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Introduction

In this chapter, the topic of the research - laminar burning velocities
of methane hydrogen air flames - is introduced. The background of
this research is presented in the first part of this chapter. After that an
overview of the importance of the laminar burning velocity, is put into a
broader scope. In the remaining part of this chapter, the objectives and
the approach of the research are shown, followed by an outline of the
thesis.

1.1 Background

In a future sustainable energy infrastructure, hydrogen is likely to be an important
energy carrier. An advantage of hydrogen in burning situations is that there is no
emission of carbon dioxide, as in the case when fossil fuels are burnt. One of the
possibilities to contribute to a sustainable environment is by adding hydrogen step-
wise to the natural gas infrastructure. Since the natural gas grid in the Netherlands
is very well accessible for industry and households, it is an opportunity to contribute
in this way to a transition to hydrogen economy. The step-wise addition of hydrogen
enables a gradual transition from from the current fossil-fuel based economy to a future
sustainable hydrogen economy. The possibilities of such a step-wise addition are currently
studied in the EET-project’, 'Greening of Gas’. Part of the project research was carried
out at the Technische Universiteit Eindhoven, resulting in this thesis. Here we focus
on the combustion of natural gas - hydrogen mixtures during the gradual transition
from natural gas to hydrogen. More knowledge of this kind of mixtures is needed for
a safe transition to natural gas hydrogen mixtures. The combustion of gas mixtures with
current burner systems is developed or tuned for a specific natural gas composition,
and its typical variations which are likely to occur. Generally, natural gas is a mixture
of several hydrocarbon gases like CH4, C;Hg and ’inert’ gases like N, and CO,. The

1. The project is funded by ’Economie Ecologie en Technologie’ (EET), the Netherlands
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Figure 1.1: Freely propagating one-dimensional adiabatic flame.

main component in 'Groningen natural gas’ is methane with an average concentration
of 81.3 vol%. For natural gas combustion the design rules for combustion devices are
quite clear. However, when adding hydrogen? to the natural gas these consequences are
unclear. It is likely that properties related to the safety of burner devices are changed, e.g.
ignition delay time, flame blow off and flame flash back. Of course, it is quite laborious
to test every single combustion device in the Netherlands. The available devices range
from domestic burners, appearing for instance in central heating systems or cookers, to
industrial systems, like gas turbines. It ranges from various hydrogen contents of laminar
or turbulent systems, and from atmospheric to high pressure systems with preheated
gas. The resulting burning properties related to the safety of burner devices have to
be known for a broad range. Hence, fundamental knowledge of methane-hydrogen-air
burning properties is needed to deliver new data for a safe transition to hydrogen enriched
mixtures. Among these burning properties the laminar burning velocity is one of the key
parameters. This parameter is elaborated in the next section.

1.2 Laminar Adiabatic Burning Velocity

In this section one of the key parameter in combustion research is addressed: the laminar
burning velocity. This section is divided into three parts. In the first part the definition of
this laminar burning velocity is introduced. It is followed by an overview of the parameters
which can influence and disturb this laminar burning velocity. In the second part the
importance of this burning velocity related to the safety and stability of burning devices is
addressed briefly. The last part of this section shows that the laminar burning velocity is
also relevant for turbulent combustion modelling.

The laminar adiabatic burning velocity is only unambiguously defined in a one-
dimensional (1D) situation. In figure 1.1 a freely propagating 1D flame is shown. A fuel-
oxidiser mixture enters the system at the unburnt side with velocity U,. A flame front
propagates with velocity S; in the unburnt mixture. The flame will remain at a fixed
position in space only when the gas velocity U, equals the laminar adiabatic burning
velocity Sy exactly. When the heat generated by the chemical reactions is transferred com-
pletely to the gas mixture (i.e. there are no heat losses), this flame is called an adiabatic

2. In this project the focus is on hydrogen addition, although the problems are similar when adding for
example biogas to the natural grid.
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flame. In order to determine the laminar adiabatic burning velocity the flame should (ide-
ally) fulfil two requirements:

o 1D, and thus flat and stretchless,
o no heatloss, and thus adiabatic.

Phenomena like flame cooling and flame stretch have an important influence on the
burning velocity [66, 74]. For example, to fix the flame at a certain position, a flame is
stabilised on a burner, which is only possible when U, is lower than S;. This implies
heat loss of the flame to the burner and therefore does not represent the adiabatic
state anymore. On the other hand flames like free spherical expanding flames, do not
stabilise on a burner and can be seen as adiabatic flames. The flame front surface of
these spherical flames is increasing in time indicating that the flame front is stretched
while expanding, thereby disturbing the flame also. The desired state to measure the
laminar adiabatic burning velocity is difficult to accomplish. Only one requirement, either
stretchless or adiabatic, is satisfied by most existing measurement methods as can be seen
in chapter 3.

The laminar burning velocity for a given gas composition is dependent on the initial con-
ditions of the mixture. In general the initial conditions are the unburnt gas temperature
T, the fuel equivalence ratio ¢ (the ratio between fuel and oxidiser in the mixture) and
the pressure p,. However, in this thesis the focus is on methane-hydrogen mixtures. As
a result an additional property is needed to define the laminar burning velocity which is
the amount of hydrogen in the fuel mixture ny,. This indicates that S| used in this thesis
is a function of the initial properties:

SL = f (¢7 nH,, Tuapu) . (I'I)

The laminar burning velocity is an important property for several reasons, some of them
will be addressed in the remaining part of this section.

Knowledge of the laminar burning velocity becomes important in the trade-off between
combustion stability and pollutant emissions. For example at very fuel lean conditions
the laminar burning velocity decreases sharply and the flame is becoming less stable
due to the partial or complete quenching (blow-out) of flames. This affects the emissions
of carbon-monoxide and unburnt hydrocarbons. Hence, in lean premixed combustion a
choice has to be made, in determining how lean one should operate. There is a trade-off
between low pollutant emissions by operating at very lean conditions and a higher power
output at slightly richer conditions. A higher power output gives more carbon monoxide
and unburnt hydrocarbon emissions by avoiding flame quenching. Also related to the
stability of flames is the so-called flash back phenomenon. In combustion systems flash
back is a dangerous aspect which can for example occur when operating a system in a
modulated manner, e.g. by changing the equivalence ratio, altering fuel composition or
preheating of the fuel. By modulating the burner in this way the laminar burning velocity
can vary significantly. This can result in a situation where the laminar burning velocity
becomes substantial smaller than the unburnt gas velocity and blow-off can occur.

The laminar burning velocity is also an important parameter in turbulent combustion
modelling. Often turbulence models assume that combustion takes place in the so-called
flamelet regime [81]. Such flames can be considered as a front which is locally propa-
gating as a stretched laminar flame. This flame stretching due to turbulence increases the
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flame surface which results in an increase of the (turbulent) burning velocity. For very
low turbulent velocities the ratio between turbulent and laminar burning velocities S;/ S,
increases almost linearly with the ratio v’/ Sy [59]. For stronger turbulence and thus higher
u’ the turbulent burning velocity S; increases less fast with u’ or can even decrease [59].
This can be explained by increased flame quenching of the flame due to locally highly
stretched flames. Here, the production of flame surface is competing with local flame
quenching. This different behaviour at various turbulence intensities demands for diffe-
rent modelling approaches. However, Lipatnikov and Chomiak [70] showed in a compre-
hensive evaluation of turbulent premixed combustion models that the laminar burning
velocity is commonly considered as an essential parameter characterising the turbulent
burning velocity.

1.3 Scientific Background

This section gives an overview of the current status of the research on laminar burning
velocities of methane-hydrogen-air mixtures. This overview is divided into three parts.
In the first part experiments available in literature are briefly discussed. The second
part gives the current status of combustion reaction mechanisms regarding hydrogen
enriched methane-air mixtures. The last part describes a short overview of the modelling
of flame properties.

Experiments

During the last decades significant progress is achieved in the understanding of methane
as well as hydrogen flames. This is accomplished by improving the experimental
methods, flame models and combustion reaction mechanisms to determine flame proper-
ties, like species concentration profiles and ignition delay times. While the combustion
characteristics of pure mixtures of methane-air and hydrogen-air have been extensively
studied over the years, the knowledge regarding the combustion of mixtures containing
both methane and hydrogen is limited. The existing experimental flame studies on the
effect of hydrogen addition to natural gas or methane are mainly restricted to ignition
delay measurements or quantification of emissions, see Fotache et al. [32], Fukutani and
Kunioshi [34], Lifshitz et al. [69], Karim et al. [57], Bell and Gupta [5]. Several authors
measured the laminar burning velocity in the past, e.g. Haniff et al. [43], Yu et al. [110]
and recently Halter et al. [42] and Huang et al. [52]. However, these measurements (as
will be shown in this thesis) show a rather large scatter so therefore accurate measure-
ments are needed to determine more accurate laminar burning velocities for different
hydrogen contents in methane. A similar kind of scatter in the data was found earlier
in the eighties for methane-air flames, where the experimental results of the maximum
laminar burning velocity varied roughly between 34 cm/s and 45 cm/s. Nowadays, experi-
mental results reveal a value of 36 = 1 cm/s as the maximum laminar burning velocity of
methane-air flames.

Experimental data available in literature are often determined at ambient conditions. In
gas turbines however conditions are different: increased unburnt gas temperature and
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increased pressure. Measurements of laminar burning velocities at situations relevant
for gas turbine conditions can be found in literature for methane-air [25, 39, 42, 45, 54]
or hydrogen-air mixtures [20, 54, 107]. However, the mixtures considered here, hydrogen
enriched methane-air, show some lack of data. Halter et al. [42] presented recently laminar
burning velocities at increased pressures. Measurements at increased unburnt tempe-
rature are available from several authors however only for pure methane-air mixtures or
pure hydrogen-air mixtures.

Combustion Reaction Mechanisms

Correct predictions with reliable combustion reaction mechanisms are suitable to assist
studies in order to make a safe transition to a future hydrogen economy possible. Over
the years several reaction mechanisms have been developed for methane-air combus-
tion, e.g. GRI-mech [11, 977], Konnov’s mechanism [60], and the Leeds methane oxida-
tion mechanism [53]. However, in recent studies [01] it became clear that the frequent
extensions and adaptations of the existing reaction mechanisms for more complex fuels
resulted in a decreasing accuracy of the hydrogen-oxidation sub-mechanism. This intro-
duced a renewed interest in this important sub-mechanism, which can be denoted as the
core of all oxidation reaction mechanisms [110]. The majority of the methane-air combus-
tion reaction mechanisms has not yet been adapted to these new insights and it might
be that these complex mechanisms are not able to predict proper flame behaviour when
a significant amount of hydrogen is added to the mixture. New data will be needed to
validate these mechanisms. One option is to perform new experiments to determine the
laminar burning velocity. This property is widely used to validate combustion reaction
mechanisms.

Models

As a consequence of the considerable amount of progress in the knowledge of combus-
tion kinetics, the numerical computation of flames with detailed kinetics has become
common [109]. Some combustion reaction mechanisms with complete kinetics include
even more than a few hundred species and several thousands of elementary reactions.
However, this enormous amount of information which becomes available is of little
use to the understanding of the fundamental parameters that influence the basic flame
behaviour. A clear description of the basic flame structure explaining for example the
increase in burning velocity when adding hydrogen, is not available. However, in the case
of pure methane or pure hydrogen combustion the situation is different, here several
models have been developed to gain more insight concerning the basic flame struc-
ture of these flames. For example Evans [30] gives an extensive review of the classical
laminar flame models. More recent models are for example the asymptotic theory of
Peters and Williams for methane-air flames [82] and a model developed by Seshadri,
Peters and Williams [94] for pure hydrogen flames. Both models start from a detailed
reaction mechanism and reduce this mechanism systematically to a simplified one by
trying not to lose too much information regarding the fundamental flame properties.
Gottgens et al. [38] used another approach and provided analytical expressions for the
burning velocity and flame thickness of hydrogen and methane flames. In order to get
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an adequate physical insight in the behaviour when hydrogen is added to methane, these
kind of models should be adapted to methane-hydrogen mixtures.

1.4 Purpose of this Research

When hydrogen is added to the Dutch natural gas grid influences the behaviour of
combustion devices will be affected. In order to make a safe transition to a hydrogen based
energy economy more knowledge of methane-hydrogen-air mixtures is needed. Proper
design and operation of practical combustors requires that key flame properties, such as
the laminar burning velocity, are well known under the applied combustion conditions.
The objectives of this research are:

o Deliver accurate experimental laminar burning velocity data;

o Validate numerical reaction mechanisms using the laminar burning velocity data;

o Gain more insight in the effects which affect key flame properties like laminar
burning velocity, flame temperatures, flame thickness when adding hydrogen to
a methane-air mixture;

1.5 Research Tools used in this Thesis

Throughout this thesis three main research tools will be used. One is an experimental
method to determine the laminar burning velocities accurately: the heat flux method.
The data measured with this heat flux method, will be used to validate combustion
reaction mechanisms. This is done by using the second tool: a numerical 1D flame
code called CHEM1D. This code is developed to determine flame properties like the
laminar burning velocity by using combustion reaction mechanisms. The third tool is
an asymptotic theory which will be used to describe the basic phenomena occurring
when applying hydrogen enrichment to methane-air flames. These three tools, - an experi-
mental, numerical and theoretical one - will be explained in detail in this thesis. They will
be used to determine laminar burning velocities over a wide range of settings.

Investigated Parameter Range

Firstly pure hydrogen flames at ambient conditions will be investigated. However, in these
flames the oxygen content is artificially lowered to about 10 mol% in order to reduce the
laminar burning velocities to gas velocities which can be used with the heat flux method.
Secondly, the burning velocities of hydrogen enriched methane-air flames are investigated
at ambient conditions. The equivalence ratio is varied between ¢ ~ 0.6 and 1.5. The
hydrogen enrichment is set at 0, 10, 20, 30 and 40 mol% in the fuel. Finally, we address
the laminar burning velocities of methane-hydrogen-air flames with increased unburnt
gas temperatures for flames with an equivalence ratio of 0.8,1.0 and 1.2. for a hydrogen
enrichment 0, 10,20 and 30 mol% of hydrogen addition to the fuel is not determined
with the heat flux method. The unburnt gas temperature is varied between 298 and 450
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K. The laminar burning velocity data for the mentioned unburnt gas temperatures are
determined experimentally. Numerically the laminar burning velocity analysis is extended
to more or less gas turbine conditions (7, ~ 500 K). Since the asymptotic theory is
only valid for stoichiometric flames these flames are only taken into account in the
corresponding parts of this thesis.

1.6 Outline of this Thesis

The next chapter provides some background information about the equations which
govern the flames of interest. Also in this chapter the CHEM1D numerical flame code [16]
is introduced. This code will be used to determine flame properties with several numerical
combustion reaction mechanisms, e.g. GRI-mech 3.0 [97]. The chapter concludes with
an overview of some commonly used combustion reaction mechanisms. Based on this
overview a set of reaction mechanisms is selected. This set will be used in the rest of
this thesis: the experiments performed with the heat flux burner will be compared with
these combustion reaction mechanisms. The experimental setup used in this thesis is
presented in chapter 3. This setup is used to determine laminar burning velocities of
methane-hydrogen-air mixtures and hydrogen-oxygen-nitrogen mixtures using the heat
flux method. In chapter 3 the background of this method is explained, including error-
estimates and an overview of the reproducibly of the measurements. Furthermore, this
chapter presents a brief summary of some other experimental methods for determining
laminar burning velocities. This serves as a basis when comparing the determined
heat flux results in chapter 4 with data of other authors. In chapter 5, the heat flux
data presented in the previous chapter, are compared with results obtained for several
combustion reaction mechanisms calculated using the package CHEM1D. These latter
two chapters show new experimental data of laminar burning velocities for hydrogen
enriched methane-air flames and an overview of the performance of recently introduced
combustion reaction mechanisms. In chapter 6 an asymptotic theory for methane-
hydrogen-air flames is introduced. This theory will be used to describe and explain the
change of burning velocity when adding hydrogen to a methane-air mixture and can
give information on the mechanism that causes the changes. Finally, in chapter 7 the
conclusions and discussion are presented.






Numerical Combustion Modelling

The relations characterising reactive flow systems are formulated in
this chapter. Chemically reacting flows are governed by a set of equa-
tions describing the conservation of mass, momentum, energy and
chemical components. In the end these equations are written in the
form in which they are implemented in the 1D flamecode CHEMI1D.
Finally, the last part of this chapter gives an overview of combus-
tion reaction mechanisms which are capable to describe flame proper-
ties of methane-hydrogen-air mixtures is given. From these reaction
mechanisms a subset is selected which is used in the rest of this thesis.

2.1 Governing Equations

This section deals with the governing equations concerning the combustion of gases.
Besides this, the governing equations will be used in the next chapter to explain the heat
flux method and they are used in chapter 6 as a basis for the analysis of the asymp-
totic structure of methane-hydrogen-air flames. The governing equations for modelling
reactive flow systems are derived in many books, e.g. [64, 85, 110, 113]. Here, in the first
subsection a general set of conservation equations of mass, momentum, species mass
fractions and enthalpy is introduced. Subsequently state equations for specific enthalpy
and density are presented; followed by transport and chemistry models.

2.1.1 General Conservation Equations

The conservation of mass is expressed by the general continuity equation,

op B
o +V - (pu) =0, (2.1)
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where p is the mixture mass density and v = (u,v,w)" the gas mixture velocity. The
conservation of momentum, with no body forces other than gravity, is covered by

Jpu

%+V~(/)uu):V~H+pg, (2.2)
where II is the stress-tensor, and g the acceleration due to gravity. The stress-tensor
consists of a hydrodynamic and viscous part: I = —pI + 7 in which p is the pressure, I
the unit tensor and 7 the viscous stress-tensor.

The equation describing the conservation of energy is written in terms of specific enthalpy

h,
dph 0
%+V-(puh):a—]ty+u-Vp+‘r:(Vu)—V-q, (2.3)

with g the total heat flux. The term 7 : (Vu) represents the enthalpy production due to
viscous effects.

When chemical reactions are to be considered, conservation equations for the species
mass fractions Y; are used. They are defined as Y; = p;/p with p; the density of species 1.
The density of the mixture p is related to the density of the various species by p = S, p;,
with Vg the number of species. This leads to a conservation equation for every species
mass fraction in the mixture,

dpY;
ot

with U; is the diffusion velocity of species i. The chemical source term w; in this equation,
is characteristic for the reactive nature of the flow. Note that equation (2.4) together with
the continuity equation equation (2.1) gives an over-complete system, so instead of N;
only N — 1 equations in (2.4) have to be solved. The mass fraction of one of the species
can be computed using the following constraint:

+ V- (puY;) + V- (pUY;) = w;, i€ [1, Ny, (2.4)

Ns
Y Yvi=1 (2:5)
i=1

An abundant species, e.g. nitrogen, is commonly chosen for this species. By definition
chemical reactions are mass conserving, so therefore the following relations hold:

Ns Ns
> pYU; =0, and > w; =0. (2.6)
i-1

i=1

Finally, state equations are needed to complete the set of differential equations (2.2)-(2.4).
The first state equation introduces the specific enthalpy 4 as a function of temperature 7.
This relation is given by

Ne T
h=> Yih,  with b=t / ¢ (T) dT, (2.7)
i=1

ref

and holds for perfect gases. In this equation h; represents the enthalpy of species ¢ and
hi*f the formation enthalpy of species i at a reference value for the temperature 77f and
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cp, the specific heat capacity at constant pressure of species 4. The mixture heat capacity
is defined by

Ns
o= Yicp. (2.8)
i=1

The species heat capacity ¢, is commonly tabulated in polynomial form [14]. In most
p p D; y poly 4

combustion problems the mixture and its components are considered to behave as perfect

gases. The ideal-gas law relates the density, temperature and pressure to each other by

_pM

p - RT’ (2‘9)

with R the universal gas constant and M the mean molar mass. This M can be deter-
mined from

Ne v\ !
MZ(Z%) : (2.10)

i=1
where M, is the molar mass of species i.

Summarising: a set of N; + 7 equations is needed, being the conservation equations of
mass (2.1), momentum (2.2) and enthalpy (2.3), a mass balance for every species (2.4),
and two state equations, ((2.7) and (2.9)). This set of equations describes the evaluation
of Ns + 7 variables: p,u,p, T, h and Ny species mass fractions Y;. In order to solve this
set of differential equations additional expressions are required for 7, g, U; and w;. In the
next subsection expressions and models for almost all properties are presented only the
expression for w; is given in 2.1.3.

2.1.2 Molecular Transport Fluxes

Characterising the molecular transport of species, momentum and energy in a multi-
component gaseous mixture requires the evaluation of diffusion coeflicients, viscosity’s,
thermal conductivities and thermal diffusion coefficients. The kinetic theory does not
provide explicit expressions [28] for the transport coefficients. To obtain these coefficients
for detailed transport models a large linear system of equations has to be solved [28].
Solving this system can be CPU extensive. Depending on the use of the results it is
often advantageous to make simplifications to reduce the computational costs. Examples
of these simplifications are the constant Lewis numbers approximation for diffusion
and Wilke’s approximation [111] for the approximation of viscosity. Unless otherwise
mentioned in this thesis detailed transport equations [0, 51] are used to solve the multi-
component species properties.

Starting with the viscous stress tensor 7 which is determined from the kinetic gas theory,
derived for example by Hirschfelder et al. [51], and is given by

T = </<a - %77) (V-w)I—n(Vut (Vu')). (2.11)

where 7 is the mean dynamic viscosity of the mixture and x the volumetric viscosity.
Generally, the volume viscosity is neglected in flame simulations [110].
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The heat flux vector g, e.g. [64,110,113], is given by

Ns Ns
q=-XNVT+p> UYh; —p>_ D]d;+qp, (2.12)
1=1 1=1

where the first term of this equation represents the conduction term represented by
the thermal conductivity \' and the temperature gradient, the second term represents
transport of energy by mass diffusion, the last term gy, is the gas radiative heat flux vector.
The term with the D! represents the so called Dufour effect (change in temperature due
to a species gradients). The vector d; incorporates the effects of various gradients and
external forces [113] and can be expressed as:

\Y% N
d; = VX, +(X;— V) 7]’ + 2V (b — b)), €[N, (213)

D=

with X; = Y;M /M; the mole fraction of species i, Dy, the multi-component diffusion
coefficients, D! the thermal diffusion coefficients, b; the body force on a molecule. This
body force per unit mass is often assumed the same for each species and the last term in
the previous equation becomes zero.

To be able to solve the conservation equations an expression for the flux term U, is
needed. Following from the kinetic theory of gases, see e.g. [6, 28, 51], U, is given by

Ns T
Ui == —ZDdel—D;TVT, Z 6 [1,Ns]7 (2"14)
k=1

The term with the thermal diffusion coefficient in equation (2.14) is known as the Soret-
effect (or the thermal diffusion effect). This term describes the effect that due to a tempe-
rature gradient lighter species tend to go to parts of the flame where the temperature is
higher; whereas heavier species tend to go to colder parts of the flame [112].

In this thesis the diffusion coefficient Dj;, the thermal diffusion coefficient D7, the shear
viscosity 1) and the partial thermal conductivity \’ are tabulated. The equations (2.11)- (2.14)
are solved with the EGLIB library [29]. This transport library uses the method proposed
by Ern and Giovangigli [28, 29] to solve this set of equations in an efficient manner.

2.1.3 Combustion Chemistry

At the start of this section the reactive flow equations have been introduced. An essential
property in reactive flows is the chemical source term. This source term w; appearing in
the species balance equation (2.4) is not specified yet. It describes the rate of change of
a chemical component due to chemical reactions. Sometimes the complete conversion of
hydrocarbons into reactants is presented by a global reaction in molar form, and can be
written as

C,H,0. + 10, — 2CO, + %I—IZO. (2.15)

Here v is the stoichiometric fraction, v = = + y/4 — z/2, indicating the number of
moles of oxygen are needed for a complete conversion of one mole of hydrocarbons into
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products: carbon-dioxide and water. This global reaction only predicts the major species.
Generally, in a combustion process various intermediate species are formed. To be able
to predict these species in a flame the global reaction is build up from a large number of
intermediate steps, also known as elementary reactions. Each elementary reaction can be
written as,

N; Ns
SovpAi= Yo v jELN] (2.16)
1=1 i=1

with V; the number of (elementary) reactions and A; a chemical component i, e.g.
CHy, HyO or HCN. Furthermore, v;; and v;; denote the number of molecules of type
i that are consumed and produced with the elementary reaction j. A typical elementary
reaction is the reaction of hydroxy radicals (OH) with molecular hydrogen (H,) forming
water (H,0) and hydrogen atoms (H),

OH + H, — H,0 + H. (2.17)

This reaction is considered a forward one as indicated by the arrow. The corresponding
reaction rate representing this reaction ;¢ is proportional to the concentration of the
reactants,

Ns v
rif=kis [Tn:", (2.18)
i=1

with the concentration n; = pY;/M; of species i and k; ¢ the reaction coefficient of reaction
j. The subscript f indicates that the forward reaction is considered. The reaction rate
coefficient is usually written in Arrhenius form [110],

kijr= AT’exp (—FE,/RT), (2.19)

with A and b reaction constants and £, the activation energy. In general the species may
also react in the opposite direction,

OH + H; «+ H,O0 + H. (2.20)

Now, the rate of change of this reverse reaction can be determined analogous to the
forward reaction rate. The resulting overall reaction rate for reaction j is given by

NS / NS i
v 124 .
ry =155 —rip = ke [ = kio [T, j €1, N (2.21)
i=1 i=1

The reaction rate of the backward reaction k;}; can be obtained using the equilibrium
constant kjeq(p,T") = kj¢/k;p, which is well defined by the thermodynamic properties
of the chemical components that are involved in this reaction [102]. Finally the chemical
source term of species i is given by

N,
Oy =My (v = vig) e i€ 1N, (2-22)
j=1

Now the chemical source term can be evaluated for every reaction when the reactions
and their reaction rate constants A, b and £, are known in equation (2.19) and (2.21).
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These constants are commonly listed in so-called combustion reaction mechanisms. An
example of such a mechanism is shown in Appendix A. Several research groups provide
reaction mechanisms for natural gas or hydrogen gas combustion, e.g. [11, 61, 97]. In
this research recent methane combustion reaction mechanisms are used which describe
several hundreds of elementary reactions using typically 50 species. In section 2.2 some
combustion mechanisms are discussed briefly. The governing equations which are used
in this thesis are formulated in their final form in the remaining part of this section.

2.1.4 Equations Used in the Remainder of this Thesis

The equations presented in the previous sections are put into a 1D formulation and
simplified with a commonly used combustion approximation for low Mach number reac-
tive flows [13]. In this thesis the typical gas velocities considered are much smaller than
the speed of sound. Typical Mach numbers in the unburnt mixture for the investigated
laminar flames are Ma, = Sy/c = O(107%), with ¢ the speed of sound. By integrating
the momentum equation (2.2), from unburnt to burnt mixture (neglecting gravity and

viscosity) and using ¢ = /(cp/cy)p/p for the speed of sound, the following relation is

found:
= 2 (p—> Ma, (223
Pu Cv \ Pb

with ¢, the specific heat capacity at constant volume. The subscripts v and b refer to the
unburnt and burnt mixture respectively. To estimate the pressure drop over the flame
¢p/cy = 1.3 and py/py, ~ 7 are used, resulting in (p, — pp)/pu = O(107°) for the
weak deflagration flames investigated in this thesis. Clearly, only a small error is made
when replacing the spatial pressure p in equation (2.9) with the ambient pressure py.
Equation (2.9) then becomes,

_ poM

~ RT
Hence, the pressure in the energy equation (2.3) can be treated as spatially constant.
The energy dissipation by viscous forces in the energy equation (2.3) can be neglected
as well [64]. As a consequence the governing equations can be simplified by omitting the
momentum equation (2.2).

(2.24)

The 1D flat flames investigated in the present research are stationary flames, which means
that the terms involving the 0/0t are zero. So the conservation equations which will be
used in the remainder of this thesis become:

0
5 P =0, (2-25)
o) o (N oh o [ X o X
5 Puh) = - <C—p%> ~ (p;UiYihz) +o- <p;Di dz‘) , (2.20)
g(uY-)%—g(UY-)—'- € [1, Ny — 1] 2.2
axp 1 axpzz—wu ? )+ 'S ) (7)

This system of conservation equations uses the equations (2.7),(2.8), (2.10), (2.24)
and (2.22) to determine the enthalpy, specific heat capacity, mean molar mass, density and
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chemical source, respectively. The fluxes are determined with the equations mentioned
in subsection 2.1.2. The system is closed with the constraints:

Ng—1
YNS = 1 - Z }/;;7
=1

Ns

> pYili =0,

i=1
Ns
> w; =0. (2.28)
1=1

The obvious choice for this Vg species is the one that is present in abundance; in our
case this is nitrogen. Note that the flame properties solved with CHEM1D are determined
with both the Dufour effect (in the heat flux vector of equation (2.12)) and the Soret effect
(in equation (2.14)) taken into account.

Computational Strategy

The computational strategy to solve the differential equations (2.25) - (2.27) is addressed
here. CHEM1D uses an exponential finite volume discretisation in space and the
nonlinear differential equations are solved with a fully implicit, modified Newton
method [100]. There are fundamentally two mathematical approaches for solving this
set of differential equations to determine the laminar burning velocity. One uses a
transient method and the other solves the steady-state boundary value problem directly.
The transient method is time consuming and not used unless otherwise mentioned. The
steady-state boundary value method uses a frame of reference which is moving equally to
the laminar burning velocity by fixing the temperature at a certain spatial coordinate. Now,
the mass flow rate pu is a variable instead of a given parameter and the mass flow rate
becomes an eigenvalue of the set of differential equations. The resulting mass flow rate
equals the mass flow rate of an laminar adiabatic flame, resulting in pyu, = pySi. This
procedure is introduced by Smooke et al. [99] and implemented in CHEM1D. An adap-
tive gridding procedure is also implemented to increase accuracy in the flame front [100].
This adaptive gridding places most (=~ 80%) of the gridpoints in the area with the largest
gradients (flame front). To solve the set of differential equations boundary conditions for
species and enthalpy have been used at the unburnt and burnt side of the flame. At the
unburnt side a Dirichlet type of boundary condition is used:

T = —00: h = hy
Y =Yiu, (2-29)
whereas at the burnt side Neumann type boundary conditions are used:
oh
T =00: e 0
9Y;
e 0. (2.30)
Typical domain dimensions for methane-hydrogen-air flames are from z = —2 to 10 cm

and 300 gridpoints. For hydrogen-oxygen-nitrogen flames the domain is taken smaller,
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typically from © = —1 to = 5 cm and using 300 gridpoints, because of the thinner
flames and steeper gradients occurring in this kind of flames. This number of gridpoints
is suitable enough to have a stable converged solution when using the exponential
discretisation scheme.

