the turbulent burning velocity (ST) is for 

flames where there exists turbulence in the unburned gases, causing an increase in the 

flame surface area due to wrinkling and flame front distortions, and increasing the 

overall mass consumption rate (Fig. 2.6) [75].  
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Figure 2.6: Diagram showing the increase in flame surface area due to turbulence 

(adapted from [75]). 

Lewis Number 

For gaseous fuels, the fuel must be within a certain range of conditions for ignition to be 

viable (see Section 2.2.1.1), but other factors such as turbulence, the interaction of the 

flame kernel with the flow field and the Lewis number (Eq. 2.11) may also affect the 

ignition process.  

   
Pr

Sc
Le == ,          (2.11) 

where Le is the Lewis number, Sc is the Schmidt number and Pr is the Prandtl number 

(Eq. 2.12): 

       
k

c

D

pm

r

m
== Pr,Sc ,        (2.12) 

where m is the dynamic viscosity, r is the density, D is the mass diffusivity, cp is the 

specific heat and k 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 fields, whereas the Schmidt number is significant when both convection 

and mass transfer are important [76]. The Lewis number controls flame stability; 

premixed flames with Le < 1 tend to develop cellular structures and instabilities, which 

Thermal Diffusivity 

Mass Diffusivity 
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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 the flow [77]. 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 phenomena [77]. 

Flame Stretch 

For non-uniform flow fields, a propagating flame surface is subjected to effects of strain 

and curvature [22]. For fluids, the shear stress is proportional to the rate of angular 

deformation, or the strain rate, through Stokesô law, and it is dependent on the specific 

fluid and the thermodynamic state of that fluid [22]. Flame curvature may be positive or 

negative depending on whether the flame is curved towards or away from the unburned 

mixture respectively, for example in expanding and collapsing spherical flames (Figs. 

2.7a and b respectively) [78].  

 

Figure 2.7: (a) Positive curvature for 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 smaller/larger surface 

respectively), but does not affect the burning velocity [78]. The effects of strain and 

curvature lead to changes in the flame front area, and are characterized by the flame 

stretch factor k, defined as the relative rate of change of the flame surface area due to 

flame stretch  [22]: 
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where k is the flame stretch factor, Af is the flame surface area and t is 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 diffusion [22]. The 

flame stretch factor is made up of contributions from the strain rate tensor, dilatation 

(volume expansion of the fluid) and curvature effects [22]. Taking stretch into account, 

the laminar flame speed (SL) becomes: 

          kMLL LSS -0= ,         (2.14) 

where SL0 is the unstretched laminar flame speed, k is the flame stretch factor and LM is 

the Markstein length, which characterises the hydrodynamic ósizeô of the flame, taking 

the non-dimensional form of the Markstein number, Ma (Eq. 2.15): 

  L

ML

d
 =Ma ,           (2.15) 

where dL characterises the thermal thickness of the flame. The Karlovitz number, Ka, 

(Eq. 2.16) is a non-dimensional stretch factor using the thickness of the unstretched 

flame, dL0, and the unstretched laminar flame speed SL0, and is made up of contributions 

from the strain and curvature (Eq. 2.17) [22]:   

 

k
0

0=Ka
L

L

S

ŭ
= ,        (2.16) 

          cs Ka+Ka=Ka ,          (2.17) 

where Kas and Kac are the strain and curvature components respectively. Combining 

Eqs. 2.14 to 2.16, the apparent flame speed is related to Ma and Ka by Eq. 2.18 [22]: 

MaKa+1=0

L

L

S

S
.          (2.18) 

 

Characteristic time for flame stretching 

Residence time for crossing an unstretched flame 
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The burning velocity is also affected by the flame stretch in a similar way (Eq. 2.19) 

[22]: 

       kMUU L=SS -0 ,                     (2.19) 

where SU is the burning velocity associated with the reference flame surface, SU
0
 is the 

one-dimensional (1D), unstretched burning velocity, LM is the Markstein length and k is 

the stretch factor.  

Flame stretch is present in the stagnation region of opposed jets and impinging flames 

[79], and laminar flame speeds and burning velocities are 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 flames, including premixing, 

turbulence and ignition has been given. The flame propagation characteristics of 

impinging flames have 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 with the background information integral to any study of impinging flames 

and flame wall interactions. A detailed review of impinging flame studies will be given 

in Section 2.4. 

2.2.2. Impinging Flames 

An impinging flame is 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 where 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 wall surfaces may also cause uneven heating which can lead to damage.  

2.2.2.1. Structure 

The structure of a jet flame impinging upon a surface will be different to the non-

impinging (free) jet structure due to the obstruction of the flow. In addition, the 

combustion properties will change the structure when compared to a non-reacting jet. 
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The effect of an impingement plate and combustion on the jet structure will be 

discussed here. 

Free Non-Reacting Jet 

The structure of a free, non-reacting jet is shown in Fig. 2.8. It consists of a potential 

core zone, which has a constant velocity, equal to the nozzle exit velocity, and the 

length of which depends on the turbulence in the nozzle exit and the initial velocity 

profile [11]. Downstream of that is the developing zone, in 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 the fully developed zone, where linear jet 

broadening with axial velocity decay and also a Gaussian velocity distribution have 

been observed [11].   

 

Figure 2.8: Structure of a free non-reacting jet (adapted from [11]). The symbols d and u 

are the nozzle diameter and developed velocity profile respectively.  

Impinging Non-Reacting Jet 

Impinging flame jet aerodynamics are very similar to those of impinging non-reacting 

jets [11]. Viskanta [11] has described the structure of impinging jets as follows: In an 

impinging jet, there are three distinct regions; the free jet region, stagnation region and 

wall jet region (Fig. 2.9). In the free jet region, the fuel initially exits the nozzle in a 

near-uniform velocity, v, before mixing with the ambient air in the shear layer, causing 

entrainment of 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, non-uniform velocity 

distribution, a change in jet temperature and an increase in the width of the jet, as for the 

free jet [11]. The stagnation region is 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 region, which is a bulk flow radially outward, away from the 

stagnation region (Fig. 2.9) [11].  

 

Figure 2.9: Structure of impinging isothermal jet (adapted from [11]). The symbols d, h, 

and v are the nozzle diameter, nozzle-to-plate 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 jets [11]. In particular, there 

exists an intense reaction zone slightly away from the stagnation point, and for low 

enough nozzle-to-plate distances/nozzle diameters (h/d) there is a cool central core 

consisting of unburned gases, causing the stagnation point temperature to be lower than 

the temperature just away from the stagnation point (Fig. 2.10). Also, the air 

entrainment that causes jet widening in non-reacting jets causes the local equivalence 

ratio to become lower with widening jet diameter due to air entrainment.  
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Figure 2.10: Diagram showing reaction zones and cool central core for typical methane-

air flame, Re = 7000, f = 2, h/d = 10 (adapted from [11]). 

In addition to the intense combustion 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 velocity, nozzle-to-plate distance and place of ignition [34, 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 complex flames can be observed [34]. 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 point. The blown 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 large nozzle-to-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 low nozzle-to-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 flame is made up of different types of flame and occurs in fuel rich 

mixtures and at large h/d.  
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Figure 2.11: Flame modes: (a) Ring flame, (b) Conic flame, (c) Disc flame, (d) 

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

The various flame modes and flow structures will greatly affect the heat transfer 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 which heat is transferred 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 transfer between the flame and the plate. This section deals with the mechanisms 

whereby heat can be transferred to and from the impingement surface and with the 

importance of each mechanism in heat transfer impingement studies. Heat can be 

transferred to and from impingement surfaces via conduction, forced or natural 

convection, radiation and thermochemical heat release (TCHR).  

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 motion [81] and always moves from states of higher to lower 

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

transfer) due to conduction,cdq
C

 (units W m
-2

), is proportional to the temperature 

gradient, ɳ T, and the thermal conductivity, k, of the material, and can be represented by 

Eq. 2.20 [81]:  
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Tkqcd Ð-=
C

.           (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 gases between the 

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, creating convection currents. Heat transfer by convection can be 

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 heating the ambient 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 structure [82]. 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 nozzle. Mixed 

convection occurs when both natural and forced convection are present, for example, a 

high temperature material cools by natural convection due to the temperature gradient 

between it and cooler surrounding air, but would also cool by forced convection if a fan 

was blowing cool air over the surface. Convective heat flux is given by Newtonôs law of 

cooling (Eq. 2.21) [81]: 

( )¤TThq wccv --=
C

,          (2.21) 

where ήᴆ  is the convective heat flux (units W m
-2
), hc is the convective heat transfer 

coefficient (units W m
-2

 K
-1

), Tw is the temperature of the surface and TÐ is the 

temperature of the surrounding fluid. 
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For turbulent flow past a solid boundary, contained in the boundary layer (Fig. 2.9) and 

very close to the wall, there is a laminar 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 only transferred 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 turbulence increases the 

conductive heat transfer to a solid surface [81]. Forced convection contributes to a large 

amount of the heat transfer from flames to impingement surfaces, particularly in relation 

to the radiation effects [59, 84-86], and in modern furnaces (with direct flame 

impingement) it can account for 70 - 90 % of the total heat transferred [85, 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 Eq. 2.22, combining conductive and convective heat transfer (Eqs. 2.20 and 

2.21 respectively): 

k

Lhc=Nu ,           (2.22) 

where Nu is the Nusselt number, hc is the convective heat transfer coefficient, L is a 

characteristic length scale and k is the thermal conductivity of the fluid [76, 89]. 

However, Eq. 2.22 applies only if the surface temperature is constant, and so is often 

used for isothermal boundaries/flows [90-92]. The local Nusselt number can be applied 

to problems with constant surface heat flux [93-95] using Eq. 2.23: 

)(
Nu

¤-
=

TTk

qL

w

,          (2.23) 

where q is the surface heat flux, Tw is the surface temperature and TÐ is the fluid 

temperature [76, 89]. For impinging jets, the stagnation point heat transfer is often 

characterised by the local Nusselt number at the stagnation point, using local radial 

velocity gradients or local heat flux measurements to calculate the Nusselt number [96-

98]. The radial velocity in the stagnation region of low Re turbulent flames is significant 
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to the stagnation point heat transfer [96, 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 studies [99, 100]. 

Radiation 

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

particular, if the flame is luminous, i.e. a sooty, yellow flame, then heat will radiate 

from the soot particles via approximate black body radiation [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 all electromagnetic radiation. A common visualisation of a black body is a cavity 

with a small hole (Fig. 2.12). When light is shone on the hole, many internal 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 black bodies is dependent solely upon the 

temperature of the body, due to the electromagnetic radiation emitted from the charged 

particles in the object. The thermal emissivity of a material is defined as the ratio of 

thermal energy emitted by the material to that emitted by a black body at the same 

temperature.  

 

Figure 2.12: 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. For non-luminous 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 CO2 and H2O particles in the products [101]. When the soot deposition on the 
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plate is small, due to the non-luminosity of the flames, the effects of heat transfer to the 

impingement surface due to radiation from the flame can generally be neglected [84]. 

However, thermal radiation may also be emitted from the plate to the flame and, if it 

reaches high enough temperatures, could 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, then 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 using Eq. 2.24. It is 

highly dependent on the surface temperature (T
4
 dependence) and so temperature 

measurements must be accurate in order to achieve accurate radiation calculations from 

Eq. 2.24. 

()()( )ñ ¤-=
pr

w rTrTrrQ
0

44

rad d2 sep# ,   (2.24) 

where ὗ  is the radiative heat loss (units W), rp is the total radius of the surface/plate, 

r is the variable radius of the plate, s is the Stefan-Boltzmann constant, equal to 5.67 x 

10
ī8

 W m
ī2

 K
ī4

, e (r) is the emissivity at radius r, T (r)w is the temperature of the 

surface at radius r and TÐ is the ambient temperature. 

Thermochemical Heat Release  

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

known as convection vive. This occurs in high temperature flames when radicals in the 

flame, which have not been converted into final 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 species [85, 102, 103]. The 

recombination process is exothermic and so the reactions heat the wall surface further. 

Above temperatures of 1600 K radicals (such as CO and H2) are preferred but when the 

temperatures are below 1600 K products (such as CO2 and H2O) are preferred [101]. 

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

oxygen enriched air due to the high temperatures of these flames [102]. 
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2.2.3. Conclusions 

Various combustion properties have been defined and a background to combustion 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 been described 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 properties of jet flames and affect both 

flame structure and heat transfer characteristics. A more detailed review of impinging 

flame studies will be given in Section 2.4. 

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 

technique 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 impinging 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 high speed 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 process images. With 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 increasing so that 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 scientific purposes due to the high sensitivity, good 

responsiveness, low noise and large dynamic range [104]. A CCD chip consists of an 

array of light-sensitive capacitors that store charge depending on the amount of light 

incident on each cell (or pixel), using electron-hole pairs (see Section 2.3.2.1.2) [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 pixels, and high resolution digital cameras are widely in use 

[105].  

High Speed Imaging 

High speed cameras record images at a high frame rate 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, which progressed to using film strips capturing up to 

200 frames per second (fps) in the 1970s and up to 2000 fps in the 1980s [106]. Digital 

imaging devices with CCD chips and complementary metalïoxideïsemiconductor 

(CMOS) sensors are used today, saving on materials such as film and offering 

advantages such as quick start up 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 resolution [107, 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 structures [34, 109-112]. Flickering frequencies can be observed [113] and 

detailed information 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 speed [112, 114-116]. (A more detailed review of ignition and flame propagation 

studies will be given in Sections 2.2.1.3 and 2.5). High speed cameras in combustion are 

often combined with other techniques such as schlieren and Particle Image Velocimetry 

(PIV) (which will be described in more detail in Section 2.3.3) to obtain 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 used in combustion studies for measuring velocity, temperature and 

species concentration [117]. Lasers and other flow visualisation techniques, unlike 

probing techniques, have made it possible to obtain quantitative information about two-

dimensional (2D) flow fields in one set of images and without disturbing the flow [118], 

and the understanding of turbulent flows has greatly improved since the introduction of 

these techniques. In addition, laser based methods tend to have very good spatial and 

temporal resolution (~ 10-50 mm and < 10 ns respectively) [119]. Lasers are used for 

many applications in combustion, including using PIV to study turbulence and vorticity 

[120-123] and combustion flow velocity fields [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 will then re-emit the radiation, via fluorescence, which can be 

detected [119]. 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 imaging cameras (which will be 

discussed in greater detail in Section 2.3.2.1) for surface temperature measurements. 

Surface temperature measurements are important for heat transfer and flame wall 

interaction studies, as well as for finding hot-spots or regions of low temperature 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 single-point temperature measurements. Thermal 

imaging allows 2D, non-intrusive temperature measurements and can also be used to 

measure a materialôs emissivity (discussed in Sections 2.2.2.2, 2.3.2.1.1 and 2.4.8) if the 
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temperature is known. 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 developed in this thesis to measure the temperature 

distributions of flame impinged walls.  

A review of these techniques will be given in this section with particular relevance to 

impinging flames. The section will explore the main principles and science behind each 

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 interactions, the 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 evaluate the 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 in this section. 

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 the visible and ultra-violet ranges, and lies in the intermediate 

range of the electromagnetic spectrum; 0.1 to 1000 mm [127]. Figure 2.13 shows the 

wavelength ranges for the IR section of the electromagnetic spectrum, displaying the 

short, medium and long wave bands [128] and the near and far infrared bands [127].  

Thermal radiation is transmitted from objects, without requiring any intermediate 

matter, due to the temperature of the object [129]. The higher the temperature of the 

object, the shorter the wavelength of the radiation, with objects above the Draper 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 as incandescence. This means that the temperature of an 

object 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 properties depend on the wavelength of the radiation then they are called spectral 

properties. In addition, the emissivity (defined in Section 2.2.2.2) of a particular surface 

may also depend on the surface temperature, viewing angle and radiation wavelength. 

Surface properties that affect the emission of thermal radiation will now be discussed.  

 

Figure 2.13: Thermal radiation part of the electromagnetic spectrum. 

Temperature Dependent Emissivity 

Many surfaces have an emissivity that changes with temperature. For these surfaces, 

infrared absorption bands (Reststrahlen bands), which are narrow energy bands through 

which electromagnetic radiation cannot propagate, tend to increase in width and 

decrease in strength with an increase in temperature. Also, the wavelength of peak 

absorption shifts towards higher values. This generally increases the emissivity in the 

near infrared and decreases it for shorter wavelengths [130]. A method for dealing with 

the problems encountered in measuring the temperature of a surface whose emissivity 

depends on that temperature will be explored in this thesis, using a quartz plate, and 

more detail will be given in Chapter 3. 

Spectral Emissivity 

Surfaces with spectral emissivity have different emissivities depending on the 

wavelength being observed, and are called selective emitters. If these emissivities are 

averaged over all wavelengths, this is called total emissivity. A grey body is one whose 
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emissivity does not depend on wavelength, but 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.  

 

Figure 2.14: Graph to show examples of spectral emissivity for a black body, grey body, 

and selective emitter (adapted from [128]). 

Directional Emissivity 

Surfaces may also have varying emissivity depending on the viewing angle. A diffuse 

emitter is one that emits radiation uniformly in all directions. Directional emissivity is 

the emissivity in a chosen direction, and emissivity averaged over all directions is called 

the hemispherical emissivity [127]. A black body is a diffuse emitter but, in general, real 

surfaces have emissivity depending on the viewing angle, q (Fig. 2.15). For non-

conductors, the directional emissivity is generally constant for angles up to 70° to the 

normal, and for conductors up to 40° (Fig. 2.16) [131, 132]. The hemispherical 

emissivity may also be represented by the emissivity normal to the surface (q = 0) 

[131].  

 

Figure 2.15: Directional dependence of radiation emitted by a diffuse emitter (black 

body) and a real surface, (length of arrows represents radiation intensity and q is the 

angle from the normal). 
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Figure 2.16: Examples of emissivity dependence on viewing angle for a black body, 

non-conductor and conductor (adapted from [128, 131]).  

