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Abstract

Domestic gas burners are investigated experimentally and numerically in order to

further understand the fluid dynamics processes that drive the cooking appliance

performances. In particular, a numerical simulation tool has been developed

in order to predict the onset of two flame instabilities which may deteriorate

the performances of the burner: the flame back and flame lift. The numerical

model has been firstly validated by comparing the simulated flow field with a

data set of experimental measurements. A prediction criterion for the flame back

instability has been formulated based on isothermal simulations without involving

the combustion modelization. This analysis has been verified by a Design Of

Experiments investigation performed on different burner prototype geometries.

On the contrary, the formulation of a prediction criterion regarding the flame lift

instability has required the use of a combustion model in the numerical code.

In this analysis, the structure and aerodynamics of the flame generated by a

cooking appliance has thus been characterized by experimental and numerical

investigations, in which, by varying the flow inlet conditions, the flame behaviour

was studied from a stable reference case toward a complete blow-out.
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Nomenclature

δij Kronecker delta

ε turbulent kinetic energy rate of dissipation

µ dynamic viscosity

µe dynamic eddy viscosity

Φ equivalence ratio

Ψ dissipation function

ρ density

σ Schmidt number

τc chemical time scale

τf flow time scale

τw shear stress at the wall

υ kinematic viscosity

υe kinematic eddy viscosity

ξ mixture fraction

Bi body forces

Cvol volume gas fraction

D mass diffusivity

Ea activation energy

h specific enthalpy

k turbulent kinetic energy

M molecular weight
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p pressure

R ideal gas constant

Ri mass rate of creation or depletion by chemical reaction

Sh source of enthalpy

Sm source of mass

Su
i sources of momentum

Sc global consumption speed

Sd local displacement speed

Si sources of species creation

SL laminar burning velocity

T temperature

t time

U free-stream velocity

uτ friction velocity

ui velocity components

ur radial velocity

w burner flame port width

Y mass fraction (molecule)

Z mass fraction (element)
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Introduction

Fire is a contradictory element. It is mentioned as one of the benefactors of

mankind because it warms the home, cooks food or forges metals, but at the

same time it represents a wild and cruel destroyer, whether runaway in a forest

or feeding bullets or bombs. Even the Sun, source of light, heat and well-being

can dry or burn if its power is not shielded. As for the Sun, the nature of the

power of fire is its capacity to transform. Ray Bradbury started Fahrenheit

451 with this sentence: “It was a pleasure to burn. It was a special pleasure to

see things eaten, to see things blackened and changed...”. Therefore, fire can be

so calm and peaceful, but within it is all power and destruction. It is character-

ized by a quick and irreversible change: wood burns, dropping ash and cinder off,

dough puffs and firms up to become bread, clay hardens turning into porcelain,

chemical elements react making new molecules. Hence, fire destroys a form to

create another form. Moreover, the heat and well-being provided by the fire pro-

mote relaxation and communion. That’s why the hearth has always represented

a social occasion for sharing ideas, telling stories and singing. I like to think that

nowadays the kitchen represents that hearth. The place where family groups,

where life experiences are shared. Fire is still present there. Just look at the

domestic gas burner.

After more than one century gas stoves can be found in the majority of Italian

houses and it is possible to find a large amount of these appliances also in France,

Spain, East Europe and the US. Of course the gas burner represents one of the

oldest cooking appliances used to warm and heat up food. Over time its outward

appearance has practically not changed at all, presenting a circular shape and

flames on the perimeter. Therefore, everyone has seen a domestic gas appliance

and probably knows how to use it. But how does it work? Which are the physical

principles that drive its functioning? What happens when the control knob is

turned and the flames cover the burner crown? These are some of the questions

that I asked myself when starting this Ph.D. research. However, the most fre-

quent question I had to answer during these years was: how does an aerospace

engineer deal with such an old (and apparently simple) cooking appliance? The

answer can be found in the following introduction and it will be further clarified

and justified during the reading of this manuscript.

1



2 Introduction

Even though the gas burner is apparently quite a common device, its func-

tioning is still not fully understood. This appliance is indeed characterized by a

complex flow field (unsteady, three dimensional, multiphase, with chemical reac-

tion) that drives its performance. In order to understand the key role of the fluid

dynamic field, a brief explanation of the functioning of the domestic gas burner is

presented in the following. When the control knob is turned, the gas fuel emerges

from the injector. This component can be considered the “heart” of a gas stove

and it is usually placed on the bottom of the appliance. On leaving the injector,

the reactive gas firstly emerges as a jet into the bowl and starts to entrain air

from the surrounding ambient of the cooking hob. This gas/air mixture then

flows into the burner head before being discharged through the flame ports and

ignited. The unique control of the heat released by the gas burner is provided by

regulating the flow of reactive gas issuing from the injector. This is performed by

means of a manual valve (linked with the control knob). Therefore, there are no

moving parts and all the geometrical dimensions of the internal ducts are kept

fixed. This represents one of the challenges in the cooking stove design since,

despite the fixed geometry, the appliance has to work properly in different coun-

tries, characterized by different fuel gases. A change in fuel typology means a

change in physical properties such as density, viscosity, calorific power resulting

in a complete modification of the fluid dynamics behaviour of the appliance. The

same appliance also has to ensure a correct functioning in different hobs or in

different positions inside the same hob layout. Therefore, although the domestic

gas burner appliance can be considered a mature appliance, it still presents a

difficult challenge for the designer. Finally, it must be pointed out that this is a

large production appliance defined by a low price, in which the cost reduction is

one of the most important targets.

Of course, it does not seem necessary to understand the physical mechanism

fully, since one can always design a device which is able to provide the necessary

heat. However, this may result in an unnecessary fuel consumption or in the

presence of instabilities which may compromise the performances of the device or

even its safety. Traditionally, this difficulty was overcome with a systematic trial

and error design philosophy. This approach was probably sufficient in the past,

whereas nowadays the increase of the safety and performance requirements and

the availability of more and more modern numerical and experimental devices

leads to a new design methodology. One approach is an experimental analysis

of the gas burner flow field. Physical quantities like temperature or pressure

can be easily measured almost everywhere and they do not typically require ex-

pensive sensor probes. However, if a more detailed study concerning the flow

field in and around the domestic gas burner is required, then the use of optical

measurements such as Laser Doppler Anemometry (LDA) or Particle Image Ve-

locimetry (PIV) must be considered. Imaging of reactive flow fields does indeed

provide new views into the complex chemical and fluid-mechanical phenomena

typically found in combustion devices. Combustion imaging hence specifically
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supplies information on two and three dimensional flame structures, allowing a

detailed identification of the basic processes governing reactive flow. However,

the application of these techniques during the development stage of a new gas

burner will require expensive resources, both human and hardware, that cannot

usually be expended, especially in an industrial reality. Moreover, these optical

measurements present several difficulties when carrying out an investigation on

a domestic stove: the optical access is limited, the circular geometry can cause

distortion of the resulting image and, most of all, the use of reacting working

gases will drastically increase the difficulty of measurement acquisition and the

safety standard required by the lab. Another possible approach to the study

of such a complex flow field is to rely on theoretical or numerical analysis. A

first advantage of a numerical approach is that, sometimes, if the run cost (in

time and money) is not very large, it allows a quick preliminary study of the

configuration. New geometries can be tested relatively quickly, when compared

to manufacturing several burner prototypes. Moreover, numerical modeling can

be used for predictive purpose to test different scenarios that may be too risky or

expensive to try in a laboratory. By allowing the possibility of running “what if”

scenarios, numerical analysis multiplies the number of designs or circumstances

before physical prototyping and testing. Computational Fluid Dynamics (CFD)

have gained popularity in recent years due to a number of factors. New genera-

tions of computer hardware have more speed and more memory at a lower cost.

Obviously, doing numerical modeling first can save considerably on prototype

development time and costs by eliminating particular designs without actually

having to test them. However, in most cases, it is not possible to completely

eliminate prototype testing because of the uncertainty and limitations of the nu-

merical model especially when it comes to new configurations that have never

been tried before.

Both experimental and numerical tools described briefly above are the results

of a long period of research and development, with a lot of investment in terms

of money and human resources. A strong boost in their development was and it

is still made by Universities and Research Centres related to aerospace engineer-

ing. This because aerospace engineering had to often deal with advanced design

methodologies in order to promote the highest common standards of safety and

regulation. The starting point of this investigation was represented by a collab-

oration between Electrolux and the University of Bologna in order to analyze

existing design procedures concerning the domestic gas burner appliances, and,

if possible, to develop new ones. Electrolux is a global leader in home appliances

and appliances for professional use, selling more than 40 million products to cus-

tomers in 150 countries every year. Electrolux products include refrigerators,

dishwashers, washing machines, vacuum cleaners and cookers. This collabora-

tion has of course influenced the overall activity carried out during this Ph.D.

program. In order to be sold in the market, this kind of appliance has to be
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formally certified. Manufacturers of residential and commercial gas fired burn-

ers have to inspect their appliances for certification according to the standards

of the relevant authorities. These devices are therefore tested, which requires

a large amount of time, for a number of operating conditions with respect to

the safety of operation and to emission performance. However, these tests do

not usually provide a detailed understanding of the physical processes involved

in the functioning of the appliance, because they consist on a global review of

some characteristics of the stove behaviour, such as for instance a visualization

of the flame structure. Their result is often summarized by a simple qualitative

value that does not guide the designer through the development or optimization

process.

This lack of information is particularly present in the certification test regard-

ing flame stability. Of course, the flames issuing from the domestic gas burner

have to be stable and steady. In order to shorten the time to develop of the pro-

totypes, and reduce the testing phase during the design, a better understanding

of the instability phenomena of partially premixed flame is hence essential. In

this context, the present research program has been characterized by the study of

two flame instabilities: the flame back and the flame lift. Flame back and flame

lift represent the tendency of the flame front to burn back through the burner

exit ports and to detached form the burner rim, respectively. This problem is

complicated by the fact that the standard design criteria adopted to avoid these

instabilities go in opposite directions. If the designer tends to avoid flame back,

then the possibility of flame lift occurring is increased, and viceversa. Therefore,

during the development of the domestic gas burner a more exhaustive analysis

is required in order to strike the right balance. It must be pointed out that the

flames issuing from the burner are the result of the internal fluid dynamic pro-

cesses inside the appliance. Indeed, these instabilities can be observed “outside”

the burner, but they are already generated by a incorrect functioning “inside”

the appliance.

Aim of this thesis is to assess the possibility to perform this investigation by

means of numerical simulation tools. Main goals of the present thesis are repre-

sented by the formulation of prediction criteria concerning the flame back and the

flame lift instabilities. The study has been mainly performed numerically and it

has been conducted on a real domestic gas burner geometry, without introducing

simplification in its shape or dimensions. However, the numerical model had to

be validated and verified with experimental measurements which for this case

are not available in the literature. For this reason, specific experiments must be

set-up and carried out. The synergy between the experimental and numerical

analysis not only increase the level of understanding of the thermo-flow physi-

cal processes that lead the domestic gas burner performances, but also allows to

understand which phenomenon could be predicted by the CFD and under which

conditions. The thesis presents an analysis performed on the internal domestic
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gas burner aimed at a better understanding of the internal flow field of the appli-

ance and its influence on the flame instabilities. The numerical tool was applied

on a real geometry by studying different flow configuration. This investigation

has been carried out together with experimental measurements performed in or-

der to validate the model prediction and its sensibility at the flow variations.

Once calibrated and validated, the numerical simulation was also applied at the

study of the the flame instabilities. The flame back was investigated by means

of an analysis in cold condition, without consider the reaction process due to

the gas combustion. In order to obtain the necessary information to formulate a

prediction criteria for the flame back instability, the numerical investigation has

been supported by an experimental data set obtained in a previous industrial

project. The formulated criteria is based on the balance between the unburnt

mixture velocity through the burner flame port and the laminar burning veloc-

ity of the stove flame. Similarly, flame visualizations were required in order to

define the flame lift phenomenon from the quantitative point of view. By means

of direct flame photographs and OH chemiluminescence images the combustion

model was validated on the domestic gas burner virtual prototype. The flame

structure was analyzed for different flame states (from the stable flame to the lift-

off instability) and compared to the corresponding numerical flame prediction.

Different post-processing methodologies were presented and applied to these dif-

ferent flame structures in order to quantify the flame lift instability numerically.

The combination of these techniques lead to the prediction criteria for the flame

lift instability.

This work is performed in cooperation with two departments in Electrolux:

the Cross Technology Innovation (CTI) and the Gas Technology Center (GTC).

These laboratories represent the core of competence on the domestic gas burner,

gained by Electrolux both from an experimental and a numerical point of view.

Although many idealized problems concerning combustion were solved in simpli-

fied forms in the past, there are still many practical problems that defy a more

accurate solution today. The present manuscript does not seek to replace exiting

works, but to complement them, giving the reader a solid grounding on the fluid

dynamics of a domestic gas burner and its instabilities: flame back and flame lift.

This volume is subdivided into five chapters. Chapter 1 introduces the domestic

gas burner and the fluid dynamic concepts associated with its functioning. It

also includes an analysis of flame stability and the design criteria used in order

to avoid the flame back and flame lift instabilities. Chapter 2 presents a detailed

description of the numerical model adopted in this work. Chapter 3 provides a

numerical investigation of the internal fluid dynamics of the domestic gas burner.

A better global understanding of the whole appliance was also achieved by means

of gas flow rate, pressure recovery and PIV measurements. These experimental

results were used to calibrate and tune the numerical code as well as to point

out its sensitivity to different models, to simulate the physical properties of the

fluid gases. Chapter 4 presents an investigation based on a numerical Design of
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Experiments aimed at formulating a prediction criterion for the flame back insta-

bility. Chapter 5 describes the analysis of the flame lift phenomenon by means of

an experimental and numerical investigation achieved on a domestic gas burner

crown at different equivalence ratios and heating powers. A prediction criterion

for the flame lift instability is also reported in this chapter. Finally, in the con-

clusion, the applications of the techniques developed in the previous chapter is

discussed, emphasising also possible future works related to the study of domestic

gas burners.



Chapter 1

Domestic Gas Burner Design

Chapter Purpose:

This chapter gives an overview of the domestic gas burner. The working princi-

ples of this appliance will be discussed, highlighting the fluid dynamic processes

involved. Special attention will be dedicated to the flame stability of the cooking

stove and the empirical design criteria adopted to design the burner.

Domestic

Gas Burner

Design

The

Numerical

Tool

Internal

Fluid

Dynamics

Flame back

Flame lift
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8 CHAPTER 1. Domestic Gas Burner Design

1.1 The domestic appliance

Probably the first gas appliance to be sold in Europe on a wide scale was the

domestic gas range. The design of the gas range has progressed from a counter

top, match-lit unit to the sophisticated range of today which may be equipped

with automatic ignition, touch-control user interface and timed cooking features.

The most popular range style is called “built-in” and is supplied in different

pieces, with the cooking top separate from the oven in order to permit flexible

kitchen arrangements and installation at convenient working heights. Built-in

top burner hobs are therefore designed to be installed in a counter top and are

available in different burner unit arrangements. Moreover, cooking appliances

built for commercial use differ from domestic appliances mostly in size and the

fact that they are built to serve special uses only.

The domestic gas burner is thus a device that is used to combust the fuel with an

oxidizer to convert the chemical energy contained in the fuel into thermal energy.

This energy conversion is performed by means of a combustion process. In the

following sections, the classification of combustion and burner typologies will be

discussed; the required features requirements that the domestic gas burner has

to satisfy during its functioning will also be presented.

1.1.1 Flame definitions

In order to classify combustion phenomena and their different appliances, it is

useful to introduce two types of flames: premixed and diffusion flames. These

flames will be reviewed considering a laminar regime only, in which velocity is

ideally parallel to the wall axis with a parabolic distribution as a function of the

distance from the wall, while pressure is a function of streamwise distance.

For laminar flames issuing from a tube burner these two models of combustion

are shown in Fig. 1.1. If fuel and air are already mixed within the tube, as in the

case of a Bunsen burner, and the gas is ignited downstream, a premixed flame

front will propagate towards the burner until it reaches its steady state position in

the form of the well-known Bunsen cone. Behind the flame front, as yet unburnt

intermediates such as CO and H2 will mix with the air entrained from outside

the burner and lead to post flame oxidation and radiation. Therefore the unburnt

fuel stream is supplied with air (known as primary air) before combustion occurs.

If all the air required for complete combustion is provided as primary air, then

the flame is said to be fully aerated or fully premixed. If only part of the total air

required is supplied with the primary air, the flame is said to be partially aerated,

and the remaining air (known as secondary air) diffuses into the hot combustion

gases downstream of the flame front.

The other mode of combustion is that in a diffusion flame or non aerated flame.

Here no air is mixed with the fuel within the tube of the burner. Therefore

only fuel issues from the tube, as shown in the second picture of Fig. 1.1; this
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(a) Premixed flame (b) Diffusion flame

Figure 1.1: Different modes of laminar combustion.

gaseous stream mixes with the surrounding air by convection and diffusion while

combustion is already occurring. Optimal conditions for this kind of combustion,

however, are restricted to the vicinity of the surface of the stoichiometric mixture.

This is the surface where fuel and air exist locally in a proportion that allows both

to be entirely consumed. This will lead to the highest flame temperature and, due

to the temperature-sensitivity of the chemical reactions, to the fastest reaction

rates. In most cases combustion is much faster than diffusion and diffusion is the

rate-limiting step that controls the entire process. This is the reason why the

flames where the reactants are non-premixed, are called diffusion flames.

The three types of flame (premixed, partially premixed and diffusive) differ both

in appearance and with respect to the dominant physical and chemical process

present. All have been extensively used by combustion engineers, the properties

of each being particularly suited to certain applications.

As illustrated in Fig. 1.2, premixed flames appear with a blue to bluish-

green color, while diffusion flames radiate in a bright yellow. The blue colour of

premixed flames is due to the chemiluminescence of some excited species (C2 and
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(a) Premixed flame (b) Diffusion flame

Figure 1.2: Different aspects of laminar combustion.

CH radicals), while the yellow colour of diffusion flames is caused by radiating

soot particles, which dominate over the chemiluminescence that is also present in

non-premixed combustion. Highly stretched diffusion flames, in fact, also appear

blue since the local residence time is too short for soot particles to be formed.

This leads to the conclusion that the colour of a flame is characteristic of the

available residence time rather than the mode of mixing.

Premixed flames are used whenever intense combustion within a small volume

is required. This is the case in household appliances and spark ignition engines.

Sometimes combustion is partially premixed in order to have a better control over

flame stability and pollutant emissions, as is the case in jet engine combustion

chambers. On the contrary, an example of non-premixed combustion is the Diesel

engine, where a liquid fuel spray is injected into the compressed hot air within the

cylinder. Large combustion devices such as furnaces operate under non-premixed

conditions with diffusion flames since the premixing of large volumes of fuel and

air represents a serious safety problem.

Premixed flame can be divided into two other groups: partially premixed and

totally mixed flames. The former describe a flame which propagates in gradients

of mixture fractions [1], the latter include a combustion process propagating in

stoichiometric or fuel lean mixtures (thus the flames are “fuel mixed” in that

sense). Partially premixed combustion is an intermediate regime between the

limiting cases of premixed and non-premixed combustion. Although combustion

problems are generally approached from one of these two limiting cases, there are

many practical situations where flames cannot be considered purely premixed or

non-premixed, and the partially premixed approach must be used. Most of the

domestic gas burners generate laminar partially-premixed flames.
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1.1.2 Burner definitions

There are numerous ways of classifying burners. One common method for classi-

fying burners is according to the flame definition presented in the previous section

(i.e., how the fuel and the oxidizer are mixed):

� non-aerated burner or “nozzle mix” burner: adopting diffusive flame;

� aerated burner: adopting premixed or partially premixed flame.

Each of the different types of burner is used in various forms and configurations

in order to suit particular applications. In diffusion mixed burners, the fuel and

oxidizer are separated and unmixed prior to combustion, which begins when the

oxidizer/fuel mixture is within the flammability range. In premixed burners, the

fuel and the oxidizer are completely mixed before combustion begins. Porous ra-

diant burners are usually of the premixed type. Premixed burners often produce

shorter and more intense flames, compared to diffusion flames. These last can

produce regions of high temperature in the flame, leading to non-uniform heating

of the load and higher NOx emissions.

In this work only the aerated burner will be investigated and will hereafter usu-

ally be named “domestic gas burner”. Until Bunsen’s invention of the aerated

burner in 1855, gas was used only for lighting, since the luminous, non-aerated

flame provided illumination that was far superior to candlelight. The aerated

burner had, however, several disadvantages. Lightback to the injector occurred

when gas suppliers did not maintain the correct gas composition. Burners were

also noisy and susceptible to blockage (linting) by airborne dust. As a results

of these difficulties, non-aerated burners were designed with well defined, vir-

tually soot-free flames, and from 1945 the majority of European domestic gas

appliances (excepted cookers) were fitted with non-aerated burners. The devel-

opment of quiet, clean, trouble-free appliances (particularly gas fires) led to a

large increase in the domestic use of gas. The advent of natural gas necessitated

a revision of the aerated burner, because of the inherent problems of flame insta-

bility and sooting with non-aerated hydrocarbon burners. Conversion to natural

gas therefore resulted in a large scale reintroduction of the partially aerated gas

burner for all domestic gas appliances, and included the replacement of existing

town gas non-aerated burners with aerated methane burners. Such changes were,

however, anticipated; fundamental work had been undertaken by the gas indus-

try from the mid-1950s onwards on both the theoretical and practical aspects of

aerated burner design [2].

To be consistent with the flame terminology, the cooking appliance flame can only

be described as “partially premixed” (i.e. partially on the way to stoichiometry)

in regions where the mixture is fuel rich. The domestic gas burner is therefore

a partially premixed device functioning under atmospheric conditions, where the

formation and the homogenisation of the reactive mixture are only due to the

entrainment force of the jet issuing from the injector, and to the geometrical
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characteristics of the device. The mixture exits through the flame ports and the

flames can be considered to be partially premixed laminar flames.

1.1.3 General layout of an aerated burner

The various parts of a domestic atmospheric gas burner are shown in Fig. 1.3.

Modifications in size and shape are made to fit the desired combustion powers

and heating elements. The burner assembly consists of an injector placed in a

bowl, a mixing tube (venturi), a burner head (crown) and a cap.

(a) Ensemble view (b) Exploded view

Figure 1.3: Parts of an atmospheric domestic gas burner. In the exploded view, from

the bottom to the top the following components are shown: bowl, hob, injector, crown

and cap.

Older range top burners were usually constructed of cast iron with drilled

ports. Later they were manufactured in stamped metal with either drilled or

slotted ports which directed the flame either horizontally or slightly upwards.

Most newer ranges have round burners made of die-cast aluminum alloy in which

the flame ports are directly obtained from the thermofusion process.

Referring to Fig. 1.4, when the burner is turned on the fuel enters the supply

tube (1), then the gas emerges from the injector nozzle, consisting of one or more

small holes (2); usually this nozzle is placed at the bottom of the appliance along

the vertical axis or along the horizontal direction. The gas stream emerges from

the orifice as a free jet at a rate dependent on gas pressure, orifice dimensions

and gas composition. On leaving the injector, the gas entrains primary air (3)

by a momentum sharing process between the emerging gas and ambient air. The

gas/air mixture enters a mixing tube, which may be shaped in the form of a ta-

pered venturi or may have parallel sides. As its name suggests, the mixing tube
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(a) Flames close up

(b) Ensemble section

Figure 1.4: Traditional domestic gas burner. The section view shows its main compo-

nent: (1) gas supply tube, (2) injector, (3) primary air inlet, (4) mixing tube throat,

(5) flame port exit.

is designed to ensure thorough mixing of gas and air, so that a constant air/gas

ratio is maintained throughout the burner head. It is normally assumed that,

owing to turbulence, mixing is virtually complete at the throat of the mixing

tube (4), at which point, depending on the precise geometry, the static pressure

of the gas/air stream may have been reduced almost to that of the surrounding

atmosphere. Further downstream, the static pressure must increase sufficiently

to overcome the resistance to the flow within the burner and at the flame ports.

A pressure increase can only be induced by a decrease in momentum and velocity,

and this can only arise because of a gradual expansion within the burner head.

It is normally achieved by a suitably shaped diffuser section in the burner. The

gas/air mixture then flows into the burner head (radial diffuser) before being

discharged from the flame ports (5). Of course the mixture must then be dis-

tributed uniformly to the burner ports. These flame ports can differ in size and

shape according to the burner characteristic and performances. However, this

work will focus on a cylindrical burner presenting two types of rectangular ports,

named hereafter type 1flame port (primary flame port) and type 2 flame port

(secondary flame port) respectively. As depicted in Fig. 1.3, the former are the

bigger (higher) dentures on the burner crown, whereas the latter are the smaller
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(shorter) ones. These ports are therefore alternatively positioned and equally

spaced along the burner crown circumference.

When the mixture of gas/air is in the right proportions, the mixture will ignite.

A spark device is used to light the burner.

Top burners have a maximum input rate of 3kW to 5kW . Control of heat for

top burner or flame size is achieved by regulating the flow of gas by means of a

manual valve (control knob). Some valves have extra passageways so that finer

control at low input rates may be obtained.

Other burners may have two or more separate burner heads; a smaller one po-

sitioned inside a large one. Each of these burners has its own mixing tube and

they are called two-throat burners. The manual valve is constructed so that upon

turndown, gas is supplied only to the smaller burner.

Finally, all gas appliances have pan supports on the top surface. The pan supports

may be built-in and heated with their own burner, or they may be a separate

utensil which fits over one or two top burners.

1.1.4 Burner requirements

The purpose of a domestic gas burner is to transform gas into useful heat, which

is to be absorbed by an object. Attaining this purpose involves much more than

the burner; the design of the burner injector, of the element to be heated and

of the fuel gas passageways, is an inseparable part of the problem. In general, a

burner must have the following characteristics:

� be controllable over a wide range of turndown ratios without flashback or

outage (mainly applicable to gas range and manually controlled room-heater

burners);

� provide a uniform distribution of heat over the area heated;

� be capable of completely burning the gas;

� ensure that there is no lifting of flames away from ports;

� provide ready ignition and cross lighting, with the flame travelling from

port to port over the entire burner rapidly and positively;

� operate quietly during ignition, burning and extinction;

� be of solid construction to withstand severe heating and cooling during all

the life of the appliance.

These requirements must be met under a wide variety of service conditions. Dif-

ferences in gas composition and changes in pressure and specific gravity should

not prevent satisfactory operation. To satisfy the above requirements, different

geometrical solutions can be developed, therefore in the following a brief de-

scription of a usual appliance will be presented. However, these different design
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approaches have to ensure a robust design, allowing flexibility for different work-

ing gases or different configurations of the cooking hob.

1.1.5 European standards requirements

Since legally required to do so, manufacturers of gas appliance in Europe submit

their appliances for certification according to the relevant European Standards.

Appliances are tested under a number of operating conditions for safety of opera-

tion (including details of construction, electrical safety, combustion performance)

and thermal efficiency. For full details of test procedures and requirements, the

reader should consult the appropriate European standard [3]. It is, however,

worth summarizing here those tests which are of particular concern to the burner

designer. The precise requirements depend on the appliance and the fuel. Appli-

ances are classified by categories defined according to the gases and pressures for

which they are designed. In the same way, gases are classified in three families

(1st, 2nd and 3rd), which may be divided into groups according to the value of

the Wobbe number1. Generally, as a gas appliance, the domestic burner refers to

the 2nd (composed by groups H, L and E ) and 3rd family (composed by groups

B/P and P). The denominations and characteristics of the main gases used in

the European countries are listed in Tab. 1.1.

Designation Composition Ws Hs d

- (%) (MJ/m3) (MJ/m3) (Kg/m3)

G20 CH4 = 100 50.72 37.78 0.555

nC4H10 = 50
G30

iC4H10 = 50
87.33 125.81 2.075

CH4 = 85
G231

N2 = 15
40.90 32.11 0.617

G32 C3H6 = 100 72.86 88.52 1.476

Table 1.1: Characteristics of the test gases (dry gases at 288.15K and 101325Pa): the

composition is in volume, Ws is the gross Wobbe number, Hs is the gross calorific

value and d is the density ratio of equal volumes of dry gas and dry air under the same

temperature and pressure conditions.

1The Wobbe number is the ratio between the calorific value of a gas per unit volume and

the square root of its density under the same reference conditions. The Wobbe number is said

to be gross or net depending on whether the calorific value is gross or net.

The calorific value is defined as the quantity of heat produced by combustion at a constant

pressure of 101325Pa, of a unit volume or mass of gas, the constituents of the combustion mix-

ture being under reference conditions and the combustion products being brought to the same

conditions. The gross and the net calorific value consider the water produced by combustion

to be condensed or to be in vapor state, respectively.
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Any requirement quoted below is for these families of gases and should be

used only as a guide.

� Gas rate. Using reference gas (mainly G20 and G30) under normal operat-

ing conditions according to the category of the appliance, the gas consump-

tion of a burner must correspond to the manufacturer’s declared (rated)

heat input within certain limits of tolerance. The nominal heat input Qn

indicated by the manufacturer is given by the following expression:

Qn = 0.278 · V̇n · Hs (1.1)

where Qn is expressed in kilowatts, V̇n is the volume rate of dry gas under

reference conditions corresponding to the nominal heat input in cubic me-

ters per hour, and Hs is the gross calorific value of the reference gas given

in megajoules per cubic meter. Of course, the volume rate of dry gas is pro-

portional to the static pressure applied at the gas inlet connection of the

appliance in operation (injector). The static pressures at the injector are

indicated in Tab. 1.2 according to the European standard for gas appliances

[4].

Pressure

(Pa)

Test gas Minimum Nominal Maximum

G20 1700 2000 2500

G30 2000 2900 3500

Table 1.2: Test pressures relative to each gas category: 2H (G20) and 3B/P (G30).

� Combustion. For most appliances, combustion performance requirements

are linked to the concentration of carbon monoxide in the combustion prod-

ucts. The volume content of CO in the air and water free products of

combustion must not exceed a threshold value.

� Flame stability. The flames issuing from the domestic gas burner have

to be stable and quiet. Therefore, no lightback or flame lift is permitted;

these instability phenomena represent the tendency of the flame front to

burn back through the burner exit ports, and to detached form the burner

rim respectively.

Concerning flame back, when the burner tap is turned to its reduced rate

position the burner flames must not light back nor must they be extin-

guished. The hardest test for lightback certification includes:
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– Configuration: the tests are carried out with a pan (in order to high-

light the lightback phenomenon the pan can be substituted by a hot-

plate; this also ensures higher temperatures both for the appliance and

for the entrained air).

– Condition: the appliance is operated initially at a reduced rate for 10

minutes.

– Working fluid: G32 (propylene, C3H6).

– Supplied pressure: 1700Pa.

The appliance is supplied with the limit lightback gas, under minimum test

pressure. On turning the tap at normal speed (operation at fairly constant

speed, in a time of approximately 1 second) from the full-on position to

the reduced rate position, the test checks that no lightback or extinction

occurs.

Concerning the flame lift, a slight tendency to flame lift is permitted on

ignition but flames must be stable 60 seconds after ignition. The hardest

test for flame lift certification includes:

– Configuration: the test is carried out without a pan.

– Cold condition: the appliance is at ambient temperature at the start

of the test.

– Working fluid: G231 (85% of CH4 and 15% of N2).

– Supplied pressure: 3000Pa.

With the appliance supplied with the limit flame-lift gas, under maximum

test pressure, the flame stability is verified within 60 seconds after ignition.

Within the framework already discussed for flame stability and European

standard requirements, it is possible to list a number of criteria which need to be

met by all gas appliances:

� Uniform flame distribution and height, giving an even heat distribution to

that which is being heated.

� Complete combustion, subject to the carbon monoxide and soot emission

clauses in the appropriate Standard.

� No flame lift or lightback within the full range of operative conditions.

� No excessive noise, particularly during the ignition or extinction sequence.

� The materials used and the standard of construction should be such that

the burner lifetime is acceptable (at least twelve or fifteen years).
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Additionally, there is now much more concern regarding the emission of nitrogen

oxides (NOx) into the indoor and outdoor environment. Although the major

global sources of outdoor NOx are power stations and automobile exhausts, gas

appliances and cigarette smoke can make a significant contribution in the domes-

tic environment. With air quality and emission Standards currently or soon to

be in force in many countries, many designers are now developing “low NOx”

burners.
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1.2 Fluid dynamics phenomena in the domestic

gas appliance

Designers of gas cooking burners intend to create better performing appliances.

Nevertheless, the less than complete understanding of the physical phenomena

involved has limited burner innovation. This section covers the main fluid dy-

namics phenomena occurring during the functioning of the domestic gas burner.

The domestic gas burner is a partially premixed appliance where the formation

and the homogenization of the reactive mixture are only due to the entrainment

force of the fuel jet issuing from the injector and to the geometrical characteristics

of the burner. This unburnt fuel stream is commonly supplied with air before

combustion occurs. However, only part of the air required for complete combus-

tion is initially provided inside the burner: therefore the prime objective of an

aerated burner designer is to ensure a correct mixture of gas and air. This mixing

process drives the performances of the domestic cooking appliance and represents

a key factor in the burner development process. Therefore, a brief review of the

fluid dynamics phenomena involved in the formation and the homogenization of

the reactive mixture are presented in the following.

1.2.1 Gaseous jet

As mentioned before, the injector of the domestic gas burner can be considered

the “heart” of the domestic appliance. Its target is to provide the correct fuel

flow rate and to perform the process of mixing with the surrounding air from the

hob. Therefore the nozzle of a domestic gas burner converts the potential energy

of the pressurized gas supply into the kinetic energy of the emerging gas jet [2].

This turbulent axisymmetric round jet is a subsonic free jet discharging into a

motionless surrounding fluid. A jet of this kind is said to be submerged [5] and

is shown in Fig. 1.5, which highlights three zones [6]:

� the potential core zone;

� the developing zone;

� the developed zone.

The approximately laminar (irrotational) zone within the mixing layer is of-

ten referred to as the potential core. This region is characterized by a constant

velocity, equal to the nozzle exit velocity. The short potential core extension char-

acterizing methane and butane jets is further analyzed in [7]. The core length is

also dependent on the initial velocity profile and on the turbulence intensity at

the nozzle exit. A subsonic free jet is therefore characterized by a potential core

surrounded by a region in which mixing between jet and ambient fluid takes place

[8]. The flow at the nozzle emerges into the external fluid, creating a cylindrical
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Figure 1.5: Sketch of a free jet.

shear layer that spreads out to fill the jet. As the flow exits the nozzle, shear

forces are generated as a result of the velocity discontinuities between the essen-

tially uniform velocity of the discharging flow and the surrounding motionless

fluid. These forces result in instabilities which control the growth of the mixing

layers: outward into the surrounding fluid and inward toward the jet centerline.

Therefore, as they depart from the nozzle, the region of essentially inviscid poten-

tial flow at the core of the jet gradually decreases in width. The mechanism by

which the shear layers are grow and the potential core is breaks down is further

explained in [9]. A train of vortex rings, generated by the instabilities of the initial

shear layer, can be highlighted at the nozzle exit. Due to these trains of growing

vortices, the potential core flow is alternatively accelerated and decelerated. As

the vortex rings emerge from the nozzle edge, their phase agreement across the jet

disappears due to the vortex pairing mechanism, i.e. the coalescence with neigh-

bouring rings. Moving downstream, the coalescing vortices are characterized by

the following aspects: (1) increasing interval between the vortices; (2) random

variation in movement and strength; (3) gradual increase of lateral fluctuations

caused by the almost linear growth of the orderly wave deformations of the core

of the vortex rings. In the end, the mixing region spreads inwards enough and

the core no longer exists because the mixing layers that formed at the edge of the

jet orifice meet at the centerline. The potential region ideally extends up to a

few diameters from the nozzle orifice, and can therefore be practically considered

to be within the appliance bowl.

In the developing zone the potential core has disappeared and the large shear

stresses located at the jet boundary cause a decay of the axial velocity pro-

file; therefore a continuous broadening of the velocity profile of the jet can be
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highlighted. Moreover, these stresses generate turbulence and promote the en-

trainment of additional fluid. The velocity profile becomes “lower” and “wider”

with increasing distance from the beginning of the jet. An initially fast moving

jet fluid will lose momentum to speed up the stationary surrounding fluid. Due

to a cross-stream transfer of momentum by turbulent mixing, the mean velocity

profile spreads out downstream and develops with streamwise distance. Owing

to the entrainment of the surrounding fluid, the velocity gradients decrease in

magnitude in the flow direction. This causes a decreasing difference between the

mean velocities outside and at the centre of the jet. Therefore, a two way inter-

action between mean flow and turbulence takes place. In the absence of a wall, as

in the case of a jet, the production of turbulence is more evenly distributed across

the flow, and it tends to peak in regions of high mean shear (high mean velocity

gradient) that act as an area of turbulence production, which would otherwise

decay rather quickly. Thus, turbulence is produced by local mean flow instabil-

ities near positions of high mean shear. However the resulting turbulence tends

to reduce the mean shear which created it, through mean momentum transfer.

At the end of the developing zone, the turbulent jet may be expected to develop

under the auspices of a similar law, i.e. after a certain distance the jet stream

becomes independent of the exact nature of the flow source. Therefore only the

local environment appears to control the turbulence in the flow. In the devel-

oped zone the velocity profile is fully developed and both the axial velocity and

the turbulence level decay [10]. In this region, the Reynolds stresses and higher

order velocity statistics of the turbulent field reach a self-preserving state some-

what farther downstream. Furthermore, in this region the maximum velocity is

inversely proportional to the distance from the inlet point, whereas the spreading

is directly proportional to it. The developing and developed regions thus expand

along the mixing tube of the domestic appliance.