2.2 Combustion Reaction Mechanisms

In order to determine 1D flame properties, like the laminar burning velocity, with
the package CHEM1D a combustion reaction mechanism for a given set of species is
required. In literature several combustion reaction mechanisms can be found, often
developed for specific situations, e.g. hydrogen flames, ignition phenomena or diffusion
flames. In this section several combustion mechanisms (post-2000 work) are discussed
briefly concerning their main focus, working range and expected performance for laminar
burning velocities. From this set of reaction mechanisms a few will be selected for further
investigation in this thesis.

In literature several status reviews of detailed chemical kinetic models can be found. A
recent one by Simmie [95] shows that the investigated chemical models give more or less
similar results for ignition delay times. However, it is noteworthy to mention that many of
the important reactions differ significantly between the mechanisms. Simmie concluded
that the oxidation chemistry of a ’simple’ fuel like hydrogen and carbon monoxide is still
not well characterised. The chemistry which involves the hydrogen oxidation mechanism
is known as the core of any detailed hydrocarbon combustion reaction mechanisms [108].
However, these contemporary hydrogen-oxidation mechanisms used by various authors
differ by the number of species and reactions involved and their rate constants. Baulch
et al. [4] suggested a complete set of relevant reactions for the chemistry involving
hydrogen oxidation. It turned out that this review provided a basis for the modelling of
laminar burning velocities of hydrogen-air, hydrogen-carbon monoxide-air and methane-
air flames. Substantial progress has been made during the last decades in the accuracy of
the measurements, not only for elementary reaction rates, but also a recently presented
reexamination of a hydrogen-carbon monoxide combustion mechanism by Davis et
al. [19]. They suggested new kinetic parameters for the important reaction H+ O, + M =
HO, + M. Additionally the new value of the thermodynamic data for the OH radical
strongly suggested by Ruscic et al. [88], Joens [56] and Herbon et al. [47], was taken
into account, resulting in a renewed interest in this hydrogen-oxidation mechanism. In
2004 several improved comprehensive hydrogen oxygen combustion mechanisms were
introduced, e.g. Konnov [61], O Conaire et al. [78] and Li et al. [68].

The mechanism of Konnov [61], involving 10 species and 31 reactions, was validated
with ignition experiments, hydrogen oxidation in flow reactors experiments and burning
velocities of hydrogen-oxygen-inert mixtures at pressures from 0.35 to 4 atm. Also
O Conaire et al. [78] proposed recently a new mechanism which takes its origin from
Mueller et al. [77]. This O Conaire mechanism, which consists of 9 species and 21
reactions, is developed to simulate hydrogen combustion over a wide range. Ignition
delay times, laminar burning velocities and species concentrations were taken into
account [78]. The series of experiments numerically investigated ranged from 298 to
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2700 K and pressure from 0.05 to 87 atm and the equivalence ratios from 0.2 to 6. The
new mechanism of Li et al. [68] is also based on the earlier work of Mueller et al. [77].
The mechanism of Li et al. with 11 species and 19 reactions, was compared against a wide
range of experimental conditions (298 - 3000 K, 0.3 - 87 atm, ¢ = 0.25 - 5.0) including
laminar burning velocities, shock tube, ignition delay time and species profiles.

Table 2.1: Laminar burning velocities of stoichiometric hydrogen-air mix-
tures at ambient conditions of several hydrogen-oxidation combustion reaction
mechanisms.

Mechanism Year N, N, St
(cm/s)
O Conaire [78] 2004 9 21 203.06
Konnov [61] 2004 10 31 208.15
Li [68] 2004 11 19 206.26

Results of laminar burning velocities of stoichiometric hydrogen-air flames are shown
in table 2.1. These velocities have been determined with CHEM1D using the before
mentioned hydrogen combustion reaction mechanisms. Also in the table the year the
mechanism is introduced is given together with the number of species and reactions in
the mechanism.

Recently Petrova and Williams [83] and Dagaut and Nicolle [18] presented their
mechanisms for hydrocarbon combustion and adapted the new insights of the hydrogen
chemistry (thermodynamic data of OH and new kinetic parameters [19, 47, 56, 88]) for
their mechanism. However, in most of the well known methane-air mechanisms these
new insight still have to be implemented. The San Diego 2005 mechanism published by
Petrova and Williams [83], consisting of 37 species and 177 reaction steps, is designed
to be used for autoignition, deflagrations, detonations and diffusion flames of a number
of hydrocarbon fuels. This San Diego 2005 mechanism, is restricted for pressures below
100 atm and temperatures above 1000 K and fuel equivalence ratios less than about 3 for
premixed systems. Dagaut and Nicolle [18] presented a mechanism of hydrocarbon oxida-
tion from natural gas to kerosene and diesel fuels. One motivation of their research was
focused on the effect of hydrogen-enriched natural gas blend oxidation, which is also the
main topic of this thesis. However, their mechanism was experimentally validated mainly
in a jet-stirred reactor, so the performance of their mechanism for laminar burning veloci-
ties has to be seen.

Konnov [60] presented a comprehensive mechanism for methane combustion with
127 species and 1207 reactions including C2, C3 hydrocarbons and NO, formation in
flames. It is extensively validated against a large set of experiments including species
profiles, laminar burning velocities and ignition delay times in shock waves. The Gas
Research Institute updated their mechanism [97] in the year 2000 to version GRI-
mech 3.0 consisting of 53 species and 325 elementary reactions. It differs from the
previous release GRI-mech 2.11 [11] in that kinetics and target data have been updated,
improved, and expanded. Propane and C2 oxidation products have been added, and new
formaldehyde and NO formation and reburn targets included. The conditions for which
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Table 2.2: Laminar burning velocities of stoichiometric methane-air and
hydrogen-air mixtures at ambient conditions of several combustion reaction
mechanisms with methane-oxidation included.

Mechanism Year NN Ny Sien,  Sim,
(cm/s) (cm/s)
Smooke [98] 1991 16 25 3616 233.46
GRI-mech3.0[97] 2000 53 325 3637 211.49
Konnov 0.5 [60] 2000 127 1207 33.96 -
Leeds 1.5 [53] 2001 37 174 36.99 203.64
SKGo3 [906] 2004 73 520 36.79 21592
GDF-kin® [27] 2004 121 883 36.31 214.68
Dagaut [18] 2005 99 735 3395 203.34

San Diego 2005 [83] 2005 37 177 33.50 208.06

GRI-Mech 3.0 was optimised, limited primarily by availability of reliable optimisation
targets, are roughly 1000 to 2500 K, 10 Torr to 10 atm, and equivalence ratios from 0.1
to 5 for premixed systems. It is validated using e.g. ignition experiments, shock-tube
species profile measurements and laminar burning velocities. The Leeds mechanism
presented by Hughes et al. [53], which is introduced in 2001, describes the oxidation
kinetics of hydrogen, carbon-monoxide, methane and ethane in flames. This Leeds
mechanism (version 1.5) consisting of 37 species and 175 reactions is validated more or
less using the same set of experimental data of the GRI-mechanisms. Finally, Skreiberg
et al. [906] presented a new mechanism (SKGo3) for the combustion of biogas under fuel-
rich conditions and moderate temperatures. It has been studied over a wide range of
conditions, based on the measurements of Hasegawa and Sato [44]. Their experiments
covered the fuels hydrogen (0 to 80 vol%), carbon monoxide (0 to 95 vol%), and methane
(0 to 1.5 vol%), using equivalence ratios ranging from slightly lean to very fuel rich,
temperatures from 300 to 1330 K, and NO levels from 0 to 2500 ppm.

In table 2.2 the laminar burning velocities of stoichiometric methane-air and hydrogen-
air flames are presented. These velocities are determined with CHEM1D using the before
mentioned methane based combustion reaction mechanisms. Also in this table the year
the mechanism is mentioned together with the number of species and reactions. A
noteworthy fact in this table is that both mechanisms, Dagaut and Nicolle [18] and Petrova
and Williams [83], give ~ 3 cm/s lower burning velocities for methane-air compared to the
other ones. This is in the case of the mechanisms of Petrova and Williams probably caused
by their effort to keep this mechanism rather small and hence included only a minimal set
of reactions which are needed for the oxidation of hydrocarbons [83]. On the other hand
the mechanism of Dagaut and Nicolle [18] is mainly validated with jet-stirred reactors and
ignition data rather than laminar burning velocities. Note that, nowadays, experimental
results reveal a value of 36 £ 1 cm/s as the laminar burning velocity of stoichiometric
methane-air flames. Compared to the results in table 2.1 the results of methane based
mechanisms in table 2.2 give a larger variation for stoichiometric hydrogen flames than
the pure hydrogen mechanisms.
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Besides the hydrogen based mechanisms mentioned in table 2.1, the methane based
mechanisms used in the remainder of this thesis are the mechanisms: GRI-mech 3.0 [97],
Konnov 0.5 [60], Leeds 1.5 [53], SKGo3 [96] and GDF-kin® [27]. These mechanisms are
used to compare their laminar burning velocity results with experimental data for the
applied conditions mentioned in the previous chapter. Note that the selection is based on
the laminar burning velocity only; making the the selection somewhat arbitrary. A decent
selection procedure should have included for example the comparison of ignition delay
times, species profiles, sensitivity analysis. However, the focus of this thesis is mainly
related to laminar burning velocities of hydrogen enriched methane-air mixtures the
selection of the mechanisms based on the burning velocities is a useful start.

Note that the mechanism of Smooke [98] is also listed in table 2.2 and not further
mentioned in the previous text. This mechanism is used in chapter 6 as a base
mechanism for the methane-hydrogen asymptotic theory. This mechanism represents
only a minimal subset of a complete reaction mechanism, and is also known as a skeletal
mechanism. This mechanism does not include the reaction paths to higher hydrocarbons,
but only represents the C1 chemistry. However, it predicts the important flame properties
well for fuel-lean combustion [98].






Heat Flux Method

There are several experimental methods to determine the laminar
burning velocity. This chapter focuses on one of them: the heat flux
method. First an overview of several other methods for determining the
laminar burning velocity is given. This is followed by a short description
of the working principle of the heat flux method. Then the burner setup
which is used in the present research is introduced. Next, the heat flux
method is analysed in detail. This is followed by an example of how the
setup is used to determine the laminar burning velocity, together with
an error estimate. Finally a detailed analysis of the reproducibility of
laminar burning velocity measurements using the heat flux method is
presented.

3.1 Introduction

The adiabatic burning velocity of a fuel-oxidiser mixture is a key parameter in combustion
research like stated in chapter 1. During the last decades various measurement techniques
have been developed to measure the laminar burning velocity of gas mixtures. However,
measuring the laminar burning velocity accurately is a rather difficult task, as the flame
should be:

o adiabatic, which means that there is no heat loss to the surroundings,

o a flat flame with a plug-flow velocity profile, which means that the flame can be
assumed to be a one-dimensional flame.

Phenomena like flame stretch and heat loss of the flame, influence the determination of
the laminar burning velocity. This hampers accurate comparison between experimental
data and theoretical or detailed numerical studies of laminar burning velocities. In this
section five common experimental setups are briefly discussed: the counterflow burner;
the Bunsen burner; expanding flames in a closed vessel; the flat flame burner and finally
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Stagnation plane

Flame Flame
Fuel Fuel
+ : +
Oxidiser Oxidiser
Nozzle Nozzle

Figure 3.1: A schematic illustration of the experimental configuration of a
premixed counterflow burner.

the heat flux burner. This latter one is used in this work and will be described into more
detail.

Counterflow Method

The counterflow method or opposed jet method is based on the stabilisation of flames
between counter-flowing jets. Both jets deliver a premixed fuel and oxidiser mixture. As a
result, on both sides of the stagnation plane, premixed flames will be visible, like shown
in figure 3.1. The flames stabilise in the flow and do not have any heat loss interaction
with the burner. As can be seen in the figure indicated by the streamlines is that the
flow profile of this configuration is not perpendicular to the flame front, which causes
straining of the flow. Due to this straining the flames become stretched. The strain/stretch
rate can be controlled by adjusting the distance between the nozzles. A larger distance
between them will lead to a larger distance between the flame fronts. As a result the
strain rate is smaller: so the flames become less disturbed. By repeating this experiment
at various strain rates a correlation can be found between burning velocity and strain
rate. To determine the laminar burning velocity the strain rate needs to be extrapolated
to zero stretch. The resulting burning velocity depends highly on the model used for the
extrapolation to zero stretch. A linear model as initially presented by Law [60] gives higher
laminar burning velocity results for methane-air flames compared to a more recent non-
linear stretch model presented by van Maaren et al. [74].

Bunsen Burner Method

Among the laminar burning velocity measurement methods the Bunsen burner is
probably the oldest. In figure 3.2a a photograph of a premixed flame stabilised on a
Bunsen burner is shown. A premixed mixture is flowing through a tube and a flame is
stabilised at the exit rim of the tube. The total mass flow which is leaving the burner exit
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@ (b)

Figure 3.2: Photograph of a premixed methane-air Bunsen flame (left figure),
and a schematic representation (right figure) of the flame surface profiles.

is equal to the amount of mass consumed by the flame. The flame seeks a stationary sit-
uation where this mass balance holds. Now the ratio of laminar burning velocity and the
gas velocity equals the ratio between the flame surface and the burner diameter. Since the
conical flame surface is larger than the burner exit area, the laminar burning velocity must
be lower than the gas velocity. Although the Bunsen burner method is rather simple to
apply, some difficulties in determining the laminar burning velocity occur mainly due to
the uncertainty in the determination of the flame surface area. Depending on the optical
method used the conical area may vary from the inner area to the outer area as shown
in figure 3.2b, which can vary up to 10% [64]. Furthermore, immediately beneath the
luminous area of this flame the unburnt gas changes flow direction from initially vertical
direction to an outward direction as indicated by the arrow in figure 3.2. The gas flow
passes the flame front almost perpendicular. However, in the flame tip stretch effects
occur influence the laminar burning velocity. At the flame foot heat loss of the flame to
the exit rim of the burner that influences the burning velocity.

Spherical Bomb Method

Unlike the previous two methods the spherical bomb method does not produce a
stationary flame. A closed constant volume is filled with a combustible mixture a igniter
is placed in the centre of the vessel. As the mixture is ignited, a spherical expanding flame
is travelling from the centre to the outer walls. The laminar burning velocity can now be
determined visually. Typical results of the visual method are shown in figure 3.3 where
images of an expanding flame at three times are displayed. The flame velocity can be
derived by determining the radius of the flame as a function of time [12, 39, 42]. After
correction for gas expansion the laminar burning velocity is found. Also the pressure rise
due to temperature increase can be used to determine the laminar burning velocity in a
spherical bomb. Corrections are used for the pressure rise and temperature rise in the
laminar burning velocity when the pressure as a function of time gives the basic infor-
mation for the laminar burning velocity [76].
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Figure 3.3: Schlieren images of an expanding hydrogen flame in a closed
vessel [33]. Note that the flame is disturbed with cellular structures induced by
hydrodynamic instabilities. These cellular structures enlarge the flame surface,
resulting in an increased propagation velocity.

Flat Flame Burner Method

Powlings [86] was the first who tried to measure the laminar burning velocity with a
flat flame burner. On this burner a 1D flame is stabilised on a porous metal disk at
the exit of a water cooled flow tube. Botha and Spalding [10] improved the method by
cooling the porous disk. This additional cooling brings the flame closer to the porous disk.
They measured the temperature increase of the cooling water. In order to determine the
laminar burning velocity several tests at different cooling rates need to be performed. The
values of the gas velocities are plotted against cooling rates. The curve is then extrapolated
to zero cooling rate to obtain the laminar adiabatic burning velocity. Experimentally the
situation of zero cooling can not be achieved by this burner because the flame becomes
instable and will blow off. According to Kuo [04] this method is quite accurate, however,
in practise the temperature increase of the cooling water will be rather small and difficult
to measure [64].

Heat Flux Burner Method

The heat flux method is a further improvement of the flat flame burner of Botha and
Spalding [10] mentioned in the previous paragraph. It is introduced by de Goey et al. [35].
The basic idea behind the heat flux method is to compensate the heat loss by a heat gain of
the unburnt gases when they flow through the burner plate [35]. This compensation of the
heat loss needed for stabilising the flame on a flat perforated burner plate. The heat gain
of the gas is only possible in the case that the unburnt gases are cooler than the burner
plate. This heat gain is accomplished by fitting the perforated plate in a heated burner
head. This gives a heat transport from the burner head to the burner plate and finally to
the unburnt gas mixture. Generally the measured radial temperature profile in the plate
is parabolic. The parabolic coefficient is zero when the gas inlet velocity U, equals the
laminar burning velocity S; and the stabilised flame becomes adiabatic. The advantage
of the heat flux method is that there is no need to extrapolate to determine the laminar
burning velocity of an adiabatic flat flame. The heat flux method as used in the present
research, has been developed to measure laminar burning velocities accurately in recent
years, see e.g. [8,72]. The experimental setup and the method is discussed in detail in the
next sections.
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Figure 3.4: Schematic representation of the heat flux burner (left figure), indi-
cating the main components of the burner. The right figure is a top view of the
burner showing the perforation pattern of the burner plate.

3.2 The Heat Flux Burner

The goal of this section is to explain the principle of the heat flux method. First an
overview of the present design of the heat flux burner is presented. The experimental set-
up used here is similar to the one used in previous studies [8, 9] and has been extensively
tested and optimised in recent years [8,72]. A schematic representation of this burner
is shown in figure 3.4. The plenum mixing chamber has a cooling system supplied with
water at 298 K. The burner head consists of a heating jacket supplied with water kept at
Tr =~ 360 K. This jacket keeps the burner plate edges at a certain temperature higher
than the initial gas temperature, which causes the unburnt gas mixture to heat up when
flowing through the burner plate. By doing so, the heat loss necessary to stabilise the
flame can be compensated by the heat gain of the unburnt mixture. This leads to a
stabilised adiabatic flame. The flat flame is stabilised on a perforated and heated brass
plate. The applied burner plate is perforated with a hexagonal pattern of small holes,
see figure 3.4b. The burner plate used in the current research is perforated with holes
with a diameter d of 0.5 mm and pitch p of 0.7 mm. The perforation pattern is shown
in figure 3.4b. The thickness & of the burner plate is 2 mm and it has a radius R of 15
mm. Eight thermocouples are glued into holes of the perforated plate. The thermocouples
are positioned at different radii and different angles to measure the temperature profile
across the burner plate. These copper-constantan thermocouples of 0.1 mm in diameter
are positioned at the following pares of radius-angle combinations 0 (0°), 2.8 (330°),
4.9 (150°), 7.7 (270°), 9.1 (30°), 10.5 (90°), 12.6 (210°), 14.7 (330°). The influence of the
radiation on the thermocouple readings was neglected because the measured temperature
of the burner plate was always below 400 K (unless otherwise mentioned).
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Burnt gases
Heat loss

Flame front (~ 2000 K)

Burner plate (=~ 360 K) Heat gain

1§

Figure 3.5: A close up of a small part of the burner plate showing a schematic
representation of the heat flux method in the case of a stabilised flame. (left) a
sketch of the flow pattern through a hole, the heat fluxes between burner, gas
and flame (right). Typical temperatures appearing when a flame is stabilised on
this burner are indicated.

Unburnt flow (=~ 298 K)

3.2.1 Working Principle

Although in the previous part of this section the heat flux set up is introduced, the heat
flux method still needs to be clarified in a more detailed way. In figure 3.5 a schematic
overview of the method is depicted. The unburnt gas is flowing through a perforated flat
burner plate. This burner plate is kept at temperatures typically 60 K above the unburnt
gas temperature. The burner plate has a heat loss to the gas mixture causing the gas
mixture to increase in temperature. A flame is stabilised on top of this burner plate with
a typical temperature of ~ 2000 K. On the right hand side of figure 3.5 the heat flows are
depicted between the burner plate, the unburnt gas and the flame. The smaller arrows
indicate the heat gain of the unburnt gas mixture by the burner plate, while the larger
arrows indicate the heat loss from the flame to the burner plate. When the gas inlet
velocity is lower than the laminar burning velocity, the flame is stabilised on the burner.
As a result the heat loss of the flame to the burner plate is larger than the heat gain of gas
mixture by the burner plate. When the unburnt gas velocity is above the laminar burning
velocity the heat gain of the gas by the burner plate is larger than the heat loss of the
flame. An adiabatic situation is found when there is no net heat loss to the burner. In this
case the laminar adiabatic burning velocity equals the inlet velocity of the gas mixture. In
practise however, it is difficult to adjust the gas flow to represent the exact velocity where
Uy = Si. This practical inconvenience is circumvented by interpolation of the gas velocity
towards a zero heat flux. The heat flux is determined by measuring the temperature
profile across the burner plate with the thermocouples attached to the burner plate. This
temperature profile represents the effect of the heat flux, i.e. it indicates whether the
burner plate is loosing heat or gaining heat. A detailed description of the interpolation



3.2 The Heat Flux Burner 27

2500

2000

500

Figure 3.6: Temperature profile of a 1D burner stabilised flames with increasing
heating jacket temperature 7x and constant mass flow as a function of the
height above the burner, x.

of the gas velocity towards a zero flux is given in section 3.3 where a typical example
of a measurement is shown. In this section the method to stabilise adiabatic flames on
a burner is explained by using figure 3.5. A more fundamental description is given in
Appendix D, showing that the flame properties of an adiabatic burner stabilised flame
can be seen as properties of freely propagating flames. The only difference compared to
a free flame is that the stand-off distance of the flame alters with varying temperatures of
the heating jacket, Tk. This behaviour is shown in figure 3.6 where numerical results of
several 1D burner stabilised flames have been calculated with increasing T and constant
mass flow 7 = 0.040 gr cm 2 s~!. The flame temperature is unchanged, although the
flame is moving slightly closer to the burner plate indicating a shorter stand-off distance.
De Goey et al. [37] performed 2D simulations of a flame stabilised on a heat flux burner.
they concluded that the species mass fractions profiles are not disturbed by the burner
plate. Only small local differences are likely to occur in practise in the area close to
the downstream side of the burner plate, due to small flow disturbances induced by the
presence of the burner perforations. However, the flow pattern and flame structure should
represent a 1D situation before reaching the reaction layer [306,72]. If this is not succeeded
then the consumption speed of the flame is not equal to the laminar burning velocity
anymore but is slightly different due to flame stretch and curvature effects. By using 2D
simulations to determine this small scale structure of flat burner stabilised flames de
Goey et al. [37] showed that these disturbances are flattened out by the pressure drop over
the flame. In the present setup these disturbances are negligibly small: van Maaren et
al. [73] estimated that with well chosen diameter and pitch dimensions the stretch rate
~ 1s71. The maximum hole diameter that can be used before the flat flame becomes
perturbed by the perforation geometry is determined by the applied flow velocity. A larger
flow rate requires smaller holes for the flow to become uniform. The current burner plate
configuration with, d = 0.5 mm and p = 0.7 mm, can be used for burning velocities up
to 60 cm/s [37].
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3.2.2 Energy Equation of the Burner Plate

In the remaining part of this section the heat flux balance of the burner plate is analysed
in order to interpret the applied temperature measurements. The analysis is started by
considering the energy equation of the plate in cylindrical coordinates, with conductivities
(Ap.rsApz), depending on the diameter and pitch of the perforation in the plate,

10 oT,(x,r 0 oT,(x,r
~ 5 Apr(r) T %] = [)\p@(r)%] = —« [Tp(x,r) — Ty(z, r)} , (3.1)

with « the heat transfer coefficient between the burner plate and the gas mixture. The
plate temperature 7;,(z,r) in equation (3.1) depends on the axial position and radial
position 7. The conduction terms A, , and \,, have been investigated numerically in
detail by Sonnemans [101] and confirmed experimentally by van Maaren [72]. Due to
rotational symmetry of the system the tangential term in the ¢ direction is omitted. Also
the radiation of the burner plate is not included due to the relative low burner plate
temperature; typically 360 K in the current burner setup. Integration of equation (3.1)
over the burner thickness from x = 0 to x = h, gives

) 9 "
_%E l)\P,r(r) 2 /Oh Tz, 1) d:c] _ _/0 a [Tp(a:,r) - Tg(x,'r’)} dx
0T, (w, 1)
or | _,
=q(r). (3-2)

In this equation ¢ is the net heat flux from the gas to the plate, including the heat loss of
the flame and the heat gain of the unburnt gas. Introducing an average plate temperature
T,(r)

1% ’

+ Apa(T)

_ 1 rh
L) = [ Tle.rde, 63
gives together with equation (3.2):
1d d - _qlr)
-3 [)\p,r(r) TETP(T‘)] = (3-4)

In general the conduction coefficient A, . depends on the temperature and the perforation
pattern. However, Bosschaart [7] showed that when determining the laminar burning
velocity the temperature influence on A, is rather minimal, resulting in a conduction
coefficient A\, which is only dependent on the conduction coefficient of brass A, and
geometrical effects which can be parametrised by the parameter ¢, in the following
way:
Ap = € Abr (3:5)
The geometrical constant e for the current diameter pitch dimensions of 0.5 mm and 0.7
mm is determined by Sonnemans [101] and van Maaren [72]. A value of ¢ = 0.362 is used.
Now, equation (3.4) can be solved together with the boundary condition T,,(r = 0) = T;
this gives:
To(r) =T — —L 42 (3.6)
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Figure 3.7: Thermocouple temperature profiles for a stoichiometric methane-
air flame with different gas velocities (left figure). Gas velocities varying from
33 (upper curve) to 37 cm/s (lower curve) in steps of 1 cm/s. The differences
from the measurements to the parabolic fit in the left figure plotted against
the parabolic coefficient C (right figure). Note that only the thermocouples at
r=7.7 mm (0) and r=10.5 mm () are selected, the other thermocouples have
typical differences of ~ 1 K.

This indicates that the temperature distribution in the burner plate appears to be a
parabola, with the centre of the burner plate as the symmetry axis. Therefore it is
possible to determine the laminar burning velocity for a given gas mixture composition
by measuring the temperature profiles across the burner plate for several gas velocities.
In the next section this technique is applied and a typical measurement is shown.

3.3 Typical Laminar Burning Velocity Measurement

In the previous section several assumptions applied to the heat flux method have been
investigated in detail. In this section the theory of the heat flux method is applied to a
typical measurement situation, e.g. a stoichiometric methane-air flame. For a given gas
mixture composition, several temperature profiles are measured with varying gas inlet
velocity. The velocity Uy is varied around the laminar burning velocity. The temperature
distribution in the plate is measured with the thermocouples attached in the burner plate.
Typical experimental temperature profiles (symbols) are shown in figure 3.7a. In this
figure the gas velocity U, is increased from 33 (upper curve) up to 37 cm/s (lower curve).
The flame is changing with increasing velocity from a burner stabilised flame into a super
adiabatic flame. Since equation (3.6) is a parabolic function, the experimental temperature
profiles are fitted with a parabolic function and become

q

TP(T):TC+CT2, with C:—m,

(3-7)
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with C the parabolic coefficient. In figure 3.7a the measured plate temperatures are plotted
as a function of the radius (symbols), together with the parabolic fit as a function of the
radius (solid line). The parabolic coefficient C determines whether a flame is sub adiabatic
or super adiabatic. A negative value of C indicates that there is a net heat loss from the
flame to the burner, and a positive value indicates a net heat gain of the gas mixture
by the plate. Small fluctuations in the measured temperature profiles in figure 3.7a are
still visible when comparing them to the parabolic fit, e.g. the thermocouple at a radius
of ~ 7.7 mm. Bosschaart [7] noticed that these fluctuations arise due to a systematic
error and a random error. The systematic error is traced down to the small differences in
attachment of the positions of the thermocouples in the holes in the plate in axial direction
(See Appendix D). For each thermocouple, , the resulting equation now becomes [7]:

Ty r(zp,7) = (TC + CTZ) (1 + ceazhxk) : with C = —%az, (3-8)
with ¢ a constant, e parameter to describe the geometrical effects shown in equation (3.5),
h the thickness of the plate and z;, the height dependence of thermocouple k. x;, can vary
between 0 and 2 mm. Compared to the 1D situation in equation (3.6) this equation is
extended with a height dependent factor. This height dependent factor corresponds to the
effective attachment height of a thermocouple in the burner plate. This attachment height
is slightly different for every individual thermocouple and results in a correction which is
proportional to the parabolic coefficient. In figure 3.7b the deviation from experimental
data to the polynomial fit is plotted for two thermocouples (r=7.7 mm and r =10.5 mm)
as a function of the parabolic coefficient C. Note that these thermocouples have been
selected because they have the largest deviations from the parabolic fit. The remaining 6
thermocouples have typical deviations of £1 K. The symbols in figure 3.7b denote thermo-
couple measurements of a large set of experimental data with varying equivalence ratios
(variation of gas heat conductivity) and flame stabilisation (variation of the heat loss). A
linear fit is used through the experimental points in order to be able to determine the
correction which has to be used with a certain polynomial coefficient C. Now a tempe-
rature correction can be applied to the data presented in figure 3.7a by first calculating
the parabolic coefficient C. The linear fit of the thermocouple correction in figure 3.7b
gives for a certain height-dependent thermocouple a certain temperature correction. For
example the thermocouple at » = 7.7 cm gives a temperature correction of —2 K in
the case a parabola coefficient of C = —0.06 K mm~2 is measured. Now the measured
temperatures are adapted to find the corrected temperature. The other thermocouples are
corrected in a similar way. The result is shown in figure 3.8a. Compared to figure 3.7a
the systematic variation of the thermocouples is largely vanished. The remaining fluc-
tuations can be contributed to the measurement system, thermocouples themselves and
analog digital conversion. In figure 3.8b the parabolic coefficients C (crosses) are finally
plotted against the unburnt gas velocity Us. In order to determine the laminar burning
velocity a third order polynomial fit is applied to the parabolic coefficients of the tempe-
rature corrected experimental data. Now by a linear interpolation of this fit to C = 0,
the laminar burning velocity is found. In this case pure methane flame, and ¢ = 1, the
laminar burning velocity of 36.43 cm/s. In figure 3.8b this value is denoted with a cir-
cle.