Reflection, Absorption and Transmission 

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

absorb and/or transmit incident radiation (Fig. 2.17). Most solid objects are opaque to 

(do not transmit) thermal radiation. The absorptivity of a material is related to the 

emissivity by Kirchhoffôs law (Eq. 2.25) [127]:  

( ) ( )TT , , , =, , , circcone

d

circcone

d qqlaqqle ll
,         (2.25) 

where el
d
 and al

d
 are the spectral, directional emissivity and absorptivity respectively, l 

is the wavelength, qcone and qcirc are the cone and circumference angles respectively and 

T is the surface temperature. This means that the absorptivity of radiation at wavelength 

l from a particular direction from a black body at the same temperature will be the same 

as the emissivity of that surface.  

 

Figure 2.17: Diagram showing the reflection, absorption and transmission of incident 

radiation through a semi-transparent, reflective object. 
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The reflectivity of a surface generally depends on the roughness of that surface. Smooth 

surfaces are called specular; they reflect incident radiation in one direction, at an angle 

equal to the angle of incidence, q (Fig. 2.18a). For example a mirror is a specular 

reflector. Lambertian reflectors reflect radiation according to Lambertôs cosine law; the 

intensity of reflected radiation is proportional to the cosine of the viewing angle with 

the normal of the surface (Fig. 2.18c). Most surfaces exhibit a combination of both 

specular and diffuse reflection (Fig. 2.18b) [128].  

 

Figure 2.18: Reflection 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 using thermal imaging cameras to measure 

surface temperature and this will be discussed in more detail in Chapter 3. 

2.3.2.1.2. Thermal Imaging Cameras 

Thermal imaging cameras are able to detect portions of thermal radiation and convert 

the information into a thermogram; a visual image of the temperature distribution of the 

object based on the wavelength of the detected radiation. In principle, a thermal imaging 
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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 radiation at each pixel. There 

are different types of thermal imaging detectors; the main distinction being whether the 

detector is cooled or uncooled.  

Cooled Detectors 

Cooled detectors use semiconductors; materials that have very low conductivity and 

whose electrical resistivity falls with increasing temperature, to detect thermal radiation. 

The internal photoelectric effect occurs in semiconductors; incoming photons above the 

required threshold energy, DE, to excite an electron from the valence band (bound to the 

atoms) to the conduction band (free to move within the semi-conductor) are absorbed, 

creating electron and electron hole pairs (Fig. 2.19). This changes the free carrier 

concentration, that is the concentration of electrons free to move in the semi-conductor, 

which causes a change in the electronic energy distribution, which can be converted into 

the thermal image [128].  

 

Figure 2.19: Internal photoelectric effect; photons (with energies Ep1, Ep2 and Ep3 > DE) 

excite electrons from the valence band (E < Eval) to the conduction band (E > Econ) 

creating electron holes (adapted from [128]). 

Due to the quantum nature of the internal photoelectric effect, the detectors are only 

sensitive below a certain cut-off wavelength, proportional to the inverse of the threshold 

energy (Eq. 2.26) [128]: 
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where lcut is the cut-off wavelength, hp is Planckôs constant, c is the speed of light and 

DE is the threshold energy. This means that the detectors will not detect thermal 

radiation above the cut-off wavelength. DE can be altered by changing the 

semiconductor alloy material and can be varied by using an alloy with varying 

composition [133]. Atmospheric transmission of IR radiation is highest in the medium 

wave infrared (MWIR) and long wave infrared (LWIR) bands (3-5 mm and 8-14 mm 

respectively), with the maximum emissivity of objects at 300 K being at 10 mm [134]. 

The detectors must be cooled to avoid noise from the semiconductors themselves; the 

thermally excited free charge carrier concentration in semiconductors is 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 reduces the noise 

significantly. Detectors operating in LWIR bands are Stirling cooled to 77 K, but with 

increasing cut-off wavelengths, the cooling temperature needs to be lower [128]. 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 self-cooling detector, with a cooling down time of less than 6 minutes [135]. 

It uses Quantum Well Infrared Photodetector (QWIP) technology, so that longer 

wavelength radiation can be detected with larger energy band gap materials, which are 

easier to produce than small band gap materials. Figure 2.20 shows the bands in a 

quantum well; ground state electrons (Ee1) or holes (Eh1) in the conduction or valence 

bands respectively are excited into higher energy states (Ee2 and Eh2 respectively) in the 

same band, without crossing the energy gap [133]. 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 and low cost arrays. The SC3000 also has very high thermal 

sensitivity along with accurate temperature measurements up to 2298 K in the 8-9 mm 

spectral range [136]. 



Chapter 2: Literature Review 

 
41 

 

 

 

Figure 2.20: Band structure in a quantum well (adapted from [133]). 

Uncooled Detectors 

Microbolometer devices have been used in thermal imaging since the 1990s  in order to 

avoid the bulky and expensive cooling systems required in the semiconductor device 

thermal imaging cameras [128]. A bolometer is a sensor that detects thermal radiation 

using the change in electrical conductivity that results from a temperature increase in 

the sensor [137]. 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 current [138]. 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 

plate and substrate, while minimising the thermal contact. A thin reflecting metal film is 

placed on the substrate to enhance the IR absorption [138]. Although not as thermally 

sensitive as the QWIP devices discussed above, 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 costs [138]. 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 2.21: 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 services [139-142]. 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 that changes or 

component failure can be tracked [143, 144]. Thermal imaging provides a non-intrusive 

temperature measurement system that can view 2D areas. It can 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 outside of furnaces or ducts for example, at various sizes including 

mesoscale [145-147], and for finding hot spots or cool areas where damage or flame 

quenching respectively may occur, in order 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 walls [150]. However, thermal 

imaging cameras cannot be used to accurately measure flame temperature due to the 

high spectral range of emissions from flames, although thin filament pyrometry; where 

the radiation from a thin filament placed in the flame can be detected for temperature 

measurements, and  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 dependence 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, and the many types of surfaces 

involved. However, thermal imaging has been used to measure wall boundary 

conditions for validation with computer simulations [153].  

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 thesis deals 

with measuring the temperature of flame impinged walls using a flame switch off 

method, developed from [150]. Thermal imaging will be used to measure temperature 

distributions of flame impinged walls and to calculate radiation heat loss using Eq. 2.24 

(p. 30). An iterative method is also proposed to deal with temperature measurements of 

surfaces with temperature dependent emissivity. The methodologies will be discussed 

further in Chapter 3. Many impinging flame studies use thermocouples to measure wall 

temperature, which will be described in the next section. 

2.3.2.2. Thermocouples 

Principles 

Thermocouples have been used since early developments of thermodynamics in the 19
th
 

Century [154]. Thermocouples work on the basis that when junctions of two different 

conducting metals of different temperature are placed together, an electric current will 

flow between them, known as the Seebeck electromotive force (emf) [155]. 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 temperature of the other junction may be calculated, using the voltage produced 

(Eq. 2.27) [154]: 

           TE A,Bs d =d a ,          (2.27) 

where Es is the Seebeck voltage, aA,B is the Seebeck coefficient (depending only on the 

materials used), and T is 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 temperature of the óhotô point can be calculated. Figure 2.22 shows a 

schematic of a thermocouple. An extension wire, usually copper, can be used at the 

reference temperature 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 shown in Table 2.4. The K-type is the most commonly used in practical systems.  

 

Figure 2.22: Schematic of a typical thermocouple. 

Thermocouple Type Wire 1 (Positive Charge) Wire 2 (Negative Charge) 

B 70% Platinum, 30 % 

rhodium. 

94 % Platinum, 6 % 

rhodium. 

E 90 % Nickel, 10 % 

chromium. 

Constantan. 

J Iron. Constantan. 

K 90 % Nickel, 10 % 

chromium. 

95 % Nickel, 5 % 

silicon/aluminium. 

R 87 % Platinum, 13 % 

rhodium. 

Platinum. 

S 90 % Platinum, 10 % 

rhodium. 

Platinum. 

T Copper. Constantan. 

Table 2.4: Materials for various thermocouple types [154]. 

Applications and Limitations 

Thermocouples need to be in direct contact with the material in order to measure its 

temperature. Therefore drilling holes in the materials, in order to have the thermocouple 

flush with the surface, is often necessary to get an accurate reading of the temperature. 

Also, the presence of the thermocouple may affect the surface temperature. If the wires 

are placed in hot air for example, this may also affect the emf and so it is necessary to 

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

and causes minimal 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 to time restraints, the necessity for drilling and the problems associated with 

insulating the thermocouples against the high temperatures of the flames, and so that the 

thermocouples do not interfere with the thermal imaging measurements, which are a 

main focus of the thesis. 

Thermal imaging will be used to measure the surface temperature of flame impinged 

walls in order to evaluate the flame wall interaction. In 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 order to 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 takes advantage 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 

Snellôs Law of Refraction (Eq. 2.28): 

     jxjixi nn qq sin =sin ,          (2.28) 

where nxi and nxj are the refractive indices of materials i and j respectively, and qi and qj 

are the angles of incidence of light in materials i and j with the normal between the 

materials respectively (shown in Fig. 2.23).  



Chapter 2: Literature Review 

 
46 

 

 

 

Figure 2.23: 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 (Eq. 2.29) [118]: 

   
rKnx =1- ,           (2.29) 

where (nx-1) is called the refractivity of the gas, r is the density and K is the Gladstone-

Dale coefficient, which 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 by various 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 (Fig. 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 within 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 propagation rates and laminar 

flame speeds can also 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 distributions, and 

the principles of these techniques will now be discussed, followed by configurations, 

applications and limitations of the schlieren technique. 
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2.3.3.1.2. Principles 

Shadowgraphy  

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

convection currents above a candle flame. Robert Hooke pointed out in the 17
th
 Century 

that the convective plume of a candle can be seen simply by its shadow in sunlight, but 

the first published shadowgraph photographs (or shadowgrams) were by Boys in 1893 

[156]. When the plume rises and sunlight is shining through the air, shadows can be 

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 from those areas 

(causing a shadow), whereas the light areas are where more light has been refracted 

towards them.  

Figure 2.24 shows a simple shadowgraph setup with a point light source and a 

disturbance. The disturbance causes light that would initially travel to point A to refract 

by an angle q and hit the wall at point B, a distance dz from point A. This would cause 

point B to be lighter and point A to be darker 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.  

 

Figure 2.24: Simple shadowgraph setup (adapted from [156]).  

Schlieren  

The schlieren technique is a little more complex than shadowgraphy. While the 

shadowgraph technique is sensitive to changes in the second derivative of the density, 

the schlieren technique is sensitive to changes in the first derivative [118]. 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 enough by the convective plume to fall 

outside of the range of the eye and the transparent convective plume of the candle could 

be seen [156].  

 

Figure 2.25: Schematic of Hookeôs original schlieren experiment (adapted from [156]).  

The principles for this phenomenon are illustrated in Fig. 2.26 using 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 as the cut-off device, 

similar to the edge of the eye in Hookeôs experiment. If there are no disturbances in the 

test area, the image will lose a uniform degree of intensity due to the knife edge (dotted 

lines in Fig. 2.26). 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 lines in Fig. 2.26). 

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 lines in Fig. 2.26). By removing the knife edge, 

shadowgrams may be recorded with the same setup as for the schlieren imaging. 

 

Figure 2.26: Function of the knife edge in the schlieren 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 lenses (Fig. 2.27a), 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 the Z-type alignment (Fig. 2.27b) and the double pass 

alignment, coincident or non-coincident (Figs. 2.27d and c respectively). For the lens 

arrangement (Fig. 2.27a), the light diverges from the light source onto the first lens, 

creating a parallel beam of light. The light then 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 the Z-type schlieren arrangement (Fig. 2.27b), 

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 irregularities and are less expensive than lenses of similar size and quality 

[157].  

The double pass alignments (Figs. 2.27c and d) use only one parabolic mirror, so that 

the light diverges 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 camera (Fig. 2.27d). In this setup the incident and 

refracted rays occupy the same space. In the non-coincident setup (Fig. 2.27c) 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 test area from different directions, and the image is 

reconstructed using stereoscopic reconstruction techniques, allowing depth information 

to be obtained [158]. 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 observed instead of the light and dark regions as 

previously discussed [159].  
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Figure 2.27: Schematics of (a) Lens, (b) Z-type, (c) Double pass and (d) Double pass 

coincident schlieren alignments. 

The experiments in this thesis will use the Z-type alignment so that a large test area with 

a parallel beam may be used while conserving space and cost. The applications and 

limitations of the schlieren technique for combustion studies will now be 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 used to detect cracks 

and other imperfections in glass, and for liquid flows. It is often used for jet flames [24, 

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 observed with high 

speed schlieren [30, 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 picked up due to the changes in density caused by turbulent structures and 

mixing of the burned and unburned gases [24].  

Schlieren has been used to measure the laminar burning velocity, flame stretch and 

instabilities of mixtures using the spherical bomb method [161-163]. This is where 

mixtures are enclosed in a sphere and ignited at the centre (see Fig. 2.7, p. 20). The 

flame spreads through the mixture in a spherical shape and the laminar burning velocity 

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 throughout the explosion [13]. 

Schlieren is good for visualising flame front positions and flame propagation 

characteristics [55], particularly when used with high speed cameras, and shock waves 

may also be visualised [164]. 

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, they would 

block the schlieren view. In addition, the image shows an integrated density gradient 

distribution, rather than a 2D ósliceô of the flow in question. Therefore, it is not 

particularly suited to thick areas with many density changes. In vertically impinging 

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 evaluated for various 

fuels, and unburned fuel regions and mixing regions in the free jet and stagnation 

regions will be visualised. A quantitative method using schlieren to analyse turbulent 

structures within the impinging flames will be developed. The flame wall interactions 

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 Reynolds numbers, 

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 configuration for 

various fuel and flow conditions. The methodologies for these applications of the 

schlieren technique will be described in Chapter 3. The use of Particle Image 

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

2.3.3.2. Particle Image Velocimetry 

Schlieren may be used for flow visualisation, but in order to gain more quantitative 

results regarding the structure of the flow within the 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 fields; when objects that are 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 be selected 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 particles on the surface of water in a tunnel, 

with disturbances in the water caused by obstacles, and tracked their streamlines [108, 

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 flows [165]. 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 sheet so that a 2D 

slice of the flow field can be visualised (Fig. 2.28).  
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Figure 2.28: Example of a typical PIV setup with the 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 two images; frames A and B respectively, dt apart. 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 ófingerprintô which can be identified in both 

images. Small interrogation regions are defined in frame 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 then be given a velocity vector depending 

on the particle group displacement and time interval, dt, between frames A and B. A 

velocity vector is then assigned (Fig. 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 

interrogation area contains 5 ï 15 particles and so that the maximum displacement is 

approximately 25 % the size of the interrogation region [166]. The seeding density and 

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].  



Chapter 2: Literature Review 

 
54 

 

 

 
Figure 2.29: Examples of interrogation region in Frame A and matched displaced region 

in Frame B, along with the corresponding displacement vector in the y and z 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 aerodynamic diameter (Eq. 2.30):  

  
rgeae=dd ,           (2.30) 

where dae is the aerodynamic diameter, dge is the particle diameter and r is the density. 

The smaller the aerodynamic diameter the better the particleôs ability to follow rapid 

fluctuations, and the higher the frequency response [167]. The ability of a particle to 

scatter laser light depends on the refractive index and surface properties of the particles; 

particles with irregular or metallic surfaces tend to scatter light well [167]. The 

scattering of light occurs in the Mie regime; this means that the wavelength of the 

incident light is smaller than the particle diameter (typically 1mm for gases and 10mm 

for liquid flows) [168]. Other considerations are the particle lifetime in the flow, 

particularly the resistance to thermal breakdown in high temperature/reacting flows, and 

toxicity and disposal of the seeding particles [167]. Depending on the type of flow (for 

example, liquid, gaseous or reacting), various types of seeding may be used as outlined 

in Table 2.5.  
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Seeding 

Particle 

Aerodynamic 

Diameter                     

(x 10
-4
 kg

1/2
 m

3/2
) 

Scattering Ability  Type of Fluid 

Vegetable/olive 

oil 

Typically 0.3 to 

0.9   

Depends on droplet size. Low temperature 

gases and liquids. 

Aluminium 

oxide power 

1.8 Irregular shapes => Good 

scattering in all 

directions. 

Refractive index = 1.79. 

Reacting/high 

temperature gases; 

melting point = 

2288 K. 

Titanium 

dioxide power 

1.9 to 3.2 Irregular shapes => Good 

scattering in all 

directions, 

Refractive index = 2.6 ï 

2.9. 

Reacting/high 

temperature gases; 

melting point = 

1750 K. 

. 

Silicon carbide 0.85 Irregular shapes => Good 

scattering in all 

directions, 

Refractive index = 2.65. 

Reacting/high 

temperature gases; 

melting point = 

2700 K.. 

Hollow glass 

spheres 

2.6 to 4.1 Large geometric diameter 

=> High scattering 

intensity.  

Liquids. 

 

Metallic coated 

particles 

4.6  Good scattering intensity.  Liquids. 

Table 2.5: Properties of various seeding particles used for PIV [167, 168]. 

Powder particles may typically be used for reacting gaseous flows due to their high 

scattering intensity produced by their irregular shapes and to their resistance to high 

temperatures. However problems arise 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 be used [168, 169]. Agglomeration 

also increases with the flow rate, causing the powder bed to become non-uniform, with 

bubbles or slugs of air disturbing it, leading to an erratic generation rate [169]. Oil 

droplets are more commonly used in lower temperature gaseous flows or liquid flows, 

as they are non-toxic, 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 a cyclone of gas and an outlet for the aerosol (Fig. 

2.30a). The cyclone disperses the powder and also separates the large from the small 

particles, depending on the size of the outlet tube [168], and also reduces the 

fluctuations in particle concentration [169]. Other seeders are the rotating brush seeder 

(Fig. 2.30b), 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 particles [168]. 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 agglomeration [170] (Fig. 2.30c). 

However, measures must be taken to reduce the amount of coagulation in seeding 

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

 

Figure 2.30: Images of solid particle seeders; (a) Cyclone aerosol generator [169], (b) 

Rotating brush seeder [168] and (c) Sonic air jet seeder. 

Oil droplets can be generated by an atomiser, the most common type of which is the 

twin fluid or air assist atomiser [168]. Figure 2.31a shows a schematic of this type of 

atomiser; oil is drawn from a reservoir into a high speed gas jet, undergoing atomisation 

using Laskin nozzles (Fig. 2.31b). The Laskin nozzles cause small oil droplets to be 

carried inside air bubbles, due to the shear stress induced by the small sonic jets (Fig. 