The flow field within a domestic gas burner is that of a variable density confined

jet impinging onto a plate. The impinging distance is known to influence the

structure of the flow field, mostly when the stagnation plate is in the near field

region of the jet. As plotted in Fig. 1.6, the flow field produced by the impinge-

ment of a turbulent axisymmetric air jet against a surface, whose diameter is large

compared to that of the jet, is conveniently subdivided into three characteristic

regions:

� the free jet region;

� the impingement (stagnation) flow region;

� the wall jet region.

The impingement zone is characterized by a stagnation region and by a region

in which the jet turns in the radial direction. Obviously, this region is located

in the proximity of the venturi neck of the burner crown mixing tube, where

the mixture approaches the burner cap. Therefore, in the impingement zone,



22 CHAPTER 1. Domestic Gas Burner Design

Figure 1.6: Sketch of an impinging jet.

a conversion of the axial transport of momentum and of the turbulent normal

stress is achieved on the basis of the axial mean momentum transport equation.

These two contributions have the following origins: the deceleration of the axial

mean velocity towards the impingement plate causes the axial transport of mo-

mentum, whereas the occurring of a substantial momentum transport from the

turbulent field to the mean field near the plate produces the turbulent normal

stress (related to the net negative production of turbulent kinetic energy near

the impingement plate). Therefore, near the wall the momentum transport is

significantly enhanced: the axial convection and the turbulent normal stress are

the major source terms, and their momentum is converted to that of the static

pressure. As discussed in [7], the free jet region is located upstream of any strong

local interaction effects due to impingement. With regards to the domestic gas

burner working fluids, their jets clearly present the main free jet regions and the

stagnation region. Most important of all, for these gases the self-similar profile

region is mainly located at the same height of the venturi mixing tube. Moreover,

in the wall jet region the effects of interaction due to impingement are no longer

important, but the wall jet velocity will decrease with increasing distance from

the stagnation point, due to its radial spreading. On the contrary, the wall jet

consists of an inner, boundary-layer-like region adjacent to the plate, with an

outer layer of free turbulent mixing. Thus, a characteristic self-similar velocity

profile cannot be established because of the differences governing the growth of

these two different layers. Moreover, the eddies from the shear layer of the jet
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penetrate deep into the inner boundary layer, increasing the skin friction acting

on the wall and, therefore, producing higher turbulence levels than the ones in

the boundary layers or pipe flow.

1.2.2 Air entrainment

The mixing and homogenization of the fuel jet with the surrounding air is carried

out by the air entrainment process, based mainly on the turbulent nature of the

flow. In general, turbulent flows in the context of combustion problems are free

shear flows. Such flows are free to develop without the confining influence of

solid boundaries [11]. The fundamental types of free flow can be summarized as

follow:

� wake: a developing region downstream of either an aerodynamic or a bluff

body;

� jet: a fluid exiting a nozzle or orifice into a larger domain;

� mixing layer: fluid layers travelling at different speed are brought together.

The common property of the above mentioned flows is a small variation of the

mean field in the main direction of motion and a large variation of the same in the

direction across the flow. In all three flows, the transition to turbulence occurs a

very short distance, in the flow direction, away from the point where the differ-

ent streams initially meet. Turbulence causes a vigorous mixing of adjacent fluid

layers and a rapid widening of the region across which the velocity changes take

place. This turbulence is confined inside a well defined interface, which separates

the two conditions: laminar flow (outside) and turbulent flow (inside). As the

latter is convected downstream, the former is engulfed by the turbulent fluid and

it becomes turbulent. This process is known as entrainment. The entrained fluid

is accelerated in the case of jets, and decelerated in wakes or mixing layers.

Therefore, free shear flows are characterized by a well defined surface which moves

with the fluid, separating the turbulent (eddying) fluid from the ambient (irrota-

tional) fluid. This surface advances into the environment by a process of vorticity

diffusion and subsequent amplification of the diffused vorticity by straining, be-

cause on one side, the vorticity is everywhere very small, while vorticity in the

turbulent fluid is irregularly distributed and generally large. Moreover, the lateral

spreading of a turbulent flow: (1) involves the conversion of irrotational ambient

fluid, a process that depends in its details on the small scale diffusion of vorticity

across the bounding surface; (2) is accomplished necessarily by transfer of energy

from the mean flow to the turbulent motion, and the greater the rate of spread,

the greater the rate of energy transfer.

The rate of conversion of the ambient fluid is controlled by the intensity of the

large eddies because they fold the boundary surface. These eddies derive their



24 CHAPTER 1. Domestic Gas Burner Design

energy from the organized mean flow and cause a large increase in the rate of pro-

duction of turbulent energy. The remaining turbulent motion on smaller scales

merely resists the growth of large eddies by absorbing some of their energy and,

in time, by leading to destroy them. Therefore, smaller-scale eddies are gener-

ated from the larger eddies through the nonlinear process of vortex stretching.

Typically, energy is transferred from the largest eddies to the smallest ones on a

timescale of about one large eddy turnover [12]. Entrainment is brought about by

momentum transfer and total conservation [13]. Entrainment is a characteristic

feature of a jet and creates a large scale, relatively slowly moving flow in the

region external to the jet. Thus this process is mainly due to the intensity of

the large eddies, which is set by the operation of the control cycle presented in

Fig. 1.7, as assumed with the equilibrium hypothesis [14].

Growth of large eddies

Rapid entrainment

Increase of

turbulent intensity

Additional damping

of large eddies

Decrease in intensity

of large eddies

Figure 1.7: Large eddies entrainment process.

As a result, the following predictions are made concerning the entrainment

behavior of turbulent jets [15]:

� in near field regions the local entrainment rate will grow with increasing

downstream distance until a location is reached where the mixing achieves

its asymptotic value;



CHAPTER 1. Domestic Gas Burner Design 25

� at longer downstream distances the local entrainment rate will become in-

dependent of position;

� at a low Reynolds number2, for which the centerline growth behavior is

Reynolds number dependent, the ratio of the mass flow rate, for a given

downstream position, to the mass flow rate at the nozzle, will be Reynolds

number dependent.

The jet structure and its entrainment effect are deeply affected by the con-

ditions at the jet exit. In the following, the influence of the density variation,

thickness of the boundary layer, turbulent initial condition and temperature are

therefore considered [16].

When the ambient air density increases, the mean velocity of the entrained air

decreases; hence, the effect of a decreasing density ratio leads to an increase in

momentum mixing in the jet. Therefore, the denser the environment is, the more

the mixing rate increases and the better the air/fuel mixture will be. However,

it is important to note that the momentum mixing appears to increase fairly

smoothly as the jet density is reduced. The density ratio also affects the jet sta-

bility. At a density ratio lower than a critical threshold value, the jet becomes

absolutely unstable.

The jet boundary layer is represented by the region between the core top hat

and the motionless surrounding fluid; inside this region, a velocity decay can be

found. The influence of the boundary layer thickness on the momentum mixing

can be summarized as follows for a laminar initial condition: in isothermal jets

(relative density equal to 1) the larger initial boundary layer thickness results in

a significant increase of the potential core length. The potential core extension

becomes somewhat less dramatic as the density ratio is reduced to 0.75. As the

jet density is further reduced to 0.5 (close to the methane relative density, which

is equal to 0.554), the jet momentum mixing appears to be relatively insensitive

to the separating boundary layer thickness. However, thick initial boundary lay-

ers result in slightly less entrainment.

The momentum mixing is reduced with turbulent initial conditions for all density

ratios, whereas it is increased for both laminar and turbulent initial conditions

with decreasing density ratio (with regards to the gas jet and the surrounding

fluid). A separating laminar boundary layer at the nozzle exit is characterized by

a natural amplification of a narrow band of disturbances that cause the jet shear

layer development to be dominated by the vortex structure formation and pairing

2The ratio between the momentum convection and diffusion is given by the Reynolds number.

It is defined as:

Re =
U · ρ · L

µ
(1.2)

where U characterizes the mean fluid velocity (m/s), L is the characteristic diameter (m), ρ

is the density of the fluid (kg/m−3) and µ is the (absolute) dynamic fluid viscosity (Pa · s).

Consequently, it is a measure of the ratio of inertial forces (U · ρ) to viscous forces (µ/L).
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processes. Moreover, this spectral distribution of disturbances in the shear layer

becomes narrower as the jet density is lowered, indicating a more organized vor-

tex formation and pairing, both of which are responsible for elevated momentum

mixing. On the other hand the introduction of turbulence, as disturbances of

sufficient amplitude over a wide range of wave numbers, overcomes the instabil-

ity mechanism responsible for the periodic concentration of vorticity and hence

for the disruption of the vortex formation and pairing.

For laminar exit boundary layers, it is possible to point out an increase in the

momentum mixing process at the end of the potential core due to the large scale

vortex structure that engulfs large amounts of cold external air, resulting in a

rapid drop of temperature. In turbulent exit conditions, the above mentioned

large scale vortex structures are not present: therefore less mixing is achieved,

and consequently a less rapid temperature reduction.

Laser Doppler Anemometry and Particle Image Velocimetry are applied by Serres

et al. [17] to a domestic burner configuration to determine the effect of geometri-

cal parameters and gas density on the flow field and on the entrainment process.

A totally transparent new device was manufactured in quartz. This new de-

vice provides greater optical accesses for PIV measurements inside the burner.

Two density ratios were studied: an isodensity (relative density = 1) and a light

jet (relative density = 0.55). Several configurations were also investigated for

these different gases and impinging distances: free jets, confined jets, impinging

jets, and confined impinging jets (whole burner configurations). The entrain-

ment force was verified to be more efficient for the light jets than for isodensity

jets. The resulting flow fields inside the domestic appliance showed the follow-

ing phenomenon: the jet impinges at high velocity, without disturbance until

it approaches the plate. Therefore, the jet spreading rate is not influenced by

the presence of the confinement tube. The spreading angle is about 22◦. This

value usually characterizes turbulent axisymmetric free jets; hence the jets first

develop as free jets. From the stagnation point, the jet stream spreads radially,

developing a flow pattern similar to the pattern of a wall jet.

1.2.3 Mixing

A correct prediction of the mixing is a key factor in describing the turbulent com-

bustion process correctly. In combustion, it is often used the terminology scalar

mixing, in which the scalar quantity of interest is for example the concentration

of some molecular species. This mixing process refers to a molecular mixing; for

different species to be molecularly mixed, they need to be intermingled on the

molecular level. The molecular mixing is important in combustion because the

chemical reactions of combustion proceed only if the individual molecules of fuel

and oxidizer can interact directly. In particular, chemical reactions take place
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upon molecular diffusion of the reactants into one another, whereas the mechan-

ical stirring process begins at scales associated with large eddies in a turbulent

flow field [18]. In a sequence of cascading events, stirring at large scales progres-

sively creates smaller scales, due to continuous stretching and folding, ultimately

tending to a state of complete mixing in the presence of molecular diffusion along

the stretching interfaces between mixing fluids. Therefore, the efficient mixing

in fluids involves stirring, which increases the interfacial area between the fluids

being mixed, and is followed by the diffusion of the fluids. The need for stirring

arises because diffusion alone is, generally, insufficiently fast to achieve the levels

of mixedness (i.e. a measure of the extent of molecular diffusion) required in en-

gineering problems. Of course, for effective mixing, turbulence is desirable (and

the more turbulent, the better) because the smallest length scales get smaller as

the Reynolds number increases, which promotes the final step in mixing: molec-

ular diffusion. It is normally assumed that mixing can be considered completed

at the throat of the domestic gas burner mixing tube.

The volume gas fraction formulation was adopted in this research in order to

quantitatively define the level of mixing of the fuel in the air. The volume frac-

tion or volume concentration Cvol is defined as the volume of gas per unit of

mixture (gas and air) volume:

Cvol =
Vair + Vgas

Vgas
(1.3)

where Vgas is the volume of gas and Vair is the volume of primary air (i.e. the

air supplied to the unburnt fuel stream before combustion occurs).

1.2.4 Combustion

Partially premixed flames occur in many applications including gas fired domestic

gas burners, IC and aircraft engines, Bunsen burners; it may also be encountered

in future space applications or spaceship fires. The domestic gas burner is a

partially premixed device functioning under atmospheric conditions, where the

formation and the homogenisation of the reactive mixture are only due to the

entrainment force of the jet issuing from the injector and to the geometrical char-

acteristics of the device. Therefore, in the domestic gas stove, fuel and air are

already mixed within the burner; as the gas is ignited downstream through the

grooves, a premixed flame front will propagate towards the flame ports until it

finds its steady state position. The fundamental quantity which describes this

mode of combustion is the laminar burning velocity. It is the velocity with which

the flame front propagates through the combustion wave into the unburned mix-

ture in the direction normal to the wave surface. Therefore, propagation of the

flame front upstream through the unburnt mixture is balanced by the downstream

flow of unburnt gases, so that the flame appears stationary and its processes are

in dynamic equilibrium. If either the flow rate or the burning velocity change
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slightly, the shape of the flame front varies in order to restore the balance. This

leads to the concept of flame stability that is of vital importance to burner de-

signers.

The triple flame is an interesting typology to consider in approaching partially

premixed combustion. A triple flame is a partially premixed flame consisting of

two premixed reaction zones (one fuel rich and the other fuel lean) and a non-

premixed reaction zone. The two premixed reaction zones form exterior wings

and the nonpremixed reaction zone is established in between these two wings.

These three flames merge at a “triple point”. The nonpremixed reaction zone is

established in the region where fuel and oxidizer, from the rich and lean premixed

reaction zones, respectively, mix in stoichiometric proportion. The two premixed

flames are curved because their respective propagation velocities decrease when

moving away from the stoichiometric condition.

The structure of a domestic gas burner flame is different from the structure of

a triple flame, since it consists of a visible inner premixed flame front, repre-

sented by a bright inner cone, and an outer nonpremixed flame surrounding the

cone. The former corresponds to a rich premixed flame, producing CO and H2

as the main intermediate products, while the latter orresponds to a diffusion

flame where these products burn with air. Therefore a double flame contains

a rich premixed zone on the fuel-rich side and a nonpremixed zone on the oxi-

dizer (fuel-lean) side, whereas a triple flame contains a rich premixed zone on the

fuel-rich side and a nonpremixed zone and a lean premixed zone on the fuel-lean

side. These differences in flame structures cause significant differences in their

stability and emission characteristics. Ashman et al. [19] used a single produc-

tion cooktop burner to determine the effects of loading height (i.e. the distance

between the flames and the load) and thermal input on its efficiency and gaseous

emissions. The thermal efficiency of the burner was found to decreases with in-

creasing loading height. Moreover, at low loading heights, NOx increases with

increasing loading height, but CO increases with decreasing loading height. The

effects of the following burner design factors on the emission of NO2, NOx, CO

and hydrocarbon was later investigated by Junus et al. [20]: cap material, cap

size, port shape, port size, port spacing, central secondary aeration, and flame

insert. The approach used to arrange the experiments in this study was the

factorial experimental design method and the results were statistically analyzed

using the analysis of variance. Flame stability was found to be crucial: a slight

instability promoted a large increase in emissions of CO, hydrocarbon, and NO2.

Moreover, port shape was found to be the most significant burner design factor

affecting the emissions. A further investigation on emissions (particularly NO2)

and efficiency for gas fired cooktop burners was carried out by Stubington et al.

[21], which indicated that the emission rates of hydrocarbons and CO are not re-

producible when the flame impinges on the pot and grids. Therefore, the study of

burner design parameters should be undertaken with non-impinging flames, and

the effects of flame impingement should be considered separately. Subsequently,
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a single gas burner stove, originally designed for burning natural gas with low

heating value, was adopted by Ko and Lin [22] to investigate the effects of varia-

tions in gas composition on burner performance. The influence of five significant

parameters, including gas composition, primary aeration, gas flow rate (heat in-

put), gas supply pressure, and loading height, on the thermal efficiency and CO

emissions, were discussed. With increasing primary aeration, the CO emission

decreases, but the thermal efficiency is nearly unaffected. In the same way, with

increasing loading height, the CO emission decreases, which is attributed to de-

creased quenching by flame impingement on the load. However, at higher loading

height, the flame and combustion gases are cooled, to a greater extent, by mixing

with ambient air before contacting the loading vessel, and thus the temperature

driving force for heat transfer is decreased, leading to the decrease of thermal

efficiency. Therefore, the balance between thermal efficiency and CO emission

can be best quantified by considering the CO emission during a standard cooking

task. Moreover, the use of natural gas with a high heating value instead of natu-

ral gas with a low heating value, resulted in a decrease in thermal efficiency (due

to higher thermal input) and an increase in CO emission (caused by incomplete

combustion). A combustion optimization study of gas stoves was performed by

Hou and Ko [23] through the modification of the heating height of a single gas

stove flame. To simulate the flame characteristics of a domestic gas stove, an im-

pinging double-flame fuel-rich Bunsen flame is adopted. Impinging flame heating

is therefore intimately related to the aerodynamic structure of the flame. Results

show that flame structure, temperature distribution and thermal efficiency are

greatly influenced by the heating height. With increasing heating height, the

thermal efficiency first increases to a maximum value and then decreases. An

optimum heating height, identified by the widest high temperature zone and the

highest thermal efficiency, is achieved when conditions are such that both the in-

ner premixed flame and outer diffusion flame are open and diverge. Furthermore,

the optimum heating height increases with increasing methane concentration or

injection velocity. Moreover, the maximum thermal efficiency occurs when the

heating height is slightly lower than the tip of the inner rich premixed flame. In a

subsequent analysis Hou and Ko [24] investigated the combined effects of oblique

angle and heating height on the combustion characteristics. The influence of the

oblique angle on flame structure is stronger for lower heating heights, but is rela-

tively weak for higher heating heights. In general, a decrease of the oblique angle

leads to a decrease in thermal efficiency. However, in the cases of lower heating

heights the trend may be reversed. Furthermore, for a fixed oblique angle, as the

heating height is increased, the thermal efficiency first increases to a maximum

value and then decreases. A new type of gas burner with swirling flame was

adopted by Hou, Lee and Lin [25] to investigate the significant parameters affect-

ing burner performance. In these experiments, the influence of four parameters,

namely primary aeration, gas flow rate (heat input), gas supply pressure and

loading height, on the thermal efficiency and CO emissions, were examined. The
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results showed that the swirl flow burner provides a higher thermal efficiency and

emits only a slightly higher concentration of CO, than the conventional radial

flow burner. These characteristics are attributed to the significant improvement

in the heat transfer coefficient at the bottom of the vessel, as a result of the

prolonged residence time of the combustion products in the vicinity of the vessel

bottom. With the increase of loading height, the CO emission decreases owing to

the reduction of quenching by flame impingement on the load. However, at high

loading height, the flame and combustion gases are cooled to a greater extent

by mixing with ambient air before contacting the loading vessel, and thus the

temperature gradient for heat transfer is decreased, which leads to the decrease

of thermal efficiency. As the thermal input increases, the thermal efficiency is

reduced and the emission of CO increases. With increasing primary aeration, the

emission of CO is diminished, but the thermal efficiency is almost unaffected. The

addition of a circular shield enclosing the burner (i.e. semi-confined combustion

flame) achieves a great increase in thermal efficiency.
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1.3 Flame stability

The domestic gas burner must be capable of stabilizing the produced flame.

Flame stability limits are one of the most important controlling factors in the

design of a domestic appliance. Burner design would be greatly facilitated by

knowing the effect on flame stability of the input parameters such as fuel/air

ratio, average velocity and its distribution, laminar burning velocity.

In order to certificate the domestic gas burner, it should be installed in a suitably

ventilated room and supplied with a reference gas belonging to the appliance

category. After ignition, the flame must be stable and quiet. For the purposes of

the European Standard [3], the following definitions must be applied:

� lightback: phenomenon characterized by the return of the flame inside the

body of the burner.

� flame lift: phenomenon characterized by the partial or total movement of

the base of the flame away from the burner port;

Moreover:

� flame stability: state of the flame at the burner ports when the phenomena

of flame lift or light back do not occur.

There are two types of stability criteria associated with laminar flames [26].

The first is concerned with the ability of the combustible fuel/oxidizer mixture

to support flame propagation, and is strongly related to the chemical rates in the

system. In this case a point can be reached, for a given limit mixture ratio, at

which the rate of reaction and its subsequent heat release are not sufficient to

sustain reaction and, thus, propagation. This type of stability limit includes:

� flammability limits, in which gas-phase losses of heat from limit mixtures

reduce the temperature, the rate of heat release and the heat feedback, so

that the flame is not permitted to propagate;

� quenching distances, in which the loss of heat to a wall and radical quench-

ing at the wall reduce the reaction rate so that it cannot sustain a flame in

a confined situation, such as propagation in a tube.

The other type of stability limit is associated with the mixture flow and its

relationship to the laminar flame itself. This stability limit, which includes the

phenomena of flashback, blowoff and the onset of turbulence, describes the limi-

tations of stabilizing a laminar flame in a real experimental situation.

In view of the complex flow configuration in the neighborhood of the domestic

gas burner flame ports, the characterization of the stability response in terms of

fundamental parameters cannot be readily undertaken. Therefore, investigations

in terms of bulk characteristics of the appliance assembly were performed by
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different authors. Reed [27] reported a generalized relationship for aerated gas

burners to assess the effect of changes of gas characteristics on lightback, quench-

ing diameters, blow off, yellow tip formation, inner cone size and shape, heat

input and primary aeration for a given burner geometry, from a knowledge of the

composition of the fuel gas and its burning velocity only. Techniques developed

for detailed flame structure studies were applied by Datta et al. [28] and Datta

and Reed [29] to investigate the stabilizing region of a near-stoichiometric and of

a fuel-rich methane/air flame respectively on an aerated burner. The flame struc-

ture analysis showed that the maximum heat release rate in the stabilizing region

of the fuel-rich flames was much smaller than in the stoichiometric ones. Their

results therefore indicated that the greater stability of a fuel-rich flame, compared

to a stoichiometric flame, is due to a heat interaction between the primary and

secondary combustion zones in the stabilizing region of a fuel-rich flame. More-

over, the decrease in magnitude of this interaction, observed when the secondary

combustion air was vitiated, is put forward as the reason for the large reduction

in stability of fuel-rich flames that can be brought about by secondary vitiation.

Particle-tracking experiments were performed on the burners of two commercial

domestic cookers by Oostendorp [30], which indicated that in a stable burner the

hot gases from the retention (pilot) flame are entrained by the main jets rather

than transported by natural convection, which appears to be more important in

a critical burner affected by the blow-off instability phenomenon. Moreover, it

was suggested that a factor contributing to the different stability behaviors of the

two burners was the different point of attachment of the main flame. Later, the

results of an investigation aiming to study the effects of the burner cap design

factors on flame stability were reported by Junus et al. [31]. The cap design

factors studied were: the angle under the cap, the angle under the overlap, the

shape under the cap, the size of the cap overlap, the height of overlap above the

burner, cap material and cap thickness. To detect interactions between factors

as well as the effects of each single factor, a “Factorial Experimental Design”

method with statistical analysis was used. Turndown ratio seemed to be less of a

problem in the experiments, compared to the ability to maintain flame stability at

high primary aeration. Nevertheless, the factors which gave very high turndown

ratios were usually operable only at very low primary aerations. Particle Image

Velocimetry measurements were performed by [32, 33] in cold condition using air

as the working fluid. This experiment was carried out in order to measure the

flow field at the exit of the burner flame ports. The path of the air jets at the exit

of the burner crown is shown, for both the primary and secondary flame ports,

in Fig. 1.8 by means of a contour plot with superimposed stream tracers.

The footprints of the jets, corresponding to the different types of flame ports,

are well visible. The highest velocities are found in the core of the jet issuing

out of the primary flame port, with values of up to 2 m/s. The jets emerging

from the flame port rapidly loose their kinetic energy and contribute, together

with the primary air flow, to the formation of a wide region of recirculation that
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(a) Flame port type 1 (b) Flame port type 2

Figure 1.8: Flow at the exit of a domestic gas burner crown supplied with air at nominal

(2000Pa) inlet pressure [32].

surrounds the entire gas burner crown. The path of the stream tracers shows

the existence of this wide toroidal recirculation region in all the data taken along

the vertical planes. These recirculation regions, located between the flame ports

region and the primary air inlet, seem to entrain the totality of the primary air

flow and part of the jet flow as well. The jet flows, however, feel the effects of

the recirculations since their paths are clearly pointing downwards. This is more

evident for the secondary flame port flow which, because of its smaller veloc-

ity, gets more entrained into the recirculation. Therefore, the weak jet from the

secondary flame port is completely deviated downward because of the negative

pressure gradient at the intake of the primary air. The increase of inlet pressure

at the injector, and therefore in the flow rate through the nozzle, leads obviously

to more energetic jets which in turn entrain more primary air, whereas the flow

structure out of the flame ports remains nearly unchanged. It is possible to note

that the jet issuing from the secondary flame ports directly feed the primary air

entrance, but this behaviour is not representative of the flow field for a func-

tioning application, where buoyancy effects take place due to the combustion

process. Moreover, this investigation toook three different domestic gas burner

geometries into account. These geometries presented different characteristics in

terms of flame stability: one crown was affected by flame back, one by flame lift

and the other one showed stable flames. A comparison between the flow fields

out of the primary and secondary flame ports, for the three different crown burn-

ers, highlighted the fact that the velocity out of the type 2 flame ports can be

correlated with the flame back effect. These results indicated that a flame insta-

bility can be highlighted with an investigation in cold condition. The possibility

of predicting the flame back phenomenon in the domestic gas burner without

involving the combustion process is a proof in support of the main aerodynamic
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origin of this instability. However, the velocity out of the flame ports did not

describe the flame lift phenomenon. Therefore, the experimental analysis stated

that the flame lift instability cannot be predicted without taking into account

the combustion process. Recently, Lacour et al.[34, 35] pointed out the physical

phenomena responsible for the stabilisation of partially premixed flames of the

domestic cooking gas burner. The structure and aerodynamics of the flame gen-

erated by a cooking model burner were characterized by Planar Laser Induced

Fluorescence of the OH radical and Particle Image Velocimetry. The flame be-

havior was studied in conditions starting from a stable reference case and ending

with blow-out by varying the flow inlet conditions and the geometry of the burner.

The flame can be considered as two neighboring reactive zones, each consisting

of a double edge flame with a different behavior toward flame blow-out. The

stabilization of the upper double flame was similar to the stabilization of a Bun-

sen burner flame. The base is attached with a flame-holder mechanism and the

flame tip position is controlled by the ratio between the flow velocity and the

rich premixed flame speed. The bottom double flame is lifted and is stabilized

thanks to local characteristics of mixing and aerodynamics. Last but not least,

in the early 90’s a comprehensive manual from British Gas [2] presented the most

recent developments in the practice and theory of domestic gas burner design.

It deals with the most important developments in burner design, without which

neither the remarkable success of conversion to natural gas, nor the more recent

improved efficiency, could have been achieved.

1.3.1 Flame back phenomenon overview

Aerated burners require the explosive fuel and oxidant gases to be mixed in a

confined chamber before they are burned. In order to form the flame, these mixed

combustion gases must pass and exit the appliance flame ports, after which they

are burned. However, under certain conditions the flame can burn back through

the exit ports to ignite the explosive mixture along the radial diffuser, up to the

mixing tube and the injector. The resulting explosion, known as “lightback”,

“flame back”, “flashback” or “fireback” is a well known, albeit undesirable, phe-

nomenon, which is unfortunately common in the high temperature and high

burning velocity flames burner. This instability can be prevented only by the

careful design of suitable domestic gas burners.

Several definitions of flashback can be found in literature but none of them is

universal, indicating that the occurrence of this instability phenomenon mainly

depends on the device in which it occurs. As mentioned before, flashback occurs

when the flow velocity of the reactants is of the same order as the combustion

velocity so that the flame is able to propagate upstream. This low unburned flow

velocity may be induced by:
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� Proximity of a solid wall

In boundary layers, the velocity is sufficiently low to allow upstream prop-

agation of the flame front. However, this propagation is limited by wall

quenching. Flashback in boundary layers seems to be predominant in non-

swirling low turbulent flows, as in the domestic appliance, or low speed

catalytic combustion [36–38] (the lower the Reynolds number, the thicker

the boundary layer).

� Low turbulence levels

Turbulent flame propagation in the core flow is possible when the turbulent

flame velocity ST becomes higher than the local flow velocity. Such a

situation may occur in swirling flames, in which turbulence is intense and

the available flame surface in significantly larger than the flame surface of a

laminar flame. This situation can lead to a possible flashback on the burner

axis [39].

� Combustion instabilities

Combustion instabilities are due to a coupling between heat release, pres-

sure fluctuations and flow hydrodynamics. The velocity fluctuations in-

duced by an instability can be as large as the mean flow velocity and lead

to a transient flashback. Therefore, if the instability reaches sufficient am-

plitude, the reversal of the flow can occur, allowing the flame to propagate

upstream. However, this instability requires a high level of fluctuation to

appear, which is usually beyond the acceptable noise levels in most com-

bustion systems [39]. A classical example of such flash back is a turbulent

premixed flame behind a step, where coherent structures control flashback

[40–43].

� Vortex breakdown

This type of flashback was experimentally observed and identified in burners

adopting swirling flows. Various mechanisms control the behavior of this

kind of flow. One of them is vortex breakdown, defined as an abrupt change

in the swirl jet topology. Phenomenologically, the breakdown of a vortex

occurs when its azimuthal velocity is larger than its axial velocity. This

complex and highly three-dimensional phenomenon depends on the flow

circulation (or the swirl number3) and on the Reynolds number [44].

Moreover, flashback can also occur by:

� Autoignition

It occurs when the gas residence time exceeds the fuel ignition delay time,

3For jets emanating from long rotating pipes the swirl number is defined as the ratio between

the azimuthal velocity at the wall and the bulk velocity at the pipe outlet. This definition is

quite convenient since the wall velocity is directly obtained through the rotational speed of the

pipe.
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leading to the ignition of the mixture in the mixing zone. Therefore, au-

toignition does not involve flame propagation. The autoignition delays

mainly depend on local temperature, pressure and equivalence ratio [45].

Therefore the classical flashback is a result of the flame velocity exceeding the

fuel/air mixture velocity in either the tube boundary layer or in the free stream.

Although it is not satisfying for many of the observations in industrial and turbu-

lent configurations [39], this instability characterizes the domestic gas appliance.

Fortunately, the conditions for this delicate balance become less restrictive at a

burner port. At the port, the flame is stabilized by the entrainment of outside

air into the burning gases and by the quenching effect of the port walls [46]. The

latter effect is most important in preventing flashback. Primarily by acting as

an heat sink, the walls of the burner port effectively reduce the burning velocity

of the gases to zero for a short distance (the quenching distance). Beyond this

distance, the burning velocity rapidly increases to its maximum value. Therefore,

flashback will be avoided as long as the gas velocity remains everywhere greater

than the burning velocity. This mechanism for flashback in laminar burner flames

was initially discussed by Lewis and von Elbe [47] and von Elbe and Menster [48]

for methane and propane flames, and by Wohl et al. [49] for butane flames. Sub-

sequently, the conditions required to prevent the flashback instability in laminar

flows in terms of velocity gradient were quoted in [50], where a great deal of

experimental data were presented. These data were integrated by Berlad and

Potter [51] with a more general correlation of the boundary velocity gradient for

flashback to the burning velocity and quenching distance. Moreover, the influence

of shielding (inert) gases on the stability limits of Bunsen flames was discussed by

[52] for iso-butane flames, indicating that the dead space (i.e. the space between

the top of the burner and the base of the flame cone) becomes very small and

approaches “zero” near the flashback limit; the dilution of the primary mixture

by entrainment is also verified to be small. Therefore the flowing inert gases

surrounding the flame caused only a superficial external cooling of the flame;

this cooling effect was found to be independent of the diffusion properties of the

enveloping gas. On the basis of the behavior of a Bunsen flame near quenching,

Babkin [53] assumed that the reason for the quenching upon dilution could be

free convection, which causes an intense mixing of the cold gas of the surround-

ing atmosphere with the combustion products near the edge of the burner, so

that the flame is cooled, and thus quenched. Later, a study by Hieftje [54] was

presented on burner design criteria and variables affecting the flashback of acety-

lene flames. In this work, the safe limits of operation for conventional burners

were examined and presented, including experimental quenching diameters for

both circular ports and slot type burners. Quenching distances, measured ex-

perimentally for a butane/air flame at rich, stoichiometric and lean equivalence

ratios, were reported by Nair and Gupta [55]. The stabilization of Bunsen flames

under various burner tip geometries was observed by Sohrab and Law [56] for

butane/air mixtures. The burner rim aerodynamics was found to influence flame
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stabilization substantially. With enhanced entrainment, the minimum velocity

above which flashback no longer occurs, decreases.

A fundamental study of the flashback phenomenon for steady laminar premixed

flames in locally circular tubes was carried out by Lee and T’ien [38], indicating

the effects of tube radius and incoming velocity profiles on the flashback limit

and the flame structure at the limit. The wall velocity gradient alone is found

not to be adequate in describing the limiting condition, because the velocity

profile near the wall is also important. The detailed computed flame structures

give great insights into the flame flashback and stabilization process. The flame

near the wall is highly curved and the flame velocity is found to exceed the

one-dimensional flame speed SL because of the pressure-flame interactive effect.

These findings indicate the limitation of applying the original critical wall ve-

locity gradient criterion as a quantitative means of evaluating flashback limits.

Recently, the flashback of premixed flames along the near-wall low-velocity re-

gion at the base of a laminar boundary layer of a reactive mixture, was studied

numerically by Kurdyumov, Fernández and Liñán [57], indicating that the onset

of flashback decreases with the Lewis number4 of the limiting component of the

mixture. Through further investigation, Kurdyumov et al. [58] found that the

Lewis number and heat losses to the wall are seen to be essential on the con-

ditions for flashback. On the contrary, variations in the thermal expansion and

activation energy of the gaseous mixture have only weak effects on this instability.

1.3.2 Flame lift phenomenon overview

A flame issuing from a domestic gas burner port can be stabilized between two

limiting values of the gas flow rates. As shown in the previous chapter, when

the flow rate of the gas mixture falls below a certain minimum threshold value,

the flame is not capable of anchoring itself to the burner rim, and moves into

the burner. This minimum threshold value of the gas flow rate is known as the

flashback limit. On the other hand, when the gas mixture flow rate exceeds a

certain maximum value, the flame gets detached from the burner ports. This

phenomenon is called the lift-off of the flame. If the gas flow rate is increased

further, a threshold value is reached, at which the flame may leave the domain of

interest. This maximum value of the gas flow rate is known as the blowoff limit.

Therefore, a detailed understanding of the stability of partially premixed flames

is important for the design of domestic gas burners; in particular this chap-

ter is concerned with the problem of flame-lift and blow-off of aerated burner

4The Lewis number is a dimensionless parameter defined as:

Le ≡
λ

ρ · Cp · D
=

α

D
=

rate of energy transport

rate of mass transport
(1.4)

In certain combustion systems, Lewis numbers are close to unity.
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flames. This form of instability was dealt with by Lewis and von Elbe [47] in

their boundary velocity gradient theory of flame stability. Moreover, in that pe-

riod, Kurz [59, 60, 52, 61] performed blowoff studies of hydrocarbon flames on

Bunsen burners with different arrangements. An important assumption stated in

the boundary velocity gradient theory of blowoff, is represented by an effectively

plane wave flame propagation in the stabilizing region, so that flame stretch ef-

fects are not important in this instance. In contrast, it was shown by Karlowitz et

al. [62] that some part of this combustion wave can be extinguished by enthalpy

loss from the reaction zone, leading to a catastrophic reduction of the reaction

rate of the combustion process. This loss arises when a flame propagates in

a flow field in which there is an appreciable velocity gradient: hence it arises

from the shear flow. Particularly at flow rates approaching the blowoff condition,

the velocity gradient is represented by the velocity of the unburnt mixture, that

varies considerably in the stabilizing region within distances comparable with

the thickness of the flame. The shear flow is thus the controlling physical process

determining the flow rate at which a flame blows off from a burner port. There-

fore, flame blowoff from the burner tip takes place due to flame quenching, as a

result of flame stretch, rather than because the velocity of the unburnt mixture

exceeds the local burning velocity. This flame stretch concept was applied to the

blow-off of aerated burner flames by Reed [63, 27], showing that experimental

stability data are in agreement with the hypothesis that blow-off is a result of

excessive quenching of the flame in the stabilizing zone, arising from the effect

of the shear flow in the stabilizing region. Flame propagation was observed to

cease in steep flow velocity gradients and this was attributed to the stretching

of the flame front caused by shear flow, whereas intermixing played only a mi-

nor role. On the other hand, Edmondson and Heap [64] carried out experiments

intended to explore the extent to which intermixing in the dead space was im-

portant. Lewis and von Elbe’s theory of blow-off [65] was based on a mechanism

in which ambient atmosphere progressively dilutes the mixture in the stabiliz-

ing region, as the primary mixture flow rate is increased, until the flame blows

off. Therefore, there were conflicting views as to the mechanism causing flame

blow off. The main difference regarded the extent to which intermixing of the

ambient atmosphere into the dead space of near stoichiometric flames affected

the blow-off limit. Further evidence by Datta, Hayward and Reed [28] was put

forward, which claimed to show that there was no intermixing of ambient gases

in the dark space for the near stoichiometric aerated burner flames of all gases,

because the chief reason for the lack of intermixing is the strong outward flow

of the primary mixture through the dark space caused by the relative high back

pressure beneath the flame, resulting from the relatively high burning velocities

of near stoichiometric mixtures. This was strong evidence in support of the flame

stretch theory of blow-off and against a mechanisms for blow off which considers

intermixing as the major factor determining the blow-off limit. Other investiga-

tions by Datta, Hayward and Reed [28] and Datta and Reed [29] showed that
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the reduction of the blow off limit of an aerated burner can be substantial in

presence of vitiation. The vitiation of combustion air is an important factor in

the utilization of natural gas. This is because many of the difficulties associated

with the combustion of natural gas can be traced back to its low burning ve-

locity, and any reduction of the oxygen content of the combustion air reduces

burning velocity still further. Subsequently, Kawamura et al. [66, 67] reported

that the critical flow velocity gradient for blowoff is caused by an excessive in-

crease in the curvature of the base, resulting in a lowering of the burning velocity

there. Therefore, flame stretch arises due to flow motion and nonuniformity and

flame curvature. Flame curvature is a parameter that significantly influences

the structure and propagation of premixed flames, through its contribution to

flame stretch. Negative stretch (i.e. compression) increases the reaction rate

and heat generation, which enhances the laminar burning velocity. A positive

stretch value has the opposite effect. Therefore, flame stabilization, lift-off and

blow-out are complex phenomena involving transport, partial premixing, igni-

tion and extinction. Experimental and computational studies focused mostly on

the liftoff characteristics of nonpremixed flames. Peters and Williams [68] and

Pitts [69] provided reviews on theories for turbulent diffusion flame stabilization.

