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THEN THE LORD ANSWERED JOB OUT OF THE WHIRLWIND, AND SAID, 

Who is this that darkeneth counsel by words without knowledge? 
Gird up now thy loins like a man; for I will demand of thee, and answer thou 
me. 

Where wast thou when I laid the foundations of the earth? Declare, if thou 
hast understanding. 

Who hath laid the measures of it, if thou knowest? Or who hath stretched 
the line upon it? 

Whereupon are its foundations fastened? Or who laid its cornerstone, 
when the morning stars sang together, and all the sons of God shouted for joy? 

Hast thou perceived the breadth of the earth? Declare, if thou knowest it all. 
Where is the way where light dwelleth? And as for darkness, where is its place, 

That thou shouldest take it to its domain, and that thou shouldest know the 
paths to its house? 

Knowest thou it, because thou wast then born, or because the number of thy 
days is great? 

MOREOVER, THE LORD ANSWERED JoB, AND SAID, 

shall he that contendeth with the Almighty instruct him? He that reproveth 
God, let him answer it. 

THEN JoB ANSWERED THE LORD, AND SAID, 

I know that thou canst do every thing, and that no thought can be withheld 
from thee. 

Who is he who hideth counsel without knowledge? Therefore have I uttered 
that which I understood not; things too wonderful for me, which I knew not. 

Hear, I beseech thee, and I will speak; I will demand of thee, and declare 
thou unto me. 

Job 38:1·7, 18-21, 40:1-2, 42:1-4, in The New Scofield Reference Bible, Oxford University 

Press, Oxford, United Kingdom (1970) 
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Chapter 1 

Introduction 

In the last few decades the awareness has grown substantially that human behavior 
has a large negative impact on the environment on a global scale. Just only consid
ering the earth's atmosphere, terms like acid rain, smog, ozone layer and greenhouse 
effect describe this impact. Part of these particular problems is related to the com
bustion of fossil fuels for heating and power generation. It is evident that without a 
significant change in behavior the situation eventually will become intolerable. As it 
is unlikely that at short notice other energy sources will become available on a scale 
comparable to that of fossil fuel, combustion research must provide means to reduce 
the negative impact of combustion as much as possible. 

1.1 Combustion research in general 

In earlier days, investigations concerning combustion have been performed primarily 
by the engineer, who developed combustion devices for all kinds of purposes. Exam
ples are the internal combustion engine and the domestic heating boiler. His primary 
interest was the mechanical part of the device : how to increase the performance of 
the device, or how to make it cheaper. Nowadays much attention is being paid to 
efficiency, process control and pollution. This is investigated by scientists of all kinds 
of origin : chemists, mathematicians, physicists and engineers. Much of the scientific 
research in the field of combustion concerns the study of the detailed structure of 
combustion. It is believed that global aspects like efficiency, control and pollution 
can be estimated when the combustion process is understood on a molecular scale. 
However, this approach is also met with great difficulties. 

Regarding the chemistry, flames are very complex phenomena, since many re
actions between many species are involved. Besides, most processes in flames are 
strongly nonlinear, especially the reaction rates of the elementary reactions, which 
are exponentially dependent on the temperature of the mixture. The complexity is 
therefore demonstrated in both the number of relevant variables and their nonlinear 
interactions. 

Furthermore, to enable stationary combustion in a combustion device, the fuel 
consuming chemical reactions must be sustained by a fuel supply process, involving 
convection, diffusion and mixing of fuel and oxidizer, and ignition of the unburnt 
mixture through mixing with or heat conduction from the burnt gases. These phe-

1 



2 Introduction 

nomena are quite well understood in standard situations, but the occurring patterns 
are very complex in real combustion devices. 

Finally, a strong interaction exists between flames and their surroundings, thus 
making it very difficult to isolate typical flame characteristics from effects induced 
by the environment. Radiation, heat absorption by walls or heat exchangers, insta
tionary or acoustic effects, extinction, blow-off, they all occur in even the simplest 
combustion devices, and are very difficult to describe. 

Because of the complex nature of combustion, the mathematical equations de
scribing the spatial and time distribution of combustion variables usually can not be 
solved analytically. Therefore the solution of most combustion problems is sought in 
numerical modelling. Using super-computers, two-dimensional laminar flame simu
lations including hundreds of reactions between several tens of species are now being 
carried out successfully [Smo90). Reduction of the reaction kinetics [Pet83] gives the 
opportunity of performing the same computations on smaller computers, with mini
mal loss of accuracy. However, these computations involve almost without exception 
well-defined, idealized flames. The full influence of the surroundings still can not 
be taken into account. One of the reasons for this is that typical length scales of 
10-4 m are involved to describe the details of flames. Environmental effects like heat 
loss to walls occur with length scales of 10-1 m or larger. The necessary amount 
of computer memory and computing time would increase beyond practical propor
tions if variations of flame properties on both length scales were to be described with 
standard numerical solution methods. Therefore, the computation of combustion 
processes with detailed chemistry in real devices is as yet not a plausible option. 

A completely different approach is followed with experimental research. In fact, 
most understanding of combustion has directly or indirectly been achieved by ex
periments. However, the state-of-the-art of experimental research is again restricted 
to well-defined, idealized flames, like laminar flat flames or turbulent jet diffusion 
flames. These flames can be probed by numerous so-called "laser diagnostics", spec
troscopic techniques with exotic names like Coherent Anti-Stokes Raman Scattering 
(CARS) [Eck88], Laser Induced Incandescence (LII) [Gre93] and Degenerate Four 
Wave Mixing (DFWM) [Gre93]. Information is obtained about entire temperature 
and species concentration distributions. Much simpler techniques are also used, like 
thermocouples to measure the temperature and mass sampling probes to measure 
mass densities. However, most of these techniques are intrusive, i.e. the experiment 
disturbs the combustion process, and therefore the results are obscured by unresolved 
changes in flame properties. 

The accuracy of the results of experiments is usually moderate, compared to the 
significance of variation of variables. Most spectroscopic techniques even yield only 
qualitative results, or incorporate a considerable unknown systematic error. Also 
most of them can be used only in clean flames, i.e. in flames which are more or less 
transparent for the frequency range of the radiation that is used. One of the best 
techniques to measure the flame temperature is still the thermocouple, but the use of 
this technique is restricted to relatively cool flames (up to 1800 °C), yielding an error 
of about 3% [Gou76]. In other flames, or when other techniques are used, errors of 
10 to 20% are not unusual. This is hardly acceptable when detailed information is 
required. Besides, the situation is even worse in the case of real combustion devices, 
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since it is often hard to obtain access to the combustion process itself. Therefore 
experimental techniques are also not sufficient to obtain complete understanding of 
combustion in practical combustion devices. 

The conclusion can be drawn that in the case of practical combustion devices a 
different approach is necessary. Instead of investigating the details of the combustion 
process, it might be favorable to develop tools for describing the global properties 
of the combustion process as a whole first, and to incorporate more chemical details 
in a later stage. Actually, it is this approach that has been followed in the research 
program at Eindhoven University of Technology (EUT), as will be explained in the 
next section. 

1.2 Combustion research at the EUT 

The combustion research at the Eindhoven University of Technology (EUT) is pre
sently supported by Gastec N.V. and NOVEM, the Netherlands. It concerns laminar 
combustion of natural gas in domestic appliances, such as boilers and furnaces. In 
particular the influence of variations in gas composition on the combustion process 
is investigated. Generally, natural gas is a mixture of several hydrocarbon gases like 
CH4 , C2H6, Calls and H2, and "inert" gases like N2 and C02. The composition 
of the gas predominantly determines the stability of the flame (flash back, blow off, 
extinction), and also the amount of unwanted compounds in the exhaust gases (CO, 
soot, NOx)· 

One of the goals of the research program is to develop numerical tools to simulate 
combustion processes in combustion devices. In simulations it is relatively easy to 
vary the geometry of the device or the composition of the gas mixture. In the first 
instance, the chemistry of flames is incorporated in the simulation model in a rather 
simple way. Instead of dealing with all the elementary reactions, one single overall 
reaction is considered to describe the conversion of fuel and oxidizer into products. 
Then most attention can be paid to the complicated flow and heat transfer pattern. In 
a later stage the chemistry can be extended to describe the chemical aspects in more 
detail, if necessary. For instance, the one-step-chemistry simulations results can be 
used as a good starting estimate for complex-chemistry simulations. A good starting 
estimate is usually required to obtain convergence, because ofthe particular problems 
associated with complex-chemistry simulations. In [Som94] some possible extensions 
for chemical reaction schemes are presented. Although the simulation of combustion 
of higher hydrocarbons than CH4 is attainable in the case of idealized flames, it 
is unlikely that these schemes can be applied to the simulation of real devices in 
the near future, because of the enormous computing power needed. Therefore it is 
worthwhile to use a model based on a one-step reaction mechanism. 

To describe the one-step chemical reaction, an empirical relation between the 
composition of the fuel/ oxidizer mixture and the reaction rate is used. In this relation 
four so-called chemical reaction pam meters occur. Their values are determined by 
experiments, for every gas composition separately. This approach facilitates study of 
the relation between variation of gas composition and the combustion process, since 
only the parameters and some physical properties need to be altered for simulation 
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of another gas mixture. Furthermore, the parameters can be optimized for specific 
simulations as well. This option is dearly an advantage compared to other one-step 
chemical reaction mechanisms that use fixed values for the parameters [Buc85, Wil85, 
Cof83]. The method to determine the parameters for an arbitrary gas mixture will 
be the ultimate subject of this thesis. 

1.3 One-step chemical reaction parameters 

Consider the following second-order elementary reaction between two atoms or mole
cules ("particles") B 1 and B 2 yielding C : 

(1.1) 

This type of reaction is most common in atmospheric gas combustion, apart from 
first order reactions (dissociation of a particle). Third order reactions (between three 
different particles) do not occur so often, as the pressure is low. 

The reaction proceeds at a certain reaction rate, which is dependent on the mass 
fractions YB, and YB2 of species Bt and B2 and on the temperature T. For instance 
the mass consumption rate of species B1 is described by : 

(1.2) 

in which p is the mass density of the mixture. The constant A is called the Arrhenius 
preexponential factor, the constant Ea the activation energy. In this case, PBz and 
f!c are related to PB1 by : 

. . MBz d . . 
PB2 = PB, -M an PC = -PB, M 

Bt B 1 

(1.3) 

in which M; denotes the molecular mass of species i. In principle all elementary 
reactions are ruled by similar reaction rates. These rates appear as source terms 
in the conservation equations describing the combustion process. A, m and are 
determined experimentally. 

To reduce the number of species, and consequently the number of equations, 
the entire branched chain of elementary reactions is described by one single overall 
reaction1 : 

Fuel + Oxidizer -+ Products. (1.4) 

The rate at which this overall reaction occurs is described similarly to eq. (1.2). For 
instance, the fuel consumption rate p Ju is described by : 

(L1) 

with p a + (3. a and (3 are referred to as the reaction orders of the fuel and 
the oxidizer, respectively. In the second-order reaction eq. (1.1) these were equal 

1 This simplification makes it impossible to describe the composition of the burnt gases. This 
means that to predict for instance N O:r emissions this simplification has to be relaxed, or that post 
calculations have to be performed. 
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to unity. Because eq. (1.5) does not describe an elementary reaction, a and (:J may 
have noninteger values. Together A, a, (:J and Ea are the before-mentioned chemical 
reaction parameters. 

Eq. (1.5) directly determines the propagation velocity of a premixed flame. Because 
of the exponential, the burning velocity is sensitive to changes in temperature. Also 
the values of the mass fractions of the fuel and the oxidizer have a large influence on 
the burning velocity. This behavior can be used to determine the parameters from 
experiments, by measuring the dependence of burning velocity on the temperature 
(i.e. the amount of cooling) and on the equivalence ratio ¢> (i.e. diffusion effects). In 
the next section it will become clear that this requires the use of one-dimensional 
(1-D) flames. 

The reaction rate eq. {1.5) is similar to various other one-step reaction rate models 
found in the literature [Wil85, Wes81, Cof83, Buc85]. However, the parameters oc
curring in these reaction rates are sometimes simply assumed [Wil85], or determined 
by fitting with the adiabatic burning velocity (obtained by complex-chemistry sim
ulations) [Wes81] or the volumetric heat release [Cof83]. In all cases only adiabatic 
flames are considered. Therefore, when the stability of flames has to be studied, it is 
likely that using these parameter fits will not lead to quantitatively correct results, 
as the heat loss of the flame to the burner is not taken into account. In the proposed 
fitting of the parameters the heat loss will be included, as well as the effect of local 
variations in the equivalence ratio. Thus, when the effect of diffusion and heat loss on 
the burning velocity is taken into account, the most important aspects determining 
the flame structure and stability are covered. Then it may be assumed that also good 
results will be obtained in more-dimensional flames when they resemble 1-D flames 
on a local scale. 

1.4 One-dimensional flames 

For various reasons, one of the most studied objects in combustion research is the 
idealized, one-dimensional (1-D) flame. First of all, the burning velocity is defined 
unambiguously only in a 1-D flame. In flames in general stretch effects [Law88] may 
alter the local burning velocity considerably (see also chapter 6). Measurement of 
the burning velocity is then only possible when some kind of correction is made. 
However, principally this is very difficult. In a stretch-free flame this problem is 
circumvented. 

Experimentally the 1-D flame offers also large advantages. Any change of flame 
properties occurs in only one direction, which reduces the number of data points to 
be taken to obtain a complete image of the flame. And as will be clear in the course 
of this thesis, several measurement techniques are possible which make use of the 
specific nature of the 1-D flame. 

Furthermore, numerical modelling of 1-D flames is relatively simple, because the 
number of variables is considerably smaller when compared to 2-D or 3-D models. 
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flame 

X ·····-

Figure 1.1: The adiabatic one-dimensional flame 

It is for these reasons that 1-D flames will be used in this thesis for the determination 
of the parameters. The measurement of the burning velocity and the flame tempera
ture, necessary to determine the parameters, will be greatly facilitated by using 1-D 
flames. Once the parameters are determined, numerical 1-D flame calculations can 
be compared with the same experimental data to verify the values of the parameters. 
If necessary, the parameters can be adjusted to improve the agreement between the 
experiments and the calculations. In this way the parameters are well defined before 
more-dimensional calculations are performed. For these measurements a suitable 1-D 
flame burner is needed. The 1-D flame burner used in the experiments is introduced 
in chapter 2. 

First some specific features of 1-D flames will be discussed. In general, in a 1-D 
flame the following conditions must be satisfied throughout the entire flow field : 

I ~
0y 1-1 ~0x I and I 80 I I 80 I u - u oz "'( OX ' 

(1.6) 

where 0 denotes any observable variable. Eq. (1.6) indicates that in a 1-D flame 
all changes of relevant variables may occur only in one direction (in this case the 
x-direction). In other directions changes must be negligibly small. In figure 1.1 a 
freely propagating 1-D flame is shown. A mixture composed of hydrocarbon gas and 
oxidizer (air), with equivalence ratio¢> and initial temperature T9 and (atmospheric) 
pressure Po, is flowing in the x-direction with initial velocity u9 • Because in lami
nar flames under atmospheric conditions, dynamic pressure differences are negligible 
compared to the static pressure, due to the low Mach number, the pressure of the 
mixture can be supposed to be equal to the ambient pressure p0 throughout the en
tire flow field. When the mixture is ignited a chemical reaction wave (the flame) will 
propagate through the mixture in opposite direction to the unburnt gas. When the 
heat generated by the chemical reactions is transferred completely to the gas mixture 
(i.e. there are no heat losses), this flame is called an adiabatic flame. 

For a given gas composition the absolute propagation velocity SL of this flame 
(the adiabatic burning velocity) and the final burnt gas temperature 1), (the adiabatic 
flame temperature) are dependent only on the initial conditions of the mixture, i.e. 
the unburnt gas temperature T9 , the equivalence ratio¢> and the static pressure p0 . 

This implies that SL and Tb are coupled, as they are both functions of these initial 
conditions. Therefore, SL can be defined as 

(1.7) 
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Figure 1.2: The burner-stabilized one-dimensional flame 

The flame will remain at a position fixed in space only when u9 equals SL exactly. 
In practice, this situation is very difficult to accomplish. Therefore, to fix the flame 
at a constant position, a flame stabilizing burner is needed. 

In figure 1.2 a burner-stabilized 1-D flame is shown. In the unburnt gas a porous, 
perfectly heat-conducting burner surface is placed at x = 0. It is assumed that 
this burner surface does not disturb the flow pattern, and that the entire burner 
surface is maintained at a constant temperature equal to T9 • If u9 exceeds SL the 
flame will be blown off. If u9 < SL the flame will approach the burner surface. 
Through upstream heat conduction the flame will lose heat (q) to the burner surface. 
This reduction of temperature will slow down the chemical reaction process, thus 
decreasing the burning velocity to S£ < SL. A stable situation is reached when 
S£ = u9 • The distance of the flame front to the burner surface at which this stable 
situation is reached is called the stand-off distance IJL, which is usually a few tenths of 
a millimeter. In the burner-stabilized situation the flame temperature T{, is dependent 
on the initial conditions of the mixture and also on S£. Thus, similar to eq. (1.7), 
S£ can be defined as 

(1.8) 

The reason to express SL and S£ in terms of n and 1'/,, respectively, will become 
clear when the experiments are discussed that are needed to determine the one
step chemical reaction parameters. Note that the temperature of the burner surface 
appears to be irrelevant to the values of S£ and T{,. However, it is relevant to h. 
This and some other aspects of flame stabilization will be explained in chapter 3. 

In practice the burner-stabilized perfectly 1-D flame does not exist. Several two
and three-dimensional effects occur, which can not be neglected. These aspects will 
be discussed in chapter 2. 

Eqs. (1.7) and (1.8) give only information about bulk properties ofthe flame. A 
more detailed picture of a 1-D flame can be obtained by solving the conservation 
equations of mass, momentum, energy and species (see appendix A). An example 
is given in figure 1.3, where the results of numerical calculation of a 1-D flame are 
shown, for a methane/air mixture with</> 0.8 and S£ = 12 cm/s. The calculations 
are performed with the standard software package "Premix" [Kee91]. In this thesis 
this 1-D flame code will be used several times for comparison. The chemical reac
tion mechanism consists of 58 reactions between 17 species, as described by [Kee91 ]. 
The transport data and thermodynamic properties were provided by [Kee86, Kee87]. 
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Figure 1.3: Calculation of a 1-D flame with the 1-D flame code of [Kee91}, of a 
methane/air mixture with¢= 0.8 and S£ = 0.12 m/s; Left: mass fractions of major 
species, and temperature; Right: mass fractions of intermediate species and radicals 

Shown are the profiles of the mass fractions Yi of the various species and of the tem
perature T. Figure 1.3 demonstrates the chemical complexity of a 1-D flame. The 
major part of the changes in composition and temperature occurs on a length scale 
of about 1 mm. Furthermore, the magnitude of the various mass fractions can differ 
by a factor of 1010 or more. It is dear that numerical or experimental techniques 
must have a high spatial resolution to describe all these variables accurately. This 
dearly demonstrates the advantages of using a simplified reaction mechanism in 2-D 
or 3-D calculations. 

In advance of the determination of the parameters, it should be verified that the use of 
the proposed one-step chemical reaction scheme can be successful. For instance, it is 
interesting to find out how the flame calculations using the one-step reaction scheme 
compare to detailed chemistry calculations. Therefore, in figure 1.4 calculation re
sults obtained with the 1-D flame code "LamflalD", developed by [Lan92], which is 
based on eq. (1.5), are compared to the results of figure 1.3. In these calculations 
values for the parameters are used that are derived from compiled burning velocity 
data [Kas67, And72]. The parameters are fitted on the relation between the flame 
temperature and the burning velocity, as expressed by eqs. (1.7) and (1.8). Therefore, 
the flame temperature (at large distance of the burner) agrees well. However, it can 
be seen that despite the considerable simplification of the one-step chemical reaction 
model, also good agreement is obtained for the major species profiles as well as for 
the entire temperature profile. As these are of major interest, it is dear that the 



2000 ,-.--.-~-~~-~~-- 0.3 

1750 

1500 

~ 1250 
'-' 

E-o 1000 

750 

500 

0.2 

0.1 

Ox 

Fu 250 .___.___._~==~~.-~~............, 0.0 
0 1 2 3 4 

x (mm) 

About this thesis 9 

Figure 1.4: Comparison of the re
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parameter description may be successful, with only a fraction of the effort compared 
to the detailed chemistry approach, especially in 2-D or 3-D flame studies. 

For pure methane, ethane and propane the parameters are already determined 
[Lan92], using the compiled experimental data in the literature. However, these data 
were not always consistent with each other. Furthermore, recent experiments [Law93J 
suggest that especially for the adiabatic burning velocity values are used that are too 
high. And most importantly, no data are available for (natural) gas mixtures. To 
study the influence of variations of gas composition on the combustion, it is necessary 
to perform extensive and accurate measurements, to obtain the data necessary for 
the parameters. 

Eqs. (1.7) and (1.8) define the dependency of burning velocity on flame tempera
ture and equivalence ratio. Relations like these, written in explicit form, can he used 
to be fitted with experimental results, with the parameters as fitting variables. In 
appendix A the derivation of these and other relations is reviewed. 

1.5 About this thesis 

To determine the chemical reaction parameters, both the flame temperature and 
the burning velocity of 1-D flames as a function of the equivalence ratio will be 
measured. To be able to do so, a suitable 1-D or fiat-flame burner is needed. Since 
none of the burners available in the literature was satisfactory for various reasons, 
a new burner has been developed. This burner, that is used in all the experiments, 
will be presented in chapter 2. Furthermore, in chapter 3, based on [Goe93], some 
additional aspects concerning stabilization of 1-D flames are discussed, to conclude 
the description of 1-D flames. Stabilization of adiabatic flames is necessary in order 
to be able to determine the adiabatic burning velocity without blow-off. 

In the chapters 4, 5 and 6 two experimental techniques are presented, for deter
mination of the flame temperature and the burning velocity, and the results that are 
obtained with them. These methods make use of the 1-D nature of flat flames. 
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Chapter 4 is based on [Ma93b] and [Ma94b]. This concerns the measurement of the 
velocity distribution of a flat flame with use of Laser Doppler Velocimetry. 

Under certain conditions the temperature distribution of the flame can be calcu
lated from the velocity data. 

Chapter 5 is based on [Ma93a] and [Ma94a]. A method is described with which 
the heat flux of the fiat flame to the burner is measured by thermocouples in the 
burner. The flame temperature can be calculated from the measured heat flux. 
Furthermore, the adiabatic burning velocity is found when the measured heat flux is 
zero. Results are presented for mixtures of methane and air. 

In chapter 6, based on [Ma94c], the method of chapter 5 is applied to mixtures 
of ethane and propane with air. These and the results of chapter 5 are compared in 
detail with experimental results found in the literature. 

As it will be shown, the method of chapter 5 is very suitable to produce the ex
perimental data for determination of the parameters. This is dealt with in chapter 7. 
The parameters are derived from the experimental results obtained with this method 
for the gases methane, ethane and propane, and the computer code "LamflalD" is 
used to perform some surveying calculations. 

Finally, in chapter 8 two additional techniques are discussed, which are presently 
still under development. The first method concerns the determination of the local 
flame temperature by direct thermocouple measurements in the flame. This tech
nique has as disadvantage that it is intrusive (i.e. the measurement probe disturbs 
the flame) and that a correction for radiation and conduction must be performed. 
However, because it is a relatively simple technique, the results can be used for 
comparison. The second method concerns work performed in cooperation with the 
Catholic University of Nijmegen, the Netherlands, on the application of a Laser In
duced Predissociation Fluorescence technique in flat flames. In contrast to most 
Laser-spectroscopic techniques, with this technique 2-D quantitative measurements 
of the temperature distribution of flames may be achievable. 



Chapter 2 

The flat-flame burner 

2.1 Introduction 

In the previous chapter 1-D flames are introduced. It has been shown that experi
ments are to be performed on burner-stabilized 1-D flames for the determination of 
the mentioned chemical-reaction parameters. Implicitly, it has been assumed that a 
suitable burner can be constructed for use in these experiments. However, burner
stabilized 1-D flames do not exist in practice. Various 3-D perturbations occur that 
are inherent to flames in general. As these perturbations can never be avoided com
pletely, at best a flame is obtained that is approximately 1-D of nature. To make a 
distinction between theoretical1-D flames and the perturbed 1-D flames in practice, 
the latter will be referred to as flat flames. 

Some of the perturbations in flat flames occur on a large length scale, comparable to 
the dimensions of the burner: 

• A flat flame usually burns in a stagnant surrounding atmosphere. This gives 
rise to the existence of velocity boundary layers. The temperature difference 
between the hot combustion gas and the cold surroundings causes temperature 
boundary layers. Also species concentration "boundary layers" exist, as the 
chemical composition of the surrounding atmosphere is different from that of 
the flame. 

• Inside the burner also velocity boundary layers will arise, which may increase 
the non uniformity of the unburnt gas velocity distribution at the outlet of the 
burner. 

• In a perfectly 1-D flame, the expansion of the gas due to the temperature 
increase gives rise to a velocity gradient in only one direction. However, in a 
flat flame 3-D velocity gradients will arise, even when the unburnt gas velocity 
distribution is uniform. 

• The hot combustion gas has a lower density than the cold surroundings. This 
induces a buoyancy force that accelerates the hot gas. This also gives rise to a 
3-D velocity distribution. 

11 
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Apart from large-scale perturbations, various other perturbations occur on a much 
smaller length scale. These are related to the geometry of the flame-stabilizing sur
face: 

• The flat flame must be stabilized on a burner with an perfectly cooled burner 
surface, i.e. with a constant temperature. In practice this can not be accom
plished, as the heat loss of the flame must be conducted through the burner 
by temperature gradients. Temperature variations may induce significant vari
ations in the unburnt gas velocity. 

• An ideal burner surface is perfectly porous, i.e. it is made up of an infinitely 
large number of infinitely small pores. Obviously, this can not be achieved 
in practice. With relatively large pores, the burner plate perturbs locally the 
unburnt gas velocity distribution inevitably. 

• The burner surface is never absolutely inert for chemical reactions. Although 
the importance of catalytic reactions has not been profoundly investigated yet, 
their effect on particularly the adiabatic burning velocity SL may be significant. 

Although these small-scale effects perturb the flame only locally, global flame prop
erties like the flame temperature still may change due to these effects. 

Because of the sensitivity of flames to small perturbations, it can not be known 
in advance whether a certain flat-flame burner will give flat flames that approximate 
the 1-D flame sufficiently. Therefore, it is important to investigate the performance 
of a flat-flame burner before the actual measurements are carried out. 

If the burner diameter is large enough, there will be a core region around the burner 
centerline where boundary layer effects are negligible. This core region will be referred 
to as 1-D area. Regarding the performance of the burner as a flat-flame burner, the 
1-D area must meet with the following requirements as much as possible: 

• Inside the 1-D area the velocity, temperature and concentration distributions 
of both the unburnt and the burnt gas must be uniform (to a certain accuracy, 
e.g. with variations smaller than 5%) in any plane perpendicular to the main 
flow direction. 

• The 1-D area must be large enough to be able to perform measurements inside 
this area. 

• In the 1-D area, any perturbation of important variables must be small when 
compared to the accuracy of the measurements. 

• Larger nonuniform distributions in the 1-D area are acceptable only when their 
effect is limited, i.e. global flame properties like burning velocity and flame 
temperature remain unaffected, when compared to a perfectly 1-D flame. 

• It must be possible to investigate by measurements to what extent the flat 
flame is in accordance with the mentioned requirements. 
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Figure 2.1: The porous-plug burner [Bot54] 

In the literature a number of flat-flame burners is described, of which a review is 
given in [Maa92]. Some of them do not produce really flat flames [Alk82], others can 
be used only in a small burning velocity range [Pow49, Ege51]. One particular type of 
flat-flame burner that is often used is the so-called porous-plug burner [Bot54], shown 
in figure 2.1. It consists of a tube, with on top a thick plate of porous brass, the plug. 
The tube is filled with fine metal wool or small beads to produce a uniform unburnt 
gas velocity distribution and to achieve complete mixing of the fuel gas with the 
oxidizer. The plug has a large flow resistance, which further improves the uniformity 
of the velocity distribution. The burner edge is cooled by a cooling jacket, and the 
plug itself by an internal cooling coiL 

With this burner it is possible to obtain flat flames over quite a large part of 
the flammability range. For burning velocities below 0.1 m/s the flames become 
unstable and are easily extinguished by small draught or other perturbations. Near 
the adiabatic burning velocity the flame does not remain flat, but becomes cellular 
[Kas67]. The flame is not easily blown off, as for large flow rates a Bunsen-type flame 
appears, especially in the case of rich mixtures. 

The porous-plug burner has the advantage that it is commercial1y available, and 
that it has been the subject of much theoretical and experimental work. It is used to 
produce a reference flame for many purposes, for instance calibration of experimental 
techniques, and validation of numerical simulations. However, very little is reported 
about the performance of this burner. It is simply assumed that the burner produces 
perfectly 1-D flames. This is enhanced by the difficulty of investigating the unifor
mity of some of the distributions in flames burning on this burner. For instance, 
the velocity distribution of the burnt gas can not be measured easily. The only 
measurement technique that could be used for such measurements is Laser Doppler 
Velocimetry (LDV). However, the seeding that is needed for these measurements will 
choke the plug. This makes the application of this technique very difficult. 
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Figure 2.2: The perforated-plate burner 

A further disadvantage of the porous-plug burner is that it can not be used to measure 
adiabatic burning velocity (as will be shown later), which is needed for the deter
mination of the parameters (see chapter 1). For these measurements still another 
burner is needed. 

It is for these reasons that a new fiat- flame burner has been developed, the 
perforated-plate burner. This new burner will be introduced in the next section. 
It is possible to investigate the existence of both small and large-scale perturba
tions of the fiat flame with this burner, in particular the velocity distributions and 
the burner cooling. This will be dealt with in the remainder of this chapter. Fur
thermore, the specific geometry of this burner makes new experimental techniques 
possible. In particular, it is possible to measure both the flame temperature and the 
adiabatic burning velocity accurately. This makes this burner very appropriate to 
provide the measurements for determining the parameters. 

2.2 The perforated-plate burner 

In figure 2.2 a schematic view is given of the perforated-plate burner (see appendix 
C.2 for more details). Instead of a plug, a brass plate of h = 2 mm thickness is 
used as flame-stabilizing surface. The plate is perforated with a large number of 
small holes, of d = 0.5 mm diameter and l = 0.7 mril pitch (0.4/0.5 and 0.4/0.6 
diameter/pitch ratios have been used as well). The holes of the perforation are large 
enough to avoid choking by LDV seeding. The porosity x of the burner plate will 
appear to be of importance, and is defined by 

7r [d] 2 
X= 2v'3 l (2.1) 

The plate is mounted on a burner head, which has a gradual reduction of the inner 
diameter (in figure 2.2 denoted by "orifice") to improve the uniformity of the velocity 
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distribution upstream of the burner plate. A coarsely-perforated distribution plate, 
at the bottom of the plenum chamber, is used to distribute the gas in the plenum 
chamber. The burner plate is cooled at its edge by means of a cooling jacket. The 
use of an internal cooling coil as shown in figure 2.1 is not possible, since this would 
introduce serious flow perturbations directly under the burner plate. The plenum 
chamber wall is maintained at a constant temperature T9 by an additional cooling 
jacket, as the temperature of the burner plate cooling water Tj is usually set to a 
higher value than the initial gas temperature T9 (for reasons to be discussed later). 
Cooling of the plenum chamber at ambient temperature must prevent the entire 
burner to attain this high temperature, which could cause an (unknown) increase of 
the initial gas temperature, equal to T9 • The entire burner is made out of brass. 

