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ABSTRACT

A new technique is presented for determining burning velocities and stretch effects
in laminar flames, and applied to a range of fuel/air mixtures. The speeds of
expanding spherical flames, measured by high-speed schlieren cine-photography, are
shown to vary with flame radius. A simple phenomenological model has been
developed to analyse the data and obtain the one-dimensional flame speed by

extrapolation to infinite radius.

The validity of the simple model has been tested by using it to analyse the results of
detailed simulations of expanding spherical flames. The true one-dimensional flame
speeds in this case are known from planar flame modelling using the same kinetic
scheme. The simple model predicted flame speeds within 2% of the true values for
hydrogen/air mixtures over most of the stoichiometric range. This demonstrates that
the extrapolation procedure is sound and will produce reliable results when applied to

experimental data.

Since the flame speeds derived from experiments are one-dimensional values,
multiplying them by the density ratio gives one-dimensional burning velocities (Su°).
Maximum burning velocities of hydrogen, methane, ethane, propane and ethylene
mixtures with air were 2.85 ms™!, 0.37 ms™}, 0.41 ms™!, 0.39 ms™! and 0.66 ms!
respectively. These are considerably smaller than most burner-derived values. The
discrepancies can be explained by flow divergence and stretch effects perturbing

burner measurements.

The rate at which the measured flame speed approaches its limiting value depends on
flame thickness and flame stretch. By subtracting the flame thickness term, the
influence of flame stretch, expressed as the Markstein length, can be derived. Again
values are given across the whole stoichiometric range of all fuels listed above, and
form the most complete set of Markstein lengths reported to date. The Markstein
lengths are negative in lean hydrogen and methane and in rich ethane and propane
mixtures: this means that stretch increases the burning rate. They are positive in all
other mixtures, showing that stretch decreases the burning rate. The results are in

line with predictions based on Lewis number considerations.

An alternative method of deriving one-dimensional burning velocities and Markstein
lengths has been investigated. Burning velocities were measured at different stretch
rates in flames in stagnation-point flow. Particle tracking was used to derive burning

velocities referred to the hot side of the flame from the upstream values. The two
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burning velocities extrapolated to different one-dimensional values, both of which
differed slightly from the expanding flame results. The suggested reason is that the
upstream velocity gradient is not an accurate measure of the stretch experienced by
the flame. Markstein lengths were consistent with those from the expanding flame
method but the uncertainties were much larger. The method in its present form is

therefore useful qualitatively but not quantitatively.
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Chapter 1

INTRODUCTION

It is difficult to define flames precisely!, but a dictionary definition? of flames as
"gases undergoing chemical reaction with evolution of heat" covers the essential
points. One might add that the reaction is localized, that light is usually produced

and that the reactants need not be gases (although they are in most cases).

Flames can be produced in two essentially different ways depending upon how the
reactants are brought together. In one, the reactants (usually fuel and air) are
supplied separately and the flame forms where they meet. The combustion processes
are then mainly determined by the rates of diffusion of fuel and air. Candle flames,
fires and the flame on a Bunsen burner when the air hole is closed are examples of

such nonpremixed or "diffusion" flames.

Flames can also be produced in a mixture of the reactants. Such premixed flames
have an altogether different character from nonpremixed flames. They are often
called combustion waves, and they do indeed have the attributes of wavess, in
particular the property of propagating in a direction normal to themselves at a
(roughly) constant speed. The archetypal premixed flame is that formed on a Bunsen
burner when the air hole is fully open. The blue inner cone is a region of high
temperature and intense chemical reaction which is characteristic of this type of

combustion.

Both diffusion and premixed flames are used in combustion equipment for water and
space heating, industrial processes, transport and electricity generation. But while the
design of equipment to use diffusion flames is simple, such flames produce large
amounts of pollution (particularly soot) and are not easily controlled. There has

therefore been a move towards the use of premixed flames.

Flames can be laminar or turbulent. Studies of laminar flames are relevant to both:
provided the turbulence intensity is not too great, turbulent flames behave like

perturbed laminar ones.

It follows that a study of the detailed chemistry of laminar premixed flames will

provide information which is applicable to practically all premixed flames, whether




laminar or turbulent. Such studies provide insights into such flame properties as heat
release rates, flammability limits, propagation rates, quenching, and emissions of
nitrogen oxides, carbon monoxide, soot and other pollutants. Flame chemistry is
commonly studied by performing computer simulations of laminar, one-dimensional
flames. Complex chemical kinetic reaction schemes are developed for use in such
simulations, and the results are compared with experiments on laminar flames. The
production of accurate experimental data on laminar premixed flames therefore plays

a key role in the process of understanding a large range of flames.

One distinguishing feature of laminar premixed flames is that they have a
characteristic propagation rate, commonly called the burning velocity. Flames are
complex systems, and no satisfactory methods exist of predicting this property. In
principle the computer models described above can be used, but the chemical kinetic
data used in such models are not sufficiently well known for the predictions to be
used with confidence. It is more usual to use measured burning velocities to validate
kinetic schemes. Since burning velocities are used in many areas of combustion
science (e.g. burner design and explosion prediction), the only alternative is to
measure them. Scientists have been performing such determinations for over a

century.

Over the last forty years or so, there has been a gradual realization that flow
nonuniformities or flame curvature can change the propagation rate. Such effects
have come to be known as flame stretch. If full information about flame behaviour
is required, it is therefore necessary to determine both the propagation rate of a

flame and the influence of flame stretch.

The work described in this thesis is an experimental and modelling study of the
propagation rates of laminar flames in a range of fuel/air mixtures, and the way

these rates change when the flames are stretched.

The background to the work and the reasons for doing it are explained in this
chapter. A brief historical survey of both the definition and the measurement of
burning velocity is presented in the first section. The aim is to show that the

concept of burning velocity has developed along with the methods used to measure it.

In the second section, the burning velocity of a fuel/air mixture is defined in terms
of a one-dimensional flame. The implications of this one-dimensional definition for
measurements in real flames are discussed, along with the need for an extension of

the definition to cover flames which are not one-dimensional.



The organization of the thesis is described in the final section.

1.1 A BRIEF HISTORY OF BURNING VELOCITY

In this section we trace the history of the definition and measurement of burning
velocity in order to provide some background for the present work. References 4
and 5 were helpful for locating early papers and putting work in context. The
development of the subject is illustrated by reference to a few papers which either
introduced new concepts or were influential in propagating old ones. Many of the
methods described below will be reconsidered in Chapter 7 in the light of the

findings of the present work.

The first recorded estimate of a burning rate of a flame appears to have been that
published in 1815 by Sir Humphrey Davy® in his work on the development of the

miners’ safety lamp:

"In exploding a mixture of 1 part of gas from the distillation of coal, and 8
parts of air in a tube of a quarter of an inch [6 mm] in diameter, and a foot
[300 mm] long, more than a second was required before the flame reached
from one end of the tube to the other: and this gas... consisted of carburetted
hydrogen gas mixed with some olefiant gas."

In modern terms, Davy’s result is that the flame speed of methane containing some
unspecified amount of ethylene mixed with 8 parts of air is less than 0.3 msl. If
the far end of the tube was closed then the speed was relative to the cold gas and
approximates to a burning velocity. The low value for the speed supports this idea.
There is, however, no indication that Davy measured any flame speeds systematically

or expected the flame speed for a given mixture to be constant.

The first systematic measurements of "the celerity with which the propagation of the
ignition takes place" were published by Bunsen in Germany in 1866 and in an
English translation’ in Britain the following year. The gas mixture was made to flow
through a tube and out of an orifice. A flame was ignited there and the flame speed
was defined as the flow speed in the tube which was just low enough to produce
lightback. The flow speed was determined from the volumetric flow rate by

assuming a constant velocity across the orifice. Values of 34 ms™' for "pure



hydrogen explosive mixture" (stoichiometric hydrogen/oxygen) and just less than 1

ms™! for "carbonic oxide" (carbon monoxide/oxygen) were obtained.

The next stage covered the period 1875 to 1889 when Mallard, Le Chatelier, Gouy
and Michelson laid the foundations for the modern view of flames. Mallard®
reported experimental results (using essentially the same method as Bunsen) in a
memoir published in 1875, along with the first theory of burning velocity. He
measured burning velocities of firedamp (methane) and "lighting gas" (town gas) at a
range of fuel/air mixtures. Maximum values were 0.56 ms™! for 10.8% firedamp in

air and 1.02 ms™! for 16.7% lighting gas in air.

The next experimental determinations were by Gouy9 in 1879. Gouy’s paper was on
photometry of coloured flames, but a short section dealt with the shape and size of
Bunsen flames. In the theoretical section, Gouy gave the equation V = v sin a
where V is the burning velocity, v is the gas velocity and « is the angle between the
flow direction (assumed vertical) and the flame surface. This equation is still
frequently used to derive burning velocities on Bunsen burners. Gouy projected the
image of a Bunsen cone onto a screen and estimated the area. His main object was
to show that the burning velocity V was constant over the flame surface, by
measuring the areas of flames on burners of different diameters at constant flow rate.
The possibility of measuring the burning velocity by dividing this area into the
volumetric flow rate was mentioned only in a footnote. Apparently the difficulty
was in measuring precise flow rates. Only approximate burning velocities are quoted,
and for only two mixtures of lighting gas and air. One of these was the mixture

giving the maximum burning velocity, which Gouy found to be about 1 ms™ L.

In 1883, Mallard and Le Chatelier!® followed up Mallard’s earlier work® with
experiments using both Bunsen’s method and a new tube method. In this, the
required fuel/air mixture was placed in a tube and ignited at the open end. The
initial uniform speed at which the flame moved towards the closed end was measured
and taken to be the burning velocity. The results were similar to those obtained
using Bunsen’s method. The maximum burning velocity of hydrogen/air was found
to be 4.30 ms™! in a mixture containing 40% hydrogen, and that of methane/air was
0.62 ms™! in a mixture containing 12.2% methane. An improved theory was also

proposed.

Further experimental work was reported by Michelson!! in 1889. Michelson
recognized that the burning velocity might depend on flame curvature, and implied

that the "normal ignition velocity" that he defined should properly be measured in a



planar flame. However, he found that any dependence on curvature was less than
the experimental error. He used Gouy’s flame area method to measure burning
velocities of a variety of fuel/oxidant mixtures. Maximum burning velocities
included 0.71 ms™! for 18% town gas in air (roughly 50% hydrogen, 30% methane,
10% carbon monoxide plus minor constituents) and 2.77 ms ! for 40% hydrogen in
air. Michelson pointed out that his values were much lower than those determined
by previous workers, and explained why. In particular, he considered that the
Bunsen method gave high results because of the assumption of constant velocity

across the orifice.

Subsequent experimental work became divided into two groups. Measurements on
stationary flames on Bunsen burners (see e.g. ref. 3) used the Gouy method or a
derivative of it. Measurements on moving flames were made in tubes, following

Mallard and Le Chatelier, and later in spherical vessels.

Starting in 1914, Wheeler and co-workers!?1% extended Mallard and Le Chatelier’s
work on "the uniform movement" in tubes. While supporting the view that too
narrow a tube causes a reduction in speed by heat loss, they found that too large a
diameter causes an increase in speed due to turbulence. The question therefore arose
about how fundamental the results were: it appeared that a particular tube diameter

would have to be specified.

In 1926, Stevens'*1® introduced the constant-pressure expanding spherical flame
method. He was therefore the originator of the method used in this thesis. Stevens
enclosed the flammable mixture in a spherical soap film which acted as a constant-
pressure bomb. He found that the speed of the expanding spherical flame was
constant, and referred to "the favourable symmetry automatically assumed by the
gross mechanism of the gaseous explosive reaction". We will comment on both of

these points in due course.

In 1932, Coward and Hartwell*® measured the "fundamental speed of flame" using a
tube method. They considered that prior to their work the only successful method of
measuring the fundamental speed of flame was the Gouy method. They realized that

tube methods can give high values unless the flame area is taken into account:

"The flame is rarely, if ever, a flat disc at right angles to the axis of the tube;
hence the axial speed of propagation is usually much greater than the normal

speed of propagation (at right angles to the flame-front) of a plane flame-



front in a stationary mixture. Values for this fundamental constant have,

however, been deduced..."

The maximum burning velocity for methane/air was found to be 0.27 ms™! at about

10% methane in air.

Two years later, Lewis and von Elbe!” followed Stevens’ work with a description of a
constant-volume method. They pointed out that Stevens’ method was simple and
direct, and eliminated the disadvantages of flame speed measurements in tubes. Its
limitations were that it could not be used for gases that are affected by a soap film,
and the gases used are always necessarily contaminated with water vapour. Their
approach was therefore to measure the pressure as a function of time, and deduce the
burning velocity as a function of pressure and temperature. Although this constant-
volume method has become quite common, it is outside the scope of the present
work. We will not consider it again except to point out some implications of the

present work for such studies in Chapter 7.

Lewis and von Elbe!® also made the next important step forward in 1943 when they
introduced particle tracking in flames. The gas flowing into a burner was seeded
with fine powder particles which were stroboscopically illuminated in the flame.
Local measurements of gas velocities, and therefore burning velocities, could be
determined from photographs. The local burning velocity was defined as the
volumetric flow rate of cold gas divided by the small area of luminous zone it
supplied. Lewis and von Elbe found that the burning velocity in the flame tip was
high and that at the base of the flame was low, but these averaged out to give the
mean value determined by the Gouy method. Particle tracking also gave valuable

insights into flame stabilization.

About a decade later, Linnett, in a review of burning velocity determination?®, said
that the definition of burning velocity was "easy only for an infinite plane flame".
He used the example of a stationary spherical flame in a source flow to show how

difficult it is to apply the definition. He claimed that

"If an attempt is made to define burning velocity strictly for such a system it
is found that no definition free from all possible objections can be
formulated. Moreover, it is impossible to construct a definition which will,
of necessity, lead to the same value being determined for the burning velocity

as would be determined in an experiment using a plane flame".



Linnett suggested that the minimum value of linear velocity in the cold gas would

provide the best estimate of the burning velocity. A general principle was suggested:
divide the volumetric flow rate of cold, unburnt gas by the flame area it supplies,
with the area measured as close to the unburnt side as possible. This paper appears
to have been influential, and many workers referred to it when they used this
technique. We will return later to Linnett’s claim about definitions free from all

possible objections.

In 1965, Fristrom?® compared flames in uniform and diverging flows in a similar way
to Linnett but came to a different conclusion. He was the first to take account of
stream tube divergence and produce an acceptable definition of a "normalized

burning velocity". This was

"the burning velocity which one would have obtained with the ideal one-

dimensional flame of theory".

He introduced a surface (which in this thesis we call the reference surface) at which
the mass flux (mass flow rate per unit area) should be measured. Dividing this mass
flux by the cold gas density gives a suitable burning velocity. Fristrom was able to
explain anomalously high burning velocities in flame tips and the change in the speed
of expanding spherical flames with radius. Fristrom’s definition and his explanation

of the effect on expanding flames are used in the present work.

Andrews and Bradley?! published a very influential review of burning velocity

determination in 1972. They gave an explicit one-dimensional definition:

"It is the velocity, relative to the unburnt gas, with which a plane, one-

dimensional flame front travels along the normal to its surface".

They did not, however discuss how it should be applied to real flames. There was an
implicit assumption (possibly following Linnett) that the burning velocity is the gas

speed normal to the flame at the cold boundary.

Ten years later, Dixon-Lewis and Islam?? used computer modelling to compare
flames in uniform and divergent flows. They considered that the mass flux is the
important physical quantity, and that its value is controlled by events at the hot end

of the flame, where the reaction rate is high.




Shortly afterwards, Wu and Law?® brought flame stretch into the discussion, and gave

a good description of the fundamental concepts. They agreed with Dixon-Lewis and
Islam that the mass flux at the hot end of the flame is the important quantity,
although Law’s position has since changed?®. They also introduced a methodology
for subtracting both flame stretch and flow divergence effects with a view to
obtaining the true, one-dimensional burning velocity. An extended version of Law’s

method is studied in this thesis.

It appears that, over the century or so in which burning velocities have been
measured, there has been a shift in the way they are considered. Originally, a speed
was determined which was expected to correspond to a physical velocity in the flame.
But later the concept of burning velocity changed: it became the speed of an ideal

flame rather than the one on which the measurements were made.

At the time of Fristrom’s paper?® (1965), the connection between the real and ideal
flames was very close. The mass flux of the ideal one-dimensional flame (from
which the burning velocity could be derived) was simply the mass flux at the
reaction zone of the real flame. The only effect of the divergent flow was "ducting".
But after the effects of flame stretch had been uncovered, such a simple connection
no longer existed. It was recognized that the divergent flow not only ducted the
incoming gas but also changed the mass flux at the reaction zone. This led to Wu

and Law’s method of removing both the ducting and the stretch effects.

It is interesting to work backwards from the present to try to trace when the one-
dimensional definition of burning velocity became accepted. Wu and Law in 1985,
Dixon-Lewis and Islam in 1982, Andrews and Bradley in 1972 and Fristrom in 1965
all stated the definition explicitly. Linnett implied it in 1953 and Coward and
Hartwell might have had it in mind in 1932, In fact, it could be argued that
Michelson in 1879 was also thinking along those lines. Besides being an
experimentalist, Michelson also performed some theoretical work on burning velocity
(which was necessarily one-dimensional), and this may have influenced his thinking.
Such considerations should also apply to Mallard and Le Chatelier, since like
Michelson they performed both experimental and theoretical work. But their
experimental work was always on moving flames which were too fast to be seen with
the naked eye. They may have believed that their flames were close to being one-

dimensional so that a carefully-worded definition was unnecessary.

It would appear that Linnett was instrumental in both introducing the one-

dimensional definition and suggesting that the gas velocity should be measured at the




cold boundary to give correct results in real flames. It was only later that Fristrom,
Dixon-Lewis and Islam, and Wu and Law differed from Linnett on where the
burning velocity should be measured while agreeing on the one-dimensional

definition.

Another interesting point is that in some theoretical work?® the flame is considered to
be a surface of discontinuity between unburnt and burnt gas. In this case, there is
only one choice for where to measure the burning velocity, namely on the cold side
of the discontinuity. The analogous position in a real flame might be considered to
be the cold boundary, and such considerations may have suggested its use by

experimentalists.

To summarize, the definition of burning velocity evolved as experimental work
proceeded. There is now general agreement on the present one-dimensional
definition, but a range of opinions about how it should be applied to real flames. A
related point is that there is no generally-accepted extension of the burning velocity
definition to flames which are not one-dimensional. An attempt is made to address

these issues in the present work.

1.2 BURNING VELOCITY AND FLAME STRETCH

When the methods for measuring burning velocities which are described in the
previous section were introduced, it was found that they gave different results when
applied to the same combustible mixtures. Arguments about the best techniques
began which have continued to the present day. In most areas of science, general
agreement on the definition of the relevant physical properties comes early in the
development of the subject and is followed by highly accurate measurements and
good agreement among different workers. This has not happened with burning
velocity. Agreement has existed on its definition for about half a century, but close
agreement between results from different workers has not followed. Variations of
20% or more between different determinations still exist even for methane, the most-
studied fuel.

One of the aims of the present work is to try to improve this state of affairs by
considering carefully the meaning of the definition of burning velocity and its

application to premixed flames.
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The burning velocity of a fuel/air mixture is defined as the speed of a planar one-

20-23 There is general agreement

dimensional flame relative to the unburnt mixture
on this definition, and it is used in the present work. But an examination of it is
warranted, since its application to real flames is not straightforward. We will
therefore consider why planar, one-dimensional flames are specified, and why
measurements are relative to the unburnt mixture. A discussion of why the speed is
measured (and not some other quantity) will be postponed until Chapter 3. As far as
is known, no formal justification has ever been given of the definition of burning
velocity. The following comments are suggestions for the rationale behind the

definition.

Experiments show that nonuniformities in the approach flow can affect the speed of
a flame. A reference geometry must therefore be selected for use in the definition,

and the simplest possible is one-dimensional.

The flame in the definition is planar (rather than, say, spherical) because only for a
planar flame in a one-dimensional geometry is the gas velocity upstream or
downstream of the flame constant. This ensures that the definition is unambiguous:
there is a constant flow velocity relative to which the propagation rate of the flame

can be determined.

The speed is measured relative to the unburnt gas because standard upstream
conditions can be specified (e.g. a temperature of 298 K); comparison of the speeds
of different fuel/air mixtures is then facilitated. The speed relative to the burnt gas
would not be as useful because downstream conditions depend on the flame

temperature of the mixture being burned.

We can see, therefore, that the definition is a sensible one. It has its particular form

because alternatives would be more complicated.

One reason for the differences among published burning velocities is the way
different workers interpret the definition. The one-dimensional configuration
described does not exist in nature, so it is necessary to make measurements on real
flames and transform them in some way to obtain the required one-dimensional
values. Different approaches to this question (including ignoring it altogether) have

led to a wide spread in results.

By far the most common approach is to assume that the gas velocity at the cold

boundary is equal to the one-dimensional burning velocity. An alternative method,
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more common formerly than now, is to determine an average burning rate for the
whole flame. This is considered to approximate to the one-dimensional value if heat

loss and curvature effects are small or cancel out.

It is important to point out that, a priori, there is no reason for equating the gas
velocity at first temperature rise to the one-dimensional burning velocity. We will
see later that this method is incorrect: it does not give the one-dimensional value.

Studies of burning velocity have been given additional weight by a new development
in combustion science: flame stretch. This is essentially a way of describing the
behaviour of flames when they are not stationary, planar and one-dimensional. Since
this covers all real flames, the range of applicability of flame stretch is very wide.
Particular cases of stretched flames include Bunsen flame tips, flames in stagnation-
point flow, expanding spherical flames and flames in turbulent flow. The main
effect of stretch is to change the burning rate of the flame. Although there is
general agreement on the definition of the burning rate of planar one-dimensional
flames, there is no consensus on how the one-dimensional burning velocity definition
should be extended to real, stretched flames. This point is therefore considered

carefully in the present work, and a suitable definition is proposed.

If the stretch rate is small, its effect on the burning velocity is predicted to be linear.
A single parameter, called the Markstein length, then characterizes the effect of
stretch on a given flame. This "weak stretch” regime is the one studied in the present
work. Higher stretch rates, which can cause flame extinction, are not accessible
using the experimental methods developed in this thesis.

Is it necessary to take such care about defining burning velocity? I believe so, for
the following reasons. First, the large scatter in the results of one-dimensional
burning velocity determinations shows that there are different opinions about how to
apply the definition. This begins to matter when the data are used for precise
comparisons. Burning velocities are increasingly being used for the validation of
chemical kinetic schemes in one-dimensional flame models, where the parameter
needed for comparison is precisely the burning velocity defined above. Two- and
three-dimensional models are not sufficiently well-developed to allow direct
comparisons with real flames. Correct one-dimensional experimental results are

therefore needed.

A second reason for the importance of careful definitions in burning velocity work is

seen when flame stretch is considered. There has been only one body of work so far
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in which the effect of stretch on the burning velocity has been measured
systematically. In that work, by Law et al?*, the definition of burning velocity used
was such that it always increases with increasing stretch - even though in certain
mixtures the flame is clearly burning less intensely and is ultimately extinguished by
stretch. The definition does not reflect the physical state of the flame, and it is
therefore reasonable to question its suitability. In fact, Law et al found that the
effect of stretch on the burning velocities of methane and propane did not change
much across the stoichiometric range. They concluded that this was because the
Lewis number, which will be defined later, did not deviate too much from unity. In
the present work, which uses a different burning velocity, we find that these small
changes in the Lewis number have a large effect. Clearly the choice of burning
velocity definition is important in this case. We will see later that according to one
definition the burning velocity of a flame increases with stretch, while an alternative
definition shows that the burning velocity of the same flame decreases with stretch.

It is therefore necessary to decide upon a suitable definition to prevent confusion.

Finally, the spread in the one-dimensional burning velocity data is an indication of a

lack of understanding of flames which is unsatisfactory in itself.

1.3 THE ORGANIZATION OF THIS THESIS

The theory of laminar premixed flame propagation and a mathematical analysis of
flame stretch are described in Chapter 2. The results derived there are used later in
the work. A very full treatment is given of the theory of flame propagation.
Starting with the general conservation equations for a reacting gas mixture, the
equations used in the numerical modelling are derived. From these a form of the
energy equation suitable for asymptotic analysis is obtained. This was done to
emphasize the connection between flame modelling and asymptotic methods and to
show that they are two ways of attacking the same problem. An asymptotic solution

of the energy equation is included for the sake of completeness.

Comparison of the solution of the asymptotic model with that obtained from a
phenomenological approach shows that the latter can yield expressions which contain
the correct dependences. Since phenomenological methods are used to make several

points in this work, it is useful to have this assurance.

In addition, two new pieces of work appear in Chapter 2. One is the

phenomenological analysis of an expanding spherical flame. In their paper on
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phenomenological analyses of stretched flames, Chung and Law?® stated that "the
phenomena [in expanding spherical flames] appear to be quite complex, so that a
generalized derivation allowing for arbitrary flame curvature and Lewis number has
so far eluded us". It is therefore pleasing to have succeeded in performing such a
derivation. The analysis explains the far-from-obvious connection between the
effect of stretch in an expanding spherical flame and that in a planar flame in a
stagnation-point flow. It also explains the physics behind much of the work in this
thesis. The other new piece of work is a mathematical result on the mean stretch
rate of a flame. It is used at various points in the thesis to assess qualitatively the

extent to which a measured burning rate is affected by stretch.

All of the subsequent work is new. Chapter 3 describes the experimental
methodologies used. First, insights gained from the theory section are used to
construct a definition of burning velocity which can be applied to any flame. The
Markstein length, which characterizes the effect of flame stretch on the burning
velocity, is then defined. The definitions of burning velocity and Markstein length
are then applied to the particular experimental configurations used, namely
expanding spherical flames and stationary planar flames in stagnation-point flows.
For the case of expanding flames, a simple model of the radius vs time behaviour is
derived which is used to analyse experimental data. For stagnation flow flames, the

1282427-30 which is

assumptions underlying the counterflow technique of Law et a
used in a modified form in this work, are scrutinized. Finally, an approximate

method of obtaining burning velocities from button-shaped flames is described.