Lifted flames in laminar nonpremixed jets were extensively investigated to gain a

fundamental understanding of the lift-off and stabilization process [70–78]. Dur-

ing these investigations stabilized flames in the far field of a jet were observed.

As liftoff height increases, a transition in the flame structure can occur, from a

nonpremixed flame to a double flame containing two reaction zones, and then

to a triple flame containing three reaction zones. As a result, some interesting

phenomena can arise, such as the flame stabilization in a laminar mixing layer

caused by triple flames. One of the first observations of triple flames was made

by Phillips [79], who investigated a triple flame propagating in a methane mix-

ing layer. However, the stabilization theories proposed by [72, 74, 80] defined

the flame stabilization mechanism in terms of a balance between the local flow

velocity and the tribrachial flame speed. Of course, the behavior of lifted flames

stabilized near the burner exit was found to be different from the behavior of

lifted flames established in the far field. Takahashi et al. [81] and Takahashi and

Katta [82]investigated the stabilization of nonpremixed flames and they found the

existence of a reaction kernel of high reactivity instead of a triple flame structure.

This kernel provided radicals and served as a flame stabilization point in a small

premixing zone, in which a balance is maintained between the residence time and

the reaction time. Kim et al. [83] examined liftoff characteristics with respect

to the fuel concentration gradients and noted that the flame liftoff height and

propagation velocity can be controlled by varying the mixture concentration gra-

dient. In partially premixed combustion, mechanisms from the premixed and non

premixed regimes can therefore coexist. Previous investigations on the stability

of partially premixed flames mainly employed spherical flames [84, 85], counter
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flow flames [86], anular coflow flames [87–98] and slot burner flames [99, 90, 100–

102, 83, 103]. A detailed understanding of partially premixed flames, including

their applications and issues, is also presented in [104]. However, there are several

differences between the domestic gas burner appliance and the standard burner

configuration adopted in literature. Briefly, it is possible to consider the cooking

device as a cylindrical slot burner equipped with different horizontal flame ports

(i.e. different size and different location). Therefore the flames issuing from the

domestic gas burner alternatively present different dimensions and locations in

space (i.e. a main flame followed by an upper tiny pilot flame in a cylindrical

symmetry); moreover the buoyant acceleration does not affect these flames along

their streamwise centerline.

1.3.3 The dynamic balance

In order to produce a stable flame, a dynamic balance must be achieved. The

flame propagates with its characteristic burning velocity into the unburned mix-

ture. In a unbounded system, a stable combustion front can be obtained only by

exactly matching the mixture gas velocity to the burning velocity. Fortunately,

the conditions for this delicate balance become less restrictive at a burner port.

As discussed earlier, the Bunsen burner, as also the domestic gas burner, is so

configured that the fuel and air become a homogeneous mixture before they exit

the tube. The length of the tube and the physical characteristics of the system

are such that the mixture flow is laminar in nature. In the context discussed

here, a most important aspect of the burner is that it acts as a heat and radical5

sink, which stabilizes the flame. In fact, it is the burner rim and the area close

to the tube that provide the stabilization position, because the radical reaction

is retarded. If the tube is in a vertical position, a simple burner configuration is

obtained as shown in Fig. 1.9.

Therefore, to have a stable flame, it is necessary to attach the flame to a

flame-holder or burner, which locally interacts with the flow and combustion

processes to provide a stabilizing zone. As indicate above, the domestic gas

burner mixes the fuel and oxidant and it will in turn establish a particular flow

pattern, characterized by laminar flow condition through the flame ports. The

effect of the burner grooves on the gas mixture velocity is to reduce it to zero at

the walls through viscous drag: hence the mixture velocity is zero at the stream

boundary (wall) and increases to a maximum in the centre of the stream. The

linear dimensions of the wall region of interest are usually very small; in slow

burning mixtures, such as methane and air, they are of the order of 1mm. Since

the Bunsen burner tube is usually large in comparison, as shown in Fig. 1.10, the

5In chemistry, radicals (often referred to as free radicals) are atoms, molecules or ions with

unpaired electrons on an otherwise open shell configuration. These unpaired electrons are

usually highly reactive, so radicals are likely to take part in chemical reactions.
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Figure 1.9: Sketch of gas mixture streamlines through a Bunsen cone flame.

gas velocity near the wall can be represented by an approximately linear vector

profile.

Figure 1.10: Sketch of the stabilization positions of a Bunsen burner flame.

Fig. 1.10 shows the conditions in the area where the flame is anchored by the

burner rim. Since the flow lines of the mixture jet are parallel to the tube axis, a

combustion wave is formed in the stream and the fringe of the wave approaches

the burner rim closely. Along the flame wave profile, the burning velocity attains

its maximum value. Toward the fringe, the flame is quite close to the burner rim

and its actual speed is controlled by heat and radical loss to the wall; therefore

the burning velocity decreases as heat and chain carriers are lost to the rim. If

the wave fringe is very close to the rim (position 1 in Fig. 1.10), the burning ve-

locity in any flow streamline is smaller than the mixture velocity, and the wave is
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driven farther away by the mixture flow. As the distance from the rim increases,

the loss of heat and chain carriers decreases, and the burning velocity becomes

larger. Eventually a position is reached (position 2 in Fig. 1.10) in which the

burning velocity is equal to the mixture velocity at some point of the wave pro-

file. The wave is now in equilibrium with respect to the solid rim. If the wave

is displaced to a greater distance (position 3 in Fig. 1.10), the burning velocity

at the indicated point becomes larger than the mixture velocity, and the wave

moves back to the equilibrium position [26, 105].

1.3.4 The penetration distance

Considering a flame wave inside a tube, Fig. 1.11 shows the laminar flame velocity

(SL) as a function of distance from the burner wall. This distance is called the

penetration distance dp, which is half of the quenching distance dq [65].

Figure 1.11: Sketch of the penetration distance of a Bunsen burner flame.

Below dq, no flame can propagate into the tube supplying the combustible

mixture gases. This parameter is characteristic of a particular fuel and oxidant

and is of obvious practical importance. Quenching distances between parallel

plates at a stoichiometric fuel/air ratio for butane and methane are 0.12mm and

0.10mm, respectively [50].

1.3.5 Critical boundary velocity gradients

When the mixture flow in the tube is increased, the equilibrium position shifts

away from the rim. As the distance from the rim increases, a lean gas mixture

becomes progressively diluted by interdiffusion with the surrounding atmosphere,

and the burning velocity in the outermost streamlines decreases correspondingly
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[26]. This effect is indicated by the increasing retraction of the wave fringe for

flame positions 1 to 3, represented dramatically in Fig. 1.12. However, as the

wave moves further from the rim, it loses less heat and fewer radicals to the

rim, so it can extend closer to the hypothetical edge. Nevertheless, an ultimate

equilibrium position of the wave exists, beyond which the effect on the burning

velocity of dilution overbalances the effect of increased distance from the burner

rim. If the boundary layer velocity gradient is so large that the combustion wave

is driven beyond this position, the mixture velocity exceeds the burning velocity

along every streamline and the combustion wave blows off.

Figure 1.12: Sketch of burning velocity and mixture velocity above a Bunsen tube rim.

The diagram follows the postulated trends, in which the laminar burning

velocity is the flame velocity after the mixture has been diluted, because the

flame front has moved slightly past u3. Thus, there is blowoff and u3 is the

blowoff velocity. If u1 is the mean velocity profile of the premixed gas near the

tube wall, then there is no place were the local flame velocity is greater than the

local mixture velocity. Therefore any flame that finds itself inside the tube will

then be blown out of the tube. So the critical flashback condition is reached if the

unburned mixture velocity is represented by u2. The profile for the mean velocity

u3 corresponds to the case in which the flame flashes back. The critical value of

the boundary velocity gradient g at which the flashback condition is first reached

is denoted by gF . When the gas flow is increased, the equilibrium position of

the flame shifts upward from the burner rim. Then the premixed, unburned gas

becomes progressively diluted by the interdiffusion of the surrounding gas. The

critical value of the velocity gradient corresponding to blowoff is denoted by gB.

The critical boundary velocity gradients gF and gB are given by the shapes of

curves 1 and 3, respectively, in Fig. 1.12.
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1.3.6 Flame stability positions

Figure 1.13 shows the comparison between the profile of the normal component

of the approach velocity of the unburned gas mixture (dotted line profile) and

the profile of the flame propagation velocity (solid line profile) adjacent to the

burner rim, to show how the flame is anchored to the burner rim.

(a) Flashback (b) Blowoff

(c) Critical (d) Stable

Figure 1.13: Stability conditions between the profile of the normal component of the

approach velocity of the unburned gas mixture (dotted line) and the profile of the flame

propagation velocity (solid line) near a wall.

When the premixed gas flow is weak (Fig. 1.13,case a), SL is greater than

the unburned mixture not only in the near surface region but also over almost

the entire cross section of the barrel; hence, the flame propagates into the barrel

to produce the flashback situation. On the other hand, when the flow is very
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strong (Fig. 1.13,case b), the mixture approach velocity is greater than SL over

the entire cross section, producing the blowoff phenomena. The critical condition

for blowoff arises when the SL and the mixture velocity profiles are tangent at a

certain radial location (Fig. 1.13,case c). Stable combustion is finally shown as

case d in Fig. 1.13.
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1.4 Stability Diagrams

Stability diagrams can be used to design the domestic gas burner so as to avoid

the critical conditions for flashback and blowoff. In the literature review [2, 105,

26] different stability diagrams are encountered and they are presented in the

following sections.

1.4.1 Stability limits function of the boundary velocity gra-

dients and the fuel concentration

On the basis of the theory of flame propagation, a flame is stabilized on a burner

port at points in the gas stream at which the normal burning velocity is equal

to the local linear velocity of the unburned gas stream. Points of such equality

generally exist near the boundary of the stream. Flame stability is, therefore,

dependent on boundary conditions. As discussed in the context of Fig. 1.13,

flame lift or blowoff will occur when the slope of the flow velocity distribution

profile or boundary velocity gradient at the stream boundary reaches a critical

value. This critical boundary velocity gradient varies with the air/gas ratio of

the burned mixture and with the gas composition. The same also applies to the

occurrence of flame back.

Following the laws of fluid dynamics for laminar flow, the boundary velocity

gradient is given by:

g =
32 · V̇

π · R3
(1.5)

where g is the boundary velocity gradient (s−1), V̇ is the volume rate of flow

(m3/s) and R is the burner port radius (m).

When a stream of air and premixed gas issues from a tube, the g value must be

greater than a certain critical value, gF , in order to avoid flashback (i.e. g > gF ).

This value gF is called the critical boundary velocity gradient for flashback. Sim-

ilarly, critical boundary velocity gradients for blowoff, gB, are obtained with

values of V̇ , corresponding to flows in which the flame just blows off the port

(i.e. g < gB). The values of gF and gB that define the flame stability of a lami-

nar jet are determined experimentally or numerically.

Equation 1.5 was originally proposed by B. Lewis and G. von Elbe [65], who deter-

mined the critical boundary velocity gradient for flashback as a typical property

of certain air/fuel gas mixtures. Further work was carried out by [106] in or-

der to derive a formulation for the prediction of gF when the composition of a

gaseous mixture and its air/gas ratio are known, and to determine critical gra-

dients for the separate components of the mixture. Additionally, a quite general

relation of the boundary velocity gradient for flash back to the burning velocity

and quenching distance was proposed by Berlad and Potter [51]:

gF = 14.125(SL/dc)
1.168 (1.6)
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where SL is the laminar burning velocity and dc is the quenching distance for

cylinders, that is about three-halves of the quenching distance for plane parallel

plates. This correlation provides useful information for the estimation of gF , SL

or dc for any flame system, when two of these quantities are known. Since the

burning velocity SL depends on the composition of the combustion gas, the value

of the critical boundary velocity gradient, and hence of the gas flow necessary to

prevent flashback, will vary with the fuel/oxidant ratio of the flame gases.

Expressing the blow-off data in terms of the Karlowitz similarity criterion [63]

leads to an equation which correlates experimentally determined data. This equa-

tion may be written in full as follows:

gB = 0.23 · ρ · cp · (S
2
L/k) · [1 − (1 − X6.4) · α] (1.7)

where ρ is the mass density of the gas mixture in unburnt state, cp is the spe-

cific heat at constant pressure of the gas mixture in the unburnt state, SL is the

laminar burning velocity, k is the thermal conductivity of the gas mixture in the

unburnt state, X is the fuel concentration fraction of the stoichiometric and α is

a constant equal to zero for flames with no secondary combustion and equal to

unity for flames with secondary combustion. Equation 1.7 is valid for

α = 0

or

α = 1 and X < 1.36.

The only case in which there is a significant deviation from Eq. 1.7 is when there

is a marked preferential diffusion [63]. It is clear from the above discussion that

the velocity gradients have a definite influence on flame stability. By plotting crit-

ical the gF and gB boundary velocity gradients versus the mixture composition,

blowoff and flashback limit curves can be obtained. A qualitative sketch of crit-

ical boundary velocity gradients versus fuel/oxidant ratio is shown in Fig. 1.14.

The mixture composition is expressed in terms of gas concentration as a fraction

of the stoichiometric.

For rich mixtures, the blowoff curve continues to rise instead of decreasing

after the stoichiometric value is reached. The cause of this trend is that the

experiments are performed in air, and the diffusion of air into the premixed

gaseous mixture, as the flame lifts off the burner rim, increases the local flame

speed of the initially fuel-rich mixture.

1.4.2 Stability limits as function of the mixture velocity

and the fuel concentration

A laminar flame is stabilized on burners only within certain flow velocity limits;

thus it is possible to present a characteristic stability diagram for a premixed

flame burning at the end of a cylindrical tube, as illustrated in Fig. 1.15.

In this plot the stability boundaries are given as a function of the fuel concen-

trations in the mixture and the premixed (unburned) gas supply velocity. When
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Figure 1.14: Sketch of the effect of the velocity gradient on flame stability.

the approach velocity to a seated flame (represented by the crossed region in

Fig. 1.15) is decreased until the flame velocity exceeds the supply velocity over

some portion of the burner port, the flame flashes back into the burner (unshaded

area of Fig. 1.15). On the other hand, if the magnitude of the approach velocity

increased until it exceeds that of the downward flame propagation velocity at ev-

ery point, the flame will either be entirely extinguished beyond the blowoff limit

or it will be lifted until a new stable position in the gas stream above the burner

is reached, as a result of diluition with secondary air from the surroundings. The

lift curve is a continuation of the blowoff curve beyond point A in Fig. 1.15. The

blowout curve thus corresponds to the velocity required to extinguish a lifted

flame. Once the flame has lifted, the approach velocity must be decreased well

below the original lift velocity before the flame will drop back and be reseated on

the burner rim. Between the fuel concentrations A and B, the blowoff of a lifted

flame occurs at a lower velocity than the flame blowoff from the port.

1.4.3 Stability limits as a function of the primary aeration

and the port loading

The discussion concerning flame stability is also aided considerably by the use

of a combustion diagram, in which areas of satisfactory operation are usually

depicted as a function of primary aeration and burner port loading. Primary

aeration is the fraction of the theoretical air requirement (TAR, defined as the

number of volumes of air required for stoichiometric combustion per volume of
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Figure 1.15: Sketch of a characteristic stability diagram for a premixed open burner

flame.

fuel) supplied as primary air, expressed as a percentage. The burner port loading

represents the heat input to the port area ratio.

The diagram in Fig. 1.16 depicts the following three main areas where unsat-

isfactory results take place:

� Flame lift: at high primary aeration, due to the increased flow rate not

being balanced by a similar increase in burning velocity.

� Light back: at low heat input, due to the condition opposite that of the

flame lift phenomena.

� Yellow Tipping: represents an incomplete combustion due to oxygen star-

vation in the flame at low primary aeration.

The exact size and location of each shaded area are dependent on the burner

configuration. However, the stable working region is bounded by the yellow

tipping curve at the bottom, by the flame lift curve at the top and by the flash

back curve on the left side. The flash back curve peaks at a primary aeration

value close to the stoichiometric condition. On the other hand, the flame lift

curve decreases continually: hence, the more the primary air, the higher is the

risk of lift. Moreover, high values of flame port loading are not allowed because

if the aeration is insufficient the combustion process can be partially incomplete,

resulting in a dangerously high value of carbon monoxide.

Careful consideration of the design parameters can minimize the extent to which

any of the above three conditions may occur. In other words, the good burner
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Figure 1.16: Schematic combustion diagram for a typical aerated burner.

designer will ensure that there is a large area of satisfactory operation and that

the operating point is somewhere near the middle of the area.
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1.5 Empirical Design Criteria

Since most of the burner characteristics are dependent on port design and port

arrangement, they should be the starting point in designing a domestic appliance.

Burner crown shape and size, total port area and port design and arrangement

can be determined by knowing the gas input rating and the available combustion

space to accommodate the burner head. Total port area may be determined

by dividing the selected input rate per unit port area by the total input rate

required. The number of ports is fixed by the total port area with the selection

of port size. The distribution of the ports over the available burner head area

determines their spacing and arrangement. A universal city gas burner should be

designed to have a port loading and port size between those shown for natural gas

and manufactured gases. The port loading of a universal burner should approach

the recommended value for natural gas, while the port size should be almost as

small as the the size recommend for manufactured gas.

The first step in the design of an appliance burner is the selection of the primary

air value (Table 1.3). Further requirements are stable flames and performance

flexibility when operating at the chosen primary air value.

Type of burner Primary air

Range top 55 to 60

Range oven 35 to 40

Water heater 35 to 40

Radiant-type space heater 65

Other heating appliances As low as 35

Table 1.3: Minimum primary air requirements for various types of appliance burners.

Attention to the following design factors reduces primary air requirements:

� distance between ports and nearest heating or impinging surface;

� direction of gas flow from ports, particularly toward adjacent surfaces upon

which flames may impinge;

� temperature of surface upon which flames may impinge;

� distribution and spacing of burner ports as affecting mass and height of sec-

ondary combustion zone or outer flame mantle and availability of secondary

air;

� volume and direction of secondary air flow;

� direction of venting of flue gases.
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Typical characteristics of the performance of atmospheric gas burners with re-

spect to flame stability were previously shown in Fig. 1.16. To obtain stable

flames at the chosen primary aeration, the gas input rate per unit of port area

must be such that the burner working point is located in the stable flame zone

and, preferably, in the usual design area. To obtain flexible performance, the

working point in the stable flame zone should be located as far as possible from

the three curves defining flashback, yellow tipping and lifting limits.

Secondary air complements primary air; together they constitute the air neces-

sary to complete combustion. While increased primary aeration provides better

mixing of air with fuel gas, it can also result in poor combustion by indirectly

increasing the amount of recirculation of combustion products. This recirculation

is relatively severe immediately after ignition with a cold start.

Designing a burner for one general group of gases, e.g. natural gases, is more com-

plicated than for one specific gas. If a universal burner is not used, an appliance

requires different burners for natural and manufactured gases. These burners are

usually alike except in port size; their design is a compromise. In designing a

burner for one general gas type, a certain amount of flexibility must be provided

to meet variations in composition. Sufficient flexibility must be provided to per-

mit some variation in the gas composition without either an air shutter or orifice

readjustment.

The span of primary air adjustment between the lifting and yellow tip limits is

important in considering burner flexibility on peak or substitute gases. Even

though these gases may vary somewhat in composition from the gas on which

the burner is originally adjusted, satisfactory performance should be obtained

without either an air shutter or orifice adjustment. Generally, the greater this

span, as shown in Fig. 1.16, the better the burner’s flexibility. Flexibility is

greater for a design with lower port loadings. However, port loading must not be

made low enough to permit flash back. Flexibility also depends on whether the

primary aeration selected for design is near the lifting or yellow tipping limits.

With a substitute gas having a high yellow tip limit and increased input rate

on substitution, any selected design primary aeration should be near the lifting

limit of the adjustment gas. With a substitute gas having a low lifting limit and

decreased input rate on substitution, the selected design primary aeration should

be near the yellow tip limit of the adjustment gas. Any tentative burner design

may be examined for flexibility by constructing a flame stability diagram for the

proposed burner. A lifting limit curve is constructed by plotting the primary

aerations versus the corresponding port loadings concerning previous values of

different reference burners available from the design database. A second lifting

limit for the substituting gas is similarly constructed. A burner in an appliance

is subjected to greater flows of air than it would be in an open room. While such

flows have no effect on flash back limits, they generally lower burner flows for

blow off and yellow tip limits. Yellow tip limit curves for both adjustment and

substitute gases are similarly constructed. The operating adjustment point for



CHAPTER 1. Domestic Gas Burner Design 53

which the burner was designed is next located on the graph by plotting the se-

lected primary aeration versus the port loading at which the burner is to operate.

Flexibility may be evaluated by plotting the relocation of this adjustment point

on substitution of one gas for another. For flexibility under the given conditions,

the relocated adjustment point must be within the limit curves of the substitute

gas.

In the following sections some empirical design criteria concerning the flame back

and flame lift instabilities will be explained, based on the investigation performed

by Jones [2].

1.5.1 Empirical Design Criteria for Flame back

Lightback occurs when the burning velocity exceeds the flow velocity through the

burner, that is in the opposite to that for flame lift. Of course, the aerated burn-

ers possess this inherent disadvantage compared with non aerated ones, because

lightback can occur through the flame port and the radial diffuser, down to the

venturi neck: resulting in an unsatisfactory appliance performance and possibly

damage to the burner due to overheating.

1.5.1.1 Effect of port geometry

The degree of quenching depends on the shape of the burner port, since heat

loss to the burner must be related to the flame shape and the distance between

the reaction zone and burner port. However, in the flame lift section, it will

be concluded that small ports are more prone to flame lift than large ports.

Therefore in practice, because of the need to guard against flame lift, it is not

feasible to use burner ports that are sufficiently small to eliminate lightback.

Moreover, the boundary velocity gradient theory can break down because, as

port size decreases, the point of lightback remains at approximately the same

distance from the port wall, and therefore it moves towards the axis of the flame

where the velocity gradient is no longer constant as shown in Fig. 1.17.

Additionally, at the groove’s entrance, a uniform flow at the free-stream ve-

locity exists. As the fluid moves down the port, shear between the fluid and

the wall, and between adjacent fluid particles, retards the motion, causing the

boundary layer to grow until it is fully developed. Nevertheless, a port depth

of at least twenty port diameters is required to ensure fully developed parabolic

flow. Thus, with practical burners, where port diameter and depth are usually

roughly equal, parabolic flow is only partially developed, resulting in a much

flatter velocity profile, as depicted in Fig. 1.18.

Consequently, small shallow ports are more susceptible to axial lightback than

small deep ports because of a flow configuration far from the fully developed

condition.

Therefore, flash back will occur at increasingly greater port loadings as port size is

increased and port depth is decreased. Port spacing has no effect on flashback at
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Figure 1.17: Sketch of transition from boundary to axial lightback as port size decreases.

Figure 1.18: Sketch of the effect of non parabolic flow on lightback in small ports.

higher burner operating temperatures. At lower temperatures, close port spacing

may possibly raise the air/gas mixture temperature. On the contrary, for a fixed

total port area, increasing the number of the ports results in a cooling of the

mixture; in this way the combustion process is inhibited and the propagation

of the flame front is not allowed upstream toward the unburnt mixture. The

risk of lightback can be eliminated by using very small ports and a low primary

aeration. In practice, port sizes larger than the quenching diameter need to be

used. Lightback can be avoided by providing that the flow rate is high enough

and the burner ports are deep enough.

1.5.1.2 Effect of burner configuration

The presence of the pot dramatically influences lightback. Therefore lightback

can be empathized by using a hotplate instead of a common pot. The pot partly
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absorbs and partly releases heat, whereas the hotplate mainly release all the heat,

also causing a raise in the burner and surrounding air temperature.

1.5.1.3 Effect of burner temperature

Any rise in burner temperature preheats the unburnt gas/air mixture, thereby

increasing its burning velocity. While this phenomena has a slight beneficial effect

with regard to flame lift, it also reduces the quenching diameter and may promote

problems with flameback. Additionally, preheating will widen the flammability

limits due to the accelerating effect of temperature on chemical reactions.

1.5.1.4 Effect of reactive additives

An addition of a small amount of H2 (which itself is combustible with air) would

greatly increase the flame propagation speed due to chain reaction effects. There-

fore, adding H2 to the fuel gas, the possibility of the occurrence of lightback is

increased.

1.5.1.5 Effect of the gas employed

For the European standard certification [3] the critical test concerning the flame

lift adopts propylene (C3H6) as working fluid.

Figure 1.19: Laminar flame speed comparison between Butane and Propylene.



56 CHAPTER 1. Domestic Gas Burner Design

As depicted in Fig. 1.19, the propylene has a laminar burning velocity curve

analogous to the C4H10 one but it is raised to higher flame speed values.

1.5.1.6 Effect of unsteady working condition

The criterion for lightback on ignition and extinction remains the same as for con-

ventional lightback, therefore it occurs when the burning velocity exceeds the flow

velocity through the burner port. Both phenomena are due to transient changes

in these two parameters during the ignition or extinction sequence. Lightback

on ignition can occur at those flame ports where there are rapid fluctuations

in stream velocity, due probably to turbulence within the burner. Furthermore,

Fig. 1.20 shows the variation of stream velocity and burning velocity with time

after ignition.

Figure 1.20: Schematic representation of a mechanism for lightback on ignition.

The stream velocity varies rapidly and randomly, while the burning velocity

rises from zero (residual air in the burner), through a maximum as the mixture

ratio reaches stoichiometry, and then approaches its equilibrium value. Experi-

ments showed that the burning velocity can momentarily exceed the gas velocity

during the ignition sequence, but because of the random variation in the stream

velocity, it is impossible to predict accurately whether or not lightback on igni-

tion will occur with any particular burner. Despite such uncertainty, the general

guidelines state that lightback is more probable with large, shallow ports or with

high burner temperatures. The latter warrants special consideration if usage pat-

terns include reignition of a burner which may still be quite hot from a previous
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ignition. Lightback on extinction occurs when the gas is turned off, if the flow

velocity decreases rapidly enough to fall below the burning velocity before all the

gas has been turned off. Factors to be taken into consideration, in addition to the

usual criteria, are the size of the burner body and the mode of the valve closure.

Physically large burners will take longer to burn off any residual gas, while a slow

acting valve or a valve with a large turndown ratio may operate at low volume

flow, thereby increasing the probability of lightback on extinction. Therefore, it

is also important to consider whether equilibrium conditions at a turndown rate

will be in this zone. Transient conditions of burner operation are a major cause

for flash back.

1.5.2 Empirical Design Criteria for Flame lift

The concept of flame lift can be attributed to the stream velocity through the

flame ports not being balanced by the burning velocity of the fuel/air mixture.

If the primary aeration rises, both the burning velocity and the volume flow

through the flame ports increase. However, the latter increases more than the

former, and thus flame lift may occur. Of course, the greater the primary aeration

at lift, the less susceptible is the burner to lift at its nominal operating point. If

the velocity if further increased, a point will be reached at which the flames will

be extinguished.

The risk of flame lift is low with a fuel/oxygen mixture, whereas it is high with

a fuel/air mixture. If the fuel presents a low laminar burning velocity, then

the flame lift and the blowoff phenomena will appear at a low mass flow rate.

Therefore, lifting may result from too much primary air or, with no primary air,

from increasing the gas velocity until it exceeds the burning velocity. The point

at which the flame starts to lift from a single port burner, or at which several

flames start to lift from a multiport burner, is known as the lifting limit. This

characteristic is so defined that it has long been used as a measure of burner

performance. It is usually expressed as percentage of primary air at which lifting

occurs for a given set of conditions. Most gas appliance burners are designed to

avoid lifting by the regulation of primary air (usually by an air shutter). Except

under special conditions, such as when the appliance is designed to use blowing

flames, lifting is undesirable. It usually indicates escape of some unburned gas or

incomplete combustion. Burner applications usually require fairly definite ranges

of primary aeration for good combustion. Therefore, a burner with a low lifting

limit may not be able to attain the minimum required aeration without lifting,

and incomplete combustion will result. Ignition of gas/air mixtures at or above

the lifting limit is difficult and flame travel unreliable. Excessive lifting or blowing

also decreases the efficiency of heat transfer and may produce disturbing noise.
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1.5.2.1 Application to multiport burners

All domestic gas appliances are of multiport design and their port configuration

influences the interaction of flames from adjacent burner grooves. Therefore the

susceptibility to flame lift depends on this interaction and is obviously influenced

by the port size and interport spacing.

1.5.2.2 Effect of flow rate

A multiport burner behaves somewhat differently from a single port burner be-

cause at low aerations flame interaction induces a single inner cone over the array

of flame ports. As the primary aeration is further increased, separate inner cones

become visible above each port.

Figure 1.21: Schematic illustration of the flame lift region for a multiport burner.

The lift limit of the combustion diagram for a multiport burner is shown

schematically in Fig. 1.21.

1.5.2.3 Effect of port geometry

The simplest solution to avoid flame lift is to increase the burner port size in

order to decrease the unburnerd mixture velocity. For circular ports an increase

in port diameter reduces the tendency to lift, i.e. a few large ports are better

than many small ports. However, increasing the port size has a drawback: for the

same heat power input, the higher port size involves a reduction of the specific

power, thus the resulting flame is less focused and less hot.

In practice, the mixture flow from the ports is influenced by frictional losses
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and vena-contracta effect; it is usual to represent these two terms as a coeffi-

cient of discharge. This coefficient is lower for small ports than for large ports.

Consequently, even if the measured geometric port area remains constant, for a

constant heat input the effective port loading increases as port size decreases, so

that flame lift is more likely with small ports. Moreover, as the ports become

more widely spaced, a reduction in interaction with neighbouring flames increases

the tendency to lift. The shape and depths of the gas ports can also have an ef-

fect on flame stability. In general, ports with sharp corners are more likely to lift

than ports with rounded corners. Circular ports are better in this respect than

square ports and rectangular slots with a low aspect ratio (i.e. length/width

ratio). Thus, with rectangular ports, for a given slot width, an increased slot

length reduces the tendency to lift. However, long rectangular slots (aspect ratio

> 4) can be more stable than circular ports of the same port loading. The effect

of variation in port depth is shown schematically in Fig. 1.22.

(a) L <2D (b) L >2D

Figure 1.22: Sketch of flow streamlines through a burner port, showing wall attachments

in deep ports.

Unless the entrance to a gas port is suitably rounded, the flow may detach

itself from the port wall (Fig. 1.22, case a), thereby adversely affecting stabil-

ity. Reattachment can take place if the port is deep enough (Fig. 1.22, case b).

Burner ports should, therefore, have a depth/diameter ratio of more than two, if

detachment is to be avoided.

Lmiting port loadings above which lifting flames will be obtained have been indi-

cated for arbitrary reference burners, at different primary aerations and different

working gases. These data are compiled for cold burners, in which lifting is most

likely. The tendency to lifting decreases as the burner temperature increases.

Another way of reducing this instability phenomenon is by various design expe-

dients to increase the limit of port loading by reducing lifting. These alternative

solutions are based on the assumption that the flame lift instability is caused by

an excessive secondary air at the base of the flame. This surplus of air mainly

causes two effects:
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� it makes the base of the flame colder, thus the laminar burning velocity is

decreased. Therefore, locally the stream velocity through the flame ports

is no longer balanced by the laminar flame speed, and the flame can lift.

� it produces a more premixed flame, hence the primary aeration increases

and the risk of flame lift is enhanced (as explained in § 1.4.3).

The greater the aeration, the more the flame lift will occur at lower mass flow

rates. In order to avoid this aeration surplus two solutions can be adopted:

� placing a deflector at the bottom edge of the horizontal ports in order to

obstruct the incoming secondary air;

� using “auxiliary flames” or “pilot flames”: they produce free radicals, at

the base of the flame, characterized by high combustion velocities. The

combustion of these radicals produces a local hanging of the flame on the

burner rim (these radicals come from the molecular dissociation of the fuel

gas inside the flame where the aeration is insufficient).

The pilot flame represents an extensively accepted solution in the design of do-

mestic gas burners. However, flames issuing from horizontal ports drilled in a

circular head or a head with curved surfaces, diverge from each other; thus, they

have less self-piloting action than flames from a straight-sided burner. Another

design solution to reduce the unburned mixture velocity and therefore raise the

lifting limit for horizontal ports, is represented by placing a ledge right at their

bottom edge so that the issuing air/gas stream impinges on the ledge.

1.5.2.4 Effect of recirculation current

Other factors in the appliance design may reduce the limiting port loading with

respect to lifting. For example, recirculation of flue gases into the flame base,

or a high velocity flow of secondary air across the port, lowers the lifting limit

considerably. A square port practically always has a lower lifting limit that the

circular port with a diameter equal to the side of the square.

Recirculation currents at the base of the flame in a series of long slits interfere

to stabilize the flame further. For circular ports, such currents are oriented in

different directions and cannot stabilize the flame to the same extent. In many

combustion systems, flame stabilization is achieved after the recirculation of burnt

gases, and partial premixing with hot products can also be observed.

1.5.2.5 Effect of cap geometry

The presence of the final peak at the extreme radius cap has the effect of con-

taining the flame lift phenomenon: therefore, the moregreater is the peak, the

smaller is the probability of the flame lifting off from the burner. Of course, a

high peak gives worse combustion results and the possibility of flashback.
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1.5.2.6 Effect of burner configuration

As in the flame back phenomenon, the presence of the pot dramatically influences

flame lift. The pan acts as a flame damper and tends to contain the lift, keeping

the flame attached to the burner. Consequently, for the European standard [3]

validation the burner is tested without the pot.

1.5.2.7 Effect of burner temperature

During the operation of an appliance, the burner will warm up, which in turn will

preheat the gas/air mixture as it passes through the burner assembly. There are

two effects, both of which are light but beneficial: (1) The burning velocity of the

gas/air mixture increases with temperature as mentioned before. This leads to a

better flame stability at high aeration and high port loading. (2) As the gas/air

mixture passes through a hot burner assembly, the mixture temperature will rise,

leading to an increase in volume, a decrease in density and an increased flow resis-

tance; therefore a decrease in air entrainment can be highlighted. Consequently

the flames will become more stable as the appliance warms up. However, this

effect will be absent at ignition and will decrease if the injector is also subject to

a rise in temperature.

1.5.2.8 Effect of inert additives

The main purpose of using additives such as N2 is to decrease the laminar flame

speed in order to emphasize the unbalance between the mixture velocity and the

burning velocity. Therefore, adding N2 to the fuel gas, the possibility of flame lift

occurring is increased. As a consequence, in the European standard certification

[3] the critical test concerning the flame lift adopts, as working fluid, the methane

limit gas, named G231, that contains 85% of CH4 and 15% of N2.

1.5.2.9 Effect of vitiation

The air supplied to a burner should ideally be pure, but if as a result of recircu-

lation of combustion products, the combustion air becomes deficient in oxygen,

the air is said to be vitiated. Vitiation of the primary air reduces the burning

velocity of the gas/air mixture so that flame lift is encouraged [29]. Vitiation of

the secondary air reduces the rate of diffusion of oxygen into the outer diffusion

flame, thereby increasing flame length and the risk of incomplete combustion.

Therefore, vitiation of secondary combustion air reduces the energy flux from the

diffusive to the premixed zone and thereby reduces flame stability because the

diffusive combustion zone acts as a pilot flame and retains the premixed zone

[29].

Figure 1.23 shows schematically the effect of simultaneous primary and sec-

ondary vitiation on lift stability for a typical multiport burner, using as a base

the combustion diagram used in Fig. 1.21.
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Figure 1.23: Schematic illustration of the effect of vitiation on the flame lift limit for a

multiport burner.