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 plate [108, 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 used to dilute the seeded flow if necessary [168].  

 

Figure 2.31: (a) Air assist atomiser and (b) Laskin nozzle, adapted from [108, 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 possible and can be illuminated enough by the laser to be picked 

up by the camera. In addition, the seeding density must be consistent 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 enough resistance to thermal breakdown. PIV 

has been used for calculating vorticity and analysing turbulent flame structures [54, 

120-123, 126, 171]. Flow velocity distributions can be obtained [51, 122] and flame 

vortex interactions can be analysed [120, 172]. PIV has been used for studying vortex 

structure in an impinging jet on a protruded surface [173], impinging jets on a planar 

surface using polyamide tracer particles [174] and oil droplets [175], and impinging 

water jets on a planar surface [176, 177].  

For impinging flame jets; the flow characteristics of opposed propane-air [126] and 

opposed hydrogen-air [178] impinging jets have been studied. For a methane-air flame 

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 
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found [179]. However, there is a lack of research for hydrogen flames impinging upon a 

flat plate. In impinging flames, density variations and high values of acceleration in 

stagnation regions, for 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, inconsistent seeding density, 

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 discussed in more 

detail in Chapter 3. 

2.3.4. Conclusions 

Various diagnostic techniques used for impinging flame analysis have been reviewed. It 

has been shown that thermal 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 measured due 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 explored using an iterative methodology so that the wall 

temperature can be evaluated. 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 be examined 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 technique. The 

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 

speed 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 this thesis but was unsuccessful in the current setup. This will be 

discussed more in Chapter 3, along with the other experimental techniques and 

methodologies 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 configuration. A detailed review of 

impinging flame studies is given in the next section, which 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 transfer of impinging flames 

has been given in Section 2.2.2. This section will give a detailed review of the literature 

pertaining to impinging flames, including 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. Impinging Flame Research 

Many researchers look experimentally at the effects of impinging air jets [93, 95, 97, 

99, 149, 157, 173-176, 180-184], or perform computational/analytical studies of 

impinging air jets [90, 92, 100, 173, 184] and flame jets [25, 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 of fuel, flame structure, equivalence ratio, reactions and 

flame impingement affect the flame wall interactions, along with the factors that also 

affect impinging air jets. Limited information in the literature means that a complete 

understanding of impinging jet 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 therein). In addition, the detailed coupling effects between 

fuel and flow configuration have not been investigated thoroughly. This chapter deals 

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 flames [11, 84, 101, 

202]. In general it is concluded that the effects of Reynolds number, equivalence ratio 

and nozzle-to-plate distance have been studied extensively. Chander and Ray [84] 

concluded in 2005 that some aspects of combustion that still needed attention included 

testing: H2/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 2.6 gives a summary of experimental impinging flame studies, including 

configurations, parameters studied, fuels and measurement techniques. These will be 

discussed in Sections 2.4.3 to 2.4.8. 
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Authors  Fuels  Configurations Re f Parameters Varied Techniques Used        Ý Parameters Measured 

Baukal and 

Gebhart, 

1997 [103]. 

Oxygen-

enhanced 

natural gas. 

Flame-working 

torch burner, 

impinging vertically 

normal to a water-

cooled metal disc, at 

constant firing rate. 

 Diffusion flame 

with premixed 

characteristics. 

Surface condition. ¶ Calorimetric rings. 

¶ Polished, untreated, 

and blackened 

surfaces. 

¶ Alumina-coated, 

untreated, and 

platinum-coated 

surfaces. 

Ý Heat flux. 

Ý Emissivity effects. 

 

 

Ý Catalytic effects. 

Baukal and 

Gebhart, 

1998 [203]. 

Oxygen-

enhanced 

natural gas. 

Flame-working 

torch burner, 

impinging vertically 

normal to a water-

cooled metal disc. 

 Diffusion flame 

with premixed 

characteristics. 

Burner firing rate, 

oxidiser composition 

and axial and radial 

surface positions. 

¶ Calorimetric rings. 

¶ Thermocouples. 

Ý Heat flux. 

Ý Temperature. 
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Authors  Fuels  Configurations Re f Parameters Varied Techniques Used        Ý Parameters Measured 

Beer and 

Chigier, 1968 

[85]. 

Coke oven 

gas. 

Impinging at 20° 

onto the hearth of a 

furnace. 

Turbulent. Premixed. Impingement angle 

(20° and 0°), 

velocity, Re and 

distance to hearth. 

¶ Impact tubes and 

suction pyrometer. 

 

¶ Sampling. 

 

¶ Heat flow meters. 

¶ Radiometers. 

¶ Thermocouples. 

Ý Velocity and 

temperature profiles in 

the flame. 

Ý Gas/soot 

concentration. 

Ý Heat flux. 

Ý Radiation. 

Ý Hearth temperature. 

Chander and 

Ray, 2007 

[204]. 

Methane-

air. 

3 jets in a triangular 

configuration, 

impinging on a flat, 

water cooled copper 

plate. 

Laminar. Stoichiometric. Inter-jet spacing, h/d 

and single/multiple 

jets. 

¶ Calorimeter with heat 

flux micro- sensor. 

¶ Thermocouples. 

¶ Direct imaging. 

Ý Heat flux distribution. 

 

Ý Surface temperature. 

Ý Flame shapes. 

Chander and 

Ray, 2007 

[57]. 

Methane-

air. 

Impinging normally 

to cylindrical, water 

cooled brass surface. 

Laminar. 0.8-1.3 Re, f and h/d. ¶ Calorimeter with heat 

flux micro- sensor. 

¶ Direct imaging. 

Ý Heat flux and surface 

temperature. 

Ý Flame shapes. 
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Authors  Fuels  Configurations Re f Parameters Varied Techniques Used        Ý Parameters Measured 

Chander and 

Ray, 2008 

[98]. 

Methane-

air. 

Impinging normally 

to a flat, water 

cooled copper 

surface. 

Laminar. Premixed. Re, f and burner 

diameter. 

¶ Calorimeter with heat 

flux micro- sensor. 

Ý Stagnation point heat 

flux. 

Chander and 

Ray, 2011 

[186]. 

Methane-

air. 

Impinging normally 

to a flat, water 

cooled copper 

surface. 

Laminar. Stoichiometric. Burner diameter and 

firing rate. 

¶ Calorimeter with heat 

flux micro- sensor. 

Ý Radial heat flux 

profiles. 

Dong et al, 

2002 [205]. 

Butane-air. Round flame jet 

inclined onto flat, 

water cooled copper 

plate. 

2500 Stoichiometric. Plate inclination 

angle. 

¶ Calorimeter with 

thermocouples. 

Ý Total heat transfer and 

maximum point of 

heat flux. 

Dong et al, 

2002 [66] 

Butane-air. Slot flame jet and 

circular flame jet 

impinging on a flat, 

rectangular, water 

cooled copper plate. 

800-1700 Stoichiometric. Re and h/d. ¶ Calorimeter with 

ceramic heat flux 

transducer. 

¶ Thermocouples. 

Ý Heat flux. 

 

 

Ý Plate temperature 

(flame side) and flame 

temperature. 
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Authors  Fuels  Configurations Re f Parameters Varied Techniques Used        Ý Parameters Measured 

Dong et al, 

2003 [206]. 

Butane-air. Row of 3 jets 

impinging on a flat, 

rectangular, water 

cooled copper plate. 

900 Stoichiometric. h/d and jet-to-jet 

spacing. 

¶ Calorimeter with 

ceramic heat flux 

transducer. 

¶ Thermocouples. 

¶ Direct imaging. 

Ý Heat flux. 

 

 

Ý Plate temperature. 

Ý Flame shapes. 

Dong et al, 

2004 [207]. 

Butane-air. Twin jets impinging 

vertically on a 

square, water cooled 

copper plate. 

800-1200 Stoichiometric. Re, h/d, jet-to-jet 

spacing. 

¶ Calorimeter with 

ceramic heat flux 

transducer. 

¶ Pressure taps. 

 

¶ Direct imaging. 

Ý Heat flux. 

 

 

Ý Wall pressure 

characteristics. 

Ý Flame shapes. 

Dong et al, 

2007 [208]. 

Butane-air. Inverse diffusion 

flame impinging 

vertically onto a 

rectangular, water 

cooled copper plate. 

3,000-

8,000 

0.8-2.1 h/d (air), Re (air) and 

f.  

¶ Coated micro-sensor. 

¶ Pressure tap. 

¶ Direct imaging. 

Ý Local heat flux. 

Ý Wall pressure. 

Ý Flame shapes. 
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Authors  Fuels  Configurations Re f Parameters Varied Techniques Used        Ý Parameters Measured 

Durox et al, 

2002 [209]. 

Methane-

air. 

Impinging from a 

water cooled 

converging nozzle 

onto a water cooled 

copper disc, with a 

loudspeaker. 

Laminar. 0.95 Burner size and flow 

velocity. 

¶ Thermocouple. 

¶ Laser Doppler 

Velocimetry (LDV). 

¶ Photomultiplier (CH* 

emission). 

¶ Microphone. 

Ý Plate temperature. 

Ý Axial velocity. 

 

Ý Global heat release. 

 

Ý Sound pressure. 

Fairweather 

et al, 1984 

[59]. 

Oxygen 

enriched 

methane-air/ 

oxygen. 

Impinging on a 

hemispherical brass 

probe. 

Laminar. Premixed. Fuel/oxidiser ratio 

and f. 

¶ Calorimetric heat flux 

probe. 

 

¶ Sodium D line 

reversal method. 

¶ Pitot tube. 

¶ Direct imaging. 

Ý Stagnation point heat 

flux and probe surface 

temperature. 

Ý Flame temperature. 

 

Ý Velocity. 

Ý Flame diameter. 
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Authors  Fuels  Configurations Re f Parameters Varied Techniques Used        Ý Parameters Measured 

Foat et al, 

2001 [34]. 

Propane-air. Impinging vertically 

on flat, water cooled 

and uncooled plates. 

Turbulent. Premixed. Turbulence 

generator, 

cooled/uncooled 

plate, flame mode 

and h/d. 

¶ Hot wire 

anemometry. 

¶ Colour video camera 

at high shutter speed. 

¶ High speed digital 

imaging. 

Ý Velocity profiles. 

 

Ý Flame structure. 

 

Ý Time resolved 

consecutive images. 

Hargrave et 

al, 1987 

[188]. 

Methane-

air. 

Impinging onto a 

hemispherical-nosed 

body and a 

cylindrical body. 

2,000-

12,000 

0.8-1.2 Re, f and heat 

receiving body type. 

¶ Calorimeter with 

conductivity type heat 

flow meter. 

¶ Transient slug-type 

calorimeter. 

 

Ý Stagnation point heat 

flux for hemi-nosed 

body. 

Ý Stagnation point heat 

flux for cylindrical 

body. 

Hou and Ko, 

2004 [210]. 

Methane-

air. 

Bunsen flame 

impinging vertically 

on a water cooled, 

horizontal steel 

plate. 

365 Fuel rich (f = 

1.9) and 

diffusion. 

Heating height. ¶ Thermocouples. 

 

¶ Thermal input to 

cooling water. 

¶ (Not stated). 

Ý Jet flame temperature 

fields. 

Ý Efficiency. 

 

Ý Flame appearance. 
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Authors  Fuels  Configurations Re f Parameters Varied Techniques Used        Ý Parameters Measured 

Hou and Ko, 

2005 [211]. 

Methane-

air. 

Bunsen flame 

impinging vertically 

and at an angle to a 

water cooled 

stainless steel plate. 

365 Fuel rich and 

diffusion. 

Heating height and 

oblique angle. 

¶ Thermocouples. 

 

¶ Thermal input to 

cooling water and a 

heating cup. 

¶ CCD camera and 

imaging tool. 

Ý Jet flame temperature 

fields. 

Ý Efficiency. 

 

 

Ý Flame structure. 

Hsieh et al, 

2005 [79]. 

Methane-

air. 

Conical Bunsen 

flame with concave 

potential core 

impinging on a 

water cooled 

stainless steel plate. 

Laminar. Fuel lean ï fuel 

rich. 

Reacting/non-

reacting jet and the 

transition from lean 

to rich flames. 

¶ High resolution CCD 

camera. 

¶ Thermocouples. 

Ý Flame height. 

 

Ý Flame temperature 

distributions. 

Huang et al, 

2006 [65]. 

Butane-air. Circular flame jet 

with induced swirl 

impinging on a 

water cooled copper 

plate. 

800-1700 Stoichiometric. Swirl/no swirl, Re 

and h/d. 

¶ Heat flux sensor. Ý Local heat flux. 
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Authors  Fuels  Configurations Re f Parameters Varied Techniques Used        Ý Parameters Measured 

Huang et al, 

2013 [212]. 

Methane 

and 

Propane. 

Impinging vertically 

onto a flat, steel 

plate. 

 Diffusion. Fuel and flow rate. ¶ Multi -dimensional 

Digital Flame Colour 

Discrimination 

(DFCD) and 

schlieren. 

Ý Ignition and flame 

propagation 

characteristics. 

Katta et al, 

1998 [213]. 

Hydrogen-

nitrogen-air. 

Opposing air and 

fuels jets with 

vortex interaction. 

 Diffusion.  ¶ PLIF. Ý OH distributions. 

Katta et al, 

2004 [214]. 

Hydrogen-

nitrogen-air. 

Opposing air and 

fuel jets with 

injected vortices. 

 Diffusion.  ¶ PLIF. Ý OH distributions. 

Kim et al, 

2013 [215]. 

High 

pressure 

hydrogen. 

Extension tubes of 

different lengths and 

burst pressures 

interacting with a 

wall. 

  Wall height, distance 

from wall and burst 

pressure. 

¶ High speed imaging. 

 

 

¶ Pressure transducers 

and photodiodes. 

Ý Ignition and flame 

propagation 

characteristics. 

Ý Burst pressure and 

flame generation 

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

Kwok et al, 

2003 [216]. 

Butane-air. Round and slot jets 

impinging vertically 

onto a flat, water 

cooled copper plate. 

1,000-

1,700 

0.5-1.3 Round/slot jet, Re 

and f. 

¶ Heat flux transducer. Ý Heat flux. 

Kwok et al, 

2005 [217]. 

Butane-air. Flame jets 

impinging vertically 

onto a flat, water 

cooled copper plate. 

1,000 Stoichiometric. Round/slot jet, 

single/multiple jets, 

h/d and jet-to-jet 

spacing. 

¶ Heat flux transducer. 

¶ Digital camera. 

Ý Heat flux distribution. 

Ý Flame shapes. 

Li et al, 2010 

[218]. 

Liquid 

Petroleum 

Gas (LPG) 

(70 % 

butane, 30 

% propane)-

air. 

Circular jet 

impinging vertically 

onto a flat, water 

cooled rectangular 

plate. 

Laminar. Premixed. Plate temperature, 

Re, h/d and f. 

¶ Cooling water. 

 

¶ Heat flux sensor. 

 

¶ CO/CO2 and NOx 

analyser. 

Ý Plate temperature 

control. 

Ý Heat flux and flame 

side plate temperature. 

Ý CO/CO2 and NOx 

emissions. 
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Makmool et 

al, 2011 

[219]. 

LPG-air. Cooker top burner 

flame impinging on 

the bottom surface 

of a pan. 

 Premixed. Burner thermal 

efficiency. 

¶ PIV. 

¶ OH-PLIF. 

Ý Average velocity. 

Ý OH radicals. 

Malikov et al, 

2001 [189]. 

Natural gas-

air. 

Large size industrial 

Direct Flame 

Impingement 

furnace. 

 Premixed. Nozzle arrangement, 

firing rate, nozzle 

exit velocity, f and 

gas and surface 

temperature. 

¶ Cylindrical 

calorimeter. 

¶ Suction pyrometer 

and thermocouples. 

Ý Heat flux. 

 

Ý Gas temperature. 

Milson and 

Chigier, 1973 

[87]. 

Methane-

air. 

Impinging vertically 

onto a cold steel 

square plate with the 

upper surface coated 

in lamp black. 

7,000-

35,300 

Premixed and 

diffusion. 

Re, h/d and f. ¶ Thermocouples. 

 

¶ Direct imaging. 

Ý Surface and flame 

temperature. 

Ý Flame structure. 
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Mohr et al, 

1996 [220]. 

Natural gas-

air. 

Radial Jet 

Reattachment and 

coaxial jet flames 

impinging on a 

water cooled copper 

plate.  

7,000 Partially 

premixed. 

Burner type and f. ¶ Thermocouples. 

¶ Pressure tap. 

¶ Gas analyser. 

Ý Surface temperature. 

Ý Pressure distribution. 

Ý CO, CO2 and O2 

concentrations in 

exhaust gases. 

Ng and 

Zhang, 2005 

[221]. 

Propane. Impinging star-

shape flames on a 

circular steel plate. 

Turbulent. Diffusion (with 

coflow). 

Viewing angle. ¶ Stereoscopic imaging 

with a single camera. 

Ý Stereoscopic flame 

shapes. 

Ng et al, 

2007 [67]. 

LPG (70 % 

butane and 

30 % 

propane)-

air. 

Inverse diffusion 

and circular 

premixed flames 

impinging vertically 

onto a water cooled 

copper plate. 

2,000-

3,000 

0.8-1.8 Re, f and h/d. ¶ Heat flux sensor. 

¶ Direct imaging. 

Ý Local heat flux. 

Ý Flame shapes. 
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Niu et al, 

2008 [222]. 

Diesel oil 

(for 

producing 

syngas). 

Impinging 

entrained-flow 

gasifier with two 

opposed burners. 

  Oxygen/carbon 

content ratio. 

¶ Mass spectrometry. 

 

¶ Flame image 

detector. 

¶ Thermocouple.  

Ý Gas concentration 

distribution. 

Ý Flame shapes. 

 

Ý Combustor wall 

temperature. 

Remie et al, 

2008 [196]. 

Methane-

oxygen and 

hydrogen-

oxygen. 

Single circular jet 

impinging vertically 

normal to a flat 

quartz plate. 

