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Abstract
Pre-mixed nitromethane/air/nitrogen flames on a heat-flux burner are investigated at at-
mospheric pressure with equivalence ratios of Φ=0.8 and Φ=1.2. Flame thermometry and
chemiluminescence spectrumwere used to characterise the flame before carrying out satu-
rated laser induced fluorescence on NO molecules. The temperature profile revealed three
zones of nitromethane combustion with maximum temperature of 1400K for the lean and
1350K for the rich flame. The chemiluminescence spectrum showed that numerous radi-
cals were produced and NO2 was responsible for the flame yellow appearance especially in
the lean case. TheNO concentration profiles showed good agreement with global chemical
equation calculations and previous studies despite some differences. The results indicated
that nitrogen and NO are the main nitrogenous products of nitromethane combustion. The
results will be used to validate chemical kinetic models of nitromethane combustion.
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Chapter 1
Introduction

1.1 Motivation for combustion studies
Fossil fuels are a major source of energy in the world. Despite the availability of ‘clean’
energy sources and numerous environmental and health hazards of combustion, fossil fu-
els, are estimated to account for 76 percent of the total energy production by 2020. This is
according to a survey published by the world energy council in 2013 [1]. Recent advance-
ment and use of technology in all aspect of human life, coupled with the annual increase in
population has led to an increase in energy demand [1]. Therefore, it is important to study
combustion to make the processes energy efficient and with lower pollution formation.

The combustion of fuels into their final products of water and carbon dioxide is com-
plex and not completely understood as it involves many intermediate chemical reactions,
for example the complete combustion of methane involves 149 reactions [2]. Since fossil
fuels are non-renewable and resources are expected to eventually be depleted, a lot of re-
search is currently being done in a bid to optimize the efficiency of this process resulting
in less fuel consumption. Furthermore, some of the byproducts during combustion have
serious health effects and cause environmental pollution. For example, combustion of hy-
drocarbons produces toxic oxides of sulphur and nitrogen. Renewable fuels from biomass
have been introduced to supplement and reduce the dependency on fossil fuels. How-
ever, these fuels may include nitrogen, sulphur and alkali atoms in the fuel itself making
pollutant formation more complex. Knowledge of the elementary reactions can be used
to minimise these toxic oxides from being formed making the process environmentally
friendly [3].

Laser spectroscopic techniques are commonly used for combustion diagnostics [3, 4].
This is achieved by probing atoms/molecules/particles in the flame with laser beams. The
laser interaction with the flame atoms/molecules/particles produces light signals that are
detected and provide information about the combustion. Measurements on species con-
centrations, temperature, particle properties and the flows of the flame can be achieved
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1. Introduction

using lasers. The technique used depends on the type of measurement to be carried out.
For example, Laser induced fluorescence (LIF) is suitable for species concentration mea-
surements, coherent anti-Stokes Raman spectroscopy (CARS) is suitable for temperature
measurements while laser induced incandescence (LII) is suitable for soot volume fraction
measurements [4].

Laser diagnostics have several advantages over physical probing of a flame. The mea-
surements made are non-intrusive and therefore do not disrupt the flow and chemical re-
actions taking place. Laser techniques also enable studies of turbulent flames or highly
explosive flames where measurements would normally be impossible to perform using
other physical methods. The measurements have very good spatial and temporal reso-
lution since a focused beam on the order of 10 micrometers can be achieved and lasers
providing pulses with duration of 10 nanoseconds or shorter are available.

Since nitromethane is one of the simplest fuels containing nitro group, it is used as
the prototype for reactions containing more complex energetic material [5]. Knowledge
about its reactions can facilitate understanding of more complex fuels containing the nitro
group. However, nitromethane combustion diagnostics so far has involved determination
of laminar burning velocity[6] and kinetic modelling at different equivalence ratios [7] and
pressure [5] [8]. Hence the present study was undertaken to further enhance the under-
standing of nitromethane combustion at atmospheric pressure. The results could be used
to verify the accuracy of the predictions of the kinetic models.

1.2 Thesis Objective
The objective of the thesis is to increase the understanding of nitromethane combustion.
This is accomplished by initially establish well defined flames suitable for laser diagnos-
tics and modelling at two different equivalence ratios. This is accomplished by obtaining
flat, stable, premixed flames, which are considered to be one dimensional. The combus-
tion of nitromethane is then characterized by taking the temperature and spectral profile
at two different equivalence ratios. Finally, the NO concentration during nitromethane
combustion is measured using laser induced fluorescence (LIF).

The thesis is a part of on-going investigations of nitromethane combustion to be car-
ried out. The results of this thesis and the additional experiments will be compared with
detailed chemical kinetic modelling results and are also intended for publication.
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Chapter 2
Theory

2.1 Equivalence ratio
The equivalence ratio Φ, is used to express the ratio of the fuel and oxidant concentration
in a reactant mixture.

φ =
(fuel-oxygen ratio)in real mixture

(fuel moles-oxygen moles)in stoichiometric mixture
(2.1)

When the equivalence ratio is less than 1, the flame is said to be a lean flame. This
means that the concentration of the oxidizer is higher than the concentration of the fuel
in the mixture. Whereas when the equivalence ratio is more than 1, the flame is said
to be a rich flame, in that the concentration of the fuel is higher than the concentration
of the oxidizer in the mixture. When the equivalence ratio is 1, the flame is said to be
stoichiometric. A stoichiometric flame is the ideal flame in that all the fuel and oxidizer
molecules in the mixture are completely consumed forming carbon dioxide and water as
the final products.

2.2 Nitromethane
Nitromethane is a highly flammable colorless liquid with chemical formula CH3NO2. It
has molecular weight of 61.04 g/mole and a density of 1.137 g/cm2 at 200 C [5]. It’s freez-
ing and boiling points at atmospheric pressure are 244.6 K and 374.35 K respectively [5].
It is a highly polar solvent with numerous industrial applications such as manufacturing
of pesticides, pharmaceuticals and a cleaning solvent.

