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Abstract 

This thesis aims to acquire deep knowledge on turbulent premixed combustion at 
high Karlovitz (Ka) number conditions with the help of laser-based diagnostic 
measurements. 

Considering that ammonia (NH3), as a carbon-free energy carrier, is a promising 
candidate for replacing conventional fossil fuels in the future, all the investigations 
in this work were carried out on ammonia/air premixed flames. Different optical 
diagnostic techniques, including planar laser-induced fluorescence (PLIF), laser 
Doppler anemometry (LDA) and Rayleigh scattering thermometry, have been 
employed for the measurement of key species, flow velocity and temperature, 
respectively. 

Firstly, experimental research on ammonia/air premixed flames was conducted on 
the Lund University Pilot Jet burner (LUPJ). The flame structure was visualised 
through the simultaneous measurement of the temperature field together with NH 
radical distribution or with NO distribution. Five stoichiometric flames with 
Karlovitz (Ka) numbers ranging from 274 to 4720 were studied. The NH layer, 
used as a marker of fuel consumption layer, remains thin at the burner exit, but 
becomes progressively thickened along the flame height with increasing turbulent 
intensity (𝑢ᇱ /SL) when the Ka is higher than 1900. This thickness increase is 
attributed to the penetration of the small eddies and the merging of flame 
branches. The NO pollutant, mainly generated in the reaction zone, was observed 
to exist in a wide region, across the whole flame, because of the turbulent 
diffusivity and the flow convection.  

Limited by the geometric scale, the turbulent Reynolds number (Ret) in the LUPJ 
flame is much smaller than the operational ranges in industrial applications. For a 
better understanding of highly turbulent premixed combustion, a DRZ (distributed 
reaction zone) burner was introduced. This burner has integral scales (l଴) between 
30 – 40 mm and wider working conditions with a maximum turbulent intensity 
(𝑢ᇱ/SL) and Karlovitz (Ka) numbers up to 240 and 1008. OH-/NH-PLIF and LDA 
measurements have been carried out to expand fundamental understanding. The 
results show that NH layer thickness remains almost constant and independent of 
turbulent intensity (𝑢ᇱ/SL), although all the cases are located in the distributed 
reaction zone regime (Ka > 100). The turbulent eddies can only wrinkle the flame 
surface instead of penetrating into the inner structures. The ratio of turbulent to 
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laminar burning velocity (ST/SL) increases monotonously with the Karlovitz (Ka) 
number. All the signs indicate that the flamelet theory is still applicable for 
ammonia premixed combustion at high Karlovitz (Ka) number conditions, which 
is inconsistent with Peters’ assumption in the Borghi-Peters diagram. 
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Popular science 

The climate emergency has already become one of the biggest global issues and its 
effects will continue through the present century and beyond. Human and 
industrial activities related to burning fossil fuels (coal, oil, natural gas, etc.) are 
mainly responsible for the increase in greenhouse gas (GHG) emissions, leading to 
global climate change. To achieve the goal of large reductions in GHG emissions, 
the use of carbon-free fuels, instead of conventional fossil fuels, is one promising 
solution that has been proposed.  

Ammonia (NH3) is a colourless gas with a strong smell. Mainly used as fertiliser 
in agriculture, most ammonia is manufactured commercially through the Haber-
Bosch process by combining nitrogen (N2) and hydrogen (H2). Recent research 
suggests the advantages of ammonia as a suitable energy carrier of renewable 
energy sources. Due to its carbon-free nature, green ammonia has also been 
regarded as a potential clean energy, like hydrogen, for future use in transportation, 
electricity, etc. Compared with traditional hydrocarbon fuels, utilisation of 
ammonia in combustion currently still faces different challenges although efforts 
have been made. The emission of nitrogen oxides (NOx) during the burning 
process can be a critical problem in pure ammonia and ammonia-fuel blends. 
Ammonia’s relatively low heat radiation, narrow flammability range, and high 
auto-ignition temperature have all limited its application in industrial fields. To 
overcome these problems, it is essential to gain a deeper understanding of the 
chemical and physical process of ammonia combustion. 

Laser-based diagnostics is an effective method in experimental combustion 
research. Key parameters, including temperature, chemical species concentration, 
velocities, particle characteristics, etc., can be extracted from flames by employing 
advanced laser-based measurements. These techniques are non-intrusive, keeping 
the interrogation window undisturbed by any physical probes. Another advantage 
is that lasers can provide almost instantaneous results with high spatial and 
temporal resolutions, which is beneficial for the investigation especially in 
turbulent combustion, where the turbulent flow consists of eddies with different 
characteristics time scales, and some of the intermediate radicals are unstable and 
shot-lived. The technology can extend the point/line measurement to plane or even 
volume measurement, according to specific conditions and requirements. 
Simultaneous application of multiple laser techniques allows for multi-scalar 
information, giving insights to analyse their interaction and correlation. 
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Furthermore, the experimental data, with high accuracy, can improve the 
development and validation of combustion models in numerical simulations. 
Because of these merits, laser-based diagnostics have been regarded as a powerful 
tool to study various combustion phenomena. 

In this thesis, two burners were selected for investigation. One is laboratorial with 
small geometry scale for fundamental studies, and the other is a Bunsen burner 
which can run at real gas turbine conditions, intended for industrial applications. 
Both burners adopt a pilot methane/air flame to stabilise the centre ammonia/air 
flame with a higher jet speed, preventing flame extinction from the entrainment of 
ambient air. Three laser diagnostics techniques were involved in this study. Laser 
Doppler anemometer (LDA) was used to measure the characteristic velocities and 
integral scales, to provide an overview of the turbulent intensity distribution. 
Different radicals generated from the combustion process were visualised by 
simultaneous planar laser-induced fluorescence (PLIF), which can help to explain 
the interaction between the turbulence and chemistry. Additionally, Rayleigh 
scattering thermometry was also employed as a complementary technique for 
temperature imaging in combustion environments. The aim of the research in this 
work is to help gain fundamental knowledge on ammonia premixed combustion at 
high Karlovitz (Ka) number conditions, as well as provide experimental data for 
combustion model validation and development. Moreover, with the observations 
and conclusions obtained from this thesis, some useful guidance can be provided 
regarding gas turbine combustor design related to ammonia fuels, in order to help 
to mitigate the world’s energy shortage. 
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1 Introduction 

1.1 Motivations 
Combustion has played an important role in the development of human history. 
From the early days, when human beings utilised fire to survive, up to the modern 
understanding of the burning process, combustion phenomena can be regarded as a 
vital force to promote the progress of human civilisation. More importantly, the 
development of combustion technology enables energy to be converted into heat 
and power through the combustion process. Combustion technology has been 
widely used in various fields, including electric power generation, transportation, 
and the aviation industry. However, most power generation systems still use fossil 
fuels (coal, oil, natural gas, etc.) and this reliance is unlikely to decline in the 
foreseeable future, which may lead to a serious global energy crisis [1]. 

Formed from the carbon-rich remains of dead animals and plants over millions of 
years, fossil fuels are non-renewable, and we have a limited supply. In addition, 
climate change, mainly caused by greenhouse gas (GHG) emissions from fossil 
fuel utilisation, has also attracted widespread public attention. Although the 
largest-ever decrease in global emissions was seen in 2020, due to the COVID-19 
pandemic, monthly data show a rapid rebound of carbon dioxide (CO2) emissions 
through the rest of the year [2]. Moreover, combustion products contain several air 
pollutants, like carbon monoxide (CO), nitrogen oxides (NOx), soot or unburned 
hydrocarbons (UHC), which are harmful to the global environment and human 
health. Therefore, it is urgent to find other alternative and renewable energy 
sources. 

Since the combustion product is only water (H2O), hydrogen (H2) has been 
regarded as a clean fuel for the next decade. Advantages including its large scale 
production and higher gravimetric energy density make the hydrogen economy a 
bright future prospect [3]. However, problems related to hydrogen’s storage, 
transportation, and low volumetric energy density, have prompted people to look 
for other alternative fuels or energy carriers. Ammonia (NH3), as a promising 
candidate, has gained a lot of attention recently. Ammonia is one of the carbon-
free fuels and safe hydrogen-carrier with low reactivities. It can also be 
manufactured in different ways [4, 5]. A recent study has discovered a new, 
environmentally friendly process to overcome the carbon-intensive problem, 
which is the main issue in the Haber-Bosch process [6]. In addition, the storage 
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and transport of the ammonia can be made more efficient, with lower costs 
compared to hydrogen [7]. Nevertheless, some drawbacks hinder the industrial 
application of ammonia combustion, including low combustion intensity 
(combustion heat and laminar burning speed), large amounts of NOx emission, etc. 
Therefore, investigation of ammonia flames to overcome these challenges has 
attracted much interest. 

Turbulent premixed combustion is widely used in various types of combustors, 
e.g., stationary gas turbines and spark-ignition (SI) engines. It is a complicated
process involving non-linear and multi-scale interactions between the turbulence
and chemistry. The flame characteristics are altered by the intense mixing and
enhanced transport. Meanwhile, the thermochemistry also has an influence on the
turbulence through thermal expansion. However, one can control the flame
temperature to reduce the thermal NOx formation by adjusting the equivalence
ratio (Φ) of reactants. Because of its relatively low laminar burning speed (SL) and
large laminar flame thickness (δL), compared to hydrocarbon flames, ammonia/air
premixed combustion in practical devices can easily achieve high turbulent
intensity (𝑢ᇱ/SL). Experimental studies on ammonia premixed combustion under
highly turbulent conditions can provide more information for in-depth
understanding of the turbulence/flame interaction. Since the combustion model
should be based on physical principles and reliable experimental observation
instead of intuition and empiricism [8], results and knowledge from the
experimental studies also play an important role in numerical simulation, and will
be valuable for the design of future combustors.