Laminar. Stoichiometric. Fuel type. ¶ Thermographic 

phosphor YAG:Dy. 

Ý Temperature on top 

side of plate. 

Singh et al, 

2012 [223]. 

Natural gas-

air. 

Swirling flames 

impinging on a flat 

water cooled 

surface. 

3,500-

6,000 

1-1.5 Re, f, h/d and 

swirling angle. 

¶ Calorimeter with a 

heat flux sensor. 

 

¶ Thermocouples. 

¶ Direct imaging. 

Ý Heat flux and plate 

temperature 

distribution. 

Ý Flame temperature. 

Ý Flame shapes. 

Su and Liu, 

2002 [28]. 

Methane-

nitrogen. 

Jet-to-jet 

impingement, with 

144° between jets). 

90-225 Diffusion. CH4/N2 ratio. ¶ Thermocouple. 

¶ Schlieren and direct 

imaging. 

Ý Flame temperature. 

Ý Flame shapes. 
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Authors  Fuels  Configurations Re f Parameters Varied Techniques Used        Ý Parameters Measured 

Sullivan et al, 

2000 [159]. 

Methane-

air. 

Array of flame jets 

impinging on a 

water cooled 

rotating cylinder. 

Laminar. Premixed.  ¶ Colour bulls-eye 

schlieren. 

¶ Thermocouples. 

Ý Flow fields. 

 

Ý Surface temperature. 

Takagi et al, 

1996 [197]. 

Hydrogen-

nitrogen-air. 

Counterflow flames 

strained by 

impinging micro 

fuel or air jet. 

Laminar. Diffusion. Micro fuel or air jet. ¶ Laser Rayleigh 

scattering. 

¶ Direct imaging. 

Ý 2D temperature fields. 

 

Ý Flame shapes. 

Tuttle et al, 

2005 [224]. 

Methane-

air. 

Enclosed jet flames 

impinging normal to 

a water cooled 

polished aluminium 

plate. 

1,500-

5,600 

Stoichiometric 

to fuel rich. 

Re, f and h/d. ¶ Heat flux sensor. 

  

¶ Thermocouples. 

 

¶ Direct imaging. 

Ý Local heat flux and 

plate temperature. 

Ý Water and flame 

temperature. 

Ý Flame shapes. 

Tuttle et al, 

2005 [225]. 

Methane-

air. 

Enclosed jet flames 

impinging normal to 

a water cooled 

polished aluminium 

plate. 

1,500-

5,600 

Stoichiometric 

to fuel rich. 

Re, f and h/d. ¶ Heat flux sensor. 

  

¶ Thermocouples. 

 

¶ Direct imaging. 

Ý Local heat flux and 

plate temperature.  

Ý Water and flame 

temperature.  

Ý Flame shapes. 
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Wehrmeyer 

et al, 2002 

[226]. 

Hydrogen-

propane. 

Opposing hydrogen 

and propane jets. 

 Hydrogen: 0.4. 

Propane: 0.6-

1.25. 

f.  ¶ Spontaneous Raman 

spectroscopy. 

Ý Species concentration 

and flame temperature. 

Yoshida et al, 

1998 [201]. 

Hydrogen-

nitrogen-air. 

Counterflow flames 

unsteadily strained 

by impinging micro 

jet. 

Laminar. Diffusion. Unsteadiness, flame 

curvature and 

preferential 

diffusion. 

¶ Laser Rayleigh 

scattering. 

Ý 2D temperature fields. 

Zhang and 

Bray, 1999 

[80]. 

 Jet flames 

impinging vertically 

on a water cooled 

plate. 

  Nozzle exit velocity, 

h/d and ignition 

location. 

¶ Direct imaging. Ý Flame shapes. 

Zhao et al, 

2004 [61]. 

Butane-air. Circular flame jet 

impinging on flat, 

square, water cooled 

brass and stainless 

steel plates. 

500-1,800 0.9-1.2 Re, h/d, f, surface 

emissivity, 

roughness and 

conductivity. 

¶ Minolta spot infrared 

thermometer and 

thermocouples. 

¶ Calorimeter with heat 

flux transducer. 

¶ Thermocouple. 

Ý Surface emissivity. 

 

 

Ý Local heat flux. 

 

Ý Plate temperature. 
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Zhao et al, 

2006 [227]. 

Butane-air. Impinging vertically 

upwards onto a flat, 

water cooled plate. 

1,200 Stoichiometric. Plate material (brass, 

bronze and stainless 

steel) and surface 

emissivity for the 

bronze plate. 

¶ Minolta spot infrared 

thermometer and 

thermocouples. 

¶ Calorimeter with heat 

flux transducer. 

¶ Thermocouple. 

Ý Surface emissivity. 

 

 

Ý Local heat flux. 

 

Ý Plate temperature. 

Zhao et al, 

2009 [228]. 

Butane-air. Array of three jets 

with/without swirl 

impinging onto the 

base of a water tank. 

500-2,500 1-1.8 With/without swirl, 

Re, h/d and f. 

¶ High speed digital 

imaging. 

¶ Thermocouple. 

¶ Heating the water to a 

fixed temperature 

rise. 

Ý Flame shapes. 

 

Ý Water temperature. 

Ý Heating efficiency. 

Zhen et al, 

2009 [229]. 

LPG (70 % 

butane, 30 

% propane)-

air. 

Swirling inverse 

diffusion flame 

impinging on a flat 

water cooled copper 

plate. 

6,000-

10,000 

1-2 Swirl number, Re, 

h/d and f. 

¶ Heat flux sensor. 

¶ Direct imaging. 

Ý Heat flux distributions. 

Ý Flame shapes. 
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Authors  Fuels  Configurations Re f Parameters Varied Techniques Used        Ý Parameters Measured 

Zhen et al, 

2012 [230]. 

LPG (70 % 

butane, 30 

% propane)-

air. 

Annular and round 

flame jets impinging 

vertically on a flat, 

water cooled copper 

plate.  

1,300-

1,700 

1-1.5 With/without swirl, 

Re, h/d and f. 

¶ Heat flux transducer. 

¶ Direct imaging. 

Ý Local heat flux. 

Ý Flame shapes. 

Table 2.6: 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 usually used [85, 231, 232], but the 

most common configuration for open impinging flames is to have a flame jet impinge 

vertically onto a flat plate (Fig. 2.32a) [34, 61, 66, 67, 80, 87, 98, 103, 186, 195, 196, 

203, 204, 208, 210, 211, 216, 218, 221, 227, 229, 230]. This allows for simple setup and 

data acquisition and symmetry. Other configurations are to change the angle of 

incidence of the flame on the plate or the orientation of the burner nozzle (Figs. 2.32b 

and d respectively) [85, 102, 185, 205, 211]. This allows buoyancy effects to be studied 

due to the unsymmetrical nature of the setup. Configurations may also use a hemi-

spherical or cylindrical impingement surfaces (Fig. 2.32c) [57, 59, 188], or use an 

opposing jet of flame or air to create impinging flames without an impingement surface 

(Fig. 2.32e) [197, 201, 213, 214, 226]. In this case, the stagnation point is the point 

where the flow velocity is zero, due to the change in direction on either side caused by 

the flame impingement (Fig. 2.32e).  

 

Figure 2.32: Diagrams of impinging flame configurations for flame jets impinging 

vertically upwards onto (a) A horizontal flat plate, (b) An angled flat plate and (c) A 

hemi-spherical plate, (d) At an angle upwards onto a vertical flat plate and (e) Opposing 

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 can be off-centre to 

the jet axis (Fig. 2.32b) [205]. For an angled plate, the heat flux in the uphill part (left 

side of Fig. 2.32b) is higher than the downhill part, and for the downhill part, the heat 

flux increases with inclination angle [185]. Different nozzle shapes, such as annular and 

flat, and multiple interacting jets may also be used [66, 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 plate [66] and a row of three jets on a flat plate [206] for 

butane-air flames, and Chander and Ray looked at the heat flux distributions for 

methane-air flames impinging normal to a flat surface [98] and a cylindrical surface 

[57] and in a triangular three-jet configuration on a flat surface [204]. 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 plate 

(Fig. 2.32a), since this configuration gives a symmetrical setup for the thermal imaging 

and schlieren techniques and it is the flame wall interaction that is of interest rather than 

the burner-plate 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 non-linear temperature gradient [233]. Water cooling takes heat 

from the non-impinged side of the plate and the flow rate and temperature rise of the 

coolant can be used to measure the total heat flux (called 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 flux; moving the burner position relative to a single 

heat flux sensor attached to the plate [57, 61, 66, 98, 103, 186, 204-207, 223, 233]. 

Water cooled plates can also be used to approximate the plate as isothermal; cooling the 

plate evenly over the surface, reducing the temperature gradients within the plate [86, 

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 surroundings [87].  

A flame impinged plate has high radiation loss if not cooled 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 investigated. 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 the forced cooling. Uncooled impingement surfaces have been used to measure 

flame structures and corresponding temperature distributions for methane-air flames 

[87] and propane-air flames [34], heat transfer from buoyant diffusion flames to an 

unconfined ceiling [199], flame temperature and heat transfer coefficients [234], heat 

transfer to furnace walls [85] and stagnation point heat transfer [59]. However, uncooled 

plates have not been extensively studied, as for water cooled plates. The plate 

temperature for uncooled plates will be higher, which will also change the flame 

properties near the plate when compared to cooled plates. In addition, large temperature 

variations across the plate radius will occur, which will affect the radiation losses. 

Uncooled plates will be used in this thesis 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 and conductivity 

will affect the flame wall interaction. Many researchers use copper plates [65-67, 98, 

186, 204-209, 216, 217, 220, 229, 230] due to its high thermal conductivity, and steel 

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

[227] and quartz [196] 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 

properties [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, polished, untreated 

and blackened surfaces have been used, as these give very different emissivities [103]. 

Catalytic effects were also studied by the same authors [103] by using alumina and 

platinum coated and untreated surfaces. It was found that the polished and blackened 

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 the non-luminous 
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radiation  from the flame and TCHR were relatively small fractions of the total heat 

flux. Brass and stainless steel surfaces have also been used to compare emissivity and 

conductivity effects [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 looked 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 inertia [150], and constant emissivity (of 

0.79) with respect to temperature [235, 236]. Therefore, it makes for an excellent 

surface for measuring the wall temperature of flame impinged walls using a óflame 

switch offô method, which will be discussed in Chapter 3. In addition, surfaces covered 

in soot produced by hydrocarbon flames generally have a constant emissivity of 0.96 

[237, 238] and so the method can be applied to the surfaces heated by propane diffusion 

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 Chapter 3. The differences in the properties of steel and quartz will also 

allow for comparison of flame wall interactions depending on plate material since they 

have significantly different emissivity and conductivity properties.  

Nozzle-to-Plate Distance 

The distance between the burner nozzle and the impingement plate has large effects on 

the flame wall interactions. The nozzle-to-plate distance normalised by the nozzle 

diameter (h/d) has been studied extensively for various impinging flame fuels and 

configurations [34, 57, 61, 65-67, 80, 87, 204, 206-208, 217, 218, 223-225, 228-230]. 

These studies mainly use 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 inner reaction zone or unburned fuel impinges on the 

plate at the stagnation region. In addition, the flame modes are affected by the nozzle-

to-plate distance [80]. At smaller h/d, the plate has a greater influence on the stagnation 

point velocity and heat flux, and also, for smaller h/d, the dip in the heat flux at the 

stagnation region is more pronounced. The average heat flux tends to increase with 

increasing h/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 stagnation region when the cool central core impinges on the plate [87].  

The effect of nozzle-to-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, since these aspects of the effect of nozzle-to-plate distance have not yet 

been studied in detail. However, the majority of the results will be at a constant h/d. The 

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 laminar [59, 79, 196, 204, 206, 209-211, 217], transitional [205, 227] 

or turbulent [220, 221] flames. However, the effects of varying the Reynolds number on 

the heat flux and flow characteristics of laminar [57, 61, 65, 66, 98, 207, 216, 218, 228], 

transitional [61, 65-67, 216, 224, 225, 228, 230] and turbulent [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 flames is significant. For laminar 

flames, increasing Re tends to increase the heat flux to the plate while making it less 

uniform [65, 228], and for transitional flames, the enhancement of the heat flux with Re 

is more evident in the impinging and early wall jet regions [66]. For turbulent flames, an 

increase in Re causes the dip in the heat flux at the stagnation region to be more 

pronounced and increases the zone of influence of the cool central core [87, 223]. 

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 describing 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, focusing on 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 studies are performed with premixed flames at a stoichiometric 

equivalence ratio [65, 66, 186, 196, 204-207, 217, 227], or varying between fuel rich 

and fuel lean flames [57, 61, 79, 98, 188, 208, 216, 239] or stoichiometric and fuel rich 

flames [223-225, 228-230]. Some studies have been performed for diffusion flames [28, 

213, 214, 221] and comparing diffusion and premixed flames [87, 210, 211] but these 

are much fewer in number 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 decreased [239] and the maximum rate of heat transfer decreased 

with a shift of the maximum heat flux downstream [188]. When moving from 

stoichiometric to rich flames, the wall jet region increased in size but the free jet and 

stagnation zone remained unchanged [224] and the effect of the equivalence ratio on the 

heat flux for rich swirling flames was less than the effect of the Reynolds number [223].   

This thesis will look at diffusion flames and fuel rich flames, since these types of flames 

are not as widely studied and experimental constraints such as blow-out 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 effects of 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 be studied 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 burner [203], a large size industrial Direct Flame Impingement 

furnace [189] and jet flames impinging on flat plates [186, 240, 241]. For the torch 

burner study, the wall temperature increased by 35 % - 59 % 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 

concerned 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 Re, f, h/d and 

fuel composition. 

2.4.6. Fuel Effects 

Most impinging flame studies use only one fuel type and compare the Reynolds 

number, h/d, configuration and f as discussed in Sections 2.4.3 to 2.4.5. Many studies 

use methane [57, 59, 68, 79, 98, 159, 186, 188, 204, 209-211, 224, 225, 241], butane 

[61, 65, 66, 205-208, 216, 217, 227, 228] or natural gas [103, 189, 203, 220, 223], and 

other studies use propane [34, 221], LPG [67, 218, 219, 229, 230], hydrogen [215] and 

hydrogen-nitrogen mixtures [197, 201, 213, 214], methane-nitrogen mixtures [28], coke 

oven gas [85] and diesel oil for syngas production [222]. However, experimental papers 

rarely compare the effect of different fuels on the flame wall interaction of impinging 

flames. Remie et al [196] compared temperatures of a quartz plate heated by methane-

oxygen and hydrogen-oxygen 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 et al [212] compared the 

ignition characteristics of propane and methane impinging diffusion flames, which is 

related to the work in this thesis and will be discussed in Section 2.5. Saha et al [242] 

explored the effects of methane and ethylene impinging flames and found that the 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] and numerically [58, 59, 192].  

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

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 about, particularly 

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 diffusivity of hydrogen 

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 unburned fuel and ambient 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 flame wall interaction 

experimentally for these fuels. This work has been performed in conjunction with the 

University of Lancaster [190, 191, 193, 194] who have performed Direct Numerical 

Simulations (DNS) and Large Eddy Simulations (LES) of the syngas impinging flames 

of the same compositions. 

In addition to the above mentioned differences between hydrogen and hydrocarbon 

fuels, the laminar 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 characteristics were very different to those of methane and propane (studied 

by Huang et al [212]) and so 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 Section 2.5. 

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 ways. This 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 Visualisation 

Many researchers use direct imaging for visualisation of impinging flame shapes [34, 

59, 67, 79, 80, 87, 197, 204, 206-208, 210, 211, 215, 217, 221, 223-225, 228-230]. With 

direct imaging, the visual flame edge and inner reaction zone can be observed, along 

with the flame colour and flame modes. Foat et al [34] and Zhang and Bray [80] used 
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direct imaging to visualise flame modes ignited at various locations of an impinging 

flame configuration, and Ng and Zhang [221] used a novel stereoscopic technique with 

one camera to visualise the 3D structure of impinging flames. 

Direct imaging has often been used with heat flux and wall temperature measurements. 

Chander and Ray [204] found that the heat transfer characteristics depended heavily on 

whether the inner reaction zone was impinging 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 flames, which caused the stagnation region 

temperature to be lower. Taufiq et al [239] showed that the heating efficiency is 

maximised when the tip of the inner reaction cone is slightly higher than the heating 

height. Tuttle et al [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 used with 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 free jets [88] and 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 appearance [188]. Huang et al [212] used 

schlieren along with DFCD to visualise the ignition and flame propagation 

characteristics in flames impinging on a flat plate, and schlieren has been used for flow 

visualisation of  methane flames impinging on a rotating cylinder [159].   

When using schlieren in impinging flames the view can be obscured by the layer of 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 features can give 

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 tubes [85], pitot 

tubes [59], hot wire anemometry [34], Laser Doppler Velocimetry (LDV) [209] and 

PIV [219] have been used to measure the velocity profiles in impinging flames. 

Thermocouples [79, 210, 211, 223-225], suction pyrometers [85, 189], laser Rayleigh 

scattering [197, 201], Rayman spectroscopy [226] 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 front position in impinging flames [213, 214, 

219].  

These techniques have advantages over visualisation techniques due to the quantitative 

nature of the measurements. Velocity fields 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 to be compared to computational studies. PIV was 

attempted in this thesis but was unsuccessful and will be discussed in more detail in 

Chapter 3. The schlieren technique 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 the literature 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 discussed in Section 2.4.4. However, wall 

temperature measurements can provide an alternative to heat flux measurements, and 

can aid in realistic computational investigations 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 much information about flame wall interactions. Many 

researchers use thermocouples to measure the wall temperature in impinging flames [61, 

66, 85, 87, 159, 204-206, 209, 220, 222, 227], and have thermocouples drilled into the 
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impingement surfaces at various positions to give spot readings. A thermal imaging 

camera can give a non-intrusive, 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 studies. The principles of thermal imaging cameras have been 

discussed in Section 2.3.2.1 along with applications and limitations. This section will 

discuss the use of 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 heat transfer from air jets to thin stainless 

steel foil sheets, using the thermal imaging camera on the back of the foil [149, 181-

184]. Matt finish paint was 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 temperature 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 the measurements of heat transfer 

coefficients were stated to be between 3.4 and 7% [181]. 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, which also 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 measuring 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 Section 2.3.2.1 that thermal radiation detected by thermal 

imaging cameras depends on viewing angle, reflection, and the wavelength of emitted 
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radiation. The resolution of these factors will be discussed in more detail in Chapter 3. It 

has also been discussed that for accurate temperature measurements with thermal 

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 on temperature. 