As a fuel, nitromethane can burn without oxidizer due to the presence of oxygen within
its chemical structure. It is capable of delivering more power compared to other fuels
like gasoline for the same quantity of fuel and practically, it is used as a racing car fuel.
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2. Theory

Moreover, it’s high performance and reduced toxicity makes it an attractive alternative to
hydrazine as a rocket fuel [5].

Earlier scientific work had concluded that nitrogen was the stable product of both the
thermal decomposition and oxidation of nitromethane [9, 10, 11]. But the model of Guir-
guis et al. [12], instead predicted that NOwas the stable product of thermal decomposition.

CH3NO2 = 0.5CH4 + 0.5CO + 0.5H2O + NO (2.2)

However, Boyer and Kuo’s model showed that the NO formed will be reduced and
consumed. Their prediction was validated with experimental data at high pressure between
3-15 MPa [5]. Furthermore, the model revealed three different zones for the consumption
of nitromethane.

In the first zone, nitromethane was decomposed by breaking the C-N bond into CH3
and NO2 [5]. CH3 being a highly reactive radical, is converted to CH4 and CH3O. CH4 is
relatively stable in this zone but CH3O is converted to CO through a sequence of oxidation
processes CH3O-CH2O-HCO-CO [8]. NO2 is unstable at the temperatures in this zone,
and is therefore converted to the more stable NO. However, a small amount of NO is
converted to HNO and N2O [5]. Therefore, at the end of zone 1, CH2O, N2O, HNO, CH4
and NO are intermediate species of nitromethane combustion. While the concentrations
of these intermediate species are low, CH4 and NO are most abundant and reach their peak
concentration in this zone.

In the second zone, all the intermediate species are completely consumed apart from
CH4 and NO. Some CH4 and all CH2O are consumed to produce CO, however, some CO
is further oxidized to CO2 [5]. HNO is converted to NO while N2O is reduced by CO or
H to N2 [5]. These reactions cause the temperature of the reaction zone to increase.

In the third zone, all of the remaining NO and CH4 is completely consumed to produce
N2, H2, CO, CO2 and H2O as the final products [5]. This is where the flame achieves
its maximum temperature. The total process can be described by a chemical equation
according to equation 2.3

CH3NO2 = 0.25CO2 + 0.75CO + 0.75H2O + 0.75H2 + 0.5N2 (2.3)
However, experimental work byDe Jaegere andVanTiggelen on a nitromethane+oxygen

flame at low pressure, produced NO as the stable product according to the chemical equa-
tion 2.4, stating that the NO formed is not a reactive species [13]. Tian et al.[7] and Zhang
et al. [8] models of nitromethane oxidation at low pressure agreed with this conclusion.

CH3NO2 + 1.25O2 = CO2 + 1.5H2O + NO (2.4)
The chemical equation 2.4 is used to define the equivalence ratio of nitromethane com-

bustion [6]. Despite having different stoichiometric equations for thermal decomposition
and oxidation, and different NOX final product, the combustion of nitromethane has 3 dif-
ferent reaction zones in both cases.

NO is a key species in the combustion of nitromethane and was therefore selected
in this project for laser measurement for several reasons. It is produced in one of the
most exothermic reactions in the combustion of nitromethane, that is, NO2+H=NO, [14].
It is present in all the three reaction zones and participates in many other intermediate
chemical reactions. Furthermore, its abundance in the flame gives a strong fluorescence
signal favourable for detection.
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2.3 Laser Induced Fluorescence

2.3 Laser Induced Fluorescence
In laser induced fluorescence absorption of laser photons transfers molecules in the ground
state to an excited state. When these molecules spontaneously decay back to the ground
state, they release some radiation referred to as fluorescence [4]. The fluorescence radia-
tion usually has longer wavelength compared with the original laser radiation. This is due
to vibrational and rotational energy transfer by the molecules when in the excited state.

LIF is a very popular technique for combustion diagnostics due to its high sensitivity. It
is capable of detecting species concentrations at ppm and even sub ppm level [4]. Many of
the radicals investigated in combustion measurements are usually in concentrations below
100 ppm, and therefore LIF measurements are very suitable [4].The LIF method also has
the capability of doing 2-dimensional measurements by expanding the laser beam into a
laser sheet and imaging the fluorescence distribution in the sheet.

The fluorescence radiation is due to the spontaneous emission. This is when the ex-
cited molecules, decay back to the ground state after a period of time (typically a few
nanoseconds in an atmospheric pressure flame). The interactions are summarized in the
2-level model of the LIF process illustrated in the diagram in Figure 2.1 and analysed in
detail by Eckberth [4].

Figure 2.1: 2-level LIF model. 1 representing the ground state
while 2 represents the excited state. B12, B21, A21, Q21 represent the
rate constants for absorption, stimulated emission, spontaneous
emission and collisional quenching, respectively.

Figure 2.1 represents a system of two electronic energy levels within an atom/molecule
and the different processes that occur in relation to LIF. Absorption is the process of
transferring the ground state molecules to the excited state using photons. For stimulated
emission photons de-excite the molecules to the ground state with the molecules emitting
radiation with the same wavelength, phase and direction as the photons used for the de-
excitation. Collisional quenching is radiation-less de-excitation of the excited molecules
due to collisions with surrounding molecules.
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2. Theory

The decay of the exited molecules through stimulated emission and collisional quench-
ing reduce the amount of excited molecules and thereby the fluorescence produced. Under
certain conditions, the excited molecules may also undergo photo-ionization where they
are ionized by photons or make a radiation less transition to an unstable excited state, a
process referred to as predissociation [4]. These two processes would introduce additional
losses to the excited molecules and further reduce the overall amount of fluorescence pro-
duced.