1.5.2.10 Provision of retention flames

In order to provide a burner with the variation in heat input that is required in

most kitchens, retention systems are applied to partially aerated burners. Reten-

tion flames are inherently more stable than the main flame because of their low

efflux velocity; thus they are most frequently used where a high port loading is

required or where there is to be a large turndown ratio (e.g. the domestic cooker

hotplate).
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1.6 Design of Experiments Analysis

In order to develop a new domestic gas burner, the empirical approach presented

in the previous chapter was usually adopted in association with an experimental

study. It is important to note the difference between experiment and test. A test

is an activity performed on an existing process to verify if the process satisfies

the expectations in real working conditions. On the other hand, an experiment

verifies which variable influences the system result and for which values of the

variables the system presents an optimal result. Therefore, during the domes-

tic appliance design, an experimental planning aimed at obtaining the maximum

amount of information with the minimum amount of experiments was considered.

This approach greatly improves engineering productivity and it is the assump-

tion according to which problems are handled from an engineering point of view,

the so-called robust design. Robust design is an “engineering methodology for

improving productivity during research and development so that high-quality

products can be produced quickly and at low cost” [107]. The idea behind robust

design is to improve the quality of a product by minimizing the effects of varia-

tion without eliminating the causes (since they are too difficult or too expensive

to control). To achieve a design that has minimum sensitivity to the variations

of uncontrollable factors, a Design of Experiment (DoE) approach was applied.

DoE is a statistical and mathematical strategy searching for useful information

in complex systems. A careful planning of experiments increases the amount of

resulting information: characterizing the process and pointing out the cause and

effect relations between the input and output variables. The details of perform-

ing a DoE can be found in many textbooks [108, 109]. However, DoE theory

is based on the assumption that each input might be interacting with all other

inputs. This is a powerful statement. Moreover, not only all the interactions are

studied, but they are all studied at the same time in one big round of tests. These

considerations point out the strengths and weaknesses of the DoE approach. The

strength is represented by the opportunity of investigating all the possible inter-

actions between inputs at the same time without having any innate knowledge

of how the process works. The weakness is described by the fact that there is

no way to make the experiment more efficient by thinking about how the inputs

really do interact. To be fair, not all DoE based investigations look at all pos-

sible interactions. Those that do, are called “full factorial” DoEs. On the other

hand, “Fractional factorial” DoEs can eliminate some interactions, and therefore

decrease the amount of work that needs to be done. But they are still based

on the idea of full modeling, and then whittled down to improve efficiency. The

savings are generally fairly meager, such as by a factor of two or four, and there

is still no way to inject understanding of the fundamental process into the mix.

In order to decrease the number of tests to be performed, another technique for

optimizing a process can be applied, named “Taguchi method” [110]. What DoE

and Taguchi primarily have in common, is that they deal with multiple inputs and
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how they interact with each other. Their primary difference lies in how they han-

dle the interactions between inputs. DoE was invented by scientists for scientists,

whereas Taguchi methods were invented by engineers for engineers. Therefore,

Taguchi methods start with the assumption that we are designing an engineering

system, either a product to perform some intended function, or a production pro-

cess to manufacture some product or item. Since the engineer is knowledgeable

enough to be designing the system in the first place, he generally will have some

understanding of the fundamental processes inherent in that system. Basically,

this knowledge can be used to make the experiments more efficient, by skipping

all that extra effort that might have gone into investigating interactions that are

know not to exist. Without going into details, it was shown that this can de-

crease the level of effort by a factor of ten or twenty or more. Therefore, robust

parameter design uses Taguchi designs, which allows the analysis of many factors

with few runs. However, the weakness ascribed to this approach is due to the

fact that Taguchi does not analyze the real output of the system, but this an-

swer is first transformed, and then analyzed. The screening or the optimization

process is therefore not based on the real data, but on fitted data that might

not represent the system well. Therefore, the mathematical expression linking

the changes in the factors to the changes in the responses (the model) uses fitted

data as responses. Several fittings, named “signal-to-noise ratios”, are usually

proposed and they should be chosen according to the goal of the design process,

based on engineering knowledge, understanding of the process and experience.

During the development of the cylindrical burner crown range, three prototype

families were manufactured and tested by means of the Taguchi approach [111].

In this design stage the right combination of materials, parts, processes and de-

sign factors was determined to satisfy the functional and economical specifications

requested of the appliance. Therefore, the system variables were experimentally

analyzed to determine how the product or process reacts to uncontrollable ”noise”

in the system; this parameter design is the main thrust of Taguchi’s approach.

Parameter design is related to finding the appropriate design factor levels to make

the system less sensitive to variations in uncontrollable noise factors, i.e., to make

the system robust. The Taguchi method was then applied in the research for the

optimal values of the factors and some of their combinations that influence the

onset of flame back and flame lift in the domestic gas burner. Different geomet-

rical dimensions within the domestic gas burner crown were chosen as variables

affecting these flame instabilities.

In this investigation, an experimental layout designed for three control factors,

each at three levels, was adopted. This kind of experimental plan is named “L9”

in the Taguchi definition, in which the “L” stands for Latin, since most of these

designs are based on classical Latin Square layouts, appropriately pruned for ef-

ficiency. However, a full factorial DoE of all combinations of these factors would

require 81 tests, three to the power of four. The Taguchi L9 layout recommends

a subset of nine of these eighty one tests which allows, the main effects to be
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determined.

For the domestic gas burner development the three prototypes families were

named “L9-2”, “L9-3” and “L9-4”. Of course, they were manufactured at dif-

ferent times, starting from “L9-2”; the optimization process lead the designer to

the “L9-3” and, finally, to the “L9-4”.
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Figure 1.24: Experimental correlation concerning the average flame lift time and the

occurrence of flame back for different prototype families: L9-2 (triangle), L9-3 (square),

L9-4 (diamond) and the definitive crown burner (circle) located at the origin of the axes.

In Fig. 1.24, the flame back and flame lift instabilities are plotted against each

other to confirm the good trend of the developing phase, where the continuous

optimization process has decreased the occurence of both flame lift and flame

back at the same time. It must be noted that the data for flashback and blow off

reported here were obtained by visual observation of the flame. For each stability

test, the proper limit gas was used.

Obviously, even adopting the Taguchi approach to test a reduced number of

factor combinations, these experimental plans still requires a large amount of

time and great cost in terms of prototype manufacturing and testing phase. In

this scenario, the numerical simulation offers a new approach to support the

product development of the domestic gas burner. The virtual prototype reduces

the prototyping and testing phase in the laboratory and offers an added value

in terms of technical knowledge and understanding of the burner fluid dynamic

behavior. The different features characterizing the numerical tool adopted in this

work will be briefly presented in the next chapter.
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Chapter 2

The numerical tool

Chapter Purpose:

This chapter summarizes the characteristics of the code adopted in the numeri-

cal simulations. The main numerical models will be introduced with particular

emphasis to the modelization of the combustion process.
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2.1 Introduction

Although most of the twentieth century investigation on fluid dynamics involved

the use of the “two approach world” of pure theory and pure experiments, the

advent of high speed digital computer combined with the development of accu-

rate numerical codes for solving physical problems has revolutionized the way

to study and perform fluid dynamics today. Therefore, nowadays computational

fluid dynamics constitutes a new third approach in the study and development

of the whole discipline of fluid dynamic.

The experiments carried out with a computer program can be considered nu-

merical experiments. In today’s CFD, computer programs for the calculation of

three dimensional flows have become industry standards, resulting in their use

as a tool in the design process. Numerical simulations, accomplished in parallel

with physical experiments in the laboratory, can be used to help interpret such

physical results and even to ascertain a basic phenomenological aspect of the ex-

periments which is not apparent from the laboratory data. Therefore, CFD does

not just provide a quantitative comparison, but also represents a tool to interpret

a basic phenomenological aspect of the experimental conditions.

Therefore, the aim of this activity of research has been to develop a numerical

knowledge, in order to perform design screening based on a numerical prediction

of the domestic gas burner performances. This numerical prediction has been

carried out with the use of a commercial finite volume CFD code. The choice to

use a commercial package as a design tool was due to several reasons. Indeed, the

debugging and validation of the numerical algorithm are not necessary; therefore

it is possible to directly focus on the problem solving on demand. The software

is not specific, but it is able to offer a wide choice of models in order to satisfy

different user requests and to use the same software for different applications.

Moreover, the commercial code is constantly updated, ensuring the implementa-

tion of newer models and its optimization regarding the hardware evolutions. In

this way, despite of the experience and insight that would be gained in the use

of an in-house CFD code, the commercial code can offer a numerical output in

short time, leading to a better design and a shorter time to market.
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2.2 Governing equations

The starting point for a computational investigation is a statement of the gov-

erning equations for the phenomenon under study. In this section, the complete

set of detailed governing equations for gaseous reacting flows is hence presented.

A fundamental assumption in the study of turbulent flow is that the gas can be

viewed as a continuum, i.e. the distance between molecules of gas and the mean

free path of the molecules is very small compared with the physical dimensions

of the geometric scale of interest. Given this assumption, for reacting and non-

reacting gaseous flows, there are five basic variables that must be considered in

modeling the fluid motion: three velocity components and two thermodynamic

properties (i.e. pressure and temperature). Determining the values for these five

variables as a function of space and time, which is the solution of the flow field,

is the purpose of the mathematical models of fluid motion. Since five variables

are of interest, the mathematical model must comprise at least five independent

equations. Additional constitutive equations are added if additional variables are

introduced. As an example, if a third thermodynamic property must be consid-

ered, an additional equation can be added in the form of an equation of state.

The derivation of the five equations constitutes a mathematical model of gaseous,

turbulent fluid flow with heat transfer. In these derivations, three fundamental

laws of physics are employed: (1) conservation of mass; (2) Newton’s second law

of motion; and (3) conservation of energy (first law of thermodynamics).

These laws can be used to derive integral relationships for control volumes, or

differential relationships for local points in space. Differential relationships in

the form of partial differential equations are the most often employed form in

developing numerical codes and are presented hereafter.

If the flow is assumed to be a Newtonian fluid, the first of five partial differential

equations, written in Cartesian tensor notation, required to model the flow is the

continuity equation:

∂ρ

∂t
+

∂(ρui)

∂xi
= Sm (2.1)

where ρ is the fluid density, ui are the velocity components in each of the xi

directions, and Sm represents a mass source per unit volume. The first term on

the left hand side of this equation represents the rate of change of density (mass

per unit volume) with time and the second term denotes the change of mass

resulting from convective motions.

The next three equations, summarized as one equation written in Cartesian tensor

notation, are the momentum equations or the equations of motion, one for each

of the coordinate directions.

∂(ρui)

∂t
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∂(ρuiuj)

∂xj
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∂p

∂xi
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∂

∂xj
×µ

[

∂ui

∂xj
+

∂uj

∂xi
− δij

2

3

(

∂uk

∂xk

)]

+Su
i (2.2)
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These equations are sometimes referred to as the Navier–Stokes equations. In

these equations, p is the local pressure, µ is the dynamic viscosity of the fluid, Su
i

are the momentum sources per unit volume, and Bi are body forces acting on the

fluid. The first term on the left hand side of this equation represents the rate of

change of momentum per unit volume with time and the second term represents

the transport of momentum resulting from convective motion. On the right hand

side of the equation, the terms combined with µ are viscous shear forces resulting

from the motion of the fluid.

The fifth equation, the energy equation, is in terms of enthalpy:

∂(ρh)

∂t
+

∂(ρuih)

∂xi
=

(

∂

∂xj

) (

Γh
∂h

∂xj

)

+
∂p

∂t
+

∂uip

∂xi
+ Ψ + Sh (2.3)

where h is the specific enthalpy, Γh is the ratio of turbulent viscosity and the

Prandtl number, Ψ is the dissipation function, and Sh is the source of enthalpy

generated on a volumetric source basis. As in the previous equations, the first

term on the left hand side of this equation represents the rate of change of en-

thalpy per unit volume and the second term represents the transport of enthalpy

resulting from convective motions. The first term on the right hand side rep-

resents the molecular diffusion of enthalpy based on Fourier’s law of heat con-

duction. The pressure terms on the right hand side of the equation represent

reversible work done on the fluid, while Ψ represents the irreversible work, or dis-

sipation of energy resulting from the shear stresses, acting as a source of internal

energy and always positive. This term is given by the expression:

Ψ = µ

[

∂ui

∂xj
+

∂uj

∂xi
− δij

2

3

(

∂uk

∂xk

)]

∂ui

∂xj
(2.4)

The above mentioned set of equations represents the mathematical model of

a fluid motion. The ability of modern computers to store and rapidly manipulate

large quantities of data has allowed the development of flow simulations that com-

plement, and sometimes even replace, traditional laboratory experiments. The

analysis of a system, as the domestic gas burner, involving fluid flow, heat trans-

fer and associated phenomena such as chemical reactions by means of computer

based simulations is known as Computational Fluid Dynamics (CFD).

2.2.1 Numerical techniques

The application of CFD to real life flow systems requires the ability to han-

dle turbulent flows. The description of turbulent process using CFD may be

achieved using a variety of numerical simulations. Three levels of turbulent re-

acting flow computations are distinguished. The first level, Reynolds Averaged

Navier Stokes simulations (RANS) represents the oldest approach to turbulence

modeling. Therefore, RANS techniques were developed to solve for the mean

values of all quantities. The balance equations for Reynolds or Favre (i.e. mass
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weighted) averaged quantities are obtained by averaging the instantaneous bal-

ance equations. The averaged equations require closure rules: a turbulence model

to deal with the flow dynamics in combination with a turbulent combustion model

to describe chemical species conversion and heat release. Solving these equations

provides averaged quantities corresponding to averages over time for stationary

mean flows or averages over different realizations (or cycles) for periodic flows

like those found in piston engines (i.e. phase averaging).

The second level corresponds to Large Eddy Simulation (LES). Turbulent flow

produces fluid interaction at a large range of length scales. In this context, the

turbulent large scales are explicitly calculated, whereas the effect of smaller ones

is modeled using subgrid closure models. The balance equations for large eddy

simulations are obtained by filtering the instantaneous balance equations. LES

of reacting flows determine the instantaneous position of a “large scale” resolved

flame front but a subgrid model is required to take into account the effects of

small turbulent scales on combustion.

The third level of combustion simulations is based on direct numerical simulations

(DNS) where the full instantaneous Navier-Stokes equations are solved without

any model for turbulent motions: all turbulence scales are explicitly determined

and their effects on combustion are captured by the simulation. Developed in the

last thirty years thanks to the development of high performance computers, DNS

have changed the analysis of turbulent combustion, but are still limited to sim-

ple academic flows. Therefore, because of the complexity of general combustion

problems, and the limitation in capabilities of present computer systems, DNS

applications are focused primarily on the study of fundamental flow structures.

In industry, the considerable expense of adopting LES and DNS simulations mo-

tivates the use for a reliable technique to reduce the cost of the design and

development phases. In the present work, this technique is represented by the

RANS approach.

2.2.2 Favre averaging

Due to the steady-state assumption used in the domestic gas burner flow simula-

tions, auxiliary relationships are required to account for the effects of turbulence

on the transport processes. These relationships are developed by filtering the

conservation equations into mean and fluctuating components, as follows [112]:

φ = φ̄ + φ′ (2.5)

where φ is any conserved scalar variable. In addition, in combustion modeling,

an alternative method of averaging the flow field variables, known as Favre-

averaging, is defined using the following relation:

φ̃ ≡
ρφ

ρ̄
(2.6)
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where ρ is the density. As shown in this relation, Favre averaging is denoted using

φ̃ instead of φ̄. An advantage of Favre-averaging, or density-weighted averaging,

is the elimination of density–velocity cross-product terms in the momentum equa-

tions, which is an effective way to account for the effects of density fluctuations

due to turbulence [113].

The substitution of these variable decompositions in Eq. 2.5 for velocities in the

equations of motion and continuity, and time-averaging the subsequent relations

results in the following steady-state forms:

ρ̄
∂ũi

∂xi
= S̃m (2.7)

ρ̄
∂(ũiũj)

∂xj
= Bi −

∂p̄

∂xi
+

∂

∂xj
µ

[

∂ũi

∂xj
+

∂ũi

∂xi

]

−
∂(ρu

′

iu
′

j)

∂xj
+ S̃u

i (2.8)

The terms (ρu
′

iu
′

j) represents thus the Reynolds stress tensor. The modeling

of these terms in the time-averaged conservation equations is known as turbu-

lent closure, which is a major challenge of turbulence modeling in CFD. Re-

views of turbulence and its associated closure problems with respect to computa-

tional modeling have been given by Wilcox [114]. However, the following sections

present a description of the turbulence and combustion closures adopted in this

work.
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2.3 Turbulence modeling

Most common turbulence models employ the Boussinesq hypothesis[112] to model

the Reynolds stress terms, where stresses are assumed to be analogous to viscous

dissipation stresses. Therefore, this method involves an algebraic equation for

the Reynolds stresses which include determining the turbulent viscosity, and de-

pending on the level of sophistication of the model, solving transport equations

for determining the turbulent kinetic energy and dissipation.

In this work as turbulence closure has been adopted the k–ε formulation. This

model has become the most widely used approach for the solution of practical fluid

dynamics problems because of its general applicability. It focuses on the mecha-

nisms that affect the turbulent kinetic energy, k. In this approach, the turbulent

kinetic energy is related to its rate of dissipation, ε, by the Prandtl–Kolmogorov

relationship, in which the kinematic eddy viscosity is given by:

υe =
fuCµk2

ε
(2.9)

where fu and Cµ are constants of proportionality that are correlated with par-

ticular kinds of flow fields, such as jets or wakes.

However, the k–ε model does not represent the final answer in turbulence mod-

eling, because of its various shortcomings. An important example of one of these

shortcomings is that the turbulence is assumed to be isotropic, i.e. all normal

stresses are identical. With this limitation, secondary flow field effects cannot be

accurately predicted. This can be especially important in highly swirling flows

[115]. A second major shortcoming of the k–ε model is that it does not relax to

laminar flow conditions at low-Reynolds numbers. Therefore, the k–ε model as-

sumes a high-Reynolds number, fully turbulent flow regime and auxiliary methods

are required to model the transitions between laminar flow behavior and turbu-

lent flow behavior. An important example of this is the transition from the thin

viscous sublayer flow region along a wall to the fully turbulent, free stream flow

region. The accuracy of the near wall representation of the flow field is crucial in

the successful prediction of wall-bounded turbulent flows, although predictions

of the flow away from the wall are generally not very sensitive to the near-wall

turbulence model [116].

From this point of view, the internal flow features in a domestic gas burner are

dominated by the gaseous jet issuing from the injector which needs to be model

accurately. Therefore the jet (i.e. injector) can be considered as the burner en-

gine. This highly turbulent jet requires a turbulent model to capture the air

entrainment effect. Nevertheless, downstream to the venturi neck of the burner

crown, a relaminarization of the flow in the expansion chamber up to the flame

ports has been achieved. Actually, the flame which develops out of the flame

port shows the characteristics of a laminar partially pre-mixed combustion type.

It is quite problematic to correctly model both a turbulent jet emerging from
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the nozzle and a laminar flow in the remaining part of the burner. In order to

perform a correct numerical prediction of these phenomena, two approaches have

been considered: modifications of k–ε for low-Reynolds number situations and

hybrid wall functions. The numerical code automatically selects a low Reynolds

number wall treatment or a wall function, depending on the local flow field and

near-wall mesh spacing. Of course, this simulation strategy was chosen after a

preliminary sensitivity analysis performed in the first part of the project[117].

As a result, a good agreement with numerical prediction and experimental result

was achieved with the k–ε Low Reynolds turbulence model by using hybrid wall

functions as near wall treatment. The k–ε High Reynolds number provided even

better results, but it only implemented standard wall functions and they cannot

be applied within the mesh spacing range of the domestic gas burner model.

2.3.1 Low Reynolds number approach

The high Reynolds number k–ε and other models cannot deal with any flow where

viscosity is important (characterized by low turbulence Reynolds number), such

as in the wall viscous sublayer and the buffer zone. In order to make it pos-

sible to integrate equations up to the wall, near wall modifications are needed

to account for viscosity effects, but also for other, non viscous (kinematic) wall

effects, such as wall blocking and pressure reflection. The modifications of linear

eddy viscosity models make no distinctions between viscous and nonvisous wall

effects and involve relatively simple viscous modifications solely in terms of local

turbulence Reynolds number, hence the common notion low Reynolds number

modifications. Therefore, with low Reynolds number approaches, the turbulence

model is modified to include terms that account for the transition from fully tur-

bulent to laminar flow behavior [118]. In the case of the k–ε model, new terms

have been included in the partial differential equation for k or in both the equa-

tion for k and the equation for ε. Wall damping needs to be applied to ensure

that viscous stresses take over from turbulent Reynolds stresses at low Reynolds

number and in the viscous sub-layer adjacent to solid walls. These terms are in

the form of damping functions that are a function of the distance from the wall,

the molecular viscosity and local values for k and/or ε.

Moreover, it is worth to note that the k–ε turbulence model overestimates the

diffusion of a round jet [119] and it needs to be tuned for the considered case.

The standard k–ε model should be modified to account for observed discrepan-

cies between the model prediction and the experimental results. Furthermore,

this standard model predicts the plane jet flow correctly, but it overestimates

the spreading rate of circular jets [120]. To avoid this problem, the coefficient

Cµ adopted in the k–ε turbulence model formulation has been tuned and its rec-

ommended value has changed from 0.09 (default value) to 0.06. Obviously, a

wider spreading angle indicates an higher mass flow rate entrained from the jet.

Therefore, according to the spreading overestimation of the model, the Cµ=0.06
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case presents a lower air entrainment than the default one (Cµ=0.09).

2.3.2 Wall functions approach

The common way to treat wall boundaries is to avoid the molecular layer and

buffer zones adjacent to a wall and to bridge the solutions at the first control cell

(assumed to be fully turbulent) with the wall properties. This is achieved using

the so called wall functions, a set of semi-empirical functions which have been

derived from experimental evidence and similarity arguments. In this way, only

one grid point is required to model the transition from the wall boundary to the

fully turbulent flow field. The analytical expression used for this wall function is

the universal law of the wall suggested by Prandtl [112],

U+ =
1

κ
lnEy+ (2.10)

where U+ and y+, respectively, represent the velocity distribution in the wall

layer and the distance to the wall from the adjacent cell centroid:

U+ ≡
U

uτ
(2.11)

y+ ≡ uτ
y

ν
(2.12)

and

uτ ≡

√

τw

ρ
(2.13)

In these equations, U is the free-stream velocity, E and κ are constants used in

the correlation equation, and τw is the shear stress at the wall. The adaptation

of this technique by Launder and Spalding [120] has become the standard wall

function approach. Modifications to the standard approach have sought to im-

prove its accuracy for a wider range of problems, such as dividing the near-wall

region into layers [121–123] and sensitizing the law of the wall to the pressure

gradient [124].

Therefore, the main assumptions involved in the standard wall function formula-

tion are as follows:

� Variations in velocity, etc. are predominantly normal to the wall, leading

to one-dimensional behavior.

� Effects of pressure gradients and body forces are negligibly small, leading

to uniform shear stress in the layer.

� Shear stress and velocity vectors are aligned and unidirectional throughout

the layer.
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� A balance exists between turbulence energy production and dissipation.

� There is a linear variation of turbulence length scale.

The resulting Eq. 2.10 thus gives the cross stream profiles in terms of the normal

distance y+ from the wall. The wall function approach has been found to be

a robust, computationally efficient and reasonably accurate method for estab-

lishing wall boundary conditions in turbulent fluid flows. However, this standard

formulation is a poor approach in flow regions where the Reynolds number is low,

where fluid properties are changing rapidly, where strong body forces or pressure

gradients are present and where boundary walls have blowing or suction [125].

Therefore, at low Reynolds number, the log-law is not valid so the above men-

tioned boundary condition cannot be used. For this reason, in the domestic gas

burner numerical model an hybrid wall function has been applied. This approach

has been used only with the low-Reynolds number turbulence models and is de-

tailed in [126]. It adopts a special wall boundary condition that removes the

burden of having to ensure a small enough near-wall value for y+ (by creating

a sufficiently fine mesh next to the wall). The y+ independency of the hybrid

wall condition is achieved using either an asymptotic expression valid for 0.1 <

y+ < 100 or by blending low-Reynolds and high-Reynolds number expressions

for shear stress, thermal energy and chemical species wall fluxes. About the de-

tails concerning the numerical methodology for this wall boundary condition, the

reader can referred to [127].
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2.4 Combustion modeling

The proper simulation of turbulent combustion processes requires an effective

scheme for simultaneously modeling both the mixing and the reactions of relevant

chemical species. As a starting point, a partial differential conservation equation

can be written for each of the chemical species of interest, in the following form:

∂

∂t
(ρYi) +

∂

∂xi
(ρuiYi) =

∂

∂xi

(

µe∂Yi

σm∂xi

)

+ Ri + Si (2.14)

where Yi is the mass fraction of the ith chemical species, σm is the ratio of effective

diffusion coefficient for the ith species and the turbulent momentum diffusivity,

Ri is the mass rate of creation or depletion by chemical reaction, and Si represents

other sources of species creation, such as addition from the dispersed phase. An

equation of this form must be solved for N - 1 species, where N is the total number

of chemical species present in the system. In writing conservation equations

for species in turbulent, reacting systems, time-averaging is required, and Favre

averaging is recommended [128]. These equations can be discretized using the

same methods discussed previously. The chemical production or depletion term,

Ri, can be determined (on a mass/volume basis) by the law of mass action as

follows:

Ri,kin = −Mik
∏

l

(

ρYl

Ml

)νl

(2.15)

where Mi is the molecular weight of the ith species, Ml is the molecular weight

of the lth reactant, Yl is the mass fraction of the lth reactant species, k is the

specific reaction rate constant and νl is the stoichiometric coefficient of the lth

reactant species. The reaction rate constant k, is, in general, expressed by the

modified Arrhenius equation (with T β )

k = AT βexp

(

−Ea

RT

)

(2.16)

where A is the pre-exponential factor, β is the temperature exponent, Ea is

the activation energy for the reaction, R is the ideal gas constant and T is the

temperature. Combining these two relations results in:

Ri,kin = −AMiT
βexp

(

−Ea

RT

)

∏

l

(

ρYl

Ml

)νl

(2.17)

Time-averaging of this equation can be accomplished by substituting the sum of

a mean and fluctuating value for each of the variables and then decomposing the

instantaneous variables into their main and fluctuating components.

Of course, modeling turbulent chemical reaction terms in a comprehensive com-

bustion code requires use of simplifying assumptions. In employing simplifying
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assumptions to achieve feasible solutions of chemical reaction equations, cou-

pled with the turbulent fluid mechanics, three modeling approaches are usually

adopted, which can be classified according to the two hypothetical time scales

associated with chemical reactions in turbulent flow:

� the reaction time scale;

� turbulent mixing time scale.

The reaction time scale is the typical time required for the species of interest to

react completely to equilibrium. The turbulent mixing time scale is the typical

time required for large scale turbulent eddies to break up and reduce to the scale

where molecular interactions can take place.

In the first modeling approach, which is a limiting case scenario, the reacting

species are assumed to be premixed, or the turbulent mixing time scale is assumed

to be very fast compared with the reaction time scale. In this case turbulent

mixing can be ignored, and the finite rate chemistry and associated reaction

rates can be based on mean flow properties. Bowman [129] and Bray [130] have

reviewed literature for this approach. This limiting case is not applicable for non-

premixed turbulent hydrocarbon diffusion flames, however, which is the focus of

this work, and will not be discussed further.

In the other two modeling approaches, the turbulent mixing time scale is either on

the same order or much longer than the reaction time scales for the major species

of interest. However, when the turbulent mixing time scale can be assumed to be

much longer than the reaction time scale, the reaction time scale can be ignored

and the modeling focuses on turbulent mixing rates. On the other hand, when

the turbulent mixing and reaction time scales are on the same order, both must

be considered in the modeling approach. In the following section these two last

modeling approaches will be discussed in detail due to their applicability to the

partially premixed flames of a domestic gas burner.

2.4.1 Eddy Break Up Model

On the contrary to the Arrhenius model, the simple idea of the EBU model is

to consider that chemistry does not play any explicit role, whereas the turbulent

motions control the reaction rate. It is based on a phenomenological analysis of

turbulent combustion assuming:

� high Reynolds number (Re � 1);

� high Damköhler number1 (Da � 1).

1The Damköhler number is defined for the largest eddies and corresponds to :

Da =
τf

τc

(2.18)

Where τf and τc are respectively flow and chemical time scale. For large values of the Damköhler

number (Da� 1), chemical times are shorter than the integral flow (turbulence) time.
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The EBU method, first presented by Magnussen and Hjertager [131], employs

the formulation suggested by Spalding [132] assuming that in most technical ap-

plications the chemical reaction rates are fast compared to the mixing, so that

turbulent mixing is guaranteed to be the controlling rate. Therefore, to account

for the effects of turbulence on the chemical reaction, the reaction rate is deter-

mined by the rate of intermixing of fuel and oxygen containing eddies, i.e by the

rate of dissipation of the eddies. Therefore, this combustion model relates the

rate of reaction to the dissipation rate of turbulent eddies containing products

and reactants. The reaction rate is hence viewed as a collection of fresh and

burnt gaseous pockets transported by turbulent eddies. The dissipation rate of

turbulent eddies is assumed to be proportional to the ratio between the turbulent

kinetic dissipation and the turbulent kinetic energy, ε/k [132]. One proportion-

ality constant is used for eddies with reactants, and another for eddies with

products. However, the mean reaction rate is mainly controlled by the turbulent

time scale τt = k/ε and temperature fluctuations. This is an estimation of the

characteristic time of integral length scales of the turbulent flow.

Mathematically, the above statements can be translated in the following equa-

tion, where three different reactions rates are calculated and the smallest rate is

assumed to be the governing rate. Since the purpose of the turbulent combustion

modelling is to find a formulation to describe the source term Ri which appears

in the transport equation, according to the EBU model the volumetric chemical

consumption rate is thus given by:

Ri,tur = −ρ
1

τt
AEBUmin

[

YF , YO
νF MF

νOMO
, BEBUYP

νF MF

νP MP

]

(2.19)

where the subscripts F , O and P represent fuel, oxidant and product respec-

tively; AEBU and BEBU are dimensionless empirical coefficients with nominal

default values adjusted for the application of interest. The first two arguments

in the square brackets of Eq. 2.19 represent the rates of dissipation of turbulent

reactant eddies and determine the local rate-controlling mass fraction, while the

third reaction rate is the rate of dissipation of turbulent eddies with products and

it is intended to inhibit the reaction where the temperature is too low[127]. Since

this product dependence for the reaction rate is a deviation from the pure fast

chemistry assumption, the assumption here is that without products the temper-

ature will be too low for reactions. The micromixing time scale is taken to be

k/ε, the dissipation time scale.

An essential feature of turbulent combustion models is their realizability. Typi-

cally, realizability conditions involve requirements on the behavior of the solution

far from the flame front and on the integral of the reaction rate. The EBU model

is always realizable and leads to an exponential decay of the reaction rate with

distance from the flame front [133]. Models of this type have been used for a

wide range of applications including laminar or turbulent reaction systems, and

combustion systems including premixed or diffusion flames. The EBU model
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is hence attractive because the reaction rate is written as a simple function of

known mean quantities without additional transport equations. A great deal of

the CFD studies make use of the EBU model because it is easy to implement and

it is also available in most commercial CFD package.

The partially premixed flames issuing out of the domestic gas burner ports could

be simulated without adopting a turbulence model due to their laminar regime.

Since k and ε are required to compute the turbulent time scale τt, the EBU

closure is generally used in association with a turbulence model. Moreover, the

numerical simulation does not concern only the flame region, but it regards the

whole appliance functioning (i.e. from the gaseous jet issuing by the injector to

the flame out of the burner ports). In this work, the EBU combustion model is

hence used together with the k-ε turbulence model.

However, this combustion model tends to overestimate the reaction rate, espe-

cially in highly strained regions, where the ratio ε/k is large (flame holder wakes,

walls and so on). Moreover, despite its success, the basic form of the EBU model

has an obvious limitation: it does not include any effects of chemical kinet-

ics. Therefore some adjustments of the model have been proposed to incorporate

chemical features and, in commercial codes, the EBU model is sometimes coupled

to the Arrhenius law to limit the mean reaction rate using chemistry features.

2.4.2 Eddy Break Up Model with Combined time scale

Attempts to simultaneously account for mixing and finite chemical reaction rates

(turbulent mixing and reactions with similar time-scales) in comprehensive com-

bustion codes are based on variations of the EBU model. The turbulent time

scale τt used in this model decreases with decreasing distance from solid surfaces.

This leads to over prediction of reaction rates in near wall regions. The com-

bined time scale apporach described in [134] alleviates this problem by adding

the chemical time scale (τc) to the turbulence time scale (τt) for the purpose of

evaluating the reaction time scale (τr). The chemical time is defined as a func-

tion of the kinetically controlled reaction rate (as introduced by the Arrhenius

reaction presented above in Eq. 2.17), the mass fraction of the reactant and the

density:

τc =
ρYl

|Ri,kin|
(2.20)

Thus the reaction time rate τr is given by:

τr = τt + τc (2.21)

Finally, the consumption rate applied in this investigation is given by:

Ri = −ρ
1

τr
AEBUmin

[

YF , YO
νF MF

νOMO
, BEBUYP

νF MF

νP MP

]

(2.22)
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The only difference between this equation and Eq. 2.19 is the reaction time scale.

The reaction rate predicted using this model is generally less than that for the

EBU model. Therefore, sustaining the reaction is more difficult with this model

than with the eddy break-up model.

2.4.3 Reaction Mechanism

In this study, for G20 combustion the two step reaction mechanism of Westrbrook

and Dryer [135], with CO as an intermediate, has been used. This represents one

of the most commonly adopted in CFD applications [136]. Of course, all kinetic

rates are taken from Westrbrook and Dryer [135].

CH4 + 1.5O2 → CO + 2H2O (2.23)

CO + 0.5O2 → CO2 (2.24)

In this mechanism one semi-global scheme for oxidation of the methane has

been considered. Moreover, the CO oxidation is represented by one global re-

action because the combustion of hydrogen is very fast compared to the CO

oxidation. Therefore, the numerical simulation does not consider H2O formed by

H2 oxidation mechanism as well is known (a scheme of 12 elementary reactions)

[137].
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2.5 Numerical model

The most widely used general numerical techniques for solution of the equations of

fluid motion in CFD codes can be summarized as discretization methods. In these

methods, the derivatives in the partial differential equations are approximated by

algebraic expressions corresponding to discrete distances in the flow domain. The

algebraic expressions can be derived using finite difference approaches (usually

based on Taylor’s series, polynomial expansions), and finite element approaches

(based on calculus of variations, and the method of weighted residuals). Finite

difference methods used in turbulent combustion modeling have been reviewed

by Ramos [138] and finite element methods have been reviewed by Chung [139].

In a way that is more physically intuitive, the discretization equations can also

be derived using the integral form of the conservation equations instead of the

differential form. This method of derivation, called the finite volume approach,

is also equivalent to a variant of the method of weighted residuals, called the

subdomain or control volume formulation [140]. The finite volume approach has

become the preferred approach for many computational fluid dynamics applica-

tions, including most comprehensive combustion codes, because it is amenable

to a variety of grid structures. Therefore, this finite volume method is adopted

by the main commercially available CFD codes, such as Star-CD, the software

used in this work. This code, developed by CD-Adapco, is a segregated solver in

which the equations of motion are solved directly for velocity and pressure (the

‘primitive’ variables) with the introduction of an additional equation for pressure

by means of the SIMPLE approach [140].

However, aim of the discretization methods is hence to obtain a set of algebraic

equations that can be solved to predict the mass, momentum and energy trans-

port at discrete points in the flow domain. This collection of points is referred to

as a grid. The grid structure can be as simple as rectangular cells, or as complex

as tetrahedral elements constructed in a fashion that follows a curvilinear sur-

face. As the mesh point values are the sole quantities available to the computer,

all mathematical operators, such as the partial derivatives of the various quan-

tities, will have to be transformed by the discretization process, into arithmetic

operations on the mesh point values [141].

2.5.1 Grid generation

Due to its generality the finite volume model can handle any type of mesh, struc-

tured as well as unstructured. Unstructured grids have progressively become the

dominating approach to industrial CFD, because of the impossibility to generate

automatically block-structured grids on arbitrary geometries [141]. For very com-

plex geometries, the most flexible type of grid is hence the unstructured typology,

which can fit an arbitrary solution domain boundary. Therefore, the domestic gas

burner space domain has been discretized by subdivision of the continuum into
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elements of arbitrary shape and size. Of course, the computational domain needs

to be discretized using grid cell that should provide an adequate resolution of the

geometrical and expected flow features. Of course grid generation plays a crucial

role in the overall CFD process and the importance of grid properties cannot be

emphasized enough. In order to reduce design costs and time to market, the grid

design has to ensure a suitable global topology of the mesh to help satisfy the

specific geometrical variations of each domestic gas burner virtual prototype. An

automatic surface meshing strategy is hence adopted to provide for meeting the

demands placed on automatic unstructured meshing in industrial settings. The

software code in support of the grid generation process used in this work was

pro-AM, developed by CD-Adapco. Moreover, thanks to the native CAD readers,

a direct geometry transfer with repaired and closed surface meshing becomes a

quick and automated process. Subsequently, the fluid volume of the burner (i.e.

the volume occupied by the air-gas mixture and bounded by the wet surface) is

extracted with Boolean operations in the CAD code. This operation was done in

order to ease the surface and volume mesh generation in Star-CD package and

to save time in the process.