This will be discussed in more detail in Chapter 3.  

Flame Emission 

The wavelength of radiation to be detected is limited by the thermal imaging camera. 

Therefore, the flame temperature cannot be measured by the cameras used in this thesis 

due to the high spectral emissions from the flames, and so a óflame switch offô method 

has been developed from [150], in which the flame is switched off after reaching a 

steady state. The image recorded by the thermal imaging camera represents a óthermal 

footprintô of the flame impinged wall. The high thermal inertia of the impingement 

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 can be used 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 non-intrusive, 2D measurements of the 

wall temperatures, from which radiation 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 combustion and 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 surfaces requires 

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 the plate 

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 conditions can give 

bases for meaningful comparisons between different fuels in order to compare the effect 

of fuel and flow properties on flame-wall 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 flame switch 

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 Chapter 3. The radiation 

losses from the plates will also be calculated using the temperature profiles. 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 thesis will be Reynolds number, equivalence ratio, nozzle-

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 of plate 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 in impinging 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 very different to 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 with the literature 

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 towards the nozzle, a non-linear 

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 and flame propagation characteristics in 

combustion studies and in impinging flames.  

2.5.2. Flame Propagation Configurations 

The principles of ignition and flame propagation have been discussed in Section 2.2.1.3. 

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 will 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 (see Fig. 2.7a, p. 20) and the flame propagation is 

recorded, is often used to experimentally find unstretched burning velocities. This is 

done by calculating 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 velocity (Eq. 2.19, p. 22) [22, 

243-245]. It has been shown that the stretched burning velocity for hydrogen/methane 

mixtures increases exponentially with hydrogen content and can reach up to 18 m s
-1

 for 

hydrogen-air flames, and that the Markstein length increases with hydrogen content, 

increasing the diffusion-thermal instability of the flame front [244, 246]. 

Deflagration to Detonation 

The flame front can also be considered to be 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 the combustion wave propagates at 

subsonic speed, and detonation reactions; where the combustion wave propagates at 
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supersonic speed [22]. A 1D stationary combustion wave (from the reference frame of 

the wave) can be visualised by Fig. 2.33, where the unburned and burned gases are 

represented by subscripts 1 and 2 respectively and u, p, T and r are the velocity, 

pressure, temperature and density of the gases respectively. 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 maximum turbulent burning 

velocity and accelerating the flame [247]. For channels with non-slip walls, the DDT is 

determined by the flow ahead of the flame front [248]. Flame propagation and the 

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

 

Figure 2.33: Stationary 1D combustion wave (adapted from [22]). 

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 trailing from the triple 

point, propagating along a stoichiometric contour (Fig. 2.34). 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 for flame 

propagation in mixing layers (commonly found in flame jets), boundary layers and 

opposed flame spread [250]. The effects of CO addition on the propagation of CH4 

triple flames after ignition has been studied [249], 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 products (Eq. 2.31 [251]) for flames with 

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

developing stage.  

burned

unburned

r
r

= .        (2.31) 

 

Stoichiometric burning velocity 

Maximum propagation speed 
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Figure 2.34: Triple flames; (a) In a tube configuration (adapted from [249]) and (b) 

Lifted jet flame (adapted from [250]). DF, LPF and RPF are diffusion flame, lean 

premixed flame and rich 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 burning velocity and the effective 

thickness of the flammable region [250]. The propagation of laminar propane jets 

ignited downstream and propagating towards the nozzle has been studied and it was 

found that the displacement speed varied non-linearly 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 microgravity [251]. 

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 of lift-off height and flame 

stabilisation [252]. Changing the flow conditions can cause a change in lift-off height; 

the flame may propagate upstream/downstream, changing the lift-off height, and then 

stabilise. The interaction between large scale turbulent structures and a lifted flame are 

responsible for lift-off 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 again [252].  

Turbulence can affect the flame propagation in lifted and non-lifted jet flames because 

of the interaction between the flame chemistry and the flow fields, due to local flame 

extinction and strain rates caused by the turbulence. The interaction of vortices and 

flame propagation will now be discussed. 
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Vortex Flame Interactions 

The structure of premixed turbulent flames and the mechanisms controlling their 

propagation is important 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 produce mixtures that 

experience a range of strain rates [253]. 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 speed (Uq/SL) and the vortex core diameter normalised 

by the flame thickness (dV/dL0) [77]: 

a) Small Uq/SL and dL/dL0: There is little or no effect from the vortex ï the flame is 

faster than the vortex and propagates through it with only a small amount of 

wrinkling. 

b) Intermediate Uq/SL and dL/dL0: The flame is significantly wrinkled ï pockets of 

hot gases may be entrained into the burnt products. 

c) High Uq/SL: Flame quenching may occur. 

The vortices can also affect the regions of autoignition, depending on the scale of 

chemistry relative to the vortex [253]. 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 velocities and moving the position of the flame base 

downstream [254].  

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 turbulence. 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-developed turbulence, 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 mixtures [55]. In turbulent hydrogen jets ignited at different 

locations from the nozzle, two regimes can be observed: fast combustion; where the 
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flame can propagate upstream and downstream even if the flow velocity is more than 

100 m s
-1

, and slow unstable combustion; where the flame can only propagate upstream 

[55]. For the fast regimes observed in [55] the upstream velocity reached 18 m s
-1

 and 

the downstream velocity reached up to 70 m s
-1

, and this regime could only be observed 

for mixtures with > 11 % hydrogen. In addition, upstream propagation was more 

difficult when ignited further downstream [55].     

For non-premixed lifted jets, where the lift is caused by coaxial air, the stabilisation is 

due to edge flame propagation [255]. 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 propagation [255]. Another non-

premixed configuration using hydrogen to study edge flame propagation is the counter-

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 significant with NO addition due to the catalytic effect, and the 

concentrations of H2 and NO are significant to the sensitivity of ignition [256].  

For ignition and flame propagation mechanisms, the concentration of hydrogen and the 

ignition location are significant, and fast propagation velocities can be observed. 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 impingement plate, the ignition location may affect the 

stable flame modes [34], including whether the flame is lifted or attached, and whether 

unburned fuel impinges on the plate at the stagnation region. Local re-ignition of areas 

extinguished due to a cold impingement plate may also occur due to the propagation 

from hot products, and the propagation of flames near solid surfaces is a very complex 

phenomenon [257].  

Flame Stretch in Impinging Flames 

Many studies focus on the effects of flame curvature 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 flame [258]. Also, transient flame propagation in 
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areas of high stretch rate, caused by impingement of a microjet on counterflow flames 

of H2 and N2, can exist (whereas the steady flame cannot), allowing reignition of the 

flame [201].  

The ignition location is important in determining the combustion mode in impinging 

flames [34, 80]. The global stretch rate (the ratio of mean nozzle exit velocity to nozzle-

to-plate distance) has been identified as a cause for preventing ignition in the centre of a 

blown ring flame (see Section 2.2.2.1), whereas a normal ring flame can be ignited in 

the stagnation region, causing transformation into a disc flame [34]. The global stretch 

rate, ignition location, equivalence ratio and turbulent structures all affect the final 

flame structure in impinging flame jets [34].  

Propagation after Ignition 

The propagation from 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 techniques 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 hydrogen flames after ignition in an impinging flame configuration will 

be compared to methane, and the effect of CO2 addition to hydrogen will also be 

explored. Varying nozzle-to-plate distances and fuel exit velocities will also be 

explored.   

2.5.5. Conclusions 

Some 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 difference 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, and 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 received much attention in recent decades. However, 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 understood 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 flame-wall 

interactions of jet flames. Research in 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 flame 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 fuels are becoming 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, and with 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 configuration, 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 front propagation 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 is non-intrusive and can give 

high spatial resolution when compared to 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 thesis will develop the thermal imaging 

technique for use with impinging flames. A flame switch-off method will be developed 

in order to obtain thermal footprints of the flame impinged plate, and to give 

measurements of the high temperature, uncooled surface. The thermal footprints will 

also be used to calculate radiation losses from the plate, which so far have not been 

widely studied. An iterative emissivity correction method will be developed in order to 

deal with surfaces whose emissivity depends on the temperature being measured, using 

fused quartz as a basis. The effect of plate material will be studied by also using a 

heavily oxidised steel plate. The thermal footprints will be used with the schlieren 

technique to test the effects of flame-wall interactions of 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 hydrocarbon, 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 experimental conditions. 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 effects of nozzle-to-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 jets, and hydrogen with carbon dioxide and air addition. This 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 propagation of impinging flames of hydrogen and syngas 

under various flow conditions. Comparisons will be made with flames of propane and 
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methane and with varying syngas compositions. CHEMKIN and Gaseq will be utilised 

to calculate the 1D laminar flame speeds and 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 studies. The 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 methodologies for the 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. Details of the 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 and Methodologies 

3.1. Introduction  

The main principles of various experimental techniques have been given in Chapter 2. 

This chapter focuses on the experimental setup and apparatus used in the remainder of 

the thesis. The specifications will be given, including for the 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, followed by 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 obtain fully 

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

Small Nozzle 

The first ósmall burnerô (Figs. 3.1a and b) had a nozzle inner diameter of 4.6 mm which 

was surrounded by a honeycomb mesh (37.8 mm diameter) that 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 of flow conditions depending on the flow 

rates achievable for each individual flow controller, which will be discussed in Section 

3.2.3. It also helped to 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 diluted with 1.67 x 10
-5

 m
3
 s

-1
 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 aided mixing and gave a uniform flow, and exited the burner through 
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the honeycomb which straightened the flow (Fig. 3.1a). 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. 

 

Figure 3.1: (a) Cross section and (b) Outward image of the 4.6 mm nozzle, straight 

coflow burner and (c) Cross section and (d) Outward image of the 8.0 mm nozzle, swirl 

coflow burner. 

Large nozzle 

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

diameter). This allowed larger flow rates to be used without blow-out occurring. This 

meant that the thermal loading could be tested to higher values with 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 nitrogen reduces the laminar flame speed as will be discussed in Chapter 4, and 

increases the nozzle exit velocity so that the risk of flashback is reduced. The larger 

nozzle burner was designed to allow PIV measurements of the fuel stream to be taken, 

since the nozzle size and flow velocity could be large enough 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 Section 3.7.  
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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 the burner, 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 was not used on the second burner due to time restraints, and 

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 two plates used in the experiments. 

Device 

A schematic diagram for the device that held the plate is shown in Fig. 3.2. 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 down 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.  

 

Figure 3.2: Device for holding the plate (a) Side view and (b) Top view. 

In all cases in this thesis, the plate was held horizontally above a vertical 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 angle of 40° 
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to the plate normal) used for thermal imaging and direct imaging. The specific setups 

for these experimental techniques will be discussed in Sections 3.4 to 3.7. 

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 heavily oxidised 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 from [236] (between 473 K and 873 K) and [235] (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 assumed for all 

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 be explored 

and will be discussed in Section 5.2.5. In addition, for some cases the surface was 

coated with soot, and so a constant emissivity of 0.96 was assumed for these cases [237, 

238]. 

The other plate was a fused quartz plate, 0.3 m in diameter and 6 mm thick. The 

emissivity of quartz varies with temperature, which allowed experiments to be 

performed regarding this emissivity-temperature dependence. This will be discussed in 

Section 3.6.4. 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 Flow 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 individual gases were propane (C3H8), methane (CH4), hydrogen 

(H2), carbon monoxide (CO), carbon dioxide (CO2), nitrogen (N2) and air. The air was 

supplied from an air compressor which was installed inside the lab. However, the air 
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from the compressor was more humid than from the cylinder, and so bottled air was 

substituted for the PIV experiments. This will be discussed in Section 3.7.  

The propane and methane were 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 Section 3.2.3.3. Compositions of syngas with 

the maximum values of H2, CO, CO2 and N2 respectively were used based on data from 

various sources provided by Siemens, Lincoln (Table 3.1). In order for simpler 

experimentation at a laboratory scale, the compositions were changed by removing the 

minor constituents and keeping the H2/CO volume ratio the same. In this way, syngas 

compositions named óhigh H2ô, óhigh COô, óhigh CO2ô and óhigh N2ô were studied and 

the compositions are shown in Table 3.2.  

 High H2 High CO High CO2 High N2 

% H 2 61.9 31.8 34.4 10.7 

% CO 26.2 63.5 35.1 29.2 

% CH 4 6.9 0.4 0.3 0.01 

% CO2 2.8 3.6 30.0 1.9 

% N2 + 

Argon 

1.8 0.5 0.2 54.0 

% H 2O  0.2  4.2 

H2/CO Ratio 2.36 0.5 0.98 0.37 

Source SVZ, Schwarze 

Pumpe 

Opti, Nexen Shell, Pernis Puertellano, 

Spain 

Gasifier CoGen GSP Unspecified CoGen Shell IGCC 

Fuel Source Coal/Waste Unspecified Oil Coal/Pet Coke 

Table 3.1: Syngas properties taken from real syngas data. 

Composition H2/CO % H 2 % CO % CO2 % N2 

High H2 2.36 70.3 29.7   

High CO 0.50 33.4 66.6   

High CO2 0.98 34.6 35.3 30.1  

High N2 0.37 11.4 31.1  57.5 

Table 3.2: Constituents by volume of the syngas compositions with minor constituents 

removed. 
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The propane and methane flames could 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 air was 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 flow fields and the effect of the extraction on the flame was minimal in all 

cases. 

3.2.3.2. Ignition  

For the wall temperature measurements (Chapter 5), where the ignition 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 time intervals and LPG fuel. The flame 

was held above the burner nozzle until a flame was established and then removed. 

For the ignition experiments (Chapter 6), the flames were ignited with the same device 

but without the gas, so that only a spark was produced, hereafter named the óspark 

igniterô. In addition, for some of the results, an ignition device was designed in order 

that the ignition location could be fixed. This consisted of an electric spark generated 

between two steel electrodes with sharpened edges, hereafter named the óelectrode 

igniterô. The spark was generated from a Kawasaki ignition-coil (TEC-KP02) and 

powered by a sealed lead acid battery (12 volts, 1.2 amp-hours). 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 Section 3.4.4. 

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 Section 3.2.3.4, and 

LabVIEW, which will be discussed in Section 3.3. The gas lines were connected to a 

series of óteeô junctions placed after the flow controllers, connecting them to the main 

fuel line. This pipe then led to a mixing cylinder, 500 cm
3
, where 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 vortices 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 nozzle. The air for the premixing was fed into the mixing chamber in the same 

way as the 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 burner (Fig. 3.3). The individual flow 

controllers will now be discussed. 

 

Figure 3.3: Sketch of the piping system for the mixing of the gases for the fuel and 

separate coflow junction (not to scale). 

3.2.3.4. Flow Controllers 

The flow rates of the fuels were individually controlled by digital Gas Flow Control 

(GFC) Aalborg flow controllers and LabVIEW. The LabVIEW system will be 

discussed in Section 3.3. 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 shown in Table 3.3. However, due 

to factors causing blow-out, flames could not be stabilised at the maximum flow rates 

for all fuels, and so the values in Table 3.3 are based on the flow controller capabilities 

and not for stable flames. The equivalence ratio and Re dependence on the blow-out and 

impingement plate stabilisation, and hence the actual ranges of flow conditions will be 

discussed in Chapter 6.  
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Gas Maximum Flow 

Rate (m
3
 s

-1
) 

Maximum Nozzle Exit 

Velocity (m s
-1
) 

  Small Nozzle  Large Nozzle  

H2 1.0 x 10
-3
 60.2 19.9 

CO 1.0 x 10
-3
 60.2 19.9 

CO2 1.0 x 10
-3
 60.2 19.9 

High H2 1.4 x 10
-3
 84.2 27.9 

High CO 1.5 x 10
-3
 90.3 29.8 

High CO2 2.8 x 10
-3
 168.5 55.7 

High N2 1.4 x 10
-3
 84.2 27.9 

C3H8 1.0 x 10
-3
 60.2 19.9 

CH4 1.0 x 10
-3
 60.2 19.9 

N2 8.3 x 10
-4
 50.1 16.6 

Premix Air  8.3 x 10
-4
 50.1 16.6 

Coflow Air  3.3 x 10
-3
   

Table 3.3: Maximum flow rates and corresponding nozzle exit velocities for each gas 

and nozzle size. 

The flow controllers use a primary flow conduit and a capillary sensor tube, both at 

laminar flow so that the ratio of the flow rates is constant [259]. Temperature sensing 

windings on the sensor tube are then heated and the gas flow transports heat from the 

upstream to 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 rate [259]. Output voltage signals are then 

generated, which correspond to the gas flow rate.  

The gases flow through a proportionating electromagnetic valve with an appropriately 

selected orifice in order to maintain the flow rate at the selected value [259], which is 

controlled by the LabVIEW system. Due to this method of controlling the flow rates, 

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 program 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 the desired 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 number (Re), 

equivalence ratio (f), nozzle exit velocity (v), thermal loading, viscosity (m), 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 individual fuel components. 

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 front panel (i.e. the user 

interface) of this VI is shown in Fig. 3.4. When CH4 was used, the values for C3H8 were 

changed to those for CH4, as these controllers shared one data cable.  

An example of the use of the block diagram (i.e. the programming space) of the VI is 

shown in Fig. 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 Eq. 3.1:   

( )( )
60

001.0
2r

Fv
p

= ,                 (3.1) 

where v is the nozzle exit velocity (in m s
-1

), r is the nozzle radius, F is the total flow 

rate (in litre/minute) and 0.001/60 is the conversion factor for changing litre/minute into 

m
3
 s

-1
.  
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Figure 3.4: Front Panel of the LabVIEW VI at an example flow mixture. 
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In the VI (Fig. 3.5) the flow rate values were used as the input commands and summed 

to give the total flow rate. The nozzle radius was added as an input and this was squared 

(multiplied by itself in the bottom middle of Fig. 3.5) and multiplied by p to give the 

nozzle area. 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 Eq. 3.1. This small block diagram is a 

section taken from a larger block diagram (see Appendix A) which includes the other 

calculations shown in the front panel in Fig. 3.4.  