Since turbulence must be avoided at all time, the Reynolds number for this burner 
is of interest. It can be shown that for U = 0.05 to 0.40 m/s the Reynolds number 
inside the plenum chamber is 0(10)-0(100), and inside the holes of the perforation 
pattern 0 ( 1 )-0 ( 10 ). Therefore, it is not likely that turbulence will occur. 

An advantage of the perforated-plate burner is that LDV measurements can be 
performed in both the unburnt and the burnt gas. This makes the verification of 
several aspects of the 1 ~ D behavior of the flat flame possible, not known in the case 
of the porous-plug burner. This will be treated in the next section. Furthermore, 
from the results of the LDV measurements in both the unburnt and the burnt gas 
the flame temperature profile can be calculated. This is the subject of chapter 
4. Another advantage is, that the burner plate temperature distribution is very 
sensitive to small changes in the heat loss of the flame. This makes it possible to 
determine the flame temperature from measurements of the burner plate temperature 
distribution (chapter 5). Finally, with this burner the adiabatic burning velocity can 
be determined. In principle, it is possible to stabilize adiabatic flat flames on any 
flat-flame burner. However, with the perforated-plate burner is possible to identify 
the adiabatic state quite accurately. The principle of stabilization of adiabatic flat 
flames is discussed in chapter 3, while in chapter 5 and 6 the results of measurements 
are presented. 

2.3 LDV measurements 

As mentioned in section 2.1, one of the important requirements for a flat flame is a 
uniform velocity distribution. Therefore, with the perforated-plate burner velocity 
measurements have been performed using the LDV technique. Much can be found 
in the literature concerning the principles of LDV (e.g. [Dur79]), so these will not to 
be discussed here. In chapter 4 the experimental setup is presented. In this section 
only the results of the velocity measurement will be discussed. 

2.3.1 Velocity distribution of the unburnt gas 

The velocity distribution of the unburnt gas is investigated first. In figure 2.3 some 
results are shown of LDV measurements, performed with air with temperature T9 = 
295 K, equal to the cooling temperature Tj. These measurements were taken at an 
axial distance of x = 3 mm above the burner plate, with U 0.1, 0.2 and 0.3 mfs, 
respectively. 
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U is the volume-flow averaged velocity at outlet of the burner plate, defined by 

(J 
~v 

(2.2) 

with ~v the volume flow of the mixture (m3/s), and D the diameter of the burner 
plate. The measurements are performed with air flow (in the "cold situation"). 
As can be seen, the distribution is very uniform indeed when only the 1-D area is 
considered, which in this case is about 20 mm wide. Typical velocity variations 
inside the 1-D area are of the order of 1-3%. There is little information in the 
literature about this distribution in the case of other flat-flame burners. In [Kas67] 
it is mentioned that Hot Wire measurements [Lom87] with a porous-plug burner 
show a variation of about 5%. 

The shape of the velocity boundary layer, near the edges of the burner, is distorted 
for large values of U (see figure 2.3). This is caused by the flow inside the plenum 
chamber, which will be discussed in section 2.4. Here it is emphasized that these 
distortions are unimportant for the present investigations, since they occur outside 
the 1-D area. Furthermore, these velocity distortions will appear to have a negligible 
influence on the burnt gas velocity distribution. 

One consequence of the existence of the velocity boundary layer is that u9 inside 
the 1-D area will not be equal to U. This is illustrated in figure 2.5. The difference 
is small for the burners that are used, maximum only 0.5 cm/s. Nevertheless a 
calibration of u9 as function of U is carried out for reasons of accuracy, since u9 is a 
very important variable. 

2.3.2 Velocity distribution of the burnt gas 

Axial velocity 

The velocity distribution of the burnt gas is even more important than that of the 
unburnt gas, since the temperature distribution is closely related to it. In figure 
2.4 some examples of burnt gas velocity distribution are shown, for U 0.1, 0.15 
and 0.25 m/s, respectively. The mixture is methane with air, with equivalence ratio 
¢ :::: 0.8. The axial distance to the burner plate is 3 mm. The velocity boundary 
layer that is observed is caused by the difference in velocity, temperature and mass 
fractions between the burnt gas and the surroundings, as mentioned in section 2.1. 
It appears that for large values of U the distribution is almost perfectly uniform 
(variations are about 1%). In general this is the case for burning velocities near the 
adiabatic burning velocity, and also for very small burning velocities, near extinction. 

For moderate burning velocities a distortion within the 1-D area is observed, 
which needs special attention. Although the variation in velocity is only a few percent 
inside the 1-D area, it appears throughout the entire flow field, instead of only in the 
boundary layers. It is possible that this points to a nonuniform flame temperature 
distribution as welL The origin of this distortion will be discussed in section 2.3.3. 

Radial velocity 

As mentioned in section 2.1, buoyancy and radial expansion of the burnt gas induces a 
radial velocity component v (radial in the case of a rotationally-symmetric burner). 
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This radial velocity component can he interpreted as flame stretch1, which may 
affect the flame temperature [Law88]. Besides, radial convective transport can not 
be neglected when the magnitude of v is comparable to that of the a.xial velocity 
component. Therefore, it must be verified whether the radial velocity is small enough 
to be insignificant for the flame temperature. 

With the LDV technique the radial velocity component has also been measured. 
In figure 2.6 some typical results are shown, for a methane/air mixture with 4> = 0.8 
and U = 0.1 mfs. It appears that the radial velocity component is about two orders 
of magnitude smaller than the a.xial velocity component. This implies that radial 
convective transport can be neglected inside the 1-D area. The resulting stretch 
in the flame region is 0 ( 1) s-1 . From [Law88] it then follows that in the flame 
region stretch effects also may be excluded. For increasing a.xial distance the radial 
velocity component increases, but the temperature is constant. Therefore, it can be 
concluded that the radial velocity itself has practically no perturbing effect on the 
flame temperature distribution. Only when the velocity distribution is employed for 
determining the flame temperature distribution the radial velocity component has to 
be ta.ken into account. In chapter 4 this aspect will be treated in more detail. 

From figure 2.6 it might be concluded that the radial velocity distribution is not 
perfectly axisymmetric. This is caused by small alignment errors in the IJDV optics 
and the translation stage, and the relatively large experimental error in the measured 
velocity for increasing radial distance. 

1The stretch rate is defined as the relative flame surface variation :Jr !~, with A the llame surface 
and t a time variable. Stretch may change the flame temperature when the Lewis numbers of the 
mixture are not equal to I, as is practically always the case (see further chapter 6) 



LDV measurements 19 

2.3.3 LDV measurements under the burner plate 

The first versions of the perforated-plate burner involved a burner plate diameter of 
15 or 20 mm. Besides, the burner plate was mounted on top of the orifice with a 
short tube in between (see figure 2.7). This induced larger differences between u9 

and U than the 0.5 cm/s found in the case of the 30 mm burner, the difference being 
10% or more. 

The pressure drop across the burner plate is only small, about 1 Pa according to 
measurements, and is linearly dependent on U. The pressure drop across the flame 
is of the same order of magnitude. Especially for small values of U the pressure drop 
across the flame is dominant, and causes the flow to redistribute under the flame. 
This results in a relatively large and unknown change of u9 inside the 1-D area, 
implying that the exact value of u9 in case of combustion can not be measured in the 
cold air flow. In the hot situation u9 can not be measured directly either, since the 
gas is accelerated in the region between the plate and the flame, resulting in velocity 
differences between the gas and the seeding (seeding slip). Furthermore, it is difficult 
to obtain optical access to the region under the flame, because reflection of the laser 
beams on the burner surface gives a large stray-light intensity. 

To obtain an estimate of the effect of the pressure drop across the flame on the 
change in u9 , the gas velocity is measured directly under the burner plate. If the 
flame would alter the gas velocity distribution just above the burner plate, it may 
be possible to observe this under the burner plate as well. It can be expected that 
the width of the velocity boundary layers is reduced by the flame. Regarding figure 
2.5, this implies that u9 will be smaller with flame than without flame. 

These measurements are of less relevance to the 30 mm burner, because for the 
30 mm burner the difference between u9 and U is small, as mentioned before. This 
implies that the possible effect of the flame must be small as well, as u9 cannot 
become smaller than U (see figure 2.5). 2 

For purpose of the measurements under the burner plate a specially designed 
20 mm diameter burner is used, shown schematically in figure 2.7. The short tube 
between the burner plate and the orifice is now made of perspex. In the cooling 
jacket two small channels are made, one for optical access of one of the laser beams 
to the interior of the burner, the other for the scattered light detection by the pho
tomultiplier. The second laser beam has optical access to the interior of the burner 
through the perspex tube. This construction restricts the measurements to a small 
area on the burner centerline, about 0.5 mm under the burner plate. The absolute 
error is about 1 cm/s, because of the large number of reflections and contamination 
of the perspex tube by the seeding, 

The cold gas velocity in axial direction under the burner plate, denoted by uu, 

has been measured using methane/air mixtures with¢= 0.8, 1.0 and 1.2 and varying 
U, in both the cold and in the hot situation. The results of these measurements are 
presented in figure 2.8, showing the difference between Uu with and without flame. 
The velocity Uu is smaller in the hot situation, but the difference is very small when 
compared to the accuracy of these measurements. 

2 Actually the measured value of 11 9 appears to be always smaller than U, but this is because the 
exact effective "flow diameter" should be known to determine U accurately. This flow diameter is 
only approximately equal to the diameter D of the burner plate 
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The shape of the curves in figure 2.8 can be explained by considering the heat loss of 
the flame to the burner plate [Fox72, Pri72, Kih75]. When the burner plate is cooled 
only at the edge, the plate will have a higher temperature in the center than at its 
edge. Since the coefficient of heat transfer between the burner plate and the gas is 
large, it may be assumed that the gas ha.'l practically the same local temperature as 
the burner plate. Because of the temperature dependency of the viscosity and the 
density of the gas, the local pressure drop across the burner plate will increase when 
the gas temperature increases. However, because the overnll pressure drop across the 
burner plate must remain constant, the gas velocity in the center will be reduced. 
This implies that the gas velocity in the center of the burner more or less decreases 
proportionally to the burner plate temperature. The difference between the burner 
plate temperature at the centerline and at the edge is proportional to q, the heat 
loss of the flame to the burner plate. This implies that Ug is inversely proportional 
to q. Using for instance eq. (A.13) in appendix A, q can be calculated as a function 
of U, which is shown in figure 2.9. The shape and relative magnitude of these curves 
are in reasonable agreement with those of figure 2.8. Therefore the results of Uu are 
dominated by this burner plate temperature effect, which apparently overrules the 
pressure effect of the flame on Ug. 

These experiments have not lead to an accurate correction method for cold Ug mea
surements, in the case of the 20 mm burner. Actually, this was one of the reasons to 
increase the burner diameter to 30 mm. This appeared to be sufficient to circumvent 
this problem, as the difference between U and Ug appeared to be maximum only 
0.5 cm/s (see figure 2.3). So, in the case of the 30 mm burner these measurements 
are not necessary. However, the results of figures 2.8 and 2.9 have indirectly lead 
to a possible explanation for the mentioned distortion of the burnt gas velocity dis
tribution, presented in figure 2.4. The nonuniform temperature distribution of the 
burner plate causes a smaller value of ug in the center of the flow than near the edge. 
Where ug is smaller, also the local flame temperature will be smaller, as the flame 
temperature is very sensitive for changes in burning velocity. This effect will be large 
when the temperature variation in the burner plate is large, i.e. when the heat loss 
of the flame is large. According to figure 2.9 this is the case for moderate values of 
U. And because the burnt gas velocity is proportional to the flame temperature, this 
explains the distortion of the burnt gas velocity distribution. 

In the preceding it is shown that the velocity distributions are all reasonably uniform 
(variations 1~3%). Only the burnt gas axial velocity distribution shows a distortion 
that is somewhat larger. This distortion is a result of cooling the edge of the burner 
only. For this same reason an additional cooling coil is provided in the case of 
a porous-plug burner. It is clearly a disadvantage of the perforated-plate burner 
that this additional cooling is not possible. However, it will appear that under the 
proper conditions the perturbations are negligible, so that still reliable flame tem
perature measurements can be performed, even for moderate values of U. Besides, 
the nonuniform temperature distribution can even be employed to measure both 
the flame temperature and the adiabatic burning velocity. This feature makes the 
perforated-plate burner a very useful tool for the experiments that are necessary for 
the determination of the chemical-reaction parameters. 
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2.4 Numerical simulations of the plenum chamber 

In the foregoing the unburnt gas velocity distribution near the burner plate has been 
investigated. Also of interest is how the shape of the plenum chamber and the orifice 
relates to this. It has already been shown in section 2.3.1 that for increasing values 
of U the boundary layer of the u9 -distribution becomes increasingly distorted. To 
study the causes, the flow in both the orifice and the plenum chamber is investigated 
here, by LDV experiments and by numerical calculations, using the standard fluid 
dynamics simulation program "Fluent" [Flu93]. 

It has to be emphasized that the distortion of the unburnt gas velocity distribution 
is of little importance to the experiments presented in this thesis. The investigations 
of this section are therefore only meant to point out possible improvements of the 
burner design, as it is likely that under unfavorable circumstances (e.g., large tem
perature variation in the burner plate of more than 100 K) the distortions may be 
of importance. 

2.4.1 Orifice 

Firstly, the velocity distribution at the outlet of the orifice is measured with LDV. 
Several orifices are used, without a burner plate or cooling. Their shape is identical 
to that of the orifice of the perforated-plate burner, shown in figure 2.2. The radius 
of the orifice contraction is varied from 10-100% of the burner plate radius. A 
few orifices with an elliptical curvature are used as well. The measurement results 
obtained with the various orifices show some variation in the width of the velocity 
boundary layers, but the distortion of the boundary layers and the difference between 
u9 and U remain unchanged. 

Also simulations with "Fluent" are performed. The results confirm the LDV mea
surements, as it appears that the shape of the orifice does not lead to the observed 
distortions at high velocities. With either a uniform or a parabolic velocity distribu
tion at inlet, the outlet velocity distribution is always almost uniform, independent 
of the shape of the orifice. Only the width of the boundary layers varies slightly with 
u9 , similarly to what has been observed in the experiments. 

From both the experiments and the simulations it can be concluded that the 
orifice does not induce the distortions near the burner edge. Therefore, any im
provement of the velocity distribution must not be sought in a different design of 
the orifice. The only remaining possibility is that the distortion of the unburnt gas 
velocity distribution originates from the plenum chamber. 

2.4.2 Plenum chamber 

Experimental investigation of the flow inside the plenum chamber using LDV is 
hampered by two problems, that can not be avoided in practice. Firstly, the average 
velocity inside the plenum chamber is about 0.01-0.1 m/s, thus making LDV mea
surements quite inaccurate. Secondly, in order to gain optical access to the interior 
of the plenum chamber, similar arrangements have to be made as described in figure 
2.7, which adds to the inaccuracy of the results. The investigations concerning the 
flow in the plenum chamber presented in this section are therefore only numerical. 
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wall 

inlet plate symmetry outlet 

Figure 2.10: Contours of the stream/unction, from calculations with "Fluent" of the 
flow in the plenum chamber, for U = 0.5 m/s 

Before treating the results of the simulations of the plenum chamber, first the design 
of the plenum chamber is explained. For practical reasons the gas mixture is fed 
into the burner by means of a small-diameter, flexible plastic tube. The inside 
diameter of the tube is about 8 mm. With burning velocities up to 0.5 m/s this 
implies that the average velocity inside the tube is 0 (10) mfs. This is much too 
high to allow direct flow from the inlet to the orifice. For large values of U the 
inlet flow would hardly spread inside the plenum chamber, causing a nonuniform 
velocity distribution near the burner plate. This has been verified by numerical 
calculations with "Fluent". Therefore, a flow distribution plate is put in the lower 
part of the plenum chamber (see figure 2.2), which forces the flow to bend into radial 
direction. Through the perforated part of the flow distributor the gas enters the 
plenum chamber with presumably reduced velocity, but possibly with fluctuations. 
The plenum chamber serves to damp these velocity fluctuations to assure that the 
flow is sufficiently uniform before entering the orifice. 

In figure 2.10 the results of simulation of the flow in the plenum chamber are 
presented, for a high velocity U 0.5 mfs. Shown are contours of the streamfunction, 
from which a good qualitative view can be obtained of the flow pattern. It appears 
that a larger part of the flow reaches the orifice dose to the wall of the plenum 
chamber. The recirculation zone is caused by applying outlet boundary conditions 
(all normal derivatives are equal to zero), and can not occur in a real burner with 
orifice and burner plate, for obvious reasons. These calculations are therefore only 
useful in indicating the origin of the mentioned distortion of the unburnt gas velocity 
distribution. 

Still, from these results it can be concluded that the outlet velocity distribution 
is distorted in a similar manner as the measured velocity distribution at the outlet 
of the burner plate. It appears that for high values of U the flow distributor does 
not work appropriately. This conclusion is confirmed by other simulations under 
varying circumstances. For low values of U the outlet flow is practically uniform. 
Therefore, the plenum chamber has to be modified in case that the distortions of the 
unburnt gas velocity distribution are intolerable, e.g. in the case of hydrogen/air or 
hydrocarbon/oxygen flames, which may have a flame speed of 1 m/s or higher. 
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Figure 2.11: The possible distortion of the flame due to the perforation pattern of the 
burner plate 

2.5 The burner plate 

In the previous section the occurrence of large-scale perturbations has been investi
gated. However, small-scale perturbations may also be of importance. Even when 
the temperature and velocity distributions are uniform on the scale of the burner, 
there may be small perturbations on the scale of the burner plate perforation pat
tern. Especially flow-nonuniformities like local stretch and flame curvature can easily 
remain unnoticed. Yet, their influence on for instance the flame temperature can be 
important. An impression of the anticipated perturbation of the flame is shown in 
figure 2.11. 

The burner plate is not made of perfectly porous material, i.e. with an infinite 
number of infinitely small pores. In reality, the pores are relatively large, 0.4 or 
0.5 mm, which is of the same order of magnitude as for instance the stand-off distance 
1)£ and the flame thickness. It is likely that under unfavorable conditions the flame 
may be perturbed on this smaller scale. 

It has been stated previously that an important criterium for the influence of 
local velocity variations is the effect on the (distribution of the) flame temperature. 
If velocity variations exist in the reaction zone, these should be small enough to leave 
the flame temperature profile and the final burnt gas temperature unchanged, when 
compared to a 1-D flame. As the spatial resolution of local temperature measure
ments that could be used is usually not high enough, these effects are studied mainly 
numerically. This has been done using the 1-D flame code "Lamfla2D", developed 
by [Lan92]. These results can also be found in [Bos93]. Note that with this code 
only 2-D cartesian flow problems can be solved, in contrast to the 3-D rotationally 
symmetry of the burner. The burner plate is therefore modelled by a multiple-slit 
burner, with slit dimensions of the same order of magnitude as the perforation pat
tern of the burner plate, and the results have to be analyzed with great care. Note 
that the one-step chemical-reaction mechanism of eq. (1.4) has been used in these 
calculations, with parameters obtained from compiled experimental data found in 
the literature [Lan92]. 

2.5.1 Flame temperature 

The experimental results presented in figure 2.4 have already indicated that if signif
icant local flame temperature variations do exist, caused by the perforation pattern, 
still they are not observed in the burnt gas velocity at a distance of 3 mm from the 
burner. Apparently, velocity variations are completely damped at this distance. 
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inlet outlet 

Figure 2.12: The 2-D cartesian configuration of the perforated plate 

However, concerning the flame temperature the situation is more delicate. The lo
cal heat loss of the flame to the burner may vary, giving small local temperature 
variations. When the total heat loss of the flame is dependent on the burner plate 
geometry, this could result in a geometry-dependent flame temperature T{,. This 
destroys the unique relationship between S£ and T{,, which is used in the method to 
determine the chemical-reaction parameters. 

To investigate the significance of this effect, 2-D calculations of a flat flame have 
been performed. The calculation domain and the boundary conditions are shown 
in figure 2.12. One hole of the perforation pattern is modelled by one slit, with 
a porosity equal to that of the perforated plate. At inlet the velocity profile is 
given, at outlet all normal derivatives are set to zero. The burner plate is modelled 
by an impermeable wall with a constant temperature equal to the initial mixture 
temperature. The symmetry conditions on both sides are accomplished also by the 
requirement that all normal derivatives are zero. 

Applying symmetry as boundary condition implies that this configuration repre
sents a multiple-slit burner. At inlet of the slit a Poiseuille flow is taken, as the holes 
of the burner plate appeared to be long enough to allow complete development of 
the velocity profile in all situations under consideration. 

Firstly, it has to be verified whether the flame code "Lamfla2D" predicts the 
correct flame temperatures when the burner geometry is ideal, i.e. d ....,.. 0 and l -> 0. 
This implies a constant burner plate temperature. In figure 2.13 some results of the 
natural logarithm of the burning velocity S£ against the reciprocal value of the flame 
temperature T{, are shown. This presentation must yield an approximately straight 
line, as observed experimentally. The mixture consists of methane with air, with 
¢ == 0.8. In the same figure also results obtained from the literature [Kas67] and 
results from 1-D flame calculations using the code "Premix" [Kee91] are shown. It 
appears that the agreement is good. Actually, this is not really surprising, as the 
chemical-reaction parameters used in "Lamfla2D" are fitted using, among others, 
the experimental results of [Kas67]. Therefore proper agreement should be obtained. 
These results imply that if any variation in T£ is found when the burner plate geom
etry is varied, this can be attributed to the way of cooling of the flame and not to 
the chemical-reaction model. 

Next, several calculations with the burner geometry shown in figure 2.12 are per
formed, with varying slit geometry, but with all other boundary and initial conditions 
fixed. This makes it possible to investigate the amount of cooling of the burner plate 
as function of its geometry. 
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Figure 2.13: Burning velocity versus flame temperature, of methane/air mixtures 
with 4> = 0.8; line: experimental results of [Kas67}; ( 6) calculations with "Premix" 
[Kee91}; (+)flame calculations with "Lamfla2D" [Lan92}, with d-> 0 and l-> 0 

d (mm) 0.4 0.4 0.4 0.4 0.5 0.5 0.5 
l (mm) 0.5 0.6 0.7 0.8 0.6 0.7 0.8 

U = 0.25 m/s 2107 2105 2103 2106 2116 2107 2108 
0.35 m/s 2208 2204 2208 2206 2207 

d (mm) 0.6 0.6 0.7 0.8 0.9 t.o I 
I 

l (mm) 0.7 0.9 1.0 1.2 1.2 
u 0.25 m/s 2109 2109 2107 2116 2107 2111 12108 • 

0.35 m/s 2209 2210 2209 2200 2204 2202 2201 1 

Table 2.1: The dependence of the flame temperature Tt on the burner plate perforation 
pattern geometry, for U 0.25 and 0.35 mj.>, of a methane/air mixture with 4> 1.0, 
calculated with the 2-D flame code "Lamfla2D" [Lan92}. [1-D} denotes calculation 
with the 1-D flame code "Premix" [Kee91} 
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In table 2.1 the resulting flame temperatures are presented, for U = 0.25 and 0.35 
m/s. It appears that the burner plate geometry has no significant effect on T{, when 
d S: 1 mm and l 5 1.5 mm. This implies that even when the local cooling of the 
flame is dependent on the perforation geometry, still the average cooling rate remains 
constant. 

Although T{, appears to be independent of the burner plate geometry, within cer
tain limits, local flame temperature variations may be significant. In figure 2.14 
isotherms of a flat flame are shown, from calculations of a flat flame burning on a 
burner plate with d = 1.0 mm, l = 1.5 mm, and U = 0.35 m/s. Clearly seen is that 
significant curvature of the isotherms (and also of the flame front) occurs. However, 
at increasing distance from the burner the variations in local flame temperature are 
increasingly damped. The question is how these temperature variations as function 
of the distance from the burner plate relate to the perforation geometry. 

This can be investigated by observing the axial distance of specific isotherms 
from the burner plate. For this purpose dxT is defined as the maximum distance 
dx from the burner plate of the isotherm with a value ofT K (see figure 2.15). 
When d -+ 0 the isotherm curvature is zero, so dxT will have a constant value, 
depending only on T and U. If isotherm curvature does occur, this dxT will change 
with increasing value of d. Most of interest are isotherms in the reaction zone, near 
the flame temperature T[,. Therefore the isotherms of 1500, 1800 and 2000 K are 
used for comparison, as the flame temperatures of most flat hydrocarbon/air flames 
are of this order of magnitude. 

In figure 2.16 the results of the calculations of dxT are presented. For these 
calculations the diameter/pitch ratio was fixed at 2/3. In that particular case, it 
appears that below a critical value of d = O.SS mm the isotherms are not curved, for 
both U = 0.2S and 0.35 m/s. Above this value either the isotherms curve away from 
the burner (indicating that local blow-off may occur for large values of d), or curve 
towards the burner (indicating that local flash- back may occur). For diameter/ pitch 
ratios larger than 2/3 the maximum diameter will be larger as well. These results 
show that values of diameter/pitch of 0.4/0.6 and O.S/0.7 mm of the burners used 
in practice are just within the safe range (no flame curvature). Note again that 
the difference between cartesian instead of cylindrical coordinates is not taken into 
account. Therefore, it is necessary to perform more research on the influence of 
burner geometry on the flame structure in the future. 

Because the flame temperature T{, is not dependent on the burner plate geometry, 
and local flame temperature variations are readily damped, it can be concluded that 
with a proper selection of the diameter and pitch of the perforation pattern, any 
influence of the burner plate on the flame temperature and burning velocity can be 
excluded. 
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Figure 2.14: Isotherms of a flame stabilized on the slit burner of figure 2.12; methane 
with air, U 0.35 mjs and</>= 0.8, d = 1.0 mm and l = 1.5 mm 
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Figure 2.16: The dependence of 6.xT on d, with d/1 2/3, for U = 0.25 (left) and 
0.35 mjs (right); (fl.) 1500 K isotherm, (D) 1800 K isotherm, (0) 2000 K isotherm 
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2.6 Conclusions 

In this chapter a number of aspects concerning the performance of the perforated
plate burner has been investigated. It appears that the velocity distributions of both 
the unburnt and the burnt gas are practically uniform, at least inside the 1-D area. 
Only for moderate burning velocities the nonuniform temperature distribution of the 
burner plate induces burnt gas velocity and possibly flame temperature variations of 
a few percent. 

Numerical calculations have shown that, despite the coarse structure of the burner 
plate perforation, the flame temperature distribution is independent of the perfora
tion pattern geometry. Some restrictions exist for the diameter and pitch of the per
foration pattern, but these are within practical limits. The final flame temperature 
T{, is independent of the perforation geometry for all practical perforation geometries. 

Further improvement of the burner design is still possible, especially concerning 
the plenum chamber. This has not been pursued any further, since these improve
ments are not necessary for the measurements of the subsequent chapters. 

It can be concluded that most of the requirements for a flat-flame burner, as 
stated in section 2.1, are satisfied, although some only to a certain extent or only 
under certain circumstances. Taking this into account, the perforated-plate burner 
still has proven to be a promising tool for experimental investigations in flat flames. 
This burner will be used to perform the experiments for the determination of the 
chemical-reaction parameters. 
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Chapter 3 

Stabilization of adiabatic flat 
flames 

This chapter is based on the paper "Stabilization of adiabatic premixed laminar 
flames on a flat-flame burner", by L.P.H. de Goey, A. van Maaren and R.M. Quax 
[Goe93]. 

3.1 Introduction 

One of the most important tools in laminar gas combustion research is the one
dimensional ( 1-D) or fiat flame. It is widely used in theoretical, numerical and 
experimental studies. In practical situations it is very difficult to produce flat flames 
with properties comparable to those in numerical studies. In fact, some features 
with respect to the flow and the heat transport processes are not entirely under 
control in practice. This hampers accurate comparison between experimental data 
and theoretical or detailed numerical studies of flat flames. 

In cases when fiat-flame burners are used, flat flames are stabilized mainly through 
heat loss from the flame to the burner surface. Consequently, the burning velocity S[, 
and the flame temperature T{, are lower than the adiabatic burning velocity SL and 
the adiabatic flame temperature n. The operating conditions of this flame would be 
well defined, if the burning velocity and temperature are known accurately. However, 
direct measurement of the flame temperature is presently still a very delicate task, 
which can be performed only with moderate accuracy: an absolute error of about 50 
to 100 K is usually inevitable. 

On the other hand, the adiabatic flame temperature of a given mixture can be 
calculated quite accurately. To produce adiabatic flames experimentally, usually the 
opposed jet or similar burners are employed, using flow divergence to stabilize these 
flames [Law93]. Since the flow in these flames is clearly more-dimensional, several 
assumptions concerning e.g. the flow pattern are introduced, before comparison with 
1-D numerical results is possible. However, if an adiabatic fiat flame with a 1-D 
flow field could be stabilized on a fiat-flame burner, then comparison of the flame 
structure with model predictions would become much more accurate. 

In this paper it is shown, that fiat adiabatic methane/air flames can be stabilized 
on a fiat- flame burner, especially designed for this purpose. The flame is stabilized 
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by heat loss to the "hot" burner. However, the burner plate on its turn transfers 
heat to the cold unburnt mixture. The flame is adiabatic, when the net heat loss to 
the burner plate is zero. Errors in flame temperature and burning velocity are of the 
order of 10 K and 0.5 cm/s, respectively. 

In the next two sections, we shall review some important features of freely prop
agating adiabatic flames, and we will show that the flame properties of these flames 
are equal to those of burner-stabilized adiabatic flames. Some experimental results 
will he presented in the last section. 

3.2 Freely propagating adiabatic flames 

The energy equation of an ideal 1-D flame may he written as 

(3.1) 

where m = pu is the constant mass flux, Cp the constant-pressure specific heat, A the 
thermal conductivity of the gas and Sy the heat source by chemical reactions. 

In figure 3.1, a schematic view of part of the temperature profile T( x) of a freely 
propagating adiabatic flame is given (continuous line). Regarding this, a point Xc 

may he introduced, defining a region -oo < x < Xc in which ST may he assumed 
to he zero. This region is sometimes referred to as the preheating zone of the flame. 
Integrating eq. (3.1) from x = -oo to a point x < x 0 , taking into account that 
aT I ax = 0 for X = -oo, gives 

(3.2) 

with To = T( -oo). This equation yields the following general expression for S L = u: 

(3.3) 

where Tc T(xc)· The derivative aT fax at X= Xc is uniquely defined by the energy 
equation (3.1) in the reaction zone x > Xc, combined with the boundary conditions 
T = at x Xc and T Tb at x = +oo, and may he determined exactly when 
Sy is known. As many authors have shown (see [Wil85] for an overview), explicit 
expressions for SL can he derived from eq. (3.3), when the chemical scheme is reduced, 
and further assumptions are introduced. 