Summarising, the laminar burning velocity is determined by measuring the temperature
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Figure 3.8: Corrected thermocouple temperature profiles for a stoichiometric
methane-air flames with different gas velocities (left figure). The gas velocities
vary from 33 (upper curve) to 37 cm/s (lower curve) in steps of 1 cm/s. The
temperatures are corrected for the systematic errors occurring due to the diffe-
rence in thermocouple attachment position. Parabolic coefficients determined
from the corrected temperature curves plotted against the gas velocity (right
figure). At C = 0 the laminar adiabatic burning velocity is at 36.43 cm/s.

profile of a certain gas mixture for several gas velocities. This is followed by a correction
of the temperature profile in order to reduce the systematic error due to variation in
the attachment height of the thermocouples. A parabolic curve is fitted through these
corrected temperature measurements. The resulting parabolic coefficients for several
gas velocities for this specific mixture are used to determine a flat temperature profile
(C = 0). The velocity corresponding to this flat temperature profile is the laminar burning
velocity which is found by interpolation. In the remaining part of this section the resulting
accuracy of the measurements is extincted.

3.3.1 Error Estimate

Bosschaart and de Goey [8] analysed the heat flux method in detail. The flow velocity
and the gas mixture are regulated by carefully calibrated mass flow controllers (MFC).
The calibration is done in order to correct for any nonlinear effect in the devices and
electronic circuits’. In Appendix B the calibration procedure is described. After calibration
the uncertainty of an MFC can be estimated according to Bronkhorst Hi-Tec [50] with:

A = 0.5% Reading + 0.1% Full Scale. (3-9)

The uncertainty =" Aml will be ~ 0.7% per MFC, in case the MFC is used in a range above
10% of its maximum flow rate. This uncertainty of the massflows is shown in figure 3.9 as
a function of the equivalence ratio. Now, the resulting errors in the equivalence ratio can

1. More information concerning the present calibration setup can be found in the thesis of Bosschaart [7].
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Figure 3.9: Error estimates of the individual component of the gas velocity and
equivalence ratio, temperature, pressure and burner deck area of a methane-
hydrogen-air mixture with 30 mol% of hydrogen in the fuel mixture. The
solid line denotes the error estimate of the pressure; dashed line, temperature;
dashed dotted line, area; solid line with circles, air mass flow; dotted line with
squares, methane mass flow; dashed line with squares, hydrogen mass flow.

be estimated by using partial derivatives of the equivalence ratio as a function of the mass
flows as mentioned in equation (B.1). This results in a relative error in the equivalence
ratio A¢ which is given by the sum of relative errors of the separate mass flows,

%_NMFC
¢ _Z

i=1

A

m;

(3.10)

This gives typical uncertainties of ~ 2% for equivalence ratios around 1.0. For other
equivalence ratios the errors become larger, because the relative error of the MFCs
increases when producing smaller flows. The resulting error in the gas velocity is also
a straightforward analysis using partial derivatives of the gas velocity as a function of the
conditions and the mass flows in equation (B.2), leading to:

AA Nurc
+‘ i +;

AU, |AT,
U, | T,

Apy
Pu

A

m;

(3.11)

+ |

The individual components of the equations (3.10) and (3.11) can be determined when
using typical error estimates for the unburnt temperature, pressure and the burner deck
area given by AT, = 1K, Ap, = 100 Pa, and AA = 0.785 mm? (corresponding 1
mm variation in diameter), respectively. In figure 3.9 the individual components of the
error estimates are plotted as a function of the equivalence ratio for methane-hydrogen-air
flame with 30 mol% of hydrogen in the fuel mixture. The relative error of the mass flows
on the lean and rich side can be reduced by choosing MFCs which have been designed for
smaller gas flows. Note that the unburnt gas temperature, pressure and burner deck area
have a relatively small influence on the total error estimate of the gas velocity compared
the mass flows of the gases.
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Figure 3.10: Error estimate of the parabolic coefficient, C, due to remaining
scatter in thermocouple measurements. The dashed line shows the parabola
which is still acceptable within errors of the outer thermocouples.

The influence of the remaining fluctuation in the thermocouple readings on the burning
velocity will be addressed in the remaining part of this section. Although in the previous
section the systematic error of the thermocouple readings has been eliminated, a statis-
tical error in the burning velocity measurement remains due to thermocouple scatter. To
estimate this error the sensitivity s is defined as

ac (.12)
§= — , .

dUgqle_q
indicating the variation of the parabolic coefficient when the gas velocity is changed. This
sensitivity coefficient s can be determined from figure 3.8b. The error estimate of the
temperature readings due to the remaining scatter in the thermocouple measurements is
o By taking standard deviations from the residues of the parabola fits from the corrected
thermocouple readings of figure 3.8a, the error estimate of the temperature readings is
known. This leads to an uncertainty in the parabolic coefficient of:

40y

e =" (3-13)
with r;, the outermost thermocouple. In figure 3.10 this error estimate procedure of the
parabolic coefficient is illustrated. The dashed line shows a parabola across the radius of
the burner plate witch is still acceptable as a fit, in the situation that two thermocouples,
atr = 0 and r = 7, measure equal temperatures. According to Bosschaart and de
Goey [8] the error in the burning velocity due to the remaining scatter in the thermocouple
measurements can now be estimated by combining equations (3.12) and (3.13):

1 4o
g5, = ; ' T—g, (314)

where 1, = 14.7 mm is the position of the thermocouple on the edge of the burner.
The resulting average error estimate in the laminar burning velocity with the heat flux
method is in general less than 0.4 cm/s in the case of varying equivalence ratios, based
on a 95% confidence interval. The average error in the equivalence ratio is less than 0.035
for the entire measurement range. Only at very low or high equivalence ratios the error
can become larger.

3.3.2 Heating Jacket

In appendix C the background of the heat flux method is described more elaborately.
It is assumed that the actual value of the temperature of the heating jacket 7% is not



34 3. Heat Flux Method

38
575 [
TETp
g -o- ;
—
SRR LT i I S S m
3O b
35.5 . . . . .
310 320 330 340 350 360 370
Tr(K)

Figure 3.11: Measured laminar burning velocities of stoichiometric methane-
air mixtures as a function of the heating jacket temperature. Denoted symbols
are T, = 298 K, regular measurements, o; 7, = 298 K with long stabilisation,
O0; T, =299 K, V.

important, as long as 7 is high enough to prevent partial blow-off. Figure 3.11 shows
the measured laminar burning velocity of a stoichiometric methane-air mixture is shown
(with error estimate) as a function of the heating jacket temperature 7Tx. The circles
are regular measurements, whereas the squares denote measurements which where
focused on optimal accuracy. This is achieved by taking long temperature stabilisation
times of approximately half an hour after changing the mass flow, together with a set
of mass flow controllers that produces more stable mass flows. These measures are
used in order to reduce the fluctuations in the temperature profile. The laminar burning
velocity results at 7, = 298 K are all within their error estimates. However, the error
estimates are increasing at lower values of 7} resulting in a less accurate measurement
of the laminar burning velocity. This tendency indicates that more gas is consumed
by the flame, although the input parameters are kept constant (e.g. equivalence ratio,
temperature, pressure). The flame surface is increasing by tending to blow-off, because
the temperature difference between T, and Ty (which is needed for stabilisation) gets
smaller; A minimum temperature difference of ~ 30 K between 7T, and Ty should be
maintained to measure the laminar burning velocity accurately. Figure 3.11 gives also
a clear overview of the reproducibility of laminar burning velocity measurements with
the heat flux method: the regular measurements (circles) are within the error bars of
each other. Note that measurements denoted with triangles are measurements performed
with optimal accuracy and an unburnt gas temperature 7, increase of ~ 1 K. Even the
measurements with this optimal accuracy are within the error bars of each other, both
squares and triangles. This relative small change in unburnt gas temperature can even be
observed with the current heat flux method.



Experimental Results

Laminar burning velocity measurements performed with the heat
flux method are presented and compared with experiments by other
researchers in this chapter. The first part of this chapter deals with
measurements of the laminar burning velocity of hydrogen-oxygen-
nitrogen flames at ambient conditions. The oxygen fraction is lowered
compared to the contents as occuring in air. In the remaining part
of this chapter measurements of the laminar burning velocities of
methane-hydrogen-air flames are presented not only at ambient con-
ditions but also at increased unburnt gas temperatures. The resulting
adiabatic burning velocities measured with the heat flux method are
presented with error margins using a 95% confidence interval. Typical
error margins for methane-hydrogen-air flames are 0.3 cm/s.

4.1 Introduction

Laminar burning velocities of methane-air mixtures as a function of temperature,
pressure and stoichiometric ratio have been measured by many investigators using
several experimental techniques. In the previous chapter some of these techniques have
been addressed. The experimentally determined laminar burning velocity results were
inconsistent for a long time. The laminar burning velocity for a stoichiometric mixture
at ambient conditions varied typically between 35 and 45 cm/s, see e.g. figure 4.1. A
major breakthrough came when van Maaren and de Goey [74] demonstrated numerically
that flame stretch due to flame front curvature and/or flow divergence must be taken
into account. For this reason, the methodology of the determination of laminar burning
velocity with the counterflow twin-flame technique by extrapolation to zero stretch rate
has been further improved by Vagelopoulos et al. [106]. The same yields for constant
volume bombs where the experimentalist has to use essentially the same approach to
determine the unstretched burning velocities. Nowadays experimental data of laminar
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Figure 4.1: Experimental results from literature of the adiabatic burning velo-
city of methane-air flames at ambient conditions.

burning velocities, with the applied new insights, lead to more consensus, which is for
stoichiometric methane-air flames ~ 36 cm/s within +1 cm/s.

The laminar burning velocities of hydrogen-air mixtures were not consistent because of
the same reasons. A large spread of the laminar burning velocity is found in literature,
see figure 4.2, where for example the maximum laminar burning velocity at ambient
conditions ranges from 260 to 350 cm/s. For hydrogen flames part of the scatter in the
measurements of figure 4.2 is also related to cellular instabilities over the flame surface.
An example of such an instability can be seen in the previous chapter in figure 3.3,
where the expanding flame is disturbed with cellular structures induced by hydrodynamic
instabilities. The cellular structures enlarge the flame surface, resulting in an increased
propagation velocity. Hence, the laminar burning velocity is difficult to determine from
the experimental data.

Experimental results available in literature are concentrated around pure methane-air
flames or pure hydrogen-air flames, rather than fuel mixtures consisting of methane
and a significant amount of hydrogen. In the case of methane-hydrogen-air flames some
data is available in literature, e.g. Coppens et al. [17], Halter et al. [42], Haniff et al. [43],
Huang et al. [52], and Yu, Law and Wu [116]. However, the experimental data are either
not corrected for non-linear stretch effects or the supplied data is only available at selected
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Figure 4.2: Experimental results from literature of the adiabatic burning velo-
city of hydrogen-air flames at ambient conditions.

hydrogen fractions and equivalence ratios rather than a broad range.

In this chapter laminar burning velocities measurements, as determined with the heat
flux burner, are presented and compared with experimental data of other researchers. The
results of the measurements are reported in section 4.2 starting with a set of measure-
ments of hydrogen flames with lower oxygen contents by dilution with extra nitrogen.
Note that for completeness the experimental data with error estimates are also tabulated in
appendix E. The results of hydrogen flames diluted with nitrogen are followed by experi-
mental results of methane-hydrogen-air flames at ambient conditions in section 4.3. Then
a last set of measurements of methane-hydrogen-air flames was carried out at increased
unburnt gas temperature. This provides us with information on laminar burning veloci-
ties progressing towards gas turbine conditions. These measurements are presented in
section 4.4. In the last section of this chapter the experimentally determined laminar
burning velocities are evaluated and a number of conclusions is drawn.

4.2 Hydrogen-Oxygen-Nitrogen Flames

Burning velocities of hydrogen-air mixtures as a function of equivalence ratio, tempe-
rature and pressure have been measured by many investigators. The heat flux setup, as
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Figure 4.3: Investigated parameter range of hydrogen-oxygen-nitrogen flames.
The symbols denote: constant equivalence ratio ¢ = 1.06 and varying Ro,: o;
Ro, = 7.7% and varying ¢: x; Ro, = 10.7% and varying ¢: {.

presently available, is designed to determine laminar burning velocities accurately for gas
mixture velocities below ~ 60 cm/s. For hydrogen-air mixtures this range occurs at very
lean mixtures (¢ < 0.5), see figure 4.2. As a result only a rather small range in equivalence
ratio can be measured. Extending this range can be achieved by dilution of the mixture
with nitrogen. In standard air the ratio between oxygen and nitrogen content, defined
as

XOZ

= —2 . 100%
Xo, + Xy, !

Roz (41)

is &~ 21%. Laminar burning velocity results from numerical simulations indicate that this
ratio should be below ~ 10% in order to have a laminar burning velocity over a broad
range of equivalence ratios below 60 cm/s. However, the available amount of reliable data
for the burning velocities of hydrogen-oxygen-nitrogen mixtures with oxidiser compo-
sition different from that of air is limited. These kind of nitrogen diluted hydrogen
flames were studied using the counterflow twin-flame technique by Egolfopoulos and
Law [206].

In this section three sets of experimental data have been measured. The measured data
range is depicted in figure 4.3, in which the symbols denote measured data points as
currently accessed with the heat flux burner. The first set of experiments are carried out
with constant equivalence ratio, ¢ = 1.06, and varying oxygen content, Ro,. The second
and third set of measurements are conducted with constant oxygen content, and varying
equivalence ratio. The oxygen contents are 7.7 and 10.7% respectively. The measurements
are performed with an unburnt gas temperature of 298 K at ambient pressure. The
measured data for the laminar burning velocity are shown in figures 4.4, 4.5 and 4.6.
The results are presented with 95% confidence interval error estimates. These error
estimates for the oxygen fraction and for the burning velocity were derived as described
in chapter 3. In the next section the data are analysed and compared with experimental
data of Egolfopoulos and Law [26].



4.2 Hydrogen-Oxygen-Nitrogen Flames 39

6o T T T T T T 7
: : : : : : - 0O
SO SRR N RN SRR e SR R 1
e T
: : : : }_é_{m :
wn 40 o Dty Sy Do o [ 7
~ B B :D e B B
£ : :
3 LD
A gof i o B S s SR S ]
: L : : : : :
e L T s St ey e
o~
10 I L L I L L L
6.5 7 7.5 8 8.5 9 9.5 10 10.5
Roz (%)

Figure 4.4: Laminar burning velocities measurements of hydrogen-oxygen-
nitrogen flames at ¢ = 1.06 with varying oxidiser content R, at ambient con-
ditions (7, = 298 K and p, = 1 atm). The circles denote present measurements
with the heat flux method and the squares are measurements of Egolfopoulos
and Law [20].

4.2.1 Results

This section which describes the laminar burning velocity of hydrogen-oxygen-nitrogen
mixtures is based on the article Laminar Burning Velocities of Diluted Hydrogen-Oxygen-
Nitrogen Mixtures by Hermanns et al. [48]. In figure 4.4 the results with varying oxygen
content in the oxidiser and constant equivalence ratio, ¢ = 1.06 + 0.02, are shown. The
error estimate for the oxygen fraction varies between 0.1 and 0.2%. The largest error
occurs at highly diluted mixtures by nitrogen, Ro, = 7.0%. This is due to the fact that
here the mass flow controllers have been used in a very low working range (< 20%); the
mass flow rates for hydrogen and oxygen become small in this area. In appendix B.2 it is
shown that with lower mass flows the uncertainty of the mass flow controller increases.
The error estimate for the laminar burning velocity varies between 0.1 and 1.0 cm/s. In
this case the largest uncertainty in the measurements occurs also at mixtures which are
highly diluted by nitrogen; Ro, = 7.0%.

When comparing the experimental results of Egolfopoulos and Law [26] with results of
the heat flux method, the latter show lower laminar burning velocities for an oxygen
fraction up to Ro, = 9%, whereas above an oxygen content of 9% the present results
become higher than the data of Egolfopoulos and Law. The largest difference between the
experimental results in the present range of measurements is found at the boundaries
of the measurement area: Ro, = 7.5% and 10.0% where it is approximately 6 cm/s at
both sides. It should be emphasised that this discrepancy between the measurements
of Egolfopoulos and Law and the heat flux method is not only outside the presented
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Figure 4.5: Experimental results of hydrogen-oxygen-nitrogen flames at R, =
7.7% with varying equivalence ratio. The circles denote present measurements
with the heat flux method and the squares are measurement of Egolfopoulos
and Law [20].

uncertainty estimates of the heat flux burner, but also outside the uncertainty estimate
of the counterflow twin-flame technique. This latter one was estimated by Egolfopoulos
and Law [26] to be 1 - 2 cm/s for burning velocities less than 60 cm/s. They assumed that
this uncertainty was determined by the accuracy of the LDV method.

Measurements of laminar burning velocities with varying equivalence ratio and constant
dilution ratio of Ro, = 7.7% are presented in figure 4.5. The error estimate, A,
determined with the heat flux method ranges from 0.02 to 0.08. The maximum A¢ occurs
at ¢ = 3.10 and the minimum A¢ occurs at ¢ = 0.80. The uncertainty in the laminar
burning velocity, ASy, varies between 0.1 and 0.9 cm/s. Here the maximum AS; occurs
at ¢ = 0.95 whereas the minimum value occurs at ¢ = 2.30.

The experimental results of Egolfopoulos and Law [206] are also shown in figure 4.5.
The data of Egolfopoulos and Law on the lean side show significantly higher burning
velocities, the discrepancy reaches up to 6 cm/s. At stoichiometry and toward slightly fuel
rich conditions the measured values of both the heat flux method and the counterflow
measurements of Egolfopoulos and Law are comparable. At equivalence ratios above
¢ = 1.4 the measurements with the counterflow method are below the heat flux results.
The difference in this area is about 3 cm/s which is just outside the expected experimental
uncertainty of the counterflow method [20].

The last set of measurements of hydrogen-oxygen-nitrogen flames are performed with
Ro, = 10.7%. Results of these measurements are shown in figure 4.6, where A¢ is 0.02
for the entire measurement range and AS| varies from 0.2 at ¢ = 0.95 to 1.6 cm/s for the
lean flame at ¢ = 0.70.
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Figure 4.6: Experimental results of hydrogen-oxygen-nitrogen flames at R, =
10.7% with varying equivalence ratio. The circles denote present measurements
with the heat flux method and the squares are measurement of Egolfopoulos
and Law [20].

For these lean flames the data of Egolfopoulos and Law show higher burning velocities
than the presented heat flux results, similar as for Ro, = 7.7%. Above an equivalence
ratio of ¢ = 0.90 the situation changes and the heat flux results show higher burning
velocities in comparison to the counterflow data. Near an equivalence ratio of 0.95 the
maximum difference in the laminar burning velocity is about 10 cm/s.

4.2.2 Discussion

In the present investigation new measurements for the laminar burning velocity of
flames propagating in hydrogen-oxygen-nitrogen mixtures using the heat-flux method are
presented and analysed. A comparison of the heat flux measurements with experimental
results obtained using the counterflow twin-flame technique [26] showed a discrepancy
outside the experimental errors.

It is interesting to note that the deviation with the measurements obtained by the counter-
flow twin-flame technique [26] and compared with the results using the heat flux method
in non-stretched flames changes its sign at an equivalence ratio around 0.9. Davis and
Searby [19] demonstrated recently that the Markstein number in hydrogen-air flames also
changes sign in these slightly lean mixtures. The Markstein number reflects the stability
of flames, a positive value indicates that the burning velocity decreases with increasing
stretch rate. Small disturbances at the flame front will be suppressed, making the flame
stable. In contrast to this, a negative value of the Markstein number means that the
burning velocity is increasing with increasing stretch rate. In this case small disturbances
appearing at the flame front increase the local flame speed and make the flame instable.
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Table 4.1: Overview of available data of methane-hydrogen-air laminar burning
velocity measurements in literature using several measurements techniques
and hydrogen contents.

Author Year Methodology Ru,
(%)
Present measurements 2007 Heat flux 0, 10,20, 30,40
Coppens et al. [17] 2007 Heat flux 0,5,15,25,35
Huang et al. [52] 2006 Constant volume 0, 20,40
Halter et al. [42] 2005 Constant volume 0, 10,20
Tanoue et al. [103] 2003 Constant volume 0,20,40
Haniff et al. [43] 1989 Flat flame 0,5,10, 15,20, 30, 35,40
Yu et al. [116] 1986 Counterflow 0,10, 20, 30,40

For intermediate stretch values the perturbations on the burning velocity have a non-
linear behaviour; this is shown by van Maaren and de Goey [74]. One might expect there-
fore that the linear extrapolation to zero stretch rate [26] might be an important reason
for the discrepancy between the experimental results shown in figures 4.4, 4.5 and 4.6.
This has been recognised and demonstrated by Vagelopoulos et al. [t06] for hydrogen-air
flames where a significant uncertainty occurs when using the method of linear extra-
polation to zero stretch rate. They showed that a non-linear correction was more accurate.
The difference between corrected and non-corrected laminar burning velocities increases
towards leaner hydrogen-air mixtures. Regrettably, the results obtained by Egolfopoulos
and Law [26] in hydrogen-oxygen-nitrogen mixtures with varying oxygen content have not
been corrected for these non-linear effects.

4.3 Methane-Hydrogen-Air Flames

In this section laminar burning velocity measurements of methane-hydrogen-air flames
at ambient conditions are presented. The amount of hydrogen in the fuel is varied for
the measurements presented in this section. This hydrogen ratio in the fuel is defined

as:
Xu,

Xu, + Xcn,
It ranges from 0 to 40%. The equivalence ratio was varied typically between 0.6 and
1.5 at ambient conditions. The presented measurements with the heat flux burner
will be compared with data of other experimentalists in this section. The experimental
methodology to determine the laminar burning velocity as is used in this thesis is shown
in table 4.1 together with the author name, the year of publication and the hydrogen
enrichment of the fuel.

Ru, -100%. (4.2)

4.3.1 Results

The experimental results obtained with the heat flux method for the different hydrogen
fractions in the fuel stream are shown in figure 4.7. It is clear that the laminar burning
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Figure 4.7: Experimental data of the laminar burning velocity of methane-
hydrogen-air flames measured with the heat flux burner for hydrogen contents
of Ry, =0, 10,20, 30 and 40% denoted with o, v, [J, x, + respectively.

velocity increases by increasing the amount of hydrogen in the mixture. For a stoichio-
metric mixture, the laminar burning velocity increases from 36.4 cm/s (at Ry, = 0%) to
39.2 cm/s (at Ry, = 10%), 42.3 cm/s (at Ry, = 20%), 47.0 cm/s (at Ry, = 30%) and
53.5 cm/s (at Ru, = 40%).

In figures 4.8 - 4.12 the results are also shown for the different hydrogen fractions sepa-
rately. The error estimates in the burning velocities as obtained by the heat flux method
are also presented in these figures together with the uncertainties in the equivalence ratio.
Typically the uncertainty in the equivalence ratios is less than 0.06 for the entire range.
The error in the laminar burning velocity is less than 1.1 cm/s for the entire measure-
ment range. However, close to an equivalence ratio of 1.0 the errors become smaller. In
this area the errors are typically less than 0.3 cm/s for the laminar burning velocity and
less than 0.04 for the equivalence ratio.

Besides the present experimental data determined with the heat flux method,
the figures 4.8 - 4.12 show the experimental results obtained by other investigators.
A comparison between the different results will be presented in this section.

Methane-air flames

Heat flux measurements of laminar burning velocities with varying equivalence ratio of
methane-air flames are presented in figure 4.8. The error estimate of the equivalence
ratio, A¢, ranges from 0.01 to 0.03 for methane-air flames. The maximum A¢ occurs at
¢ = 1.50 and the minimum A¢ occurs at ¢ = 0.80. In the case of the uncertainty in
the laminar burning velocity, AS], the values vary between 0.1 and 0.8 cm/s. Here the
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Figure 4.8: Laminar burning velocities of methane-air mixtures, Ry, = 0%.
The symbols are: o, Heat flux measurements with error estimates; Yu [110], I>;
Haniff [43], %; Tanoue [103], V; Halter [42], ¢ and Huang [52], X.

maximum uncertainty in the laminar burning velocity occurs at ¢ = 0.65 whereas the
minimum value occurs at ¢ = 0.95.

In literature a significant amount of measurement data of methane-air flames can be
found, see e.g. figure 4.1. In figure 4.8 only experimental data of authors which have
measured methane-hydrogen-air mixtures are presented, Yu et al. [116], Haniff et al. [43],
Tanoue et al. [103], Halter et al. [42], and Huang et al. [52]. The data of Halter et al. is most
close to the present results. The difference in laminar burning velocity of Halter et al. and
the heat flux data are within approximately 1 cm/s for the measured range. Only at an
equivalence ratio of 0.7 and 1.2 the difference is larger; 2 and 4 cm/s respectively. The
measured laminar burning velocity of Halter et al. at ¢ = 1.2 is low, even compared to
the experimental results of other authors. Overall the data of Halter et al. agree quite well
with the heat flux results. The data of the other authors, Yu et al. [116], Haniff et al. [43],
Tanoue et al. [103] and Huang et al. [52] show higher burning velocities compared to the
heat flux method for fuel lean mixtures up to slightly fuel rich mixtures (¢ = 1.2). This
difference can be as large as 5 cm/s for stoichiometric flames. In the case of fuel rich
flames, with an equivalence ratio larger than 1.3, the difference between the measured
results using the heat flux method and the experimental data determined by Haniff et
al., Tanoue et al. and Huang et al. is less than 2 cm/s. Although the difference with the
selected experimental data can be significant, the heat flux measurements are comparable
with other recent methane-air data, see figure 4.1 and e.g. [9,17, 42].
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Figure 4.9: Laminar burning velocities of methane-hydrogen-air mixture using
a hydrogen content of Ry, = 10%. The symbols denote: o Heat flux measure-
ments with error estimates; Yu [116], >>; Haniff [43], %; Halter [42], 0.

Methane-hydrogen-air flames (Ry, =10%)

Results of laminar burning velocity measurements with a hydrogen enrichment of Ry, =
10% are shown in figure 4.9. Here the error estimate for the heat flux data in the
equivalence ratio varies between 0.03 and 0.06 with a maximum of 0.06 at an equivalence
ratio of 1.50. Compared to the methane results in figure 4.8 and previous publications [8,
9] the error estimate in the equivalence ratio is relatively large. This is partly due to
the additional mass flow controller for the hydrogen mass flow, but also induced by
the low working range of this mass flow controller for the present measurements with
Ry, = 10%. Both add up and result in an increased uncertainty in the equivalence ratio,
see also equation (3.10). The uncertainty in the laminar burning velocity ranges between
0.2 and 0.6 cm/s. The smallest uncertainty occurs at an equivalence ratio of 1.05 and the
largest uncertainty occurs at ¢ = 0.70.

The data of Halter et al. [42] shown in figure 4.9 are for fuel lean flames in good
agreement with the heat flux results. The fuel lean data of Halter are difficult to recognise
in the figure because they are close to the heat flux data. For rich flames the data of
Halter et al. show ~ 3 cm/s lower laminar burning velocities. Note that this lower
burning velocity is also found for fuel rich flames in the pure methane situation. The
experimental data of Haniff et al. [43] in figure 4.9 show a significantly higher burning
velocity compared to the heat flux results. Haniff et al. estimated their uncertainty in
the measurements as +3.5%, which is approximately 0.7 to 2 cm/s for the methane-
hydrogen-air flames investigated in this thesis. In general the laminar burning velocities
of Haniff et al. are ~ 6 cm/s faster than the heat flux results; this discrepancy is slightly
larger than in the case of methane-air flames. The measurements of Yu et al. [110]
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Figure 4.10: Laminar burning velocities of methane-hydrogen-air mixture
using a hydrogen content of Ry, = 20%. The symbols denote: o Heat flux
measurements with error estimates; Yu [116], t>; Haniff [43], *; Tanoue [103], V;
Halter [42], ; Huang [52], x.

in figure 4.9 give higher burning velocities than the heat flux data. The difference for
stoichiometric flames is ~ 6 cm/s.

Methane-hydrogen-air flames (Ry, =20%)

In the case of a hydrogen dilution of Ry, = 20%, the laminar burning velocity measure-
ments with the heat flux burner are shown in figure 4.10. The error estimate of the
equivalence ratio is between 0.02 and 0.05 with the lowest uncertainty occurring at an
equivalence ratio of 0.85 and the highest uncertainty at an equivalence ratio of 1.50. The
resulting error estimates for the laminar burning velocity are between 0.2 and 1.1 cm/s
at an equivalence ratio of 0.95 and 0.60 respectively.

Comparing the laminar burning velocities measured by Halter et al. [42] with 20 mol% of
hydrogen enrichment with the heat flux results show a difference less than 2 cm/s with
a maximum difference at ¢ = 1.20. Similar as in the pure methane situation the results
of Haniff et al. [43] and Huang et al. [52] for Ry, = 20%, show a higher laminar burning
velocity compared to the heat flux method in figure 4.10. The data presented by Yu et
al. [116] and Tanoue et al. [103] show a larger burning velocity between an equivalence
ratio of 0.80 and 1.10, with a maximum difference of 7 cm/s at ¢ = 1.10. In the case of
very lean flames, lower than ¢ = 0.8, the difference between the heat flux results and the
data of Tanoue et al. is significantly smaller, ~ 1 cm/s. Also on the fuel rich side, ¢ > 1.2
this difference is smaller, ~ 2 cm/s.
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Figure 4.11: Laminar burning velocities of methane-hydrogen-air mixture
using a hydrogen content of Ry, = 30%. The symbols denote: o Heat flux
measurements with error estimates; Yu [116], I>; Haniff [43], *

Methane-hydrogen-air flames (Ry, =30%)

Experimental data for Ry, = 30% of hydrogen enrichment are presented in figure 4.11.
The heat flux error estimates for the equivalence ratio are slightly smaller than for 10 and
20 mol% of hydrogen enrichment. In figure 4.11 they are typically between 0.02 and 0.04.
The uncertainties in the laminar burning velocity are typically between 0.1 and 0.8 cm/s.
From the authors used as a reference in this thesis only Yu et al. [116] and Haniff et al. [43]
measured laminar burning velocities of methane-hydrogen-air mixtures with Ry, = 30%
of hydrogen enrichment. Compared to the present heat flux results the measured laminar
burning velocity by Yu et al. and Haniff et al. are significantly higher, up to 12 cm/s.
This overprediction compared to the heat flux data is consistent with lower contents of
hydrogen in the fuel, see figures 4.8 - 4.10.