Therefore, in order to capture the geometrical details of the appliance domain, a

body-fitted approach has been used by pro-AM, in which the cells are designed to

keep a regular shape. In this approach, the interior of the domain must be built

up to satisfy the geometrical constraints imposed by the domain boundaries, thus

a trimmed (polyhedral) unstructured mesh has been adopted. The body-fitted

meshing capabilities of pro-AM offer a wide choice of computational cell shapes,

in this analysis the trim methodology is based on hexahedral element (6 faces

element) which represent the best choice when the elements are aligned with the

main direction of the flow. In the case of domestic gas burner, they applied partic-

ularly well considering cylindrical based hexahedral element. To provide further

flexibility in generating complex meshes, pro-AM accepts hexahedral fluid cell

shape plus a variety of degenerate shapes formed by collapsing various cell edges.

Therefore the automatic mesh process consists of straight-edged cells of various

forms (predominantly hexahedral) that are shaped and joined face-to-face in an

arbitrary manner to fill any volume.

Of course, the grid must be fine enough to provide an adequate resolution of the

important flow features, as well as geometrical features. This may be achieved

by local grid refinement. Unstructured meshes are especially well suited for this

purpose because one of the advantages of unstructured grids is the possibility

to perform local refinements in a certain region, without affecting the grid point

distribution outside that region. This opens the way for flexible grid adaptation

by local refinement based on criteria associated either to some flow gradients or

to some error estimation (i.e. jet entrainment region, primary air inlet, flame

ports, flame zone).

In order to analyze the suitability of the mesh and to give an estimation of the

numerical error in the simulation, a grid dependency study has been performed
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in the first part of the project [117], in which three significantly different grid

resolutions have been used. In that study, it was shown that the grid resolution

used was sufficient to obtain almost grid independent solution.

Moreover, there are several different levels of complexity concerning the geom-

etry of a given combustion system, ranging from zero dimensional up to fully

three dimensional. The highest level of geometrical complexity involves multi

dimensional modeling. However, geometrical simplifications are often used to re-

duce the computing requirements for simulating combustion systems. Wherever

possible, three dimensional cylindrical problems are simulated by angular slices

instead of modeling the entire cylinder. In this way, the domestic gas burner can

be modeled as a slice of a cylinder by using symmetric boundary conditions. In

the context of the numerical simulations performed during this work, two grid

typologies have been considered, named hereafter Mesh A and MeshB.

2.5.1.1 Mesh A

The computational domain of Mesh A is sketched in Fig. 2.1, showing that only

one quarter of the geometry has been solved. A finer and more regular mesh

in critical regions with high flow gradients (i.e. jet shear layer) or regions with

significant change in geometry (i.e. flame ports) can be pointed out. Moreover,

Fig. 2.2 presents a close up view concerning the numerical domain around the

flame ports in which a local grid refinement is applied only in the smaller grooves.

Therefore, the computational domain is defined by a quarter of the burner and

the grid is composed by 960000 cells.

In addition to grid density, the quality of the mesh depends on various criteria

such as the shape of the cells, distances of the cell faces from boundaries or spa-

tial distribution of cell sizes. As a result, the proposed grid avoids highly skewed

and warped cells and non orthogonal cells near boundaries. The adopted mesh

also ensures that the extension of the computational domain is able to capture

relevant flow and geometrical features. The outflow plenum is placed far away

from the region of interest and its spherical shape guarantees a good residual

convergence [142].

Of course, the same burner crown has been simulated with different working

gases, hence different injectors has to be modeled. Therefore, in Fig. 2.3 the

numerical grids concerning the nozzle D − 119 and E − 86 have been shown to

be used in association with G20 and G30 respectively.

As already mentioned, the value of y+ at the first node adjacent to the wall

has been chosen carefully. For an adequate boundary layer resolution, depending

on the Reynolds number, a range between five and ten mesh points has been

ensured between the wall and y+ equal to 20, which likely results in thirty to

sixty points inside the boundary layer [143].
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Figure 2.1: Grid of the computational domain.

Figure 2.2: Close up view of the flame port region in the computational domain.

2.5.1.2 Mesh B

This computational domain has been used for the numerical simulations adopting

the combustion model. Therefore, geometrical simplification have been used to

reduce the computing requirements for simulating combustion systems, hence the

three dimensional cylindrical problem is simulated by an angular slices of 11.25

degrees instead of modeling the entire cylinder. In this way a main flame port

and two half of secondary flame ports have been modeled by using symmetric

boundary conditions. This is still a three dimensional problem, but only a 1/32

of the geometry needs to be solved. MeshB present a reduced numerical domain
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(a) D − 119 (b) E − 86

Figure 2.3: Close up view of the two different injectors grid.

not only in the angular extension, indeed he injector, the bowl and the mixing

tube are not modeled and just part of the radial diffuser has been discretized.

The final computational domain was composed by 1300000 cells.

The numerical domain is shown in Fig. 2.4. As mentioned above, the finite

volume model adopted in this work is characterized by straight-edged hexahedral

cells that are shaped and joined face-to-face in an arbitrary manner to fill the

domestic gas burner volume.

Figure 2.4: Grid of the computational domain.

Fig. 2.5 presents a close up view concerning the numerical domain around the

flame ports in which a local grid refinement applied only in the smaller grooves

can be pointed out. In this figure the domain inlet is also shown, represented by

part of the radial diffuser upstream to the flame ports.
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Figure 2.5: Close up view of the flame port region and numerical inlet in the computa-

tional domain.

2.5.2 Finite volume models

The numerical simulations performed on the domestic gas burner have been

adopted a finite volume model in which the flow was assumed to be an ax-

isymmetric steady compressible flow. The manner in which the convective and

diffusive fluxes are expressed is one of the key factors determining accuracy and

stability, for steady-state simulation concerning the domestic gas burner. A pre-

liminary sensitivity analysis performed in the first part of this work involved a

validation of the different numerical discretization schemes available in Star-CD

by means of experimental measurements [117]. This investigation pointed out a

better numerical prediction achieved by the low (first)-order scheme named Up-

wind Differencing (UD). The UD scheme produced solutions which obeyed the

expected physical bounds without give rise to an appreciable smearing of gradi-

ents (numerical diffusion). However, in the present work these simulations can be

divided in two main categories, hereafter named Model A and Model B. Default

initial conditions implemented in the code have been used for each model.

2.5.2.1 Model A

This finite volume model has been used in association with the grid typology

Mesh A. This model does not take into account the combustion modelization.

Indeed, when CFD codes first became commercially available, the chemistry sub

models were very primitive and greatly increased the computation time, often

beyond the capability of the available hardware. Therefore, a common approach

to simulating combustion problems was to model them as non reacting flows.

This has sometimes been referred to as “cold flow” modeling, which is really a
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misnomer as the flame was often simulated as a flow input of hot inert gases to the

combustor [144]. Nonreacting flow modeling may grossly oversimplify a problem,

but it can give considerable insight into the flow patterns inside the domestic

gas burner. In addition, most of the experimental measurements were provided

in cold conditions in order to validate the internal flow dynamic. Moreover, the

combustion model was not implemented for these numerical simulations also to

provide the efficiency of the numerical model for flame instability prediction in

cold condition.

For the study of the numerical convergence, the maximum of absolute global

residual was set to 10−6 to obtain full convergence on the residuals.

2.5.2.2 Model B

Model B has been used in association with the grid typology Mesh B and the

EBU combustion model. The reaction model is applied only once a convergent

simulation in “cold condition” has been achieved. Subsequently, starting from

the solved flow field without combustion, the reaction mechanisms are activated

and the reactant can numerically burn. The numerical trick to burn the reactive

mixture is represented by identifying an ignition region inside the numerical do-

main, in which specify the proportion of the leading reactant burnt, the ignition

temperature and the duration of the ignition process. Of course, the combustion

has to be a steady and self sustained process. The ignition is required just to

“light up” the flame in the model. Nevertheless, the selection of the ignition

region represents a non trivial step in the model setup because a wrong selection

of this zone can lead to a quenching of the flame. For this reason, in the domes-

tic gas burner numerical the selection of the ignition zone has to be determined

based on the real physical behavior of the flame. Therefore, two ignition regions

have been selected, each one located in front of the pilot flames (i.e. small flame

ports), on the bottom of the cap. In these zones, the post processing of the

flow field pointed out recirculation regions that can help the conservation of the

combustion process and the feeding of the unburnt fresh mixture to the reaction

zone.

For the study of the numerical convergence, the maximum of absolute global

residual was set to 10−5 to obtain full convergence on the residuals.
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2.6 Boundary conditions

In the computational procedure the flow was assumed to be an axisymmetric

steady compressible flow. The model took advantage of the symmetry of the

geometry by imposing symmetry boundary conditions on the sides (gradients

perpendicular to the plane are zero).

2.6.1 Inlet

Regarding the finite volume model Model A, at the inlet boundary condition, a

pressure condition was specified in order to simulate the same experimental inlet

pressure and verify the mass flow rate through the injector with the available

experimental data. Moreover, in order to obtain an accurate simulation, the

specification of the turbulence properties (turbulence intensity and length scale)

at the inlet of the computational domain required a proper tuning of the model

[117] because there were no experimental data available. The turbulence intensity

level, defined by the ratio of the fluctuating component of the velocity to the mean

velocity, was imposed at 5% [143]. For internal flows a constant value of turbulent

length scale, as an equivalent parameter for the dissipation ε, should be derived

from a characteristic geometrical feature [143], hence a turbulence length equal

to 30% of the nozzle hydraulic diameter has been adopted.

Concerning Model B, a velocity condition was specified in order to simulate a

defined inlet mass flow rate and mixture composition.

2.6.2 Outlet

At the outlet, an open boundary condition (pressure) was imposed, moreover

zero temperature and turbulence gradients were prescribed.

2.6.3 Solid walls

The boundary conditions imposed on the solid walls are consistent with both

the physical and numerical model (i.e. adiabatic walls or imposed temperature).

Therefore, to provide data for determining the temperature distribution along

the different components of the domestic gas appliance, an experimental investi-

gation has been carried out on a real cooking top.

The temperature mapping of the gas hob was performed by means of thermocou-

ples type k [145] for different configurations in order to measure the temperatures

during the working condition with working fluid G20 and G30 [146]. Each test is

performed by changing the inlet pressure (i.e. the heat power) of the appliance

every 35 minutes: starting from the nominal pressure of the working gas, then

the maximum and the minimum at the end. The cooktop geometry was analyzed

for three geometrical configurations:
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� without grid and pot (ideal configuration);

� with grid only;

� with grid and pot (filled with cold water).

These temperature measurements have required a preliminary modification re-

garding the burner and the hob in order to insert the thermocouples. Their

locations inside the burner and the hob are illustrated in Fig. 2.6.

(a) Injector wall (b) Bowl wall

(c) Crown wall (d) Cap wall

(e) Inlet gas (f) Primary air

Figure 2.6: Sketch of the thermocouple locations on the domestic appliance components

(the cross sign points out the exact position).
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However, the thermocouples have been placed in the following locations around

the appliance in the following locations: injector wall, bowl wall, crown wall and

cap wall. Moreover, additional thermocouples have been located at the inlet gas

(directly in the gas stream before the injector) and primary air entrance (the air

temperature under the crown should be subjected directly to the air entrained by

the gas jet and only indirectly by the flame radiation because of the thermocouple

is placed under the crown and hence covered by the flame).

The data are presented in normalized form by dividing for the same maximum

temperature (Tmax) acquired during the experiments. This analysis hence allows

to gain a better understanding of the heat transfer distribution on the domes-

tic gas burner. By considering Fig. 2.7, the experimental temperatures on the

domestic gas burner crown have been plotted in function of time by varying the

gas inlet pressure; these data are shown for the different configurations, adopting

G20 as working fluid. The temperatures present the same trends for the ideal

configuration and that one with the grid: the minimum pressure causes the min-

imum flame height and hence an increase of heat conducted through the cap and

the burner body. The presence of the pot, or even better, the water inside the

pot, acts as a sink of heat and causes a decrease in the temperature gradients

observed when the inlet pressure is changed.

As depicted by Fig. 2.8, the same temperature trend for the working gas G30

can be pointed out. However, the butane presents higher temperatures than the

G20 experiments; e.g. the crown is characterized by an increase of 35K, 65K

and 55K for the ideal, with grid and with pot configuration, respectively.

The plots presented in this section show the importance and the key role

of the thermal convection, conduction and radiation on the domestic appliance.

The simplicity of these end results does rise the question of considering this

thermal behavior also in the numerical simulation. In order to consider this kind

of phenomenon the numerical model should be thus improved. This necessary

future work is being programmed to include the solid part in the virtual prototype

(i.e. to take into account the heat transfer between the fluid and solid) and the

radiation effect too. By implementing the solid part on the numerical model also

means to avoid the boundary condition on the walls. This step on the setup of the

model can represent a difficult task to accomplish especially when the designer

has to simulate a brand new geometry, for which just the virtual prototype has

been generated and the real temperature distributions are unknown.
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Figure 2.7: Experimental temperatures on the domestic gas burner crown: injector wall

(triangle up), bowl wall (triangle left), crown wall (triangle right), cap wall (triangle

down), G20 inlet gas (circle), primary air (square) and inlet pressure (dotted line).
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Figure 2.8: Experimental temperatures on the domestic gas burner crown: injector wall

(triangle up), bowl wall (triangle left), crown wall (triangle right), cap wall (triangle

down), G30 inlet gas (circle) and primary air (square) and inlet pressure (dotted line).
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Chapter 3

Internal Fluid Dynamics

Chapter Purpose:

This chapter describes an experimental and numerical investigation regarding

the internal fluid dynamics of the domestic gas burner. Different measurements

were acquired in order to gain an insight into the thermo flow processes of the

appliance.
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3.1 Introduction

In discussing CFD analyses, errors and uncertainties it is useful to make some

clear distinctions between the meaning of the terms validation, verification and

calibration. The definitions used in this work follow closely the definitions given

in [147, 148].

� Verification is the procedure to ensure that the program solves the equation

correctly.

� Validation is the procedure to test the extent to which the model accurately

represents reality.

� Calibration is the process of adjusting the values of the coefficients of a par-

ticular numerical model to provide better agreement with the experimental

data.

Therefore, a validation of the code is performed on some features of the domestic

gas burner internal flow field. Of course, in most combustion simulations, sim-

plifying assumptions must be made to get effective solutions in the time avail-

able for a given problem. The main actual simplification of this investigation

is the exclusion of the chemical reactions, thus the combustion process is not

modeled. Therefore, the numerical simulation was performed with the virtual

prototype Model A presented in § 2.5.2.1. The numerical analysis is presented in

association with experimental measurements performed to support the numerical

prediction. Obviously, this experimental investigation was required due to the

complex flow field of the domestic appliance and the lack of relevant available

data in literature.
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3.2 Gas flow rate

The gas flow rates V̇ through the two injectors D − 119 and E − 86 predicted

by the model were compared to the flow measurement as reported in Tables 3.1

and 3.2 respectively. The prediction of the volume gas flow rate was provided for

different inlet pressures and temperatures. The relative error was verified to be

always less than 5%.

Considering the mass flow through the injector, as the inlet pressure is increased,

the flow velocity in the throat increases, hence the mass flow increases. Therefore,

over the range of pressure covered, the volume flow rate through the injector is

linearly correlated to the upstream gas pressure, as plotted in Tables 3.1 and 3.2.

This linear behavior can be useful for further data interpolation.

Working Fluid Pressure Temperature Exp. V̇ Predicted V̇ Error

- (Pa) (K) (l/h) (l/h) -

Air 1700 288 213 209 -2%

Air 2000 288 229 228 0%

Air 2500 288 250 255 2%

G20 1700 288 278 276 -1%

G20 2000 288 300 301 0%

G20 2500 288 331 338 2%

G20 2000 353 340 348 -2%

Table 3.1: Validation of the mass flow rate by means of the D − 119 injector model.

Working Fluid Pressure Temperature Exp. V̇ Predicted V̇ Error

- (Pa) (K) (l/h) (l/h) -

Air 2000 288 98 97 -1%

Air 2900 288 118 119 0%

Air 4500 288 145 149 3%

G30 2000 288 70 72 3%

G30 2900 288 83 87 4%

G30 4500 288 101 106 5%

Table 3.2: Validation of the mass flow rate by means of the E − 86 injector model.

Of course, in order to establish a flow through any duct, the exit pressure must

be lower than the inlet pressure. The inlet pressure imposed upstream of the gas

burner injector therefore represents a small pressure difference between the inlet

and the outlet section and will cause a small fuel wind to blow through the duct

at low subsonic speed. The local Mach number will increase slightly through
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the convergent portion of the nozzle, reaching its maximum at the throat. This

maximum will not be sonic, indeed it will be a low subsonic value, lower than

0.582 times the inlet pressure that represents the threshold for a sonic condition

[149]. Consequently, downstream of the throat, the subsonic flow encounters a

diverging duct and thus the Mach number decreases.

For these kinds of flows through a convergent-divergent nozzle, such as the D−119

or E − 86, there are infinite numbers of isoentropic solutions, where the pressure

and area ratios between the injector outlet and inlet, represent the controlling

factors for the local flow properties at any given section. This is in direct contrast

with the supersonic case where only one isoentropic solution exists (i.e. choked

flow) for a given duct, and the section area ratio becomes the only controlling

factor for the local flow properties.



CHAPTER 3. Internal Fluid Dynamics 99

3.3 Pressure recovery

The static pressure along the lower side of the cap was computed at different

radii to quantify the pressure recovery in the expansion chamber. As shown in

Tab. 3.3, this investigation was performed by imposing reference and limit test

pressures at the injector. Both the D − 119 and E − 86 injectors were adopted

in order to simulate the different jet issuing from a different injector shape.

Reference Limit

Test gas Injector (Pa) (Pa) (Pa) (Pa)

Air D − 119 1700 2000 2500 5000

Air E − 86 2000 2900 3500 5000

Table 3.3: Matrix of experiments concerning the pressure recovery along the radial

diffuser.

For this investigation, the adopted working fluid was air in order to avoid

the discharge of reactive gases in the surrounding ambient during the associated

experimental analysis. Obviously, these measurements were acquired in cold con-

ditions. The static pressure was calculated by the numerical code in four locations

placed at different radii along the radial diffuser: x/R = 0, x/R = 0.2, x/R = 0.4

and x/R = 0.7 (R represents the burner crown radius), as depicted in Fig. 3.1.

The experimental measurements at different radii were obtained by using four

different burner caps, presenting a single hole at different radii.

Figure 3.1: Domestic gas burner sections relative to the pressure acquisition positions:

the burner cap presents a single hole located at different radii for each figure.

The static pressure in the expansion chamber calculated by the CFD model

is in very good agreement with the experimental results as shown in Fig. 3.2 and

Fig. 3.3 for the D−119 and E−86 injectors respectively. The data presented in the

plot are normalized by adopting a common reference pressure value (Pref ). In the

impinging jet region, the jet turns in the radial direction, therefore a conversion

of the axial momentum is achieved due to the deceleration of the axial mean
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velocity towards the impingement plate (i.e. the burner cap). This momentum is

converted to that of the static pressure (ps), where the term static pressure is used

to describe the pressure exerted by a static, or still, mixture mass. Therefore, as

shown in Fig. 3.2 and Fig. 3.3, at the impinging point (x/R = 0) the axial velocity

is zero, thus the total pressure coincides with the static pressure that reaches its

maximum value. However, the pressure distribution on the impingement surface

is independent of the inlet pressure except in the case of the subatmospheric

region, where it becomes stronger and shifts further away from the stagnation

point as the inlet pressure is increased [150]. Subsequently, the static pressure

decreases in the region of high-speed flow and increases in the region of low-

speed flow. Therefore at the throat (x/R = 0.2), the minimum static pressure is

achieved since the flow speed is the highest. On the other hand, along the diffuser

the section surface increases, therefore according to the continuity equation the

velocity must decrease, leading to a rise in static pressure. In order to overcome

the resistance of the flow within the burner and at the flame ports, the static

pressure must increase. Consequently, it is possible to point out a slight increase

in the static pressure, of the order of some Pascal, after the radial coordinate

x/R = 0.4.

Note that all the cases sketched in Fig. 3.2 and Fig. 3.3 are originated by subsonic

flows at the gas burner injector. As expected, the local values at different inlet

pressures collapse in the same location, indicating the subsonic nature of the flow

through the injector and the same proportional relationship with the mass flow

rate. This result is particularly important and useful because it can be adopted

during the design process of the appliance to verify the pressure recovery, at inlet

pressure values different from the reference ones.

The pressure prediction concerning the stagnation region always presents the

worst agreement with the experimental data. A variety of turbulence models

were employed to solve RANS equations for the axisymmetric impinging jet.

Among them was the standard k-ε turbulence model, which has been shown to

be inaccurate in calculating flow field and heat transfer characteristics, especially

as it overpredicts to a great extent the turbulent viscosity and Nusselt number in

the stagnation region. Moreover, the predictions obtained through the k-ε model

resulted in far too high turbulence levels near the stagnation point [151]. There

have been speculations as to the cause of the overpredictions of the turbulent

kinetic energy and heat transfer rate in the stagnation region computed by the

turbulence models; the isotropic eddy viscosity assumption is thought to be the

chief cause of overprediction: namely this assumption has no ability to effectively

capture the important effects of turbulence anisotropy in convective heat transfer

applications involving flow impingement and separation [152]. Boussinesq’s eddy

viscosity concept implies that turbulence is isotropic, but in the stagnation region

the flow is anisotropic, which cannot be accounted for by the numerical model.

The anisotropy increases as the impingement plate is approached [153]. As a

result, the overestimation of the turbulent kinetic energy leads to a large eddy
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Figure 3.2: Validation of the static pressure distribution along the expansion chamber

for different inlet pressures in the D − 119 injector (normalized values). Dashed lines:

CFD simulation.
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Figure 3.3: Validation of the static pressure distribution along the expansion chamber

for different inlet pressures in the E − 86 injector (normalized values). Dashed lines:

CFD simulation.
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viscosity in that region; this increases the mixing effects [154]. Therefore, the

turbulent kinetic energy is grossly overpredicted on the jet axis, which implies

the prediction of an excessive entrainment of the freestream fluid. The extra

entrainment leads to underprediction of the peak radial velocities [153], which

results in the underprediction of the static pressure at the stagnation point.
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3.4 Flow field

An analysis of the flow out of the flame port in cold conditions was performed by

means of velocity profiles out of the primary and secondary flame ports. Figure

3.4 shows the normalized radial velocity profiles at x/R = 1.06 for a domestic gas

burner equipped with a D − 119 nozzle supplied with air at minimum, nominal

and maximum inlet pressure. The normalization procedure was performed by

means of the same radial velocity which represents the maximum value in the

whole flow field. Moreover, the vertical coordinate was normalized by the burner

flame port width. The plot points out the good agreement between the numerical

prediction and the experimental result, not only in trend, but also in absolute

values, always within the tolerance range indicated be the root mean square. The

experimental analysis was outsourced to an external institute [32].

In order to acquire a better understanding of these data, Fig. 3.5 sums up the

validation of the velocity profiles by plotting just the maximum velocity.

In the same way, Fig. 3.6 presents the radial velocity profiles at x/R = 1.06 for

the same burner equipped with a D−119 nozzle supplied with the N2He mixture

at the same inlet pressures. The agreement between numerical and experimental

values highlighted a good trend both for flame port type 1 and flame port type 2.

On the other hand, as in the case of the air velocity profile validation, the primary

flame port is overestimated by the numerical model, whereas the secondary flame

port is underestimated. This unbalance in the prediction of the numerical velocity

profiles is underlined in the N2He simulations.

Fig. 3.7 summarizes the global agreement between PIV and numerical maxi-

mum velocity for the three different inlet pressures. By comparing Fig. 3.7 and

Fig. 3.5, it is possible to highlight that for the same pressure settings, the jet out

of the flame ports presents a higher velocity profile for the N2He mix than for

air. This confirms that a lighter jet (i.e. a jet generated by a gas with density

lower than the surrounding air density) entrains more air than an iso-density jet

(i.e. a jet generated by a gas the density of which is equal to the surrounding air

density) [16].

The numerical setup relative to these two working fluids (air and the N2He

mixture) presents the same settings, the only difference being the viscosity model,

since for the N2He mixture the viscosity is kept constant. However, the sensitivity

analysis performed in [155] showed that there is no relevant difference between

the velocity profiles when varying the viscosity model. Nevertheless, the only

parameters really imposed by the user in these simulations, are the turbulence

parameters at the inlet boundary. The tuning of these turbulence parameters

could help to obtain a better prediction of the velocity profile of the N2He mix-

ture, but it would be confined only for the use of the N2He mixture as working

fluid. Therefore, the tuning of these parameters cannot be yet performed for bu-

tane or methane (even for their limit gases) because of the lack of experimental
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(a) Flame port type 1 (1700Pa)
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(b) Flame port type 2 (1700Pa)
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(c) Flame port type 1 (2000Pa)
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(d) Flame port type 2 (2000Pa)
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(e) Flame port type 1 (2500Pa)
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(f) Flame port type 2 (2500Pa)

Figure 3.4: Validation of the velocity profiles at x/R = 1.06 with D − 119 nozzle

supplied with air at minimum (1700Pa, top), nominal (2000Pa, center) and maximum

inlet pressure (2500Pa, bottom)[32]. Dashed lines: CFD simulation.
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Figure 3.5: Agreement between PIV and numerical maximum velocity with air as

working fluid. Markers: PIV experiments for flame port type 1 (circle) and type 2

(square)[32]. Dashed lines: CFD simulation.

fluid dynamic data for them. Gas chromatography, LDA velocity profiles in hot

conditions, Laser Induced Fluorescence (LIF) or other experimental techniques

applied to gas burners in association with their real working gases, are the answer

for a better prediction demand.
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(a) Flame port type 1 (1700Pa)
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(b) Flame port type 2 (1700Pa)
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(c) Flame port type 1 (2000Pa)
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(d) Flame port type 2 (2000Pa)
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(e) Flame port type 1 (2500Pa)
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(f) Flame port type 2 (2500Pa)

Figure 3.6: Validation of the velocity profiles at x/R = 1.06with D − 119 nozzle sup-

plied with N2He mixture at minimum (1700Pa, top), nominal (2000Pa, center) and

maximum inlet pressure (2500Pa, bottom)[32]. Dashed lines: CFD simulation.
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Figure 3.7: Agreement between PIV and numerical maximum velocity, with the N2He

mixture as working fluid. Markers: PIV experiments for flame port type 1 (circle) and

type 2 (square)[32]. Dashed lines: CFD simulation.
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Flame back

Chapter Purpose:

This chapter reports a flame stability criterion for the flame back instability. The

cooking appliance is investigated by means of a design of experiments analysis.
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4.1 Introduction

In order to minimize the danger or occurrence of flashback, some burners are em-

pirically designed for specific fuel/oxidant gas combinations. However, the lack of

applicable theory or empirical characterization has made proper design difficult,

especially because of the flexibility that the domestic appliance has to ensure

for local country gas distribution restrictions (different composition of gases and

supply pressures) and within reasonable costs. Therefore, the stabilization mech-

anisms of the domestic gas burner flames relative to the flame back instability

are investigated by using previous experimental measurements performed during

the development phase of the cylinder gas burner crown (see § 1.6). This data set

was numerically replicated in order to use the flame back experimental results in

association with the numerical prediction of the domestic appliance internal flow

field. The numerical simulation was carried out by adopting Model A as finite

volume model. Of course, the unstructured grids developed for the different do-

mestic gas burner prototypes, present the same creation strategy as Mesh A. In

order to replicate as much as possible the European standard [3] conditions for the

flash back instability, the adopted working fluid was G30, with a E − 86injector

at a nominal pressure of 2900Pa. Moreover, the numerical model used the G30

fuel gas instead of its G231 or G32 limit gases. The CFD code is actually able to

simulate these limit gases, but there is a lack of experimental data in literature

concerning their laminar burning velocity. The goal of this correlation is to de-

scribe the dynamic balance reported in § 1.3 by comparing the laminar burning

velocity and the unburned mixture velocity. Finally, a prediction criterion for the

flame back instability based on the velocity dynamic balance is presented.
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4.2 Laminar Burning Velocity for Butane

The burning velocity can be represented by the volume of the air/fuel mixture,

at its own temperature and pressure, consumed in unit time by unit area of flame

front. It is independent of flame geometry, burner size and flow rate. Therefore,

the burning velocity is essentially a measure of the overall reaction rate in the

flame and it is important both in the stabilization mechanism and in determining

rates of heat release. The laminar burning velocity of a flame is affected by flame

radiation and hence by flame temperature, by local mixture properties such as

viscosity, thermal conductivity and diffusion coefficient, and by imposed variables

of pressure, temperature, air/fuel ratio and heat of reaction of mole of mixture

[156].

As discussed in the context of Tab. 1.1, the main working fluids of a domestic gas

burner are G20 and G30. Although G20 is a pure methane gas, G30 is a mixture

of iso− and n− butane gas. Of course the investigations present in literature,

concerning the laminar burning velocity, mainly refer to common gases and not

their mixtures. Therefore, G30 is assumed to be characterized by the laminar

burning velocity of the n− butane, hereafter simply referred to as butane.

The experimental data set for butane is provided by Warnatz [157]. As shown in

Fig. 4.1, these measurements are only available for a narrow range of volume gas

concentrations (Cvol), mainly around the stoichiometric concentration. Unluckily,

the domestic gas burner application adopts a very rich mixture at the flame ports,

therefore the laminar burning velocity close to the flame ports must be totally

extrapolated from the experimental data. The interpolation and extrapolation

curves adopted in this analysis are presented in Fig. 4.1.
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Figure 4.1: Butane laminar burning velocity: experimental points by Warnatz

[157] (square marks), interpolation curve (solid line), extrapolation curve (dashed line).
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The interpolation curve adopted in this analysis is the following second order

polynomial curve:

SL = f(Cvol) = a1 · C
2
vol + a2 · Cvol + a3 (4.1)

where Cvol is the volume gas concentration and the polynomial coefficients

have the following values: a1 = -1444, a2 = 91.27 and a3 = -0.9873.

On the other hand, the extrapolation curve is the power curve defined by the

following formulation:

SL = f(Cvol) = b1 · C
b2
vol (4.2)

where Cvol is the volume gas concentration and the polynomial coefficients

have the following values: b1 =0.000001 and b2 = -3.975. This extrapolation

curve was generated in order to have a laminar flame speed slightly superior to

zero at the upper flammability limit and to be continuous with the interpolated

experimental data. Practically all experimental studies of flammability limits

suggest that the laminar burning velocity at the flammability limit is not zero,

but it is on the order of a few cm/s [158].

Moreover, it is generally acceptable to assume that a mixture with maximum

flame temperature is also a mixture with maximum flame speed. The initial tem-

perature effect on the laminar burning velocity indicates that the flame speed

increases with preheating for all hydrocarbon/air mixtures. For a premixed lam-

inar flame, the initial temperature effect on the laminar burning velocity can be

taken into account following the relationship [159]:

SLT1
= SLT0

·

(

T1

T0

)1.74

(4.3)

where T1 is the target temperature, T0 is the reference temperature, SLT1
is

the flame speed at the temperature T1 and SLT0
is the flame speed at the refer-

ence temperature T0.

By applying Eq. 4.3 to the laminar burning velocity curve, it is possible to

point out the relevant increase of this velocity for the gas burner nominal working

condition, as shown in Fig. 4.2. Note that a temperature of 573K around the

domestic gas burner flame ports was considered (see § 2.6.3).
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Figure 4.2: Butane laminar burning velocity at 298K (solid line) and 573K (dashed

line).
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4.3 Flame back correlations

As a result of the DoE numerical analysis, a dynamic flame stability criterion is

presented in order to highlight the flame instabilities by comparing the laminar

burning velocity with the unburnt mixture velocity at the flame port exits. The

flame back experimental data is intrinsically more difficult to quantify than the

flame lift because this phenomenon can only be identified experimentally in a

qualitative way, and it remains mainly at the discretion of the operator who

carries out the measurements. The experimental data for flame back reports

in percentages, the number of times the phenomenon was observed when tested

in all the configurations (3 repetitions). As mentioned in § 1.3, the flame back

phenomenon can be characterized by the velocity through the type 2 flame ports.

Indeed high burning velocity flames (i.e. butane flames) are particularly prone to

lightback and high gas velocities are necessary to maintain stable flames. Such

high gas velocities create a turbulent flow unless very small or very well designed

flame ports are adopted. The CFD/experimental comparison gives us a range of

averaged velocities at the small flame ports correlated with the quantification of

the flame back phenomenon, as depicted in Fig. 4.3.
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Figure 4.3: Experimental occurrence of flame back against the averaged velocity at

type 2 flame ports for different prototype families: L9-2 (triangle), L9-3 (square), L9-4

(diamond) and the definitive crown burner (circle). The closed symbols represent the

burners not affected by the flame back instability.

The dispersion of the data provides information regarding the applicability of

the correlation by means of a dynamic stability criterion, in order to predict the

flame back phenomenon.
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From the numerical simulations, Fig. 4.4 depicts the velocity magnitude through

groove type 2 for each burner model, plotted versus the volume gas concentra-

tion. In this figure, it is possible to highlight an isolated group, which do not

present flame back according to the experimental measurements.
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Figure 4.4: Numerical correlation for C4H10 in hot conditions between the volume

gas concentration and the averaged velocity at type 2 flame ports for different proto-

type families: L9-2 (triangle), L9-3 (square), L9-4 (diamond) and the definitive crown

burner (circle). The closed symbols represent the burners not affected by the flame back

instability.

Furthermore, to establish design rules to prevent this kind of phenomenon, it

can be useful to plot this diagram by using dimensionless number such as:

� Reynolds number: it represents the ratio of inertial forces to viscous forces.

� Euler number: it expresses the relationship between the flow pressure and

the kinetic energy.

The Euler number is a function of density, and thus, indirectly, it provides the

information about the gas volume concentration; it is also inversely proportional

to the pressure drop along the flame ports.

As shown in Fig. 4.5, in order to avoid the flame back instability, it is therefore

possible to define some design rule criteria such as:

� Reynolds number > 75

� Euler number < 1

Fig. 4.6 presents the stability diagram function of the boundary velocity gradi-

ent and the fuel concentration for the butane numerical simulations. As opposed

to Fig. 5.4, it is now possible to point out a flashback limit curve (dashed line in

Fig. 4.6) that divides the stable and the unstable zone.
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Figure 4.5: Dimensionless numerical correlation for C4H10 in hot conditions between the

Euler number and the Reynolds number computed for type 2 flame ports for different

prototype families: L9-2 (triangle), L9-3 (square), L9-4 (diamond) and the definitive

crown burner (circle). The closed symbols represent the burners not affected by the

flame back instability.

This analysis therefore suggests a further investigation of the flame back phe-

nomenon in order to highlight a prediction criteria for this instability.
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Figure 4.6: Numerical correlation for C4H10 in hot conditions between the volume gas

concentration (fraction of stoichiometric) and the critical boundary velocity gradient for

type 2 flame ports for different prototype families: L9-2 (triangle), L9-3 (square), L9-4

(diamond) and the definitive crown burner (circle). The closed symbols represent the

burners not affected by the flame back instability.
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4.4 Flame back prediction criteria

In order to develop domestic gas burners that reduce to a minimum the lightback

tendency and maintain laminar flames at very high gas velocities, the following

prediction criterion is presented. For G30 at nominal pressure conditions the

reactive mixture composition through the flame ports was checked to be higher

than the stoichiometric concentration. Since the laminar burning velocity for

the butane was extrapolated on the upper flammability limit side, the stability

criterion between the laminar burning velocity and the velocity magnitude of

the unburned mixture will be based on extrapolated data. As highlighted in

the previous section, flame back occurs when the burning velocity exceeds the

flow velocity through the burner. However, this threshold cannot be established

only by the velocity magnitude value. For this reason, the prediction criteria

cannot be based on a static balance between different velocities. Therefore, the

criteria will be represented by a dynamic balance, in which the velocity and other

physical quantities, such as concentration and temperature, will be taken into

consideration. In order to evaluate SL, the gas volume concentration, pressure

and temperature, were therefore monitored at different radii (x/R = 0.96 and

x/R = 0.98) out of the flame ports. Figure 4.7 plots the radial velocity magnitude

at x/R = 0.96 in correspondence to the secondary flame ports as a function of

the gas volume concentration for the three prototypes families “L9-2”, “L9-3”,

“L9-4” and for the definitive rapid burner design. This plot is basically the same

plot shown in Fig. 4.3 and Fig. 4.4, but the velocity depicted here is not inside

the type 2 flame ports, but outside them; it also presents the laminar burning

velocity curve, at 298K and extrapolated in hot conditions (600 - 625K).

It was evaluated in order to point out the balance between SL and the velocity

magnitude, as a possible way of characterizing the behavior of different burners in

the context of the flame back phenomenon. From Fig. 4.7, it is possible to high-

light the interpolation and extrapolation curves for the laminar burning velocity

at 298.15K. Moreover, to underline the uncertainty regarding the influence of

temperature on SL , a dash-dotted curve is plotted. Figure 4.7 also highlights in

red the burner designs for which the flame back phenomena was experimentally

observed, leaving in green the burners which did not present flame back. The

Figure shows that the burners where the flame back phenomena did not occur

are clustered together and that their velocity magnitude is higher than the ex-

trapolated range of flame speed. On the other hand, the burner designs for which

flame back was observed can be split in two groups:

� Burner for which the volume concentration of butane is outside the range

of flammability limits. These prototypes, located outside the flammability

limits, are not considered due to the physical impossibility of generating

the flame (i.e. flame extension).
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Figure 4.7: Butane stability diagram for flame back at x/R = 0.96 for different proto-

type families: L9-2 (triangle), L9-3 (square), L9-4 (diamond) and the definitive crown

burner (circle). The closed symbols represent the burners not affected by the flame

lift instability. Lines: experimental C4H10 laminar burning velocity in cold condition

(solid); extrapolated C4H10 laminar burning velocity in cold condition (dashed) and

extrapolated C4H10 laminar burning velocity in hot condition (dash dotted).