3.3 Burner-stabilized adiabatic flames 

A rotationally symmetric flat-flame burner, with radius R = 14 mm, is now placed 
in the gas flow. The burner plate is perforated with holes of radius rp = 0.2 mm in 
a regular pattern, and has a. porosity x 0.4. In the (axial) direction of the flow 
the burner plate extends from x = 0 to x Xp = 1.8 mm, as indicated in figure 3.1. 
At r = R, the burner plate is maintained at a constant temperature TR by means of 
an external cooling jacket. TR is chosen such, that To ::::; TR <{::: Tc. Any heat flux to 
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Figure 3.1: Axial temperature profiles; 
continuous line: freely propagating adia
batic flame; dashed lines: (T) burner-sta
bilized adiabatic flame, (Tp) burner plate 

the burner plate will be conducted to the cooling jacket by some radial temperature 
gradient in the burner plate. It can be shown easily, that the radial temperature 
profile Tp( r) of the burner plate is described by a second-order polynomial of the 
radial distance r, assuming that the heat flux from the flame to the burner plate is 
uniformly distributed, and that the axial temperature variation in the burner plate 
is much smaller than the radial variation. 

In conventional flat-flame burners, one usually chooses TR to be (almost) equal to 
T0 • Heat transfer to the burner by conduction is the main stabilizing mechanism of 
flames on these burners, implying that aT I ax > 0 at X = Xp. Therefore, these flames 
are adiabatic only when they blow off (or aT I ax = 0 at X = Xp ). In practice however' 
under influence of the surrounding atmosphere and geometrical irregularities in the 
burner plate, blow-off is induced long before the adiabatic limit is reached. 

The situation is different, when TR is significantly higher than T0 . The unburnt 
gas is now heated by the burner plate. As a result, the local adiabatic burning 
velocity at exit of the burner plate is increased above the local gas speed. Therefore, 
the flame will not (partially) blow off, but remain flat, and will stabilize on the 
burner through heat loss to the burner plate. In the adiabatic case, when u SL, 
the heat loss of the flame equals the heat gain of the unburnt gas. Consequently, 
the radial temperature gradient in the burner plate vanishes. Since the heat flows to 
and from the burner plate are now equal and non-zero, the flame is stable because 
aT I ax > 0 at X = Xp, and adiabatic because energy is preserved over the burner 
plate. The flame appears to be stable in practice, when TR- To is about 50 K. Note 
that for stabilization of the flame, the actual value of TR ha..c; no significance once 
the adiabatic state is established, as long as TR is high enough to prevent partial 
blow-off. Only the stand-off distance of the flame alters with varying values of TR. 

Now the question arises, how the physical properties of this flame (temperature 
and mass-fraction profiles, burning velocity, etc.) compare with those of a freely 
propagating flat flame. The energy equations of the adiabatic burner-flame system 
are considered to investigate this problem. The energy equation of the gas can be 
written as 

[u] aT XP- cX Pax (3.4) 
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Conservation of energy within the burner plate material, with thermal conductivity 
Ap, leads to the following equation for the axial temperature profile Tp( x) of the 
burner plate: 

x]oTp] ox (3.5) 

In these relations, a is the heat transfer coefficient between the gas and the plate 
within the perforations. For x > Xp and x < 0, a 0 and x = 1. The ambiguity 
in velocity at x = 0 and x = Xp may be disregarded. Note that all conductive heat 
transport terms in radial direction are omitted in eqs. (3.4) and (3.5) for the adiabatic 
situation. 

Since the burner plate has no radial temperature profile, integration of the left
hand side of eq. (3.5) from x = 0 to x Xp must yield zero. Consequently, when 
eqs. (3.4) and (3.5) are added and integrated from x = -oo to a point Xp < x < 
Xc, we arrive at the same results eqs. (3.2) and (3.3) as for the freely propagating 
flame. Furthermore, the boundary conditions T( X c) = Tc and T( x = +oo) = Tb 
are also unchanged, meaning that the temperature profile T( x) for x > Xp and the 
burning velocity are equivalent to the corresponding properties of a free adiabatic 
flame. Analogously, it can be shown that the species mass fraction profiles are also 
unchanged. Small differences between the two flames may occur in practice in the 
area near x = Xp, due to surface reactions and small flow disturbances, induced by 
the presence of the bumer. Further, the assumed heat transfer model between the 
gas and the burner plate (last term on the right-hand side of both eqs. (3.4) and 
(3.5)) does not imply a special case. The conclusions mentioned above can be drawn 
using any other heat transfer model as well. 

The profiles of temperature (and mass fractions) of the two flames are different 
for x < xP, as is clearly seen in figure 3.1, also presenting a plot of the solution 
of the coupled energy equations (3.4) and (3.5) (dashed lines). Note that the total 
area between the curves ofT and Tp is zero, indicating that the heat flows from the 
flame to the burner and from the burner to the gas cancel out. We may conclude 
that the burner plate induces some kind of heat recirculation to the upstream part 
of the burner, similar to what is described by [Sat79]. However, in contrast to the 
present study, their flames are burning within the burner plate, so that ST ::f 0 for 
0 < X < Xp, and Xc < Xp· 

3.4 Experimental results 

In the preceding analysis we have shown that the burner-stabilized flame is adiabatic 
when all radial heat flows in the burner are zero, i.e. when the temperature profile 
of the burner plate is flat. To investigate this, we measured the radial temperature 
profile of the burner plate with small thermocouples attached to the upstream side 
of the burner plate. An example of the measured radial temperature profiles of the 
burner plate are shown in figure 3.2, for varying values ofthe gas speed. The use of the 
thin brass burner plate assures that the measurements are sensitive to small changes 
in the heat flow through the plate, i.e. small variations in the flow velocity. Further, 
although there is an axial temperature variation in the burner plate, the measured 
plate temperature is a valid quantity for Tp( r ), since Ap ~ A. The methane/air 
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mixture used in the experiments has an equivalence ratio of cp = 0.8 and an initial 
temperature of To = 293 K. The temperature of the cooling water was set to Tn = 
363 K. This proves to be sufficient to create adiabatic flames. Clearly seen is that 
the burner plate temperature is uniform at the adiabatic burning velocity SL = 28.7 
cm/s. This value for SL is in dose agreement with recent data on burning velocities, 
compiled in [Law93]. At lower gas speeds there is a net heat flux from the gas to the 
burner plate, yielding a reduced flame temperature. At higher gas speeds there is 
a net heat flux from the plate to the gas. This yields a flame temperature which is 
higher than the adiabatic flame temperature. Note that the measured temperature 
profiles show that this flame is not blown off partially, since the measured profiles 
are all well described by second-order polynomials. This is confirmed by visual 
observation of the flame. The burning velocity can be adjusted to its adiabatic value 
within a range of 0.5 cm/s. Furthermore, measurement errors in 11~(0) Tp(R) I of 
0.5 K indicate that the error in Tb is about 10 K. 

We performed the same measurements as presented in figure 3.2 for equivalence 
ratios ranging from cp = 0.6 to 1.2. The results of the adiabatic burning velocities 
are presented in figure 3.3, together with the data obtained from [Law93]. As can be 
seen from the figure, good agreement is obtained for lean mixtures with moderate 
burning velocities. At burning velocities near the lower flammability limit the error 
increases, because the burner plate temperature differences are very small at these 
low burning rates, so that it is more difficult to determine when these temperature 
differences are zero. For rich mixtures the results are still to be improved. In the next 
chapter new results will be presented, using an improved perforated-plate burner. It 
will appear that this improved burner has a positive effect on the results fo.r s£. 
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Chapter 4 

Laser Doppler Thermometry 

This chapter is based on the paper "Laser Doppler Thermometry in fiat flames" by 
A. van Maaren and L.P.H. de Goey [Ma94b]. 

4.1 Introduction 

The one-dimensional (1-D) flame is one of the most studied objects in laminar com
bustion research. One of the reasons is that numerical calculations of 1-D flames are 
relatively easy to perform. Furthermore, properties like burning velocity are defined 
unambiguously only in 1-D flames, since air entrainment, stretch or heat loss to the 
environment do not have to be taken into account. Nevertheless, comparison with 
experimental data is not self-evident. In practice, the flame that approaches the 1-D 
flame at best, the fiat flame, suffers from several more-dimensional effects, which 
makes comparison with perfectly 1-D calculations still a delicate task. In particu
lar, one of the important requirements for a fiat flame is that the velocity profile 
of the unburnt gas is uniform. However, although much work has been done on 
measurements in fiat flames, this has never been thoroughly investigated. 

Velocities in a fiat flame are interesting in itself, since there exists a direct rela
tionship between the temperature and the velocity of a perfectly 1-D flame, which 
can be shown by the following analysis. Conservation of mass in a 1-D flow system 
yields 

o(pu) 
a;-- 0, ( 4.1) 

in which p is the mass density and u the velocity in the x-direction, perpendicular 
to the flame front. The mass density can be related to the temperature T with the 
ideal gas law: 

P= pRT 
M' 

(4.2) 

in which M is the average molar mass of the mixture, and 1l is the universal gas 
constant. The pressure P may assumed to be constant in low Mach number hydro
carbon deilagration processes. When M is constant, combination of eqs. (4.1) and 
( 4.2) leads to the relation 

u 
( 4.3) 

T 

37 
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in which u9 is the unburnt gas velocity and T9 the unburnt gas temperature, equal to 
the ambient temperature of 298 K. With eq. ( 4.3), measurement of u( x) suffices to 
calculate T(x). Therefore, a 1-D flame offers the unique opportunity to measure in
directly the temperature profile through measurement of the velocity profile. While 
temperature measurements are often difficult to perform accurately, velocity mea
surements with the Laser Doppler Velocimetry (LDV) technique can be performed 
with a high accuracy (the theoretical error is about 1%). Therefore, it is interesting 
to investigate whether eq. ( 4.3) can be applied to determine temperature profiles of 
flat flames. 

LDV techniques have found widespread applications in laminar flames. However, 
the most widely used flat-flame burner, the porous-plug burner [Bot54) can not be 
used for LDV experiments. The plug of the burner, which is essential to provide a 
uniform velocity profile, would be choked by the seeding particles necessary for the 
LDV system. Therefore, to be able to investigate the velocity profile of flat flames, 
we have developed a new flat-flame burner, a perforated-plate burner, which is par
ticularly suited for LDV measurements. This burner has been introduced previously 
[Ma94a]. Here we will discuss some features related with its applicability to LDV 
measurements. We will present results of LDV measurements in both the unburnt 
and the burnt gas flow, which show that the velocity profile of a flat flame is never 
perfectly 1-D. There is always a velocity component perpendicular to the x-direction, 
due to expansion and buoyancy. Still, it is possible to relate the temperature to the 
velocity. We will present a method to determine the temperature profile of a flat 
flame from 2-D velocity measurements, that gives excellent results. Furthermore, we 
will present a simple model for describing expansion and buoyancy in the burnt gas 
flow in these flat flames, in order to assess the influence of the burner diameter and 
the flame temperature on the velocity profile. 

4.2 The perforated-plate burner 

In figure 4.1 the geometry of the flat-flame burner is shown. The flame-stabilizing 
surface is a brass plate of 2 mm thickness and 30 mm diameter, perforated with 
a hexagonal pattern of small holes of 0.4 mm diameter and 0.6 mm pitch. The 
burner head is assembled on a plenum chamber, to provide a uniform velocity profile 
under the burner plate. The edge of the burner plate is maintained at a constant 
temperature by means of water running through a cooling jacket. Additional cooling 
by means of an internal cooling coil, which is often employed in the case of porous
plug burners, can not be used. 

The temperature at which the burner plate edge is maintained is always higher 
than the initial gas temperature. One of the reasons is that applying a higher cooling 
temperature increases the stability of the flame, especially when operating near the 
adiabatic burning velocity. This principle is discussed in [Goe93]. The main reason 
to do this here is that condensating water vapor on a cold burner plate traps seeding 
particles, which eventually distorts the flow. The cooling temperature during the 
measurements was either 323 or 363 K. As a consequence, the entire burner increased 
in temperature, including the plenum chamber. 
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Figure 4.1: The perforated-plate burner 

To prevent the unburnt gas from being heated (thereby increasing Tg ), the plenum 
chamber is water-cooled separately at a temperature Tg = 298 K. 

Inevitably, both velocity and temperature boundary layers will exist, inside the 
burner and near the edge of the burner plate at exit of the burner. Consequently, all 
the measurements and the analysis must be restricted to the 1-D area, where both 
the velocity and the temperature profile are uniform, i.e. where u and p are only 
dependent on x. As a result of the presence of the boundary layers the unburnt gas 
velocity Ug in the 1-D area will not be equal to the average unburnt gas velocity U, 
defined as the volume flow rate (at ambient temperature and pressure) divided by 
the burner plate area. As will become clear in the next section, Ug is an important 
variable, which must be known accurately. Therefore, although the difference be
tween U and Ug is usually less than 0.5 cm/s, still Ug is calibrated as a function of U 
by LDV measurements. 

It must be anticipated that cooling at the edge of the burner plate may cause 
distortion of the radial velocity and temperature profile of the flame. In [Fox72, 
Pri72, Kih75] this is investigated theoretically in the case of a porous-plug burner. 
Because the flame loses heat to the burner surface, edge cooling will result in a radial 
temperature profile in the porous plug. As the unburnt gas flowing through the 
porous plug practically attains the same temperature as the local plug temperature, 
a non-uniform radial temperature profile will be established in the unburnt gas, with 
possibly a temperature variation of 100 K or more. Because of the temperature 
dependence of the mass density and viscosity of the gas this may result in variations 
in ug of more than 30%. This suggests that an initially flat velocity profile when the 
flame is absent will be distorted when the flame is present. 

However, it is likely that in the case of the perforated-plate burner the velocity 
profile of the burnt gas is not as much distorted as suggested. First of all, the thermal 
conductivity of the perforated plate is much higher than that of the porous plug. As 
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a consequence, the maximum temperature variation in the plate is smaller, typically 
20 K in the 1-D area [Ma94a]. Besides, the plate is relatively thin compared to a 
porous plug (2 rnm for the perforated plate, l-3 ern for the porous plug). Therefore, 
the unburnt gas can not attain the burner plate surface temperature as in the case 
of the porous-plug burner. Finally, the flame induces a pressure drop, which implies 
that the velocity variations are reduced by the flame, as the results will show. 

4.3 Temperature calculation 

In an ideal 1-D flame only one (axial) velocity component will be present. In a 
rotationally symmetric flat flame however, also a radial velocity component will ap
pear. In the reaction zone the expansion of the gas also occurs in radial direction, 
inducing a positively orientated radial velocity. Furthermore, the hot combustion gas 
in a colder environment will be accelerated in axial direction due to buoyancy. To 
satisfy conservation of mass, a negatively orientated radial velocity component must 
appear. Therefore, eq. ( 4.3) is not appropriate as velocity-temperature relationship 
in practical flat flames. Instead, consider the 2-D conservation of mass equation in 
cylindrical coordinates: 

~ o[~vr] + o[pu] 0. ( 4.4) 
r ur ox 

As u and p are independent of r in the 1-D area, eq. ( 4.4) can be integrated with 
respect to r to give an expression for the radial velocity component v( x, r ): 

v(x,r)=-_:_o[pu) cr(x)·r, 
2p ox 

( 4.5) 

where v(x, 0) = 0 is used for reasons of symmetry. Cr is introduced because this 
quantity is easily determined through measurement of the radial velocity. Eq. ( 4.5) 
indicates that vis linearly dependent on r. 

Although M is practically constant in some cases (e.g. lean methane/ air mix
tures), in general M is not constant. This has to be taken into account in eq. ( 4.2) to 
relate the density with the temperature. If the temperature of the mixture changes 
from T9 to the flame temperature T(xb) Tt, M changes accordingly from M9 to 
Mb. Without the necessity to know the chemical composition of the gas mixture at 
every position x, to a first approximation M( x) can be written as 

{ 

T(x) T9 
M(x);:;; M9 +[Mb-M9 ]· Tt-Tu forx~xb, 

Mb for x > Xb. 

(4.6) 

The validity of this approximation will be shown later. With eq. ( 4.6) a correction 
factor J( ( x) can be defined as 

J((x);;:;; ~~). ( 4.7) 

Substitution of eqs. (4.2), (4.5), (4.6) and (4.7) in eq. (4.4) and integrating with 
respect to x yields 

X 

1t(x) u9 j 2cr(0d~ 
T(x)K(x) = T

9
- T(OK(O' 

' 0 

(4.8) 
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in which subscript g denotes the value at x 0. An implicit expression for T( x) 
is obtained, with an additional term compared to eq. (4.3) to take into account 
the radial velocity component. It appears that experimental data of both the axial 
velocity u( x) and the radial velocity v( x, r) yielding cr( x) are necessary to evaluate 
eq. (4.8), assuming that T9 , u9 , M9 and Mb are known. It can be seen that an error in 
either T9 or u9 causes a significant error in T(x ). Errors in v(x, r) are less significant, 
as Cr appears only in the integral, which has a relative contribution of about 10% 
compared to the term u9 JT9 • 

4.4 Experimental setup 

The velocity is measured using a one-component LDV system, consisting of a 35 
m W He- Ne laser, optics containing a beam splitter, a Bragg Cell and a focussing 
lens, Counter, Frequency Shifter, and photomultiplier. The measurement volume is 
about 1 mm long and 0.1 mm wide. We use 1 p,m Al203 particles as seeding, whlch 
are supplied to the unburnt gas flow by means of a small fluidized bed. Micrometer 
translation stages are used to translate the burner with respect to the measurement 
volume, which is 0.1 mm wide. This yields a good spatial resolution, which is nec
essary due to the steep velocity gradients in the flow. Since we must measure two 
velocity components, while we have only a one-component system available, we mea
sure both velocity components separately, with the optics rotated over an angle of 
90° for the radial velocity component. The burner is operated inside a ventilated 
chamber of about 1 m3 , to minimize the influence of draught. U and the equiva
lence ratio cjJ are adjusted by Mass Flow Controllers, which after calibration have an 
absolute error of less than 0.5%. 

4.5 Results 

First, we investigate to what extent the flat-flame burner produces flames in accor
dance with the previously mentioned assumptions. For this purpose profiles were 
measured of the axial velocity, of the unburnt gas and of the burnt gas, and also 
profiles of the radial velocity of the burnt gas. These measurements were all per
formed using a methane/ air mixture with cjJ 0.8, for various values of U. The 
effect of expansion and buoyancy is determined by measurement of the burnt gas 
acceleration and Cr. Finally, the temperature is calculated from these measurement 
with eq. ( 4.8). This is performed for various values of U, with cjJ = 0.8, 1.2 and 1.4. 
The temperature results are compared to 1-D flame calculations and experimental 
results found in the literature. 

4.5.1 Axial velocity 

In figure 4.2 some results are shown of the unburnt gas velocity u9 without com
bustion, at a distance x 3 mm above the burner plate, for various values of U. 
It can be concluded that the maximum velocity variations in a 1-D area (about 20 
mm wide) are 1-2%. However, for increasing values of U the boundary layers are 
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distorted. These distortions are caused by the shape of the plenum chamber. Insert
ing for instance glass beads or wire gauze in the plenum chamber would probably 
remove the distortions, but would also cause seeding choking. We have not pursued 
this option, because the distortions are located outside the 1-D area, and appeared 
to have no observable effect on the burnt gas velocity profile. 

This can be seen in figure 4.3, where the axial velocity of the burnt gas is shown, 
at x = 3 mm. For U = 0.25 m/s we find a profile which is almost perfectly uniform in 
the 1-D area. Comparison of figure 4.2 and 4.3 shows that the velocity variations are 
reduced after the flame, which confirms the earlier statement concerning the pressure 
drop over the flame. For U = 0.1 and 0.15 m/s we find a slightly distorted profile, 
with a velocity variation of about 5%, caused by the non-uniform temperature profile 
of the burner plate. For U = 0.25 m/s this is not found, because this velocity is close 
to the adiabatic burning velocity, where the heat loss of the flame is small. From 
the measurements presented in chapter 5 it can he concluded that the maximum 
burner plate temperature variations in the 1-D area are smaller than 10 K, having a 
negligible effect on the burnt gas velocity profile. 

4.5.2 Radial velocity 

In figure 4.4 the radial velocity profile is shown for U 0.1 m/s, at x = 2 and 4 mm. 
Clearly seen is the linear relationship between the radial velocity and radius in the 
1-D area. Measurement of the radial velocity profile in any other case shows the same 
behavior. These results confirm the prediction of eq. ( 4.5). Therefore, although the 
edge cooling of the burner plate can have an effect on the shape of the axial velocity 
profile of the burnt gas, it has no observable effect on the shape of the radial velocity 
profile. 

In figure 4.5 the development of the radial velocity as a function of x is shown, 
with x = 0.5 to 14 mm, for U = 0.25 m/s. The radial velocity was measured only at 
r = 6 mm on either side of the burner centerline, since the linear dependency of v 
on the radius is very well reproducible. The lines in between the actual data points 
are drawn for clarity. Is appears that the flame is very well symmetric, like in figure 
4.3 also no asymmetry could be observed. The small zero shift is caused by small 
alignment errors in the LDV optics. However, these are of no importance for the 
temperature calculation, since only the value of c,. is necessary. 

It can be seen that below x = 1 mm (i.e. in the flame zone) the results for v are 
probably unreliable. The reason for this is seeding slip, induced by the steep velocity 
increase in the flame zone. 

It can be concluded that the fiat flame behaves well in accordance with the 
assumptions stated earlier. 

4.5.3 Expansion and buoyancy 

The effect of buoyancy on the axial velocity is shown in figure 4.6, where measure
ments of u(x) are presented for r = 0, at x 0 to 12 mm, with U = 0.1, 0.15 and 
0.25 mfs. The acceleration of the burnt gas is clearly seen. 

Another view on the effect of expansion and buoyancy is obtained from a plot 
of c,.(x), shown in figure 4.7. For U = 0.29 m/s the expansion of the gas due to 
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combustion is observed in Cr being positive, near the burner. At large axial distance 
the effect of buoyancy is dominant, which is observed in Cr being negative. For smaller 
values of U expansion is not observed, so apparently even at small axial distance this 
effect is already overruled by the buoyancy effect. Note that over a relatively large 
distance c, is approximately linear with x. This will be explained later. 

As the measurement results for v obtained in the flame zone are mostly unreliable, 
for calculating the temperature we assume that Cr = 0 for x = 0, and obtain values 
for c, for x > 0 up to the first reliable point by interpolation. 

4.5.4 Temperature results 

With figure 4.6 and 4.7 all the data are available to calculate the temperature with 
eq. (4.8). In figure 4.8 some results are shown, for U 0.1, 0.15 and 0.25 m/s, and 
¢ 0.8. For comparison we used the 1-D flame code, thermodynamic properties and 
transport data of [Kee86, Kee87, Kee9l]. The chemical reaction mechanism consisted 
of 58 reactions between 17 species, as described in [Kee91]. As can be seen, good 
agreement ls obtained. Note that for large x the measured temperature is decreasing 
again due to heat losses to the environment. This may be as large as 10 K/mm. 
Furthermore, at large distance from the burner plate the LDV measurements are 
inaccurate, because of oscillations in the burnt gas flow. These oscillations are the 
so-called Taylor-instabilities (Tay50], which is a typical flame-phenomenon. As these 
oscillations only become serious at relative large distance from the burner, no further 
attention will be paid to this. 

We also compared the maximum temperature T/, to results of [Kas67]. This is 
shown in figure 4.9. Also shown is the temperature of the 1-D flame calculations at 
the same position as where T/, is measured. The results of Kaskan are compiled data 
of several sources. Therefore we present a best fit through these data (continuous 
line). It is found that good agreement is obtained. For U 0.15 and 0.2 m/s, where 
the heat loss of the flame is large, the differences are somewhat larger too, but never 
more than 70 K. This implies that a burner plate temperature variation of 20 K has 
still only a small effect on the flame temperature. 

M is practically constant for¢ 0.8. We also applied the method to rich mixtures 
of methane with air, where M is not constant. This can be seen in figure 4.10, where 
for various values of¢ the magnitude of J((xb) is shown. To show that eq. ( 4.6) is 
indeed a valid approximation, the result for J((x) with eq. (4.6) is compared to the 
result that is obtained using the 1-D flame code, for¢= 1.2 and U = 0.2 mjs, and 
for ¢ = 1.4 and U = 0.15 m/s, in figure 4.11. It appears that the absolute error in 
]( is always less than 2%. 

In figure 4.12 the temperature profiles are shown for the same two cases. It is 
compared to 1-D flame calculations and experimental results of Kaskan. It can be 
seen that despite the correction the results are still very satisfactory. 
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Figure 4.2: The velocity of the unburnt 
gas u9 as a function of r, at x = 3 mm, 
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<P Mu Mb K(xb) 
(~) (g/mol) (g/mol) (~) 

0.8 27.85 27.81 1.001 
0.9 27.73 27.62 1.004 
1.0 27.62 27.38 1.009 
1.1 27.51 26.89 1.023 
1.2 27.41 26.25 1.044 
1.3 27.30 25.72 1.061 
1.4 27.17 25.17 1.079 

Figure 4.10: The change of M due to 
chemical reaction in methane/air mzx
tures, from 1-D flame calculations 
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Figure 4.12: The gas temperature T as a function of x, at r = 0, for rich methane-air 
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4.6 Modelling of buoyancy in the burnt gas flow 

As can be concluded from the previous section, the method to derive the temper
ature profile from 2-D velocity measurements gives good results. Furthermore, the 
effect of expansion and buoyancy is clearly seen. However, it is still unclear what the 
relationship is between the gas velocity, the temperature and the burner diameter. 
In order to obtain an estimate for this relationship, we will derive a simple model 
for the burnt gas flow. We restrict the analysis to the 1-D area of the flow after the 
flame, where u = u( x) and p Pb, and where viscous effects are unimportant. Fur
thermore, the environment is assumed to have a mass density p0 . Then, conservation 
of momentum in cylindrical coordinates can be expressed as 

f)v &v 1 &P 
(4.9) u-+v-

p &r ' &x &r 
&u &u 1 &P Po-P 

(4.10) u-+v- +g·--. 
&x &r p p 

When eq. (4.5), u = u(x) and p = Pb is substituted into eqs. (4.9) and (4.10), with 
9 ·[Po Pb]/Pb 9, this yields 

1 &P 
- PbT. Br' 

2_. &P +g. 
Pb 

(4.11) 

( 4.12) 

If it is assumed that &P / &r = 0, then through substitution in eq. ( 4.11) we obtain 

After differentiating eq. (4.13) once more we obtain 

f)3u 
u fJx3 0. 

The general non-trivial solution of this equation yields for u and v: 

u(x) = ao + a1x + a2x2 , 

v(x,r) = ~r·[a1 +2a2x], 

( 4.13) 

(4.14) 

( 4.15) 

with a1 2 · -Jii0ii2. The form of eq. ( 4.15) describes the flow of the burnt gas very 
well, as the measured axial velocity deviates typically only 1-2% from eq. (4.15). 
Furthermore, in figure 4.7 it is observed that c, is linearly dependent on x. 

Nevertheless, the burner geometry or the flame temperature is not included in eq. 
(4.15). The reason for this is that in practical flames it is unrealistic that oPf&r 0. 
Because the flame has a finite diameter, P must be zero at a certain radius R, e.g. 
the burner plate radius. Instead of P = P( x) we write P( x, r) to a first order 
approximation in r 2 as 

P(x, r) (4.16) 
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and substitute this into eqs. (4.9) and (4.10). Taking lowest order r-dependence, this 
yields 

EJ2u 1 [au] 2 

+--
4 {}x 

{}u 
u

{}x 

2Po 
PbR2' 

1 {}Po 
---+9. 

Pb {}x 

( 4.17) 

( 4.18) 

p0 can be eliminated after integration of eq. ( 4.18) with respect to x, to yield a new 
equation for u: 

- lu {}2u + ! [{Ju] 2 
2 {}x2 4 ax 

29(x - xi] - u2 + uf 
R2 

( 4.19) 

in which we used u( x1 ) = u1 as boundary condition. This equation incorporates the 
effects of buoyancy and expansion on the velocity of the burnt gas. We will analyze 
this equation for the two extreme cases R oo and R--> 0. 

For R--> oo eq. (4.19) reduces to eq. (4.13), with eq. (4.15) as solution for u and 
v. This implies that eq. ( 4.15) describes the behavior of the burnt gas of a flame 
with a relatively large diameter. For R--> 0 it is found that eq. ( 4.19) reduces to 

(4.20) 

with u1 u(xi). This result would also be obtained when eq. (4.12) is solved with 
{}Pj{}x = 0. Eq. (4.20) can be interpreted as the effect of buoyancy alone on the 
burnt gas, where the mass density difference predominantly determines the burnt gas 
acceleration. Because the acceleration is small, an approximated solution for u( x) 
can be obtained as follows. Rewriting eq. ( 4.20) yields 

Expansion of eq. ( 4.21) into a Taylor series yields 

with f 29[x x1]fui. When f is small this yields for u(x): 

9 
u(x) ~ Ut +- · [x- Xt], 

Ut 

( 4.21) 

(4.22) 

(4.23) 

showing the constant acceleration of a mass experiencing a constant force. Eq. ( 4.23) 
is valid for ~€2 ~ ~f, or 9[x x1] ~ 2ui-

In a practical flame, with R neither zero nor infinite, the behavior will be somewhere 
in between the two extremes of eqs. ( 4.15) and ( 4.20). Therefore, with eq. ( 4.20) we 
define a "buoyancy index" B as 

B 
u2- uf 

29 · [x- x1J" 
( 4.24) 



0.15 
0.20 
0.25 
0.29 

0.41 
0.44 
0.46 
0.33 

0.32 
0.34 
0.37 
0.29 
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Table 4.1: The buoyancy index B for var
ious valttes of U, measured at an axial 
distance of 3 mm from the burner plate 

For R--> 0 it follows from eq. ( 4.19) that B = 1, while B 0 for R--> oo. This means 
that the magnitude of B indicates whether large or small-burner behavior is found 
for a certain burner and flame situation. In table 4.1 some values for B are given, 
for measurements with a 20 mm and a 30 mm burner at an axial distance from the 
burner of 3 mm. It appears that B is about 0.4 and 0.3, respectively, which means 
that eq. (4.15) must be the dominant solution. 

The small difference between B for a 20 and a 30 mm burner suggests, that B --> 0 
is achieved only for burners with a radius considerably larger than 30 mm. 

4. 7 Conclusions 

The perforated-plate burner is a useful tool for investigating laminar flat flames. It 
produces flames with uniform velocity profiles when the unburnt gas velocity is low 
or near the adiabatic burning velocity. 

Laser Doppler Velocimetry measurements have shown that due to expansion (in 
the reaction zone of the flame) and buoyancy a non-zero radial velocity component 
is inherent to flat flames. 

A new method is presented with which the temperature profile of the flame can 
be derived from two-dimensional velocity measurements. The results are in close 
agreement with both one-dimensional flame calculations and experimental data in 
the literature. 

A simple model of the burnt gas flow qualitatively describes the influence of 
expansion and buoyancy on the velocity, in relation with the flame temperature and 
the burner diameter. It can be used to assess the relative importance of expansion 
and buoyancy in relation to the burner diameter and the flame temperature. More 
experiments performed with larger burners (>30 mm diameter) are needed to confirm 
the validity of the modeL 
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Chapter 5 

The Heat Flux method 

This chapter is based on the paper "Measurement of flame temperature and adiabatic 
burning velocity of methane/air mixtures" by A. Van Maaren, D.S. Thung and L.P.H. 
De Goey [Ma94a). 