Chapter 4 contains descriptions of the experimental techniques used in the laboratory.
The apparatus, method and data reduction techniques for expanding spherical flames
and for stagnation flow flames are described. A short section at the end describes

experiments on button-shaped flames.

The results of the experiments are presented in Chapter 5. Most of the results are
for expanding spherical flames. The variation of flame speed with radius is shown
for each set of conditions. The burning velocities and the flame relaxation
parameters derived from these data are given over the stoichiometric range for
hydrogen, methane, ethane, propane and ethylene. In addition, results are given for
stoichiometric hydrogen/air mixtures diluted with nitrogen and for stoichiometric
methane/air mixtures at various pressures. Some burning velocities and Markstein
lengths are given for flames in stagnation-point flow. Finally, some burning

velocities determined in button-shaped flames are presented.
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Chapter 6 deals with the laminar flame modelling carried out as part of this work.
The chemical schemes assembled for the work are given along with the burning
velocities predicted for various compositions and for different geometries. A
comparison of the structures of planar and stationary spherical flames gives
information on the point in the flame where the propagation rate is controlled. The

temperature at this "reference surface" is given for various conditions.

The results of the modelling are used to determine a flame thickness correction
needed for the determination of Markstein lengths from the expanding flame
experiments. Values of this constant and the derived Markstein lengths are given for
all experimental conditions. Finally, the results of simulations of expanding spherical
flames are given. The expanding flame simulations play a central role in this work
because they provide a way of testing the simple model of expanding flames derived
in Chapter 3. The results demonstrate the conditions under which good results can

be expected.

The methods and results are discussed in Chapter 7. The two experimental
approaches used in this work are compared. A list of requirements is assembled,
based on the analyses in Chapters 2 and 3, which must be fulfilled if an experiment
is to give true, one-dimensional results. Previous methods of determining burning
velocity are compared with this specification and methods likely to give good results
are indicated. The experimental Markstein lengths are compared with theory and
with the few other experimental data available. Implications of the results of the
work are discussed.

Finally, conclusions are drawn in Chapter 8 about the strengths and weaknesses of
the different experimental approaches and the meaning of the burning velocity used

in this work.

We now make some points about usage in this thesis. Equations are numbered
consecutively in each chapter. References to equations within a chapter use this
single number. Reference to an equation in another chapter is by prefacing the
equation number with the chapter number; for example, equation (3-10) means
equation (10) in Chapter 3. Figures and tables are numbered consecutively through

the thesis and listed in the contents section.

The gas with the formula C,H, is referred to as ethylene in this work instead of the

recommended ethene; this is in line with gas industry usage.
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The relative amounts of fuel and air in the combustible mixtures in this work are
expressed in terms of the stoichiometry. There are several alternative names for this
quantity, e.g. fraction stoichiometry, but the present name has been used for brevity.
It is defined as the mole fraction of fuel in the mixture divided by the mole fraction
of fuel in a stoichiometric mixture. For gases other than hydrogen, the stoichiometry
is roughly equal to the equivalence ratio which is defined at the end of Section
2.1.3.2.

Nomenclature for flame propagation rates varies widely. In the present work,
burning velocity is used as the standard way of expressing the flame propagation rate
relative to the cold gas. Flame speed is the speed of a flame relative to laboratory
coordinates. A flame on a burner therefore has a flame speed of zero. The main use
of flame speed in the present work is in describing expanding spherical flames. The
usage is extended to the "limiting" flame speed at infinite radius, which corresponds

to the burning velocity divided by the density ratio.
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Chapter 2

THEORY OF PREMIXED LAMINAR FLAMES

This chapter deals with the theory of the premixed laminar flames studied in the

present work.

The subject of the first section is the theory of laminar flame propagation. A set of
flame equations is derived from the general conservation equations for a reacting,
multicomponent gas mixture. These are the equations which are solved numerically
by the Sandia PREMIX code. By suitable simplifications, these equations are also
solved by asymptotic analysis. The aim is to emphasize the link between asymptotic
and full numerical solutions, and also to demonstrate the accuracy of the

phenomenological analyses which are performed in this section and the next one.

The second section describes the mathematical foundations of flame stretch. An
expression is derived for the flame stretch and applied to different flame
configurations. A phenomenological analysis is performed of the effect of stretch
on a planar flame in a stagnation-point flow. A new phenomenological analysis of
the effect of stretch on an expanding spherical flame is also presented. Theories of
the effect of stretch on flames are considered, and one is selected which is suitable
for comparison with the results of the experiments. Finally, a new mathematical
result on stretch is presented which describes the conditions necessary for the mean

stretch of a region of a stationary flame surface to be zero.

2.1 CONSERVATION EQUATIONS

In this section we list the conservation equations for a multicomponent, reacting gas
mixture, and then simplify them by making appropriate assumptions.
Phenomenological analyses of steady planar and spherical flames are provided which
give some idea of the physical processes involved, and these are followed by sections

dealing with asymptotic analysis and with detailed modelling.
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2.1.1 Derivation of the flame equations

We start by quoting the general conservation equations for a multicomponent,
reacting ideal-gas mixture. They were derived by Williams®! from the Boltzmann
equation. A suitable set of flame propagation equations is derived from them by
making appropriate simplifications.

The overall continuity (mass conservation) equation is
dp/at + Ve(pv) =0 (1)
where p is density and v is velocity. Conservation of momentum is expressed by
N
av/dt + veVv = -(VeP)/p + }: Y;f; (2)

i=1

where Y; is the mass fraction of species i and f; is the body force per unit mass

acting on it. There are N chemical species. Conservation of energy is

N
pdu/dt + pveVu = -Veq - P:(Vv) + pz Y£;°V; (3)

i=1

where u is the internal energy per unit mass of the gas mixture. Species conservation

is given by
aY; /0t + veVY; = wi/p -[(Ve (le-Vi)]/p, i=1,...,N. 4)
In equation (2), P is the stress tensor
B=[p+ (2u/3 - &)W - p[ (W) + (W] (5)
where p is the hydrostatic pressure, p is the coefficient of shear viscosity, x is the

coefficient of bulk viscosity and U is the unit tensor. In equation (3), the heat flux

vector is
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N N N
XDT i
q= -,\VT+thYV +RTZZ ,](Vi - Vj) + Qyad (6)
i=1 i=1j=1 “iP1

where ) is the thermal conductivity, T is the temperature, R is the universal gas

constant, q,.is the radiant heat flux vector, D. . is the binary diffusion coefficient

ij
for species i and j, and hi, X;, Dp and W; are the specific enthalpy, mole
fraction, thermal diffusion coefficient and molecular weight for species i. The

diffusion velocity V; in equations (3) and (4) is determined by

Ny N
vxi-Z[Dl‘J](v - V) 4 (Y 'Xl)gf‘“ﬂz:"l D)
j=1 +J j=1
s XiXn Pr,j  Dr,i
+Z [CE) (2. ] 5) . i-l,....N. (7
D, ) Uy,
P VA

The reaction rates w i in equation (4) are given by the phenomenological expressions

of chemical kinetics,

- d ;P ik
v’
w; = Wiz(""i, - v i, k)BkTakexp( Ek/RT)H[ J ] , i=1,...,N (8)
k=1 Jj=1

where M is the number of reactions, v’ i g and v~ i K are the stoichiometric
coefficients for species i appearing as a reactant (’) or a product (”) in reaction k,
and By, ap and E, are the pre-exponential factor, temperature exponent and

activation energy respectively in reaction k.
The N + 5 dependent variables in the conservation equations can be taken to be the

mass fraction Y;, the density p, the temperature T and the velocity v. The other

variables are related to these through the ideal-gas equation of state

p = PRTZ (Yj_/wj_). (9

i=1

the thermodynamic identity
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N
u = X h;Y; - p/p, (10)
i=1

the identity relating mole fraction X ; to mass fraction Y i

(Y;/W;) |
X; = ———, i-l,....N, (11)
Z (X /W)
Jj=1
and the caloric equation of state,
£ T
h; = h; +J cp; T, i=l,...,N, (12)
Te
where h if is the standard heat of formation per unit mass at temperature T and Cpi

is the specific heat of species i.

In equations (1) to (7), vector notation is used; bold symbols are vectors and bold
underlined symbols are tensors. V is the gradient operator, two dots () imply that
tensors are to be contracted twice to form a scalar, and the superscript T denotes the

transpose of the tensor.

We now make some assumptions to allow simplification. First, we neglect the radiant
heat flux CI 0). A simple, phenomenological treatment of radiant heat loss
from the burnt gases in expanding flames will, however, be given in Section 3.2.3.
Second, the flow is taken to be one-dimensional (1-D) in the sense that the velocity
is parallel to one of the orthogonal coordinate directions (taken to be x), and all
properties are uniform along surfaces in the other two directions. The relations

between the physical distances (s, s,) and the coordinates (x, y, z) are

Sy ,
given by

ds, = g,dx, dsy - gydy, ds, = g,dz. (13)

We take g, = 1 so that x represents the physical distance in the flow direction. One-
dimensional flow is then defined by 8/dy = 3/8z = 0 for all flow properties and
vy = Vy = 0. The only non-zero velocity is that in the x direction which we will
simply denote v. We also set
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8983 = A, (14)
the area of a stream tube.

We further assume that the flow is steady (3/dt = 0) and that there are no body
forces (f£; = 0). The Dufour effect (heat flux due to a concentration gradient), the
" third term in equation (6), is assumed to be negligible. But the reciprocal process,
known as the Soret effect (mass diffusion due to a temperature gradient or "thermal
diffusion"), is retained: it can have a large effect in hydrogen flames. Finally, the
speed of the flow is assumed to be small compared with the velocity of sound - a
good assumption for the low speed deflagrations of this work. The kinetic energy
terms in the energy and momentum equations then disappear, leading to considerable
simplification. Flames studied in this work which satisfy all the foregoing criteria
include planar one-dimensional and stationary spherical deflagrations. The unsteady

nature of expanding spherical flames disqualifies them from this analysis.

It can be shown using some of the results of Williams3! that the equations reduce as

follows. Continuity is
m = pvA (15)
where m is the total mass flow rate crossing the area A. Energy conservation is

m@
dx

d
+ E(Aq) =0, (16)
Conservation of momentum reduces to
p = constant, (17)

the well-known "combustion approximation". The conservation of species becomes

dy.

d
—L . , - — V. j=
m Awl dx(lele)’ i=1,...,N. (18)

Since the term containing a pressure derivative disappears, the diffusion velocities are

now determined from
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dX . D Dy -
i T y T,i)|l dT
TR N (AR |
J=1 J=1 '
i=1,...,N. (19)
The heat flux vector in equation (6) reduces to
N
dT
g =Xz +p Z h;Y;V,, (20)
i=1

and substituting it in equation (14) gives the energy equation

N
dn
gt ( )\A— + pA z h;Y;V;) = 0. (21)
i=1

A useful form of the energy equation is obtained by combining equations (18) and
(21) as follows. Using dh/dx = cPdT/dx in equation (21), we get

N N
dT dT
MCp ax - dx(’\A ) + pA Z Y.lVJ.cpJ.dx + Z idx (PAY i) = 0. (22)
i=1 i=1

We now multiply both sides of the species equation (18) by h; and sum over all i.

The result is

N N il
d d¥;
Z hi&(pAYiVi) = -m Z hi-a + A Z wih;. (23)

It is straightforward to show that the first term on the right-hand side is zero by
differentiating h = ), h;Y; with respect to x. The two terms containing derivatives
of enthalpy are zero since enthalpy is not a function of distance, so the third term,
which is the sum in the first term on the right-hand side of equation (23), must also
be zero. Substituting equation (23) in (22) therefore gives the modified energy

equation
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N N
dT d dT: dT
me, T - H(AA&) + PAX YiVicpigg * AZ wih; = 0. (24)

Equations (15), (17), (18) and (24) along with the subsidiary relationships (8), (9),
(11), (12) and (19) form a suitable set of flame equations, although some of the later

"derivations start from other points for convenience.

The boundary conditions for these equations are as follows. At x = -« (where
properties will be identified by the subscript u), all properties are uniform, i.e. d/dx
= 0, and all variables except the total mass flow rate m are known. At x = +o
(where properties will be identified by the subscript b), all properties again become

uniform, i.e. d/dx = 0, and chemical equilibrium is reached.

The equations can be dealt with in two different ways. First, they can be solved
using asymptotic analysis. This is a mathematically rigorous technique which helps to
give a good understanding of the physics of the combustion process since analytical
formulae are often obtained. There are currently two disadvantages. Extreme
simplification of the equations is usually needed in order to obtain tractability. Also,
the large parameter around which the asymptotic expansions are built is usually the
activation energy. However, the assumption of large activation energy is not always

k32,33

a good one for real flames. Recent wor appears to be getting round both of

these difficulties.

The second way of dealing with the equations is by solving them numerically, on a
digital computer. This has the advantage of providing quantitative information for

comparison with experiment, but at the expense of analytical understanding.

The two methods are complementary: used together they can provide information and
understanding which could be produced by neither approach by itself. Both
techniques are therefore used in this work; an asymptotic analysis is performed in
Section 2.1.3 and numerical modelling is described in Chapter 6. First, though,
phenomenological analyses of steady planar and spherical combustion waves will be
provided. These describe the main features of laminar flames and give a physical

explanation for the choice of burning velocity definition used in this work.
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2.1.2 Phenomenological analysis

We now perform phenomenological analyses of planar one-dimensional and stationary
spherical flames to show the main factors affecting the burning velocity. These

analyses are based on those of Williams3! and Chung34.

2.1.2.1 Planar one-dimensional flame

We consider a stationary, plane, one-dimensional laminar flame. By definition, the
speed of the cold, unburnt gas approaching the flame is the burning velocity Su°.
Let the overall width of the combustion wave be § and the reaction rate (mass of
reactants consumed per unit volume per unit time) be w = Y k where Y, is the mass
fraction of reactant in the unburnt gas and k is an Arrhenius-type reaction rate.
Then if the reaction occurred at the same rate throughout the flame thickness, the

mass of reactants consumed per unit area of the wave per unit time would be
M = §Y,k. (25)

However, because of the strongly temperature-dependent reaction rate, reaction is
actually confined to a thin layer near to the maximum temperature. Let the
thickness of this layer be ép = §/8; where g; > 1 (and typically between 5 and 15).
In addition, the mass of reactant at the reaction zone is depleted by diffusion by a
factor 1/8, (B9 > 1). We will see in the next section that g, and B, are both equal
to the Zel’dovich number. Hence the mass of reactants consumed per unit area of
the wave per unit time is

M k. (26)

e

)
-/3]_

If q is the heat of reaction (energy released per unit mass) of the fuel then the

energy released per unit area of the wave per unit time is

Qg = 7= = kq. (27)

The cold, incoming gas is heated to a temperature at which it reacts at an appreciable
rate by means of heat conduction from the reaction zone. The rate of heat

conduction upstream per unit area of the wave is roughly
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dT
QC =2 E;

Tb - T

=~ A 5 u (28)

where ) is the mean thermal conductivity of the gas, T is the temperature, x is
distance normal to the flame and subscripts u and b identify unburnt and burnt

conditions respectively.

If the wave is adiabatic and p is an average specific heat of the mixture then

energy conservation implies that
Y,q = ep(Tp - Ty, (29)

where the flame temperature Ty is equal to the adiabatic value T,q- The rate of heat

release becomes

§ k
Qg = B, B, cP(Tb - T, (30)
All the heat produced by reaction must be conducted upstream, so

Qg = Q- (31)

Equating (28) and (30) leads to an expression for the thickness of the wave:
X |1/2
s = s, 22 (32)
p

The burning velocity can be related to the flame thickness as follows. The mass of

reactant entering unit area of the flame per second is Y Y p S ° where Py 18

uPuVu = fuPu’u
the density of the cold, unburnt mixture. This is equal to M defined in equation (26),

SO

s ° i—!k 33
u "B B G3)

s

YuPu

Substituting the flame thickness equation (32) gives

o_ 1 1 Ak |1/2
- o lmm s =
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Equation (34) shows that the burning velocity is proportional to the square root of a
reaction rate and to the square root of the ratio of the thermal conductivity to the
specific heat. The factor on the right-hand side with the strongest temperature
dependence is usually k, which varies roughly as exp(-E/RTp) where E is an
activation energy and R is the universal gas constant. At constant temperature, A and
cp are independent of the pressure p, p,, « p according to the ideal gas law and k
varies as p where n is the order of the reaction. Hence the pressure and

temperature dependences of Su° are given approximately by
$y° « P2 Vexp(-E/2RT}) . (35)

Eliminating k between equations (32) and (34) leads to an expression for the overall

flame thickness:

A

6 = (36)

—
puSu Cp

It is interesting to note that the expression for the flame thickness is independent of
ﬂl and ﬂz.

Expressions of the form of equation (35) above can be used to define an overall (or
"effective") activation energy for a flame in which there are in fact many elementary
steps, each with its own activation energy. This approach is of use when the simplest
possible description of the chemistry is required. At constant pressure, equation (35)

can be written

o
In 5,° = A - E/2RT, (37)
where A is a constant. For one-dimensional, adiabatic flames of a given fuel with
constant initial temperature T, (298 K, say), Su° can be considered as a function
only of T, while E is a constant. Plotting 1n Su° against 1/T, where T} is the
calculated adiabatic flame temperature should therefore produce a straight line with a

slope of

- 38
s R (38)

The overall activation energy is
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E = -2Rs. (39)

This procedure is useful for deriving approximate overall activation energies which

can be used in asymptotic theories.

Usually, the graph of 1n su° against 1/T, is not precisely linear.. Strictly, this
implies that a more detailed analysis should be performed in which E is a function of
temperature. But the determination of E can only be approximate since the
chemistry of all real flames proceeds in a series of steps. A more thorough analysis

is therefore not usually warranted.

2.1.2.2 Stationary spherical flame

A point of major importance in this thesis is the definition of the burning velocity
for flames in flows which are not one-dimensional. In order to provide a physical
basis for the definition of burning velocity used in this work, we now repeat the
previous analysis for a stationary spherical flame in a source flow.

We first apply the continuity equation (15) to the cold and hot boundaries of the
flame, giving

puVuAu - prbAb . (40)

As in the planar one-dimensional case, the heat released by reaction in the thin
reaction zone must equal the heat transported upstream by conduction. Since these
processes both occur at the reaction zone, the flame area does not enter the analysis
and the expression for the flame thickness is the same as equation (32) obtained for

the planar one-dimensional flame.

The rate at which reactant diffuses into the reaction zone must equal the rate at
which it is supplied by convection up to the cold boundary. Since the rate of
consumption of reactant at the reaction zone equals the rate of supply by diffusion,

we have

v Au (41)
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Substituting equation (40) into this expression and using My = ppvp, we have
Mb -— (42)

Combining with equation (32) gives an expression for the thickness of the flame

A
§ = ,
Mbcp

(43)

which is identical to the one-dimensional result in equation (36), and an expression

for the mass flux at the hot boundary

_ Ak 1172
e Lo

Now k is a function only of the flame temperature which in this case equals the
adiabatic value. It will be shown in the next section that g, and B, are both equal
to the Zel’dovich number B which depends only on T, and Tp. The activation
energy, which appears in both k and B, the thermal conductivity A and the specific
heat p are constants, so My is a constant; in particular, it is independent of the
flame radius. Comparison with equation (34) shows that it is also equal to the mass

flux in a planar one-dimensional flame, .
My = pusu° (45)

where Su° is the burning velocity of the corresponding one-dimensional flame. If
stretch is the only factor (other than external effects like heat losses) which can
perturb the burning rate of a flame then the stationary spherical flame, being
unstretched, should have the same burning rate as the planar one-dimensional case.
Since My is the same in both cases, it, or something based on it, must be the correct
measure of the propagation rate in this model. Equation (45) shows that dividing the
mass flux at the hot boundary by the cold gas density will give the correct burning
velocity for a planar one-dimensional or a stationary spherical flame. The definition
of burning velocity is examined in detail in Chapter 3, but we will anticipate the
results of the analysis. We will use M;/p , as the general definition of the burning
velocity, applicable to any geometry, for this model in which the reaction zone is at

the hot boundary.
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To make the comparison of burning velocity definitions as sharp as possible, we look
at two ways of deriving a burning velocity for the spherical flame from equation
(44).

The burning velocity defined in this work is denoted S, ,.. According to the above

definition, it is
° .
Su,r = Mp/p, = Sy s (46)
the burning velocity equals the planar one-dimensional value.

By contrast, the "standard" approach, used by many workers, is to measure the gas

velocity at the cold boundary. From equation (40), this is

PHVRA
, - 2P (47)
Pty

Using M, = p,v; and equation (45) and with the radius of the cold boundary of the
b b’b

spherical flame denoted by r, this becomes

v, = 5.°(1 + 6/r)2. (48)
The burning velocity defined at the cold boundary therefore varies with the flame
radius. It always exceeds the one-dimensional value, but becomes equal to it in the

limit of infinite radius.

2.1.2.3 Non-unity Lewis number

The analyses above contain the implicit assumption that the Lewis number Le is
equal to 1. In this section we extend the planar analysis to the more general case of
Le = 1, in preparation for the phenomenological analyses of stretched flames in
Section 2.2.2. Although the analysis is performed for the planar one-dimensional

flame, the results for the spherical case are identical.

The main difference in the formulation is that the heat and mass diffusion zones now
have different thicknesses, §p and &y respectively, as shown in Fig. 1. In order to
perform the analysis, we define an effective mass fraction at the cold boundary
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FIGURE 1

Phenomenological model of one-dimensional flame structure
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Yeff - YuST/SH. (49)

The balance between heat conduction and reaction becomes

Ty - T Y )
y b ; u _ _eff _qu
T A1 By

(50)

and the balance between mass diffusion and reaction, which was not used in the

previous analyses, is

Y Y §
Dy, 2 = —6ff "I 51

Eliminating the right-hand sides of equations (50) and (51) and substituting equation
(29) gives

8§7/6y = Le (52)
where the definition of the Lewis number, Le = A/(lech) has been used.

Substituting equations (49), (52) and (29) in (50) gives an expression for the thickness

of the heat conduction or preheat zone

S = [ﬂ152 csze] 2 3
which is the same as equation (32) except for the extra factor of Lel/ 2 in the
denominator.

Combining equation (33) (with § = &) with (52) and (53) gives
5,°(Le) = p—t [-Eil—‘;—z 2—: ]1/2. (54)
Comparison with equation (34) gives the result
5.°(Le) = Lel/2 5 °(Le = 1). (55)

The effect of variations of the Lewis number on the burning velocity in an

unstretched flame is therefore small; this is because the flame temperature is not
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affected. We will see in Section 2.2.2 that in stretched flames the effect can be

considerable.

2.1.3 Asymptotics

Asymptotic analysis is a mathematical technique which has recently become
important in combustion theory. It provides a way of obtaining analytical
expressions for quantities of interest, particularly the burning velocity. This has the
advantage of aiding physical understanding of the processes involved. The
disadvantage of the method is that the large amount of simplification required

usually prevents quantitative comparison with experiment.

The technique involves asymptotic expansions built around a large parameter. The
most commonly-used parameter in combustion theory is the activation energy of a
single-step reaction. The large activation energy means that the reaction rate will be
strongly temperature-dependent. The result is that the premixed flame can be
considered to have two zones: a wide preheat zone where the physical processes are
convection and diffusion but reaction is negligible; and a narrow reaction zone where

reaction and diffusion occur, with neglible convection.

In this section, a burning rate expression will be derived for the simplest possible
premixed flame using activation energy asymptotics. This will introduce the method
and demonstrate the main factors affecting the burning velocity. Expressions will

then be quoted for more complicated systems.

2.1.3.1 Derivation of the model equations

In this section we make simplifying assumptions to make the equations derived in
Section 2.1.1 tractable. By introducing the mass flux fraction we show that if the
Lewis number is unity, only one equation needs to be solved. We then derive a
dimensionless form of the energy equation to be solved by asymptotic methods in the

next section.

We make the following assumptions in addition to those listed in Section 2.1.

1. The flame is planar, so the stream tube area A is a constant.

2.  Soret effects are neglected.
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3. The gas is assumed to be a binary mixture in which the unimolecular reaction
R -+ P occurs.
4, The specific heats of both species are taken to be constant and equal.
The Lewis number Le (defined as the ratio of thermal diffusivity to
molecular diffusivity) is equal to 1.
6. The temperature dependence of the thermal conductivity is given by
ar®1-1 o constant
where a; is the temperature exponent in the reaction rate expression (8).