Current studies of premixed ammonia/air combustion are on the low or moderate 
turbulent levels [9, 10]. Comparatively limited research was conducted at highly 
turbulent intensities similar to those of industrial gas turbine engine operating 
conditions [11-13], and visualisation and characterisation of flame structure by 
means of advanced non-intrusive laser diagnostic techniques are especially lacking. 
This thesis presents laser-based diagnostic measurements of fundamental flame 
properties of premixed ammonia/air combustion under high Karlovitz (Ka) 
number conditions. The work aims to gain deeper knowledge of the physics and 
chemistry in ammonia flames operated in the distributed reaction zones (DRZ) 
regime. 

1.2 Outline 
The content of this doctoral dissertation consists of five chapters: 

Chapter 1: This chapter gives a brief background relevant to the research and 
indicates the research purpose of this thesis. 
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Chapter 2: A short review of the properties of laminar premixed flame is 
provided. The Borghi-Peters diagram is then used to classify the turbulent 
premixed flames into different regimes, and the theory of turbulent burning 
velocity is demonstrated considering the effects of flame wrinkling and turbulent 
diffusivities. Finally, summaries of related work motivating this dissertation are 
discussed.  

Chapter 3: The purpose of this chapter is to illustrate the burners and laser-based 
diagnostic methods involved in this thesis. Two burners are employed, one in 
laboratory-scale used for fundamental studies, and another with a large geometric 
structure with flame power equal to that of industrial combustors. The basic 
principles of different laser diagnostic techniques are described in detail, including 
planar laser-induced fluorescence (PLIF), laser Doppler anemometry (LDA), and 
Rayleigh scattering thermometry. 

Chapter 4: In Chapter 4, the image processing schemes are described that are 
used to extract the meaningful information from the raw images. Results are 
presented from the simultaneous optical measurement of the two flame structures 
on two burners, including the NH layer thickness, relationship between the 
turbulence and chemical reactions, turbulent burning velocity, etc. All of the 
selected cases are located in the regime of distributed reaction zones (DRZ) in the 
Borghi-Peters diagram. 

Chapter 5: Based on the results from the experimental investigations throughout 
this work, conclusions are drawn at the end of the thesis, and suggestions 
regarding future work are given. This doctoral dissertation takes the first step to 
gain fundamental knowledge on premixed ammonia/air combustion at high 
Karlovitz number, although many problems remain to be solved.  
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2 Turbulent premixed combustion at 
high Karlovitz number conditions 

The structure of the laminar ammonia/air premixed flame is briefly introduced. 
The features of turbulent flow and Borghi-Peters diagram are discussed next, 
followed by a theoretical analysis of turbulent burning velocity. Research progress 
regarding the distributed reaction zone is given at the end of the chapter. 

2.1 Laminar premixed flames 
Before discussing the features of turbulent premixed combustion, the properties of 
laminar premixed flames should be reviewed. Based on a chemical reduced 
mechanism [14], an overall structure of NH3/air stoichiometric flames is shown in 
Fig. 2.1.  

 
Fig. 2.1. An overall structure of NH3/air stoichiometric flames at P = 0.1 MPa. 

Similar to the CH4/air flames, the structures of NH3/air flames can be represented 
by a three-zone model: the preheat zone, where the reactants are continuously 



6 

heated by the combustion products downstream through diffusion; the reaction 
zone, where ammonia and oxygen are consumed and combustion intermediates 
(i.e., H2) are formed with major heat release; and the post-flame zone, in which 
reactions have reached equilibrium and final products, including H2O and N2, are 
formed. Since the reaction zone is the main region where most reactions occur, 
studies of this zone have particular importance. Fig. 2.2 shows the profiles of key 
species and heat release rate (HRR) in this thin region. In view of flame chemistry, 
ammonia first decomposes to NHi (i = 0, 1, 2) with reactive radicals including OH, 
H, and O. The intermediates NHi are consumed, resulting in the formation of NO 
and N2 based on the amount of O/H in the radical pool [4]. It can be seen that 
profiles of several species correlate well with HRR distribution and some of the 
radicals even locate inside the HRR region, with the potential to be markers of the 
flame front. In view of internal structure, the reaction zone can still be divided into 
two layers: a fuel consumption layer and an oxidation layer, considering the 
degree of reaction rate. The fuel consumption layer is also referred to as the inner 
layer of a premixed flame [15], whose thickness is assumed to be approximately 
one tenth of the methane flame thickness [8]. In ammonia flames, the fuel 
consumption layer (inner layer) is the overlapping layer of NH3 and OH, which 
coincides with the NH profile. Thus, NH radical can be used to indicate the 
location and thickness of the fuel consumption layer of the ammonia/air flames. A 
recent publication also indicated that NH-PLIF signals can be taken to indicate the 
inner reaction layer where ammonia is consumed [16]. The oxidation layer is the 
overlap of H2 and OH, which is much thicker than the inner layer. 

Fig. 2.2. Profiles of mole fraction of key species and heat release rate (HRR) in 
reaction zone. 
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Two intrinsic parameters to characterise laminar premixed flames are laminar 
flame speed (SL) and laminar flame thickness (δL), which will be used to normalise 
the turbulent quantities in Section 2.2. The value of SL varies between 2 to 8 cm/s 
with different equivalence ratios, and this flame propagation speed is much 
smaller than that of corresponding hydrocarbon flames. The δL is generally defined 
as the sum of the thickness of the preheat zone and fuel consumption layer [17]. 
However, this definition is not easy to achieve in real cases. A more convenient 
expression is defined as δL= ൫𝑇௣ − 𝑇௨൯/|∇𝑇|௠௔௫ , where 𝑇௣ is the temperature of the 
products, 𝑇௨  is the temperature of the reactants, and the denominator is the 
maximum temperature gradient. This expression will be employed in this thesis to 
quantify the flame thickness [18]. These two parameters can be connected with 
each other, following the work of Zel’dovich et al. [19]: 𝑆௅~ඥ𝐷 𝜏௖௛௘௠⁄    𝛿௅~ඥ𝐷𝜏௖௛௘௠ ሺ2.1ሻ 

where D is the thermal diffusivity and 𝜏௖௛௘௠ is the effective chemical time related 
to the reaction rate and reactant density. Then the flame time 𝜏ி, indicating the 
time that the premixed flame front propagates through a distance equal to the 
flame thickness, can be written macroscopically as the ratio of flame thickness to 
flame speed, which is proportional to the effective chemical time. 𝜏ி = 𝛿௅𝑆௅ ~𝜏௖௛௘௠ ሺ2.2ሻ 

2.2 Turbulent flows and the Borghi-Peters diagram 
As the last great unsolved problem of classical physics, turbulent flows are 
prevalent in nature and industrial applications. Sutton (1955) defined turbulence as: 
“a state of fluid flow in which the instantaneous velocities exhibit irregular and 
apparently random fluctuations” [20]. Although this definition is incomplete and 
not precise, the statement reviews two characteristics to describe the turbulence. 
Apart from these, enhancement of transport of mass, momentum and heat, 
dissipation, and other key features are concluded after further exploration [21]. 
Richardson (1922) proposed that the turbulence consists of eddies with a wide 
range of characteristic scales. Large eddies are unstable and will break up into 
smaller eddies, transferring energies to them. This process, called energy cascade, 
goes on successively and ends up in dissipation by viscosity, as shown in Fig. 2.3, 
which can be summarised as “Big whirls have little whirls that feed on their 
velocity, and little whirls have lesser whorls and so on to viscosity …… in the 
molecular sense” [22]. The description can also be expressed mathematically in a 
more intuitive way by equation (2.3). 
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𝑢ᇱሺ𝑥ሻ = ෍ a௡sinሺk௡𝑥 + 𝜑௡ሻேଵ ሺ2.3ሻ 

Turbulent velocity (𝑢ᇱ) (defined as the root-mean-square (rms) of the velocity 
fluctuations) along the distance (𝑥) can be written as the sum of n numbers of sine 
waves according to Fourier series. a௡ and 𝜑௡ are the Fourier coefficient. k௡ is the 
wavenumber and connected to characteristic length scales (𝑙௡) in turbulence by k௡ = 2𝜋 𝑙௡⁄ . 

Fig. 2.3. Schematic of energy cascade progress and the distribution of turbulent 
kinetic energy spectrum. 

The energy cascade can be divided into three major regions based on the 
Kolmogorov hypotheses [23] and two characteristic length scales: integral scales l଴ and Kolmogorov scales η, illustrated in Fig. 2.3. The energy-containing range
involves large scales of turbulence, in which the main turbulent kinetic energy
generated at length scales in the order of integral scales l଴. Small eddies are all
located in universal equilibrium range, whose motions are statistically isotropic
and have a universal form determined by dissipation rate 𝜀  and kinematic
viscosity 𝜈. This range can further be separated into two subranges: the inertial
subrange and the dissipation subrange. In the dissipation subrange, eddies having
the same magnitude of the Kolmogorov scales η (represented as the very smallest,
dissipative eddies) are dissipated rapidly into heat as viscous effects are in the
dominant position. Between the energy-containing and dissipation subrange is the
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inertial subrange, where the energies are transferred with a rate nearly equal to the 
dissipation rate 𝜀 and the viscous effects can be ignored [24]. Useful equations are 
derived by using dimensional analysis using the above hypotheses: 𝑅𝑒୲ = 𝑢ᇱl଴𝜈 ሺ2.4ሻ 

 η = ሺ𝜈ଷ 𝜀⁄ ሻଵ ସ⁄          𝑢ఎ = ሺ𝜀𝜈ሻଵ ସ⁄          𝜏ఎ = ሺ𝜈 𝜀⁄ ሻଵ ଶ⁄ ሺ2.5ሻ 

 η l଴⁄ ~𝑅𝑒௧ି ଷ ସ⁄          𝑢ఎ 𝑢଴⁄ ~𝑅𝑒୲ି ଵ ସ⁄          𝜏ఎ 𝜏଴⁄ ~𝑅𝑒୲ି ଵ ଶ⁄ ሺ2.6ሻ 

Where 𝑅𝑒௧ is the turbulent Reynolds number, and 𝑢ఎ and 𝜏ఎ are the Kolmogorov 
velocity scales and residence time scales. 