5.1 Introduction 

In recent years large progress has been made in the prediction of temperature and 
species concentration distributions in laminar gas flames. Much can be attributed 
to the development of complex chemistry flame codes and transport models. Much 
work has been done to determine the elementary reaction rate (;oefficients. However, 
in some cases the experimental error with which these coefficients are determined 
is relatively large. This necessitates fitting of some important reaction rate coeffi
cients with experimental data of adiabatic burning velocities [War93]. Unfortunately, 
there exists large scatter in the values of adiabatic burning velocities reported in the 
literature. Therefore it is necessary to perform more research concerning adiabatic 
burning velocities. 

Perhaps the most used technique to measure the adiabatic burning velocity is the 
Counterflow method (see e.g. [Wu84, Law93]). A major disadvantage of this method 
is that the adiabatic burning velocity is found by linear extrapolation of the results 
to zero stretch rate. This linear extrapolation may result in an overestimation of the 
burning velocity of maximum 10% [Law93). 

Another technique is the closed vessel method. The adiabatie burning velocity is 
found by extrapolation of time-pressure recordings [Lew61]. Also optical techniques 
to monitor the flame front position and measurement of the unburnt gas velocity are 
employed [And72]. Corrections should be made for stretch in all cases. Furthermore, 
the influence of gravitation may affect the results as well [Cla93). 

There is a number of other techniques that will not be discussed here, since it 
is not our aim to give an extensive review. However, it is clear that a method for 
measuring the adiabatic burning velocity without a necessary correction for stretch 
and without any extrapolation, has large advantages compared to the mentioned 
teehniques. 

Besides modelling of laminar gas flames, sophisticated "laser diagnostics" have 
also greatly contributed to the increase in understanding of the complex phenomena 
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in gas flames. These techniques produce detailed information on species concentra
tion and temperature distributions in flames. A large advantage of these techniques is 
that they are non-intrusive. However, most temperature methods yield only qualita
tive results, for instance when quenching is important, or they incorporate a relatively 
large experimental error because of low signal strength. If an absolute reference tem
perature measurement would be available, or an accurate calibration, some of these 
problems could be solved. 

In this paper a specially designed flat-flame burner is introduced. With this burner 
the flame temperature T{, and the adiabatic burning velocity SL can be determined 
easily and accurately, by measuring the heat loss q of the flame with small thermo
couples attached to the burner head plate. T{, is determined by subtracting this heat 
loss from the enthalpy of an adiabatic flame. Since the adiabatic flame temperature 
1/, (calculable with a very small error [ Gla 77, Gri94]) is used as reference, the error 
in T{, is small. SL is found by adjusting the unburnt gas velocity until zero heat loss 
is found. 

This method ifi similar to the method described in [Bot54], who determined the 
heat loss of flames stabilized on a porous-plug burner by measuring the temperature 
rise of the cooling water. However, the temperature rise of the cooling water is small, 
and it is assumed implicitly that the heat loss from the flame to the burner is uniform 
over the entire burner surface. Furthermore, the adiabatic burning velocity is found 
through extrapolation to zero heat loss of the flame to the burner. 

The method presented here is accurate, and it is possible to study to what extent 
the flame temperature distribution is uniform. The uniformity of the heat loss across 
the burner plate can be determined by examining the burner plate temperature 
distribution. Furthermore, by using a perforated plate instead of a porous plug as 
stabilizing surface, Laser Doppler Velocimetry measurements are possible in both 
the unburnt gas flow (without a flame) and in the burnt gas flow. This is employed 
to determine the uniformity of the flow velocity distributions as well. Besides, the 
adiabatic burning velocity is found without extrapolation to zero heat loss, and 
without correction for stretch. 

With the new flat-flame burner a well-defined flame is created, with a well-known 
flame temperature and burning velocity. The method is most accurate when the 
flame is near-adiabatic. It therefore can provide a reference for other, detailed tem
perature measurement techniques. In [Ver92] the method is used to determine 011-
predissociation rates, necessary to perform quantitative temperature measurements 
in flames with a Laser Indm:ed Predissociation Fluorescence technique. Furthermore, 
the results found for SL can be employed to contribute to the validation of chemical 
reaction schemes. 

One aspect of methods using a flat-flame burner, that has not been clarified yet, 
is the possibility of radical recombination at the burner surface. Since the burning 
velocity is very sensitive to composition changes, this may affect the measurement 
results. In [Eng91] a numerical study on some radical recombination effects is per
formed, but no significant influence is found. However, this study was limited, and 
therefore more research is necessary to be able to exclude this kind of problems. 
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mixing~ chamber 
i 

Figure 5.1: The perforated-plate burner 

5.2 The perforated-plate burner 

perforation pattern : 

d=0.5 mm 
l =0.7mm 

In :figure 5.1 the rotationally symmetric fiat-flame burner is shown. It consists of a 
burner head with a cooling jacket, mounted on a mixing chamber. The latter also 
serves to provide uniform flow inside the burner head. The mixing chamber is cooled 
separately from the burner head with cooling temperature equal to room temperature 
of298 K. 

The most important part of the burner is the burner plate. This is a brass 
plate of radius R = 15 mm and plate thickness h 2.0 mm, perforated with a 
hexagonal pattern of small holes of d = 0.5 mm diameter and l = 0. 7 mrn pitch. 
Two-dimensional numerical calculations with one-step chemistry, performed with the 
flame code "Larnfl.a2D", have shown that for holes smaller than 0.55 mm diameter 
and burning velocities up to 0.5 m/s flame curvature on the scale of the holes does not 
appear. Local stretch can therefore be excluded. Local flame temperature variations 
do also not arise. 

Effectively the flame is almost perfectly one-dimensional (1-D). However, for hole 
diameters larger than 0.55 mm, flame curvature and flame temperature variations 
are found. This leads to the conclusion that to obtain a 1· D flame, only a perforation 
hole diameter of 0.5 mm or less may be used. Presently we are also investigating the 
application of the burner to higher burning velocities than 0.5 mfs. For high burning 
velocities (e.g. 1-2 m/s Hydrogen flames), larger distortions cannot be excluded. In 
that case the diameter of the holes of the perforation should be reduced. 

At the upstream side of the burner plate a number of small Copper/Constantan 
thermocouples is soldered inside holes of the perforation. Since one hole is blocked 
by each thermocouple, local distortion of the flow is inevitable. To reduce the effect 
on the measurements to a minimum, the thermocouples that are used are very thin 
(0.1 mm). Then the distortion of the unburnt gas velocity is restricted to a negligible 
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small area around each thermocouple. The thermocouple wires are insulated to 
prevent heat loss to the unburnt gas and electrical contact with the burner wall (see 
figure 5.1 ). The wires inside the burner did not appear to cause any observable 
distortion of the flow pattern. 

Boundary layers exist near the edges of the burner, due to the influence of the 
environment. In these regions the flame will not be fiat. Therefore, the thermocouples 
are located in an area where these boundary layer effects are negligible, the 1-D area. 
For the burner shown in figure 5.1 the 1-D area is defined by the region around the 
centerline with r < 12 rum. The magnitude of this area is determined by means 
of Laser Doppler Velocimetry measurements in both the unburnt and the burnt gas 
flow. Apart from the small velocity distortions induced by the thermocouples, the 
unburnt gas velocity distribution varies only about 1% inside the 1-D area (Ma94b]. 

Due to the velocity boundary layers, the average unburnt gas velocity u.9 within 
the 1-D area (which is equal to the burning velocity) differs from the average gas 
velocity set by mass flow controllers. Consequently, the actual burning velocity inside 
the 1-D area is determined by Laser Doppler Velocimetry for each value of the mass 
flow rate. 

5.3 Stabilization of flat flames 

It is well known that flames are stabilized on fiat-flame burners mainly by heat loss 
to the burner, if the unburnt gas velocity u9 is below S L· In the first instance 
the burner surface temperature is irrelevant for the flame temperature, which is 
determined only by the initial conditions of the gas mixture (temperature, pressure 
and composition). However, when the surface temperature shows large variations, the 
velocity and temperature distribution of the unburnt gas may be seriously distorted 
[Kih75]. This may affect the temperature distribution of the flame. Therefore it 
is essential to apply some kind of cooling to the burner, in order to minimize the 
burner surface temperature differences. When a porous-plug burner is used, which 
has a relatively low thermal conductivity, both cooling of the edge of the plug and 
the inside of the plug must be applied to meet with this requirement. However, the 
thermal conductivity oft he perforated-plate burner, used in this study, is high enough 
to make internal cooling unnecessary. The perforation pattern and the thickness 
of the burner plate are chosen in such a way, that the resulting maximum radial 
temperature difference across the plate (within the 1-D area) is about 20 K. This 
can be measured accurately with the thermocouples, while it will have a negligible 
effect on the flame. Laser Doppler Velocimetry measurements have shown, that the 
maximum distortion of the velocity distribution of the burnt gas is only a few percent, 
inside the 1-D area [Ma94b]. Besides, if 0 (10) K radial temperature variation would 
be present in the gas as well, then the ratio of heat transport in axial and radial 
direction is 

(5.1) 

in which )..9 is the heat conductivity and T9 the temperature of the gas. 
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Heat transport in radial direction is four orders of magnitude smaller than heat 
transport in axial direction. Therefore, radial temperature variations in the burner 
plate of 0(10) K will have a negligible influence on the flame. 

Although the temperature at which the burner plate edge is fixed by the cooling water 
is irrelevant to the flame temperature, applying a high cooling water temperature 
increases the stability of the flame. If the temperature of the cooling water is equal to 
the unburnt gas temperature, the flame will blow off or become distorted at burning 
velocities near the adiabatic value. As reported in [Goe93J it is possible to stabilize 
flat adiabatic flames if the temperature of the cooling water is well above the unburnt 
gas temperature. This principle is used in the determination of S£. The cooling water 
temperature for all experiments was 368 K. 

5.4 The flame temperature 

To be able to determine the flame temperature, a relation has to be found between T£ 
and the measured burner plate temperature distribution. When a flame is stabilized 
above the burner plate, the energy equation for the burner plate inside the 1-D area 
(in cylindrical coordinates) can be written as 

f) [ ( )f}Tp(x,r)] 1 f) [ ( ) f}Tp(x,r)] ( [ ( )] ax Ap,xr ax --:;:ar Ap,rTT Or =ax)Tg(x,r)-Tpx,r. 

(5.2) 
In this equation Tp is the temperature of the plate, T9 the temperature of the gas, Ap,x 
and >.p,r the thermal conductivity of the burner plate in axial and radial direction, 
respectively, and o: the coefficient of heat transfer between the gas and the burner 
plate. 

Tangential contributions are omitted in eq. (5.2) because of rotational symme
try of the flow, and because Ap,r is very nearly isotropic, despite the fact that the 
perforation pattern is non-isotropic (we will return to this point later). 

Integration of eq. (5.2) over the burner plate thickness, from x 0 to x h, 
gives 

1h o:(x)[T9(x,r) Tp(x,r)]dx 

>. f}Tp I - >. f}Tp I + p,x ~ p,x ~ 
uX x=h UX x=O 

(5.3) 

q(r ). 

In this equation, q is the net heat transfer from the gas to the plate, including the 
heat loss of the flame and the heat gain of the unburnt gas. q is independent of r in 
the case of a 1-D flame. The average plate temperature Tp(r) is defined by 

- 1 fh 
Tp(r) = h Jo Tp(x, r)dx. 

substituted in eq. (5.4) yields 

~~ [.\ r(r)r dTp(r)] 
r dr p, dr 

q(r) 
T· 

(5.4) 

(5.5) 



56 The Heat Flux method 

This equation is only dependent on r, giving a relation between the net heat loss of 
the flame and the plate temperature distribution. 

Ap,r cannot be taken temperature independent in the range of plate temperatures 
occurring during the measurements. Using experimental data [Bod58, DIN84], the 
heat conductivity of solid brass Abr is approximated by a linear function of temper
ature: 

Abr(T) = a+ b · T, (5.6) 

with constants a = 73.1 W.m-1 .K-1 and b = 0.160 W.m-1.K-2 . Because of the 
perforation of the burner plate Ap,r is considerably smaller than Abr· As this is only 
a geometrical effect, Ap,r is regarded as being the product of Abr and a constant f: 

(5.7) 

The value of£ depends on the diameter and pitch of the holes of the perforation. 

The measurement of the average plate temperature TP with thermocouples requires 
that the maximum temperature variation in axial direction inside the burner plate 
t::.Tp,x is small. This can be estimated by the following argument. As Ag is much 
smaller than Ap,x, we assume that any heat flux in axial direction is entirely conducted 
through the burner plate, and not through the gas. Furthermore, it can be shown 
that, due to the high heat transfer coefficient o:, the gas inside the burner plate 
attains practically the same temperature as the burner plate. For x -+ - oo to x = 0 
(at the upstream side of the burner plate), conservation of energy in the unburnt gas 
yields 

. To . T. ' 8Tg (5.8) 
mCp g mCp g Ag ax 1 

with m = p9 u9 the mass flow rate, cp the specific heat and '1~ the initial temperature 
of the unburnt gas. At x 0, the conductive term on the right-hand side of eq. (5.8) 
equals the axial conductive heat flux inside the burner plate. With T9 ~ TP inside 
the burner plate this leads to 

[ ]A !:::.Tp,x 
~ 1 X br !:::.x , (5.9) 

with x the porosity of the burner plate, defined by 

X ( 5.10) 

With a typical temperature difference Tp '1~ of 100 K, evaluation of eq. (5.9) yields 
an estimate for !:::.Tp,x: 

(5.11) 

This shows that axial temperature variations inside the burner plate are negligible 
compared to the radial temperature variations (maximum 20 K), and that the ther
mocouple measurement results of will possess only a small error due to these 
variations. 
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Now, q can be determined by eqs. (5.5), (5.6) and (5.7). A relation between Tl and 
q is still needed. If for a given gas mixture T;, is know, this relation can he written 
as 

(5.12) 

The combination of eqs. (5.5), (5.6), (5.7) and (5.12) constitutes an implicit equation 
forT£. Since eq. (5.12) is an integration of the energy equation of the gas from x = h 
(the burner plate surface) to x --r oo, downstream heat loss in the main flow direction 
is incorporated. Heat loss in radial direction perpendicular to the main flow is not 
incorporated, hut will he negligible small if the burner diameter is large enough. 

With eq. (5.12) the accuracy ofT£ is, among others, dependent on the accuracy 
with which n is determined, in particular, the accuracy with which the burnt gas 
composition can he known. However, it is our opinion that this can he performed 
with a small error, when realistic assumptions concerning the chemical equilibrium 
composition of the burnt gas are made. Therefore we believe that this requirement 
is not a real problem. 

Through integration of eq. (5.5) an analytical solution for the plate temperature 
distribution can be obtained: 

(5.13) 

where TR Tp(R) is used as boundary condition. The procedure to determine T£ is 
to measure the burner temperature TP at various radii r, and to determine q with a 
least square fit of the thermocouple measurement data to eq. (5.13). The uniformity 
of the distribution of q can be estimated by comparison of the variations in q with 
its mean value. Finally T£ is found by iteration using eq. (5.12). 

5.5 The geometrical constant E 

An important parameter in eq. (5.13) is the geometrical constant c. Its value must 
be determined accurately to be able to perform accurate temperature measurements. 
Therefore several methods have been used to determine£, which will be treated here. 

Additional data for c have been obtained for an older version of the burner. 
Therefore these results are shown here as well. The geometrical parameters of the 
burner plate of this particular burner are: R = 14 mm, d 0.4 mm, l 0.5 mm, 
and h = 1.85 mm. Compared to the old burner, improvements in the new burner 
design are the cooling of the mixing chamber (to keep the unburnt gas mixture at 
room temperature before flowing through the burner head), and the reduction of the 
temperature differences across the burner plate to a maximum of 20 K by taking 
larger values of both h and£. 
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conductor (/.. = l) 
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unit cell (/.. = £) .. 
y-axis 

Figure 5.2: The hexagonal pattern of conducting cylinders 

5.5.1 Analytical and numerical methods 

In [Per79] the conductivity of a hexagonal matrix of cylinders embedded in a solid 
medium is considered. The conductivity of the solid medium is set equal to one, and 
that of the cylinders equal to zero (in this case, since air may be regarded as a perfect 
insulator compared to solid brass). The overall heat conductivity of one unit cell of 
the matrix is then equal to s. In figure 5.2 the situation is shown. Important to realize 
is that E may vary with the direction in which heat transport is considered, since 
the matrix is non-isotropic for conductive transport in different directions. With this 
method, E can be determined only for heat transport in two specific directions, due 
to the restrictions imposed on the method by application of the periodical boundary 
conditions. The first direction corresponds to angles with the y-a.xis shown in figure 
5.2 of e = 0°, 60°, 120" ... , the second to angles e = 30°, 90°, 150° ... 

In table 5.1 the results of the calculations for the perforation pattern of both 
perforated-plate burners are presented. It appears that there is practically no differ
ence in E between 8 0" and 8 30", for both burner plate geometries. 

To investigate the variation of E for other values of 8, the heat conduction problem 
in arbitrary direction has been solved numerically [Son92]. The same matrix was 
taken, but now by choosing different boundary conditions, and several unit cells as 
calculation domain, 8 could be set to any desired value. In table 5.1 some results 
are presented for both the 28 mm and the 30 mm burner. For 8 = 0° and 30°, 
the differences between the analytical and the numerical results are well within the 
numerical error of 1%. Furthermore, it appears that the variation of E for different 
directions is not significant. Only when the matrix is very dense, i.e. when the 
cylinder diameter-pitch ratio d/l approaches unity, differences are found that cannot 
be neglected. 

5.5.2 Experimental methods 

The manufacturing of the burner plate can result in small differences in hole diameter, 
and also irregularities such as burrs are possible. To investigate their effect on Ap,n 
and to validate the calculated results of E, two different experimental approaches to 
determine Ap,r have also been explored, to be treated next. 
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d = 0.4 mm d= 0.5 mm 
l = 0.5 mm l=0.7mm 
f; [-] error[%] f; [-] error[%] 

[Per79] 
8= oo 0.264 ~1 0.362 ~1 

() = 30° 0.264 ~1 0.362 ~1 

~2] I 

I 
oo ' 0.262 1 0.362 1 

! () 100 0.263 1 0.362 1 
() = 20° 0.264 1 0.3621 1 
() = 30° 0.264 1 0.362 1 

I Experimental 
heat sink method 0.266 7 0.369 3 

• heat source method 0.255 4 

Table 5.1: The geometrical factor c of the thermal conductivity of the burner plate; 
() 0° corresponds to the y-direction (see figure 5.2) 

The heat sink method 

An air flow at room temperature is forced through the burner plate with cooling water 
temperature set to a high value (e.g. 368 K). The radial temperature distribution 
is measured with the thermocouples attached to the burner plate. In this case the 
energy equation for the burner plate can be written as 

(5.14) 

where 1~( x, r) is the temperature of the gas at axial position x inside the burner 
plate, with x = 0 at entrance. We assume that m is constant as well as Cv· 

If it is also assumed that Ap,r is constant, that T9 (0, r) = Tg (the air temper~ 
ature distribution at the upstream side of the burner plate x = 0 is uniform) and 
that T9 ( h, r) Tp(r) (the air temperature at x h equals the local burner plate 
temperature Tp( r)), then an analytical solution is known: 

- 0 • mcv [ . ] ~ 
Tp(r) = C · J0 (.4 · r) + T9 , with A= Ap,rh , (5.15) 

where J0 is the zero order Bessel function. The constant C as well as c can be found 
by substituting twice a measured value for the plate temperature, at two different 
radii r1 and r2. 

It appears that using eq. (5.15) yields reliable results only for u9 < 0.25 m/s. 
The explanation for this is that the assumption T9 ( h, r) = 1~( r) is not valid for 
higher gas velocities. Then the air cannot be heated up completely to the same 
value as the Tp( r ), since the N usselt m1mber for laminar flow in a tube is practically 
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independent of Reynolds number when the Reynolds number is 0(10) or smaller 
[Bir60]. Therefore, with increasing gas flow the amount of heat transferred from the 
plate to the gas does not increase. 

In eq. (5.15) only two thermocouple measurements are used, which makes the 
result rather sensitive to experimental errors. Therefore eq. (5.14) is also solved nu
merically with rn now varying according to Laser Doppler Velocimetry measurements, 
and with Ap,r varying with temperature according to eq. (5.6). E is found by fLtting 
the temperature measurements of all the thermocouples to the numerical solution of 
eq. (5.14). Air velocities are restricted to the range 0.10-0.25 m/s. Decreasing the 
velocity below 0.10 m/s results in temperature differences across the burner plate 
which are too small to yield accurate results for E. 

The results for E for both burners are presented in table 5.1. It appears that 
the calculated values for E obtained with the analytical and numerical methods are 
confLrmed within an experimental error of 3 and 7%. 

The heat source method 

The second experimental method employs a special designed "burner" plate, shown 
in figure 5.3. In the center of a thin plate a heating coil is attached to a brass rod, to 
apply a heat flow to the plate. The plate has three annular regions: two regions of 
solid brass (I, III), and an intermediate part with the same perforation pattern as the 
burner plate (II), with d = 0.4 and l = 0.5 mm. The edge of the plate is maintained 
at a constant temperature (293 K) by means of a cooling jacket. Thermocouples are 
attached to the plate at various radii and angles, and the entire plate is insulated to 
prevent heat loss to the environment. Conservation of energy can be written as 

- 1 d [A r(r)r dTp(r)] 0 
r dr p, dr · ( 5.16) 

This equation is only valid for radii larger than the radius of the brass rod with the 
heating coil. Because heat losses to the environment are negligible, the total radial 
heat flow Q through the plate is constant throughout the entire plate. Integration of 
eq. (5.16) yields 

A ( )dTp(r) _ 
p,r r dr - (5.17) 

In both massive regions of the plate E = 1, so Q can be found by measuring T1 

Tp(r1 ) and T2 = Tp(r2 ) in either massive regions. With Q known, E can be found by 
measuring T3 = Tp(r3) and T4 = Tp(r4) in the perforated region by integrating eq. 
(5.17) once more: 

21rh [a· [T4- T3] + lb · [T,f - TJJ]. 
Qln C:) 

(5.18) 

In table 5.1 the results are presented. Now the calculated values are confLrmed 
with an error of about 4%. In this error any difference that was found when using 
thermocouples at different angles is included. 

The numerical results of [Son92] and both experimental methods agree well with 
the results of the analytical equation forE given by [Per79]. Also it is confirmed that 
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Figure 5.3: The experimental setup of the Heat Source Method 
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Figure 5.4: The measured burner plate 
temperature distribution, for £/1 = 0.8 and 
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Figure 5.5: The calculated heat loss to 
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there is no significant tangential dependence in £, so that £ may be treated as being 
isotropic. Considering all the available data on £, the calculated value of Perrins will 
be used, with an uncertainty of about 3% due to possible manufacturing irregularities 
in the perforation pattern. 

5.6 Results 

In figure 5.4 an example of results for the burner plate temperature distribution 
is shown, for a methane/air mixture with equivalence ratio 4> = 0.8. Note that 
the 1-D area extends beyond the position of the outer thermocouple. The markers 
denote the measurements, while the continuous lines denote the fit using eq. (5.13). 
The accuracy of the thermometer device was 0.1 K. However, the reproducibility of 
the plate temperature appeared to be about 0.3 K. As the maximum temperature 
differences between the fit and the measurements are about 0.5 K, these results 
confirm the assumption of taking q constant. 

The results in figure 5.4 with a negative slope of the plate temperature correspond 
to Uq < /h. The uniform temperature profile for u9 SL is also shown (denoted 
by ad.). The results showing a positive slope of the temperature profile correspond 
to u9 > SL· Here the heat loss of the flame was smaller than the heat gain of the 
unburnt gas from the hot burner plate. Nevertheless, the flame remained perfectly 
fiat, as long as u9 did not exceed SL too much. However, a further increase of u9 

caused (partial) blow off. 

In figure 5.5 is shown q as function of the burning velocity, for 4> = 0.8, 1.0 and 1.2. 
An estimate of the uniformity of the q-distribution is obtained, considering the stan
dard deviation of the burner plate temperature fit. It appears that for high values of 
q the error is 1 5%, increasing to 10% or more for low values of q. However, the lat
ter is caused by the increasing experimental error due to the decreasing temperature 
differences over the burner plate. Therefore these results also confirm the assumption 
of taking q constant. The negative values of q for u9 > are also shown. At the 
intersection with the horizontal axis of figure 5.5 the value of .'h is found. 

In figures 5.6 and 5.7 the results for the flame temperature are presented. A com
parison is made with both experimental results found in literature and 1-D flame 
calculations to validate these results. Experimental data are obtained from [Kas67), 
in which a compilation of measurements found in the literature using different mea
surement techniques is presented. An experimental fit of these measurements deter
mined by Kaskan is also shown in figures 5.6 and 5.7. The 1-D flame calculations are 
performed with the code of[Kee91]. The (CI) chemical reaction mechanism that has 
been used consisted of 58 reactions between 17 species, and was the same as described 
in [Kee91]. The thermodynamic properties and the transport model coefficients were 
taken according to [Kee86, Kee87]. These results are also plotted in figures 5.6 and 
5.7. It is shown that good agreement is obtained, although there is a systematic 
difference. The difference with the experimental data of [Kas67] can be explained 
by the fact, that in [Kas67] different values for n are found. The values for Tb that 
have been used are derived from adiabatic 1-D flame calculations. If the values for 
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Tb of [Kas67] are used for the calculation ofT{,, the results agree within about 30 K. 
The differences between the experimental results and the 1-D flame calculations are 
of the same order of magnitude as when compared to the results of [Kas67]. 

In figure 5.8 is shown S L as function of ¢>. Also shown are the experimental results 
of [Law93], and the calculation results obtained with the 1-D flame code. It appears 
that our results are always lower (up to 4 cm/s) compared to the results of [Law93]. 
However, as already mentioned in the introduction, in [Law93] it is emphasized that 
to determine SL by the Counterflow method, a linear extrapolation to zero stretch 
rate has been performed. Law himself states that this may result in adiabatic burn
ing velocities which are too high (up to 10%). This probably explains the differences 
with our data. Furthermore, Laser Doppler Velocimetry measurements in the flame 
have shown, that typical stretch rates in the flat flames are 0 (1) s- 1 , more than two 
orders of magnitude smaller than in the Counterflow flames. Consequently, stretch 
effects in the flat-flame results can be discarded. The results were reproducible within 
about 1-2 cm/s. Therefore we also come to the conclusion that the values for /h of 
[Law93] are probably too high. 

The differences between the experimental results for SL and the 1-D flame calcu
lations are probably caused by the choice of the chemical reaction rate coefficients. 
These differences in SL can also explain the differences in T{, in figures 5.6 and 5.7. 
Using the same values for n, but lower values for SL, the experimental results forT{, 
are shifted accordingly. Furthermore, the use of only a C1 chemical reaction mech
anism is possibly inadequate for near-stoichiometric and rich mixtures. In the near 
future comparison with C2-mechanisms will be performed as well. 

5. 7 Error estimation 

Adiabatic burning velocity 

As SL is found when the net heat loss is zero, the error in SL is only dependent on the 
error in the Laser Doppler calibration of ug (overall error less than 1% ), the error in 
the mass flow controllers (0.5%) and in the equivalence ratio ( < 0.5%). This would 
imply an overall error in SL of maximum 2%. However, as mentioned before, during 
the experiments it appeared that the results were reproducible within 1 2 cm/s. 

Flame temperature 

The flame temperature T£ is found by measuring the temperature difference 1/;- T£. 
Therefore, for near-adiabatic flames the error in the calculation of Tb is dominant, 
being less than 1%. For larger values of Tb- Tt (e.g. 500 K) the error in the measured 
plate temperature (reproducible within 0.3 K) and in constants like f, hand the exact 
location of the thermocouples prevails. Altogether an error of about 5% in Tb - T{; 
is found, yielding an error in T£ of about 25~50 K. 
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5.8 Conclusions 

A new method for determining the adiabatic burning velocity is presented, using 
a new type of flat-flame burner. The method requires no correction for stretch 
or any extrapolation, like in the case of most conventional methods. However, the 
velocity results have to be corrected (with a maximum of 0.5 cm/s) by Laser Doppler 
Velocimetry measurements in the unburnt gas flow. 

The method is applied to methane/air mixtures with varying equivalence ratio. 
Compared to experimental data of [Law93] lower values are found (maximum 4 emf s ). 
It is shown that this may be caused by extrapolation errors in the experimental data 
of [Law93]. Comparison with numerical calculations with detailed chemistry gives 
the same difference. This can be attributed to the fact that the coefficients of the 
chemical reaction scheme that is used are fitted with other, higher adiabatic burning 
velocity data. 

With the same burner also flame temperatures have been determined. The accu
racy is high, in particular near the adiabatic burning velocity. Taking into account 
the lower adiabatic burning velocities that are found, the presented results show 
good agreement with both experimental data found in the literature, and numerical 
calculations. 

The method provides a well-defined fiat flame with a well-known flame temper
ature and burning velocity, especially when operated in a near-adiabatic situation. 
This can be employed as a reference, for instance for spectroscopic laser diagnostics. 
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Chapter 6 

Tl'le adiabatic buri'ling velocity 
and stretch 

This chapter is based on the paper "Stretch and the adiabatic burning velocity of 
methane- and propane-air flames", by A. Van Maaren and L.P.H. De Goey [Ma94c]. 
Additionally, experimental results concerning ethane-air flames are presented, in sec
tion 6.4. 

6.1 Introduction 

An imp.ortant subject of scientific combustion research is the measurement of the 
adiabatic burning velocity SL of premixed laminar flames. Despite the experimental 
effort, still large scatter exists between the results of the various experimental meth
ods used. This paper deals with two of these experimental methods, the Counterflow 
method and the Heat Flux method, the latter being introduced recently [Ma94a]. 

The Counterflow method is a more or less standard method, used by many au
thors. An important aspect of this method is the correction for stretch, needed to 
obtain SrJ. For varying stretch rates/( the stretch-affected adiabatic burning velocity 
SK is measured. In general the stretch-free adiabatic burning velocity SL is found 
through linear extrapolation of SK to zero stretch rate. For further details about 
this extrapolation and the Counterflow method see, e.g., [Chu88]. 

In [Ma94a] results of measurement of S L of methane/ air mixtures are presented, 
using the Heat Flux method. This method uses a special flat-flame burner, the 
perforated-plate burner. Most important feature of this method is that stretch-free 
flat flames are obtained directly. The principle of stabilization of adiabatic flat flames 
on the perforated-plate burner is described in [Goe93]. 

In this paper we will consider the results for methane- and propane-air mix
tures. Comparison of the results for methane shows that the values of SL found with 
the Heat Flux method are smaller than those found with the Counterflow method 
[Ma94a]. A possible explanation is suggested by [Dix90, Tie91], who performed nu
merical and analytical studies, respectively. According to their investigations, it can 
be concluded that a non-linear extrapolation to zero stretch rate is necessary. This 
conclusion is acknowledged by [Law93], who states that a maximum error of about 
10% may be the result of the linear extrapolation. 

67 
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The differences between the results of the Heat Flux method and those of the Coun
terflow method are estimated using the analytical counterflow flame model of [Tie91]. 
This may quantify the error in the results of the Counterflow method due to the lin
ear extrapolation. When the error thus found is taken into account, better agreement 
is found between the results of both methods. 