First, we introduce the mass flux fraction

_ pYJ-_(v + V.i)

€; v (56)
The species conservation equation (18) then reduces to
de i
m _E = Wi (57)

and the neglect of thermal diffusion (the Soret effect) means that the last term

disappears from the diffusion equation (19) so that it becomes

N
dXx. X.X. €. € -
7£-£ZLL4[J-Jl i=1,...N. (58)
x P Dij Yj Yj
J=1

The energy equation (16) with the heat flux term given by equation (20) can be

written

N

dT

m Z hi‘i - P constant. (59)
i=]1

The assumption of constant specific heats means that equation (12) reduces to

hy = bf + e (T - Tp). (60)
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We now introduce the dimensionless temperature

T - Tu (61)
T =
Tb - Tu
and the dimensionless distance
(o]
¢ = —P 4x. (62)
0 A

By using equations (60), (61) and (62), the boundary conditions d/dx = 0 at x = 4
and the identity € + €y = 1, it can be shown that the energy equation (59) reduces

to

dr

ETT e (63)

where ¢ is the normalized mass flux fraction (or reaction progress variable) defined
by

€ - €
€ = —2 2u (64)
€2b - €2u

For the present two-component mixture, the diffusion equation (58) reduces to
—= = —=—(; - €;) (65)

which is Fick’s law. Since the boundary conditions require that dY i/dx =0atx =
+o, it follows that Yiu = €iu and Yip = €ip i.e. the diffusion velocities vanish far

upstream and downstream. Hence, in terms of the normalized mass fraction

Y, - Y
y - A2 (66)
2b ° ‘2u
equation (65) becomes
1 dy

Ed_f-y-e (67)
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where equations (62) and (64) have been used and the Lewis number is

- A
leZCp

(68)

The Lewis number is a measure of the ratio of the energy transportedl by conduction
to that transported by diffusion. For a multicomponent mixture, Lewis numbers may
be defined for each pair of species. In asymptotic theories of premixed flames, an
"effective” Lewis number of a mixture is often defined as the Lewis number of the
deficient reactant, or as some combination of the Lewis numbers of the two
reactants®®. For the binary mixture we are considering here there is just one Lewis
number since Dy, = Dy;. The effective Lewis number is often close to 1 for
combustible gas mixtures, sd the assumption that Le = 1 should provide realistic
results. It is worth pointing out, though, that small differences from 1 can lead to

new phenomena as we will see later in this chapter.
Putting Le = 1 in equation (67) and subtracting from (63) gives

d(r - ¥) _
d¢§

T -Y (69)
which has the general solution

r - Y = aef. (70)
Since both 7 and Y are bounded as £ -+ o, it follows that a = 0 and

T =Y, (71)

We therefore only need to solve one equation for the model we are considering. We
will solve the energy equation and obtain an expression for the burning rate and the
temperature as a function of distance through the flame. The mass fractions can
then be obtained by using equations (66) and (71) and the identity

Y; + ¥, =1 (72)

It is possible to derive a suitable form of the energy equation from equation (63).

We will take a different route, however. To emphasize the connection between the
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asymptotic analysis and numerical solution, we will start with equation (24). The
requirement that the flame be planar implies that the stream tube area A is constant.

Dividing through by A gives

N N
dT  d .dT dT
Hepdz = g * P E:YivicpiE; + }:wihi =0 (73)
i=1 i=1 .

where M = m/A is the constant mass flux which is equal to the mass burning rate we

wish to determine.

The assumption that all the specific heats are equal means that the third term in

equation (73) disappears since ) Y iV; = 0.

For a two-component mixture with a single unimolecular reaction R —+ P where

subscripts 1 and 2 denote reactant and product species respectively, we have

V”l,l = v’2,1 =0, (74)
1,1 =v"2,1 =1, (75)
Wy =Wy =W (76)
and
X; = Y;. 77)

The ideal gas law equation (9) then reduces to
p = pRT/W (78)
and the reaction rate given by equation (8) becomes

WpB,T*1
Wl = 'W2 = -—R—I—,-—Xlexp(-El/RT)

= -pBT*1(1 - Y,)exp(-E,/RT) (79)
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where equations (72), (77) and (78) have been used. In view of equation (79), the

last term in equation (73) becomes

N .

£, f cp(Tp - Ty)
=) 2b 2u
1=

where the definition of heat of combustion as the difference between the enthalpies

of formation has been used.

If, along with the above changes, the dimensionless variables defined in equations
(76) and (77) (with M replacing m) are introduced, equation (73) becomes

a o MPATT 1 yexp(-Ey/RT) (81)
EZ df M cp T )exp 1 .

Finally, we introduce three more dimensionless variables. These are the temperature

rise divided by the final temperature,
a = 2—4, (82)

the Zel’'dovich number (a measure of the temperature sensitivity of the overall

reaction rate),

E(T, - T)
B = —bZL (83)
RT},
and the burning rate eigenvalue
ABT*1
A = 2255 — exp(-E/RT}2). (84)
[ef
p

The energy equation then finally becomes

. = = A 85
ae? " T " 6

where



37

w= (1 - r)exp(-B(1 - 7)/[1 - a(1 - 7)]} (86)
is the dimensionless reaction rate.

Equation (85) represents a balance between dimensionless terms representing
diffusion, convection and reaction respectively. This form of the equation highlights
a long-standing problem in flame theory known as the "cold boundary difficulty”.
Upstream of the flame, i.e. as £ -+ -«, the dimensionless temperature should tend to
zero smoothly such that d2r/d£2 and dr/d¢ also tend to zero. However, the term on
the right-hand side equals exp[-8/(l1 - a)] » O when r = 0: there is still
chemical reaction (albeit very slow) in the unburnt gas. This leads to mathematical
difficulties: r becomes negative near the cold boundary. In order to avoid such
problems, an artificial "ignition temperature” was introduced in early theories as
described in ref. 31 below which no reaction occurred. Other theories*® made use of
a flame holder acting as a weak heat sink. Williams®! showed that this is
mathematically equivalent to the use of an ignition temperature. In another
approach, Friedman and Burke3” used a modified reaction rate function which was
zero at 7 = 0. The introduction of asymptotic analysis, described in the next section,

made these artificial methods unnecessary for studying adiabatic flames.

2.1.3.2 Asymptotic analysis

Asymptotic analysis provides an analytical way of solving equation (85) by taking
advantage of the strongly temperature-dependent reaction rate: the solution is an
expansion about infinite activation energy (strictly Zel’dovich number) and the

method is therefore known as activation energy asymptotics.

We consider the parametric limit in which 8 tends to = with a of order unity and
held fixed and with A required to vary with 8 in such a way that a nontrivial result

is obtained.

The Zel’'dovich number 8 is a dimensionless measure of the temperature sensitivity of
the overall reaction rate; qualitatively it can be considered a measure of the strength
of the dependence of the reaction rate on the extent of reaction completed. The
attribute that is essential to the asymptotic approach is that the non-negative single-
peaked rate function occurs at a location progressively closer to the fully burnt

condition as B tends to «.
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From equation (86) it can be seen that as 8 becomes large the reaction rate becomes
very small ("exponentially small" since 8 appears inside the exponential) unless 7 is
very near unity. Hence for (1 - r) of order unity, i.e. low temperatures, there is a
zone in which the reaction rate is negligible and in which the convective and
diffusive terms in (85) must be in balance. To describe this "convective-diffusive

zone", we introduce an outer expansion

T =710(&) + Hy(B)r (&) + Hy(B)ro(&) + ..., (87)

where
limg, [Hpy1(B)/Hy(B)] = O (88)

with
Hy(B) = 1. (89)

Substituting the expansion (87) into equation (85) gives

-] 2 0
d Th drn

ZHH# - ZHH—" = -Aw. (90)
d§ 3

n=0 n=0

In the limit 8 -+ « this becomes

2
d°r dr
0 0
- 91
—Tds a (91)

Subtracting this from equation (90), dividing by Hy(B) and taking the limit g -+

again gives
- —=, (92)

and the sequence can be repeated indefinitely, giving the sequence of outer equations

2
dr dr
n n
-1 n=20,1, 2, ... (93)
d£2 d¢
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provided

Ae~8P
1imﬂ_m W = 0 (94)
for any fixed a of order unity. This last restriction is satisfied by all algebraic
(power-type) ordering functions, e.g. Hy(B) « B~ the reaction-rate term can
contribute to equation (93) only at exponentially small orders, e.g. H () « e @b,
The solutions to equation (93) satisfying the boundary condition that r = 0 at ¢ =

- are
r, = Aef, n=0,1, 2, ... (95)

where the A, are constants to be determined by matching conditions. Equation (95)
must fail if ¢ becomes sufficiently large; in fact, from equation (86) it is seen that
when (1 - 7) becomes of order ,8'1, the reaction rate term is no longer
exponentially small. This observation indicates the need for a downstream zone in
which (1 - 7) is of order ,6'1. An appropriate stretched dependent variable for
this zone is y = f(1 - 7). We now determine a suitable independent variable for

use with y. If this independent variable is denoted by 5, then any selection having

s dn

limg,, 3¢ = O (96)
produces in the lowest order a first-order equation that expresses a convection-
reaction balance and lacks the flexibility needed to satisfy the downstream boundary
conditions and simultaneously match with equation (95). Thus the downstream zone
cannot be thicker than the upstream zone. If the limit is of order unity then again

matching cannot be achieved. Therefore,
dn _ ..
limﬂ de ©; 97)

the downstream zone is thinner than the upstream zone and may reasonably be
viewed as an inner zone. Any stretching of this type causes the convective term in
equation (85) to become small compared with the diffusive term, and since at least
two terms are needed to satisfy the matching and boundary conditions successfully,
there must be a reactive-diffusive balance in the inner zone to the lowest order. The

inner zone is therefore termed a "reactive-diffusive" zone. With the stretching
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¢ - £

LTy (98)
where s + 0 as B -+ =, equation (85) written in inner variables is
d?y  dy _ 2 |
dn - Sdﬂ = s“Ayexp[-y/(1 - ay/B)], (99)
where use has been made of equation (86).
In equation (99) an inner expansion of the form
¥ = yo(n) + hy(B)yy(m) + hy(B)yy(n) + ... (100)
may be introduced, where
limg,, [(h,,1(B)/h,(B)] = O (101)
with
hy(B) = 1. (102)

From equation (99) it is seen that in the limit 8 - « (s - 0), the necessary reactive-
diffusive balance with y and n of order unity will be maintained only if s2A is finite

and nonzero in the limit. Therefore the expansion
A= (1/s2)[Ag + 5.(B)A) + sp(B)Ay + ...] (103)
is introduced as well, where
limg,, [sp41(B)/5,(B)] = O (104)
with
so(B) = 1. (105)

Following a procedure analogous to that described for the outer expansion, we then

generate a sequence of inner equations, the first of which is




4]

j_dr; = Agygexp(-yq) - (106)

The downstream boundary condition, y - 0 as n + «, may be applied to the inner

equations. The first integral of equation (106) is then

2

1(dy Y0 Ly

5[_5'_’(1 - AO_[ ye ¥ dy = Agll - (1 + yplexp(-yy)]. (107)
0

It is found that to achieve matching the negative square root must be taken in

equation (107) when obtaining dy,/dn. A further integration then gives

Y0 ’
"= - 1/2 J. &y =7 177 + constant. (108)
(2A¢) [1-@Q+y)er )

An expansion of this formula for large negative values of n produces
Yo = -(28g)/2q + constant + es.t. (109)

where e.s.t. stands for terms that go to zero exponentially in n as n -+ -«. The

higher order equations for Yp(n=1,2,...) are linear, and can be solved exactly.

Completion of a solution by matched asymptotic expansions entails using matching
conditions. The method we will use here involves the investigation of a parametric

limit in an intermediate variable. Thus we consider 8 + « with n, held fixed, where

_ sB)n
K TT))

¢ - &
t(B)

(110)

with £(8) -+ 0 and t(8)/s(B) —+ « in the limit. The general matching condition

is then written as

sg+ Hysy + ... ~1 - yy+hy +..0), (111)
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where ~ implies that when e is introduced on both sides, the two asymptotic
expansions must agree. From equations (95) and (109), equation (111) may be

written as
Aoexp(fo)(l + tn, + cel) + HlAlexp(fo) + ..
-1+ g raagY2(e/sm, + ... (112)

Equation (112) is used repeatedly at successively higher orders to evaluate constants
and ordering functions. Thus we first find that Ajexp(§y) = 1 and next find that s
must be of order ﬁ'l; hence we may put s = ,8'1, thereby obtaining the further

1/2

matching requirement (2Ao) = 1. These last results provide the first

approximation to the burning rate eigenvalue,
A = Ay/s? = B2/2. (113)

By proceeding further with the expansion and matching, it may be shown that H, =

BU, h, =B s, =pTand Ay = 3a - v, where
y - Im{1 - [1 - (1 + yplexp(-y) 12y dyy = 1.3440. (114)
0

With these results, the two-term expansion for A is
A=p2/2+BGBa - 7). (115)

The flame structure calculated here is shown in Fig. 2 for a value of 8 of 6. £o was
set to zero and the outer solution was r = ef. The inner solution was obtained by
numerically integrating equation (108) at various values of y, and with an arbitrary
constant lower limit of integration using Simpson’s rule. This lower limit, which is
equivalent to the constant of integration, fixes the position of the resulting curve
with respect to the ¢ axis. The correct solution was chosen by moving the inner
solution with respect to the abscissa (and therefore adjusting the constant of
integration) until the slopes of inner and outer solutions matched3!. There are two
zones through which the temperature varies: a thicker upstream zone in which the
reaction rate is negligible to all algebraic orders in ﬂ'l, followed by a thinner
reaction zone in which convection is negligible to the lowest order in ﬂ'l. The

reaction occurs in the downstream zone because the temperature is too low for it to
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FIGURE 2

Flame structure determined by asymptotic analysis
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occur appreciably upstream; where the reaction is occurring, the reactant
concentration has been depleted by diffusion so that it is of order ﬂ'l times the

initial reactant concentration.

According to equation (62), the abscissa is in units of A/Hcp. This is commonly used
as a measure of the flame thickness, as in equation (36) for example. It is worth
noting that in fact this is the distance from the reaction zone to the point where the
dimensionless temperature is 1/e (about 37%) of its final value. The overall thickness
is rather larger. For example, the distance between the points where the
dimensionless temperature is 1% and 99% of its final value is about 5 of these "flame

thicknesses".

The burning rate expression can be put in dimensional form by combining equation
(115) with the definition of A in equation (69). The result is

o _ 1 (2xpBT®11/2__ [ Y - 3a]
SU u [——52;] exp( E/ZRTb) 1+ B (11e6)

where terms of order ﬂ'z have been neglected in the binomial expansion used to
obtain the contents of the right-hand bracket. The parameters o and S are given by
equations (67) and (68). This result has come formally from the matching condition
and represents the only burning velocity for which an internally consistent asymptotic
structure for the deflagration can be obtained. Retention of the second term is
important at small values of B (say between 2 and 5), where it can produce

corrections to the burning velocity approaching 50% in some cases>%,

Comparison of the first term of equation (116) with equation (34) produced by the
phenomenological analysis in Section 2.1.2 shows that the main dependences were
correctly predicted. In addition, the nature of the parameters g, and B, is now
clarified. Since phenomenological analyses are used to make several important points

in this work, it is useful to have this confirmation that correct results are obtained.
We close this section by quoting burning rate expressions for more realistic models.
If the Lewis number is allowed to differ from 1 but all of the other assumptions are

retained then the two-term expansion for A is found to be38

A= p2/(2Le) + B[(3a — 7) - 2(1 - Le)]/Le. (117)
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When Le = 1 the expression reduces to equation (115) which was derived earlier.

The corresponding expression for the burning rate is

so -1 [2LeApBTal (118)

1/2
ol ] / exp(-E/ZR.Tb)[l .

- 3a + 2(1 - Le)]
B .

Again, all the dependences in the first term are predicted by equation (54) produced
by the phenomenological analysis in Section 2.1.2.

The burning rate (to lowest order in ﬂ'l) for a two-reactant flame with arbitrary

Lewis numbers is>®

, , , m_ n a n-l 1 2
1 [”b" 1,1 %.1/" 1.%) ”kal,bTb Y14 ] /
+ n- - -m

x G1/2(k,m,a)exp(-E/2RTy) (119)

where i = 1, 2 are the two reactants, k and m identify the reaction orders with
respect to these reactants (with n = k + m for clarity) and Leq and Le, are the
corresponding Lewis numbers defined by Le i = A/pDiNcp. D;y is the diffusion
coefficient of species i with respect to an inert N present in excess. The function G
is defined by

G(k,m,a) = ryk(y + a)Te”Y dy (120)
0

where a = B(¢ - 1)/Le,, with ¢ = viW1Yy,/voWoY,,, being the equivalence ratio.
Equation (119) holds for ¢ > 1 - that is, if the mixture is stoichiometric or if species

2 is in excess; for ¢ < 1 the species definitions are interchanged.
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2.2 FLAME STRETCH

The whole of Section 2.1 dealt with the theory of steady-state, one-dimensional
flames, in which the flame is stationary and the flow direction is everywhere normal
to the flame surface. The use of this simplification allows a good understanding of
flames to be achieved; in addition, numerical modelling of such systems using
computers can provide detailed predictions of flame properties for comparison with

experiment.

However, no real flames are one-dimensional, and it is necessary to consider how
much this matters. For the purposes of the present work, it is possible to consider
the effects of non-one-dimensionality on the burning rate under two headings,

"apparent effects" and "real effects".

The "apparent effects” on the burning rate are those which arise when the flow speed
is measured at the wrong place. A major point of this thesis is that the burning
velocity of a flame is determined in the hot part of the flame, at a position that we

call the reference surface.

If flames were planar and one-dimensional, it would not matter where the burning
velocity was determined. Velocity measurements at the cold boundary (or anywhere
upstream of it) would give correct values for the burning velocity. But real flames
are not planar and one-dimensional. Particle tracking photographs show that in
almost all flames the streamlines bend outwards between the cold boundary and the
luminous zone, a phenomenon known as stream tube divergence"‘z. Let us assume,
for the purposes of illustration, that the reference surface is at the luminous zone and
that the mass flux there is the same as the planar, one-dimensional value. Then if
the streamlines diverge, the speed of the gas at the cold boundary must be greater
than in the planar one-dimensional case in order to supply the larger area at the

reference surface at the same rate.

The foregoing was pointed out by Fristrom?°, Dixon-Lewis® and others, but has not
yet become well accepted. The subject will be treated in more detail in Chapter 3.
For the moment we can say that if the reference surface were at the cold boundary
(where the burning velocity is conventionally measured) or if flow divergence
corrections were made to burning velocity data as a matter of course then the

"apparent effects" of non-one-dimensionality of real flames would not exist.
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The "real effects" on the burning rate are those due to flame stretch, which is the
subject of this section. Ideas on flame stretch have changed a little since the concept
was first introduced by Karlovitz et al*!, so it will be as well to outline the usage in
this thesis.

Flame stretch is a local, time-varying property of a flame. It is the rate of change
per unit area of an element of flame surface, where the element is defined by points
on the surface moving at the local tangential gas velocity*’.. In order to apply the
definition to a real flame, a part of the flame representing the flame surface must be
identified, for example an arbitrarily selected isotherm within the flame structure*s.
In the present work, the flame surface will be considered to coincide with the

reference surface.

Stretch affects the propagation rate by changing the diffusive flux of reactant
downstream into the reaction zone and of heat upstream out of it. Since the balance
of these fluxes has an influence on the flame temperature and since the reaction rate
varies strongly with temperature, flame stretch can affect the reaction rate and

therefore the burning rate.

The effect of stretch on the flame depends upon the mixture composition. In
particular, we will see later in this section that phenomenological and asymptotic
analyses of stretched flames predict that the effective Lewis number of the reacting
mixture determines whether the burning velocity increases or decreases, and to what
extent. One aim of the work in this thesis is to determine the extent to which the

predictions of these analyses are supported by experimental evidence.

2.2.1 Mathematical analysis

Flame stretch was defined by Williams*? as

F =< 5= (120)

where T is the stretch, A is an element of flame area and t is time. The element of
area is defined by points on the flame surface moving at the local tangential velocity.

A dimensionless stretch rate is commonly used in theoretical work. It is defined by



(121)

where §/5,° is a characteristic flow time of the flame; § and S,° are the flame

thickness and burning velocity respectively of the unstretched one-dimensional flame.

As it stands, equation (120) can only be easily applied in a few special cases. It is
useful, therefore, to derive a formulation in vector notation which can be applied
generally. Such an expression was first obtained by Matalon**, and subsequently by
Chung and Law*® using a simpler derivation. An alternative derivation was given by
146,

Candel and Poinso The following derivation is based on Chung and Law’s

treatment.

The flame is considered to be a smooth, deformable surface. The position of any
point on the flame surface is considered to be identifiable, such that a tangential
velocity can be ascribed to the flame at any point, in addition to the more easily

detected normal velocity (relative to laboratory coordinates).

Positions on the flame surface are defined by a surface curvilinear coordinate system
(p,q). The evolution of the flame surface can then be represented by r =
r(p,q,t) where t is time. The arcs ds in the directions of p and q can be

approximated by their projections on the tangent plane at r (see Fig. 3(a)) as

or or
(ds),, = 55 dp, (ds) g = 52 da. (122)

The area of the parallelogram defined by these arcs is
A(t) = (ds)p X (ds)q-n

3
ap

ar
X %) en dpdq (123)

where n is the unit vector normal to the surface. At the time (t + §t) the flame

surface can be approximated by

r(p,q,t + 6t) = r(p,q,t) + v(p,q,t)ét (124)
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FIGURE 3

(a) Flame surface nomenclature; (b) Bunsen flame tip in uniform flow;

(c) Bunsen flame tip in divergent flow
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where v is the velocity of the flame surface relative to laboratory coordinates. The

sides of the new parallelogram at (t + 6t) become

, _8r 4,3y , _8r g, v
(ds) ap dp +a dpét, (ds) aqd +3q dgét. (125)

The new area is
A(t + 6t) = {( ) ( + %‘E’sc)} « n dpdq. (126)

Therefore from the definition of flame stretch (equation 120) we have

A(t + §t) - A(L)
' == lim
A §t-0 6t

ar av
( X 7= + 5= X 7—)*n
dp = dq
(3_r . (127)
dp = dq

We now express the velocity of the flame as the sum of its normal and tangential

velocity:
v = (ven)n + Ve (128)

On substituting for v, the numerator of equation (127) becomes

v, 3r or v, n dr Idr _ on
ap aq+apxaq -n+(vn)[—x56+$xaq]n (129)

where the relation (n X a)en = 0, which is true for any vector a, has been used.

We now set all the scale factors in the curvilinear coordinate system to 1, without loss

of generality. Therefore

ir ar
T ep 3g = eqr €p X eg=m (130)

where ey and e q re unit vectors in the p and q directions respectively. Thus the

denominator of equation (127) is equal to unity and the stretch becomes
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v av
—t —t . .on .an
r [ep 3p + eq aq] + (v n)[ep ap + eq 3q] (131)

where the cyclic law of scalar triple products has been used. The above expression
can be expressed as the sum of two divergence terms. The final expression for the

flame stretch is therefore
T = Vt-vt + (ven) (Vt-n). (132)

Although the assumption was made in the derivation that tangential movement of the
flame surface could be detected, in fact there is no way of doing this. The physical
meaning of the tangential velocity of the flame is taken to be the tangential velocity
of the gas crossing the flame. It is interesting to note that this suggests a clear
physical distinction between the two terms in equation (132). The first term involves
the tangential velocity of the gas crossing the flame while the other depends on the

movement of the flame in space and on its curvature.
If the fluid velocity at the flame is V then the tangential velocity is

v, =n X (VXn) (133)

t
and the first term of equation (132) becomes
Veeln X (V xm)]. (134)
Using the vector identity
Ve(A X B) =Be(V X A) - A+(V X B) (135)
for any vectors A and B along with V. x n = 0, we have
Veln X (VX n)] = -neV x (VxXmn). (136)

Since we are using surface curvilinear coordinates so that 3/dn = O, it follows that

Vt = V and

Vt-[n X (VXxn)] = -neV X (VX n). (137)
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Therefore an alternative expression for the stretch is

' = -neV X (VX n) + (ven) (Ven) (138)
which is the expression derived by Matalon*%. Equation (132) can be considered as
the sum of contributions due to strain and curvature. This terminology can lead to
confusion, however. Consider its application to a stationary, curved flame in a
uniform flow, as in Fig. 3(b). The flame is stretched by a strain contribution
although there is no hydrodynamic strain; the strain contribution is due to the flame
curvature which does not provide a curvature contribution. A more precise
terminology due to Buckmaster?” will therefore be used in this work. He suggested
the names "extensional” and "dilatational" stretch for the two contributions. Equation

(132) can therefore be expressed as

I =Text + Tgi1

where

Pext = VeoVe = -neV X (V x n) (139)

Tyi7 = (vem)(Vem). (140)

The subscript ext can sometimes refer to conditions at extinction. No confusion
should arise in the present work since it only deals with weak stretch where
extinction does not arise.  The subdivision into extensional and dilatational
contributions is convenient because in this work the two experimental configurations
correspond to T y;; = O (stagnation flow flames) and T, = 0 (expanding spherical

flames). These two cases will now be considered in more detail.

2.2.1.1 Extensional Stretch

In this section we examine equation (139) in more detail and apply it to the
stagnation-point flow configuration used in the experiments. We also consider the

relationship between flow divergence and extensional stretch.

According to equation (139), the extensional stretch is equal to the divergence of the

tangential velocity vector. In a two-dimensional configuration (for example a slot
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burner), it is therefore simply the rate of change of the tangential velocity with

distance along the flame surface.

In an axisymmetric flame, for example a Bunsen burner, the definition of the vector
operation of divergence in cylindrical coordinates (r, ¢, z) shows that the

extensional stretch is given by

]_d(rvt)
- P

(141)
where v, is the tangential velocity and s is distance along the flame. By symmetry,
the only component of the tangential velocity is in the ¢ = constant plane. It is
interesting to look at the extensional stretch in a Bunsen flame tip in some detail.
Consider a uniform flow crossing such a tip as shown in Fig. 3(b). In fact, the flow
would not be uniform; this is not important at this stage, but we will return to it
later. It is easy to see that there is a tangential velocity towards the tip at each point
on the flame surface. This is negative flame stretch, or flame compression. The
stretch here is due to the flame shape, and not to the characteristics of the flow. It

is an example of how there can be flame stretch without flow divergence.

In a constant density, axisymmetric stagnation-point flow, the velocity field close to

the stagnation surface but outside the boundary layer is given by*®
(Vr, Vg Vz) = (cr/2, 0, -cz) (142)

where c is a constant. On the assumption that the radial velocity is unaffected by

the presence of the flame, the extensional stretch is

[

r o 1deer?/)

r dr

av
z

3z " (143)

We have therefore proved that the extensional stretch in a constant density,

axisymmetric stagnation point flow is equal to minus the upstream velocity gradient.
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This result will be used in the experimental methodology for stagnation flow

experiments in Section 3.2.

