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Abstract
Global climate change have led to the increased attention to renewable energy sources
such as solar panels and wind turbines. These energy producers fluctuate in power
over time, so storage solutions are needed for this. Chemical energy storage in the
form of ammonia is a promising solution since ammonia is energy dense with a high
boiling point, so storage is relatively convenient. In addition, it can be burned and
therefore, it can also be used as a fuel. Ammonia in its pure form is challenging to
combust, but in combination with hydrogen, its flame speed increases.

Therefore, much research is already done on ammonia/hydrogen combustion.
Many researchers indicate that reaction mechanisms and experimental data are not
quantitatively equal. In addition, no research is done on the local temperature and
concentration of species in an ammonia/hydrogen flame. Therefore, this research
aims to provide extra experimental data on ammonia/hydrogen flames. A diffusion
flame is used for this because diffusion flames have practical relevance in the form
of furnaces and diesel engines and this set-up was already build at the TU/e. Raman
spectroscpy is used as a technique because it is non-intrusive and is able to measure
local temperature and concentration of species in a flame.

The focus of this research is to adapt the previously developed set-up and anal-
ysis procedure to be able to analyze ammonia/hydrogen diffusion flames. The
present set-up and analysis procedure is made for hydrocarbon flames, so some
changes have to be made. The secondary goal is to produce quantitative data on
several ammonia/hydrogen diffusion flames in terms of temperature and concen-
tration of species. Due to COVID-19, the secondary goal was not fully reached, but
this research still produced some quantitative data on an ammonia/hydrogen flame
in the form of temperature and concentration of species. In addition, the present
set-up and analysis procedure is successfully adapted to be able to analyze ammo-
nia/hydrogen flames.
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Preface
The main subject of this research is the combustion of ammonia in combination

with hydrogen as a sustainable energy carrier. The increased attention to sustain-
able energy is a positive development in my opinion. Sustainable energy in the form
of electricity is a great development, but combustion will undoubtedly be part of
the energy mix in the future in my opinion. Therefore, sustainable fuels have to be
developed and The TU/e is giving much attention to this. In my view, this is pos-
itive, since it is impossible to know which energy carrier will be the best to use for
combustion purposes. This research is helping in the development of a sustainable
fuel. Ammonia in combination with hydrogen is a promising solution accepted by
many researchers and organizations. In my opinion, research should continue to
understand the combustion characteristics. The specific subject of this research was
to adapt an existing set-up and analysis procedure to be able to do experiments with
hydrogen/ammonia flames. The secondary goal is to obtain quantitative data on
a hydrogen/ammonia diffusion flame in terms of local temperature and concentra-
tions of species inside the flame. This would help to develop reaction mechanisms
and to understand the combustion characteristics and I think this is a positive de-
velopment. The combination of experimental work, sustainability and combustion,
make it an interesting research topic.

This research is a graduation thesis and during this time, some people helped
me to be able to finish the research successfully. Firstly, I would like to thank Con-
rad Hessels, who helped me to understand the existing analysis procedure that was
written by him and to answer all my questions. Secondly, I would like to thank
Robin Doddema for the introduction to the set-up, which he developed. Lastly, I
would like to thank my supervisor Nico Dam, who helped me by discussing my
results and problems I encountered and by providing new insights.
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Chapter 1

Introduction

Renewable energy is a topic which recently received much attention due to the recent
change in the global climate and all the consequences from this. This climate change
is primarily caused by the combustion of fossil fuels, which generate energy what
can be used for heating, transportation or the generation of electricity. However, the
combustion of fossil fuels generate the harmful gas CO2 and this is considered as
the main reason of the global climate change. As a result, non-CO2 emitting energy
sources are developed such as solar panels and wind turbines. These sources gen-
erate electricity without the production of CO2 but they typically fluctuate in power
production over time. This is a problem for the electrical grid since the grid bal-
ances the demand and the supply of electricity and this is complicated if the supply
is fluctuating, so it is crucial to store electricity in some manner. Therefore, different
storage solutions have been investigated to ensure that the electrical supply can be
balanced with the demand.

Electrical energy can be stored with different approaches and a number of sys-
tems are already developed. Energy can be stored with a mechanical approach by
a pumped hydro system [1], but this suffers from geological constraints and it im-
pacts the environment. A different approach is to store energy on a thermal manner
via an aquifer system [2], but also this has geographic constraints. In addition, both
approaches are typically not mobile. Probably the most common manner to store
electricity is to store it in batteries and these are ideally suited for small applications
that experience rapidly changing loades. However, large scale systems have been
rare because of the low energy density of batteries, their environmental impact and
small power capacities [3], [4]. The last option is to store energy on a purely chem-
ical approach and this can be represented by storing electricity into hydrogen or a
carbon-neutral hydrogen derivative such as ammonia. China has a large problem
with energy storage and [5] shows that ammonia has great potential for the storage
and transportation of large amounts of mobile energy over a long time at any lo-
cation. Moreover, it could be the crucial insight to benefit the most from countries
such as Australia that has much solar and wind energy potential on remote places
[6]. Therefore, ammonia could be the solution in the global storage and transporta-
tion problem of renewable energy.

In addition to the transportation and storage solutions, ammonia could also be
used as a fuel. This is crusial, since the stored enery has to be extracted efficiently and
combustion could be a good solution for that. Obviously, the combustion of ammo-
nia does not generate CO2, but the formation of NOx could be a potential problem.
Therefore, this research focuses on the aspect of using ammonia as a fuel and con-
centrates on the combustion of ammonia. Several studies, such as [7], give insights
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in the combustion of ammonia and discus that especially the combustion character-
istics of the flames are not yet fully understood. In other words, the interaction of
products and radicals that are formed during the combustion of ammonia and how
these result into (harmful) emissions such as NOx. It is the objective of this research
to to produce, and analyze, quantitative data on the concentration and temperature
of radicals and products during combustion. Raman spectroscopy is used for this
because it is non-intrusive and gives local temperatures and concentration of prod-
ucts and species in a flame. The experiments are done with non-premixed flames
of several air/hydrogen/ammonia mixtures to understand the behavior of the com-
bustion of ammonia under several conditions, thus to truly examine the characteris-
tics of the combustion of ammonia. The goal is to get experimental data, which can
be used to validate reaction mechanisms in future research.

This report will firstly start with giving information about hydrogen and ammo-
nia and why ammonia is interesting to research for combustion ans storage applica-
tion in Chapters 2 and 3. Secondly, the methodology about how this research is done
is explained in Chapter 4. Thirdly, all the Equations necessary to describe and use
Raman spectroscopy are explained in Chapter 5. In Chapter 6, the experimental set-
up is explained and in Chapter 7 explains how the data is analyzed. Lastly, Chapter 8
explains the results and Chapter 9 explains some conclusions and recommendations
about this research and future research.
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Chapter 2

Background of the project

2.1 Hydrocarbon fuels

The discovery of hydrocarbon fuels had a major impact on the industrial revolution,
which has a major effect on the present society. Hydrocarbon fuels are responsible
for a major part of the energy that is used today, for example as a fuel for vehicles and
the generation of electricity or heat [8]. Hydrocarbon fuels have many advantages
such as its superior energy density. However, a disadvantage is that the supplies
of these hydrocarbons are finite and will therefore, eventually, deplete. In addition,
these supplies are geographically bounded, so certain countries can only rely on
import. However, perhaps the most important disadvantage is the generation of
greenhouse gasses, which result into global warming, when hydrocarbon fuels are
combusted. An example of the general combustion of the most simple hydrocarbon
fuel, methane, is given below:

CH4 + 2 O2 −−→ CO2 + 2 H2O

It is obvious that the gas CO2 is generated and this gas is identified as a major
contribution to the global warming [9], [10], [11]. This results into undesired effects
such as the rise of the sea level [11], [12]. Many countries have recognized this and
it has lead into the world famous Paris agreement [13] with the goal of an absolute
limit of 2 ◦C increase of the global temperature. Many approaches of this goal in-
volve the reduction of the greenhouse gas CO2. Since a major part of the energy that
is used today comes from hydrocarbon fuels, which generate CO2, much research
is done to reduce hydrocarbon fuel usage. Therefore, alternative energy sources are
researched.

2.2 Alternatives

Probably the most common alternative energy carrier is electricity. The major ad-
vantage is that it can be directly used by electric devices. Increasingly more prod-
ucts are developed that use electricity instead of hydrocarbon fuels such as electrical
heat pumps and electric cars. However, this electricity has to be generated with-
out the usage of fossil fuels (so on a sustainable manner) and this is proven to be a
challenge because still 66.8% of all globally produced electricity is produced using
hydrocarbons in 2017 and only 26 % using nuclear and hydro power [14]. Only 6 %
is generated using wind and sun, which have probably the most potential since they
are safe, have a minimum impact on the environment and there is a large amount of
energy available.
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A sustainable manner to produce electricity is through solar panels and wind
turbines. Solar and wind power has increased recently and it is expected that it is
going to increase in the future because it does not generate greenhouse gasses when
electricity is produced. However, the major disadvantage of these systems is that
they fluctuate in power over time because the wind does not always blow and sun
sun does not always shine. This has major implications for the electricity grid, since
this has to balance the supply and the demand. Moreover, the demand of electricity
is also time and location dependent. Therefore, the electricity has to be stored effi-
ciently on much different locations.

Many storage solutions are available such as pumped hydro [1] and ATES [2].
These systems are bounded by geography, impact the environment and are typi-
cally not mobile, so these are no ideal solutions to store energy. An obvious storage
mechanism for electricity are batteries, which are commonly used for small scale
systems. Recently, batteries are used for some larger scale systems such as cars and
even trucks. However, large scale systems have been rare because of their small
energy density, limited cycle life and small power capacity [4]. In addition, proper
action has to be taken when disposing batteries because of their environmental im-
pact [3]. Much research is done into batteries to improve these disadvantages, but is
useful to consider other storage solutions. Chemical energ storage is one of these.

2.3 Hydrogen

To carry large amounts of mobile sustainable energy, chemical energy storage is of-
ten considered in the form of hydrogen [15]. The production of hydrogen is nowa-
days dominated by fossil fuels, e.g. gasification of coal or steam methane reforming
from natural gas (approximately 95 % of the total hydrogen production) [16] and it
is obvious that this generates the harmful gas CO2. Approximately 5% of the total
hydrogen production is produced from the electrolysis of water that uses electricity,
in the form of renewable energy, to produce hydrogen. This process is yet more ex-
pensive but recently gains extra attention because of the cost reduction of solar and
wind power. The electrolysis of water is given in the reaction formula below:

2 H2O −−→ 2 H2 + O2

The production of hydrogen via this method is efficient and more reasearch is
done to increase this efficiency. An efficiency up to approximately 80-90 % is reached
already [17]. After it is transported to the desired location, the hydrogen can be con-
verted back into electricity, as is done in fuel cells of a hydrogen car. Alternatively,
hydrogen could be used as a substitute for natural gas in houses for boilers or stoves
[18]. These options are attractive ways to use hydrogen directly as an energy carrier,
but some implications occur when hydrogen is used.

2.3.1 Flammability

A large disadvantage of hydrogen is its flammability and detectability. Table 2.1
gives the flammability characteristics of methane (which is the main component
in natural gas) and hydrogen in terms of upper flammability limit (UFL), lower
flammability limit (LFL), flame speed and Minimum ignition energy (MIE).
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TABLE 2.1: Flammability characteristics of methane and hydrogen

Fuel LFL [vol%] UFL [vol%] Flame speed [cm/s] MIE [mJ]
Methane 5 [19] 15 [19] 38 [7] 0.28 [7]
Hydrogen 4 [19] 75 [19] 351 [7] 0.011 [7]

As can be seen in the table, hydrogen is flammable with a much lower minimum
ignition energy in a much wider fuel/air mixture than methane is. In addition, when
it ignites, hydrogen has a much larger flame speed than methane.

2.3.2 Energy density

A significant reason why hydrocarbon fuels are used today is because of their high
energy density. Table 2.2 gives the energy densities in terms of higher heating value
(HHV) of hydrogen and methane.

TABLE 2.2: Energy density of methane and hydrogen [20]

Fuel HHV [MJ/m3]
Methane 40.0
Hydrogen 12.7

As can be seen in the table, the energy density of hydrogen is more than three
times as small as for natural gas. This means the stored/transported volume for hy-
drogen has to be 3 times larger than for methane, which could be disadvantageous.
Furthermore, hydrogen (and methane) in its pure form have a very low energy den-
sity in comparison with gasoline, which has a energy density of approximately 35
MJ/L. Therefore, hydrogen has to transported and stored in different form to be
more efficient.

2.3.3 Hydrogen storage

Hydrogen can be stored on various manners, such as in a pressurized tank, as a
liquid, with metal hydrates and chemically. Table 2.3 shows these methods with
their energy density in MJ/L and storing conditions.

TABLE 2.3: Four storage methods of hydrogen [21]

Method Energy density [MJ/L] Temperature [K] Pressure [bars]
Compressed 4.9 293 700
Liquid 6.4 20 0
Metal hydrides 7.6 260-425 20
Chemical 15.5 298 10

As can be seen in this table, hydrogen can be compressed to 700 bar, which result
into a energy density of 4.9 MJ/L. This is the most common manner and the tanks
are well-developed for this method. To maximize the energy density of pure hydro-
gen, it can be liquified, which result into a energy density of 6.4 MJ/L. This method
is not widely used, since it involves reducing the temperature to 20K in the tank,
which is very expensive. An other method is the adsorption of hydrogen on metal
hydrides. The advantage is that it is safe and it offers a high energy density. The
disadvantage is that a thermal management system is required to adsorb and des-
orb the hydrogen. The last method is to convert hydrogen into an other chemical.
A chemical that is much considered is ammonia (NH3), since the energy density is



6 Chapter 2. Background of the project

large under practical temperature and pressure. How ammonia behaves and what
advantages an disadvantages it has, will be explained in the next chapter.
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Chapter 3

Ammonia

Ammonia, NH3 is a carbon free molecule that is becoming more important as a re-
newable energy carrier for transport and storage. In addition , it is identified as
a possible renewable fuel and this chapter discusses the general and combustion
properties of ammonia. Furthermore, it discusses some of the advantages and dis-
advantages of using ammonia as an energy carrier.

3.1 Properties of ammonia

This section gives an overview of the properties of ammonia in comparison with
some other fuels.

TABLE 3.1: Properties of different fuels [22]

Fuel/storage P [bars] ρ [kg m−3] HHV [MJ kg−1] HHV [GJ m−3] c [$/kg] c/HHV [$/GJ]
Gasoline, C8H18/liquid 1 736 46.7 34.27 1.36 29.1
CNG, CH4/integrated storage 250 188 42.5 7.99 1.20 28.2
LPG, C3H8/presurized tank 14 388 48.9 18.97 1.41 28.8
Methanol, CH3OH/liquid 1 786 14.3 11.24 0.54 37.5
Hydrogen, H2/metal hydrides 14 25 142 3.55 4.00 28.2
Ammonia, NH3/pressurized tank 10 603 22.5 13.57 0.30 13.3
Ammonia, NH3/metal amines 1 610 17.1 10.43 0.30 17.5

Table 3.1 gives an overview of some properties of several conventional fossil fu-
els, hydrogen and ammonia. As can be seen in the table, the energy content per
volume for hydrogen is the lowest of all considered fuels. Note that the researchers
assume that hydrogen is stored in a metal hydride storage at 14 bars. In addition,
hydrogen is the most expensive fuel per kg and the researches list the following
three causes: Production, transportation and storage. Transport and storage is dif-
ficult for hydrogen because of the low boiling point of 33 K (so a non-ideal storage
mechanism is needed) and the flammability (safety). In addition, hydrogen has to
be produced from either fossil fuel gasification or renewable energy that is used for
water electrolysis (as mentioned in Section 3.2). These factors contribute to much
higher price per kg than ammonia for example and, in combination with a low en-
ergy density, makes hydrogen not an attractive solution to store or transport energy.

As can also be seen in the table, ammonia can be stored in a similar manner as
the well-known fuel LPG due to its boiling point of 239.8 K. This is because it can be
stored in a tank of 10 bar, which is similar as LPG. This is favorable because it makes
ammonia inexpensive to liquefy and as a result, to store and this can be seen in the
price per GJ of ammonia, which is the lowest of all considered fuels. In addition, its
energy content per volume is comparable to that of the fossil fuels so this is favor-
able for the range and the size of the storage tank. In addition, because of its low
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price, ammonia is the most inexpensive fuel per GJ stored and in combination with
its other properties compared with the other alternatives, it is an energy carrier with
much potential in the near future. However, ammonia has also some disadvantages.

3.1.1 Health aspects and flammability of ammonia

TABLE 3.2: Toxicity of ammonia [23]

Ammonia concentration in air (by volume) Effect
20–50 ppm Readily detectable odor
50–100 ppm No impairment of health for prolonged exposure
400–700 ppm Severe irritation of eyes, ears, nose and throat.

No lasting effect on short exposure
2000–3000 ppm Dangerous, less than 0.5 hours of exposure may be fatal
5000–10000 ppm Serious edema, strangulation, asphyxia, rapidly fatal

It is well-known that ammonia is toxic and this is crucial if the tank where the
ammonia is stored leaks. Table 3.2 gives an overview of the effects of ammonia ex-
posure with different concentrations of ammonia in the air. As can be seen in the
table, ammonia causes severe irritations from concentrations above 400 ppm and
can be lethal from concentrations of 2000 ppm, so this can be considered as a very
toxic chemical. However, the human nose can detect ammonia from concentration
of 20-50 ppm, which are safe concentrations and this helps in taking the proper ac-
tions. In addition, ammonia is lighter than air so it dissipates rapidly into the air.
Hydrogen, on the other hand, is colorless and inodorous, so this can not be detected
without special equipment. This is especially important because of the flammability
properties of ammonia and hydrogen.

TABLE 3.3: Flammability characteristics of various fuels

Fuel LFL [vol%] UFL [vol%] Flame speed [cm/s] MIE [mJ]
Methane 5 [19] 15 [19] 38 [7] 0.28 [7]
Hydrogen 4 [19] 75 [19] 351 [7] 0.011 [7]
Methanol 6 [24] 36 [24] 36 [7] 0.140 [7]
Ammonia 15 [19] 28 [19] 7 [7] 8.000 [7]

Table 3.3 shows the flammability limits of different fuels. As can be seen in the
table, ammonia can be combusted in a shorter range of fuel mole fractions with
ambient air than hydrogen. This makes it more likely that a combustable ratio of
hydrogen in the environment is formed than for other fuels, which makes it less safe
during a fire or explosion. However, the real difference is the reactivity of ammo-
nia in comparison with other fuels. The burning velocity of ammonia (0.07 m/s) is
lower than that of methane (0.38 m/s) and hydrogen (3.51 m/s). These factors make
ammonia the least flammable fuel and hydrogen the most flammable fuel. A sum-
mary of the toxicity and flammability of different fuels are given in Table 3.4. As can
be seen in the table, ammonia is more toxic but is less flammable and therefore, less
risk for explosions or fire.

Although ammonia seems not to be more dangerous than other fuels because of
its detectability and flammability, proper measures have to be taken to overcome the
toxicity of ammonia because leathal concentrations of ammonia can still be formed
if the storage tank fails. As a result, additional research is done to prevent this [25].
This research demonstrates that ammonia can be absorbed at room temperature in
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TABLE 3.4: Hazerds of different fuels [23]. 0=No hazard, 4=Severe
hazard

Substance Health Flammability
Ammonia 3 1
Hydrogen 0 4
Gasoline 1 3
LPG 1 4
Natural Gas 1 4
Methanol 1 3

porous metal ammines forming Mg(NH3)6Cl2. In this way, the research shows that
9.1% hydrogen by weight can be stored. Desorption can be forced by heating, which
starts at around 350 K and finishes below 620 K. This process is completely reversis-
ble and Mørch et al. [26] proves that this system can be applied with a spark ignition
engine that uses the exhaust gasses to cover the major part of the required heat to
desorb the ammonia. This makes it a potential solution for the toxicity of ammonia
and consequences of an accident.

3.1.2 Corrosiveness of ammonia

It is also well-known that ammonia is corrosive, this is majorly problematic for the
equipment and living species because it can cause irritation on the skin and can
cause failure of equipment. This can be prevented by choosing the right equipment
and handling the ammonia with caution. Valera-Medina et al. [7] warns for it and
gives an overview of (non-)suitable materials. Aluminum, stainless steel, cast iron
and polypropylene are not affected for example, whereas copper, natural rubber and
polyurethane are severely affected and not recommended for usage in ammonia ap-
plications. However, if materials are well chosen for the equipment needed for using
ammonia, corrosion should not be a problem.

These possible hazards are important but it can be prevented that these hazards
will cause mechanical failure, injury or any other kind of consequence with the usage
of ammonia. Therefore, ammonia is not more dangerous than any other fuel and this
makes it an attractable energy carrier.

3.2 Generation of Ammonia

To show the true potential of ammonia as a renewable energy carrier, it is important
that ammonia can be generated on a large scale with renewable energy and this is
demonstrated in the report from Philibert [27]. The author explains that ammonia
is nowadays primarily used for fertilizers and its production process (the reaction
from nitrogen and hydrogen through the Haber-Bosch process) is well-known. As
shown in the article of Philibert, the global ammonia consumption is approximately
180 million tonnes of ammonia per year and this is expected to increase by 50 % by
2050. Furthermore, 60 million tonnes of hydrogen is produced and approximately
50% is used for the production of ammonia.

The first step is the production of hydrogen (which is discussed earlier). It is
obvious that ideally the electrolysis of water is used since it does not generate CO2
and the hydrogen production that uses fossil fuels generates approximately 1% of
the global energy-related CO2 emissions [27]. In contrary, the electrolysis of water
cuts the CO2 production of ammonia roughly in half [28], so this is ideally used in
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the production of hydrogen. The second step is the reaction of hydrogen and ni-
trogen. This reaction is done under high pressure and temperature, which can be
done with the well-known Haber-Bosch process given in the following reaction for-
mula. The required nitrogen can be generated from air through the PSA process [29].

3 H2 + N2 −−→ 2 NH3

In addition to the Haber-Bosch process, what requires high temperature and
pressure, greener methods are developed [28]. Normally, a fuel cell uses a fuel to
generate electricity, but the author of this article describes a reverse fuel cell. This
reverse fuel cell uses electricity to generate ammonia from water and nitrogen. It
uses no high temperature and pressure, so that is a major advantage. The author
describes that the electricity can be generated from renewable energy. In addition,
he mentions that a large mismatch exists between the potential of renewable en-
ergy and the demand for electricity exists in Australia. Therefore, the author states
that this green ammonia production could be the solution to store and transport this
excessive amount of renewable energy on a efficient manner where the demand is
large.

3.3 Applications for ammonia as an energy carrier

There are some applications for ammonia as an energy carrier. Firstly, as a alter-
native for hydrogen as a temporarily storage for renewable energy because of its
superior energy density and its superior storage/transport cost. The disadvantage
is that renewable energy first has to be converted to ammonia and thereafter, is has
to be converted back to electricity. This is an option, but it could also be used as a
fuel and more and more research is done into this.

The international Renewable Energy Agency (IRENA) published a report in col-
lobaration with the International Energy Agency (IEA) and the Renewable Energy
Policy for the 21st Century(REN21), where thay lay out policy advise for the 156
national governments that the organisation serves [30]. Its “overall recommenda-
tion for developing P2X is to focus on the development of ammonia for the shipping
sector as well as long haul road transport, where few or no competing low carbon
technologies exist and P2X is expected to be economically viable”. With P2X, they
mean the conversion of power (renewable energy) to a storage solution for transport,
which can be represented by two major manners. Firstly, it can be used as a fuel for
fuel cells, where it can be cracked into hydrogen that can be used in the Proton Ex-
change Membrane Fuel Cell (PEMFC) or a alkaline fuel cell (AFC). In addition, fuel
cells are developed that use ammonia directly instead in the solid oxide fuel cell
(SOFC), but this uses typically high temperature, so new fuel cells are investigated
that uses low temperature [31].

However, these fuel cells are still in early stages and possibly the best way to im-
plement ammonia as a fuel is through a internal combustion engine (ICE) [32]. The
author overviewed the usage of ammonia as a marine fuel for ships with all its pos-
sible options, such as the different fuel cells and the ICE. The author describes that
the SOFC looks promising with a superior efficiency but it lacks power density and
load response capability. Therefore, the author suggests that the internal combustion
engine is the most attractive option. The author suggest a stepwise implementation
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with the first stage using marine diesel in combination with ammonia. The second
stage is an ICE using ammonia and hydrogen mixtures and the third stage is a fuel
cell. The reason why the second stage is the usage of ammonia in combination with
hydrogen is that ammonia itself is hard to combust because of its low flame velocity
and high ignition energy. The usage of ammonia as a fuel will be explained in the
next section.

3.4 Combustion characteristic of ammonia

Previous sections have shown the potential of ammonia as an energy carrier. For the
above described reasons, ammonia is also considered as a fuel, as a replacement for
fossil fuels. This section will explain what are the typical combustion properties of
ammonia. Ammonia is combusted according to the following global reaction for-
mula.

4 NH3 + 3 O2 −−→ 3 N2 + 6 H2O

This combustion process is ideal because neither CO2 nor CO are formed during
combustion because, obviously, the fuel is not an hydrocarbon. However, undesired
emissions such as NOx and N2O are formed during the combustion of ammonia. In
addition, ammonia is challenging to combust in its pure form due to properties such
as it low reactivity. These properties are discussed below.

TABLE 3.5: Combustion characteristics of various fuels [7]

Methane (CH4) Hydrogen (H2) Methanol (CH3OH) Ammonia (NH3)
Density [kg m−3] 0.66 0.08 786 0.73
Dynamic viscosity 1e− 5 [Pa s]) 11.0 8.80 594 9.90
Low heating value [MJ/kg] 50.05 120.00 19.92 18.80
Laminar burning velocity [m/s] –close to stoich. 0.38 3.51 0.36 0.07
Minimum ignition energy [mJ] 0.280 0.011 0.140 8.000
Auto-ignition temperature [K] 859 773-850 712 930
Octane number 120 - 119 130
Adiabatic flame temperature (with air) [K] 2223 2483 1910 1850
Heat capacity ratio, γ 1.32 1.41 1.20 1.32
Gravimetric Hydrogen density (wt%) 25.0 100.0 12.5 17.8

Table 3.5 shows combustion characteristics of different fuels. As can be seen
in the table, ammonia has a much lower laminar burning velocity due to its low
reactivity and combined with its high auto-ignition temperature and high ignition
energy, makes it a challenging fuel to combust compared to other fuels. As a result,
ammonia is frequently mixed with other fuels such as hydrogen to improve the com-
bustion process. In addition, its octane number is relatively high what helps against
knocking in a spark ignition (SI) engine.

Koike et al. [33] demonstrated that the mixture of ammonia and hydrogen can
be combusted in a premixed SI cylinder of an internal combustion engine (ICE) and
demonstrated that hydrogen has a positive influence on the flame stability due to
the increased flame speed. It showed that the high auto-ignition temperature helps
to suppress knocking during combustion in a spark ignition engine. The researches
also introduced a cracking process on board of the vehicle to crack the ammonia
into nitrogen and hydrogen, proving that no large additional hydrogen tank is re-
quired on board of the vehicle but that the hydrogen can be formed, and controlled
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by controlling the air-ammonia ratio, on board. The authors showed that with the
replacement of 40 % of ammonia with hydrogen on a energy basis, the mixture could
burn as fast as gaoline. They conclude that ammonia has the potential to be applied
as a fuel for heavy-duty diesel engines. Comotti and Frigo [34] show that the crack-
ing process can be facilitated by the heat of the exhaust gases. This indicates that
ammonia can be combusted along with hydrogen to improve the challenging com-
bustion of ammonia in a SI engine.

In addition to the practical research, ammonia combustion can also be researched
on a fundamental level. This can be represented by two types of flames; non-premixed
and premixed flames. These researches will be explained in the section below.

3.4.1 Ammonia combustion on a fundamental level

Flames can be divided into two main categories; premixed and non-premixed com-
bustion. Premixed combustion is the combustion of a premixed fuel/oxidizer mix-
ture and is used in SI engines and stationary gas turbines. Non-premixed combus-
tion is the combustion of a non-premixed fuel/oxidizer mixture, so the oxidizer
mixes with the fuel at the interface of the fuel and oxidizer. It is used in candles,
large furnaces and the majority of gas turbines, including jet engines [35]. The dif-
ference is visualized in Figure 3.1. These two types of flames are different and both
are studied in current research.

FIGURE 3.1: Types of a flame with a premixed flame (a) and a
diffusion/non-premixed flame (b) [36]. The y-axis represents the tem-
perature and molar concentration, while the x-axis represents the hor-

izontal position in the circle in the figure.

3.4.2 Premixed flames

Many parameters influence the characteristics of a premixed flame such as the lami-
nar flame speed. The laminar flame speed (or laminar burning velocity) is defined as
the relative velocity at which an unstretched adiabatic flame front propagates in the
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unburned gas mixture in a direction normal to the flame surface [37]. It is dependent
on the composition of the mixture, the initial temperature and pressure and is impor-
tant for flame stability and validation of reaction models. Another important param-
eter is the Markstein length, which expresses the sensitivity of the laminar burning
velocity to strain and curvature (stretch) due to thermo-diffusive effects [37], [38]. In
addition, equivalence ratio, ignition delay time, radical formation, flame structure
and some other parameters are essential to understand the characteristics of a flame.

Lee et al. [39] determined the unstretched laminar burning velocities and Mark-
stein numbers with a premixed ammonia/hydrogen/air flame. It used an outwardly
propagating spherical flame that is spark ignited. They corrected for stretch ef-
fects and results show that unstretched laminar burning velocities increase substan-
tially with increasing hydrogen concentration, particularly under fuel-rich condi-
tions. However, predicted flame structures show that increased hydrogen concen-
tration enhances NOx and N2O formation. At fuel-rich conditions, however, the
amount of increase of NOx and N2O emissions with the hydrogen concentration
are much lower than those under fuel-lean conditions. Ichikawa et al. [40] used the
same regime with different initial pressures. The results showed that the unstretched
laminar burning velocity increases exponentially with an increase in the hydrogen
ratio and the Markstein length varies non-monotonically with an increase in the hy-
drogen ratio. The unstretched laminar burning velocity and the Markstein length
decrease with an increase in the initial mixture pressure. Both researches concluded
that the presented numerical models qualitatively agree with measurements but not
quantitatively at all conditions.

Li et al. [41] determined the laminar flame speed on a different manner using
a Bunsen burner for a hydrogen/ammonia/air premixed flame. Results of the pre-
vious studies were compared to this research and those show good comparison be-
cause similar trends were observed with respect to emissions and laminar burning
velocity, validating these measurements. It was also observed that the thermal NOx
(oxidation of N2 in air), which requires a high temperature and is the only source of
NOx in pure H2/air combustion, decreases due to the decreasing flame temperature
in a H2/NH3 mixture. It was concluded that the NOx emissions that are observed
are primarily due to fuel-NOx due to the nitrogen in NH3. The emissions itself were
moderate, so more research has to be done to decrease these emissions. In addi-
tion, they showed that if the mixture of ammonia and hydrogen is ideal, the laminar
burning velocity can be similar to a conventional methane flame. The researchers
also show that no NH3 is detected in the exhaust gasses at different equivalence ra-
tios and different NH3 concentrations.

Kumar and Meyer [42] also determined the laminar burning velocity with a Bun-
sen burner and compared them with existing models and earlier conducted experi-
mental research. The results are similar to the ones obtained in other experimental
researches but noticed some deviations from the existing models. The researchers
corrected for heat losses (since the flame is not adiabatic) and they showed that the
results improve. However, the existing models still differ from each other and the
experiment because of different predictions of radicals such as OH that have a large
effect on the prediction of flame speeds and possibly NO formation. They recom-
mended further studies on the effect of these radicals on the NO formation.

Different premixed laminar jet flames are illustrated in Figure 3.2 where E%NH3
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is the energy fraction of NH3 in the fuel (NH3 and H2) mixture. As can be seen in the
figure, flame length is increased from 6 mm (for E%NH3 = 20) to 28 mm for (E%NH3
= 80), which clearly indicates that the reaction zone (the most luminous area) shifts
away from the burner exit with NH3 addition. This corresponds to a reduction of
the flame speed, which has already been concluded in other investigations as well.
The researchers also stated that the luminous color change from white to yellow to
red for E%NH3 of 20, 50, and 80, respectively, confirmed a change in flame chemistry
with addition of NH3, but they do not state what causes this and why the flames are
the specific colors.

FIGURE 3.2: Premixed laminar flame images at φ = 1.0, for E%NH3
of (a) 20, (b) 50, and (c) 80 [42]. It shows a clear change in flame

chemistry with increasing ammonia content.

Brackmann et al. [43] performed an experimental investigation on species con-
centration in a premixed ammonia/air flame using laser diagnostics. The researcher
evaluated temperature and several species such as NO, OH and NH, that are im-
portant for combustion characteristics and emissions, and compared them to some
existing models. Some models showed good comparison with the experiments, es-
pecially the Mendiara – Glarborg mechanism. It shows good comparison with re-
spect to temperature and flame front position at all equivalence ratios. In addition,
the radical concentration profiles are corresponding well except for NH and NO in
the rich flame. These show some deviations due to uncertainty in the experiments
resulting in the recommendation to do more experiments and further development
of the existing models. In addition, it can be seen that both NO and OH radicals
increase with fuel lean conditions.

Non-premixed flames

Non-premixed flames are also studied because these have also some practical appli-
cations such as in large furnaces or gas turbines because such a system is typically
simpler to design and manufacture. In addition, non-premixed flames are safer be-
cause they do not propagate, so there is no danger of flashback or auto-ignition in
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undesired locations [35].

Um et al. [44] experimentally and numerically studied the combustion stability
limits, flame structure, maximum flame temperature and NOx emissions of non-
premixed NH3/H2/air flames. The study supports the potential of NH3 substitu-
tion for improving the safety of H2 combustion with significant reduction observed
in stability limit. They modeled the combustion as well and predicted flame struc-
ture showed that NH3 is consumed more upstream than H2, due to the difference
between diffusivity in air. They also noticed that NOx emissions increase with en-
hanced NH3 substitution, but it is not remarkable. They noticed that maximum
flame temperature is not corresponding perfectly to measurements, but it was good
enough to qualitatively understand the combustion.

Choi et al. [45] studied the potential of using H2 in a NH3 flame for improving
the reactivity and ignition of non-premixed NH3/air flames. The extinction limits,
flame temperature and morphology of the counterflow non-premixed NH3/H2/air
flames were experimentally determined at elevated temperatures and normal pres-
sure. Results showed enhanced blow-off limits and maximum flame temperature
with hydrogen substitution in ammonia /air flames. In addition, they modeled the
flame and concluded that the radical concentrations of H/OH and O increased with
hydrogen substitution; these observations are similar to other studies. They showed
that models and measurements qualitatively agree but not quantitatively. This could
be due to a combination of the reaction mechanisms and boundary condition mod-
eling.

Virtually all researches mentioned above focused on experiments and compared
them with existing models. The following section describes a research that com-
pared many existing reaction mechanism and compared them with each other and
with experiments to determine if the existing reactions mechanisms describe the
combustion characteristics well.

3.4.3 Reaction mechanisms

The research of da Rocha et al. [46] provides an overview of existing reaction mech-
anisms and compared them to existing measurements to examine flame character-
istics such as ignition delay times, laminar flame speeds and NOx formation for
premixed NH3/H2/air flames and observe how well the existing models perform
with respect to experiments. They concluded that the addition of H2 to a NH3 flame
exponentially increases the flame speed and significantly increases the NOx emis-
sions. The reason that the researchers proposed is the generation of OH and O radi-
cals under high temperatures. In addition, experimental data of NOx concentrations
were not found for the investigated conditions. They also concluded that currently
available reaction mechanisms predict scattered ignition delay times, laminar flame
speeds, and NOx concentrations in NH3 flames, indicating that improvements in
submechanisms of NH3 and NH3/H2 oxidation are still needed. The researchers
also conducted a sensitivity analysis on the flame speed and the NOx production to
observe what the reason is that the existing models differ.

Sensitivity analysis for flame speed of the investigated models that correspond
best to experimental data reveals that the differences between mechanisms are due
to the relative importance of the reactions of the NNH and HNO submechanisms.
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The reaction H + O2 ⇔ O + OH is the most important but also the reaction H + NO +
M ⇔ HNO + M is important for the flame speed of a pure ammonia flame. For a
premixed NH3/H2 flame, the reactions H + O2 ⇔ O + OH and NH2 + NO ⇔ NNH +
OH are important. Some mechanisms also include the reaction NH2 +NO ⇔ NNH+
OH as an important one for the premixed pure NH3 flame but this leads to not well
corresponding results.

Sensitivity analysis for NO production indicates that NO in NH3 flames is mainly
produced through the NH3/O2 chemical process. The mechanisms indicated that
the reaction H + O2 ⇔ O + OH is the most important reaction for the generation of
NO, which indicates that the production of NO is driven by the presence of O and
OH radicals that can react with radicals that are formed from the decomposition of
NH3, such as NH2, which can be produced through the reaction H + NH3 ⇔ H2 +
NH2. In a 100% ammonia/air flame, the free hydrogen radicals that are required
to form OH can only be formed due to the decomposition of ammonia and not of
hydrogen, which results in less radicals and less NOx. If the concentration of H2 in-
creases, more OH and O radicals can be formed and this increases the formation of
NOx. H2 concentrations of more than 80% decreases the NOx concentration because
less nitrogen is available in the fuel blend. In addition, for H2 concentrations < 50 %,
the combustion of the mixture seems to involve two stages: the first stage decom-
poses most of the hydrogen and part of the ammonia and the remaining ammonia
reacts with radicals formed by the decomposition of hydrogen in the second stage.

It can be concluded that ammonia is a future fuel with much potential, recog-
nized by many researches and organizations. It shows potential for fuel cells but
also as a fuel that is directly used in an ICE. Much research is already done on ex-
perimental and computational level on premixed and non-premixed flames. How-
ever, the existing models predict experimental results only qualitatively, not quan-
titatively. This could be due to a combination of intrusive measurements of tem-
perature (with a thermocouple), the reaction mechanisms and boundary condition
modeling. Therefore, this research focuses on the combustion of ammonia and hy-
drogen mixtures in a fundamental level with a non-premixed flame. The goal is to
obtain experimental data of the non-premixed flame to validate, and improve, the
reaction mechanisms. Reaction mechanisms will not be explained or improved in
this research, only the realization and interpretation of the experimental data.
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Chapter 4

Methodology

Previous chapters focused on the potential for ammonia as an energy carrier and
future fuel. In addition, they focused on the already conducted research and in-
dicated what this research will focus on and why. The current research will focus
on obtaining more experimental data with the goal of the improvement and valida-
tion of reaction mechanisms. The type of experimental data will not focus on flame
structure or flame extinction limits, since research is already done on these aspects.
Instead, it will focus on obtaining temperature and species concentration over the
height of the flame. This is because little research is done on these aspects, while it
is mostly the result that is of particular interest in understanding the combustion in
detail. This research will focus on non-premixed flames because these are generally
safer than premixed flames, because of flashback. In addition to the distinguish be-
tween non-premixed and premixed flames, flames can also be distinguished because
of turbulence and laminar flow.

4.1 Laminar non-premixed flames

The concept of non-premixed flow is already described in the previous chapter, this
section will explain the concept of laminar and turbulent flow. Turbulent flow is of-
ten referred to as chaotic since the flow changes constantly because of many vortices
that interact with each other. This makes the flow highly unstable and time depen-
dent. On the other hand, laminar flow is when the medium flows in separate layers
that interact minimally with each other. Usually, there are no cross currents perpen-
dicular to the flow direction, which makes the flow stable and time-independent.
This results in the fact that performing measurements is relatively easy. A charac-
teristic number to examine whether the flow is turbulent or laminar is the Reynolds
number, which (for a tube) is defined as:

Re =
ρvd
µ

(4.1)

in which ρ is the density in kg/m3, v is the velocity in m/s, d is the diameter in m
and µ is the dynamic viscosity in Pa s. Flows with low Reynolds number (Re < 2300)
are usually considered laminar, flows with high Reynolds numbers (Re > 4000) are
usually considered turbulent and everything in between are transition flows. Equa-
tion 4.1 can be written differently because the velocity of the fluid is unknown. Most
of the time the volumetric flow rate is known and the equation becomes:

Re =
4ρqv

πdµ
(4.2)
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in which qv is the volumetric flow rate in m3/s. Obviously the 4 and the π are com-
ing form the fact that the flow area is circular.

This research will focus on laminar flow since these are time independent, which
result in a more practical measurement.

4.2 Optical diagnostics

It is already discussed that the measurements will be done on a laminar non-premixed
flame. It is also discussed that the goal of the measurement is to determine temper-
ature and species concentrations over the height of the flame. The technique that is
chosen is called Raman spectroscopy and is a technique that is based on optical diag-
nostics. Optical diagnostics relies on the interaction of matter and light, which often
involves a laser. Such a laser emits a large number of photons of a certain specific
wavelength. These photons can excite matter (molecules or atoms) and the response
contains useful information.

Spectroscopy is based on emission, absorption or scattering of photons by molecules
or atoms. An important concept is that a molecule has multiple energy levels and
that those energy levels can only be discrete. These energy levels are often displayed
in energy curves as function of separation of the nucleus. These potential curves are
usually approximated by a Morse potential for diatomic molecules, where the en-
ergy is displayed as a function of internuclear distance. An example for is displayed
below.

FIGURE 4.1: Representation of the Morse potential curve with a har-
monic approximation [47]. The horizontal axis is the internuclear dis-
tance and the vertical axis is the energy. The solid horizontal lines are
vibrational energy levels, which will be explained in Chapter 5 and
the dashed top line is the dissociation energy. Re is the equilibirium

distance where the energy is minimal

A specific molecule is present in one such an energy level, which one is not im-
portant for now, this will be explained in Chapter 5. The energy level at which the
molecule is present can only change by emitting or absorbing a amount of energy.
The energy of a photon is related to its wavelength via the following relation:
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E = hν =
hc
λ

= hcν̄ (4.3)

in which h is the Planck constant (6.63× 10−34 m2kg/s), c is the speed of light ((3× 108 m s−1,
ν̄ is the wavenumber and λ is the wavelength.

A molecule can absorb or emit this energy and this results that the molecule is at
an higher or lower level. Since the initial and final state of the molecule is discrete,
the photon energy is also discrete. This can be calculated through the following
relation:

E′ − E′′ =
hc
λ

= hcν̄ (4.4)

in which E′ and E′′ are the upper and lower state energies respectively. The
change between energy states is called an transition and this is used in spectroscopy.
They can easily be induced with a laser, since this emits a specific wavelength; in
other words, the photon energy is known.

There are different techniques that uses this concept, including laser induced
fluorescence (LIF), Rayleigh scattering and Raman scattering.

4.2.1 LIF

LIF is a common technique that is based on providing a specific amount of energy
that forces a specific transition of molecules of a specific species. In others words,
it uses a specific laser wavelength to enforce a specific transition (absorption of the
photon). At some moment, the molecules decays to a lower level while emitting
a photon. This photon can be collected and the amount of collected photons gives
information about how much molecules there are. Since transitions are so specific,
other molecules with other transitions are typically not excited. In addition, this
process is relatively efficient, which makes this technique suitable for very concen-
trations of species. However, because this technique enforces a real transition, the
excitation time is finite. This leads to influence of the environment, in the form of col-
lisions, that can also change energy levels. It is difficult to quantify this, which makes
the technique relatively hard to quantify. An other disadvantage is that this tech-
nique is only able to detect one species at a time. However, typically more species
are interesting to study and this is possible using Raman scattering.

4.2.2 Raman spectroscopy

Molecules only change states when the photon energy perfectly matches the energy
difference between two energy levels, but that does not mean that photons that does
not match a transition, travels through the medium without any interaction with the
medium. Higher order processes can occur, two of which are Rayleigh scattering
and Raman scattering. This can be seen as the excitation of a molecule from an ini-
tial energy level to a virtual upper energy level, thereafter it instantaneously decays
to a real energy level. This energy level can be higher (Stokes Raman), lower (Anti-
Stokes Raman) or the same (Rayleigh) as the initial energy level. So, this process ab-
sorbs and emits a photon practically simultaneously. Due to the fact that the upper
energy level is virtual, the incident wavelength does not have to force a real transi-
tion between energy levels and therefore, the incident wavelength can virtually be
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any wavelength. A visual representation of the Raman and Rayleigh scattering is
shown in the figure below:

FIGURE 4.2: Representation of Rayleigh and Raman scattering [48]

Since the emission and absorption of photons happens simultaneously, conser-
vation of energy for the full process can be applied. Equation 4.4 can be written
differently:

E′ − E′′ =
1
λl
− 1

λs
(4.5)

in which λs is the scattered wavelength and λl is the incident wavelength (so the
wavelength of the laser). E′ − E′′ is also known as ∆E or the Raman shift.

This technique has some advantages with respect to LIF because it directly cou-
ples the incident and the detected light. Therefore, no effects of the environment
have to be accounted for. In addition, multiple species can be detected with this
technique simultaneously because every molecule will Raman scatter with every
incident wavelength. However, the major disadvantage is that is is relatively ineffi-
cient, so minority species can not be detected with this technique. Major species can
still be detected, so Raman scattering will be used for this research.
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Chapter 5

Spectroscopy

The previous chapter explained that optical diagnostics (Raman spectroscopy) is
used for this research, but it is not yet explained how this is done. This chapter
has the goal of giving context to spectroscopy and how that can be used to deter-
mine temperature and the concentration of species in a flame. It will start with the
basis, continue with how a typical signal looks like and ends with the quantification
of the signal.

5.1 Energy levels

A molecule consists of minimal two atoms with multiple degrees of freedom. These
are subdivided into translation of the molecule itself, rotation of the nuclear frame,
internal vibration of the molecular atoms and the electron distribution. The transla-
tion of the molecule is independent of the molecular structure and as a result, this
does not contribute to the internal energy of the molecule. The other three does
depend on the internal structure of the molecule and therefore, they determine the
internal energy of a molecule. The total internal energy of the molecule is given in
Equation 5.1. The approach of this equation is called the Born-Oppenheimer ap-
proximation; this assumes that the electrons adapt instantaneously to changes of the
structure of molecular framework due to their relatively small mass. Therefore, the
motion of the electrons can be separated from the motion of the nuclei.

Einternal = Te + Tv + Tr (5.1)

Here is Te the electronic energy, Tv the vibrational energy and Tr is the rotational
energy. These contributions differ much in magnitude; Te >> Tv >> Tr. Therefore,
all contributions can be treated separately (for diatomic molecules) and these results
into (many) discrete possible energy levels of a molecule.

5.1.1 Electronic energy levels

As already is mentioned, the electronic energy levels depends on the variations in
the electronic distributions in a particular molecule. There is no general analytic
expression for these energy levels, so their values are usually determined from ex-
periments. The possible electron distributions (for diatomic molecules) are labeled
by molecular term symbols; it is noted as state2S+1Λu/g±, in which state is the name
of the state denoted by a symbol, for example X for ground state and A the first
excited state.
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5.1.2 Vibrational energy levels

Vibration can be looked at as two atoms at a particular equilibrium internuclear
distance re that vibrate with respect to each other. A classical physical model for this
behavior is called the harmonic oscillator and is given below:

V(r) =
1
2

qs(r− rs)
2 (5.2)

in which qs is the spring constant and r is the distance between the atoms. A quan-
tum mechanical representation of this model with some refinements, due to anhar-
monics, is given below:

Tv = ωe(ν +
1
2
)−ωexe(ν +

1
2
)2 + ωeye(ν +

1
2
)3 + ... (5.3)

in which ωe, ωexe and ωeye are vibrational constants in [cm−1] and ν is an integer
named the vibrational quantum number.

5.1.3 Rotational energy levels

Rotation can be looked at as two atoms connected by a rigid rod (r = re at all times).
The classical physical expression of a rigid rotor is given below:

Tr =
1
2

Iω2
rot (5.4)

in which I is the moment of inertia and ωrot is the angular velocity. A quantum
mechanical representation of this model with some refinements, due to distortion
centrifugal effects is given below:

Tr = [Be− αe(ν +
1
2
)]J(J + 1)− [De− βe(ν +

1
2
)]J2(J + 1)2 + He J3(J + 1)3 + ... (5.5)

in which Be, αe, De, βe and He are rotational constants in [cm−1] and J is an integer
named the rotational quantum number.

The above relations hold for diatomic molecules, however, for polyatomic molecules,
more than one constant for vibration and rotation can occur, since those molecules
can have multiple vibrational motions and could have an unequal moment of inertia
for each rotation axes. Therefore, these expressions hold only for diatomic molecules
and other approaches have to be used for polyatomic molecules; this is described
later.

With the usage of these equation and the correct constants, which can be found
in literature [49] and Appendix A, all possible energy levels can be calculated. With
the equation described earlier, the different possible transitions can be calculated.
However, not all transitions are allowed and this is described by the selection rules.

5.1.4 Selection rules

Quantum mechanics tells that not all transitions are possible [50]. The most im-
portant ones for ro-vibrational Raman scattering in a first order approximation are:
∆ν = 0,±1 and ∆J = 0,±2. There are more transitions possible when higher order
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approximations are considered but these are generically very weak and will gener-
ically not appear in these kind of Raman measurements. Therefore, these selection
rules limit the possible transitions significantly.

It is obvious that only a transitions happens when the level is populated. The
expression that examines which energy levels are populated is called the Boltzmann
distribution and is discussed below.

5.2 Boltzmann distribution

It is impossible to measure for a specific molecule in which of the possible states
it is present, but a typical measurement involves many molecules. It can be stated
that this set of identical molecules in thermal equilibrium, the number of molecules
per possible energy level is defined by the Boltzmann distribution [51]. Thus, the
Boltzmann distribution gives the average number of molecules, N, that will be in a
particular energy level, characterized by the quantum numbers (e, v, J), in a system
that is in thermal equilibrium with temperature T. It is given with the following
equation:

N(e, ν, J) =
ge,ν,J gnuce

−E(e,ν,J)
kBT

Z(T)
N0 (5.6)

with Z(T) = ∑
e,ν,J

ge,ν,J gnuce
−E(e,ν,J)

kBT (5.7)

in which N0 is the total number density, kB is the boltzmann constant (1.38× 10−23 J K−1)
and Z(T) is the partition function that ensures that

∑
e,ν,J

N(e, ν, J) = N0 (5.8)

ge,ν,J and gnuc are the degeneracy factors of each energy level and they represent
the number of individual quantum states with exactly the same energy. In diatomic
molecules, ge,ν,J depends only on J and is given by ge,ν,J = 2J + 1. In diatomic ho-
moronuclear molecules, gnuc depends on the nuclear spin, I, and is represented by
gnuc = 2I + 1 with I the nuclear spin. In diatomic heteronuclear molecules, gnuc = 1.
Appendix A gives the values for the degeneracy of the interesting molecules. Figure
5.1 gives a representation of the Boltzmann distribution in two different tempera-
tures. The expressions to calculate the population distribution at a particular tem-
perature are now known, but the question remains how this is used when molecules
interact with light.

5.3 Scattering cross-section

The scattering cross section is a quantity that represents the effective area of colli-
sion. It can be seen as the strength of a collision. This cross-section is wavelength
depended, but also polarization depended. To understand this phenomena, light
has to be seen as an electromagnetic wave for now, instead of particles (photons).
The electronic field oscillates constantly, acting like a wave. These oscillations in-
duce the displacement of the electron cloud of a molecule/atom relative to its core.
This forms an electron dipole moment and the vector-sum volume density of this
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(A) Boltzmann distibution in terms of the populaiton
as function of the rotational quantum number J

(B) Boltzmann distibution in terms of the
populaiton as function of the vibrational

quantum number v

FIGURE 5.1: The boltzmann distribution defines what the population
is of a sample of molecules as function of the rotational and vibra-
tional quantum numbers of the molecule N2. In red are the popula-

tions at 2000 K and in blue the population at 300 K.

corresponds to the polarization [51]. An important property is that the polarization
always has to be perpendicular to the travel direction of the light. The difficulty with
which the displacement of the electron cloud can be achieved is called the polariz-
ability. This polarizability is used in Raman spectroscopy and it relates the induced
dipole moment to the incident electric field, which is species specific. The exact
theory and derivation of the polarizability is not in the scope of this project, so the
placzek polarizability approximation is used to determine the Raman cross-sections.
These are commonly used, also in the research of Sepman et al. [52], where Wigner
3− j symbols are used. The cross sections are polarization depended and these po-
larizations can be divided into two main configurations: Parallel and perpendicular
to the scatter plane. This plane is defined as the plane in which the incident and
scattered light intersect. If the incident and scattered light has a polarization that is
perpendicular to the scatter plane (configuration one), the cross section dσimn

dΩ is:

dσ⊥⊥imn
dΩ

(νimn) = (2π)4ν4
imn(2Jn + 1) ∗

[(
Jn 0 Jm
0 0 0

)2

|〈m|α|n〉|2

+
4

45

(
Jn 2 Jm
0 0 0

)2

|〈m|γ|n〉|2
] (5.9)

If the incident light has a polarization that is perpendicular to the scatter plane
and the scattered light has a polarization that is parallel to the scatter plane (config-
uration two), the cross section dσimn

dΩ is:

dσ
‖⊥
imn

dΩ
(νimn) = (2π)4ν4

imn(2Jn + 1) ∗
[

3
45

(
Jn 2 Jm
0 0 0

)2

|〈m|γ|n〉|2
]

(5.10)

Here m and n are the initial and final level internal energy state of the molecule,
νimn is the frequency of the scaterred photon and the matrices are Wigner 3− j sym-
bols, which are determined through a prewritten matlab file [53]. |〈m|α|n〉|2 and
|〈m|γ|n〉|2 are the squared matrix elements of the mean polarizabilty and polariz-
ability anisotropy:
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|〈m|α|n〉|2 =


α2

0 if νm = νn
h

8π2µωe
(Vm + 1)α′2 if νm + 1 = νn

h
8π2µωe

Vmα′2 if νm − 1 = νn

(5.11)

|〈m|γ|n〉|2 =


γ2

0 if νm = νn
h

8π2µωe
(Vm + 1)γ′2 if νm + 1 = νn

h
8π2µωe

Vmγ′2 if νm − 1 = νn

(5.12)

Here α0 and α′ are the mean polarizability and its derivative respectively. γ0 and
γ′ are the polarizability anisotropy and its derivative respectively and µ is the re-
duced mass of the molecule. Appendix A gives the values for the polarizability of
the interesting molecules.

It is obvious that α0 and γ0 are resulting in rayleigh scattering and that its deriva-
tives α′ and γ′ are causing Raman scattering. In general, α′ and γ′ are roughly 3
orders of magnitudes smaller than α0 and γ0, which means that Raman scattering is
roughly three orders of magnitudes less efficient than Rayleigh scattering. In addi-
tion, it can be seen that the polarization of the incident light has a major influence on
the Raman and Rayleigh signal, which can be used in this research. The terminology
of configuration one, configuration two and the parallel/perpendicular polarization
will be explained in a later stadium.

5.4 Line broadening

The energy levels, described earlier result into a a peak in the wavelength/intensity
plot with an infinitely narrow width (a delta function). However, there is a finite
linewidth in reality due to various reasons [54], [55], the most important of which
are discussed below.

Doppler broadening is due to the thermal motion of the molecule. If a a molecule
is moving with a velocity v (positive when source and observer are moving towards
each other), relative to the observer, the observer will observe a different frequency
than it truly is [55]. It is given by the following formula:

νa = ν
(

1 +
v
c

)
(5.13)

in which νa is the apparent frequency, ν is the frequency of the photon and c is the
speed of light. The Doppler lineshape, gD(ν), is expressed by a gaussian distribution
given below [50]:

gD(ν) =
c
ν0

√
m

2πkBT
e
−4ln(2) (ν−ν0)

2

∆ν2
D (5.14)

Here ν0 is the frequancy of the photon, c is the speed of light, kB is the boltzman
constant, T is the temperature, m is the molecular mass and ∆νD the full width at
half maximum (FWHM), which is given by the equation below:

∆νD =
2ν0

c

√
2ln(2)kBT

m
(5.15)

From this equation it can be seen that the Doppler width increases with temper-
ature and decreases with molecular mass, thus Doppler broadening is species and
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temperature dependent.

In addition to Doppler broadening, there is also pressure broadening, which is
due to the collisions of all different molecules. These collisions effect the true inter-
nal energy of the molecules, since energy is constantly being transferred between
molecules during collisions. Lorentz was the first who described this broadening
effect (therefore this is often called the Lorenzian lineshape) and is given by [50],
[55]:

gc(ν) =
∆νc

2π(ν− ν0)2 + (∆νc/2)2 (5.16)

in which ∆νc is the FWHM of the Lorenzian lineshape. Since more molecules are
present in higher pressures, this broadening effect increases with pressure. At con-
stant pressure, this effect decreases with increasing temperature.

In practical conditions, the broadening effects is a combination of Lorenzian and
Doppler effects and there dominance is dependent on temperature. When neither
Doppler nor pressure broadening is dominant, a Voigt profile can be used, which is
the convolution of the two. The lineshape function g(ν) is given by:

g(ν) = 2

√
ln(2)

π

V(a, x)
∆νD

(5.17)

Where V(a, x) is the Voigt profile and is given by:

V(a, x) =
a
π

∫ ∞

−∞

e−y2

a2 + (x− y)2 dy (5.18)

The Voigt parameter a and the other parameter x are defined as:

a =
√

ln(2)
∆νc

∆νD
(5.19)

x = 2
√

ln(2)
ν− ν0

∆νD
(5.20)

in which ν0 is the line center frequency. If the 0 < a < 1, the Voigt profile approaches
a Gaussian profile and if a reaches 2, the Voigt profile is primarily a Lorenzian pro-
file. Figure 5.2 gives an overview of a different described lineshapes.

In addition to the above described broadening effects, there is also a broaden-
ing effect called instrumental broadening. There is an effect of the laser because the
laser sends out photons with slightly different wavelengths. These will also produce
Raman scattering and therefore, the scattered photons are also slightly different, re-
sulting in a broadening effect. This effect is small compared to other effects. The
real instrumental broadening is due to the detection equipment. Particularly the
spectrometer has a low resolution due to choices for the entrance slit, the grating
itself, misalignment of the grating and the detection resolution. The advantage of
this instrumental broadening is that it is species and temperature independent. The
disadvantage is that no general lineshape can be used to describe this.

All equation and theory to quantize the Raman signal are known and the next
section explains how all these aspects can be used for quantification.
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FIGURE 5.2: Different line broadening profiles. The Gaussian and
Lorentzian width are both 1.5 in this example. The Voigt profile is a
convolution of the Gaussian and Lorentzian profile. If the parameters
of the Voigt profile are chosen well, it can follow the Gaussian profile

with the corners of a Lorentzian profile.

5.5 Quantification of diatomic molecules

For quantification, the measured spectrum has to be modelled such that it can be fit-
ted to the experimental data to determine unknown parameters such as temperature
and species. The intensity of Raman scattering can be written as the formula below
[52]:

Iram(ν) = ∑
imn

dσimn

dΩ
(νimn) ∗ Fimn(ν− νimn) ∗ Nim ∗ I0 (5.21)

Here is ∑imn
dσimn
dΩ (νimn) the cross section of species i and quantum states m and n

and Fimn(ν− νimn) is the non-instrumental Raman profile function (as present with
non-monochromatic light), Nim is the number density in the initial state m and I0 is
the intensity of the incident light.

This model can be seperated into diatomic molecules and polyatomic molecules.
Diatomic molecules are modeled according to the approach of Sepman et al. [52]
that models the intensity on a pixel basis. It is already implemended with matlab
codes by Hessels [56]. The model is given in Equation 5.22.

Is(p) = C ∑
i

fi(p, T) ∗ Xi

T
+ Ibg(p) (5.22)

in which C is a calibration constant where all experimental constants (laser power,
number density, etc.) are represented. Xi is the molar fraction of species i and T is
the temperature. The term Ibg is a term that represents the non-raman background
signal. fi(p, T) is given by:

fi(p, T) = ∑
imn

dσimn

dΩ
(νimn) ∗ ε(νimn) ∗Φ(νr(p)− νimn) ∗ ∆νr(p) ∗ gim ∗ e−

hcEim
kT

Zi(T)
(5.23)

in which dσimn
dΩ (νimn) is the cross section determined by Equations 5.9 and 5.10 ε(νimn)

is the instrumental sensitivity determined by manufacturer specifications, Φ(νr(p)−
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νimn) the instrumental function (see Section 5.4), ∆νr(p) the difference between the
wavenumber of pixel p and pixel p− 1 and the last term is the Boltzmann fraction
(see Section 5.2).

It is good to note that the broadening effects of the Raman lines itself (Fimn(ν−
νimn)) are neglected and that only the instrumental function is incorporated in the
model. The authors justify this to state that the detection system has a low resolu-
tion and that a laser is narrow banded. In the previous section it was stated that the
instrumental broadening is dependent of the resolution of the detection system and
is independent of species and temperature by definition. However, Sepman et al.
[52] does not state anything of the gaussian and lorentzian broadening so this could
be incorporated in theirs instrumental function, which could make it temperature
and species depended. This depends on the relatives strength of all effects and is
examined later.

The instrumental sensitivity was firstly determined from manufacturers but this
was not sufficient, because the sensitivity curve could not be found for every compo-
nent in the detection system. Furthermore, the sensitivity curve of the components
that were found could be incorrect due to various factors such as aging of the com-
ponents. Therefore, the calibration constants C are determined for every species to
overcome this problem. In this way, the unknown sensitivity contributions are in-
corporated in the calibration factor C. This is done by fitting the raman spectra of the
species with a known temperature and molar fraction. For N2, O2 and H2O, this can
be simply done by executing a Raman measurement in air. The molar fraction of N2
and O2 are 0.78084 and 0.20946 respectively in air and the temperature is controlled
at 21 ◦C. The molar fraction of H2O is measured by measuring the relative humidity
and temperature of the air. For H2 and NH3, this is determined by executing a flame
measurement but establishing the flame approximately 5 mm above the fuel tube.
This is done by applying a mesh 5 mm above the fuel tube. In this way, it can be
assumed that the molar fractions are constant in this 5 mm and the temperature can
be determined using the signal of N2 across this 5 mm. In this way, all calibration
factors can by determined.

5.6 Quantification of polyatomic molecules

The above description of the quantification of diatomic molecules does not hold for
polyatomic molecules. For diatomic molecules, a trivial discrete function is deter-
mined to calculate all energy levels since the different contributions differ much
in order of magnitude. This is not the case for polyatomic molecules and there-
fore, the contributions cannot be expressed as different entities. In addition, poly-
atomic molecules have more than one bond, so there are multiple vibrational modes
present. Therefore, a different approach has to be used for the only polyatomic
molecules that can be quantified in these experiments: ammonia and water.

Water is a nonlinear triatomic molecules and all its vibrational modes are ra-
man active. Avila et al. [57] determined the entire ro-vibrational structure of this
molecule and tabulated these. These tables include all contributions nessecary to fit
a spectrum according to Equations 5.22 and 5.23. These include ro- and vibrational
quantum numbers, internal energy levels, scattering cross sections and the partition
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function. Therefore, these equations can be used using the tabulated values.

Ammonia is a symmetric top molecule where no extensive research is done to
determine all possible transitions. Therefore, an other approach has to be used to
simulate the spectrum than the one used for water and diatomic molecules. Huber
and Herzberg [58] describe that ammonia is a symmetric top molecule with a perma-
nent dipole moment. Table 5.1 shows all different fundamental vibrational modes.
As aready mentioned, a polyatomic molecule, has multiple vibrational modes, each
with its own quantum numbers and its own vibrational constants. For ammonia,
the vibrational modes are illustrated in Figure 5.3. It can be seen from this figure
that two of these modes are doubly generate and these correspond to the asymmet-
ric stretch (ν3) and the asymmetric bend (ν4) modes. These modes are usually not
observed in Raman experiments because the transition moments of these types of
vibrations are usually weak. The other vibrational modes (ν1 and ν2) are the sym-
metric stretch and symmetric bending vibrations respectively and experience inver-
sion doubling. This doubling is due to the fact that the N atom can travel through
the H3 plane and therefore sit at the top with the H3 plane below it or the the other
way around [58]. In this way, the hydrogen atoms are switched and this leads to
the 2 different Raman shifts for each fundamental symmetric stretch mode. As can
be seen in the table, the symmetric stretch mode (ν1) is very strong and polarized,
while the symmetric bending mode (ν2) is medium strong. This means that only the
symmetric stretch band is visible for this research. In addition, the 2 different inver-
sion doubling bands of this mode are close together so this is inseparable for Raman
spectroscopy. In conclusion, the Raman band which can only be captured with this
research is the symmetric stretch mode, ν1 of 3334.2cm−1.

FIGURE 5.3: Vibrational modes of ammonia [59]. The most interest-
ing mode for Raman spectroscopy in this research is the ν1 symmetric

stretch mode.

The vibrational band oinvolved in raman spectroscopy of ammonia is known
now, but the question remains is how this is modeled. The expressions that are
described earlier for diatomic molecules do not work for ammonia because it is an
four-atomic molecule. Fuest et al. [60] described a method for the molecule C2H2.
They assumed that the two hydrogen atoms are negligible perturbations and that
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TABLE 5.1: Vibrational bands of ammonia [58]

Vibration Infrared frequency [cm−1] Raman frequency Description Strength in Raman
ν1 3335.9 3334.2 Symmetric stretch Very Strong and Polarized

3337.5
ν2 950 934.0 Symmetric bend Medium Strong

968.08 964.3
ν3 3444 - Asymmetric stretch -

(degenerate)
ν4 1627 - Asymmetric bend -

(degenerate)

the C2 triple bond may be treated using Placzek’s double harmonic approximation
for the potential function and polarizability. They also neglected rotational energy
level and used the equation below for the Raman cross section.

dσ

dΩ
=

h(ν0 − νk)
4(α′2 + 4

45 γ′2)

8mc4νk(1− e
−hcωe

kBT )
(5.24)

Here is ωe is the bond specific equilibrium frequency, m is the mass of the molecule,
ν0 is the frequency of the incident light. This cross-section is proportional to the Ra-
man signal and it can be used to practically relate the temperature and molar fraction
to the signal.

X =
Sram,Q(T)(1− e

−hωe
kBT )

Sram,Q(T0)(1− e
−hωe
kBT0 )

∗ X0T
T0

(5.25)

It can be seen from above relation that one calibration measurement with a known
temperature and molar fraction has to be done to determine the signal at this refer-
ence. Thereafter, the molar fraction can be determined using the above relation. This
method is relatively simple but it has to be treated with caution since it is an approx-
imation of the reality.

The above method seems also to be valid for ammonia for the following reasons:
It has one vibrational mode which is the most dominant for Raman measurements,
which is the symmetric stretch mode. Ammonia is also a molecule that can be repre-
sented through a tripod structure with the nitrogen atom in one plane and the three
hydrogen atom attached, each at an equal distance from the nitrogen atom in an-
other plane. Therefore, it seems reasonable that these three atoms can be replaced
with one equivalent at a equivalent distance. In the same manner as that Fuest et
al. [60] assumed that the triple C2 bond is dominant and that the two H atoms form
negligible perturbation, it seems reasonable to assume that the most dominant vibra-
tion is the symmetric stretch mode between a nitrogen atom and the three hydrogen
atoms that can be represented by one equivalent atom. Therefore, this approach is
used in this research to evaluate the molecule ammonia.
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Experimental set-up

6.1 Burner system

A previously developed coflow burner system is used for this research. The burner
is developed by de Andrade Oliveira [61] and optimized for Raman spectroscopy
by Doddema (in prep.). The burner was originally developed for laminar diffusion
flames of liquid fuels using optical diagnostics. In this research only gaseous fuels
are used, so the evaporation system, required to evaporate the gaseous fuels, is not
used. Figure 6.1 shows the burner system and a schematic view of the burner itself.

The fuel tube has an outer diameter of 6 mm and an inner diameter of 4 mm while
the coflow has an inner diameter of 50 mm. The vessel is a steel cube with lengths
of 200mm where holes of 100mm are drilled perpendicular to each other. These
holes are filled with quartz for optical access to the flame. The fuel and oxidizer are
introduces using stainless steel tubes and the flow is controlled using Bronckhorst
EL-FLOW Select mass flow controllers [62]. These are calibrated on a Bronckhorst
mass flow meter calibration setup and Gas conversion factors were used when nec-
essary using Bronckhorst FLUIDAT R© software. A compressor provides the air for
the coflow and other fluids were provided by gas bottles from Linde Gas Benelux.
The temperature of the lab was controlled at 21 ◦C.

For simulations, boundary conditions such as the temperature of the fuel tube
are preferably known for making the problem better defined. Therefore, 2 thermo-
couples measure the temperature of the fuel tube; one at 6mm below the tip (A in
Figure) and one at 35mm below the tip (B in Figure). For this, 2 exposed T-type
thermocouples with extruded PFA insulation and a diameter of 0.13 mm are chosen.
Exposed thermocouples are chosen to minimize the thermal mass of the thermocou-
ple and the accuracy is the largest of: ±1◦C and± 0.75 % of the measured value. The
thermocouples are attached to an Omega MDSSi8 Digital Panel meter that displays
the temperature with an accuracy of ±0.4◦C.

6.2 Optics

The optical system is optimized by Doddema (in prep.) and the major components
are a laser, a spectograph and a camera. The laser that is used is a Photonics Indus-
tries DM20-527 Nd:YLF laser that outputs light of 526.5 nm with an average power
of 30 W at 3 kHz and a pulse duration of∼ 170ns at 1 kHz [63]. The advantage is that
this laser has a relative long pulse duration and thus the energy density is relatively
low. Therefore, this laser does not ionize the air when the beam is focused, while
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(A) Burner vessel

(B) Schematic view of the burner

FIGURE 6.1: Detailed overview of the burner with the coflow/fuel
inlets with the flow straighteners(6.1b) and the burner system (6.1a).
Two thermocouple are attched at the indicated places A and B. The
burner vessel does not look exactly like this; the frame at bottom is

removed, but the rest is the same.

(A) Schematic view of the detection system (B) Schematic view of the laser path

FIGURE 6.2: Detailed schematic overview of the path of the laser. Fig-
ure (6.2a) is a front view of the laser pathway and Figure (6.2b) is a

top view of the detection system.

still providing a lot of energy.

Figure 6.2 shows a schematic representation of the pathway of the laser light.
As can be seen in the figure, the laser light passes through a half-wave plate that
can rotate the polarization direction of the light. By rotating the half-wave plate 45
degrees, it is possible to change between the two different polarization configura-
tion experiments. The light is redirected using two 45 degree mirrors followed by
an uncoated lens with a focal length of 1000 mm, which is used to focus the laser
light at the flame. A final 45 degree mirror is used to redirect the beam in the ver-
tical direction towards the fuel inlet tube and a Thorlabs WL11050-C10 523-532 nm
anti-reflection window is fitted on the fuel tube. This window is used to eliminate
all reflections to below. Finally, the laser beam exits the vessel through the exhaust
and is collected by a beam dump.

A Princeton Instruments Acton SP-500i spectograph with 500mm focal length
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[64] is placed in alignment with the front quarz window to capture the scattered
light and disperse it. The spectograph is equipped with three gratings; a blazed
300, a blazed 1200 and an holographic 2400 grooves/mm respectively. The 1200
grooves/mm is used because this results in the best combination of resolution, band-
width and sensitivity. A Nikon f/2.8 60 mm focal length camera lens is placed at the
entrance of the spectograph to focus on the flame. The lens is chosen such that the
the area where the temperature is increasing is captured while the area where the
temperature is constant or decreasing is minimized. In this way, the kinetics of the
flame can be captured with one experiment with good spactral resolution. Attached
to this lens, an Edmund Optics OD4 532nm notch filter [65] is used to block the
significantly more efficient Rayleigh light. The entrance slit of the spectrograph is
kept constant at approximatly 100 µm. A 1024x1024 Princeton Instruments PI-MAX
3 CCD camera with Filmless UniGen II intensifier [66] is attached to the exit of the
spectograph to record the light. The camera and laser are synchronized at 3000 Hz
using a triggerbox.

6.3 Experimental procedure

The experimental procedure involves different steps that have to be executed after
each other. At the start of each day, the detection system has to be aligned and this
is done with the following steps: Firstly, the entrance slit is opened completely, fol-
lowed by the placement of the ruler. Secondly, the height is aligned, the camera is
focused and the ruler is removed. Thirdly, the laser is turned on and the center of
the slit is aligned with the laser beam. Lastly, the slit is closed to 100 µm and the real
experiments can start.

Prior to the execution of the measurements, it is important that the flame is sta-
tionary, to ensure that the measurements over time are equal. This is done by reading
the thermocouples attached to the fuel tube. Once these indicate a constant temper-
ature, 15 more minutes are waited until the measurements are started. To ensure
that most of the heat that is produced by the flame is carried away, the coflow is
chosen to be relatively large, which results in a minimal heating of the burner ves-
sel. The measurements itself for a particular measurement day can be divided into
two phases; phase one (polarization configuration one) and phase two (polarization
configuration two). The desired Raman measurements are firstly done during phase
one, and after this, the experiments are exactly repeated in phase two, but with the
other polarization (which is the only difference). The reason why, is explained in the
next chapter.

As is described in the procedure above, two different polarizations are used for
each measurement; coonfiguration one and configuration two. It is important to re-
alize that this is unavoidably different for each measurement day because the polar-
ization has to be changed manually. Therefore, each day, a calibration measurement
has to be done that will correct for this. In this way, the settings of that day will be
used for the results and not the settings of a different day. The calibration constants
C are given in Appendix A and it is normalized to the calibration constant of N2.
The values are determined according to Section 5.5. These relative values are con-
stant over all measurement days, but for quantification, the absolute values have to
be used and these are not constant over all measurement days, as described earlier.
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For this reason, a calibration on N2 is determined every day to determine the calibra-
tion constants of all gasses of that day. Therefore, prior to the Raman measurements,
and after the alignment, a N2 measurement is done in pure air each day. Further-
more, a calibration has to be done for phase two. This is done when the Raman
measurements are completed and the flame is extinguished. When this is done, the
thermocouples are read again and when they give a constant temperature, a time of
15 minutes is waited before the calibration is done for phase 2.

With this procedure and the set-up explained in this chapter, reliable Raman
measurements can be made. The next chapter described how this data is analyzed.
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Chapter 7

Data analysis

This chapter describes how the data obtained from the experiments is analyzed to
obtain accurate results. Firstly, the raw data is post-processed to obtain data with
less noise and secondly, the data is fitted to obtain temperatures and species concen-
trations. Lastly, a validation of the results is performed using error analysis.

7.1 Image post-processing

The raw images contain much noise due to non-Raman background effects, so these
have to be removed to improve accuracy. This non-polarized background signal
is due to chemiluminescence of the flame, LIF effects of species in the flame and
noise from the detection system. Since Raman scattering is polarization dependent
(in contrast to the background signal), the image of the inefficient Raman scattering
using polarization configuration two can be subtracted from the efficient Raman
scattering using the polarization configuration one. Obviously, the detection system
does not have a half-wave plate, so the parallel polarized light is also detected. The
reason why this does not have to be incorporated in the calculation has to do with
the polarization ratio [67], given in the following equation:

ρ =
I⊥
I‖

(7.1)

Here I⊥ is the intensity of the light with the polarization of the scattered light
perpendicular to the polarization of the incident light. I‖ is the intensity of the light
with the polarization of the scattered light parallel to the polarization of the incident
light. The ratio is a value larger than 0 and indicates how polarized a Raman band
of a specific molecule is. A ratio of < 0.75 is called a polarized band and this is the
case with a totally symmetric vibrational mode. To use this, all different polarization
configurations which can happen in the set-up of this research has to be examined,
which can be seen in the table below:

TABLE 7.1: All possible polarization configurations during experi-
ments. The directions are based on the coordinate system in Figure

7.1

Incident direction Scattered direction Arbitrary intensity
x y 1
x z 1
y y 2
y z 1

As can be seen in the table, the polarization direction for the incident and the
scattered light are given. The incident light travels in the z-direction, so the polar-
ization can only be in the x and y direction by definition. The scattered light travels
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FIGURE 7.1: Cartesian coordinate system. The incident light (laser
beam) travels in the z direction, as well as the flame center line. The

line of side is along the x direction.

in the x-direction, so the polarization can only be in the z and y direction by def-
inition. It can be seen that there is only one combination where the polarization
direction of the incident light is parallel to the polarization direction of the scattered
light (the yy configuration). Therefore, the intensity of the yy configuration is a fac-
tor ρ stronger than the other three configurations. Arbitrary intensity values to the
yy configuration of two and one for the rest can therefore be assigned. If the inci-
dent polarization parallel to that of the scatter plane is subtracted from the incident
polarization perpendicular to that of the scatter plane, the sum of xy and xz is sub-
tracted from the sum of yy and yz. In other words, (2 + 1)− (1 + 1) = 1 remains
as intensity. This can also be achieved with the subtraction of xy from yy for exam-
ple. Therefore, only one configuration where the polarization of the incident and
scattered light are perpendicular with respect to each other have to be calculated.
This can also be seen as the subtraction of the polarization configuration two from
the polarization configuration one relative to the scatter plane. This procedure has a
minor effect on the Raman signal but removes the non-Raman, non-polarized back-
ground signal. The signal that remains is a combination of random noise, Rayleigh
and Raman signal. Since, the polarization direction of polarization configuration one
of the incident and scattered light is both perpendicular to the scatter plane (Raman
efficient), this is also referred to as the perpendicular-perpendicular configuration
(or ⊥⊥). In contrary, with polarization configuration the the incident polarization
direction is parallel to the scatter plane and the scattered polarization direction is
perpendicular to the scatter plane (Raman inefficient), this is also referred to as the
parallel-perpendicular configuration (or ‖⊥). The subtraction of the two is referred
to as perpendicularperpendicular-parallelperpendicular (or ⊥⊥-‖⊥).

In addition to the wavelength-dependent sensitivity (that is incorporated in the
model described in Chapter 5), the ICCD camera also shows pixel-to-pixel sensitiv-
ity variations. This is corrected with a flat-field correction. This will be done by
projecting a homogeneous light source on the camera such that every pixel receives
equal amount of light and using the signal as a correction. The resulting image (C)
is calculated according to:
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C =

(
R⊥⊥ − R‖⊥

)
∗m

F− D
(7.2)

in which R⊥⊥ is the raw image using perpendicular-perpendicular polarization and
R‖⊥ is the raw image using parallel-perpendicular polarization. F is a flat-field im-
age, D is a dark frame and m is the pixel averaged value of F−D. The dark image is
recorded with the same settings as the flatfield image without the projection of inci-
dent light on the CCD. The flatfield image is determined by sweeping the Rayleigh
line of the laser over the ICCD (without the notch filter) by operating the specto-
graph in scanning mode. This should result into equal amount of light on every
pixel if the assumption is made that the scanning is happened with a constant speed
since the laser can be approximated as a homogeneous light source over a small
height.

Outliers are common in these kind of experiments, even with the above correc-
tions. For this reason, a additional filter is used to remove outliers, this is a hampel
filter [68]. The hampel filter is similar to a median filter, with an addition of a tuning
parameter t. The output can be written as:

yk =

{
xk, if |xk −mk| ≤ t ∗ sk.
mk, if |xk −mk| > t ∗ sk.

(7.3)

in which xk is the pixel value, mk the median of the pixel values inside a given win-
dow and sk is the estimate of the standard deviation within the window. The advan-
tage of the filter over the median filter is the tuning parameter t. If t = 0, the hampel
filter is the median filter and if t = ∞, no filtering is applied. As a result, tuning
parameter t determines how aggressive the filter is for identifying outliers and ma-
nipulation of the data. A hampel filter with t = 3 was used for the identification
of outliers. This is visualized in Figure 7.2. As can be seen in the figure, this choice
reduces outliers while the original data is not manipulated in general.
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FIGURE 7.2: The original data and the hampel filtered data. Both the
hampel and the median filters remove outliers, but the hampel filter

is preferable because it modifies the signal less.

To reduce noise, the data is averaged over 10 different rows, which is a commonly
used technique [52], [56]. To quantify the signal in the vertical dimension, the pixel
based information, has to be converted into spacial information. This is done with
the placement of a ruler on top of the fuel tube and capturing an image with the
camera.
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7.2 Model fit

To determine the molar fraction and and temperature, the equations described in
Chapter 5 are used to fit this model to the experimental data. A matlab code is writ-
ten by Hessels [56] and optimized/improved where necessary in this research. The
model uses the equations mentioned in Chapter 5 and fits the parameters tempera-
ture and molar fractions to this. The developed code calculates the possible energy
states of the molecules and their population at a particular temperature, according
to Boltzmann statistics. Not all states are taken into account since this would require
significantly more calculation time with a minor reward. Therefore, quantum states
which are populated by more than 10−5 of the states with the highest population
(at 2000 K) are taken into account [56]. Taking into account the selections rules, all
possible transitions are calculated and from this, the cross section were calculated.

The background is approximated with a linear approximation, which is in the
same manner as Sepman [52]:

Ibg(p) = A0 + A1 p (7.4)

It was found that only A0 was sufficient to describe the background, so A1 is zero
during all fits.

The instrumental function that is used is determined to be a Voigt profile. If a
gaussian profile was used, one introduces an systematic error of 50 K of tempera-
ture and approximately 9 % in the molar fraction calculation (that uses a voigt fitted
temperature and a voigt fitted calibration constant). It is obvious that extra time is re-
quired to fit the spectrum, but was a small cost. This Voigt function is approximated
by the method proposed by Humlíček [69] that uses a rational approximation, since
an integral is time consuming to fit.

The model is described that has to simulate the spectra of the different exper-
iments. To determine the temperature and molar fractions, this model is fitted to
the experimental data. This is done with a built-in Matlab function called fmincon
[70]. This function varies input parameters until a local optimum is reached. The
fits are divided into three different procedures, which are almost equal to each other.
Firstly, the daily calibration constant is determined by varying C, A0, v0, aw and al.
The simulation calculates the residue defined below and stops when a local mini-
mum is obtained.

Residue = ∑((IMeasured − ISimulated))
2 (7.5)

The temperature is determined on a similar manner, but now T is the optimiza-
tion parameter instead of C and IMeasured and ISimulated are normalized.

For the molar fraction X, the temperature is fixed (obtained from the procedure
described above), as well as C, and X is now the optimization parameter. The spec-
tra are not normalized but the residue is calculated in the same manner.

This holds for diatomic molecules and H2O, but for NH3 an other approach is
used. The integration approach is used, as mentioned earlier, and integration re-
gions and background regions were set.
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With this procedure and code, it is possible to determine local molar fractions
and the local flame temperature. However, these results are not perfect due to many
influences of input parameters. The error of the results will be explained in the next
section.

7.3 Error analysis

The errors, which are introduced in these kind of experiments, are both systematic
and random errors. Systematic error are related to imperfect measurement tech-
niques or an a simplification that is made in the fitmodel. Therefore, these errors
result into an equal deviation from the true value in every experiment. Random
errors are related to noise and disturbances and are usually unpredictable, unavoid-
able and are different for every experiment. It will result into a signal that deviates
randomly from a certain true value and is usually a normal distribution. Ideally,
many experiments have to be executed to determine these kind of errors, however
these kind of experiments are very time consuming, so the number of experiments
that can be done is limited. Therefore, to estimate the random error, Monte Carlo
simulation are executed [71].

Monte Carlo simulations is a technique that simulates a process multiple times,
each with slightly different starting conditions. These different starting condition are
the different experiments, which are different because of the noise. The results are
therefore also slightly different and this is because of the noise. In this way, Monte
Carlo simulations can determine the standard deviation in temperature and molar
fraction.

It was previously stated that the time to experiment is limited, so a time efficient
method has to be applied that produces the experiments that can serve as the start-
ing conditions of the Monte Carlo simulation. This can be done with the realization
that the experimental data is a combination of calculable behavior and the random
noise. The fitmodel will determine the least square fit for this experimental data and
the difference between the model and the experimental data is the noise, which is
unpredictable. From this noise, a probability distribution is obtained and this can be
used to generate artificial created noise by the generation of pseudorandom num-
bers from the probability distribution. This artificial noise is then added to the data
of the fit model. Figure 7.3 gives a representation for this process.

Via the Monte Carlo method, unlimited ’experimental’ data can be obtained
without doing the experiment multiple times. Therefore, the temperature and er-
ror can be determined from each of these artificial experiments and the error of the
original experiment can be determined. It is important to realize that the error of
the temperature and calibration will effect the molar fraction through Equation 5.22.
In other words, in addition to the own error of the molar fraction, the error of the
temperature and calibration has to incorporated into the total error. The exact pro-
cedure can be found in Appendix B. This error analysis involves 25 Monte Carlo
simulations and the standard deviation of these 25 experiments is determined and
used as the error on the experiment.
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ficial experiment is created.

FIGURE 7.3: The Monte Carlo simulation to produce artificial experi-
ments are visualized.

With the error analysis, all the aspects that have an effect on the results have
been discussed. The next chapter will discuss the results of multiple Raman mea-
surements.
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Chapter 8

Results

This chapter focusses on the results that are generated from the procedure and set-up
explained in the previous chapters. Unfortunately, due to COVID-19 measures, no
experiments could be done that were originally planned. The data that is presented
in this chapter is generated early in the project with the intention of generating sam-
ple data to optimize the model. Therefore, modifications of the set-up were not done
yet and all the different flows were determined randomly. The aspects that are dif-
ferent are as follows: the thermocouples were not attached yet, so no conclusions
can be made from this. In addition, a different lens was used then the one explained
in Section 6.2. An AF Nikkor 105mm f/2.8D was used for this. The reason that an
other lens was chosen and described than the 105mm is because the other lens can
capture a larger height of the flame (approximately 35 mm instead of 16). Therefore,
the 105mm lens is used to capture the bottom half of the flame in one experiment
and the top half of the flame, the other experiment. For this reason, in almost all of
the results (except the N2 limit results in Section 8.1.1) are executed twice to capture
the full height of the flame (0-16 and 13-29 mm). The overlap is used to evaluate the
accuracy of the experiments. The results are divided into three types of results: Ra-
man spectrum, temperature and molar fractions. Multiple experiments were done
with multiple fuel mixtures that measured temperature and only one experiment is
done (at two different flame height ranges) that measured the molar fractions. It
is good to note that a nitrogen flow is added to the fuel mixture to determine the
temperature, since this is non-reactive and the Raman spectrum is well-known. The
coflow is 30 ln/min in all experiments mentioned below in this research.

Prior to the quantitative results, qualitative results can be explained. Figure 8.1
shows the full Raman spectrum of a 0.019 ln/min ammonia, 0.71442 ln/min hydro-
gen and 0.1875 ln/min nitrogen diffusion flame in two polarization configurations
from 0 to 16 mm above the burner. It can be seen that the signals of Figure 8.1a
are much stronger than the signals of Figure 8.1b, while the background is roughly
equal. This is already mentioned and explained previously, but it is nicely visu-
alized via these images. It is also clear that strong, highly structured background
effects (due to LIF and chemiluminence) are active from approximately 6 mm above
the burner. The LIF effects are probably cause by species that are formed during the
decomposition of NH3. One of the possible species is NH2, but more research has to
be done to confirm this. This is further discussed below. If Figure 8.1b is subtracted
form Figure 8.1a, Figure 8.2 is the result. It can be seen that all background effects
are minimized while the signal is roughly equal to that what is shown in Figure 8.1a.

Figure 8.3 shows two cross sections of Figure 8.2 at 2 mm and 14 mm. It can be
seen that the signal at 2328 cm−1 (N2) remains roughly equal but more bands are
populated due to an increased temperature. Furthermore, the signals of NH3 (3333
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(A) Raman spectrum of a 0.019 ln/min
ammonia and 0.71442 ln/min hy-
drogen/ammonia diffusion flame in
perpendicular-perpendicular configura-

tion from 0 to 16 mm above the burner.

(B) Raman spectrum of a 0.019 ln/min
ammonia and 0.71442 ln/min hydro-
gen/ammonia diffusion flame in parallel-
perpendicular configuration from 0 to 16

mm above the burner.

FIGURE 8.1: Raman spectrum from three averaged experiments at
two different polarization configurations. The signals that can be rec-
ognized: at 588, 815, 1036, 1248 and 1448 cm−1 pure rotational H2,
at 2328 cm−1 N2, at 3333 cm−1 NH3, at 3650 cm−1 H2O, and at 4158
cm−1 vibrational H2. It can be seen that the signals of Figure 8.1a are
much stronger then the signals of Figure 8.1b, while the background

is roughly equal.

FIGURE 8.2: Experiment image from the result of subtracting of the
data in Figure 8.1b from the data in Figure 8.1a. The background is
nearly zero, while the signals are roughly similar to the signals in
Figure 8.1a. The red lines indicate two cross sections that are used in

Figure 8.3.

cm−1) and H2 (4158 cm−1) at 2 mm are much stronger than at 14 mm. This indicates
that the concentration of these gasses are higher at 2 mm than at 14 mm, which is
expected of course due to combustion. Another observation that can be made is that
H2O (3650 cm−1) is being formed since the concentration at 14 mm is much higher
than at 2 mm.

Figure 8.4 shows the full Raman spectrum of the top of the flame. It can be seen in
the figure that H2 and NH3 are almost gone at the top of the figure and that only N2
and H2O are visible. It can also be seen that the structure, which are not attributed to
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FIGURE 8.3: Two cross sections of Figure 8.2; one at 2 mm and one
at 14 mm. It can be seen that both NH3 and H2 have decreased in
intensity at 14 mm with respect to 2 mm due to combustion. For
the same reason, H2O has a higher intensity at 14 mm than at 2 mm.
N2 is getting more vibrational bands populated, indicating a higher

temperature of the flame at 14 mm than at 2 mm.

FIGURE 8.4: Experiment image from the result of subtracting of
the parallel-perpendicular configuration from the perpendicular-
perpendicular configuration from 13 to 29 mm above the burner. The
background is nearly zero again and only N2 and H2O remain at the
top. NH3 and H2 is not visible any more and therefore is (nearly) fully
combusted. The LIF effects stop at approximately 22 mm above the

burner.

a specific species stop around 22 mm. This is also where the LIF effects stop. There-
fore, it can be concluded that the LIF effects are active from approximately 6 mm
to approximately 22 mm. It can also be concluded that the species responsible for
these effects are related to the NH3 decomposition and that they are probably not
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present in the flue gasses. Dasch and Blint [72] performed Raman spectroscopy on
a pure premixed ammonia/nitrogen flame using a 532 nm laser. They encountered
also interfering LIF effects in the flame front and they attributed it to NH2. Unfor-
tunately, they provided no reasoning for this statement. The research of Dasch was
the only research that could be found that uses a similar laser wavelength and there-
fore it can be compared with the findings in this research. No extensive research is
done in this research after the LIF effects, but Dasch could be right about NH2. This
is because of the previous conclusion that the LIF effects are caused by the species
formed during the decomposition of NH3 and that they are probably not present in
the flue gasses, and even are gone when the maximum flame temperature is not yet
reached (the latter is discussed in the next section). NH2 meets these criteria, but
more extensive research has to be done to be certain. Simulations could help since
this can predict the local NH2 concentration. The last observation is that O2 cannot
be seen in this experiment, not even at the top of Figure 8.4. The reason is that O2 is
fully combusted in an area close to the flame front and therefore, not diffuses to the
middle of the flame.

8.1 Temperature

Temperature measurements are done of three flames in total; a pure hydrogen flame,
one with a minor addition of ammonia and one with a large addition of ammonia.

The pure hydrogen flame is included to compare with literature and to be able to
validate the final reaction mechanism. Piemsinlapakunchon and Paul [73] already
modeled a hydrogen flame with the addition of nitrogen in their research. They
compared it with already conducted research and concluded that the model pre-
dicted similar results as the experimental ones. Following this, they simulated four
different flames with different hydrogen/nitrogen mixtures and simulated this for
different flow rates. They concluded that the factors related to hydrogen content (hy-
drogen fraction and volume flow) played an important role in flame structure, flame
temperature and NOx. If the nitrogen content is increased, flame size increased, but
flame temperature and NOx emissions decreased. In addition, they found that if the
volume flows of hydrogen and nitrogen both increased, the temperature, NOx and
flame size increased.

The reason why the research of Piemsinlapakunchon is interesting is because
they developed a model based on experiments that uses a similar burner as the
burner described in Section 6.1. It uses a slightly bigger burner and slightly bigger
flow rates but the order of magnitude is similar. Thus, this data can be compared
with the data in this research. In particular, one modeled flame is of interest for
comparison purposes, which is given in Table 8.1. In addition, the differences be-
tween the flame and burner used in the research of Piemsinlapakunchon and this
research is given.

As can be seen in the table, the burner is approximately twice as large, while the
flow is a little higher. In addition, the hydrogen fraction is a little higher in this re-
search. In the research of Piemsinlapakunchon, a maximum temperature of 2115 K
was reached and the hydrogen concentration was 0 at approximately 30 mm above
the burner. The results of this research are shown in Figure 8.5, with the different
flows given in Table 8.2. As can be seen in the figure, the maximum temperature is
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approximately 2000K. Unfortunately, there is not any imformation about the molar
fraction of hydrogen of this flame. However, the maximum temperature is reached
at approximatly 27mm above the burner, which could indicate that all hydrogen is
reacted. The reason why these figures are not exactly equal is because the flow rates
and hydrogen content are not exactly equal. However, the orders of magnitude of
these figure are similar, so probably the results of this research are reliable.
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FIGURE 8.5: The local temperature of three different flames. The fuel
flows can be found in Table 8.2. The addition of ammonia to a hy-
drogen diffusion flame leads to a lower maximum temperature. The
overlap between the two different captured heights (0-16) and (13-29)

is almost not notable and this is positive.

Figure 8.5 shows three different experiments; a pure hydrogen flame, one with
a minor addition of ammonia and one with a large addition of ammonia. It can be
seen in the figure that the pure hydrogen flame has a higher maximum temperature
than the one with a small addition of ammonia. This is expected because of the
reactivity of ammonia and because of the adiabatic flame temperature. It is harder
to explain why the maximum temperature of the highest concentration of ammonia
is similar to that of the pure hydrogen flame. The reason can be found in the fact that
that flame has a nitrogen flow of 0.0375 ln/min and the pure hydrogen has a 0.1875
ln/min nitrogen flow. This leads to an higher temperature, as already was seen in
the research of Piemsinlapakunchon. The maximum temperature is reached earlier
and this is due to a smaller fuel flow, which reduces the flame size.

TABLE 8.1: Flame and burner used in this research and the research
of Piemsinlapakunchon [73].

Flow H2 [cm3/s] Flow N2 [cm3/s] Inner diameter fuel tube [mm] Diameter coflow tube [mm]
Flame and burner in this research
11.907 3.125 4 50
Flame and burner of Piemsinlapakuncho
11.95 3.97 9 95
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8.1.1 N2 limit

In addition to the experiments with different fuel mixtures, experiments are done
to determine what amount of N2 has to be inserted to determine an accurate tem-
perature. It is desired to minimize the nitrogen flow because this influences the
maximum temperature. However, the nitrogen flow has to be sufficiently large to
determine an accurate temperature. For this reason, experiments are done with three
different flows of N2; 0.1875, 0.0375 and 0.015 ln/min. These experiments are done
using the 60mm objective and without the thermocouples. All experiments are done
using an 0.019 and 0.71442 NH3 and H2 flow respectively. The results are given in
the figure below:
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FIGURE 8.6: Three different temperature measurements with differ-
ent N2 flow. It can be seen that the temperature evaluation, as well
as the errors with the lowest two N2 flows are similar, while the tem-
perature and error of the largest N2 flow is different. The error and
temerature of the latter are the lowest of the three. The maximum
error of the largest N2 flow is approximately 30 K, while the error of
the other two are approximately 35 K. The temperature of the largest
N2 flow is smaller than the other two, thus this influences the flame

more.

As can be seen in the figure, the largest nitrogen flow gives the lowest maximum
temperature (1950 K) and the other two experiments gives the highest maximum
temperature (2050K). The difference between the temperature profiles of the graphs
of 0.0375 ln/min and 0.015 ln/min are not significantly different, as well as the error.
The error of the two smallest nitrogen flow experiments (35 K) are smaller than of
the largest nitrogen flow experiment (30K). The function of the added nitrogen for

TABLE 8.2: Temperature measurements with various fuel mixtures.
Range means the flame height which is captured using this experi-
ment mm. The number is the number of the experiment, which can

be used for referencing.

Number Range [mm] Flow H2 [ln/min] Flow NH3 [ln/min] Flow N2 [ln/min]
1 0-31 0.711442 0 0.1875
2 0-29 0.711442 0.019 0.1875
3 15-31 0.053 0.190 0.0375
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this research was to determine temperature in an accurate manner, while the influ-
ence on the maximum temperature is minimal. The error itself is considered small
and the error difference between the three different experiments is also small, so in
terms of error, there is no clear winner. In terms of maximum temperature there is
because the highest maximum temperature is reached with the 0.0375 ln/min and
0.015 ln/min nitrogen flows. Therefore, these influence the flame the least. For this
flame, the 0.015 ln/min nitrogen flow seems the best because the 0.0375 ln/min ni-
trogen flow is the minimal value of the mass flow controller. Therefore, if the goal is
to minimize flame influence while still providing an accurate temperature measure-
ment, the advise is to use 0.015 ln/min nitrogen for this particular flame.

The goal of the reasearch of Piemsinlapakunchon was to lower the maximum
temperature in an attempt to lower the NOx emissions. This could also be done
in future research, but the advise is to vary the ammonia concentration, since this
lowers the maximum temperature as well. However, fuel-NOx is introduced via this
method, so this could increase the NOx emissions. However, the balance between
these is unknown and it is advised to look into this in future research.

8.2 Molar fractions

This section shows the local molar fraction of the detected components in a nitro-
gen/hydrogen/ammonia air diffusion flame. The interesting components are H2,
NH3, H2O and N2. The absence of O2 is perhaps unexpected since O2 is used for
combustion (and therefore, one could expect it also in the flame), but its absence
was already confirmed by Piemsinlapakunchon. They concluded that O2 is fully
combusted in the area close to the flame front. They also only saw N2, H2 and H2O
as interesting and were in large enough concentrations in the flame. This is in corre-
spondence with this research with the only difference, the addition of NH3.

Another aspect that can be noticed is that harmfull emissions such as NO are not
detected. This is due to the low concentration at which these species are present.
Smeets [74] showed that this set-up cannot detect NO in a hydrogen or ammo-
nia/hydrogen diffusion flame in the present configuration. He concluded that for
hydrogen flames, the detection limit is 230 ppm and that for a hydrogen/ammonia
flame, it is impossible to detect NO due to the high background noise caused by
the LIF effects. For the post flame zone, the detection limit was 460ppm for ammo-
nia/hydrogen flames. It can be concluded that the NO concentration are definitely
below these concentrations. This was also concluded by Piemsinlapakunchon that
saw maximum concentrations of 78 ppm for the researched hydrogen flame in this
research.

This research has only one experiment that can evaluate the molar fractions. The
inflows are: 0.71442 ln/min H2, 0.019 ln/min NH3 and 0.1875 ln/min N2.

The results of the local molar fractions are shown in Figure 8.7. As can be seen
in the figure, the concentrations of NH3 and H2 are decreasing over the height of the
flame due to combustion. H2O is increasing over the height of the flame, obviously
due to combustion. N2 is increasing over the height of the flame due to diffusion
into the flame of N2 from outside the flame. It can be seen that the endpoint is where
everything seems to get constant and nearly all hydrogen is combusted. Therefore,



48 Chapter 8. Results

this could be defined as the height of the flame. One aspect that is not expected is
that N2 and H2O reaches their maximum values around 23 mm and then decrease
a little. This could be because of noise or it could be the case that one or multiple
products are present in this area that are not detected. With this data, the real cause
cannot be attributed, but more experiments can help to elucidate this. In addition,
simulations can provide insight in this. Another thing that can be noticed is that the
starting conditions seem to correspond to the reality. Based on the starting flows
mentioned above, it is expected that the gasses have the following molar fractions:
77.6 % H2, 20.3 % N2 and 2.1% NH3. The starting molar fractions are in reality: 83
% H2, 16% N2 and 2.1% NH3. Considering the errors on these measurements, the
expected and calculated molar fractions seem to correspond well.
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FIGURE 8.7: The molar fractions of H2O, H2, N2 and NH3 over the
height of the flame. H2 and NH3 decrease due to combustion and
H2O increases due to combustion. N2 increases due to diffusion into
the flame from outside the flame. The overlap between the two dif-
ferent captured heights (0-16) and (13-29) is almost not notable and

this is positive.

Figure 8.8 shows the combined molar fraction of NH3, H2, H2O and N2. It shows
in general an expected behavior and is corresponding with the reality. The sum
should be one at every point in reality. However, because of noise or the absence
of some low conentration species, this is not the case. Especially around 24 mm it
becomes not accurate, which could be because of missing species. It is expected that
more experiments and simulations can give more information about this.

In general, the results look good and the results are corresponding to the expec-
tations. Some of the results are not what is expected, but no real conclusions can
be drawn from this because of the lack of data. It is believed that the model and
set-up are adapted well and that a good procedure is developed to proceed with this
research.
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Chapter 9

Conclusions and recommendations

9.1 Conclusions

The original plan was to adapt a previously developed experimental set-up and opti-
mization program to be able to do experiments on an ammonia/hydrogen diffusion
flame. A secondary goal was to use this adapted program and set-up for establishing
experimental data on such flame. This was a goal because no experimental data are
available that measured the local temperature and concentration of species across
the height of such flame. Unfortunately, due to COVID-19, the secondary goal was
not fully obtained. However, multiple experiments were done in terms of tempera-
ture and one experiments is done in terms of concentration of species. In addition,
the set-up is fully adapted and the experimental procedures as well. Furthermore,
the optimization program is optimized for these types of experiments. The overall
conclusions are at follows:

• Raman spectroscopy is a powerful technique to determine temperature and
concentrations of species and products over the height of the flame.

• The set-up is adapted such that ammonia/hydrogen flames can be studied.

• The set-up is adapted such that additional boundary conditions that were re-
quired for modeling the flames can be measured.

• The procedure to determine the calibration factors is adapted such that ammo-
nia can be calibrated.

• Using the different polarization configurations, the non-Raman background
noise can be filtered in an efficient manner.

• The experiments itself are executed and the results seem reliable.

• The addition of ammonia to a hydrogen/nitrogen/air diffusion flame leads to
a smaller maximum flame temperature.

• The addition of ammonia to a hydrogen/nitrogen/air diffusion flame leads
to an increased background effect, probably due to LIF effects of one or more
species (one of which could be NH2). These species are generated during the
decomposition of the ammonia molecule and are probably not present in the
flue gasses.

• The addition of nitrogen to a hydrogen/ammonia/air diffusion flame leads to
a smaller maximum flame temperature.
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• More research has to be done to evaluate the method to calculate the ammonia
concentration is valid. This is now impossible due to the relative low concen-
tration. However, with the data in the presented study, it is expected that the
method is valid.

• This approach is not suited for minority species such as NO.

9.2 Recommendations

Future research has to focus on both generating experimental data, as well as devel-
oping and improving reaction mechanisms. The overall recommendations for future
research include:

• Do experiments with a pure hydrogen flame for validation purposes.

• Make sure that the full flame is captured with the camera to reduce measure-
ment time and capture the full flame.

• Do experiments with various ammonia concentrations.

• Focus on equal conditions with all the different experiments such as a constant
fuel tube temperature.

• Make sure that the experimental conditions during the two different polariza-
tion configurations are equal.

• Additional research on premixed flames can be of interest.

• This study only focusses on laminar diffusion flames while turbulent diffusion
flame are also of interest.

• To detect minority species, a different technique (LIF) can be used or a more
powerful laser can be picked.

• Produce numerical simulations to compare with the experimental data.

• For following research, it could be of interest to look into other optimization
programs such as least square fits, to reduce simulation time.

• For following research, simulation time could be an issue, so it could be of
interest to let the instrumental function constant and to do the error analysis
on a more time efficient manner.
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Appendix A

Different constants

This appendix contains the molecular constants for diatomic molecules, as well as
the calibration constant for each gas.

A.1 Molecular constants

The molecular constants for diatomic molecules are shown in the table below (in the
electronic ground state). It shows the constants for N2, O2 and H2, since these are
the only diatomic molecule that are of interest.

TABLE A.1: Constants of diatomic molecules as shown in [56]. The
constants are in cm−1

Species ωe ωexe Be αe De βe He
N2 2358.57 14.324 1.99824 0.0173 5.76*10−6

O2 1580.193 11.981 1.43768 0.0159 4.84*10−6

H2 4401.21 121.33 60.84 2.98 4.74*10−3 -2.7*10−3 52*10−6

The polarizability constants, needed to calculate the cross sections, are shown in
the table below. In addition, it shows the degeneracy factors, needed for the Boltz-
mann distribution.

TABLE A.2: Polarizability constants and degeneracy factors of di-
atomic molecules as shown in [56]. The polarizability constants are

in cm6

Species gnuc (Jodd) gnuc (Jeven) α2
0 ∗ 10−48 γ2

0 ∗ 10−48 h
8πµνk

α′2 ∗ 10−51 h
8πµνk

γ′2 ∗ 10−51

N2 3 6 3.13 0.509 3.09 4.20
O2 1 0 2.59 1.170 2.99 9.00
H2 3 1 0.677 0.096 13.0 10.1

A.2 Calibration constants

The calibration constants for species NH3, H2 are calibrated by establishing a flame,
approximately 5 mm above the burner. A fine mesh is used for this. Below this
flame, one can assume that the concentrations of these gasses are constant i.e. the
set values of the mass flow controllers. The temperature of this is determine just like
how the temperature of a Raman experiment is done.

The calibration constants of O2, N2 and H2O are determined by doing a measure-
ment in pure air. The molar fractions of O2 and N2 are 0.2095 and 0.7810 respectively.
For H2O, the molar fraction was determined by measuring the relative humidity and
temperature of the air and the result was a molar fraction of 0.009519. Table A.3 gives
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all calibration factors normalized to the of N2 using perpendicular-parallel measure-
ments.

The calibration factor for NH3 is determined by integrating the intensity within
a range bounded by νmin and νmax. The calibration factor is this integrated intensity
divided by the calibration factor of N2.

TABLE A.3: Calibration factor normalized to that of N2 using
perpendicular-parallel measurements. For polyatomic molecules, the
integration approach is used with the bands given in the table. The
coefiicients represent the integrated intensity divided by the calibra-

tion factor of N2.

Species C νmin [cm−1] νmax [cm−1] Raman shift [cm−1]
N2 1 2331
O2 0.81736 1556
H2 1.35588 4160
H2O 0.49782 3657
NH3 0.04971 3294.8 3380.6 3334.2
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Appendix B

Error analysis

This Appendix describes how the error is determined of all the different experi-
ments. As explained in Section 7.3, the total error is a combination of random and
systematic errors. Systematic errors are neglected, since the procedure is such de-
signed that the systematic error is minimized. The random error is due to the ran-
dom background noise in each experiments. The error in temperature is purely due
to random error and can be determined with the Monte Carlo simulations, explained
in Section 7.3.

∆T(T) ≈ ±σ(T) (B.1)

Here σ(T) is the standard deviation for the temperature.

The error on molar fractions is more complex since this uses temperature and
calibration values, which are also fitted, apart from the random distributed noise
for each molar fraction fit. The total random error is approximated with the Monte
Carlo simulation. The systematic error is assumed to be captured with the calibra-
tion coefficient. The computed error is as follows [56]:

∆X(X, T) ≈ ±σ(X) +

(
∆T(T)

T
+

∆C
C

)
∗ X (B.2)

Here σ(X) is the standard deviation for the molar fraction.

For NH3, the molar fractions calculation is done with an integration approach.
Therefore, the influence on random errors in neglected, since the mean should be
zero. Therefore, this error is determined from the calibration factor error and the
temperature error. The calibration error is shown below.

TABLE B.1: Errors of the calibrations constants in Table A.3

Species ∆ C
N2 ± 8*10−4

O2 ± 0.001
H2 ± 0.0013
H2O ± 4*10−4

NH3 ± 2*10−4
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Appendix C

Code of scientific conduct
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