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Abstract
Flameless combustion is a combustion regime which results in drastically lower 𝑁𝑂𝑥 emissions. 𝑁𝑂𝑥
has been found to influence global warming through its interactions with ozone chemistry and, exposure
to this gas has been found to have adverse health effects in humans. A jet-in-hot-coflow setup is a
combustor which is used in literature to study flameless combustion. It is well suited for studying flame
morphology and the coflow composition can easily be changed. In most of these setups, the reaction
zone is uncontained, allowing for ambient air to entrain into the region of interest. Furthermore, there
is currently a lack of emissions data over a wide range of operating conditions.

This project included the engineering, design, and development of an enclosed jet-in-hot-coflow setup
as well as an analysis of the flow field and combustion characteristics through experiments. Mea-
surements were done using PIV, suction probe gas analyzer, thermocouples, and chemiluminescence
imaging. Experiments were done with methane-air mixtures in the central jet and the coflow consisted
of hot burnt products of methane-air combustion with the addition of external diluents such as 𝐶𝑂2 and
𝑁2. One of the most interesting results was that 𝑁𝑂𝑥 reburning was observed in the reaction zone
produced by the central jet, which was found to be correlated to the 𝐶𝑂 concentration in the combus-
tion chamber. The addition of 𝐶𝑂2 and 𝑁2 as diluents in the coflow resulted in a longer combustion
zone and reduced temperatures in the combustion chamber, leading to decreased 𝑁𝑂𝑥 production,
and increased reburning. Further, the impact of oxygen concentration, equivalence ratio, and coflow
temperature on product species formation was also analysed. The results indicate that combustion
zone growth and temperature effects are balanced for lower jet speeds, while for others, the effects
of increasing combustion zone size and distribution with increasing equivalence ratio result in reburn-
ing becoming more dominant. Improvements are recommended, such as redesigning the central jet
cooling assembly, integrating a secondary burner inside the mixing duct, implementing a pre-heating
system for temperature control, and using high-speed imaging techniques for capturing flame develop-
ment and ignition behaviour.
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1
Introduction

The devastating effects of climate change are becoming increasingly clear. It is now more important
than ever to find ways of reducing harmful emissions. Electrification using clean energy is often hailed
as the solution, but this is not (yet) feasible for every application. For this reason, combustion still
remains relevant for aviation. Therefore, research into cleaner forms of combustion is paramount. The
current trend in aero engines is to use higher pressure ratios and combustion temperatures as this
increases the efficiency [Yin and Gangoli Rao, 2017]. This does result in higher 𝑁𝑂𝑥 emissions as can
be seen from Figure 1.1. In this figure, the 𝑁𝑂𝑥 emissions are plotted as a function of the pressure
ratio based on historical data. While 𝑁𝑂𝑥 is not a greenhouse gas itself it does indirectly have both
warming and cooling effects. An increase in temperature is realised through the enhancement of the
production of ozone [Lee et al., 2009]. This effect is especially strong in aviation, where due to its
altitude of emissions, 𝑁𝑂𝑋 can lead to a three times greater production of 𝑂3 as compared to sea-level
emissions [Hoor et al., 2009]. Additionally, 𝑁𝑂𝑥 also has a cooling effect due to its role in reducing
ambient methane; though the overall effect results in heating [Lee et al., 2009].
Aside from affecting global warming 𝑁𝑂𝑥 emissions also have adverse health effects. Nitric oxides
emissions play a role in the secondary formation of 𝑃𝑀2.5, particulate matter smaller than 2.5 microme-
tres. These particles can penetrate deep into the lungs and can be absorbed into the bloodstream.
Both these small particles and 𝑁𝑂𝑥 itself have been linked to causing or exacerbating asthma, COPD,
and cardiovascular diseases [U.S. EPA L U - U S Environmental Protection Agency, 2016][Feng et al.,
2016]. To protect the health of the general public the emissions of these gasses should be minimised
or even completely prevented. For all these reasons the European Union has set the goal of reducing
𝑁𝑂𝑥 emissions of aviation by 90% as compared to a typical new aircraft sold in 2000 [European Com-
mission and Directorate-General for Mobility and Transport and Directorate-General for Research and
Innovation, 2011]. This ACARE goal is displayed in Figure 1.1 as the greyed-out area.
Flameless combustion could be one of the technologies employed to reduce nitric oxides emissions.
This regime is in general achieved by diluting the reactants with flue gasses down to a degree where the
overall volumetric oxygen concentration is between 10 and 3% [Medwell and Dally, 2012a]. The flame
is then sustained by heating the reactants to above their self-ignition temperature. This results in a more
distributed flame, with a more uniform temperature distribution and overall lower temperatures. Since
the thermal pathway for 𝑁𝑂𝑥 production plays a major role in the overall 𝑁𝑂𝑥 emissions of aero engines
the reduction in temperature results in this pathway being severely inhibited [Warnatz et al., 2006]. The
dilution achieves this reduction in temperature in three ways: By mixing in additional gasses the overall
heat capacity of the mixture is increased. Dilution also reduces the rate of reactions by making it less
likely for two reacting molecules to collide in the right way [Perpignan et al., 2018]. Finally, the diluents
also alter what reactions take place by directly participating in them. Either by acting as a third body or
by decomposing and altering the available pool of radicals [Park et al., 2002].