It is worth at this point considering further the flow defined in equation (142) above.
It is convenient to define this flow (sometimes known as Hiemenz flow) as "ideal"
stagnation flow, because it is used in much theoretical (and implicitly in some
experimental) work. It is clear that while constant density flows might approach the
ideal quite closely, the same cannot be true when a flame is present. This can be
seen most clearly in terms of streamlines. In Section 3.3.1, it will be shown that for

172 where a = constant. When a flame is

ideal flow they have the form r = a/z
present, the streamlines must deviate from this form. Heat release causes the gas
velocity normal to the flame to increase by a factor of the density ratio (about 7 for
the fastest methane flames) while, to a first approximation, the tangential velocity is
unaffected. The overall effect is a "refraction” of the streamlines towards the
normal. The gradual increase in the temperature of the flame means that this
bending of the streamlines will occur gradually between the cold boundary and the
hot end of the flame. Any calculations of flame properties which involve area ratios
(like mass flux at the reaction zone calculated from cold gas properties) will therefore

be in error if the ideal model is used.

We now consider flow divergence. The magnitude of the flow divergence can be
determined for a stationary flame by dividing the area of the reference surface
(roughly, the luminous zone) enclosed by a stream tube by the area of the cold
boundary enclosed by the same stream tube. If this area ratio is greater than unity
then the flow is divergent. Divergence can arise in three ways: from a straining
flow, for example a stagnation-point flow; as a result of flame curvature, as in the
stationary spherical flame; or by thermal expansion in the flame, which causes the
streamlines to bend outwards in the approach flow. This is in addition to the
streamline refraction mentioned above. It is a result of the pressure difference

between the flame and the surroundings, which itself is due to the heat release.

Flow divergence is important for two reasons. First, mass is conserved within stream
tubes. If a stream tube widens between the cold boundary and the reaction zone
then the mass flux at the cold boundary must necessarily exceed that at the reaction
zone. If the mass flux at the reaction zone is the correct measure of the rate of
propagation of the flame, then burning velocities based on the gas speed at the cold
boundary will be too high. This point has been made by several workers?%%® and

was also demonstrated in the phenomenological analysis in Section 2.1.2.
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Second, in two of the above cases, flow divergence is related to extensional stretch.
Consider a plane flame in an axisymmetric flow, with no externally-applied strain.
Particle-tracking photographs show that the flow is divergent in the neighbourhood
of the flame?24® so it must have acquired a radial velocity. It seems likely that, at
least near the axis of the flame, the flow divergence will be cumulative; each element
is pushing outwards by about the same amount, so the streamlines will become more
oblique to the flame with distance from the axis. The tangential velocity is therefore
increasing with radial distance: there is a tangential velocity gradient, so the flame is
stretched. The phenomenon has been named "flame-generated stretch"®®®! 1t has
not yet been studied in much detail, but may be important in explaining some results

which will appear later in this thesis.

In flames which are not planar, the effect of flow divergence on the extensional
stretch is less important because extensional stretch also arises as a result of the flame
shape. In the Bunsen flame tip example above, the tangential velocities are modified
by the flow divergence but the essential fact remains that the tip is negatively

stretched as shown in Fig. 3(c).

We will consider how extensional stretch can affect the propagation rate of a flame
in the phenomenological analysis of a plane flame in a stagnation-point flow in
Section 2.2.2.

2.2.1.2 Dilatational stretch

In a moving flame, stretch arises because its area increases. This is the type of
stretch covered in this section. A good example of a flame which is stretched solely

by this mechanism is the expanding spherical flame.

In an expanding spherical flame the tangential velocity is zero everywhere, so the
first term of equation (132) disappears. The remaining term in the expression is the
product of the flame speed and the divergence of the unit normal, which is 2/r for a

sphere of radius r. If the flame speed is dr/dt then the stretch is simply given by

F=—=—. (144)

This expression can also be derived directly from the basic definition of flame

stretch in equation (120) as follows. In expanding spherical flames, the spherical
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symmetry means that the stretch is the same everywhere and the total flame area can
be used in the expression. This is 4xr? where r is the flame radius. The stretch is

therefore
r 1 d(4nr?)
4rr dt
2 dr
= - dc (145)

This expression will be used in the simple analysis of expanding spherical flames in
Section 3.1.

The physical effects of dilatational stretch will be discussed in the phenomenological

analysis in the next section.

2.2.2 Phenomenological analysis

In this section we give phenomenological analyses of two stretched flames, to provide
a physical explanation of the effects being studied in this work. The analysis of a
planar flame in a stagnation-point flow is based on that of Chung®%. The analysis of
an expanding spherical flame is new. Both follow on from that of the planar flame

with non-unity Lewis number in Section 2.1.2.

2.2.2.1 Planar flame in a stagnation-point flow

A diagram of a planar flame in a stagnation-point flow is given in Fig. 4. The

continuity equation (15) applied to this configuration is

PHVMAM = PTVTAT = PhVbAp (146)

where the subscripts M and T refer to the upstream boundaries of the mass diffusion
and heat conduction zones respectively. We now apply the principle of conservation
of energy to the control volume shown in the diagram. The energy in the control
volume is constant, so the rate at which energy enters must equal the rate at which it
leaves. The possible routes are convection at the upstream and downstream

boundaries and diffusion across the streamlines.
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FIGURE 4

Control volume in phenomenological model of flame in stagnation-point flow
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Chemical energy (in the form of reactant) and thermal energy arrive at the upstream

boundary of the control volume by convection, and thermal energy is convected away
at the downstream boundary. Heat from the reaction zone is conducted upstream
across the streamlines and out of the control volume while reactant diffuses into the

control volume in the opposite direction. The energy balance can therefore be

expressed as

T, - T
b u
°p(PpVpApTh = PrVTATTY) * X T — (4 - Ap)

Y
= [PyvyAyYy *+ PD1y zi (4p - Ay lq.
Rearranging and using the provisional definition of burning velocity,

PpVp = Mp = pusu,r’

we obtain

A Ap - AT}

cp(Tb - Tu) [1 +
u“p°u,r

Now it will be shown in Chapter 3 that

A, - Ay _ b7

o
Ab Su

T =«

where T and « are the dimensional and dimensionless stretch rates respectively,
defined in equations (120) and (121). Since the second term in each of the square
brackets is the correction term we want to determine, we need only consider the

leading order. Thus 5, , = 5,°, 67 =6y ~ 6 and Ay ~ A, = Ay and

1
Cpr = (cPTu + Yuq) + Yuq(ig - 1)&.

(147)

(148)

(149)

(150)

(151)
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The first term in the brackets on the right-hand side equals ¢ Tad This expression

p
therefore states that the flame temperature increases if Le < 1 and decreases if Le >

1 for positive stretch.

The change in flame temperature will affect the reaction rate so we examine the
effect on it next. Let the reaction rate for a stretched flame with non-unity Lewis
number be k. Then the balances between heat conduction and reaction and mass
diffusion and reaction are given by equations (50) and (51) with k replacing k and
with Y - given by equation (49). As in the case of the planar flame with non-

unity Lewis number, the preheat zone thickness is given by

A 12
6Tv- [ﬂlﬂz cpksLe] : (152)

Eliminating the right-hand sides of equations (50) and (51) and substituting (151)

gives

b 1 ]]
E- 1+ |5 - 1« (153)

Since the term in the brackets on the right-hand side of equation (147) is the total
supply rate of reactant mass to the flame, it should equal equation (51) multiplied by

the reaction zone area Ay. This gives

1 1 S

(154)
Using the continuity equation (146) and the definition of burning velocity (148) in

equation (154) we obtain

S P11 6T[1 Ab'A”] 155
u,r = p, By By ST sy T Ay ) (153)

Again the area ratio term can be expressed in terms of the dimensionless stretch rate
k. The Arrhenius reaction rate term is proportional to exp(-E/RTy) where the
flame temperature Ty is in general different from the adiabatic flame temperature
T,q. The ratio of the reaction rate in the stretched flame to that in the unstretched

one is
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- . 156
—;—2— (156)

kg  exp(-E/RTp) L. E[Tb - ad]
k exp(-E/RT,4) R ad

Using equations (150) and (151) this becomes

ks 1 E_ T ! 1] (157)
= =1l4-—7|— - K.
k Rc T4 \Le ,

We now substitute equations (152) and (153) in (155) and divide by the burning
velocity of the unstretched flame given by equation (54). For small dimensionless

stretch x, the result is

Sur _ [&]1/2 {1+[[i i 1] i 1].;}. (158)
Su k Le

Finally, expanding equation (157) for small x and substituting in equation (158) gives
the expression for the effect of stretch on the burning velocity,

s E Y 1 1
—‘-‘-a{--1+n[————”q—z —-1]+ —-1]-1]. (159)
Sy chTad Le Le

We will examine this equation in detail at the end of the next section.

2.2.2.2 Expanding spherical flame

We now analyse an expanding spherical flame, following a similar path to that in the
previous analysis. We start by applying the principle of conservation of energy to
the expanding flame. In this case the flame is not in a steady state, and we need to
consider the energy balance carefully. At any instant, time t say, conservation of

energy can be expressed as

E. =FE

in out t E

stored (160)

where E; is the rate at which energy enters the flame, Eout is the rate at which it
leaves and E;, .. oqg is the rate of change of the energy stored in the flame. For an
expanding spherical flame, the only routes for energy to enter and leave are the

upstream and downstream flame boundaries. E in is the convection rate of thermal
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and chemical energy across the upstream flame boundary and E_ . is the rate at
which thermal energy is convected away from the downstream boundary.

We now consider E 4 in more detail. In a premixed flame, the heat conducted

store
upstream from the reaction zone is swept back into it a short time later by
convection. If the conduction rate has increased during this time (because of an
increase in flame area) then there will be an increase in the thermal energy stored in
the flame. Similarly, chemical energy in the form of reactant diffuses into the
reaction zone. At the same time, fresh reactant is convected across the upstream
flame boundary, and replaces the mixture depleted by diffusion a short time later. If
the diffusion rate has increased during this time then the chemical energy stored in
the flame will be smaller. An increasing flame area therefore results in an increase
in the thermal energy and a decrease in the chemical energy stored in the flame.
The consequence for the reaction zone is a net loss of thermal energy and a net gain
of chemical energy. In a steady-state flame the conduction and diffusion rates are

constant so there is no change in the stored energy and E 4 1s zero.

store
We first consider the conduction of heat. The rate of heat conduction upstream at

time t is

T, - T
bs—,_,u A, (£) (161)

A
where Ay (t) is the area of the reaction zone at time t. But it was an earlier
conduction rate that raised the temperature of the unburnt mixture now entering the
reaction zone. The time separating a change in the rate of conduction of heat and its

subsequent effect on the reaction zone is the characteristic convection time. If this is

tconv then the earlier conduction rate is
T, - T
b u
A ——6';— Ab(t - tconv). (162)
The net rate of heat loss from the reaction zone is therefore
Tb " Tu
Eheat = ) S—T[Ab(t) - Ab(t - tconv)]. (163)

Now
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dap _ Ap(t) - Ap(t - toony) 166)

dt tconv

and since a typical convection time in a flame is § /Su°, the net rate of energy gain
by the flame (and therefore loss by the reaction zone) due to conduction of heat

becomes

Tp - T, 6 dA,

o
bp S, dt

Epear = A (165)

We now consider the diffusion of reactant into the reaction zone. The rate at which

chemical energy in the form of reactant diffuses into the reaction zone at time ¢t is

YU
P17 52 4 Ap(e) (166)

where Ab(t) is the reaction zone area. This reactant was convected across the

upstream flame boundary at an earlier time (t - ¢t The rate of diffusion of

COHV)'

chemical energy into the reaction zone at (t - t_..) is
YU
The net rate of energy loss by the flame is therefore
YU
Echem = P12 G q [Ap(t) - Ap(t - tony) ] (168)

Now as before

dap  Ap(t) - Ap(t - toony) (169

de tCOHV

and since a typical convection time in a flame is § /Su°, the net rate of energy loss
by the flame (and therefore gain by the reaction zone) due to diffusion of reactant

becomes

E Dy, Lu 5 day (170)
chem Y12 ’SM suo de q.
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Therefore the rate at which energy is stored in the expanding flame is

Estored = Eneat = Echem

T, -T. & daA Y. § dA
b b u b
5 . s° a Py 5o ¢ (171)
T u M “u '

= A

Substituting equation (171) in (160), along with the convective terms described

earlier, gives

cpPTVTATTy + PHVMAMYUd = CpPbVbAbTH

T, -T., & dA Y. & dA

b _‘u b _ pp,, —u —b 4. (172)
s s ° dt 12 5 s ° dt
T u M “u

<

+ A

Dividing by the total mass flow rate and using the continuity equation (15) and the

provisional definition of burning velocity in equation (148) gives

- r )[1 § 1 dAb]
c - + —
b u o
P PuCpSu,rT Sy Ap dt
D § 1 da
- Yuq[l Ml V) - b]. (173)
PuSu, £y Su° Ap dt

Substituting for the dimensionless stretch rate given by equation (121), expanding for
small stretch and using the approximations Sy r= Su°, bp =6y =6 and Ap = A, =
Ay gives

1
epTp = (cpTy + ¥,@) + Yuq(-fg - 1)« (174)

which is identical to equation (151). It follows that the effect of stretch on the flame
temperature is the same as that determined for the plane flame in a stagnation-point
flow. Since the balances between thermal conduction, mass diffusion and reaction at
the flame are the same as for the stagnation flow flame, equations (152), (153) and
(157) are all valid.



64

We now consider the mass balance. The net rate of supply of reactant to the reaction
zone at time t is the convection rate at the upstream boundary plus any gain by the
reaction zone due to the changing diffusion rate, given by E_,./q. This should
equal the instantaneous rate of diffusion of mass into the flame at the reaction zone
given by the product of equation (51) with the reaction zone area Ay (t). This can

be written

Y Y
Y pyvpAy(t) + pD1, Ei [Ap(E) - Ap(t - toon,)] = PD1y Ei A (t)  (175)

where E_, /q was obtained from equation (168). Rearranging equation (175) and
substituting the mass diffusion - reaction balance equation (51) (with Y given by
equation (49) and kg replacing k), the continuity equation (146) and the definition of
burning velocity (148) gives

1 11 8T|:1 ) Ap(t) - Ap(t - tconv)]. (176)

S, = — — — k_§n L
u,r = p B1 By ST by Ap(t)

From equation (169) the contents of the bracket become
1 -— — —=1-& (177)

and equation (176) is identical to equation (155). The rest of the derivation follows
that for the plane flame in a stagnation-point flow, and the effect of stretch on the

burning velocity of both configurations is given by equation (159).

Since the stretch rate varies with radius in an expanding spherical flame, it is useful
to convert equation (159) into an expression which describes more directly the change
in the flame speed with radius. For the present model, su,r/su° = (dr/dt) /sb°
where sb° is the one-dimensional flame speed relative to the burnt gas. Using this
result and equation (144) and rearranging gives

(]

dr Sb

dt "1+ 4t (178)

where
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26 |E Y.q 1 1
L = -— |- — -1l + |— - 1] - 1}. (179)
o [RepToy® lLe Le

A form of equation (178) containing a flame thickness term will be derived in
Section 3.2.1. Equations (178) and (179) show that the propagation rate in an
expanding spherical flame tends to the one-dimensional value as the radius increases.
The stretch is inversely proportional to the radius, so its effect decreases as the flame
grows. This would be expected on very general grounds: as the radius increases, the
flame becomes less curved and more like a planar, one-dimensional (and therefore

unstretched) flame.

We now use equation (159) to gain an understanding of the effect of stretch on
premixed flame propagation. The discussion applies to flames in stagnation-point
flow and to expanding spherical flames since the same equation was derived for both
configurations. This demonstrates the universality of stretch effects, at least for

weak stretch.

Equation (159) shows that stretch affects the burning rate in three ways. The first
term is the effect of stretch on the flame temperature, which in turn changes the
reaction rate. The high activation energy leads to large changes in reaction rate for
small changes in temperature. The temperature can increase or decrease, depending
on the Lewis number Le. If Le < 1, the rate at which reactant diffuses into the
reaction zone exceeds the rate at which heat is conducted out, and positive stretch
causes the temperature to increase. In the stagnation flame, the extra reactant enters
the reaction zone by diffusion across the streamlines. In the expanding flame, the
extra reactant enters the flame at the expense of reactant stored in the upstream mass
diffusion zone. If Le > 1, the opposite processes occur and the temperature

decreases.

The second term shows the effect of stretch on the conduction and diffusion rates
via the temperature and reactant gradients in the flame. In an unstretched flame
with Le < 1, the preheat zone is narrower than the mass diffusion zone. When the
flame is positively stretched, the widths of both the preheat zone and the mass
diffusion zone decrease so that the conduction and diffusion rates both increase. In
an unstretched flame with Le > 1, the preheat zone is wider than the mass diffusion
zone. Positive stretch causes both zones to widen, reducing the conduction and

diffusion rates.
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If the Lewis number equals 1, the flame temperature is unchanged by stretch but the
burning rate still decreases. The final term gives the magnitude of the effect, which
is due to the different characteristics of convectional and diffusional transport. The
mass flux of reactant at the upstream boundary balances the diffusion rate at the
reaction zone, whatever the subsequent flow divergence or storage rate of the
convected reactant. Therefore, the greater the streamline divergence in a stagnation
flame or storage rate in an expanding flame, the smaller the mass flux at the reaction

zone and the slower the flame.

It is interesting that if Le = 1 the gas velocity at the cold boundary does not vary
with stretch in this model. Moreover, if Le < 1 then both flame temperature and
the upstream burning velocity increase with stretch, while if Le > 1 they decrease.
This is one reason®® why Law chose to define the gas velocity at the cold boundary
as the true burning velocity“’zs. Such a definition apparently makes the theory more
elegant since stretch then causes Le < 1 flames to be faster and hotter and Le > 1
flames to be cooler and slower, with Le = 1 flames being unaffected. But the
analysis in this chapter shows that the upstream burning velocity is not invariant
even for an unstretched flame, suggesting that such a definition will be
unsatisfactory. In fact it does not work for real flames. All upstream burning
velocities measured by Law and co-workers were found to increase with stretch?,

including those in mixtures with Le > 1 where the temperature would have fallen.

2.2.3 Theories

A useful classification of theoretical work on flame stretch was given by Law?®,
Most of the analytical work on stretch has been carried out using asymptotics and
can be grouped into three categories:

Multi-scale analyses of a general wrinkled flame in a nonuniform flow®3-%°
2. Detailed analyses of a specific flame configuration such as the flame in a

stagnation-point flow®®%7 58,59

and the expanding spherical flame
3. Analyses involving flame/flow situations characterized by some prescribed

mathematical forms of stretch®,

The first of these applies to flows in any geometry, but produces only linearized
results valid for weak stretch. The second category predicts nonlinear phenomena
(e.g. extinction) but only for specific geometries. The final category is less general

and will not be considered further.



67

For the purposes of the present work, the theories in the first category are worth
exploring further. The generality of the theories allows them to be applied to both
expanding spherical flames and stationary flames on burners or in stagnation-point
flow. Since the experimental work in this thesis has been limited to weak stretch,

the linearized form of the results is not a restriction.

The theory of Clavin and Joulin®® is particularly useful. The assumptions of their

model are:
1. The Lewis number is close to 1
2. There is a single-step reaction
3. The composition is far from stoichiometric
4, The product of the density and the thermal diffusivity is a constant.

The parts of Clavin and Joulin’s work which are relevant to this thesis are the
expressions for the effect of stretch on the burning velocity. There are two such

expressions, for the burning velocity relative to the unburnt and burnt gas:
u, =S - £ (180)

u,l = 5,° - £Pr (181)

where T is the flame stretch and up, Su° and £ are the stretched burning velocity,

the one-dimensional burning velocity and the Markstein length respectively, relative
b

n k]
Theoretical expressions are given for both Markstein lengths.

to the unburnt gas. u Sb° and £P are the corresponding burnt gas quantities.

At first sight, equation (180) would appear to be the more useful in this thesis. But
as described in more detail later, u, is defined for an asymptotic model of a flame
which differs in important respects from a real one, to such an extent that the
definition of u, in a real flame is not clear. No such problems arise with unb,
though, and equation (181) will be used as the basis of a suitable theoretical

expression.

Because the expressions were derived on the basis of a asymptotic analysis of a flame
with a single step reaction, the reaction zone is at the hot boundary as in the
asymptotic analysis of a plane flame in Section 2.1.3.2. The temperature at this point

is the final burnt gas temperature, so the mass flux at the hot boundary is clearly
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My = ppuyl. (182)

Using the provisional definition of burning velocity defined in equation (148), the

mass flux at the reaction zone is

My = puSu,r (183)
and it follows that
Sy » = (pp/p)u, P
u,r Pp/Py)ln
- ou b (184)

where o = pp/p, is the density ratio. Multiplying equation (181) by the density

ratio gives
- oebr. (185)

and by comparison with equations (180) and (181), a suitable Markstein length for

use with the burning velocity S, .. is
L = o¢b. (186)

Using the expression of Clavin and Joulin for the burnt gas Markstein length, a

theoretical expression for L is

L =

(1-0) /o
1 g [ln a-]' + M‘[ 1_n(_1_+_x)dx] (187)
-0 2 0 X

where § is the flame thickness defined in equation (36), 8 is the Zel’dovich number
defined in equation (83) and Le is the Lewis number defined in equation (68).

The theory of Clavin and Joulin was extended by Garcia-Ybarra, Nicoli and Clavin®!
to include Soret (thermal diffusion) and dilution effects in the calculation of the
Markstein length. Unfortunately, an expression was only provided for the unburnt

gas Markstein length, and it is not clear how the burnt gas expression needed in the
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present work should be derived from it. Comparison between theory and experiment
will therefore be carried out using the expression for the Markstein length in
equation (187).
2.2.4 The mean extensional stretch theorem
We derive here some new results on flame stretch which are of potential use in
applications. They are different aspects of one principle, which could be called "the

mean extensional stretch theorem". We start by defining a new quantity, the mean

extensional stretch over a given region S of flame surface:

, 1
Text>s = g “s L,ds (188)

where Ag is the area of S, given by

Ag - ” ds. (189)
S s

On using Matalon’s equation (138) for the stretch, equation (188) becomes
1
<Pext>S = g J‘J‘S[n-v X (n X V)]edS. (190)

Let the boundary of the region S be a closed curve C. Then by Stokes’ theorem,
<r__,> 1 V)d 191
ext’S = A_S p (n X V)edr. ( )

We now use this result in three different situations. First, consider a closed flame
surface. This would be moving, and therefore dilatationally stretched. Here we are
examining the contribution of extensional stretch to the total stretch. Any simple
closed curve C divides a closed surface into two parts, P and Q. Let Cp be a circuit
of C in the positive direction relative to P, and CQ a circuit in the positive direction

relative to Q. The mean extensional stretch over surface P is

1
<Pext>P = 1. § (n X V)«dr (192)
S CP
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with a similar result for surface Q. Hence

AP<F

ext’P ¥ AQ<Fext>Q
- (n X V)edr + § (n x V)-dr]. (193)
CP CQ
But
§ (n X V)edr = - § (n X V)edr (194)
CP CQ
SO

Now the mean extensional stretch over the whole surface is

A <T >, + AT >
P ext” P Q" ext”Q
<Coxt>s = A T A . (196)
P Q
Therefore
<Coxt>s = 0; (197)

the mean extensional stretch over any closed flame surface is zero.

We now consider the implications of this result for a flame subjected to weak stretch,
such that the burning velocity varies linearly with T'. This situation can be expressed

by combining equations (185) and (186);
S =S - LT. (198)

The mean burning velocity over a region S is

° . 1Ir

<su,r>S = <5, ext”S

o

=S, - I<Coxt’s (199)

ext
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. (o] . . .
since S, and L are constants. If region S is defined as above then <I_, > = 0

and
[+
<Su,z>s =S, - (200)

Hence for a closed flame surface subjected to weak stretch, the mean burning
velocity, and therefore the overall mass burning rate, is independent. of extensional

stretch.

The second application of this idea is to axially symmetric burner-stabilized laminar
flames. To analyse this situation we use cylindrical polar coordinates (r, ¢, z) with

unit vectors (e,, e ¢’ e,). Axial symmetry implies that n X V in equation (191) is
nxV-T-Te¢ (201)

where T = V sind and 4 is the angle between the velocity vector V and the normal

to the flame surface n. Substituting in equation (201) gives

L b redr (202)

<T So =
ext” S AS c

where C is a closed path around the perimeter of the region S. By specifying that
the perimeter is a circle in the z-plane (i.e. the plane normal to the axis), the
integrand can be evaluated, giving

Tedr = (T e¢)-(dr e, + d¢ e¢ + dz k)

=T dé. (203)

Now T = f(¢), so the integral becomes

_ 27rVAsin0. (204)
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This is zero when sinf = 0 and A > 0. This occurs when the streamlines in an
axially symmetric flame cross the reaction zone normally. Such a situation occurs
near the base of Bunsen flames!®®2®3, Therefore for the case of weak stretch the
same reasoning as above applies and the mean burning velocity over the area within
the normal streamlines is equal to the unstretched laminar burning velocity.

The third application of this idea is to stationary flames stabilized on.a multiple-slot
burner. For long, thin slots, such flames have the shape of corrugated tin (as found
on shed roofs) with the "trough" of the corrugation positioned over the flame strip,
and the peak of the corrugation (the flame tip) above the middle of the slot. The
proof is essentially a repetition of the previous one in Cartesian coordinates. Let the
x, y and z directions be vertical, across the corrugations of the flame and along the
corrugations of the flame respectively. There are no components of n or V in the z

direction, so n X V in equation (191) is
nxV=V, =kV, (205)

where V. = V sing is the gas velocity tangential to the flame surface and ¢ is the
angle between the velocity vector V and the normal to the flame surface n.