Methane-hydrogen-air flames (Ry, =40%)

The last set of measurements of laminar burning velocities of methane-hydrogen-air
mixtures at ambient conditions is shown in figure 4.12. In this figure the experimental
data of heat flux measurements with a hydrogen content of Ry, = 40% are presented.
The uncertainty in the equivalence ratio is between 0.02 and 0.05 which is comparable
with the uncertainties presented of hydrogen enriched methane-air flames for Ry, = 10,
20 and 30% of hydrogen. The laminar burning velocities measured by Yu et al. [110],
Haniff et al. [43], Tanoue et al. [103] and Huang et al. [52] are generally higher than the
heat flux data; between an equivalence ratio of 0.80 and 1.20 this difference can be as
large as 10 cm/s. Below ¢ = 0.8 and above ¢ = 1.2 this difference is smaller and less than
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Figure 4.12: Laminar burning velocities of methane-hydrogen-air mixture
using a hydrogen content of Ry, = 40%. The symbols denote, o Heat flux
measurements with error estimates; Yu [116], t>; Haniff [43], *; Tanoue [103], V;
Huang [52], x.

4 cm/s. Note that for the highest burning velocities a few measured data points of Yu et
al. and Tanoue et al. are just outside the plotted range.

4.3.2 Anomalies observed during measurements

At fuel rich mixtures (¢ > 1.4) the flames observed are not perfectly flat. Typically it is
seen that the flame is curved at the edges of the burner plate as is shown in figure 4.13.
The top figure shows a flat flame front of a strongly stabilised flame. After increasing the
gas velocity the flame detaches from the edge of the burner plate. For even higher gas
velocity, but still burner stabilised flames, a curved flame geometry is occurring which
is seen in the bottom figure of figure 4.13. Due to these curved flames, a flame surface
is found that is larger than expected and the laminar burning velocity is less accurately
determined and becomes overestimated. The significant increased flame surface perturbs
the error analysis presented in chapter 3. Therefore the heat flux results for equivalence
ratios larger than ¢ = 1.4 should be taken with care. The resulting error estimate for these
tuel rich flames is probably slightly underpredicted. The exact error estimate is difficult
to determine due to the fact that the flame surface area is not well defined anymore.

4.3.3 Discussion

In this section laminar burning velocity measurements of hydrogen enriched methane-
air flames determined with the heat flux burner have been presented and analysed. The
comparison of the laminar burning velocities in this thesis is restricted to experimental
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Figure 4.13: Typical flame shapes for mixtures with an equivalence ratio larger
than ~ 1.4. The gas velocity increases from the top figure to the bottom figure.
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Figure 4.14: Experimental results of laminar burning velocities of stoichio-
metric methane-hydrogen-air flames as a function of the hydrogen content. The
heat flux measurements are denoted with a circle and error estimate, the results
of Coppens are denoted with squares.

results of authors who have measured methane-hydrogen-air flames as well. In the case
of methane-air flames, recent work of several authors showed that the heat flux burner
measurements gives comparable burning velocities; see e.g. the work of Bosschaart
and de Goey [9] and Coppens et al. [17]. In figure 4.14 the present laminar burning
velocity measurements are plotted together with the results Coppens et at. for hydrogen
contents of Ry, = 0,5, 15,25 and 35%. The laminar burning velocity increase is for both
experimental results similar. However, the laminar burning velocity of Ry, = 15 slightly
underpredicted by Coppens et al. [17] compared to the present results. For methane-
hydrogen-air flames the overall agreement between the results of the heat flux method and
the measurements of other authors is satisfactory. The recently presented data of Halter et
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al. [42] show minor differences, less than 1% for stoichiometric flames, compared to the
heat flux measurements. For equivalence ratios larger than 1.2 the measurement of Halter
et al. is low compared to present heat flux measurements. The measurements of Haniff
et al. [43] and Huang et al. [52] cover the complete presented measurement range. Already
for methane-air flames, the data of Haniff et al. [43] show higher burning velocities and
the difference increases at higher hydrogen contents. The measurements by Huang et
al. [52] are not performed with methane-air mixtures, but with a natural gas mixture
consisting of 96.16 vol% methane and traces of ethane, propane and nitrogen. Generally,
ethane and propane have slightly higher burning velocities compared to methane [7]
whereas nitrogen reduces the laminar burning velocity.

It should be emphasised that a comparison gives good results only if a non-linear stretch
correction is used for flames which do not have a flat flame. This has already been
recognised by Vagelopoulos et al. [106] who showed for the counterflow technique that
the resulting burning velocity of methane-air flames significantly reduces (typically 10%)
in the case that a non-linear stretch correction is applied. Both Yu et al. [116] and Tanoue
et al. [103] used the counterflow twin flames measurement technique, but did not correct
for stretch in a non-linear manner. This leads to an over-prediction of the laminar burning
velocities compared to the heat flux data; also for higher hydrogen fractions. For methane-
air mixtures the over-prediction typically fluctuates around 10% compared to the currently
accepted data in literature over the entire equivalence range. An over-estimation of 10%
is also found with the measurements of Haniff et al. [43], although they used a flat
burner.

To make a comparison for the influence of hydrogen on the burning velocity the ratio
between the measurements of several authors and the heat flux method are computed
for stoichiometric methane-air flames and stoichiometric methane-hydrogen-air flames
(table 4.2). The scaled burning velocity of Huang et al. [52] and Halter et al. [42] does not
change much when adding hydrogen, less than 3%. This is different for the results of
Tanoue et al. [103], Haniff et al. [43] and Yu et al. [116] where the scaled laminar burning
velocity increases with hydrogen content. According to Law [67] it was expected that
for hydrogen enriched methane-air flames the non-linear stretch contribution becomes
less important. These methane-hydrogen-air flames are rather thin and less susceptible
to the non-linear stretch effects because the strength of the stretch depends on the
dimension of the nozzle separation distance and hence implicitly the flame thickness [67].
In table 4.2 the results of Tanoue et al. [103], Haniff et al. [43] and Yu et al. [116] show a
different behaviour than expected. The ratio between the burning velocities increases with
increasing hydrogen content. This can partly be explained by the change of sign of the
Markstein number for stoichiometric methane-hydrogen-air flames around Ry, = 40%;
which is shown recently by van den Schoor [9o]. For these highly hydrogen enriched
methane-air flames the laminar burning velocity is becoming more susceptible to cellular
structure formation which enlarge the laminar burning velocity.
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Table 4.2: Scaling factors of available data of stoichiometric methane-hydrogen-
air laminar burning velocity measurements found in literature using several
measurements techniques. The reference value, S yr is the laminar burning
velocity of the heat flux method.

Author methodology St/ SLur St/ SLur St/ SLur
Ru, =0% Rp, =20% Ry, =40%

Present measurements Heat flux 1 1 1
Huang et al. [52] Constant volume 1.10 1.13 1.10
Halter et al. [42] Constant volume 1.01 0.99 -
Tanoue et al. [103] Constant volume 1.15 1.15 1.19
Haniff et al. [43] Flat flame 1.12 1.18 1.21

Yu et al. [116] Counterflow 1.13 1.17 1.21

4.4 Temperature Dependency of Methane-Hydrogen-Air
Flames

In this section laminar burning velocities of methane-hydrogen-air mixtures at increased
unburnt gas temperature as measured with the heat flux burner are reported. Generally
the heat flux setup uses water to keep the plenum chamber and heating jacket at constant
temperature (see figure 3.4a). Using water as a heating medium limits the maximum
temperature to ~ 350 K. The heat flux setup is modified in order to measure laminar
burning velocities at unburnt gas temperatures higher than 350 K by using synthetic oil
as heating medium.

The temperature dependency of the burning velocity is determined for three equivalence
ratios (¢ = 0.8,1.0 and 1.2). The unburnt gas temperature is increased from 298 K to
418 K. This upper value is still a restriction induced by the heat flux equipment; some
parts of the burner head are glued with tin which has a melting point of ~ 450 K.
Furthermore, a value of ~ 60 cm/s is taken as an upper limit for the unburnt gas
velocity, because for higher gas velocities a 1D flat flame is not guaranteed anymore [37].
In the figures presented in this section the error estimate is not shown because the error
estimate is small and difficult to distinguish from the presented data. For completeness
the experimental data with error estimates is listed in appendix E.

4.4.1 Results

Experimental results of laminar burning velocities, determined with the heat flux method,
of stoichiometric hydrogen enriched methane-air flames as a function of the unburnt gas
temperature are shown in figure 4.15. The hydrogen content in the fuel varies between
Ry, = 0,10,20 and 30%. The laminar burning velocity as a function of the unburnt gas
temperature is increasing with ~ 0.22 cm s~! K~! for stoichiometric methane-air flames
and is slightly larger with increasing amount of hydrogen in the fuel. For mixtures of
Ry, = 30% this increase is ~ 0.26 cm s7' K~ L.

The error estimates of the burning velocities as obtained by the heat flux method are also
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Figure 4.15: Experimental results of the laminar burning velocity of methane-
hydrogen-air flames as a function of the unburnt gas temperature 7}, at an
equivalence ratio of ¢ = 1.0. The symbols denoted with a o are measured with
the heat flux burner for hydrogen contents of Ry, = 0,10,20 and 30%. The
other symbols denote methane-air measurements of Bosschaart [7], x and Gu
etal. [39], +; Dugger et al. [23], #; Barassin et al. [3], V.

presented in figure 4.15 together with the uncertainties in the unburnt gas temperature.
The uncertainty of the unburnt gas temperature is taken as +1 K which is based on
thermocouple measurements inside the plenum chamber. The error in the laminar
burning velocity is less than 0.5 cm/s for the entire measurement range. The uncertainty
in laminar burning velocity is slightly larger for the measurements performed with
synthetic oil (7, > 343 K) as transport medium of the heating jacket. The typical
uncertainty for synthetic oil as heating medium is ~ 0.4 cm/s whereas for water this
is ~ 0.2 cm/s. When using oil the time needed to achieve a more or less constant
temperature reading is taking longer compared to water.

In literature recent measurements of the laminar burning velocities as a function of the
unburnt gas temperature are scarce. For stoichiometric methane-air mixtures measure-
ments of Bosschaart [7] and Gu et al. [39] Dugger et al. [23], and Barassin et al. [3] are
shown in figure 4.15. Comparing these data with the present measured heat flux results
for stoichiometric methane-air mixtures shows large differences. The methane-air data
of Gu et al. [39], Dugger et al. [23], and Barassin et al. [3] are considerable scattered, for
example the difference between both measurements of Gu et al. at an unburnt gas tempe-
rature of 360 K is approximately 4 cm/s. The measurements of Bosschaart [7] using a
heat flux burner are comparable with the present measurements. Bosschaart used water
as heating medium, resulting in a restriction of the equipment to 7;, = 353 K.

The measured laminar burning velocities of methane-hydrogen-air flames at an
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Figure 4.16: Experimental results of the laminar burning velocity of methane-
hydrogen-air flames as a function of the unburnt gas temperature 7, at an
equivalence ratio of ¢ = 0.8 (left) and ¢ = 1.2 (right). The symbols denoted
with a o are measured with the heat flux burner for hydrogen contents of Ry, =
0,10,20 and 30%. The other symbols denote methane-air measurements of
Bosschaart [7], x and Gu et al. [39], +.

equivalence ratio of ¢ = 0.80 are shown in figure 4.16a. For these lean flames the
measured laminar burning velocity with the heat flux burner as a function of the unburnt
temperature is increasing with 0.19 cm s=! K~! for methane-air flames and 0.21 cm
s7! K7! for methane-hydrogen-air flames (Ry, = 30%). The minimum uncertainty
in the laminar burning velocity is 0.1 cm/s. The maximum uncertainty, 1.0 cm/s, is
measured when using a hydrogen content of Ry, = 20% at an unburnt gas temperature
of 373 K.

The experimental data of other authors in figure 4.16a tend to agree well with the present
heat flux data. The methane-air measurements of Bosschaart [7] are somewhat lower,
~ 1 cm/s, than the present heat flux data. This is probably due to an inconsistent use
of the oxygen content in air (mole based or mass based) which is solved in the present
measurements. The experimental results of methane-air flames by Gu et el. [39] show
also here for these lean flames large scatter.

Finally, laminar burning velocities determined with the heat flux burner at an equivalence
ratio of ¢ = 1.20 are shown in figure 4.16b. In the case of methane-air flames with
increasing unburnt gas temperature the laminar burning velocity is increasing with
0.22 cm s7! K. For the methane-hydrogen-air flames (Ry, = 30%) this increase is
0.26 cm s~! K~1. The minimum error estimates is 0.1 cm/s at an unburnt gas temperature
of 318 K for Ry, = 10% and the maximum is 0.7 cm/s at an unburnt temperature of 358 K
for Ry, = 30%.

The experimental results of Bosschaart[7] and Gu etal. [39] are also shown in figure 4.16D.
The methane-air results of Bosschaart are comparable with the present heat flux data. The
burning velocity tends to be slightly higher compared to the present results, probably due
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Table 4.3: Laminar burning velocity measurements with the heat flux burner
of stoichiometric methane-hydrogen-air flames at ambient conditions. In this
table the measurements with a gold coated burner plate and the conventional
brass plate are listed.

RHZ SL,brass SL,gold

%) (cmfs)  (cm}s)

0 364+01 364402
10 3924+03 393+04
20 424+£02 425+£03
30 470+£02 470+03
40 535+£03 534+04

to this inconsistent use of the oxygen content in air. The results of Gu et al. are scattered
but tend to have a similar trend in the increase with increasing unburnt temperature as
the present heat flux results.

4.4.2 Influence of the burner plate

The influence of the burner plate on the flow pattern, temperature profile and species pro-
file have been analysed numerically by de Goey et al. [377] and experimentally by Bosschaart
and de Goey [8] and Dyakov et al. [24]; it was concluded that the burner plate has negligible
influence on the laminar burning velocity. However, burner surface reactions were not
taken into account. The potential influence of burner surface reactions increases at in-
creased unburnt gas temperatures and increasing hydrogen content because radicals
might reach the burner surface and react. These burner surface reactions could affect
the measured laminar burning velocity. This possible influence is analysed in this sub-
section.

In order to analyse the chemical interaction between the gas and the burner plate a gold
coated burner plate is used in the heat flux setup instead of brass. This gold coating is
chosen to change the possibility of extracting radicals from the gas. The resulting laminar
burning velocities for stoichiometric methane-hydrogen-air flames determined with the
brass plate and the gold plate are listed in table 4.3. The differences in laminar burning
velocity between both types of burner plates is very small and well below the experimental
uncertainty. The error estimate is slightly larger for the gold coated burner plate, this is
probably due to the conventional thermocouple setup in this gold burner plate. The brass
burner plate is using a differential thermocouple measurement method as described by
Bosschaart [7]. This differential method has the advantage that the temperature difference
is measured directly, which causes a smaller error estimate.

The influence on the burning velocity of chemical reactions occurring on the burner
surface is also investigated numerically with CHEM1D. This is done by adjusting the
chemical source term for H atom in equation (2.22) to zero at positions in the domain
where temperatures are below the plate temperature 7},. The idea behind this is that
all H atoms occurring below a certain temperature 7, immediately stick on the burner
plate and do not take part anymore in the combustion process; resulting in a H atom
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Figure 4.17: Numerical results of the (scaled) laminar burning velocity as a
function of the plate temperature 7;,. Shown are stoichiometric methane-air
flames determined using the Smooke mechanism [98] and GRI-mech 3.0 [97],
denoted with a dotted line and dash dotted line respectively. The stoichiometric
hydrogen-oxygen-nitrogen flames (Ro, = 7.7%) using the mechanism of
Konnov [61] are denoted with a solid line. The source of H atom is kept zero
up till the temperature 7}, (left figure), whereas the third body efficiency is
increased for temperatures up to 7}, (right).

sink. In figure 4.17a the result for three combustion reaction mechanisms is shown. For
temperatures below 400 K a negligible effect of H atoms sink on the surface is found.
Above this temperature the laminar burning velocity of stoichiometric hydrogen-air
flames increases significant due to H atoms sink. In the case of stoichiometric methane-
air flames the laminar burning velocity increase occurs at temperatures above ~ 500 K
for both investigated methane-air combustion reaction mechanisms.

In hydrogen flames, diffusivity of H atoms is much higher than that of other species.
Hermanns et al. [48] focused on hydrogen flames and investigated numerically this H
atoms sink on the surface. The detailed reaction mechanism of Konnov [61] was extended
by the following surface reaction, Sc + H => ScH. with Sc an artificial scavenger of H
atoms. This reaction is only taken into account for temperatures in the domain which
are below the plate temperature T5,. It is introduced in the simulations in a very small
quantity into the unburnt mixture; below a mole fraction of 10~%. The rate constant of this
reaction and amount of scavenger was varied in such a way as to modify the concentration
of H atoms at a distance corresponding to a local temperature of 360 K. The variation of
H atoms concentration at this temperature in the modelling mimics the possible sink
due to surface reactions. This is illustrated by Hermanns et al. [48] for the fastest flame
with an oxygen content of Ro, = 7.7% and equivalence ratio of 1.7. For this flame the
calculated laminar burning velocity is 38.75 cm/s. By introducing the assumption that
all H atoms reaching the surface of the burner plate are removed from the system, the
concentration of H should be reduced by less than about 30%. This value is estimated
from the porosity of the perforated plate (figure 3.4b) and by allowing a partial sink of H
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atoms inside holes of the perforated plate. In this case, 30% reduction of H-atoms, the
calculated burning velocity is 38.72 cm/s. Even at the limiting case of a reduction of H
atoms by 60%, the calculated burning velocity is 38.67 cm/s. These tiny changes are well
below the experimental uncertainties discussed in the previous sections.

Another point of interest is whether the burner plate could act in reactions as a kind of
third body, e.g. reaction 5 in table A.1. This is investigated by adding an additional third
body coeflicient for the nitrogen species in equation (A.2). The collision efficiency for this
species is set to 100. The adjusted equation for the reaction rate of third body reactions is
given by

Ns N Ne o
r; = (100 ny, + ZG@‘M‘) <k’j,f]:[ n;" — kjp H ni”> ) (4-3)
i=1 i=1 i=1

In figure 4.17b the laminar burning velocity for stoichiometric methane-air flames as a
function of the plate temperature 7, is shown using the mechanisms of Smooke [938],
GRI-mech 3.0 [97] and Konnov [61] for hydrogen-oxygen-nitrogen flames (Ro, = 7.7%).
The laminar burning velocity is hardly influenced by this effect until a temperature
of ~ 500 K. Above this plate temperature the hydrogen-air burning velocity drops
significantly, whereas the laminar burning velocity increases for methane-air above a plate
temperatures of ~ 500 K. This indicates that it is unlikely that the burner plate, acting as
a kind of third body, affects the laminar burning velocity measurements presented in this
chapter.

4.5 Conclusions

The heat flux method has been successfully applied to hydrogen-oxygen-nitrogen mix-
tures and methane-hydrogen-air mixtures for various equivalence ratios. The initial
temperature of these flames is 298 K, except for the methane-hydrogen-air flames where
also measurements up to 433 K have been performed for equivalence ratios of ¢ = 0.8,1.0
and 1.2. The typical uncertainty (95% confidence interval) for the present measurements
in the burning velocity is ~ 0.5 cm/s.

Comparison with literature shows that the present methane-hydrogen-air data is consis-
tent with recent laminar burning velocity results determined by other measurement tech-
niques such as the counterflow method and the spherical bomb method, provided that
proper corrections are made in those experiments to account for any non-linear stretch
effects. The majority of the experimental data found in literature did not correct for these
non-linear effects and show significantly higher laminar burning velocities compared to
the present heat flux data. The recent published data presented by Halter et al. [42] are
comparable with the present heat flux data.

The laminar burning velocities of methane-air for increased unburnt gas temperature
presented in this thesis are comparable with recent measurements of Bosschaart et al. [7].
The experimental data of other authors is considerably scattered. The experimental data
presented by Gu et al. [39] tend to predict somewhat similar increase in burning velocity
as a function of the unburnt gas temperature. In the case of laminar burning velocities
of methane-hydrogen-air mixtures for increased temperature of unburnt gas mixtures
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new accurate data, with confidence intervals, as measured with the heat flux method are
presented.

For hydrogen-oxygen-nitrogen flames a significant difference was found when comparing
the present results with experimental data from literature. Part of this difference in
burning velocity can be attributed to errors arising from the linear extrapolation to zero
stretch employed by Egolfopoulos and Law. [26]. Due to large amount of nitrogen added
in the hydrogen-oxygen-nitrogen mixture not only the laminar burning velocity decreases
compared to hydrogen-air but also the flame temperature. The burning velocities for
hydrogen-oxygen-nitrogen mixtures presented in this thesis can provide an extended basis
for the validation of kinetic models towards lower flame temperatures.

For methane-hydrogen-air flames with equivalence ratios larger than 1.4 it was found that
the flames stabilised on the heat flux burner do not behave as 1D flames anymore. The
laminar burning velocity measured for these flames overpredict the laminar burning velo-
city slightly. This behaviour is not observed for the investigated fuel rich hydrogen-oxygen-
nitrogen flames. An indication of the flatness is given by the temperature distribution
in the burner plate which showed no anomalies that could arise in the case of cellular
flames. Additionally, experiments with diluted flames of hydrogen-carbon monoxide-
carbon dioxide-air by Konnov et al. [62] which were stabilised on a similar burner and
were visible, no cellularity has been observed. Also recent studies of hydrocarbon-oxygen-
inert flames stabilised using the heat flux method [63] showed that cellularity does not
appear in mixtures with nitrogen as inert diluent.

The influence of the burner plate acting as a catalyst is also analysed numerically as well
as experimentally. A negligible effect is found for the present measurement range. The
change in burning velocity due to burner surface reactions is expected to be smaller
than the present measurement uncertainty. However when increasing the unburnt gas
temperature to temperatures relevant for gas turbine conditions, 7;, ~ 600 K, the burner
plate could have some influence on the measured laminar burning velocities.

In the development of detailed, comprehensive chemical mechanisms for the modelling
of combustion phenomena, model validation through comparison with reliable experi-
mental data is important. In the next chapter the performance of existing combustion
reaction mechanisms in determining the laminar burning velocity is compared with the
present heat flux data.






Numerical Results

The laminar burning velocities measured using the heat flux burner
and presented in the previous chapter are compared in this chapter
with numerical calculations. To that end several combustion reaction
mechanisms have been used. The first part of this chapter deals
with hydrogen-oxygen-nitrogen flames at ambient conditions. The
heat flux measurements are compared with hydrogen based as well
as methane based reaction mechanisms. In the second part of this
chapter the measured laminar burning velocities of methane-hydrogen-
air flames at ambient conditions are compared with several numerical
mechanisms. In the last part of this chapter a comparison between
experimental heat flux data and numerical data is performed for
methane-hydrogen-air flames at increased unburnt temperature.

5.1 Introduction

In the previous chapter measurements of the laminar burning velocity for several mix-
tures are presented. This accurate set of laminar burning velocity data determined with
the heat flux method will be used in this chapter to validate existing combustion reaction
mechanisms. The selected combustion reaction mechanisms mentioned in chapter 2 will
be used for this purpose. The heat flux data of the hydrogen-oxygen-nitrogen flames in
the next section will be compared using hydrogen based mechanisms as well as methane
based mechanisms. Methane based mechanisms are used in the sections describing the
comparison between experiments and numerical results of methane-hydrogen-air flames
for ambient conditions and as well as for increased unburnt gas temperatures. The heat
flux data presented in the previous chapter give relative small error estimates. In the
figures shown in this chapter the error estimate is not shown when the error estimate is
small and difficult to distinguish from the presented data. For completeness the experi-
mental data with error estimates is listed in appendix E.
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A decent analysis regarding kinetic schemes should include for example a comparison
of ignition delay times, species profiles, sensitivity analysis, reaction path analysis and
the applied reaction rates. However, the focus of this thesis is related to laminar burning
velocities of hydrogen enriched methane-air mixtures, as a result only burning velocities
will used to describe the performance of the kinetic schemes.

5.2 Hydrogen-Oxygen-Nitrogen Flames

This section describes the laminar burning velocities of the relevant hydrogen-oxygen-
nitrogen flames. These flames are interesting from a reaction modelling point of view.
This because in recent studies [19,47,56,88] it has turned out that the frequent extensions
and adaptations of the most important existing kinetic schemes of complex fuels has
resulted in a decreased accuracy of the sub-mechanism describing the oxidation chemistry
in the hydrogen-oxygen-nitrogen sub-system. This has introduced a renewed interest in
this sub-mechanism by the reaction mechanism builders [61], resulting in several new
hydrogen based combustion reaction mechanisms in recent years [61, 68, 78].

Both hydrogen based mechanisms (table 2.1) and methane based mechanisms (table 2.2)
will be used for comparison. However, the methane based mechanism of Konnov [60]
is not used for comparison in this section because a more recent hydrogen based
mechanism is available [61]. The pressure (p, = 1 atm) and unburnt gas temperature
(I, = 298 K) is equal for both experiments and numerical data. The measurement
range which is used for comparison in this section is shown in the previous chapter
in figure 4.3.

Varying oxygen content at ¢ = 1.06

In figure 5.1 the laminar burning velocities determined with the heat flux burner are
shown together with the corresponding error estimate. The presented results in this
figure are taken at constant equivalence ratio; ¢ = 1.06 but with varying oxygen content.
The heat flux measurements are compared with several numerical combustion reaction
mechanisms. In figure 5.1a the results of several hydrogen-air based mechanisms are
shown and in figure 5.1b of the methane-air based mechanisms are shown.

The hydrogen based mechanisms in figure 5.1a generally underpredict the laminar
burning velocity compared to the experimental data determined with the heat flux
method. The hydrogen mechanism of Konnov [61] is the closest one to the experimental
data. The difference for low oxygen contents for this mechanism is approximately 1 cm/s
and increasing to approximately 10 cm/s for Ro, = 10%. The difference between the heat
flux data and the two other hydrogen based mechanisms, of O Conaire et al. [78] and Li
et al. [68], is even larger. Note that the increase in burning velocity as a function of the
oxygen content for the heat flux method is larger than the increase in the numerically
determined data.

In the case of methane based mechanisms the comparison between numerical data and
the experimental results is shown in figure 5.1b. Generally the methane based combustion
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Figure 5.1: Experimental and numerical data of the laminar burning velocities
of hydrogen-oxygen-nitrogen flames as a function of the oxygen content at
constant equivalence ratio ¢ = 1.06. The heat flux measurements are denoted
with a circle and error estimate. Left figure: Hydrogen based mechanisms,
Konnov [61], dotted line; Li et al. [68], dashed dotted line and O Conaire et
al. [78], solid line. Right figure: Methane based mechanisms, Leeds [53], dotted
line with square symbols; GDF-kin [27], dashed line; SKGo3 [96], dashed dotted
line and GRI-mechanism [97], solid line.

mechanisms underpredict the laminar burning velocity. However, the difference between
experiments and the SKGo3 mechanism [96] for oxygen contents lower than 9% is
negligibly small, less than 1 cm/s. Note that the numerical results for the lower oxygen
contents with the SKGo3 mechanism are inside the heat flux error estimates. For higher
oxygen contents the difference increases up to ~ 7 cm/s. The GDF-kin mechanism [27],
the Leeds mechanism [53] and the GRI-mechanism [97] give lower results at Ro, =
10%; 10, 14 and 17 cm/s repectively. The numerical results of these mechanisms are
clearly outside the error estimate of the heat flux burner for the measured range. For
oxygen contents at Ro, = 7% the difference is smaller than ~ 5 cm/s. Similarly as
for the hydrogen based mechanisms the increase in burning velocity as a function of
the oxygen content increases slower compared to the heat flux data. It is interesting
to note that the laminar burning velocities calculated with the methane based SKGo3
mechanism compared to the heat flux data give smaller differences than the hydrogen
based mechanisms.

Varying equivalence ratio at Ro, =7.7%

The laminar burning velocities as a function of the equivalence ratio of hydrogen-oxygen-
nitrogen flames are shown in figure 5.2. The hydrogen dilution of these mixtures is
Ro, = 7.7%. Again in the left figure the heat flux results are compared with results of
hydrogen based mechanisms whereas in the right figure a comparison with the methane
based mechanisms is presented.
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Figure 5.2: Experimental and numerical data of the laminar burning velocities
of hydrogen-oxygen-nitrogen flames as a function of the equivalence ratio at
constant oxygen content Ro, = 7.7%. The heat flux measurements are denoted
with a circle and error estimate. Left figure: Hydrogen based mechanisms,
Konnov [61], dotted line; Li et al. [68], dashed dotted line and O Conaire et
al. [78], solid line. Right figure: Methane based mechanisms, Leeds [53], dotted
line with square symbols; GDF-kin [27], dashed line; SKGo3 [96], dashed dotted
line and GRI-mechanism [97], solid line.

Four regions can be distinguished in figure 5.2a when comparing the hydrogen based
mechanisms with the heat flux results; two regions with relatively large differences and
two regions with relatively small differences. The first region with large differences
occurs at equivalence ratios lower than ¢ ~ 0.9, in this region the velocities are low
and the difference between the kinetic schemes and heat flux results is ~ 4 cm/s. In
the second region the difference between experiments and numerical data is relative
small, less than 2 cm/s which is just outside the error estimate of the heat flux data
in this region. This region starts at an equivalence ratio of ¢ ~ 0.9 and ends at an
equivalence ratio of ¢ ~ 1.05. Note that due to the sharp increase of the laminar burning
velocity a small change in equivalence ratio gives already a significant increase in burning
velocity. The third region is located between equivalence ratios of ¢ ~ 1.05 and ¢ ~ 2.3.
In this region the laminar burning velocity is underpredicted by the hydrogen based
reaction mechanisms compared to the heat flux data and outside the error estimates. The
maximum difference is located approximately where the maximum burning velocity is
located; ¢ ~ 1.5. Note that position of the maximum burning velocity is slightly different.
Looking at the different reaction mechanisms individually, it is concluded that in this
region the Konnov mechanism [61] is performing quite well. Also the location of the
largest burning velocity is predicted fairly well. The difference between heat flux data
and this mechanism is ~ 3 cm/s. The mechanisms of Li et al. [68] and O Conaire et
al. [78] show in this region differences up to ~ 6 cm/s. In the fourth and last region the
differences between the mechanisms and the heat flux data become smaller again; less
than ~ 2 cm/s (¢ > 2.3).
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Figure 5.3: Experimental and numerical data of the laminar burning veloci-
ties of hydrogen-oxygen-nitrogen flames as a function of the equivalence ratio
at constant oxygen content Ro, = 10.7%. The heat flux measurements
are denoted with a circle and error estimate. Left figure: Hydrogen based
mechanisms, Konnov [61], dotted line; Li et al. [68], dashed dotted line and
O Conaire et al. [78], solid line. Right figure: Methane based mechanisms,
Leeds [53], dotted line with square symbols; GDF-kin [27], dashed line;
SKGo3 [96], dashed dotted line and GRI-mechanism [97], solid line.