Turbulent premixed combustion has been applied in many engineering fields. 
However, turbulence strongly interacts with the chemistry process in turbulent 
flow, and the heat release from combustion will change the flow properties in 
turns affecting the flow field. To simplify the complication in turbulent premixed 
combustion, and quantify the correlation of the turbulence/chemistry, Borghi [25, 
26] proposed a diagram using theoretical scaling analysis to separate the turbulent 
premixed flames into different regimes. The most common version is refined and 
modified by Peters [8], presented in Fig. 2.4. 

 
Fig. 2.4. Borghi-Peters regime diagram for turbulent premixed combustion. 
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Before discussing the above diagram, two more non-dimensional parameters are 
introduced, based on the turbulence and laminar flame properties and usually used 
as classified criteria. The Damköhler number (Da) is defined as the ratio of the 
residence time of large eddies to the flame time 𝜏ி. The Karlovitz number (Ka) is 
the ratio between the flame time 𝜏ி and the residence time of Kolmogorov eddies. 
These two numbers can be correlated by turbulent Reynolds number (𝑅𝑒௧) with 
the assumption that the Schmidt number (Sc) is unity. 𝑅𝑒௧ = 𝑢ᇱl଴𝜈 ~ 𝑢ᇱl଴S௅δ௅ ሺ2.7ሻ 

𝐷𝑎 = 𝜏଴𝜏ி = l଴S௅𝑢ᇱδ௅ ሺ2.8ሻ 

𝐾𝑎 = 𝜏ி𝜏ఎ = δ௅𝑢ఎS௅η ~ ൬δ௅η ൰ଶ ሺ2.9ሻ 

Five regimes are seen in the Borghi-Peters diagram according to the normalised 
integral scale (l଴/δ௅) against the turbulent intensity (𝑢ᇱ/SL). The flow is laminar 
when 𝑅𝑒௧ < 1. When the turbulent intensity is low at 𝐾𝑎 < 1, all length scales are 
larger than the laminar flame thickness. The entire flame structure is embedded in 
Kolmogorov eddies. The turbulence can only wrinkle the flame front layer. The 
instantaneous turbulent flame shows a thin quasi-laminar flamelet front, which is 
not perturbed by turbulent velocity. As the turbulent intensity increases (𝑢ᇱ > SL), 
pockets of reactants and products appear due to the merging of the instantaneous 
flame front induced by large-scale interactions. 

In the regime of thin reaction zones (TRZ, 1 < 𝐾𝑎 < 100 ), the Kolmogorov 
length scale becomes smaller than the flame thickness, while remaining larger than 
the inner layer thickness, which is approximately one tenth of the flame thickness 
in methane/air premixed flames [15]. The turbulent effects on the flame fronts are 
more complicated, as the smallest eddies can pass through the flame, causing the 
preheat zone to broaden. However, fuel consumption will remain thin and intact. 
Experimental results [27-31] and numerical simulations [32-34] have already 
proved this theoretical hypothesis. 

If 𝐾𝑎 > 100, the Kolmogorov eddies have the possibility to penetrate the inner 
layer and the entire flame structure might be modified according to the theoretical 
analysis. The chemistry process can be disrupted locally because of enhanced heat 
loss upstream followed by the decrease in temperature and the loss of radicals [8]. 
The flame cannot sustain itself anymore, and local quenching will cause the flame 
to finally extinguish under this condition. On the other hand, chemical reactions 
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controlling the heat release may proceed and distribute across the whole 
combustion zone, owing to the enhancement of heat and mass transport. In this 
case, the concept of the flamelet is no longer applicable here. As few 
investigations have been conducted in this regime, it still remains unclear whether 
the regime of distributed reaction zone (DRZ) exists. 

2.3 Turbulent burning velocity 
Due to the effect of turbulence, mentioned above, the propagation speed of the 
turbulent flame front is altered compared with the laminar case. Two definitions of 
fuel consumption speed, often used to define the turbulent burning velocity (ST), 
will be introduced. 

The global consumption speed is the propagation speed of the mean flame surface 
towards the reactants [35, 36]: 𝑆்,ீ஼ = 𝑚ሶ𝜌௨〈𝐴〉 ሺ2.10ሻ 

where 𝑚ሶ  is the mass flow rate of the reactants, 𝜌௨ is the density of the unburnt 
mixture and 〈𝐴〉 is the area of the ensemble-averaged mean flame surface. 〈𝐴〉 is 
commonly defined using the iso-contour lines of the ensemble-averaged mean 
progress variable 〈𝐶〉  based on OH radicals. The results can vary greatly 
depending on the selected value of 〈𝐶〉  [9, 35, 37, 38]. This expression 
demonstrates how fast the product is formed, and it is beneficial for purposes of 
engineering and design. 

The local consumption speed is based on the Damköhler prediction in the large-
scale turbulence (low turbulent intensity) regime [39], in which the local flame 
will behave like a laminar flamelet [40, 41]: 𝑆்,௅஼ = S௅𝐼଴ න Σ𝑑𝑥௡ାஶ

ିஶ ሺ2.11ሻ 

where I0 is the stretch factor, Σ is the flame surface density (FSD) and 𝑥௡ is the 
spatial coordinate along the normal direction of the mean flame surface. This 
definition is usually used in combination with equation (2.10) to analyse the effect 
of flame surface density variation on the turbulent burning velocity. 

Damköhler [39] tried to obtain the turbulent burning velocity from the early 
experimental data. He suggested that the turbulent burning velocity only depends 
on wrinkled instantaneous flame front area (A் ) in the flamelet regime, and 
increases linearly with the turbulent intensity: 
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S்S௅ = A்A௅ = 1 + 𝑢ᇱS௅ ሺ2.12ሻ 

For high-intensity, small-scale turbulence, Damköhler assumed that turbulence 
will modify the transport properties with an enhanced eddy diffusivity to replace 
the molecular diffusivity, because eddies can pass through the flame, as mentioned 
in the previous section. Compared with the laminar case, as depicted in equation 
(2.1), the turbulent burning velocity is illustrated as: S்S௅ ~ඨ𝐷D் ~ඨ𝑢ᇱl଴𝜈 = 𝑅𝑒௧ଵ ଶ⁄ ሺ2.13ሻ 

where 𝐷் is the turbulent diffusivity of mass, which is proportional to the product 
of turbulent velocity and integral length scale. This model shows a slow increase 
of the turbulent burning velocity at intermediate turbulent intensity. When the 
turbulent intensity further increases, the two assumptions are invalid. Better 
relations to correlate significant parameters, including turbulent diffusivity, 
increased reaction rate, turbulent intensity, etc. remain to be investigated. 

2.4 Distributed reaction zones regime 
Experimental research on premixed flames under high Karlovitz number 
conditions has been reported recently for hydrocarbon flames [27, 28, 42-50]. 
Questions related to how premixed flames behave at extreme levels of turbulence, 
and the characteristics of distributed reaction zones in the regime diagram of 
Borghi-Peters in Fig. 2.4, remain unresolved.  

The structure of methane/air flames exhibits a significant change in the reaction 
zone with an increasing Karlovitz number. When Ka is between 10 and 100, Zhou 
et al. [43-45] found that the heat release layer (marked by HCO radicals or the 
overlapping region of formaldehyde (CH2O) and hydroxyl (OH) radicals) and the 
inner layer (marked by CH radicals) were thin, similarly to the thickness of 
laminar flames, while the preheat zone (marked by the CH2O layer) gradually 
broadened with increase in Ka. When the Karlovitz number is greater than 100, the 
CH layer, the HCO layer, and the overlapping layer of OH and CH2O were all 
clearly observed to broaden, experimentally confirming the existence of the DRZ. 
Also, the Rayleigh scattering results from Zhou et al. [43-45] showed that the 
temperature gradient across the flame reduced as the flame broadened and Dunn et 
al. [42, 49, 50] drew similar conclusions from their measurements.  

By using a similar measurement (CH-PLIF and overlapping region of CH2O- and 
OH-PLIF) on methane/air flames in a Hi-Pilot burner, Driscoll et al. [28, 46-48] 
showed that the average thickness of the reaction layer remained almost constant 
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even when Ka is so high as 533, and the turbulence level (𝑢ᇱ/SL) is 246, and 
subsequently a new criterion to delimit regimes based on their measurements, 
combined with previous experimental studies and numerical simulations, was 
proposed. The different observations of the flame structure at high Karlovitz 
numbers are mainly due to differences in the burner geometric configurations, i.e., 
the integral length scale of the flames and the different excitation-detection 
strategies.  

Recently, Mohammadnejad et al. [51] conducted simultaneous PLIF measurement 
of CH2O and OH radicals in the lean methane/air flames using a Bunsen burner 
with a large diameter, similar to that of Driscoll et al. [28, 46-48]. They observed 
that the thickness of the preheat and heat-release layer became thicker by a factor 
of 6.2 and 3.9 compared to that of the corresponding laminar flames separately 
when the Karlovitz number was 76. Their findings are in agreement with the 
results of Zhou et al. [43-45] but at a lower Karlovitz number. The analysis based 
on stereoscopic particle image velocimetry (PIV) results suggested that the eddies 
with enough turbulent kinetic energy are able to penetrate into the reaction zone, 
which is consistent with Peters’ assumption. However, this conclusion is 
inconsistent with the report from Driscoll et al. [52], that the integral length scales 
increased through the preheat zone because small-scale eddies are all dissipated in 
this layer. 

Results from a series of direct numerical simulations (DNS) studies have also 
proven the existence of distributed reaction zones. Aspden et al. [53] showed that 
distributed burning appeared in hydrogen/air flames when the Karlovitz number is 
8767, and the thickness of the reaction layer can be fifteen times that in a laminar 
flame. Lapointe et al. [54] observed the broadening reaction zone locally as the 
enhanced turbulent diffusivities. Wang et al. [55] performed DNS to reproduce the 
work of Zhou et al. [43-45]. The results of the flame surface density (FSD) and 
curvature correlated well with the experimental data. Spatial broadened 
distribution of the heat release surrogate can be recognised at the flame tip. 
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3 Burners and optical measurements 

In this chapter, a brief description of the burners involved in this work is provided. 
The principle and methods of laser-based diagnostics, including planar laser-
induced fluorescence, laser Doppler anemometry and Rayleigh scattering 
thermometry, are also presented. 