6.2 Stretch correction 

In the analytical model of [Tie91] large activation energy asymptotics is used to 
obtain an estimate of the adiabatic burning velocity of premixed flames [Mat82]. 
Combined with an approximate potential flow model for the counterflow configura
tion, the effect of the stretch rate J( on the burning velocity is studied. Here, only 
the equations derived by [Mat82, Tie91] are used. These papers should be consulted 
for further reference. 

For the counterflow configuration, the relation between the stretch-affected adia
batic burning velocity SK (as a function of the stretch rate K) and the stretch-free 
adiabatic burning velocity SL is given by 

(6.1) 

In this equation, Dy = )..j pep is the thermal diffusivity of the unburnt gas, while 8 
and J.la are defined by · 

e = z 1, z To/Tg, 
Dy 

· [w- 1], zln(z) 11 £ 
J.la - w z-1 +2o, (6.2) 

Io = jz ln(s)ds 
£ 

E[Le- 1] 
1 s- 1 ' RT0z2 

In these equations, Tb is the adiabatic flame temperature, Tg the unburnt gas tem
perature, E the activation energy, Le the Lewis number of the fuel gas and R the 
universal gas constant. Note that eq. (6.1) is an approximation of a more complex 
equation derived by [Tie91]. For detailed calculations of the effect of stretch on Sz, 
eq. (6.1) should not be used. Here, we will use eq. (6.1) because it shows the influence 
of the various quantities on Sz,, and because an estimate of the error, made when 
linear extrapolation is performed, can be derived easily. 

Eq. (6.1) shows that the relation between SL and SK is non-linear in principle. 
Only for small values of K linear extrapolation may be accurate enough. In exper
iments this will generally not be the case, because a minimum stretch rate Kmin is 
required to obtain stable counterflow flames: the unburnt gas velocity at the exit of 
the counterflow burners must always exceed S£. This minimum stretch rate Kmin is 
given by 

(6.3) 

in which H is the distance between both counterflow burners. 
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The results for SL of [Law93] are found through linear extrapolation to zero stretch 
rate of the measured values of S I<. This can be interpreted as using the linear part 
SK_ of eq. (6.1) in a reference point J( =!(*,with Sj< defined by 

(6.4) 

Since Sg = SK_ in J( =!(*,given a value of!(* 2: Kmin, combination of eqs. (6.1) 
and (6.4) yields an estimate for the error ~SL in SL when a linear extrapolation to 
zero stretch rate is performed instead of a non-linear extrapolation. This error ~S L 

is the difference between SL determined by eq. (6.1) and by eq. (6.4), yielding 

"S = K*Dr 
u L SL 0 

(6.5) 

This result seems rather surprising, as the adiabatic flame temperature n, the acti
vation energy E and the Lewis number Le are not involved. However, Sg is defined 
and measured upstream of the flame, so to a first approximation the flame shape and 
fuel gas diffusion will not be of influence. 

From eq. (6.5) it can be seen that the error increases with decreasing value of S£. 
Note that only an estimate of the error can be determined, as ~SL is dependent on 
the reference point!(* that is chosen to match eq. (6.1) with eq. (6.4). 

It is assumed that the measurement of Sg has been performed in a region where 
S I< is an approximately linear function of J(. Therefore, the value of J(* must be in 
a region where Sg calculated with eq. (6.1) is also an approximately linear function 
of J(. To obtain an estimate for J(*, rearrangement of eq. (6.1) yields 

(6.6) 

The second term within the square brackets of eq. (6.6) must be much smaller than 
the first term. This leads to a maximum value Kmax for J(*, given by 

(6. 7) 

!(* will have a reasonable value when Kmin ~ J(* ~ Kmax, which is in the region 
where eq. (6.1) is almost linear. When presenting the results in the next section the 
chosen value of J(* will be verified afterwards. 

6.3 Results and discussion 

For Dr, Le and E as functions of¢ the values given by [Tie9l] are adopted. First the 
value of J(* in eq. (6.5) is to be determined. In figure 6.1 two examples of calculated 
results with eq. (6.1) (continuous line) and eq. (6.4) (dashed line) are shown, for a 
mixture of methane with air of ¢ = 0.8 (left figure) and ¢ = 0.65 (right figure), 
respectively. It is shown that for ¢ = 0.8 the choice of J(* = 450 for matching eqs. 
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(6.1) and (6.4) is justified, as the SK curve calculated with eq. (6.1) is almost a 
straight line there. Another choice of J(* in that neighborhood will not affect the 
results too much. Furthermore, evaluation of Kmin and Kma.x with eqs. (6.3) and 
(6.7) yields Kmin ::::! 70 s-1 (for a typical value of H = 1 em) and Krnax::::; 104 s-1 , 

respectively. 
However, for 4> = 0.65 the choice of J( is of large influence on the result for 

t::.SL, as can be seen from figure 6.1 (right figure). Furthermore, Kmax::::! 600 in this 
case, which means that it is difficult to find an area where eq. ( 6.1) is approximately 
linear. This data point has therefore been left out of the analysis, as well all other 
data points for 4> ~ 1 and 4> 1: 1 giving similar results. 

The experimental results of the Heat Flux method ( +) and the Counterflow 
method of [Law93] (b.) are shown in figures 6.2 and 6.3. Considering these experi
mental results, it appears that for propane (figure 6.3) the results of the Heat Flux 
method are smaller than the results of the Counterflow method, as in the case of 
methane (figure 6.2). The experimental error in the Heat Flux method results is 
about 1-2 It can be concluded that, apart from the systematic difference, the 
agreement is satisfactory. The values used for ](~ are determined by matching the 
value of SL( 4> 1) as determined by the Heat Flux method with the corresponding 
value, corrected non-linearly for stretch, as obtained by the Counterflow method. 

Next consider the corrected data of [Law93] by using eq. (6.5), also shown in 
figures 6.2 and 6.3 ( 0 ). For methane and propane J(* 450 and J(* = 500 
respectively. It appears that the agreement between the results of both experimental 
methods is much improved when the non-linear stretch correction is applied. 

The experimental results presented make clear that the linear extrapolation to 
zero stretch rate performed on the Counterflow method results is not accurate enough. 
Therefore a non-linear extrapolation should be performed, for instance with analyt
ical equations like eq. (6.1), or by numerical calculations as performed by [Dix90]. 

6.4 Additional results for ethane 

In figure 6.4 also the results of measurement of the adiabatic burning velocity of 
ethane-air mixtures are presented, as obtained with the Heat Flux method ( + ), and 
the results obtained by [Law93] (b.). It appears that these results agree well with 
each other within the experimental error, except for near-stoichiometric mixtures. 

The same analysis as in the previous section has not been performed with these 
results. The reason for this is that accurate calculation of the temperature and 
mixture-dependent physical properties Le and Dr is required, as well as a value for 
E. For methane and propane sufficient data are available [Tie91], but for ethane this 
is not the case at present. For a complete validation of the results of ethane the same 
analysis should be performed in the near future. 
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Chapter 7 

One-step chemical reaction 
parameters 

In the preceding chapters various experimental methods have been introduced, with 
which measurements in flat flames have been performed. The results obtained by 
the Heat Flux method in chapters 5 and 6 appear to be sufficiently accurate to be 
used for determination of the one-step chemical reaction parameters. In this chapter 
these parameters will be determined, for the gases methane, ethane and propane. 
Theoretical equations describing the (adiabatic) burning velocity as a function of 
the flame temperature and the equivalence ratio will be fitted to the corresponding 
experimental data. The result of this fitting will be the optimum values of the 
parameters given a certain experimental data set. 

In section 7.1 an introduction is given concerning the fitting procedure that has 
been followed to determine the parameters. In particular, the limitations and appli
cability of the parameters in numerical simulations are discussed. In section 7.2 the 
fitting procedure is described in more detail. In particular the fitting functions used 
in the fitting procedure are derived. A number of parameter sets is presented in sec
tion 7.3, for methane, ethane and propane, using the experimental data of chapters 
5 and 6. In section 7.4 a sensitivity analysis is performed, investigating the influence 
of experimental errors and the chosen values of the Lewis numbers on the values of 
the parameters. In section 7.5 the parameters for methane are used in numerical 
calculations of 1-D flames, to determine the value of the preexponential factor A, 
and to verify the reliability of the parameter determination procedure. Finally, in 
section 7.6 some conclusions are drawn concerning the parameters that have been 
derived. 

7.1 Introduction 

The theoretical basis of this chapter is given by the "Conduction Controlled Flame" 
theory, which is reviewed in appendix A. This theory provides approximate equations 
relating the burning velocity with the flame temperature as a function of equivalence 
ratio, using the empirical one-step chemical reaction parameters a, (3, Ea and A (see 
chapter 1). The parameters are determined by fitting the theoretical equations to 
the experimental data found in the previous chapters. The values of the parame-

73 



74 One-step chemical reaction parameters 

0.45 4.0 
00 

0 

0.40 3.5 
.-. 
<I) a o.35 ,_.. 

~ 3.0 >. 0· 0 ... .._ ..... 
0.30 a (,) 

0 0 (,) 

Q) 0 
,_.. 

> .g 2.5 
co 0.25 

0 
0 .-.. 

= ~....l ·a 0 rll 
'-' ... .E! 2.0 :::1 0.20 ,Q 

0 

-d 
N 

0.15 0 1.5 

0.10 1.0 
0.6 0.8 1.0 1.2 1.4 4.2 4.8 5.4 6.0 6.6 

equivalence ratio (-) 1/T{, (lE-4/K) 

Figure 7.1: Fitting results of [Lan92}; 
Left: SL as a function of¢, for methane/air mixtures; (0) [And72}; line: fit; 
Right: S£ as a function ofT{,, for· ¢ = 0.8, 1.0 and 1.2; continuous lines: {Kas67}; 
dashed lines: fit 

ters are varied systematically until maximum agreement between the results of the 
calculations and the experimental data is found. This approach assures that the 
determination of the parameters is performed as good as possible. 

This approach has clearly certain limitations as well. Furthermore, a number of 
choices has to be made in advance of the determination of the parameters, which 
may influence the values of the parameters. These aspects will be treated here first, 
before the parameters are determined. 

Modelling errors 

Using any model implies modelling errors. Since the determination of the parame
ters is based on a one-st.ep chemical reaction model and the Conduction Controlled 
Flame theory, both involving approximations and simplifications, these errors may 
be significant. 

As an example, in figure 7.1 the results are shown of calculation of SL as a function 
of¢, using the one-step chemical reaction parameters for methane/air mixtures as 
derived by [Lan92] from experimental data obtained from [And72] (left figure). In 
the same figure are shown the calculation results of Si, as a function of T{,, for 
¢ = 0.8, 1.0 and 1.2 (right figure), together with experimental data of [Kas67]. The 
parameters used in these calculations are determined through fitting with the same 
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experimental data as indicated in this figure. Regarding the S L( ¢)-data in figure 
7.1 (left), it appears that SL is quantitatively well predicted by the calculations for 
¢ ~ 1.0. However, for both¢~ 1.0 and¢~ 1.0 the error increases. Regarding the 
S£( ¢, Tb)-data of figure 7.1 (right), it appears that for ¢ 1.2 and small burning 
velocities larger deviations are found than for ¢ 0.8 and 1.0. 

The two figures combined suggest that it is impossible to describe both lean and 
rich combustion behavior accurately with one set of parameters. Therefore, it may be 
useful to determine special sets of parameters for either lean of rich combustion only. 
Likewise, special parameters could be used when for instance the blow-off behavior 
is to be investigated. These parameters can be determined by using primarily the 
SL( ¢)-data in the fitting procedure. The other way around, when the flash-back be
havior of flames is to be investigated, the SL( ¢)-data are less important. Parameters 
could be used for this purpose determined with larger emphasis on the prediction of 
the S£( ¢, Tb)-data, for low values of Si,. 

At this stage it is impossible to decide if and when specialized sets of parameters 
are necessary. In section 7.3 this subject will be dealt with in more detail. 

Calculation of the adiabatic flame temperature 

Accurate calculation of the adiabatic flame temperature n is very important, for 
several reasons. As has been shown already, the experimental results of the burner
stabilized flame temperature T{, as presented in chapter 5 and 6 are dependent on 
'lb. But accurate calculation of 11, is also important for the determination of the 
parameters. SL is highly sensitive to small changes in Tb. Therefore, when the 
theoretical equations used in the fitting procedure do not predict 1b accurately, SL 
will not be predicted accurately as well. 

In this thesis the method described in [Gla77, Gri94] is used to calculate Tb. This 
method determines the chemical equilibrium composition and adiabatic temperature 
of an arbitrary hydrocarbon/oxidizer mixture. The initial composition ofthe mixture 
and the enthalpies offormation of the participating species are needed as input. The 
accuracy of this method can be increased by including more product species. 

It has to be realized that, apart from calculating n accurately, it is important that 
the calculation method used in the parameter determination procedure is also used 
in the numerical simulations. In figure 7.2 the results of calculation of n of mixtures 
of methane, ethane and propane with air, using the method of [Gla77, Gri94] are 
compared with calculations according to eq. (A.13) (dashed line). For 0.9 < ¢ < 
1.1 the mass fractions of CO, C02 and 0 2 have been adjusted to give the results 
represented by the continuous line. It appears that the results using eq. (A.l3) are 
good for lean and near-stoichiometric mixtures, but moderate for rich mixtures, the 
differences being about 25-75 K. Since SL is very sensitive to small changes in n, the 
results of SE will be inaccurate for¢~ 1.0. If the method of [Gla77] is used when 
the parameters are determined, and eq. (A.l3) is used in the numerical simulations, 
the accuracy will be further reduced. 

This particular point will be investigated further in section 7.5, when the actual 
parameters have been derived. 
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Figure 7.2: The calculated adiabatic 
flame temperature of mixtures of 
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air; lines: one-step chemical reac
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An important variable in combustion is the equivalence ratio ¢, which is defined in 
the unburnt gas. However, when the premixed gas with a certain initial equivalence 
ratio ¢.q leaves a burner to be burnt, air entrainment causes a decrease in the local 
equivalence ratio. Therefore, when a flame with significant air entrainment is to 
be modelled, it is important that combustion is described well both at the initial 
eq11ivalence ratio ¢9 and at ¢ < ¢9 with the parameters that are used. 

This is of particular interest when modelling, e.g., the blow-off behavior of Bunsen 
flames. Near the edge of the burner both substantive cooling and mixing with the 
surrounding air occurs. Whether the flame is stable or not is mainly determined by 
the local burning velocity. Near the edge the burning velocity is not only a function 
of the initial equivalence ratio ¢9 , but also of the extent at which air entrainment 
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occurs. Therefore, to be able to predict the blow-off behavior accurately, the burning 
velocity must be accurately predicted by the one-step chemical reaction model for 
¢ < </>g as well. 

Physical properties 

In the derivation of the parameters particular data obtained from the literature 
are used for the temperature dependency of the heat capacity Cp and the thermal 
conductivity A (see appendix A). The values of these particular properties are of 
influence on the results of the parameter determination. Therefore, it is necessary to 
use these or similar data in the numerical simulations as well. 

The mass burnt gas fractions¥,, estimated according to eq. (A.12), are used to 
calculate Cp with eq. (A.ll) and !!.h with eq. (A.lO). As mentioned before, T0 is 
calculated according to [Gla77, Gri94] and not with eq. (A.13). 

Functional values of the parameters 

In principle, the values of the parameters can be chosen freely, as long as the "fit 
is good". However, the functional shape of the source term by eq. ( 1.5) imposes 
restraints on the range of values that the parameters may attain, to obtain a func
tionally correct reaction rate. All the parameters must be positive, since an increasing 
reaction rate with decreasing fuel or oxidizer mass fraction is inconceivable, just as 
a negative reaction rate is. Since the fitting procedure may yield negative values 
for the parameters as best fit, restrictions must be imposed on the values of the 
parameters. This is achieved by using restriction functions, which will be discussed 
in section 7.2.2. 

The preexponential factor A 

In' the theoretical equations used in the fitting procedure several approximations are 
made. This implies that the values of the parameters are not exactly determined. 
Concerning the parameters o, f3 and Ea it has to be determined afterwards whether 
their values are accurate enough. The same can be said about the preexponential 
factor A, but this parameter can be eliminated from the fitting functions used, as 
will be shown in section 7.2.2. Therefore, A can be determined after the fitting 
procedure by calculating the adiabatic burning velocity with the numericall-D flame 
code "LamflalD". Its value is thus always accurate. The verification of the fitting 
results is then restricted to the other three parameters. The values of A presented 
in this chapter are therefore determined after 1-D flame calculations, and not by the 
fitting procedure. The numerical calculations performed to test the parameters are 
presented in section 7.5. 
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In the approach of the one-step chemical reaction model it has been chosen to use 
fixed values for the Lewis numbers for the fuel and the oxidizer. This is not a severe 
assumption, as it is only of importance for the determination of the parameters. In 
the numerical simulation program non-constant Lewis numbers can be used. 
In this thesis the Lewis numbers used for methane, ethane, propane and oxygen 
are listed in figure 7.3. These parameters are determined by calculating the binary 
diffusion coefficients D;m of the species diluted in pure nitrogen according to [Hir54], 
the thermal conductivity .>.by eq. (A. 7), and the specific heat capacities Cp,i according 
to [Kee86].The Lewis number is then calculated for the temperature range 273-
2300 K, of which the average value is calculated. 

In figure 7.3 also Lewis numbers for other major combustion species, obtained 
from [Smo91], are shown for comparison. It appears that the calc.ulated values agree 
well with each other. It is shown that the assumption of temperature independent 
Lewis numbers is in reasonable agreement with these calculations. 

In the procedure to determinE~ the parameters, for Oxygen a Lewis number equal 
to unity is used. For ethane and propane the Lewis numbers used are 1.38 and 
1. 78, respectively. For methane a Lewis number of 0.83 has been used, which is the 
value given by [Lan92]. Regarding the values given in figure 7.3, this is not a very 
good choice. However, although the chosen values of the Lewis numbers may be 
of influence on the values of the parameters, their effect on the quality of the fit is 
negligible, as will be shown in section 7.4.2. 
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7.2 The fitting procedure 

In this section the actual procedure to determine the parameters will be presented. 
For this purpose fitting functions are defined, which describe the difference between 
an experimentally obtained value and the corresponding calculated value. When a 
perfect fit is obtained, these two values are always equal. In general a perfect fit is 
not obtained, and the difference between these two values is then a measure for the 
quality of the fit. The fitting procedure is designed to minimize these differences, to 
obtain the best fit possible. 

The fitting functions that are used concern the calculation of SL as a function 
of tjY and S£ as a function of tjY and T£, as these are also the results obtained by the 
Heat Flux method, in chapters 5 and 6. 

7.2.1 Least Squares Approximation 

The fitting procedure uses the well-known Least Squares Approximation method 
[Cha83]. An example of this method is the so-called Linear Regression, by which the 
best ftt of a straight line through a number of data points is determined. 

The general shape of the fitting function tP used in determining the one-step 
chemical reaction parameters is 

N 

<P(a:, (3, Ea) l:Wi · Uex- fth(a, (3, Ea)]2 . (7.1) 
i=l 

In this equation, N is the number of individual data points obtained by the measure
ments, and a, (3 and Ea the parameters to be determined by the fitting procedure 
(A is determined by fitting of the numerically determined values of S L with the 
experimental values of SL, instead by fitting of eq. (7.1)). !ex and fth denote the 
experimental value and the corresponding calculated theoretical value, respectively. 
Wi is a weighing factor, by which the relative importance of certain data points can 
be increased or decreased compared to other data points, thus influencing the out
come of the fitting procedure. The values of the parameters are found by varying 
the values of the parameters until the fitting function tP attains a minimum value. 
Then the Least Squares Approximation method demands 

0. (7.2) 

7.2.2 Fitting functions 

Three types of fitting functions tP are used. The first one, F, evaluates the adiabatic 
burning velocity S L as a function of equivalence ratio tfy. This means that with F the 
parameters are fitted with experimental data of S L( tP) as presented in the left part of 
figure 7.1. The second function, F', evaluates the burning velocity S£ as a function 
of the flame temperature T{, and the equivalence ratio ¢. Using F' is the equivalent 
of fitting the parameters to the experimental behavior of S£( t/Y, T/,) like presented in 
the right part of figure 7.1. The third fitting function is a restriction function V, to 
obtain functionally correct values of the parameters. The equations for S L( ¢) and 
S£( t/Y, T{,) will be discussed first. 
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These equations are derived from the Conduction Controlled Flame Theory (see 
appendix A). The result for adiabatic flames is 

with I= 1:b >.(t)S(t)dt. (7.3) 

Through this equation, SL is dependent on all four parameters, asp= a+ f3 and S 
contains a, f3 and Ea. Note that A can be eliminated from the fitting function by 
using the ratio of eq. (7.3) for two different equivalence ratios. 

The integral I in this equation can be evaluated analytically only when several 
approximations are made. The resulting approximate expressions for eq. (7.3) are 
given in appendix A. However, comparison of the result of numerical integration of 
I and the approximate analytical solution shows significant differences. This can be 
seen in figure 7.4, where both results for the adiabatic case are shown, for 0.6 :S: ¢ :S: 
1.6, using the parameters for methane derived in [Lan92]. It can be seen that when 
the approximate solution is used, a significant error in the value of the parameters 
can be expected, except when only lean mixtures are considered. 

It is for this reason that these approximate equations are not used. Instead, I 
in eq. (7.3) is evaluated numerically, as it can be shown that a simple Simpson Inte
gration rule with a small number of integration steps (10-20) already gives accurate 
results. 

The equation for S£ as a function of ¢ is given by 

(7.4) 

which is very similar to eq. (7.3). With eq. (7.4) S£ also depends on all four the 
parameters. The differences with eq. (7 .3) are the heat loss term Tbur, and the 
different values for the burning velocity S£ and the flame temperature Ti instead of 
the adiabatic values SL and n, resulting also in a different source term S'. 
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Again, A can be eliminated from the fitting function using eq. (7.4) by using the 
ratio of two equations for 5£. 

In principle similar differences between the results of numerical and analytical 
evaluation will arise as in the case of eq. (7.3). Therefore, it would be best to eval
uate eq. (7.4) numerically as well. However, numerical evaluation of the integral in 
eq. (7.4) is much more complicated, since this requires calculation of T~ = cpT~/ l:!..h 
during the determination of the parameters, which is very time-consuming. Besides, 
when in the fitting procedure only the ratio of two burning velocities at equal equiv
alence ratios is used, the effect appears to be much smaller, since in both evaluations 
practically the same error is made. Therefore eq. (7.4) is replaced by the approximate 
expressions eqs. (A.25) and (A.27) as shown in appendix A. 

The equations shown are valid for conduction controlled flames only. In [Lan92] also 
equations for 5L and 5£ are derived for convection controlled flames. In convection 
controlled flames the transport of enthalpy in the reaction zone is dominated by 
convection, in contrast to conduction controlled flames, where conductive enthalpy 
transport is dominant1 • The criterium for this is given in appendix A. Analogous 
equations for these type of flames have been derived as well. These equations can 
be substituted for eqs. (7.3) and (7.4) when necessary, without any further change 
in the remainder of the fitting procedure. 

With the evaluation functions for 5£ and 5£ known, the actual fitting functions :F 
and :F' are defined as 

:F = [cp(2) [cp(Tc,2)rc(2) 

cp(1) [cp( Tc, 1 )rc(l) 

1 [ (5t'"'(1)) :F = 2ln 5t'"'(2) 

for ¢ ~ 1.0, and 

[
5£"'(1)]

2

]

2 

5£"'(2) 

(7.5) 

Ea (T/,e"'(1))] 2 

+ RT(,ex(2) -[a- f3 +I+ 2]ln T{,ex(2) ' 

(7.6) 

:F' = [21n (-~t-~:-g-o- _,...;;__+ RT~:(2)- [a+ f3 + 1 + 2]ln (~~::go r, 
(7.7) 

for ¢ ~ 1.0 and ¢ ~ 1.0. In these equations the arguments 1 and 2 denote different 
experimental data points. When compared with eq. (7.1), the first term in eq. {7.5) 
denotes fth and the second term fex, while in eqs. (7.6) and (7.7) the first term 
denotes fex• and the remaining terms denote fth· Note that A is not present in these 
equations, so that its value has no influence on the fitting process. Furthermore, the 
different data points in eq. (7.5) imply different values of¢, while in eqs. (7.6) and 
(7.7) the different data points imply different values ofT/, for the same value of¢. 
In the determination of the parameters eqs. (7.6) and (7.7) are used for¢ 0.8, l.O 
or 1.2 only. However, other values for¢ can be used whenever needed. 

1 For instance, mixtures with a large amount of H2 are more likely to he convection controlled 
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The third fitting function, V, is meant to restrict the parameters to functionally 
correct ranges. It appears that always attains "reasonable" values, but a and f3 
tend to become negative in some cases. Therefore a restriction function V is used, 
defined by 

(7.8) 

with Wa and W11 equal to zero when a 2'. ao and {3 2'. {30 , respectively. This function 
has been chosen arbitrarily, with as only criterium its positive effect on the results 
of the fitting procedure. Its effect is that when a or f3 attain a value smaller than 
what is assumed to be a reasonable lower limit (e.g., a f3 = 0.25), V becomes very 
large, thus shifting the minimum of the total fitting function ~ to values of a 2'. a 0 

or f3 2'. {30 . In principle also a restriction function may be needed to impose a certain 
maximum on the values of particularly a and {3, but during the fitting procedure this 
appears never to be necessary. 

7.3 Fitting results 

With the program "PAR" (see appendix D) several fitting results have been gen
erated. In this section results will be presented of the parameter determination of 
the fuel gases methane, ethane and propane. The prime goal of this chapter is to 
demonstrate the reliability of the fitting procedure, so that it can be used with any 
arbitrary gas or gas mixture as well, without further research on the fitting procedure 
itself being necessary. The second goal of this chapter will be the determination of 
parameters for methane that are more accurate than those used so far, since methane 
is the major compound of most natural gas mixtures. Therefore, the focus of this 
chapter will be on the results for methane, while the results for ethane and propane 
will be presented and discussed only briefly. 

7.3.1 Methane 

In the figures 7.5 to 7.8 the results of the fitting procedure are presented for four 
different cases, the parameters of which are shown in table 7.1. The first ( C H 4-l) set 
is determined to cover the maximum equivalence ratio range of 0.6 :s; ¢ :s; 1.3. The 
second and third set (CH4-2 and CH4-3) are determined for lean and rich mixtures 
only, respectively. The fourth set (CH4-4) is determined with extra emphasis on 
the SL( ¢, Tt)-data. The reason for the distinction between these four cases has been 
mentioned in section 7.1, to try to obtain more accurate results for specific cases. As 
can be seen, the fit of set CH4-2 is indeed slightly better for lean mixtures than that 
of set C H 4- L However, the difference is only smalL Parameter set C H 4-3, derived for 
rich mixtures, appears to be oflittle use, as the fit is slightly better for rich mixtures, 
but the deviations for lean mixtures are unacceptably large. This set is included to 
demonstrate the possible limitations in fitting the parameters. Parameter set CH4-4 
gives slightly better agreement for the data of SL(¢, Tb), but the results for SL(¢) 
show larger deviations. This also demonstrates that the fitting of the parameters is 
not always successfuL Note that the predictions of SL for ¢ = 0.8, 1.0 and 1.2 do 
not agree with each other, when comparing both results of for instance figure 7.8. 
This is caused by the difference in assumptions leading to the equations for SL and 
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Si, as discussed in section 7.2.2. This is an inevitable source of error, but as can be 
seen from the results shown so far, the error is usually small. Since the parameter 
sets CH4-3 and CH4 -4 will not be used in numerical simulations in section 7.5, the 
preexponential factor of these sets is not determined. 

An important aspect of these parameter sets for methane is that both the adi
abatic and the non-adiabatic behavior is remarkably well described, although ac
cording to section 7.1 this was not expected, as has been shown in figure 7.1. With 
the new parameters for methane with air it appears to be possible to describe quite 
accurately combustion both at blow-off and flash-back conditions. The errors in SL 
and S£ are of the order of magnitude of 1-2 cm/s. It is expected that with these 
new parameter sets the numerical simulations will be greatly improved. 

One reason for this better agreement is that the experimental data are consistent 
with each other. The experimental data used to determine the parameters used in 
figure 7.1 give conflicting results for the adiabatic burning velocity and adiabatic 
flame temperature, as they stem from different literature sources, and are obtained 
from different experimental methods2

• Another reason is that the new parameters are 
determined more systematically, while the parameters used in figure 7.1 are chosen 
with a trial-and-error method. 

Additionally, the error in the (adiabatic) burning velocity is given in table 7.2 
by the overall standard deviation a. This provides quantitative information about 
the results of the fitting procedure, apart from the qualitative information that the 
figures have provided. It appears that the differences between the various parameter 
sets are small, but significant. 

7.3.2 Ethane and propane 

In figure 7.9 and 7.10 the results of the fitting procedure for ethane and propane are 
presented, the parameters of which are also presented in table 7 .1. Here only one set is 
determined for each gas, as it appears that the agreement is fairly satisfactory for the 
major part of the equivalence ratio range, but also because no further improvement 
is obtained by specialized fits like in the case of methane. If still better agreement is 
required, for instance for lean mixtures, the results can be adjusted by changing the 
value of A. As the numerical simulation program "Lamfla1D" is not yet suitable for 
simulating ethane or propane flames, the preexponential factor A of these parameter 
sets have not been determined. 

Since these parameters will not be used in numerical simulations, and "Lamfla1D" 
has to be changed considerably before this can be performed, the preexponential fac
tor A of these parameter sets have not been determined. The values for A for ethane 
and propane used to generate figures 7.9 and 7.10 were 1.774E+13 and 3.184E+l0, 
respectively. These values were determined by matching the theoretical value for SL 
found with eq. (7.3) with the measured adiabatic burning velocity for ¢ 1.0 and 
¢ = 0.95, respectively, after the fitting procedure was completed. 

2 As mentioned in chapter 1, this is one of the very reasons why the experiments presented in 
chapters 4, 5 and 6 have been performed 
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Table 7.1: The parameter sets for methane, ethane and propane and their 
range of application 

1.40 
0.55 

Table 7.2: The overall standard deviation a- in (cmjs) for the various pa
rameter sets, for SL(¢ $ 1.0), SL(¢ > 1.0), S£(¢ = 0.8), St(¢ = 1.0) and 
SL(¢ = 1.2) 
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Figure 7.5: The results of the fitting procedure for methane, parameter set CII4-1. 
Left: (0) experimental data; dashed line: fit. 
Right: experimental data for¢> 0.8 (6), 1.0 (0) and 1.2 (D); lines: fit 
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Figure 7.6: The results of the fitting procedure for methane, parameter set CH4-2. 
Left: (0) experimental data; dashed line: fit. 
Right: experimental data for¢ 0.8 (6), 1.0 (0) and 1.2 (D); lines: fit 
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Figure 7.7: The results of the fitting procedure for methane, parameter set CH4 -3. 
Left: (0) experimental data; dashed line: fit. 
Right: experimental data for ¢i = 0.8 (6.), 1.0 (0) and 1.2 (D); lines: fit 
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Figure 7.8: The results of the fitting procedure for methane, parameter set CH4 -4. 
Left: (0) experimental data; dashed line: fit. 
Right: experimental data for¢= 0.8 (6.), 1.0 (0) and 1.2 (D); lines: fit 
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Figure 7.9: The results of the fitting procedure for ethane, parameter set C2 H6 ; 

Left: ( 0) experimental data; dashed line: fit 
Right: experimental data for¢>= 0.8 ( 6 ), 1.0 (0) and 1.2 (D); lines: fit 
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Figure 7.10: The results of the fitting procedure for propane, parameter set C3 H8 ; 

Left: ( 0) experimental data; dashed line: fit 
Right: experimental data for¢> 0.8 (6), 1.0 (o) and 1.2 (D); lines: fit 
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7.4 Sensitivity analysis 

7.4.1 Experimental errors 

Since experimental data are used for the determination of the parameters, it is of 
importance to investigate to what extent experimental errors are significant for the 
values of the parameters. Therefore a sensitivity analysis must be performed, in order 
to estimate the possible variation in parameters due to variations in the experimental 
data, and to confirm that the experimental results are accurate enough. 