Substituting in equation (191) gives

1

<T So = —
SAS

ext §C V,edr (206)
where C is a closed path around the perimeter of the region S. Let C be a path
defined by two straight lines in the z direction along the flame surface, connected at
their ends by curves of length s along the flame surface in the x-y plane. Let the
straight lines have y coordinates y; and y,, and let the lines extend from z, to z,.
The contributions of the ends to the integral are equal and opposite, and so cancel

out. For the straight line parts, dr = kdz, and the expression becomes

1 22 Z1
<Text>s = 1 [I Vt(yl) dz + J. Vt(y2) dz ]
z1 %2

Z
2
- [ Pveon - veopy a2

a1
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2
- 2 VD - Vel r dz
)

_ Ve(y1) - Velyo)
S

(207)
since A = s(zy - z9). The mean extensional stretch is therefore zero between any
two points which have the same tangential velocity. Now the tangential velocity at
any point where the streamlines cross the reaction zone normally is zero. A useful
special case of the above result is therefore that the mean extensional stretch is zero
between any two points on the flame where the streamlines cross the luminous zone
at right angles. In a multi-slot burner, this occurs at the trough and the tip of the

flame (and possibly in between).

For the case of weak stretch the mean burning rate over this region would equal the
adiabatic one-dimensional value in the absence of heat loss. However, some heat loss
from the "trough" of the flame is inevitable since it plays a role in stabilization, so
this result is not very useful. The utility of the result is in making qualitative

estimates of stretch rates in two-dimensional flows.

These results will be used at various points in the thesis.
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Chapter 3

EXPERIMENTAL METHODOLOGIES

In this chapter we derive methods of determining burning velocities and Markstein
lengths experimentally. First, insights from the theory section are used to construct a
consistent definition of burning velocity. The Markstein length, a measure of the
effect of stretch on the burning velocity, is then defined. In subsequent sections
these definitions are used to derive expressions which can be fitted to the results of
experiments on expanding spherical flames and on flames in stagnation-point flow.
Markstein lengths and one-dimensional burning velocities are determined from the
fitted parameters. Some computations are also included of effects which are likely to
cause error in the experimental methodologies used. A short section at the end
describes a method of obtaining burning velocities from experiments on button-
shaped flames.

3.1 DEFINITIONS OF BURNING VELOCITY AND MARKSTEIN LENGTH

In this section, definitions of burning velocity and Markstein length are developed

for use in the rest of the work.

The one-dimensional burning velocity defined in Chapter 1 is the speed of a plane
flame front relative to the cold gas in a one-dimensional (1-D) flow. This is the
standard definition of burning velocity, and is accepted by all workers in the field.
It is clear and unambiguous: the upstream velocity in a planar, one-dimensional flame
is constant so there is no question about the correct value. The difficulty is that no
real flames are one-dimensional. It is therefore necessary to decide what
measurements to make on real flames and how to transform them so as to obtain the
speed that would have been obtained if the flame had been planar and one-
dimensional. In addition, it would be useful if there were a definition of the
propagation rate of stretched flames. The standard definition of burning velocity
clearly cannot be used since the presence of stretch implies that the flame is not
planar and one-dimensional. Once a stretched burning velocity has been defined, the
Markstein length can then be defined as the decrease in burning velocity per unit

stretch.



75

The definition of burning velocity used in this work was anticipated in Chapter 2 so
that the theoretical results could be derived in an appropriate form. We now present

the arguments and give a formal definition.

Following Linnett!®, we consider a stationary spherical flame in a source flow. The
flame is one-dimensional in the sense that the flow is everywhere normal to the
flame front and all properties are constant in the other two orthogonal directions. If
the radius of the flame were very small then the preheat zones would merge at the
centre of the sphere and disrupt the flame. We therefore require the flame radius to

be much larger than its thickness.

We now compare this stationary spherical flame with the corresponding planar one-

6485  Since the spherical flame is unstretched as shown in Section

dimensional one
2.2.1, the propagation rates of the two flames should be the same. It is clear that the
cold gas velocity profile in the spherical flame is not constant but varies as 1/r2.
Linnett conjectured that the cold gas velocity never drops to that of the
corresponding planar flame: therinal expansion at the flame’s upstream boundary
causes it to start increasing. It is interesting that Linnett concluded from this that

20

the best one can do is to measure the minimum velocity. Following Fristrom“" and

Dixon—Lewis‘o, we take a different view.

The first point is that the gas velocity relative to the flame is not a fundamental
parameter in any of the flame theories presented in Chapter 2: the velocity is always
derived from a mass flux or a total mass flow rate. This gives some indication that
the rate of mass consumption might be the primary measure of the flame propagation

rate.

Expressions for the mass fluxes in steady planar and spherical flames were derived in
the phenomenological analyses in Section 2.1.2. A comparison of these expressions
provides a strong argument for the way the burning velocity should be defined. The
mass flux in the planar flame is constant, but in the spherical case varies with
distance through the flame. Equation (2-45) shows that whatever the radius of the
spherical flame, the mass flux at the reaction zone is always equal to that in the
planar flame. It therefore seems clear that the burning rate in this model must be

based upon the mass flux at the hot end of the flame.

In real flames, the reaction zone is rather different from that in the

phenomenological and asymptotic models. Instead of just one reaction there are

many, and the activation energies are not always large; indeed, some are negative.




76

The reaction zone of infinitesimal width at the hot boundary in the phenomenological
and asymptotic models becomes in a real flame a region of finite width, though still
much narrower than the preheat zone. The reaction zone temperature in the models
is at the final temperature, while in a real flame it is usually well below the
maximum, though still very high. Some differences between models and reality must
therefore be expected. It is likely that the burning velocity is still determined at the
hot end of the flame, but the controlling process (if indeed there is just one) is not
obvious. It could be reaction rate, heat release rate, a radical concentration or

(perhaps most likely) some combination of these.

It is possible to obtain information on where the burning velocity is determined in
real flames by performing comparisons between flames in uniform and divergent
flows using computer modelling. Dixon-Lewis and Islam?? performed just such a
comparison. In their case the divergent flow was not a spherically symmetric source
flow but approximated to a stagnation flow. However, diffusion and heat conduction
were along streamlines so that stretch effects were absent. It has been criticized on

t?® but in fact the physics appears to be exactly that of a stationary

this accoun
spherical (or perhaps cylindrical) flame. In Chapter 6, modelling of true spherical
flames is described. The results of the comparisons with modelled planar flames
agree with those of Dixon-Lewis and Islam. The results were essentially that the
varying mass flux of the stationary spherical flame becomes equal to the constant
value of the planar flame in the reaction zone towards the hot end of the flame. For
a stoichiometric methane/air flame, the temperature at which the mass fluxes are

equal is around 1450 K.

Since this concept of equality of mass fluxes is used throughout the present work, it
is useful to have a name for the point in the flame where the equality is -satisfied.
Dixon-Lewis and Islam used the term "reference plane" in their flat flames. We have
changed this to the more general "reference surface” because many of the flames in

this work are curved.

Our definition of burning velocity in real flames now becomes the mass flux at the
reference surface divided by the cold gas density. It follows that burning velocities
obtained by measuring the gas velocity at the position of first temperature rise will

only be accurate if the reference surface coincides with the cold boundary.

The problem now is how to determine the position of the reference surface

20,66

experimentally.  Fristrom considered that the reference surface was at the

upstream edge of the luminous zone because that was the beginning of the reaction
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zone. Dixon-Lewis and Islam?? chose the same place because it was near the
maximum reaction rate; the modelling showed that the reference surface roughly
coincided with the maximum overall reaction rate, as measured by the chemical rates

of disappearance of methane and molecular oxygen.

In the experimental work in this thesis it turns out that different ways of
determining the reference surface position are needed. In the experiments on flames
in stagnation flow, we follow Dixon-Lewis and Islam in assuming that the reference
surface coincides with the upstream edge of the luminous zone. We show later
(Chapter 7) that by a rather circuitous route it is possible to test experimentally
whether the luminous zone is a good approximation to the reference surface position.
In the expanding flame experiments the reference surface position is determined by

modelling, as is the flame thickness correction that depends on it.

The definition of burning velocity given above applies to both one-dimensional and
stretched flames. Since the flame structure is not expected to change when a flame
is subjected to weak stretch, reference surface positions determined in unstretched
flames should also be valid in the weakly stretched ones of this work. Burning
velocity determination should therefore be straightforward. But in highly stretched
flames the reference surface position may change, making application of the
definition more difficult.

A formal definition can now be given for the burning velocity which applies to all

flames, whether one-dimensional or not:

Su,r = My/Py (1)

where Su,r is the burning velocity, M,. is the mass flux at the reference surface and
py is the density of the cold, unburnt gas. Since M, appears frequently in this work,
it is useful to give it a name. In a planar one-dimensional flame, it would be called
the mass burning rate. It seems reasonable to generalize this usage so that M is

called the mass burning rate in any flame geometry.

A final point about the burning velocity is that there is a disadvantage in adopting
the definition above. In anything other than a one-dimensional flame, the burning
velocity chosen does not correspond to a physical velocity anywhere in the flame.
The only physical interpretation is that it is proportional to the mass flux at the

reference surface, the constant of proportionality being the cold gas density. Why
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not just use the mass burning rate and forget about the burning velocity? This point

will be considered in the discussion in Chapter 7.

Having defined the burning velocity in a stretched flame, we are now in a position
to define the other major parameter which is considered in this thesis. This is the
Markstein length, a measure of the effect of stretch on the speed at which the flame

propagates. In this work it is denoted by L and defined by the equation
S, _=287°-1Ir. (2)

Some points are worth making about the Markstein length. First, the definition in
equation (2) contains the assumption that the burning velocity varies linearly with the
stretch rate. This assumption originally came from asymptotic analysis of stretched

54,86 6788 and some experimental work?* have

flames , although modelling studies
supported it. But it is still an assumption, and may not be true in all cases. In
particular, it is predicted by asymptotic theories to be valid only in the limit of small
stretch. Second, it is possible to define Markstein lengths for different definitions of
burning velocity; for example, Clavin and Joulin®® defined Markstein lengths for
both their unburnt and burnt gas burning velocities. This can cause problems when
comparing Markstein lengths measured with respect to differently-defined burning

velocities.

Equations (1) and (2) are the fundamental relationships in this work and will be used

repeatedly in the following derivations.

3.2 EXPANDING SPHERICAL FLAMES

In this section we use a phenomenological model of an expanding spherical flame to
derive a simple expression for the way the radius changes with time. The expression
contains two adjustable parameters which are determined by fitting it to experimental
radius vs time records. The data obtained are a one-dimensional flame speed and a
"flame relaxation parameter" containing the sum of the effects of flame stretch and
flame thickness. In subsequent sections, two points of detail are elaborated. First,
the form of the flame thickness correction is justified on the basis of a simple model
for the density variation in the flame. Second, the effect of thermal radiation on the

experimental methodology is examined.
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3.2.1 Simple model of an expanding spherical flame

We now derive a simple expression for the radius as a function of time of an
expanding spherical flame at constant pressure. Two effects, flame stretch and flame
thickness, are included which prevent the relationship from being a simple linear
one. We stress that the analysis is not intended to be a theory of spherical flame
propagation; it is rather an attempt to explain phenomenologically the influence of
low stretch rates on laminar flame propagation. It is a simplified approach in that
we assume that the flame structure is essentially that of a one-dimensional planar
flame. The analysis is therefore expected to be valid at large radii, but not at very
small radii where the quasi one-dimensional assumptions will not hold. Its range of

validity will be demonstrated later.

Stretch in expanding spherical flames arises from change of curvature with time. As
shown in Section 2.2.1.2, the stretch rate of an expanding spherical flame is

r=-=2= (3)

where r is the radius of the flame and t is time. The effect of the stretch on the
burning velocity is given by equation (2) which defines the Markstein length L. The
burning velocity of the flame is defined by equation (1).

For an expanding spherical flame, the mass of the gas inside the reference surface at

radius r is
p = (4/3)xr%5, (4)
where py, is the mean burnt gas density. The mass flux crossing this surface is
M, = (du/dt)/(4nr?)
= [Py + (/3) dpp/dr] dr/de
= pp° £(r) dr/dt (5)
where pb° is the one-dimensional burnt gas density and

£(r) = [pp + (r/3) dpp/dr] / pp’° (6)
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is a density correction function. It is shown in the next section that, on the
assumption of a linear density variation through the flame, the density function has

the form
f(r) =1+ k/r. QD)

We assume that this is generally true and determine the constant k by modelling. In
fact, k varies slightly with radius and we use a mean value determined over the

range r = 5 to 35 mm. The standard deviation of k over this range is about 5%.

The mass flux at the reference surface differs from its one-dimensional value
because of stretch. Combining equations (1), (2) and (3) and incorporating the

conservation of mass, we have
M. = pp°Sp° - (2p,L/r) dr/dt (8)

where Sb° is the one-dimensional burnt gas value of flame speed. Equating (5) and

(8) and rearranging gives

dr 5,°
- —2b (9)
dt f(r) + 2/r
where £ = 2Lp,/p;,°. Substituting equation (7) in (9) gives
dr Sbo
dce " 1+ b/r 10
where
b=k+ £ (11)

is called the "flame relaxation parameter" in the present work. We see later that
negative values of b are obtained in lean mixtures of light fuels (hydrogen and
methane) and rich mixtures of heavy fuels (ethane and propane). Equation (10)
breaks down when r < -b so the fitting procedure is limited to larger radii for these

mixtures.

Integrating equation (10) gives the final expression
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r+ b lnr = 5,°t + constant. (12)

The experimentally visualized flame radius will normally be different from the
reference surface radius of this analysis. But the difference is a second order effect
and will be negligible when r >> |b| We show later (in Chapter 5) that for all of
the fuels studied in this work, |b| is less than 3 mm over most of the stoichiometric

range.

A common practice in previous studies has been to derive constant flame speeds from
radius vs time data. This corresponds to the assumption that b = 0. On the face of
it (see Fig. 5(a)), this seems entirely reasonable if the early ignition phase is ignored.
However, the closer analysis in Fig. 5(b) reveals a more complex picture. (In none of
the flames studied here did the r vs t curves appear non-linear to the casual glance.)
The true Sb° is then obtained by fitting a curve of the form of equation (12) to the
data, where Sb° is one of the fitted parameters. For the data in Fig. 5, this yields a

1

value of 18.31 ms™, compared with the traditional best straight-line value of 16.36

ms™!. Finally, the burning velocity Su° is obtained by multiplying Sb° by the
calculated density ratio ¢ = p,°/p,. This is a valid procedure because S;° is a one-

dimensional value.

The other parameter obtained by fitting equation (12) to the experimental data is b.
In order to derive the Markstein length, we need to subtract the density constant k.
Values of k were obtained from computer modelling for each flame as explained

later, and the Markstein length is determined from
L= (b - k) g/2. (13)

It is worth stressing that although determination of L requires knowledge of the

reference surface position, the method for determining burning velocity does not.

Finally, we point out that the methodology described in this section is testable: the
experiments and modelling are such that it could be shown to be wrong. Tests of the

expanding flame methodology will be described in Section 6.4.2.
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FIGURE 5

Typical experimental data for an expanding spherical flame
(a) radius vs time. Points: experimental data. Curve: equation (3-12) fitted to points
with S,° = 18.31 ms™, b = 1.49 mm. 41% hydrogen/air (Stoichiometry = 1.4)
(b) flame speed vs radius. Points: time derivatives calculated from radius vs time.
Curve: equation (3-10) with Sb° and b as above. Dotted line: limiting flame speed
Sb°. Dashed line: flame speed obtained by fitting straight line to data in Fig. 5(a).
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3.2.2 The effect of flame thickness

We now justify equation (7) by deriving a simple expression for the density function.
We assume that the density in the expanding spherical flame varies linearly between
the reference surface and the hot boundary, where the density is that of an
equilibrium mixture at the adiabatic flame temperature. At some fixed time t, let
the radius of the reference surface be r and that of the hot boundary (r - Ar).
The corresponding densities are pb° at the hot boundary and ( pb° + Ap) at the
reference surface. We want to determine the mean density inside the reference
surface as a function of its radius. The mean density is the sum of the masses inside
the hot boundary (s1) and between the hot boundary and the reference surface (89)

divided by the volume enclosed by the reference surface:

L)

v (14)
where
V = (4/3)nr> (15)
= G/ - 8r)3py° (16)
r
by = anI p(r)r'? dr. (17)
r-Ar
The linear density variation in the expression for By is
p(r) = Lr 4 5% - R2(r - Ap). (18)
Evaluation of the expression for Bo gives
by = 4«[%% Eflifléflf + lop® - 52 - Ar)]£3;£§;é£23]. (19)
Since Ar << r, we can use the binomial theorem to expand the (r-Ar) terms:;
(r-Ar)4 = r4 - 4r3Ar + 6r2Ar2 (20)
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(r-Ar)3 = r3 - 3r2Ar + 3rAr2. (21)

The expression for the mass between the hot boundary and the reference surface

then becomes

2 . AprArZ). (22)

By = Qx(AprzAr/Z + pborzAr - pborAr
Expanding the (r - Ar)3 term in equation (16) and substituting the result along
with equations (15) and (22) into the expression for the mean density inside the

reference surface (equation 14) leads to

_ 2
Po_14+2 8088 5 Bp Ar (23)
Pb 2 T p T

Since Ar << r, the term in (Ar/r)2 can be neglected so the ratio of the mean

density inside the reference surface to the adiabatic burnt gas equilibrium value is

P14 380 AT (24)
Ph 2p, r
The density function equation (6) can be written
f(r) = ?b/Pbo + (r/3) d(?b/pbo)/dr- (25)
Substituting equation (24) into this gives the final expression
£(r) = 1 + (8pAr/pp°)/r (26)
which is of the form
f(r) =1+ k/r (27)

as required. Fristrom?® quoted a similar result but with k having twice the value of
the above expression. It is interesting to note that if the binomial expansions (20)

and (21) are carried out to two terms instead of three, Fristrom’s result is obtained.
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3.2.3 Errors due to thermal radiation

Testing of the radius vs time equation (12) by fitting it to the results of detailed
simulations of expanding spherical flames is described in detail in Section 6.4.2.
There is one feature of real expanding flames which is not covered by such a
procedure, however. The burnt gases inside real flames will emit thermal radiation

and will cool as a result. We now investigate the likely magnitude of this effect.

The derivation is necessarily an approximate one because of the complexity of the
phenomenon. The aim is to determine the density profile in the burnt gas inside the
expanding spherical flame as a function of time. We then show the effect on the

expression derived in Section 3.2.1.

It is straightforward to show the expected effect of thermal radiation. As the flame
becomes larger, the volume of burnt gas increases as new "layers" of hot gas are
added. At any time after ignition (during the constant pressure phase), the gas at the
centre of the sphere will be coolest because it has spent the longest time radiating.
Conversely, the newly-formed shell of gas immediately next to the reaction zone has
lost no heat because it has not yet had an opportunity to do so. Let the constant
thickness of this shell be Ar. The volume of the region which loses no heat therefore
varies as r2Ar, while the total volume of burnt gas varies as e . The proportion of
the total volume which loses no heat therefore varies as 1/r, and overall the
expanding flame must cool. The question now becomes a quantitative one: does the
expanding spherical flame cool sufficiently during the time that measurements are

made to invalidate the analysis described earlier?
In order to attack this problem, we make some simplifying assumptions:

1.  Thermal radiation begins only when the burnt gases have reached equilibrium.

2. The temperature drop due to thermal radiation is small, so that the properties
of the whole sphere of hot gas are roughly constant and can be taken to be
those of the equilibrium burnt gases.

3. Change in temperature due to other effects (e.g. flame stretch or heat loss to
the electrodes) is negligible.

4. The emissivity of the sphere of burnt gas is proportional to its radius.
The rate of energy loss is the same from all parts of the sphere of burnt gas.

6. Absorption of thermal radiation by the burnt gas due to self-absorption, or

reflection or radiation from the walls of the containing vessel, is negligible.
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The rate of radiant energy loss from a sphere of burnt gas at constant temperature T

is given bye9
Qpag = oAgecl” (28)

where o is the Stefan-Boltzmann constant, Ag is the area of the sphere and ¢ G is the

emissivity. The energy lost from the sphere in the short time dt is therefore

dE 4dt. (29)

= 9ra

The temperature change resulting from the radiant emission is given by

dE = -cpndT (30)
where
v
n = %&s— (31)

is the number of moles of burnt gas. Substituting equation (31) in (30) and equating
to (29) gives

dT  3xoR
— - dt 32
S —"—pcp (32)

where the area and volume of a sphere have been substituted, along with the assumed

relationship

€g = Xr (33)
where x is the constant of proportionality between emissivity and flame radius. We
now integrate between the time ty wWhen the spherical shell was formed and some

later time t. The corresponding temperatures are Ty (which we will take as the

adiabatic flame temperature) and T.

T ¢
I ar _ | xeRy, (34)




oL o 12x0R o (35)

or
T = To[l + n(t - t)] 1/% (36)
where
4
12xoRT
g -0 (37)
P

According to assumption 5, equation (36) gives the temperature of any spherical shell
at any time (t - tg) after it was formed. Since the aim is to include the results
from this section in the derivation of the simple model described earlier, we need to
convert this expression to one for the density as a function of radius. Using the

approximate expressions

T
P =0 and  r=sl (38)
Pp T
we have
p(r) = pp°[1 + (/S°)(x - ) 1H/% (39)

where r is the current flame radius and r’ is the radial position in the burnt gas
(0 < r' < r). We expect the effect of thermal radiation on the density to be small,
so n should be small and this expression can be expanded using the binomial theorem

to give the final equation
p(r) = pp°I1 + (n/4Sp°)(x - r')]. (40)

This shows that the density has the adiabatic equilibrium value at the flame front but
rises (i.e. the gas is cooler) towards the centre of the sphere. At the centre the
density exceeds the adiabatic value (and the temperature is below the adiabatic flame

temperature) by a factor of [1 + (n/4S,°)r].

We can now use this expression to determine the mean density in a sphere of burnt

gas of radius r. It is given by
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r
5-%quwr2a' (41)
¥ Jo

which, when evaluated using equation (40) and expressed as the ratio of the mean to

the equilibrium density, becomes
P/pp° =1 + (n/165,°)r. (42)

We now incorporate this expression into the density function equation (6). It is easy
to see that the 1/r term in equation (2%) arises from the thin shell of gas within the
reaction zone of the flame which is cooler than the burnt gas. The preceding "1" in
the equation is the ratio of the density of the fully-burnt gas to the equilibrium
value. Clearly the "1" should therefore be replaced by 1 + (q/16Sb°)r, giving the

new expression for the density ratio

P14+ —1 4380 A8 (43)
Substituting this expression into the density function equation (6) gives
f(r) =1+ hr + k/r (44)
where
4
XORT
h=—20 (45)
pcPSb
The new expression for the flame speed is
dr/dt = 53° / (1 + hr + b/r). (46)

The relative effect of thermal radiation on the flame speed can therefore be gauged
by comparing hr and b/r at appropriate values of r. The comparison is performed
for stoichiometric hydrogen/air and methane/air since the experimental values of b

for these mixtures are of typical magnitude.

The quantities common to all mixtures in the above expression are the Stefan-

Boltzmann constant o, the molar gas constant R and the pressure p, which for all the
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test cases considered here will be taken to be atmospheric. The values are therefore
o = 5671 x 108 Wm2K?*R =28315JK! mol! and p = 10° Pa. The
quantities which need to be determined for each mixture are the proportionality
constant x between emissivity and radius, the temperature T, the specific heat ¢

p
and the flame speed S;°.

The proportionality constant x was determined by calculating e, at various flame
radii, using the method described in ref. 69. For a sphere of gas, the mean path
length of radiation L is 1.2r. It was converted to feet (for use in the tables) by
dividing the value in millimetres by 304.8. The partial pressures of carbon dioxide
and water vapour needed for determining the emissivity were obtained from FTEMP,
a computer program for calculating adiabatic flame temperatures. T, and cp were
also obtained from this source, and the temperature in degrees Rankine (°R) (needed
for the tables) was obtained by multiplying that in Kelvin by 1.8. sb° was taken
from the experimental results quoted later. There is no difficulty about circularity

here, because only approximate values are required.

Hydrogen

The data used were: T = 2382.3 K = 4288.1 °R, S,° = 1475 ms™ and c,, = 41.795
J K™! mol™!. Data calculated from ref. 69 were p_, = 0.323 atm and c,, = 1.2. The
calculated radiation data are shown in Table 1.

TABLE 1

Thermal radiation data for hydrogen/air

x Ly k& ‘¢ f/f
mm ft ft atm =c € F
5 .0197 .0064 .0006 .0007 .140
15 .0591 .0191 .0018 .0022 .144
25 .0984 .0318 .0037 .0044 178
35 1378 .0445 .0054 .0065 185

It was necessary to extrapolate the lines in the charts to obtain these data, which
increased the uncertainty a little. Dixon-Lewis’® estimated a value for the heat loss
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from a 41% hydrogen/air expanding spherical flame of 20 to 30 mm radius which
corresponded to an overall emissivity of just over 0.006. This fits in well with the

above values.

The data in the final column show that the assumption of proportionality between the
emissivity and the radius is a reasonable one. The proportionality constant was taken

to be the mean of these values, so
x = 0.162 m™.
Substituting‘ the required data into equation (45) gives
h = 0.040 m™.

For stoichiometric hydrogen/air, the experimental value of b was 1.09 mm. When r

= 35 mm, the contributions of the two terms are
hr = 0.0014 and b/r = 0.0311.

Thus even under worst-case conditions, the effect of radiative loss is less than 5% of
the changes in the flame speed due to other effects. In addition, the calculated value
of h is an upper limit because two effects have been omitted from the calculation.
First, some of the radiation will be reflected by the vessel back into the burnt gas
where some reabsorption will occur, so that its temperature will not fall as quickly as
has been calculated. Second, the change in the temperature of the burnt gas will be
smaller than calculated because the "effective" specific heat is a little larger than the
value quoted: at high flame temperatures, some of the chemical energy is used to
dissociate the product gases and the temperature rise is limited as a result. As heat is

removed, the temperature drop is limited for the same reason.