The comparison between experiments and methane based mechanisms in figure 5.2b
shows significant differences for these combustion reaction mechanisms. The laminar
burning velocities of the GRI-mechanism [97] are for fuel rich flames up to 13 cm/s
lower compared to the heat flux data. For fuel lean flames the difference is smaller, less
than 5 cm/s. For fuel rich flames (¢ > 2) the Leeds mechanism [53] overpredicts the
laminar burning velocity whereas the GDF-kin mechanism [277] underpredicts the laminar
burning velocity. The differences compared the heat flux data are less than 4 cm/s, but
still outside the error margin of the heat flux burner. For mixtures with equivalence ratios
between 1.2 and 2 the Leeds mechanism and the GDF-kin mechanism both underpredict
the laminar burning velocity compared to the heat flux data; the difference in this region
is less than 3 cm/s. In the region where the largest laminar burning velocity increase
is located, around ¢ = 1, the difference between measurements and mechanisms is
relative small, less then 3 cm/s. The SKGo3 mechanism [96] performs in this area very
well; for equivalence ratios between 0.8 and 1.4 the numerical results are even within
the error estimate of the heat flux data. The difference in burning velocity between the
heat flux data and the SKGoj3 results increases for fuel rich flames. Here the difference
between experimental data and SKGo3 data (= 5 cm/s) is even larger than the Leeds
mechanism and the GDF-kin mechanism. For fuel lean mixtures all the mechanisms
generally underpredict the laminar burning velocity up to 5 cm/s (¢ < 0.9).
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Varying equivalence ratio at Ro, = 10.7%

Laminar burning velocities determined with the heat flux method of hydrogen-oxygen-
nitrogen flames with Ro, = 10.7% are shown in figure 5.3. The left figure shows the
comparison with hydrogen based kinetic schemes and the right figure shows the methane
based mechanisms. Generally the numerical determined burning velocities show lower
values compared to the corresponding heat flux data. The laminar burning velocity of
the experimental data increases faster as a function of equivalence ratio when comparing
them to the numerical results.

The difference between experiments and numerical data for the hydrogen based
mechanisms in figure 5.3a is for an equivalence ratio of 0.7 less than 4 cm/s. For
equivalence ratios close to stoichiometry the difference increases and can be as large as
14 cm/s. However, for equivalence ratio smaller than ¢ = 0.8 the results of the Konnov
mechanism [61] are close to heat flux data and almost everywhere inside the error esti-
mate. For larger equivalence ratios the difference increases. The mechanisms of Li et
al. [68] and O Conaire et al. [78] show even lower results and are for the whole measured
range outside the error estimate of the heat flux results.

The difference in burning velocities between the methane based mechanisms shown
in figure 5.3b is larger compared to the hydrogen based mechanisms. It interesting to note
is that the SKGo3 mechanism [96] is located for almost the whole measured range inside
the experimental error estimate of the heat flux method. Only the highest equivalence
ratios show some lower burning velocities. The difference between the experimental
results and the Leeds mechanism [53] and the GDF-kin mechanism [27] is on the lean
side ~ 4 cm/s and the maximum difference (=~ 12 cm/s) occurs at an equivalence ratio
of ¢ = 0.95 which is for the measured range outside the experimental uncertainty. The
GRI-mechanism shows even lower results.

5.2.1 Discussion

The Konnov mechanism [61] is performing relative well to reproduce the experimental
heat flux data. However, the difference in burning velocity can still be up to ~ 10 cm/s for
highly diluted nitrogen mixtures of Ro, = 7.7%. For slightly less diluted nitrogen mix-
tures of R, = 10.7% the differences between experiments and the Konnov mechanism
is smaller, ~ 2 cm/s. The other hydrogen based mechanisms show slightly larger diffe-
rences compared to the heat flux data. Generally the discrepancy in burning velocity
between the hydrogen based combustion reaction mechanism is less than 3 cm/s. Only
for mixtures consisting of an oxygen content of Ro, = 7.7% the discrepancy is slightly
larger for equivalence ratios of ¢ ~ 1.5.

The methane based mechanisms show large differences in burning velocity. Especially
the discrepancy for the highly diluted nitrogen flames of Ro, = 7.7% is large, e.g. the
GRI-mechanism [97] gives significantly lower burning velocities compared to the other
mechanisms. Generally the SKGo3 mechanism [96] performs very well compared to the
heat flux data. However the burning velocity is overestimated for rich flames consisting
of an oxygen content of Ro, = 7.7% (= 5 cm/s).

It is interesting to note that the methane based SKGo3 mechanism [90] is performing



5.3 Methane-Hydrogen-Air Flames 65

very well compared to the hydrogen based mechanisms. For example the burning velocity
results of the SKGo3 mechanism compared to the heat flux data for mixtures with an
oxygen content of R, = 7.7% and also for 10.7% is even slightly better than the results of
the hydrogen based mechanisms. Especially for equivalence ratios close to stoichiometric
mixtures. For all results it can be concluded that for ¢ < 1.4 SKGo3 is the best scheme;
for the entire measured range the Konnov mechanism performs best.

5.3 Methane-Hydrogen-Air Flames

In this section the laminar burning velocities of methane-hydrogen-air flames measured
with the heat flux burner are compared with numerical results. The numerical results are
calculated with CHEM1D using the selected methane combustion reaction mechanisms
mentioned in chapter 2; GDF-kin® [27], GRI-mechanism version 3.0 [97], Leeds methane
mechanism version 1.5 [53], SKGo3 [96] and the mechanism of Konnov version 0.5 [60].
The pressure (p, = 1 atm) and unburnt gas temperature (7;, = 298 K) is equal for
both experiments and numerical data. The measured hydrogen contents are Ry, =
0,10,20,30 and 40%. In this section only Ry, = 0,20 and 40% are discussed, because
the comparison for the other hydrogen contents give similar results.

Methane-air flames

In figure 5.4 the laminar burning velocities of methane-air flames are shown as a
function of equivalence ratio. The heat flux data are plotted with the error estimates.
It is interesting to note that for stoichiometric methane-air flames the difference in
laminar burning velocity between the heat flux data and the kinetic schemes is negligible.
The difference in burning velocity is significant between the measurements and the
results of the Leeds combustion mechanism [53]. On the fuel lean side this can be up
to 6 cm/s and on the fuel rich side this is even larger, ~ 10cm/s. Generally the difference
in figure 5.4 is less than ~ 2 cm/s for the measured equivalence ratio range. Comparing
the GRI-mechanism [97] and the SKGo3 mechanism [90] to the heat flux results gives
comparable results. The numerical data are only for equivalence ratios smaller than
0.75 and larger than 1.40 outside the error estimate of experimental data. The Konnov
mechanism [60] systematically underpredicts the laminar burning velocity compared
to the measurements. The difference is small for lean mixtures and rich mixtures, but
the discrepancy is notable for stoichiometric mixtures, see also Coppens et al. [17]. The
mechanism GDF-kin [27] shows comparable results with the heat flux measurement for
lean to slightly rich flames (¢ = 1.05). On the rich side the mechanism overpredicts the
laminar burning velocity by ~ 3 cm/s.

Methane-hydrogen-air flames at Ry, =20%

Laminar burning velocity results with the heat flux burner and simulations
with CHEM1D of methane-hydrogen-air mixtures with a hydrogen content of Ry, = 20%
in the fuel are shown in figure 5.5. Similar as for methane-air flames, the numerically
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Figure 5.4: Experimental and numerical data of the laminar burning velocities
of methane-air flames as a function of the equivalence ratio. The heat flux
measurements are denoted with a circle and error estimate. The numerical
results using the mechanisms of Leeds [53], dotted line with square symbols;
Konnov [60], dotted line; GDF-kin [27], dashed line; SKGo3 [96], dashed dotted
line and GRI-mechanism [97], solid line.

determined laminar burning velocities for this hydrogen content are for a stoichiometric
flame very close to the experimental data. Only the mechanism of Konnov [60] under-
predicts the laminar burning velocity for stoichiometric flames by approximately 2 cm/s.
The results of the Leeds mechanism deviates from the experimental results and the
other mechanisms significantly for fuel lean and fuel rich mixtures. This behaviour is
also found for pure methane flames. The laminar burning velocity results of the other
mechanisms are for the measured range of equivalence ratios almost everywhere inside
the error estimate of the heat flux data. Only between an equivalence ratios of ¢ ~ 1.05
and ¢ ~ 1.15 the numerical data are just outside the error estimates. However, a small
difference in equivalence ratio between the mechanisms is still visible; for example the
GDF-kin mechanism [27] is approximately 0.03 shifted in equivalence ratio compared to
the heat flux data, GRI-mechanism [97] and the SKGo3 mechanism [90].

Methane-hydrogen-air flames at Ry, =40%

The laminar burning velocity results as a function of equivalence ratio for a hydrogen
content of Ry, = 40% are shown in figure 5.6. Here the Leeds mechanisms is performing
significantly better on the lean side compared to the methane-air results (see figure 5.4)
and the methane-hydrogen-air flames with a hydrogen content of Ry, = 20%. For
Ry, = 40% the difference to the heat flux measurements is approximately 1 cm/s. On
the fuel rich side the difference increases again to even more than 10 cm/s. The shift
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Figure 5.5: Experimental and numerical data of the laminar burning veloci-
ties of methane-hydrogen-air flames as a function of the equivalence ratio at
Ru, = 20%. The heat flux measurements are denoted with a circle and error
estimate. The numerical results using the mechanisms of Leeds [53], dotted
line with square symbols; Konnov [60], dotted line; GDF-kin [27], dashed line;
SKGo3 [96], dashed dotted line and GRI-mechanism [97], solid line.

in equivalence ratio for the GDF-kin mechanism [27] which was mentioned already for
Ru, = 20% increases even more. Contrary to the previous hydrogen contents the GRI-
mechanism [97] now underpredicts the laminar burning velocity compared to the heat
flux data, this difference is ~ 3 cm/s. Also on the fuel lean side the GRI-mechanism
underpredicts the present heat flux results. On the fuel rich side the laminar burning
velocity calculated with the GRI-mechanism is comparable with the measured heat flux
data. The difference between the SKGo3 mechanism [96] and heat flux measurements is
for Ry, = 40% very small. The numerical results of this mechanism are within the error
estimate of heat flux data for the measured range of equivalence ratios.

Stoichiometric methane-hydrogen-air flames

In figure 5.7 the laminar burning velocity of stoichiometric methane-hydrogen-air flames
as a function of the hydrogen content is compared with the numerically determined
burning velocities. The difference in burning velocity for hydrogen contents up to Ry, =
20% between the measurements and the mechanisms is not large; less than 1 cm/s.
Except for the Konnov [60] mechanism which gives systematically ~ 2 cm/s lower
burning velocities. For higher hydrogen contents the difference increases slightly to
~ 4 cm/s for the Konnov mechanism and 2 cm/s for the other mechanisms.
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Figure 5.6: Experimental and numerical data of the laminar burning veloci-
ties of methane-hydrogen-air flames as a function of the equivalence ratio at
Ru, = 40%. The heat flux measurements are denoted with a circle and error
estimate. The numerical results using the mechanisms of Leeds [53], dotted
line with square symbols; Konnov [60], dotted line; GDF-kin [27], dashed line;
SKGo3 [96], dashed dotted line and GRI-mechanism [97], solid line.

5.3.1 Discussion

The methane based mechanisms used in this section for comparison of the laminar
burning velocity with the experimentally determined heat flux data show significant
differences. For example for fuel rich mixtures the Leeds mechanism [53] significantly
underpredicts the laminar burning velocity compared to the heat flux data, whereas for
fuel lean mixtures this mechanism overpredicts laminar burning velocity slightly. The
GDF-kin mechanism [27] slightly overpredicts the laminar burning for fuel rich flames.
Note that this difference increases slightly with increasing hydrogen content. The Konnov
mechanism [60] generally underpredicts the laminar burning velocity compared to the
heat flux results. The largest difference occurs close to stoichiometric mixtures. The GRI-
mechanism [97] and the SKGo3 mechanism [96] are close to the experimental data and
even for a significant part of the measured range inside the error estimate of the heat flux
method. However the GRI-mechanism mechanism underpredicts the laminar burning
velocities for fuel lean mixtures at higher hydrogen contents, Ry, = 40%. Here the GRI-
mechanism is even outside the error estimate of the heat flux results.

Dominating mechanism

From the presented data in this section the mechanism behind the increase in burning
velocity as a function of hydrogen content is still unclear. In this paragraph this increase
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Figure 5.7: Experimental and numerical data of the laminar burning velocities
of stoichiometric methane-hydrogen-air flames as a function of the hydrogen
content. The heat flux measurements are denoted with a circle and error
estimate. The numerical results using the mechanisms of Leeds [53], dotted
line with square symbols; Konnov [60], dotted line; GDF-kin [27], dashed line;
SKGo3 [96], dashed dotted line and GRI-mechanism [97], solid line.

in burning velocity will be investigated by analysing the change of the most important
chemical reactions which take place in methane-hydrogen-air flames. Starting with a
global view on the laminar burning velocity in figure 5.8 as a function of the hydrogen
content. The data in this figure are determined using numerical calculations (GRI-
mechanism) of stoichiometric methane-hydrogen-air flames. From this figure it is pos-
sible to identify three regimes [20]. The first regime (I) occurs at low hydrogen contents,
Ry, < 50%. In this regime the laminar burning velocity increases slightly; this increase
can be seen as a linear function of the hydrogen content. The second regime (II) for
50% < Ry, < 94% a transition regime is found. Here the laminar burning velocity
increases significantly and non-linearly. At higher hydrogen contents, Ry, > 94%, the
third regime (III) is found. In this regime we have hydrogen flames with a minor amount
of methane. Here the laminar burning velocity increases sharply and is again a linear
function of the hydrogen content and therefor a linear function of methane. The two lin-
ear regimes have been widely recognised in literature [20].

In order to get insight in the reactions which play a major role in the observed regimes
a sensitivity analysis is performed using the GRI-mechanism 3.0 [97]. In particular the
influence of a certain reaction rate k; on the mass flow is determined by using:

k5 9pSt

s; = PR J €1, N (5.1)

Here s, is the relative sensitivity coefficient of the mass burning rate pS; when changing
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Figure 5.8: Laminar burning velocities of methane-hydrogen-air flames as
a function of the hydrogen content. The solid line denotes the GRI-
mechanism [97], the dashed-dotted lines are linear fits as a function of the
hydrogen content.

reaction rate k;. The elementary reaction steps with the largest sensitivity coefficients for
stoichiometric methane-hydrogen-air flames in the GRI-mechanism [97] are listed below.

OH + CO = H + CO, (5.2a)

OH + CH4 = CH;3 + H,0 (5.2b)
H+ CHy = CH; + H, (5.2¢)
H+CH;+M=CH, +M (5.2d)
H-+ 0, =0+ OH (5.2€)

H+ O, + N, = HO, + N, (5-21)
H + 0, + H,0 = HO, + H,0 (5.28)
O+H,=H+OH (5.2h)

In figure 5.9 the corresponding sensitivity coefficients of the mentioned reactions are
shown for several hydrogen contents; Ry, = 0,20,40,60,80 and 100%. In the first
regime, Ry, < 50%, the sensitivity coefficients for the presented reactions change
slightly. However, in the second regime, 50% < Ry, < 94% the sensitivity coefficients
start changing rapidly. Especially, reaction (5.2e), which drops significant. The corres-
ponding sensitivity values of this reaction are still larger than the other major elementary
reaction steps involved in the methane-hydrogen-air combustion. In this regime the im-
portance of reaction (5.2h) gradually increases. In the third regime, Ry, > 94%, the influ-
ence of reaction (5.2e) decreases sharp. The influence of the reactions (5.2a), (5.2b), (5.2¢)
and (5.2d) on the mass flow becomes negligible in this regime and in the end zero,
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OH + CO =H + CO,
OH + CH; = CH; + H,0

H + CHy = CHs + H,
H+CH;+M=CH; +M
1H+0,=0+0OH
H+0O;+ Np =HO; + Ny
H+ Oy + H,O = HO, + HyO
O+H,=H+ OH
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Figure 5.9: Sensitivity coefficients for stoichiometric methane-hydrogen-air
flames using the GRI-mechanism [97]. The hydrogen contents are Ry, =
0,20,40,60, 80 and 100%, indicated in gray colors from black to white respec-
tively.

because no carbon containing species are available. for Ry, = 100%. For stoichiometric
hydrogen-air flames the most important reactions which determine the laminar burning

velocity are (5.2e), (5.2f), (5.2g) and (5.2h).

Since reaction (5.2e) produces the largest relative sensitivity on the mass burning rate for
stoichiometric methane-hydrogen-air flames it dominates the methane conversion. This
process is well documented in literature, see e.g. [18, 87, 110]. When adding hydrogen the
overall rate of combustion accelerates due to the increasing H radical concentration [20].
This indicates that there exists a strong coupling between the laminar burning velocity
and the H radical concentration. This is recently shown by Di Sarli and Di Benedetto [20],
who found that the laminar burning velocity increase as a function of the hydrogen
content follows exactly the increase of the hydrogen radical in the mixture. In figure 5.10
this is shown using the GRI-mechanism [97]. According to Di Sarli and Di Benedetto [20]
the fast reactions in the low temperature flame region require H radicals coming by
diffusion from the flame front in the case of hydrogen-air flames. This kind of reactions
enhance the propagation velocity of the hydrogen-air flames.

Correlation for the Burning Velocity

An expression describing the influence of the added hydrogen on the burning velocity can
be useful as a design tool for analysing the behaviour of combustion equipment in the
transition phase to a hydrogen economy. Giilder [40] proposed the following expression
for methane-air flames with varying equivalence ratio

Sy = ZWnese=o", (5-3)

The values of the parameters are listed in table 5.1. Z is a parameter that is equal to 1 for
pure fuels and, in the case the fuel is a mixture, depends on its composition. However,
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Figure 5.10: Normalised laminar burning velocities and the normalised
maximum value of the hydrogen radicals as a function of the hydrogen
content for stoichiometric methane-hydrogen-air flames using the GRI-
mechanism [97]. Normalised laminar burning velocity, solid line and norma-
lised maximum hydrogen radical concentration, dashed line.

Table 5.1: Fit parameters of equations (5.3) and (5.4).

Giilder [40] Coppens [17] Present Measurements

Z 1 : i
y 1.9153 1.7395
T : 1.533 1.3694
W (cm/s) 422 39.0542 38.9542
o 0.15 —0.4333 —0.7441
¢ 5.18 6.0157 6.2401
o 1.075 1.1 1.1060
w 0.0133 0.0126

Coppens et al. [17] noticed that this correlation does not agree with the actual, more
precise, measurements of the laminar burning velocity of methane-air and methane-
hydrogen-air mixtures. A new correlation is therefore proposed by Coppens et al. [17]
which takes into account the hydrogen content in the fuel:

Sy = (1 + ’VREZ) W¢W€—C(¢—U—wRH2)2. (5.4)

In the exponent an additional term has been added by Coppens et al. to explore and
simulate the shift of the maximum of the burning velocity dependence with the hydrogen
concentration. The proposed correlation of Coppens et al. has also been fitted with
the measurements of the present work. The parameters found when using a least
square fitting procedure are listed in table 5.1. The values differ slightly from the values
determined by Coppens et al. [17]. In figure 5.11, the present correlation is plotted together
with the heat flux measurements. The correlation overestimates the flame speed observed
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Figure 5.11: Laminar burning velocities of methane-hydrogen-air mixtures;
Ru, = 0,10,20, 30 and 40%. The lines is the correlation of equation (5.4). The
circles are heat flux measurements.

for lean mixtures and rich mixtures of fuels with relatively small hydrogen concentrations.
For the highest hydrogen content Ry, = 40% the lean laminar burning velocity is
slightly underpredicted. In general the maximum difference between the measurements
and the experimental fit is less than 2.4 cm/s. Note that this value is comparable with
the differences occurring between measurements and numerical combustion reaction
mechanisms.

5.4 Methane-Hydrogen-Air Flames at Increased Unburnt
Gas Temperatures

In this section the experimentally determined laminar burning velocities of methane-
hydrogen-air flames with an increased unburnt gas temperature are compared with
numerical data. The investigated equivalence ratios (¢ = 0.8,1.0 and 1.2) and pressure
(pu = 1 atm) are equal for both experiments and numerical data. The measured hydrogen
contents are Ry, = 0,10,20 and 30%. In this section only the hydrogen contents
Ru, = 0 and 20% are used for comparison. The other measured hydrogen contents
behave similarly as the ones investigated in this section. Note that the error estimates
for investigated flames are very small and not shown in the figures, because they are
significantly smaller than the symbols used in the figures for indicating the heat flux
measurements. However, the heat flux data with error estimates are listed in appendix E.
The uncertainty in the unburnt gas temperature is taken as 1 K, see section 4.4.
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Figure 5.12: Experimentally and numerically determined laminar burning
velocities of methane-hydrogen-air flames for an equivalence ratio of 0.8;
Ru, = 0% (left) and Ry, = 20% (right). The heat flux data are denoted
with circles, GRI-mechanism [97], solid line; Leeds mechanism [53], dotted
line with square symbols; SKGo3 [96], dashed dotted line and the GDF-kin
mechanism [27], dashed line.

Temperature dependence of fuel lean flames

The laminar burning velocities as a function of the unburnt gas temperature 7;, are shown
in figure 5.12 for mixtures with equivalence ratios of ¢ = 0.8. The experimental heat
flux data are compared with combustion reaction mechanisms for hydrogen contents
of Ry, = 0 and Ry, = 20 in figures 5.12a and 5.12b respectively. The difference
between the GRI-mechanism [97] and the heat flux data is very small and even close
to or inside the error estimate of the heat flux data for both hydrogen contents. The
Leeds mechanism [53] overpredicts the laminar burning velocity with typically 2 cm/s for
both hydrogen contents. The SKGo3 mechanism [90] slightly overpredicts the laminar
burning velocity, whereas GDF-kin mechanism [27] slightly underpredicts the laminar
burning velocity. This behaviour of the combustion reaction mechanisms is consistent
with the data presented in the previous section. The increase in burning velocity as a
function of the unburnt gas temperature is slightly weaker for the mixtures with an
hydrogen content of Ry, = 0% compared to the mixtures with Ry, = 20%; being 0.20
and 0.23 cm s~ 1K~! respectively.

Temperature dependence of stoichiometric Flames

In figure 5.13 numerically and experimentally determined laminar burning velocities
as a function of the unburnt gas temperature are shown for stoichiometric mixtures.
The difference between the measurements and numerical data is small. The individual
mechanisms are difficult to distinguish and close to the experimental data. This small
discrepancy for stoichiometric flames is also found for the measurements presented in
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Figure 5.13: Experimentally and numerically determined laminar burning
velocities of stoichiometric methane-hydrogen-air flames; Ry, = 0% (left)
and Ry, = 20% (right). The heat flux data are denoted with circles, GRI-
mechanism [97], solid line; Leeds mechanism [53], dotted line with square
symbols; SKGo3 [96], dashed dotted line and the GDF-kin mechanism [27],
dashed line.

the previous section. The increase in burning velocity as a function of the unburnt gas
temperature for these stoichiometric flames is also slightly smaller for mixtures with an
hydrogen content of Ry, = 0% compared to mixtures with Ry, = 20%; being 0.25 and
0.28 cm s~'K~! respectively.

Temperature dependence of fuel rich flames

The temperature dependence of the laminar burning velocities of fuel rich methane-
hydrogen-air mixtures (¢ = 1.2) is shown in figure 5.14. The results of the Leeds
mechanism are for both hydrogen contents Ry, = 0% and Ry, = 20% lower than
the experimental heat flux data, ~ 4 cm/s. The difference between measurements
and the other combustion reaction mechanisms is significantly smaller. The GDF-kin
mechanism [27] slightly overpredicts (= 1 cm/s) the laminar burning velocity. The diffe-
rence between the GRI-mechanism [97] and the SKGo3 mechanism [96] is difficult to
distinguish. These latter two mechanisms are just below the experimental data, although
outside the error estimate of the heat flux results. For these mixtures the laminar burning
velocity increases with 0.24 and 0.25 cm s7'K™! for Ry, = 0% and Ry, = 20% respec-
tively.

5.4.1 Discussion

Generally the mechanisms predict the laminar burning velocity increase as a function
of the unburnt gas temperature quite well. The typical difference between experiments
and numerical data at 7}, = 298 K occur also at higher unburnt gas temperatures. This
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Figure 5.14: Experimentally and numerically determined laminar burning
velocities of methane-hydrogen-air flames for an equivalence ratio of 1.2;
Ru, = 0% (left) and Ry, = 20% (right). The heat flux data are denoted
with circles, GRI-mechanism [97], solid line; Leeds mechanism [53], dotted
line with square symbols; SKGo3 [96], dashed dotted line and the GDF-kin
mechanism [27], dashed line.

is consistent for all equivalence ratios and hydrogen contents. The difference between
experiments and numerical results is relatively small for stoichiometric flames. This is
consistent with the methane-hydrogen-air results at ambient conditions where a relatively
small difference between numerical and experimental data occurs close to stoichiometric
conditions. Generally the difference between experiments and the numerically deter-
mined burning velocities using the GRI mechanism [97] is small, for fuel lean flames
and stoichiometric flames almost everywhere inside the error estimate. For fuel lean and
fuel rich flames the difference between experimental data and numerical data of the other
mechanisms is slightly larger.

Correlation for the Burning Velocity as a function of the unburnt temperature

Experimental results of the laminar burning velocity as a function of the unburnt
gas temperature are usually expressed as simple polynomial functions. Metghalchi and
Keck [76] proposed the following relation:

TN (pa)”
Sy = S1p (?0) (%) , (5-5)

with 7p = 293 K and py = 1 atm. The temperature dependent burning velocities
of atmospheric methane-hydrogen-air flames of the experimental and numerical data
presented in this section have been used to determine ar. In table 5.2 this coefficient
is listed for two hydrogen contents Ry, = 0% and 20% and three equivalence ratios. Also
listed in table 5.2 is the experimentally determined a1 of Gu et al. [39]. For stoichiometric
flames the coefficient at is lower compared to the fuel lean and fuel rich flames.
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Table 5.2: Temperature coefficient at of equation (5.5) for experimental and
numerical data.

Ru,=0% Ru,=20%

Data $=080 6=1.00 ¢=120 =080 ¢=1.00 &=1.20
Heat flux 1.87 1.65 1.78 1.83 1.61 1.69
GRI-mech3.o[g7] 1.84 1.69 1.78 1.84 1.64 1.76
Leeds [53] 1.85 1.71 1.94 1.85 1.70 1.88
GDF-kin [27] 1.88 - 1.71 - 1.68 1.69
SKGo3 [90] - 1.65 - 1.84 1.65 1.67
Guetal. [39] 2.11 1.61 2.00 - - -

This is consistent for the experimental as well as the numerical results. The Leeds
mechanism [53] has a slightly higher temperature coefficient for fuel rich mixtures
compared to the other data. The difference in temperature coefficient between the other
mechanisms and the heat flux data is relatively small. The experimental data of Gu [39]
show significantly larger values for fuel lean flames and fuel rich flames compared to the
heat flux data. This is probably due to the large scatter in experimental results presented
by Gu et al. which is already recognised in the previous chapter (see figure 4.16). The
heat flux data and numerically determined ot decrease slightly with increasing hydrogen
content.

5.5 Summary

The comparison between the experimental heat flux data and the numerical data in this
chapter gives a good overview of the performance of recent combustion mechanisms
concerning the laminar burning velocities for the investigated parameter range.

The first set of experimentally determined burning velocities consisting of hydrogen-
oxygen-nitrogen flames are compared with hydrogen based combustion reaction
mechanisms as well as methane based mechanisms. The hydrogen based mechanisms
perform quite well for the highly diluted mixtures with nitrogen. The maximum burning
velocity for Ro, = 7.7% is slightly underpredicted. Overall the performance of the
hydrogen based Konnov mechanism [61] is quite good. Compared to the other methane
based mechanisms the performance of the SKGo3 mechanism [96] for these highly
diluted flames is very well, even the difference with the hydrogen based mechanisms
is not that large sometimes even better. The GRI-mechanism [97] shows significant
differences compared to the heat flux data for these hydrogen-oxygen-nitrogen flames
highly diluted with nitrogen.

The methane based mechanisms are also used to compare the laminar burning velocities
of methane-hydrogen-air flames as a function of equivalence ratio and hydrogen content
with experimentally determined heat flux data. This second set of data at ambient con-
ditions shows that the SKGo3 mechanism [96] performs very well for the investigated
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parameter range. Also the GRI-mechanism [97] gives good results, it only deviates notably
from the experimental data for higher hydrogen contents.

The laminar burning velocity results using the GRI-mechanism [97] for methane-
hydrogen-air mixtures at increased unburnt gas temperatures are for the measured range
close to the experimental data. In the case of the SKGo3 mechanism [90] the diffe-
rences between experiments and numerical data are slightly larger for fuel lean and fuel
rich flames. For stoichiometric flames the differences between the heat flux data and
the numerical data determined with the GRI-mechanism and SKGo3 mechanism are
small.



Asymptotic Theory for Stoichiometric
Methane-Hydrogen-Air Flames

An asymptotic theory for stoichiometric methane-hydrogen-air flames

is presented in this chapter. To that end the theory of Peters and
Williams [82] for methane-air flames is adapted for methane-hydrogen-
air flames. Understanding of the structure is used to identify appro-
priate assumptions that in the end lead to results for basic flame proper-
ties. First the methane-hydrogen-air theory will be derived followed by
an analysis of the effect of hydrogen addition on the flame structure,
as predicted by the asymptotic theory. Finally, this chapter ends with a
comparison of the laminar burning velocity results from the asymptotic
theory with experiments and numerical simulations.