3.1 Burners 

3.1.1 LUPJ burner 
The Lund University Piloted Jet (LUPJ) burner is a modified Mckenna-type burner 
used to produce highly turbulent premixed flames on laboratory scales. This 
burner consists of a centre nozzle with a diameter of 1.5 mm to generate an 
ammonia/air premixed jet flame. A methane/air premixed pilot flame, which is 
burned on the 61 mm diameter porous plug burner, provides a high-temperature 
environment to stabilise the inner high-speed jet flame by preventing the 
entrainment of outer ambient air. A more detailed description of the LUPJ burner 
can be found in Refs. [44, 56]. Photographs of chemiluminescence from 
ammonia/air premixed flames under laminar and turbulent conditions are shown in 
Fig. 3.1. A continuous flame front with a cone shape can be observed in the 
laminar flame, whereas the turbulent flame has a wider flame brush. The yellow 
colour can be attributed to the chemiluminescence from NH2 [57, 58]. 
Experimental work related to a series of PLIF and Rayleigh scattering 
measurements were conducted on this burner, which will be presented in Section 
4.1. 
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Fig. 3.1. Photographs of typical NH3/air jet premixed flames on LUPJ burner. 

3.1.2 DRZ burner 
A burner made of stainless steel, aimed at investigating turbulent premixed flames 
in the distributed reaction zone regime, called the DRZ burner, was designed in 
this thesis work. A schematic of the burner, with auxiliary elements and a 
photograph of the actual burner and a premixed turbulent ammonia/air flame on it, 
is shown in Fig. 3.2.  

This burner has a configuration similar to the Michigan Hi-Pilot burner [59] and it 
can also be regarded as an enlarged version of the LUPJ burner, mentioned above 
in section 3.1.1. The burner can be divided into two parts, the nozzle section and 
the co-flow chamber, used to generate the jet flame and pilot flame separately. The 
exit diameter of the jet nozzle is 22 mm, and it is located 20 mm above the 
titanium porous plug of the pilot flame burner, which has a diameter of 110 mm. 
For the jet flow, the ambient air is supplied by two blowers mounted in the 
atmospheric pressure test rig at Lund University [60], which has the capability to 
provide an airflow of approximately 50 g/s with a temperature adjustable from 300 
~ 650 K. The ammonia is introduced into the plenum chamber by eight separate 
inlets (7), mixing with the incoming airflow in a cylinder of glass beads (6) with a 
diameter of 6 mm and uniform by a perforated plate (5). The reactants then go 
through a turbulent generator (3) to increase the turbulent intensity and pass by a 
converging-diverging nozzle, exiting with a high speed and intense turbulence. 
The structure of the nozzle can prevent flashback of the flame because the velocity 
decreases when the mixture expands at the diverging section. For the co-flow part, 
air and methane will be premixed before being injected into the co-flow chamber 
and the mixture will go through the titanium porous plug plate (1) via eight other 
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inlets (2), forming hot co-flow gas to stabilise the centre jet. The other two inlets 
(4) are used as the tracer particle inlet for LDA/PIV measurements. 

 
(a) 

 
(b) 

Fig. 3.2. (a) Schematic of the DRZ burner, (b) images of the actual burner and a 
premixed turbulent ammonia/air flame. 
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3.2 Laser-based diagnostic techniques  

3.2.1 Planar laser-induced fluorescence 
Planar laser-induced fluorescence (PLIF) as an optical technique is widely used in 
flames for species detection [61, 62], especially in studies of turbulent combustion. 
The concentration of radicals and pollutants can be detected at the level of ppm as 
well as sub-ppm. Great efforts have been made to extend this technique from 
qualitative to quantitative, that is from planar to volume measurement [63, 64]. 

A schematic of the typical transition for a diatomic molecule in two electronic 
states, provided in Fig. 3.3, is used to depict the laser-induced fluorescence 
process. The species of interest is excited from the ground state (X) to an excited 
state (A) by a specific laser wavelength. The excited species is unstable and will 
return to the ground state (X) with spontaneous fluorescence emission within 
nanoseconds to microseconds. Due to energy redistribution after the excitation, the 
fluorescence wavelength can be different from that of the excitation laser light, 
and is primarily shifted towards longer wavelengths, which avoid the interferences 
from elastic scattering.  

Fig. 3.3. Schematic of the laser-induced fluorescence process between two 
electronic states. 

The fluorescence signal can be converted to species concentration, indicating 
spatial distribution of the selected species. For example, when the laser power is 
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lower than the saturation irradiance, the PLIF signal 𝐹 is in the linear regime and 
can be expressed as [61]: 𝐹 = ℎ𝜈𝑐 Ω4π 𝑉𝑁ଵ଴𝐵ଵଶ𝐼 𝐴ଶଵ𝐴ଶଵ + 𝑄ଶଵ ሺ3.1ሻ 

where ℎ𝜈 is the emitted photon energy, 𝑐 is the speed of light, Ω is the collection 
solid angle, 𝑉 is the detection volume, 𝑁ଵ଴ is the species population in the ground 
state before laser excitation, 𝐵ଵଶ is the Einstein coefficient for absorption, 𝐼 is the 
intensity of incident light, 𝐴ଶଵ is the rate constant for spontaneous emission, and 𝑄ଶଵ is the collisional quenching rate constant. 

PLIF measurements were performed to visualise the turbulent flame structure in 
the thesis, and the information extracted from the local flame structure will be 
given in Chapter 4. Three key species involved in turbulent ammonia combustion 
are measured and the excitation-detection strategies for each are summarised in 
Table 3.1. 

Table 3.1. Strategies of PLIF measurements for the species in this work 

Species Excitation 
wavelength 

Detection 
wavelength Filter 

NH ~ 303.6 nm ~ 336 nm WG335 

OH ~ 283.5 nm ~ 309 nm 320 ± 20 nm 

NO ~ 225.5 nm 230 ~ 400 nm  

3.2.2 Laser Doppler anemometry 
Laser Doppler anemometry (LDA) is a widely accepted tool for the investigation 
of fluid dynamics. It has particular advantages in being non-intrusive, having high 
spatiotemporal resolution, and being calibration free. In this thesis, the turbulent 
quantities were measured by a two-component LDA system (FlowExplorer 2D 
High Power Optics, Dantec Dynamics). A typical schematic of the whole system 
is shown in Fig. 3.4. Two laser beams at different wavelengths (660/785 nm) were 
passed through the transmitting optics and focused in the probe volume. Fringes 
will be generated in this ellipsoidal volume as a result of interference 
phenomenon. The distance between neighbouring fringes can be expressed as the 
following: 𝑑௙ = 𝜆2 sin 𝜃2 ሺ3.2ሻ 
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where 𝑑௙ is the fringe distance, λ is the wavelength of the incident light, and 𝜃 is 
the angle between the beams. 

Fig. 3.4. Schematic of a 2D LDA system. The figure is taken from [65]. 

When a particle crosses over the fringe pattern, the signal of scattered light is 
collected backward by receiving optics. The difference between the incident light 
and scattered light is called Doppler shift (𝑓ௗ) due to the Doppler effect, which is 
only proportional to the velocity projection perpendicular to the fringes and the 
laser wavelength. The velocity (v) can be calculated by: v = 𝑓ௗ ൈ 𝑑௙ ሺ3.3ሻ 

One issue that needs to be considered in LDA measurement is direction ambiguity, 
because the same detected signal would be obtained if the flow direction were 
totally reversed. To overcome this problem, the Bragg cell included in the 
transmitting optics was used to split the laser into two beams of equal intensity, 
with one of the beams frequency-shifted (𝑓௦௛௜௙௧ ). The flow direction can be 
recognised as positive, negative, or zero, according to this shifted frequency. 

The converted Doppler signals are filtered and amplified by a burst spectrum 
analyser (BSA F800-2D processor, Dantec Dynamics). Commercial software BSA 
Flow is used to carry out further processing, including moments, correlation, and 
spectrum. More details on the post-process will be described in section 4.3.1. 

3.2.3 Rayleigh scattering thermometry 
Rayleigh scattering thermometry is a straightforward way to acquire temperature 
distribution in flames. The intensity of Rayleigh scattering (𝐼௦) depends on the 
total number density of molecules in a gas mixture: 𝐼௦ = 𝐼𝑁𝜎௠௜௫𝐶 ሺ3.4ሻ 
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Where 𝐼  is the intensity of incident light, 𝑁  is the number density, 𝜎௠௜௫  is the 
effective Rayleigh scattering cross section, and 𝐶  is a constant related to solid 
angle, length of probe volume, and collection efficiency. 

The gas temperature (𝑇) is inversely proportional to this number density according 
to the ideal gas law: 𝑃 = 𝑁𝑘𝑇 ሺ3.5ሻ 

Where k is the Boltzmann’s constant and 𝑃 is the pressure. 

Before the measurement, calibration is needed to determine the reference 
parameters (𝐼௥௘௙ , 𝜎௥௘௙ , and 𝑇௥௘௙ ) under known conditions, usually using pure 
nitrogen at room temperature. If the pressure (𝑃) is uniform in the flow and the 
effective Rayleigh scattering cross section is known, then the flame temperature 
can be written in equation (3.6) by combining equations (3.4) and (3.5). 𝑇 = 𝑇௥௘௙ 𝐼௥௘௙𝐼 𝜎௠௜௫𝜎௥௘௙ ሺ3.6ሻ 

The main species in ammonia/air premixed flames and their Rayleigh scattering 
cross sections are shown in Table 3.2. All the cross sections are taken from Refs. 
[66, 67] except the ammonia gas, whose cross section is 1.6 times that of nitrogen, 
which was measured on the LUPJ burner. The detailed procedures of temperature 
conversion will be given in section 4.1.2. 