Methane

The data used were: Ty = 22259 K = 4006.6 °R, Sb° =2.671 ms! and cp = 41.270
J K1 mol™l. Data calculated from ref. 69 were p, = 0.183 atm, p_ = 0.085 atm and

cy = 1.14. The calculated radiation data are shown in Table 2.
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TABLE 2

Thermal radiation data for methane/air

r £Q p.L p,L €c € € €g/r
mm ft ft atm ft atm =c €, € m-
5 .0197 .0017 .0036 0018 .0004 .0023 .460
15 .0591 .0050 .0108 .0046 .0013 .0061 .405
25 .0984 .0084 .0180 .0074 .0023 .0100 .401
35 1378 .0118 .0252 .0090 .0036 .0131 374

When carbon dioxide and water vapour are present together, the total radiation is
rather less than the sum of the separately calculated effects, because each gas is
slightly opaque to the other. However, no correction was necessary for such "spectral

overlap” in this case because the values of (p L+p,L) were too small.
As in the hydrogen calculation, the right-hand column shows that the proportionality
assumption is a reasonable one. The mean value of the constant of proportionality
was
-1
x = 0410 m™".
Substituting the required data into equation (45) gives

h = 0.431 m™%,

For stoichiometric methane/air, the experimental value of b was 1.80 mm. When r =

35 mm, the contributions of the two terms are

hr = 0.015 and b/r = 0.051.
In this case, the thermal radiation has a larger effect and more work is required to
assess its influence. The extent to which the extrapolation procedure is affected was

determined by fitting the integrated version of equation (46), namely

r+ hr2/2 +blnr = Sb°t + constant, (47)
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to the experimental data. The thermal radiation parameter h was assumed to have
the value calculated above. The analysis program SBLS9 used for fitting the standard
equation (12) to the experimental results was modified to perform this computation.
It gave results for the one-dimensional flame speed Sb° and the flame relaxation
parameter b which differed by only one figure in the third decimal place from those
calculated assuming no heat loss. It is therefore likely that the worst-case
calculations above exaggerate the importance of radiative heat loss: for most of the
flame travel at radii below 35 mm the radiative effect is small, and the greater losses

at larger radii appear to have a negligible effect on the extrapolation.

It is therefore safe to assume that the effect of radiative loss on the extrapolation
procedure is negligible for methane. Since the compositions, flame temperatures and
flame speeds of the other hydrocarbons are similar, it would appear to be reasonable
to assume that heat loss by thermal radiation can be neglected generally. An
exception is possible for sooting flames, where the radiative loss would be much
greater. Sooting occurred in the very richest ethane and ethylene flames, and some
inaccuracy can be anticipated for these mixtures. Although the present analysis
could be extended to include sooting, the extra effort is probably not warranted.

3.3 FLAMES IN STAGNATION-POINT FLOW

(28:24,27-30 is, in simple terms, that

The principle of the stagnation flow metho
measurements of burning velocity in a flame in a stagnation-point flow at different
stretch rates will extrapolate to one-dimensional conditions at zero stretch. In
addition, information on the effect of stretch on the burning velocity should be

obtainable.

Although Daneshyar et al*®7! had earlier studied stretch effects in a stagnation-point
flow, the measurement of burning velocity by extrapolation to zero stretch conditions
was introduced by Wu and Law?s, They suggested that the same one-dimensional
burning velocity would be obtained whatever definition was used for the burning
velocity in the divergent flow. Their preference was for a definition based on the
mass flux at the hot side of the flame as suggested by Dixon-Lewis and Islam?? and
used in the present work. However, by hypothesis the same one-dimensional result
would be obtained by extrapolating the gas velocity at the cold boundary which they
denoted S;;. They opted to measure Sy, because of its experimental simplicity. We
have used Law’s methodology but with an important addition: as well as measuring

the upstream gas velocity Sr1, We also determine the burning velocity referred to the
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hot end of the flame. (We originally denoted this burning velocity S;, by analogy
with Law’s nomenclature, but later changed its symbol to the more meaningful
Su' r: S for burning velocity, u for unburnt, r for reference surface).

In this section we examine two aspects of experimental work using flames in
stagnation-point flow. The first is the assumption that burning velocities measured
in such a flow extrapolate to the one-dimensional value at zero stretch rate. This
point is examined for both the conventional, cold gas definition of burning velocity
and for the definition of burning velocity used in this work. Particle tracking was
used to measure the latter burning velocity in a stagnation-point flow. The second

section examines the accuracy of particle tracking in this type of flow.

3.3.1 Analysis of methodology

In this section we analyse the stagnation flow methodology in order both to justify it
and to clarify the discussion later in the thesis. Since we consider that Su’r is the
fundamental measurement, we begin by listing the assumptions necessary for the
Su'r methodology to work, and then writing down the appropriate equations. The
extra assumptions required when using a burning velocity defined in the cold gas will

then be introduced, followed by further analysis.
In order to analyse the method we make the following assumptions:

1.  The burning velocity defined at the reference surface, S varies linearly

u,r
with the stretch rate.

2. The relevant stretch rate is that at the reference surface.
The upstream velocity gradient is a good measure of the stretch rate at the

reference surface.
Assumption 1 is another way of expressing equation (2), namely
S =S - LT (48)

where S, . is the stretched burning velocity, S ° is the one-dimensional value, L is

u
the Markstein length and, by assumption 3, the stretch rate is given by

[ = -dv,/dz. (49)
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The Markstein length is a measure of the effect of stretch on the burning velocity,
and is one of the parameters to be determined, the other being the one-dimensional
burning velocity Su°. Equation (49) was proved in Section 2.2.1.1 for a constant-
density stagnation-point flow. Provided the real flow conforms to this model,
measurement of the upstream velocity gradient should therefore give the stretch rate
at the flame.

It is worth pointing out that although S, . is considered to be the fundamental
’

quantity, it is not easy to measure in this configuration. In fact it is obtained from

Spq by multiplying by an area ratio as described next. The definition of S, ,

already given as equation (1), is

Su,r = Mx/Py (50)
where M,. is the mass burning rate (i.e. mass flux at the reference surface) and p,, is

the cold gas density. The mass fluxes at the cold boundary and the reference surface

are related by

MlAl = MrAr (51)
where Aq is the area of a stream tube at the cold boundary and A, is the area of the
reference surface defined by the same stream tube. Equation (51) contains the
assumption that the mass fluxes My and M, are constant over the respective areas A

and A,. This is true in an ideal stagnation flow, and is probably a reasonable

assumption in the real flow. Now
My = rdS11 (52)
so, combining equations (50), (51) and (52) we have
Su’r = SLlAl/Ar. (53)

In fact, it is not necessary to measure the gas velocity at the cold boundary; any

upstream point will do just as well. Conservation of mass within a stream tube is
pVvA = constant (54)

and since the density has the constant value p , anywhere upstream of the cold

boundary,
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vA = constant = SLlAl' (55)

It is therefore possible to measure the velocity and area at several points in the cold

gas and average the results to improve the accuracy.

In order to extend the analysis to include the effect of stretch on the upstream
burning velocity Sp1, we need to make an assumption about the way the flow

divergence varies with stretch. We begin with a replacement for assumption 3 above:

3a. The flow configuration is an ideal stagnation-point flow, in the sense that the

normal and radial velocities v, and v, are -T'z and T'r/2.

This supersedes assumption 3 because it was shown in Section 2.2.1.1 that equation
(49) follows directly from assumption 3a. We will see later that this assumption will

need to be modified.

It is straightforward to show that in an "ideal" stagnation-point flow the stream tube
area is inversely proportional to the distance z from the stagnation point. The rate

of change of the radius of a stream tube with distance from the stagnation surface is

dr _ dr/dt
dz dz/dt

N S

" 2. (56)

This expression can be integrated, giving

dr dz
2 < - -I 7 (57)
2Inr=-1Inz + a (58)

where a = constant. Finally

r = ky/z\/? (59)



or
A=ky/z (60)
where k; and k, are constants. Therefore
A /A = z1/2,
- (z, + 8)/z,
=1+ /zr (61)

where § is the distance between the cold boundary (denoted by subscript 1) and the
reference surface (subscript r). The only way that the flow could conform to the
*ideal" model is for the heat release to be zero. Since we have already accepted this
restriction for the purposes of this calculation, we can also make use of the corollary
that

F=35 z.. (62)

u,r/ r
Eliminating z, between equations (61) and (62) and substituting for A,/A; in
equation (53) gives

Spp = (1 + 6T/S, IS (63)

u,r

=S, - (L - 8)r. (64)
where equation (48) has been used. Since the Markstein length L is a constant and
the flame thickness 6§ is not expected to vary with weak stretch, it appears that on
the basis of "ideal" stagnation-point flow, Law’s assumption of a linear variation of

Syq With the upstream velocity gradient is sound.

We know, however, that the flow cannot be "ideal" in the sense described here. Heat
release does occur, and the consequent thermal expansion must change the velocities
in the flame and the shape of the streamlines. The usual treatment of the change in
the direction of streamlines in a flame ("streamline refraction") is on the basis of a
flame of infinitesimal thickness. Such an analysis is inadequate in this case; a more

detailed analysis is needed because we are dealing with events within the flame,
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before the maximum temperature has been reached. A simple analysis appears to be
impossible because of the complexity of the phenomena, so instead we rely on the

theoretical results of Tien and Matalon’?

. They determined the variation with stretch
of burning velocities defined in different ways, using an asymptotic flame model
which includes the effect of thermal expansion on the streamlines. They found that
the burning velocity determined exactly at the cold boundary (defined as the point
where the temperature had risen by 1%) did indeed vary linearly with the stretch
rate. A burning velocity defined as the minimum in the upstream velocity profile,
however, did not always extrapolate linearly. With this exception in mind, we accept

that the linearity assumed by Law holds, and
o

where L is an appropriate Markstein length.

3.3.2 Particle tracking errors

The previous section described how the burning velocity S, pcan be obtained from
velocity measurements in the cold gas by multiplying by a stream tube area ratio.

1822,73 ' The principle is that fine particles

This is determined using particle tracking
of inert powder (typically magnesium oxide) are introduced into the flow upstream
of the flame. They are illuminated as they pass through the flame by a bright sheet
of light passing through the diametral plane of the burner. Photographs of the flame
are taken at right-angles to the sheet of light; if the correct exposure is used they
show both the luminous zone of the flame and the particle tracks in the form of
continuous streaks. It is also possible to "chop" the light source so as to obtain
stroboscopic photographs from which the velocity can be obtained. Fig. 6 is such a

photograph of the flow in a button-shaped flame.

In this section we examine the likely errors in the measurement of stream tube areas
due to particles not following the flow. We are not concerned here with errors in the
measurement of gas velocity in flames by laser-Doppler anemometry (LDA) and
related techniques. Such errors have been dealt with by other workers’*"5. In the
present analysis the aim is to determine the error in the particle position due to its

failure to follow the large radial accelerations in stagnation-point flow.



FIGURE 6

(overleaf)

Particle tracking photograph of button-shaped flame
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The assumptions made in the calculation are as follows:

1. Only radial accelerations are considered.
2.  The particle is spherical with a force on it given by Stokes’ Law.

3. The flow is an ideal stagnation-point flow.
According to Stokes’ Law, the force on the particle is given by76

F = 6nnR(vg - vp) (66)

where n is the viscosity of the gas, R is the radius of the particle, Vg is the velocity

of the gas and Vo is the velocity of the particle. If u is the mass of the particle then

equation (66) can be rewritten as
a = A(vg - vp) (67)

where a is the acceleration of the particle and
A = 6mnR/u (68)
is a constant. Since the particle is spherical this becomes

In

A-
5
2ppR

(69)

where Pp is the particle density. We now restrict the analysis to radial motion. Let
the radial position of the particle be r. From equation (2-142), the radial velocity of

the gas at this point is
v, = Tr/2. (70)

The radial velocity of the particle is dr/dt and its radial acceleration is d2r/dt2.

Substituting in (67) gives a differential equation for the motion of the particle

2
525 + A%% - ATz/2 = 0. (71)

We try as a solution
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r = aebt (72)
where a and b are constants. Substituting in equation (71) leads to
aePt(b2 + ab - Ar/2) = 0. (73)

Since a = O (otherwise we get the trivial solution of a particle on the axis) and ePt

» 0 for finite b and t, we have
b2 + Ab - AT/2 = O. (74)

Solving the quadratic equation in b and substituting in equation (72) gives the general

solution
r = aexp([-A + (A2 + 2ar)]1/2¢/2)

+ Bexp([-A + (A2 + 24am)1/2)¢/2) (75)
where o and B are constants. The first term describes r increasing with time and the
second r decreasing. Only the first of these is physically acceptable, so g = O.
Whent = 0, r =a = r say. Hence the solution is

r = rgexp([-4 + (42 + 2a0)Y/2)¢/2). (76)

As A + o (corresponding to a particle following the flow perfectly), the contents of

the square brackets tend to I' and equation (76) reduces to the ideal stagnation-point
flow solution

r = rgexp(T't/2) 77)

as required. We now determine the particle path in space. The derivation is

analogous to equations (56) to (59) in the previous section, so we just quote the result
that

r = ro(zo/z)B (78)
where r = ry when z = z( (with z being distance from the stagnation plane) and

B = [(A% + 2a1)1/2 _ 4}/, (79)
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whereas for the true streamline, equation (78) holds with
B =1/2. (80)

We can now calculate the radial slippage Ar, that is the difference between the radial

position of the solid particle and that of the gas particle with which it was coincident

at (ro, zo).

o < o[22 - (9] o

where
G = [(A2 + 24am)1/2 _ a1, (82)

We now put in some numbers. For a typical experiment, zg = 6.5 mm, ry = 2.2 mm
and z = 2 mm. Let the viscosity of the fuel/air mixture be that of air at 300 K,
equal to’7 18.325 x 10°® N s m™2. If the particle is magnesium oxide then its density
is”>77 3580 kg m™3. Let its radius be 2 pym. Substituting these numbers in equation
(69) gives A = 5759 s71. A typical stretch rate for the stagnation flow experiments
described later is 200 s}, so G = 0.983. Substituting these values in equation (81)

gives
Ar = 0.018rjy = 0.04 mm. (83)
It is easily shown that the error in the area ratio measurement due to such slippage is
E=1[1- (2/z5)}7C] x 100%. (84)

The error calculated for the data above is 2% which is acceptable. But repeating the
calculation for a particle radius of 5 um leads to an area ratio error of 10% which is

clearly too large.

This calculation is extremely useful because it helps to set the limits of what is
possible within the experiment. It is clear from equation (81) that the particle
slippage is proportional to the radius of the stream tube, so a small radius will tend
to give more accurate results. But a large radius is desirable from an experimental

point of view, to reduce measurement errors. Similarly, for the particles to follow
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the flow accurately they should be very small. But in an experiment there is always
a range of particle sizes, and the tracks that are clearest in the photographs (and
whose radii can therefore be measured most accurately) are due to the largest
particles because they scatter the most light. At higher flow rates the difficulties are
heightened because the particles are moving so quickly that only the larger ones leave
usable tracks. A further point is that the radius of the particle making a specific
track is unknown, so corrections using the above derivation are not possible. Careful
judgement is therefore needed when selecting particle tracks and measuring their

properties.

Finally, the derivation above also gives some guidance on the application of the
particle tracking technique to highly stretched flames. In the counterflow
methodology?#?7-30, high stretch rates can be achieved because the flame is blown
against another flame (rather than a plate as in the experiments in this thesis) and
heat loss is negligible. Stretch rates of 1500 s have been achieved for near-
stoichiometric methane/air flames?%, The calculated area ratio error for such a
stretch rate using particles with a radius of 2 um was 12%. This is clearly a serious
limitation, and suggests that it would be difficult to measure Su,  accurately in such

experiments.

3.4 BUTTON-SHAPED FLAMES

At low flow rates, flames on a constant velocity (Mache-Hebra) nozzle take on a
form generally known as button-shaped. Such flames have been used by several
workers for the determination of burning velocity. Usually this has been done by
measuring the gas velocity at the cold boundary23'78'79, but the present definition of
burning velocity was applied by Dixon-Lewis and Islam?2. A description will be
given here of a method of determining an approximate value of Su° in such a

system.

There are three possible ways of dealing with the stretch in a button-shaped flame.

These are:

1. Use the mean extensional stretch theorem described in Section 2.2.4 to
eliminate stretch effects.

2.  Derive the stretch from the flow divergence and correct for it using the
results of other experiments.

3.  Ignore the stretch since its effect is small.
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The mean extensional stretch theorem would be applied to button-flame experiments
by choosing an appropriate set of particle tracks from which to calculate the area
ratio. The correct ones would be those which cross the luminous zone at right angles.
The flame area enclosed is subjected to a zero average stretch rate so that true one-
dimensional burning velocities should be obtained. Although this should produce
correct results in principle, in practice it is not likely to improve the accuracy of the
measurements. There are several reasons for this. First, as will be discussed in
Chapter 7, there is some doubt about the existence of a normal streamline (in
addition to the central one) in a button-shaped flame. Second, if such a normal
streamline exists then its position is outside the strongly curved part of the flame
surface, as can be seen in Fig. 6 in the present work and in Fig. 9 of ref. 63.
Accurate measurement of the area of such a surface is difficult, and is likely to lead
to uncertainties of the same order as the change in burning velocity produced by the

stretch.

Deriving the stretch rate from the flow divergence is possible, but is not likely to
help. Since there is no systematic way of removing stretch effects in a button-
shaped flame, results from other experiments would be needed to make the
appropriate corrections. This rather takes away the point of the experiment (since
the other experiment would presumably supply values of the one-dimensional

burning velocity) so it will not be considered further.

The final possibility is to ignore the stretch. We will take this course, following Wu
and Law?3, after showing that the effect of stretch is usually small in button flames,
while the effect of flow divergence is large. In fact, Wu and Law implicitly assumed

that since the stretch rate was small, so was the flow divergence.

Particle-tracking photographs of button-shaped flames as in Fig. 6 and refs. 22 and
79 show that the streamlines diverge on approaching the luminous zone which is
nearly flat on the centre line. Although there is no strain imposed by the flow, the
configuration resembles a stagnation-point flow. We will therefore use the ideal
stagnation flow model to relate the stretch rate to the flow divergence. According to

this model, the radial velocity is
v, = T'r/2. (85)

The total radial displacement of the gas between the cold boundary and the luminous

zone is found by integrating equation (85) over the typical convection time t conv =
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5 /Su°. In order to give a realistic estimate of the change in the stream tube area, §
must be a true measure of the distance between cold boundary and luminous zone
rather than a thermal diffusion length. The result is

r2/r1 = exp(Tt 2), (86)

CORV/

so squaring this expression gives the area ratio between the cold and hot boundaries

A2/A1 = exp(Tt conv)

= exp(x)
=1+« (87)

for small x. Using the measured tangential velocities in a button-shaped flame in
ref. 79, (assumed to be stoichiometric) we find that the stretch rate is®® I' = 65 s™1,
With a burning velocity of 0.35 ms! and a flame thickness of 0.9 mm, the area ratio
calculated using equation (87) is 1.19. A gas velocity measured at the cold boundary
is therefore about 20% higher than the value determined on the assumption that the
luminous zone is the reference surface. The effect of the stretch on the burning rate
can be determined by multiplying it by the Markstein length. The value obtained
from the spherical flame experiments was L = 0.1 mm, so the decrease in the

burning velocity due to stretch is about .007 ms™! or 1.9%.

A check on the flow divergence can easily be made using the particle tracking
photographs in ref. 79, in Fig. 6 of the present work or the data quoted in ref. 78.
In all cases the area ratio between luminous zone and cold boundary is between 1.1
and 1.2.

The effect of flow divergence on the burning velocity of button-shaped flames is
therefore greater than that of stretch. It follows that correcting measured cold gas

velocities for the flow divergence but not the stretch should give reasonable results.

The basic methodology is an extension of that applied earlier to stagnation flow
flames and described by equation (53). As before, the mass flux is measured in the
cold flow and then the mass flux at the luminous zone of the flame is determined by
multiplying by the stream tube area ratio between the two points. In the case of a
button-shaped flame, the velocity profile across the stream tube in the cold flow is
not necessarily constant, unlike in a stagnation-point flow. It is therefore necessary
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to measure the velocity as a function of radius and integrate across the stream tube
radius. The result of this computation is the volumetric flow rate, which is constant
at all planes of the stream tube in the cold flow. Dividing it by the area of the
luminous zone enclosed by the stream tube gives the burning velocity as defined in

equation (1). The methodology can therefore be represented by

Su,r = V/A : (88)
where V is the volumetric flow rate in the selected stream tube at any point in the
cold flow and A is the area of the luminous zone. This is the technique used in some
of the earliest work on burning velocity measurement. The only difference from the
Gouy method® is that in the present case the total flame area is not used; instead, the
burning velocity of a region of flame area defined by a stream tube is determined.

Effects of heat loss to the burner can therefore be avoided.

The volumetric flow rate is determined by measuring the vertical component of gas
velocity at several points across the radius of the stream tube in some plane z;. A
polynomial function is fitted to these points. Let the variation of the vertical
component of velocity with radius in a horizontal plane z; in the unburnt gas be

given by a polynomial
Vz(r,zl) =ag + ajr + a2r2 + ... (89)

The volumetric flow rate through a stream tube of radius Ry is therefore

.Rl
V(Rl) = 2x rvz(r,zl) dr
J0

rR
= 2n l(aor + alr2 + 32r3 + ...) dr
Jo

= 21 (agR12/2 + a1R3/3 + apR%/6 + ...). (90)

For a general axisymmetric flame, it is possible to fit a function £(r) to the flame

profile and determine the flame area from

R

A(R)-Z‘[
2 KO

21 + (df/dr)2)/2 ar (91)
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where R, is the stream tube radius at the luminous zone. For button-shaped flames,
though, a less complicated procedure can be used. The flames are close to being flat,
but are slightly dish-shaped. The area we wish to determine is therefore rather like
an inverted spherical cap on a sphere of large radius. Using the formula for the area

of a spherical cap® we have
A(R,) R,2 + n? . 92
2) = m(Ry° + h%) (92)
where h is the amount by which the centre of the luminous zone dips below the level
of the luminous zone at Ry. Ry and h can be readily obtained from photographs of

button-shaped flames.

The application of this method to a methane/air button-shaped flame is described in
Section 4.3.
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Chapter 4

EXPERIMENTAL TECHNIQUES

In this chapter the techniques used in the experimental work are described. Details
are given of apparatus, method and data reduction techniques for work on expanding
spherical flames and flames in stagnation-point flow. Experimental errors are
covered in both cases. Finally, a method for measuring burning velocities in button-

shaped flames is briefly described.

4.1 EXPANDING SPHERICAL FLAMES

4.1.1 Apparatus

The experimental apparatus consisted of a combustion bomb, a schlieren system for
visualizing the expanding flames, a high-speed cine camera, and associated film
development and measuring equipment. A general view of the apparatus is shown in
Fig. 7.

The combustion bomb was a spherical, steel vessel with a diameter of 600 mm. It
had been built some years previously for experiments on flame oscillations. Pyrex
windows were fitted to opposite sides of the bomb. These were supplied by Jencons
(Scientific) Ltd and were 4 inches (100 mm) in diameter and 0.75 inches (19 mm)
thick. The flanges which held the windows in place limited the maximum visible
flame diameter to about 70 mm. This was not a serious restriction on the work
because the assumption was made that the flame propagation occurred at constant
pressure. A simple calculation shows that at a final flame temperature of 2500 K
(about the maximum likely to be encountered), the pressure in the vessel would have
risen by about 1% when the flame radius reached 35 mm. The effect of this rise in
pressure on the flame propagation rate is negligible, and the constant pressure
assumption is justified. But flame radii larger than 35 mm would start to produce
substantially larger pressure rises (since the pressure varies as r3), so the present

window diameter is a good compromise.




108

FIGURE 7

(overleaf)

General view of expanding spherical flame rig
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The temperature of the bomb was measured using a K-type (chromel/alumel)
thermocouple attached to a section of the bomb from which the paint had been
removed, to ensure good thermal contact. The signal was processed using a
temperature converter (model CE8520-O0OH) supplied by the C.P. Instrument Co.
Ltd. The output of this instrument was a signal in millivolts numerically equal to the
temperature in degrees centigrade. Use of a digital voltmeter set to the appropriate

range therefore gave a direct readout of the temperature.

The bomb was equipped with spark electrodes manufactured by K.L.G. which were
screwed into the vessel walls. They had been truncated and tapped with 11 BA holes
to allow small diameter silver steel electrodes, suitably threaded, to be screwed into
position. Locknuts were used to secure the electrodes in place. The electrodes were
of equal length (about 105 mm), giving a central spark gap. Their nominal diameter
was .0125 inches or about 1.6 mm, but they were tapered for the last 8 mm to a
diameter of about 0.5 mm. The use of such electrodes had two advantages. First,
the small diameter gave very little flame disturbance. Second, a variable electrode
gap was useful, particularly for the series of variable-pressure measurements. The

usual electrode gap was about 0.7 mm.

Gas mixtures were made up in the bomb by partial pressures using the system shown
in Fig. 8. The pressure in the bomb was measured using an MKS Baratron system,
with a type 310 sensor head and type 270A display unit. A motorized fan fitted to

the bomb was used to stir the mixtures to ensure homogeneity.

