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CHAPTER 1 INTRODUCTION

1.1 Combustion and flame

Combustion is the oldest technology of mankind and has furnished man with a major
source of energy for more than one million years and at present, about 90% of our energy
support ( e.g.. in traffic, electrical power generation, heating ) is provided by combustion.
The advent of nuclear energy has provided a rival energy source to combustion. However,
many years will elapse before combustion loses its predominance and for the foreseeable
future, it will continue to have important applications both as an energy source and in var-
ious industrial processes. Therefore, combustion will continue to be studied by researchers
and quantitative understanding of this phenomenon is a desirable practical goal as well as

of intrinsic interest.

Webster's Dictionary provides a definition of combustion as “rapid oxidation gen-
erating heat, or both light and heat; also, slow oxidation accompanied by relatively little
heat and no light.” This definition emphasizes the intrinsic importance of chemical reac-
tions to combustion. It also emphasizes why combustion is so useful: combustion trans-

forms energy stored in chemical bonds to heat which can be utilized in a variety of ways.

The objective of combustion is to retrieve energy from the burning of fuels in the
most efficient way possible. Combustion can occur in either a flame or non-flame mode.
What is a flame and how does it differ from other reacting systems? A flame is defined as a
combustion reaction that can propagate subsonically through space. It is usually accompa-
nied by the emission of visible radiation, a feature which is not essential to the definition.
However, the property of spatial propagation is the important one which distinguishes
flames from other combustion reactions. The spatial propagation of flames is a result of
strong coupling between chemical reaction, the transport processes of mass diffusion
and heat conduction, and fluid flow. Heat, active species, and radiation can all accelerate
chemical reaction. Qualitatively, this can be considered as a positive feedback system. If
the feedback exceeds some critical factor, the system will be self-sustaining. The limiting
factor is the convection velocity carrying fresh material to the reaction, since the feedback

is inversely proportional to it. The existence of flame movement implies that the reaction
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is confined to a zone which is small. This reaction zone is called the flame front, combus-

tion wave, or combustion zone. We shall use the first designation in this thesis.

Flames are commonly classified according to three broad means: dispersion, aero-
dynamic flow, and initial physical state. The first of these has to do with the state of mix-
ing of the reactants, or whether the reactants are premixed before entering the reaction
zone. This criterion categorizes flames as being either premixed flames or non-premixed
( diffusion ) flames. In a premixed flame, the fuel and the oxidizer are mixed at the molec-
ular level prior to the occurrence ot any significant chemical reaction. Contrarily, in a dif-
fusion flame, the reactants are initially separated, and reaction occurs only at the interface
between the fuel and oxidizer, where mixing and reaction both take place. The term “dif-
fusion” applies strictly to the molecular diffusion of chemical species, i.c., fuel molecules
diffuse toward the flame from one direction while oxidizer molecules diffuse toward the
flame from the opposite direction. In practical devices, both types of flames can be present

in various degrees.

The second broad means of classification concerns the nature of the gas flow through
the reaction zone in the fluid dynamic sense, i.e., whether it is laminar or turbulent. Lam-
inar or streamlined flow implies that all mixing and transport must be done by molecular
processes, while in turbulent flow this is aided by a macroscopic eddying motion. In tur-
bulent non-premixed flames, turbulent convection mixes the fuel and oxidizer together
on a macroscopic basis. Molecular mixing at small scales, i.e., molecular diffusion, then

completes the mixing process so that chemical reactions can take place.

The third method of classifying flames specifies the initial physical state of the re-
actants—solid, liquid, or gas. Solid particle flames are probably best typified by those of
coal dust in air. Liquid droplet or spray combustion is widely known in common oil burn-

ers, jet engines, etc., while gas flames are still more common and are self-explanatory.

These classes of flames— premixed or diffusion; laminar or turbulent; and gaseous.
droplet, or particle—suffice as major divisions of flames. Other properties besides these
serve to differentiate flames too, and the classification of a flame according to one of these
subdivisions has an important bearing on its structure in one way or another, as will now

be brought out.

Stationary flames or non-stationary flames
Deflagration or detonation flames

Open or enclosed flames
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Normal or inverse flames

Stationary flames are opposed to non-stationary or propagating flames in the sense
that the flames are stationary with respect to a reference point. The flame burning velocity
is balanced by the flow velocity in a stationary flame. Most industrial flames belong to this
category. Flame propagating down a tube filled with combustible mixture is an example of

non-stationary flames.

The classification of flames into deflagration or detonation flames refers to the nature
of flame burning velocity or flame speed. A deflagration flame propagates at subsonic ve-
locity through gradual heat and mass transfer between the burned and unburned gas. A det-
onation flame is sustained by a shock wave through the high temperature and pressure rise
behind the shock front. The flame front in a detonation flame propagates at super-sonic

velocity.

The distinction between open or enclosed flames comes from the combustion sys-
tem boundaries. Industrial flames usually occur in a vessel or combustion chamber with
controlled fuel and air supplies. Such flames are called enclosed flames in contrast to open
flames which are formed between a fuel jet and unbounded surrounding atmosphere. Flow
patterns differ between an open and an enclosed flame since a vessel represents an imper-

missible mass boundary which affects fluid flow.