Table 3.2. Rayleigh scattering cross sections of different species in 
ammonia/air flames at the 532 nm wavelength 

Molecule N2 O2 NH3 H2O OH NO H2 H O 
σ (10-27 cm2) 5.61 4.88 8.98 3.90 8.34 5.51 1.17 0.83 0.96 
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4 Results and discussion 

Results from the simultaneous PLIF measurements on the different burners are 
presented in this chapter. All of the selected cases are located in the regime of 
DRZ in the Borghi-Peters diagram. Image processing methods and procedures are 
also mentioned in this chapter. Meaningful information extracted from the images 
is used to complete further analysis of the flame structure and burning velocity. 

4.1 Image processing schemes 
Before presenting the results, details on the image processing methods are given. 
These schemes include NH layer thickness extraction, burning velocity evaluation, 
and conversion of Rayleigh signals to temperature. 

4.1.1 Procedures for PLIF results 
All the raw PLIF images have been processed using the following steps: 1) the 
average background noise, including the dark current in the ICCD cameras and the 
incident laser radiation, etc., was subtracted; 2) the nonuniformity of the laser 
power distribution was corrected by a vertical profile generated from the 
integration of the average signals along the horizontal direction; 3) A 3×3 median 
filtering process [68] was applied to smooth the images. After these standard 
processing procedures, images from one camera were registered to images from 
the other camera through a calibration target, matching the simultaneous 
measurements pixel-by-pixel, to produce overlapping images. 

To extract the statistical quantities from the NH-PLIF images, further processing 
methods are required. The process to identify ridge lines and measure the NH 
layer thickness is depicted in Fig. 4.1. Except for the standard steps, the images 
were processed with morphological operations, binarised by a threshold [69, 70], 
and converted by a watershed transformation [71] to find watershed ridge lines 
marked by the red lines in Fig. 4.1c. Fig. 4.1d shows a partially enlarged view, the 
pixel distance between each point on the watershed ridge lines and the nearest 
point on the boundary in binary images [28] can be obtained easily and the NH 
layer thickness is defined as the 2 multiplying the pixel distance. 
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(a) (b) 

(c) (d) 

Fig. 4.1. A sample process of identification of ridge lines and NH layer thickness. 
(a) a raw NH-PLIF image, (b) result after standard processing, (c) ridge lines

overlaid on the binarised image, (d) drawing of partial enlargement of (c).

The OH-PLIF visualisation has been widely used to estimate the turbulent burning 
velocity (ST) since its leading edge is mostly located in the oxidation layer [9, 27, 
35, 37, 38, 40]. When a series of instantaneous flame fronts are captured, the 
ensemble-averaged mean progress variable 〈𝐶〉, indicating the probability that the 
certain point belongs to the burnt side, can be generated, as presented in Fig. 4.2. 
Binarisation of the OH-PLIF of the entire flame can be obtained following the 
same scheme as shown in Fig. 4.1. The leading edge is the boundary of the white 
and dark region, which is used to separate the burnt and unburnt areas. Fig. 4.2b 
shows the distribution of 〈𝐶〉  from 250 instantaneous images and several iso-
contour lines are plotted together. In order to obtain the turbulent burning velocity 
by equation (2.10), the mean flame surface area 〈𝐴〉 has to be determined. The 
most convenient way in 2D measurements is to create a 3D model by rotating the 
iso-contour lines through the burner centre and use the surface area of the model to 
approximate 〈𝐴〉 by assuming the flame to be axisymmetric. In this thesis, 〈𝐶〉 = 
0.5 and 〈𝐶〉 = 0.2 will be employed, as in the work of Wabel et al. [35], which is 
aimed for a precise comparison of turbulent burning velocity in section 4.3.4. 
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(a) (b) 

Fig. 4.2. (a) An example of OH binarised image, (b) Iso-contour lines of mean 
progress variable 〈C〉.  

4.1.2 Details for Rayleigh scattering images 
The Rayleigh signals were converted to instant temperature fields according to 
equation (3.6). The calibrated signals from pure nitrogen gas at 300 K were 
acquired to account for the reference parameters before measurement in ammonia 
flames. The remaining task is to determine the effective Rayleigh scattering cross 
section, which is an average value based on the composition of the mixture. 
However, the species and their mole fractions change greatly in a flame, as shown 
in Figs. 2.1 and 2.2. To address this problem, a structure of premixed laminar 
ammonia/air flame from the CHEMKIN simulations [14] at the same condition is 
needed to establish a connection between the species and the temperature 
distribution. The species considered in the calculation of the effective Rayleigh 
scattering cross section are listed in Table 3.2, and the result as a function of flame 
temperature is given in Fig. 4.3. 
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Fig. 4.3. Effective Rayleigh scattering cross section as a function of temperature in 
premixed laminar ammonia/air flames under different equivalent ratios. 

As the function was generated, the final flame temperature can be obtained 
through several iterative steps, following the suggestion of Skiba et al. [67]: 1) the 
average background was removed; 2) the initial temperature field T1 was solved 
by giving a random value of 𝜎௠௜௫ and here the effective Rayleigh scattering cross 
section of the products was used; 3) the resulting temperature field T2 was 
corrected (the point whose temperature larger than 3000K was set to 3000K) and 
this new distribution was utilised to update the 𝜎௠௜௫; 4) the resulting temperature 
field T3 was compared with T2 and the difference between two results was 
counted; 5) Steps 3 and 4 are repeated until the residual was stable; 6) the final 
temperature was filtered by a 3×3 median filtering. 

4.1.3 Verification of the processing methods 
To verify the accuracy of the processing methods, measurements from a laminar 
flame were taken first, and the measured reactive scalars were compared to those 
obtained from the CHEMKIN simulations.  
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Fig. 4.4. Sample scalar images from a laminar NH3/air flame with Φ = 1.0. 

 

Images of the laminar premixed ammonia/air flame at the stoichiometric ratio are 
shown in Fig. 4.4, which are an average of two hundred frames. The NH radicals 
located upstream from the NO region, with a thin layer, can be regarded as an 
indicator of the inner reaction layer [16]. In ammonia flames, NO is mainly 
formed in the reaction zone, and diffused axially and radially. Thus, the NO region 
has a wider span from the preheat zone, overlapping with the NH layer, and 
achieved equilibrium in the post-flame zone. A clear temperature gradient is 
observed close to the preheat and reaction region. Spatial profiles of the NH, NO 
PLIF signal, and the temperature recorded across two locations (L1 and L2 in Fig. 
4.4) as well as along the centreline of the exit, are presented in Fig. 4.5a-c. Results 
of the CHEMKIN simulation, obtained from the one-dimensional freely 
propagating flame model [14], are plotted in Fig. 4.5d to make a comparison with 
the experimental data. The PLIF signals are normalised by their maximum values 
and the temperature profile was polynomial fitted. Profiles along the centreline 
have a qualitatively similar distribution to the simulated results. The inner layer 
marked by NH is located in the region where temperature is around 1500K in the 
experimental measurement. The peak of NO appears at the end of the NH layer 
and the signal intensity decreases radially with the effect of the pilot methane/air 
flame. The reason that the temperature profile is lower in Fig. 4.5a is likely due to 
the effect of reflections and scattering from burner surfaces, leading to increase of 
the Rayleigh scattering signal and the decrease of the evaluated temperature. 
Overall, the comparison reveals that measurements can provide reasonable results, 
giving solid support for the following turbulent analysis. 
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(a) (b) 

(c) (d) 

Fig. 4.5. Profile comparison of the reactive scalars between the experiment and 
CHEMKIN simulation. (a–b) along white lines L1 & L2 in Fig. 4.3, (c) along 

burner centreline, and (d) CHEMKIN simulation in number density. 

4.2 Lab-scale jet flames (LUPJ burner) 
Experiments on the fundamental characteristics of ammonia combustion have been 
carried out on the LUPJ burner (presented in Papers Ⅱ and Ⅲ). A series of lab-
scale flames with a jet speed varying from 33 m/s to 220 m/s at the stoichiometric 
equivalent ratio are investigated using simultaneous PLIF and Rayleigh 
thermometry measurements. The instant distributions of the temperature (T) in 
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combination with the reactive NH radical or the NO pollutant are acquired. The 
flames are all located in the distributed reaction zones regime of the Borghi-Peters 
diagram shown in Fig. 2.4. Qualitative and quantitative analysis of the evolvement 
of flame structure is involved, and the experimental data are valuable for the 
model development. 

Details of the investigated cases and their corresponding non-dimensional 
parameters related to turbulence and combustion are listed in Table 4.1. The 
values of turbulent velocity 𝑢ᇱ and integral scale l0 are referred to the results of our 
previous LDA measurement [43]. The laminar flame speed and the laminar flame 
thickness are measured in laminar conditions. 

Table 4.1 Details of the investigated turbulent flames 

Cases 
Jet 

speed 
(m/s) 

Ф SL 
(cm/s) 

δL 
(mm) 

δL,NH 
(mm) 

𝒖ᇱ 
(m/s) 

l0 
(mm) Ret η 

(um) u'/SL l0/δL Ka Da 

F1 33 

1.0 6.62 1.76 0.64 

3.3 

2.9 

82 106 49.8 

1.65 

274 0.033 
F2 55 5.5 137 72 83.1 590 0.020 
F3 110 11 299 40 181.3 1900 0.010 
F4 165 16.5 411 32 249.2 3065 0.007 
F5 220 22 548 26 332 4720 0.005 

 

 
Fig. 4.6. Experimental setup for simultaneous scalar measurements of the LUPJ 

flames. 

 

The schematic of the experimental setup is shown in Fig. 4.6. Two laser systems 
were employed for the synchronised NH/NO and T imaging. A dye laser was 
tuned to 336 nm and 225.5 nm for NH and NO excitation, respectively. A 
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Nd:YAG laser was operated at 532 nm for the Rayleigh scattering thermometry. 
The laser beams were overlapped and shaped into a 3 cm high, 200 µm thick laser 
sheet by a sheet-forming system. The resonant signal of NH radicals was collected 
by an ICCD camera, equipped with a UV lens and a UG11 filter. The NO 
fluorescence was acquired through a narrow band dichroic reflection mirror to 
avoid the scattering interference. The Rayleigh scattering signals were measured 
by another ICCD camera mounted with an objective (f = 105 mm, f/2.5, Nikon) 
and a bandpass filter (532 ± 10 nm). 