 

Figure 3.5: 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. It was used 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. The VI (Fig. 

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 that was connected to the rig and was used to control the gas flow 

rates.  

The experimental apparatus used for controlling the flow and igniting and mixing the 

fuel, and the rig have been described. The following sections deal with the 

specifications and methodologies for the various diagnostic techniques. 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 Section 2.3.3.1) was used for visualising the 

density distributions within the flame and surrounding gases. The Z-type arrangement 

was used (Fig. 3.6) 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. 

l/10 grade parabolic mirrors were used to ensure high quality results. The light source 

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

technique.  

 

Figure 3.6: Z-type schlieren setup. 

Procedure 

The mirrors had a focal length of 3.048 m and a diameter of 0.3048 m. When setting up 

the schlieren, lens 1 (Fig. 3.6) was used to focus the light onto mirror 1 and then the 

angle of mirror 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 

positioned at 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 adjustment of the knife edge.  

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

with accuracy evaluations for each methodology. 

3.4.2. Impinging Flame Structure 

Methodology 

The schlieren images were used to visualise the flow structure and 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 technique (Fig. 3.7). However, the schlieren 

imaging gives an integrated view of the changes in density throughout the flow field, 

and is not a ó2D sliceô. Therefore, some obscuring is seen by the hot gases towards the 

front and back edges of the plate (Fig. 3.7), which bend downwards, due to flame 

bulging in the outward radial direction [11]. This causes the hot gas region to appear 

thicker than it actually is in the stagnation region.  

 

Figure 3.7: Example schlieren image of a lifted propane flame showing the positions of 

the nozzle and plate, flame edge, hot gases, unburned fuel 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 5. 

Accuracy 

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

ms and a frame rate of 1000 fps. The high shutter speed allowed good temporal 

resolution and ensured that there 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 features 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 picked out 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 the 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 unburned fuel 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 and hot gas/flame impingement regions (Figs. 3.8a (i) to (iii) 

respectively). A methodology has been developed to quantify the size of these turbulent 

structures, whereby the lines in the image were detected using the MATLAB line 

detection tool (Fig. 3.8b). The percentage of space occupied by boundaries (white 

pixels/total pixels) was defined as the ówrinkle scaleô. This gives an estimate of the 
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average number of the turbulent structures in each area and so the smaller the value of 

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

 

Figure 3.8: (a) Example schlieren image with (i) The flame region, (ii) The fuel region 

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

Interrogation Areas 

From the image (Fig. 3.8a), it is clear that there are distinctive small scale and large 

scale ówrinklesô in the flame, unburned fuel/air and hot gas/air zones (Fig. 3.8a (i to iii) 

respectively). Three interrogation areas were assigned to these zones and they are 

defined as óflameô, ófuelô and óimpingingô respectively as shown in Fig. 3.8. The flame 

area was defined as an area starting 5 mm left of and 4 mm up from the nozzle and 

spanning an area of 5 mm to the left and 64 mm upwards (Fig. 3.8a (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 flames (Fig. 

3.8a (ii)), due to the larger height of the unburned fuel for the syngas cases (Section 

5.5). The impinging area was defined as an area from the centre line, 4 mm down from 

the plate and spanning an area of 0.1 m to the left and 33 mm downwards (Fig. 3.8a 

(iii)). In this way, different regions 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 they did not 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 cases. The methodology was 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 images at time intervals 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 (Sections 5.4.4.2 and 5.5 

respectively). 

3.4.4. Flame Front Propagation 

Methodology 

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

characteristics of impinging flames. The flame edge position can be seen due to the 

large density variations between the burned and unburned gases. The propagation of the 

boundary between the hot products and the reactants/ambient air mixture will be studied 

and the results will be presented in Chapter 6.  

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 calibrate 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 at the centre line was plotted. Five ignition locations were studied; 

ignition at the centre of the plate, at radial plate locations of 50 mm and 100 mm from 

the centre, and axial locations of half 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 shown in Figs. 3.9a to c 

respectively. The analysis was done for the lower flame boundary in the cases where the 

flame was ignited at the plate and in the middle, named óPlateô, óPlate, 50 mmô, óPlate, 

100 mmô and óMiddle, Downô respectively. It was done for the upper flame boundary 

for the cases where the flame was ignited at the nozzle and the middle locations, named 

óNozzleô and óMiddle, Upô respectively, since the flame propagated upwards and 

downwards when ignited in the middle (as shown in Fig. 3.9b).  
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Figure 3.9: Example of ignition sequences for hydrogen diffusion flames at 10 ms
-1

 

when ignited at (a) The plate, (b) The middle and (c) The nozzle, with 0.04, 0.001 and 

0.002 s between images respectively. 
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The heights of the respective flame boundaries at the centre line were then plotted 

against time, with ignition at t = 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 as well. From 

these plots, best fit polynomials of the order of 3 to 6 were fitted to the data, and the 

derivatives were found and used to 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 

respectively for hydrogen flames at 10 m s
-1

. The data points in Fig. 3.10b are for the 

velocity calculations using Dh/Dt = (h2 - h1)/(t2 - t1), whereas the lines 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 condition at t = 0. However, these lines give 

much smoother curves and remove the disjointedness that arises from the data 

processing. In addition, the velocity at t = 0 will be equal to the fuel velocity rather than 

0 m s
-1

. However, the fuel velocity cannot be subtracted from the propagation velocity 

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

 

Figure 3.10: Example of (a) Height and (b) Velocity plots for a hydrogen diffusion 

flame at 10 m s
-1

. 

Pixel information was also used to calculate the spreading rates, q, of the unburned fuel 

for each of the cases, as shown in Fig. 3.11. Pixel values from corner points of the 

ótriangleô of unburned fuel (before ignition) were used to calculate Eq. 3.2, where the 

symbols are demonstrated in Fig. 3.11, with the coordinate in the top left corner of the 

image at (0, 0). The spreading rate was used to qualitatively represent the amount of 

mixing with the ambient air in the shear layer.  
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Figure 3.11: Example of the co-ordinate locations for calculating the spreading rate.  

Accuracy 

The flames in Sections 6.3.3 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 position of 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 nozzle as possible 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 results due 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 attempts with a small change in lateral 

position for the case of pure hydrogen diffusion flames at 28 ms
-1
. Attempts 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 the height and velocity values, however, the 

trends are the same and of similar time scales (within 3 %). There are many 

uncontrollable factors that affect the repeatability of the results, such as fluctuations in 

the flow controllers that will affect the local flow 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 igniter. The 
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differences in propagation time from the point of ignition to attachment were compared 

for two repetitions for most of the cases studied. On average, the difference between the 

propagation times, t1 and t2 (i.e. |t1-t2|/((t1+t2)/2)), for two repeated cases is 18.8 %, with 

the differences for turbulent, transitional and laminar flames at 19.0 %, 29.4 % and 15.2 

% respectively. This is because of changes in axial position of the igniter, fluctuations 

in the flow velocity caused by the flow controllers, unreliability of the igniter kernel 

size and power and that the fuel must be ignited as soon as possible and so the fuel 

composition may not be perfectly steady when ignited. Therefore small changes in the 

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

The igniter was attempted to be in contact with the plate/nozzle for the óPlateô and 

óNozzleô cases and so the axial position of the igniter did not significantly affect the 

results in these cases. The axial position for the óMiddleô cases can be seen by the height 

of the marker points at ignition (t = 0) on the graphs. Figure 3.9 shows that although the 

igniter was placed within the flow, and was quite large in size, the 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 Sections 6.2 and 6.3.2. 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 the spark igniter. 

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 and so in this 

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

 

Figure 3.12: Graph of change in results with small change in ignition position for a 

hydrogen diffusion flame at 28 ms
-1

, ignited at the plate centre. 
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The exposure time used in the high speed imaging was 1ms and the maximum velocity 

observed was less than 3 m s
-1

 for the methane flames, and 90 ms
-1

 for the hydrogen 

flames, which means that the flame front moved no more than 3 mm or 90 mm within 1 

frame for the methane or hydrogen flames respectively. This means that the images 

were sharp enough to judge the height of the flame to an accuracy of 1 pixel. However, 

discrepancies occurred when judging the flame front position due to interferences from 

convection currents in the ambient air. These discrepancies were no more than 4 pixels. 

The largest distance per pixel observed was 0.46 mm and so the height measurements 

are accurate to 1.8 mm, and the error bars are too small to add to the graphs.   

The accuracy of the 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 curve fitting was performed in MATLAB and the lowest 

degree polynomial was used to give the best fit for the data and to avoid over-fitting. 

This method is accurate enough for the velocity trend approximations (Fig. 3.10), 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 done for 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 propagation of the 

flame front at different conditions. Therefore, the results were not averaged over 

different cases as this would remove the instantaneous behaviour. The schlieren 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 EX-F1 6 MP digital camera was used alongside the schlieren imaging so that 

visual images of the flames could be compared with the schlieren images. 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 from fap = 2.7 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 more visible 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 each flame. 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 to the schlieren 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 images; Fig. 3.13 shows an example of schlieren and direct images of the 

same flame. The position of the hot gas layer from the schlieren image (Fig. 3.13a) is 

represented by the white line in the direct image Fig. 3.13b). The flame also appears 

thicker in the schlieren images due to the mixing of the unburned and burned gases. 

This allows the flame wall interactions to be analysed in terms of the visual flame and 

of the density variations and hot gas layers. 

 

Figure 3.13: Examples of (a) A schlieren image, (b) A direct image from the side and 

(c) A direct image from below, for a lifted propane flame. 

Figure 3.13c was taken at a different angle to Fig. 3.13b and shows the flame 

distribution across the plate but not the shape of the jet. Figure 3.13b and c also 
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illustrate the differences in camera shutter speed; for the higher shutter speed (Fig. 

3.13c) the temporal details of the flame can be seen but the lower shutter speed (Fig. 

3.13b) shows the flame colour and position. In addition to the flame visualisation, 

thermal imaging was used to measure the wall temperature. This will be discussed now. 

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 to utilise thermal 

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

section and the results will be presented in Chapter 5. 

3.6.1. Experimental Setup 

Camera Types 

Two thermal imaging cameras were used; the FLIR SC3000 and the FLIR SC640. The 

mechanisms of these cameras have been described in Section 2.3.2.1.2. The SC3000 

uses the self-cooling analysis system and the SC640 uses the uncooled microbolometer 

focal plane array. The specifications of each camera are outlined in Table 3.4.  

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 experiments. However, these results are not presented here as they were for 

comparison with the PIV measurements which were unsuccessful as will be discussed 

in Section 3.7. 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 high frame rate at a large picture size and a short wait 

time were very advantageous,. In addition, the resolution of the SC3000 was sufficient. 
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Feature  FLIR SC3000 FLIR SC640 

Mechanism Self-cooling analysis system. Uncooled microbolometer 

focal plane array. 

Frame rate  

 

50 Hz with no reduction in 

viewing area, to 750 Hz with 

reduced viewing area size. 

15 Hz with no reduction in 

viewing area, to 30 Hz with 

reduced viewing area size. 

Cool down time Approximately 6 minutes. No cool down time. 

Size/Portability 

 

Large heavy camera and 

equipment not suitable for 

portable use with PC. 

Smaller camera and equipment 

(weighing 1.7 kg) for portable 

use. 

Wait 

time/availability  

Needs to be booked 2-3 months 

in advance. 

Needs to be booked > 5 months 

in advance. 

Software ThermaCAM Researcher.  ThermaCAM Researcher. 

Temperature 

range 

253 K to 2273 K. 233 K to 2273 K. 

Accuracy ± 1 % for temperatures up to 423 

K and ± 2% for temperatures 

over 423 K. 

Unspecified. 

Thermal sensitivity 20 mK at 303 K. 60 mK at 303 K. 

Spectral range 8 to 9 m. 7 to 13 m. 

Resolution 320 x 240 pixels. 640 x 480 pixels. 

Table 3.4: Properties of the SC3000 and SC640 thermal imaging cameras. 

Setup 

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

was positioned at an angle of 45° to the plate normal for the quartz plate and 40° for the 

steel plate, which was the smallest angle achievable in the setup while being able to 

observe enough of the plate. This was acceptable since the directional emissivity for 

non-conductors is generally constant for angles less than the grazing angle of 40 ° for 

conductors and 70° for non-conductors [132]. Also, diffuse emissivity is nearly always 

an acceptable approximation, even though glassy materials may display strong secular 

peaks [130]. Since the angles were kept the same for the same plate material, the results 

could be quantitatively compared meaningfully. The methodologies developed for the 

thermal imaging analysis of impinging flames will now be discussed. 
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Figure 3.14: Schematic of the thermal imaging camera setup. 

3.6.2.  óFlame Switch Offô Method 

Methodology 

The spectral ranges of both cameras were too small to measure the flame temperature 

due to the high range of emissions from the flame. Therefore the thermal imaging was 

used to measure the plate temperature by obtaining a óthermal footprintô of the flame on 

the plate. This was done by heating up the plate at the set flow conditions and waiting 

until a steady state was reached. The steady state was determined by watching the 

temperature readings at particular óspotsô on the image (SP01, SP02 and SP03 in Fig. 

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 amount of heat lost to the atmosphere and to the 

plate. The large fluctuations seen in the first part of the graph in Fig. 3.15b are due to 

the flame emissions 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 that a high 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 and the 1
st
 image 

without a flame was used for the analysis (for example the last image in Fig. 3.16). The 

plate was then left to cool before the next case (negative gradient curves in Fig. 3.15b) 
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Figure 3.15: (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 time, displaying the heating and cooling of the plate. 

 

Figure 3.16: 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 than 1 % 

within the first 0.2 s and for the steel plate was < 1 % in 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 extinguished (Fig. 3.16). 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 is impinging 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, the pixel information for the plate 

temperature values were extracted for a line taken across the centre of the plate (Fig. 

3.17a) using the THERMACAM Researcher software. From this profile, the 

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

defined as the ótemperature profileô of the plate (Fig. 3.17b). Steep temperature 

gradients near the ends of the line demarcated the positions of the edges of the plate.  

 

Figure 3.17: (a) Thermal image of the steel impingement plate heated by a premixed 

propane flame and (b) Corresponding thermal profile. 

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 reactants). The heat 

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 the understanding 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. 3.17b, 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 region (Fig. 3.17b, 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 

direct images 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 equation (Eq. 2.24, p. 30) in MATLAB. 

For the steel plate, the pixel temperature information was used for T(r), and Ů(r) was set 

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

discussed in Section 3.6.4. 

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 Section 3.6.2 is 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 temperature increase 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 reached (Fig. 3.15). This will 

produce less repeatable results. Figure 3.18 shows two attempts for propane flames 

impinging on the steel plate at various equivalence ratios. It can be seen that there are 

quite large differences for the diffusion and f = 15.8 cases (around 10 %), but not much 

difference for the other premixed cases (around 1 %). The average change between two 

cases taken at positions 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 thermogram 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 temperature reading of 457 K, the values are 0.3 %, 3 % and 6 % 

respectively. Therefore the error in the temperature reading with respect to the 
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emissivity for the steel plate is around 0.4 %, since the emissivity is accurate to 1 

decimal place. The emissivity for the quartz plate will be discussed in Section 3.6.4. 

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. 

 

Figure 3.18: Differences between two attempts for propane premixed 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 30°, 45°, 60° and 75° when heated by a premixed 

propane flame and plotting the change in viewed temperature. The 30° angle could not 

be used for the experiments as the whole radius of the plate could not be seen. The 

differences in temperature for various radial positions results are given in Table 3.5. For 

the quartz plate, there is a minimal difference of less than 2 % between the temperatures 

for angles between 30° 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 angles of 30° 

and 75°, but reduced to 3 % between 30° and 45° (Table 3.5). 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 emissivity of the materials used in 

this thesis matches the theory for conductors and non-conductors [130, 132]. The next 

section deals with the methodology to deal with the temperature dependent emissivity 

properties of the quartz plate. 
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Radial 

Position (m) 

Quartz Plate - Maximum Difference 

Between 30° and 60° (%) 

Steel Plate - Maximum Difference 

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 3.5: The maximum 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 quartz, have emissivities that depend 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 of Fused Quartz 

The temperature-dependent values of emissivity for fused quartz were taken from [261] 

for 873 K < T < 1329 K and from [130] for T = 294 K (with emissivity equal to 0.93 for 

the room temperature value). These values are shown in Fig. 3.19 and lines of best fit 

for polynomial and exponential equations have been plotted, with the lines and 

equations shown on the graph. These 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, the 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 addition, 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 in [261] were 3.6 - 5.0 ɛm, although it is not specified 

whether the emissivity measurements were limited to this range or whether these were 

total emissivity values, and in [130] total emissivity was used. This thesis will assume 

that the emissivity-temperature curve will behave in the same way for the camera using 
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a spectral range of 8 - 9 ɛm, as most surfaces, except for highly conductive metals, can 

be approximated as grey bodies [262].  

 

Figure 3.19: Emissivity values for various temperatures from sources [130, 261] with 

the best fit polynomial and exponential curves.  

Methodology 

For the thermal profiling, the emissivity along the line had to be inputted as a constant 

value, giving incorrect temperature profiles. To overcome this difficulty, a series of 

óspotsô were taken along each centre-line, 8 pixels apart (crosses on the line in Fig. 

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 question. In 

order to obtain an accurate approximation, 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 the emissivities were calculated from Eqs. 3.3 and 3.4: 

     2601.10013.0104 27 +-³= - TTe ,     (3.3)

             
T4109e1752.1

-³-=e ,        (3.4) 

where Ů is the emissivity of the plate at each point and T is 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 had converged to two decimal places, 

usually requiring four or five iterations.  



Chapter 3: Experimental Setup and Methodologies 

 
130 

 

 

 

Figure 3.20: 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 in Figs. 3.21a and b respectively. The initial temperatures 

were taken from the data extracted from the line and the iterations were performed on 

the spots (Fig. 3.20), giving fewer data points. This example is for the quartz plate 

having been heated by a propane premixed flame and with a normalized nozzle-to-plate 

distance (h/d) of 21.7 and an equivalence ratio of 7.9. It can be seen that the exponential 

and polynomial curves give different results, due to the differences in the curve fittings 

(Fig. 3.19). This will be discussed in more detail in Chapter 5. When 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 were used with an 

emissivity of 0.96 as for the soot-covered steel plate.  