In principle, the experimental data should be varied and then the parameters 
should be determined using these altered data. However, this would be very time
consuming. Here the reverse approach is followed: the parameters are varied, and 
it is investigated what the variation in the experimental data would have been to 
produce these parameters. This will give a good impression of the sensitivity of 
the parameter determination procedure on systematic experimental errors, such as 
deviations in the slope of the curves of figure 7 .5. 

With this analysis it is impossible to estimate the effect on the values of the 
parameters of randomly distributed errors in the experimental data. However, when 
a sufficiently large number of data points is used the effect of one data point being 
erroneous can be neglected. 

A sensitivity coefficient Q can be defined to quantify the sensitivity of the pa
rameters for experimental errors. For instance, the sensitivity coefficient of SL for 
variation in a: is defined as 

Q = relative error in SL 
relative error in a: 

Similar sensitivity coefficients can be defined for SL and for variation in the values 
of the other parameters. 

In table 7.3 the calculated values for Q using eq. (7.9) are shown, for variation 
of the values of the parameters as indicated. In figures 7.11 and 7.12 the calculation 
results of S L( ¢) and SL( ¢, 1'/,) are shown, using these parameters. It appears that 
IQI ~ 1 or IQI <t:. 1. This suggests that a systematic error in the experimental data 
will not be amplified in the values of the parameters, especially those of a: and {3. 
Therefore, the determination of the parameters appears to be fairly insensitive for 
experimental errors. 
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variation in the values of the parameters of 
parameter set CH4 -1; 
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lines: calculations using eq. (7.3}; 
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sensitivity coefficient Q for SL(¢) (-) 

~::!.a fa 1::!..(3/(3 f:!..Ea/Ea 
¢ -0.2 +0.2 -0.2 +0.2 -0.2 +0.2 

0.65 0.84 -0.65 -0.40 0.40 1.34 -0.99 
1.00 0.11 -0.11 0.00 -0.00 -0.08 0.08 
1.30 -0.18 0.20 -0.02 0.00 0.39 -0.34 

sensitivity coefficient Q for SL( ¢, T£) (-) 

~::!.a/a !::!..(3 I f3 f:!..Ea/Ea 
¢ -0.2 +0.2 -0.2 +0.2 -0.2 +0.2 

0.80 0.15 -0.15 0.07 -0.07 0.84 -0.72 
1.00 0.28 -0.27 0.14 -0.13 1.58 -1.20 
1.20 0.23 -0.22 0.11 -0.11 1.31 -1.04 

Table 7.3: The sensitivity coefficient Q of SL(¢) and SL(¢,T(,), 
using parameter set CH4-1 

Ea I A X 1015 I A X 1015 I 
0.40 1.00 2.336 1.114 197749 14.520 1.708 
0.60 1.00 2.336 1.114 197749 5.633 1.708 
0.83 1.00 2.348 1.129 197203 2.889 1.870 
1.00 1.00 2.348 1.129 197209 1.868 1.868 
1.20 1.00 2.348 1.129 197209 1.217 1.867 
0.83 0.60 2.628 0.878 195542 6.794 2.667 
0.83 0.80 2.474 1.021 196543 4.461 2.247 
0.83 1.00 2.348 1.129 197203 2.889 1.870 
0.83 1.20 2.225 1.182 198630 1.601 1.315 
0.83 1.40 2.122 1.203 200159 0.895 0.906 
0.97 1.11 2.279 1.162 197967 1.474 1.552 

Table 7.4: The influence of Lewis numbers on the values of the 
parameters of parameter set CH4-l 
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7.4.2 Lewis Numbers 

The parameters presented in table 7.1 have been determined with fixed Lewis num
bers for the fuel gas and the oxidizer. However, in chapter 6 it has been shown that 
the Lewis number for the fuel gas can be a function of equivalence ratio. Important 
is whether the actual choice of the Lewis numbers is significant for the determination 
of the parameters. 

To investigate this possibility the Lewis numbers have been varied, using the 
input file which has lead to the parameter set CH4-1. In table 7.4 the results are 
shown. Concerning the Lewis number for the fuel gas Lefu, it appears that only 
for extreme values of Lefu the parameters o:, f3 and Ea are changed significantly. 
However, not shown is that regarding the fit practically no change occurs. 

This implies that the actual value of Le fu has negligible influence on the val
ues and the accuracy of these parameters. Therefore the choice of Le fu is of little 
relevance to the parameter fitting procedure. 

In table 7.4 the values of the modified preexponential factor A, defined by A = 
A[Le Jul'"'[Le0 x]P are also shown. It appears that A also remains practically constant 
when Lefu is varied, but not when Leox is varied. This can be understood when eq. 
(A.l8) is substituted in eq. (7.3). Since the burnt gas mass fraction of the fuel is 
always equal to zero (in contrast to that of the oxidizer, which is only equal to zero 
for rich mixtures) it can be shown that 

It is this behavior for A that is found in table 7 .4. This implies that Le Ju used in 
the determination of the parameters can be chosen arbitrarily, as long as A is chosen 
accordingly, leaving A constant. 

In contrast to variations in Le fu, the values of all parameters change consid
erably when the Lewis number for the oxidizer Le0 x is varied. Therefore, when a 
different value for Leox is to be used in numerical simulations, the parameters must 
be redetermined. 

7.5 Numerical calculations of 1-D flames 

In the preceding sections the one-step chemical reaction parameters have been de
rived, by fttting a number of analytical equations with experimental data. As men
tioned before, in the derivation of these equations some approximations have been 
made. Consequently, when the parameters are used in simulations, where the set of 
equations is solved numerically, this might lead to different results. Therefore numer
ical simulations must be performed to investigate to what extent the approximations 
have lead to inaccurate values of the parameters. The preexponential factor A has 
purposely been left out of the fitting procedure for this very reason, as it has ap
peared that the result for A when determined with the fitting procedure is inaccurate 
indeed. 

So, the preexponential factor A will be determined first. This will be dealt with 
in section 7.5.1. Then, with the complete set of parameters 1-D flame calculations of 
SL(¢) (section 7.5.2) and S'r,(¢,Tb) (section 7.5.3) will be performed, to determine 
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S L( </>) and SL( </>, T{,) numerically. This will give a good impression of the results that 
can be obtained with the one-step chemical reaction model. In this chapter these 
calculations will be performed, using the 1-D flame simulation program "Lamfla1D" 
[Lan92]. 

7.5.1 The preexponential factor A 

The value of A can be determined by simulating adiabatic flames numerically, for 
various values of the equivalence ratio ¢. The value of A is then found by fitting the 
numerical values of SL with the corresponding experimental values of S£. In table 
7.1 the thus calculated values of A for the methane parameter sets C Hr 1 and C H4-2 
are presented. 

As regards these calculations, it has to be realized that the computer program 
"Lamfla1D" simulates 1-D burner-stabilized flames only. The flames are stabilized 
numerically by applying a constant-temperature boundary condition at burner outlet. 
The calculation grid is fixed in reference to the position of the burner. The mass flow 
rate is also fixed, while the heat loss is determined by the temperature gradient at 
the burner wall, following from the calculations. This implies that at near-adiabatic 
conditions the numerical situation becomes instable, as small perturbations of the 
temperature during the iterations may cause zero or even negative heat loss, which 
may result in numerical blow-off. It must be anticipated that the accuracy of these 
recalculated values of A can be improved when altering the method in "LamflalD". 
With a new version, developed to simulate adiabatic flames, the values of A should 
be verified once more. 

7.5.2 Adiabatic flames 

In table 7.5 the results for the adiabatic flame temperature for various equivalence 
ratios is presented, using parameter set CH4-l. These results are obtained by nu
merical simulations using "Lamflald", using eq. (A.13) to calculate n. The results 
are compared with the values calculated by the method described in [Gla77, Gri94]. 
It appears that for lean mixtures the agreement is very satisfactory, but for rich 
mixtures the temperature is too low. This is caused by the same phenomenon as 
observed in figure 7.2, i.e. the inaccurate prediction of the CO mass fraction, and 
the exclusion of H 2 as a combustion product. 

In figure 7.13 the results of calculation of the adiabatic burning velocity are 
presented (!:::. ). It appears that for lean mixtures the agreement is good again, but 
that for rich mixtures the calculated values are too low. This is also caused by the 
underprediction of the flame temperature by "LamflalD". 

The differences that are found for lean mixtures can be attributed to the approx
imations made in the Conduction Controlled Flame theory, using the approximate 
equations for Sr, and S£ in the fitting procedure. However, Furthermore, the adia
batic burning velocity was very difficult to determine because of convergence prob
lems, for very lean and very rich mixtures. The use of an adiabatic flame simulation 
program will probably further improve the agreement. 

To verify the influence of the error in n on the error in SL, the fuel specific 
enthalpy !::.h, calculated by eq. (A.lO), can be adjusted to obtain the correct flame 
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¢ n n n SL SL SL 
[Gla77] (calc.) ( corr.) (fit) (calc.) ( corr.) 

0.7 1830 1811 - 0.137 0.120 -

0.8 1993 1982 - 0.229 0.205 -

0.9 2120 2141 - 0.312 0.315 -

1.0 2220 2231 - 0.369 0.367 -

1.1 2210 2139 2216 0.391 0.353 0.390 
1.2 2136 2078 2134 0.338 0.266 0.330 
1.3 2059 1978 2057 0.284 0.202 0.265 

Table 7.5: The results of calculation of the adiabatic flame temperature Tb and the 
adiabatic burning velocity SL with "Lamfia1D" (calc.), compared to the results of 
{Gla77] and the parameter fitting procedure (fit}, and after correction of fj.h (carr.) 

temperature as found with the method of [Gla77]. The results of these calculations 
are shown in table 7.5 and in figure 7.13 (D). It appears that the agreement is 
much better now. These results clearly demonstrate the consequences of using an 
inaccurate method like eq. (A.l3) for the adiabatic flame temperature for simulation 
of rich mixtures. But more importantly, with a more fundamental approach towards 
improvement of the predicted adiabatic flame temperature for rich mixtures better 
results may be obtained quite easily. Then it can be expected that the results of the 
numerical simulations will be in better agreement with the experimental data, over 
the same flammability range as used in the determination of the parameters. 

7.5.3 Burner-stabilized flames 

Just as the calculation of adiabatic flames verifies the parameters under adiabatic 
conditions, the same can be performed for burner-stabilized flames. For this purpose 
"LamflalD" is very well suited. The results of calculation of T{, as a function of 1> 
and S£ are presented in figure 7 .13. For 1> = 1.2 the value of fj.h has been adjusted 
to obtain agreement with the results of n using the method of [Gla77]. It appears 
that the agreement is satisfactory, with a maximum temperature difference of about 
25 K. 
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7.6 Conclusions 

A systematic fitting procedure has been developed to determine the one-step chemical 
reaction parameters from experimental data concerning the burning velocity as a 
function of the flame temperature and the equivalence ratio. 

The determination of the parameters for the fuel gases methane, ethane and 
propane have shown that the one-step chemical reaction model has certainly impor
tant limitations, but that as a whole the agreement between the modelling results 
and the experimental data is quite satisfactory, provided that the parameters are 
determined carefully. In particular, a significant improvement of the agreement be
tween the results of the fitting procedure and the experimental data is obtained. The 
sensitivity for experimental errors is small enough to be of minor importance. While 
the values of the parameters are dependent on the value of the Lewis number for 
the oxidizer, they are independent of the value of the Lewis number for the fuel gas, 
through proper adjustment of the value of the preexponential factor A. 

The fitting procedure can be improved by numerical evaluation of eq. (7.5), in 
a similar manner as eq. (7.3) is evaluated. In principle it is even possible to couple 
the results of the numerical calculations with "Lamflald" to the fitting procedure. 
This will be very time-consuming. However, when the numerical simulation results 
indicate that the parameters need to be determined more accurately, this option 
should be considered. 

Improvement of the numerical simulation results may be achieved by implement
ing an improved routine for calculation of the adiabatic flame temperature, for in
stance according to [Gla77). 



Chapter 8 

New developments in 
experimental techniques 

In chapters 4 to 6 the results of measurements in flat flames have been presented. 
These are sufficiently accurate for the purpose of this thesis, the determination of one
step chemical-reaction parameters for modelling hydrocarbon/air flames (see chapter 
7). However, the experimental methods presented are applicable to flat flames only. 
In the near future research will increasingly concentrate on 2-D and rotationally
symmetric flames. In order to perform experiments in these flames other methods 
should be used. 

In this chapter two experimental methods are treated. The first method concerns 
measurement of local flame temperature with thermocouples in the flame (section 
8.1 ). This is a standard method for measurement of flame temperature in combustion 
research. In section 8.1.1 an outline of conventional thermocouple measurements in 
flames is given. In principle, this method is restricted to flames with a relatively low 
temperature (up to 2100 K). In section 8.1.3 to 8.1.5 three options are investigated 
to make this method applicable to flames with higher temperatures as well. 

The second method concerns Laser Induced Predissociation Fluorescence (LIPF), 
presented in section 8.2. This method is available through the cooperation with the 
Department of Molecular and Laser Physics of the Catholic University of Nijmegen 
(KUN), the Netherlands. In principle, it is possible to obtain quantitative 2-D im
ages of for instance OH concentrations in flames with this method. Furthermore, a 
quantitative 2-D temperature distribution of flames can be obtained, which is rather 
unique for laser fluorescence methods. In section 8.2.1 the principle of fluorescence 
experiments in general and LIPF in particular will be discussed. In section 8.2.2 the 
experimental setup of the LIPF experiments is outlined, and in section 8.2.3 some 
preliminary results are presented. 

It is not intended to give an extensive description of these methods here. Presently, 
they are subject to investigation needed to solve remaining problems and to increase 
the accuracy [Ril94, Bal94]. Therefore, only an outline of the basic principles will be 
presented, together with some preliminary results. The main interest of this chapter 
is therefore to obtain additional information concerning the performance of the flat
flame burner, and to give a preview of possible future experiments of interest to the 
combustion research program at the EUT. 

97 
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Figure 8.1: The geometry of a conventional thermocouple 

8.1 Thermocouple temperature measurements 

8.1.1 The conventional thermocouple 

The measurement of temperature in flames with thermocouples is among the most 
used experimental methods in combustion research, and can be quite accurate, with 
an overall error of about 3% [Gou76J. The measurements are relatively simple, and 
can be performed in practically any type of flame. In figure 8.1 a conventional ther
mocouple is shown. It consists of two thin wires, welded together in a thermocouple 
junction. The wire is supported by two needles, which themselves are supported by 
a ceramic tube. The thermocouples that are used in this thesis are made of Plat
inum and an alloy of 90% Platinum and 10% Rhodium, since with these materials 
the thermocouple can be used at higher flame temperatures than with other ther
mocouple materials such as Copper/Constantan or Chromel/ Alumel. The principle 
of thermocouple temperature measurements is well known, and will not be discussed 
here [Gou76]. 

Although thermocouples can be used under widely varying circumstances, there 
are important limitations associated with the use of thermocouples in flames: 

• The thermocouple wire and the support needles give rise to a perturbation of 
the flow pattern. This may alter the relevant distributions in the flame, and 
may perturb the temperature measurement itself, since chemical composition 
and local flame temperature are very sensitive to small changes in the flow 
pattern. This effect is of particular meaning in small flames, where even the 
global structure of the flame may be perturbed due to the presence of the 
thermocouple. 

• The pertUi'bations of the flow are large near the support needles. To reduce the 
effect on the measurement results, the thermocouple wire must be sufficiently 
long. Furthermore, the perturbation induced by the thermocouple support 
needles is mainly convected downstream. Consequently, the position of the 
thermocouple relative to the main flow direction is of importance as well. 
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• The main dimensions of a practical thermocouple wire are rather large (of 
the order of w-3 to w-z m) compared to the scale on which changes in a 
gas flame occur (lo-4 m). Therefore, the measured local flame temperature 
will inevitably be averaged on the scale of the thermocouple wire dimensions. 
Due to this possible averaging effect it is very difficult to perform quantitative 
measurement with thermocouples in regions in the flame with large temperature 
gradients. 

• The temperature of the thermocouple wire is always lower than that of the 
surrounding gas, because of radiative heat loss of the thermocouple. Conductive 
heat loss to the support needles can be of importance as well. This implies that 
the gas is cooled in the neighborhood of the thermocouple. The local cooling of 
the flame may affect the chemical composition and thereby also the measured 
temperature. 

• The local chemical composition and temperature of the flame may change due 
to catalytic reactions on the thermocouple surface. This causes an unknown 
change in both local chemical composition and temperature of the gas. The 
effect of catalytic surface reactions can be reduced by applying for instance 
a coating on the thermocouple wire [Kas67, Ken70]. However, this gives also 
rise to additional problems. Usually, the coating is stable for only a few mea
surements, so the thermocouple must be exchanged very often. furthermore, 
diffusion of coating molecules into the thermocouple may alter its composition, 
which changes the voltage-temperature relation of the thermocouple. Finally, 
the physical properties of coatings (radiative emissivity, heat conductivity) are 
mostly only poorly known at elevated temperatures. The influence of catalytic 
reactions will appear to be of major importance, as will be shown later. 

Most of these perturbations of the flame are too large to be negligible, and the com
plicated interactions between the thermocouple and the flame are very difficult to 
model. Therefore, their effect on the measurement results cannot be accounted for 
in general. In practice, most problems are circumvented by using a small-diameter 
thermocouple wire (0(10) JLm). This is assumed to be sufficient for most pertur
bations. However, even for these small-diameter thermocouples the radiative heat 
loss is not negligible, so that a correction remains necessary. In the next section this 
particular correction will be discussed. 

8.1.2 Radiative heat loss correction 

When convective and radiative heat transport between the thermocouple wire and 
the surrounding gas and conductive heat transport inside the wire are considered, 
the energy equation of the wire can be written as 

::::0. (8.1) 

In this equation, x is the coordinate along the thermocouple wire, with x = 0 at the 
wire junction (see figure 8.1). o:k is the convective heat transfer coefficient between 
gas and wire. Its dimensionless value is dependent on, among others, Nusselt number 
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and Prandtl number [Bra68] .. Furthermore, dk is the wire diameter (assumed to be 
constant), Tk( x) is the local wire temperature and 11( x) the local flame tempera
ture, a= 5.670 · 10-8 W.m-2 .K-4 the Stefan-Boltzmann constant, Ek the emissivity 
coefficient and Ak the conduction coefficient of the wire. In general, ak, €k and Ak 
are functions of and the wire material. Radiative heat transfer from the gas to 
the wire is neglected in eq. (8.1), since the emissivity coefficient of the gas is very 
small compared to Ek· Furthermore, additional radiation terms can be introduced 
depending on the specific situation of the experiment, for instance when radiation 
burners are used, or when the thermocouple is operated in an environment near a 
wall with a high temperature [Hoo92]. 

Unfortunately, there exists some scatter in the reported data about ak, q and 
Ak of thermocouple materials, in the temperature and velocity range of interest for 
measurements in flames [Ker92]. This must be taken into consideration when the cor
rection method is applied in practice, and when the experimental error is estimated. 
When using coatings to reduce possible catalytic effects, even less data are available. 
This is one of the main problems concerning heat loss correction for thermocouple 
measurements in flames. 

Solution of eq. (8.1) generally is impossible, since no boundary conditions are 
known, needed to calculate the conductive heat loss term. However, when the con
ductive heat loss term is neglected, eq. (8.1) can simply be rewritten, yielding the 
following expression for n(x = 0): 

(8.2) 

To obtain a negligibly small conductive heat loss term in eq. (8.1), either Ak or dk 
must be smalL Since Ak of typical thermocouple materials is usually not small, small
diameter thermocouples must be used. In that case the radiative heat loss term in eq. 
(8.2) becomes small as well, since for small values of Reynold's number ak increases 
rapidly with decreasing dk. 

It can be concluded that part of the experimental problems mentioned previously 
are reduced considerably by using small-diameter thermocouples. With properly 
coated small-diameter thermocouples the mentioned error of 3% can be achieved. 

The application of small-diameter thermocouples has been successful in many cases 
[Bra68, Gou76, Kas67, Sat75]. However, the application of these small-diameter 
thermocouples in flames has also an important limitation, which is of particular 
interest when measurements needed for the present investigations are considered. 

When the radiation term in eq. (8.2) is small, Tk is nearly equal ton. With flame 
temperatures up to 2400 K, the thermocouple temperature comes close to or even 
above the melting point of most thermocouple materials. For instance, the melting 
point of Platinum is about 2000 K. This restricts the measurements to relatively cool 
flames. Consequently, for the measurements of present interest a thermocouple is 
required with a wire diameter large enough to reduce the thermocouple temperature 
by radiative heat loss below, e.g., 1800 K. 

When measuring high flame temperatures, such a thermocouple will also have a 
significant conductive heat loss, when dk is large enough. Therefore, a method for 
correcting both radiative and conductive heat loss is needed. 
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Figure 8.2: The geometry of the triple thermocouple {Wij93] 

In section 8.1.3 and 8.1.4 two specially designed thermocouples are introduced. The 
main feature of these thermocouples is that the boundary conditions needed to solve 
eq. (8.1) are known because of the special geometry of the thermocouples. Therefore, 
it is possible to obtain a correction for both radiative and conductive heat loss. 
Furthermore, in section 8.1.5 a method for conduction heat loss correction for the 
conventional thermocouple is presented. 

8.1.3 The triple thermocouple 

In figure 8.2 the geometry of the so-called triple thermocouple is shown schematically, 
the basic idea of which is obtained from [Wij93]. Instead of two support needles, four 
support needles are used. The material of the support needles is chosen in such a 
way, that two additional thermocouple junctions are formed between both pairs of 
the support needles. With this configuration the thermocouple temperature can be 
measured in its middle junction, but also in the junctions with the support needles. 
This provides the two boundary conditions needed to solve eq. (8.1 ). However, be
cause of the radiation term and the temperature dependence of D'k, Ek and .\~;, eq. 
(8.1) is a non-linear second-order differential equation, of which the analytical solu
tion is unknown. However, in principle eq. (8.1) can be solved numerically when it 
is assumed that the gas temperature is constant over the entire wire length. 

In this thesis an approximate solution is used instead, to show the relative im
portance of the conductive heat loss correction. It is assumed that Ak, Ek and D'k of 
Pt and Pt90%Rh10% are equal and independent of temperature. This is not a severe 
assumption, which can be relaxed when necessary. The following energy equation for 
the thermocouple wire is obtained: 

(8.3) 
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The second-order derivative of Tk around the wire junction at x 0 (see figure 8.2) 
is approximated by a Taylor series: 

in which odd powers of x vanish because of symmetry. 1Pl(O) in eq. (8.4) is approx
imated by 

T(z)(O) ...., !~(-D.x) - 2Tk( 0) + Tk( + D.x) 
k . - [D.x]2 ' (8.5) 

in which D.x is the distance between the wire junction and the needle junctions, as 
indicated in figure 8.2. Finally, substitution of eqs. (8.4) and (8.5) in eq. (8.3) yields 
for the flame temperature n(o): 

(8.6) 

Since T~41(o) can be approximated by 

using dk ~50 ·10-6 m, Ak ~ 80 W.m-1.K-1 , ak ~ 2.4 ·103 W.m- 2.K-1 and D.x ~ 
1 ·10-3 m yields an estimate of the truncation error in eq. (8.6) of CJ (lo- 1 · D.Tk) K, 
which is of the same order of magnitude as the third term on the right-hand side of 
eq. (8.6). 

Preliminary experiments have been performed with the triple thermocouple, to be 
presented here. The empirical relations and data concerning ak, Ak and Ek are 
obtained from [Bra68, To70a, To70b], respectively. The assumption of equal and 
constant conductivities of both thermocouple materials has been dropped for these 
results. 

Axial temperature profiles 

In figure 8.3 results are shown of profiles of the local flame temperature as a function 
of axial distance to the burner plate, on the centerline ofthe burner, for methane/air 
mixtures with ¢ = 0.8, and U = 0.15 and 0.25 m/s. These measurements are 
compared with corresponding results of chapter 4, and 1-D flame calculations with 
"Premix" [Kee91]. 

It appears that for large axial distance the results of the triple thermocouple 
deviate from the other results with about 150 K maximum, while the necessary 
correction for radiative and conductive heat loss is about 200 K. The contribution 



Thermocouple temperature measurements 103 

2000 

1750 

1500 

g 1250 
~ 

1000 

750 

500 

0 

0 

0 0 

"Premix" 0.2.S m/s 

o ll:iple thermocouple 

O.lS m/8 
a triple thermocouple 

0.2.S m/s 

2 4 6 8 10 

x (mm) 

2250 

2000 

1750 

1500 

1250 

1000 

:: '-'--'~__,_,.~_,_,_~:~::..__,~ : 
250 

20 10 0 10 20 

r(mm) 

Figure 8.3: Results of the triple thermocouple measurements in a fiat flame, for a 
methane/air mixture with 4> = 0.8, and U 0.15 and 0.25 m/s; left: axial tempera
ture distribution measured on the centerline of the burner; right: radial distribution 
measured at 1.5 mm axial distance from the burner plate 

of the radiative and conductive part in this correction is about 150 K and 50 K, 
respectively. This clearly indicates that the conductive heat loss term is not negligible 
in general, although it is smaller than the radiative heat loss term. Furthermore, 
clearly more research is needed to improve the accuracy of the results. 

However, as can be seen in figure 8.3, the temperature profile is perturbed in the 
region 0.5 < x < 2 mm, where the major part of the combustion reactions take place. 
Near x = 2 mm a negative temperature gradient occurs that cannot be caused by 
local flow perturbations or heat loss. A possible explanation is that this temperature 
profile is caused by catalytic reactions on the thermocouple surface, which leads to 
an increase of the thermocouple temperature. However, catalytic surface reactions in 
flames is a very difficult subject, so a definite answer cannot be given here. Evidently, 
in future experiments the thermocouple must be coated to exclude this perturbing 
effect. 

Radial temperature profile 

In figure 8.3 also an example of the radial flame temperature profile is shown, at 
x = 1.5 mm and r ranging from 0 to 16 mm on either side of the burner centerline, 
for a methane/air mixture with ¢> = 0.8 and U = 0.15 and 0.25 mfs. The axial 
position of these measurements was in the region where catalytic effects are assumed 
to perturb the measurements. It can be seen that no significant distortion of the 
radial temperature distribution is observed, as suggested by the velocity distribution 
of figure 4.3, although a slight increase in measured temperature can be observed 
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Figure 8.4: The extended thermocouple geometry [Sat75} 

for r < 10 mm. However, a velocity difference of about 10% would indicate a 
temperature difference of about 150 to 200 K, and this is clearly not observed in 
figure 8.3, even when significant averaging has occurred. Therefore, these results 
suggest that the burnt gas velocity variation found in chapter 4 is not caused by a 
temperature variation. 

Error estimation 

Using the triple thermocouple, the systematic error in n due to errors in O:k, Ek 

and >.~c will be larger than when using a small-diameter thermocouple. However, it is 
possible to minimize the inaccuracy to some extent. The thermocouple wire diameter 
can be taken as small as possible, but still large enough to assure sufficient cooling of 
the wire. The thermocouple that is used for the measurements presented here has a 
wire diameter of 50 pm, which yields a correction for radiative and conductive heat 
loss of about 150 K and 50 K, respectively, for a flame temperature of about 1800 K, 
which is reasonably small (about 8% and 3% of the flame temperature, respectively). 
The measured wire temperature of the 50 pm thermocouple is about 1900 K for 
high flame temperatures of about 2300 K. Yet, the thermocouple does not show any 
deformation or failure due to melting. Therefore, the chosen wire diameter appears 
to be just large enough. 

The estimated statistical error in the flame temperature is about 50 K. Difficult 
to assess is the error due to catalytic effects, but as the results suggest, this may be 
considerable. The same applies to the uncertainty in O:kJ Ek and >.~c, which should be 
investigated before more measurements are performed [Hoo93]. 

8.1.4 The extended thermocouple 

The main feature of the triple thermocouple is that correction for conductive heat 
loss is possible. In figure 8.4 another special thermocouple is shown with which 
this is also possible [Sat75]. Here, the thermocouple wire is considerably longer 
than the burner plate diameter. First two coordinates are introduced: x is the 
coordinate along the wire junction, with the wire junction at x = Xm = 0, and { 
is the coordinate describing the position of the wire junction relative to the burner 
centerline. During an experiment the wire junction is translated from { - L to 
{ = +L, with translation interval 6.{ between each measurement. The axial distance 
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between the burner and the thermocouple is kept constant. At n different positions 
~i the thermocouple temperature Tk is measured, with Ll~ 2Lj[n- 1]. For each 
measurement position the energy equation of the thermocouple yields 

. . d2T( 
Tt,;l - UEk[Tt,;]

4 + ~dkAk d:r/ :::: 0, (8.7) 

where superscript j = [ 1... n] denotes evaluation of the energy equation at x xi, and 
subscript i [1 ... n] denotes the i-th equation, corresponding to the measurement 
with the thermocouple wire junction at position ~ = ~i· Each experiment yields n 
thermocouple wire junction temperatures r;:,, so eq. (8.7) represents n 2 uncoupled 

differential equations with 2n2 n variables: 'rt,; for i,j = (1 ... n, 1 ... n] and Tk,; for 
i,j = [1 ... n, 1 ... n] with j :f:. m. 

These equations can be solved numerically when the following is adopted. Firstly, 
the conductive term in eq. (8. 7) is discretized, for instance by 

d2Ti. yi+l 2Tki,, + yki.~l 
A k,, A -"-k'c:.' --::-:~.;:----'.:.:.":_ k-d-x2- = k. [Llxj2 (8.8) 

in which the discretization interval Llx is taken equal to the measurement translation 
interval Ll~. The other terms in eq. (8. 7) are discretized accordingly. This discretiza
tion introduces two additional variables Tf 1 and 1'J:~ 1 • Secondly, the equations are 
coupled by the flame temperature distributi~n, that i~ assumed to be fixed, regardless 
the wire junction position in the flame 

ri-1 _ 
T(i-1' b,i -

(8.9) yi+l- rt,,+l· b,i -

Note that with this coupling by the flame temperature distribution it is assumed 
implicitly that the flame temperature distribution is not altered by changing the wire 
position relative to the flame. This may lead to errors, since the physical properties 
of both parts of the thermocouple wire are different. 

Eq. (8.9) reduces the n 2 variables T{; to n variables Tl ;· Substitution of eqs. , , 
(8.8) and (8.9) in eq. (8.7) yields n2 equations with n2 + 2 variables: 11,,;, Ti,; with 

j :f:. m, 1'f,1 and Tk,~ 1 • The remaining two boundary conditions 1'r,1 and Tk,~ 1 that 
still are needed are found by assuming for instance a known temperature in ~ = ~0 
and ~ ~n+l (e.g., the temperature .of the environment). In that case this boundary 
condition requires that L » 2R, with R the burner plate radius. 