The last classification criterion considers the relative position of the fuel and oxidizer
streams. In a normal flame, the fuel jet is surrounded by the oxidant jet. An inverse or re-
versed, reciprocal flame is defined here as a flame with a central oxidant jet surrounded
by a fuel jet. In a broad sense, neither the fuel nor the oxidant needs to be a pure stream in

an inverse flame. This criterion will be discussed in the next section.

1.2 Inverse diffusion flame

Inverse diffusion flames can be formed by two concentric tubes, comprising of an
inner air jet and an outer fuel jet, under either confined condition or unconfined condition.
Confined condition refers to an enclosed flame while an unconfined flame is an open flame
in atmosphere. Since fuel and air supplies are initially separated, inverse diffusion flames
are non-premixed in nature and the combustion performance is highly dependent on the

degree of mixing between the fuel and air. A thin bell-shaped blue reaction zone will be
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formed at the jet exit under the equilibrium of jet velocity and flame burning velocity. The
blue reaction zone is the surface of contact between the fuel and air where stoichiomet-
ric combustion takes place. In confined condition, however, it is very difficult to obtain
a balance between jet velocity and flame burning velocity. Therefore confined inverse
diffusion flames are usually unstable. In unconfined or open condition, fuel and air are
injected into atmosphere. An air-fuel-air arrangement is formed, in which the central air
jet is surrounded by the annular fuel jet and in turn the fuel jet is surrounded by ambient
atmospheric air. When the central air jet velocity is low, the fuel jet will be in contact
with the air jet at the inner side forming a bell-shaped blue flame and with the atmospheric
air at the outer side forming an annular diffusion flame. When the central air jet velocity
is high enough, the fuel jet will be entrained towards the air jet at the inner side and the
mixing between the entrained fuel and the central air will produce a partially premixed
flame. Even when the fuel is entrained by the central air and burned in premixed mode,
part of the fuel may still burn in non-premixed mode due to either poor mixing or an
excessive amount of fuel. This can result in a flame with upstream fuel-lean or stoichio-
metric combustion and downstream fuel-rich or non-premixed combustion. Such a flame
configuration is similar to the staged combustion technique adopted for reducing NO,
emission through the process of NO,-reburning. In staged combustion, usually a second-
ary air or fuel supply is provided to assist secondary combustion in the flue gas zone. The
NO, formed in the primary combustion zone is converted to HCN and eventually “burned
away  in the secondary combustion zone. Inverse diffusion flames at high equivalence
ratios will establish exactly similar staged combustion arrangement and therefore have po-

tential application in low NO, burners.

In recent years, inverse diffusion flames have gained popularity and attracted the
attention of many researchers because they exhibit the characteristics between those of
premixed and non-premixed flames. Due to the non-premixed nature, diffusion flames
have a wide range of flammability even in turbulent state, but with a high soot-loading
characteristic which sets a limit to their domestic applications where clean combustion is
required. Premixed flames are cleaner and burn more intensely, but with a narrow range
of operation due to the occurrence of flash-back and lift-off. With regard to inverse dif-
fusion flames, by separately adjusting the fuel and air supplies, we can control the flame
configuration from a premixed flame to a diffusion flame or a flame with characteristics in

between.
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1.3 Scope and objective of study

As a combination of premixed and diffusion flames, inverse diffusion flames are
capable of exploiting the advantages of both premixed flames and diffusion flames, in
regards to operational safety, pollutant emission, and flame stability. Specifically, inverse
diffusion flames have no flash-back, reduced soot formation, a wide range of operational
conditions and flexibility in flame length adjustment, coupled with potential NO,-reburn-
ing capability. These advantages of inverse diffusion flames and their potential industrial

and domestic applications have motivated this research work.

Numerous articles have been published dealing with the two basic flame types of
premixed flames and diffusion flames, however, in the history of flame research, only a
few investigations on inverse diffusion flames have been carried out. Among them, the
study of flame structure is the specialized topic of interest to combustion scientists and
engineers. Flame structure is the term used in one sense to describe the process taking
place within the flame itself and in another sense to describe the external appearance of
the flame. Besides flame structure, former investigations are mainly focused on their low
soot-loading characteristic. Other concerns include the study of pollutant formation mech-

anisms and the application of inverse diffusion flames in flame impingement heat transfer.

Energy conservation and environmental concerns emphasize the need for fundamen-
tal investigation of the mechanisms of pollutant formation. So both thermal and emission
characteristics of swirling inverse diffusion flames are to be investigated in details. This
study also aims to better understand the phenomena such as flame extinction, quenching

and heat and mass transport properties.

This dissertation aims at investigating and comparing inverse diffusion flames with
and without swirl. The introduction of a swirling motion to the inverse diffusion flame is
proposed to reduce its flame length. The governing parameters of the inverse diffusion
flame with swirl will be fully identified and their effects on flame length, flame stability
and preferential separation distance for heat transfer etc. will be investigated. It is the ob-
jective of this study to exploit the feasibility of utilizing swirling inverse diffusion flames

in flame impingement heat transfer.

We begin our study of swirling inverse diffusion flames by developing a swirl burner
and testing its performance. The burner aims to generate flames operating in high swirl

mode. Then, detailed investigations go to the followings:



