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Introduction 

 

Combustion has always played an important role in the history of 

mankind: from prehistoric times when fire was used for cooking food and 

keeping wild animals at bay, to modern times in which combustion is used in 

industrial processes, power generation and space heating in buildings. 

However, beside the benefits combustion offers, it also has a downside: 

producing pollutants such as nitrogen oxides, sulfur oxides and soot. 

Once released into the atmosphere, NOx plays an important role in the 

formation of photochemical smog and acid rain [1]. The global emission of 

NOx since 1900 has increased by a factor of ten, and from 1950s even with a 

factor of three [2]. A significant amount (~70%) of this increase can be 

attributed to combustion sources [3], while the rest of the NOx emission comes 

from natural sources.  

Since the early 1970s, many countries have implemented NOx emissions 

regulations by law. The progressively stringent regulations for NOx emission 

[4] stimulated designers of natural-gas-fired combustion equipment to search 

for techniques of limiting NOx formation. It became increasingly clear that a 

more detailed understanding of the mechanism of NOx formation is needed to 

assess and predict the effect of NOx control strategies such as flue gas 

recirculation, use of radiant burners and water injection [2]. In the past 30 

years, significant progress has been made in determining the chemical 

mechanisms by which NOx is formed; however, despite this progress, the 

extent to which these mechanisms contribute to NOx formation in many 

practical systems is still not known. As a result, the actual effect of NOx control 

strategies in practice is difficult to predict and the development of combustion 

equipment is still based on ‘trial and error’ methods. The development process 

would be more efficient and effective with correct insight in the mechanism of 

NOx formation and it response to various control strategies. 

Whereas most studies have focused on understanding NOx control 

strategies in fuel-lean premixed flames, the objective of this thesis is to provide 

insight in the effect of two NOx control strategies on the formation of NOx in 

laminar premixed fuel-rich methane-air flames: flue-gas recirculation 

(essentially the dilution of the fuel-air mixture with N2+CO2) and burner 

stabilization (leading to upstream heat loss, the operating principle of radiant 
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burners). Towards this end, the distributions of temperature and concentrations 

of key chemical species important for NO formation have been measured in 

low-pressure flames while varying the exit velocity and composition of the 

unburned fuel/air mixture. At reduced pressures, the reaction zone broadens to 

a size larger than the typical spatial resolution of optical diagnostic techniques, 

facilitating the measurements (see for example [5]). For this reason, a low-

pressure setup was constructed to perform these measurements. In this thesis, 

laser-induced fluorescence (LIF) is used for determining flame temperatures 

and absolute NO, OH and CH concentrations. To assist in the analysis of the 

underlying physical and chemical processes, and to assess the predictive power 

of current chemical mechanisms describing NOx formation, the experimental 

observations are compared with the results of one-dimensional flame 

calculations. Furthermore, the experimental results can be utilized to benefit the 

design of low-NOx combustion systems by not only showing the most 

promising conditions for minimizing NOx formation, but also by improving the 

accuracy of NOx predictions of detailed numerical models describing methane-

air flames. 

Scope of this thesis 

 

In this thesis, a laser-diagnostic study of the effect of flue-gas 

recirculation and upstream heat-loss on NOx formation in laminar low-pressure 

premixed fuel-rich methane-air flames is presented. In Chapter 1, basic 

information on the physics and chemistry of one-dimensional laminar flames, a 

short discussion of current insight into chemical processes leading to NO 

formation and NOx emission reduction techniques are presented. Chapter 2 

gives details of the low-pressure setup and the gas-handling system that are 

used in the experiments throughout this thesis. Chapter 3 presents the physical 

principles and experimental details of laser-induced fluorescence (LIF). 

Chapter 4 is devoted to a study of the effect of burner stabilization on Fenimore 

NO formation in low-pressure fuel-rich premixed CH4/O2/N2 flames, while 

Chapter 5 considers the effects of flue-gas recirculation. Finally, in Chapter 6 

the results from measuring NO mole fraction as function of pressure are 

discussed with the aim of investigating how the low-pressure results can be 

translated to atmospheric conditions.  
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Chapter 1 
 

 

NO formation and destruction in laminar 

premixed hydrocarbon flames 
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This chapter provides background information on NO formation, and flue-gas 

recirculation and burner stabilization as NO emission control strategies in 

one-dimensional laminar premixed methane-air flames 

1.1 Chemistry and physics of flat laminar premixed methane-air 

flames 

1.1.1 Flat laminar premixed flames 

 

Flat laminar premixed flames are the workhorse of many combustion 

laboratories, since the one-dimensional character of these steady flames offers 

great advantages for modeling, and allow a straightforward comparison with 

experiments. 

In a flat laminar premixed flame, fuel and oxidizer (for example methane 

and air) are fully mixed prior to combustion. The premixed gas composition is 

usually expressed in terms of the equivalence ratio (φ), which is defined as the 

molar ratio of fuel and oxidizer with respect to that at stoichiometric 

conditions. A premixed flame is considered stoichiometric if oxidizer and fuel 

are in the ratio prescribed by the balanced chemical equation for combustion, 

for example: 

 

CH4 + 2O2 → CO2 + 2H2O     (R 1.1) 

 

Conditions of excess fuel (φ>1) or deficiency of fuel (φ<1) are referred to as 

fuel-rich or fuel-lean, respectively. 

 

The coupling of heat and mass transport and chemical reaction leads to a 

spatial structure, the flame, which determines the path from reactants to 

products. The structure of a flat laminar-premixed flame is schematically 

shown in Figure 1.1:  
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Figure 1. 1. Schematic representation of premixed flame structure. 

 

Premixed flame structure can be divided into four zones: unburned zone, 

preheat zone, reaction zone and burned gas zone. The unburned mixture of fuel 

and oxidizer is delivered to the preheat zone at ambient conditions, where the 

mixture is warmed by upstream heat transfer from the reaction zone. In the 

reaction zone, the fuel is rapidly consumed and the bulk of chemical energy is 

released. The thickness of the flame front (δ, see Figure 1.1) is ~ 0.5 mm at 

atmospheric pressure and ~ 5 mm at 25 Torr, depending not only on pressure 

but also on initial temperature and equivalence ratio  [1-3]. This thin flame 

front implies steep species and temperature gradients, which provide the 

driving forces for the flame to be self-sustaining. In the reaction zone, 

temperature is high enough for creating a large radical pool. Finally, in the 

burned zone, radicals recombine, and both temperature and major species 

concentrations approach their equilibrium values. However, the concentrations 

of minor species in this region can deviate substantially from their equilibrium 

values. 

The velocity with which a flat flame front propagates with respect to the 

unburned fuel/oxidizer mixture is called the laminar burning velocity, SL, and 

is strongly dependent upon fuel and oxidizer type, equivalence ratio and 
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temperature of unburned fuel/oxidizer mixture. In the laboratory frame, where 

the unburned fuel/oxidizer mixture propagates with velocity v, the speed of the 

flame front vfr is v-SL. In practice, one-dimensional flames are created by 

supplying the fuel/oxidizer mixture through porous material, effectively 

creating a uniform flow field, which is schematically illustrated in Figure 1.2:  

 

 

Figure 1. 2 Schematic illustration of flame burning downstream of a porous burner, 

where v is unburned gas velocity, SL is laminar burning velocity. 

 

Since the laboratory frame is attached to the burner, three possible 

idealized situations may occur, depending on the relation between v and SL. 

First, if v>SL the flame will move away from the burner, i.e., the flame will 

blow off. If v=SL, the flame will keep its position relative to the burner surface, 

and be “aerodynamically stabilized”. In this case, neglecting possible radiative 

losses from the flame to the surroundings, the enthalpy in the fuel is solely 

manifest in the temperature of the burned gases, and the flame is referred to as 

an “adiabatic” or “free” flame. The temperature corresponding to an adiabatic 

flame is the maximum flame temperature that can be achieved for a given fuel-

oxidizer composition. If v<SL, the flame will move towards the burner and will 

attempt to enter the burner. Since the pores of the idealized burner are assumed 

to prevent the flame from entering the burner, the flame will transfer heat to the 

burner to lower the actual burning velocity to the flow velocity; in this 

condition the flame is referred to be as being ‘stabilized’ by the burner surface. 

Later in this chapter we will discuss burner stabilization in more detail. 
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1.1.2 Conservation equations for an one-dimensional steady laminar 

premixed flame  

 

In a one-dimensional steady flame at constant pressure, the effects of viscosity, 

radiation and gravitation are generally neglected  [3,4]. In this case, the 

governing equations can be written as shown below  [4].  

 

Overall conservation of mass  

 

The conservation of total mass states: 

 

( ) 0=v
dx

d
ρ ,        (1.1) 

 

where ρ is the overall mass density and v is the mean mass velocity. From 

equation (1.1) follows that the product of the density and the velocity, the mass 

flux, is constant and independent of x. 

 

Conservation of mass of a particular species i  

 

( )[ ] iii RVvy
dx

d
=+ρ ,     (i=1…K)   (1.2) 

 

where yi is the species mass fraction and Vi is the species diffusion velocity, 

expressing the molecular transport caused by concentration gradients of species 

i. When the concentration of i
th

 component is low, Flick’s law  [3] can be used 

to calculate Vi. An important property is that the system of equations (1.1) and 

(1.2), contains K linearly independent equations. Because the chemical reaction 

does not change the element composition, the total mass production rate 

∑ = 0iR . Therefore summation of equation (1.2) over K yields equation (1.1).  

  In flames, the time scales of transport processes, such as diffusion and 

heat conduction are comparable to the time scales of chemical reactions. 

Therefore, determining combustion properties requires information on the rates 

of both transport processes and chemical reactions.   
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Equation of state 

 

The equation of state is given by: 

 

∑=
i i

i

M

y
RTp

ρ
,       (1.3) 

 

where p is the pressure, R the universal gas constant, T the temperature and Mi 

the molar mass of species i. Assuming that the dependence of the diffusion 

velocity Vi on the temperature and species concentrations is known, the above-

described system consists of (K+1) linearly independent equations and contains 

(K+2) unknown parameters: yi, v, ρ and T. Thus, the system contains more 

unknown parameters than equations and a solution is only possible if one of the 

parameters is specified, or if an extra equation is added to the system, such as 

the equation for the conservation of energy. 

 

Conservation of energy  

 

The conservation of energy is expressed as: 

 

( ) 0=







−+∑

dx

dT
VvHy

dx

d

i

iii λρ ,     (1.4) 

 

where Hi is the specific enthalpy of the ith species and λ the thermal 

conductivity of the mixture. The conservation of energy states that the sum of 

energy transport by means of convection (first term), diffusion (second term) 

and conduction (third term) must be equal to zero. 

Although with the addition of this equation the system of equations can 

now be solved, for burner-stabilized flames one often chooses to use measured 

temperature profiles as input to the model. This is intended to “correct” the 

model predictions for differences in chemistry that any discrepancies in the 

temperature profile may cause. 

Several software packages have been developed to solve the set of 

governing equations described above. In this work, the PREMIX code of the 
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CHEMKIN II package  [5] is used. This software package can be used to 

calculate both burner-stabilized and free flames.  

1.1.3 Chemical production rate, Ri 

 

The combustion process of methane and oxygen is not a simple single-

step reaction as equation (R 1.1) may suggest, but takes place in many steps, in 

which several hundred elementary reactions occur among several tens of 

chemical species. Thus, not only H2O and CO2 are formed in the process, but 

also species such as NO, CO, NO2, OH, CH and others are formed by means of 

complex chemical mechanisms. The equation for conservation (1.2) needs to be 

solved for each species that participates in the process.  

 

If N species are considered, every chemical reaction j can be presented as: 

 

∑ ∑
= =

N

i

N

i

iij

rj
k

fj
k

iij ApAr
1 1

� ,       (1.5) 

 

where Ai represents the i
th

 component, rij and pij  are stoichiometric coefficients 

of reactants and products respectively. Suppose we are only interested in the 

rate of change of species Ai, in this case the following expression can be found 

based on equation (1.5): 

 

[ ] [ ] [ ]∏∏
==

+−=
N

i

p

iijrj

N

i

r

iijfj
i ijij ApkArk

dt

Ad

11

    (1.6) 

 

where [] denote the molar concentration of species Ai. The reaction rate 

constant is often expressed in a modified Arrhenius form: 

 

RT

E

n

rjfj

a

eTkk
−

= 0,        (1.7) 

 

where k0 is the pre-exponential factor, n the temperature exponent and Ea the 

activation energy.  The rate constant for the forward reaction, kfj, and for the 

reverse reaction, krj, are related through the equilibrium constant, Keq, which 

can be found from the thermodynamic properties of the species [4]: 
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rj

fj

eq
k

k
K =  .       (1.8) 

 

Of course a single species may undergo not one, but several reactions. In this 

case the final expression for the chemical production rate for M reactions is 

given by: 

 

[ ] [ ] [ ]∑ ∏∏
= ==









−==

M

j

N

i

p

iijrj

N

i

r

iijfji

i

ii
ijij BpkArkW

dt

Ad
WR

1 11

,  (1.9) 

 

where Wi is the molecular weight of species Ai. A set of elementary reactions 

describing a combustion process from reactants to products constitutes a 

chemical mechanism. The GRI-Mech 3.0 chemical mechanism proposed by 

Smith et al [6] is widely used in the combustion field for describing methane 

oxidation including NO formation. The mechanism was developed under the 

sponsorship of the Gas Research Institute and consists of 325 elementary 

reactions and 53 chemical species [7]. The experimental data in this work was 

modeled using this chemical mechanism. 
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1.2 Mechanisms of nitric oxide formation 

 

Nitric oxide (NO) is the primary nitrogen oxide emitted in combustion 

processes [8] and is a precursor for the formation of other nitrogen oxides (such 

as NO2) [9]. In the combustion of fuels that do not contain nitrogen 

compounds, NO is formed from molecular nitrogen in air by breaking the triple 

bond between nitrogen atoms in N2. There are four distinct routes responsible 

for the formation of NO in these fuels, which differ in the way in which the N2 

bond is broken, as illustrated in Figure 1.3: 

 

 

 

Figure 1. 3. Illustration of reactions leading to breaking the N2 bond for forming NO 

under combustion conditions.  

 

Some reactions can lead directly to NO, such as the Zeldovich mechanism, 

others shown in Figure 1.3 are first steps in a chain of reactions leading to NO. 

The important features of each reaction illustrated in Figure 1.3 will be 

discussed in this section. 

1.2.1 Zeldovich or thermal mechanism 

 

The thermal or Zeldovich mechanism, named after Y.B. Zeldovich who first 

postulated the mechanism in 1946 [10], consists of two principal reactions 

[3,9]: 

 

O +  N2  
1fk

⇔  NO + N )/318exp(108.1 114

1 RTkJmolk f

−−⋅=    (R 1.2) 

O2 + N  
2fk

⇔  NO + O  )/27exp(100.9
19

2 RTkJmolk f

−−⋅=      (R 1.3) 
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The reaction between OH and N, which is important in fuel-rich flames where 

[OH]>>[O] is also considered as part of the Zeldovich mechanism [3,9]: 

 

OH + N 
3fk

⇔  NO + H  13

3 108.2 ⋅=fk      (R1.4) 

 

The rate coefficients of these reactions haven been studied extensively and are 

well known (see [11]). Reaction (R 1.2) is considered to be the rate-

determining step due to its relative high activation energy; this allows the 

reaction to proceed at considerable rate only at higher temperatures, typically 

above 1800 K.  For this reason NO formed via the Zeldovich mechanism is 

referred to as “thermal NO”. 

Assuming that the initial concentration of NO is low, such that only 

forward reactions are considered, and that nitrogen atoms are in steady state, an 

expression can be derived for describing the overall rate of thermal NO 

formation: 

 

( )[ ][ ]212
][

NOTk
dt

NOd
f

zeld = ,      (1.10) 

 

In most cases of air-fed combustion, the molecular nitrogen concentration does 

not vary substantially and the thermal NO formation rate depends only on 

temperature, through reaction rate kf1, and the atomic oxygen concentration. To 

illustrate this temperature dependence, the thermal NO formation rate using Eq. 

(1.10) is calculated as function of flame temperature for three equivalence 

ratios while assuming equilibrium concentrations of O atoms and N2 

molecules. The results of these calculations are shown in Figure 1.4: 
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Figure 1. 4. Calculated thermal NO rate of production as function of flame temperature 

for premixed adiabatic methane/air flames at atmospheric pressure for φφφφ=0.8, 1.0 and 

1.2. Closes squares denote the adiabatic temperatures for the equivalence ratios 

assuming reactants at room temperature. 

 

As can be seen from this Figure, the thermal NO formation rate shows 

significant acceleration at higher temperatures. Besides the temperature 

dependence, the calculations also show a strong dependence on the equivalence 

ratio: for fuel-rich conditions (φ=1.2) thermal NO formation is much slower in 

comparison to fuel-lean conditions (φ=0.8). In general, thermal NO formation 

is the dominant route to NO for fuel-lean and stoichiometric hydrocarbon 

flames [8]. The dependence on equivalence ratio reflects the difference in 

atomic oxygen concentration: for example, at a constant temperature of 1900 

K, we observe an O atom concentration of 57.2 ppm for φ=0.8 and 0.24 ppm 

for φ=1.2. Under adiabatic conditions, the maximum thermal NO formation 

rate is achieved near stoichiometric conditions due to the simultaneous high 

adiabatic flame temperature and atomic oxygen concentration.  

 Based on equation (1.10), the actual amount of NO formed in a flame 

can be estimated. A typical flame length of ~10 cm and average burned gas 

velocity of 2 m/s result in a residence time of ~50 milliseconds. For this 

residence time the amount of thermal NO formed at stoichiometric conditions 

is about 500 ppm, which is much lower than the equilibrium value of ~1870 
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ppm. On the fuel-lean and fuel-rich sides of stoichiometric, the amount of NO 

formed decreases to 50 ppm (φ=0.8) and 10  ppm (φ=1.2) NO, respectively. 

 So far, an equilibrium concentration of O atoms was assumed: however, 

in the flame front the O-atom concentration can often significantly exceed the 

equilibrium value [9]. This so-called “superequilibrium concentration” is 

responsible for an acceleration of thermal NO formation in the flame front. 

While there is a contribution from superequilibrium O atoms to the Zeldovich 

NO formation under stoichiometric and fuel-lean condition [8], the results do 

not alter the trends shown in Figure 1.4. 

Figure 1.5 shows a temperature and NO profile for a burner stabilized 

atmospheric pressure stoichiometric premixed methane/air flame, calculated 

using GRI-Mech 3.0 [6] and the CHEMKIN PREMIX code [5]. 

 

 

Figure 1.5. Calculated NO and temperature profile for an atmospheric pressure 

premixed methane-air flame at a mass flux of 0.025 g/cm
2
s and φφφφ=1.0. NO formation via 

Zeldovich and Fenimore mechanism (see § 1.2.2) are indicated.  

 

 Figure 1.5 shows that NO formed via the Zeldovich mechanism occurs 

primarily in the burned gas zone and that the NO concentration takes a long 

time to reach equilibrium, reflecting that thermal NO formation is rather slow 

at these temperatures.  
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Equation (1.10) shows that reducing the temperature and/or O atom 

concentration, for example by fuel-lean combustion [12-14], results in a 

reduction in thermal NO formation. Although this NO control strategy is used 

in many combustion processes, thermal NO formation is not the dominant NO 

formation route in fuel-rich flames, which we will discuss in the next section. 

1.2.2 Fenimore mechanism 

 

In 1971, Fenimore [15] suggested an additional NO formation mechanism 

based on the observation that NO profiles measured in atmospheric-pressure 

hydrocarbon flames, when extrapolated to the burner surface, yielded non-zero 

NO concentrations in the flame front, especially for fuel-rich conditions. 

Fenimore concluded that NO was formed near the burner surface, in the flame 

front, and called this “prompt NO” (see also Figure 1.5). Based on these 

observations, Fenimore suggested that rate-determining step for this fast NO 

formation is due to the reaction of nitrogen with hydrocarbon radicals, such as: 

 

CH + N2 
4fk

⇔  HCN + N ( ) )/84exp(1012.3 188.09

4 RTkJmolTTk f

−−×= , (R 1.5) 

 

where the rate coefficient is taken from [6]. The hydrogen cyanide (HCN) and 

nitrogen atom (N) produced in reaction (R 1.5), reacts subsequently to NO 

through a series of reactions [9]. Suppose we assume that all N and HCN 

formed via reaction (R 1.5) rapidly react to NO and neglect the reverse 

reaction; then the amount of NO formed via the Fenimore mechanism can be 

calculated by integrating equation (1.9), similar to that done in [16,17]: 

 

 ( )[ ] ( ) ( )
( )

,
2

2

24, dx
xRT

P
xNxCHxTk

v

W
X fFenNO ⋅








⋅⋅= ∫ρ

  (1.11) 

 

where FenNOX ,  is the mole fraction Fenimore NO, ( )xCH , ( )xN 2 , ( )xT , ( )xv  

and ( )xW  the local CH mole fraction, nitrogen mole fraction, temperature, gas 

velocity and local mean molecular weight, respectively, and P the pressure. In 

a similar way the amount of thermal NO can be calculated: 
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( )[ ] ( ) ( )
( )

,
2

2

21, dx
xRT

P
xNxOxTk

v

W
X fZeldNO ⋅








⋅⋅= ∫ρ

   (1.12) 

 

where ZeldNOX ,  is now the mole fraction Zeldovich NO and O(x) is the local 

oxygen atom concentration.  

Figure 1.6 shows the results of calculating the Fenimore and Zeldovich 

NO mole fractions as function of the equivalence ratio, using equations (1.11 

and 1.12) and predictions from the CHEMKIN calculations for atmospheric-

pressure methane/air flames. 

 

 

Figure 1. 6.  Calculated Zeldovich and Fenimore NO mole fractions as function of the 

equivalence ratio. Integration was performed up to 10 cm above the burner surface.  

 

As shown in Figure 1.6, the Fenimore NO is the dominant route for NO 

production in fuel-rich (φ greater than roughly 1.2) methane/air flames. The 

maximum Fenimore NO concentration is observed near φ=1.4.  

The CH radicals, important for Fenimore NO formation, are formed via 

the route [9]: CH4→CH3→CH2→CH. For 1.1<φ≤1.4, the following reaction is 

primarily responsible for the creation of CH radicals [18]: 

 

CH2 + H       ⇔  CH + H2.     (R 1.6) 
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Once the CH radicals thus formed react with nitrogen according to reaction (R 

1.5), the HCN and N produced react rapidly to form NO according to the 

following reactions [9]: 

 

  HCN + O ⇔ NCO + H     (R 1.7) 

  NCO + H ⇔ NH + CO     (R 1.8) 

  NH + H    ⇔ N  + H2     (R 1.9) 

  OH + N    ⇔ NO + H     (R 1.4) 

 

For φ>1.4, the decrease in O, OH and H radical concentrations becomes 

important [see reaction (R1.6)], causing a decrease in CH concentration and 

consequently a decrease in the resultant concentration of Fenimore NO. 

Equation (1.11) shows that besides the CH concentration, the temperature 

is another important parameter for Fenimore NO formation. The activation 

energy of reaction (R 1.5) is considerably lower than the activation energy of 

reaction (R 1.2), allowing prompt NO formation to take place at temperatures 

as low as 1000 K.  

Since Fenimore first proposed his mechanism, much progress has been 

made in understanding the mechanism, but despite this advance there are still 

significant uncertainties. For example, detailed information on the rate constant 

of reaction (R 1.5) is scarcely available in the literature. The reaction rate 

constant used in GRI-Mech 3.0 [6] was determined by fitting high temperature 

shock tube data (2300<T<3800 K) [19,20] and optimizing for the peak CH 

concentration measured in a low-pressure flame [21] (T<1730 K). The 

relatively large scatter in the data in the high temperature range increases the 

uncertainty in the rate constant. Moreover, for an important regime for 

combustion between 1730 and 2300 K there are no direct measurements of rate 

constant for reaction (R 1.5) and experiments in this area are needed to validate 

or improve its value. A consequence of this gap in the temperature range is that 

the predictions of NO formed via the Fenimore mechanism are uncertain. 

Another issue in the Fenimore mechanism is the uncertainty in which 

products are formed from reaction (R 1.5). Moskaleva et al. [22] suggested that 

since reaction (R 1.5) is spin-forbidden other products should be preferred, and 
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based on theoretical considerations proposed the following reaction instead of 

(R 1.5): 

 

  CH + N2    ⇔   NCN + H     (R 1.10) 

 

Using reaction (R 1.10) instead of reaction (R 1.5) as rate-determining step in 

Fenimore NO formation can be one of the reasons for the observed differences 

between measurements and model predictions for flames in which the 

Fenimore mechanism is dominant [13,14,23]. Smith [24] detected NCN in low-

pressure methane/air and methane/NO flames: the presence of NCN in these 

flames suggests its role as an intermediate in nitrogen chemistry. However, 

since little is known about the mechanism for conversion of NCN to NO, it is 

difficult to assess whether (R 1.10) or  (R 1.5) is the rate-determining step. 

There are not only uncertainties in the products of reaction (R 1.5), but 

also in the reactions involved in CH radical formation. As discussed above, CH 

is primarily formed via reaction (R 1.6). The two most important consumption 

reactions for CH are: 

 

CH + H2O ⇔ CH2O + H      (R 1.11) 

CH + O2   ⇔ HCO + O.     (R 1.12) 

 

Especially reaction (R 1.11) has a large uncertainty [11] in the reaction rate, 

which affects the CH chemistry and therefore also the NO formation.  

Apart from uncertainties in reaction rates for CH chemistry, another 

problem is the measurement of CH, which exists only in the flame front. Figure 

1.7 shows calculated CH profiles using GRI-Mech 3.0 for flames at 100 and 

761 Torr: 
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Figure 1. 7 Calculated CH profiles for 100 and 761 Torr. CHEMKIN calculations are 

performed for     ρρρρv=0.00721 g/cm
2
s premixed φφφφ=1.2 methane/air flames.  

 

At atmospheric pressure the CH profile is very narrow and CH concentrations 

are very low, which makes measurements on CH very difficult [25]. However, 

when lowering the pressure the flame front broadens, which facilitates 

performing measurements of CH, as well as of other important flame 

parameters which have steep gradients, such as temperature and other species 

present in the flame front. Thus, at reduced pressures the profiles of CH and 

NO can be relatively easily resolved, which helps us to gain insight in the 

complex Fenimore mechanism. 

 

1.2.3 Other NO formation mechanisms 

 

N2O mechanism 

 

In the nitrous oxide (N2O) mechanism [9], NO is formed through N2O 

intermediate species that is produced according to the following reaction: 

 

  N2 + O + M ⇔ N2O + M     (R 1.13) 
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The N2O may react subsequently with O or H atoms to form NO: 

 

  N2O + O  ⇔ NO + NO     (R 1.14) 

       N2O + H  ⇔ NO + NH     (R 1.15) 

 

This reaction is primarily occurs under lean conditions, at low temperatures and 

elevated pressures [8]. With the exception of lean premixed combustion in gas 

turbine engines [26], this mechanism has only a minor contribution to the total 

formation of NO in comparison with the Zeldovich and Fenimore mechanisms. 

 

NNH mechanism 

 

This route for forming NO was suggested by Bozzelli and Dean [27], where 

NO was formed by oxidation of NNH radicals: 

 

  H + N2     ⇔ NNH      (R 1.16) 

  NNH + O ⇔ NO + NH     (R 1.17) 

 

The NNH mechanism was suggested to be the dominant source of NO 

production in low temperature fuel-rich premixed hydrogen air flames, where 

the contribution from Zeldovich is suppressed [28,29].  

 

1.3 Nitric oxide emission reduction by flue-gas recirculation and 

upstream heat-loss in fuel-rich premixed flames 

 

As mentioned before, combustion modifications for controlling NO 

emissions from combustion equipment fired with natural gas are almost always 

aimed at suppressing the contribution from Zeldovich mechanism by reducing 

the flame temperature and/or lowering oxygen concentration, according to 

equation (1.12). In this thesis we will focus on two temperature reduction 

methods: flue-gas recirculation (FGR, dilution of fuel-air mixture with 

N2+CO2) and upstream heat-loss (burner stabilization, operating principle of 

radiant burners).  
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1.3.1 Upstream heat-loss  

 

Figure 1.8 shows a schematic drawing of the principle of upstream heat loss: 

 

 

Figure 1. 8. Operating principle of upstream heat loss 

As mentioned above, when the cold gas velocity is lower than the free flame 

burning velocity, heat from the flame is transferred to the burner surface, which 

is transferred to the surroundings either as radiation or into the cooling water in 

water-cooled burners such as the McKenna Products burner. Except for the 

difference in heat transfer, flames stabilized on both burners have identical 

characteristics at the same exit velocity [14]: heat lost to the surroundings 

lowers the flame temperature by the same amount in comparison with adiabatic 

temperature. To illustrate this principle, calculations have been performed for 

an atmospheric pressure φ=1.3 premixed methane/air flame for different cold 

gas exit flows. Figure 1.9 shows the flame temperature as function of cold gas 

velocity. 
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Figure 1. 9. Calculated flame temperatures as function of cold gas velocity. CHEMKIN 

calculations are performed atmospheric pressure φφφφ=1.3 premixed methane/air flame. 

 

As can be seen in the Figures, lowering the cold gas velocity in this flame 

by a factor of 4 decreases the flame temperature by ~250 K. However, we 

cannot infinitely decrease the flow rate in order to achieve lower temperatures: 

at a certain point the flame temperature is too low for a flame to exist, and the 

flame extinguishes. This minimum cold gas velocity and corresponding 

temperature form a fundamental limit for this method of NOx control. 

While the effects of decreasing temperature on Zeldovich NO formation 

is well understood [12-14], the quantitative relation between temperature 

decrease and changes in NO formation via Fenimore mechanism remains 

unclear, due to the uncertainties in this mechanism, as discussed above.  

Mokhov and Levinksy [13,14] measured the temperature and NO profiles 

in atmospheric pressure premixed natural gas/air and methane/air flames, 

where the flame temperature was changed by upstream heat-loss. The 

‘expected’ NO reduction was observed for fuel-lean flames, where the 

Zeldovich mechanism is dominant. In fuel-rich flames, however, where the NO 

concentration is expected to be less sensitive to flame temperature changes 

because of the lower activation energy than for the Zeldovich mechanism, the 

experiments show a significant decrease in NO concentration for fuel-rich 

conditions with temperature: over a range of 100 K the NO concentration 
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decreases by a factor of 2 [13]. The temperature range of these experiments 

was extended by Sepman, et al. [30] using preheated reactants, in which a 

factor of 2 decrease in Fenimore NO was observed over 400 K at φ=1.3. 

Interestingly, a very sharp change in Fenimore NO was observed at φ=1.5; by a 

factor of 9 over a range of 100 K. 

The experimental results were compared with predictions of numerical 

models; the models predicted the response for fuel-lean and stoichiometric 

flames well [13,30], but predicted the absolute values at φ=1.3 substantially 

more poorly [20]. Interesting as well was the good prediction of the results at 

φ=1.5 [30]. These results show that more insight in the behavior of these 

models is needed, but also indicates the possibility of ‘alternative’ low-NOx 

strategies based on fuel-rich combustion. To achieve this, experimental 

investigations of Fenimore NO formation as a function of temperature are 

needed.  

 

1.3.2 Flue-gas recirculation 

 

Flue-gas recirculation (FGR) is a well-known NOx emission control 

strategy often used in industrial burners, such as large-scale utility boilers, 

where NO reductions of 70 percent can be achieved [8]. In FGR, a portion of 

the flue gases produced by the combustion process is recycled back to the 

burner by mixing with fuel or oxidizer [2]. In this work we study ‘dry’ FGR, 

which means that water is removed prior to mixing with fuel or oxidizer, as is 

often done in practice to avoid condensation of water and corrosion in the 

pipelines recirculating the flue gases. The cold ‘inert’ flue gases (such as N2 

and CO2) are heated up by the flame, resulting in a lower flame temperature 

and consequently lower NO emissions. To a lesser extent, dilution with flue 

gases lowers the initial oxygen levels in the flame, which in turn lowers 

thermal NO formation (see also 1.12 and § 1.2.1). 

 Increasing the amount of flue gas recirculation, results in a decrease in 

NO formation. However, we cannot increase this amount indefinitely: 

excessive flue-gas produces instable flames, resulting in an unwanted increase 

in CO emissions and ultimately in blow-off of the flames. 

Mokhov and Levinsky [14] studied the effectiveness of upstream heat loss 

and FGR as NOx control strategies, and for stoichiometric flames observed the 
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same reduction in NO mole fraction, independent of the NO control strategy. 

However, for flames at φ=1.3 the measured NO mole fractions using FGR were 

significantly higher in comparison to those measured for burner stabilization.  

 

1.4 Studies of NO formation in low-pressure flames 

 

To determine how FGR and upstream heat loss influence NO formation in 

fuel-rich methane-air flames, it is necessary to measure the key intermediates 

involved in the Fenimore mechanism. As discussed above, the CH radical plays 

a key role in this process, but is difficult to measure at atmospheric pressure. 

Only a few CH-radical measurements have been performed at atmospheric 

pressure [25,31]; the measurements were performed for development of laser 

diagnostics where, in case of Ref  [25], results were compared with calculations 

without drawing conclusions regarding the mechanism.  

Almost all quantitative measurements of CH concentration have been 

performed at reduced pressure. For example, Berg et al. [21] measured 

temperature and absolute CH profiles in premixed low-pressure 

methane/oxygen/nitrogen flames for different equivalence ratios (φ = 0.81, 1.07 

and 1.28 with varying N2/O2 ratios) and compared experimental results with 

predictions using GRI Mech 3.0. Predictions showed the expected good 

agreement with the measured CH profile for the flame used as a target in 

optimizing the mechanism (φ=1.07), but discrepancies were found both for 

leaner and richer flames in terms of maximum CH concentration and width of 

the CH profile. Failing to predict the position of the CH profile results in large 

uncertainties in prediction of Fenimore NO [1,16]. 

To date, only a few studies have been devoted to Fenimore NO formation in 

fuel-rich, low-pressure, methane-air flames [1,16,17,21]. However, these 

studies are restricted to φ<1.3, and none of them consider the effects of FGR 

and upstream heat loss. In this thesis, we examine the effect of these two NOx 

control strategies on NO formation in fuel-rich methane-air flames at low-

pressure. Towards this end, the profiles of temperature and the mole fractions 

of CH, OH and NO are measured for φ=1.3-1.5. Since this parameter variation 

represents a substantial extension to the previous studies; the results are also 

used to test the predictions of GRI-Mech 3.0. 
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Chapter 2 
 

 

Experimental setup for studying low-

pressure flames 
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In this chapter the gas handling system and the low-pressure chamber are 

described that are used for studying low-pressure flames examined in this 

thesis. 

2.1 Gas handling system 

 

The gas handling system including the low-pressure chamber is 

schematically shown in Figure 2. 1: 

 

 

Figure 2. 1: Overview of experimental setup for transporting, mixing and analyzing the 

cold gases 

 

For the experiments described in this work, all gases are supplied in cylinders. 

Methane is used as fuel and either ‘normal’ air or ‘artificial’ air are used as 
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oxidizer.  The ‘artificial’ air is composed of oxygen and nitrogen delivered 

from individual cylinders.  

The fuel and oxidizer gas flows are mixed in a tube of sufficiently large 

volume for homogenous mixing at pressure 2.5-3 bars. For calibration purposes 

(see also chapter 3) the mixture can be seeded with N2 containing 5023 ppm 

NO (~ 2% relative uncertainty in NO mole fraction). For experiments on flue 

gas recirculation (see Chapter 5) the mixture can be diluted by N2 and CO2. A 

small portion of the mixture, less than 1%, is pumped to a Maihak Unior 610 

infrared analyzer to measure the methane concentration in the mixture, while 

the rest of the flow is directed to the burner system.  

A bypass burner at atmospheric pressure is installed in order to vary the 

flow rate to the burner in the low-pressure chamber, without having to change 

the individual gas flows. All gas flows are measured by calibrated Brooks mass 

flow meters. The analog signals from the Brooks mass flow meters and the 

Maihak Unior 610 infrared analyzer are digitized using Agilent 34970A data 

acquisition switch unit and subsequently stored on a PC. The calibrated Brooks 

mass flow meters have an accuracy of better than 3% full scale, and are 

therefore always used at least at 50% of full scale. The mass flow meters 

provide the volumetric flow rate under “standard” conditions (at 273 K and 1 

atm). For convenience, the volumetric flow rates in this thesis will be expressed 

as mass flux, ρv, see also Chapter 1. 

The composition of the unburned mixture with equivalence ratio φ can be 

written formally as:  

  

NOCONOCH γβαφ ++++ 2224 2     (2.1) 

 

where α, β and γ are the number of moles N2, CO2 and NO, respectively. 

The oxygen fractions in the oxidizer used for experiments are 0.2095 (Air), 

0.30, 0.35 and 0.40.The composition of the artificial air is set using the 

individual flow rates of oxygen and nitrogen.  

When calibrating the NO measurements, part of the “neat” N2 is replaced 

by N2 doped with NO, as mentioned above, until a concentration of 40-50 ppm 

NO in the cold gas mixture is reached. The influence of flue-gas recirculation 

on NO formation is studied by diluting the unburned fuel/oxidizer mixture with 
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nitrogen and carbon dioxide from bottles with a fixed ratio of
12

880 =
−

β

αα
, 

where α0 is the number of moles N2 in the mixture without FGR. (Using dry 

gases from bottles avoids the complications of using real flue gases). The ratio 

of 88/12 corresponds to the ratio of N2 and CO2 in dry stoichiometric flue-gases 

in premixed methane/air flames [1] and changes only modestly with O2/N2 ratio 

in oxidizer: for example, the ratio changes approximately 8% when the oxygen 

fraction changes from 0.2095 to 0.40.  

The values of β and γ can be determined from measured mass flow rates. 

Accurate knowledge of the equivalence ratio is essential for the reproducibility 

and interpretation of the experimental results. The equivalence ratio can be 

determined either from the individual flow rates of gases or from the measured 

concentrations. For ‘normal’ air (α=7.55), the most accurate way of 

determining the equivalence ratio is through the measured methane 

concentration in the unburned gas mixture: 

 

( )

4

4

1

2

CH

CH

X

X

−

+++
=

γβα
φ ,     (2.2) 

 

where 
4CHX  is the methane concentration in the unburned gas mixture. The 

accuracy of this method for determining the equivalence ratio for methane/air 

mixtures is better than 2% [2]. For ‘artificial’ air, the parameter α is determined 

from measured mass flows.  In this case, the accuracy of the equivalence ratio 

deteriorates to 5.4 %, which is of the same level (6%) as determining the 

equivalence ratio using measured mass flows [2]. However, for convenience 

we determined the equivalence ratio throughout this work based on measured 

methane concentration. 

 

2.2 Low-pressure combustion chamber 

 

The low-pressure combustion chamber has been designed and constructed 

in collaboration with Demaco BV. The design is based on the low-pressure cell 

used at the University of Heidelberg [3], which is compact and capable of 
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sustaining flames at pressures down to 10 mbar. Figure 2.2 shows a drawing of 

the top and side view of the vacuum chamber. 

 

 

Figure 2. 2 Top view (A) and side view (B) of low-pressure chamber where 1= MKS 

Baratron 722A pressure transducer, 2=quartz view port, 3=ignitor, 4=water-cooled 

McKenna Products burner inside chamber, 5 = in let for fuel/air mixture and water-

cooling for McKenna Products burner and 6 is the bursting disc
1
. 

 

The vacuum chamber is fabricated of stainless steel and all ports are sealed 

with copper gaskets to prevent leakages. All movable parts are placed outside 

the chamber to keep the chamber as compact as possible. The chamber is 

equipped with four quartz view ports for optical access, a pressure transducer 

(MKS Baratron 722A, 0-1000 mbar, accuracy of 0.5% of reading) and an 

electronic igniter (see Figure 2.2B). A TerraNova readout unit is used for 

monitoring the pressure. Inside the chamber a water-cooled McKenna Products 

burner is installed. A schematic illustration of a McKenna Products burner is 

shown in Figure 2.3: 

 

                                            
1
 Metal disk, which is part of safety device intended to burst at overpressure (>1.8 bar at 22°C) in the 

vacuum chamber to protect the quarts viewports. 
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Figure 2. 3 Overview of McKenna Products Burner 

 

This burner is a laboratory standard for combustion research, since the flames 

are stable and the flame structure can be regarded as one-dimensional, which 

facilitates the comparison with calculations. In the experiments reported in this 

thesis a McKenna Products burner with a 60 mm bronze (95 % Copper, 5 % 

Tin) porous disk is used. The disk is water cooled through a copper-cooling 

coil sintered into the disk. A coflow of nitrogen is used for stabilization and to 

isolate the flame from recirculating gases. In addition, the chamber surrounds 

the burner relatively tightly (7.5 mm distance between chamber wall and 

burner), minimizing the accumulation of burned gases inside the chamber. 

The burner is situated on a stainless steel disk (see also Figure 2.2B), 

which is connected through a stainless steel bar with a precision positioner 

(Parker corporation), allowing the burner to translate vertically with ~0.1 mm 

precision. The photo of the complete vacuum system is shown in Figure 2.4. 
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Figure 2. 4: Overview of the low-pressure setup where 1 = low-pressure chamber, 2 = 

Leybold SEPC 40 condenser, 3 = butterfly valve and 4 = roots pump combination. 

 

The vacuum chamber is connected through a stainless steel tube with a 

condenser and a butterfly valve (model TBV-IQA-250-NW-63-ISO) to the 

roots pump combination of RUVAC WAU 251 roots pump and Trivac D65B 

backing pump (Figure 2.4). The pressure inside the vacuum chamber can be 

adjusted and maintained by throttling butterfly valve and monitored with the 

pressure transducer located in the chamber in a feedback loop. The analogue 

signal from the pressure transducer is digitized with Agilent A34970A data 

acquisition switch unit and stored on a PC. 

After passing the condenser, where water is removed, the burnt gases are 

pumped away by the roots pump system, which is equipped with special PFPE 

(per fluorinated polyether) oil in order to pump aggressive gases. 

2.3 Testing the low-pressure setup 

 

The initial tests of the low-pressure setup indicate that premixed methane/air 

flames could be stabilized for very low pressures (~22 Torr) for stoichiometric 

flames or for rich flames (φ~1.5) at higher pressure (216 Torr). These results 

are an indication of the working area of this low-pressure setup, but more 

information is needed. To avoid the complications of multidimensional flames, 

and thus to be able to focus on NO formation chemistry (see Chapter 1), it is 

essential that flames are one-dimensional (i.e., flat). To find the region where 

the flames are flat, the flow rate of the unburned gases to the burner is varied at 

constant pressure and equivalence ratio. By varying the flow rate, the working 
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area for 1-D flames was determined: between the flow at which the flame was 

extinguished (limit at low flows) and that at which the flame front was no 

longer flat (high flow limit). Photos of a flat flame and a flame where the flow 

rate is too high (clearly multidimensional) are shown in Figure 2.5. 

 

 

Figure 2. 5 p=100 Torr flat premixed methane/air flame, A: φφφφ=1.0,    ρρρρv= 0.0039 g/cm
2
s, B: 

φφφφ=1.1, ρρρρv=0.013 g/cm
2
s with distinctly multidimensional character. 

 

The minimum (extinction) and maximum flow rates were determined for 

different equivalence ratios. The experiments are performed at 22 Torr and, for 

comparison, at 100 Torr. The results are shown in Figure 2.6. 

 

 

Figure 2. 6 Working area of premixed methane/air flame at 22 and 100 Torr.  
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Although the determination of the working area is subjective, it is 

instructive to compare the experimental results with calculations. Transition to 

the irregular structure occurs when the unburned gas velocity is higher than the 

free flame burning velocity (see also Chapter 1). Results of calculations of SL 

are performed using PREMIX [4] and GRI Mech 3.0 [5], and are also 

presented in Figure 2.6. The calculated free flame velocities show good 

agreement at 22 Torr, but overpredict the one-dimensional range at 100 Torr. 

Since methane/air flames at 100 Torr are stabilized closer to the burner then 22 

Torr flames, which seem to “float” a little further above the burner, it is more 

difficult to visually identify the irregular flame structure for 100 Torr flames 

shown in Figure 2.5b, which accounts for the discrepancies with calculations 

shown in Figure 2.6. At any rate, for the purposes of studying the effects of 

varying the degree of burner stabilization on NO formation, it is important to 

be able to stabilize flames at rich equivalence ratios over as wide a range of 

flow rate as possible. From Fig. 2.6 it is clear that this range is very limited, not 

even reaching φ=1.3 at 22 Torr.  

 

To investigate the possibility of enlarging the working area towards richer 

flames, the same experiments are performed for premixed methane/oxygen 

flames. The results of these experiments are shown in Figure 2.7. 

 

Figure 2. 7 Working area of premixed methane/oxygen flame at 22 and 100 Torr.
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In this Figure, the maximum flow rate was limited by the flow meters used for 

methane and oxygen to ~0.006 g/cm
2
s, and it was not possible to perform 

experiments beyond this point. Nevertheless, the results in Figure 2.7 indicate 

that very rich flames (φ~2-2.4) can be stabilized using premixed 

methane/oxygen flames. Although methane/oxygen flames were not chosen for 

the experiments presented later in this thesis, since they do not form NO, it is 

clear that using O2/N2 mixtures with higher oxygen content than that in air will 

increase the range of φ where flat premixed fuel-rich methane flames exist. For 

the experiments described in this work, we choose flames with O2/N2 ratios 

ranging from 
70.0

30.0
 to 

60.0

40.0
. 
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Laser-induced fluorescence in low-

pressure flames 
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In this chapter the theoretical and experimental aspects of laser-induced 

fluorescence in low-pressure flames are discussed. 

3.1 Introduction 

 

In this thesis, spectroscopic techniques are used for measuring temperature and 

species involved in the mechanism of NO formation. Laser-induced 

fluorescence (LIF) is one of the most widely used laser spectroscopic 

techniques for measuring minor species concentrations and flame temperatures 

in low-pressure combustion processes. We will use it to measure the 

concentrations of OH, CH and NO, and flame temperature. The method is 

based on measuring the spontaneously emitted light from a molecule after its 

excitation to an excited state by absorption of laser radiation. Usually, LIF is 

performed in the visible and ultraviolet spectral regions. 

One of the reasons for the success of LIF is its ability to detect flame 

species at ppm and even sub-ppm levels, the concentration range of flame 

species such as OH, CH and NO. Another important advantage is that LIF 

offers potentially high spatial resolution, which allows obtaining reliable data 

in regions of steep gradients, giving more detailed information on flame 

structure. In addition, LIF detection offers high selectivity, low background 

signal and a simple experimental implementation in comparison with other 

laser spectroscopic techniques, such as CARS [1-3]. In addition to these 

advantages, and particularly over traditional probe methods, is that LIF is in 

principle non-invasive. However, the interpretation of the LIF signal for 

measurement of temperature and species concentration is often difficult and 

requires detailed knowledge of collisional processes. This often necessitates an 

additional calibration method for species concentration measurements. 

This chapter begins with a discussion on general theoretical aspects of 

linear LIF for determination of temperature and OH, CH and NO 

concentrations in low-pressure flames, followed by an overview of the optical 

scheme used during the measurements. Finally, the LIF measurements in the 

“reference” flame [4,5], used to quantify the measurements in the flames 

studied in this thesis, are described. 
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3.2 General theory of linear LIF 

 

The important processes involved in LIF are illustrated in Figure 3.1, 

where a molecule in a single rovibrational level is excited from a lower 

electronic state to an upper electronic state by laser radiation. Here it is 

assumed that prior to laser irradiation the population in the excited state is 

negligibly small. Note that the laser-coupled states are indicated with u and d 

for upper and lower rovibrational state, respectively. The excited molecule may 

undergo spontaneous emission (Au), which competes with stimulated emission 

(bud) and quenching (Qu, see discussion below). However, other processes that 

can occur from the excited state are photoionization (Wion) or predissociation 

(Pk). 

Collisions with other molecules distribute the population of the laser-

coupled upper rovibrational level, Nu, over other rotational levels in the same 

electronic-vibrational state (rotational relaxation R, see Figure 3.1). Since in the 

majority of applications transitions are chosen between the lowest vibrational 

states are used in LIF excitation, so-called (0,0) transitions, in our analyses we 

neglect collisional transitions to other vibrational levels of the same electronic 

state (vibrational relaxation). As a consequence of rotational relaxation, 

fluorescence observed by the detection system may not be emitted from the 

laser-coupled upper rotational level alone, but also from other rotational levels 

in the excited state. The temporal fluorescence signal, I [photons/sec], collected 

by the detection system can be expressed as: 

 

  ∑ ∑ 






Ω
=

i j

iji ANVI '

4π
,     (3.1) 

where 
π4

Ω
 is the solid angle detected, '

iN  is population of rotational level i in 

the upper electronic state, and ijA is the spontaneous emission rate from i
th

 

rotational level in upper electronic state to j
th

 rotational level in lower electronic 

state; the probed volume in the flame SlV ×= [cm
3
] is expressed through the 

laser beam cross-section S and the path length l  from which fluorescence is 

observed by the collecting optics. Since the spontaneous emission rate is a 

weak function of the rotational level and rotational relaxation primarily occurs 

to levels close to the initially pumped level [6,7], it can be assumed that: 



Chapter 3 

46 

 

 

 

Figure 3. 1 Excitation scheme used for LIF modeling. The laser radiation excites a 

molecule in a single rotational level d in the v”=0 ground state to rotational level u in the 

v’=0 excited state. Other rotation levels are indicated with J, the quantum number 

describing the rotational structure. After excitation, the upper rotation level may 

undergo rotation relaxation (R), vibrational relaxation (V), quenching (Qu), spontaneous 

emission (Au), stimulated emission (bud), photoionisation (Wion) or predissociation from 

level k (Pk). 
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u

j

uj

j

ij AAA =≈∑∑      (3.2) 

 

Using equations (3.1) and (3.2), the following expression for the temporal 

fluorescence signal can be found: 

 

   ( ) ( ) uA AtNVtI
'

4
⋅

Ω
=

π
,     (3.3) 

 

where ∑=
j

jA NN
''  is the total population in the upper excited state. As can be 

seen from equation (3.3), if all transitions from the excited electronic state are 

detected, the signal is not affected by rotational relaxation. This is often 

referred to as broadband detection and is used for the experiments described in 

this thesis. 

 

To retrieve information on local flame temperature and species 

concentrations from equation (3.3), it is necessary to describe the dynamics of 

the excitation process by solving the following system of equations (see also 

Figure 3.1 [8]): 

 

( )∑ ∑∑
≠ ≠









+++++−+=

ki ki

ionkuukikikikijk

j

j

k WPAQRbNRNbN
dt

dN ''''"
'

,  (3.4) 

 

∑ ∑ ∑ +−+−=
≠ ≠j

dj

mj mj

mjmjjmmjm

m QNRNNRbN
dt

dN """"""
"

,   (3.5) 

 

where subscript k (=i or u) and m(=j or d) denote rotational levels in the upper 

and lower electronic state, respectively, '

kN  is population of k
th

 rotational level 

of the upper electronic state, "

mN is population of m
th

 rotational level of lower 

electronic state, bji and bij are the rates of absorption and stimulated emission, 

respectively, 

 

  0== jiij bb  for dui ,≠  and duj ,≠ , 
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'

ikR is the rate of collisional transfer between the i
th

 and k
th

 rotational levels of 

the upper electronic state, Pk is rotational level dependent predissociation rate, 

Wion is the photoionisation rate and Qu is the total quenching rate for level u: 

 

   ∑ ∑ =≈
j

u

j

ujij QQQ . 

 

The rates bdu and bud are related to the Einstein coefficients for absorption and 

spontaneous emission (Bij  [cm
2
J

-1
s

-1
]), respectively, through [2]: 

 

  
( )

c

vtIB
b

Lij

ij

Γ⋅
=

)(
,      (3.6) 

 

where ( )tI L  is the laser irradiance  [Wcm
-2

], c is the speed of light  [cm.s
-1

] and 

( )vΓ  [cm] is the convolution integral that describes the overlap between the 

absorption gA(ν-νji) and laser line gL(ν-νL) profiles (see below), 

 

  ( ) ( ) ( )dvvvgvvgv LLjiA∫
+∞

∞−

−⋅−=Γ ,  `  (3.7) 

 

where v0 is the frequency of the line center of molecular transition  [cm
-1

] and 

vL is the laser line center  [cm
-1

]. The absorption line profile for transition 

between j
th

 and i
th

 level [cm] depends on pressure, temperature and composition 

[2,8]. ( )vΓ  is a complicated function and is usually determined experimentally 

(see below). 

 

To simplify the further analysis, we neglect Pi and Wion. This assumption 

is valid for moderate laser intensities and excitation laser frequencies below the 

dissociation limit. The expression for the time dependence of the total 

population '

AN  is acquired by summation of equation (3.4) over all rotational 

levels of the upper electronic state: 

 

( )( )uuAududud
A QAtNbNbN

dt

dN
+−−= ''"

'

.   (3.8) 
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In this work we consider the case of low laser intensities for which we can 

neglect the terms 
udubN

'  and 
dud bN

"  in equation (3.5). In this approximation, the 

distribution in the ground electronic state is Boltzmann. Then, equation (3.8) 

can be rewritten as 

 

  ( )( )uuAdutotd
A QAtNbNf

dt

dN
+−= '

'

,    (3.9) 

 

where fd is the Boltzmann fraction of rotational level d and Ntot is the total 

population in the system ( )'"

Ad NN += . 

The values of Au, bdu and bud in equation (3.9) can be found through 

tabulated Einstein coefficients [9] and Qu can be either calculated for known 

composition using published cross-sections [10] or determined directly from 

experiments, as will be discussed below.  

 

Integrating equation (3.9) over time, the following expression can be found: 

 

  ( ) ( )dttNQAdtbNf Auudutotd ∫∫
∞∞

+−=
00

0 .   (3.10) 

 

An expression for the time-integrated LIF signal, Iv [photons] can be found by 

using equations (3.3) and (3.10): 

 

  ( ) ( ) ( )vE
kT

PX
Tf

c

B
ldttII L

i

d

du

uv Γ⋅
Ω

== ∫ φ
π4

,  (3.11) 

 

where ( )uuuu QAA +=φ  is the fluorescence quantum yield and ( )∫= dttISE LL  

is the laser energy and S laser beam cross section. As can be seen from 

equation (3.11), the time-integrated LIF signal is linearly proportional to the 

laser energy, hence the name “linear LIF”. 

Integrating equation (3.11) over frequencies, the fluorescence signal F 

[Photons] can be written as: 

 

( ) L

i

d

du

u E
kT

PX
Tf

c

B
lF φ

π4

Ω
= ,               (3.12) 
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An advantage of using the integrated area under a peak is that information on 

the convolution integral ( )( )vΓ is not needed. 

3.2.1 LIF excitation spectra for OH, CH and NO  

 

To identify species, scanning of the excitation wavelength in particular 

spectral region is performed. Figure 3.2 shows examples of theoretically 

generated excitation scans for OH, CH and NO molecules. Clearly, the spectra 

shown in Figure 3.2 are distinct for each molecule and spectral line 

assignments can be done. 

The spectral features selected for determination of OH, CH [5] and NO 

concentration should be spatially resolved, free from interference from other 

lines in the spectrum, and their intensity should allow quantitative 

measurement at low concentrations. Table 3.1 summarizes the transitions 

excited, identity of electronic-vibrational bands and wavelengths used for 

determination of the OH, CH and NO concentration: 

 

Species Transition Band λ, nm 

OH R2(6.5) A
2Σ+

-X
2Π (0,0) 306.9 

CH P1e(8.5) A
2∆-X

2Σ (0,0) 435.4 

NO Q1(16.5) A
2Σ-X

2Π (0,0) 225.95 

Table 3. 1 Excitation scheme for detecting OH, CH and NO. The rotational transitions 

are also indicated by arrows in Figure 3.2. 

 

As mentioned above, the value of F in equation (3.12) is determined using 

the area under a peak. Other parameters are known (c, k and P) or can be found 

in spectroscopic tables (Au and Bdu) and the laser energy is measured.  

However, the temperature, quenching rate and geometric factor 
π4

Ω
l  are 

unknown and depend on the experimental conditions used. 
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.  

 

Figure 3. 2 Theoretical OH-LIF (A), CH-LIF (B) and NO-LIF (C) spectra for T = 1500 

(blue line) and 2500 K (red line).  The above spectra are calculated using LIFBASE 

program [9]. The arrows indicate the transitions used in this study. 
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3.2.2 Concentration determination in a flame 

 

The absolute concentration of species i from the LIF signal (F) can be 

determined by calibration. The calibration methods applied for the experiments 

described in this work is the use of a reference flame [4,5]: a flame with known 

concentration of species i and corresponding temperature. In this case the LIF 

signal from the target flame is compared to the LIF signal from the reference 

flame, using in both cases the same rotational transition and detection scheme: 
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, ,  (3.13) 

 

where the subscript cal denotes calibration. The geometrical factor is cancelled 

out and only temperature, pressure, quenching, laser power and fluorescence 

intensities have to be determined for acquiring absolute concentrations. Of 

course, to apply this calibration method, the concentrations of the species of 

interest in the reference flame have to be determined first. 

One of the methods for determination of the concentration in the 

reference flame is direct absorption [11,12]. This spectroscopic technique is 

most widely used to calibrate the LIF signal. Basically, direct absorption is 

based on the first step in LIF. An atom or molecule is excited by absorption of 

laser radiation, and the attenuation in the laser beam caused by the absorption 

as the beam passes through the flame is measured. If the spectroscopic 

constants of the absorbing species are known, the concentration of the 

absorbing species can be determined directly. This calibration method for LIF 

has been used successfully in our laboratory for determination of OH in 

atmospheric pressure CH4/Air flames [11]. However, since the attenuation of 

the laser beam due to absorption is cumulative through the absorbing medium, 

direct absorption measurements require information on spatial distribution of 

the measured species. At low pressure, particularly the presence of absorbing 

species in the circulating gases between the flame and the walls of the 

combustion chamber render this method difficult to use [13]. As such, we have 

chosen not to used it in the present study. 

Another way of determining the absolute concentration in the reference 

flame is by seeding the cold-gas mixture with known quantities of species. 
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When the cold-gas mixture is seeded with NO, it is assumed that the seeded 

NO is conserved in the flame front [14]. This method is used for the 

measurement of NO concentration in our low-pressure reference flame 

following the description by Berg et al. [4], as will also be discussed below. 

The advantage of this method is that the spatial distribution of NO in flame is 

not needed, since only LIF is used as measurement technique.  

Unfortunately, the methods described above cannot be used for 

determination of absolute CH concentrations in the reference flame, since it is 

present at concentrations too low for direct absorption [15], and, as very 

reactive molecule, CH cannot be added to the unburned fuel/oxidizer mixture. 

Luque et al. [15] proposed a method of calibration using Rayleigh scattering, 

which will be discussed in § 3.4.4 

 

3.2.3 LIF thermometry 

 

The temperature is one of the key parameters in combustion science, since 

flame chemistry is strongly temperature dependent. In addition, the local 

temperature is needed for quantifying the species data obtained by LIF and for 

analysis of the results. 

The influence of the temperature on the excitation spectra OH, CH and NO is 

illustrated in Figure 3.2, where spectra are calculated for two different 

temperatures: T= 1500 and 2500 K. Since the spectra shown in Figure 3.2 are 

sensitive to changes in temperature, it should be possible to retrieve a 

temperature from the measured excitation spectrum.  

 

The temperature can be determined using the relation between the 

Boltzmann fraction of a rotational level J in a single vibrational state fJ and the 

temperature: 

 

  
( ) 








−

+
=

kT

hcE

TQ

J
f J

rot

J exp
)12(

,     (3.14) 

 

where Qrot is the rotational partition function and EJ is the rotational energy for 

level J. Equation (3.12) can be rewritten using the above equation: 
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( ) ( )

C
kT

E

EJBJ

F J

Lduu

+−=








+ φ12
ln ,    (3.15) 

 

where C is a constant. When the left side of equation (3.15) is plotted as 

function of EJ/k, a straight line is obtained with a slope equal to T1− . An 

example of this “Boltzmann plot” from data taken in this thesis is shown in 

Figure 3.3. 

 

 

 

Figure 3. 3 Boltzmann plot for determination of the temperature in a premixed 

CH4/O2/N2 flame (φφφφ=1.07. ρρρρv=0.0023 g/cm
2
s, p=25 Torr, [O2]/ [O2]+ [N2] =0.30, 1.42 cm 

above burner surface) 

 

Thus, the temperature in a flame can in principle be determined from the 

excitation scan of OH [16], CH [17] or NO [18]. However, the CH radical is 

present at low concentrations and only in the flame front, which makes it 

impossible to measure temperatures downstream in the flame where NO mole 

fraction reaches its maximum. Furthermore, temperature measurements using 

CH are restricted to only hydrocarbon flames. Since the rotational constant for 

NO is much smaller than for OH (and CH) [9] it is difficult to resolve 

individual transitions, which is needed for temperature determination. 

Moreover, when performing LIF measurements on NO, special care must be 

taken to avoid interference from lines arising from O2 transitions in the 
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Schumann-Runge system [19,20]. Finally, the NO-LIF spectra shown in Figure 

3.2 appear to be less sensitive to temperature variations in comparison to the 

OH-LIF spectra. 

 The best candidate for determining the temperature using LIF is therefore 

the OH radical. In fact, it is one of the most frequently used species for 

performing LIF thermometry, especially in low-pressure flames [16]. Besides 

the large rotational constant, another advantage of the OH radical is its 

presence at substantial concentrations in nearly all parts of hydrocarbon and 

hydrogen flames.  The rotational transitions in the A
2Σ+

-X
2Π band of OH used 

in a Boltzmann plot for determination of the temperature are indicated in 

Figure 3.4 [16]:  

 

 

Figure 3. 4 Overview of the rotational transitions in the part of the OH-LIF spectrum 

used for temperature measurements. The rotational transitions used for constructing a 

Boltzmann plot are indicated with an asterisk (*). 

One of the transitions used for determination of the temperature is also used for 

OH concentration measurements (see also Table 3.1). Thus, once the 

quenching rate is known, both temperature and OH concentration can be 

determined from the same set of data.  
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3.2.4 Determination of quenching rate (Qu)  

 

Suppose a molecule or atom is excited using a short laser pulse of duration 

τL and low laser energy. The population of the upper electronic state '

AN  then 

initially builds up in time and reaches some value, ( )LAN τ' . After laser 

excitation has ceased, the solution of equation (3.9) becomes 

 

  ( ) ( ) ( )[ ]tQANtN uuLAA +−= exp'' τ .    (3.16) 

 

The time dependence of '

AN  just described is depicted in Figure 3.5. 

 

 

Figure 3. 5 Population v’=0 level population (NA) during and after excitation by laser 

radiation. The calculations are performed for OH molecule using a pulse duration ττττL = 

10 ns and typical low-pressure combustion values: Au=0.0028 ns
-1

 and Qu = 0.025 ns
-1

. 

 

Fitting the fluorescence decay using equation (3.16) will yield Au+Qu and after 

subtraction of the tabulated spontaneous emission rates [9], the quenching rate 

is determined. Thus, if the laser pulse duration is short compared to the value of 

1/(Au+Qu), it is possible to measure the quenching rate directly.  
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3.3 Experimental setup 

 

Figure 3.6 shows a schematic overview of the LIF setup. First, the laser 

systems used for generating ultraviolet radiation will be discussed and then the 

detection system. 

 

 

 

Figure 3. 6 Optical scheme for performing LIF experiments. Code: A. attenuator; F. 

filter; FD, frequency doubling; L1, L2, lenses; M: mirror; PMT, photomultiplier; PC: 

personal computer. The grey line represents the laser system used for NO- and CH-LIF 

experiments and the dotted line for OH-LIF experiments. 

 

3.3.1 Laser systems 

 

The LIF measurements are performed using two laser systems: one for OH 

concentration and temperature measurements and one for CH and NO 

concentration measurements. In both systems a tunable dye laser (Sirah 

PrecisionScan) pumped by a Nd:YAG laser (Spectra Physics Quanta Ray Pro 
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250-10), with pulse duration of 10 ns, is used as a source of ultraviolet 

radiation.  

Table 3.2 summarizes the dye mixtures and the wavelengths used for 

generating UV radiation for each specific molecule: 

 

Species Laser Dye Ultraviolet radiation (nm) 

OH 

 

81% Rhodamine 610 

19% Rhodamine 640 

307 nm 

(after frequency doubling) 

CH Coumarin 440 435 nm 

NO DCM 226 nm 

(after mixing with 3
rd

 harmonic of 

Nd:YAG laser) 

Table 3. 2 Overview of the laser dyes and wavelengths used detection of OH, CH and 

NO.  

 The beams from the two lasers entered the vacuum chamber from opposite 

directions, and two quartz lenses (f=850 mm) focus the beam to the same point 

in the flame. Two Newport UV-enhanced silicon PIN photodiodes are used for 

monitoring the energies of the two beams before and after the vacuum chamber 

(see below). 

3.3.2 Detection system 

 

Fluorescence from the center of the flame is collected at right angles by a 

quartz camera lens (Nikkor f/4.5) and focused onto an Acton Research 

Corporation SpectraPro 2150i spectrometer (f/4, 10 nm/mm). The spectrometer 

bandpass is set to 30 nm to capture the entire emission band of the OH A-X(0, 

0), CH A-X(0, 0) and NO A-X(0, 3) systems [4,5]. The collection is centered at 

312 (OH), 431 nm (CH) and 260 nm (NO). The advantage of the detection 

system used here is that only the center wavelength of the spectrometer needs 

to be changed when measuring a different molecule. The fluorescence signals 

are detected by an Electron Tubes 9659QB photomultiplier. The entrance slit of 

the spectrometer is parallel to the laser beam. The signal is collected over the 

center 1.5 cm of the flame. Results obtained previously [21] using an identical 

burner indicated that this limited region of interrogation should be sufficiently 

flat for the purposes discussed here. Measurements of the profiles of the OH 
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mole fraction repeated using the center 0.5 cm of the flame showed identical 

results to those for 1.5 cm resolution. The vertical spatial resolution is 

estimated to be better than 0.5 mm (the diameter of the beam waist). At every 

measurement point the transient fluorescence and laser power signals are 

digitized and averaged over 8 (temperature), 64 (OH and CH) and 256 (NO) 

pulses by a 500 MHz Hewlett Packard 54615B oscilloscope, and are stored on 

a personal computer. 

When determining the temperature by exciting the (0-0) OH band, it is 

necessary to take into account the effects of fluorescence trapping and 

attenuation of the laser beam. In this work, the photodiode is located after 

vacuum chamber, to compensate the effects of both attenuation and trapping 

[22]. These two effects influence the temperature determined from the 

Boltzmann plot, and will be addressed below. 

3.4 Reference flame measurements 

 

To test our calibration method, temperature and OH, CH and NO 

concentration profiles are measured in a p=25 Torr φ=1.07 premixed 

CH4/O2/N2 flame (ρv=0.0023 g/cm
2
s and [ ] [ ] [ ] 30.0/ 222 =+ NOO ) which was 

investigated by Berg et al. [4,5]. This flame will be used as a reference flame 

for performing measurements in other flames. Since many of the results from 

this flame were also used as benchmarks for optimizing the GRI-Mech 

mechanism [23], we suggest that reproduction of these measurements allows a 

more calibrated comparison between measurements and model predictions. In 

this paragraph the calibration methods and the results of the measurements in 

the reference flame will be discussed. 

 

3.4.1 Experimental LIF-spectra and linearity check 

 

In Figures 3.7-3.9 the measured OH-, CH- and NO-LIF spectra are compared 

with calculated spectra. The good correspondence of the measured spectra with 

calculations indicates that the measured spectra are free from interference from 

other components in the flame. The spectra also show that the lines used for 

determination of the OH, CH and NO concentrations are well separated from 

other lines.  
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Figure 3. 7 Experimental OH-LIF spectrum (A) for the reference flame at 1.22 cm above 

the burner surface. The theoretical spectrum (B) is calculated using LIFBASE program 

[9] for T=1920 K. The arrow indicates the R2(6.5) rotational transition in A
2ΣΣΣΣ+

-X
2ΠΠΠΠ (0,0) 

band used for measuring OH concentrations (see also Table 3. 2) 
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Figure 3.8 Experimental CH-LIF spectrum (A) for a premixed methane-air flame 

(φφφφ=1.13, ρρρρv=0.0018 g/cm
2
s, p=40 Torr, 1.5 cm above burner surface). The theoretical 

spectrum (B) is calculated using LIFBASE program [9] for T=1700 K. The arrow 

indicates the P1(8.5) rotational transition in A
2∆∆∆∆-X

2ΠΠΠΠ (0,0) band used for measuring CH 

concentrations (see also Table 3. 2) 
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Figure 3.9 Experimental NO-LIF spectrum (A) for a premixed CH4/O2/N2 flame (φφφφ=1.3, 

ρρρρv=0.0039 g/cm
2
s, p=35 Torr,[O2]/[O2]+[N2]=0.305, 2 cm above burner surface). The 

theoretical spectrum (B) is calculated using LIFBASE program [9] for T=1900 K. The 

arrow indicates the Q1(16.5) rotational transition in A
2ΣΣΣΣ-X

2ΠΠΠΠ (0,0) band used for 

measuring NO concentrations (see also Table 3. 2) 
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Figure 3. 10 Fluorescence signal for OH(A), CH(B) and NO(C) plotted against the laser 

energy 
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Before starting quantitative measurements, it is necessary to verify the linearity 

of the LIF signal. For this purpose, the fluorescence is measured at different 

excitation lines listed in Table 3.1, while varying the laser power. The LIF 

signals for OH, CH and NO plotted as function of the laser energy are shown in 

Figure 3.10. The results show an excellent linear dependence between the LIF 

signals and the laser energy. 

3.4.2. Quenching rate measurements 

 

The time-dependent signal measured by the detection system IM(t) is a 

convolution of the fluorescence intensity I(t) and the instrument function F(t) 

of the detection system: 

 

  ( ) ( ) ( ) '''∫
∞

∞−

−= τττ dFtItI M ,     (3.17) 

 

If the fluorescence decay time, ( )uuFL QA += 1τ , is much longer than the 

characteristic response time of the detection system τ
D
, the instrument function 

can be regarded as a delta function and the measured signal is equal to the 

fluorescence intensity. The fluorescence decay time for the molecules under 

investigation, ( )uuFL QA += 1τ , is approximately 50-70 ns, while the response 

time of the detection system is of the same order (15 ns [14]). In this case, the 

fluorescence decay time should be determined by deconvoluting the 

fluorescence signal from the measured signal. To simplify the deconvolution 

procedure, the instrument function is approximated as a Gaussian function 

( )( )Dt ττ
2

'exp −− . After integration the following equation is obtained: 
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where C is a constant and erfc() is a complementary error function [24]. 

Equation (3.18) is fit to the measured temporal fluorescence decay to determine 

the unknown parameters C, t0 and τFL using the subroutine LMDIF from the 

MINPACK library [25]. An example of such a fit is shown in Figure 3.11. 
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Figure 3. 11 Example of fitting temporal OH-LIF signal for the reference flame at 1.5 

cm above the burner surface. The OH-LIF signal is from the R2(6.5) rotational 

transition in the A
2ΣΣΣΣ+

-X
2ΠΠΠΠ (0,0) band. 

 

It is possible to calculate the quenching rate by using measured quenching 

cross sections for the major species and the major species mole fractions 

obtained from flame calculations. In the study performed by Tamura et al [10], 

the calculated quenching rates are compared with measurements, and a good 

agreement is found for OH and NO. However, their calculated CH quenching 

rates were systematically higher, up to 27 %. The discrepancies in the absolute 

values of CH quenching rate are probably due to lack of knowledge of high 

temperature data for N2 and H2O colliders [10]. 

Table 3.3 shows experimentally determined quenching rates for our 

reference flame and those calculated using the published quenching rates [10] 

and the temperature profile for the reference flame measured by Berg et al [5]. 

The quenching rates for OH and NO are taken at 1.5 cm above the burner 

surface and CH quenching rate at 0.47 cm above the burner surface. 
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Species Experimental 

quenching rate, 

(10
7
 s

-1
) 

Calculated 

quenching rate, 

(10
7
 s

-1
) [10] 

OH 2.45 2.46 

CH 1.19 1.06 

NO 3.00 2.99 

Table 3. 3 Experimental and theoretical quenching rates for OH, CH and NO, where 

OH and NO quenching rates are taken at 1.5 cm above the burner surface and CH 

quenching rate at 0.47 cm , which is the location of the CH peak in this flame. The 

measurements are a result of repeated measurements. 

 

The experimental quenching rates correspond very well with calculated data for 

OH, CH and NO. Although it is tempting to use the data published by Tamura 

et al [10] instead of determining the quenching experimentally, the uncertainty 

in the CH data indicates that experimental determination of local quenching is 

still needed for accurate concentration determination. Moreover, the data 

published by Tamura et al [10] do not take into account the dependence of the 

quenching on rotational level.  

Several investigators confirmed this rotational level dependence of quenching, 

but only a few measurements have been performed in flames [7,26,27]. This 

dependence is especially important for temperature measurements, where 

several rotational levels in the excited A
2Σ+

(v’=0) level of OH are used (see 

equation 3.15), in contrast to concentration measurements were only one 

rotational level is used. The measured dependence of the quenching of OH 

(A
2Σ+

,v”=0) upon the rotational quantum number is shown in Figure 3.12. The 

decrease of the quenching rate with increasing rotational quantum number is 

consistent with observations for the same electronic-vibrational level of OH by 

other investigators [7,26]. 
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Figure 3. 12 OH quenching rate as function of rotational quantum number The 

quenching rate is determined at 12 mm above the burner surface in a premixed 

CH4/O2/N2 flame (φφφφ=1.07, ρρρρv=0.0023 g/cm
2
s, p=25 Torr, [O2]/[O2]+[N2]=0.30) 

 

3.4.3 Temperature measurements 

 

As mentioned before, a Boltzmann plot is used for determining the flame 

temperature from rotational excitation scans (see Figure 3.3). Similarly, the 

temperature is determined for the reference flame at several distances above the 

burner surface, resulting in a temperature profile as shown in Figure 3.13. 
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Figure 3. 13 Temperature profile for reference flame. Error bars of 50 K represent an 

estimation of the maximum error in the temperature measurements. Also the 

temperature profile measured by Berg et al [5] is shown. 

 

The measured temperature profile agrees within 35 K with the temperature 

profile measured by Berg et al. [5]. Ignoring the rotational level dependence of 

the quenching rate results in a lower local temperature of approximately 50 K. 

For this reason, the rotational level dependence of the quenching rate is always 

taken into account when determining the flame temperature for the low-

pressure experiments described in this thesis. 

As mentioned above, the results should also be corrected for the effects of 

fluorescence trapping and absorption. Desgroux et al. [22] give a computational 

method for correcting the OH-LIF temperature measurements for these effects. 

The corrections yield a typical adjustment of +30 K for the hot-gas 

temperatures reported in this thesis; this correction has been neglected in favor 

of using the overall estimated measurement uncertainty of ±50-75 K. 

Following Berg et al [5], all measured temperature profiles are fit to an 

empirical equation: 

 

  ( )[ ] 2exp1 hEhCBAT D ×+×−⋅+= ,    (3.19) 
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where A,B,C,D and E are fitting constants and h the height above the burner 

[mm]. The fitting procedure is performed using the subroutine LMDIF from the 

MINPACK library [25]. The results of the fit are used as input for the 

CHEMKIN calculations [28]. 

 

3.4.4 CH and OH concentration measurements using Rayleigh scattering 

 

This paragraph discusses the determination of absolute CH and OH 

concentration. For converting relative LIF signals to absolute species 

concentrations, using equation (3.11) and the measured temperature and 

quenching rates, information on the geometrical factor 






 Ω

π4
l  is needed. The 

geometrical factor depends on the  experimental setup and can be determined 

most accurately using another spectroscopic technique. Here we use Rayleigh 

scattering for this purpose, following the procedure described by Luque et al. 

[15]. This procedure will be explained below using the determination of the 

absolute CH concentration as an example. 

Rayleigh scattering is a process in which light is scattered elastically from 

molecules, i.e., with the same frequency as the incident light. The Rayleigh 

scattering signal, SRS [photons], can be written as 

 

lE
hc

N
S L

s

RS Ω








Ω
=

δ

δσλ
,     (3.20) 

 

where N is the number density of the scatterers, λs the wavelength of the 

scattered light, and ( )Ω∂∂σ  the Rayleigh differential cross section. For a 90° 

scattering geometry, the Rayleigh differential cross section is expressed as 

[29]: 
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πσ −
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Ω∂
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o

,     (3.21) 

 

where ni is the index of refraction of species i, at T=273 K and p = 1 atm, and 

No is the Loschmidt number. 
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The index of refraction (ni) in equation (3.21) depends on the incident 

wavelength and can be calculated using Cauchy’s equation [30]: 

 

  







+=

2

1
1 1

scatt

i

B
An

λ
,      (3.22) 

 

where A1 and B1 are constant specific for species i. The Rayleigh scattering is 

performed in N2 where A1=2.92×10
-4

 and B1=7.70×10
-5

 [30]. Thus, once the 

wavelength of the scattered light is known, it is possible to calculate the 

differential cross section.  

Equation (3.20) can be rewritten using the ideal gas law ( )kTpN =  to: 

 

   LRSRS PEDS = ,     (3.23) 

 

where  

 

  l
kThc

D s

RS Ω








Ω∂

∂
=

σλ 1
.     (3.24) 

 

The Rayleigh calibration is performed in N2 at room temperature with 

excitation wavelength 435.4 nm, corresponding to the P1e(8.5) transition of the 

A
2∆-X

2Π (0,0) band of CH (see Table 3.1). To determine the value of 
RSD , the 

pressure of N2 is varied between 200 and 5 Torr. The Rayleigh scattering 

signals are corrected for stray light and plotted against the product of laser 

energy and pressure, as shown in Figure 3.14. 
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Figure 3. 14 The Rayleigh signal corrected for laser energy as function of the pressure. 

Also the result of fitting the data to a linear expression y=ax is plotted, where a = RSD . 

 

From equation (3.11), the following expression for the CH mole fraction can be 

derived: 

 

( ) ( ) Ldduu

v

CH
EvTfBlP

IckT
X

ΓΩ

⋅
=

φ

π 24
    (3.25) 

 

In order to save time, the integrated fluorescence signal F is measured at only 

one location in the flame (reference point) by scanning the laser line around the 

absorption transition. At this point, the convolution integral ( )vΓ  at the 

frequency of the maximum of the absorption line, v0, is determined by 

normalizing the fluorescence signal as: 

 

  ( )
( )
( )

( )
F

vI

dvvI

vI
v 00

0 ==Γ

∫
.     (3.26) 

 

At other points, measurements of the fluorescence intensity are performed only 

at fixed laser frequency v0, while the integrated fluorescence signal is 

calculated from expression (3.26) using the value ( )0vΓ  for the reference point. 
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Measurements and calculations show that under the experimental conditions in 

this study, the magnitude of ( )0vΓ  changes less than 5% from its average value 

of 3.42 cm
-1

. 

The measured CH signals show a substantial background (illustrated in 

Figure 3.15), originating from population in the upper electronic state A
2∆ 

created during chemical reaction (chemiluminescence). 

 

 

Figure 3. 15 Illustration of principle for determination CH-LIF signal 

After subtracting the chemiluminescent background signal, the CH-LIF signal 

is integrated over time, as discussed above. The thus experimentally 

determined quenching rate of CH, temperature profile and geometrical 

parameter in equation (3.25) are used to determine the absolute CH 

concentrations at the maximum of the relative CH concentration profile. Table 

3.4 summarizes the parameters used for the absolute determination.  
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Parameter Value 

T at CH 

maximum 

1700 K 

Fd(T) 0.020 

Au [31] 1.88×10
6
 s

-1
 

Qu 1.19×10
7
 s

-1
 

φu 0.137 

Bdu [9] 1.34×10
24

 cm
3
J

-1
s

-1
 

p 25 Torr 

( )vΓ  3.42 cm 

Table 3. 4  Parameters used for calculation of the absolute peak CH concentration in the 

reference flame 

 

The measurements are repeated several times, resulting in an average peak 

CH concentration in the reference flame of 10.6±1.8 ppm (95% confidence 

limit, 10 measurements). Subsequently, the vertical CH-LIF profile is 

calibrated to the CH peak concentration and corrected for temperature 

dependence. The result is shown in Figure 3.16, together with the measured 

temperatures, and are compared with the measurements in the same flame 

reported in the literature [5]. 
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Figure 3. 16 Temperature and CH-concentration profile for the reference flame. The 

accuracy of the CH measurements (10.6 ±±±± 1.8 ppm, 95% confidence limit) and 

temperature- and CH- profile measured by Berg et al [5] are also indicated in the 

Figure. 

 

The measured CH profile is in excellent agreement with that determined by 

Berg et al [5], as is the mole fraction at the maximum of the profile (10.5 ± 1.7 

ppm). Although this agreement is perhaps better than should be expected, given 

the cumulative uncertainties, it seems that following the methodology 

described in earlier work [15] does indeed lead to the reproduction of those 

results. Recent independent measurement [32] of the CH profile in the 

reference flame using another laser diagnostic technique, cavity-ringdown 

spectroscopy, suggests an accuracy of ~15%. Combined with the uncertainties 

in temperature, quenching and reproducibility of the measurements, we 

estimate the total uncertainty of the CH mole fractions to be better than 25%. 

 

To avoid uncertainties in the effective path length caused by the boundary 

layer in low-pressure flames [32,33], the OH concentration in the reference 

flame is also determined using Rayleigh scattering, as described above. 

Measurements performed in the reference flame yield mole fractions within 

10% of the value measured by Berg et al [5] of 12.000 ppm. The OH LIF 

intensity and mole fraction at 1.5 cm axial distance in the reference flame are 
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used as a calibration point for converting the relative OH profiles in the other 

flames to mole fractions, with an estimated accuracy of 20 %. 

3.4.5 NO concentration in reference flame 

 

The absolute NO concentration in the reference flame is determined 

following the procedure described by Berg et al [4], in which a small amount of 

NO is added to the cold gas mixture, and comparing LIF signals with and 

without seeding. As described in Chapter 2, a portion of the N2 flow in the cold 

gas mixture is replaced by a gas mixture of 5021 ppm NO in N2, resulting in 

40-200 ppm in the cold gas mixture. In this way the flame temperature is 

unchanged compared to the non-seeded flame [4]. In addition, the quenching 

remains the same for seeded and non-seeded flame, since in these low 

concentrations the NO molecule has no significant influence on the NO 

quenching [10]. Consequently, the quenching and temperature terms in 

equation (3.12) can be treated as constants. With this in mind, the fluorescence 

signal can be rewritten as: 

 

   [ ]NOCF ⋅=       (3.27) 

 

where [ ]NO  is NO concentration and C is proportionality coefficient. Assuming 

that the NO concentration in the seeded flame is the sum of NO concentrations 

in non-seeded flame and unburned mixture, the coefficient C can be found 

from the relation 

 

   
[ ]add

noaddadd

NO

FF
C

−
= ,     (3.28) 

 

where Fadd and Fnoadd are fluorescence signal in seeded and non-seeded flames, 

respectively. Model calculations using PREMIX code of CHEMKIN II 

package and GRI-Mech 3.0 indicate the NO added for calibration is reduced by 

6% due to dilution and reburning [34], for which the data is corrected. 

Using varying amounts of seed NO (40-200 ppm), the native NO mole 

fraction in the reference flame is determined to be 17.9±0.6 ppm (95 % 

confidence limit, 23 measurements) at 2 cm above the burner surface, which 
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corresponds remarkably well with the 17.5±0.5 ppm NO reported by Berg et al. 

[4] for the same conditions.  

The NO concentration in flames other than the reference flame, are 

determined using the NO-LIF signal from the reference flame at 2 cm axial 

distance, where 40-50 ppm NO is added to enhance the signal. Based 

predominantly on the accuracy of the calibration gas, the estimated accuracy of 

the NO measurements is 15%. 
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4.1 Introduction 

 

As discussed in Chapter 1, experiments at low pressure are necessary to 

elucidate the changes in flame structure that are responsible for the variation in 

NO formation in fuel-rich flames upon varying the degree of stabilization. A 

number of studies have been performed that provide insight into the Fenimore 

mechanism in low-pressure methane flames under fuel-rich conditions [1-4]. 

As a result, valuable information has been obtained for use in assessing the 

rates of important elementary reactions [1-3], and interesting insights into the 

effects of ethane and propane addition on NO chemistry in methane flames [4] 

has been gained. These reports, however, have been restricted to φ < 1.3, and 

the effects of varying burner stabilization remain yet unexamined. In this 

Chapter, we specifically examine the effects of burner stabilization on 

Fenimore NO formation in low-pressure fuel-rich (φ = 1.3-1.5) 

methane/oxygen/nitrogen flames. Towards this end, we measure the profiles of 

temperature, and mole fractions of OH, CH and NO, using the experimental 

methods for quantitative laser-induced fluorescence described in detail in 

Chapter 3. Since this parameter variation represents a substantial extension to 

the previous studies, we also use the results to test predictions calculated using 

GRI-Mech 3.0 [5]. 

 

4.2 Experimental details  

 

Twelve premixed flames are studied between φ = 1.3-1.5 for which the 

conditions are summarized in Table 4.1. The flames are stabilized on a water-

cooled 6 cm McKenna Products burner located inside the low pressure 

chamber as described in Chapter 2. 
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Flame
a
 φ Tmax exp 

(K) 

Tad 

(K) 

XCH exp 

(ppm) 

XNO exp
d 

(ppm) 

XNO 

calc
d 

(ppm) 

XNO,Fen 

(ppm) 

A1  2000  19.0 40.2 ± 6.0 39.6 38.3 

A2 1.3
b
 2150 2393 30.5 50.3 ± 7.5 48.8 48.8 

A3  2285  37.4 63.4 ± 9.5 63.0 63.6 

B1  1935  18.8 33.0 ± 5.0 37.8 34.1 

B2 1.3
c
 2090 2469 24.5 40.9 ± 6.1 44.2 45.3 

B3  2200  35.4 51.5 ± 7.7 53.6 50.1 

C1  2020  14.7 37.4 ± 5.6 54.1 39.2 

C2 1.4
c
 2140 2442 21.5 50.1 ± 7.5 67.6 45.7 

C3  2245  33.0 59.2 ± 8.9 77.1 54.0 

D1  2080  15.5 40.0 ± 6.0 60.8 53.4 

D2 1.5
c 

2220 2400 23.2 54.0 ± 8.1 95.8 72.6 

D3  2295  32.5 64.2 ± 9.6 99.6 72.0 

Reference 

flame
e
 

1.07 1920 2344     

aThe total flows are 3, 4 and 5 slpm for the flames denoted “1”,”2” and “3” respectively, 

except for the “reference” flame where the total flow is 3.2 slpm (1 slpm corresponds to 

~0.0007 g/cm
2
s). 

b
p = 25 Torr and [O2]/[N2]+[O2] = 0.35, 

c
p = 35 torr and [O2]/[N2]+[O2] = 

0.40, 
d
At axial distance of 1.6 cm 

e
Flame conditions are identical to Berg et al. [3]standard 

flame 

Table 4. 1 Flame conditions and data from CH and NO measurements (see text for 

details) 

4.3 Results and discussion 

4.3.1 Temperature and OH profiles 

 

The profiles of temperature and OH mole fraction measured in the 25 torr, 

φ = 1.3 flames (Flames A1, 3 l/min, and A3, 5 l/m) are shown in Figure 4.1, 

and are typical for the measurements presented. The error bars shown are the 

uncertainties given in Chapter 3.  
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Figure 4. 1 OH and temperature profiles for Flames A1 (3 l/min) and A3 (5 l/min). 

Points denote measurements. Open symbols are temperature profiles; corresponding 

lines are empirical fits to the measurements (see Chapter 3). Filled symbols are OH mole 

fractions; corresponding lines are predictions from GRI-Mech 3.0. Triangles refer to 

A1, squares to A3. 

 

After the initial rise in the flame front, the temperature profiles for all flow 

rates are flat within the uncertainty of the measurements. Both temperature and 

OH mole fraction grow with increasing flow rate of the cold gases, as is to be 

expected from the decreasing heat loss necessary to stabilize the flame [6]. We 

note that the OH mole fraction decreases by nearly a factor of two with the 

decrease in temperature of nearly 300 K upon decreasing the flow rate from 5 

to 3 l/min. Figure 4.1 also shows the calculated OH profiles using the 

temperature fits from equation (3.19) (shown as lines in the Figure) as 

constraints for the CHEMKIN calculations. The measured and calculated OH 

profiles are in excellent agreement over the most of the measured domain for 

all flames studied. Since the calculated OH profile is very sensitive to the input 

temperature profile, this agreement gives us confidence in the accuracy of the 

measured temperatures.  

Comparing the measured maximum temperature (Tmax) with the adiabatic 

flame temperature for each mixture (Tad), both given in Table 4.1, shows 

substantial heat loss to the burner, with the flames with lowest flow rate being 
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nearly 400 K cooler than the adiabatic free flames. As observed in Figure 4.1, 

Tmax increases with increasing flow rate (decreasing stabilization) for all 

mixtures. Based on earlier observations [6-8], we expect this decrease in 

stabilization to be reflected in the NO mole fraction, as will be seen below. We 

note in Table 4.1 that Tmax increases steadily with increasing equivalence ratio. 

This has observed previously by Berg et al. [3], and based on CHEMKIN 

calculations solving the energy equation we ascribe this behavior partly to the 

fact that the richer flames are closer to equilibrium immediately downstream of 

the flame front than leaner flames [3]. Further, since the mass flux for the 

richer flames is closer to the free flame value, the flame temperatures are closer 

to the adiabatic values [6].  

4.3.2 CH and NO profiles 

 

The measured profiles of the CH and NO mole fractions are shown in 

Figures 4.2 and 4.3 for Flames A-D. Besides a slight shift in the position of the 

CH maximum towards the burner surface and narrowing of the CH profile with 

increasing flow rate, the Figures show that the maximum CH mole fraction 

(XCHmax) increases by nearly a factor of 2 between 3 and 5 l/min for all 

equivalence ratios. The measured XCHmax and mole fraction of NO at 1.6 cm 

(XNO,1.6) are also given in Table 4.1. The NO mole fraction at 1.6 cm increases 

monotonically with increasing flow rate. Comparison of the measured and 

predicted CH profiles obtained from GRI-Mech 3.0 show near quantitative 

agreement for both CH and NO for all Flames A and B at φ = 1.3 (Figure 4.2), 

while the differences with the model increase with equivalence ratio. The 

model calculations show that the slow growth in the post-flame zone is 

primarily from the Zeldovich mechanism in Flames A and B, while the 

Zeldovich contribution is negligible in Flames C and D, and that the slow 

growth in these flames is due to the oxidation of HCN. It will be useful for the 

discussion to consider the expected amount of Fenimore NO using equation 

(1.11) and the experimental CH and temperature profiles, while the other 

quantities are taken from CHEMKIN calculations. The results of the 

integration up to 1.6 cm axial distance (XNO,Fen) are also given in Table 4.1. 

Here, due to the experimental uncertainties, we must consider the resultant 

integration as ~30% accurate. This uncertainty notwithstanding, the agreement 

between XNO,Fen calculated with equation (1.11) at 1.6 cm and the measured NO 
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at the same location is within 10% for all Flames A-C. This degree of internal 

consistency lends support for the current choice for the rate of the CH+N2 

reaction. The excellent agreement between the GRI-Mech 3.0 calculations and 

the measurements for flames A and B in Figure 4.2, which trivially yields 

agreement between the predicted NO (deducting the Zeldovich component) and 

the integrated rate using the calculated CH profile in equation (1.11), suggests 

better accuracy for the experimentally derived XNO,Fen than that inferred from 

the uncertainty in the measurements. Regarding the recent discussion of the 

primary product of the CH+N2 reaction [9,10], we point out that whether the 

products are HCN+N or NCN+H, 2 atoms of nitrogen are fixed in the process, 

which ultimately become NO. Regardless of the direct products, the rate of this 

reaction must be the same as that used here to reproduce the NO measurements 

[11]. 
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Figure 4. 2 Measured and calculated of CH and NO mole fractions for flames A1-A3 

and B1-B3. Filled circles denote CH, open diamonds, NO. Lines denote calculated 

results: solid lines are CH, dashed lines are NO 
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Figure 4. 3 Measured and calculated of CH and NO mole fractions for flames C1-C3 

and D1-D3. Filled circles denote CH, open diamonds, NO. Lines denote calculated 

results: solid lines are CH, dashed lines are NO 
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4.3.3 Effects of burner stabilization 

 

We first consider the origins of the decrease in NO mole fraction with 

increasing stabilization. The agreement of the XNO,Fen with the measured NO for 

Flames A-C shown in Table 4.1 permits an examination of the contributing 

factors in equation (1.11). First, we estimate the change in the factor 

( ) )()(4 xTxTk f at the peak of the CH profile. The temperature at this axial 

distance is ~100 K lower at 3 l/min than at 5 l/min for all equivalence ratios, 

which lowers kf4(T)/T in equation (1.11) by ~25%. However, the largest 

contribution to the decrease in NO mole fraction in equation (1.11) is the 

decrease in the area of the CH profile by nearly a factor of two between 5 and 3 

l/min for each equivalence ratio (reflected by the changes in XCHmax). Although 

there appears to be some degree of uncertainty as to the dominant routes 

forming CH [12], the major reactions all require flame radicals, which, as 

reflected by the OH data in Figure 4.1, decrease substantially with increasing 

stabilization. Nevertheless, as shown in Table 4.1, the actual decrease in NO 

mole fraction with stabilization is ~40% in all cases, rather than the factor of 

two suggested by the decrease in CH. An important mitigating factor in 

considering the quantitative interpretation of the changes in CH with 

stabilization is the change in residence time, reflected in vρ1  in equation 

(1.11), which decreases by 5/3 between the highest and lowest flow rates.  

 

4.3.4 Variation in equivalence ratio 

 

Continuing the discussion above, we see that in Table 4.1, in contrast to 

results for Flames A-C, the Fenimore contribution for D1-D3 (φ = 1.5) is now 

more than 30% higher than the measured NO. Although just at the limits of the 

uncertainty of the estimates, we take this observation as reflecting retardation 

in the rate of conversion of fixed-nitrogen species to NO. No matter which 

species are the direct products of CH+N2, stable species such as HCN remain 

important intermediates en route to NO, and conversion to NO could be 

substantially delayed due to the lack of (oxygenated) radicals under these fuel-

rich conditions. We observe a gradual but progressive increase in the 

experimental NO profiles in the D Flames downstream of the CH profiles 
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(Figure 4.3), even though Zeldovich formation is negligible, which is 

consistent with slow HCN oxidation. Indirect evidence of residual fixed 

nitrogen species in burner-stabilized flames has been observed [13] at 

atmospheric pressure and was ascribed to HCN. The calculations using GRI-

Mech (see below) show substantial quantities of HCN at 1.6 cm for this 

equivalence ratio, which is responsible for the increase in the calculated NO 

profile in Figure 4.3. We also note in Table 4.1 a modest general increase in 

measured NO mole fraction with increasing equivalence ratio. The origins of 

both the increase in Fenimore NO and this general trend can be illustrated by 

comparing Flames B2 and D2, shown in Figure 4.4; here, for convenience the 

profiles have been shifted so that the maxima of the CH profiles coincide. 

Increasing the equivalence ratio from 1.3 to 1.5 at 4 l/min increases the 

measured NO mole fraction at 1.6 cm by ~30%, while XNO,Fen increases by 60% 

(see Table 4.1). The fact that these flames have the same maximum CH mole 

fractions facilitates their comparison in terms of the integrated rate in equation 

(1.11). Comparison of the CH and (fit) temperature profiles in Fig. 4.4 for the 

two flames shows systematically higher temperatures (~140 K at the maximum 

of the CH profile) and a wider CH profile (longer trailing edge) in the D2 flame 

than in B2. In the context of equation (1.11), the higher temperature at the 

maximum of the CH profile increases the nitrogen fixation rate by ~40%, 

through kf4(T)/T, while the wider CH profile for D2 accounts for the rest of the 

difference in XNO,Fen. In short, even though the two flames have the same 

maximum CH mole fraction, the higher temperature and wider profile in the 

richer flame results in higher net NO formation. 
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Figure 4.4. Experimental CH (points) and fit temperature (lines) profiles for Flames B2 

(open circles, dashed line) and D2 (closed circles, solid line). The data for Flame B2 have 

been shifted such that the maximum of the CH profile coincides with that of that for 

Flame B2.  

4.3.5 Comparison with model predictions 

 

As mentioned above, the GRI-Mech 3.0 predictions for CH and NO are in 

near quantitative agreement with the measurements in all flames A and B, and 

become progressively worse with increasing equivalence ratio (see Figures 4.2 

and 4.3). The discrepancies in the peak CH mole fractions are at the limits of 

the uncertainty, but the differences in width of the CH profile and the 

magnitudes of NO mole fractions are outside the measurement uncertainty. The 

agreement at φ = 1.3, and the consistency of the measured NO and XNO,Fen 

suggest that the increasing discrepancy in the predicted NO profiles be sought 

in the disagreement in the CH profiles  [12]. 

The agreement between measured NO and XNO,Fen for the C Flames is 

within 10% and if the computed CH profile could be fixed to the experimental 

profile, the NO profiles would also agree, since all computed NO arises from 

the Fenimore mechanism with almost no (<5 ppm) HCN at 1.6 cm. However, 

preserving the agreement in the CH profiles at φ = 1.3 (and other equivalence 

ratios) is an important precondition when considering changing mechanisms. 

Whereas adjusting the predicted CH profile in the D Flames would bring the 

Fenimore contribution into better agreement with that experimentally derived, 

the assessment of the adequacy of the resulting prediction is frustrated by the 
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lack of direct evidence for “residual” HCN, which is necessary to assess the 

prediction of the total fixed nitrogen. In this regard, the detailed calculations 

predict 25 ppm HCN at 1.6 cm in Flame D1, decreasing to only a few ppm in 

D3 caused by the increase in temperature (more rapid oxidation) with 

decreased stabilization. Another complication is that the model calculations for 

the D flames predict significant (> 10%) NO formation via C+N2, which if true 

limits the validity of using equation (1.11) to estimate the total NO formed in 

these flames. 

 

4.4 Summary and Conclusions 

 

At equivalence ratios between 1.3 and 1.5, increasing burner stabilization 

by decreasing the flow rate from 5 l/min to 3 l/min lowered the maximum CH 

mole fraction by a factor of two, and the NO mole fraction by ~40% in all 

flames studied. Integrating the rate for CH+N2 to estimate Fenimore NO 

formation, using the rate coefficient in GRI-Mech 3.0, and the measured 

temperatures and CH profiles, shows very good agreement with the measured 

NO mole fraction for φ = 1.3 and 1.4, and supports the current choice for this 

rate. The increase in residence time caused by increased stabilization is also 

seen to be an important factor when considering the impact of the changes in 

CH mole fraction on NO formation. The results at φ = 1.5 suggest that 

substantial quantities of fixed nitrogen species, e.g. HCN, are only slowly 

oxidized in the post-flame zone under these conditions. Detailed calculations 

using GRI-Mech 3.0 predict the experimental results at φ = 1.3 nearly 

quantitatively, but show increasing differences with the measurements for both 

CH and NO profiles with increasing equivalence ratio. While some of these 

differences may be addressed by improving the CH prediction, the analysis 

indicates that the fate of species such as HCN and the contribution from other 

nitrogen-fixing species, such as the C atom, must also be investigated at φ = 1.5 

and higher. 
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5.1 Introduction 

 

Flue gas recirculation (FGR) is one of the oldest and most widely used 

techniques for reducing NOx emissions in industrial natural gas-fired 

combustion equipment [1]. In this Chapter we focus our attention to so-called 

‘dry’ FGR, which indicates that water is removed from the flue gases. This is 

often done in practice, to prevent condensation of water, and concomitant 

corrosion, in the piping bringing the flue gases from the exhaust to the burner. 

The effect of FGR on fuel-lean and stoichiometric flames is quite well known, 

where, as discussed in Chapter 1, the reduction in temperature strongly 

decreases NO formation via the Zeldovich mechanism. However, the effect in 

fuel-rich flames, where the Fenimore mechanism is the major route to NO 

formation, is relatively unknown. 

Mokhov and Levinsky [2] studied the effectiveness of burner stabilization 

(see also Chapters 1 and 4) and FGR in laminar atmospheric pressure 

stoichiometric and fuel-rich (φ=1.3) premixed methane/air flames. For the 

stoichiometric flame, when plotted as a function of flame temperature, the 

effect of burner stabilization and FGR on the measured NO mole fraction were 

seen to be identical. However, for the fuel-rich flame, the measured NO mole 

fractions for FGR are significantly higher than those in flames with upstream 

heat loss at the same flame temperature. When comparing the experimental 

results with calculations based on the GRI-Mech 3.0 chemical mechanism [3], 

the predicted NO mole fractions are in good quantitative and qualitative 

agreement for the stoichiometric flame, but the calculations substantially 

overpredicted the NO mole fractions of the fuel-rich flame. 

To obtain insight into the changes in flame structure responsible for the 

influence of FGR on NO formation, it would be interesting to examine these 

effects in low-pressure premixed flames, where the quantitative determination 

of the profiles of key intermediates such as the CH radical are possible. 

Although a number of studies have provided insight into the Fenimore 

mechanism in low-pressure flames [4-7], to our knowledge, the effect of FGR 

on low-pressure flames has not been studied previously. In this Chapter, we 

investigate the effects of FGR on Fenimore NO formation in 35 Torr φ=1.3 

premixed methane/oxygen/nitrogen flames by measuring the profiles of 

temperature, OH, CH and NO using laser-induced fluorescence (Chapter 3).  
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Since the effects of burner stabilization for this flame have been discussed 

in Chapter 4, we will compare the results reported there with those obtained 

using FGR, in order to compare the effectiveness of the two NOx control 

strategies under fuel-rich conditions. 

 

5.2 Experimental details 

 

The degree of recirculation γ=α+β [see equation (2.1)] is chosen based a 

series of calculations, using the PREMIX code [8] and GRI-Mech 3.0. The 

starting point of the calculations are the results presented in Chapter 4, where 

the influence of burner stabilization on Fenimore NO formation in 35 Torr fuel-

rich (φ=1.3-1.5) premixed methane/oxygen/nitrogen flames with flow rates of 

3, 4 and 5 slpm was studied. The criterion is to find a stable flame with FGR 

having a maximum temperature close to that of a flame without FGR at 3 slpm. 

Unfortunately, flames without FGR at φ>1.3 are on the edge of instability 

(close to the free flame burning velocity), and become unstable when applying 

FGR. For this reason, we have chosen the flames described previously at 35 

Torr and φ=1.3. An additional benefit of using this flame is that CHEMKIN 

calculations show excellent agreement with measured temperature and OH, CH 

and NO mole fractions (Chapter 4).  

The calculations indicate that a slightly stabilized flame with a flow rate of 

4 slpm at γ=3 satisfies the criterion. To estimate a possible additional influence 

of stabilization, the measurements are performed also in the free flame with the 

same value of γ. The experimental conditions for flames without FGR (Flames 

B, as in Chapter 4) and with FGR (Flames F) are summarized in Table 5.1: 
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Flame
a
 γ Flow 

rate
b
  

(slpm) 

Tmaxexp 

(K) 

XCHexp 

(ppm) 

XNO,1.5 exp
c
 

(ppm) 

XNO calc
c
 

(ppm) 

XNO,Fen 

(ppm) 

B1 0 3 1935 18.8 33.0 ± 5.0 37.8 34.1 

B2 0 4 2090 24.5 40.9 ± 6.1 44.2 45.3 

B3 0 5 2200 35.4 50.6 ± 7.6 53.6 50.1 

F2 3 4 1947 14.2 33.4 ± 5.0 34.7 41.3 

F3 3 4.8
d
 1997 14.3 37.1 ± 5.6 38.3 38.7 

a
Flames without FGR are indicated with “B”(see also Chapter 4), whereas flames with FGR 

are indicated with “F”. In both cases: p = 35 Torr and [O2]/[N2]+[O2]=0.4 
b
1 slpm corresponds 

to ~0.0007 g/cm
2
s 

C
 At axial distance of 1.5 cm 

d
 free flame velocity 

Table 5. 1: Flame conditions and data for CH and NO measurements and Analysis (see 

text for details) 

 

The experimental setup described in Chapter 2 is used for performing the 

experiments. Flame temperature and absolute OH, CH and NO mole fractions 

are determined using LIF following the procedure described in Chapter 3. As 

described there, the temperature is determined using integrated area of 10 

rotational states of the A
2Σ+

-X
2Π (0,0) band of OH radical in a Boltzmann plot, 

with an estimated uncertainty of ±50-75 K. The measured temperature profiles 

are approximated by equation (3.19) and used as input for the CHEMKIN 

calculations for Flame F2, while the energy equation is solved for Flame F3. 

The estimated accuracy of the OH, CH and NO mole fractions is better than 

20%, 25% and 15%, respectively. The experimental results presented here are 

an average of several measurements: for each species the measurements are 

reproducible within 10 %. 

5.3 Temperature and OH profiles 

 

The measured temperature and OH mole fractions in the 35 Torr φ=1.3 

premixed methane/oxygen/nitrogen flames with FGR are shown in Figure 5.1 

(F2 and F3). For comparison, experimental results received in flames with the 

same mass flux but without FGR (B2 and B3) are shown in Figure 5.1 as well. 

As can be seen, changing composition of unburned fuel/oxidizer mixture by 

adding flue gases results in substantial decrease in flame temperature (~200 K) 

and OH concentration (~ 30%). Based on earlier observations [2,9,10] on 
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atmospheric pressure flames, we expect that this decrease in maximum 

temperature and OH mole fraction as a consequence of FGR will be reflected 

in the NO mole fractions as well, which will be discussed below. 

It is interesting to point out that the OH and temperature profiles for 

flames with FGR (F2 and F3) are shifted away from the burner surface in 

comparison with flames without FGR (B2 and B3). As result of this ‘shift’, the 

properties of the flames F2 and F3 are very similar and close to those of 

adiabatic free flames. Figure 5.1 also shows calculated OH mole fractions 

obtained from CHEMKIN calculations based on measured temperature profile, 

except for Flame F3 that is calculated as a free flame (see above). As seen in 

Chapter 4, the calculated OH mole fractions are very sensitive to the 

temperature profiles; thus the excellent agreement between measured and 

calculated OH profiles for most of the measured domain gives us confidence in 

the temperature determination. 
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Figure 5. 1 Measured and calculated OH and temperature profiles for  

A) Flames B2 (4 slpm without FGR) and F2 (4 slpm with FGR)  

B) Flames B3 (5 slpm without FGR) and F3 (4.8 slpm with FGR).  

Points denote measurements: squares for flame B2(5.1A) and B3 (5.1B), triangles for 

Flame F2(5.1A) and F3(5.1B). Open symbols are OH profiles and filled symbols are 

temperature profiles. Lines denote calculated results: dashed lines are temperature and 

solid lines are OH. Arrows indicate the position of maximum CH concentration for both 

flames. 
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5.4 CH and NO profiles 

 

The measured and calculated profiles of the CH and NO mole fractions in 

Flames F2 and F3 are shown in Figure 5.2. Both the maximum measured CH 

mole fraction (XCH exp) and the measured NO mole fraction at 1.5 cm (XNO,1.5) 

are presented in Table 5.1. To facilitate the analyses, the predicted CH and NO 

profiles obtained from the CHEMKIN calculations are shown as well. The 

measured and predicted NO profiles show good agreement. The maximum CH 

concentration and the width of the CH profiles also correspond very well with 

predictions.  

As can be seen from Figure 5.2, measured CH profiles are shifted (~0.1 

cm) away from the burner surface compared to the predictions. Although 

experimental error cannot be excluded, the observed shift can also be the result 

of an incorrect prediction of the CH profiles. Since the calculations predict the 

NO concentrations quantitatively, the question arises as to the consequences of 

this shift for the analysis of the NO measurements. To assist the assessment of 

this shift, it will be helpful to estimate the amount of NO produced via the 

Fenimore mechanism (XNO,Fen) using equation (1.11) and the measured CH and 

temperature profiles, as was done in Chapter 4. The integration is performed up 

to 1.5 cm above the burner surface and the results are presented in Table 5.1. 

As discussed in Chapter 4, we estimate the values of XNO,Fen to be 30 % 

accurate. The measured NO mole fractions at 1.5 cm and XNO, Fen agree to 

within experimental error for Flames F2 and F3, which suggests that the 

observed shift in CH profile does not affect the NO formation significantly. 
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Figure 5.2 Measured and calculated CH and NO mole fractions without FGR (B2 and B3) and 

with FGR (F2 and F3). Points denote measurements: filled circles CH and open diamonds, NO. 

Lines denote calculated results: solid lines are CH and dashed lines are NO. 

 

For comparison, the calculated and measured profiles of the CH and NO 

mole fractions for flames without FGR, but at the same mass flux as Flames F2 

and F3, i.e., Flames B2 and B3 presented in Chapter 4, are also shown in 

Figure 5.2. The maximum CH mole fractions for both 4 and 5 slpm are roughly 

50% lower when FGR is applied. As discussed in Chapter 4, assuming that all 

other variables in equation (1.11) do not change, we expect the same reduction 

in NO mole fraction as that for CH (i.e., ~50%). However, this is not the case, 

and the measured NO mole fractions for flames with FGR are on the average 

25% lower. It is interesting to note that, although the maximum flame 

temperatures are significantly different (see Table 5.1), the temperatures at the 

peak of the CH mole fraction (see Figure 5.1) for flames with and without FGR 

differ only slightly (26 K and 40 K for 4 slpm and 5 slpm, respectively, well 

within the uncertainty of the measurements). This small change in temperature 

results in a negligible (<2%) change in TTk f )(4 . Other factors such as mass 

flux increases marginally (<3%) as a consequence of FGR, and the CHEMKIN 

calculations also show a small increase (~8%) in the mean molecular 

weight ( )W . The analysis indicates that the main contribution to the change in 

NO formation besides the reduction in the peak CH mole fraction is the 
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increase in the N2 mole fraction. Due to the dilution of the cold gas mixture, the 

N2 mole fraction changes from 0.43 (without FGR) to 0.60 (with FGR), 

corresponding to an increase of 28%. When considering all contributing 

factors, it is clear that the 50% decrease in CH mole fraction is compensated 

substantially by the increase (28%) of N2 concentration in the cold gas mixture 

as a consequence of applying FGR. 

5.5 Comparison between FGR and burner stabilization 

 

In the previous studies of the influence of burner stabilization on NO 

formation [2,9,10] a strong correlation of Fenimore NO formation was 

observed with flame temperature. Therefore, it would be interesting to compare 

both methods of NO reduction at the same flame temperature. Towards this 

end, we compare Flames F2 and B1, having approximately the same flame 

temperature (see Table 5.1). Figure 5.3 shows the temperature profiles, 

approximated by equation (3.19), and the measured OH profiles for Flames B1 

and F2. We note that the maximum temperature (Tmax, Table 5.1) and 

maximum OH mole fraction of Flame F2 are, within the uncertainty of the 

measurements, in agreement with the profiles of Flame B1.  

 

Figure 5.3 Fitted temperature and OH profiles for Flames B1 and F2. Lines denote 

temperature measurements:  dotted line is Flame B1 and solid is Flame F2. Points 

denote OH mole fractions: squares denote Flame B1 and circles, Flame F2. 
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The measured CH and NO mole fractions in Flames B1 and F2 are shown 

in Figure 5.4, where the profiles for Flame F2 are shifted until the peaks of the 

CH profiles coincide. As can be seen in the figure, the measured CH and NO 

mole fractions for Flame F2 are very close to those measured in Flame B1. In 

other words, within the experimental uncertainty of the current measurements, 

at fixed flame temperature the NO emissions obtained by applying burner 

stabilization and FGR are identical.  

 

 

Figure 5.4 Measured CH and NO mole fractions for Flames B1 and F2. Triangles denote 

Flame B1 and squares denote Flame F2: open, NO and closed connected with line, CH. 

. 

5.6 Comparison between ‘wet’ and dry FGR 

 

So far, we have considered the situation in which water has been removed 

from the flue gases. The good agreement between calculated and measured 

profiles for 35 Torr φ=1.3 premixed CH4/O2/N2 flames with ‘dry’ FGR favors 

performing a numerical study of the effect on NO when water is also recycled 

back to the burner (‘wet’ FGR). Towards this end, the CHEMKIN calculations 

are also performed for the unburned fuel/oxidizer mixture containing water and 

carbon dioxide at γ=3. The CO2/H2O ratio is chosen such that it corresponds to 

that of flue gases in a stoichiometric methane/“air” (40% O2) flame. Figure 5.5 
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shows the results of the calculations for the two premixed flames (wet and dry 

FGR), having the compositions 

CH4(14%)/O2(22%)/N2(53%)/CO2(3%)/H2O(8%) or 

CH4(14%)/O2(22%)/N2(61%)/CO2(4%). In both calculations the flow rate is 

kept at 4 slpm. 

According to the calculations, the recycling of water has no significant 

effect on temperature and OH mole fractions. Further, the CH profiles are 

almost identical, but a significant decrease is observed in NO mole fractions 

(~18% at 1.5 cm).  
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Figure 5.5. A) calculated temperature and OH profiles and B) calculated CH and NO 

profiles for 4 slpm 35 Torr φφφφ=1.3 premixed CH4/O2(40%)/N2(60%) flame when FGR is 

applied (γγγγ=3). Solid lines denote results without water recycling and dotted lines denote 

calculations including water recycling. Profiles are calculated based on solving the 

energy equation Filled squares denote calculated amount of Fenimore NO (see text for 

details). 
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To provide insight into the origins of this substantial difference in NO 

formation, we estimate again the amount of Fenimore NO (XNO,Fen) formed in 

these flames using equation (1.11). The integration was performed up to 1.5 cm 

in the calculated profiles.  

As shown in Figure 5.5, the values of XNO,Fen show excellent agreement 

with calculated NO mole fractions. Since this comparison is based upon the 

CHEMKIN calculations, which have no experimental uncertainty, and all the 

NO arises from the Fenimore mechanism, we may analyze the various 

contributions to equation (1.11) more quantitatively than if this were 

experimental data. The effect of ρv on Fenimore NO can be neglected since the 

profiles shown in Figure 5.5 are calculated at constant mass flux. Based on 

Figure 5.5B we would expect that the influence of CH and temperature on 

Fenimore NO formation should be small, since water recycling shows almost 

no changes in the calculated profiles. And indeed, if we calculate the effect of 

these two parameters on XNO,Fen for the ‘dry’ FGR case, while using the CH or 

temperature profiles from the ‘wet’ FGR case, only a small reduction in XNO,Fen 

is found (0.2% for CH and 1.6% for temperature). In a similar fashion, the 

influence of the mean molecular weight (W ) is calculated, where small changes 

as a consequence of water recycling results in a 4% decrease in XNO,Fen.  In the 

discussion of ‘dry’ FGR, above, it was noted that the increase in the in-flame 

nitrogen mole fraction, caused by the dilution of the cold gas mixture, is an 

important factor for Fenimore NO formation, and can increase NO formation. 

When considering ‘wet’ FGR, the cold gas N2 mole fraction decreases by 12% 

when water is recycled, which also decreases XNO,Fen by ~12%. When taking 

into account all the contributing factors, the total reduction in NO mole fraction 

corresponds exceedingly well with the calculated 18% decrease in NO 

concentration. However, from this discussion it is clear that the reduction of the 

N2 mole fraction is the main contributor to the decrease in NO concentration 

when ‘wet’ FGR is applied. 

5.7 Consequences for practical systems 

 

Many practical systems, from household appliances to large-scale 

industrial burners, operate at least partially under fuel-rich conditions. As a 

rule, the fuel-rich flame gases in practical systems are ultimately mixed with air 

to oxidize residual H2 and CO, both to reduce pollutant emissions and to 
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recover the enthalpy in these intermediate combustion products. Whereas 

burner stabilization and FGR are certainly useful for controlling the NO formed 

by the Zeldovich mechanism in the stoichiometric and lean regions of these 

flames, it was assumed [9] that “freezing out” the Zeldovich formation by 

reducing the flame temperature would leave a residual Fenimore contribution 

which, if unaltered by the control methods, would form a lower limit to the 

NOx emissions. The previous studies at atmospheric pressure [2,9,10] 

suggested that burner stabilization and FGR could also result in a significant 

reduction in NOx emissions from fuel-rich flames. In this thesis, for 

equivalence ratios ranging from 1.3 to 1.5, we observed in Chapter 4 a decrease 

in NO by ~40% with a temperature change of 230 K when decreasing the cold 

gas velocities by 5/3. Using FGR, we also observe a decrease of 20-30% for 

γ=3. These variations in NO formation were further seen clearly to be derived 

mechanistically from the observed changes in flame structure: specifically the 

changes in local temperatures, CH and N2 mole fractions and residence times. 

The variation in NO formation reported here are consistent with those observed 

in the work at atmospheric pressure (see also Chapter 6, below). We therefore 

expect such reductions to be realizable in practice.  

There are however other factors to be considered. An important 

characteristic for burners is the maximum thermal input [2]. For burner 

stabilization as a control strategy (radiant burners) it will be clear that a 

reduction in thermal input below the free flame burning velocity is essential for 

lowering the NO emissions; the maximum input is often limited to only a few 

hundred kilowatts per square meter. To increase the heat input, a larger burner 

surface is necessary, which is not always practicable. On the other hand, it was 

observed [2] that, although FGR also reduces the burning velocity, and thus in 

the 1-D approximation the maximum thermal input, the use of FGR is not 

limited to flat flames. Therefore, in principle FGR may have a significant 

advantage over burner stabilization. On the other hand, a practical drawback is 

that FGR complicates the operation of the burner system, since additional duct 

work must be laid to recirculate the flue gases to the burner head, and an 

adequate control system to regulate the amount of flue gases must be installed.  

We further point out here that, although we observe significant reductions 

in NO mole fraction in fuel-rich premixed flames upon application of NOx 

control strategies, we have not reached the low levels of NOx, to single digits, 

possible using stoichiometric- or lean-premixed radiant burners [2,11]. In this 
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regard, perhaps the Fenimore contribution, albeit sensitive to control strategies, 

does indeed form a lower limit to NO formation; this being in the range of tens 

of ppm under the conditions studied in this thesis (Tables 4.1 and 5.1). 

Although this observation seems to discourage use of fuel-rich combustion for 

ultra-low emissions, there is a potential region in which rich premixing could 

be advantageous for NOx control, i.e., preheated combustion. As observed at 

atmospheric pressure [10], the Zeldovich mechanism in preheated combustion 

leads to copious NO formation in oxygen-rich flames, while the Fenimore 

mechanism appears much less susceptible to preheating. Provided the 

“burnout” of the hot CO and H2, referred to above, is done after substantial heat 

transfer, for example by using radiant burners, this method could lead to 

significantly lower NOx emissions. However, as suggested in Chapter 4 (and 

references [2,9,10]), at very rich equivalence ratios the lower flame 

temperatures caused by the NOx control strategy could result in residual fixed 

nitrogen species, which will form NO upon burnout. A recommendation from 

this study is to extend the measurements performed here to fuel-rich preheated 

mixtures.  

Lastly, we point out that our studies indicated that calculations using GRI-

Mech 3.0 chemical mechanism predicts the trend in NO mole fractions very 

well for the flames studied, in spite of possible mechanistic shortcomings. For 

the flames at φ=1.3, the predicted NO mole fractions even showed quantitative 

agreement with the measurements. Therefore, we could recommend GRI-Mech 

3.0 for calculating the trends in NO formation with burner stabilization or FGR. 

Of course, care must be taken when the mechanism is being used outside the 

area in which it has been compared with experiments. 

5.8 Conclusions 

 

In this study, we applied ‘dry’ FGR on 35 Torr φ=1.3 premixed 

methane/oxygen/nitrogen flames at flow rates of 4 and 5 slpm. The 

consequence of applying FGR for both flames is a decrease of ~50% for the 

maximum CH mole fraction and a decrease of ~25% in the NO mole fraction. 

Detailed calculations using GRI-Mech 3.0 predict the results for the flames 

studied quantitatively, but predict CH profiles closer (~0.1 cm) to the burner 

surface. However, calculations of the amount of Fenimore NO, using the 

measured CH and temperature profiles, showed that the observed shift has no 



Chapter 5 

110 

effect on the analysis of the NO formation in these flames. The increase in the 

mole fraction of molecular nitrogen in the flame, caused by the dilution of cold 

gas mixture as a consequence of applying FGR, substantially compensates the 

decrease in peak CH mole fraction and is primarily responsible for the 

reduction in NO being significantly lower than expected from the change in CH 

mole fraction. A comparison of FGR and burner stabilization (at fixed flame 

temperature) showed no difference in measured OH, CH and NO mole 

fractions for 35 Torr φ=1.3 premixed methane/oxygen/nitrogen flames. 

Calculations using GRI Mech 3.0 indicate that when water is also recycled, 

thus reducing the molecular nitrogen concentration in the cold gas mixture, a 

larger decrease in NO can be expected. 
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Chapter 6 
 

 

 

A LIF study of the effect of pressure on NO 

formation in premixed methane flames 
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6.1 Introduction 

 

As seen in Chapters 4 and 5, the major path for NO formation in fuel-rich 

methane flames is the Fenimore mechanism. As was discussed in Chapter 1, 

there are still uncertainties surrounding the Fenimore mechanism, inferred from 

discrepancies between predicted and measured NO concentrations, and 

particularly from measurements on fuel-rich atmospheric-pressure flames. For 

example, the comparison of the measured and calculated NO mole fractions in 

atmospheric-pressure CH4/Air flames at equivalence ratio 1.3 [1,2] plotted as a 

function of the measured flame temperature shows that predictions of chemical 

mechanisms are ~50% too high for most of the flames studied. In contrast to 

the observations at atmospheric pressure, fuel-rich low-pressure flames 

generally show good quantitative agreement between predicted and measured 

post flame front NO concentrations when equivalence ratio is equal or close to 

1.3 using GRI Mech 3.0 [3-5](see Chapter 4 for more details). Besides being 

performed at low pressure, these studies also utilize oxygen/nitrogen mixtures 

in which the oxygen fraction is higher than that in air (ranging from 27.5% to 

40%) to facilitate the stabilization of the flames, as discussed in Chapter 2. One 

exception to this was a low temperature study [4], which used an oxidizer 

composition close to air. While the fact that the low-pressure flames were used 

as targets in the GRI-Mech optimization study [5] probably contributes to the 

good agreement observed under conditions similar to those used in 

optimization, the question arises as to which factors might cause the differences 

in mechanism performance at low and high pressures.  

First, considering the large difference in pressure between the low- (<40 

Torr) and atmospheric-pressure flames, and taking into account lack of the 

experimental studies on the pressure dependence of NO formation in the 

pressure regime between these extremes, it can not be ruled out that the 

predictive power of the models tuned at low pressure becomes worse at 

elevated pressures. Similarly, tuning the chemical mechanism with oxidizer 

having a different O2/N2 ratio than that of air, also resulting in higher flame 

temperatures, cannot guarantee its performance when normal air is used as 

oxidizer. In this Chapter we examine the effects of pressure on Fenimore NO 

formation chemistry in the CH4/O2/N2 flames for two O2/N2 ratios at fixed 

equivalence ratio (φ=1.3) and flame temperature (~2090 K, see below). 
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Towards this end, we measure the profiles of temperature and mole fractions of 

CH and NO using laser induced fluorescence (LIF). The experimental results 

are again compared with the predictions of one-dimensional flame calculations 

using GRI Mech 3.0 [5]. 

 

6.2 Experimental details 

 

As mentioned above, the equivalence ratio is held constant at 1.3 for two 

O2/N2 ratios: 40/60, as used in Chapters 4 and 5, and that of air. The total flow 

rates of the gases are chosen such that the post flame front temperature is 

constant for all pressures. The starting point for determining the pressure 

dependence of the NO mole fraction is the 35 Torr CH4/O2/N2 flame at 4 slpm, 

discussed in Chapter 4, which has a maximum, post-flame-front temperature of 

~2090 K. For experiments performed at higher pressures (>35 Torr), the flow 

rates of CH4/O2/N2 flames are adjusted to keep the temperature close to this 

value [6]. At this temperature, previous measurements performed at both 

atmospheric CH4/Air [1] and low-pressure CH4/O2/N2 flames (see Chapter 4) 

indicate that the post-flame-front NO concentration is only a weak function of 

flame temperature; variations in flame temperature of ± 100 K affects the post-

flame NO mole fraction by less than 20%, comparable to our measurement 

uncertainty. Thus, some degree of flexibility in the ultimate temperature is 

available without compromising the results. Unfortunately, as discussed in 

Chapter 2, in our current setup φ=1.3 premixed CH4/Air flames do not exist at 

pressures below 40 Torr. For this reason, the starting pressure for CH4/Air 

flames is 40 Torr. The flow rates of the CH4/Air flames are close to free flame 

velocities for every pressure (>40 Torr) to approach the target temperature of 

~2090 K. The exit velocity of the cold gases for the 40 Torr CH4/Air flame 

matched the free flame burning velocity. All flames are visually flat with the 

exception of the 40 Torr CH4/Air flame, which is slightly curved at the edges of 

the flame. 

For experiments at pressures between 35 and 500 Torr, the burner is 

located inside the vacuum chamber as described in Chapter 2. Because water 

condensation on the quartz view ports prevented performing measurements of 

species and temperature for pressures above 500 Torr, atmospheric pressure 

measurements are performed on flames burning in the open air. 
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The profiles of flame temperature and mole fractions of OH, CH and NO 

are determined using linear LIF as described in Chapter 3. The CH mole 

fractions are determined in a limited number of low-pressure flames; with 

increasing pressure the profiles become too narrow to measure in the current 

setup. The quenching rates for pressures up to ~100 Torr are determined from 

the temporal LIF-signal using the method described in Chapter 3. Since at 

higher pressures (>100 Torr) the time resolution of our detection system is 

comparable to or larger than the fluorescence lifetimes, quenching rates for 

pressures >100 Torr are calculated based on species derived from the 

CHEMKIN calculations and using cross sections published by Tamura et al. 

[7]. The comparison of the experimentally determined quenching rates with 

calculations show good agreement (Chapter 3): for OH within a few percent 

and for both NO and CH better than ~10%. 

The LIF signals for pressures up to 500 Torr are calibrated following the 

procedure described in Chapter 3. The calibration of the NO-LIF signal for 

low-pressure flames is performed by seeding the reference flame as discussed 

in Chapter 3, whereas at atmospheric pressure, calibration is performed by 

seeding the cold unburned mixture of a φ=1.0 premixed CH4/Air flame (50 

slpm). This atmospheric pressure CH4/Air flame was also used as the 

calibration flame in previous studies of NO formation from this laboratory [8]. 

The amount of NO seeded in the cold gas mixture of this flame is 200 ppm. 

The estimated accuracy of our measurements is better than 15%, 20 % and 20% 

for CH, NO and OH mole fractions, respectively (see Chapter 3 for details). In 

addition, the flames are modeled using GRI Mech 3.0 and PREMIX [9], as 

discussed in the earlier Chapters of this thesis. 

6.3 Results and discussion 

6.3.1 Temperature and species concentration measurements 

 

To provide an additional consistency check of the experiments, in some 

flames the OH profiles are measured. The agreement between the experimental 

and calculated OH data is better than 20% for all flames where OH mole 

fraction is measured. Typical examples are shown in Figure 6.1 for the 

measured and calculated OH mole fractions in CH4/Air flames for 75 and 400 

Torr.  
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Figure 6. 1 Measured and calculated OH mole fractions for 75 and 400 Torr φφφφ=1.3 

premixed CH4/Air flames. Filled triangles denote 75 Torr, open circles 400 Torr. Lines 

denote calculations: solid, 75 Torr and dashed, 400 Torr.  

 

The excellent agreement between measured and calculated OH mole fractions 

at 75 and 400 Torr maintains our confidence in the adequacy of both the 

temperature measurements and the one-dimensional assumption for modeling 

the flames. 

Examples of the profiles of temperature and mole fractions of NO  and CH 

in methane/air flames are given in Figure 6.2, at pressures of 40, 75 and 400 

Torr, respectively. The temperature profiles for all flames studied are flat 

within the uncertainties of measurements after the initial rise; the steepness of 

this rise clearly increases with the pressure. The experimental NO profiles 

show rapid growth in the flame front, and in the post-flame region are then 

either flat (at pressures above ~ 200 Torr) or show a modest growth (<200 

Torr), which does not exceed ~ 5 ppm for all flames studied. The position of 

the experimental CH profiles, measured in the low-pressure CH4/Air (Figures 

6.2A and 6.2B) and the CH4/O2/N2 flames (Chapter 4), coincides with the 

location of the rapid rise in the NO profiles, indicating the Fenimore origin of 

the NO in these flames.  
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Figure 6. 2. Measured and calculated profiles of temperature and CH and NO mole 

fraction for φφφφ=1.3 premixed CH4/Air flames at 40 Torr (A), 75 Torr (B) and 400 Torr 

(C). Filled squares denote NO, circles denote CH mole fractions multiplied by 2(Figure 

A) or 3(Figure B). Diamonds denote temperatures. Lines denote calculations: thick solid 

lines: temperature, thin solid lines: NO, dashed lines: CH 
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Figure 6.2 also includes the calculated temperature and species profiles 

using CHEMKIN calculations obtained by solving the energy equation. The 

comparatively broad reaction zone in the low-pressure flames allowed us to 

resolve the initial temperature rise at these pressures with reasonable detail, see 

Figures 6.2A-B and Chapters 4-5. The temperature and CH and NO profiles 

calculated using the fit to the measured temperatures (Chapter 3) are practically 

indistinguishable from those calculated solving the energy equation (the 

discrepancies are substantially smaller than the experimental uncertainties). For 

this reason, we compare the experimental data with the CHEMKIN results 

obtained by solving the energy equation in the discussion below.  

The calculated NO profiles using GRI Mech 3.0 show good agreement 

with measured profiles for CH4/O2/N2 flames (as seen in Chapter 4), but 

overpredict NO profiles for CH4/Air flames (see Figure 6.2). The rate-of 

production-analysis indicates that the rise in the NO profile in the flame front is 

predominantly caused by the Fenimore mechanism, while the calculations also 

show that the slow growth in the post flame zone of the low-pressure flames is 

mainly from the Zeldovich mechanism. The comparison of the measured and 

calculated CH profiles reveals an excellent agreement in terms of both the peak 

CH location and width of the CH profiles for CH4/Air (Figures 6.2A-B) and 

CH4/O2/N2 flames (Chapter 4). The agreement between experimental and 

calculated peak CH mole fractions is quantitative for CH4/O2/N2 flames and 

just outside the error bars for CH4/Air flames, where peak CH mole fractions 

are slightly overpredicted.  

 

6.3.2 Pressure dependence of NO formation 

 

To facilitate the further discussion on the variation in the NO mole 

fraction with pressure, we plot measured NO mole fractions and maximum 

temperature as a function of the pressure. To reflect NO formed via Fenimore 

mechanism, we used the NO mole fraction in the post flame front region where 

most of the NO profiles are flat or show only a slow increase, generally at 1.6 

cm above the burner surface, with the exception of 40 Torr CH4/Air flame 

where the NO mole fraction is taken at 2.2 cm (see Figure 6.2A). We 

emphasize that the choice of the point is irrelevant for all pressures higher than 

120 Torr (the NO profiles are flat), and only of the minor importance for 
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flames at lower pressure. The post-flame-front increase in the NO mole fraction 

is always within the accuracy of the NO measurements. These plots are shown 

in Figures 6.3A and 6.3B for CH4/O2/N2 and CH4/Air flames, respectively. 

Since previous studies (see Refs. [1,2,10] and Chapters 4) have shown that 

burner stabilization is an important factor in NO formation, it is instructive to 

consider changes in the degree of stabilization as function of pressure. In the 

CH4/O2/N2 flames, the adiabatic temperature (Tadd) increases from 2469K to 

2678 K when going from 35 to 761 Torr; that the measured temperature 

remains constant at ~2090 K indicates heat loss to the burner that is both 

substantial and increasing with pressure. Since CH4/Air flames are close to free 

flame velocity, heat transfer to the burner is of less importance when changing 

pressure. 
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Figure 6. 3. Measured temperature and NO mol fractions for CH4/O2/N2 flame (A) and 

CH4/Air flame (B). The line Figure B denotes calculated adiabatic flame temperature. 

Open circles denote temperature, closed squares denote NO.   

 

Figure 6.3 shows that the measured NO mole fraction is a weak function 

of pressure for both CH4/O2/N2 and CH4/Air flames, at constant flame 

temperature.  A small increase in measured NO mole fraction going from the 

lowest pressure to ~200 Torr is observed. This increase is within the 
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uncertainty of measurements for the CH4/O2/N2 flames. However, for CH4/air 

flames the small increase in measured NO mole fraction is just outside the 

uncertainty, which could be a result of a small increase in measured 

temperature. Further pressure increase does not affect the NO mole fraction, 

regardless of substantial differences in the mass flux and pressure for both 

types of flame. It is also interesting to note that at pressures above ~200 Torr, 

despite the differences in O2/N2 ratios and degrees of stabilization, all flames 

produce the same amount of NO. This observation is being studied further.  

6.3.3 Comparison with model predictions 

 

Figure 6.4 presents the ratio of the NO mole fraction calculated by GRI 

Mech 3.0 to that measured as a function of pressure for CH4/Air and 

CH4/O2/N2 flames. 

 

 

Figure 6. 4 Ratio of calculated and measured NO mole fractions. Filled circles denote 

CH4/O2/N2 flame and open triangles, CH4/Air flame. Crosses denote the calculated 

amount of Fenimore NO (see text for details). 

 

The calculated NO mole fractions are taken at the same distance from the 

burner surface as the measured data. As can be seen from Figure 6.4, the 

CH4/O2/N2 flames show very good agreement between the measured and 
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calculated NO mole fractions, being always 20% or better. The predictions of 

the NO mole fraction are 30% or higher above the measured values for the 

pressure domain studied; this over prediction increases to nearly 50% at 

atmospheric pressure, in agreement with previous studies  [1,2,10].  

Keeping in mind the good predictive ability of GRI Mech 3.0 for NO and 

CH mole fraction and temperature in the CH4/O2/N2 flames, and with an eye 

towards the quantitative disagreement between the measured and calculated 

NO mole fraction in CH4/Air flames, it is of interest to estimate the expected 

amount of Fenimore NO (XNO,Fen) using equation (1.11) in the low-pressure 

CH4/Air flames at 40 and 75 Torr using both experimental and calculated CH 

and temperature profiles. The ratio of calculated XNO,Fen to measured NO mole 

fraction is shown in Figure 6.4.  

The agreement between the measured NO mole fractions and XNO,Fen is 

very good (within 15%), similar to that observed at 25 and 35 Torr. As 

discussed in Chapter 4, this demonstrates the degree of internal consistency 

between the experimental CH and NO mole fraction profiles and the adequacy 

of the rate coefficient for CH+N2, giving us confidence in the reliability of the 

results. Returning to Figure 6.2, we recall that the peak CH mole fraction was 

overpredicted by GRI-Mech, outside the limits of uncertainty. Since nearly all 

NO formed in these flames comes from the Fenimore mechanism, which was 

quantitatively predicted for the CH4/O2/N2 flames, we conclude that the 

overprediction of the NO mole fraction in the 40 and 70 Torr CH4/air flames is 

caused by the observed overprediction of the CH profile. Given the structural 

overprediction of the NO mole fraction for the CH4/air flames in Fig. 6.4, we 

suggest that the overprediction of the CH mole fraction is responsible for this at 

higher pressures as well. Although very difficult, measurements of the CH 

profiles at higher pressures are recommended to confirm this suspicion. 

6.4 Conclusions 

 

We investigated the effects of pressure on NO formation in methane 

flames with two different O2/N2 ratios (40/60 and that of air), at constant 

equivalence ratio (φ=1.3) and constant flame temperature ~2090 K.  Changing 

the pressure in the range 35 - 761 Torr, we observe from the CHEMKIN 

calculations that NO formation occurs predominantly from the Fenimore 

mechanism independent of pressure and O2/N2 ratio in the oxidizer. When 
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plotted as a function of pressure, the NO mole fraction at constant flame 

temperature for different O2/N2 ratios is seen to be a very weak function of 

pressure. We also observed that the post-flame NO mole fraction is 

independent of the O2/N2 ratio in the most of the pressure domain studied. 

Detailed calculations using GRI-Mech 3.0 predicted the trend of the measured 

NO pressure dependence qualitatively for both O2/N2 ratios. The predictions 

show a quantitative agreement for the CH4/O2/N2 flames, but overpredict the 

NO mole fraction by more than 30% for the CH4/air flames. We suggest that 

the observed differences in the CH4/air flames may be addressed by improving 

the predictions of the CH mole fraction. 
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Designers of combustion equipment fired with natural gas have to meet 

increasingly stringent NOx emission regulations. To satisfy these regulations, 

NOx control strategies such as flue-gas recirculation and upstream heat loss are 

applied. In general, chemical mechanisms do a good job in predicting the effect 

of these control strategies on NO formation for fuel-lean and stoichiometric 

conditions, where the well-understood Zeldovich mechanism is the dominant 

route for NO formation. However, for fuel-rich conditions there are still 

significant uncertainties in the reaction kinetics describing NO formation, 

which hinder the ability to predict the effect of NOx control strategies.  The 

major route to NO formation under fuel-rich conditions occurs via the 

Fenimore mechanism, where the CH radical is the key intermediate (as 

discussed in Chapter 1). Since the CH radical is exceptionally difficult to 

measure at atmospheric pressure, the Fenimore mechanism is often studied at 

reduced pressures. This thesis provides insight into the effect of flue-gas 

recirculation and upstream heat loss on NO formation via the Fenimore 

mechanism by measuring temperature and key species such as CH, OH and NO 

in one-dimensional, low-pressure, fuel-rich methane flames. The measurements 

are compared with the computed results of flame structure, including NO 

formation, using the GRI-Mech 3.0 chemical mechanism. Thus, in addition to 

providing insight into the effects of two NOx control strategies, to the benefit of 

the design of  low-NOx combustion systems, the experimental data presented in 

this thesis can also be used for improving chemical mechanisms to predict NO 

formation.    

For performing experiments at reduced pressures, a low-pressure setup was 

constructed based on a design from University of Heidelberg (see Chapter 2). 

Determination of the working area for flat, premixed methane/air flames 

revealed that moderately fuel-rich (φ<1.3) flames could be stabilized at 

pressures as low as 22 Torr. When using O2/N2 mixtures with an oxygen 

concentration higher than that of air, the working area can be substantially 

increased towards richer equivalence ratios (φ~2.4 for 22 Torr methane/oxygen 

flames). For this reason, methane/oxygen/nitrogen mixtures are used in this 

work with O2/N2 ratios ranging from ( )70.030.0  to ( )60.040.0 . 