The mixtures were ignited using an electronic spark ignition system which was
designed and built as part of this work. The circuit diagram is shown in Fig. 9. The
design was based on that of Kono et al®2, but was modified to allow the spark to be
triggered by the closure of a relay. The system worked by discharging a capacitor
(which had been charged to a suitable voltage) through the primary circuit of a high
tension ignition coil. The induced secondary voltage was applied to the electrode
gap, causing electrical breakdown and the production of a spark. The capacitor
discharge was triggered using a silicon controlled rectifier, which is essentially a solid
state relay. A previous design had used an electromechanical relay, but contact
bounce caused the spark energy to be delivered in a series of pulses about 1 ms
apart. This was clearly unsuitable for the application since the aim was to provide
just enough energy to ignite the flame; any energy supplied after about 1 ms would
be unlikely to contribute to the process of ignition and would add unwanted thermal

energy to the system.
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FIGURE 8

Pipework of expanding spherical flame rig
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FIGURE 9

Circuit diagram of spark ignition system
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A method of visualizing the flame was necessary because the amount of light emitted
from the luminous zone of an expanding flame would not be sufficient to expose the
film in the time available. Shadowgraphy is a possible way of visualizing flames but
in the present case would be unsatisfactory. The position of the most prominent
feature of the shadow record would vary relative to the flame front as the radius of
the expanding flame increased®. A schlieren system was therefore used to visualize
the flame. The general optical arrangement is shown in Fig. 10.. A 100 Watt
mercury vapour lamp (Philips CS 100 W/2) was used to provide the illumination.
The light was focused onto a pinhole and the divergent beam then reached a concave
mirror (Optical Works Ltd type T543) of 8 inches (200 mm) diameter and 6 feet
(1.829 m) focal length. It was positioned such that the rays of the reflected beam
were parallel. After passing through the bomb, the beam was then reflected by an
identical concave mirror onto a circular stop, which was attached to a microscope
slide placed in front of the cine camera. Although a knife edge is often used in
work of this sort, a circular stop was used here to take advantage of the circular

symmetry of the system.

The camera was a Hyspeed motion picture camera manufactured by John Hadland
(P.I.) Ltd. It was capable of film speeds up to 10 000 frames per second. A C-
mount f/1.8 lens with a focal length of 75 mm (Fujinon-TV 1:1.8/75) was used with
a 1.5x range extender (Fujinon CE 15-1) to provide an image of suitable size on the
film. The camera had several useful features which were used in the experimental
design. An internal relay could be made to switch after a certain length of film had
passed through the camera. This was used to trigger the ignition system when the
camera had reached its correct operating speed. A socket was provided for attaching
a Timing Light Generator. The signal from the generator caused a light-emitting
diode (LED) in the film path within the camera to flash at a set frequency. This
produced a series of timing marks on the developed film and so provided calibration
of the elapsed time. Another socket was provided for a remote switch so that the

camera could be switched on from a safe distance.

Films used were IlIford HP5 type 782. They were 16 mm wide and 100 feet (30.5 m)
long. They were developed automatically using a 16-35B negative processor supplied
by John Hadland (P.I.) Ltd. The developer was Ilford Microphen, used in stock
solution concentration. Ilford Hypam fixer was used in a mixture with an equal
amount of water, along with 6.25% Ilford Rapid Hardener. Processing took 1 - 2

hours depending on the camera speed and the state of depletion of the developer.
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FIGURE 10

Optical system used in expanding flame experiments
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Analysis of the films was performed using an NAC Film motion analyser model PH-
160B supplied by IIMC. Horizontal and vertical coordinates could be measured with
crosswires, the position of which was indicated on a digital display. Apart from
some initial test runs, only the vertical diameter of expanding flames was measured.
This was for two reasons. First, and most important, the flames were generally very
close to spherical and only one diameter was needed. Even when some departure
from sphericity occurred, the rates of change of different diameters were very
similar. Second, measurement of horizontal diameters was complicated by the

presence of the spark electrodes which were in a horizontal plane.

4.1.2 Method

The aim of the experimental technique was to measure the radius of expanding
spherical flames as a function of time. Details of the procedure are given in the

following.

4.1.2.1 Calibration

The flame radius measurements were calibrated by running the camera with a
graticule placed in the centre of the bomb. Care was taken to ensure that the
graticule was normal to the light beam. When the resulting film had been developed,
measurements were made using the film analyser of distances between the lines of
the graticule. Since these distances were known, a scale factor could be calculated
which took account of all of the magnifications in the system. The graticule
consisted of a grid of vertical and horizontal lines 10 mm apart produced on
transparent film using a Hewlett Packard 7550 plotter. No precision is quoted for
lines drawn by the plotter, but the error is likely to be much less than its resolution
of .025 mm. No error could be detected when the distance between the lines was
measured using a Rabone-Chesterman ruler, implying an uncertainty of less than
+0.1 mm.

The time associated with each frame was obtained from timing marks on the edge of
the film. These were produced by a flashing LED inside the camera in the film
path, about 5 frames before the shutter. The LED was powered by a 1 kHz timing
signal from a Timing Light Generator supplied by John Hadland (P.I.) Ltd. The
quoted accuracy was +0.01%. Any variation in the speed of the camera appeared as a

change in the position of the timing mark.
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4.1.2.2 Gases

Fuel gases used in the experiments were hydrogen (supplied by Air Products, with a
purity of 99.95%), methane (Air Products, 99.7%), ethane (B.0.C., 99.35%), propane
(B.0.C., 99.5%) and ethylene (Air Products, 99.8%). The air used in the experiments
was laboratory compressed air which had been cleaned, filtered and dried. The
nitrogen used to dilute some hydrogen/air mixtures was supplied by Air Products,
with a purity of 99.997%.

Fuel/air compositions were expressed in terms of stoichiometry (also known as
fraction stoichiometric), defined as mole fraction of fuel in the mixture divided by

mole fraction of fuel in a stoichiometric mixture.

Experiments were performed across the stoichiometric range, usually in steps of 0.1
in stoichiometry, for each fuel/air mixture. The leanest and richest mixtures for
which data could be obtained depended on different factors. Generally, rich
mixtures of light fuels (hydrogen and methane) and lean mixtures of heavy fuels
(ethane and propane) were limited by the maximum ignition energy attainable. Lean
hydrogen mixtures were limited by the onset of cellularity, and lean methane and
rich ethane, propane and ethylene by buoyancy. The richest ethane and ethylene
flames also produced soot, which has implications for the accuracy of both the

experimental method and the modelling.

4.1.2.3 Experimental procedure

Gas mixtures were made in the bomb by partial pressures. The vessel was first
evacuated using a rotary pump down to a pressure of about 0.1 mbar, measured using
a Pirani gauge. For most fuel/air mixtures, the proportion of fuel was much smaller
than that of air. This was therefore added first in order to obtain the best precision:
since the Baratron digital display provided 4 figure accuracy (so that atmospheric
pressure was 760.0 torr), partial pressures up to 99.99 torr could be read to two

decimal places.

In most cases the mixtures were made up to atmospheric pressure (760 torr or 101.3
kPa). In a series of variable-pressure experiments on stoichiometric methane/air,

however, the final pressures were 0.25, 0.5 and 2.0 atmospheres. The lower pressures
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were easily read using the Baratron, but a Bourdon tube gauge (Budenberg 0 - 15
p.s.i.g.) was fitted to measure the higher pressure. It was necessary to increase the

spark gap from 0.7 mm to 4.2 mm for the lowest pressure run.

The temperature of the bomb was usually around 296 K, but varied a little
depending on room temperature and the amount of heat released by the previous
explosion. The mean initial temperature for all runs except diluted hydrogen/air was
296 K, with a standard deviation of about 1 K. The diluted hydrogen runs were
performed during a hot spell, and the mean temperature was 298 K, again with a

standard deviation of about 1 K.

After the gases had been added, a mechanical stirrer was switched on and the
mixture was stirred for 20 minutes. It was then left to become quiescent for a

further 10 minutes before being ignited.

The experiment was initiated from outside the laboratory for safety reasons. The run
was started by closing a switch connected by a long lead to the camera. After a
certain length of film had run through the camera (usually 70 feet), the ignition
system was triggered. Provided the energy of the resulting spark was high enough, a
spherical flame propagated outwards from the centre and its schlieren image was

recorded on the remaining film.

It was decided that data from at least two runs should be obtained for each mixture.
This would reduce uncertainties (by averaging) and highlight "odd" results. Spark
ignition energies were to be near to the minimum value so that the flame would not
be affected by excess thermal energy. It was known from earlier work that spark
energies well in excess of those needed for ignition could reduce the accuracy of the
experiments by changing the shape of the radius vs time curve. The ignition energy
could be varied by charging the capacitor in the ignition circuit to different voltages.
Preliminary experiments with stoichiometric methane/air showed that the minimum
spark energy corresponded to a capacitor voltage of 110 V. Capacitor voltages up to
150 V produced results which were independent of the ignition energy. This led to a
rule of thumb that spark energies corresponding to capacitor voltages which exceeded

the minimum by 50 V or less would be considered to be acceptable.

There was no opportunity during the experiments to calibrate the ignition system
precisely so that the spark energy was known from the capacitor voltage. However,
measurements on an earlier version of the ignition system demonstrated an

approximately linear relationship between capacitor voltage and energy delivered.
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Two approaches were considered for obtaining near-minimum ignition energy runs.
One would consist of making up the required mixture and then slowly increasing the
capacitor voltage, attempting to ignite the mixture every 10 V say. No measurements
would be taken on this trial mixture, but once the ignition energy was known, two
runs would be sufficient. The second approach would involve filming all runs and
gradually decreasing the capacitor voltage until the mixture failed to ignite. Runs at

ignition voltages exceeding this minimum by 50 V or less would be usable.

On the face of it, the first method seems to be the better. At the expense of one
"wasted" run (since no pictures would be taken during the search for the minimum
ignition energy), the correct value would be known and two minimum energy runs
could then be performed. But there was a disadvantage with this approach. It
turned out that the mixture was harder to ignite if there had been a failure to ignite
(i.e. too low an energy) immediately beforehand. The reason for this was not clear,
but one might conjecture that a layer of oxidized material is produced on the
electrodes by an ignition failure, leading to increased difficulty of ignition

subsequently.

For this reason, the second method was used. It was not unduly wasteful of time or
film, since the difference in minimum ignition energy between one mixture and the
next leaner or richer was usually small. The first attempt to ignite a mixture was

therefore frequently inside the 50V range of "allowed" energies.

Another choice that had to be made was the camera speed. It could be set at any
value up to 10 000 frames per second (f.p.s.). However, the practical maximum
using 100 foot film lengths was 7000 f.p.s. because the camera needed more than 100
feet of film to reach the higher speeds. Clearly a speed of 7000 f.p.s. could have
been used in all of the runs, giving the maximum possible time resolution in all
cases. But for relatively low flame speeds, the number of frames to be analysed
would have been too large. For example, the highest methane/air flame speed was
about 2.8 ms™l. The flame therefore took about 12.5 ms to travel 35 mm. At a
camera speed of 7000 f.p.s., the number of frames would be 88. Analysing this
many frames would be wasteful: the extra information would be redundant and the
time taken could be better spent elsewhere. In addition, the tedium of the analysis
would be likely to lead to much greater operator error. Experience in earlier
experiments suggested that about 35 frames for a run gave sufficient time resolution.
The required camera speed was therefore about 1000 times the expected flame speed

in metres per second.
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For very fast mixtures (e.g. hydrogen/air) the maximum speed of 7000 f.p.s. was not
high enough to provide 35 frames. In these cases a smaller number of frames had to

be accepted.

The above considerations ignore a further consideration about the camera speed. The
only appropriate frequency produced by the timing light generator was 1 kHz, i.e. a
timing mark appeared on the film every millisecond. Choosing a camera speed of
1000n f.p.s. (n = integer) ensured that although the timing mark only appeared on
every nth frame, it appeared at the same position on each occasion. A stationary
timing mark made it easy to detect changes in camera speed and also reduced the

analysis time considerably.

4.1.3 Data reduction

4.1.3.1 Derivation of Sb° and b

The films of the expanding spherical flames were analysed using the film motion
analyser. The vertical diameter of the spherical flame was measured on each frame
of the film. The position of the timing mark relative to a film perforation was
measured whenever it appeared. The raw data extracted from the films therefore
consisted of a flame diameter for each frame and a timing mark position for every

nth frame where the nominal film speed was 1000n f.p.s.

A complicating issue in the case of lean hydrogen/air mixtures is the occurrence of
cellular flames. For mixtures containing about 25% hydrogen, onset of cellularity
occurred within the measurable range, at a radius of about 30 mm. For the leanest
flame (9% hydrogen) onset was at about 11 mm. The analysis was confined to the

pre-cellular region in all cases.

Since the scaling of the photographs and the frequency of the timing marker were
known, it was possible to convert the raw data into radius vs time records. A
computer program TCALC2E was written to perform this conversion. On the
assumption that the flames were perfectly spherical, the flame radius was obtained by
dividing the measured diameter by 2. The calculation of the elapsed time was
complicated by two factors. First, the timing mark was made by an LED which was

about 5 frames before the gate in the film path. Therefore the timing mark



119

corresponding to a particular frame was 5 frames later. This had to be taken into
account both in the program and in the film analysis: measurements of the timing
mark position had to be continued for 5 frames after the radius of the expanding
flame had exceeded the radius of the windows. Second, for camera speeds greater
than 1000 frames per second there was not a timing mark for each frame. It was
therefore necessary to interpolate linearly between marks to derive a time for each

frame.
Finally, the radius vs time records were analysed by fitting equation (3-12), i.e.
r+ b lnr = 5,°t + constant (1)

to them; the parameters b and Sb° were varied until the best fit was obtained. A
computer program SBLS9 was written to perform this calculation. The fitting
procedure was based on a linear least squares analysis. An initial value of b was
selected and y = r + b 1n r was calculated for each value of r. A conventional
linear regression computation was performed on the y vs t data set and the slope Sb°
was determined. A measure of the goodness of fit was also calculated; in this case,
the uncertainty in the slope, Ssb°, was used. A new value of b was then chosen by
the program and the procedure repeated. b was varied using the Modified Regula

Falsi method®* until ssb° was a minimum.

The procedure just outlined gave a best fit for all the points in the data set.
However, from the analysis in Chapter 3 we know that the simple model is likely to
break down at small values of r. More accurate data might therefore be obtained if
some early points were not included in the analysis. The whole procedure was
therefore repeated with the first point removed, then the first two points, and so on
until there were no points left. The usual result was that the overall minimum value
of Ssb° occurred when one or two points had been removed. The correct values of
b and Sb° were taken to be those corresponding to this overall minimum value of
Ssb°. In some cases, the number of points omitted was very large. This gave a good
indication that the assumptions used to derive the simple model were reaching the
limits of their validity.

It is worth mentioning that other measures of the goodness of fit were considered.
In particular, test runs were carried out using the standard deviation of the points
from the theoretical curve. The uncertainty in the slope, SSb°, was chosen partly
because a small uncertainty in the limiting flame speed was desirable and partly for

the pragmatic reason that it had a minimum value when a small number of initial
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points had been removed. Other measures simply got smaller as initial points were
removed and did not provide an indication of the number of points to ignore.

The one-dimensional burning velocity Su° was determined from the one-dimensional
flame speed Sb° by multiplying by the density ratio o = pp/p,, calculated using a
flame temperature program FTEMP,

4.1.3.2 Experimental errors

Random errors

The uncertainties in flame radius and time measurements are estimated at 2% and
0.1% respectively. The uncertainty in the time measurement is so much smaller than
that in the radius measurement that it can be ignored. True random uncertainties in
radius measurement should simply cause the points to be scattered about the
theoretical curve, so that the uncertainty in the burning velocity is simply that
calculated from the linear regression computation. This was typically around 0.2%.
The standard error calculated from the results of individual runs on the same mixture
was usually larger, at around 1%. This figure includes slight variations in flame
shape from one run to another, and probably represents the random uncertainty quite
well. The uncertainty in the flame relaxation parameter b is harder to estimate
because of the way it is used in the numerical method to determine the best fit. The
value of the best-fit value of b typically changes by about 0.05 mm as initial points
are removed in the fitting process. This leads to an estimated uncertainty of about
5% for a typical value of 1 mm. Again, the standard error in b determined from
individual results is larger at about 10%, and since this figure contains random

differences in conditions from one run to the next, it is probably the better estimate.
It is worth pointing out that the number of repeat runs was always small, so that
calculated standard errors are themselves rather uncertain. The above figures are
estimates of the true values.

Systematic errors

The most important source of systematic errors in the experiment is likely to be due

to the difference between the behaviour of a real expanding flame and that of the
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simple model fitted to the experimental results. An important feature of this work is
therefore that the simple model can be tested by fitting it to the results of detailed
modelling of expanding spherical flames for which the true one-dimensional burning
velocity is known. The tests are described in Section 6.4.2 and show that in most

cases the extrapolated burning velocity is within 3% of the true value.

Expanding flames can occasionally be non-spherical, especially in the early stages.
Very non-spherical flames and ones which were not smooth were not used. Tests
were performed on cases where the departure from sphericity was small. The tests
showed that the rate of change of any diameter is not much affected by the shape,
which helps to explain why the spherical shape is regained as the flame gets bigger.
Another implication of non-sphericity is that the flame is then subjected to
extensional stretch since there must be tangential velocity gradients. But the mean
extensional stretch theorem (in Section 2.2.4) shows that the mean extensional stretch
over the whole flame surface is zero and the net burning rate is affected only by the

dilatational stretch.

4.2 STAGNATION FLOW FLAMES

4.2.1 Apparatus

The experimental apparatus consisted of a water-cooled burner mounted on a
motorized table, a gas mixing rig and a laser-Doppler anemometry (LDA) system. A
computer was used both to control the experiment and to analyse the data collected.

The general arrangement is shown in Fig. 11.

The burner had been designed and built at LRS by Dr. F.G. Roper for a previous
project. It consisted of a cylindrical plenum chamber about 30 mm in diameter and
80 mm long containing a flame trap and surrounded by a water-cooling jacket.
Mache-Hebra nozzles of various diameters could be screwed into one end. Most of
the experiments were performed using a 10 mm diameter nozzle. A thermocouple
inside the burner was used to monitor the unburnt gas temperature. The temperature
of the cooling water was regulated with a Churchill circulator (type 02/CTCV) such
that the gas temperature was about 25°C (298 K).

Fuel/air mixtures were supplied to the burner from a gas mixing rig, also built at

LRS. The flow rates were controlled by critical orifices. Upstream pressures were
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FIGURE 11

Experimental set-up for stagnation flow measurements
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measured using Bell and Howell type 4-366-0001-01W0 pressure transducers (range 0
to 20 bar absolute). The critical orifices were ruby watch jewels, with internal
diameters of 0.09 mm for fuel and 0.34 mm for air. Calibration was performed
using a purpose-made soap bubble flowmeter. It was necessary in the experiment to
change the flow rate while keeping the composition constant. This was achieved by
routing part of the premixture (the "bypass") to a bleed burner via a rotameter. The

flow rate going to the burner could then be adjusted by varying the bypass flow rate.

The premixed fuel/air mixture fed to the burner was seeded for LDA measurements
with particles of magnesium oxide (MgO) with diameters of the order of 2 ym. This
was accomplished by routing part of the burner gas supply through a Corning
3760/02 filter funnel which served as an elutriator. A 20 mm thick layer of MgO
was placed on the 20 mm diameter sintered glass disc at the lower end of a 200 mm
long vertical glass tube. The gas flow rate was adjusted so that the magnesium oxide
particles formed a fluidized bed. Some of them were entrained into the flow and
reached the burner where their velocity was measured. The elutriator assembly was

placed in an explosion-proof enclosure for safety reasons.

The burner was mounted on a motorized table. This could be moved both vertically
and horizontally under computer control. The stepper motor units (UniSlide) had
resolutions of 2.5 um horizontally and 1 um vertically. They were driven by a
Digiplan stepper motor driver under computer control via an IEEE interface. For
most experiments, velocity measurements were only needed along the centre line of

the flame and the burner was just moved vertically.

The gas flow velocity was measured by laser-Doppler anemometry (LDA). The beam
from a 35 mW He-Ne laser (Spectra-Physics 124A) was split into two parallel beams
in the same vertical plane using a Malvern RF307 beam splitter. They were then
focused using a 300 mm focal length lens such that they crossed within the flame.
The angle between the beams was typically about .07 rad, and with a laser
wavelength of 632.8 nm the fringe spacing was about 9 pm75.

The LDA system was operated in the forward scatter mode to maximize the intensity
of scattered light. A photomultiplier tube (Malvern RR127) fitted with a 105 mm
focal length lens was used to collect photons. The integral discriminator produced
pulses suitable for analysis by the Malvern K7023 digital correlator. A computer
program SU103I was written to control the experiment. It displayed the correlogram
on the computer screen as the signals were being collected. The program also

controlled the correlator via a bank of mercury relays on the IEEE bus so that a
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single command typed at the keyboard would signal the correlator to stop collecting
data, transfer the autocorrelation function to the computer and save it to disk along
with the position where it was measured, move the burner to the next position, zero

the correlator and restart data collection.

In addition to their use in LDA, the seeding particles had another function. An
important part of the work on burner flames was the visualization of flow
streamlines. The light for this was provided by a 1600 W xenon lamp, type XBO
1600, manufactured by AEG Telefunken. It was powered by a 95 A power supply
made by Transformer and Rectifiers Ltd. The beam was focused onto a slit behind
which a chopper could be mounted if stroboscopic pictures were required. The
system was arranged so that the image of the slit (i.e. a thin sheet of light) was in the
diametral plane of the burner. The particles illuminated by this arrangement were
photographed using a Nikon F3 camera fixed to the burner table at right angles to
the beam. In order to provide a suitably large image, the 50 mm f/1.4 lens was

reversed and mounted on 65 mm extension tubes.

4.2.2 Method

4.2.2.1 Setting up

The setting-up procedure for this experiment was rather complicated, so it is best
described as a series of steps. A filter was used to reduce the laser beam intensity to

a very low level during the setting-up procedure.

1. The optical bench supporting the laser was positioned approximately and then
levelled.
2. The beam splitter was removed from the laser and the beam was made

parallel to the optical bench. This was done by adjusting the laser supports
until the beam passed through an aperture fixed to a lens holder when it was
placed at several points along the optical bench.

3. The beam splitter was replaced and adjusted and the beams were made
parallel by a similar technique to that above.

4, The 300 mm focal length lens (used for focusing the laser) was placed close to
the laser so that the crossing point occurred well before the burner. A plumb
line was hung in the beam path and the beam splitter was rotated until both

beams struck the plumb line. The beams were then in a vertical plane.



10.
11.
12.

13.

14.

15.

16.

17.

18.

125

The lens was moved along the optical bench towards the burner until the
crossing point was roughly on the axis of the burner.

The plumb line was hung on the axis of the burner.

The laser beams were directed onto the thread of the plumb line and the
position of the focusing lens was adjusted until the two spots coincided.

The photomultiplier tube was focused on the laser spot on the thread.

The beam crossing angle was measured. A mirror was positioned in the beam
path before the crossing point such that two laser spots appeared on the wall
behind, about 2 m away. The distance D between the new crossing point and
the wall was measured, along with the distance d between the two spots on
the wall. Typical values were D = 2.2 m and d = 160 mm, giving a half
angle between the beams of tan'l(d/ZD) = .035 rad.

The xenon lamp was focused on the thread.

The cathetometer was levelled and focused on the burner.

The xenon lamp was switched on, the flame was lit, and seeding particles
were introduced into the flow. The camera position was adjusted until the
illuminated plane of particles was in focus and then fixed in position.

The laser focusing lens was adjusted until the crossing point was precisely on
the centre line of the flame. This was done by using the cathetometer to
view the crossing point (which was made visible by the presence of seeding
particles) and moving the lens until there were equal beam lengths on either
side of the crossing point. The height of the crossing point above the burner
surface was then measured using the cathetometer.

The photomultiplier tube was realigned on the crossing point by adjusting for
the maximum rate of increase of the amplitude of the autocorrelation
function.

A scaling photograph was taken of a graticule which consisted of 1 mm
squares. An England Finder microscope slide supplied by Gallenkamp was
used.

The elutriator was filled with fresh, dried magnesium oxide powder.

A circular steel plate was positioned just over half of the burner diameter
above the burner and levelled.

The required mixture was set up on the flow rig and the bypass flow rate
adjusted to give (i) the minimum flow rate to the burner for which the flame
was reasonably flat and (ii) the maximum (without extinction). The flow
rates within this range to be used in the experiment could then be

determined.
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4.2.2.2 Experimental procedure

Methane was the fuel used in all of the experiments described here. The same
cylinder as used in the expanding flame experiments (described in Section 4.1.2.2)
was used. Air, filtered and cleaned, was supplied from a cylinder of compressed

atmospheric air.

The first flow rate was selected and the elutriator adjusted to give correct seeding.
The axial gas velocity was then measured at different points in the flow by moving
the burner vertically. Velocities were measured from close to the burner to just
inside the preheat zone of the flame where the velocity starts to rise quickly. As
described earlier, most of this part of the experiment was automated, and the main
role of the operator was to check that the experimental conditions (burner
temperature, seeding level, gas flow rates, etc) remained constant. The burner was
then returned to its datum position and a check was made to ensure that no vertical
slippage of the burner table had occurred. A new flow rate was selected, the seeding

level adjusted and the procedure repeated.

4.2.3 Data reduction

4.2.3.1 Computation of burning velocities and stretch rates

The data collected in the stagnation flow experiments consisted of correlograms
(autocorrelation functions) along with the positions in the flame where they were
measured, and particle tracking photographs of the flame at each flow rate. For low
turbulence levels, such as those encountered in this work, the Gaussian model of
turbulence is appropriate”. A computer program LDA31 based on this model was
used to analyse the autocorrelation functions. It was originally written for a
Commodore PET microcomputer by Dr. F. G. Roper and was adapted for the
computers used in this work (a Sirius 1 followed by an Olivetti M240). It worked by
fitting an expression with five variable parameters to the measured autocorrelation

function. One of the parameters is proportional to the gas velocity.