This correctional method allows to take into account local variations of Gk, Ak 
and Ek· Furthermore, if the wire diameter is not a constant this can be easily included 
as well. It is important to choose the interval length Llx sufficiently small compared 
to the typical length scale of the temperature variations in the flame, to obtain 
satisfactory experimental and numerical accuracy. 

The method has been applied successfully to various types of flames [Sat75]. At 
present its application to flames burning on the perforated-plate burner is investi
gated [llil94]. Remaining problems are, among others, the difficulty to keep the wire 
straight during the measurements, and again catalytic surface reactions. Main lim
itation of the method is that the flame must be small enough to obtain a practical 
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wire length, and that the temperature of the environment must be either known or 
constant. 

8.1.5 Conventional thermocouple measurements with conductive heat 
loss correction 

In [Ker92] a conductive heat loss correction method for the conventional thermocou
ple is derived, similar to the method of [Sat75]. In figure 8.5 and 8.6 an outline of 
this method is given. 

The thermocouple temperature is measured at n positions~;, with a measurement 
translation interval ~~ = 2Lj[n 1] «: R (see figure 8.5). Near the thermocouple 
wire junction, the wire is divided into five segments, each with a segment length 
equal to the translation interval length ~x = ~~ (see figure 8.6). These segments 
are denoted by superscript j = -2, -1, 0, 1 and 2, respectively. For simplicity it is 
assumed that the wire junction is represented by segment 0. This assumption can 
be dropped when necessary. For j = -1, 0 and 1 the discretized energy equation at 
measurement position ~ = ~i yields 

T 0 - 2T-1 + T-2 

(7€ [T-1] 4 + 1d A . k,i k,i k,i = 0 
k k,, 4 k k [~x]2 ' 

4 T+1 - 2T0 . + T- 1 

aE [T0 ] + ld A · k,• k,, k,• 0 (8.10) 
k k,, 4 k k [~x]2 ' 

4 T+2 - 2T+l + T 0 . 
ar [T+l] + ld \ . k,• k,l k,t 0 

<k k,, 4 kAk [~x]2 = · 

In these equations subscript i = [1 ... n] denotes measurement with the thermocouple 
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wire junction at position ~ = ~i, and superscript j ... + 2] indicates the 
subsequent segments of the thermocouple wire as shown in figure 8.6. 

This set of 3n coupled equations contains n known variables Tf i (measured) and 

7n unknown variables Tb-/, Tri, Tb+/, T!;}, TJ;}, Ttf and Ttr To, obtain a solvable 
set of equations, first it is' assur'ned that the wi~e ten:{perature in the five segments can 
be described by a second-order polynomial of x, which is valid for ~x small enough. 
With this aSS]lmption 2n unknowns Tk-Z and Tk+Z can be eliminated. Furthermore, 

,t ,, 

fori [2 ... n- 1] the equations are also coupled by the local flame temperature: 

T-t -To 
b,i - b,i-1' 

T+l -To 
b,i - b,i+l' 

(8.11) 

Substitution of eq. (8.11) in eq. (8.10) removes 2n 2 unknowns. The first and last 
measurement position 6 and ~n are chosen such that a constant temperature T0 (of 
the environment) is found in at least the positions ~ 6, 6, ~n- 1 and ~n: 

To -To _ncfl -To 
b,1 - b,2 - 1 b,n - b,n-1 To. (8.12) 

Thus a set of 3n equations with 3n unknowns Tr,;, Tk~l and Ttl is obtained. 
In the measurements that have been performed to apply this method, the smallest 

wire diameter was 25 t-tm. The results obtained so far are promising, but have not 
been analyzed completely yet. One particular problem is the small variations found in 
the measured thermocouple wire temperature, which may cause numerical instability. 
The method is currently subject of investigations [Ril94]. Possible improvements 
are using a smaller translation interval length ~~' or applying some kind of data
reduction filter to remove the small variations from the measured thermocouple wire 
temperature data. 

Measurements with radiative heat loss correction only 

To obtain an impression of future possibilities of this kind of measurements, in figure 
8.1.5 some results of the flame temperature T{, as function of S£ are presented, for 
tjJ = 0.8, 1.0 and 1.2 [Ker92]. In these results only radiative heat loss correction has 
been applied. They are compared to the results of chapter 5 and results obtained 
from [Kas67]. It can be seen that reasonable quantitative agreement is obtained, 
but that also a systematic deviation especially for small burning velocities. 
This probably indicates an inaccurate calculation of the temperature dependent co
efficients (Xk, f.k and Ak, due to the scatter in the data reported in the literature, but 
can also be caused partly by the neglect of conductive heat loss. Furthermore, the 
temperature dependence of catalytic surface reactions is also a possibility that may 
cause these deviations. 
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8.1.6 Conclusions 

For the measurements in flat flames with flame temperatures ranging from 1500 to 
2400 K, a correctional method for both radiative and conductive heat loss is needed. 
Three different options have been investigated. 

The triple thermocouple provides an elegant means to correct for conductive heat loss. 
However, first results presented indicate that still a number of problems have to be 
solved, before accurate and reliable temperature measurements in flames are possible. 
The main problem seems to be catalytic surface reactions. In [Ken70] a proper 
coating for Pt/Rh thermocouples is suggested. In future investigations concerning 
the triple thermocouple this option definitely needs attention. Furthermore, the 
scatter in the empirical relations concerning the physical properties of thermocouple 
and coating materials necessitates careful comparison of the results. Furthermore, 
the geometry of the thermocouple must be improved to reduce the effect of systematic 
errors. 

Concerning the geometry of the triple thermocouple, it may be possible to further 
decrease the wire diameter without increasing the thermocouple wire temperature 
above the melting point of the wire metal. This will improve the accuracy. The 
method may also be improved by applying other assumptions concerning the wire 
temperature distribution than represented by eq. (8.5). Furthermore, the support 
needle diameter was rather large (about 1 mm diameter). Consequently, the local 
wire temperature in the junctions of the support needles with the thermocouple wire 
is reduced considerably because of the high radiative and conductive heat loss. Since 
this may lead to large fourth and higher order terms in eq. (8.6), the resulting wire 
temperature distribution may not be well described when these terms are neglected. 
Furthermore, the needles may also transfer radiative heat to the thermocouple wire 
that cannot be neglected. In future experiments it might be favorable to use smaller
diameter support needles. 

The extended thermocouple method of [Sat75] has many features in common with the 
triple thermocouple. However, the correction for radiative and conductive heat loss 
is only obtained by numerical solution of a coupled set of energy balance equations. 
Compared to the triple thermocouple one advantage of this method is that no ther
mocouple wire temperature distribution has to be assumed. However, the mentioned 
implicit assumption of eq. (8.9) may induce a significant error. Furthermore, when 
only the temperature at one radial position is required (for instance on the centerline 
of the burner), many measurements at different positions are needed. 

The conventional thermocouple method including conductive heat loss correction is 
still under development. The method has as main disadvantage that a large number 
of measurements is needed. Advantageous is that the construction of the thermo
couple is much simpler than that of the extended thermocouple, which makes this 
method more reliable. 
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8.2 Laser Induced Predissociation Fluorescence 

Laser Induced Fluorescence (LIF) is an often used spectroscopic method in flames. 
Compared to other laser-scattering methods it has various advantages. Scattered
light intensities obtained with LIF are higher than for instance with Raman spec
troscopy [Eck88, Lap74]. The experimental setup is relatively simple compared to, 
for instance, the CARS method [Boy90, Eck88]. A large disadvantage is that consid
erable spectroscopic knowledge is necessary to obtain and interpret the fluorescence 
spectra, as is the case for all laser-spectroscopic diagnostical methods used in flames 
with many chemical species and high temperatures. Still, LIF has become a more or 
less standard method, which can be used under various experimental circumstances. 

Another important disadvantage of LIF in flames is that it is practically impos
sible to obtain quantitative temperature results, as will be explained later. When 
quantitative measurements are required, Laser Induced Predissociation Fluorescence 
(LIPF), which is a special case of LIF, is a possibility presently being investigated in 
collaboration with the Catholic University of Nijmegen. 

In the next section some general aspects of LIF experiments will be introduced, 
including the difference between LIF and LIPF. Furthermore, the method to calculate 
the temperature distribution is derived. In section 8.2.2 the experimental aspects 
of the measurements performed are treated. Finally, in section 8.2.3 some results 
obtained with this method are presented. 

8.2.1 Laser Induced Fluorescence in flames 

In a LIF experiment, laser radiation with a fixed frequency f is emitted through a 
flame. When this frequency corresponds with a certain transition energy hf of one 
of the molecules or atoms ("particles") in the flame (h = 6.6262 · 10-34 J.s being 
Planck's constant), these particles may absorb a photon, and be excited from an 
initial (lower) state i to an upper state j with a higher energy. Because of this 
population inversion the particles may return to various lower energy levels mainly 
through three different mechanisms: 

• The excited particles return to an energetically lower state by emission of a 
photon, which is the fluorescence radiation that can be detected. 

• The excited particles may collide with other particles, thereby leaving state j 
to another state without any fluorescence radiation, a process called quenching. 

• The excited particles may dissociate into smaller particles. This depopulation 
is therefore also not accompanied by any fluorescence radiation. 

Because the laser frequency is adjusted to excite one particular transition of the 
probed particles only, the resulting fluorescence frequency distribution is characteris
tic for the probed particles and the laser frequency. In principle, the frequency of the 
fluorescence signal can be known through spectroscopic calculations, which allows to 
discern the fluorescence signal from other fluorescence signals and from back-ground 
noise. These other fluorescence signals originate from other particles with excitation 
frequencies near or equal to the laser frequency. The use of a proper frequency filter 
in front of the detection device will eliminate unwanted signals in most cases. 
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When the particles are excited from the lower state i to the upper state j, the fluo
rescence signal strength S /,i can be written as [Eck88, Ver92] 

(8.13) 

in which Fij is the line strength, dependent on the states i and j, qf,j is the quantum 
efficiency for fluorescence from the upper state j (this will be discussed later) and I 
is the laser power. n; is the number density of the probed particles in the lower state 
i, which is dependent on temperature through the Boltzmann distribution (in case 
of thermal equilibrium, as is generally assumed) [Eck88] 

n; = N . g; exp (-E;/ KT) . 
'[. 9i exp ( -Ei/ KT) 

(8.14) 

In this equation, N is the total number density of the particles of a specific species, 
K 0.695 cm-1.K-1 the Boltzmann constant, and E; the energy of excited state i 
relative to the ground state, which is the state with the lowest possible energy. g; is 
called the degeneracy of state i. 

An important factor in the fluorescence signal is the quantum efficiency for fluo
rescence qJ,j, given by [Ver92] 

l{f,i = Aj + Qi +Pi' 
(8.15) 

with Aj the fluorescence rate, Qj the quenching rate, and the predissociation rate. 
qJ,j thus describes the ratio of fluorescence depopulation rate to total depopulation 
rate of the excited state. It is important how the magnitudes of Aj, Qj and Pj relate, 
as only Aj involves detectable fluorescence radiation. Aj is typically 106-109 s- 1 . 

Q j is dependent on the density, i.e. on the ambient temperature and pressure. For 
very low pressure (10-100 Pa) Qj is typically 105 , but at atmospheric pressure 
Qj is about 109 s-1 [Ver92]. This implies that qf,j ,:::: Aj/Qi when Pj is negligible 
compared to Aj and Qj, which is usually the case. This situation is most common 
in LIF experiments. Mostly, l{J,j cannot be quantified, because Qj is known neither 
theoretically nor experimentally, because of its complicated dependence on densities 
and states of all respective particles in the flame. Only under specific circumstances 
(e.g., two-line techniques, see [Eck88]) quantitative temperature measurements are 
possible. This is the reason why in general only qualitative results can he obtained 
with LIF. 

In an LIPF experiment, the excited state is chosen such that Pj is not negligible 
(see figure 8.8), but even larger than Qj, e.g., 1010 s-1

, implying that f/J,j,:::: Aj/Pj. 
Pj is not temperature or pressure dependent, but only state dependent, in contrast 
to Qj. Thus, in this case, Sf,i is proportional to n; at any arbitrary temperature. 
Combination of eqs. (8.13) to (8.15) then yields 

F;jNg;Ajl 

PJ 
(8.16) 

Note that the fluorescence intensity of LIPF is about a factor 10-100 lower than that 
of LIF, since a larger portion of the excited state is depopulated by dissociation, 
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Figure 8.8: The principle of LIF and LIPF 

which does not yield a fluorescence signal. This necessitates the use of high laser 
power, to obtain detectable fluorescence signals. Furthermore, the state-dependent 
predissociation rates Pj must he known. 

In figure 8.8 the difference between LIF and LIPF is illustrated, in the case of OH 
as excited particle [Ver92]. Shown is the potential energy E of OH, as function of 
the nuclear distance r between the 0 and H atom, for the ground state of OH, 
denoted by X 2ll, and the first electronic excited state, denoted by A 2 I;+. v" and v' 
denote the vibrational <Juantum numbers of the ground state and the excited state, 
respectively. 

OH is a much probed molecule in flames, as it plays one of the key roles in chemical 
reactions in flames, and because it exists in easy detectable quantities throughout 
almost the entire flame. Furthermore, the relatively simple structure of the molecule 
facilitates the calculation of its spectroscopic characteristics. 

With LIF, OH can be excited, e.g., from the X 2 II( v11 0) state to the A2 E+( v' = 
0) state. From this excited state no predissociation is possible. As shown in figure 
8.8, the energy after predissociation via the repulsive branch is higher (for large r
values) than the energy in the A2 E+(v1 = 0) state, so this transition is energetically 
forbidden. In this case, A:::::: 106 s- 1 and Q:::::: 109 s-1 • However, when OH is excited 
to the A 2 E+(v1 3) state, the resulting energy in the predissociated state is lower 
than in the excited state. Then predissociation is dominant, with P :::::: 1010 

Since now the fluorescence signal is proportional to ni to a good approximation, 
the temperature of the mixture can be determined when the fluorescence signals from 
two different excited states 1 and 2 are mea.<>ured. 
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Figure 8.9: The experimental setup for the LIPF measurements 

The ratio of these fluorescence signals Rt then becomes: 

(8.17) 

Rewriting this, an expression is obtained for the temperature T: 

(8.18) 

In this expression P, P, g and E are spectroscopic constants, while A and I must be 
determined by measurement. 

Finally, it can be shown that the relative error in T in terms of the relative error 
in Rt can be written as: 

!:J.T KT . I:!.Rt 
T Ez Et Rt 

(8.19) 

Similar expressions can be derived for the relative error ofT in terms ofF, A, P 
or I, but these errors are all systematic of nature for each laser pulse, while the 
error due to I:!.Rt is random. Concluding, the temperature can be determined when 
fluorescence of at least two excited predissociating states is measured. The energy 
difference E 2 - Et between the two excited states should be large enough, especially 
when the temperature is high, to obtain a small error (both random and systematic) 
in the temperature. 

8.2.2 Experimental setup 

In order to obtain fluorescence from (at least) two different excited states, the laser 
frequency should be varied. One option is to use a dye laser, with which radiation 
can be obtained in a frequency range dependent on the dye that is used. This makes 
it possible to excite to states with large differences in energy. 

In the experiments presented here, performed in collaboration with the KUN, a 
tunable excimer laser is used. The laser frequency can be varied over a small range 
(wavelength 248-249 nm). The detection of several fluorescence signals is obtained 
by scanning the laser frequency. Within this range, several states with different 
rotational energy in the A2 I:+(v1 = 3) state of OH can be excited. However, as a 
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Figure 8.10: 2-D LIF image of OH, of an adiabatic fiat methane/air flame, with 
</> = 1.2 and SL 0.35 m/s 

consequence, the energy difference in eq. (8.18) becomes small (about 1000 cm-1), 

which leads with eq. (8.19) to a relatively large error in the temperature. It will 
appear that this makes quantitative measurements quite difficult. 

During an experiment, the laser radiation is optically distributed into a sheet 
of about 1 mm thick and 30 mm high, which is positioned directly above the flat
flame burner, as indicated in figure 8.9. The laser radiation is pulsed, with a pulse 
strength of about 1~10 mJfpulse and a pulse duration of 20 ns. The fluorescence 
signal is detected with an image-intensified ccd-camera, with which a 2-D image of 
the fluorescence signal can be made. The 2-D image can be stored in a personal 
computer for calculation of the OH concentration and temperature distribution, but 
can also be recorded by a common VCR, to be processed later (see [Ver92] for more 
details of the experimental setup). Part of the laser beam is projected through a 
intensity filter on the ccd-camera, to monitor the laser pulse energy I, as this varies 
significantly during the experiments (see eq. (8.18)). 

The flat-flame burner is equipped with thermocouples in the burner plate, to 
determine the flame temperature with the Heat Flux method (see chapter 5). This 
can be used for comparison with the results of the LIPF temperature calculation. 

8.2.3 Results 

In figure 8.10 an example of a 2-D image of OH fluorescence is shown, of an adiabatic 
methane/air flat flame with r/> 1.2. Shown is the fluorescence signal from the P2 (8) 
rotational state. These results are obtained by taking images of several laser pulses 
(for instance, 100 images), and averaging the fluorescence intensity pixel by pixel, 
to reduce the influence of random fluctuations in the fluorescence signal. As can be 
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Figure 8.11: Comparison of the 1-D temperature distribution of a fiat flame, mea
sured with LIPF {dashed lines), with 1-D flame calculations with "Premix" [Kee91} 
(continuous line), for a methane/air mixture with ¢> = 1.2 and adiabatic burning 
velocity SL 0.35 mjs 

seen in the figure, the OH distribution in radial direction (horizontal axis) is very 
uniform indeed. The absolute OH mass fraction varies from practically zero in the 
surrounding air (black) to about 10-3 in the flame (white). In the upper right corner 
the laser power monitoring signal is visible. 

To calculate the temperature distribution with eq. (8.18), an image of another 
excited state is required as well, for instance from the Q2( 11) rotational state. When 
this image is obtained in a similar way as the image of the P2 (8) state, the 2-D 
temperature distribution can be calculated by using eq. (8.18). The predissociation 
rates used in these experiments are obtained from [Yar92]. 

At present large variations in the temperature are found, for two reasons. The 
first is that the energy difference between the excited states is too small, resulting in 
a relatively large error, as mentioned earlier. But more importantly, it has appeared 
that reproducing a certain frequency of the laser is very difficult. This is caused 
by the laser frequency scanning device, which is not accurate enough. This implies 
that the laser frequency is not known accurately enough, and that calculation of the 
temperature distribution will yield a different result, each time the laser frequency 
is altered. Taking this into account, the absolute value of the temperature becomes 
uncertain. However, the temperature distribution can still be determined. 

In figure 8.11 two examples of the temperature profile of the same flat flame are 
shown (dashed lines). It concerns measurements in an adiabatic methane/ air flame 
with ¢> 1.2, in the region of the flow just above the flame. These results are obtained 
by averaging the temperature distribution in radial direction, over part of the width 
of the camera window where the flame temperature distribution is practically 1-D 
(see figure 8.10). Also shown are the calculation results using the 1-D flame code of 
[Kee91] (continuous line). The apparent good agreement of one of the measurements 
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with the calculations is only coincidental, since it is also show that repeating the same 
measurements may give over 300 K difference in temperature, due to the inaccurate 
reproduction of the laser-frequency setpoint. 

Despite averaging of the data over the camera window width and over various 
laser pulses, still variations in temperature of about 300 K are found. This indicates 
that the spatial power distribution of the laser sheet is not constant, apart from the 
pulse-to-pulse variations that has been accounted for by monitoring the total laser 
power. In figure 8.10 this can just be seen by the apparent slightly layered structure 
of the OH distribution. Therefore, the monitoring of the laser pulse power must be 
extended to resolve these laser power variations as well. 

8.2.4 Conclusions 

The results have shown clearly that much must be improved before the LIPF method 
will yield reliable quantitative 2-D temperature images of flames. One option is to 
use a dye laser, thereby increasing the energy difference between the two different 
fluorescence images. When the excimer laser is to be used, improvement is possible 
in various ways. The laser frequency scanner should be replaced by a device with 
a much higher reproducibility. Furthermore, it might be necessary to monitor the 
spatial power distribution of each laser pulse separately, instead of the total pulse 
power only. 

Concerning the determination of the predissociation rates, in principle the adia
batic flat flame offers an interesting opportunity. The predissociation rates can be 
found by fitting the temperature result of the LIPF measurements of eq. (8.18) with 
the calculated adiabatic flame temperature. In [Qua92, Ver92] first attempts have 
been presented, and reasonable agreement has been obtained with the reported rates 
in the literature [Gra91, Hea92, Yar92]. In [Bal94] this is further undertaken, by 
applying C H 4 / H2 jair flames, which have a much higher OH -concentration and also 
higher flame temperatures. Then also the predissociation rates of more rotational 
excited states can be determined. 



Appendix A 

One-dimensional flames 

In this appendix a review will be given of 1-D conduction controlled flames as de
scribed in [Lan92]. In particular an outline is given of the derivation of several 
equations relating the flame temperature to the burning velocity, with use of the 
one-step chemical reaction scheme. These equations are used in the determination 
of the chemical-reaction parameters, in chapter 7. 

A.l Conservation equations 

When viscous and gravitational effects are neglected, the conservation equations of 
momentum, energy and species of a 1-D flame can be described by 

du dP 
(A.l) pu-

dx dx 
dT d [,\ dT] -!l.hp; S(T), (A.2) pcpu dx dx dx 

dY; d 
[ dY;] p;, (A.3) pu-- pD;m-;[;" 

dx 

in which the mass fractions Y; of species i and the mixture density p, with use of the 
partial mass densities p;, are defined by 

Pi 
p 

and p 
N 

Pi· 

Because in eq. (A.3) Fick's Law is used as binary diffusion flux model for species i in 
mixture m [Bir60], summation of eq. (A.3) over all species does not generally yield 
the mass conservation equation 

d[pu] = O. 
dx 

(A.4) 

In numerical calculations this discrepancy is avoided by replacement of eq. (A.3) 
for one of the species by eq. (A.4) (in case of the one-step chemical reaction model, 
the species equation for the products). The temperature-averaged specific heat cp is 
defined by 

1 hTb cp = T _ T · cp(t)dt, (A.5) 
b g T9 
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with Tg the initial gas temperature and n the flame temperature, with the temperature
dependent specific heat cp(T) defined by 

N 

cp(T) = L Y;cp,;(T). (A.6) 
i=l 

The heat conductivity -\(T) is written as a best fit of experimental data obtained 
from the literature [Lan69, Var80]: 

-[ T]' -\(T) =-\ Tr ' (A.7) 

with constants>.= 0.092 W.m-1 .K-I, Tr = 1500 K and 1 = 0.77. Since eq. (A.1) 
induces only small pressure fluctuations, due to the low velocity in laminar flames, 
eq. (A.1) may be reduced to 

P = constant. (A.8) 

As equation of state the ideal gas law is used, 

P=pRT (A.9) 

with R the specific gas constant. Together eqs. (A.2), (A.4), (A.3), (A.8) and (A.9) 
describe the global structure of a 1-D flame, provided that the parameters a, /1, 
and A are known, and that !::ih and cp are known as functions of the equivalence 
ratio ¢;. In figure 1.4 an example of the solution of these equations is shown. 

A.2 Chemistry 

When an estimate is made ofthe burnt gas composition (Y;) and the adiabatic flame 
temperature n, !::ih and cp can be determined by 

(A.lO) 

!::ih 
(A.ll) 

with h? the heat of formation of species i at 298 K, N the number of participating 
species, Y/' the reactants and Y;b the combustion products. Any method yielding 
quantitatively correct values of Tb and Y; can be used, for instance the method of 
[Gla77, Gri94]. 

One-step chemistry 

In the one-step reaction of eq. (1.4) (used in "Lamfla1D" and "Lamfla2D" [Lan92]) 
the burnt gas composition is estimated by assuming that the products of combustion 
of an arbitrary mixture of hydrocarbon gas Cn 1 Hn2 0n3 with air are 02, C02 and 
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H20 for lean mixtures, and CO instead of 02 for rich mixtures. The conversion of 
reactants into products can then be described by the reactions 

Cn1 Hn2 0n3 + m02 
Cn1 Hn2 0n, + m02 

n1 C02 + ~n2H20 + [m v]02, 
[n1 2v + 2m]C02 + [2v- 2m]CO + ~n2H20, 

(A.12) 

for equivalence ratios ¢ :$ 1 and ¢ =: 1, respectively, with v n 1 + ~n2- tn3 • ¢ and 
m are then related by 

v 
¢=-. 

m 

These reactions make sense only for n1 - 2v +2m=: 0, i.e. for¢ S: v /[v- ~ni]. The 
fuel consumption rate Pfu is described by (see eq. (1.5)) 

in which p = a+ {J. The consumption rate of the oxidizer and products are related 
tofJJu by 

Pox = SoxP ju, 

Ppr = -SprPfu, 

in which s; is defined as the mass of species i consumed per unit mass of fuel: 

M 
Sox =m~ 

fu 

M 
Sox= V~ 

fu 

and 

and 

Spr 

Spr 

1 + mMox for¢=: 1, 
fu 

1 + v XJ.ox for ¢ S: 1. 
fu 

The adiabatic flame temperature n can now be estimated by 

(A.13) 

The assumption that there is no CO-formation for 0.9 < ¢ < 1 is not very accurate. 
For instance, in the case of methane with air the calculated temperature appears 
to be 5% too high at ¢ = 1. This can be corrected through simple assumptions 
concerning the mass fraction of CO for 0.9 < ¢ < 1.1. However, for ¢ > 1.3 the 
absence of H2 as combustion product will cause an increasing error in Tb. Besides, 
eq. (A.12) gives negative mass fractions of C02 for¢> 1~. 

A.3 The burning velocity 

In the conduction-controlled flame theory a critical temperature at x = Xc is 
defined, where the source term on the right-hand side of both eqs. (A.2) and (A.3) is 
of the same order of magnitude as the terms on the left-hand side. For x < Xc (the 
preheat zone) the source term in eqs. (A.3) and (A.2) is neglected compared to the 
conductive and convective terms, while for x > Xc (the reaction zone) the convective 
term is neglected compared to the source term and the conductive term. Matching of 
both solutions to make the temperature profile and its derative continuous at x = Xc 

yields Tc and the burning velocity. 
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First, to simplify eqs. (A.2) and (A.3) they are made dimensionless by the definition 
of the Peclet number Pe, the Lewis numbers Le;, and the dimensionless temperature 
T and coordinate ~: 

Pe pqU~p/h' Le; >. 
pD;mlp' 

~ ~ X T = , Fi' 
(A.14) 

in which the stand-off distance 6L is defined by 

aT I 
OX T=Tc 

When eq. (A.14) is substituted in eq. (A.2), integration of eq. (A.2) from T = r 9 to 
T = Tc, neglecting the source term (preheating zone), gives 

dr , 
d~ = Pe(r)[cp(r)r cp(r9 )r9 ]. (A.l5) 

This integration can still not be performed in the reaction zone, as the Y; mass 
fractions appearing in S are not known as function of temperature. To write Y; in 
terms of the temperature, in both eqs. (A.2) and (A.3) the convective terms are 
neglected, yielding 

dr 1 dY; 
s; d~ + Le; d~ = 0 -+ Y; Y/ + s;Le; [rb- r]. (A.l6) 

This equation is not exact, but a good approximation for Tc s; T s; n,. Substituting 
eqs. (A.14) and (A.16) in eq. (A.2), neglecting the convective term, yields 

d [ 1 dr] Pe d [ 1 dr] 
2 

-
d~ Pe d~ = -2 dr Pe d~ = 'f}S(r), (A.17) 

with ''I = A6LP~-l and p a+ {3, and 

S [; r [Yju + Lefu [n,- r]r [Y:x + SoxLeox [rb- rJ] 11 
exp (-~), (A.18) 

in which Ta = cpEa/[LlhR], the dimensionless activation temperature. Integration of 
eq. (A.17) from r = Tc toT= Tb (reaction zone), gives 

dr 
(A.19) 

To preserve conservation of energy, the temperature profile T and its derative or/ f)~ 
must be continuous for r Tc. These two conditions yield two equations with SL 
and Tc as unknowns. Equating eq. (A.15) to eq. (A.19), with u9 SL, the adiabatic 
burning velocity SL is found to be 

(A.20) 
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The critical temperature Tc is found through evaluation of the implicit relation 

(A.21) 

When the flame is not adiabatic, but cooled by a burner, the equation for the burning 
velocity 8j, becomes 

_ _ , ;Ar~gJp-2 

2 
rb >..(t)s'(t)dt, 

Cp ( Cp( rJrc - cp( Tg )r9 + Tbur] },.~ 
(A.22) 

in which Tbur cp( Tb )rb - cp( rf,)r{, is the dimensionless heat loss of the flame to the 
burner, and in which S' is equal to S with Tb replaced by rt. 

With eqs. (A.20) and (A.22) two equations are obtained that can be used to determine 
the parameters. However, because of the complicated evaluation of these equations, 
also approximate equations are derived, which are much easier to evaluate. These 
equations are based on the analytical solution of the integral[, defined by 

rb 
[ =o }Tc >.(t)S(t)dt. (A.23) 

For ¢ ~ 1 this solution is 

8l ~c. rep+ 1) ·exp (- ~:). [;:r+l ·Tb, 

and for ¢ ~ 1 and ¢ > 1 

( T.) [y]li [Tb]o:+l 8[~C·f(a+1)·exp - ~ · Tb · Ta ·n, 

in which 

C::::: 2A[p9]P-
2.\[sox]li[rg]P[Letu]"'[LeoxJI1 [Tb] 7 and y 

Cp [cp(Tc)Tc cp(r9)r9]2 Tr 

The results of combination of these approximate expressions are equations relating 
either 8L for different values of¢, or relating 8L with 8j, for one value of¢. 
For ¢ ~ 1 and ¢ > 1 

(A.24) 

and 

(
8

1 

) T T (T') 2ln 8~ =- "+
7
:+[a+t3+1+2]ln 

7
:, (A.25) 
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and for 4> <t: 1 

l (SL(</J <t: 1)) Ta Ta 2 
n SL(</> 1) = n,(<f> = 1)- rb(<l> <t: 1) 

+[o + )ln (rb(</> <t: 1)) [ + 1)1n (~h(</> = 1)cp(</> <t: 1)) 1 
Tb(<l> 1) 1 ~h(</> <t: 1)cp(</> 1) 

(A.26) 

( 
r(o + 1) ) ( Yra ) 

+ln r(o+.B+1) +.Bln hJ2(</><t:1)' 

and 

(S£) Ta Ta (r£) 2ln - =--+-+[o-.B+7+2)1n - . 
SL r£ n, Tb 

(A.27) 

These equations are valid for conduction controlled flames only. The criterium for 
conduction controlled :ftames is given by 

(A.28) 

In general :ftames of CH4 and higher hydrocarbons are conduction controlled, while 
H 2 :llames are sometimes convection controlled. Then, instead of neglecting the 
convective terms of eqs. (A.2) and (A.3) in the reaction zone, the conductive terms 
are neglected. This will not be treated any further, as only conduction controlled 
:ftames are used in this thesis. 