2.3.1 Fluorescence signal
The power of the fluorescence signal F, is given by Equation 2.5 [4];

F = hvlAN2A21
Ω
4π

= hvlA
Ω
4π

N0
1

B12

B12 + B21

A21

1 + Iv
sat/Iv

(2.5)

where hv is the photon energy, A focal area of the laser beam, l axial length along the beam
from which fluorescence is observed, Ω is the solid collection angle , N2 is the population
in the excited state, N0

1 is the population in the ground state before laser excitation, Iv is
the incident laser spectral irradiance and Iv

sat is the saturation laser irradiance given by:

Iv
sat =

(A21 + Q21)c
B12 + B21

(2.6)

The fluorescence signal depends on the laser irradiance Iv and a plot of the fluorescence
signal versus the laser irradiance as shown in Figure 2.2 reveals two clear regions; the linear
and saturated regime.

Figure 2.2: Plot showing the dependence of the fluorescence sig-
nal on laser irradiance.
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2.3 Laser Induced Fluorescence

In the linear region, the fluorescence signal is proportional to the input laser irradiance;
therefore, an increase in the laser irradiance will result in an increase in the signal. The
laser irradiance is low in this region such that Iv << Isat.Therefore equation 2.5 can be
simplified to

F = hvlA
Ω
4π

N0
1

B12

B12 + B21

A21Iv

Iv
sat

(2.7)

Substituting equation 2.6 into equation 2.7, the power of the fluorescence signal sim-
plifies to:

F =
hv
c

lA
Ω
4π

N0
1 B12Iv

A21

A21 + Q21
(2.8)

Quantitative fluorescence measurements for determination of N0
1 in this region are

usually very difficult. The quenching rate Q21has to be evaluated and is dependent on
the temperature and the flame molecular composition [4].Therefore, the temperature and
quenching species in the flame have to bemeasured and used together with data on quench-
ing cross sections to make quenching corrections [4]. This requires relevant cross section
data and the concentration of the quenching species which is a time consuming exercise
to determine. Furthermore, the quenching rate is usually much higher than the rate of
spontaneous emission and results in the fluorescence efficiency being less than one which
reduces the sensitivity of fluorescence measurements done in this region.

To avoid quenching effects saturated LIF can be performed with excitation in the sat-
uration region as seen in Figure 2.2. The input laser irradiance is then higher than the
saturation laser irradiance (Iv >> Isat) resulting in maximum fluorescence signal. There-
fore, 1 + Isat/Iv ∼ 1 and Equation 2.5 simplifies to

F = hvlA
Ω
4π

N0
1

B12

B12 + B21
A21 (2.9)

The fluorescence signal from saturated LIF,becomes independent of both the laser ir-
radiance and quenching effects. This results in very high sensitivity of the fluorescent
measurements.

Complete saturation is however, difficult to achieve during measurements for various
reasons. At certain wavelengths, obtaining high enough laser irradiance necessary for
saturation might be difficult. The spatial profile of a focused laser beam is a Gaussian, and
the irradiance at the wings of the beammight be too low to achieve saturation. In addition,
it is not possible to maintain saturation during the entire duration of the laser pulse [4].

The two-level model is a simplified scheme of the actual fluorescence process. Dur-
ing the absorption process in Figure 2.1, molecules are usually excited from the lowest
vibrational level in the ground state to a vibrational level in the excited electronic state.
In addition, rotational states that have very small energy difference exist and are easily
populated at room temperature. In a flame where the temperatures are normally very high
around 2000 K, the population in the ground state is distributed to several rotational levels.
Therefore, during the LIF measurements, the excitation of the molecules is done in such a
way that the transition excites molecules from one specific rotational level in the ground
state to a rotational level in the excited state.

When the transition is such that the rotational quantum number in the ground state is
one more than the rotational quantum number in the excited state, the transition is called
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2. Theory

P transition. When the rotational quantum number in the ground state is one less than the
rotational quantum number in the excited state, the transition is called R transition. While
a Q transition is when the rotational quantum number in the ground state is the same as
the rotational quantum number in the excited state. These transitions are summarized in
the energy level diagram in Figure 2.3.

Figure 2.3: Schematic energy level diagram ofmolecular P, Q and
R transitions.

In the excited state, the excited molecules will also be redistributed across several ro-
tational and vibrational levels due to collisions. As a result, they will decay to different
vibrational and rotational levels in the ground state producing fluorescence at several wave-
lengths. The fluorescence is detected from all these different wavelengths to determine the
population of the rotational level from which the molecules were initially excited.

In this thesis, laser induced fluorescence measurements of NOmolecules was made for
rotational transitions in the electronic A2Σ+−X2Πi band employed in previous combustion
studies [15].
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Chapter 3
Experimental method

3.1 Introduction
The experiments aimed at studying combustion of nitromethane with air/N2 mixtures as
the oxidizer for both lean and rich stoichiometry. This was done in two parts. The first
part involved stabilizing flames lifted off the burner surface. After this had been achieved,
temperature profiles and flame chemiluminescence spectra were obtained using a thermo-
couple and a spectrometer, respectively. The second part involved measurements of NO
concentration profiles using saturated LIF.

The flame was stabilized to obtain a flat, premixed laminar flame for which the cen-
tral part is considered to have temperature and species concentrations varying in only one
dimension (vertical) [3]. This gives a very simple geometry that is necessary from a mod-
elling point of view. The chemical simulations are very demanding computationally and
a two-dimensional geometry would mean much more complex and time-consuming mod-
elling. The burner plate was metallic, therefore, the flame had to be lifted above the burner
surface to prevent scattering of the laser light from the burner surface during measure-
ments.

3.2 Burner setup
The experiments were carried out in premixed laminar flames burning on a heat-flux burner
[6] consisting of a porous metal plug. The burner plate is connected to water baths that
maintained it at 65 degrees Celsius as seen in Figure 3.1. This reduces heat losses from
the burner plate and helps in creating adiabatic conditions. A heating tube connects the
fuel-oxidizer mixing panel (consisting of the mass flow controllers and the evaporator) to
the burner. The tube is also heated and maintained at 65 degrees Celsius with an insulating
cover that prevents heat losses to the surrounding and condensation of nitromethane. A
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3. Experimental method

Figure 3.1: A schematic of the burner set-up. MFC stands for
mass-flow controllers, CEM controlled evaporator mixer.

steel-plate is placed 2 cm above the burner to stabilize the flame and obtain a stationary
flame with minimum oscillations.

Nitromethane is stored in the fuel tank pressurized at 3 bars using argon. The argon
is used to generate a liquid flow and prevents it from reacting with air in the reservoir.
The fuel flow is controlled using a mass-flow controller for liquid fuels (cori-flow). The
controlled evaporator mixer (CEM) has a spiral which is heated to vaporize the liquid
nitromethane. Additional mass-flow controllers (MFC) are used to control the flows of
the gases to the flame. The flows through the MFC are set and monitored using a LabView
computer program.

To stabilize the flame, the burning velocity of the mixture and the flow velocity of
the unburnt gas must be matched. The burning velocity is temperature dependent and
therefore by varying the flame temperature, the burning velocity is in turn adjusted. This
was accomplished by diluting the oxidizer with nitrogen which will reduce the oxygen
concentration in the fuel/oxidizer mixture. This decreases the reactions within the flame
and therefore lowers the temperature and hence the flame burning velocity, resulting in a
raised flame above the burner. The oxidizer composition was varied by adjusting separate
flow rates of nitrogen and air. The flame is also stabilized by changing the speed of the
unburnt gases. When the velocity of the unburnt gas mixture is higher than the burning
velocity of the flame, the reaction zone gets lifted and vice versa. Through changing the
velocity of the unburnt gases the burning velocity and unburnt gas velocity were matched.
The two flames that were investigated were stabilized using the parameters shown in Table
3.1 .
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3.3 Temperature and flame chemiluminescence measurements

Equivalence ratio 0.8 1.2
Concentration of Nitrogen in oxidizer 0.18 0.26

Concentration of air in oxidizer 0.82 0.74
Velocity of the gas mixture 20 cm/s 22 cm/s

Table 3.1: Flame stabilization parameters.

3.3 Temperature and flame chemilumines-
cence measurements

The flame is axially symmetric and therefore the temperature at a certain height is constant
and only changes as a function of height above the burner. The temperature of the flame
was measured by moving a thin thermocouple vertically along the center of the flame.
The heat from the flame generates a voltage in the thermocouple wires that is read out as
the temperature of the flame. A type R thermocouple was used which could measure a
maximum temperature of 1873 K.

The chemiluminescence radiation emitted from thermally excited flame radical species
was measured using a spectrometer (Andor SR-500i-A-R).The chemiluminescence emit-
ted across the horizontal flame reaction and product zones was imaged on the vertical
spectrometer slit using a lens of focal length 100 mm placed at distances of 200 mm each
from the flame and the spectrometer.
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3. Experimental method

3.4 Laser Induced Fluorescence
The set up for the laser induced fluorescence measurements is shown in Figure 3.2

Figure 3.2: The optical set-up for LIF measurements.

Third harmonic generation was used to the produce the UV wavelength required for
NO excitation since no laser is capable of directly generating it. A Nd:YAG laser (Spectra
Physics, PRO 290-10) operated at 532 nm was used to pump a dye laser (Sirah, PRSC-
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3.4 Laser Induced Fluorescence

D-18) using the dye LDS 698 to generate a beam at 673 nm with 140 mJ of energy per
pulse. Prior to entering the crystal for doubling the frequency, the size of the 673 nm beam
was reduced using a telescope consisting of two lenses of with focal length of 15 mm and
-30 mm, respectively. Efficient frequency-doubling requires the so-called phase-matching
condition to be fulfilled, which means that the momentum of the photons is conserved,
and this is achieved by adjusting the crystal angle.

The fundamental beam and the second harmonic generated have different polarizations
which will greatly reduce the efficiency of the third-harmonic-generation process. There-
fore, a half-waveplate is used to align their polarizations in the same direction. The two
beams are then mixed in the third-harmonic crystal to generate a third beam by means of
sum-frequency generation. The crystal mixes the two beams to generate a beam at 224
nm wavelength with 1.2 mJ pulse energy. Similar to the frequency-doubling the sum-
frequency/third harmonic generation process requires phase-matching achieved by tuning
the crystal angle.

A Pellin Broca prism separates the three beams (678 nm, 339 nm and 226 nm). The
678 nm and 339 nm beams are directed into a beam dump while the 226 nm beam is fo-
cused at the center of the burner using a lens of focal length f=250 mm to induce saturated
fluorescence. Two mirrors positioned before the lens are placed at an angle with one di-
rectly above the other. They are used to change the vertical height of the beam across the
flame by slightly tilting them. A beam dump behind the burner is used to terminate the
beam. The fluorescence signal from the NO is detected using a CCD camera that is placed
perpendicular to the direction of the propagating beam. The camera is fitted with a UV
lens (f=105 mm) to focus the fluorescence emission onto the camera intensifier. A 36 mm
extension tube was used to achieve suitable magnification and a long pass filter was used
to block out radiation from the laser beam.

The laser beam wavelength was initially scanned between 224 nm to 225 nm and the
fluorescence during the scan is monitored, a process referred to as excitation scanmeasure-
ment. The fluorescence emission peaks obtained from the scan are used to match different
vibration-rotational transitions to the laser wavelength. The Q2(36.5) transition of NOwas
excited at 224.54 nm and the laser was tuned to perform the saturated LIF measurements
at this wavelength. Point wise NO measurements were made at different flame positions
by moving the beam vertically along the center of the burner.

Detection using the CCD camera was gated and the recording was triggered from the
laser using a small delay ensuring that the camera was open during a 50 ns gate covering
the laser pulse and fluorescence event with minimized capturing of continuous background
signal from the flame. Furthermore, the fluorescence signal was recorded by averaging 300
exposures for every point measured to average laser pulse-to-pulse variations and hence
improves the signal-to-noise ratio of the fluorescence signal detected.

Rayleigh scattering measurements were carried out on nitrogen gas at ambient condi-
tions to calibrate for parameters of the detection system such as the solid angle and detector
response. Measurements were made with the nitromethane flow closed and only nitrogen
was allowed to flow to the burner. The laser beam was directed at the burner and the
scattered signal from the nitrogen was captured by the camera.
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3. Experimental method

3.5 NO concentration evaluation
The concentration of the NO molecules in the flame can be calculated by re-arranging
Equation 2.9 to

N0
1 = F

4π
ΩhvlA

B12 + B21

B12

1
A21

(3.1)

Equation 3.1 gives the number density concentration of NO molecules in level 1 before
laser excitation. However, the high temperatures in the flame will cause distribution of
the molecules in the excited state to different rotational levels and the decay of the NO
molecules will be distributed across different vibrational levels in the ground state. As a
result, the fluorescence radiation will be emitted at multiple different wavelengths. Equa-
tion 3.1 is therefore modified to account for these transitions and becomes.

N0
1 = F

4π
ΩhlA

B12 + B21

B12

1
A1

21v1 + A2
21v2 + A3

21v3 + .... + An
21vn

(3.2)

The absorption and emission coefficients are obtained from the LIFBASE [17] pro-
gram. The absorption and emission coefficients B12 and B21 for the Q2(36.5) transition
line is 9.581 ∗ 108J−1m3s−2. The emission coefficients for the different wavelengths of the
NO fluorescence band is given in the table below

Wavelength (nm) Emission coefficient (s−1)
226.502 9.802 ∗ 105

236.558 1.448 ∗ 106

247.375 1.215 ∗ 106

259.040 7.677 ∗ 105

271.653 4.080 ∗ 105

285.330 1.934 ∗ 105

Table 3.2: Table of the NO emission wavelengths and the corre-
sponding emission co-efficients.

The product of the length and the solid angle of the measurement is obtained from the
Rayleigh signal. The Rayleigh scattering signal power is given by

PRay = Pin(
∂σ

∂Ω
)(mix)Ωlε (3.3)

PRay is the Rayleigh power, Pi is the incident laser power,( ∂σ
∂Ω)(mix) is the Rayleigh

cross section of the mixture, ε is the collection efficiency and n is the concentration. From
the ideal gas law, the concentration n at room temperature and atmospheric pressure is
obtained as 2.49 ∗ 1025m−3. The nitrogen Rayleigh cross-section at the laser wavelength
is 2.4182 ∗ 10−30m2 [16]. The laser power Pi , is the ratio of the pulse energy of 1.2 mJ to
the lase pulse duration of 4 ns. The laser therefore delivers peak power of 0.3 MW. The
Rayleigh signal detected from scattering by nitrogen molecules was 53,078,219 counts.
Since the fluorescence and Rayleigh signals are detected by the same equipment, the col-
lection efficiency is considered to be the same and will cancel out in the calculations. The
product of the length and the solid angle of the measurement is 2,932,461 sr.m.
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3.5 NO concentration evaluation

The number density concentration N0
1 calculated using the Equation 3.2 is the concen-

tration of NO molecules that were on the rotational level J=36.5 before laser excitation.
However, this is just a fraction of the entire number of NO molecules within the point
being measured. Therefore, to determine the entire concentration of the NO molecules at
the point of measurement, the concentration of the J=36.5 rotational level is divided by
the fraction of the NO molecules expected to be within the J=36.5 level. This fraction was
readily available in the LIFBASE program [17].
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3. Experimental method
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Chapter 4
Results and Discussion

4.1 Temperature measurements
The temperature of the flame as a function of the height above the burner is plotted in
Figure 4.1 and Figure 4.2 for the fuel lean (Φ=0.8) and fuel rich (Φ=1.2) cases, respectively.

Figure 4.1: Temperature profile at equivalence ratio of 0.8. Min
temp and Max temp represent the minimum and maximum tem-
perature recorded at each height, respectively.
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4. Results and Discussion

The temperature in the vicinity of the burner surface is higher than room temperature.
While the water baths maintain the burner surface at temperature 338 K heat is conducted
from the reaction zone due to temperature gradients. Figure 4.1, shows that the reaction
zone starts around 4 mm above the burner surface due to the steep increase in the tem-
perature. The region below 4 mm represents the pre-heat zone of the flame where the
temperature increase is due to the conduction of heat away from the reaction zone.

The rapid temperature rise up to 7 mm results in the highest flame temperature of
1400 K at this position. The combustion of nitromethane can be divided into 3 different
zones according to Boyer and Kuo’s model [5] as discussed in the theory section. Though
not clearly defined in Figure 4.1, the trends in the temperature increase between 4 mm-5
mm, 5 mm-7 mm and 7 mm-12 mm indicates the 3 zones predicted by the model. The
flame maintains a rather constant temperature between 7 mm to 12 mm. The steel plate
stabilizer located at position 20 mm conducts heat away from the flame resulting in the
observed temperature drop to 900 K.

The temperature profile for the fuel rich flame is shown in Figure 4.2.

Figure 4.2: Temperature profile at equivalence ratio of 1.2. Min
temperature and Max temperature represent the minimum and
maximum temperature recorded, respectively.

The temperature profile of the fuel-rich flame also indicates three combustion zones
and reaches a maximum temperature of 1350 K in the 3rd zone. However, errors during
the measurements account for the flat shape at the beginning of the first zone and the
steep temperature drop at the beginning of the second zone. Similar to the lean flame, the
temperature drops close to the steel plate stabilizer since it conducts heat away from the
flame.

The maximum temperature of the flame was lower for the fuel rich case than the fuel
lean case. From the equivalence ratio, it can be seen that the oxygen concentration in the
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4.1 Temperature measurements

gas mixture in the rich flames generally has less oxygen concentration than in lean flames.
Furthermore, the oxidizer concentration in the rich flames has been more diluted with
nitrogen than in the lean flames, therefore some of the nitromethane molecules might not
have undergone complete combustion. As a result, the heat released during the combustion
of the rich flame is less than in lean flame and hence the lower temperature.

The temperature profiles indicate the three zones that have previously been predicted by
various nitromethane combustion models [5]. This has resulted in the nitromethane flame
having a stretched reaction zone. However, the temperatures obtained are less than typi-
cal flame temperatures and huge temperature differences exist with previous nitromethane
temperature profiles measured in nitromethane/oxygen flames [8]. The temperature pro-
file was expected to be slightly lower than those measured by Zhang et al. due to the
presence of nitrogen molecules but additional errors due to both the environment and the
probing nature of the thermocouple further lowered the temperature. Some points within
the reaction zone where the temperature was very high, the thermocouple was glowing
due to heating. Under these conditions, looses means that thermocouple temperature does
not correspond to the temperature of the flame. The physical probing by the thermocou-
ple also interfered with the flows and concentration gradients within the flame. This lead
to erroneous results since the structure of the flame had been disturbed. Movement near
the flame during the temperature reading also caused some slight turbulence in the flame
affecting the accuracy of the measurements.

The temperature profile therefore does not give the exact temperature of the flame,
but it does give an estimation of the temperature and the flame behavior as seen from the
three zones. More accurate temperature measurements can be achieved by non-intrusive
techniques for temperature measurements such as CARS [4].
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4. Results and Discussion

4.2 Chemiluminescence spectra
The energy from the chemical reactions in flames excites some of the radicals in the flame.
Their decay back to the ground state results in the release of radiation, a process called
chemiluminescence. The radiation released within the visible region, that is 400-700 nm,
is responsible for the color of the flame. A chemiluminscence spectrum of the fuel-lean
flameΦ=0.8 is shown in Figure 4.3

Figure 4.3: The chemiluminscence spectrum of the fuel-lean
flame Φ=0.8.

Figure 4.4: Photo of the fuel-lean flame Φ=0.8.

The spectrum of the nitromethane flame shows a very broad and strong emission in the
region 460 nm- 800 nm that is attributed to NO2 [19]. The peaks at the top of the broad
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4.2 Chemiluminescence spectra

emission are possibly due to the different vibrational bands of NO2. The weak peaks at 236
nm, 246 nm and 306 nm represent different NO vibrational bands [17]. The intensity of
NO2 radiation is higher than for the NO radiation suggesting higher concentration of NO2
thanNO in the flame. NO2 is one of the initial products of nitromethane decomposition and
its reduction into NO and N2 at high temperature produces NO [5]. Furthermore, a small
amount of NO is converted to HNO and N2O reducing the amount of NO. However, since
the emission depends on the emission coefficient A21 , the higher NO2 intensity might also
be attributed to NO2 having higher emission coefficient than NO. The spectrum also shows
NH peak at 336 nm, a CH peak at 430 nm and OH peaks around 308 nm. The emission
from NO2 is within the visible region and is responsible for the yellow-brown appearance
of the nitromethane+air flame as seen in Figure 4.4. The chemiluminscence spectrum and
a photo of the fuel-rich Φ=1.2 is shown in Figure 4.5 and Figure 4.6 respectively.

Figure 4.5: The chemiluminscence spectrum at Φ=1.2.

Figure 4.6: Photo of the fuel-rich flame Φ=1.2.
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4. Results and Discussion

The spectrum for the rich flame has similar peaks to the lean flame since they produce
the same radicals. The difference was in the intensity of the radiation at longer wavelengths
as seen in Figure 4.7 showing both spectra.

Figure 4.7: Comparison of the emission spectrum at Φ =0.8 (red)
and Φ=1.2 (blue).

The radiation intensity at wavelengths 460-800 nmwas higher from the lean flame than
from the rich flame as shown in Figure 4.7. The NO2 intensity was around three times
stronger in the lean case hence the flame appeared more yellow-brown than the rich flame
(cf. photos in Figure 4.6 and 4.4). As the intensity is proportional to the concentration of
the species, the NO2 concentration level of the lean flame can be expected to be around 3
times higher than of the fuel-rich flame.

4.3 LIF measurements

4.3.1 Excitation scan

The rotational levels of molecules usually have very small energy differences and a large
number of them are populated also at room temperature. The excitation scan performed to
excite transitions from different NO rotational levels and measure the fluorescence when
the molecules decay is used to assign the different transitions with a specific excitation
wavelength. The laser wavelength is then tuned to correspond with the chosen transition.
The excitation scan between 224.3-224.7 nm wavelength is shown in Figure 4.8
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4.3 LIF measurements

Figure 4.8: Laser excitation scan.

Figure 4.9: Lifbase excitation scan simulation.

Figure 4.8 was compared with the excitation scan simulation from the LIFBASE pro-
gram [17] in Figure 4.9 to match different NO transitions with the scanned wavelengths.
Rotational line Q2(36.5) that was excited at 224.54 nmwas selected for several reasons.The
Einstein B coefficient for this transition is greater than that for the Q2(26.5) transition [17],
which has been used in other NO measurements[18]. From Equation 2.6, it can be seen
that a higher B constant makes reaching saturation irradiance easier. Furthermore, other
species, in particular O2 having absorption lines in the same spectral region do not interfere
spectrally with this NO absorption line [18].

The population of the rotational level was stated to be relatively insensitive to the tem-
perature range of previously investigated flames [18], meaning that the changes in the pop-
ulation of the probed J=36.5 level are rather small. This is extremely important to avoid
strong temperature dependence on the evaluated NO concentrations. However, when com-
pared to line Q2(26.5) using the predictions from the LIFBASE program, the population
of level J=36.5 was observed to be affected more by temperature changes as seen in Figure
4.10.
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4. Results and Discussion

Figure 4.10: NO population dependence on temperature for line
Q2(36.5)(blue line) and line Q2 (26.5)(red line).

The population hardly changes for temperatures above 1000K for the Q2(26.5) tran-
sition line while small changes in the population are observed for the Q2(36.5) transition
line. Since typical flame temperatures are above 1000K, the Q2(26.5) line would from this
aspect have been somewhat better suited for the NO measurements due to its insensitively
in typical flame temperatures.

4.3.2 2-D fluorescence images
Two dimensional fluorescence images for the fuel-rich and fuel-lean flames are shown in
Figure 4.11. The laser beam is expanded using a cylindrical lens to induce fluorescence
across a large area of the flame and enables monitoring of the changes in the fluorescence
signal in the flame both vertically and horizontally.

Figure 4.11: 2D fluorescence image at Φ= 0.8 on the left and
Φ =1.2 on the right. The image color scale: red =strongest flu-
orescence, yellow=strong fluorescence, green= average fluores-
cence, light blue=weak fluorescence, blue=very weak fluores-
cence, black=no fluorescence.
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4.3 LIF measurements

The laser sheet was created from a laser beam propagating from right to left in the
image. The fluorescence intensity is higher on the right and gets weaker towards the left.
Since the laser power is spread over a large area when forming the sheet, the fluorescence
induced is in the linear regime, where the fluorescence signal is dependent on the laser
irradiance. As the beam propagates through the flame, it excites NOmolecules and in turn
gets attenuated accounting for the drop in the fluorescence intensity across the image.

The region with no fluorescence at the bottom of the images signifies the location of
the preheat zone. Immediately above the burner, there is very little fluorescence since the
flames are lifted. The fluorescence indicated by the blue and light blue fields, is from
NO molecules that have diffused from the reaction zone due to existence of concentration
gradient. Furthermore, the lower fluorescence boundary indicates that the flames produced
were stable and one dimensional.

The yellow regions on the images represent the product zone of the flames. The region
has the highest fluorescence intensity since NO is produced in large quantity in the com-
bustion of nitromethane. The fluorescence intensity drops further above the product zone
is attributed to the reduced laser irradiance at the edges of the laser sheet.

4.3.3 NO concentration profiles
The concentration of the NOmeasured was obtained from the intensity of the fluorescence
detected at different vertical positions of the flame. Examples of the fluorescence images
obtained during the measurements are shown in Figure 4.12

Figure 4.12: Fluorescence images at Φ =0.8(left) and Φ =1.2
(right) respectively.

Figure 4.12 shows the NO fluorescence of the focused beam. The laser beam was
focused at the center of the flame which is located in the middle of the image. This is indi-
cated by the converging of the fluorescence signal at the center of the image and diverging
towards either side. The laser beam therefore interacted with more NO molecules at the
sides of the flame than at the center of the flame. According to Equation 2.9, the fluores-
cence signal in the saturation region is independent on laser irradiance but dependent on
the beam cross sectional area, hence the fluorescence is stronger at the sides than at the
center.
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4. Results and Discussion

The concentration of NO molecules was analyzed at the center where the beam was
focused. The laser irradiance along with the spatial resolution (100 micrometers) of the
measurements was highest at this point. The spatial resolution was estimated to be 100
micrometers from the rayleigh scattering. The laser spectral irradiance Iv, obtained satis-
fied the condition for measurements to be done in the saturation region, that is Iv >> Isat.
The experimental laser irradiance can be calculated from the pulse energy, the pulse du-
ration and the pulse spectral width (∆v) while the saturation laser irradiance can be calcu-
lated using Equation 2.6 using the parameters for the Q2(36.5) transition and a collisional
quenching rate of 10−9s−1 representative for atmospheric pressure flame conditions [4]as
seen below.

P
A∆v

>>
(A21 + Q21)c

B12 + B21

3 ∗ 105

π ∗ (50 ∗ 10−6)2 ∗ 3 ∗ 109 >>
(9.802 ∗ 105 + 1 ∗ 109) ∗ 3 ∗ 108

2.872 ∗ 1017 + 2.872 ∗ 1017

12, 700 >> 0.52

Thus the measurements were made in the saturation region. The fluorescence intensity
from the images is almost equal although the Φ = 0.8 image has slightly higher intensity.
This is reflected in the evaluated concentration profiles as seen in Figure 4.13.

Figure 4.13: NO concentration number density as a function of
height for Φ =0.8 (blue line) and Φ=1.2 (red line) flame.

The peak NO concentration is at 1.6 mm and 3 mm above the burner for the lean and
rich flames, respectively. According to Tian et al. [7], the decomposition of nitromethane
to NO2 and CH3 occurs mostly in the flame pre-heat zone. The dissociation of NO2 at high
temperatures, accounts for the peak NO concentration. Peak NO concentration occurs in
the first zone and therefore signify the beginning of the reaction zone. The concentration
drops immediately after the peak can be attributed to the conversion of small amounts of
NO to HNO and N2O which occurs in the first zone. However, the estimated first zone in
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4.3 LIF measurements

Figure 4.13 does not coincide with the first zone estimated from the temperature profiles
in Figure 4.1 and Figure 4.3. This is possibly due to the physical probing nature of the
thermocouple measurements. The concentration of NO remains relatively constant further
above the burner which is in agreement with the prediction of De Jaegere and van Tiggelen
[13] that the NO produced in low pressure premixed nitromethane combustion is a non-
reactive species.

The increase in the concentration of the NO molecules between 15-20 mm above the
height of the burner is inconsistent with nitromethane combustion prediction models. The
region coincides with a decrease in the temperature due to its proximity to the steel plate
stabilizer, confer Figure 4.1 and Figure 4.3, therefore resulting in an increase in the gas
number density. In addition, the population of the J=36.5 rotational level corresponding
to this region is in turn very low due to its temperature dependence as shown in Figure
4.10. Therefore the population fraction obtained from the LIFBASE [17] program was
small resulting in high total NO number density.

The profiles of NO molar fractions, that is, concentrations normalized versus total
number density of the gas are shown in Figure 4.14

Figure 4.14: NO percentage concentration in the flame products
as a function of height for Φ =0.8 (blue line) and Φ=1.2 (red line)
flame.