4.2.1 Multi-scalar imaging 
Fig. 4.7 shows groups of simultaneous single-shot images of NH/T distribution 
with various jet speeds. The NH layer of cases F1 and F2 shows wrinkled and 
corrugated as located in the flamelet mode, although the Ka number is already 
larger than 100 and the Kolmogorov scale η is much smaller than the NH layer 
thickness. A strong correlation between the NH radicals and a relatively high-
temperature region (> 1500K) can be found easily. The flame structure becomes 
more complicated and the NH layer is thickened locally when the jet speed is 
higher than 110 m/s. Clear broadening is observed at the flame tip, which is a 
comprehensive result of the turbulence/flame interaction, merging of the flame 
front, and 3D effects. 

The preheat zone corresponds to the region separated by the NH radicals close to 
the reactant side, and is broadened greatly due to intense mixing of 
reactants/products and the transfer of heat when the Ka number increases. 
Compared with case F1, the preheat zone of flame F5 is quite wide and extended 
along the radial direction at the same height. Previous studies of high Ka flames 
have shown that the thickness of the preheat zone is proportional to the integral 
length of turbulence eddies rather than the jet speed [37]. It seems that the effect of 
turbulent eddies is more dramatic in the preheat zone than the reaction zone (i.e., 
the NH layer), which is consistent with the findings in methane/air flames [24, 48]. 
Another experimental result shows that the Kolmogorov eddies have been 
significantly dissipated when penetrating the preheat layer [52]. 

For flame F5, with jet speed reaching 220 m/s and a Ka number as high as 4720, 
the NH layer shows local discontinuities as local flame extinction happens (cf. 
flame height around 62 mm). This is attributed to the low temperature gas 
involved in flames. At such high speed, the pilot flame is not strong enough to 
prevent cold air entrainment to the jet flame, causing the phenomenon of flame 
quenching. 
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(a) F1 33m/s (b) F2 55m/s 
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Radial position / mm 

(c) F3 110m/s (d) F5 220m/s

Fig. 4.7. Simultaneous single-shot images of NH/T distribution for the selected 
cases. Edges from the NH binary images were superimposed on the results. 
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Fig. 4.8 shows representative single-shot images of simultaneous NO/T 
distribution with the selected cases. A wider NO region is noticed in high Ka 
number, turbulent premixed ammonia/air flames. The broadening of the NO 
distribution can be attributed to three factors: 1) the broadened NO formation 
layer, due to the broadening of the NH layer; 2) the turbulence-enhanced diffusion 
of NO to the preheat zone; and 3) the enhanced transport of NO to the post-flame 
zone. Low signal regions of NO at post-flame zone are observed, e.g., flame F1 
(flame height 42 – 44 mm) and flame F3 (flame height 58 – 66 mm). This arises 
from the large-eddy transport of hot gas from the pilot flame, which produces less 
NO in methane/air flames. In flame F4, at a height of around 82 mm, one can 
observe a cold spot with a low NO concentration. This region corresponds to the 
cold air entrained by the high-speed jet flow. 

 

                

                
Radial position / mm 

(a) F1 33m/s (b) F2 55m/s 
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Radial position / mm 

(c) F3 110m/s (d) F4 165m/s

Fig. 4.8. Simultaneous single-shot images of NO/T distribution for the selected 
cases. The leading edge from the NO binary images was superimposed on the 

temperature results for comparison. 
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4.2.2 Statistical analysis of the flame structure 

 
(a) F1 (b) F5 

Fig. 4.9. PDF of NH layer thickness at different regions in cases F1 and F5. Flame 
regions: h1=10–20 mm, h2=30–40 mm, h3=50–60 mm, and h4=70–80 mm. The 

legend indicates the NH layer thickness at the peak value. 

 

The above discussion of NH-PLIF is only based on single-shot images, and the 
turbulent flame structure changes significantly from shot-to-shot. Statistical 
analysis of the variation of NH layer thickness is required for further study. Fig. 
4.9 shows the probability density function (PDF) of the NH layer thickness at 
different regions of cases F1 and F5. The most probable value of the PDF is used 
to represent the NH layer thickness indicated in the legend. In general, the 
thickness of the NH layer increases with the turbulent intensity (𝑢ᇱ/SL) and the 
flame height. The profiles of the PDF have a similar distribution in the first flame 
region (h1 = 10–20 mm), which can be seen from the NH-PLIF images shown in 
Fig. 4.7. Actually, the NH layer remains thin in all results at the low flame height 
because of the small integral length scale around burner exit [37]. In the 
development of turbulence in F5, a significant broadening about three to four 
times of the NH layer can be observed downstream, although the peak values of 
PDF are skewed towards the thin side. The criterion of 𝐾𝑎 ൎ  100 used in 
methane/air flames is not applicable in the present ammonia/air flames, indicating 
that regime classification should take the fuel type into consideration. 
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F1 F3 F4 

Fig. 4.10. NO/T JPDF for selected flames, F1, F3, and F4 at different flame 
heights. The colorbar represents the values of the JPDF; the red dashed lines are 

the correlations in laminar flame. 

The joint probability density function (JPDF) of NO and T for the selected flames 
at different heights is presented in Fig. 4.10, which is used to quantify the 
interaction of turbulence/chemistry. Three regions with high values of JPDF can 
be recognised at the first height: the low temperature region with low NO intensity 
corresponds to the preheat zone; the high temperature region with low NO 
intensity corresponds to the hot gas mixture from the pilot flame; and the NO peak 
is at intermediate temperature, which is the NO formation region in the reaction 
layer. As the flame height increases to 30 mm, the high values of JPDF in the 
preheat zone are shifted to higher temperatures due to the heat and mass 
enhancement from the reaction zone. When the height is 50 mm, in cases F3 and 
F4, the peak JPDF regions in the preheat and reaction zones are merged, and the 
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high-temperature and low-NO region disappears. Compared with the laminar 
flame profile, the NO intensity is lower in high Ka flames, which may be 
attributed to the broadened reaction zones in the turbulent flames. 

4.3 Large-scale Bunsen flames (DRZ burner) 
To extend the investigation of turbulent ammonia combustion closer to industrial 
application level, for example, at stationary gas turbines under premixed 
conditions [4, 72], experiments have been performed on the DRZ burner 
(presented in Paper Ⅰ). The structure of the premixed ammonia/air flame was 
visualised by simultaneous two-species PLIF (NH/OH) and Laser Doppler 
Anemometry (LDA), to measure the relevant turbulent quantities from the flow 
field. A schematic of the experimental setup is shown in Fig. 4.11 and the layout 
of the whole system in the lab is presented in Fig. 4.12. A dye laser system was 
tuned to 607.15 nm and the generated beam at 303.576 nm was used to excite the 
NH radicals. Details of the excitation-detection strategy can be found in Ref. [73]. 
The OH excitation was performed at 283.5 nm by another dye laser system. Two 
laser beams were guided to overlap, and were expanded to sheets using a sheet-
forming optics system. The fluorescence of the NH signal was collected by a PI-
max 3 ICCD camera mounted with a UV objective and a long-pass filter (WG335, 
Schott). The OH fluorescence signal was detected by a PI-max 2 ICCD camera 
equipped with a UV lens and a 320 ± 20 nm bandpass filter. To keep 
synchronised, all the systems were triggered by a digital pulse generator. To 
visualise the complete flame profile in one single image, a divergent laser sheet as 
large as 15 cm, covering the whole flame region, was created for individual OH-
PLIF measurements. The results will be used to estimate the turbulent burning 
velocity (ST). 
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Fig. 4.11. A schematic of the experimental setup. 

Fig. 4.12. A photograph of the whole system in the atmospheric rig. 
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Table 4.2 shows the details of the turbulent flame conditions in the investigation. 
Cases are referred to as DRZα-β, where α indicates the value of equivalence ratio 
Ф of the flame and β represents the jet flow velocity. Nine cases with a bulk flow 
speed ranging from 10–30 m/s and three different equivalence ratios (Ф = 0.8, 1.0, 
1.2) are included. The pilot CH4/air flame (Ф = 1.0) has an inlet velocity of 
approximately 0.9 m/s. The laminar flame speed (SL), laminar flame thickness 
(δL), and NH layer thickness (δL,NH) were obtained from numerical simulations 
based on a CH4/NH3 mechanism of Okafor et al. [74]. δL,NH is the full width at half 
the maximum (FWHM) of the NH profile. The turbulent velocity (𝑢ᇱ) and integral 
length scale (l଴) were obtained from LDA measurements, and the values in Table 
4.2 were the results obtained at 10 mm above the centre of the burner exit. 
Detailed description are provided in section 4.3.1. The range of the turbulent 
intensities (𝑢ᇱ/SL) can be observed to range from 58 to 240, corresponding to a 
Reynolds number of 836 to 3274, and the integral length scales are 30 – 40 mm. 

Table 4.2 Conditions of the investigated turbulent flames. 

Cases Ф SL 

(cm/s) 
δL 

(mm) 
δL,NH 

(mm) 
𝒖′ 

(m/s) 
l0 

(mm) Ret 
η 

(um) 𝒖′/SL Λ0/δL Ka Da LDA 

DRZ08-10 0.8 4.06 2.89 0.66 
4.11 29.30 

1026 162 101 10 320 0.100  
DRZ10-10 1.0 6.92 1.95 0.67 892 179 59 15 118 0.253 √ 
DRZ12-10 1.2 7.03 2.05 1.29 836 189 58 14 118 0.244  
DRZ08-20 0.8 4.06 2.89 0.66 

7.13 35.20 
2139 112 176 12 667 0.069  

DRZ10-20 1.0 6.92 1.95 0.67 1860 124 103 18 246 0.175 √ 
DRZ12-20 1.2 7.03 2.05 1.29 1741 131 101 17 246 0.169  
DRZ08-30 0.8 4.06 2.89 0.66 

9.75 39.40 
3274 91 240 14 1008 0.057 √ 

DRZ10-30 1.0 6.92 1.95 0.67 2847 101 141 20 372 0.143 √ 
DRZ12-30 1.2 7.03 2.05 1.29 2666 106 139 19 373 0.139 √ 

4.3.1 Flow field characterisation 
In the LDA measurements, burst mode sampling is used for the data collection, 
which can provide high temporal resolution. Two channels for two velocity 
components run in a coincidence mode. The recorded length of each burst is auto-
adaptive according to the number of recorded samples and local velocity. The 
detected result is validated by the specified ratio between the 1st and 2nd peak 
from the frequency spectrum using the Fast Fourier Transform (FFT) algorithm.  