6.1 Introduction

In this chapter, the basic phenomena explaining the flame structure and propagation
velocity of stoichiometric methane-hydrogen-air flames are analysed. Certainly detailed
numerical simulations using full chemistry can be used to determine basic flame proper-
ties, e.g. burning velocity, species concentrations. However, due to the huge amount of
information delivered by these mechanisms it is difficult to get a basic understanding of
the fundamental parameters that influence the flame. Another option to analyse these
fundamental parameters is by using asymptotic theory. This kind of approach provides
the basis to analyse the basic phenomena explaining the flame structure, which makes
use of reduced kinetic mechanisms. The resulting models derived in literature and used
for asymptotic analysis range from one-step to four-step mechanisms. By increasing the
number of reaction steps in the model generally the level of complexity and accuracy
of the model increases. Starting with simple one-step chemistry and using an asymp-
totic analysis of the flame structure. It is commonly based on Arrhenius approximations
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with a scaled activation energy treated as a large parameter (Zel'dovich number) [113].
This kind of analysis is also termed as activation-energy asymptotics (AEA). This ap-
proach requires knowledge of overall rate parameters, e.g. activation energy itself. For
most flames, these parameters are taken as complex fits [72] over a limited range of
conditions [114]. Another approach in describing the asymptotic structure of flames and
is known as rate-ratio asymptotics (RRA). The basic flames properties derived by rate-
ratio asymptotics give only qualitative results but the understanding of the investigated
flames is improved [114]. Applying asymptotic analysis with multiple reactions, e.g. two-
step chemistry, more and more basic chemical parameters are being retained [82] and
resulting accuracy of the equations describing flame properties like the laminar burning
velocity increases. Applying asymptotic analysis to three or four-step mechanisms to de-
rive basic flame properties gives already good agreement [114]. However, it turns out that
the asymptotic analysis is becoming rather complex due to the large number of para-
meters that are involved in this kind of analysis.

Several asymptotic models are available in literature not only for methane-air or higher
hydrocarbon flames [84, 91, 92] but also for hydrogen-air flames [94]. Most asymptotic
theories available in literature describe the combustion of a single fuel, rather than fuel
mixtures. The analysis of methane-hydrogen-air flames described in this chapter is based
on the asymptotic theory of Peters and Williams [82] which is adapted from stoichiometric
methane-air flames. The derivation of the theory is similar as the one introduced by Peters
and Williams [82]. The most important difference is the scaling procedure associated with
addition of hydrogen at the unburnt side. The relations found in the present theory will
be compared with the original theory for the pure methane situation. The original version
has proved to be successful in describing qualitatively the dependence of the burning
velocity on pressure and preheating of the mixture [82]. Later extensions of the asymptotic
theory of Peters and Williams make the results more quantitative, e.g. [91,93]. The present
analysis is based on the leading-order formulation of the methane-air theory, which is
discussed in detail by Peters [80].

Reaction Mechanism Reduction

The analysis of Peters and Williams [8o, 82] starts with the skeletal mechanism of
Smooke [98]. This combustion reaction mechanism with its species involved, reactions,
reaction rates, pre-exponential factors, temperature dependence and species efficiency is
listed in Appendix A. It is suitable for lean and stoichiometric methane-air flames [98].
It is not developed for rich flames because this reaction mechanism does not include
the path to higher hydrocarbons; it considers only C1 chemistry. Since the asymptotic
theory presented here only involves stoichiometric methane-hydrogen-air flames, this
mechanism is also a proper starting point, as it contains also the sub-mechanism for
hydrogen-air combustion. First, Peters derived the well-known four-step mechanism [79],
which is subsequently reduced to a three-step mechanism by taking H-radicals in steady-
state. The resulting global reactions are

I CH4+02HCO+H20+H2,
11 CO + H,0 = CO, + Hy,
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Figure 6.1: Schematic representation of the structure of a stoichiometric
methane-air flame as a function of the coordinate x. Left figure: species concen-
trations. Right figure: species source terms and temperature. According to the
asymptotic theory of Peters and Williams [82] the flame is divided into three
layers, A) preheat zone, B) inner layer and C) oxidation layer.

In the present analysis the assumption is made that the amount of hydrogen in the fuel
is relative low, so that the same equilibrium assumptions can be made as for stoichio-
metric methane-air flames. Hence, the same reduced four- and three-step mechanisms
are also valid for methane-hydrogen-air mixtures'. In the classical work of Peters and
Williams [80, 82] the next step is to reduce this three-step mechanism to an effective two-
step mechanism. As will be shown in section 6.1.2 this reduction is done by assuming
partial equilibrium of the water-gas-shift reaction (reaction II). This two-step mechanism
is used to describe the basic structure of a methane-air flame. The identified structure
relies entirely on the competition between rate coefficients since the relevant activation
energies are of only moderate magnitude [82]. The basic structure derived is shown
in figure 6.1. This schematic representation of a stoichiometric methane-air flame is
the result of the analysis of Peters and Williams [82]. Due to the approximations made
when deriving the two step mechanism, the derived structure resembles only globally the
result of a detailed simulation. A simulation with the Smooke mechanism [98] shown
in figure 6.2, gives a detailed analysis of the flame front.

According to Peters and Williams [82] the stoichiometric methane-air flame consists out
of a chemically inert preheat zone followed by a thin inner layer where fuel is consumed
and hydrogen and carbon monoxide are produced. Downstream from this inner layer
there is a broader but still thin layer where the hydrogen and carbon monoxide oxidation
takes place. This is called the oxidation layer.

In this chapter it is shown that a premixed methane-hydrogen-air flame generally behaves

1. The reader is referred to the work of Peters and Williams [80, 82] for an elaborated discussion on the
derivation of the reduced four-step and three-step mechanism.
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Figure 6.2: Left figure: Methane, hydrogen and carbon monoxide species
concentrations profiles of a stoichiometric methane-air flames determined with
the Smooke mechanism [98]. Right figure: the source therms of the same
species and additionally the temperature profile.

as a methane-air flame in the sense that the methane is first converted into hydrogen and
carbon monoxide in the inner layer, while these species are oxidised in the oxidation layer.
The extra amount of hydrogen in the unburnt mixture survives the inner layer, where
more of it is produced from the methane part. This was to be expected because the weaker
C-H bonds in methane break-up at lower temperatures than the stronger H-H bonds
in molecular hydrogen. The production rate of molecular hydrogen in the inner layer
decreases in comparison with a pure methane flame, because less methane is available
to break-up. Now the hydrogen formation by this methane break-up, although in smaller
amounts, together with the hydrogen which is already available at the unburnt mixture
causes this increase of hydrogen at the inner layer. This induces a change in the inner
layer temperature, the adiabatic flame temperature and the laminar burning velocity.
Analytical expressions describing these changes in inner layer temperature, adiabatic
flame temperature and the resulting laminar burning velocity for increasing hydrogen
contents are derived in this chapter.

The expressions derived here for premixed combustion of stoichiometric methane-
hydrogen-air mixtures is studied as a function of the parameter £, which is defined as

(6.2)

being is the molar ratio of hydrogen and methane in the fuel. For studies of hydrogen
addition on a mass basis, £ has to be scaled with the ratio of molar masses, i.e. with a value
~ 2/16. Furthermore, for stoichiometric mixtures the global reaction may be written as
follows
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For complete combustion 2 + £/2 moles of oxygen are used to burn the fuel instead
of 2 moles for a pure methane flame. Hence, more oxygen is needed for complete
combustion

The next section is divided into three main parts. In the first part the conservation equa-
tions which have been introduced in section 2.1.1 are written in a non-dimensionalised
form. This is followed by a subsection where the three-step mechanism presented above,
and reduced to an effective two-step mechanism. In the remaining section this two-step
mechanism, which separates the flame in three layers, is being analysed.

6.1.1 Non-dimensionalised Conservation Equations

In this section the conservation equations are simplified and finally written in non-
dimensionalised form. A similar non-dimensionalisation of the species balance equa-
tions has been applied as Peters and Williams [80, 82]. Here the variables are non-
dimensionalised with respect to the pure methane situation ¢ = 0. To emphasis the diffe-
rence with the present theory: they non-dimensionalised with respect to the fuel. Instead
of conservation equations written in terms of complex diffusion models, see section 2.1.1,
the constant Lewis number approximation is used. The Lewis numbers describing species
diffusion, are defined as the ratio of thermal diffusivity to species diffusivity. This gives
for each species,
Ag
Le; puco D (6.4)
where p, is the unburnt density of the gas mixture, )\, the thermal conductivity, ¢, the
mean specific heat and the diffusion coefficient D;,,, which describes the diffusion of
species i with respect to the mixture. The relation \,/c, for hydrocarbon-air combustion
can be approximated according to Smooke [98] by:

A

g 3 T 0.69
Y _ 958 % 10 .
=258 10 (Tref) , (6.5)

where T7f is 298 K.

Now, the steady 1D conservation equation (2.4) of the chemical species ¢, where u equals
the laminar burning velocity S;, for the three step mechanism can be expressed as:

puSL—Z

(’9Y~_ 1 g g@Yi
Or  Le; Ox

Ny
) = M; Y (vl —vig)ry, i€ [1, N, (6.6)
j=1

Cp ox

where x is the spatial coordinate and N, the number of reactions involved, which are the
reactions indicated with I, IT and III and the number of species involved are N, = 6,
see equation (6.3). Similar, the steady 1D energy equation (2.3) presented here in terms
of temperature can be written as:

or 0 (AOT 1 X
/)uSL% ~ (C—p%) = C—P;Qy"”j (6.7)

with (), the heat of reaction and r; is the reaction rate of reaction j.
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A spatial non-dimensionalisation is applied to equations (6.6) and (6.7), using the
parameter y, which refers to the spatial coordinate in terms of the flame thickness. This
non-dimensional coordinate y is defined as,

Y= puSt / <§—P> dz, (6.8)

0 g

and y = 0 is taken to coincide with the location of the centre of the inner layer. In the
present analysis, the flame thickness is considered as a diffusion length scale by assuming
that the preheat zone is chemically inert. Hence, according to Gottgens et al. [38] the flame
thickness is given by

J Ag/Cp
;=

) 6.
St (6.9)

where \g/c, is evaluated at the inner layer. The variables Y;, @;, T occurring in the species
balance equation (6.6) and energy equation (6.7) are non-dimensionalised by referring
the variables to the pure methane situation. The scaled temperature, is given by

T8¢
Tfu c5(t) dt

r=l (6.10)

where ¢, (1) is the temperature-dependent specific heat of the burnt gases and 7}q4 is the
adiabatic flame temperature. The superscript 0 indicates that the variable is determined
at the pure methane situation whereas the superscript ¢ indicates that the variable is
determined at a certain hydrogen content . This equation for 7 is a function of z, because
T* is a function of z. This scaled temperature 7 is a measure for the relative temperature
increase of the flame compared to the methane-air flame. The scaled heat of reaction is
given by
0
QY |
Q= ﬁ / A(t) dt (6.11)
where (), is the unscaled heat of reaction j. The non-dimensionalised mass fractions now
become
X¢ Y; My, X!

I 7 o o 7
X, = e NTA and z; = To (6.12)
CHy,u CH,,ut"i €

where Y; and M,, are the unscaled mass fractions and molar masses respectively. Note
that X! in the remaining part of this chapter is not the commonly used molar fraction
but the scaled mole fraction. Furthermore, it is important to realise that the fuel mass
fraction of a stoichiometric methane-air mixture without hydrogen, is Y&, , = 0.055,
are used in the scaling procedure presented in equations (6.10) and (6.12). Scaling with
the pure methane mass fraction is convenient because it allows for a direct comparison
of methane-hydrogen-air flames with pure methane-air flames. Equation (6.12) together
with equation (6.3) are used to determine X(,, , and Xj;, , which will be used frequently
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in this chapter:

, B 2 B 1
Xeru = 246/2  14¢€/4
, &
Xipu = 15 e/a (6.13)

Note that the ratio of Xj; , and X¢y, , is equal to £ and for pure methane flames { = 0
and X(y, , = 1 as it should be according to equation (6.2).

Several variables have been scaled and non-dimensionalised above. The energy and
species balance equations remain to be non-dimensionalised. These equations can be
written in terms of 1D steady transport operators,
d & d &
Li=Lej— — —, Lr=—— +, 6.

‘ dy dy? dy dy? (6-14)
with £; and £, the transport operators for respectively species and temperature. Using
the species transport operators, gives for the species balance equation (6.6) the following
non-dimensionalised relations:

dl’i dzl‘i N
Lz’ (.T}Z) = Leld—y - dy2 - z:; Vijwy, (615)

where the reaction rates are non-dimensionalised according to,

o )\gMCH4Tj 6.16
wj = y0 2G2° (6.16)
CP CH4,upu L
Similar, by writing the temperature balance equation (6.7) in a non-dimensionalised form
by using the temperature operator results in:

N,
Lo(1) = Qjw; (6.17)
=1

The three step mechanism presented in equation (6.1) together with the non-
dimensionalised conservation equations of this three step mechanism shown
in equation (6.15) and (6.17) results in the following balance equations

Lch, ($CH4) = —wrp
Lo, (T0,) = —wr — wiy
L, (7n,) = wr + wip — 2wy
ﬁco(fcco) = W — Wi
Li,0(2H,0) = w; — wy + 2wy
Lco, ($c02) = Wi
L(1) = Qi + Quuwn + Qpywi. (6.18)

These non-dimensionalised equations and variables, presented in equations (6.8),
(6.10) - (6.12), (6.16) and (6.18) are used in the remaining part of this chapter to analyse
the flame structure of methane-hydrogen-air flames. However, before the flame structure
can be analysed the three step mechanism in equation (6.1) is further reduced to an effec-
tive two-step mechanism.
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6.1.2 Two-step Mechanism

The set of related conservation equations is reduced to a two-step system by using steady-
state assumptions for reacting species with the smallest chemical time scales. If the
amount of hydrogen in the fuel is not too large, identical equilibrium assumptions can
be introduced as in the pure methane case and the same two-step mechanism is valid
for methane-hydrogen-air mixtures. When a Damkohler number, Da, is sufficiently large
(fast chemistry), which happens for instance with reaction II, then this reaction can be
written as (either X or X; can be used),

Xco,Xn, = Ku(T) Xm0Xco, (6.19)

where Ki(T) is the equilibrium constant of this reaction. In the derivation of the two-step
mechanism, one fixes the ratio « of the mole fractions of carbon monoxide and hydrogen
in the reaction zone. This ratio is related to the water-gas-shift equilibrium of reaction II
in the reaction layer according to

Tco = QTy,. (6.20)

Hence, equation (6.19) can be written as,
_ LeHZXCOZ
LecoXn,oKu(T)

Throughout the reaction zones the ratio of water and carbon dioxide typically differs little
from its value at downstream infinity [82], as a result o can be seen as a function of
temperature only. By pretending that « is constant, which is one of the assumptions made
in figure 6.1a, a further approximation of the flame structure can be achieved; the tempe-
rature 7" and X; in equation (6.21) are taken at the inner layer. By introducing «, the
reaction rate wy; can be eliminated from the conservation equations. From the conser-
vation equations of the three step mechanism presented in equation (6.15) and (6.17) the
following relations are found, When combining the balance equations of hydrogen, water
and carbon dioxide with that of carbon monoxide:

(6.21)

Leu,(Tcn,) = —wi (6.22a)

Lo,(wo,) = —wr — wm (6.22b)

Ly, (zn,) + Leo(zco) = 2w — 2w (6.22¢)
Lu,0(71,0) — Lco(Tco) = 2w (6.22d)
Lco,(wco,) + Leo(Tco) = wi (6.22€)

L (1) = QuLlu,(zn,) = (Q — Qn) wr + (Quy + 2QY) win. (6.22f)

None of the given coupling equations above rely anymore on the reaction rate wy; of the
water-gas-shift reaction. Inserting equation (6.20) in equation (6.22c) together with the
1D transport operator of equation (6.14) gives:

Leco d d?
(1 + aLeH2> LeHZd—yx —14+a)-— a S TH, = 2wy — 2wy (6.23)

The convective terms in the reaction layers are small in comparison with the diffusion
terms [82], so that equation (6.23) can be approximated by

(1 -+ (I)LHZ(ZL‘HZ) =~ 2w1 — ZUJIH. (62.4)
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As a consequence this equation can be seen as the conservation equation for hydrogen.
The remaining relations which express the conservation of species and temperature,
follow from the linear combinations of equation (6.22):

Lew, (Tcn,) = —wr (6.25a)
Lo,(0,) = —wr — wi (6.25b)
L, (21,) = 1 i i i Wi (6.25¢)
Lco(Tco) = 12faw1 - 12+aawm (6.25d)

Li,0(TH,0) = 124?04101 + 3 i p (6.25€)

Lco,(rco,) = 1 :LZ’LUI + 12fawm. (6.25f)

These balance equations correspond to a two-step stoichiometric methane-air reaction
mechanism represented by the following reactions:

I CHy+O0; = 75 (Hy +aCO) + £ HyO + 72 COy,
1T 0z + 72 (H2 + aCO) ¥ 12 H,0 + 22 CO,. (6.26)

Here the first reaction with the reaction rate wy is the source of the inner layer, where
methane is converted into a mixture of carbon monoxide and hydrogen. The second
reaction denoted with III and the reaction rate wy; is the the source of the oxidation
layer. In this layer carbon monoxide and hydrogen are converted into products which are
assumed to be only carbon dioxide and water for stoichiometric mixtures. The mixture of
carbon monoxide and hydrogen can be seen as a kind of intermediate species which is
formed in reaction I and consumed in reaction I1I. Instead of considering the mole based
ratio, in equation (6.20) one can also set the ratio’s of reaction rates of carbon monoxide
and hydrogen to « as well. This holds for a methane-air flame in the complete reaction
zone. Indeed from equation (6.206) it is seen that o« = Zi—i‘z’ and additionally o = %&j
well. | |
Now, in the case of methane-hydrogen-air flames the ratio between carbon monoxide and
hydrogen in the unburnt mixture cannot be equal to & anymore, because hydrogen is
already present there while carbon monoxide is absent. This gives also a different ratio of
production rates of w; co and wy y, in the inner layer by reaction I, because less hydrogen
is formed due to a smaller amount of methane. The ratio between carbon monoxide and
hydrogen production rates in the inner layer is now defined as:
Wr,co

3 - (6-27)
In the oxidation layer corresponding to reaction III hydrogen and carbon monoxide are
consumed and vanish both in the burnt gases. The ratio between them in this layer
is constant although not equal to the pure methane situation since more hydrogen is
produced in the inner layer. As zco = axy, should hold in the oxidation layer, we must
have that Wii,co = QWL H,-
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Summarising, we now find wy co = Swy p, and wi co = awi p,. Using this parameter [
in the transport equations (6.18) gives for a methane-hydrogen-air mixture the following
transport equations:

Lcp,(xch,) = —wy (6.28a)
Lo,(zo,) = —wi — wi (6.28D)
Ly, (21,) = 1 i U i W (6.28¢)
Leolireo) = Ty Ju - 2y (6.284)

Li,o(rm,0) = 12+ﬁ6 1 i W (6.28¢)

Lco,(zco,) = ! _ﬁ 20 Wiy (6.28f)

1—1—5 1+a

The derivation of this set of transport equations is analogous to equation (6.25). Note that
for a pure methane flame 3 should be equal to « again, indicating that 3 is a function of
the unburnt mixture condition. An important question is how (3 is related to « for a given
mixture composition.

Coupling between « and (3

The coupling between [ in the inner layer and « in the oxidation layer can be answered
in two different ways. One way is to integrate the transport equations (6.28) over
the complete flame structure. More specifically, integrating equations (6.28a), (6.28c)
and (6.28d) for methane, hydrogen and carbon monoxide gives

o0

—L€CH4SUCH4,u = — / wl(y) dy,

2 o0
—L€H2$H2,u = ?_/ ( dy — —— / wHI dy,
28 T 2 -
0= %_w wi(y) dy — 1 fa_lo win(y) dy, (6.29)

where the boundary conditions in the (un)burnt mixture are used. Assuming that carbon
monoxide vanishes, while hydrogen does not in the unburnt mixture, the solution of this
equation is

2 - X u X [ u

(B—a) _ X _ hy ¢ (6.30)

a(l+8)  Xemyu  Xcnyu
Another way to relate § to « is to derive the global reactions corresponding
to equation (6.28) given by,

I CHy+0; % 25 (Hy + SCO) + £5 Hy0 +
111 O; + 12 (Hy +aCO) =¥ 2= Hy,O +

75 5 COs,
C02 (631)

+ l+a
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0.4

Figure 6.3: The ratio of the reaction rates of carbon monoxide and hydrogen
for reactions I and III, defined by w; co = fwrn, and wyco = awnrn, as a
function of £. The ratio’s are determined by equations (6.33), (6.21) and (6.63).
The dashed line denotes «, and the solid line denotes (.

In the global reaction of a stoichiometric methane-hydrogen-air mixture,
see equation (6.3), carbon monoxide does not occur, so the second equation has to

be multiplied with g 812‘; and added to the first:

B +a) ) 0, + 20 =)y 20049 6o, (632)

CH“(HQ(H@ T eqdE s 2T Al 9y

which should be equal to the global reaction in equation (6.3). This is only true
if equation (6.30) holds. Hence, equation (6.30) determines the ratio of production rates

in the inner layer:
B 1+¢/2

Note however that the equilibrium of water and carbon dioxide in the flame indicated
with « is also a function of £. To solve equation (6.33), a as a function of ¢ needs
to be determined. This is done by solving equation (6.21) at the inner layer, with the
temperature at inner layer determined by equation (6.63), which will be introduced later.
In figure 6.3 both a and [ are plotted as a function of the hydrogen content given
by equation (6.33). For £ = 0 the pure methane relation is retrieved which means that
B = a ~ 0.41. With increasing hydrogen content « is decreasing mainly because of the
significant decrease in inner layer temperature, whereas (3 is increasing moderately and
almost linearly with increasing €.

Coupling relations between concentrations and temperature

The next step is to look at the coupling relations between the scalar variables x; and the
scaled temperature 7. Since we only have two different source terms w; and wy;; while
there are 7 unknowns (z; and 7), it is needed to derive 5 coupling relations between the
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unknowns with a zero source from equation (6.28). The transport equation for 7 now
becomes:

o / (1 _ B) '\ w / 2a ') w
L(1)= (QI + 7(1 ¥ 5) QII) 1+ <QIII + 7(1 T a) QII) I, (6.34)

where @), Q}; and Q) are the heats of reaction of global reactions I, IT and III relative to
the heat of reaction () of the total global methane-air reaction. Although, reaction II, has
been eliminated above its heat of reaction is still appearing in equation (6.34). Peters and
Williams observed that ¢y, = Q};;/2 = 0.3116 and gco = (Q};;/2 + Q) = 0.3479. Using

this, equation (6.34) can be written in terms of the sources of methane and hydrogen,
which then gives together with equations (6.22a) and (6.22c¢):

L (1) + (1 = &gco) Len, (zen,) + (gn, + ageo) L, (TH,) = 0. (6.35)

This still holds for methane-hydrogen-air flames due to the scaling with methane-air
situation, equation (6.10), and this scaling also leads to Q] + Q}; + Qj;; = 1 as in the case
without hydrogen. The numerical values of ¢y, and gco are sufficiently close together
that they can be replaced by their mean, ¢ = 0.33, as a first approximation [82]. Other
combinations of equation (6.22) lead to the following coupling relations:

Lco(rco) + L, (Th,) + 4Lcn, (ven,) — 2Lo,(70,) =0
L, (7n,) + 2Len, (zcn,) + Lio(THy,0) =0
Lco(zco) + Len,(wen,) + Lo, (Tco,) =0 (6.36)

Note that the following relation is found between hydrogen, carbon monoxide and
methane when using equations (6.24), equations (6.28c), equations (6.28d) and equa-
tions (6.30):

Lco(rco) — oLy, (7n,) + @& Len,(rcn,) = 0. (6.37)

If ¢ = 0 is inserted in the equation (6.35) and equation (6.37), the coupling relations for
pure methane as found by Peters and Williams are recovered.

The scaled adiabatic flame temperature 7 is now found by integrating equation (6.35) over
the flame and using equation (6.13)

T = (1 - £QCOa)XéH4,u + (qHZ + anO>XI/—12,u

1
= (14 @,§) Xep, 0 ~ ( 1++q§H/24€> |

(6.38)

Since ¢y, = 0.3116, this equation indicates that 7 increases slowly with increasing &.

Summarising, the balance equations have been non-dimensionalised in this section.
The difference compared to the asymptotic theory of Peters and Williams [82] is
the scaling with the pure methane situation. Furthermore, the three-step mechanism
in equation (6.1) is reduced to a two-step mechanism, resulting in equation (6.31) The
only difference of this two-step mechanism compared to the pure methane mechanism
of Peters and Williams shown in equation (6.20) is that 3 instead of «v is used in reaction I.
The rates of these reactions are still the same as in the reactions I and III in the four and
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three-step mechanism. According to Peters [80] the (unscaled) reaction rates are given
by

r = kllXCH4XHa

ko Xu 1
= ?SX—HZ (XCOXHZO - K—HXCOZXHZ) s
rin = ks Xuzo,Xmr = phinXo,Xu, (6.39)
where kyj; = 1.6ks/ RT. The concentration of H can be written as [80]

1/2
o (KIVXOZXEIz) (1 . kllXCH4)l/2 (6 40)

X =
i X0 ky

which is found by assuming steady state of the H radical when reducing the four-step
mechanism of Peters and Williams to the three-step mechanism given in equation (6.1).
Note that reaction III with the rate ryj; introduces the pressure dependence in the system
of equations and will in the end determine the pressure dependence of the burning
velocity.

6.2 Analysis of the Asymptotic Structure of Methane-
Hydrogen-Air Flames

In this section the flame structure of methane-hydrogen-air flames is analysed by using
the two-step mechanism shown in equation (6.31). The resulting flame structure of this
two-step mechanism is shown in figure 6.4 and contains three layers similarly as in the
theory of Peters and Williams:

o a chemical inert preheat zone of O(1) upstream,

o a thin inner layer of O(¢) in which fuel is consumed by wy,

o a thin oxidation layer of O(¢) in which water and carbon dioxide are produced by
wir-

By applying matched asymptotic analysis these three layers are coupled at the boundaries.
The resulting analytic expressions, among them an implicit relation for the laminar
burning velocity, give information concerning the basic flame structure. First the inner
layer is analysed followed by the oxidation layer. Next a relation for inner layer temperature
is retrieved and finally an equation for the laminar burning velocity is presented. In
section 6.3 the relations found in this section are used to analyse the behaviour of
hydrogen addition to a methane-air mixture. Note that in the remaining part of this
chapter the following notation is used for subscripts and superscripts: the quantities
determined at the inner layer are denoted with the subscript 0, the quantities which
are a function of the hydrogen content are denoted with a superscript £, the quantities
without hydrogen are denotes with a superscript 0. Finally the symbols denoted with
a tilde are the quantities which are defined relative to the pure methane situation, e.g.
T = de/ T
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Figure 6.4: Schematic representation of the structure of a stoichiometric
methane-hydrogen-air flame. The flame is divided into three layers, A) preheat
zone, B) inner layer and C) oxidation layer.

Inner Layer

The procedure to analyse the inner layer is exactly the same as performed by Peters
and Williams. Although in the present analysis the resulting boundary conditions will
be different. In this layer all concentrations are assumed to be constant [82], except that
of fuel which is being depleted. From equations (6.39) and (6.40) and using the scaled
reaction rate of equations (6.10) gives,

$CH4)1/2 (6 41)

wp = DG,IZECH4 (1 - S

Here, the Damkohler number for reaction I, Day, is used. This is the ratio between
diffusion and chemical time scales, and for the inner layer this is given by

1
D(I[ 1 Yé)H‘lvu ()‘g (KIVX(I)ZXI/‘%Z)Z

= — L k11 (To). 6.
A Maw, \ & KXo )O cen 10 (642

Also in equation (6.41) the inner layer thickness is introduced which is defined as,

k1(To) X 6,0

0 = ——— 2 6.
k11(Ty) Lecn, (0-43)

This small parameter 0 is the ratio of the rate coefficients of reaction 1 and 11. Since
reaction rate k; is typically smaller than ky; and X, in the inner layer smaller than unity,
this results in an inner layer thickness 6 ~ 0.1 which is small enough for asymptotic
expansion. Figure 6.4 shows that the methane mole fraction in the preheat zone decreases
rapidly, and the methane concentration in the inner layer is of O(J) and one may
introduce the scaling

Z = and (= % (6.44)
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Combining this with equation (6.28a) and dropping the smaller convective term leads to
a differential equation that governs the structure of the inner layer,

d*z

ac §*Dayz'vV1 — 2. (6.45)

Since reaction I is irreversible, and methane and oxygen are depleted far downstream for
stoichiometric flames, the downstream boundary condition of equation (6.45) yields:

(— 400 : Z=0 and i—izO. (6.46)

The matching with the preheat zone should give the second boundary condition. This
upstream boundary condition should be able to reflect the change in methane when

adding hydrogen to the unburnt mixture. The preheat zone methane concentration can
be written as,

XéH4 = XéH4,u (1 —exp(Lec,y)) - (6.47)

. . dXéH /
Now, using the expansion —+* = —Lecy,X¢cy, around y = 0, together

with equation (6.44), results in the following upstream boundary condition for inner
layer,

dz
¢—0 = a = —Xeuu (6-48)
Note that this boundary condition is varying with hydrogen content, because the unburnt
methane concentration, X(y,, , is decreasing with increasing hydrogen content. Integra-
ting equation (6.45) and using the boundary conditions presented in equations (6.40)

and (6.48), leads to

15
0°Day = §X(/32H4,u' (6-49)

This equation together with equation (6.42) could be used to determine the burning
velocity if the inner layer temperature 7j and all the other properties which have to be
determined at the inner layer were known. In order to determine these properties also
the structure of the oxidation layer should be resolved as is accomplished in the next
subsection.