� Burner within the range but for which the velocity magnitude is lower that

the extrapolated flame speed.

Figure 4.7 clearly shows that the computation of SL as a function of the data

extracted from the CFD model can be used as a dynamic criteria to highlight

flame back.

Similarly, Fig. 4.8 shows the same situation depicted in Fig. 4.7, but for

x/R = 0.98, where obviously all the characteristic velocities of the burners shift

to the left because of the secondary air entrainment that makes the mixture lean.

The boundaries of the stable flame regimes bounded by the limit of flame back

may thus help to provide useful guidelines for the design of practical devices

aiming to achieve a more stable operation with the G30 working fluid.
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Figure 4.8: Butane stability diagram for flame back at x/R = 0.98 for different proto-

type families: L9-2 (triangle), L9-3 (square), L9-4 (diamond) and the definitive crown

burner (circle). The closed symbols represent the burners not affected by the flame

lift instability. Lines: experimental C4H10 laminar burning velocity in cold condition

(solid); extrapolated C4H10 laminar burning velocity in cold condition (dashed) and

extrapolated C4H10 laminar burning velocity in hot condition (dash dotted).



Chapter 5

Flame lift

Chapter Purpose:

This chapter presents an experimental and numerical analysis of the partially

premixed flames of a domestic gas burner. The structure of these flames was

investigated to verify the flame lift instability in different conditions. A prediction

criterion for this instability phenomenon is also presented.
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5.1 Introduction

This investigation focuses on the flame lift in domestic gas burners. As explained

in the previous chapter, this instability was initially studied by means of a corre-

lation between the experimental dataset and the numerical prediction regarding

a DoE preliminary analysis (see § 1.6). To replicate as much as possible the

European standard [3] conditions for the flame lift certification, the numerical

simulations were performed in isothermal condition, by using G20 as working

fluid, and a burner equipped with a D − 119 injector at a nominal pressure of

2000Pa. As mentioned in § 2.5.2.1, 3D automatic trimmed meshes were gener-

ated for the different geometries of the prototypes families and they were used in

association with Model A. The aim of this work was to point out the instability

by means of the velocity dynamic balance. Unluckily, adopting this approach in

association with numerical simulations in cold conditions lead to unsatisfactory

results.

In order to improve the understanding of the flame lift phenomenon, the effects

of partial premixing and the input of heat power on the cooking appliance flames

were analyzed. This approach allowed the identification of trends that are exper-

imentally observed and numerically predicted. To obtain the data for a specified

equivalence ratio, a smooth rich flame is stabilized first. The fuel concentration

is then steadily reduced and the flame behavior is monitored. The data clearly

show the complex nature of the various possible burning regimes in the cooking

appliance. In this context, the results of numerical simulations carried out with

Model B on laminar partially premixed flames with simple methane-air chem-

istry are presented. These results were obtained for fuel-rich to stoichiometric

conditions, and provided unique information regarding the onset of the flame

lift-off and its progressive degeneration into the blowout condition. More specif-

ically, computational confirmation of previously observed experimental trends is

presented by focusing on the flame established at the main port of a cylindri-

cal domestic stove. The study was conducted by post-processing the numerical

data in order to gain a better understanding of the flame lift phenomenon and

to obtain a predictive criterion for this instability.



CHAPTER 5. Flame lift 123

5.2 Laminar Burning Velocity for Methane

Available experimental data for CH4, obtained for atmospheric pressure at 298.15K,

was provided by Warnatz [157] as depicted in Fig. 5.1. In this figure it is clear

that very lean and very rich mixtures fail to support a propagable flame. This

means that if the mixture contains too little fuel or too little oxidant it fails

to maintain a propagating flame, as confirmed by the upper and lower flamma-

bility limits. Furthermore, the flame speed at the flammability limits falls to

zero quite steeply. For most mixtures, the maximum flame speed occurs at the

stoichiometric composition; in particular, it occurs slightly on the richer side of

the stoichiometric point. Unfortunately, the dataset does not cover the entire

flammability range, therefore the experimental points not only have to be inter-

polated, but also extrapolated on the edge of the flammability limits. Fig. 5.1

proposes the fitting curve used in this work for the methane simulations.
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Figure 5.1: Methane laminar burning velocity: experimental points by Warnatz

[157] (square marks), interpolation curve (solid line).

The fitting curve adopted in this analysis is the following rational curve, that

represents a ratio between a fifth order polynomial function and a fourth order

polynomial function,

SL = f(Cvol) =
p1 · C

5
vol + p2 · C

4
vol + p3 · C

3
vol + p4 · C

2
vol + p5 · Cvol + p6

C4
vol + q1 · C3

vol + q2 · C2
vol + q3 · Cvol + q4

(5.1)

where Cvol is the volume gas concentration and the polynomial coefficients

have the following values: p1 = 0.4674, p2 = 0.6002, p3 = 0.3368, p4 = -0.6354,

p5 = 0.07762, p6 = 0.003993, q1 = 4.036, q2 = 12.42, q3 = -2.687, q4 = 0.1533.

By applying Eq. 4.3 and considering the temperature through the flame ports

around 523K (see § 2.6.3) it is also possible to show the methane laminar burning

velocity in hot conditions as shown in Fig. 5.2.
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Figure 5.2: Methane laminar burning velocity at 298K (solid line) and 523K (dashed

line).
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5.3 Flame lift correlations

The flame stability analysis concerning the “L9-2”, “L9-3” and “L9-4” prototype

families is reported for the flame lift instability. Figure 5.3 reports the experimen-

tal data (flame lift duration time) against the numerical prediction concerning

the difference in velocity between the primary and the secondary flame ports.
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Figure 5.3: Experimental occurrence of flame lift against the velocity difference between

flame ports type 1 and 2 for different prototype families: L9-2 (triangle), L9-3 (square),

L9-4 (diamond) and the definitive crown burner (circle).The closed symbols represent

the burners not affected by the flame lift instability.

No clear correlation was found between the velocity at the main flame ports

and the flame lift quantification. As discussed in the context of Fig. 1.14, it is

also possible to plot the velocity boundary gradients computed by the numerical

simulations for the flame lift instability. Fig. 5.4 depicts these critical velocity

gradients for type 1 flame ports of different burner crowns, showing that it is

nearly impossible to draw a blow-off limit curve in order to filter out the burners

influenced by the flame lift instability from the unaffected ones.

As explained in § 1.3, the concept of flame lift for a Bunsen burner (i.e. one

flame port) can be attributed to the fact that the stream velocity through the

flame port is not balanced by the burning velocity of the fuel/air mixture. In

the case of a multi-flame port design, the flames interact with one another and

the lift cannot be described by the velocity out of the flame ports only. The

correlation of flame lift is therefore disputable and a robust numerical prediction

criteria is not identified without including a combustion model in the numerical

investigation. As for the results obtained experimentally by PIV without flame,

the flame lift phenomenon is not predicted by the virtual prototype when the

flame is not modeled. Indeed, the interaction between the flame ports and the

influence of the secondary air should be implemented in the numerical model to
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Figure 5.4: Numerical correlation for CH4 in cold conditions between the volume gas

concentration (fraction of stoichiometric) and the critical boundary velocity gradient in

type 1 flame ports for different prototype families: L9-2 (triangle), L9-3 (square), L9-4

(diamond) and the definitive crown burner (circle). The closed symbols represent the

burners not affected by the flame back instability.

capture this phenomenon. A more correct investigation regarding the flame lift

instability was performed, and is presented in the next chapter, in which the

numerical model was improved by means of a combustion process modelization.
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5.4 Experimental Investigation

As discussed in the previous section, the flame lift instability cannot be investi-

gated without involving a combustion process. However, a further experimental

analysis was required to understand this phenomenon completely and to verify

the prediction performances of the numerical model. Indeed, the available in-

vestigations of the flame lift instability in domestic gas burners were based on

certification tests. These experiments often refer to different conditions or con-

figurations during the test (i.e. different burner crown geometries, hobs, working

gases, etc.), making it almost impossible to compare them to understand the

phenomena. Moreover, these tests were performed from the European standard

point of view, by applying the certification procedure without providing a more

comprehensive scientific result (the instability was verified and certified only by

direct observation). Therefore, it was not possible to take advantage of a previous

database of results.

Experimentally the flame lift instability can be observed either in a steady or in

a transient state. It can be characterized by a lifted flame placed at a constant

height from the burner rim or the phenomenon can include a transient time in

which the flame can initially be detached from the burner crown and subsequently

be re-attached. Moreover, the flame lift can be considered an aleatory instability

in terms of space, because its repeatability at different burner crown flame ports

is almost arbitrary. Of course, in order to perform a scientific investigation, the

repeatability of the experiment has to be guaranteed. To better understand its

phenomenology and for safety reason too, the instability has to be kept under

control.

From the literature review, it is possible to note that the flame lift is affected by

the formation and the homogenization of the reactive mixture and by the flame

interaction with the burner wall and the other surrounding flames. Most impor-

tant of all, the instability could be highlighted in the same burner for particular

equivalence ratios (i.e. primary aerations). Therefore, the scientific investigation

performed in this work, started from a simple idea: to force this instability by

starting from a flame that was quite stable. To reach this target, the domestic

gas burner crown already in production was adopted because it was unaffected by

the instability during its normal functioning. This burner crown was developed

for a nominal heat power of 3kW . To force and control the flame lift, the domes-

tic appliance was modified to avoid all the possible causes of uncertainty linked

with the characteristics of the mixture. The fuel gas jet and the entrainment

process were thus replaced by a premixing circuit in which the characteristics

of the mixture were imposed by the user. In this way, it was possible to know

the equivalence ratio and the velocity of the feeding mixture, in order to be able

to replicate the instability and obtain a scientific investigation. To capture the

instability, a visualization technique based on direct photographs and OH images

was adopted.
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5.4.1 Experimental setup

The experimental setup consists of a flow control system, a cylindrical burner

and a measurement system, as schematically shown in Fig. 5.5.

Figure 5.5: Schematic of the experimental setup.

The flow control system is composed of two mass flow controllers and a mixing

chamber. The desired gas mixture is prepared by controlling the mass flow rate

of the air and the fuel lines. The fuel was chemically pure grade G20 (>99%)

without any dilution. These flow rates are directly set and measured for each

experiment by using the flow bus interface linked with a PC. A simple T valve

provided the flow mixing between the two streams. In order to feed the appliance

with a controlled and known gaseous mixture, the burner crown was modified by

replacing the bowl and the injector with a tube directly connected to the venturi

neck. As illustrated in Fig. 5.6, the gaseous mixture flows in this tube (1), enters

the burner crown, then discharges through the flame ports (2). By comparing

Fig. 1.4 with Fig. 5.6 it is clearly visible that the test appliance is deeply simplified

compared to the traditional one, in which the entrainment of the primary air by

the fuel gas jet plays a key role in the mixture formation, affecting its flow rate

and concentration.

For all the flames studied, the flow was laminar and fully developed at the

burner entrance. Furthermore, a micro-manometer was used to measure the static

pressure upstream of the burner inlet. To minimize disturbances from the ambi-

ent air, an enclosure was placed around the burner. The effect of this enclosure

on the flame aspect was found to be negligible and all of the flames were seen to

be well within the laminar regime. Indeed, the Reynolds number based on the

cold gas properties at the fuel exit varies between 130 and 450 for the analyzed

flames.

The visualization setup consisted of a high speed camera (PCO, CCD Camera

12bit cooled), whereas the measurement of the chemiluminescence intensity was

performed by the same CCD camera equipped with an optical interference filter.



CHAPTER 5. Flame lift 129

(a) Flames close up

(b) Ensemble section

Figure 5.6: Test domestic gas burner. The section view shows its main components:

(1) mixture supply tube, (2) flame port exit.

The video camera was furnished with a lens (50mm focal lens, f 1:28) and was

located about 1 meter from the burner in the front configuration and 2 meters

above the burner in the top configuration. The measurement window was repre-

sented by 1280x1024 pixels, providing a spatial resolution of 0.09mm and 0.13mm

for the front and top visualizations respectively.

5.4.2 Experimental procedure

For a fixed heat power input, operating conditions were varied by keeping the rate

of fuel flow constant and changing the air flow rate to achieve different equivalence

ratios. The reactant flow rates for each equivalence ratio of the flames studied

are listed in Tab. 5.1.

The equivalence ratio of a system is defined as the ratio of the fuel to oxidizer

ratio to the stoichiometric fuel to oxidizer ratio. Mathematically:

Φ =
(mF /mO)

(mF /mO)st
(5.2)

where mF and mO represent the mass of fuel and oxidant respectively, whereas

the subscript st stands for stoichiometric condition. An advantage of using the
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Heat Power 3kW Heat Power 4kW Heat Power 5kW

Φ ṁG20 ṁair ṁG20 ṁair ṁG20 ṁair

- (l/min) (l/min) (l/min) (l/min) (l/min) (l/min)

1.2 4.76 37.73 6.34 50.38 7.93 63.01

1.4 4.76 32.35 6.34 43.22 7.93 54.00

1.6 4.76 28.37 6.34 37.83 7.93 47.19

1.8 4.76 25.17 6.34 33.57 7.93 42.02

2.0 4.76 22.65 6.34 30.24 7.93 37.84

Table 5.1: Reactant flow rates.

equivalence ratio is that ratios lower than one represent a fuel-lean mixture,

ratios equal to one a complete combustion (stoichiometric reaction) and ratios

greater than one a fuel-rich mixture, irrespective of the fuel and oxidizer being

used. The experimental procedure was planned as follow: for a fixed heat power,

after a preheating time of 20 minutes to obtain a temperature steady trend,

the mixture equivalence ratio was gradually decreased and flame pictures were

sequentially acquired every 6 minutes. Therefore, both direct and chemilumines-

cence photographs were captured by the high speed camera at each equivalence

ratio change. As demonstrated clearly in Fig. 5.7, each experiment was there-

fore defined by a fixed heat power, equivalence ratio, wall temperature and inlet

pressure.
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(b) Temperature

Figure 5.7: Experimental inlet pressure and crown temperature for 3kW (circle), 4kW

(square) and 5kW (diamond) heat power input.

The experimental uncertainty for the mass flow rates was 1%. The temper-

ature uncertainty was ±3◦C; a k type thermocouple [145] located on the radial

diffuser of the domestic gas burner was used.
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5.4.3 Flame photographs

The present study has provided qualitative experimental visualizations which

describe the visible appearance of the flames. Cross-sectional planes of the burner

flame port, perpendicular to the flame axis (Fig. 5.8, Fig. 5.10 and Fig. 5.12), were

acquired, and used as primary mode of flow visualization. The flame was also

visualized from the top of the burner to acquire a more complete understanding

of the flame interactions (Fig. 5.9, Fig. 5.11 and Fig. 5.13).

Data were recorded by saving 50 images for each test condition.

The simplest method for finding the flame front is one in which the lumi-

nous part of the flame is observed: this represents the region where reaction

and heat release take place. Since the luminous zone is produced mainly by the

hot incandescent products of combustion, the flame surface recorded by direct

photography is closer to the ”post flame” region [160]. The flames depicted in

Fig. 5.9, Fig. 5.11 and Fig. 5.13 clearly indicate that there is a luminous coni-

cal region within which reaction and heat release are taking place. Underneath

the luminous cone, there is a dark zone within which the unburned gas molecules

change their flow direction from the initially longitudinal direction to outward di-

rections. Immediately beneath the luminous cone, the unburned gases are heated

to a critical temperature at which a rapid chemical reaction starts. The burned

gases expand as they leave the flame zone and are diluted and cooled by the

surrounding air [26].

These photographs present a double flame structure in which the inner cone cor-

responds to the flame front of the reaction zone, and the outer cone corresponds

to the diffusion flame where excess oxidisable constituents (mainly CO and H2)

burn. The two zones of the flame obviously have a strong influence on each other.

For rich mixtures, the mantle above the inner cone can be considered as a very

hot region where there is an equilibrium concentration of radicals like CH and

C2, which can give thermal radiation in the visible region [46]. The colour of

the luminous zone changes with the fuel/air ratio. The high temperature burned

gases usually show a reddish glow, which arises from CO2 and water vapour radi-

ation. When the mixture is adjusted to be very rich (high equivalence ratios), an

intense yellow radiation can appear. This radiation is continuous and can be at-

tributed to the presence of solid carbon particles. For hydrocarbon-air mixtures

that are fuel lean (low equivalence ratios), a deep violet radiation due to excited

CH radicals appears. When the mixture is fuel rich, the green radiation found is

due to excited C2 molecules [26]. Moreover, by decreasing the equivalence ratio,

the combustion becomes more premixed, leading to a less luminous flame. As

confirmed by [161], this decreasing luminosity is probably due to the monotonic

decrease of the soot concentration with increased premixing. Furthermore, the

decreasing of the equivalence ratio stretches the pale blue cone of the inner flame,

from a paraboloidal shape to a conical one, and it avoids any yellow tipping of

the flame.
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(a) Φ = 2.0 (b) Φ = 1.8

(c) Φ = 1.6 (d) Φ = 1.4

(e) Φ = 1.2

Figure 5.8: Flame images for different equivalence ratios at 3kW (visualizations from

the front).
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(a) Φ = 2.0 (b) Φ = 1.8

(c) Φ = 1.6 (d) Φ = 1.4

(e) Φ = 1.2

Figure 5.9: Flame images for different equivalence ratios at 3kW (visualizations from

the top).
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(a) Φ = 2.0 (b) Φ = 1.8

(c) Φ = 1.6 (d) Φ = 1.4

(e) Φ = 1.2

Figure 5.10: Flame images for different equivalence ratios at 4kW (visualizations from

the front).
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(a) Φ = 2.0 (b) Φ = 1.8

(c) Φ = 1.6 (d) Φ = 1.4

(e) Φ = 1.2

Figure 5.11: Flame images for different equivalence ratios at 4kW (visualizations from

the top).
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(a) Φ = 2.0 (b) Φ = 1.8

(c) Φ = 1.6 (d) Φ = 1.4

(e) Φ = 1.2

Figure 5.12: Flame images for different equivalence ratios at 5kW (visualizations from

the front).
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(a) Φ = 2.0 (b) Φ = 1.8

(c) Φ = 1.6 (d) Φ = 1.4

(e) Φ = 1.2

Figure 5.13: Flame images for different equivalence ratios at 5kW (visualizations from

the top).
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The direct photographs presented in Fig. 5.8, Fig. 5.10 and Fig. 5.12 also show

that the base the flame does not coincide with the burner crown wall. This dead

space near the rim of the domestic gas burner is a consequence of heat loss (and

possibly loss of active chain carriers) from the flame to the metallic wall. Such

a loss quenches the reaction and causes the dead space just below the cone. In

this region, the back pressure distorts the parabolic velocity profile, therefore the

base of the inner cone is appreciably modified from its theoretical shape. The

back pressure of a flame is due to the acceleration of the flame gases as they pass

through the reaction zone and it depends on the burning velocity. Due to this

pressure inside the cone, slightly larger than that outside, it is possible for fresh

mixture to escape unreacted through the dead space into the room air. This

causes the well known overhang of the flame.

The apex of the flames is rounded off as depicted in both the front and the top

visualizations. As the radius of curvature of the flame front becomes comparable

in magnitude with the flame thickness, heat and active particle diffusion become

more intense. This will increase the fundamental flame speed. Because of this,

at the apex of the cone, the flame tends to push harder into the fresh mixture

and the observed apex rounds o ff.

Therefore, two primary agents responsible for flame propagation in gas mixtures

are conduction of heat and diffusion of some unstable intermediate active atoms

and radicals (which promote chain reactions), from the flame zone into the fresh

mixture. The relative importance of these two agents differs for different mix-

tures under different circumstances. The effect of the back pressure is relatively

greater for a slow initial gas flow which gives a wide angle cone and big overhang.

In the same way, at very low pressures, the flame front will be thicker and the

rounding of the apex becomes particularly noticeable [160].

Considering the influence at different equivalence ratios of a fixed power input,

the changes in the visual appearance of these flames suggest that partial premix-

ing decreases the flame height. All the luminous cones are compressed towards

the burner as the equivalence ratio is reduced. Since the CH4 flow rate is held

constant, the flame length will decrease because the higher the partial premix-

ing, the smaller the amount of secondary air that must diffuse inward to create a

stoichiometric mixture, and thus the smaller the axial distance required for this

diffusion to occur. On the other hand, the bottom flame edge does not seem to

be influenced by the partial premixing until flame lift-off occurs. At low injection

velocities, this edge flame is attached to, or stabilized very close to the burner. As

mentioned above, the flames are stabilized at the location of highest reactivity,

where the higher flame temperature occurs. Although the gas accelerates as a re-

sult of the lower density in this region, the overall increase in speed is significantly

small and thus does not affect the lift-off distance. At a higher injection speed,

this flow acceleration forces the flame to adjust its location at a more favorable

position. Therefore the flame lift-off occurs due to the balance between the lam-

inar burning velocity and the unburnt reactant velocity. However, as mentioned
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in § 1.5.2.9, the greater stability of a fuel-rich flame compared to a stoichiometric

flame, appears also to be due to the interaction between the primary (premixed)

and secondary (diffusive) combustion zone. The secondary combustion zone acts

as a pilot flame and retains the primary zone [29].

As the input power increases the flame length increases. However, the behavior

of the flame tip and of the bottom flame edge location are the same for the dif-

ferent heat powers: the tip moves downstream, whereas the bottom edge moves

upstream. Therefore, the transition from the stable flame to the unstable one is

believed to be caused by the fact that, as the equivalence ratio is decreased, the

resulting increase in the laminar flame speed reduces the flame standoff distance,

which in turn increases the heat loss to the burner wall and thereby enhances the

propensity for flame front instability.

5.4.4 OH-radical imaging

In past decades, most of the experimental effort was dedicated to the visual-

ization of flame front position and structure in turbulent flames. Imaging of

reactive flow fields has provided new views into the complex chemical and fluid

mechanical phenomena typically found in combustion devices. The most popu-

lar two dimensional imaging techniques used in combustion studies derive their

signal from Lorenz-Mie scattering [162], Rayleigh scattering [163], natural light

emission from free radicals (e.g., [164, 165]), or laser induced fluorescence (LIF)

(see, e.g., [166, 167]). Most of the investigations were therefore concentrated

on spatially resolved species-specific measurements in combustion experiments,

with the goal of providing some detailed data concerning the local progress of

the flame chemistry and dynamics [168, 169]. In this context, optical emission

signatures from combustion experiments represent a convenient chemically based

diagnostic for a variety of applications. Optical flame emissions, like the familiar

blue color of a gas stove, are the result of specific molecular electronic transi-

tions from excited states produced in non-equilibrium concentrations by specific

chemical reactions. This radiative emission given off by chemically excited reac-

tive species is named chemiluminescence. Chemiluminescence measurements are

widely used in estimating global heat release rates in hydrocarbon flames [46]

because their intensities of chemiluminescence are roughly proportional to the

reaction intensity [170, 46, 129]. The intensity of the chemiluminescent radiation

varies also linearly with fuel flow rate at a constant equivalence ratio [171]. As

a result, this experimental approach was extensively used to study different un-

steady combustion phenomena. Since the chemiluminescent emission arises from

chemical reactions, examining the spectral content of the light and identifying the

signatures of the species present provides an insight into the chemical reactions

occurring during each different configuration devised in this investigation. There-

fore, the chemiluminescent emission may be interpreted as a signature of chemical

reaction of the domestic gas burner flames and can be used to delimit regions



140 CHAPTER 5. Flame lift

of reaction and heat release [172–176]. Many other researchers have shown that

chemiluminescence of flame species such as CH , C2, OH and CO2 can be used

as a qualitative and/or quantitative combustion diagnostic tool [177]. Certain

radicals, for example C2 and CH , appear almost exclusively in reactive zones

and their concentrations are always small and their lifetimes quite short [173].

Moreover C2 will qualitatively indicate rich regions, whereas CH will be found

over a broader equivalence ratio region [178]. Finally, in recent investigations

[179, 180], it was found that C2 and CH disappear in regions of high curvature

and high rates of strain. On the other hand, OH is formed in a later phase of the

combustion reaction, has a longer lifetime and diffuses into the hot burned gases,

describing the broader zone of reaction rather than just the reactive interface

[46]. Therefore, measuring radical intensity in the flame can determine whether

the regions near the wall are rich and those near the axis of symmetry are lean.

Furthermore, the CH chemiluminescence, located in the visible range, is also

superimposed on the solid-body light emission of soot particles, whereas the OH

chemiluminescence is free from background luminosity because it is located in

the UV range [181].

Concerning the influence of the fluid dynamics phenomena on the optical flame

emission of these radicals, Najm et al. [182] presented a well developed argu-

ment that CH , CO2 or OH chemiluminescence are poor indicators of the global

heat release rate in a flame characterized by highly turbulent combustion. In

contrast, for laminar or weakly turbulent partially premixed flames, such as the

hydrocarbon-air flames of the domestic burner, most light comes from OH at

306 nm [183, 184]. Therefore, the experimental simplicity of optical emission

diagnostics, combined with the flexibility of species selectivity, makes chemilumi-

nescence a very useful diagnostic in modern combustion research. A limitation

of classical visualization methods of this kind concerns its spatial resolution in

flows that are not two-dimensional with respect to the optic axis. The infor-

mation is collected over the optical path along the line of sight, and the image

is not easily deconvolved. Because the domestic gas burner is at least partly

three-dimensional, this diagnostic technique provides a spatial resolution that is

only adequate for a qualitative interpretation. Chemiluminescence thus suffers

from being a line-of-sight technique with limited spatial resolution; small-scale

structures and local heat release rates cannot be resolved. Chemiluminescence

is also inadequate for studying the detailed interactions between reaction layers

and turbulent flow structures, which can result in localized variations in strain

and heat loss, as well as extinction [185].

The general arrangement used in this study for emission imaging is shown in

Fig. 5.14. The chemiluminescence imaging integrates the flame radiation over

the line of sight of the camera.

The emission image is formed by collecting the light emission with a fixed

CCD camera equipped with a filter. The specification of the optical interference

filter is given in (Fig. 5.15).
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Figure 5.14: Line of sight integration.
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Figure 5.15: OH interference filter specification.
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This process yields the spatial distribution of the light emission of the OH

radical. The images of the emission of this free radical were acquired with the

same set-up as for the flame photographs. Data were recorded by averaging 50

images pixel-by-pixel in order to minimize turbulent fluctuations; therefore each

point represents a mean normalized emission intensity value calculated from 50

separate images.

The OH emission signal is therefore represented by an intensity image that was

post-processed to point out the structure of the reaction zone. By using multilevel

thresholding, the intensity image was converted to an indexed image to highlight

the different pixel intensity range. The plot, depicted in Fig. 5.16, shows the

chemiluminescence intensity, in Arbitrary Units (AU,) of the averaged OH images

with respect to the predicted heat power based on the reactant flow rate. This

correlation shows a linear relationship between the heat release rate and the

chemiluminescence image: the emission image, proportional to the formation of

OH, can therefore be used as a qualitative rate measure of the flame chemistry

[182, 186].
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Figure 5.16: OH chemiluminescence intensity for 3kW (circle), 4kW (square) and 5kW

(diamond) heat power input.

Therefore, the excited OH free radical intensity varies linearly with the vol-

umetric heat release. The same procedure was also applied to create a contour

plot of the OH image data. Fig. 5.17, Fig. 5.18 and Fig. 5.19 show a composite

image of the captured data in which separate images at different equivalent ratios

are combined for a heat power input of 3kW, 4kW and 5kW respectively. Since

these images taken by the CCD camera are integrated over the line of sight, it is

not possible to point out a single main flame issuing from the burner. A single

image presents different superimposed flames. The central portion of the field

of view is therefore dominated by OH chemiluminescence, the intensity of which

shows that methane is burning in this region. However, the flame front is poorly
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reproduced because the OH diffuses into the hot burned gases [187]. Moreover,

not only the flames from the main flame ports are shown, but also the ones issuing

from the smaller grooves (pilot flames). Of course the OH footprint is located on

the upper side out of the flame ports, due to the optical emissions of the various

main and pilot flames. Therefore these images confirm the presence of a main

flame represented by an outer emission region and a pilot flame characterized by

a smaller brighter central zone close to the burner wall. As discussed in the con-

text of Fig. 5.8-Fig. 5.13, for a fixed heat power the maximum luminosity occurs

at higher partial premixing. In addition, by decreasing the equivalence ratio, the

chemiluminescence signal moves closer to the burner wall. It is evident that the

OH emission intensity of the flame is strongly influenced by the injection velocity;

therefore the OH radiation decreases by increasing the inlet mixture mass flow

rate. This effect is highlighted by the inner OH contour that gradually reduces its

curve by becoming more and more aligned with the flame port centerline. This

kind of alignment represents the marker of the flame lift instability.
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(a) Φ = 2.0 (b) Φ = 1.8

(c) Φ = 1.6 (d) Φ = 1.4

(e) Φ = 1.2

Figure 5.17: Visualization of OH chemiluminescence iso-contour levels for different

equivalence ratios at 3kW. The burner edges are also sketched (black line).
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(a) Φ = 2.0 (b) Φ = 1.8

(c) Φ = 1.6 (d) Φ = 1.4

(e) Φ = 1.2

Figure 5.18: Visualization of OH chemiluminescence iso-contour levels for different

equivalence ratios at 4kW. The burner edges are also sketched (black line).
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(a) Φ = 2.0 (b) Φ = 1.8

(c) Φ = 1.6 (d) Φ = 1.4

(e) Φ = 1.2

Figure 5.19: Visualization of OH chemiluminescence iso-contour levels for different

equivalence ratios at 5kW. The burner edges are also sketched (black line).
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5.5 Numerical Investigation

The major challenge in the use of combustion modeling technology is confiding

that a comprehensive modeling approach adequately characterizes, both qualita-

tively and quantitatively, the combustion process of interest. This is accomplished

by comparing code predictions with the experimental data presented in the previ-

ous section, measured from the domestic gas burner flames. Consequently, data

from these flame visualizations are necessary to validate the adequacy of code

predictions and to establish the degree of precision that the code can reach in

simulating not only the behavior of the domestic gas burner, but most of all the

flame lift instability phenomena. For this investigation, the same experimental

simulations presented in Tab. 5.1 were carried out, by using the finite volume

Model B. The numerical results provided by the comprehensive combustion

model are divided in several parts and they always refer to the primary flame

port (i.e. type 1 flame port). The first part focuses on the model validation based

on the flame length and lift-off height. In order to reach a better understanding

of the combustion process and the flame lift instability phenomena, a detailed

post-processing of the numerical data is presented in the following.
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5.5.1 Flame Length and Lift-off Height

The changes in the visual appearance of the flames suggest that partial premixing

affects the flame length. As discussed by [161], different formulations can be used

to define this quantity:

� Hf , the mixture-strength flame height, is defined as the location at which

the centerline local equivalence ratio is one;

� Ht, a surrogate of Hf , is defined as the location where the maximum cen-

treline temperature occurs;

� Hv, the visible flame height, is defined as the length corresponding to the

yellow tip (location at which soot oxidation is completed) or the length

corresponding to the inner premixed flame tip.

Hf and Ht can be considered almost equal. As the partial premixing increases,

less secondary air is required to create a stoichiometric mixture at the centerline,

because, as stated by Roper’s theory [188, 189], less time is needed for diffusional

mixing. Therefore Hf decreases as the partial premixing is increased. Hv shows

the same trend, but it decreases more rapidly due to the combined effects of de-

creasing soot concentration and the earlier onset of oxidation due to decreasing

Hf . The appropriate flame length for the purpose of this investigation is the visi-

ble flame height, measured as the distance between the burner flame port and the

inner premixed cone tip. In the numerical simulation, this inner premixed cone

tip is represented by the maximum heat release rate around the tip. To obtain

the flame length and the lift-off height, classical image processing was used on all

images for each configuration. The reference visible flame height was obtained by

averaging the camera record of the flames over 50 frames, whereas the standard

deviation was computed by the visible flame height shown in each single image.

In order to validate the numerical prediction concerning the flame length, a com-

parison between the numerical simulations and the experimental measurement

was performed. Flow visualizations were provided by acquiring cross-sectional

planes of the burner flame port, perpendicular to the flame axis, by means of

direct photography. Of course, due to the cylindrical shape of the gas burner, it

was not possible to isolate a single flame front during the experimental measure-

ments.

As discussed in the previous sections, the flame tip moves downstream whereas

the bottom edge of the flame remains nearly constant until flame lift-off occurs,

then it abruptly moves away downstream. The position of the double point thus

represents a marker for the evolution of flame lift-off. It is possible to account for

the compression of the flame towards the burner wall by representing each con-

figuration as a flame length. In particular, two flame elements were investigated:

the length of the inner rich premixed flame and the length of the leading edge of

the flame at the bottom. The former can be considered as the flame length of
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the whole flame, whereas the latter as its liftoff height. Fig. 5.20 and 5.21 show

the comparison between the numerical simulations and the experiments show-

ing the effect of the Reynolds number on the flame length and lift-off height,

respectively. As depicted in Fig. 5.20, the agreement between the numerical sim-

ulations and the experiments is only acceptable for the configurations at a low

Reynolds number (i.e. higher equivalence ratios). At a higher Reynolds number,

quantitative but also qualitative differences between the predicted and measured

flame length are present. As discussed in the context of Fig. 5.8-Fig. 5.13, the

flame length decreases linearly with Re. On the contrary, the numerical model

is not able to simulate this trend by presenting an increased flame length as the

Reynolds number is increased. This opposite prediction may be due to an incor-

rect prediction of the laminar burning velocity at the tip of the flame. This, the

velocity at which the flame propagates through the unburnt mixture, is mainly

a function of pressure, temperature and equivalence ratio. Therefore the correct

simulation of these parameters plays a fundamental role in the stability balance

of the flame. A further validation of the model should be performed in order to

achieve a better agreement with the experiments. On the other hand, Fig. 5.21

shows a very good agreement between the numerical results and the experimental

measurements concerning the lift-off height. From the point of view of flame sta-

bility, this result represents a key factor considering the role of the flame bottom

edge in the flame lift phenomena. Therefore, the correct simulation of the lift-off

height allows the formulation of a prediction criterion for this kind of instability.
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Figure 5.20: Flame length versus Reynolds number for 3kW (circle), 4kW (square) and

5kW (diamond) heat power input. The open and closed symbols represent the numerical

and experimental results, respectively.
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Figure 5.21: Liftoff height versus Reynolds number for 3kW (circle), 4kW (square) and

5kW (diamond) heat power input. The open and closed symbols represent the numerical

and experimental results, respectively.
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5.5.2 Major Species

The premixed flame structure usually consists of a broad preheat zone followed by

a much narrower reactive zone. The preheat zone is dominated by diffusive and

convective phenomena, whereas the reaction zone is mainly diffusive. Specifically,

in the methane-air premixed flame, the single reaction zone structure is replaced

by a structure with two reaction zones. Therefore, the methane-air flame is

assumed to consist of three layers: (1) the upstream, chemically inert, preheat

zone; (2) a thin, fuel consumption layer, also called the inner layer; and (3)

another thin oxidation layer. Downstream of the oxidation layer, the equilibrium,

fully reacted state of the mixture is achieved. Therefore chemical activation

and heat release occur in different spatial locations: the fuel consumption layer

and the oxidation layer. To be more specific, in the fuel consumption layer the

primary fuel CH4 reacts with the H atom to form the secondary fuels, H2 and

CO, through the following steps:

3H2 + O2 � 2H2O + 2H (5.3)

CH4 + 2H + H2O � CO + 4H2 (5.4)

In the oxidation layer these secondary fuels are converted to the products H2O

and CO2 by means of reaction (5.3) and:

H + H + M � H2 + M (5.5)

CO + H2O � CO2 + H2 (5.6)

Since the characteristic reaction rate of step 5.4 is much faster than the rates

of 5.5 and 5.6, the fuel consumption layer is thinner than the oxidation layer.

Moreover, the H atoms needed for fuel consumption are supplied through back

diffusion from the oxidation layer.

The reaction mechanism within the Eddy Break Up Model consists of two for-

ward reactions, presented in §2.4.3. Therefore, reaction 2.23 represents the fuel

consumption layer, whereas 2.24 corresponds to the oxygen consumption layer.