To extract relevant turbulence information, the LDA measurements were 
conducted in five cases, reported in Table 4.2. The velocities of the whole flow 
field were measured by scanning the probe volume from 10 mm to 150 mm above 
the jet exit, with a step 20 mm along the axial direction, and an adaptive step along 
the radial direction, totalling 20000 data points collected in each position. To 
avoid statistical bias, average quantities, such as mean velocity 𝑈 and root-mean-
square (rms) velocity fluctuation 𝜎, are calculated by transit time weighting: 
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𝑈 = ෍ 𝜂௜𝑈௜ேିଵ
௜ୀ଴ ሺ4.1ሻ 

𝜎 = ඩ෍ 𝜂௜ሺ𝑈௜ − 𝑈ሻଶேିଵ
௜ୀ଴ ሺ4.2ሻ 

The weighting factor 𝜂௜ is the ratio between transit time at each point and sum of 
the total transit time, and 𝑈௜  is the transient velocity at each dimension. The 
distribution of mean axial velocity, 𝑈(x, r), along the radial direction at different 
heights above the burner in two different cases, is shown in Fig. 4.13a-b. Fig. 
4.13c-d shows the profile of mean axial velocity and turbulent velocity along the 
centre line of the burner, which is normalised by the value 𝑈଴ taken at 10 mm 
above the centre jet, and the normalised turbulence velocity I is calculated by: I = 𝑢ᇱ/𝑈଴ ሺ4.3ሻ 

𝑢ᇱ = ඨ13 ൫𝜎௫ଶ +  2𝜎௬ଶ൯ ሺ4.4ሻ 

where 𝜎௫  and 𝜎௬  are the axial and radial rms velocity fluctuations, respectively, 
with the assumption that the fluctuated velocity in the tangential direction is equal 
to the radial fluctuated velocity. 

(a) (b) 
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(c) (d) 

Fig. 4.13. (a-b) Mean axial velocity distribution along the radial position at 
different heights above the burner exit plane. (c-d) Distribution of the normalised 

axial velocity and the normalised turbulence velocity along the flame height. 

 

The axial velocity decreases monotonously with the increasing burner height for 
the 20 m/s and 30 m/s cases, while the 10 m/s case shows a nearly constant axial 
velocity distribution between 60 mm to 100 mm from Fig. 4.13c. This is attributed 
to the low turbulent velocity  𝑢ᇱ  and the thermal expansion, because the flame 
height in this case is shorter compared to the other two cases. The normalised 
mean axial velocity of the 20 m/s and 30 m/s cases overlap very well, indicating 
that the flow fields of the two cases are close to being self-similar. The normalised 
turbulence velocity in the proximity of the burner is rather similar (approximately 
24 – 26%), indicating a well-developed turbulence field inside the burner.  

Unlike the average quantities, the investigation of time-correlation and spectrum 
requires high data rate, and this is achieved by increasing the amount of seeding 
and the sensitivity of the signal amplifier with a sacrifice of the validation. 105 
samples are recorded in the centre of the burner at each 10 mm height, with a 
validation higher than 80% and the maximum data rate up to approximately 20 
kHz. The time auto-correlation function and power spectral density are calculated 
by the FFT techniques. The raw samples are resampled and spaced equally in time 
before doing FFT-analysis, and these processed data are divided into consecutive 
blocks in the equal lag-time, so the final correlation is an average value in the total 
acquisition time. As our collection rate was about 20 kHz in each case, the number 
of samples is set to 1024 with a maximum 50 ms lag-time. This lag-time is almost 
100 times the integral time scale, which can provide reasonable results. 
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Fig. 4.14 The auto-correlation for the three cases 

The autocorrelation in turbulent flow is used to describe how the eddy structures 
can last in the time or the space scale. Fig. 4.14 shows the fitted autocorrelation 
function of the three different jet velocities under the equivalence ratio of 1, and 
their axial integral time scales τ0 are also given in the legend. Lines are fitted using 
an exponential function, keeping the coefficient equal to one at which the lag-time ∆𝑡 is zero. With the lag-time increasing, the auto-correlation decays to zero rapidly. 
The integral time scale τ0 is the integration of this fitted curve over the lag-time, 
which represents the turnover time of the large eddies. As the jet speed gets faster, 
the turbulent velocity increases, leading to the decrease of the integral time scale. 
These time scales are often converted to the axial integral length scale l଴ by the 
corrected version of Taylor’s frozen-flow hypothesis [75, 76]: l଴ =  τ଴𝑈 ൬1 + ఙమೣതതതത௎ + 4 ఙ೤మതതതത௎మ൰ and the results are listed in Table 4.2 to characterise the interaction 
between turbulence and chemistry. 
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(a) (b) 

Fig. 4.15 Turbulent power density spectrum against the frequency at different 
heights for two different cases. 

 

The power density spectrum (PDS) of the turbulent fluctuation based on jet speed 
10 m/s and 30 m/s with four different heights is shown in Fig. 4.15. All the data 
are collected longer than 5 s, which means that the minimum PDS frequency can 
be 0.2 Hz and the maximum frequency is limited by our data rates and the Nyquist 
frequency [77]. The dashed line in each figure represents an arbitrary power 
function whose exponential value is -2. The result shows that the spectral power 
starts to decay with f-2 [23] as the frequency increases to a critical frequency, and 
this frequency is the start point of the inertial subrange. This can be explained as 
the kinetic energies ሺ𝑢ᇱሻଶ of eddies in this region being inversely proportional to 
the frequency, as [24]: ሺ𝑢ᇱሻଶ~𝜀𝑓ିଵ ሺ4.5ሻ 

Thus, the power density spectrum in the frequency space can be expressed as: Εሺκሻ = 𝑑ሺ𝑢ᇱሻଶ𝑑𝑓 = 𝐶𝜀𝑓ିଶ ሺ4.6ሻ 

In most literatures, this relationship is expressed in wave-number form, known as 𝑘ିହ/ଷ law. 

This critical value is very similar to the large eddy turnover frequency (𝑢ᇱ/𝐿௫) 
which is 140 Hz for 10 m/s and 247 Hz for 30 m/s, respectively. For frequencies 
lower than this value, the PDS in the energy-containing range has a flat 
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distribution without any viscous dissipation or energy transfer. As the flow 
velocity increases, the time scale of the eddies is broadened and more turbulent 
kinetic energy is transferred from the main flow. 

4.3.2 Single-shot imaging 
Examples of the flame structure visualised by simultaneous NH/OH PLIF for 
different flames are shown in Figs. 4.16, 4.17 and 4.18. The left column is the NH 
PLIF and the corresponding OH regions are listed in the middle. The overlap 
results of the NH distribution and the OH leading edge with red lines are given in 
the right column. 

The NH layer remains continuous and thin in all three cases. However, the flame 
structure is wrinkled and corrugated due to the interaction between eddies and 
flame as the jet speed increases. The fuel-consumption layer, indicated by the NH 
radicals, is not broadened although the Ka has reached 1008 in Fig. 4.18. The 
results demonstrate that flames still resemble those in the thin reaction zone 
regime while the Kolmogorov scale in case DRZ08-30 is 91 μm, which is about 
1/5 of the thickness of the NH layer in Table 4.2. The criterion suggested, using 
Ka = 100 to separate the thin reaction zone and the distributed reaction zone 
regimes, needs further revision. 

Fig. 4.16. Simultaneous single-shot images of NH PLIF (left), OH PLIF (middle), 
and the inner edge of OH overlaid on NH PLIF field for Case DRZ10-10. 
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Fig. 4.17. Simultaneous single-shot images of NH PLIF (left), OH PLIF (middle), 

and the inner edge of OH overlaid on NH PLIF field for Case DRZ10-20. 
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Fig. 4.18. Simultaneous single-shot images of NH PLIF (left), OH PLIF (middle), 
and the inner edge of OH overlaid on NH PLIF field for Case DRZ08-30. 

The unburned reactants are enclosed by the OH radicals and the leading edge 
(marked as the red lines) is overlaid on the NH field. The inner edge of OH-PLIF 
and the NH layer coincide with each other in a thin area where the OH has a 
weaker signal intensity. This distribution is consistent with the corresponding 
species profiles in Fig. 2.2. Pockets of products exist in the unburned region and 
these island formations are likely due to the 3D wrinkled flame surface. Local 
extinction happens at the top of Fig. 4.18, where the signal intensities of both NH 
and OH decrease because of the entrainment of cold air.  

4.3.3 NH layer thickness 
Fig. 4.19 presents the ensemble-averaged mean thickness of the NH layer from 
250 images for all selected cases in Table 4.2. The NH layer remains thin and does 
not vary much with the flame height, as well as with the wide range of turbulent 



 47 

intensities, which is consistent with the findings in Figs. 4.16, 4.17, and 4.18. The 
fuel-rich flames with Ф equal to 1.2 show a much thicker NH layer than the lean 
and stoichiometric conditions. This difference can be attributed to the following 
factors: the influence of the equivalence ratio shown in Table 4.2 from the laminar 
flame CHEMKIN simulations, the NH PLIF signal detection that low-intensity 
signal may not properly capture, the binarisation of the signal, and the finite 
resolution limits. The result confirms that the NH layer is not statistically 
broadened by turbulence eddies under high Ka conditions. 

 
Fig. 4.19. The mean NH layer thickness at different heights for all cases. 

4.3.4 Turbulent burning velocity 
The turbulent burning velocity (ST) calculated from equation (2.10) for nine cases 
is shown in Fig. 4.20. The result calculated by 〈𝐶〉 = 0.2 is about two times that of 〈𝐶〉 = 0.5, which is the same as findings in methane/air flames by Wabel et al. 
[35]. It is clear to observe that the ST of the ammonia flames is lower than that of 
the methane flames under the same turbulent intensities, which is the same as the 
result of Ichikawa et al. [9]. The turbulent burning velocities present a linear 
increase with the turbulent intensity in our study. This trend is consistent with the 
local flamelet-like behaviour [39], which has been proven by the thin NH layer at 
high Karlovitz numbers in section 4.3.2 and 4.3.3. To understand the mechanisms 
of the flame propagation, further analysis on the effect of turbulent intensity on the 
flame surface is needed. 
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Fig. 4.20. Turbulent burning velocity normalised by the corresponding laminar 
value as a function of turbulent intensity (𝑢ᇱ/SL) for flames in Table 4.2. The data 

for methane/air flames from Wabel et al. [35] are also plotted for comparison. 

In the flamelet regime, the turbulent burning velocity is proportional to the flame 
surface density (FSD, Σ) in Equation (2.11), which is defined as the flame surface 
area in a unit volume in space.  𝑆்,௅஼ = S௅𝐼଴ න Σ𝑑𝑥௡ାஶ

ିஶ ሺ4.7ሻ 

The integral part is the ratio of wrinkled flame surface area A் to that of the mean 
flame brush 〈𝐴〉. න Σ𝑑𝑥௡ାஶ

ିஶ = 𝐴்〈𝐴〉 ሺ4.8ሻ 

Thus, S்S௅ = 𝐼଴ 𝐴்〈𝐴〉 ሺ4.9ሻ 

In the 2D measurements, the FSD is the ratio between the length of the flame 
segment and the area of the interrogation window. Σ = 𝐿ሺ∆𝑥ሻଶ ሺ4.10ሻ 
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where 𝐿 is the length of the flame surface in an interrogation window and ∆𝑥 is the 
side length of this window. Three different interrogation windows with a size of 
∆x varying between 0.5 and 1.5 mm were considered to eliminate the effects of 
variation of window size and an area of 15 × 15 pixels was finally chosen. This is 
shown in Fig. 4.21. The distribution of Σ along the radial position coincides very 
well with fewer changes, indicating that Σ is independent of the window size. 

 
Fig. 4.21. Variation of Σ for case DRZ10-30 based on OH-PLIF at two flame 

heights. 

 

The average of results from 250 OH-PLIF images of the relation between the 
flame surface density (FSD, Σ) and mean progress variable 〈𝐶〉 is shown in Fig. 
4.22. The data were fitted with a dashed line by a polynomial. The Σ has a similar 
distribution for all conditions and seems independent of the Karlovitz number. The 
peak of Σ decreases at approximately 〈𝐶〉 = 0.5 as the flame height increases from 
30 mm to 60 mm because the extensive space of the mean flame brush is broader 
than that at lower flame height, indicated by Figs. 4.2b and 4.21. This result is in 
agreement with the DNS of V-flames published by Domingo et al. [78]. 
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Fig. 4.22. Relation between Σ and 〈𝐶〉 based on OH-PLIF at two flame heights for 
all cases. A polynomial profile fitted by the data was added. 

In fact, the area ratio in Equation (4.8) can be obtained from Fig. 4.22 by 
calculating the area enclosed by the polynomial profile and the abscissa axis, 
which should be weakly dependent of the working conditions. To be more precise, 
the values of 𝐴்/〈𝐴〉  were acquired from the OH-PLIF at the second height 
(40mm<x<75mm) to evaluate variation of the ratio of wrinkled flame surface area 
to the mean flame brush. Results are plotted in Fig. 4.23. Although the wrinkle 
ratio increases with the turbulent intensity, compared with the growth rate of the 
turbulent burning velocity in Fig. 4.20, the increase of turbulent flame surface area 
is not enough to explain the boost of the turbulent burning velocity. Given that in 
equation (4.9) another factor influences the ST, I0 needs more discussion. 
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Fig. 4.23. Relation between flame surface area ratio 𝐴்/〈𝐴〉 and turbulent 

intensity 𝑢ᇱ/SL based on OH-PLIF from x= 40 mm to x=75 mm for all cases. 

 

Values of the stretch factor I0 were computed and are shown in Fig. 4.24. I0 can be 
observed to increase from 2 to 6 with the 𝑢ᇱ/SL varying from 60 to 240. The study 
of DNS in lean premixed methane/air flames at low turbulent intensity reported 
that the value of I0 varied from 1.09 to 1.12 while 𝑢ᇱ/SL varied from 1.7 to 4.3 [79]. 
This conclusion is consistent with the present results obtained by using an 
extrapolating function to the low values of 𝑢ᇱ/SL. The high value of I0 can be 
explained by the following factors. First, the effect of the higher flame stretch rate 
enhances the local displacement velocity. A recent DNS study showed that the 
value of I0 can be 5 to 10 in turbulent premixed flames [80]. Second, the 2D 
visualisation underestimates the values of 𝐴்/〈𝐴〉, not considering the 3D effect. 
Zhang et al. [81] found that the flame surface density in a 3D Bunsen flame can be 
10% – 50% higher than the 2D one. That the flame wrinkle structure is not fully 
resolved by the present spatial resolution can be a third factor. The fine structures 
on the same order of the spatial resolution are, in essence, filtered, leading to an 
overestimated I0. 
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Fig. 4.24. Relation between stretch factor I0 and turbulent intensity 𝑢ᇱ/SL for all 
cases. 
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5 Summary and outlook 

5.1 Summary 
This thesis has provided deepened insight into the characteristics of premixed 
ammonia/air combustion under high Karlovitz number conditions. Laser-based 
diagnostic techniques were used to acquire fundamental knowledge from a lab-
scale jet flame and a large Bunsen flame, by extension scaling to industrial-level 
applications. The investigated cases are located within the distributed reaction 
zone regime with a wide range of integral length scales and turbulent intensities. 
Qualitative and quantitative analysis were applied to investigate the development 
of the flame structures, especially of the reaction zone. Discussion of the 
correlation of the reactive scalars and the turbulent burning velocity was also 
involved in the different studies. The main conclusions are summarised below: 

In the lab-scale LUPJ flames: 

 The NH layer remains thin and continuous when the Ka is less than 590. 
However, as the turbulent intensity increases, significant broadening was 
observed at higher flame heights. The broadening of the NH layer is the result 
of the turbulence eddy/flame interaction, and local flame merger. The 
statistical analysis indicates that the thickness of NH layer can increase 3 – 4 
times downstream in flames at Ka 1900 or greater.  

 The boundary between the thin reaction zone regime and distributed reaction 
zone regime in the LUPJ flames is at a much higher Ka than in the 
methane/air flames at Ka of approx. 100 on the same burner, indicating that 
regime classification is also fuel related. 

 The laminar ammonia/air flames show that the NO pollutant mainly forms in 
the reaction zone around 1500 K. However, most NO is found at lower 
temperatures in the corresponding turbulent flames, which suggests a strong 
turbulent influence on the NO field. The NO is likely transported to the 
preheat zone. 

In the large-scale DRZ flames: 

 The NH and OH radicals coexist in a thin layer under all operation conditions. 
The NH layer remains thin and no broadening was observed with the Ka up to 
1008 with a turbulent intensity of 240. This observation suggests that the 
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small-scale eddies cannot penetrate the NH or fuel-consumption layers. The 
experimental results show that the thin reaction zone assumption may be 
applicable under high Karlovitz number conditions (Ka >> 100) for 
ammonia/air premixed flames. 

 The ratio of turbulent to laminar burning velocity increases linearly with the
turbulent intensity, which is consistent with the observed thin NH layer and
the flamelet concept. While the analysis of the flame surface density based on
the OH-PLIF indicates that flame surface wrinkling is not the dominant
effect, this is contradictory to the flamelet concept. This is mainly due to the
limited spatial resolution of the PLIF imaging and the difference of the flame
surface density between 2D projection and 3D flame.

5.2 Outlook 
This work reports the experimental studies of premixed ammonia/air combustion 
at high Karlovitz (Ka) number conditions. It can be regarded as the beginning of 
research on ammonia combustion and several research questions remain 
unanswered. Some of the future works suggested: 

 Although the turbulent intensity and Karlovitz (Ka) number in DRZ flames
are similar to industrial applications, the effects of high temperature and high
pressure present in working conditions in real combustors are not considered
here. It may be hard to carry out direct investigation in such harsh
environments. However, preheating reactants to a certain temperature to study
flame structure is possible. The Borghi-Peters regime diagram does not
include a temperature dimension, which is a very important factor for
turbulent premixed combustion.

 The studies were conducted on two different burners to visualise the fuel
consumption layer by the NH-PLIF method, while the results demonstrate a
different conclusion. The NH layer in the DRZ flames remains thin and
continuous. However, broadening happens in the LUPJ flames when the Ka is
higher than 1900. Similar findings were observed in previous studies of
methane/air flames. A more precise regime diagram is needed, taking into
consideration the burner geometries, turbulence generating mechanisms, fuel
types, and other necessary parameters.

 NO emission, one of the main issues of ammonia combustion, still needs
further investigations. Usually, the minimum production of NO is achieved
under fuel-rich conditions, but the amount of unburnt ammonia will increase
dramatically. To deepen the relevant understanding at highly turbulent
intensities, the NO-PLIF can be carried out in the DRZ flames and the
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concentration of this pollutant will be analysed by the emission analyser. 
Furthermore, ammonia leakage can be measured by two-photon laser-induced 
fluorescence [82] or laser-induced photofragmentation fluorescence [83]. The 
reduction of NO emission under highly turbulent conditions is important for 
combustor design.  
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