Chapter 3 of this thesis describes the procedure for determining the local 

temperature and concentrations of NO, OH and CH using laser-induced 

fluorescence (LIF). The LIF measurements are performed in the linear regime, 
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and corrected for quenching using directly measured fluorescence decay times. 

To test our calibration measurements, additional measurements of temperature, 

OH, CH and NO profiles were performed in a ‘reference’ flame used in the 

literature, for which these profiles have already been reported. Moreover, the 

reference flame is also used as benchmark for GRI-Mech 3.0, providing a link 

between experimental results and those computed using this mechanism. The 

local temperature is determined from a Boltzmann plot derived from the OH-

LIF excitation spectrum, and for the reference flame agreed within 35 K of the 

literature values for the entire temperature profile. The overall estimated 

uncertainty of the temperature measurements is ± 50-75 K. Both OH and CH 

mole fractions are determined through calibration of the LIF signal by Rayleigh 

scattering. The CH-LIF signals are corrected for chemiluminescence by 

subtracting the background signal from the temporal fluorescence signal. 

Experimental OH and CH mole fractions determined in the reference flame 

were in excellent agreement (within 10%) with measurements reported in the 

literature. The total uncertainty in CH and OH measurements is estimated to be 

25 and 20%, respectively. NO mole fractions were determined by adding 

varying amounts of NO to the cold gas mixture of the reference flame and 

comparing seeded and non-seeded LIF signals. Here too, the measured NO 

mole fraction in the reference flame at 2 cm above the burner surface was in 

excellent agreement with the literature values. The estimated uncertainty of NO 

measurements is 15%. For measurements performed in other flames, the 

reference flame was used as a calibration for converting relative OH, CH and 

NO signals to absolute values. 

In Chapter 4, the effects of burner stabilization on Fenimore NO formation 

in low-pressure, fuel-rich premixed methane/oxygen/nitrogen flames are 

discussed. Towards this end, axial profiles of temperature, OH, CH and NO are 

measured for equivalence ratios between 1.3 and 1.5. A decrease in flame 

temperature of 200-300 K and correpsonding decrease in OH mole fraction are 

observed when lowering the total flow rate from 5 to 3 slpm, thus increasing 

the degree of burner stabilization. Also, a decrease in CH mole fraction (~50%) 

and NO mole fraction (~40%) in the flames studied is observed for this 

increase in burner stabilization. An estimation of the Fenimore contribution to 

NO formation, based on integrating the rate for the CH+N2 reaction and using 

rate coefficient from GRI-Mech 3.0 (explained in Chapter 1), shows good 

agreement with experimental values for φ=1.3 and 1.4 flames, which supports 
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the choice for the rate constant. An important factor when considering the 

effects of changes in CH mole fraction on NO formation at increased burner 

stabilization is the change in residence time. Discrepancies are observed 

between measured NO mole fractions and calculated Fenimore NO mole 

fractions at richer equivalence ratios, most likely due to slow oxidation of fixed 

nitrogen species (such as HCN) in burnt-gas zone. Detailed calculations using 

GRI-Mech 3.0 predict the experimental results for φ=1.3 flames very well, but 

show increasing differences with measurements for higher equivalence ratios. 

Within the framework of the chemical mechanisme used, these differences are 

attributed to uncertainties in CH formation and consumption, as well as to 

uncertainties in the routes to NO under very rich conditions. 

The effects of ‘dry’ flue-gas recirculation (FGR) on Fenimore NO formation 

in 35 Torr, φ=1.3 premixed methane/oxygen/nitrogen flames are discussed in 

Chapter 5. Detailed calculations using GRI-Mech 3.0 show a good quantitative 

agreement with measured profiles, but the predicted CH profiles are ~0.1 cm 

closer to the burner surface. However, the estimated Fenimore contribution to 

the NO mole fractions, using the experimental temperature and CH profiles, 

indicate that this shift in CH profiles has no effect on NO formation. The 

application of ‘dry’ FGR results in a ~200K decrease in flame temperature, 

which is accompanied by a decrease in OH mole fraction by one-third. Another 

consequence of applying FGR is a ~50% lower maximum CH mole fraction 

and ~20% decrease in NO mole fraction. The effect of this decrease in CH 

mole fraction on NO formation is substantially compensated by the increase in 

molecular nitrogen in the cold gas mixture from the FGR, which accounts for 

the “only” 20% decrease observed in the NO mole fraction. According to 

calculations using GRI-Mech, additional recycling of water results in a 

substantial decrease in NO mole fraction. The Fenimore analysis indicates that 

this effect arises from the decrease in the N2 mole fraction caused by water 

addition. 

Finally, Chapter 6 presents a LIF study of the effect of pressure on NO 

formation in φ=1.3 premixed methane flame with two different O2/N2 ratios 

(0.40/0.60 and that of air). During the experiments the flame temperature was 

kept constant, while changing the pressure between 35 and 760 Torr. For the 

flames studied, NO formation occurs primarly via the Fenimore mechanism 

regardless of the pressure and O2/N2 ratio. Moreover, the NO mole fractions 
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show only a very weak dependence on pressure. Detailed calculations using 

GRI-Mech 3.0 predict the experimentally observed trend for both O2/N2 ratios. 

The calculations predict the NO mole fractions for CH4/O2/N2 flame well, but 

overpredict the results by ~30% for the methane/air flame flames. This 

difference may be addressed by improving the CH prediction. 
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Ontwerpers van aardgasgestookte verbrandingssystemen moeten voldoen 

aan steeds strenger wordende eisen ten aanzien van NOx emissie. Om aan deze 

eisen te voldoen worden NOx verlagende maatregelen zoals rookgas 

recirculatie en het varieren van de warmteoverdracht naar het branderoppervlak 

toegepast. Onder brandstofarme en stoichiometrische condities, waar de NO 

vorming grotendeels via het Zeldovich mechanisme loopt, worden de effecten 

van NOx verlagende maatregelen door gedetailleerde numerieke modellen goed 

voorspeld. Echter, onder brandstofrijke condities zorgen significante 

onzekerheden in de reactiekinetiek ervoor dat numerieke modellen de effecten 

van NOx verlagende maatregelen slecht voorspellen. 

De grootste bijdrage aan de NO vorming bij brandstofrijke vlammen 

verloopt via het Fenimore mechanisme, waarbij de belangrijkste stap bestaat uit 

de reactie tussen het CH-radicaal en moleculair stikstof (zoals beschreven in 

Hoofdstuk 1). Aangezien het CH radicaal bijzonder moeilijk te meten is bij 

atmosferische druk, wordt het Fenimore mechanisme vaak bestudeerd bij een 

lagere druk, waardoor metingen vereenvoudigd worden. Dit proefschrift geeft 

inzicht in de effecten van rookgasrecirculatie en “stroomopwaartse” 

warmteoverdracht (warmteoverdracht van de vlam naar de brander, het 

principe van oppervlaktebranders) op de vorming van NO via het Fenimore 

mechanism door het meten van de temperatuur en concentraties van belangrijke 

componenten zoals CH, OH en NO in een-dimensionale brandstofrijke 

methaan vlammen. De experimentele resultaten worden vergeleken met 

vlamberekeningen die op basis van het GRI-Mech 3.0 chemisch mechanisme 

worden verkregen. Naast het verschaffen van inzicht in het gedrag van twee 

NOx verlagende maatregelen kunnen de in dit proefschrift beschreven 

experimentele resulten ook worden gebruikt voor verbetering van chemisch 

mechanismen die NO-vorming beschrijven.  

Voor het uitvoeren van lage druk experimenten is een lage druk opstelling 

gebouwd op basis van een ontwerp van de universiteit van Heidelberg (zie 

Hoofdstuk 2). De bepaling van het werkgebied voor vlakke voorgemengde 

CH4/lucht vlammen liet zien dat ietwat brandstofrijke (φ<1.3) vlammen 

gestabiliseerd kunnen worden voor drukken tot 22 Torr. Wanneer O2/N2 

mengsels werden gebruikt met een hogere zuurstof concentratie dan die in 

lucht, kon het werkgebied vergroot worden naar rijkere vlammen 

(bijvoorbeeld, φ~2.4 bij 22 Torr voor een vlakke voorgemengde CH4/O2 vlam). 
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Daarom worden in dit werk voorgemengde CH4/O2/N2 mengsels gebruikt met 

O2/N2 verhoudingen varierend van (0.30/0.70) tot (0.40/0.60). 

Hoofdstuk 3 beschrijft de procedure voor het bepalen van de locale 

temperatuur en NO-, OH- en CH-concentraties met behulp van laser-induced 

fluorescence (LIF). De LIF metingen werden uitgevoerd in het lineaire regime 

en gecorrigeerd voor quenching door de vervaltijden van het 

fluorescentiesignal direct te meten. Om onze calibratiemethode te testen, zijn 

metingen van de profielen van temperatuur en molfracties van OH, CH en NO 

uitgevoerd in een ‘referentie’ vlam, die in de literatuur reeds zijn gerapporteerd. 

Bovendien wordt de referentie vlam ook gebruikt als ijkvlam voor GRI-

Mech 3.0, wat een mogelijkheid geeft om ook onze metingen te vergelijken 

met de door dit mechanisme berekende resultaten. De vlamtemperatuur wordt 

bepaald met behulp van een ‘Boltzmann plot’ gebasseerd op een OH-LIF 

excitatie scan, waarbij over het hele profiel de temperatuur binnen 35 K 

overeenkwam met de temperatuur die in de literatuur is vermeld. De totale 

geschatte onzekerheid in de temperatuursmetingen is ± 50-75 K. Zowel OH- 

als CH-molfracties zijn bepaald door middel van callibratie van het LIF signaal 

door Rayleigh-verstrooiing, waarbij de CH-LIF signalen werden gecorrigeerd 

voor chemiluminescentie door het achtergrondsignaal af te trekken van het 

temporale LIF-signaal. De experimenteel verkregen OH- en CH-molfracties 

voor de referentie vlam kwamen uitstekend (binnen 10%) overeen met de 

literatuurwaarden. De totale onzekerheid in CH- en OH-metingen is geschat op 

respectivelijk 25 en 20%. NO-molfracties werden verkregen door toevoeging 

van kleine hoeveelheden NO aan het koude gasmengsel en vervolgens de LIF 

signalen met en zonder toevoeging te vergelijken. NO-molfracties in de 

referentie vlam, welke gemeten zijn op 2 cm boven het branderoppervlak, 

komen ook uitstekend overeen met de in de literatuur vermelde  waarden. De 

geschatte onzekerheid van de NO-metingen is 15%. De referentie vlam werd 

gebruikt als calibratie voor het bepalen van de OH-, CH- en NO-molfracties in 

andere vlammen. 

In Hoofdstuk 4 worden de effecten van branderstabilisatie op de vorming 

van Fenimore NO in lage druk, brandstofrijke voorgemengde CH4/O2/N2 

vlammen besproken. Hiertoe zijn axiale profielen van temperatuur, OH-, CH- 

en NO-molfractie bepaald voor equivalentieverhoudingen tussen 1.3 en 1.5. 

Een afname in de vlamtemperatuur van 200-300 K en een overeenkomstige 

daling in OH-molfractie is waargenomen voor alle vlammen wanneer de totale 
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uitstroomsnelheid werd verlaagd van 5 naar 3 slpm (= toenemende 

branderstabilisatie). Daarbij werd ook een afname in de CH molfractie (~50 %) 

en NO molfractie (~40%) waargenomen bij toenemende branderstabilisatie. 

Een schatting van de hoeveelheid NO die via het Fenimore mechansime wordt 

gevormd, door integratie van de snelheid voor de CH+N2 reactie en gebruik 

makend van de reactiesnelheidsconstante uit GRI-Mech 3.0 (besproken in 

Hoofdstuk 1), laten een goede overeenkomst zien voor φ=1.3 en 1.4 vlammen, 

welke de keuze voor de reactiesnelheidsconstante ondersteunt. Wanneer de 

gevolgen van de verandering in CH-molfractie voor de NO-vorming bij 

toenemende branderstabilisatie worden bekeken, blijkt de verblijfstijd een 

belangrijke factor te zijn. Verschillen tussen de gemeten NO-molfracties en de 

berekende Fenimore NO-molfracties worden hoogstwaarschijnlijk veroorzaakt 

door de langzame oxidatie van andere stikstofhoudende componenten (zoals 

HCN) die in de verbrandingsgassen aanwezig zijn. Gedetailleerde 

berekeningen op basis van GRI-Mech 3.0 voorspellen de experimentele 

resultaten voor φ=1.3 erg goed, maar laten toenemende verschillen zien met de 

gemeten waarden bij hogere equivalentie verhoudingen. Binnen het context van 

het gebruikte chemische mechanisme worden deze discrepanties toegeschreven 

aan onzekerheden in de snelheden van de vorming en oxidatie van CH, alsook 

aan onzekerheden in de routes waarlangs NO gevormd wordt onder zeer 

brandstofrijke condities.  

Het effect van ‘droge’ rookgasrecirculatie (RGR) op Fenimore NO-

vorming in 35 Torr, φ=1.3 voorgemengde CH4/O2/N2 vlammen wordt 

besproken in Hoofdstuk 5. Gedetailleerde berekeningen met GRI-Mech 3.0 

laten goede quantitatieve overeenkomsten zien met de gemeten profielen, maar 

voorspellen de CH-profielen ~0.1 cm dichter bij het branderoppervlak dan 

gemeten. Echter, op basis van de gemeten profielen van temperatuur en CH-

molfractie, laten de  berekende Fenimore NO molfracties zien dat deze 

verschuiving van het CH-profiel geen effect heeft op de NO-vorming. Droge 

RGR resulteert in een daling van ~200 K in de vlamtemperatuur en een afname 

in de OH-molfractie met een derde. Een ander gevolg van droge RGR is een 

~50% reductie in de maximale CH-molfractie en een ~25% afname in NO-

molfractie. De invloed van deze afname in de maximale CH-molfractie op de 

NO-vorming wordt voornamelijk gecompenseerd door een toename in de 

molfractie van moleculair stikstof (~28%) in het koude gas mengsel, wat 
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resulteert in “slechts” een 25% afname in NO-molfractie. Berekeningen met 

GRI-Mech 3.0 laten zien dat wanneer water ook gerecycled wordt, er een 

substantiële afname in NO te verwachten is, welke grotendeels het gevolg is 

van een afname in het koude gas N2-molfractie. 

Tot slot bespreekt Hoofdstuk 6 de gevolgen van druk op de NO-vorming in 

φ=1.3 voorgemengde methaanvlammen voor twee O2/N2 verhoudingen 

(0.40/0.60 en die in lucht). Gedurende de experimenten is de vlamtemperatuur 

constant gehouden, terwijl de druk varieerde tussen 35 en 760 Torr. Ongeacht 

de druk en O2/N2 verhouding, verloopt de vorming van NO in de bestudeerde 

vlammen via het Fenimore mechanisme. De gemeten NO-molfracties laten een 

zwakke drukafhankelijkheid zien. Gedetailleerde berekeningen met GRI-

Mech 3.0 laten een qualitative overeenkomst zien met de waargenomen trend 

in de gemeten drukafhankelijkheid voor beide O2/N2 verhoudingen. Berekende 

NO-molfracties laten een goede kwantitatieve overeenkomst zien met de 

gemeten NO-molfracties voor de CH4/O2/N2 vlammen, maar voorspellen ~30% 

meer NO voor de CH4/luchtvlammen dan gemeten is. Dit verschil kan mogelijk 

worden verkleind door verbetering van de voorspellingen van de CH-profielen.  
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Een proefschrift komt nooit tot stand zonder de hulp van anderen en daarom 

wil ik op deze plaats wil graag de mensen bedanken die op directe of indirecte 

wijze hebben bijgedragen aan dit proefschrift: 

Allereerst wil ik Prof. Dr. Howard Levinksy bedanken voor het feit dat ik mijn 

promotie onderzoek bij verbrandingstechnologie heb mogen doen. Jouw 

commentaar op mijn rapporten, artikelen en het proefschrift en de discussies 

die daaruit voort vloeiden heb ik niet alleen als zeer prettig ervaren, maar 

waren ook zeer leerzaam. Ik wil je bedanken voor de vrijheid en  het 

vertrouwen die je me hebt gegeven om het onderzoek succesvol af te ronden. 

Mijn co-promotor Dr. Anatoli Mokhov wil ik bedanken voor het feit dat je 

altijd klaar stond om me te helpen bij het onderzoek. Met name op het gebied 

van laser diagnostiek en vlamstructuur, waar ik als beginnend AIO nog weinig 

vanaf wist, heb je me met raad en daad bijgestaan waarvoor ik je zeer dankbaar 

ben. 

Dit onderzoek was slechts mogelijk door financiële ondersteuning van 

stichting voor de technische wetenschappen (STW), waarvoor dank.  Daarnaast 

wil ik de gebruikerscommissie bestaande uit: Dr. L.J. Korstanje,  Prof. Dr. Ir. 

Th. H. van der Meer, Prof. Dr. J.J. ter Meulen, Prof. Dr. D.J.E.M. Roekaerts,  

Dr. K.R.A.M. Schreel, Ir. R.H. Hekkens, S. Musch, Ir. R. Hoogsteen  en Dr. Ir. 

A.M. Lankhorst  bedanken voor de constructieve opmerkingen naar aanleiding 

van de tussentijdse voortgangsrapporten en presentaties 

De beoordelingscommissie bestaande uit Prof. Dr. L.P.H. de Goey, Prof. 

Dr. D.J.E.M. Roekaerts en Prof. Dr. Ir. H.J. Heeres, wil ik bedanken voor hun 

beoordeling van het proefschrift. 

Daarnaast ben ik veel dank verschuldigd aan Demaco, en met name Dirk 

Pootjes en Edwin van Leeuwen, voor de constructie van de lage druk opstelling 

en de hulp bij het bestellen van specifieke onderdelen.  

Ook ben ik Cees Oomkes en Ubel Linstra veel dank verschuldigd voor de 

snelle levering van de gassen, welke noodzakelijk waren voor mijn 

experimenten. Marcel, Anne en Edwin wil ik bedanken voor hun hulp bij de 

opbouw van mijn opstelling en Marya voor alle hulp bij administratieve zaken. 

Natuurlijk wil ik ook mijn (oud) collega’s: Alexei, Nikolay, Patrick, Sander en 

Vishal bedanken voor alle hulp en gezelligheid, niet alleen tijdens het werk 
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maar ook daarbuiten. Especially, I want to thank Alexei for the pleasant 

collaboration, useful discussions and good working atmosphere. Verder wil ik 

Sander niet alleen bedanken voor alle wetenschappelijke discussies die we 

gehad hebben, en waar ik heel veel van geleerd heb, maar ook voor de goede 

sfeer (en muziek) in het lab en kantoortje. 

Gelukkig was er naast het werk ook tijd voor ontspanning en daarom wil ik het 

kolonistenclubje (Annemarie, Arjan, Bart, Gerard, Jacqueline, Joanneke, 

Maaike, Margot, Meta, Thomas en Tim) bedanken voor de gezellige 

bordspellen avonden. Verder wil ik het pubquiz team ‘de Uilen’ (in wisselende 

samenstelling, voornamelijk bestaande uit: Arjan, Gerard, Meta, Nils, Thomas, 

Tim, Wioletta) bedanken voor de uiterst gezellige dinsdagavonden in Ray’s 

Pub.  

Verder wil ik mijn ouders en zusjes bedanken voor hun interesse en steun. 

Sander en Charlotte: bedankt dat jullie mijn paranimf wilden zijn tijdens de 

verdediging van mijn proefschrift.  

Tot slot wil ik Meta bedanken voor alle liefde, steun en vertrouwen die je me 

geeft, met name bij tegenslagen of wanneer het even niet ging zoals ik wilde. 

Ook wil ik je bedanken voor het ontwerpen van de voorkant van mijn 

proefschrift. 

 

 

 

 

 