Adopting this two-step reaction mechanism, the predicted major species concen-

trations at different equivalence ratios are compared in Fig. 5.22, 5.23 and 5.24,

corresponding to the input powers of 3kW, 4kW and 5kW, respectively. Further

evidence of the flame structure is provided by plotting the predicted heat release

rates. In order to identify the global flame structure, previous investigations

[94, 190, 191] used heat release rate profiles, which exhibited two distinct peaks,

indicating the double flame structure. The species and heat release profiles are

plotted along an ideal line that represents the partially premixed flame center-

line: from the main flame port to the tip of the premixed flame cone. The profiles
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in Fig. 5.22, 5.23 and 5.24 have several common features for both the burner-

attached and lifted flames. The initial concentrations of CH4 and O2 persist to

a large distance above the burner surface, as indicated by the longer flat region

at the start of each profile. Then their mole fractions decrease rapidly in the

preheat zone and the combustion products are formed near the stoichiometric

surface. The O2 concentration is small until all of the CH4 has been consumed,

at which point it starts rising rapidly. Therefore, CH4 decomposes forming CO

and H2O on the rich side of the flame front. The CO oxidation then forms CO2

mainly at the top of the flame. The double flame structure effects can be also ob-

served in the CO mole fraction profiles. The presence of a marked peak followed

by a second smaller one denotes two main zones of CO production: the former

peak is located in the zone of the inner premixed reactions, whereas the latter

peak represents the nonpremixed reaction zone in which CO is transported and

consumed as it is gradually depleted downstream. The profiles of the CO2 and

H2O mole fractions have a similar trend. The CO2 concentration peaks in the

highest temperature region, which is located downstream of the inner premixed

reaction zone. Nevertheless, most of the H2O is produced on the inner flame

front. These observations demonstrate that CH4 and O2 are converted to H2O

and CO in the inner premixed flame, while the conversion of CO to CO2 occurs

in the outer nonpremixed flame. As the equivalence ratio decreases, the initial

concentration of CH4 decreases, while that of O2 increases, due to dilution by

primary air. Moreover, as the level of premixing increases, the reactants (CH4

and O2) need less time before they start to react. Partial premixing significantly

affects the concentration of CO: its mass fraction peak increases with the level

of premixing, whereas the smaller peak slowly disappears. Moreover, as the level

of partial premixing is increased, there is an increase in the concentrations H2O

and CO2 further downstream. This behavior is a result of the reduced radial

transport of chemical species formed off-axis, due to a reduction in the radial in-

ward flow (coflow entrainment) as the inlet mass flow rate increases [89]. As the

input power increases, an increasing flow rate of primary air is required in order

to achieve the same equivalence ratio. Therefore, an unbalance between the un-

burnt reactant velocity and the laminar burning velocity occurs. This leads to a

global downstream shifting of the concentration and heat release profiles because

the flame front moves away from the burner wall. Moreover, the higher the level

of partial premixing, the earlier is the onset of flame lift-off. The presence of this

flame instability can be predicted by noting the disappearance of the second peak

in the CO mass fraction. Its disappearance represents the transition between a

mainly diffusive flame and a mainly premixed flame. As discussed in Ref. [34],

this change in flame topology can be used as an indicator for flame instability. It

is possible to show the disappearance of the second peak at different equivalence

ratio for the different input powers: 3kW (Φ = 1.2), 4kW (from Φ = 1.4) and

5kW (from Φ = 1.4). Lastly, as the input power is increased, a wider flame is ob-

served, as indicated by a broader CO concentration profile for all the equivalence
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ratios.
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(a) Φ = 2.0
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(b) Φ = 1.8
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(c) Φ = 1.6

0 5 10 15 20 25
0

0.05

0.1

0.15

0.2

0.25

0 5 10 15 20 25
0

0.15

0.3

0.45

0.6

0.75

(d) Φ = 1.4
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(e) Φ = 1.2

Figure 5.22: Predicted profiles of major species (CH4: bold solid line, O2: solid line

, CO: dotted line, CO2: dashed line, H2O: dash dotted line) and heat release rate

(square marker) for different equivalence ratios at 3kW.
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(a) Φ = 2.0
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(b) Φ = 1.8
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(c) Φ = 1.6
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(d) Φ = 1.4
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(e) Φ = 1.2

Figure 5.23: Predicted profiles of major species (CH4: bold solid line, O2: solid line

, CO: dotted line, CO2: dashed line, H2O: dash dotted line) and heat release rate

(square marker) for different equivalence ratios at 4kW.
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(a) Φ = 2.0
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(b) Φ = 1.8
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(c) Φ = 1.6
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(d) Φ = 1.4
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(e) Φ = 1.2

Figure 5.24: Predicted profiles of major species (CH4: bold solid line, O2: solid line

, CO: dotted line, CO2: dashed line, H2O: dash dotted line) and heat release rate

(square marker) for different equivalence ratios at 5kW.
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5.5.3 Flame Index

In order to understand the structure of the flame, previous investigations re-

garding partially premixed flames divided the various reaction zones according

to their spatial locations. To spatially resolve its various reaction zones more

clearly, a flame indicator based on the scalar product of fuel and oxidizer mass

fraction gradients was first proposed by Takeno et al [192]:

GFO = ∇YF · ∇YO (5.7)

where Ys is the mass fraction of chemical species s. The flame structure corre-

sponds to a premixed flame for GFO > 0 and to a diffusion flame for GFO <

0. This flame index is useful for distinguishing between the premixed and non-

premixed reaction zones. Domingo et al. [193] derived a normalized flame index

as:

G|FO| =
1

2

(

1 +
GFO

|GFO|

)

(5.8)

This flame index has a value of one and zero in premixed and nonpremixed reac-

tion zones, respectively. Note that the identification of reaction zones is relevant

in regions of high reactivity, i.e., where the heat release rates are significant. The

flame index therefore was only computed in the spatial locations where the heat

release rate is at least 1% of the maximum heat release rate. The use of the

modified flame index to identify different reaction zones in a partially premixed

flame is illustrated in Fig. 5.25 for different equivalence ratios at the input power

of 3kW. The green and blue surfaces in this figure correspond to premixed and

diffusion flames, respectively. In this visualization, it is possible to highlight four

flame elements: (1) a leading edge of the flame at the bottom, (1) a leading

edge of the flame at the top, (3) an inner rich premixed flame, and (4) an outer

diffusion flame island. As the equivalence ratio is reduced the outer diffusion

flame changes more significantly. At the condition for Φ = 1.4, the flame in-

dex contours clearly indicate the lift-off of the bottom leading edge of the flame.

When the flame at the bottom leading edge is completely extinguished, the un-

burned fuel-air mixture flows downstream as a fuel jet entraining the surrounding

air to produce a premixed flame in the downstream flow. This premixed flame

remains attached to the cap of the burner because of the presence of the pilot

flame. Therefore, the partially premixed flames exhibit a double flame structure

for all equivalence ratios except for Φ = 1.2, where the presence of only the green

contour indicates the premixed nature of the flame. Further evidence of the tran-

sition of the double flame is provided in Fig. 5.26 and Fig. 5.27, which present

the modified flame index contours for different equivalence ratios at the input

power of 4kW and 5kW, respectively. As for the 3kW flames, all the four flame

elements are still present in 5.26, but in the case of higher power input, the flame

starts to lift off at Φ = 1.6 (Fig. 5.26(c)). Subsequently, by further decreasing,
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the quenching of the flame edge at the bottom occurs and the transition to a

premixed flame pushed downstream can be observed (Fig. 5.26(d) and 5.26(e)).

Similarly, Fig. 5.27 shows the same trend exhibited by the flame at lower power.

However, for a higher power input, the flame lift-off occurs at a higher equiv-

alence ratio, Φ = 1.8, and the leading edge of the flame at the bottom can be

considered completely detached from the burner wall at Φ = 1.6.
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(a) Φ = 2.0 (b) Φ = 1.8

(c) Φ = 1.6 (d) Φ = 1.4

(e) Φ = 1.2

Figure 5.25: Modified flame index for 3kW partially premixed flames at different equiv-

alence ratios; green and blue surfaces correspond to premixed and diffusion flames,

respectively.
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(a) Φ = 2.0 (b) Φ = 1.8

(c) Φ = 1.6 (d) Φ = 1.4

(e) Φ = 1.2

Figure 5.26: Modified flame index for 4kW partially premixed flames at different equiv-

alence ratios; green and blue surfaces correspond to premixed and diffusion flames,

respectively.
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(a) Φ = 2.0 (b) Φ = 1.8

(c) Φ = 1.6 (d) Φ = 1.4

(e) Φ = 1.2

Figure 5.27: Modified flame index for 5kW partially premixed flames at different equiv-

alence ratios; green and blue surfaces correspond to premixed and diffusion flames,

respectively.
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5.5.4 Mixture and Volume Fraction

In a partially premixed system, the weigh of the reactant is generally specified

by means of fractions. In this investigation two definitions are presented: the

mixture fraction and the volume fraction. The mixture fraction is a conserved

scalar that represents the mixing state of the reacting flow system. Consider a

partially premixed methane-air flame in which the mole fractions of the following

species are predicted by the finite volume model: CH4, CO, O2, CO2, H2O

and N2. The mixture fraction ξ can therefore be expressed in terms of the

mole fractions of the measured species. This quantity is defined as a linear

combination of the elemental mass fractions on the basis of the formula suggested

by Bilger [194]. Although there is no unique definition of the mixture fraction for

multicomponent systems due to differential diffusion, the definition suggested by

Bilger captures the stoichiometric lines properly. Therefore, the sum of the mass

fractions of the carbon, hydrogen and oxygen associated with each species, yields

ξ =
2ZC/MWC + 0.5ZH/MWH + (ZO,2 − ZO)/MWO

2ZC,1/MWC + 0.5ZH,1/MWH + (ZO,2 − ZO,1)/MWO
(5.9)

where MWi represents the molecular weight of the element i and Zi indicates

the mass fraction of the element i (C, H and O refer to carbon, hydrogen, and

oxygen, respectively) and the subscripts 1 and 2 refer to the fuel and oxygen

reference states. Substituting for the mass fractions:

ZC =
MWC · YCH4

MWCH4

+
MWC · YCO

MWCO
+

MWC · YCO2

MWCO2

(5.10)

ZH =
4MWH · YCH4

MWCH4

+
2MWH · YH2O

MWH2O
(5.11)

ZO =
MWO · YH2O

MWH2O
+

MWO · YCO

MWCO
+

2MWO · YCO2

MWCO2

(5.12)

The fuel and air sides are indicated by ξ = 1 and ξ = 0, respectively. For the non

premixed methane-air flames, the stoichiometric value of the mixture fraction, ξs,

is equal to 0.055 [194]; for partially premixed flames the mixture fraction reaches

stoichiometry when the reactants are completely consumed; it varies therefore

with the equivalence ratio, and can be expressed by:

ξs =
ZO,2/MWO

2ZC,1/MWC + 0.5ZH,1/MWH + (ZO,2 − ZO,1)/MWO
(5.13)

On the other hand, another definition that is commonly adopted by domestic gas

burner designers is based on the volume fraction or volume concentration. By

considering Eq. 1.3, another volume fraction formulation can be introduced. Cvol

can be computed locally from the mass fraction Yi as follows:

Cvol =

YCH4

MWCH4
·Ps/T

YCH4

MWCH4
·Ps/T +

YO2

MWO2
·Ps/T +

YN2

MWN2
·Ps/T

(5.14)
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where Ps is the local pressure [Pa] and T the local temperature [K]. The stoi-

chiometric value of Cvol does not change with the equivalence ratio, and always

corresponds to 0.092. The above mixture fraction and volume fraction account

for important effects of stoichiometry and flame stretch in linking the turbulent

flame structure to that of laminar flame. Therefore, in this work an investigation

concerning the volume fraction is performed in order to highlight flame structure

parameters such as the flame double point. The double point at the flame base

is defined as the location of the intersection of the stoichiometric volume fraction

surface and the flame surface. The location of this point acts as an indicator

of the stabilization mechanism of lifted flame in the near field of domestic gas

burner flame ports. As indicated in Fig. 5.28 for the input power of 3kW, as the

level of partial premixing is increased, the double point position remains nearly

constant until flame lift-off occurs at Φ = 1.4; subsequently the blowout condi-

tion is reached at Φ =1.2. In the same manner, Fig. 5.29 shows the double point

positions for the 4kW input power. As mentioned above, in order to achieve the

same equivalence ratios of the 3kW configuration, the increase in the mass flow

rate causes the flame lift-off to occur at a higher equivalence ratio. The flame

lift occurs now at Φ = 1.6, followed by an increase in the liftoff height (Φ =1.4)

and by the consequent detachment of the leading edge of the flame at the bottom

(blow-out at Φ = 1.2). For the 5kW case, the double point seems to indicate

flame liftoff at Φ = 1.8; the flame then abruptly moves away from the burner sur-

face (Φ =1.6) as depicted in Fig. 5.30. At this input power the condition Φ = 1.4

represents an almost complete blowout of the flame because the two iso-contours

intersect each other weakly. Moreover, according to the predictions shown in the

context of Fig. 5.28-5.30, the blow-off instability can be pointed out when the

flame surface iso-contour and the stoichiometric volume fraction iso-contour do

not intersect each other (i.e. Φ = 1.2 for the all input powers). However, the

present investigation focuses on methane, which has a Schmidt number smaller

than one. Therefore, by following the double point location, a lifted flame is

observed only in the near field:therefore the non-existence of a stationary lifted

flame in the far field of a coflow jet (burner ports) for Schmidt < 1 is confirmed

[38, 78, 195]. Therefore, the Schmidt number of the fuel plays a crucial role in the

existence of lifted flames in laminar jets: stationary lifted flames cannot exist for

Schmidt < 1. Consequently, the flame could blow off directly from the port as the

jet velocity increases. This situation is avoided by means of the pilot flame that

keeps the upper flame attached to the burner crown. Otherwise, the presence of

a stationary flame would be seriously compromised, as indicated by the behavior

of the leading edge of the flame at the bottom. In addition to the various double

point positions observed in Fig. 5.28-5.30, it can be also observed that the CO

profile becomes broader and it gradually shifts downstream as the level of partial

premixing is increased. This is due to the increased mass flow rate through the

burner ports, as discussed in the context of Fig. 5.22-5.24.
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(a) Φ = 2.0 (b) Φ = 1.8

(c) Φ = 1.6 (d) Φ = 1.4

(e) Φ = 1.2

Figure 5.28: Volume fraction iso-contours at Cvol = 0.0952 (red line) and CO iso-

contour at YCO = 0.004 (black line), for different equivalence ratios at 3 kW.
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(a) Φ = 2.0 (b) Φ = 1.8

(c) Φ = 1.6 (d) Φ = 1.4

(e) Φ = 1.2

Figure 5.29: Volume fraction iso-contours at Cvol = 0.0952 (red line) and CO iso-

contour at YCO = 0.004 (black line), for different equivalence ratios at 4 kW.
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(a) Φ = 2.0 (b) Φ = 1.8

(c) Φ = 1.6 (d) Φ = 1.4

(e) Φ = 1.2

Figure 5.30: Volume fraction iso-contours at Cvol = 0.0952 (red line) and CO iso-

contour at YCO = 0.004 (black line), for different equivalence ratios at 5 kW.
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In order to achieve a better understanding of the role of the flame bottom edge

in the flame lift-off instability, it is possible to present the partially premixed flame

in terms of heat release rate contours, streamlines and volume fraction contours.

Fig. 5.31-5.33 shows these quantities for different equivalence ratios at 3kW, 4kW

and 5kW respectively. These contours show a common trend: in all of them, the

position of the leading edge of the flame at the bottom is determined by the

balance among reaction, upstream diffusion and convection. The flame edge rep-

resents the maximum reaction zone intensity and heat release rate. Therefore,

as suggested by Takahashi [81], the flame stabilizes at the location of the highest

reactivity. Therefore the edge of the flame lies close to the stoichiometric volume

fraction iso-surface, where the effective reaction time is minimum due to higher

flame temperatures [196]. At blow-off condition this reaction kernel at the flame

base disappears. Moreover, before the reaction zone, the unburned gas particles

change flow direction, from the initial radial one to outward directions. Of course,

by decreasing the equivalence ratio there is less turning of the streamlines due

to the combined effect of the increasing mass flow rate and increasing density

(decreasing temperature) of the unburned flow imposed as boundary conditions.

Therefore the flame becomes more symmetric with respect to the stoichiometric

volume fraction iso-contour. In the same way, for a fixed equivalence ratio, in-

creasing the input power (Fig. 5.31-5.33) implies a higher mass flow rate through

the burner flame ports, that nose down the streamlines. Obviously, changing

the inlet parameters (i.e. mass flow rate and equivalence ratio) leads to a dif-

ferent spatial location of the flame. The lean and rich flammability limits for

a methane-air premixed flame correspond to volume fraction values of 0.05 and

0.15 respectively. For the flames discussed in this investigation it is possible to

show that the rich flammability limit gradually moves upstream as the equiva-

lence ratio is decreased until it disappears inside the flame port, as depicted in

Fig. 5.31-5.33 (from Φ = 1.6). Similarly, the lean flammability limit moves closer

to the burner surface as the partial premixing is increased. This indicates that

less secondary air is needed to complete combustion. However, as partial premix-

ing increases, the heat release rate increases on the inner flame front, whereas it

decreases on the outer flame front. This trend can be observed in Fig. 5.31-5.33,

and it was also reported in previous investigations [161].
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(a) Φ = 2.0 (b) Φ = 1.8

(c) Φ = 1.6 (d) Φ = 1.4

(e) Φ = 1.2

Figure 5.31: Computed heat release rate contours (rainbow scheme), volume fractions

iso-contours (black lines) and flow field streamlines (blue lines) for different equivalence

ratios at 3kW.



168 CHAPTER 5. Flame lift

(a) Φ = 2.0 (b) Φ = 1.8

(c) Φ = 1.6 (d) Φ = 1.4

(e) Φ = 1.2

Figure 5.32: Computed heat release rate contours (rainbow scheme), volume fractions

iso-contours (black lines) and flow field streamlines (blue lines) for different equivalence

ratios at 4kW.
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(a) Φ = 2.0 (b) Φ = 1.8

(c) Φ = 1.6 (d) Φ = 1.4

(e) Φ = 1.2

Figure 5.33: Computed heat release rate contours (rainbow scheme), volume fractions

iso-contours (black lines) and flow field streamlines (blue lines) for different equivalence

ratios at 5kW.
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5.5.5 Flame Stretch

Chemical reactions, convection and diffusion are the factors that affect the struc-

ture and propagation of laminar premixed flames. In order to understand the

influence of these phenomena, early investigations moved in two directions. The

first focused on the aerodynamics of the flame, in which transport and chemistry

are not taken into account. Therefore, the flame is treated as a structurless sur-

face with a given constant speed. According to the composition of the mixture,

this surface releases a specific amount of heat, which is passively convected by

the surrounding flow field. In contrast, the second approach focused on the study

of the flame structure allowing for transport and chemical processes. Such anal-

yses usually kept the aerodynamic description at the simplest level. One of the

main results reached by this approach is the speed at which the flame propagates,

which represents the constant flame speed needed by the aerodynamic analysis.

Of course, the influence of aerodynamics on the characteristics of premixed flames

was recognized quite early. In particular, flame instability phenomena, such as

lift-off and blow-out, are profoundly affected by the surrounding flow field, and

cannot be described if the flame is characterized by an imposed constant flame

speed. According to previous studies, two important parameters to characterize

the flow field and mixing effects are scalar dissipation rate and flame stretch. The

scalar dissipation rate represents the degree of scalar mixing and is commonly

used in describing the behaviour of diffusion flame. The flame stretch is a more

direct indicator of the convective flow strain and is used to characterize premixed

flame propagation and structure response to an external flow. In response to these

concerns, the concept of flame stretch was introduced. This is an important char-

acteristic of flame behavior that arises because of the combined effects of aero-

dynamic strain rate and flame curvature. The flame stretch formally comprises

individual or collective contributions of aerodynamic straining (non-uniform flow

along the flame), flame curvature, and flame/flow unsteadiness. These influences

are particularly strong in the presence of mixture nonequidiffusion because of the

resulting modification of the flame temperature. Moreover, it is well known that

stretch has a profound effect on the local flame speed through the coupled effects

of unequal heat and mass diffusion. In the case of a premixed reaction zone,

the flame stretch influences the propagation speed and stabilization, the reaction

front instabilities, flammability limits, and the reaction zone temperature [197].

Theoretical studies of stretched laminar premixed flames are an important part of

combustion theory and provide an improved understanding of the phenomena of

premixed combustion. Historically, the concept of flame stretch was proposed by

Karlovitz, who first introduced it with other authors in a phenomenological de-

scription of flame quenching by strong velocity gradients (nonuniform flow fields)

[62]. He was followed by several pioneering investigators like Lewis and von-Elbe

[65] and Markstein [198]. In order to describe the observed flamefront cellular in-

stability phenomenon, Markstein allowed the flame speed to vary with the flame
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curvature. Therefore, he first proposed a linear relation between flame speed and

flame stretch to address the effect of curvature on flame speed. Subsequently,

Williams characterized the flame stretch as the fractional rate of change of an

area element on a flame surface [199], whereas Strehlow and Savage defined the

flame stretch by assuming an infinitesimally thin hypothetical flame that had a

definable preheat zone thickness and a normal burning velocity, which were both

invariant with curvature. To obtain a general expression for flame stretch, Buck-

master specified the flame surface in spatial coordinates [200]. Over the years,

significant progress has been made in flame theory and in the structure and dy-

namics of stretched flame. Therefore, Karlovitz’s definition of flame stretch as

caused by flow nonuniformity has been generalized to include flame curvature and

flame/flow unsteadiness. Two main definitions can thus be found in literature:

the thin and thick flame approach. In the thin flame methodology the flame is

identified with a surface and the flame stretch expression is based on the relation

proposed by Matalon [201] and Chung and Law [202]. These formulations are

equivalent and are based on a multidirectional flow velocity that is separated

in the analyses into normal and tangential components at the flame front. On

the other hand, the thick flame (mass-based) approach assumes that the flame

surface lies within a reacting zone of finite thickness. The stretch field is thus

defined within this flame volume and the expressions concerning the flame stretch

are derived by De Goey et al. [203] and De Goey and Boonkkamp [204] based

on mass conservation. Therefore, both approaches require the identification of a

surface along which the stretch and the flame speed must be evaluated, but in

the thick flame definition this surface spans a finite volume. In this work the thin

flame approach is used. This approach provides an expression for flame stretch

that contains the various factors which contribute to the influence of stretch. In

order to demonstrate these stretch sources, the flame stretch will be expressed in

terms of the dynamics of a general surface defined by x(p, q, t), as explained in

[205, 206]. The evolution of the flame surface is shown in Fig. 5.34, where p and

q are the two orthogonal curvilinear coordinates on the surface.

Since the flame surface has a velocity Vflame, the instantaneous velocity is

expressed by:

Vflame(p, q, t) =
∂x(p, q, t)

∂t
(5.15)

Therefore, at the time t + δt, the flame surface can be represented as:

x(p, q, t + δt) = x(p, q, t) + Vflame(p, q, t)δt (5.16)

A general definition of flame stretch at any point on this surface was suggested

by Williams [199]:

k =
1

A

dA

dt
(5.17)
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Figure 5.34: Flame surface evolution

where A consists of the points on the flame surface, which have the same normal

velocity as the flame surface and the same tangential velocity as the local fluid

particles. The elemental area A(p, q, t) of the surface at time t can be approxi-

mated as the area of parallelogram on the tangential plane:

A(p, q, t) = epdp × eqdq = (dpdq)n̂ (5.18)

where ep and eq are the unit vectors in the direction of p and q, while n̂ = ep×eq

is the unit vector of the elemental surface pointed in the direction in which the

surface is propagating. Hence the surface area at time t + δt becomes:

A(p, q, t + δt) =

[

ep +

(

∂Vflame

∂p

)

δt

]

×

[

eq +

(

∂Vflame

∂q

)

δt

]

dpdq (5.19)

Therefore, with A = A · n, the stretch rate can be expressed as:

k =
1

A(t)
lim

δt→0

A(t + δt) − A(t)

δt
=

[

ep ·

(

∂Vflame

∂p

)

+ eq ·

(

∂Vflame

∂q

)]

(5.20)

Decomposing Vflame into its tangential and normal components as:

Vflame = Vflame,t + (Vflame · n̂)n̂ (5.21)

yields:

(

∂Vflame

∂p
×

∂x

∂p

)

n̂ =

[

∂Vflame,t

∂p
×

∂x

∂p
+ (Vflame · n̂)

∂n̂

∂p
×

∂x

∂p
+

∂

∂p
(Vflame · n̂)n̂ ×

∂x

∂p

]

·n̂

(5.22)
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Hence,

(

∂Vflame

∂p
×

∂x

∂p

)

n̂ =

[

∂Vflame,t

∂p
×

∂x

∂p
+ (Vflame · n̂)

∂n̂

∂p
×

∂x

∂p

]

· n̂ (5.23)

Similarly:

(

∂Vflame

∂q
×

∂x

∂q

)

n̂ =

[

∂Vflame,t

∂q
×

∂x

∂q
+ (Vflame · n̂)

∂n̂

∂q
×

∂x

∂q

]

· n̂ (5.24)

Combining Eq. 5.23 and Eq. 5.24 of the above expressions yields:

[(

∂Vflame,t

∂p
×

∂x

∂p
+

∂Vflame,t

∂q
×

∂x

∂q

)

+ (Vflame · n̂)

(

∂n̂

∂p
×

∂x

∂p
+

∂n̂

∂q
×

∂x

∂q

)]

·n̂

(5.25)

By using the following identity:

a · (b × c) = b · (c × a) = c · (a × b) (5.26)

it is thus possible to obtain:

(

∂Vflame,t

∂p
×

∂x

∂p

)

· n̂ =

(

n̂ ×
∂Vflame,t

∂p

)

·
∂x

∂p
=

∂Vflame,t

∂p
·
∂x

∂p
(5.27)

Other terms can be treated in the same way to give Eq. 5.25 the following form:

(

∂x

∂p
·
∂Vflame,t

∂p
+

∂x

∂q
·
∂Vflame,t

∂q

)

+(Vflame ·n̂)

(

∂x

∂p
·
∂n̂

∂p
+

∂x

∂q
·
∂n̂

∂q

)

(5.28)

Hence, the flame stretch becomes:

k = ∇t · Vflame,t + (Vflame · n̂)(∇t · n̂) (5.29)

where ∇t is the tangential gradient operator over the flame surface. Assuming

that the tangential component of Vflame is equal to the tangential component of

the flow velocity at the flame (Vfluid,t), the flame stretch becomes:

k = ∇t · Vfluid,t + (Vflame · n̂)(∇t · n̂) (5.30)

The above equation shows the two stretch contributions affecting the flame. The

first term represents the influence of the flow nonuniformity along the flame

surface. Since Vfluid,t = n̂× (Vfluid × n̂), this first term embodies the effects due

to flow nonuniformity, through Vfluid, and flame curvature through the variation

in n̂. Furthermore, it exists only if the flow is oblique to the flame surface

so that Vfluid × n̂ 6= 0. This non-orthogonality requirement of Vfluid × n̂ 6= 0

indicates the importance of diffusive transport in the dynamics of stretched flames

because heat and mass diffusion exist in the direction of n̂. The second term in

Eq. 5.30 represents stretch experienced by a nonstationary flame through Vflame;
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although this flame also has to be curved because ∇· n̂ vanishes otherwise. These

three stretch-induced effects can be separately referred to as those caused by

aerodynamic straining, flame curvature, and flame motion. Since ∇ = ∇t + ∇n,

where ∇n is the normal component of the gradient operator on the surface and

of course ∇n · Vfluid,t ≡ 0. The flame stretch expression can be alternatively

expressed as:

k = ∇ · Vfluid,t + (Vflame · n̂)(∇ · n̂) (5.31)

where (∇ · n̂) represents the curvature of the flame front. By specifying,

Vfluid,t = Vfluid − (Vfluid · n̂)n̂ (5.32)

This gives,

∇ · Vfluid,t = ∇ · Vfluid −∇ · [(Vfluid · n̂)n̂] (5.33)

∇ · Vfluid,t = ∇ · Vfluid −∇(n̂n̂ · Vfluid) (5.34)

∇ · Vfluid,t = ∇ · Vfluid − n̂n̂ : ∇Vfluid − Vfluid · (∇ · n̂n̂) (5.35)

∇·Vfluid,t = ∇·Vfluid−n̂n̂ : ∇Vfluid−(Vfluid ·n̂)(∇·n̂)−Vfluid ·(n̂ ·∇n̂) (5.36)

in which obviously, n̂n̂ : ∇Vfluid =
∑

i

∑

j

n̂in̂j
∂Vi

∂xj
. Hence, the expression for

flame stretch becomes:

k = ∇ · Vfluid − n̂n̂ : ∇Vfluid − (Vfluid · n̂)(∇ · n̂) + (Vflame · n̂)(∇ · n̂) (5.37)

k = ∇ · Vfluid − n̂n̂ : ∇Vfluid − [(Vflame − Vfluid) · n̂](∇ · n̂) (5.38)

The term (Vflame − Vfluid) · n̂ refers to the velocity of the flame surface relative

to the fluid. This is defined as the flame Speed Sd. Therefore the flame stretch

can be expressed as:

k = ∇ · Vfluid − n̂n̂ : ∇Vfluid − Sd(∇ · n̂) (5.39)

Of course the above expression requires the identification of the flame surface.

This expression points out the different sources of stretch a flame is subjected

to. The first two terms comprise the strain rate tensor (tangential strain rate),

therefore they represent the effect of a non uniform tangential flow field along the

flame surface. The term hydrodynamic stretch, kh, is commonly used to repre-

sent them. The last term represents the flame stretch rate due to flame curvature

(displacement speed multiplied by the flame curvature) and is commonly named
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curvature-induced stretch, kc. Therefore, determining curvature and stretch re-

quires (i) the identification of a flame surface and (ii) the application of analytical

expressions for burning velocity, stretch, and curvature to that surface.

In reality, a flame possesses a finite thickness and a single flame surface has no

precise meaning. Still it is possible to identify a particular surface that represents

the flame, although admittedly it is difficult to provide a unique definition for

a flame surface. Therefore, the definition of the front can be somewhat arbi-

trary and it is important to realize that the results for the displacement speed

or the flame stretch depend on the choice of this surface. Lewis and Von Elbe

[65] identified the flame front as the locus of the inflection points of the tempera-

ture profile across the flame. However, Mikolaitis, while dealing with stagnation

point flame, observed that the definition of the flame surface as the location of

the inflection point is not always adequate [207]. Moreover, it seems to be un-

wise to use the temperature as flame surface quantity because local temperature

variations along the flame contours induced by stretch effects may be of interest.

Markstein [208], Sivashinsky [209] and Matalon and Matkowsky [210] modeled

the flame as a surface of hydrodynamic discontinuity. Williams [48] represented

the flame as a level surface of a scalar transport quantity, an approach that has

been subsequently adopted by several researchers. Since the flame has a finite

thickness in which various layers of individual species exist at different locations,

there is ambiguity as to the choice of the particular isoline used to evaluate the

displacement speed. While Najm and Wyckoff [211], Najm et al. [182], De Goey

et al. [203] and T. Echekki and J. H. Chen [212] used a particular value of the

fuel mass fraction to identify the flame surface, Zhong et al. [213] used the mix-

ture fraction to characterize the surface. Im and Chen [214] initially used a mass

fraction contour of a product species (water) to describe the flame in their stud-

ies on premixed hydrogen-air triple flames; subsequently they adopted a reactant

species (oxygen) as flame marker [215, 216]. To define the flame surface in the

present investigation, the CO isocontour was selected because it clearly identifies

the premixed and diffusive reaction zones, and thus represents a good reaction

zone marker. For the purpose of evaluating the double point location, the flame

surface is located by the isocontour of the CO mass fraction at YCO = 0.004.

Past research gives no single definition of burning velocity. The common ap-

proaches to compute this quantity can be mainly summarized in two formula-

tions: global consumption speed and local displacement speed. The former char-

acterizes the burning velocity as an indicator of the mass flow rate of reactant

consumed. The latter defines how rapidly the flame surface will traverse a certain

distance. Before discussing these formulations, it should be understood that for

any specific flame, these definitions present different magnitudes, and thus are

not equal [217, 218]. Therefore, a global consumption speed can be pointed out,

Sc, proportional to the total mass flow rate of the reactants ṁR :

Sc =
ṁR

ρR · AL
(5.40)
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Here ρR is the density of the reactants and AL is defined as the area of unwrinkled

flame surface [219]. Of course, to use this formulation it is necessary that all of

the reactants should pass trough the flame surface. Moreover, a formulation for

local consumption speed can be found in literature [219], stating that to achieve

a rapidly propagating flame it is desirable to have a large value of the product of

maximum surface density and flame thickness. The local displacement speed is

defined by:

Sd = (Vflame − Vfluid) · n̂ (5.41)

where Vflame is the velocity of the flame in the laboratory coordinate system

and Vfluid is the velocity in the laboratory frame of the gas into which the wave

is propagating. The velocities and the normal n are defined to be the values

that occur at the flame surface. In the present work the displacement speed

formulation is adopted, therefore its derivation is briefly reviewed. On a flame

surface that moves with a velocity Vflame:

dϕ

dt
=

∂ϕ

∂t
+ Vflame · ∇ϕ = 0 (5.42)

The normal to the flame surface is defined as:

n̂ = ±
∇ϕ

|∇ϕ|
(5.43)

There is some disagreement in literature regarding the direction of the positive

normal vector. The generally accepted sign convectionis that the curvature of

the flame front, defined as ∇n̂, is considered positive for a flame surface if it is

concave toward the unburned side. The sign on the right hand side of Eq. 5.43

is decided by the particular scalar chosen to represent the flame surface. In the

present investigation, by using the Eq. 5.42 and Eq. 5.43 it is possible to obtain

the relation:

Vflame · n̂ =
1

|∇ϕ|

∂ϕ

∂t
(5.44)

The displacement speed of a flame is defined as the normal component of the

speed of the flame front relative to the local fluid velocity, i.e.:

Sd = (Vflame − Vfluid) · n̂ =
1

|∇ϕ|

(

∂ϕ

∂t
+ Vfluid · ∇ϕ

)

(5.45)

For stationary flames ∂ϕ/∂t = 0. Consequently, the flame displacement speed is:

Sd =
1

|∇ϕ|
Vfluid · ∇ϕ (5.46)

This relation thus gives the propagation speed of a progress variable isosurface

along its normal, oriented towards the unburnt gas. An alternative expression
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for the burning speed can be obtained by using the conservation equation for the

transported scalar ϕ:

dϕ

dt
+ Vfluid · ∇ϕ =

1

ρ
[∇ · (Γϕ∇ϕ) + ωϕ] (5.47)

In the above equation, Γϕ represents the diffusion coefficient for the scalar and

ωϕ represents the volumetric rate of generation or destruction of the scalar. Sub-

stituting the above equation, the resultant expression for flame speed is:

Sd =
1

ρ |∇ϕ|
[∇ · (Γϕ∇ϕ) + ωϕ] (5.48)

This displacement speed is determined by equating the transport equation for a

scalar variable with the Hamilton-Jacobi equation for the scalar field, in order to

obtain the relative progression velocity of the isoscalar surface. The advantage

of using this alternative expression for flame speed is that an identical expression

is applicable for both stationary and propagating flames [220]. Moreover, to

minimize thermal expansion effects across the flame, a nondimensional density-

weighted displacement speed formulation can be defined as in [212]:

Sd =
ρSd

ρu
(5.49)

where ρu denotes the density of the unburnt mixture. This density-weighted

formulation is used as a measure of the effects of stretch/curvature/preferential

diffusion on the flame speed, relative to the laminar flame speed. In addition, the

concept of global flame speed at any point in the flow can be used to investigate

the effect of heat release on the propagation speed. Since the displacement speed

represents the local flame speed and it is important in terms of the chemistry (by

determining the rate of chemical reaction), the global flame speed Uf is identified

with the propagation of the flame structure as a whole. The difference between

the local and global flame speeds is due to the particular flow field that character-

izes double and triple flames along the stoichiometric volume fraction iso-contour.

As reported by [221], in addition to the rise in velocity throughout the flame, the

horizontal (radial) velocity component reaches a minimum before the flame. The

mechanism responsible for this difference in velocity is thermal expansion. Due

to the heat released by the flame, the component of the velocity perpendicular

to the flame increases across the flame surface because of the presence of a high

density gradient across the flame front. Therefore the density across the flame

decreases and the velocity component perpendicular to the flame has to increase

to maintain mass continuity across the flame. On the other hand, the tangential

component remains unchanged due to small temperature variations along the

flame. The jump in the normal velocity component causes a redirection of the

flow toward the stoichiometric volume fraction line. This redirection effect bends

the streamlines, which diverge upstream of the flame front, resulting in a decrease
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in the flow velocity in front of the flame. The local velocity jump across the flame

is strongly related to the local reaction rate, which is, in turn, affected by the lo-

cal mixture fraction. Therefore, as discussed in the context of Fig. 5.31-5.33, the

reason for different streamline patterns as one moves away from stoichiometric

conditions can be also attributed to the distribution of the reaction rate along the

premixed wing as well as to the increment in the reactants mass flow rate. In the

domestic gas burner flame, the redirection in the flow is less pronounced because

the reaction rate drops off as one moves along the premixed wing. Therefore the

reaction rate drops off quickly moving away from the stoichiometric conditions

due to a small mixing thickness. Following [214] and [222] the global flame speed

can be expressed as:

Vflame,o = Uf − Uo (5.50)

where Vflame,o is the flame velocity, considering a fixed coordinate system, and

Uo is the local maximum flow velocity along the stoichiometric volume fraction

line upstream of the flame. Similarly, the flame velocity Vflame,o can be also

defined as:

Vflame,o = Sd − Ue (5.51)

where Ue is the local minimum flow velocity along the stoichiometric volume

fraction upstream of the flame front. If the flame were to be stabilized as a lifted

flame, Vflame,o = 0, then:

Uf = |Uo| (5.52)

Sd = |Ue| (5.53)

The ratio Uf/Sd is the normalized far field flame speed; it is a function of the

Damköhler number (Da), it decreases as Da decreases, and is also influenced by

thermal expansion [196]. Moreover, in the case of small mixture fraction gradients

this ratio is proportional to the square root of the density ratio [214, 221]:

Uf

Sd
∝

√

ρu/ρb (5.54)

where the subscripts u and b refer to the unburned and burned regions of the

flows. The displacement speed formulation adopted in this investigation is based

on Eq. 5.46. This expression is obtained by tracking a surface of a constant mass

fraction that represents the flame reaction zone; therefore one disadvantage of

this definition is that the displacement speed depends on the choice of the iso-

surface. However, it was observed [223] that the variation in burning velocity is

relatively small when the iso-level surface is near the reaction zone.