1.1. Relevance and research objective
As will be discussed in chapter 2 there is no clear consensus on what flameless combustion is. There
are multiple definitions in use with varying degrees of overlap. In general flameless combustion is
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Figure 1.1: Variation of overall pressure ratio with 𝑁𝑂𝑥 emissions index for aero engines over time. Data from ICAO Aircraft
Emissions Databank [ICAO, 2016]. Data for the ACARE goal European Commission and Directorate-General for Mobility and

Transport and Directorate-General for Research and Innovation, 2011. Figure taken from Perpignan et al., 2018

achieved by diluting the reactants with flue gasses down to an oxygen concentration of between 10
and 3% [Medwell and Dally, 2012a], but even within this range different types of behaviour are ob-
served. Additionally, data on emissions is lacking especially in combination with flame morphology
measurements [Perpignan et al., 2018]. All previously built jet-in-hot-coflow setups are unenclosed,
allowing lab air to influence the region of interest. Though, the jet-in-hot-coflow burner design is well
suited for studying flame morphology and having control over the diluent composition. To be able to
take accurate gas measurements the combustion chamber should be sealed off from the ambient air.
As will be discussed in chapter 2 the gas composition of the diluent mixture can have a significant
effect on the progression of combustion. Though, current combustion models were not designed with
the presence of large volumes 𝐶𝑂2 and 𝐻2𝑂 before ignition [Sabia and de Joannon, 2020]. For this
reason, more emissions data is needed for validation in a wide range of operating conditions.

The main objective of the thesis will therefore be defined as:

“To study the effect of vitiation on the formation of product species, and stability of flame-
less combustion, by designing an enclosed jet-in-hot-coflow burner and analysing methane
combustion in flameless operation by diluting it with hot vitiated gasses at various equiva-
lence ratios, operating temperatures and dilution levels.”

1.2. Research questions
The research objective can be broken down into sub-questions, these questions are presented below.

”How does dilution with hot vitiated gasses influence the physical characteristics of the com-
bustion zone at various oxygen concentrations, equivalence ratios, and coflow temperatures?”
- Various experiments have shown that the oxygen concentration, flue gas inlet temperature and equiv-
alence ratio can lead to different types of behaviour and shape of the flame. Experiments by Oldenhof
et al., 2010 and Medwell et al., 2008 found that for a non-premixed flame at a coflow oxygen concen-
tration of around 9% the flame appears to be lifted and is more luminous, as compared to a flame with
a 3% oxygen concentration in the coflow. At the low oxygen concentration, the flame is attached to the
jet exit by a faint outline. At higher oxygen concentrations of 9% ignitions occur through the formation
of ignition kernels, which grow, and then merge as they convect downstream [Oldenhof et al., 2010].
Different types of behaviour are also observed with changing jet velocity. In the higher oxygen range,
the lift-off height of the flame decreases with increasing jet velocity at certain temperatures [Medwell
and Dally, 2012b].

Furthermore, Sabia, Sorrentino, et al., 2015 found regions where different types of dynamic behaviour
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are observed depending on the diluent composition, inlet temperature and equivalence ratio. This was
found to be caused by competition between pyrolitic/ endothermic reactions and exothermic reactions.
In flameless combustion, the dilution reduces the rates of reaction which creates a more delicate bal-
ance between different reaction branches.

”In what way does dilutionwith hot vitiated gasses influence the formation of secondary product
species at various oxygen concentrations, equivalence ratios, and coflow temperatures?” - The
effect of the operating conditions on the emissions of gasses like 𝑁𝑂𝑥 are of interest. [Park et al., 2002]
found that dilution with 𝐶𝑂2 and 𝐻2𝑂 changed the production of 𝑁𝑂𝑥 through the prompt pathway, by
altering the rate of formation of 𝐶𝐻. Dilution with nitrogen only resulted in a general depression of
all pathways. 𝐻2𝑂 dilution was also found to enhance 𝑁𝑂𝑥 reburning compared to 𝐶𝑂2. Additionally,
Song et al., 2019 found that the addition of 𝑁𝑂𝑥 resulted in different behaviours depending on the inlet
temperature of the reactants. At low temperatures, 𝑁𝑂𝑥 addition had a catalytic effect while at higher
temperatures they would be reburned.

”What are the operational limits of the designed setup and what are the characteristics of the
flow field inside the combustor?” - Since this is a new burner it is important to quantify its charac-
teristics. This burner will have an enclosure of an octagonal shape, it is important to understand the
behaviour of the flow in the combustion chamber to be able to accurately interpret the gas measure-
ments that will be taken. Furthermore, the operational limits of the device need to be understood before
a proper test plan can be formed.

1.3. Structure of the report
In chapter 2 some background information will be provided on flameless combustion. What terms are
used, what definitions are used in literature, as well as the ignition behaviour and effects of diluents will
be discussed. Then in chapter 3 the design of the enclosed jet-in-hot-coflow setup will be discussed.
In chapter 4 the formulas used to design the experimental campaign in chapter 7 will be discussed. In
chapter 5 the heat transfermodel used for the design of the combustor will be detailed. Then in chapter 6
the flow field inside the combustion chamber will be investigated using a particle image velocimetry
campaign. In chapter 7 the results from the commissioning campaign and the followup campaign will
be discussed. In chapter 8 the research questions will be answered and recommendations for further
research will be provided.





2
Background

Flameless combustion is a combustion regime where the combustion temperature has been lowered
by, in general, diluting the reactants with flue gasses. These gasses are usually exhaust gasses from
the combustion process being recirculated back into the combustion zone [Perpignan et al., 2018].
Reducing the flame temperature results in lower 𝑁𝑂𝑥 emissions, as the main production pathway for
𝑁𝑂𝑥 production is highly temperature dependent, [Warnatz et al., 2006]. Though as will be discussed
in this chapter 𝑁𝑂𝑥 emissions are also be reduced in other ways [Park et al., 2002].

In this chapter the state of the art on flameless combustion will be discussed. First starting with the
definition. In the literature, various terms are used to refer to more-or-less the same domain, these will
be discussed in the first section. Furthermore, several definitions are used to refer to the same domain
these will also be analysed. More background on the several ways in which 𝑁𝑂𝑥 can be produced will
also be provided. Then, the ignition behaviour of flameless combustion will be discussed, in particular
in reference to flames in jet-in-hot-coflow setups. Dynamic behaviour is also observed under certain
conditions. This will be analysed, as well as the effect of different diluents on this dynamic behaviour
and on the temperature and emissions from the flame. Then, the effect of jet momentum and premixing
will be discussed. Finally, a summary of the state of the art will be given.

2.1. Definition of Flameless combustion
While there has been a notable amount of research on the subject of flameless combustion there is no
clear consensus on what flameless combustion is. Also, the name flameless combustion is not univer-
sally used to describe the regime. In literature, other terms can be found which refer to more or less the
same kind of combustion. Cavaliere and De Joannon, 2004 provides a good summary of these various
definitions. Flameless combustion can be considered a type of high-temperature air combustion, or Hi-
TOC. Where air is preheated to achieve higher thermodynamic efficiencies. However simply increasing
the reactant temperature increases 𝑁𝑂𝑥 emissions, as pointed out by Wünning and Wünning, 1997.
These authors coined the term FLOX, or flameless oxidation, which refers to a combustion process
in which exhaust gas is recirculated into the combustion zone leading to lower flame temperatures.
Other terms used to refer to flameless combustion include mild combustion and colourless distributed
combustion, or CDC [Perpignan et al., 2018]. The differences or overlap between these terms is not
entirely clear. The terms FLOX, flameless combustion and CDC indicate a reduction or complete lack
of visible radiation emitting from the flame. However, reductions in flame luminosity are not necessar-
ily linked to lower emissions [Li et al., 2011]. In general, these terms describe a combustion process
where the flame temperature has been lowered significantly to such a degree that the flame is not able
to sustain itself without the reactants being preheated to above their self-ignition temperature. Usually,
the flame temperature is reduced by highly diluting the reactants with inert gasses, most often by recir-
culating exhaust gasses. However, low oxygen concentrations are not always required for example in
the work of Khalil and Gupta, 2017 who were able to achieve a reduction in flame temperature with a
gas mixture of pure oxygen, between 40% down to 21% volume, and the rest of carbon dioxide. These
authors referred to this domain as colourless distributed combustion. The lack of a robust definition
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Figure 2.1: Combustion diagram for premixed (left) and non-premixed flames (right). The region demarcated by the red dotted
line is where flameless combustion can be found. Taken from Perpignan et al., 2018.

makes it hard to determine which phenomena are inherent to flameless combustion, or are related to
some other similar domain.

In Figure 2.1 a combustion diagram is shown for both premixed and non-premixed combustion. For
premixed combustion, the natural log of turbulent fluctuations over the laminar flame speed is on the
Y-axis, and the X-axis has the natural log of the ratio of turbulent integral length scale over the laminar
flame thickness. The non-premixed diagram has the Damköhler number 𝐷𝑎 on the Y-axis and the
Reynolds number 𝑅𝑒 on the X-axis. The domains in these diagrams are separated based on the
Reynolds, Damköhler and Karlovitz numbers [Warnatz et al., 2006]. The Damköhler number is defined
as the ratio of the flow time scale over the chemical time scale. The Karlovitz number is the ratio of the
chemical time scale over the Kolmogorov time scale, which is the time scale of the smallest eddies in
the flow. A large Karlovitz number means that small-scale eddies can enter the flame front and increase
the local diffusive transport leading to a thicker flame front. The subscript 𝑇 and 𝐿 refer to the integral
time scale and integral length scale respectively. The integral length scale is the size of the largest
eddies in the flow, while the timescale is the time scale associated with these eddies.

In Figure 2.1 in the premixed case the encircled area indicates the location of flameless combustion.
It can be found in the distributed reactions zone, at a 𝐷𝑎 of around one, a high Karlovitz number and
a high Reynolds number. Dilution is thought to reduce the rate of reactions, increasing the chemical
time scale and leading to thickened and broadened reaction zones [Perpignan et al., 2018]. Although,
Perpignan et al., 2018 point out that there is still a large amount of uncertainty surrounding the degree
to which flameless combustion is dependent on the Karlovitz number due to the difficulties of achieving
a broad range of conditions experimentally or using DNS. The increased turbulence intensities at high
Reynolds numbers have been reported to aid in reaching flameless conditions [Derudi et al., 2007].

2.1.1. Recirculation definition
Besides the different terms used to describe flameless combustion, there are also different definitions.
The most simple one is the recirculation definition for FLOX by Wünning and Wünning, 1997. Whether
flameless combustion was achieved depends purely on the recirculation rate of flue gasses. That
recirculation rate is defined using Equation 2.1, in which 𝐾𝑣 is the recirculation rate, 𝑀̇𝐸 the mass flow
of recirculated flue gasses, 𝑀̇𝐹 the fuel mass flow and 𝑀̇𝐴 the air mass flow rate. Experiments by the
authors generated a stability diagram, which is shown in Figure 2.2. The X-axis is the recirculation
rate, the Y-axis is the furnace temperature In this diagram there are three separate regions, region A
is the stable regime for diffusive flames, in region B the flame is unstable and was observed to lift off
and blow out, and in region C, at higher recirculation rates, the flameless regime was reached and the
flame was observed to be stable again. The flame was not visible and did not produce sound when
operating in region C.

𝐾𝑣 =
𝑀̇𝐸

𝑀̇𝐹 + 𝑀̇𝐴
(2.1)
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Figure 2.2: Stability diagram FLOX [Wünning and Wünning, 1997]

2.1.2. PSR definition
Another simple definition is the one proposed by Cavaliere and De Joannon, 2004. This definition
defines a combustion process as flameless if the increase in temperature in a perfectly stirred reactor
is smaller than the self-ignition temperature (Δ𝑇 < 𝑇𝑠𝑖), where the change in temperature is defined
as the difference between the maximum temperature in the combustor and the inlet temperature Δ𝑇 =
𝑇𝑚𝑎𝑥−𝑇𝑖𝑛. Additionally, the reactant inlet temperature has to be higher than the self-ignition temperature
(𝑇𝑖𝑛 > 𝑇𝑠𝑖). This definition is referred to as the perfectly stirred reaction (PSR) definition, it is the most
used definition in literature [Perpignan et al., 2018]. Although, as Perpignan et al., 2018 point out, this
definition poses difficulties when flameless combustion is achieved using recirculation. The reactant
inlet temperature will be below the self-ignition temperature, which means this cannot be considered
flameless following this definition; defining the inlet temperature based on a perfect mixture of the fresh
incoming reactants and the recirculated gas is also not accurate as the gasses don’t mix completely
before igniting.

2.1.3. Ignition based definition
Experiments performed inside the flameless domain following the PSR definition have shown different
types of ignition behaviour. At oxygen concentrations of about 5% - 12% ignition kernels are observed
[Oldenhof et al., 2010, Medwell and Dally, 2012b]. These kernels grow in size as they move down-
stream away from the fuel nozzle and then form a continuous flame front. Below these kernels, a faint
outline of 𝑂𝐻 was observed [Medwell et al., 2008], which indicates even below this point some kind of
pre-ignition is taking place. At lower oxygen concentrations the flame was observed to be attached, but
the entire flame itself appears much fainter [Medwell et al., 2008]. The ignition behaviour in this region
is more slow and gradual. The flamelet definitions only define flames in which this gradual ignition
behaviour is observed as flameless.

Ignition and extinction phenomena are often discussed using the S-shaped curve. For premixed com-
bustion, this temperature curve is plotted as a function of the Damköhler number, while for non-premixed
flamelets it is a function of the inverse of the scalar dissipation rate. Normally this curve takes the shape
of an S, where there is a distinct ignition and quench point. The low branch refers to slow reaction rates
and low temperatures, the upper branch refers to faster reaction rates and higher temperatures. In-
creasing the Damköhler number, or decreasing the scalar dissipation at the ignition point results in a
jump in temperature to the upper branch, at the quenching point a decrease in 𝐷𝑎 or increase of the
scalar dissipation results in a jump to the lower branch. Under some conditions this S-shape does not
exist, there are no distinct ignition and quench points. When this happens reactants shift monotoni-
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cally from a burned to an unburned state. This definition has been used to separate gradually igniting
flameless combustion from the combustion in which ignition kernels are found.

Premixed
Oberlack et al., 2000 derive the ignition definition for lean premixed combustion. Equation 2.2 gives
the ignition and quenching temperature in the s-shaped diagram. In this equation 𝑄∗ is the normalised
heat of combustion (𝑄∗ = 𝑄𝑌𝐹𝑢

𝑐𝑃𝑊𝐹𝑇𝑢
), 𝑌𝐹𝑢 is the unburned fuel mass fraction, 𝑐𝑃 the specific heat at con-

stant pressure, 𝑊𝐹 the molar mass of the fuel, and 𝑇𝑢 the unburned reactant temperature. 𝐸∗ is the
normalised activation energy (𝐸∗ = 𝐸

ℛ𝑇𝑢
), with the universal gas constant ℛ. The fact that only the

fuel mass fraction is used in this formulation means that it is only valid for lean mixtures. Figure 2.3
shows the s-shape curve for different values of the normalised activation energy 𝐸∗, with on the x-axis
the Damköhler number, and on the y-axis the normalised steady temperature (𝑇∗𝑆 =

𝑇
𝑇𝑢
). The ignition

and quench point only exist if the result from Equation 2.2 is real, when the resulting temperature is
complex the quench and ignition points do not exist anymore. Looking at the equation it can be seen
that the result is complex if the inside of the square root is negative, which is achieved if the condition
in Equation 2.3 is met. Looking at the definition for 𝑄∗ and 𝐸∗, an increase in inlet temperature would
lead to a decrease in normalised activation energy and an increase in the right hand term. A higher
inlet temperature would then also allow for a larger heat of combustion while still maintaining monotonic
combustion.

𝑇𝐼,𝑄 =
(2 + 𝑄∗)𝐸∗ ±√[𝐸∗𝑄∗ − 4(1 + 𝑄∗)]𝐸∗𝑄∗

2(𝐸∗ + 𝑄∗) (2.2)

𝐸∗ < 41 + 𝑄
∗

𝑄∗ (2.3)

Figure 2.3: S-shaped curve for a PSR, with 𝑄∗ = 4 with various 𝐸 [Oberlack et al., 2000]

Non-premixed
For non-premixed flames the monotonic ignition criterion was derived by Evans et al., 2017, based on
the formulation for the ignition and quench temperature by Pitsch and Fedotov, 2001. The normalised
ignition and quenching temperature can be computed using Equation 2.4. The normalised temperature
is defined as 𝜃 = (𝑇 − 𝑇𝑠𝑡,𝑢) / (𝑇𝑠𝑡,𝑏 − 𝑇𝑠𝑡,𝑢), where the subscript 𝑠𝑡 refers to stoichiometric conditions,
the subscript 𝑢 to the unburned state, and the subscript 𝑏 to the burned state. 𝛽 is the activation tem-
perature ratio 𝛽 = 𝐸𝑒𝑓𝑓

ℛ𝑇𝑠𝑡,𝑏
, with the universal gas constant ℛ, and the stoichiometric burned temperature

𝑇𝑠𝑡,𝑏. Finally, 𝛼 is the heat release parameter defined as 𝛼 = Δ𝑇𝑠𝑡/𝑇𝑠𝑡,𝑏. When Equation 2.4 is real the
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quench and ignition temperature exists, when the result is complex there are no distinct quench and
ignition temperature; as can be seen in the equation the result is complex if 𝜉 is negative. The definition
for 𝜉 is given in Equation 2.5.

𝜃𝑠𝑡 = 1 −
1 + (3 + 𝛽)𝛼 ± 𝜁1/2
2 (𝛼2 + (1 + 𝛽)𝛼) , 𝜃𝑠𝑡,𝑒𝑥 ≥ 𝜃𝑠𝑡, 𝑖𝑔𝑛 (2.4)

𝜁 = (𝛽2 + 6𝛽 + 1)𝛼2 − (6𝛽 − 2)𝛼 + 1 < 0 (2.5)

In Figure 2.4 the S-shape curve is shown for a methane flame with activation energy 𝐸 = 150 kJ/kg,
𝛽 = 8.03 and a fuel inlet temperature of 300K [Pitsch and Fedotov, 2001]. The X-axis is the natural
logarithm of the scalar dissipation rate. Pitsch and Fedotov, 2001 varied the Zeldovich and Damköhler
numbers and the heat release parameter 𝛼. The authors increased the Zeldovich number by increasing
the activation temperature ratio (𝛽) this resulted in a reduction in both quenching and ignition scalar
dissipation rate, but the reduction in ignition point was further than the reduction in the quenching point.
A change in the Damköhler number simply resulted in a shift of the curve. The strongest response
can be seen when altering the heat release parameter 𝛼; an increase led to a very strong reduction
in the scalar dissipation rate for the ignition point and a slight increase for the quenching point. The
heat release parameter is a function of the change in temperature at stoichiometry. A higher inlet
temperature, or a lower change in temperature both result in a smaller value for 𝛼, which will result
in the quench and ignition point coming closer together. A smaller 𝛽 will also result in these points
coming closer together and eventually disappearing. Changing the Damköhler number does not bring
the points closer together, and can therefore also not be found in Equation 2.5.

Figure 2.4: S-shaped curve for non-premixed combustion [Pitsch and Fedotov, 2001]

2.2. Nitric oxide production
To better understand the relevance of these definitions the 𝑁𝑂𝑥 formation pathways need to be under-
stood first. There are multiple ways to produce𝑁𝑂𝑥 as part of a combustion process with a nitrogen-free
hydrocarbon fuel. The first production pathway is thermal or Zeldovich𝑁𝑂𝑥 [Zeldovich, 1946]. The three
main reactions are shown in Equation 2.6, Equation 2.7, and Equation 2.8. This reaction is referred to
as the thermal mechanism as it is very temperature dependent. The reaction in Equation 2.6 is rate
limiting due to the strong triple bond of nitrogen; the nitrogen radicals produced by the first reaction are
needed in the other reactions [Warnatz et al., 2006]. Below 1700K this reaction rate of the first reaction
is too low to have any meaningful effect according to Warnatz et al., 2006.
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𝑂 + 𝑁2 → 𝑁𝑂 + 𝑁 (2.6)
𝑁 + 𝑂 → 𝑁𝑂 + 𝑂 (2.7)

𝑁 + 𝑂𝐻 → 𝑁𝑂 + 𝐻 (2.8)

The second pathway is prompt, or Fenimore 𝑁𝑂𝑥 [Fenimore, 1971]. Fenimore observed𝑁𝑂 concentra-
tions close to the downstream side of a premixed flame front higher than is predicted by the slow thermal
𝑁𝑂𝑥 mechanism. This effect was only observed when burning hydrocarbons. This production mecha-
nism is very fast and is therefore referred to as prompt. Production occurs through 𝐶2𝐻2 and 𝐶𝐻 radicals
and is, therefore, most active under rich conditions. The rate-limiting reaction 𝐶𝐻+𝑁2 → 𝐻𝐶𝑁+𝑁 has
much lower activation energy than the rate-limiting reaction for thermal 𝑁𝑂𝑥, therefore prompt 𝑁𝑂𝑋 is
also produced at temperatures below 1000K [Warnatz et al., 2006].
Another often overlooked pathway is production via nitrous oxide 𝑁2𝑂 [Warnatz et al., 2006]. This 𝑁𝑂
produced through this mechanism is often very small, but when the thermal and prompt 𝑁𝑂𝑥 produc-
tion pathways are suppressed this pathway can become the dominant one. As the reaction, given in
Equation 2.9, is a three-body reaction, higher pressures promote production through this pathway. Fur-
thermore, since the activation energy of this reaction is quite low it can proceed at low temperatures as
well. The nitrous oxide then reacts with either a hydrogen or oxygen radical as shown in Equation 2.10
and Equation 2.11 [Glarborg et al., 2018].

𝑁2 + 𝑂 +𝑀 → 𝑁2𝑂 +𝑀 (2.9)
𝑁2𝑂 + 𝑂 → 𝑁𝑂 + 𝑁𝑂 (2.10)
𝑁2𝑂 + 𝐻 → 𝑁𝑂 + 𝑁𝐻 (2.11)

Even more recently production of 𝑁𝑂 though the 𝑁𝑁𝐻 pathway has been identified [Bozzelli and Dean,
1995]. 𝑁𝑁𝐻 is a very short-lived molecule. It quickly decomposes back to 𝑁2 and 𝐻, but the formation
reaction is also really quick therefore equilibrium or near-equilibrium concentrations of 𝑁𝑁𝐻 are still
achieved. The molecule can then react with a free oxygen radical to form 𝑁𝑁𝐻𝑂∗, which decomposes
to 𝑁𝐻 and 𝑁𝑂 [Bozzelli and Dean, 1995]. This pathway is enhanced when hydrogen is added to the
mixture, especially in lean conditions [Iavarone and Parente, 2020].
As Iavarone and Parente, 2020 points out there is still a large amount of uncertainty surrounding the
kinetics of this pathway, and the heat of formation of the NNH radical is still debated. The rate constant
for the limiting reaction in Equation 2.12 is still not well determined either. Values reported in the
literature vary by more than an order of magnitude.

𝑁2 + 𝐻 → 𝑁𝑁𝐻 (2.12)
𝑁𝑁𝐻 + 𝑂 → 𝑁𝐻 + 𝑁𝑂 (2.13)

The main way in which 𝑁𝑂𝑥 production is decreased in flameless combustion is due to the decrease in
flame temperature and thus the reduction in the thermal production of𝑁𝑂𝑥. The PSR definition and both
ignition definitions are also valid above an inlet temperature of 1700K, the size of the domain grows
even for the ignition definitions. That means that while the combustion process might be flameless,
and or with a gradual ignition, following these definitions, the 𝑁𝑂𝑥 production might still be high if the
reaction temperature is high enough.
Dilution does not only affect the production of𝑁𝑂 through a reduction in temperature. While the diluents
are often referred to as inert they do in fact play a role in the progression of reactions. Park et al., 2002
found in their numerical study of a methane-air counterflow diffusion flame that, when adding either 𝐶𝑂2
or𝑁2 from 0 to 10% volume, prompt𝑁𝑂𝑥 production was suppressed. In the case of𝑁2 all pathways are
restrained, likely just as an effect of dilution. When 𝐶𝑂2 was supplied the path 𝐶𝐻3 → 𝐶𝐻2 → 𝐶𝐻2𝑂 is
enhanced, reducing the amount of 𝐶𝐻 formed from 𝐶𝐻2. As the reaction of 𝐶𝐻 with𝑁2 is the rate-limiting
step of 𝑁𝑂 production through the prompt pathway [Warnatz et al., 2006], the reduced availability of
𝐶𝐻 will result in a reduction in prompt 𝑁𝑂 formation. Additionally, 𝐶𝐻 is also produced via the C2 route,
𝐶2𝐻2 → 𝐶𝐻2 → 𝐶𝐻 and another C1 pathway. Both of these are also weakened due to the addition of
𝐶𝑂2.
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2.3. Discussion on the definitions
Evans et al., 2017 created a diagram with the PSR definition and the premixed and non-premixed ig-
nition definitions, for various normalised temperature increases and inlet temperatures. This diagram
is displayed in Figure 2.5 From this diagram it can be seen that these definitions do not fully overlap,
and have different trends with increasing inlet temperature. The PSR definition is bound by the require-
ment for the inlet temperature to be above the self-ignition temperature. Following both these definitions
flameless combustion can also be achieved below the self-ignition temperature, but the flame has to be
continuously ignited to be able to sustain it. de Joannon et al., 2012 noted suppression of pyrolysis and
flame thickening in this region below the self-ignition temperature in their simulation. This means that
the ignition definitions are not just a subset of flameless combustion following the PSR definition. Each
of the different definitions also has a different trend. The PSR definition has a decreasing trend in the
maximum allowed normalised temperature with increasing inlet temperature, while both ignition defi-
nitions show increasing trends. The non-premixed line gradually becomes less steep with increasing
inlet temperature, but the premixed definition increases seemingly without bounds. This is interesting
considering the effect of temperature on 𝑁𝑂𝑥 production.

Figure 2.5: Comparison of different FC definitions, with 𝑇𝑠𝑖 = 1000K, 𝐸𝑒𝑓𝑓 = 1.67 ⋅ 108J/kmol and 𝑇𝑖𝑛 = 𝑇𝑠𝑡,𝑢 [Evans et al., 2017]

There are also other definitions out in the literature, which have not been discussed so far. Kumar et al.,
2002 define a flame as flameless if the normalised temperature variance is low. However exact bounds
using this definition have not been found [Cheong et al., 2021]. Another definition for non-premixed
mild combustion by Cheong et al., 2021 is based on the spatial separation of regions of positive heat
release rate and negative heat release rate or the lack of negative heat release rate. The aim of such a
definition is to verify that flameless combustion has been achieved rather than predicting under which
conditions it will be achieved. The problem with this definition is that it is very dependent on the fuel
used. Under diluted conditions the negative HRR region of a methane flame was suppressed, Cheong
et al., 2021 did not observe any negative HRR when burning hydrogen either diluted on undiluted, while
when burning propane the negative HRR spatially separates from the positive HRR.

2.4. Behaviour of flameless combustion
In this section, the behaviour of flameless combustion will be discussed. Starting with the ignition
behaviour, then the dynamic behaviour observed under some inlet temperatures and equivalence ratio
will be treated. The effect of adding diluents like 𝐶𝑂2, 𝐻2𝑂, 𝑁2 and 𝑁𝑂𝑥 will be discussed and the effect
of premixing will also be analysed.
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2.4.1. Ignition in jet-in-hot-coflow setups
As discussed in the definition section different ignition behaviours are observed in flameless combus-
tion. In general, ignition occurs through autoignition [de Joannon et al., 2012], however, flames with
depressed pyrolysis and broad reaction zones have also been found below the self-ignition tempera-
ture where the flame had to be continuously ignited. These flames are also referred to as quasi-mild
[Wang et al., 2014].

Within the set of flames which ignite through self-ignition different behaviour is observed based on the
oxygen concentration. Between 5%-12% oxygen volume ignition kernels occur and the flame appears
lifted [Medwell and Dally, 2012b]. At lower oxygen concentrations between 3% and 5% the flame is
attached to the jet exit [Medwell et al., 2008]. Medwell et al., 2008 experimented with different coflow
conditions in the Adelaide jet-in-hot-coflow burner. The coflow oxygen concentration was varied from
3% to 9% of the volume. In the central jet, various fuel compositions were also used: pure ethylene,
ethylene-hydrogen at a 1:1 volume ratio, ethylene-air at a 1:3 ratio, and ethylene-nitrogen at a 1:3
ratio. For all these fuel compositions the flame was attached to the jet exit by a faint outline at 3%
oxygen concentration. In the 9% oxygen cases all, except the hydrogen case were lifted and were
more luminous. For the three fuel compositions which showed a lifted flame the lift-off height was also
observed to decrease with increasing jet Reynolds between a Reynolds range of 5,000 and 10,000.

Similarly, experiments by Oldenhof et al., 2010 in the Delft JHC also showed a decrease in lift-off height
with increasing jet Reynolds between 𝑅𝑒 = 3, 000 and 5, 000 at a coflow oxygen mass percentage of
8.4% and 9.5%. In the central jet, three fuel mixtures were used; Dutch natural gas and two mixtures
approximating Dutch natural gas: Mixture one consists of nitrogen and methane, and mixture two of
nitrogen, methane and a small percentage of ethane. The conventional non-diluted flame showed a
clear continuous flame front at the bottom, but when a vitiated coflow was supplied small flame pockets
were observed. These grew as they convected downstream and then merged into a continuous flame
front. These ignition kernels were also observed in the 9% 𝑂2 cases by Medwell et al., 2008. The
location at which these flame pockets were formed fluctuated, so the definition of lift-off height chosen
by Oldenhof et al., 2010 is that there is a 50% chance of finding a flame at this downstream location.

Medwell and Dally, 2012b produced a regime diagram showing the general location where these dif-
ferent types of ignition behaviour are observed. This diagram is shown in Figure 2.6. The authors
also performed experiments on the Adelaide JHC burner under various coflow conditions. In the cen-
tral jet pure methane is provided as the fuel, and a secondary burner produces a hot coflow of flue
gasses. This secondary burner is provided with a mixture of natural gas, hydrogen, air and nitrogen.
The hydrogen-natural gas ratio is kept constant at a volumetric ratio of 1.3:1. The oxygen concentra-
tion is controlled by altering the ratio of nitrogen to air provided to the secondary burner while keeping
the fuel flow rate constant. By not altering the fuel flow rate the volumetric concentration of 𝐻2𝑂 and
𝐶𝑂2 are maintained at 10% and 3% respectively. The lift-off height was determined based on visual
observation, analysis of photographs and 𝐶𝐻∗ chemiluminescence.
Medwell and Dally, 2012b only found a decrease in lift-off height when the coflow temperature was
1400K in the Reynolds range between about 4,000 and 10,000. This was observed even at a coflow
oxygen concentration of 3%, which according to Figure 2.6 should be in the mild regime. The authors
note that flames at 1400K typically had the highest lift-off height at various coflow oxygen conditions.
The point at which an increase in Reynolds number produced a decrease in lift-off is also the transition
point from a laminar to a turbulent jet. Visually, the flames looked different based on the coflow oxygen
concentration. The authors note that the 3% 𝑂2 flames are much less luminous than the flames in the
6% 𝑂2 cases.
An interesting trend was observed in the lift-off height when altering the coflow temperature and coflow
oxygen concentration. When increasing the oxygen concentration from 3% with a coflow temperature
of 1300 K an increase in lift-off height is observed. After 6% oxygen concentration, the lift-off height
reduces again. The 12% coflow oxygen case has the lowest lift-off height. Similarly, increasing the
temperature leads to an increase in lift-off height, with a peak at 1400 K, 1300 K and 1300 K for the 3, 6
and 9% coflow oxygen cases respectively. An increase in lift-off height is indicative of reduced reactivity,
one would expect the reactivity to increase with increasing oxygen concentration and temperature. The
authors draw similarities with the unstable regime observed by Wünning and Wünning, 1997 which can
be seen in Figure 2.2. An unstable regime was found between the regular diffusion stabilised flames
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Oldenhof et al., 2010 Dally et al., 2002 Oldenhof et al., 2010

Figure 2.6: Regime diagram showing the location where different types of ignition behaviour can be found. Taken from Medwell
and Dally, 2012b

and the mild regime. Medwell and Dally, 2012b state that the behaviour of increased lift-off height with
increasing temperature and oxygen concentration is analogous to the transition between these two
stable regions. It seems that the temperature and oxygen concentration change has some effect on
mixing and the chemical kinetics which cannot be inferred from the data presented by these authors
and would warrant further research over a wide range of operating conditions.

2.4.2. Dynamic behaviour
Not only changes in the oxygen concentration influence the ignition behaviour of flameless combus-
tion. Sabia, Sorrentino, et al., 2015 performed a numerical simulation of methane-oxygen diluted with
90% 𝐶𝑂2 in a perfectly stirred reactor. The inlet temperature and equivalence ratio were changed, at
adiabatic and non-adiabatic conditions. From this, a regime map with different types of behaviour was
produced, with on the Y-axis the equivalence ratio expressed as the 𝐶/𝑂 ratio, and on the X-axis the
reactant inlet temperature. The diagram for non-adiabatic conditions is shown in Figure 2.7a and for
adiabatic conditions in Figure 2.8.