Note that with eqs. ( A.24) to ( A.27) the relations between S L, Sl:,, </> and T{, have 
become independent of the Lewis numbers of the fuel and the oxidizer, through the 
definition of a new preexponential factor A by 

(A.29) 
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Additional measurement results 
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Figure B.l: Flame temperature versus burning velocity for ethane/air (left) and 
propane/air mixtures (right); markers: measurements with the Heat Flux method 
of chapter ,5, with ¢; = 0.8 (D.), 1.0 (0) and 1.2 (D); lines: measurements results of 
[Kas67}, with </> 0.8 (continuous line) and 1.0 (dashed line) 
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Appendix C 

The perforated-plate burners 

C .1 Design parameters 

• Burners: 
Nr. plate diameter plate thickness diameter/ pitch 
1. 28mm 1.85 mm 0.4/0.5 mm 
2. 30mm 2.00 mm 0.4/0.6 mm 
3. 30mm 2.03 mm 0.5/0.7 mm 
4. 60mm 2.00 mm 0.4/0.6 mm 

• Thermocouple positions (relative to centerline) : 
1. 28 mm 0.00, 3.97, 7.11, 12.32, 13.86 mm 
2. 
3. 
4. 

30mm 
30mm 
60mm 

• Material: 
Composition 

no thermocouples 
0.00, 2.40, 4.38, 7.69, 10.55 mm 
0.00, 3.00, 6.00, 9.00, 12.00 mm 

Brass MS58 
58 Cu, 40 Sn, 2 Pb mass% 

porosity 
0.580 
0.403 
0.463 
0.403 

Heat conductivity 
Specific mass 

120 W.m-1.K-1 at 293.15 K [DIN84] 
8500 kg.m-3 
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used in chapter 
2, 3, 5 
2, 4, 8 
3, 5, 6,8 
C.2 
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C.2 The 30 mm burner 
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C.3 The 60 mm burner 

It may be argued that the diameter of the 30 mm burner is too small to be able to ne
glect all perturbing effects of the environment on the measurement results. Although 
the experimental results of chapters 4 to 6 have shown that the flame is practically 
uniform inside the 1-D area, still it is useful to use a larger diameter burner as well, 
for reasons of comparison. For this purpose the 60 mm burner is designed, shown 
in figure C.l. Its main difference with the 30 mm burner (see appendix C.2) is the 
shape of the plenum chamber. Here is chosen to use a matrix of steel wool, small 
glass beads or a similar material to obtain a uniform unburnt gas velocity distribu
tion inside the burner, instead of an orifice. When the matrix is too dense, Laser 
Doppler Velocimetry measurements will be impossible because of choking effects by 
the seeding. Then the unburnt gas velocity profile must be measured with other ve
locimetry methods, for instance Hot Wire Anemometry (Lom87]. It may be possible 
to find an optimum density for the matrix, allowing both Laser Doppler Velocimetry 
and still producing a uniform velocity distribution. 

When this burner is used for flame temperature measurements with the Heat Flux 
method of chapter 5, the burner plate temperature profile will be far from uniform, 
because of its relatively large diameter. This burner is therefore only suitable for 
measurement with near-adiabatic flames, in particular measurement of the adiabatic 
burning velocity. 
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Figure C.l: The 60 mm burner 
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Appendix D 

The fitti11.g program "Par" 

Input datafiles 

SL, Tb S~, T~. Tc 

• •. I .. ·····································~ 
Initialization --1 Starting values 
Yi, cP, All • • c:x, ~. Ea ... 

Fitting 

C:X, ~. Ea 

.---
• Output Recalculation 

i dataftles ofTc 
········-·-···-· 

~ 
Graphical 

comparison 

Figure D.l: The structure of the computer program "PAR" to determine the one-step 
chemical reaction parameters 

The fitting functions described in chapter 7 are implemented in a Pascal Program 
called "PAR". A diagram of the program is shown in figure D.l. The experimental 
data concerning n, SL, Tt and S£, estimated values for Tcl.':lh/cr, and various 
additional information, such as weighing functions and physical properties, are read 
from user-defined data files. Then first the equilibrium mass fractions of the burnt gas 
at adiabatic conditions, cp and l.':lH are calculated, subsequently. The actual fitting 
procedure commences with manual input of starting values for a:, fJ and Ea. Then 
the parameters are determined by a standard minimization routine called "Powell" 
[Pre89]. In this routine the minimum of the composite fitting function is searched 
within a user-defined tolerance (e.g., 10-6 ) by an iterative procedure. Result of the 
minimum search is the values of the parameters at this minimum. Next, either new 
parameter starting values can be given or can be recalculated by using the cur
rent values of the parameters. The recalculation of Tc is necessary when significantly 
different values of the parameters are determined, when compared to "older" values, 
because Tc is dependent on the parameters (see eq. (A.21)). This procedure is re
peated until the results are satisfactory, according to personal judgement of the user 
of graphical comparison of the experimental data with the theoretical results using 
the parameters, or when the predefined fitting tolerance is obtained. The most re
cent values of the parameters and of Tc, and data used as input for graphical drawing 
programs, are stored in several data files. 

127 



128 The fitting program "Par" 



Bibliography 

(Alk82] Alkemade, C.Th.J. et al. (1982) 
Metal vapours in flames 
International series in natural philosophy 103 
Pergamom Press 

(And72] Andrews, G.E., Bradley, D. (1972) 
Combust Flame 19, 275 

(Bal94] Ballegooijen, E. van (1994) 
Graduation thesis, Eindhoven University of Technology, Eindhoven, the Nether
lands. 

[Bir60] Bird, R.B., Stewart, W.E., Lightfoot, E.N. (1960). 
Transport Phenomena 
John Wiley & Sons, Inc., New York 

[Bod58] Bode, K.H., Fritz, W. (1958). 
Z Angew Phys 10, 470 

[Bos93] Bos, W.M.M.L. (1993) 
Graduation thesis, Eindhoven University of Technology, Eindhoven, the Nether
lands. 

[Bot54] Botha, J.P., Spalding, D.B. (1954) 
Proc Roy Soc Lond A 255, 71 

[Boy90] Boyack, K.W., Hedman, P.O. (1990) 
23rd Symposium (Int.) on Combustion, the Combustion Institute 

[Bra68] Bradley, D., Entwistle, A.G. (1961) 
J Mech Eng Sc 10, 4, 299 

[Buc85] Buckmaster, J.D. (1985) 
The mathematics of combustion 
Siam, Philadelphia, USA 

[Cha83] Chatfield, C. (1983) 
Statistics for Technology, 3rd edition 
Chapman and Hall, New York 

129 



130 Bibliography 

[Chu88] Chung, S.H., Law, C.K. (1988) 
Combust Flame 72, 325 

[Cla93] Clarke, A., Stone, C.R., Beckwith, P. (1993). 
Proceedings of the Anglo-German Combustion Symposium, 231, Queens' College, 
Cambridge, UK, 29 March- 2 April 

[Cof83] Coffee, T.P., Kotlar, A.J., Miller, M.S. (1983) 
Combust Flame 54, 155 

[DIN84] DIN Taschenbuch 26 (1984). 
Beuth Verlag Gmbh, Berlin 

[Dix90] Dixon-Lewis, G. (1990) 
23rd Symposium (Int.) on Combustion, the Combustion Institute, 305 

[Dur79] Durst, F., Melling, A., Whitelaw, J.H. (1979) 
Principles and practice of Laser Doppler Anemometry 
Academic Press, Cambridge 

[Eck88] Eckbreth, A.C. (1988) 
Laser diagnostics for combustion temperature and species 
A.K. Gupta and D.G. Lilley (eds.), Energy and Engineering Science Series 7 
Abacus Press 

[Ege5l] Egerton, A., Thabet, S.K. (1951) 
Proc Roy Soc Lond A 211, 445 

[Eng91] Eng, J.A., Egolfopoulos, F.N., Law, C.K. (1991). 
On the dual response and surface recombination in burner-stabilized flames 
in Heat Transfer in Fire and Combustion Systems, HTD-Vol. 166, ASME 1991, 
35 

[Flu93] "Fluent", version 3.03 (1990) 
Creare.x Inc., Hanover, NH 03755, U.S.A. 

[Fox72] Fox, J.S., Kihara, D.H. (1972). 
Combust Sci Tech 5, 17 

[Gla77] Glassman, I. (1977) 
Combustion 
Academic Press 

[Goe93] De Goey, L.P.H., van Maaren, A., Quax, R.M. (1993) 
Combust Sci Tech 92, 1-3, 201 

[Gou76] Goulard, R. (1976) 
Combustion measurement : modern techniques and instrumentation 
Academic Press 

[Gra91] Gray, J.A., Farrow, R.L. (1991) 
J Chern Phys 95, 10 



Bibliography 131 

[Gre93] Greenhalgh, D.A. (1993) 
Proceedings of the Anglo-German Combustion Symposium, 18-25, Queens' Col
lege, Cambridge, UK, 29 March- 2 April 

[Gri94] Grijze, A. (1994) 
Internal report (W-WOC-WF), Eindhoven University of Technology, Eindhoven, 
the Netherlands 

[Hea92] Heard, D.E. et al. (1992) 
J Chern Phys 96, 6 

[Hir 54] Hirschfelder, J. 0. et al. ( 1954) 
Molecular theory of gases and liquids 
John Wiley & Sons 

[Hoo92] Hoornstra, J. (1992) 
Internal report ECN-I-92-006, ECN, Petten, the Netherlands 

[Hoo93] Hoornstra, J., Janson, M.E. (1993) 
Internal report ECN-I-93-059, ECN, Petten, the Netherlands 

[Kas67] Kaskan, W.E. (1967). 
6th Symposium (Int.) on Combustion, the Combustion Institute, 134 

[Kee86] Kee, R.J. et al. (1986) 
Sandia Report SAND86-8246·UC-401. Sandia National Laboratories, Livermore, 
California 94551, U.S.A. 

[Kee87] Kee, R.J. et al. (1987) 
Sandia Report SAND87-8215B·UC-4. Sandia National Laboratories, Livermore, 
California 94551, U.S.A. 

[Kee91] Kee, R.J. et al. (1991) 
Sandia report SAND85-8240· U C-401. Sandia National Laboratories, Livermore, 
California 94551, U.S.A. 

[Ken70] Kent, J.H. (1970) 
Combust Flame 14, 297 

[Ker92] Kersten, R. (1992) 
Graduation thesis, Eindhoven University of Technology, Eindhoven, the Nether
lands. 

[Kih75] Kihara, D.H., Fox, J.S., Kinoshita, C.M. (1975). 
Combust Sci Tech 11, 239 

[Lan69] Landolt-Bornstein (1969) 
Zahlenwerte und Funktionen 
Springer-Verlag, Berlin 

[Lan92] de Lange, H.C. (1992) 
Ph.D. thesis, Eindhoven University of Technology, Eindhoven, the Netherlands. 



132 Bibliography 

[Lap74] Lapp, M, Penney, C.M. (1974) 
Laser Raman gas diagnostics 
Plenum Press 

(Law86] Law, C.K., Zhu D.L., Yu G. (1986) 
21st Symposium (Int.) on Combustion, the Combustion Institute, 1419 

(Law88] Law, C.K. (1988) 
22nd Symposium (Int.) on Combustion, the Combustion Institute, 1381 

[Law93] Law, C.K. (1993) 
A compilation of recent experimental data on laminar burning velocities, in 
Peters, N., Rogg, B., (ed.'s), Reduced kinetic mechanisms for applications in 
combustion systems, Lecture Notes in Physics 19 
Springer Verlag, Berlin 

[Lew61] Lewis, B., Von Elbe, G. (1961). 
Combustion, Flames and Explosion of gases, 2nd edition 
Academic Press 

[Lom87] Lomas, C.G. (1987) 
Fundamentals of hot wire anemometry 
Cambridge University Press, Cambridge, U.K. 

[Maa92] van Maaren, A., De Goey, L.P.H., van de Velde, R. (1992) 
Internal report 1207-1200.41 (W-WOC-WF), Eindhoven University of Technol
ogy, Eindhoven, the Netherlands 

[Ma93a] van Maaren, A., De Goey, L.P.H. (1993) 
Proceedings of the Anglo-German Combustion Symposium, 231, Queens' College, 
Cambridge, UK, 29 March 2 April 1993 

[Ma93b] van Maaren, A., De Goey, L.P.H, Van de Velde, R. (1993) 
23rd International Symposium on Special Topics in Chemical Propulsion: non
intrusive combustion diagnostics 
Scheveningen, the Netherlands, May 10-14 1993 

[Ma94a] van Maaren, A., De Goey, L.P.H. (1994) 
Combust Sci Techn 96, 4-6, 327 

[Ma94b] Van Maaren, A, De Goey, L.P.H. (1994) 
Combust Sci Techn, in press 

[Ma94c] Van Maaren, A., De Goey, L.P.H. (1994) 
Stretch and the adiabatic burning velocity of methane- and propane-air flames 
(submitted for publication in Combustion Science and Technology) 

[Mat82] Matalon, M,. Matkowsky, B.J. (1982) 
J Fluid Mech 124, 239 



[Pre89] Press, W.H. et al. (1989) 
Numerical Recipes, Pascal version 
Cambridge University Press 

Bibliography 133 

[Per79] Perrins, W.T., McKenzie, D.R., McPhedran, R.C. (1979). 
Proc Roy Soc Lond A 369, 207 

[Pet83] Peters, N., Williams, F.A. (1983) 
Combust Flame 68, 185 

[Pow49] Powling, J.A. (1949). 
Fuel28, 25 

[Pri72] Pritchard, R. et al (1972). 
Combust Flame 18, 13 

[Qua92] Quax, R.M. (1992) 
Graduation thesis, Eindhoven University of Technology, Eindhoven, the Nether
lands. 

[Ril94] Riley, A. (1994) 
Graduation thesis, Eindhoven University of Technology, Eindhoven, the Nether
lands. 

[Sat75] Sato, A. al. ( 1975) 
Combust Flame 24, 35 

[Sat79] Sato, K., Takeno, T. (1979). 
7th Colloquium (lnternational) on Gas Dynamics and Reactive Systems, 76, 
596. 

[Smo90] Smooke, M.D. et al (1990) 
23rd Symposium (Int.) on Combustion, the Combustion Institute, 575 

[Smo91] Smooke, M.D, Giovangigli, V. (1991) 
Formulation of the premixed and nonpremixed test problems, in Smooke, M.D. 
( ed. ), Reduced kinetic mechanisms and asymptotic approximations for methane 
air flames, Lecture Notes in Physics 384 
Springer Verlag 

[Som94] Somers, L.M.T. (1994) 
Ph.D. thesis, Eindhoven University of Technology, Eindhoven, the Netherlands 

[Son92] Sonnemans, P.J.M. (1992). 
Ph.D. thesis, Eindhoven University of Technology, Eindhoven, the Netherlands 

[Tay50] Taylor, G. (1950) 
Proc Roy Soc Lond A 201, 192 

[Tie91] Tien, J.H., Matalon, M. (1991) 
Combust Flame 84, 238 



134 Bibliography 

[To70a] Touloukian Y.S., Ho, C.Y. (1970) 
Thermophysical properties of matter Volume 1 
Plenum Press 

[To70b] Touloukian Y.S., Ho, C.Y. (1970) 
Thermophysical properties of matter Volume 7 
Plenum Press 

[Var80] Vargaftic, N.B. (1980) 
Tables on the thermophysical properties of liquids and gases 
John Wiley and Sons, New York 

[Ver92] Versluis, A.M. (1992). 
Ph.D. thesis, Nijmegen University, Nijmegen, the Netherlands 

[War93] Warnatz, J., Chevalier, C. (1993). Critical survey of elementary reaction 
rate coefficients in the C/H/0 system, in Gardiner jr., W.C. (ed.), Combustion 
chemistry, 2nd edition. Springer Verlag, New York (in preparation) 

[Wes81] Westbrook, C.K., Dryer, F.L. (1981) 
Combust Sci Techn 27, 31 

[Wij93] Wijchers, T. (1993) 
Private communication 
TNO, Prins Maurits laboratory, Delft, the Netherlands 

[Wil85] Williams, F.A. (1985) 
Combustion theory, 2nd edition 
Addison· Wesley, Massachusetts 

[Wu84] Wu, C.K, Law, C.K. (1984). 
20th Symposium (Int.) on Combustion, the Combustion Institute, 1941 

[Yar92] Yarkony, D.R. (1992) 
J Chem Phys 97, 3 



Summary 

At the Mechanical Engineering Department of the Eindhoven University of Technol
ogy (EUT) research is performed on laminar combustion of natural gas in domestic 
appliances. The influence of the natural gas composition on the stability of combus
tion and on the hazardous emissions is investigated both theoretically and experi
mentally. In particular, means are sought to model the complex chemical reactions 
in a simplified way. Four chemical reaction parameters are defined for this purpose, 
with which the reaction rate of natural gas/air mixtures is described by means of 
a one-step chemical reaction model. These parameters must be determined from 
experimental data of the adiabatic burning velocity (as a function of stoichiometry) 
and the flame temperature (as a function of burning velocity and stoichiometry) for 
each gas mixture separately, to obtain correct simulation results. 

For this purpose a new type of flat-flame burner is developed, and several exper
imental methods are applied to measure the relation between the burning velocity 
and the flame temperature. 

In chapter 2 the perforated-plate burner is introduced, which is a new type of flat
flame burner. The characteristics of this burner make it a useful tool in laminar gas 
combustion research. With this burner both adiabatic and non-adiabatic flat flames 
can be stabilized. This can be used to study the temperature and mass fraction 
distributions of premixed laminar flat flames. In particular, with this burner the 
experiments can be performed, necessary to derive the one-step chemical reaction 
parameters. 

Laser Doppler Thermometry, described in chapter 4, is a new experimental method 
with which the on-axis temperature distribution of flat flames, stabilized on the 
perforated-plate burner, can be determined through Laser Doppler Velocimetry mea
surements of the two-dimensional velocity distribution. Using the stationary conser
vation of mass equation for two-dimensional axisymmetric flow, the velocity distribu
tion of the mixture can be related to the density, and the temperature to the density 
using the ideal gas law. The effect of buoyancy due to the density difference between 
the flame and the surrounding atmosphere, and of two-dimensional expansion of the 
gas is taken into account. The results agree well with detailed chemistry calculations 
and experimental data found in the literature. However, due to the experimental 
restrictions of the one-component Laser Doppler system used, considerable time is 
necessary to determine one complete temperature distribution. 
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The Heat Flux method, described in chapters 3 to 6, is also a new experimental 
method, with which both the flame temperature and the adiabatic burning velocity 
of flat flames can be determined, using the perforated-plate burner. The method is 
based on the determination of the net heat flux of the flame to the burner plate by 
measuring the burner plate temperature profile with small thermocouples. The flame 
temperature is determined by subtracting the measured heat loss from the enthalpy 
content of an adiabatic flame, which is know through detailed chemistry calculations. 
The adiabatic burning velocity is determined by adjusting the mass flow rate until 
the net heat loss is equal to zero. 

The Heat Flux method is a direct experimental method, since no correction 
or extrapolation of the experimental data is required, and is therefore elegant and 
straightforward. The results for the flame temperature and the adiabatic burning 
velocity agree well with one-dimensional flame calculations using complex chemistry 
and experimental results found in the literature. In particular, the results of the 
adiabatic burning velocity for methane, ethane and propane agree very well with 
those of [Law93], concerning the Counterflow method, when a non-linear correction 
for stretch is performed on the results of [Law93]. 

The results of the Heat Flux method for mixtures of methane, ethane and propane 
with air are used in chapter 7 to determine the one-step chemical reaction param
eters. This is achieved through fitting of approximate theoretical relations between 
the burning velocity and the flame temperature with the experimental data. It ap
pears that the observed experimental combustion behavior is predicted well when 
these parameters are used in numerical simulations of one-dimensional flames. The 
fitting procedure appears to be reliable and quite insensitive for systematic experi
mental errors. The results for pure gases show that the Heat Flux method and the 
procedure for the determination of the parameters can be applied to an arbitrary 
hydrocarbon/air mixture as well. 

Finally, in chapter 8 two experimental techniques presently under development are 
presented. 

The first technique concerns the use of thermocouples to measure directly the local 
flame temperature. In particular attention is paid to the correction for radiative and 
conductive heat loss of the thermocouple. Three different approaches are discussed 
to estimate the conductive heat loss correction, and some preliminary results are 
presented. 

The second technique concerns the use of Laser Induced Predissociation Fluores
cence (LIPF) of OH for temperature measurements in flat flames. Generally, quanti
tative fluorescence temperature measurements in flames are hampered by quenching. 
Because Oll predissociation takes place at a higher rate than quenching, LIPF is more 
or less independent of quenching. The predissociation rates can be determined ex
perimentally, through calibration with a flame with a known temperature. Thus, the 
combination of the Heat Flux method with LIPF provides an interesting possibility 
to obtain quantitative two-dimensional temperature images of arbitrary flames. This 
technique is developed in cooperation with the Physics Department of the University 
of Nijmegen, section Molecular and Laser Physics. 



Samenvatting 

Aan de faculteit Werktuigbouw van de Technische Universiteit Eindhoven (TUE) 
wordt onderzoek gedaan naar de verbranding van aardgas in huishoudelijke appa
raten. Theoretisch en experimenteel wordt onderzocht wat de invloed is van de 
samenstelling van het aardgas op de stabiliteit van de verbranding en de schadelijke 
rookgasemissies. Met name wordt getracht de zeer complexe chemische reacties op 
een sterk vereenvoudigde manier te modelleren. Daartoe zijn een viertal chemische 
reactieparameters gedefinH!erd, waarmee de reactiesnelheid van een aardgasmengsel 
met Iucht beschreven wordt, met behulp van een een-staps chemisch reactiemodel. 
Voorwaarde voor correcte simulatieresultaten is dat voor elk gasmengsel afzonder
lijk de parameters bepaald worden uit experimentele gegevens van de adiabatische 
vlamsnelheid (als functie van de gas/lucht-verhouding) en de vlamtemperatuur (als 
functie van de verbrandingssnelheid en de gas/lucht-verhouding). Om the relatie 
tussen de verbrandingssnelheid en de vlamtemperatuur experimenteel te bepalen is 
een nieuw type vlakke vlam brander ontwikkeld, en zijn verscheidene experimentele 
methoden zijn toegepast. 

In hoofdstuk 2 wordt een nieuw soort vlakke vlam brander gelntroduceerd, de 
geperforeerde plaat brander. De eigenschappen van deze brander maken het tot een 
bruikbaar instrument voor onderzoek naar voorgemengde laminaire gasverbranding. 
Met deze brander kunnen zowel adiabatische als niet-adiabatische vlammen worden 
gestabiliseerd. Dit kan worden gebruikt om de temperatuur- en massfractieverdelin
gen van vlakke voorgemengde vlammen te bestuderen. In het bijzonder kunnen met 
deze brander de experimenten worden uitgevoerd die nodig zijn om de een-staps 
chemische reactieparameters te bepalen. 

Laser Doppler Thermometrie, beschreven in hoofdstuk 4, is een nieuwe experi
mentele methode waarmee de temperatuurverdeling op de as van vlakke vlammen, 
gestabiliseerd op de geperforeerde plaat brander, kan worden bepaald uit Laser 
Doppler Velocimetrie metingen van het tweedimensionale snelheidsveld. Ret snel
heidsveld kan worden gerelateerd aan de dichtheid door gebruik te maken van de 
stationaire massabehoudsvergelijking voor rotatiesymmetrische stroming, en de tem
peratuur aan de dichtheid via de ideale gaswet. Daarbij is rekening gehouden met 
het effect van opwaartse kracht als gevolg van het dichtheidsverschil tussen de vlam 
en de omgeving, en van tweedimensionale expansie van het gas. De resultaten komen 
goed overeen met berekeningen met gedetailleerde chemie en experimentele gegevens 
uit de literatuur. Echter, door de experimentele beperkingen van het gebruikte een
components Laser Doppler systeem is veel tijd nodig om een complete temperatu
urverdeling te verkrijgen. 
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De Warmteftux methode, beschreven in de hoofdstukken 3 tot en met 6, is ook een 
nieuwe experimentele methode, waarmee zowel de vlamtemperatuur als de adiabatis
che verbrandingssnelheid van vlakke vlammen kan worden bepaald, gebruik makend 
van de geperforeerde plaat brander. De methode is gebaseerd op het bepalen van 
de netto warmteflux van de vlam aan de branderplaat, door het temperatuursprofiel 
van de branderplaat te meten met kleine thermokoppels. De vlamtemperatuur wordt 
bepaald door het gemeten warmteverlies af te trekken van de enthalpie-inhoud van 
een adiabatische vlam, die bekend is door berekeningen met gedetailleerde chemie. 
De adiabatische verbrandingssnelheid wordt bepaald door de massastroom zo in te 
stellen tot het netto warmteverlies gelijk is aan nul. 

De Warmteflux methode is een directe methode, omdat geen correcties of extrap
olaties van de experimentele gegevens nodig zijn, en is daarom elegant en recht-toe
recht-aan. De resultaten van de vlamtemperatuur en de adiabatische verbrandingss
nelheid komen goed overeen met vlamberekeningen met gedetailleerde chemie en met 
experimentele gegevens verkregen uit de literatuur. In het bijzonder, de resultaten 
van de adiabatische verbrandingssnelheid voor methaan, ethaan en propaan komen 
zeer goed overeen met die van [Law93], betreffende de Counterflow methode, indien 
een niet-lineaire correctie voor stretch is uitgevoerd op de resultaten van [Law93]. 

De resultaten van de Warmteflux methode voor mengsels van methaan, ethaan 
en propaan met Iucht worden in hoofdstuk 7 gebruikt om de een-staps chemische 
reactieparameters te bepalen. Dit wordt bereikt door benaderde theoretische re
laties tussen de verbrandingssnelheid en de vlamtemperatuur te fitten aan de exper
imentele gegevens. Ret blijkt dat het waargenomen verbrandingsgedrag goed wordt 
voorspeld wanneer deze parameters gebruikt worden in numerieke simulaties van 
eendimensionale vlammen. De fitprocedure blijkt betrouwbaar te zijn, en tamelijk 
ongevoelig voor systematische experimentele fouten. De resultaten voor pure gassen 
Iaten zien dat de Warmteflux methode en de fit procedure ook kunnen worden toegepast 
een willekeurig koolwaterstof/lucht mengsel. 

Tenslotte, in hoofdstuk 8 worden twee experimentele technieken beschreven die 
momenteel nog in ontwikkeling zijn. 

De eerste techniek betreft het direct meten van de vlamtemperatuur met behulp 
van thermokoppels in de vlam. In het bijzonder wordt aandacht gegeven aan de 
correctie voor geleidings- en stralingsverliezen van het thermokoppel. Drie verschil
lende benaderingswijzen worden besproken, en een paar eerste resultaten worden 
gepresenteerd. 

De tweede methode betreft het gebruik van Laser Geinduceerde Predissociatie 
Fluorescentie (LIPF) van OH voor temperatuurmetingen in vlakke vlammen. In het 
algemeen worden kwantitatieve fluorescentie temperatuurmetingen gehinderd door 
quenching. Omdat OH predissociatie met een grater snelheid optreedt dan quench
ing, is LIPF min of meer onafltankelijk van quenching. De predissocatiesnelheden 
kunnen experimenteel worden bepaald door calibratie met een vlam met een bek
ende vlamtemperatuur. Daarom biedt de combinatie van de Warmteflux methode 
met LIPF een interessante mogelijkheid om kwantitatieve tweedimensionale tem
peratuurverdelingen van willekeurige vlammen te verkrijgen. Deze techniek wordt 
ontwikkeld in samenwerking met de Faculteit Natuurkunde van de Katholieke Uni
versiteit van Nijmegen, sectie Molecuul- and Laserfysica. 
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STELLING EN 
behorende bij het proefschrift van A. van Maaren 

One~step chemical reaction parameters for premixed laminar flames 

1. Een eenduidige definitie van de verbrandingssnelheid en de vlamtemperatuur is aileen mogelijk in een 
zuiver een-dimensionale vlam. 

Dit proefschrift. hoofdstuk 1, 2 en 3 

2. Bij metingen met vlakke vlam branders is het noodzakelijk rekening te houden met verstoring van de 
vlakheid van de vlam door zowel de brander als de omgeving. 

Dit proefscbrift, hoofdstuk 2 en 4 

3. De verbrandingssnelheid verkregen met behulp van de Counterflow methode (Law, 1993) Ievert voor 
rnethaan- en propaan-lucht mengsels een systematisch te hoge waarde op, als gevolg van onnauwkeurige 
extrapolatie van de ruwe meetresultaten naar een flame stretch gelijk aan nul. 

Dit proefschrift, hoofdstuk 5 en 6 
Law C.K. (1993). A compilation of experimental data on laminar burning velocities, in Peters, N., Rogg, 
B., (ed.'s), Reduced kinetic mechanisms for applications in combustion systems, Lecture Notes in Physics 
19, Springer Verlag, Berlin 

4. De globale structuur van laminaire voorgemengde gasvlammen kan met het een-staps chemisch model, 
zoals beschreven in dit proefschrift, goed voorspeld worden. 

Dit proefschrift, hoofdstuk 7 

5. Gezien de relatief grote meetonzekerheid in sommige van de chemische reactiecoefficienten voor la
minaire gasverbranding, kan een goede overeenkomst tussen experimenteel en nurneriek bepaalde 
adiabatische vlamsnelheden niet zonder meer worden opgevat als een validatie van het gebruikte 
reactieschema. 

Dowdy eta/., 1990. 23rd Symposium (Int.) on Combustion, the Combustion Institute, 325 

6. In de literatuur wordt te weinig aandacht besteed aan de ontwikkeling van laser-diagnostische tech
nieken, zoals Laser Induced fluorescence, voor toepassing in praktische verbrandingssystemen. 

Greenhalgh, D.A. (1993). Proceedings of the Anglo-German Combustion Symposium, 18 

7. De enig reele grondslag voor wetenschappelijk onderzoek wordt op juiste wijze beschreven in de hijbel. 
Hthreeiin 11:1 

8. De dilemma's op het gebied van de rnedische ethiek (enthanasie, abortus, genetische manipulatie) 
onstaan niet zozeer door de beschikbaarheid van nieuwe technologieen, als wei door de keuze er wei of 
niet gehruik van te willen maken. 

D11_gb/ad Trouw, diverse publicaties in "Onderwijs en Wetenschap" 

9. De voornaamste oorzaken van de soms heftige schommelingen in de aandelenkoersen zijn hebzucht en 
angst. 

10. De grootste ramp voor de Derde Wereld is dat zij door de Eerste en de Tweede Wereld niet met rust 
wordt gelaten. 

J I. Aangezicn een mensenleven slechts is een "lichtflits in de eeuwigheid", heeft het voor een mens weinig 
zin zijn Ieven alsrnaar te willen rekken, noch om de kwaliteit van zijn Ieven alsmaar te willen verhogen. 
Het heeft voor hem meer zin om zo lang hij leeft zich voor te bereiden op de eeuwigheid. 

12. De recente gebeurtenissen in onder andere bet voormalige Joegoslavie, Zuid-Afrika en Rwanda, waar 
mensen in nood tot de meest verschrikkelijke beestachtigheden in staat blijken te zijn, zijn aa.nwijzingen 
dat de hypothese uit de evolutietheorie "de mens stamt af van de aap" berust op omkering van feiten. 

The Carnbrtdge Encyclopedia of Human Evolution, by Jones, S., Martin, R., and Pilbeam, D. (ed.'s), Cam
bridge University Press (1992) 