Oxidation Layer

The procedure to analyse the oxidation layer structure is again similar as in the theory of
Peters and Williams. Also here, the boundary conditions of the oxidation layer changes,
due to the added hydrogen to the unburnt mixture. Since most chemical activity in the
oxidation layer takes place close to the inner layer, all properties are evaluated at y = 0. In
the oxidation layer the fuel is depleted and w; = 0 and equations (6.24) and (6.35) can be
written as

(1 + OZ)EHZ (ZL‘HZ) = 2w (6503)
L:(7) +q(1+ @)Ly, (zn,) =0 (6.50b)
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by assuming qu, & gco ~ ¢. The stretchings

2qy = en, q(1+ a)zy, = ez, To, = €20,,
x; =x;p — €z with i = H,0,CO,,
T=1—¢t (6.51)

are introduced with e the oxidation layer thickness which is assumed to be a small para-
meter. Integrating equations (6.36) and (6.50b) and using matching boundary conditions
that the values and gradients of the quantities zy,, 2co, 21,0, 2co, and ¢ vanish at n — oc.
This leads to the following relations as a first approximation

z
t= Z, ZOZ - 2_qu
z az
- -0z 6.
“Hz0 (1+a)q’ “co, (1+a)q (6:52)

Now, only equation (6.50a) remains to be solved in the oxidation layer. The source
terms appearing in equation (6.22c¢) can be written in terms of the stretchings, shown
in equation (6.51), by using equations (6.39), (6.12), and (6.16), which gives for reaction
I11,

wyr = 2qDae 2, (6.53)

with the relevant Damkaohler number for this reaction given by the expression:

NI=

Dary — 1 Yé)H4,u (ﬁ KIVL6302L€%—IZ> kspkmi (1) . (6.54)
PESE Mcu, \¢p 2°(1+a)? *Xin,00
An expression for the variable = is found by
d?z
d—nZ = €4Da[1123. (655)
The value € is chosen such that
—1/4
€= Dam/ ) (6.56)

The upstream boundary condition can be determined from jump conditions across
the inner layer. Hydrogen and carbon monoxide are already formed in the inner layer
by reaction I, which causes that this reaction determines the change of slopes of the
hydrogen and carbon monoxide mass fractions at the upstream boundary. Hence, integra-
ting of equations (6.28c¢) and (6.28d) from —oo to the inner layer included, denoted with
07—, results in

/ — d — ZB X, 4,u

X5, (07) — d—yf’sz(O ) = 115 C(S : (6.57a)
/ - d - 23 /

Xeo(07) = d—y%o(o ) = mXcm,u (6.57b)

Note that when combining equations (6.57a) and (6.57b) and dropping the convective term,
the relation zco = auxy, is found as this should hold in the entire oxidation layer. Only
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Figure 6.5: Left figure normalised hydrogen profile z(7) in the oxidation layer.
Right figure the scaling variable Z as a function of the hydrogen content. For
the positions: = 0, solid line; » = 5, dashed line; n = 15, dashed-dotted line;
n = 25, dotted line.

one of the equations (6.57a) or (6.57b) is required to determine the upstream boundary
conditions for the oxidation layer. Here we take the slope of the scaled hydrogen mass
fraction for the upstream edge

d -\ Zﬁ X6H4,u
G A Y R

(6.58)

Combining this upstream boundary condition, the stretchings in equations (6.51), leads
to

dz (1+a)p
b B S L ¢ 6.
dT} 77:0 (1 +/8) a CH4,u ( 59)
instead of g—; = —1, which is found by Peters and Williams. The solution
1
z(n) =71 o) (6.60)
2 V2

in the oxidation layer can now be derived and for zy = z(0), at the edge of the inner layer,

we obtain:
1
J <% X(’:H%u). (6.61)

The relation of Peters and Williams is recovered for £ = 0, i.e. when § = a. In figure 6.5a
the variable z is plotted as a function of the stretched coordinate 1. Around n = 0, 2
is increasing with increasing hydrogen content. For n — o0, z decreases very slowly
towards 0. This slow decrease towards n = oo can be explained the fact that the equi-
librium situation of a flame is reached only far downstream. Furthermore, 2, presented
in equation (6.61) is increasing, this indicates that the hydrogen which is added to the

=

2’0:2
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Figure 6.6: Adiabatic flame temperature T}, —, and inner layer temperature 7,
—-, as a function of the hydrogen content &.

unburnt mixture survives the inner layer, because in the inner layer more hydrogen is
produced due to reaction I. This results in an increase of z at » = 0 compared to the pure
methane situation. The difference between a pure methane situation £ = 0 and a certain
hydrogen content, e.g. ¢ = 1is becoming rather small further downstream. This is shown
in figure 6.5b where 2 is plotted as a function of ¢ for the stretched coordinate positions,
n=20,5, 15, 25.

Inner Layer Temperature

The inner layer temperature follows from the ratio between the Damkdohler
numbers, equations (6.42) and (6.54), resulting in

DG,HI . 852
Da;  15X&;, €

(6.62)

Inserting the Damkohler numbers equations (6.42) and (6.54), gives the following
implicit equation for T}:

RIS I(TS) | o Lean, <<1 +5) a)z_ (6.6

kn(T9) ks(1§) " Leo, \(1+0a)

The last term in brackets is an additional factor compared to the methane-air analysis
of Peters and Williams [80, 82]. However, when = «, which is a methane-air flame,
then this term equals 1 and exact the same solution of Peters and Williams retrieved.
In figure 6.6 the inner layer temperature is plotted as a function of &, Tj is decreasing
with increasing hydrogen content. The last term in equation (6.63) is the reason for this
decrease. Equation (6.63) shows that with the rate coefficients fixed, the inner layer is a
function of the pressure and hydrogen content only. It does not depend on the preheated
unburnt gas temperature or nitrogen dilution in the mixture.
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Laminar Burning Velocity

The equation for the laminar burning velocity is now found by inserting equation (6.63)
in one of the equations for the Damkohler numbers. Using equation (6.42) for Da; we

find: ) TN\? (TS — T8\*
3 _ 13 u b~ 10
(St)" =cC A <_T§) <Tb°—Tu> : (6.64)

with:

1
3
% (14 a)2knXie/,

5 3
0 2 Tl
8 Yey,u Led,Leg,

O —
15 Mcn, LeCH423q4

Together with the relations given in equations (6.5), (6.21), (6.63) and the values listed
in the table 6.3. This equation gives for a stoichiometric methane-air flame (¢ = 0)
with an unburnt temperature of 7,, = 300 K and pressure of p = 1 atm a (unscaled)
laminar burning velocity of 54 cm/s is found. This is satisfactory in view of the many
approximations that were made and the few kinetic rates that were retained [8o, 82].
From equations (6.63) and (6.04) it is seen that only the reaction rates 1,5 and 11
of the Smooke mechanism [98] influence the burning velocity in this approximation.
Furthermore, the burning velocity vanishes according to equation (6.64) when inner layer
temperature, T, reached the adiabatic flame temperature, 7. Note that equation (6.64)
gives different values for 7i: when the mixture would have been preheated or diluted with
nitrogen.

Flame Structure

The thickness of the inner layer and oxidation layer are analysed in this paragraph.
The inner layer thickness, equation (6.43), as well as the oxidation layer thickness,
equations (6.54), are strongly dependent on the inner layer temperature determined
by equation (6.63). The resulting thicknesses are shown in figure 6.7a, indicating that the
inner layer thickness is becoming thinner and the oxidation layer is becoming thicker with
increasing hydrogen content. Note these values are relative to the total flame thickness
given by equation (6.9). This flame thickness is plotted in figure 6.7b, showing that the
flame is getting thinner with increasing hydrogen content. This is consistent with the
findings of Gottgens [38] who determined the flame thickness for pure methane and pure
hydrogen flames. The latter ones were significantly thinner compared to a pure methane
one.

6.3 Results and Analysis

In this section some quantities predicted by the asymptotic theory will be compared
with numerical and experimental data. The relations describing the adiabatic flame
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Figure 6.7: Flame structure as a function of the hydrogen fraction in the fuel &,
the oxidation layer e, solid line; and the inner layer §, dashed dotted. Note that
the preheat zone of O(1) is not shown. Right: flame thickness /s as a function
of &.

temperature, the inner layer temperature and the burning velocity, in respectively equa-
tions (6.38), (6.63) and (6.64) are used for that end. The predicted behaviour for the
temperature variables will be compared with numerical results, while the predicted
change in burning velocity is also compared with experiments.

Table 6.1: The applied Lewis numbers and reaction rates [80].

Species  Le; Reaction A b E;=E,/R
CH, 097 k1 2.00 x10* 0 8400
H, 0.30 ks 2.30 x 10"® —0.8 0
O, 1.11 k11 220 x10* 3 4400
CoO 1.10 Ky 0.035 0 3652
Ky 1.48 0 3652

Adiabatic Flame Temperature

The change in adiabatic flame temperature is found from equation (6.38). Using that
qu, = 0.3116 and Xcp, v = 1/(1+&/4), this equation indicates that 7 increases slowly with
~ 1+0.061¢ for relatively small ¢ values. The change in T}, as predicted by equation (6.38)
is presented in figure 6.8 as function of £, together with results from detailed numerical
simulations using the GRI 3.0 mechanism. Close to & = 0 the relative change ¢, in T}
following from equation (6.38) can be expressed as e, = (T —T) /10 ~ 0.028¢ whereas
the GRI 3.0 mechanism gives e, = 0.019£. This slight overestimate of equation (6.38)
is related to the inaccuracy in the asymptotic model related to the treatment of the
equilibrium state.
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Figure 6.8: Adiabatic flame temperature, Tj, as a function of the hydrogen
content, £. Asymptotic theory equation (6.38),—; GRI 3.0 mechanism [97],—-.
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Figure 6.9: Scaled inner layer temperature, Ty, as a function of the hydrogen
content, £. Analysis equation (6.63), —; Geometric, +; temperature at the
position of the maximum CO mole fraction, —-; temperature at the position

of the maximum heat release, - - - .

Inner Layer Temperature

Theoretically, equation (6.63) predicts the change in the inner layer temperature Tj.
This result is plotted in figure 6.9 as function of ¢, using the temperature dependence
of the reaction rates kj, k11 and ks (see table 6.3) in equation (6.63) at a pressure of
p = 1 atm. It should be realised that there are several definitions in use for the inner
layer. Beside equation (6.63), the position of the maximum heat release, the maximum
temperature gradient (geometric definition introduced by Géttgens [38]) and the position
of the maximum mole fraction of CO are alternatives, sometimes used in numerical
studies. Numerical results for these different definitions are also presented in figure 6.9.
The observed decrease of T as a function of ¢ can be explained by the increase of the
oxidation layer thickness due to the increasing amount of H, and CO to be oxidised in the
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1.8

Figure 6.10: Scaled laminar burning velocity, S, as a function of the hydrogen
content, £. Sy determined with equation (6.64), solid line; Smooke [98], dotted
line; GRI 3.0 mech [97], dashed line; and the symbols: heat flux measurements,
o; Huang [52], A; Halter [42], ¢; Yu [116], [J; Haniff [43], V.

oxidation layer. If we write Ty = T9(1 + ¢), insert this into equation (6.63) and expand
around ey = 0 this gives for the relative change e, in T; close to & = 0: ¢g ~ —0.12¢. In
spite of the large differences in 77, the behaviour of ¢y as function of &, of all definitions
in Figure 6.9 is quite similar: from the geometric definition we find ey ~ —0.087¢, the
maximum CO mole fraction gives ¢y ~ —0.015¢ and for the maximum heat release we
find ey ~ —0.048¢.

Burning Velocity

In order to use equation (6.64) for evaluating the change in burning velocity, the change
in o and the water fraction Xy,00 at the interface between the inner layer and the
oxidation layer have to be known. Xy,00 and Xco,o can be determined by integra-
ting equations (6.28)a,e,f over the inner layer giving Xy,00 = Xcn,u 26/(1 + ) and
Xco,0 = Xcuyu (1 — 3)/(1 + ). On the other hand, the relation between  and « is
given by equation (6.33), while o depends on the mole fractions of CO, and H, again:
a = Xco,Leo,/(Xu,oKu(T)Leco). This is a coupled system which can be solved itera-
tively. Both ap and Xy,00 change significantly as a function of £. From the analysis we
find 1 — 0.38¢ for the relative change in Xy,00 and 1 — 0.23¢ for the relative change in
(14 ayp). It is not possible to neglect this change in the evaluation of the burning velocity.
As a last step, we combine all the changes (e.g. e, e, 1 + o and Xp,0,) to derive the
change in the burning velocity as a function of &. If also use is made of the temperature

dependence of Ky (see table 6.3) and % oc T°7 this gives for the change in S:

S\ AT\ (T -TY (6.65)
se) ~a\rs) \1P-19) 3
The obtained result of equation (6.65) is presented in figure 6.10, together with the
numerical and experimental results for S;. We used 7Y = 1384 K and close to £ = 0 the
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asymptotic theory gives S ~ (1 + 0.80¢). The theory predicts a slightly stronger increase
in the burning velocity. The relatively strong change in the inner layer temperature Tj
is the dominant factor governing the increase of the laminar burning velocity. The most
sensitive part in equation (6.65) is the factor (T — T3 )*/(T? —T9)*. It is interesting to note
though that the temperature difference (T — T5) in this factor is related to the effective
activation energy of the reacting system.

6.4 Discussion

The theory for methane-hydrogen-air flames which is presented in this thesis is used for
hydrogen contents up to 50 mol% (¢ = 1). A question concerning the working range
of the theory remains to be answered. It is clear that the theory is not valid anymore
for hydrogen-air mixtures. Simulations with complete kinetic mechanisms shown in
the previous chapter reveal the dominating mechanism of methane-hydrogen-air flames,
e.g. figure 5.8 and figure 5.9. Clearly visible in these figure is that above 70% of hydrogen
in the fuel mixture laminar burning velocity increases non-linear. It is expected that
for higher hydrogen contents the influence of the hydrogen mechanism becomes more
pronounced and this is expected to be approximately the upper limit of the methane-
hydrogen-air asymptotic theory.

The asymptotic theory presented in this thesis is based on the work presented by Peters
in the Ercoftac lecture notes [80]. It turned out that later extensions of the theory used
other reaction rates as the ones listed in table 6.3. When applying these modified reaction
rates in the present theory the resulting scaled properties like the burning velocity and
inner layer temperature do not change. However, the unscaled burning velocity for the
pure methane situation (¢ = 0) increases from 54 to 86 cm/s. Both laminar burning
velocities values are large in comparison to the measured and calculated values using
kinetic mechanisms; which is ~ 36 cm/s for stoichiometric methane-air flames. This
overprediction of the laminar burning velocity can be improved by not taking the the
water-gas shift reaction into equilibrium. This is presented by Peters and Williams [82]
who showed that water is usually less than which would be predicted by the water-gas
shift reaction and carbon monoxide is greater. Thus, assuming the water-gas shift reaction
infinitely fast overestimates the amount of hydrogen produced in the inner layer. Because
of the strong dependence of the Da; on Xy,0 the influence on the results calculated here
is expected to be important.

6.5 Conclusions

The asymptotic theory for stoichiometric methane-air flames presented by Peters
and Williams has been successfully adapted and applied for stoichiometric methane-
hydrogen-air flames. The theory predicts a slow increase in 7} if hydrogen is present in
the fuel, which is supported by numerical results. Furthermore, a decrease in inner layer
temperature 75 is predicted in agreement with numerical data. This change dominates
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the change in burning velocity. However, the absolute value of 7} and the exact slope as
predicted by the theory as function of ¢ is more difficult to compare to numerical results.
The theory predicts a slightly larger increase in the burning velocity than experiments
and numerical simulations indicate. The analysis of presented in this chapter explains
the influence of hydrogen on the basic flame structure of methane-hydrogen-air flames
changes in comparison with the flame structure of premixed methane-air flames. This
physical insight is important to guide the development of combustion systems in which
mixtures of natural gas with hydrogen are used.



Concluding Remarks

The laminar adiabatic burning velocity S; of a gaseous fuel-oxidiser mixture is a key
parameter governing many properties of combustion. In this thesis the laminar burning
velocity of methane-hydrogen-air mixtures is investigated experimentally using the heat
flux method. The measured laminar burning velocities with 95% confidence error inter-
vals of stoichiometric methane-hydrogen-air flames increases with increasing hydrogen
content; from 36.4 + 0.1 cm/s (at Ry, = 0%) to 39.2 = 0.03 cm/s (at Ry, = 10%),
42.3 £ 0.02 cm/s (at Ry, = 20%), 47.0 =+ 0.02 cm/s (at Ry, = 30%) and 53.5 £ 0.02
cm/s (at Ry, = 40%). The typical uncertainty in the burning velocity is +£0.02 cm/s for
stoichiometric flames, and increases up to 1.0 cm/s for flames with low burning velocities
(e.g. ¢ < 0.7 and ¢ > 1.4). Comparison with literature shows that the burning velocities
of methane-air mixtures, measured using the heat flux method are consistent with re-
cent results measured by other techniques such as the counterflow method and spherical
bomb method.

A possible effect that the burner plate is acting as a catalyst has been investigated
experimentally as well as numerically. This effect could influence the measurement of
the laminar burning velocity when using the heat flux method. However, it turned out
that the laminar burning velocity results are not notably influenced by the burner plate
for the investigated parameter range. Although it is expected that when using the heat
flux method with unburnt gas temperatures relevant for gas turbine conditions this effect
of a burner plate which is acting as catalyst is becoming larger.

The investigation regarding laminar burning velocities presented in this thesis can be
subdivided into three parts. The first part consists of laminar burning velocities of
hydrogen-oxygen-nitrogen mixtures at ambient conditions. The second part describes the
laminar burning velocities of methane-hydrogen-air mixtures also at ambient conditions
wheres the last part describes the laminar burning velocities of methane-hydrogen-air
mixtures at increased unburnt gas temperatures. The most important aspects and results
of each of these subjects is summarised below.

Three sets of measurements have been performed and presented in chapter 4. The first
set of measurements dealing with hydrogen-oxygen-nitrogen flames, highly diluted with
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nitrogen, shows significant differences between heat flux data and experimental results
of Egolfopoulos and Law. [26]. This discrepancy is considered as belonging to the non-
linear stretch correction performed by Egolfopoulos and Law. The differences between the
combustion reaction mechanisms and the heat flux data shows significant differences in
the performance of the methane based combustion reaction mechanisms. Especially the
commonly used GRI-mechanism [97] deviates from the experimental data. The SKGo3
mechanism [96] performs quite well for a fairly large part of the measurement range. The
performance of this mechanism is even comparable or even better compared to hydrogen
based mechanisms for fuel lean flames to slightly fuel rich hydrogen-oxygen-nitrogen
flames. Generally, the hydrogen based kinetic mechanisms perform quite well for the
investigated parameter range; especially the Konnov mechanism [61].

The second set of measurements of methane-hydrogen-air mixtures at ambient con-
ditions shows that the laminar burning velocity measurements of Halter et al [42] show
comparable results with the present heat flux data. The results of other researchers show
significant differences compared to the present data; again this can be considered as
belonging to the non-linear stretch correction applied by these researchers. Compar-
ing the measured laminar burning velocities with numerical data using several kinetic
mechanisms shows comparable results for the investigated parameter range. The SKGo3
mechanism [96] performs very well for these investigated methane-hydrogen-air mix-
tures. The commonly used GRI-mechanism [97] gives also good results although it devi-
ates slightly from the measurements with increasing hydrogen contents.

When comparing the final set of measurements of the laminar burning velocity of pre-
heated methane-hydrogen-air mixtures with numerical combustion mechanisms give
similar results as for methane-hydrogen-air mixtures at ambient condition; both the
SKGo3 mechanism [96] and the GRI-mechanism [97] perform very well. Experimental
data of the laminar burning velocity of methane-hydrogen-air flames is scarce. However,
in the case of methane-air flames the measurements of Bosschaart [7] show comparable
results with the present measurements. Generally the laminar burning velocity is increa-
sing with approximately 0.25 cm s~!K~! and is slightly larger for hydrogen enhanced
methane-air mixtures.

An expression describing the influence of the added hydrogen on the burning velocity
can be useful as a design tool for analysing the behaviour of combustion equipment
in the transition phase to a hydrogen economy. A correlation proposed by Coppens et
al. [17] that covers the complete data set of burning velocities of methane-hydrogen-air
flames with varying equivalence ratio is used in this thesis. The present heat flux results
of methane-hydrogen-air flames have been successfully fitted to this correlation and the
fit parameters differ only slightly from the values determined by Coppens et al. [17]. In
the case of methane-hydrogen-air flames at increased unburnt gas temperature the heat
flux results have been fitted to the correlation proposed by Metghalchi and Keck [76]. The
temperature coefficient determined from the present measurements is comparable with
the results from the combustion reaction mechanisms.

In order to get more insight in the basic properties which describe methane-hydrogen-air
flames, the asymptotic theory of Peters and Williams [82] for stoichiometric methane-air
flames is extended to stoichiometric methane-hydrogen-air flames. The present theory is
able to describe the structure of stoichiometric methane-hydrogen-air flames. The theory
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predicts a decreasing inner layer temperature, while the adiabatic flame temperature
increases slightly with increasing amount of hydrogen in the fuel. These changes together
lead to an increasing burning velocity as function of the amount of hydrogen in the fuel
mixture. The predicted variations are compared with numerical results and the burning
velocity is also compared with experiments and the agreement is reasonable. The derived
analytical expressions can be used to guide the adaption of combustion systems running
on natural gas when hydrogen is added to the fuel.






Combustion Reaction Mechanism

This appendix presents the Smooke combustion reaction mechanism [98] that is used in
chapter 6 as a starting point for the asymptotic theory. In table A.1 this Smooke methane-
air reaction mechanism is listed with the reaction constants. This reaction constants are
used in the equations related to the chemical source term (section 2.1.3). The speed of a
reaction is determined by the reaction constants A, £, and b.

Enhanced Coefficients

In table A.1 some reactions require a third molecule, which does not react by itself, but is
essential for the reaction to proceed, e.g.

OH + H + M = H,0 + M. (A.1)

The concentration of the effective third body species M must appear in the expression for
the reaction rate variable. Accordingly, the reaction rate for third body reactions is slightly
different from equation (2.21) by the first factor in the equation below:

Ns Ns o Ns i
Ty = (Z gij”@') (kj,fH n;" = Kjb Hnﬂ) : (A.2)
i=1 i=1 i=1

with ¢;; the so-called enhanced coefficient or collision efficiency for species i and reaction
Jj. If all species in the mixture contribute equally as third bodies then all the ¢;; = 1 and the
first factor is the total concentration of the mixture. However, it is often the case that some
species act more efficiently as third body species than others do. The g;; coefficients are
then used to specify the increased efficiency of the i*" species in the ;" reaction. Also, if a
species is to be excluded from acting as a third body species in a particular reaction then
Gij = 0 for that species. For the listed combustion reaction mechanisms in table A.1 the
collision efficiencies are given by, ¢cpy, = 6.5, su,0 = 6.5, sco, = 1.5, ¢, = 1.0, 5co = 0.75,
N, = 0.4 and ¢p, = 0.4. All other species the collision efficiency equals 1.0.
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Table A.1: Rate data for reactions employed in the asymptotic analysis.

Rate No. Reaction A b E,
I H+0,=0H+O 2.00 x 10" 0.0 16800.0
2 O+H,=0H+H 1.80 x 101 1.0  8826.0
3 H, + OH =H,0+H 1.17 x 10° 1.3 3626.0
4 OH + OH = 0 + H,0 6.00 x 108 1.3 0.0
5 H+O0;+M=HO,+M 2.30 x 10"  —0.8 0.0
6 H + HO, = OH + OH 1.50 x 10" 0.0  1004.0
v H+HO, =H, + 0, 250 x 108 0.0 700.0
8 OH + HO, = H,0 + O, 2.00x10® 0.0  1000.0
9 CO+OH=CO,+H 1.51 x 107 1.3  —758.0
10 CH;+M=CH;+H+M 230 x 10%® —7.0 114360.0
11 CH;+H = CH; + H, 2.20 x 10* 3.0  8750.0
12 CH,4 + OH = CH; + H,0 1.60 x 10° 21 2460.0
13 CH; + O =CH,0+H 6.80 x 10 0.0 0.0
14 CH,0 + H = HCO + H, 250 x10% 0.0  3991.0
15 CH,0 + OH= HCO + H,0 3.00 x 10®* 0.0  1195.0
16 HCO + H = CO + H, 4.00 x 108 0.0 0.0
17 HCO+M=CO+H+M 1.60 x 10" 0.0  14700.0
18 CH; + 02 = CH3;0+0 7.00 x 102 0.0 25652.0
19 CH30 + H= CH,0 + H, 2.00 x 10" 0.0 0.0
20 CH;0 + M=CH,O0+H+M 240 x 102 00 28812.0
21 HO, + HO, = H,0, + O, 2.00 x 102 0.0 0.0

H,0,+M=OH+O0OH+M 130x 107 0.0 45500.0

M)
N

23 H,0; + OH = H,0 + HO, 1.00 x 10%® 0.0 1800.0
24 OH+H+M = H,0+M 220 x 102 —-2.0 0.0
25 H+H+M=H;+M 1.80 x 10"® 1.0 0.0




Gas Flow Control

In this appendix two topics will be addressed both related to the gas flow control. The first
topic describes briefly how the MFC setpoints are calculated. The second topic governs
the calibration of the mass flow controllers.

B.1 Mass Flow Controller Setpoints

The gas mixture which is supplied to the heat flux burner is regulated by Mass Flow
Controllers of Bronkhorst Hi-Tec [50]. In chapter 3, the crucial parameter is the laminar
adiabatic burning velocity. This is determined by varying the gas velocity delivered by
mass flow controllers (MFCs) at a certain equivalence ratio, temperature, pressure and
gas mixture composition. A general description for the resulting settings for the mass
flow controllers is presented in this section. The equivalence ratio ¢ is defined as

mfu

fOz mOX ’

b= v, (B.1)

where fo, is the mass fraction of oxygen in air and v, the (mass based) stoichiometric
coefficient. By rewriting this equation and combining with the the ideal gaslaw, the gas
flow is given by

Ug =

ROTu (mfu mox) . (BZ)

puA Mfu * Mox
The conversion to normal litres per minute takes place in order to be able to calculate the
correct setpoint of a Mass flow Controller, which has a maximum flow Q. ; defined in
nl/min,
m;
Q; = — - 60-1000, (B.3)
Pi
where p; is the mass density of component i. And the setpoint of every component is
defined as: 0
Spi = :

Qmax,i

-100% (B.4)
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Figure B.1: Mass flow controller calibration curves. Left MFC setpoint as a
function of the measured flow with the calibration setup. In the right figure
the error estimate as a function of the MFC setpoint.

These relations for the setpoints are derived for a perfect mass flow controller. However,
non-linear effects occur in the devices and electronic circuits. By calibrating the mass
flow controllers and using a third order polynomial we correct the calculated setpoints for
these non-linear effects. This procedure will be shown in the next section.

B.2 Mass Flow Controller Calibration

According to the manufacturer the mass flow controllers need to be calibrated on a regular
basis to provide accurate mass flows. The calibration setup and procedure described by
Bosschaart [7] is used resulting in a brief description here. The only difference compared
to the Bosschaart is the resulting uncertainty factor determined for every mass flow
controller. The calibration data are fitted to a third order polynomial curve. An example
measurement is shown in figure B.1a. In this figure the symbols denote the calibration
measurements and the lines the fit. Hence, the data are very close to the fit. The residuals
are plotted in figure B.1b. These residuals can be used as an indication of the uncertainty
estimate of a mass flow controller. According to Bronkhorst High-tech [49] when using
a polynomial fit after calibration of the mass flow controller the uncertainty is defined
as

A = 0.5%off Reading + 0.1%Full Scale. (B.5)

In this thesis this relation is used to determine the uncertainty of a mass flow controller.
This is the only difference compared to Bosschaart [7] who used a constant value of 0.5%
Full scale as an uncertainty estimate. Moreover, the third order polynomial fit is used to
correct the determined setpoints in equation (B.4) in order to reduce the non-linear effects
occurring in the devices.



Background of the Heat Flux Method

In chapter 3 the basic principle of the heat flux method is explained. In this appendix an
additional (physical) background of the heat flux method is presented. This background
is based on an analysis of de Goey et al. [35]. The main idea of the heat flux method is
that the heat fluxes from the flame to burner equal the heat fluxes from the burner to the
unburnt gas in the case of an adiabatic flat flame. The burning velocity corresponding to
this situation equals the laminar adiabatic burning velocity. In this appendix the energy
equations of both freely propagating flames and burner stabilised flames are analysed
and show in the end that an adiabatic flame can be stabilised on the heat flux burner.
In the first section of this appendix, the energy equation of freely propagating flames is
used to describe the laminar adiabatic burning velocity. In the second section the energy
equations of burner stabilised flames are analysed showing that the burning velocity of
a flame which is stabilised on the heat flux burner equals the laminar adiabatic burning
velocity.

C.1 Freely Propagating Flames

A useful start is analysing the energy equation of freely propagating flat flames. The
energy equation (see also chapter 2), of an adiabatic flat (1D) flame can be written as,

T

oT. oT. Ns
g 0 ()\ g) = wr, with  wr =—>_ hy, (C.1)
i=1

where 712 is the constant mass flux, 7}, the temperature of the gas, ¢, the specific heat at
constant pressure, A, the thermal conductivity of the gas and w; the heat source term
of the reactions taking place. The preheating zone of a flame is defined in the region
—o00 < x < x.. In this preheating zone wy is assumed to be zero. Integrating equation (C.1)

from x = —oo to a point z < z, and taking into account that % =0for x= —o0, gives
y(x) .
Ag Sx = 1hey (Ty(x) = ), (C.2)
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with the unburnt gas temperature 7, = T, (—o00). When using m = pU; = pSi
in equation (C.2) a general expression for the laminar burning velocity Sy is found

Ag 0T,
PCp (Tg(xc) — Tu) Ox

St = (C3)

T=x¢

The derivative % at © = xz. can be determined exactly when wr is known. However,
the exact value of the temperature gradient is not needed in the present analysis. The
derivative is uniquely defined by the energy equation (C.1) in the reaction zone, x > x.. Its
value can be determined when applying the boundary conditions for the energy equation
in the reaction zone T, =T¢ at x =z, and Ty =T,q at x = +o00. Note that T4 is the adiabatic
flame temperature. In the remaining part of this section the stabilising mechanism of
flames is explained by using this temperature gradient.

C.1.1 Stabilising Mechanism

Conduction of heat from the flame to the burner i s the main stabilising mechanism of
flames on conventional burners. This implies that -2 > 0atx = xp,, where z, is the top of
the burner plate in streamw1se direction. These ﬂames are only adiabatic when they blow-
off, which means that 2 —x = 0 at x = xp. In practical situations however, it appears that
blow-off occurs even before the adiabatic propagation velocity is reached. This might be
due to, for example, disturbances of the surrounding atmosphere, or irregularities in the
burner plate. In the case of the heat flux burner the situation of early blow-off is avoided
by preheating the burner plate. An external heating jacket keeps the burner plate edge
at a constant temperature 7x which is ~ 60 K higher than the unburnt gas temperature
T.. Tr is chosen such, that T, < T < Ty(xc) . Now, the unburnt gas is heated by the
burner plate. The flame will not blow off, but remains flat and stabilises on the burner by
losing heat to the burner plate. In the adiabatic case when U, = S| the heat loss of the
flame is equal to the heat gain of the unburnt gases by the burner plate. Consequently
the radial temperature gradient in the burner plate can be neglected. Since the heat fluxes
to and from the burner are now equal and non-zero, the flame is not only stable because

of aTg >0atz = = 1p, but also adiabatic because the energy is preserved over the burner
plate As long as Tj is high enough to prevent partial blow-off, the actual value of Ty is
not important once the adiabatic state is established. Concluding, by heating the burner
edge Ty above the unburnt gas temperature 7;, the flame is in fact an adiabatic burner
stabilised flame.