Poinsot et al. [224] have shown that the increase in displacement speed in a
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stretched flame occurs primarily due to hydrodynamic and diffusion effects rather

than through effects related to chemistry. Therefore, the use of a two-step global

reaction mechanism is here appropriate. Tables 5.2-5.4 provide the values of

some relevant properties of the double point for five different equivalence ratios,

for heat power equals to 3kW, 4kW and 5kW respectively. In order to maintain

the same input power, the fuel flow rate is held constant. Therefore, the reduced

equivalence ratio is achieved by increasing the amount of air added to the mixture

and the velocity through the domestic gas burner diffuser (Vin), and the Reynolds

number (Re) at the flame ports, increase with the partial premixing. These tables

also show that the displacement speed (Sd) is smaller than the axial flow velocity

Va. Moreover, Sd gradually increases as the level of partial premixing is increased.

However, Sd never becomes equal to Va. For each heat power configuration,

the double flame structure is very clear when Va is small, but the two flames

approach each other as Va is increased and the duplicity becomes indistinct for a

large value of Va, to give one combined flame structure [225]. In order to obtain

a better understanding of this phenomenon, the analysis of the flame stretch is

proposed. As the equivalence ratio is decreased, both the hydrodynamic (kh)

and the curvature-induced stretch (kc), and consequently the total stretch (k),

increase considerably. The increase in kh can be attributed to the increased heat

release rate at the flame base, which in turns increases the normal component

of flow velocity across the flame front, as reported by [97]. Nevertheless, kc

increases slightly due to the increase in flame curvature. The overall stretch is

hence positive and increases as the partial premixing is increased. Therefore,

while the total stretch is predominantly due to kh at high equivalence ratios,

both kh and kc contribute equally to the total stretch at low equivalence ratios.

As a matter of fact, when the flame lifts (Φ = 1.4, Φ = 1.6 and Φ = 1.8 for 3kW,

4kW and 5kW respectively), the flame stretch exhibits an abrupt rise. This is

mainly due to the curvature-induced component that has small negative values

for a stable attached flame, whereas it reaches high positive values when the

flame lifts off. It is worth mentioning that these results are in agreement with

those reported by [226] for partially premixed flames. For instance, at higher

strain rates, a flame that could otherwise be premixed in character (as discussed

in the context of Fig. 5.25-5.27) may not have enough time to form on the fuel

side, because the fluid dynamic time scales have become too short. This may

also be considered as the “merging” of a premixed flame with a stagnation region

diffusion flame. Therefore the premixed flame appears to merge with the diffusion

flame due to the curvature effect as also reported by [196].

The fundamental understanding of the partially premixed flame was limited to

the knowledge that the flame front instability was primarily convective in nature,

and was caused by a dynamic imbalance between the mixture gas velocity and

the burning velocity. The reported data also present the flame lift instability as a

diffusional and thermal instability, caused by imbalances in the diffusion rates of

heat and of the reactant species as the mixture approaches the flame fronts. An
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Φ Re Vin Va Sd ∇ · n̂ divV kh kc k

- - (m/s) (m/s) (m/s) (mm−1) (s−1) (s−1) (s−1) (s−1)

1.2 237 0.761 3.003 - - - - - -

1.4 194 0.664 2.779 0.983 1223 199 566 1202 1768

1.6 170 0.593 2.535 0.618 63 205 709 43 752

1.8 151 0.536 2.342 0.435 -296 168 607 -121 487

2.0 134 0.491 2.208 0.339 -453 143 558 -146 412

Table 5.2: Flame characteristics at the double point at 3kW

Φ Re Vin Va Sd ∇ · n̂ divV kh kc k

- - (m/s) (m/s) (m/s) (mm−1) (s−1) (s−1) (s−1) (s−1)

1.2 342 1.054 4.008 - - - - - -

1.4 274 0.887 3.515 2.438 1239 -336 -1221 1811 589

1.6 237 0.791 3.210 1.432 1979 99 601 2835 3436

1.8 209 0.714 2.974 0.449 -9 444 729 -22 706

2.0 188 0.655 2.779 0.310 -380 397 592 -99 493

Table 5.3: Flame characteristics at the double point at 4kW

Φ Re Vin Va Sd ∇ · n̂ divV kh kc k

- - (m/s) (m/s) (m/s) (mm−1) (s−1) (s−1) (s−1) (s−1)

1.2 427 1.297 4.874 - - - - - -

1.4 352 1.109 4.277 -0.634 342 -497 -414 -213 -627

1.6 301 0.987 3.934 0.954 1143 -333 -1056 1034 -22

1.8 266 0.894 3.646 0.642 380 457 816 252 1068

2.0 239 0.819 3.401 0.336 -279 423 674 -63 611

Table 5.4: Flame characteristics at the double point at 5kW
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important system parameter which can significantly influence the flame response

is expected to be the domestic gas burner flame port, represented by the burner

crown exit geometry and its assembly with the lip of the burner cap, because

in the neighborhood of this rim the flame is stabilized. The influence can be

classified according to the modification in concentration caused by entrainment,

aerodynamic stretching and the heat transfer effect.

Concerning the modification in concentration, as a result of the atmospheric en-

trainment, a fuel-lean mixture is made leaner whereas a fuel-rich mixture is made

more stoichiometric. Since diffusional-thermal instability is promoted when the

deficient species is also the more mobile one (i.e. lean methane/air mixture), a

modification in concentration in the rim region can either enhance or suppress

the onset of instability.

Concerning flame stretching, it is noted that the flame segment situated down-

stream to the burner rim (i.e. flame bottom edge) suffers low or negative hy-

drodynamic stretch (i.e. compression). A theoretical study by [209] showed that

the diffusional thermal instability is suppressed in a positively hydrodynamic

stretched flow. Since the flow at the flame bottom edge suffers negative kh, the

onset of instability is expected to be promoted.

Finally, the flame lift instability is promoted in the presence of heat loss. This

heat transfer is not simulated in this investigation, but is forced by the temper-

ature boundary condition imposed to the appliance wall.
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5.6 Flame lift prediction criteria

The flame lift prediction criteria can be formulated on the basis of different post-

processing analyses performed on the numerical results. These investigations

are major species concentration profiles along the flame, flame index contours,

mixture and volume fraction contours and flame stretch analysis.

In order to achieve a stable flame attached to the appliance rim, the domestic

gas burner designer has to ensure that:

� the flame presents a double flame structure;

� the double point represented by the bottom edge of the flame is close to

the burner wall;

� the reaction kernel of high reactivity is located at the flame base;

� the flame stretch value at the double point is below a threshold value.

The double flame nature of the flame can be quantitatively highlighted by the

major species concentrations along the flame, mainly by looking at the CO mole

fraction profiles. The presence of a marked peak followed by a second smaller one

denotes two main zones of CO production, and therefore clearly shows the double

nature of the flame. Moreover, the same feature can be qualitatively explained

by the flame index contour. The presence of the two reaction zones based on

their spatial location zones identifies the double flame nature of the flame.

The spatial location of the bottom edge of the burner flame characterizes the

tendency of the flame to lift. The closer the double point distance is to the wall,

the greater is the possibility for the flame to remain attached to the burner rim.

The position of the double point at the flame base is defined as the location of the

intersection of the stoichiometric volume fraction surface and the flame surface.

Among several configurations, the designer can thus post-process the numerical

simulation result, and screening between the different double point positions, can

choose the one closest to the wall as an indicator of a lower risk geometry.

The flame edge represents the maximum reaction zone intensity and heat release

rate. This high reactivity kernel provides radicals and serves as flame stabiliza-

tion. In order to ensure the constant presence of this kernel on the leading edge

of the flame at the bottom, the heat release rates contour with superimposed

volume fraction isolines and streamlines can be analyzed.

Finally, the analysis of the flame stretch at the double point can indicate a thresh-

old value from which to judge quantitatively the onset of the flame lift instability.

For the domestic gas appliance analyzed in this work, characterized by mass flow

rates and temperatures different from the traditional gas burner (i.e. gaseous

mixture generated by the mixing process due to the fuel jet entrainment), the

flame stretch value k should be kept below 700 s−1 to avoid the risk of flame lift.

Therefore the numerical tool can provide a better insight into the flame lift phe-

nomenon by means of different post-processing techniques. In this way useful
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guidelines can be defined for the design of practical devices aiming to achieve a

more stable operation with the G20 working fluid.
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Concluding remark and outlook

Flame stability is an essential part of the operation of all domestic burners. In

this work an experimental and numerical investigation was performed on gas-fired

cooktops, in which special attention was given to the prediction of two flame in-

stabilities: flame back and flame lift. A flame issuing from a domestic gas burner

port can be stabilized between two limiting values of the gas flow rates. The

stability range of the flame of a domestic appliance is therefore known to be lim-

ited by the influence of the fresh gases trough the flame ports on the critical flow

velocity. When the flow rate of the gas falls below a certain minimum threshold

value, the flame is not capable of anchoring itself to the burner rim and moves

into the burner. This minimum threshold value of the gas flow rate is known

as the flashback limit. On the other hand, when the gas flow rate exceeds a

certain maximum value, the flame gets detached from the burner ports. This

phenomenon is called the lift off of the flame. On the other hand, if the gas flow

rate is increased further, a threshold value is reached at which the flame may leave

the domain of interest. This maximum value of the gas flow rate is known as the

blowoff limit. Due to the complex flow field that characterizes the appliance and

drives its performances, the prediction criteria associated with these instabilities

were analyzed by means of numerical simulations. A commercial finite volume

code was used in association with unstructured grids to provide RANS based

simulations. The turbulence model adopted is a standard k-E with low Reynolds

approach. The simulation of the combustion is only applied in the analysis of the

flame lift instability and the proposed model is a variation of the Eddy Break Up

combustion model, i.e. the combined time scale approach. In order to validate

the appliance virtual prototype, a preliminary investigation was carried out on

the internal fluid dynamics of the gas stove. Different experimental measure-

ments were performed in order to point out the agreement with the numerical

prediction and to calibrate the simulation code properly.

The capacity of CFD to simulate the internal fluid dynamics of the domes-

tic gas burner correctly was analyzed by checking the volume flow rate of the

gas through different injectors and the pressure recovery on the radial diffuser of

the burner crown. The numerical error of the prediction of these quantities was

verified to be always less than 5%. However, the pressure prediction concerning

the stagnation region on the burner cap always shows the worst agreement with

185
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the experimental data, due to the overestimation of the turbulent kinetic energy.

A further validation was carried out by comparing the numerical results with

a set of data obtained in a previous research by planar PIV performed in the

flow region outside the flame port using non reactive flows. A good agreement

is observed; however, the primary flame ports are always overestimated by the

numerical model, whereas the small flame ports are underestimated. This un-

balance in the prediction of the numerical velocity profiles is emphasized in the

simulations adopting a lighter mixture, probably due to a non-optimized setting

of turbulence parameters at the inlet boundary. Furthermore, the comparison

between the main flame port and the flame port velocity profiles for the three

different burner crowns showed that the velocity out of the secondary flame ports,

can be correlated with the flame back effect, verifying that this flame instability

can be predicted by means of an investigation in cold conditions. The possibility

of predicting the flame back phenomenon in the domestic gas burner without

involving the combustion process goes to support the mainly aerodynamic origin

of this instability. Unluckily, the velocity out of the flame ports does not describe

the flame lift phenomenon in cold conditions. In this case the combustion process

must be taken into account.

In order to achieve a better understanding of the flame back instability, a

post-processing investigation of an experimental plan based on DoE was per-

formed. The DoE was experimentally carried out by Electrolux to highlight the

different fluid dynamic behaviour due to the different geometric dimensions of the

domestic gas burner crowns. This experimental plan was performed numerically

in order to correlate the direct observation of the flame back with the numerical

predictions. As pointed out in literature, the flame back instability is found to

be influenced by the velocity and the composition of the mixture through the

small flame ports. Thus it was possible to formulate a prediction criterion for

this instability based only on the post processing of the numerical results. Fur-

thermore, the composition of the gaseous mixture through the flame ports was

checked in association with the laminar burning velocity curve of the fuel. This

criterion of dynamic stability between the laminar burning velocity and the ve-

locity magnitude of the unburned mixture was based on the extrapolated data of

the laminar burning velocity curve. The prediction criterion was formulated as

follows: the flame back occurs when (1) the laminar burning velocity exceeds the

flow velocity through the burner; (2) the composition of the mixture is outside

the flammability limits. Therefore, the gas volume concentration, pressure and

temperature were monitored at different radii at the flame port exits in order to

evaluate this dynamic stability criterion. In this way it was possible to highlight

the boundaries of the stable flame regimes defined by the limit of flame back

instability. This result provided a useful guideline for the design of domestic gas

burners aiming to achieve a more stable operation with the butane working fluid.

As expected, the flame lift is affected by the formation and the homogeniza-

tion of the reactive mixture and by the interaction of the flame with the burner
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wall and the other surrounding flames. The structure and aerodynamics of the

flame generated by a cooking appliance was thus characterized by experimental

and numerical investigations, in which the flame behaviour, in conditions ranging

from a stable reference case to blow-out, was studied by varying the flow inlet

conditions. Considering the influence at different equivalence ratios of a fixed

input power, the changes in the visual appearance of these flames suggest that a

partial premixing decreases the flame height. Since the methane flow rate is held

constant, the flame length will decrease since the higher is the partial premixing,

the smaller is the amount of secondary air that must diffuse inward to create a

stoichiometric mixture, and thus the smaller is the axial distance required for this

diffusion to occur. On the other hand, the bottom flame edge does not seem to be

influenced by the partial premixing until the flame lift-off occurs. At low injec-

tion velocities, this edge flame is attached or stabilized very close to the burner.

On the other hand, at a higher injection speed, this flow acceleration forces the

flame to adjust its location at a more favourable position. Therefore the flame

lift-off occurs because of the balance between the laminar burning velocity and

the unburnt reactant velocity. However, the greater stability of a fuel-rich flame,

compared to a stoichiometric flame, also appears to be influenced by the in-

teraction between the primary (premixed) and secondary (diffusive) combustion

zone. Indeed, the secondary combustion zone acts as a pilot flame and retains

the primary zone. As a result, the prediction criterion was formulated on the

basis of different post-processing analyses performed on the numerical results in

order to point out the variations of the flame structure. These investigations

consisted of major species concentration profiles along the flame, flame index

contours, mixture and volume fraction contours and flame stretch analysis. Each

of them provides a complementary insight into the flame lift instability. In order

to prevent this kind of instability the domestic gas burner flame should therefore

present (1) a double flame structure; (2) the double point close to the burner

wall; (3) the reaction kernel of high reactivity located at the flame base and (4)

a flame stretch value below a threshold value at the double point. The double-

flame nature of the flame is indeed quantitatively and qualitatively highlighted

by the major species concentrations along the flame and the flame index contour,

respectively. The spatial location of the double point of the flame bottom edge

is characterized by the intersection of the stoichiometric volume fraction surface

and the flame surface. The maximum reaction zone intensity and heat release

rate represented by the reaction kernel can be observed in the heat release rates

contour with superimposed volume fraction isolines and streamlines, showing the

influence on the kernel position due to the balance between reaction, upstream

diffusion and convection. Finally, the analysis of the flame stretch at the double

point indicated a threshold value that determines the onset of the flame lift in-

stability. All these numerical techniques have to be jointly adopted to provide a

good prediction of flame stability in the context of the onset of flame lift.

Several future works can be carried out in order to provide a better insight
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into, and foresight of, the features of domestic gas burners. Concerning the

experimental analysis, a gas volume concentration measurement should be con-

sidered a necessary step during the development of a new domestic gas burner.

Despite the difficulties in acquiring this kind of measurement, the value of the

mixture concentration represents the key factor in order to understanding and

predicting the features of the appliance, because it could clarify and quantify the

uncertainty concerning the air entrainment process. Moreover, the validation of

this measurement by the numerical model can be considered the missing infor-

mation that would make numerical simulation a robust process. Furthermore,

a comprehensive investigation of the flow field by means of PIV using reactive

gas could be suggested. From the numerical point of view, several improvements

can be pointed out too. Initially, the complete re-run of the DoE prototype fam-

ilies should be performed by implementing the combustion model; in this way

the concept of flame stabilization based on critical boundaries will also be ex-

panded to include the flame lift instability, allowing the formulation of a robust

prediction criteria. Moreover, the implementation of the solid part in the model

represents a further development in the numerical simulation because it allows

to free the designer from the constrain to impose the temperature on the wall.

In this way a temperature distributions on the different appliance components

will be available through the domestic gas burner components. The numerical

domain can be also improved by adding to the appliance configuration also the

grids and, perhaps, the pot. In this way a complete simulation of a cooking top

can be performed. Moreover, the application of a new combustion process, in-

volving more (reversible) reactions and more chemical species will produce a more

detailed flame solution and, most of all, the possibility to decouple the reaction

velocities from the turbulence model. Furthermore, a time dependent simula-

tion can increase the range of applicability of the model to investigate different

domestic gas burner features (i.e., ignition process, turn down ratio, transient

instability). Obviously, all these improvements regarding the numerical tool re-

quire high computational cost or long time to achieve a convergent simulation,

that usually cannot be afford by an industry during the development phase of a

new product. Maybe, due to greatly enhanced computer power, in few years this

kind of simulations will become the daily run of a CFD engineer, and a number

of new ideas and design solutions will appear.
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Forĺı, 17 March 2009

Lorenzo Gattei (lorenzo.gattei@gmail.com)

189



190



List of Figures

1.1 Different modes of laminar combustion. . . . . . . . . . . . . . . . . . . . 9

1.2 Different aspects of laminar combustion. . . . . . . . . . . . . . . . . . . 10

1.3 Parts of an atmospheric domestic gas burner. In the exploded view, from the

bottom to the top the following components are shown: bowl, hob, injector,

crown and cap. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

1.4 Traditional domestic gas burner. The section view shows its main component:

(1) gas supply tube, (2) injector, (3) primary air inlet, (4) mixing tube throat,

(5) flame port exit. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

1.5 Sketch of a free jet. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

1.6 Sketch of an impinging jet. . . . . . . . . . . . . . . . . . . . . . . . . . 22

1.7 Large eddies entrainment process. . . . . . . . . . . . . . . . . . . . . . 24

1.8 Flow at the exit of a domestic gas burner crown supplied with air at nominal

(2000Pa) inlet pressure [32]. . . . . . . . . . . . . . . . . . . . . . . . . 33

1.9 Sketch of gas mixture streamlines through a Bunsen cone flame. . . . . . . . 41

1.10 Sketch of the stabilization positions of a Bunsen burner flame. . . . . . . . . 41

1.11 Sketch of the penetration distance of a Bunsen burner flame. . . . . . . . . 42

1.12 Sketch of burning velocity and mixture velocity above a Bunsen tube rim. . . 43

1.13 Stability conditions between the profile of the normal component of the ap-

proach velocity of the unburned gas mixture (dotted line) and the profile of

the flame propagation velocity (solid line) near a wall. . . . . . . . . . . . . 44

1.14 Sketch of the effect of the velocity gradient on flame stability. . . . . . . . . 48

1.15 Sketch of a characteristic stability diagram for a premixed open burner flame. 49

1.16 Schematic combustion diagram for a typical aerated burner. . . . . . . . . . 50

1.17 Sketch of transition from boundary to axial lightback as port size decreases. . 54

1.18 Sketch of the effect of non parabolic flow on lightback in small ports. . . . . . 54

1.19 Laminar flame speed comparison between Butane and Propylene. . . . . . . 55

1.20 Schematic representation of a mechanism for lightback on ignition. . . . . . . 56

1.21 Schematic illustration of the flame lift region for a multiport burner. . . . . . 58

1.22 Sketch of flow streamlines through a burner port, showing wall attachments

in deep ports. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

1.23 Schematic illustration of the effect of vitiation on the flame lift limit for a

multiport burner. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

191



192

1.24 Experimental correlation concerning the average flame lift time and the oc-

currence of flame back for different prototype families: L9-2 (triangle), L9-3

(square), L9-4 (diamond) and the definitive crown burner (circle) located at

the origin of the axes. . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

2.1 Grid of the computational domain. . . . . . . . . . . . . . . . . . . . . . 85

2.2 Close up view of the flame port region in the computational domain. . . . . . 85

2.3 Close up view of the two different injectors grid. . . . . . . . . . . . . . . 86

2.4 Grid of the computational domain. . . . . . . . . . . . . . . . . . . . . . 86

2.5 Close up view of the flame port region and numerical inlet in the computational

domain. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

2.6 Sketch of the thermocouple locations on the domestic appliance components

(the cross sign points out the exact position). . . . . . . . . . . . . . . . . 90

2.7 Experimental temperatures on the domestic gas burner crown: injector wall

(triangle up), bowl wall (triangle left), crown wall (triangle right), cap wall

(triangle down), G20 inlet gas (circle), primary air (square) and inlet pressure

(dotted line). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

2.8 Experimental temperatures on the domestic gas burner crown: injector wall

(triangle up), bowl wall (triangle left), crown wall (triangle right), cap wall

(triangle down), G30 inlet gas (circle) and primary air (square) and inlet

pressure (dotted line). . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

3.1 Domestic gas burner sections relative to the pressure acquisition positions: the

burner cap presents a single hole located at different radii for each figure. . . 99

3.2 Validation of the static pressure distribution along the expansion chamber for

different inlet pressures in the D − 119 injector (normalized values). Dashed

lines: CFD simulation. . . . . . . . . . . . . . . . . . . . . . . . . . . . 101

3.3 Validation of the static pressure distribution along the expansion chamber for

different inlet pressures in the E − 86 injector (normalized values). Dashed

lines: CFD simulation. . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

3.4 Validation of the velocity profiles at x/R = 1.06 with D − 119 nozzle supplied

with air at minimum (1700Pa, top), nominal (2000Pa, center) and maximum

inlet pressure (2500Pa, bottom)[32]. Dashed lines: CFD simulation. . . . . . 105

3.5 Agreement between PIV and numerical maximum velocity with air as working

fluid. Markers: PIV experiments for flame port type 1 (circle) and type 2

(square)[32]. Dashed lines: CFD simulation. . . . . . . . . . . . . . . . . 106

3.6 Validation of the velocity profiles at x/R = 1.06with D − 119 nozzle supplied

with N2He mixture at minimum (1700Pa, top), nominal (2000Pa, center) and

maximum inlet pressure (2500Pa, bottom)[32]. Dashed lines: CFD simulation. 107

3.7 Agreement between PIV and numerical maximum velocity, with the N2He

mixture as working fluid. Markers: PIV experiments for flame port type 1

(circle) and type 2 (square)[32]. Dashed lines: CFD simulation. . . . . . . . 108



193

4.1 Butane laminar burning velocity: experimental points by Warnatz [157] (square

marks), interpolation curve (solid line), extrapolation curve (dashed line). . . 111

4.2 Butane laminar burning velocity at 298K (solid line) and 573K (dashed line). 113

4.3 Experimental occurrence of flame back against the averaged velocity at type

2 flame ports for different prototype families: L9-2 (triangle), L9-3 (square),

L9-4 (diamond) and the definitive crown burner (circle). The closed symbols

represent the burners not affected by the flame back instability. . . . . . . . 114

4.4 Numerical correlation for C4H10 in hot conditions between the volume gas

concentration and the averaged velocity at type 2 flame ports for different

prototype families: L9-2 (triangle), L9-3 (square), L9-4 (diamond) and the

definitive crown burner (circle). The closed symbols represent the burners not

affected by the flame back instability. . . . . . . . . . . . . . . . . . . . . 115

4.5 Dimensionless numerical correlation for C4H10 in hot conditions between the

Euler number and the Reynolds number computed for type 2 flame ports for

different prototype families: L9-2 (triangle), L9-3 (square), L9-4 (diamond)

and the definitive crown burner (circle). The closed symbols represent the

burners not affected by the flame back instability. . . . . . . . . . . . . . . 116

4.6 Numerical correlation for C4H10 in hot conditions between the volume gas

concentration (fraction of stoichiometric) and the critical boundary velocity

gradient for type 2 flame ports for different prototype families: L9-2 (triangle),

L9-3 (square), L9-4 (diamond) and the definitive crown burner (circle). The

closed symbols represent the burners not affected by the flame back instability. 117

4.7 Butane stability diagram for flame back at x/R = 0.96 for different prototype

families: L9-2 (triangle), L9-3 (square), L9-4 (diamond) and the definitive

crown burner (circle). The closed symbols represent the burners not affected

by the flame lift instability. Lines: experimental C4H10 laminar burning ve-

locity in cold condition (solid); extrapolated C4H10 laminar burning velocity

in cold condition (dashed) and extrapolated C4H10 laminar burning velocity

in hot condition (dash dotted). . . . . . . . . . . . . . . . . . . . . . . . 119

4.8 Butane stability diagram for flame back at x/R = 0.98 for different prototype

families: L9-2 (triangle), L9-3 (square), L9-4 (diamond) and the definitive

crown burner (circle). The closed symbols represent the burners not affected

by the flame lift instability. Lines: experimental C4H10 laminar burning ve-

locity in cold condition (solid); extrapolated C4H10 laminar burning velocity

in cold condition (dashed) and extrapolated C4H10 laminar burning velocity

in hot condition (dash dotted). . . . . . . . . . . . . . . . . . . . . . . . 120

5.1 Methane laminar burning velocity: experimental points by Warnatz [157] (square

marks), interpolation curve (solid line). . . . . . . . . . . . . . . . . . . . 123

5.2 Methane laminar burning velocity at 298K (solid line) and 523K (dashed line). 124



194

5.3 Experimental occurrence of flame lift against the velocity difference between

flame ports type 1 and 2 for different prototype families: L9-2 (triangle), L9-3

(square), L9-4 (diamond) and the definitive crown burner (circle).The closed

symbols represent the burners not affected by the flame lift instability. . . . . 125

5.4 Numerical correlation for CH4 in cold conditions between the volume gas

concentration (fraction of stoichiometric) and the critical boundary velocity

gradient in type 1 flame ports for different prototype families: L9-2 (triangle),

L9-3 (square), L9-4 (diamond) and the definitive crown burner (circle). The

closed symbols represent the burners not affected by the flame back instability. 126

5.5 Schematic of the experimental setup. . . . . . . . . . . . . . . . . . . . . 128

5.6 Test domestic gas burner. The section view shows its main components: (1)

mixture supply tube, (2) flame port exit. . . . . . . . . . . . . . . . . . . 129

5.7 Experimental inlet pressure and crown temperature for 3kW (circle), 4kW

(square) and 5kW (diamond) heat power input. . . . . . . . . . . . . . . . 130

5.8 Flame images for different equivalence ratios at 3kW (visualizations from the

front). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132

5.9 Flame images for different equivalence ratios at 3kW (visualizations from the

top). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133

5.10 Flame images for different equivalence ratios at 4kW (visualizations from the

front). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134

5.11 Flame images for different equivalence ratios at 4kW (visualizations from the

top). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135

5.12 Flame images for different equivalence ratios at 5kW (visualizations from the

front). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136

5.13 Flame images for different equivalence ratios at 5kW (visualizations from the

top). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137

5.14 Line of sight integration. . . . . . . . . . . . . . . . . . . . . . . . . . . 141

5.15 OH interference filter specification. . . . . . . . . . . . . . . . . . . . . . 141

5.16 OH chemiluminescence intensity for 3kW (circle), 4kW (square) and 5kW

(diamond) heat power input. . . . . . . . . . . . . . . . . . . . . . . . . 142

5.17 Visualization of OH chemiluminescence iso-contour levels for different equiva-

lence ratios at 3kW. The burner edges are also sketched (black line). . . . . . 144

5.18 Visualization of OH chemiluminescence iso-contour levels for different equiva-

lence ratios at 4kW. The burner edges are also sketched (black line). . . . . . 145

5.19 Visualization of OH chemiluminescence iso-contour levels for different equiva-

lence ratios at 5kW. The burner edges are also sketched (black line). . . . . . 146

5.20 Flame length versus Reynolds number for 3kW (circle), 4kW (square) and

5kW (diamond) heat power input. The open and closed symbols represent

the numerical and experimental results, respectively. . . . . . . . . . . . . 149

5.21 Liftoff height versus Reynolds number for 3kW (circle), 4kW (square) and

5kW (diamond) heat power input. The open and closed symbols represent

the numerical and experimental results, respectively. . . . . . . . . . . . . 150



195

5.22 Predicted profiles of major species (CH4: bold solid line, O2: solid line , CO:

dotted line, CO2: dashed line, H2O: dash dotted line) and heat release rate

(square marker) for different equivalence ratios at 3kW. . . . . . . . . . . . 153

5.23 Predicted profiles of major species (CH4: bold solid line, O2: solid line , CO:

dotted line, CO2: dashed line, H2O: dash dotted line) and heat release rate

(square marker) for different equivalence ratios at 4kW. . . . . . . . . . . . 154

5.24 Predicted profiles of major species (CH4: bold solid line, O2: solid line , CO:

dotted line, CO2: dashed line, H2O: dash dotted line) and heat release rate

(square marker) for different equivalence ratios at 5kW. . . . . . . . . . . . 155

5.25 Modified flame index for 3kW partially premixed flames at different equiv-

alence ratios; green and blue surfaces correspond to premixed and diffusion

flames, respectively. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 158

5.26 Modified flame index for 4kW partially premixed flames at different equiv-

alence ratios; green and blue surfaces correspond to premixed and diffusion

flames, respectively. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 159

5.27 Modified flame index for 5kW partially premixed flames at different equiv-

alence ratios; green and blue surfaces correspond to premixed and diffusion

flames, respectively. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160

5.28 Volume fraction iso-contours at Cvol = 0.0952 (red line) and CO iso-contour

at YCO = 0.004 (black line), for different equivalence ratios at 3 kW. . . . . . 163

5.29 Volume fraction iso-contours at Cvol = 0.0952 (red line) and CO iso-contour

at YCO = 0.004 (black line), for different equivalence ratios at 4 kW. . . . . . 164

5.30 Volume fraction iso-contours at Cvol = 0.0952 (red line) and CO iso-contour

at YCO = 0.004 (black line), for different equivalence ratios at 5 kW. . . . . . 165

5.31 Computed heat release rate contours (rainbow scheme), volume fractions iso-

contours (black lines) and flow field streamlines (blue lines) for different equiv-

alence ratios at 3kW. . . . . . . . . . . . . . . . . . . . . . . . . . . . 167

5.32 Computed heat release rate contours (rainbow scheme), volume fractions iso-

contours (black lines) and flow field streamlines (blue lines) for different equiv-

alence ratios at 4kW. . . . . . . . . . . . . . . . . . . . . . . . . . . . 168

5.33 Computed heat release rate contours (rainbow scheme), volume fractions iso-

contours (black lines) and flow field streamlines (blue lines) for different equiv-

alence ratios at 5kW. . . . . . . . . . . . . . . . . . . . . . . . . . . . 169

5.34 Flame surface evolution . . . . . . . . . . . . . . . . . . . . . . . . . . 172



196



List of Tables

1.1 Characteristics of the test gases (dry gases at 288.15K and 101325Pa): the

composition is in volume, Ws is the gross Wobbe number, Hs is the gross

calorific value and d is the density ratio of equal volumes of dry gas and dry

air under the same temperature and pressure conditions. . . . . . . . . . . 15

1.2 Test pressures relative to each gas category: 2H (G20) and 3B/P (G30). . . . 16

1.3 Minimum primary air requirements for various types of appliance burners. . . 51

3.1 Validation of the mass flow rate by means of the D − 119 injector model. . . . 97

3.2 Validation of the mass flow rate by means of the E − 86 injector model. . . . 97

3.3 Matrix of experiments concerning the pressure recovery along the radial diffuser. 99

5.1 Reactant flow rates. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130

5.2 Flame characteristics at the double point at 3kW . . . . . . . . . . . . . . 180

5.3 Flame characteristics at the double point at 4kW . . . . . . . . . . . . . . 180

5.4 Flame characteristics at the double point at 5kW . . . . . . . . . . . . . . 180

197



198



Bibliography

[1] Pascale Domingo and Luc Vervisch. In Proceedings of the Combustion

Institute, volume 26, pagine 233–240. The Combustion Institute, 1996.

[2] H.R.N. Jones. Appliance of Combustion Principles to Domestic Gas

Burner Design. Taylor & Francis Books Ltd, 1990.

[3] C.E.N. Domestic cooking appliances burning gas – Part1–1: Safety – Gen-

eral. European Standard EN 30-1-1, 1997.

[4] C.E.N. Test gases. Test pressures. Appliance categories. European Stan-

dard EN 437, 2003.

[5] G. N. Abramovich. The Theory of Turbulent Jets. The MIT Press, 1963.

[6] R. Viskanta. Heat Transfer to Impinging Isothermal Gas and Flame Jets.

Experimental Thermal and Fluid Science, 6:111–134, 1993.

[7] Lorenzo Gattei. Jets. Technical report, Electrolux Major Appliances

Europe – CTI, 2006.

[8] Coleman duP. Donaldson and Richard S. Snedeker. A study of

free jet impingement. Part 1. Mean properties of free and impinging jets.

Journal of Fluid Mechanics, 45:281–319, 1971.

[9] A.J. Yule. Large scale structure in the mixing layer of a round jet. Journal

of Fluid Mechanics, 89:413–432, 1978.

[10] K. Kataoka. Impingement heat transfer augmentation due to large scale

eddies. Proceedings of 9th Int. Heat Transfer Conference, 1:255–273, 1996.

[11] Peter S. Bernard and James M. Wallace. Turbulent Flow: Analysis,

Measurement and Prediction. Wiley, 2002.

[12] N. Blacker, R. Cowling, K. Parker, and J. Soria. A comparison

between pulsed and continuous round jets. International Symposium on

Applications of Laser Techniques to Fluid Mechanics, 13, 2006.

199



200
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Francophone de Vélocimétrie Laser, 2004.

[18] Baki M. Cetegen and Nazri Mohamad. Experiments on liquid mixing

and reaction in a vortex. Journal of Fluid Mechanics, 249:391–414, 1993.

[19] P.J. Ashman, R. Junus, J.F. Stubington, and G.D. Sergeant. The

Effects of Load Height on the Emissions from a Natural Gas-Fired Domestic

Cooktop Burner . Combustion Science and Technology, 103:283–298, 1994.

[20] Rosita Junus, John Frank Stubington, and Geoffrey David

Sergeant. The effects of design factors on emissions from natural gas

cooktop burners. International Journal of Environmental Studies, 45:101–

121, 1994.

[21] John Stubington, Geoffrey Sergeant, Rosita Junus, Gregory

Beashel, Terence Murphy, Peter Ashman, and Ibrahim Tas.

Methodology for the simultaneous measurement of emissions and efficiency

for natural gas-fired cooktop burners. International Journal of Environ-

mental Studies, 48:117–133, 1995.

[22] Yung-Chang Ko and Ta-Hui Lin. Emissions and efficiency of a do-

mestic gas stove burning natural gases with various compositions. Energy

Conversion and Management, 44:3001—-3014, 2003.

[23] Shuhn-Shyurng Hou and Yung-Chang Ko. Effects of heating height

on flame appearance, temperature field and efficiency of an impinging lam-

inar jet flame used in domestic gas stoves. Energy Conversion and Man-

agement, 45:1583—-1595, 2004.



201

[24] Shuhn-Shyurng Hou and Yung-Chang Ko. Influence of oblique an-

gle and heating height on flame structure, temperature field and efficiency

of an impinging laminar jet flame. Energy Conversion and Management,

46:941—-958, 2005.

[25] Shuhn-Shyurng Hou, Chien-Ying Lee, and Ta-Hui Lin. Efficiency

and emissions of a new domestic gas burner with a swirling flame. Energy

Conversion and Management, 48:1401—-1410, 2007.

[26] Irvin Glassman. Combustion, Third Edition. Academic Press, San Diego,

1997.

[27] Stuart B. Reed. An approach to the prediction of aerated-burner per-

formance. Combustion and Flame, 13:583–595, 1969.

[28] P. Datta, B.M. Hayward, and S.B. Reed. A flame structure study of

the stabilizing region of a near-stoichiometric laminar burner flame. Com-

bustion and Flame, 17:399–408, 1971.

[29] Parimal Datta and Stuart B. Reed. A flame structure study of the

stabilizing region of a fuel-rich flame and the effects of vitiation. Combustion

and Flame, 19:89–99, 1972.

[30] D.L. van Oostendorp, C.E. van der Meij, and H.B. Levinsky.

Entrainment and the effectiveness of retention flames in the burners of

domestic cookers. Journal of the Institute of Energy, 66:17–19, 1993.

[31] R. Junus, J.E. Vierkant, J.F. Stubington, G. D. Sergeant, and

I. Tas. The effects of the design of the cap of a natural gas-fired cook-

top burner on flame stability. International Journal of Energy Research,

22:175–184, 1998.

[32] Luca Casarsa. Experimental analysis of the fluid dynamics of a domestic

gas burner by means of Particle Image Velocimetry technique. Technical

report, DIPARTIMENTO di ENERGETICA e MACCHINE, Universitá
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