The radiation losses for the plate were calculated in the same way as for the steel plates 

(Section 3.6.3), 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 for T(r) and e(r) for use in Eq. 2.24 (p. 30).  
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. 

Figure 3.21: An example of the iterations 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 accurate to 1 pixel, 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 curves and of the emissivity values. The curve fittings will be discussed 

and compared in Chapter 5. The improvement of the accuracy of this technique is 

reserved for the scope for future work. For this thesis, the emissivity values from the 

sources and the curve fits in Fig. 3.19 will be used for the purposes of assessing the 

methodology and the effects of the temperature dependent emissivity of the quartz plate 

with respect to impinging flames. The use of PIV for the impinging flames will now be 

discussed. 

3.7. Particle Image Velocimetry 

In addition to the thermal imaging and visualisation techniques, 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) was attempted for mapping velocity distributions 

within the flow as discussed in Chapter 2. Figure 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 

centre. A TSI POWERVIEW Plus camera was positioned perpendicularly to the laser 

sheet in order to capture the cross sectional image. Aluminium oxide (Al2O3) particles 

were introduced into the flow using a Dantec Dynamics (model 10F01) solid particle, 

sonic jet seeder. The Al2O3 particles were 3 mm in diameter with a density of 4000 kg 

m
-3

.  

 

Figure 3.22: Schematic of PIV setup. 

The seeding particles were introduced into the air flow, which was connected to an 8 

mm pipe to the burner. The 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 

one-way valve was installed 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 simultaneously, to 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 velocity magnitude 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 must be large 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 for the impinging 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 following 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 473 K for 10 minutes prior to the experiments. This dried the particles out 

before introducing them into the air flow. Figures 3.23 and 3.24 show sequences of 

images taken for air flow at a nozzle exit velocity of 6.5 m s
-1

, with and without baking 

the particles respectively, for bottled air. 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 density over the sequence of images (Fig. 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 images in Fig. 3.24). This 

was followed by bursts of high seeding density flow (shown by the pink areas in Fig. 

3.24).  

 

Figure 3.23: PIV sequence of air flow after baking the seeding particles. 
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Figure 3.24: PIV sequence of air flow without baking the seeding particles. 

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 that is important. 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 flames, which will 

be discussed now. 

Hydrogen 

When using hydrogen, a one-way 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 the backflow 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 powder. Figure 3.25 shows a burst of high density 

seeding particles followed by a decline in seeding density for a typical case.  

 

Figure 3.25: 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 (Eq. 3.5) for the hydrogen premixed composition in Fig. 

3.25 is 3.7 times larger than for the air composition in Fig. 3.23 (based on the nozzle 

exit velocities) due to the higher velocity of the former. Therefore, the high velocity 

change in the stagnation region caused the seeding particles 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. 

( )DDD ACvF 221 r= ,                  (3.5) 

where FD is the drag force, r is the density, v is the fluid velocity, CD is the drag 

coefficient, which depends on the geometry of the object, and AD is a reference area.  

Light Scattering from the Plate 

If  the seeding problems can be overcome, 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 location in Fig. 

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 also be used 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 analyse the flame 

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 (Chapter 8). 

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 

remainder of 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 

compositions 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 developed for 

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 for the thermal 

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 thesis. The 

combined use of these experimental techniques and methodologies can allow 

meaningful comparison and discussion of the flame wall interaction of impinging 

flames. 

The next chapter describes of the details of CHEMKIN and Gaseq for the computational 

analysis 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 

Computational Fluid Dynamics (CFD) with approaches such as LES and DNS [263]. 

Both methods are used for 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 thermodynamics to non-equilibrium 

systems, in particular to systems which involve chemical reactions [22, 265], using 

thermochemical laws: 

¶ 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 reverse direction. 

¶ 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 the prediction of the effects of a change in 

temperature, pressure or composition on an equilibrium reaction [265], which can be 

applied to programs such as the National Aeronautics and Space Administration 

(NASA) Chemical Equilibrium with Applications (CEA) and Gaseq to predict the 

adiabatic flame temperature and final equilibrium product species concentrations [22, 

266]. Gaseq will be discussed in more detail in Section 4.2 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 chemical thermodynamics, is able to give information 

regarding the rates of the chemical processes involved [22]. Chemical 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 applied 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 mechanisms [267]. CHEMKIN will be discussed further in Section 4.3 

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 computations 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. Graphs of adiabatic 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 Windows [266]. It can be used to calculate 

a variety of parameters for equilibrium processes. It uses chemical thermodynamics to 

calculate final product species, temperature, density and viscosity (among others) for 

equilibrium reactions. Figure 4.1 shows a screen shot of the calculations performed for a 

stoichiometric hydrogen-air flame. The initial reactant mole fractions, temperature and 

pressure can be specified, as can the product set (for example, H2/O2/N2 or 

Hydrocarbon/N2/O2) and problem type (for example, adiabatic temperature at constant 

volume or pressure, or shock calculations). The product composition and final variables 

can then be calculated (Fig. 4.1). 

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 

adiabatic 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 mixtures. In addition, Gaseq will be used to verify the CHEMKIN results. 

 

Figure 4.1: Screen shot of Gaseq calculations. 

4.3. CHEMKIN  

4.3.1. Description 

CHEMKIN, as the name suggests, uses chemical kinetics rather than just chemical 

thermodynamics. 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 structure to calculate the adiabatic temperatures, product species concentrations 

and laminar flame speeds at various positions along the flame length. Figure 4.2 shows 
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an example of the 1D laminar flame structure for a stoichiometric hydrogen-air flame 

calculated using PREMIX.  

 

Figure 4.2: 1D laminar flame structure showing the temperature and (a) The major 

species and (b) The major radicals for a stoichiometric hydrogen-air flame, calculated 

using CHEMKIN with PREMIX. 

The major species (H2, O2 and H2O) are shown in Fig. 4.2a and the major radicals in 

Fig. 4.2b. It is assumed that the unburned gases are moving from left to right through 

the reaction zone where they combust into the burned gases and where high 

temperatures are released (Fig. 4.2a) and radicals are produced (Fig. 4.2b). Left of the 

reaction zone is the preheat zone, which is composed of only reactants (H2 and O2). 

This zone is diffusion dominated and consists of heat and mass diffusion into the 

reactants [268]. To the right of the reaction zone is the final oxidation (or burnt out) 

zone, where there is a slow approach to the final equilibrium state, which is composed 

of only products species (Fig. 4.2). The graphs in Fig. 4.2 have 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 follow this structure [268]. The adiabatic flame 

temperature is calculated in the far right (at ~ 10 cm); where all of the reactants have 

combusted into products and all of the available heat has been released. The laminar 

flame speed is calculated at the left where the unburned mixture propagates into the 

burned mixture (Fig. 4.2a). 

Governing Equations and Boundary conditions 

PREMIX computes the temperature and species profiles (Fig. 4.2) in steady-state, 

premixed laminar flames [269]. Two configurations can be used; burner stabilised or 

freely propagating adiabatic flames [269]. It uses the governing equations (Eqs. 4.1 to 

4.4) along with transport properties relating to the diffusion coefficients and thermal 

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 configurations. 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 temperature at one point so that the temperature and species gradients 

nearly vanish at the cold boundary [269]. 
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Equation of State:        
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=r ,              (4.4) 

where xf is the spatial coordinate, FM is the mass flow rate (independent of xf), r is the 

density, u is the velocity of the fluid mixture, Ac is the cross sectional area of the stream 

tube encompassing the flame, T is the temperature, cpg is the constant pressure heat 
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capacity, k is the thermal conductivity, Yi is the mass fraction of species i, Vi is the 

diffusion velocity of species i, N is the total number of species, wi is the molecular 

production rate of species i, hi is the specific enthalpy of species i, M is the molecular 

weight, p is the pressure and R is the universal gas constant [269]. 

Newton Method 

The PREMIX 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 

Section 4.4. 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 Section 4.3.2. The Newton iteration is then implemented, 

which is followed by a time-step 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 straight lines through the reaction zone, as shown in Fig. 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 mesh [269]. 

 

Figure 4.3: Example of initial guess profile shape for the numerical approximation 

(adapted from [269]). 

The procedure begins by using finite difference approximations to reduce the boundary 

value problem (Eqs. 4.1 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 to the degree 
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specified by the user [269]. For the Newton method, initially the governing equations 

are discretised. The boundary conditions are then implemented and the iterations begin 

from the starting estimate (Fig. 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 profiles [269].  

A damped Newtonôs method is used to solve the non-linear algebraic equations 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 of 10
-3

 or 10
-4

 giving an accuracy of 3 - 4 significant 

figures respectively [269]. 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 finer mesh. This makes the starting guess more 

accurate for each finer mesh size used [269]. 

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 method to one that is [269].Time derivatives are added to Eqs. 4.1 and 4.3 to 

give a set of parabolic partial differential equations, and are approximated by finite 

differences at time levels t and t + 1. The discretised transient problem is then a system 

of non-linear algebraic equations at time level t + 1 [269], which can be solved using the 

Newton method. If it fails to converge with the time steps then smaller time steps or a 

new starting estimate should be used [269]. The next section will look at the reaction 

mechanism that was used with the PREMIX program, which will be followed by the 

specifics of the setup for the computations performed in Section 4.4. 

4.3.2. Reaction Mechanisms 

Various reaction mechanisms are available to use with the CHEMKIN PREMIX 

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 International [270]. 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 University of 

Southern California (USC) Mechanism called the High-Temperature Combustion 
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Reaction Model of H2/CO/C1-C4 Compounds [271]. It was developed from the GRI-

Mech, with additional reaction models of H2/CO, ethylene and acetylene and C3 fuel 

combustion [271]. The mechanisms, transport data and thermochemical data can be 

found in the source [271]. It can be applied to a wide range of combustion set-ups and 

incorporates thermodynamic, kinetic, and species transport updates relevant to high-

temperature oxidation of hydrogen, carbon monoxide, and C1-C4 hydrocarbons [271].  

It has been validated against experimental data for laminar flame speeds (and other tests 

including ignition delay and burner stabilized flames). For hydrogen-air and hydrogen-

air equivalent (with nitrogen replaced by argon or helium), and for hydrogen with CO, 

the results match very well with experimental data (Figs. 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 choice for using with hydrogen, syngas, propane and methane 

fuels and means that all of the computations can be performed with the same reaction 

mechanism.  

 

Figure 4.4: Validation of the USC Mechanism with experimental data for (a) H2-air and 

H2-air equivalent, (b) H2 and CO, (c) CH4 and (d) C3H8 fuels (sourced from [271] with 

references therein). 

4.3.3. Setup and Method 

The USC reaction mechanism was used with the PREMIX 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 in Table 4.1. Where óinitialô is stated, the values were changed for the next 

iterations and those shown in the table are the initial values. Otherwise, the values were 

kept constant for all iterations. Following the first iteration, the values were changed in 

the order shown in Table 4.2. First the mesh size was refined by decreasing the GRAD 

and CURV values. Following this, the computational interval was increased to go 

beyond the reaction zone, so that the adiabatic flame temperature could be taken at xf = 

10 cm, and the laminar flame speed at xf = -1 cm. 

Code Definition Value 

NPTS Number of points to begin uniform mesh. 20 

GRAD Controls the number of points inserted in regions of high 

gradient. 

1.0 (initial) 

CURV Controls the number of points inserted in regions of high 

curvature. 

1.0 (initial) 

XSTR Defines the start position of the computational interval (cm). 0.0 (initial) 

XEND Defines the end position of 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 cm
-2
 s

-1
). 0.04 

RTOL  Relative tolerance (defines accuracy). 1 x 10
-4
 

TIME  Number of time steps of specified time interval (s). 200 of 2 x 10
-7
 

Table 4.1: Values of the parameters used in the 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 4.2: Values of the parameters that were varied for the iterations in CHEMKIN. 

An example of the results from this process is given in Fig. 4.5 for a hydrogen-air 

flame. Figure 4.5a shows that the adiabatic flame temperature still increases 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 temperature. Figure 4.5b is zoomed in to a section of the reaction 

zone from Fig. 4.5a, so that the iterations can be seen more clearly. It can be seen that, 

for each iteration, more points are added to the areas of higher gradient and curvature 

and even the second iteration has many more points than the initial one.  

 

Figure 4.5: Graphs showing the iterations for a hydrogen-air flame 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. However, the 5
th
 and 6

th
 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 until the program 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 Section 4.4. 

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 temperatures will also be 

compared to the results from Gaseq, described in Section 4.2. All of the results 

presented in this section are for fuels combusting in air. 

4.4.1. Hydrocarbons 

Figures 4.6a 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 in Fig. 4.7. Gaseq is able to calculate a higher range of 

equivalence ratios than CHEMKIN; CHEMKIN could not compute the values for f < 

0.6 or f > 1.3 for methane, or f < 0.6 or f > 1.4 for propane as the mixtures are too lean 

and rich respectively. The f = 1.4 values could be computed from x = 0 to 2 (iteration 4, 

Fig. 4.5) for propane but not for lower values of x. Therefore the values shown in Figs. 

4.6 and 4.7 are less accurate for f = 1.4 than for the other equivalence ratios. It can be 

seen from Fig. 4.6a that for the lean mixtures, the Gaseq and CHEMKIN values 

correspond well for propane, but slightly less so for the richer/leaner mixtures (up to 2.4 

% difference). For methane (Fig. 4.6b) the values correspond very well for all values of 

f (within 0.5 %).   

The adiabatic temperature for propane (Fig. 4.6a) 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 at f = 0.1 and to 1068 K at f = 3 (from Gaseq). The laminar flame 

speed peaks at 0.398 m s
-1

 at an equivalence ratio of 1.1 and drops at similar rates on 

either side of the peak to 0.163 and 0.183 m s
-1

 at f = 0.6 and 1.4 respectively (Fig. 4.7). 
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For methane the adiabatic temperatures and laminar flame speeds both peak at f = 1. 

The peak value of the adiabatic temperature is 2225 K, dropping to 577 K at f = 0.1 and 

1012 K at f = 3, being slightly lower than for propane at the same equivalence ratios 

(Fig. 4.6).  The laminar flame speed peaks at stoichiometry at 0.361 m s
-1

, dropping to  

0.118 and 0.237 m s
-1

 at f = 0.6 and 1.3 respectively (Fig. 4.7). The laminar flame speed 

is consistently lower for methane than for propane.  

 

Figure 4.6: Adiabatic temperatures calculated using CHEMKIN and Gaseq for (a) 

Propane and (b) Methane against equivalence ratio. 

 

Figure 4.7: Laminar flames speeds against equivalence ratio for methane and propane 

calculated using CHEMKIN.  
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Propane and 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 the 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 hydrogen compositions with small amounts of nitrogen and 

CO2 corresponding 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 H2 + CO2 compositions in Chapter 6. 

The hydrogen and H2 + N2 compositions could be calculated between f = 0.6 and 4, and 

the H2 + CO2 between 0.6 and 3.  

 

Figure 4.8: Laminar flame speeds of hydrogen, hydrogen plus nitrogen and hydrogen 

plus CO2 calculated using CHEMKIN. 

The laminar flame speed of hydrogen (red line in Fig. 4.8) 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 of f = 1.6 compared to methane and propane which peak at f = 1 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 on the rich side than on the lean side of the peak value, in contrast 

to methane and propane.  
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When Nitrogen or CO2 are added to the hydrogen, the laminar flame speed reduces 

significantly (yellow and purple lines in Fig. 4.8 respectively). 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 at approximately 0.3 m s
-1

 for hydrogen 

with 10 % N2 (9 - 19 % reduction between f = 1.6 and 4), and 0.85 m s
-1

 for H2 + 18 % 

CO2 (28 to 39 % reduction between f = 1.6 and 3). The reduction in laminar flame 

speed is more significant for the H2/CO2 composition, partly due to the increased 

concentration of the diluent.  

Figure 4.9 shows the adiabatic temperatures of the H2, H2/N2 and H2/CO2 compositions 

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 3.2 % at f = 

0.6.  

 

Figure 4.9: Adiabatic flame temperatures of hydrogen, hydrogen plus nitrogen and 

hydrogen plus CO2, calculated using CHEMKIN, and of hydrogen calculated using 

Gaseq. 

Similar to the hydrocarbon flames, the adiabatic temperature of hydrogen peaks at 

stoichiometry. The peak hydrogen flame temperature is 7.3 and 5.2 % higher than that 

of methane and propane respectively (Fig. 4.6). When N2 or CO2 are added to the 

hydrogen, the adiabatic flame temperature reduces. For the H2 + 10 % N2 flame, the 

peak temperature reduces by 2.2 %, and for the H2 + 18 % CO2 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 adiabatic flame 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 Chapter 5. Propane will be compared to 

hydrogen, which has a higher adiabatic flame temperature, and so higher expected wall 

temperatures. In addition, the propagation 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 adiabatic temperature and laminar flame speed. This effect is larger for the 

richer compositions. The effect of CO2 addition on the propagation of hydrogen flames 

will be studied in Chapter 6. These will be compared to flames of hydrogen and 

nitrogen, which will be used throughout the thesis. The H2 + CO2 flames have lower 

adiabatic flame temperatures and laminar flame speeds than the H2 + N2 compositions 

used in the thesis. In 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. Syngas Compositions 

The laminar flame speeds and adiabatic temperatures were calculated for the four 

compositions of syngas, namely, high H2, high CO, high CO2 and high N2, and for pure 

hydrogen. Figures 4.10a 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 of H2, high H2 and high CO are all 

very similar at stoichiometry, with differences of maximum 0.7 %. However, as the 

compositions become richer or leaner, the adiabatic temperature of high CO becomes 

higher than that of H2, with the high H2 composition lying in between. Even so, the 

differences between H2 and high CO are 1.6 and 5.2 % at f = 4 and 0.04 respectively 

(using Gaseq). For the high CO2 and high N2 compositions, the changes are a lot more 

drastic, with differences in adiabatic temperature of 11.1 and 18.4 % respectively from 

pure H2 at stoichiometry. However, 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.  