The molar concentration profile also shows a similar trend with the concentration num-
ber density profile between 15 mm- 20 mm. However, from the chemistry of nitromethane
combustion, no NO production is expected in this region, therefore the shape of the curve
is expected to be flat. The temperature obtained at this region is therefore expected to be
higher than the temperatures from Figure 4.1 and Figure 4.3. Furthermore, the population
fractions acquired from the LIFBASE program and the gas density calculations will be
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4. Results and Discussion

inaccurate and will account for the unexpected NO increase.
From the evaluated LIF concentrations in Figure 4.14, NO accounted for 6 percent

of the total products of nitromethane combustion in the lean flame. The expected NO
concentration for the lean flame can be calculated using Equation 2.4. The equation is
modified by having nitrogen in the chemical equation since air/nitrogen is used as the
oxidizer instead of oxygen, however, the added nitrogen is considered to be an un-reactive
species. The experimental flow rates are proportional to the molar concentration of the
fuel and the oxidizer gases and used in the equation as shown below:

0.68CH3NO2 + 0.85O2 + 5.11N2 = 0.68CO2 + 1.02H2O + 0.68NO + 5.11N2 (4.1)

The NO produced from Equation 4.1 is about 9 percent of the total combustion products.
The difference in the measured and the calculated percentage concentration of NO is ac-
counted to several reasons. Firstly, Equation 4.1 considers NO as the only nitrogenous
product of nitromethane combustion with the molecular nitrogen constant. However, ac-
cording to Tian et al. [7] and Zhang et al. [8], molecular nitrogen is produced during the
combustion of nitromethane at low pressure. The reactions of HCN, NCO, HNCO, NH
and NH2 radicals with NO either directly or through N2O leads to formation of nitrogen
[8]. Furthermore, N2O reacts with H atoms to produce nitrogen [8]. Therefore, nitrogen
produced could account for the difference. Secondly, the flame produces high concentra-
tions of NO2 as confirmed from the chemiluminescence spectrum in Figure 4.3 and the
orange flame emission visible in the picture 4.4 which is not considered in Equation 4.1. In
addition, the thermocouple temperature measurements are lower than typical nitromethane
flame temperatures of 1800 K [8]. At 1800 K the flame would have 7.8 percent NO con-
centration instead of 6.0 percent calculated using the temperature profile. Taking these
effects into account, the concentration of NO evaluated from the LIF measurements show
good agreement with the expected NO concentration.

Previous studies of rich nitromethane flames have shown high concentrations of HCHO
and CH3OH as products [7]. Along with nitrogen, these products have not been consid-
ered in Equation 4.1 and therefore, it is not possible to analyse the rich flame using this
chemical equation. Furthermore, the lack of published NO concentration measurements
for equivalence ratio of 1.2 makes it difficult to accurately compare the NO concentration
measured for the rich flame. However, the rich flame had an NO concentration percent-
age of 5.5 which showed relatively good agreement with the 8 percent NO concentration
results by Tian et al. [7] which was done at pressure of 4.67 kPa and equivalence ratio of
1.39.
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Chapter 5
Outlook

Stabilized fuel rich and fuel lean nitromethane flames suitable for both laser diagnostics
and modelling were obtained. LIF measurements were successfully carried out in the sat-
uration region. The evaluated concentrations showed good agreement with the estimated
chemical reactions and were within the same order of magnitude with kinetic modelling
predictions. The NO concentration profiles had similar trends with the modelling predic-
tions apart for the region close to the steel plate stabilizer.

Currently, little research has been conducted on nitromethane combustion using laser-
based diagnostics. The non-intrusive nature of these diagnostics will provide more knowl-
edge about the chemical interactions during the combustion process and can be used to
validate the prediction models that are currently available. Therefore suggestions for fu-
ture research projects on nitromethane combustion are suggested below.

Accurate temperature measurements can be done using Coherent anti-Stokes Raman
spectroscopy (CARS) to determine the actual temperature profiles of the nitromethane
combustion. The non-intrusive nature of the measurements, will eliminate the errors that
are normally associated with thermocouples. Furthermore, CARS measurements can also
provide the concentration profiles of nitrogen and oxygen within the rich flame. The con-
centration profile of nitrogen along with that of NO, would help determine whether it is
produced due to the interaction of NO or N2O with other nitrogenous molecules.

The decomposition of nitromethane produces hydrocarbons and nitric oxides which
react through numerous interactions. LIF measurements on some of the nitromethane in-
termediates like NH is therefore recommended to generate further insight into the chemi-
cal reactions and the effect on the flame temperature. Furthermore the intermediates may
enable validation of Boyer’s prediction of multiple reaction zones in nitromethane com-
bustion.

Experimental results by Tian et al. reveal high concentrations ofmethanol and formalde-
hyde as products in the combustion of fuel rich nitromethane flames. Therefore, measure-
ments of formaldehyde and methanol are recommended. Formaldehyde can be measured
using LIF using the third harmonic of the Nd:YAG laser at 355 nm wavelegth. In addition,
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5. Outlook

Raman spectroscopy of some major flame species, that is, CO, CO2 along with methanol
is suggested to help develop complete understanding of the rich flame.

In addition, LIF measurements to obtain the concentration profile of NO2 is recom-
mended. The chemiluminescence spectrum obtained in the flame reaction zone revealed
that the flames had high concentrations of NO2 which was responsible for the yellow flame
appearance in particular for the lean flame. However, chemical kinetic models and previ-
ous experiments predict that NO2 is only present in the pre-heat zone and the high temper-
atures in the reaction zone, will cause it to be converted to NO and other nitrogen oxides.
The concentration profile would provide further insight about the presence and role of NO2
in the flame.

The effect of changing the equivalence ratio on the temperature profile and concentra-
tion of NO and additional species is suggested. Measurements are to be done at three fuel
lean,three fuel rich and at stoichiometry.
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