In most of the experiments, the vertical component of velocity was measured on the
axis of axially symmetric flames. The above procedure therefore gave the vertical
component of gas velocity in the upstream flow as a function of distance from the

burner surface. The stretch rate was determined from these data by fitting a straight
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line to the upstream velocity profile as described in Section 3.3.1. In the
experiments, the profile was only approximately linear. The straightest part was

usually that close to the upstream boundary of the flame so this was normally used.

The "conventional" burning velocity S;1, namely the normal gas velocity at the

upstream boundary, was taken to be the minimum in the velocity profile, following

2324 In one set of experiments the burning velocity u,

measured by Cambray et al was measured®®®7. This was obtained from S;1 by

Law and co-workers

subtracting I'§. T is the measured stretch rate and § is the distance between cold
boundary and luminous zone, with the former identified by the velocity profile and
the latter by the flame photographs.

The burning velocity S used in this work and defined by equation (3-1) was

u,r
obtained by multiplying Sy by a stream tube area ratio A /A, obtained by particle
tracking as described in Section 3.3.1. A; was the stream tube area in the plane
where Sy, was measured. A, was the area of the same stream tube at the upstream
edge of the luminous zone. In some cases, several upstream velocities and areas were
measured and the burning velocity was determined using equation (3-55). The
stream tube areas were obtained from measurements on the negatives of the particle
tracking photographs. The film analyser used in the expanding flame experiments

was modified to accept 35 mm film so that it could be used for these measurements.

In order to determine the stream tube area ratio, it was necessary first to choose a
suitable particle track. On the one hand this had to be clear, so that accurate
measurements could be taken; on the other it had to be an accurate representation of
a true streamline. Large deviations from the correct flow direction were obvious by
comparison with other tracks. The selected track had to be near enough to the centre
line to ensure that it supplied a flat part of the flame, but not so close that small
uncertainties in measurement would lead to large errors in the area ratio. Finally, in
order to locate the centre line accurately on the photograph, it was desirable that

there be particle tracks on either side of the centre and close to it.

When all of the above conditions had been satisfied, measurements could be made.
The data required were the radial distance of the particle track from the centre line
at points in the cold flow where velocities had been measured and at the base of the
luminous zone. The positions on the photograph corresponding to the velocity
measurements were determined by applying the scaling data to the known height of
the laser crossing point above the burner surface. Measurements were all relative to

the top of the burner. The upstream edge of the luminous zone was not well
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defined, but at this point the divergence of the particle tracks was small, so that

errors due to the uncertainty in its position are unlikely to be large.

4.2.3.2 Determination of Su° and L

The data obtained for each fuel/air mixture consisted of a series of stretch rates with
two burning velocities measured at each one: the upstream burning velocity S11 and
the burning velocity defined at the reference surface Su’r. Values of the one-
dimensional burning velocity Su° and the Markstein length L could be readily
calculated for each set of data by fitting a straight line to the burning velocity vs
stretch rate data. The one-dimensional burning velocity is the intercept of the line
with the stretch = 0 axis and the Markstein length is minus the slope of the line.

The results are described in Chapter 5.

4.2.3.3 Experimental errors

Random errors

For the measurement of Sr1 the main uncertainties were in the LDA measurement

d75

(usually estimate at about 1%) and in the location of the velocity minimum. In

the determination of Su’ p» these were compounded by multiplying by the measured
stream tube area ratio, where the uncertainties were rather large. The uncertainty in
each radius measurement is estimated at 5%, giving a net error of about 14% in the
value of Su’r. By comparison, the uncertainty due to the LDA measurement is

negligible.

The other major uncertainty was in the measurement of the stretch rate. The
upstream velocity gradient was often quite curved. Besides the possible systematic
error due to measuring the slope at the wrong point (covered below), there must also

be random error. This is estimated to be about 10%.

Systematic errors

The systematic errors in the experiment probably lie in the assumptions made about

the flame behaviour. These are contained in the assumption that the experimental
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flow is an ideal stagnation-point flow, which implies that (1) the upstream burning
velocity Sy, varies linearly with stretch, (2) the upstream velocity gradient is equal
to the stretch rate and (3) the vertical component of gas velocity is constant in any

horizontal plane.

As described earlier, the upstream velocity profile was often nonlinear, so that
systematic error in the measurement of the stretch rate is likely. - In fact, it is
possible that the stretch rate is systematically underestimated. Recently, flames in
stagnation-point flow have been modelled by Dixon-Lewis et al®®8 by solving the
Navier-Stokes equations. This work suggests that measurements of the velocity
gradient are likely to underestimate the "applied stress” (considered by Dixon-Lewis

to be the important parameter).

Unlike the expanding flame case, there is no straightforward test of the correctness
of the assumptions underlying the stagnation flow methodology, but we will see that

the measurement of two burning velocities has interesting ramifications.

4.3 BUTTON-SHAPED FLAMES

A few experiments were also carried out using button-shaped flames and these will
be described next. This section is shorter than the other two because fewer
experiments were performed and much of the description in the previous section
applies. The experimental methodology is described in Section 3.4. The experiment
was simpler than the stagnation flow experiments in that stretch was ignored. But it
was also more complicated in that the flame was no longer flat, and the cold gas

velocity varied over the stream tube area.

The experimental data required were the volumetric flow rate of cold gas through a
given stream tube, and the area of luminous zone supplied by the same stream tube.
The volumetric flow rate was determined from measurements of the vertical
component of gas velocity across the diameter of the selected stream tube. The
velocities were measured using LDA as described earlier in this chapter and the
streamlines were visualized by particle tracking. The necessary traverses through the
flame were made by moving the burner table horizontally. A polynomial function
was fitted to the velocity values and the flow rate was determined by integration

across the stream tube radius using equation (3-90).
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The flame area was obtained by assuming that its shape was that of a spherical cap.
Particle tracking photographs of the flame were taken using a camera mounted on the
burner table. After a suitable particle track had been selected, the streamline radii
R; and R, in the cold flow and at the luminous zone were determined. The amount
h by which the centre of the luminous zone dipped below its intersection with R,y

was measured and the area was calculated using equation (3-92).
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Chapter 5

EXPERIMENTAL RESULTS

The experimental results are presented in this chapter. They are mainly in graphical

form, with numerical values listed in the Appendix for reference.

5.1 EXPANDING SPHERICAL FLAMES

The results of the expanding spherical flame experiments are presented in this
section. In order to give a flavour of the records being analysed, Fig. 12 shows a
sequence of frames of an expanding spherical flame. The mixture was methane/air
with a stoichiometry of 1.1. The first frame immediately follows ignition.

Subsequent frames show the flame approximately every 1.5 ms.

The data obtained from the photographs were the radius of the expanding flame as a
function of time for each run, and they could have been presented in this form.
However, consideration of Fig. 5(a) shows that a plot of the experimental values of
flame radius against time does not convey a great deal of information. By contrast, a
graph of the same data in the form of flame speed against radius in Fig. 5(b)
demonstrates clearly the variation of the speed of the expanding flame with radius
and its asymptotic approach to the one-dimensional value. The experimental results

are therefore presented in the latter form.

The plotted data were obtained from the experimental radius versus time values as
follows. The instantaneous speed was taken to be the slope of the line segment

connecting two neighbouring radius versus time points, i.e.

dr _r(j+l) - r(j)
dt (j+1-/2) t(j"’l) = t(j).

(1)

The radius corresponding to this speed was taken to be the mean radius, given by

r(j+1/2) = K L) (2)
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FIGURE 12

(overleaf)

Sequence of photographs of an expanding spherical flame

Methane/air, stoichiometry = 1.1. The flame is shown approximately every 1.5 ms
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The differentiated data were necessarily rather scattered as a result of this procedure
and it was difficult to perceive a clear trend. The points were therefore smoothed
using a procedure called LOWESS®, which stands for LOcally WEighted Scatterplot
Smoother. A computer program which performs this operation was obtained from
the publishers of ref. 90. The program requires the input of a parameter F which
sets the degree of smoothing. F = 0 corresponds to no smoothing and F = 1 to
complete smoothing, where the points lie on a horizontal line at the mean value.
Insufficient smoothing causes the trend of the results to be obscured, while too much
smoothing gets rid of real features. A value of 0.35 was found to be a good
compromise between these extremes, and was used in most cases. Larger values of F

were needed occasionally when the scatter was particularly large.

An unfortunate feature of smoothing techniques is that points near the minimum and
maximum radii are particularly sensitive to small deviations of the end points. At
small radii this is unimportant because differences from the simple model are
expected there. But at large radii the effect can be an apparent systematic difference
between experiment and model. This is exacerbated by larger uncertainties than
usual in the largest measured radius. This increased uncertainty is due to a lack of
clarity in the schlieren image on the film, and could arise from several sources. The
presence of flame temperatures causes some degradation of the rubber gasket
between the window and the flange of the combustion bomb. In addition, the high
vacuum grease on the gasket, although only present in very small quantities, can also
be affected by the adverse conditions. Material from both of these sources was
found at the edge of the visible region of the windows when they were removed for

cleaning.

The speed vs radius equation (3-10) was plotted through each data set, using the
values of the parameters Sb° and b obtained by fitting equation (3-12) to the radius
vs time data as described earlier. The level of agreement between the experimental

results and the simple model used to describe them can therefore be seen.

In order to ensure that the diagrams remain clear and uncluttered, not all of the
experimental data have been plotted. Displaying the results of two experiments on
the same fuel/air mixture would detract from the clarity of the graph. But one
example of each set of conditions has been plotted, and the numerical data derived
from all runs are listed in the Appendix so that repeatability can be assessed. For
measurements across the stoichiometric range, it turns out that the clearest display is
produced by dividing the data into two sets. Broadly speaking, data for lean

mixtures are plotted on one set of axes and data for rich mixtures on another.
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The stoichiometry of each run is listed on the right-hand side opposite the
corresponding data. In the case of nitrogen-diluted hydrogen mixtures, the figure
given is the percentage dilution. In the variable-pressure methane/air runs, the

figure is the pressure in atmospheres.

Fitting the simple model to the radius vs time records allows the one-dimensional
burning velocity Su° and the flame relaxation parameter b to be derived as described
in Section 4.1.3.1. At least two runs were performed for each set of conditions and
average values of these parameters were calculated. The mean values of Su° are
plotted against stoichiometry for each fuel and set of conditions described, along
with a best-fit polynomial curve through the data. The dashed curve represents the
modelling results, which will be described in Chapter 6. On a different set of axes,
mean values of b are plotted against stoichiometry for the same conditions. Values
of the calculated density constant k are also plotted on these axes. Again, these will
be described in Chapter 6, when the determination of the Markstein lengths will be

described.

To summarize, for each fuel and set of conditions the following data are plotted:
dr/dt vs r, Su° vs stoichiometry, and b vs stoichiometry. In addition, data for
stoichiometric hydrogen/air are plotted against % nitrogen dilution and data for
stoichiometric methane/air are plotted against pressure.

5.1.1 Hydrogen

5.1.1.1 Variation with stoichiometry at atmospheric pressure

The experimental flame speed vs radius data are plotted in Figs. 13 and 14. Two
important points are worth making about the results for the lean mixtures in Fig. 13.
First, at stoichiometries below 0.8 (about 25% hydrogen), the flame speed decreases
with increasing radius. For all higher stoichiometries the speed increases. Second,
the onset of cellularity in lean mixtures limits measurements to radii below a critical
value. The critical radius decreases with decreasing stoichiometry, so that in the
leanest mixture, data could only be collected up to a flame radius of 11 mm.

191

Fukutani et al®" attributed the fall in flame speed with radius in lean hydrogen/air

mixtures to the decreasing effect of excess ignition energy. This cannot be the
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FIGURE 13

Flame speed vs radius of lean hydrogen flames

Points: experimental data. Curves: equation (3-10) fitted to data.

Numbers on right denote stoichiometry.
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FIGURE 14
Flame speed vs radius of rich hydrogen flames

Points: experimental data. Curves: equation (3-10) fitted to data.

Numbers on right denote stoichiometry.
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FIGURE 15

Experimental and modelled burning velocity vs stoichiometry for hydrogen/air flames
Points: experimental results. Solid curve: best fit polynomial curve through results.
Dashed curve: best fit polynomial curve through planar modelling results.
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FIGURE 16

Flame relaxation and density parameters b and k vs stoichiometry

for hydrogen/air flames

spherical flames. W : k calculated from modelling of planar flames.
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correct explanation in the present work since rich flames behave differently. The
analysis in Chapter 3 shows that flame stretch is expected to be the major reason for

the changes in flame speed.

In general, the fit of the simple expanding flame model is good, but differences arise
in all mixtures at small radii. A systematic discrepancy can be seen in the richest
mixtures in Fig. 14. This is a real effect, and is also evident in rich methane and
lean ethane and propane mixtures. Similar behaviour was observed in lean propane
flames by Ko et al®2, It may be connected with the critical radius of Champion et

al®®,

Hydrogen burning velocities obtained from the data in Figs. 13 and 14 are plotted in
Fig. 15. The maximum burning velocity is 2.85 ms™! at a stoichiometry of 1.4 (41%
hydrogen). This is much higher than the maximum burning velocities of the
hydrocarbons studied in this work. The reasons for this difference will be discussed

in Chapter 7.

Values of the flame relaxation parameter b are plotted against stoichiometry in Fig.
16. As can be anticipated from the data in Figs. 13 and 14, b becomes negative in

lean mixtures.

5.1.1.2 Effect of nitrogen dilution on stoichiometric mixtures

Flame speed vs radius data for all the diluted mixtures are plotted in Fig. 17. The
main point of interest is that at dilutions greater than 30% the flame speed decreases
with increasing radius. At dilutions of 45% and greater, the experimental flame
speeds first increase and then decrease. The simple model cannot reproduce such
behaviour, and the point at which it first fits the experimental data occurs at

progressively larger radii.

Burning velocity as a function of nitrogen dilution is plotted in Fig. 18. An
alternative way of expressing the nitrogen dilution is in terms of the proportion of
oxygen in the oxidizer (consisting in this case of all of the air and added nitrogen).
A scale giving this quantity has been included at the top of the graph. The main

point is that burning velocity decreases as nitrogen is added.

The flame relaxation parameter b is plotted against nitrogen dilution in Fig. 19. It

decreases monotonically with dilution, becoming negative at about 30% nitrogen.
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FIGURE 17

Flame speed vs radius of nitrogen-diluted stoichiometric hydrogen flames

Points: experimental data. Curves: equation (3-10) fitted to data.

Numbers on right denote percent nitrogen in mixture of fuel/air + nitrogen.
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FIGURE 18

Experimental and modelled burning velocity vs nitrogen dilution
for stoichiometric hydrogen/air flames
Points: experimental results. Solid curve: best fit polynomial curve through results.
Dashed curve: best fit polynomial curve through planar modelling results.
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FIGURE 19

Flame relaxation and density parameters b and k vs nitrogen dilution
for stoichiometric hydrogen/air flames
o: b derived from experiments. o: b derived from detailed modelling of expanding

spherical flames. W : k calculated from modelling of planar flames.
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5.1.2 Methane

5.1.2.1 Variation with stoichiometry at atmospheric pressure

The data are plotted in Figs. 20 to 23. The flame speeds of the leanest mixtures in
Fig. 20 fall as the radius increases, while the speeds rise for all other mixtures. In
the richest mixtures in Fig. 21 there is a large difference between the experimental
data and the behaviour of the simple model; the experimental data fall to a very low
speed before recovering and returning to the model curve. The overall behaviour of

methane is therefore similar to that of hydrogen.

The maximum burning velocity read from the curve fitted to the data in Fig. 22 is
0.37 ms™!, a value which is considerably lower than the currently accepted value of
about 0.41 msl. Two of the experimental points in the neighbourhood of the
maximum have been omitted for clarity. The aim was to pinpoint the maximum in
the burning velocity curve, but in fact this did not work: the uncertainties in the
measured burning velocities were of the same order as the change due to

stoichiometry.

The values of the flame relaxation parameter in Fig. 23 are negative in lean mixtures

and positive in rich, in qualitative agreement with the behaviour of hydrogen.

5.1.2.2 Effect of pressure variation on stoichiometric mixtures

The data are plotted in Figs. 24 to 26. Although Fig. 24 is a little messy, it shows
that the effect of increasing the pressure is to decrease the limiting (one-dimensional)
flame speed and to increase the rate at which this limiting speed is achieved.
Reasons for this behaviour will be discussed in Chapter 7. The burning velocities
determined from the radius vs time data are plotted against pressure in Fig. 25. In
this case the solid curve through the results is of the form Su°(p) =
Su°(p=1 atm) px where x = -0.298 + 0.023.

The flame relaxation parameter b is plotted against pressure in Fig. 26. It varies
logarithmically in a similar way to the burning velocity with an exponent x of
-1.041 £ 0.095.
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FIGURE 20

Flame speed vs radius of lean methane flames

Points: experimental data. Curves: equation (3-10) fitted to data.

Numbers on right denote stoichiometry.
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FIGURE 21
Flame speed vs radius of rich methane flames

Points: experimental data. Curves: equation (3-10) fitted to data.

Numbers on right denote stoichiometry.
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FIGURE 22
Experimental and modelled burning velocity vs stoichiometry for methane/air flames

Points: experimental results. Solid curve: best fit polynomial curve through results.

Dashed curve: best fit polynomial curve through planar modelling results.
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FIGURE 23
Flame relaxation and density parameters b and k vs stoichiometry

for methane/air flames
o: b derived from experiments. M : k calculated from modelling of planar flames.
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FIGURE 24
Flame speed vs radius of stoichiometric methane flames at various pressures

Points: experimental data. Curves: equation (3-10) fitted to data.

Numbers on right denote pressure in atmospheres.
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FIGURE 25

Experimental and modelled burning velocity vs pressure
for stoichiometric methane/air flames
Points: experimental results. Solid curve: Su° (p) = Su° (p=1 atm) p* fitted to

experimental results. Dashed curve: same function fitted to planar modelling results.
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FIGURE 26
Flame relaxation and density parameters b and k vs pressure

for stoichiometric methane/air flames

o: b derived from experiments. M : k calculated from modelling of planar flames.
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5.1.3 Ethane

The data are plotted in Figs. 27 to 30. Figure 27 shows that there is a "dip" at small
radii in the flame speeds of the leanest mixtures, which is similar to that in the
richest hydrogen and methane mixtures. Conversely, the rich mixtures in Fig. 28
behave like lean hydrogen and methane. In particular, at stoichiometries larger than
1.5 the flame speed decreases with increasing radius. In all other mixtures the flame

speed increases.

Burning velocities determined from the radius vs time data are plotted in Fig. 29.
The maximum value was 0.41 ms'l, the largest of the saturated hydrocarbons. Values

of the flame relaxation parameter b are plotted in Fig. 30.

5.1.4 Propane

The data are plotted in Figs. 31 to 34. Figure 31 shows that, as in ethane, there is a
"dip" in the flame speeds of the leanest mixtures at small radii. Also like ethane, the
flame speed decreases with increasing radius in sufficiently rich mixtures. Fig. 32
shows that the changeover happens at a stoichiometry of about 1.35, compared with
1.5 in the case of ethane. In all other mixtures the flame speed increases.

Burning velocities determined from the radius vs time data are plotted in Fig. 33.

1

The maximum experimental burning velocity was 0.39 ms™" at a stoichiometry of

1.08. Values of the flame relaxation parameter b are plotted in Fig. 34.

The experimental b and Sb° data can be compared with values derived from the
expanding flame measurements of Palm-Leis and Strehlow®®. In order to perform
this comparison, flame speed vs radius data for propane/air were read from Fig. 5 of
ref. 93. Since the data were in this form and not radius vs time, it was necessary to
analyse the data in a different way from the experiments in this thesis. Accordingly,
the flame speed vs radius equation (3-10) was fitted instead of the radius vs time
equation (3-12). A computer program was written to perform a nonlinear least
squares analysis to determine the values of Sb° and b giving the best fit. The results
are plotted in Fig. 35. The burning velocities and flame relaxation parameters
obtained are similar to the ones obtained in this thesis, but are displaced towards the
rich side by a stoichiometry of about 0.1. The reason for this is not clear. No

problem has been found with the gas metering or calculations of stoichiometry in the
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FIGURE 27

Flame speed vs radius of lean ethane flames

Points: experimental data. Curves: equation (3-10) fitted to data.

Numbers on right denote stoichiometry.
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FIGURE 28
Flame speed vs radius of rich ethane flames

Points: experimental data Curves: equation (3-10) fitted to data.
Numbers on right denote stoichiometry.
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FIGURE 29
Experimental and modelled burning velocity vs stoichiometry for ethane/air flames

Points: experimental results. Solid curve: best fit polynomial curve through results.
Dashed curve: best fit polynomial curve through planar modelling results.
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FIGURE 30

Flame relaxation and density parameters b and k vs stoichiometry

for ethane/air flames

e: b derived from experiments. W : k calculated from modelling of planar flames.
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FIGURE 31
Flame speed vs radius of lean propane flames

Points: experimental data. Curves: equation (3-10) fitted to data.

Numbers on right denote stoichiometry.
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FIGURE 32

Flame speed vs radius of rich propane flames
Points: experimental data. Curves: equation (3-10) fitted to data.

Numbers on right denote stoichiometry.
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FIGURE 33
Experimental and modelled burning velocity vs stoichiometry for propane/air flames

Points: experimental results. Solid curve: best fit polynomial curve through results.

Dashed curve: best fit polynomial curve through planar modelling results.
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FIGURE 34
Flame relaxation and density parameters b and k vs stoichiometry

for propane/air flames
o: b derived from experiments. M : k calculated from modelling of planar flames.
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FIGURE 35
Comparison of present results for flame speed Sb°

and flame relaxation parameter b vs stoichiometry for propane/air flames

with values derived from work of Palm-Leis and Strehlow®3
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present work, and the stoichiometry corresponding to the maximum burning velocity
of 1.08 is in good agreement with other work. It would therefore appear that there

may have an error in the calculation of the mixture composition in ref. 93.

5.1.5 Ethylene

The data are plotted in Figs. 36 to 39. Figure 36 shows that, as in the cases of
ethane and propane, there is a slight "dip" in the flame speeds of the leanest mixtures
at small radii. But it can be seen from Fig. 37 that the flame speeds of rich ethylene
mixtures, unlike those of rich ethane and propane, always increase with increasing

flame radius.

Burning velocities determined from the radius vs time data are plotted in Fig. 38.
The maximum burning velocity was considerably higher than that of the other

hydrocarbons. It was 0.66 ms™! at a stoichiometry of 1.10 (7.18% ethylene).

The flame relaxation parameter b is plotted against stoichiometry in Fig. 39. Unlike
the b values of all the other fuels studied in this work it does not vary monotonically
with stoichiometry. Instead it is large in both very lean and very rich mixtures, and

dips to a low value at a stoichiometry of about 1.6.

5.2 STAGNATION FLOW FLAMES

The work on flames in stagnation-point flow was not as extensive as that on
expanding flames so fewer results are presented in this section. The work was

exclusively on methane/air mixtures.

First, data are presented which demonstrate the methodology described in Section 3.3.
For a methane/air flame of stoichiometry 1.31 and stretch rate 157 s™!, Fig. 40 shows
the variation with distance from the burner of the normal gas velocity v, the stream
tube area A and the product vA, all normalized to 1 at 1 mm from the burner. Since
vA is proportional to the temperature, the diagram shows the difference between the
true point of first temperature rise and the minimum in the velocity profile. The vA
profile is flat to within 2% in this case, demonstrating the validity of the
methodology. Dividing the constant upstream value of vA by the luminous zone area
gives the stretched burning velocity defined in equation (3-53). At higher stretch
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FIGURE 36

Flame speed vs radius of lean ethylene flames

Points: experimental data. Curves: equation (3-10) fitted to data.

Numbers on right denote stoichiometry.
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FIGURE 37
Flame speed vs radius of rich ethylene flames

Points: experimental data. Curves: equation (3-10) fitted to data.
Numbers on right denote stoichiometry.
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FIGURE 38
Experimental and modelled burning velocity vs stoichiometry for ethylene/air flames

Points: experimental results. Solid curve: best fit polynomial curve through results.

Dashed curve: best fit polynomial curve through planar modelling results.
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FIGURE 39
Flame relaxation and density parameters b and k vs stoichiometry

for ethylene/air flames

o: b derived from experiments. ®: k calculated from modelling of planar flames.
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rates the vA profile in the cold gas becomes less flat. Reasons for this will be

discussed in Chapter 7.

The data are presented as plots of burning velocity vs stretch for a selection of the
stoichiometries studied. The data in Fig. 41 are for methane/air mixtures with
stoichiometries of 0.83, 1.06 and 1.22. Those in Fig. 42(a) are for a stoichiometry of
1.31. An additional measure of burning velocity, u,, has been included in this
figure. The points to note are that in all cases the slopes of the straight lines through
the Su’r and S11 data have opposite signs and that the lines never meet at zero
stretch: Su, r always extrapolates to a lower burning velocity than S;i. u,
extrapolates to the same one-dimensional value as Sy1 because it was defined®485-87
as S;; - T6.

In order to investigate the relationship between S Syq and u, the streamlines in

u,r’
the latter flame were traced at each stretch rate. The area enclosed by the stream
tube was divided by that of the corresponding "ideal" stream tube. The resulting
function was normalized to 1 at the cold boundary and plotted in Fig. 42(b) against
distance from the apparent stagnation surface (i.e. where the extrapolated cold gas
velocity profile intersects the velocity = 0 axis). A dotted vertical line denotes the
beginning of the luminous zone. If the flow were ideal, the experimental streamlines
would coincide with the horizontal line corresponding to an area ratio of 1. The

differences from this ideal behaviour will be discussed in Chapter 7.

The one-dimensional burning velocities obtained by extrapolating S;; and Su’ r are
listed in the Appendix and also plotted in Fig. 43 along with the best-fit curve
through the results from the expanding flame method. It is interesting to note that
on average the results from extrapolation of S;, are higher and those from su, r are
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