 

Figure 4.10: Adiabatic temperatures of pure hydrogen and the syngas compositions 

using (a) Gaseq and (b) CHEMKIN. 

For the laminar flame speed (Fig. 4.11) the trends are different for the different 

compositions, due to the differences between hydrogen and carbon monoxide. It can be 

seen from Fig. 4.11 that as more CO is added to the hydrogen (blue dotted line, red line 

and yellow line represent CO/H2 ratios of 0, 0.4, and 2.0 respectively), the laminar 

flame speed reduces drastically, particularly at stoichiometry. In addition, the peak 

moves into a richer 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 CO2 is added (purple line in Fig. 4.11, CO/H2 = 1.0), the peak only moves a little 

away from stoichiometry although the CO/H2 content is higher than for the High H2 

flame (CO/H2 = 0.4). From Fig. 4.8, Section 4.4.2 it was shown that the addition of CO2 

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 of CO2 seems 
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to move the peak closer to stoichiometry. The addition of CO2 causes the laminar flame 

speed to be lower than that of the High CO flame, even though it has a higher H2/CO 

ratio. Again, the addition of nitrogen in the High N2 composition causes a larger 

reduction in laminar flame speed and adiabatic flame temperature than for the High CO2 

flame.  

 

Figure 4.11: Laminar flame speeds of pure hydrogen and the syngas compositions. 

4.5. Conclusions 

Gaseq and CHEMKIN have been used to calculate the laminar flame speeds and 

adiabatic temperatures of propane, methane, hydrogen, hydrogen with nitrogen and CO2 

addition and the four syngas compositions against equivalence ratio. The adiabatic 

flame temperature results agree 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 reactants will 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 high H2 and high 

CO compositions. The temperature significantly reduces when CO2 or N2 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 trends are different for the 

hydrocarbon fuels, 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 addition of CO2 causes the peak to move back towards stoichiometry. Again, the 

CO2 or N2 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 it differs for different fuels. This will be explored alongside the 

experimental results in Chapters 5 and 6, which will  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 interaction of impinging flames at 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 of Reynolds number and thermal loading on the 

wall temperature profiles will be compared first. 

The experimental conditions studied were limited by the constraints of the burner: that 

is the Reynolds number and thermal loading values were determined by the lift -off and 

blow out of the propane flames. 

5.2. Effect of Reynolds Number and Thermal Loading 

5.2.1. Introduction  

Due to the complex properties 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 with the significance of 

Reynolds number and thermal loading by using two nozzle diameters with hydrogen 

diffusion and premixed flames. This allows one parameter to be kept the same while 

changing the other. In this way the importance of the thermal loading, Reynolds number 

and h/d were compared. As discussed in Chapter 3, 1.67 x 10
-5

 m
3
 s

-1
 N2 was added to 

all compositions. These experiments were performed on a polished steel plate, which 

became oxidised during the experiments. Therefore the effects of the oxidisation will 

also be discussed.  

5.2.2. Experimental Conditions  

The experimental conditions are outlined in Table 5.1. Since the plate became slightly 

oxidised after the first experiment, an emissivity of 0.79 (for oxidised steel) was used 

for the thermal images, although this does not represent the actual emissivity. The 

specific effects of the plate oxidation will be discussed in Section 5.2.5. Base test cases 
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were chosen for the small nozzle burner for the diffusion and premixed flames. These 

were at typical values of thermal loading and Reynolds number for the hydrogen flames 

used in this thesis. For the diffusion flames, the base case was then compared to cases 

with the same thermal loadings, but different Reynolds numbers, using the second 

nozzle size. Following that, the same Reynolds numbers but different loadings were 

tested. In addition, for each case two nozzle-to-plate distances were used; the first 

corresponding to the same h and the other to the same h/d as the base case (Table 5.1). 

Case Loading 

(kW) 

Reynolds 

Number 

f Nozzle Diameter 

(m) 

h/d 

Base (Diffusion) 1.8 403 Diffusion  0.0046 21.7 

Same loading and 

h 

1.8 232 Diffusion 0.008 12.5 

Same loading and 

h/d 

1.8 232 Diffusion 0.008 21.8 

Same Re and h 4.3 403 Diffusion 0.008 12.5 

Same Re and h/d 4.3 403 Diffusion 0.008 21.8 

Base (Premixed) 1.8 2401 2.8 0.0046 21.7 

Same Re and h 3.2 2405 2.8 0.008 12.5 

Same Re and h/d 3.2 2405 2.8 0.008 21.7 

Table 5.1: Experimental conditions for the Reynolds number and thermal loading 

comparisons. 

A premixed flame at f = 2.8 was used for the premixed base case. This represents 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. Therefore, 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 outlined in Table 5.1. 

The trends 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 same but the Reynolds 

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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same h and h/d values respectively. In contrast, when the Reynolds number 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 32 % and 34 % 

for the same h/d and h respectively, which is considerably larger than the 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 nozzle-to-plate distance. This is due to the higher thermal output of the case with the 

higher thermal loading. The effect on the premixed case will now be discussed. 

 

Figure 5.1: Plate temperature profiles comparing the effects of Reynolds number and 

thermal loading for hydrogen diffusion flames. 

5.2.4. Premixed Flames 

Figure 5.2 shows the temperature profiles for the premixed cases shown in Table 5.1. 

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 two blue lines have the same Re and loading but different h/d, showing 

that h/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 % from the base case for the same h/d and h 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 effect on 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 reason, the comparisons made in the remainder of this chapter will be 
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made at a constant thermal loading and h/d unless the aforementioned parameters are 

the subject of comparison. The effects of fuel composition and equivalence ratio can 

then be compared at selected values of thermal loading and nozzle-to-plate 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.  

 

Figure 5.2: 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 seen in Figs. 5.1 and 5.2. The base case for the 

diffusion case was performed with minimal oxidisation on 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 larger amount of oxidation in the ring 

around the stagnation point, shown by the dip in the curve (black line in Fig. 5.1). This 

pattern was carried over to the premixed base case and the diffusion case at the same 

thermal loading and h (black line in Fig. 5.2 and red dotted line in Fig. 5.1 respectively). 

This dip in the temperature profile was caused by the larger amount of oxidisation 

around the stagnation region causing a higher actual emissivity and so a lower 

temperature output value. Following that were the blue dotted lines in Figs. 5.1 and 5.2, 

which had uneven oxidation around the stagnation region, shown by the bumpy profiles. 

After those cases, the plate became quite evenly oxidised, which is shown by the dashed 

lines in Figs. 5.1 and 5.2, which have smoother temperature profiles.  
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The emissivity of the lightly oxidised steel was unknown, but for heavily oxidised steel 

it is 0.79 (Section 3.2.2). Therefore, the rest of the cases for the steel plate were 

performed 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, nozzle-to-plate 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 deals with the 

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 methodology described in 

Section 3.6.4. The method overcomes the issues faced when using thermal imaging to 

calculate temperatures of materials with temperature dependent emissivity. The heat 

transfer to quartz materials is important in industries such as the lighting industry [58], 

solar applications [272] and glass production [273], and quartz was used in this section 

as its emissivity is highly temperature dependent, making it a suitable choice for study. 

The methodology could be applied to other materials whose emissivity is a function of 

temperature, as long as the dependence is known.  

Thermal radiation heat transfer is highly dependent on temperature and so the 

temperature profiles were used 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 the radiation heat loss, and that complete 

temperature distributions should be considered in computational boundary conditions, 

for example, or instead of using isothermal approximations. 

5.3.2. Experimental Conditions 

The experimental conditions for this section are given in Table 5.2. 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
-5

 m
3
 s

-1
. 

Section h/d f v (m s
-1
) Re Coflow  

(m
3
 s

-1
) 

Coflow  

(m s
-1
) 

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
-4
 0.15 

 21.7 Diffusion 1.0 1039 3.33 x 10
-4
 0.30 

 21.7 4.2 6.7 2539 None None 

 21.7 4.2 6.7 2539 2.50 x 10
-4
 0.22 

 21.7 7.9 4.0 1758 1.67 x 10
-4
 0.15 

 21.7 7.9 4.0 1758 5.00 x 10
-4
 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 5.2: Experimental conditions for the quartz plate results. 
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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 surfaces for the diffusion flames and f = 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. Nozzle-to-Plate Distance 

Figure 5.3a shows the temperature profiles of the impingement plate at various values 

of h/d for propane diffusion flames. For h/d = 10.9 (Fig. 5.3a, black dotted line), the 

temperature increases towards the edge of the plate due to the flame spreading out more 

and coming around the edges, increasing the heat transfer to the outer region. As h/d is 

increased, the temperatures towards the edges of the plate decrease. Figure 5.3b shows 

the maximum and stagnation point temperatures with increasing h/d. For h/d > 10.9, the 

maximum temperatures occur just away from the stagnation region, due to the intense 

combustion zones at these locations. The position of this temperature peak moves 

radially outward with decreasing h/d (Fig. 5.3a). For h/d = 10.9, the maximum 

temperature occurs at the edge of the plate due to the flame curving around the plate 

edge (Fig. 5.3a).  

 

Figure 5.3: (a) Temperature profiles of the quartz impingement plate, (b) Maximum and 

stagnation point temperatures and (c) Radiation losses for various h/d. 
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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 Fig. 

5.4. As h/d decreases (Figs. 5.4d to a respectively) 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 be wider (Fig. 

5.3a). This also causes the difference between the maximum and stagnation point 

temperatures to become larger (Fig. 5.3b). 

 

Figure 5.4: Schlieren images of the propane diffusion flames at h/d = (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 function of h/d. The 

radiation losses have been normalised by the thermal loading. It shows that as h/d 

increases between 10.9 and 32.6, the radiation 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 images (Fig. 5.4) 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 

decreasing h/d (Fig. 5.3a) (caused by the larger area of flame impingement) seem to 

have more of an effect on the radiation loss than the increased unburned fuel 

impingement, since the radiation losses increase with lower plate heights (Fig. 5.3c). 
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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 the plate due to 

the combustion at the stagnation region.  

The nozzle-to-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 plate. 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, when h/d is just higher than the inner 

reaction 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 next section presents the effect of coflow on diffusion and premixed propane 

flames at a constant h/d. 

5.3.4. Coflow 

The results in this section will be performed at a constant h/d of 21.7, varying instead 

the amount of coflow and the equivalence ratio. The emissivity methodology 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 propane. Figures 5.5b and c show the maximum and 

stagnation point temperatures and the radiation heat losses respectively. The coflow air 

has a high impact on the plate temperature profiles for diffusion flames; decreasing the 

temperatures towards the edges of the plate and decreasing the width of the low 

temperature stagnation region, while the temperature of the high temperature ring 

around the stagnation point remained relatively the same (Fig. 5.5a). In addition, the 

maximum temperature and the radiation loss decreased rapidly for 0.3 m s
-1

 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 5.5: (a) Temperature profiles for propane diffusion flames with varying coflow, 

(b) Maximum and stagnation point temperatures and (c) Radiation losses from the plate. 

On the other hand, the stagnation point temperature increased rapidly for the higher 

coflow amount (Fig. 5.5b). This could be due to more air entrainment for the higher 

coflow velocities, causing more efficient combustion and higher temperatures within the 

reaction zone, due to the added mixing of air increasing the adiabatic flame temperature 

and laminar flame speed (see Chapter 4). Figures 5.6a and b show the schlieren and 

direct images respectively for the cases with varying coflow. It can be seen that the case 

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 fuel 

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 

burned 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. 

 

Figure 5.6: (a) Schlieren and (b) Direct images of propane diffusion flames with (i) No 

coflow, (ii) 0.15 m s
-1

 coflow and (iii) 0.3 m s
-1

 coflow. 

5.3.4.2. Premixed Flames 

This section deals with the effect of coflow on propane premixed flames, using the 

temperature dependent emissivity methodology. Figures 5.7a to c 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 done 

for two equivalence ratios; 4.2 and 7.9. Figure 5.7a shows that there is minimal 

difference in the temperature profiles when coflow air is increased, but that the 

equivalence ratio has a much more distinct effect; with more premixed air increasing the 

temperature at the stagnation region while reducing it in the wall jet region.  

Figures 5.7b and c show that the temperatures increase when the emissivity corrections 

are performed. For the f = 7.9 cases, it can be seen that when the corrections are 

performed, the temperature profiles become more defined, that is the higher 

temperatures increase further than the lower temperatures. This is the case for both 

curve fits, although the polynomial fitting (Fig. 5.7b) causes a much larger increase in 

the temperature values than the exponential fitting (Fig. 5.7c). The difference in scale of 

the two graphs (Fig. 5.7a compared to b and c) should be noted.  
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Figure 5.7: Temperature profiles for propane premixed flames with varying coflow and 

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 temperatures and (d) Radiation losses for f = 7.9, 0.15 m s
-1

 coflow. 

A limitation in the software meant that when the temperatures were above 1213K, the 

temperature could no longer be determined, and so for f = 4.2, part of the temperature 

profile is missing after the iterations had converged (Figs. 5.7b and c). This was due to 

the settings used for the camera which can only record between certain temperature 

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 Section 5.3.5.2. However, 

the initial temperature profiles can still provide qualitative information into these cases. 

For the f = 7.9 cases (Fig. 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 points in Figs. 

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. 

Figures 5.8 and 5.9 show the schlieren and direct images for the premixed cases at f = 

7.9 and 4.2 respectively. It can be seen that for the f = 7.9, lifted flame, case (Fig. 5.8), 

the coflow air causes a higher lift-off 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 lines in Fig. 5.7). For the f = 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 in Fig. 5.7).  

 

Figure 5.8: (a) Schlieren and (b) Direct images for propane flames at f = 7.9 with (i) 

0.15 m
 
s

-1 
and (ii) 0.45 m s

-1
 coflow. 

 

Figure 5.9: Schlieren images for propane flames at f = 4.2 with (a) No coflow and (b) 

0.22 m s
-1

 coflow. 
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The maximum and stagnation point temperatures were only plotted for the f = 7.9 cases 

since the f = 4.2 cases could not be plotted in the stagnation or maximum temperature 

regions due to the reasons discussed above. Figure 5.7d shows these values for the 0.15 

m s
-1

 coflow amount for the two corrections and for the default emissivity of 0.98. The 

behaviour of the 0.45 m s
-1

 coflow is very similar; the maximum and stagnation 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 cases (Figs. 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 significant (Section 5.3.4.1). 

It can be seen that the emissivity corrections have a much larger effect on the maximum 

temperatures than the stagnation point temperatures, and that the effect of using the 

polynomial is twice that of using the exponential curve. In addition, Fig. 5.7d shows the 

radiation losses from 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. Therefore, 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 plate 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 nozzle-to-plate distances and 5 

equivalence ratios. The results will be discussed separately for each nozzle-to-plate 

distance. 

5.3.5.1. Lower Nozzle-to-Plate Distance (h/d = 10.9) 

Figures 5.10a to c show the temperature profiles of the quartz plate heated by propane 

flames of various equivalence ratios before and after the corrections for the polynomial 

and exponential fits respectively. These cases are for h/d = 10.9. For the diffusion flame 
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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 the f = 4.2 cases in Section 

5.3.4.2 also affected the f = 4.2 case here for the polynomial fit (Fig. 5.10b). Again, the 

exponential fit produced lower final temperatures due to the different curve fitting 

(Chapter 3), and so the limitation did not affect the f = 4.2 case here.  

 

Figure 5.10: Temperature profiles of the quartz plate heated by propane flames of 

various equivalence ratios at h/d = 10.9 (a) Before and (b) and (c) After the corrections 

for the polynomial and exponential fits respectively, and (d) Maximum and stagnation 

point temperatures and (e) Radiation losses from the plate before and after the 

corrections. 



Chapter 5: Results Part 1: Wall Temperature 

 
170 

 

 

The temperature corrections effectively óstretch outô the temperature profiles so that the 

lower temperatures towards the edges and the stagnation region remain fairly similar but 

the higher temperatures slightly away from the stagnation region become much higher. 

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 profiles (Figs. 5.10b and c) show that as the equivalence ratio is 

decreased, the stagnation region becomes cooler while the temperatures in the wall jet 

region become higher. Figure 5.11 shows that as the equivalence ratio changes, so does 

the flame mode. The flame first becomes lifted (Fig. 5.11 iii) and then becomes a ring 

flame, with unburned fuel impinging on the stagnation region (Figs. 5.11 iv 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. However, for f = 4.2, the flame has a higher adiabatic temperature 

(Chapter 4) and also more turbulence in the stagnation region. This accounts for the 

high peak at 0.04 m (Fig. 5.10c). 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 plate will be reduced. However, the effect is not 

significant as the plate temperatures still increase with added premixed air.  

Figure 5.10d shows the maximum and stagnation point temperatures before and after 

the corrections, against 1/f. 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 height; Fig. 5.11a shows that all of the flames exhibit 

unburned fuel in the stagnation region, due to the low h/d, and so the cool stagnation 

region is quite similar for all flames (Figs. 5.10b and c). The maximum and stagnation 

point temperatures move further away from each other as the equivalence ratio is 

decreased, due to the premix air causing higher flame temperatures away from the 

stagnation region. For 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 bottom (Figs. 5.11b (i to iii)). This causes the increase in maximum 

temperature at f = 7.9 (Fig. 5.10d). The larger difference in maximum temperature 
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between the uncorrected and corrected cases for f < 15.8 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 5.11: (a) Schlieren and (b) Direct images of the propane flames at h/d = 10.9 and 

for (i) Diffusion flames and premixed flames at f = (ii) 15.8, (iii) 7.9, (iv) 4.9 and (v) 

4.2. 

Figure 5.10e shows the radiation losses before and after the corrections for the various 

equivalence ratios. The radiation loss for f = 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 value of f = 1 (Chapter 4), and so the radiation loss would 

be expected to peak at this value also. However, for fuel rich flames, 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 at a nozzle exit value higher than f = 1. 

However, for this case, a lean enough mixture was not achieved and so the radiation 

loss continues to increase with a decrease in f. This will be discussed in more detail in 

Section 5.4.3. For the exponential fitting, there is an almost linear increase in radiation 

loss with increases in 1/f. Whereas for the uncorrected cases, the radiation loss 














































































































































































































