C.2 Adiabatic Burner Stabilised Flames

The temperature profiles of an adiabatic free flame and a flame which is stabilised on
the heat flux burner is shown schematically in figure C.1. The burner plate ranges from
xr =0 to x =z, with a temperature profile 7}, in axial direction. Now the question arises
how the physical properties of an adiabatic burner stabilised flame (e.g. temperature and

1. In conventional burners Tk is almost equal to T, for Uy ~ Si.
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0 T Tp T
—

Figure C.1: Temperature profile of a free adiabatic flame (solid line) compared
to the temperature profile of a flame stabilised on the burner plate (dashed line).
T}, indicates the temperature of the burner plate.

mass-fraction profiles, burning velocity) compare with those of a freely propagating flat
flame. Again, the energy equations of the adiabatic burner-flame system are considered
to determine this problem. Assuming that the burnerplate of the heat flux burner,
see figure 3.4b, can be approximated in a 1D situation by averaging the holes and plate
material in radial direction, the 1D energy equation of the open parts in the burner plate,
which is in fact the gas, can be written as:

U\ o1, o AN
wn ((2) o~ s (W) <o v (7). o

In this equation, « is the heat transfer coefficient between the gas and the plate within the
perforations and x, the porosity of the gas inside the burner plate. Conservation of energy
within the burner plate material, with thermal heat conductivity A, leads to the following
equation for the axial temperature profile 7;,(z) of the burner plate,

0 oT,
T or <)‘po8—;> I (Tp - Tg) : (C.5)

Note that the sum of the porosity’s must sum up to one, x + xp = 1. Moreover for z > =,
and z < 0, a = 0 and x, = 1. Furthermore, the flames analysed here are assumed to
be adiabatic and 1D, and stabilised on a burner. Hence, all heat transport terms in radial
direction can be omitted in equations (C.4) and (C.5). Therefore when integrating the left-
hand side of equation (C.5) from = = 0 to = z;, should be zero for an adiabatic flame.
Consequently, when equations (C.4) and (C.5) are added and integrated from © = —oo
to a point z, < x < x, the relations of the freely propagating flame in equations (C.2)
and (C.3) are retrieved again. The boundary conditions 7,(z.) = T, and Ty(oc0) = T}q are
also unchanged, meaning that the temperature profile Ty(z) for > x, and the burning
velocity are equivalent to the corresponding properties of a free adiabatic flame.






Temperature of the Burnerplate

In this appendix two topics will be addressed, both related to the temperature of the
burnerplate. The first topic describes the influence of the temperature dependence of the
heat conductivity term on the burner plate temperature. The second gives an overview of
the axial temperature variation in the burner plate. The final relation gives insight in the
systematic error of the thermocouple measurements in the burner plate.

D.1 Temperature Dependency of the Heat Conductivity

In this section a relation is derived for the average plate temperature with a temperature
dependent heat conductivity. The derivation starts with the 1D energy of the burner
plate:
1d d - q(r)
—;5 <)\P7T(T) TETP(T)) = T (DI)
This equation can be solved with proper boundary conditions (as is shown in chapter 3)
resulting in

Tyr)=T.(1+C?), with C=——"

4x, T,

(D.2)

indicating that the average temperature distribution in the burner plate appears to be
a parabola, with the centre of the burner plate as the symmetry axis. However, this
relation uses a temperature independent heat conduction term, A, ,. A similar relation
for the burner deck temperature can be retrieved by taking a temperature dependent heat
conduction term. For example van Maaren [72] used a linear function of the temperature
for the heat conductivity of brass, which is based on experimental data:

Mie(T)=a+0b-T, (D.3)

with the constants ¢ = 73.1 Wm™! K™! and b = 0.160 W m~! K~2. This is the heat
conductivity in the case of a solid brass plate, in the case of a heat flux burner system small
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holes and a certain perforation pattern are used, the heat conductivity now becomes,
Aor(T) = € Aun(T), (D.4)

where e = 0.362 as has been determined numerically by Sonnemans [101] and experimen-
tally confirmed by van Maaren [72]. The plate temperature with a temperature dependent
heat conductivity of the brass plate can be solved by using equations (D.1), (D.3) and (D.4).
An analytical solution for plate temperature can be retrieved by integrating equation (D.1),
and using the boundary condition 7},(r = 0) = T¢:

a a 2 ry
Tolr) ==+ \/<Z i TC) T Dbk (D-s)

D.2 Axial Temperature Dependency

Van Maaren [72] showed that the axial temperature variations inside the plate, O(1) K,
are negligible small compared to the radial temperature variations, O(20) K. Therefore,
the resulting plate temperature 7}, will have only small errors due to these variations.
However, Bosschaart [7] divided these fluctuations in a systematic error and a random
error. In order to gain insight in the physical background of the systematic differences
found in the temperature profiles shown in figure 3.7a the 2D energy equation will solved.
Since most of the heat transfer takes place from the flame to the top of the burner plate
by conduction, the heat transfer inside the burner plate is neglected. Now the 2D energy
equation can be approximated with a 2D conduction equation given by

1 02 10 52
E@Tp(l’, T) + ;an(l‘, T‘) + WTP($‘, 7") = 0. (DG)
where T}, is the plate temperature and ¢ defined is as:
_ M
€= (D7)

To be able to solve the 2D conduction equation the temperature 7;,(z, r) is separated into
two functions Tp,(z,7) = Y(x)S(r) which only depend on one variable. Together with
equation (D.6) and subsequent separating and introducing the constant a?, gives

2 dz d 2,2

i3S +r S +a??8(r) = 0, (D-8)
d2
1Y (1) = Y (@), (D-9)

Equation (D.8) is a special form of the Bessel equation and its solution yields
S(r) = adolar) + e2Yo(ar), (D.10)

with the Bessel function of the first kind Jy and second kind Y. From symmetry boundary
conditions holds that ¢, = 0. The solution of the other differential equation (D.9) is

Y (x) = d1eVo® + dpe VT, (D.11)
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where the constants d; and d, are determined from the boundary conditions. Applying
Ty(x,r) = Tt as a boundary condition to find ¢; and using power series expansions for
the exponential functions gives,

Ty(z,r) = T Jo(ar)(1 + cea’hz) (D.12)

with ¢ = ¢_/q assumed to be constant. Moreover, assuming that « is small, then the
Bessel function can written as Jo(ar) ~ 1 — | (ar)?. According to Bosschaart [7] typical
values for o are in the order of 0.04 mm~2. This value justifies the assumption that
a is small and thus that the use of power-series is expected to be accurate. Now the
temperature distribution can be written as,

Ty(z,r) =T¢ (1 - }lo{zr?‘) (1 + ceazhx) (D.13)
Rewriting in a similar form as equation (3.8) gives

TC 2

To(z,r) = (TC + C'r’z) (1 + ceazhx) with C = R (D.14)

This shows that the plate temperature is extended with a height dependent term.






Tabulated Laminar Burning Velocity
Results

In this appendix the measured laminar burning velocities using the heat flux burner are
listed in tables. The experimental data is presented together with the corresponding error
estimates. The measurements are performed at ambient conditions unless otherwise

mentioned. Pressure is p, = 1 atm and unburnt gas temperature generally is 7, =
298 £1K.
E.1 Hydrogen-Oxygen-Nitrogen Flames

Table E.1: Experimental laminar burning velocity results using the heat flux
method. The tabulated data are hydrogen-oxygen-nitrogen mixtures at Ro, =
7.7 + 0.1% with varying equivalence ratio.

Ro, =7.7% continue Ro, = 7.7% continue Ro, = 7.7%
¢ St ¢ St ¢ St
(cm/s) (cm/s) (cm/s)

0.65+£0.05 5.2+04 1.154+0.03 29.7£0.2 2.10+£0.05 36.3+0.2
0.70+0.04 6.4+0.4 1.20+0.03 32.840.2 2.304+0.05 34.1£0.1
0.75+0.02 6.6+0.3 1.25+0.03 35.24+0.1 2.304+0.05 34.2+0.2
0.85+0.02 8.6+0.3 1.30+0.03 36.94+0.2 2.404+0.06 33.1£0.1
0.90+0.02 10.1+0.3 1.354+0.03 37.9£0.2 2.50+0.06 31.5+0.1
0.95+£0.02 11.6+0.9 1.404+0.03 38.8+0.2 2.60+0.06 30.2+0.2
1.00+0.03 15.740.6 1.504+0.03 39.4+0.2 2.70+£0.07 29.0+0.1
1.00+£0.02 15.9+0.3 1.60+£0.04 39.54+0.2 2.80+0.07 27.5£0.2
1.05+0.03 20.1+0.4 1.70+£0.04 39.0+0.3 2.90+0.07 26.2+£04
1.05+0.03 20.84+0.4 1.704+0.04 39.5+0.4 3.00+£0.08 24.8+0.3
1.10+0.03 25.54+0.4 1.904+0.04 38.3+£0.2 3.10£0.08 23.4+0.5
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Table E.2: Experimental laminar burning velocity results using the heat flux
method. The tabulated data are hydrogen-oxygen-nitrogen mixtures at Ro, =
10.7 £ 0.1% with varying equivalence ratio and constant equivalence ratio
(¢ = 1.06 = 0.02) with varying oxygen content.

Ro, = 10.7% ¢ =1.06
o S Ro, S
(cm/s) (%) (cmJs)

0.70+0.02 16.2+1.6 7.0£0.2 15.1+1.0
0.75+£0.02 19.4+0.6 7.54+0.1 20.84+0.2
0.80+£0.02 25.7+0.4 8.0+0.1 26.84+0.2
0.85+0.02 33.3+0.2 8.8+0.1 38.1+0.1
0.90+0.02 42.6+0.2 9.0+£0.1 41.4+0.3
0.95+0.02 52.6+0.3 9.34+0.1 46.5+0.2

10.0£0.1 58.8+0.3
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E.2

Methane-Hydrogen-Air Flames
Table E.3: Experimental laminar burning velocity results using the heat flux
method. The tabulated data are methane-hydrogen-air mixtures at Ry, = 0,10
and 20% with varying equivalence ratio.
Ru, = 0% Ru, = 10% Ru, = 20%
¢ St ¢ St ¢ St
(cm/s) (cm/s) (cm/s)
0.65+0.01 12.0+0.8 0.70+0.03 19.0+0.6 0.60+£0.03 11.4+1.1
0.70+£0.01 16.7+0.6 0.75+0.03 23.84+0.5 0.65+0.02 16.4+0.7
0.75+0.01 21.5+£04 0.80+0.03 28.2+0.3 0.704+0.02 21.3£0.6
0.80+0.01 25.8£0.2 0.85+0.03 32.2+0.3 0.75+£0.02 26.2+0.3
0.85+£0.01 29.6+0.1 0.90+0.03 35.1+0.3 0.80+0.02 30.9+0.3
0.90+£0.01 32.7+0.2 0.95+0.03 37.6+0.3 0.85+£0.02 34.9+0.2
0.95+£0.01 34.9+0.1 1.00+0.03 39.2+0.3 0.90+£0.02 37.9+0.2
1.00+£0.01 36.4+0.1 1.05+0.03 40.1+0.2 0.954+0.02 40.5£0.2
1.00+£0.01 36.4+0.1 1.10+0.03 40.1+0.2 1.00+£0.02 42.3+0.2
1.05+£0.01 37.2+0.1 1.15+0.03 38.9+0.3 1.00+£0.02 42.1+0.2
1.104+0.01 37.0£0.1 1.20+0.03 36.2+0.3 1.05+0.02 43.7£0.3
1.154+0.02 35.6£0.1 1.25+0.03 31.8+£0.3 1.104+0.02 43.9£0.2
1.20+£0.02 32.7+0.1 1.30+0.04 26.7+0.3 1.15+0.02 42.8+0.2
1.25+0.02 28.3+0.2 1.35+£0.04 20.9+0.5 1.20+0.03 40.4+0.2
1.30+£0.02 23.0+0.3 1.40+0.05 17.44+0.6 1.25+0.03 36.4+0.3
1.354+0.02 18.9£0.2 1.45+0.05 14.5£0.5 1.304+0.03 30.8£0.3
1.404+0.02 15.6£0.2 1.50+0.06 12.3£0.6 1.354+0.03 24.3+0.5
1.454+0.03 13.3£0.3 1.404+0.04 19.5+0.5
1.50+0.03 11.6+0.2 1.45+0.04 16.2+0.5
1.50+£0.05 13.7+0.6
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Table E.4: Experimental laminar burning velocity results using the heat flux
method. The tabulated data are methane-hydrogen-air mixtures at Ry, = 30
and 40% with varying equivalence ratio.

Ru, = 30% Ru, = 40%
¢ St ¢ St
(cm}s) (cm}s)

0.60+0.02 12.4+0.8 0.60+0.02 17.2£1.0
0.65+0.02 17.5£0.6 0.65+0.02 23.0£0.7
0.70£0.02 2294+0.5 0.70+0.02 28.8+0.4
0.75£0.02 27.9+£0.2 0.75+£0.02 34.5+0.3
0.80+£0.02 33.6£0.3 0.80£0.02 39.5£0.2
0.85+0.02 37.6£0.1 0.85+0.02 44.3£0.3
0.90+0.02 41.0£0.1 0.90+0.02 48.5+0.2
0.95+0.02 44.4+0.2 0.95+£0.02 51.8+0.3
1.004+0.02 47.0£0.2 1.004+0.02 53.5£0.3
1.004+0.02 46.9£0.3 1.054+0.02 54.4+0.3
1.05+£0.02 48.4+0.3 1.10+£0.02 53.7+0.3
1.10+£0.02 48.4+0.2 1.15+0.02 51.5+0.3
1.154+0.02 47.4+0.2 1.204+0.02 47.9£0.3
1.204+0.02 44.6£0.2 1.254+0.03 42.9+0.3
1.254+0.02 41.2+0.1 1.304+0.03 36.9£0.3
1.30+£0.03 35.5+0.2 1.35+0.03 30.8+0.3
1.35+0.03 28.7+0.3 1.40+£0.03 25.3+0.3
1.40+0.03 22.5+0.2 1.45+0.04 21.0+0.4
1.454+0.04 18.8+£0.2 1.504+0.04 17.4+0.3
1.504+0.04 15.9£0.2 1.554+0.04 14.9£0.3

1.60+£0.05 13.2+0.2

1.65+£0.05 11.7+0.2

1.7040.05

10.6+0.2
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E.3 Methane-Hydrogen-Air Flames at Increased Unburnt
Temperature

Table E.5: Experimental laminar burning velocity results using the heat flux
method. The tabulated data are methane-hydrogen-air mixtures at increased
unburnt gas temperatures for equivalence ratio ¢ = 0.80 & 0.02 at Ry, =
0, 10,20 and 30% with varying equivalence ratio.

Ru, = 0% Ru, = 10% Ru, = 20% Ru, = 30%
T, St T, St T, St T, St
(K) (cm/s) (K) (cm/s) (K) (cm/s) (K) (cm/s)

298+1 26.1+£0.2  298+1 28.1+0.2  298+1 30.6+0.1  298+1 33.6+0.3
308+1 27.4+03  308+1 29.5+02  308+1 31.8+0.2  308+1 35.1+0.1
318+1 29.1+0.2  318+1 31.0+0.2  318+1 33.5+03  318+1 36.9+0.2
32841 30.6+0.2  3284+1 32.7+0.2 32841 354+02  328+1 38.9+0.1
343+1 329+0.6  343+1 359+05  343+1 38.6+£09  343+1 42.4+07
358+1 36.3+0.6  358+1 38.7£0.5  358+1 41.8+09  358+1 45.7£0.7
373+1 39.2+05  373+1 41.8+06 3731 45.1+1.0 373+1 49.3+0.6
388+1 42.3+0.6  388+1 45.1+05  388+1 48.6+09  388+1 53.1+0.9
403+1 454+05  403+1 485+05  403+1 522+08  403+1 57.1£0.7
418+1 48.8+0.6  418+1 52.0£0.6  418+1 56.1£1.0  418+1 61.4+0.8
433+1 51.6+£0.6  433+1 555+0.6  433+1 59.3£1.0 433+£1 65.6+£0.8

Table E.6: Experimental laminar burning velocity results using the heat flux
method. The tabulated data are methane-hydrogen-air mixtures at increased
unburnt gas temperatures for equivalence ratio ¢ = 1.00 + 0.02 at Ry, =
0,10, 20 and 30% with varying equivalence ratio.

Ru, = 0% Ru, = 10% Ru, = 20% Ru, = 30%
T, St T, St T, St T, St
(K) (cm/s) (K) (cm/s) (K) (cm/s) (K) (cm/s)

298+1 36.4+0.1 298+1 39.1+0.1  298+1 42.1+0.2  298+1 47.04+0.2
308+1 38.4+0.1  308+1 40.7£0.1  308+1 44.2+0.1  308+1 49.5£0.2
318+1 40.2+0.1  318+1 42.8+0.1  318+1 46.4+03  318+1 52.0£0.2
328+1 42.1+03 32841 44.8+0.1  328+1 49.0+0.2  328+1 54.7+0.5
343+1 449+05  343+1 48.1+05  343+1 529+04  343+1 58.5+04
358+1 489+0.5  358+1 52.8+04  358+1 56.5£04  358+1 62.9£0.5
373+1 52.4+05 3731 56.0+04  373+1 60.5+£0.4
388+1 56.0+£0.5  388+1 59.9+04
403+£1 59.8+£0.5
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Table E.7: Experimental laminar burning velocity results using the heat flux
method. The tabulated data are methane-hydrogen-air mixtures at increased
unburnt gas temperatures for equivalence ratio ¢ = 0.80 + 0.03 at Ry, =
0,10, 20 and 30% with varying equivalence ratio.

Ru, = 0% Ru, = 10% Ru, = 20% Ru, = 30%
T, St T, St T, St T, St
(K) (cm/s) (K) (cm/s) (K) (cm/s) (K) (cm/s)

298+1 32.7+£0.1  298+1 35.7£0.8  298+1 39.5+£0.1  298+1 44.6+0.2
308+1 35.0+0.1  308+1 379+0.1  308+1 42.1+0.1  308+1 47.4+0.2
318+1 36.2+0.1  318+1 39.6+0.1  318+1 44.0+0.1  318+1 49.4+0.2
328+1 38.7+£0.1  328+1 42.1+0.1 32841 46.5+0.1  328+1 52.1+0.1
343+1 42.0+04  343+1 45704  343+1 50.5+04  343+1 56.4+04
358+1 45.2+0.7  358+1 49.0+0.6  358+1 54.0+0.8  358+1 60.1£0.7
373+1 48.6+£0.6 3731 52.6+0.7 373+£1 57.9+£0.7
388+1 52.0+0.7 388+1 56.3+0.8 388+1 61.9+09
403+1 56.7£0.7  403£1 60.3£0.8
418+1 59.4+0.8
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Area

Pre-exponential factor

Symbol of species i

Reaction constant (temperature coeflicient)
Parabolic coefficient

Constant

Speed of sound

Specific heat capacity at constant pressure
Specific heat capacity at constant volume
Diameter

Damkohler number of reaction j

Binary diffusion coefficient

Activation energy

Gravity

Specific enthalpy

Thickness of the burner plate

Unit tensor

Equilibrium constant of reaction j
Equilibrium constant of reaction j
Reaction rate coefficient for reaction j
Steady transport operator

Lewis number

Flame thickness

Mean molar mass

Mass flow

Mach number

Molar mass of species ¢

Concentration of species i

Number of reactions

Number of species

kg mol !
kgm™ s~

kg mol !
mol m~3



126 NOMENCLATURE
P Pitch of the burner plate m
P Pressure Pa
Pamb Ambient pressure Pa
q Heat flux Jm—2s7!
T Radial coordinate m
T Reaction rate for reaction j mol m—3 5!
R Universal gas constant J mol~1 K1
R Radius of the burner plate m
Ry, Moil based ratio between hydrogen and methane

Ro, Mole based ratio between oxygen and nitrogen

CESERESCS S SN NRNT NG

Relative sensitivity coefficient

Sensitivity coefficient Ksm™

Laminar burning velocity ms™!
Temperature K
Time S
Temperature at 7 = 0 of the burnerplate K
Temperature of the heating jacket K
Unburnt gas Temperature K
Gas mixture velocity ms™!
Gas velocity ms!
Diffusion velocity of species i ms~!
Velocity in x-direction ms!
Velocity in y-direction ms™!
Velocity in z-direction ms™!
Non-dimensionalised reaction rate -
Species mole fraction mol mol !
Downstream side of the burnerplate m
Non-dimensional coordinate -
Species mass fraction kg kg1

Non-dimensional coordinate

Greek symbols

o Heat transfer coefficient Jm—2s 1 K!
o Ratio between CO and H,, mole based -
a Volumetric heat transfer coefficient Jm3s 1 K!
6] Production rate ratio between CO and H, at the inner layer

A Error estimate *
J Inner layer thickness

€ Geometrical constant

€ Oxidation layer thickness -
n Dynamic viscosity kgm=t g2
K Volumetric viscosity m? s
N Thermal heat conductivity Jm~ts K
by Thermal heat conductivity of brass Jmts 1 K!
v Stoichiometric coefficient
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I1 Stress-tensor kgm™! s
p Density kg m~3
i Density of species i kg m—3
o Uncertainty *
Sij Collision efficiency between species

T Scaled temperature -
T Viscous stress-tensor kgm s
o) Fuel equivalence ratio -
W; Chemical source term kgm—3 g1
Wr Heat release Jm—3s!
€ Ratio between hydrogen and methane

Superscripts

0 Without hydrogen

§ With hydrogen

ref Reference

~ Scaled value, the hydrogen value divided by the pure value

T Transposed

Subscripts

—00 Initial

g Adiabatic

b Reverse reaction

C Centre

eq Equilibrium

f Forward reaction

g Gas phase

! Species

j Elements

k Species

p Burnerplate

* depends on the situation
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Abstract

In a future sustainable society, hydrogen is likely to play an important role as an
energy carrier. In an EET-project called Greening of Gas (VG?) the transition path from
pure natural gas towards the use of mixtures containing more and more hydrogen is
investigated. The research carried out at the TU/e is focused on the safety of burner
devices. A crucial parameter for the safety of burner devices is the laminar burning
velocity. In this thesis the laminar burning velocity of methane-hydrogen mixtures is
experimentally determined and compared to numerical data using several combustion
reaction mechanisms. An asymptotic theory for stoichiometric methane hydrogen flames
is presented. This theory is validated with the experimental and numerical data.

To measure the laminar burning velocity accurately the heat flux burner is used, which is
developed previously at TU/e. Based on the earlier works of van Maaren and Bosschaart
the heat flux method is further analysed in this thesis. This analysis results in a better
understanding of several aspects of the method. For example it is shown that the influence
of the heating jacket is negligible when using a temperature difference of at least 30 K
between the unburnt gas temperature and the temperature of the heating jacket should
be maintained. Furthermore, it is not likely that the burner surface influences the heat
flux experiments in the presented measurement range. However when higher unburnt
gas temperatures will be used this influence should be regarded.

In the present research, three sets of laminar adiabatic burning velocities have been
measured and presented using 95% confidence error intervals. The first set consists
of hydrogen-oxygen-nitrogen mixtures at various fuel equivalence ratios and several
nitrogen dilutions. The second set of measurements deals with methane-hydrogen-air
mixtures at various fuel equivalence ratios and hydrogen contents up to 40%. The last set
of measurements show a glimpse towards gas turbine situations. Here the unburnt gas
temperature is increased from 298 K up to 420 K for methane-hydrogen-air mixtures.

The laminar burning velocity measurement data of hydrogen-oxygen-nitrogen mixtures,
show significant differences with experimental results of other authors. This discrepancy
is probably related to the non-linear stretch correction performed by them. The diffe-
rences between the combustion reaction mechanisms and the heat flux data show
significant differences in the performance of the methane based combustion reaction
mechanisms in the case of hydrogen-oxygen-nitrogen mixtures. Especially the commonly
used GRI-mechanism deviates from the experimental data. Remarkably the performance
of the methane based SKGo3 mechanism is comparable or even better compared to
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hydrogen based mechanisms for fuel lean flames to slightly rich hydrogen-oxygen-
nitrogen flames. Generally, the hydrogen based kinetic mechanisms perform quite well
for the investigated parameter range; especially the Konnov mechanism.

When comparing the measurements of the laminar burning velocities at ambient con-
ditions as well as increased unburnt gas temperatures of methane-hydrogen-air mixtures
with numerical combustion mechanisms it is shown that both the SKGo3 mechanism
and the GRI-mechanism perform very well. Experimental data of the laminar burning
velocities of methane-air flames show that the measurements of Bosschaart give compa-
rable results with the present measurements. Regrettably experimental data of methane-
hydrogen-air flames is scarce; the data of Halter et al. show comparable results.

In order to get more insight in the basic properties describing methane-hydrogen-air
flames, the asymptotic theory of Peters and Williams for stoichiometric methane-air
flames is adapted to stoichiometric methane-hydrogen-air flames. This theory is validated
both with experiments performed using the heat flux burner and numerical simulations
using CHEM1D. With this theory for stoichiometric flames the laminar burning velo-
city as a function of the hydrogen content can be predicted qualitatively even for higher
pressures and temperatures. The resulting equations show that the driving force for
the increase in burning velocity of a methane-hydrogen flame is the increase in tempe-
rature difference between the inner layer temperature and the adiabatic flame tempe-
rature.



Samenvatting

In het toewerken naar een duurzame energievoorziening kan in de toekomst een energie-
drager op basis van waterstof een belangrijke rol gaan spelen. In het EET-project Vergroe-
ning van Gas (VG?) wordt de transitie van het huidige aardgas naar mengsels met meer
en meer waterstof onderzocht. Het onderzoek aan de TU/e is gericht op de veiligheid van
brander systemen. Een belangrijke parameter voor de veiligheid van brander systemen
is de laminaire verbrandingssnelheid. In dit proefschrift is de laminaire verbrandings-
snelheid van methaan-waterstof mengsels experimenteel bepaald en vergeleken met
numerieke resultaten. Deze numerieke resultaten zijn bepaald zijn met behulp van
diverse verbrandings reaktiemechanismen. Tevens is een asymptotische theorie voor
stoichiometrische methaan-waterstof mengsels gepresenteerd in dit proefschrift. Deze
theorie is vervolgens gevalideerd met behulp van experimentele en numerieke resul-
taten.

Om de laminaire verbrandingssnelheid nauwkeurig te bepalen, wordt gebruik gemaakt
van een warmte flux brander. De brander is de afgelopen jaren reeds ontwikkeld aan
de TU/e door van Maaren en Bosschaart. In dit proefschrift is de warmte flux methode
verder geanalyseerd, wat geresulteerd heeft in een beter begrip van diverse aspecten van
de meetmethode. Zo is de invloed van de verwarmingsring op de meetresultaten bijvoor-
beeld verwaarloosbaar klein indien het temperatuur verschil tussen de verwarmingsring
en het onverbrande gas minimaal 30 K bedraagt. Tevens is het onwaarschijnlijk dat het
branderplaatje de metingen van de warmte flux brander beinvloedt voor het gepresen-
teerde meetgebied in dit proefschrift. In het geval dat hogere onverbrande gastempera-
turen gebruikt gaan worden, moet wel rekening gehouden worden met een eventuele
invloed van de branderplaat.

In deze studie zijn drie groepen metingen verricht van laminaire verbrandingssnelheden
met 95% betrouwbaarheidsinterval. De eerste groep metingen bestaat uit waterstof-
zuurstof-stikstof mengsels voor verschillende brandstof-lucht verhoudingen en diverse
stikstof gehaltes. De tweede groep metingen zijn methaan-waterstof-lucht mengsels voor
diverse brandstof-lucht verhoudingen en diverse waterstof percentages; tot 40%. De
laatste groep metingen bestaat ook uit methaan-waterstof-lucht vlammen, maar nu lijken
de meetcondities meer op gasturbine situaties; de onverbrande gastemperatuur is van
298 K verhoogd naar 420 K.

De meetresultaten van de laminaire verbrandingssnelheid voor waterstof-zuurstof-
stikstof vlammen laten significante verschillen zien ten opzichte van experimentele
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gegevens van andere auteurs. Dit verschil is waarschijnlijk veroorzaakt doordat een
niet-lineaire krommingscorrectie is gebruikt door de betreffende auteurs. De verbran-
dings reactiemechanismen laten in vergelijking tot de metingen met de warmte flux
methode significante verschillen zien voor waterstof-zuurstof-stikstof mengsels in het
gedrag; met name de op methaan gebaseerde verbrandings mechanismen. Vooral het
veel gebruikte GRI-mechanisme wijkt af van de metingen. Het gedrag van het op het
methaan gebaseerde SKGo3 mechanisme is vergelijkbaar en soms zelfs beter dan de op
waterstof gebaseerde mechanismen; vooral in het gebied van brandstof arme vlammen
tot licht brandstof rijke vlammen. In het algemeen geldt dat mechanismen die op water-
stof gebaseerd zijn best goede resultaten geven in het onderzochte meetgebied; vooral het
Konnov mechanisme is hiervoor geschikt.

Wanneer de metingen van de laminaire verbrandingssnelheid onder omgevings condi-
ties en de metingen voor verhoogde onverbrande gastemperatuur van methaan-waterstof-
lucht mengsels worden vergeleken met numerieke resultaten met verbrandings mecha-
nismen dan blijkt dat zowel het SKGo3 mechanisme als het GRI-mechanisme goede
resultaten geven. De gemeten verbrandingssnelheden van methaan-lucht mengsels zijn
vergelijkbaar met de metingen van Bosschaart. Metingen aan methaan-waterstof-lucht
vlammen zeldzaam tot nu toe, maar de in dit proefschrift gepresenteerde metingen
komen overeen met de beschikbare data van Halter e.a..

Om meer inzicht te verkrijgen in de eigenschappen die een methaan-waterstof-lucht
vlam beinvloeden is de asymptotische theorie voor stoichiometrische methaan-lucht
vlammen van Peters en Williams aangepast voor stoichiometrische methaan-waterstof-
lucht vlammen. Deze theorie is gevalideerd met experimenten uitgevoerd met de
warmte flux brander en numerieke resultaten bepaald met CHEM1D. Met deze theo-
rie is het mogelijk om de laminaire verbrandingssnelheid als een functie van het
waterstofpercentage kwalitatief te voorspellen; zelfs voor hogere drukken en onverbrande
gastemperaturen. De resulterende set vergelijkingen laat zien dat de drijvende kracht
achter de toename van de laminaire verbrandingssnelheid van methaan-waterstof-lucht
vlammen het grotere verschil in temperatuur tussen de inner layer temperatuur en de
adiabatische vlam temperatuur is.
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