In non-adiabatic conditions five distinct regions were found. At low temperatures, no reaction was ob-
served. Increasing the temperature leads to a regime with multiple ignitions, one with damped temper-
ature oscillations, one with undamped periodic oscillations and a steady stationary combustion regime.
In Figure 2.7b a temperature-time plot is shown of these four reactive regimes. In the multiple ignition
regime, a spike in temperature is observed, after which the temperature drops back to the inlet tem-
perature. At the peak temperature in this regime, all fuel is converted. Reactants do not occur until a
sufficient amount of reactants have re-entered the combustor, resulting in a period which is larger than
the flow residence time. In the damped oscillation regime, the temperature eventually converges to a
fixed value. In the periodic oscillation regime, the temperature keeps oscillating around a temperature
higher than the inlet temperature. In the steady regime, an initial spike in temperature is observed after
which the temperature returns to a fixed value.

In adiabatic conditions all the same behaviours, but the multiple ignition regime, were observed. Com-
paring the two maps it can be seen that the dynamic regimes have shrunken in size, while the steady
regime has grown in size. The fact that dynamic behaviour is observed indicates that it is not just caused
by heat losses, but also due to competition between pyrolytic/ endothermic reactions and exothermic
reactions. Under mild conditions the reactions are generally slower, there seems to be a delicate bal-
ance between competing reactions at certain conditions. This makes the reaction sensitive to external
perturbations, like heat losses. The authors found that different chemical-kinetic models resulted in
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(a) Regime map for different inlet temperatures and equivalence ratios
(b) Temperature vs time plot for 4 of the reactive domains

Figure 2.7: Numerically simulated PSR of methane-oxygen with 90% carbon-dioxide dilution in non-adiabatic conditions
[Sabia, Sorrentino, et al., 2015]

Figure 2.8: Regime map for different inlet temperatures and equivalence ratios, based on numerically simulated PSR of
methane-oxygen with 90% carbon-dioxide dilution in adiabatic conditions [Sabia, Sorrentino, et al., 2015]
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(a) Dilution with 𝐶𝑂2 (b) Dilution with 𝐻2𝑂

Figure 2.9: Stability diagrams obtained from experiments with the tubular flow reactor burning propane with a 10% oxygen and
90% diluent mixture [Sabia, Lubrano Lavadera, et al., 2015]

different shapes of the regimes as well as differences in ignition delay, and amplitude and frequency
of the temperature oscillations.

Sabia, Lubrano Lavadera, et al., 2015 also observed regions with different behaviour based on the
inlet temperature and equivalence ratio. These authors completed both experiments and numerical
simulations on the combustion of propane and oxygen diluted with 90-97% 𝐶𝑂2 or 𝐻2𝑂. The setup
used is a tubular flow reactor at atmospheric pressure. The regimes maps obtained with 90% dilution
are shown in Figure 2.9. Though the authors tested at higher dilution levels they found that this did
not result in the same oxidation regimes, and only lowered the temperatures achieved inside the com-
bustor. The authors observed five regimes as well: The no combustion region in which there was no
temperature change between the inlet and the inside of the combustor. A pyrolysis region in which the
temperature in the combustor was lower than the inlet temperature. A low reactivity region in which the
observed temperature increase is less than 10K. An ignition region in which the temperature increase
exceeded 10K. A dynamic region in which the temperature profile was recorded to flip periodically.
Finally, a transient region in which the mixture ignites and stabilises at a first reactive state, but then
later spontaneously switches to another final stationary state.

The dynamic region observed when diluting with water is larger than when carbon dioxide is used. This
is due to a delicate competition between oxidation, pyrolysis and recombination reactions. The authors
found from numerical simulations that water dilution promoted dynamic behaviour mainly due to its
higher third-body collision efficiency. This results in a dampening of the oxidation routes and promotes
recombination reactions.

2.4.3. Effect of Diluents
As already seen in the previous section different diluents can have different effects. Park et al., 2002
used GRI v2.11 to analyse the effect of 𝐶𝑂2, 𝐻2𝑂 and 𝑁2 addition for a methane-air counterflow flame.
The diluent is added to the air stream from 0 to 10% volume. While these diluent concentrations might
not be high enough for this flame to be considered flameless the trends observed in these results might
still shed light on what trends can be observed.

Park et al., 2002 found that increasing the diluent flow rate resulted in reduced peak temperatures. The
largest reduction in temperature is observed when 𝐶𝑂2 is used as the diluent, followed by 𝐻2𝑂 and then
𝑁2. The authors state that water has the highest specific thermal capacity by mass, at almost double
that of 𝐶𝑂2 or 𝑁2, followed by 𝑁2 and 𝐶𝑂2. Although it is important to note that this is different when
looking at the specific thermal capacity per mole; Then 𝐶𝑂2 has the highest specific thermal capacity,
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followed by 𝐻2𝑂 and then 𝑁2 [Chase, 1998]. Since the diluents are added as a volume one might
argue that comparison using the thermal capacity per mole would be more suitable. Nevertheless, the
authors state that the reduction in temperature is not purely caused by changes in the overall thermal
capacity of the gasses. All diluents resulted in lower reactive species concentrations, leading to fewer
reactive collisions. However, each of the diluents can decompose as well which alters the available
radical pool. The authors state that water can decompose into 𝐻, 𝑂2 and 𝐻𝑂. While carbon dioxide
might break down into 𝐶𝑂 which will then react at a higher rate with hydrogen radicals reducing their
availability [Westbrook and Dryer, 1984].

Park et al., 2002 also found that these diluents also affected the production of 𝑁𝑂𝑥 through the prompt
pathway. Prompt 𝑁𝑂𝑥 is mainly formed due to the interaction between 𝐶𝐻 and 𝑁2. 𝑁2 was found to
repress the global activity of all pathways, but does not induce any relative change between pathways.
Adding 𝐶𝑂2 strengthens that pathway 𝐶𝐻3 → 𝐶𝐻2 → 𝐶𝐻2𝑂 reducing 𝐶𝐻 formation from 𝐶𝐻2. The
C2 and other C1 pathways to 𝐶𝐻 formation are also weakened. The addition of water resulted in a
strengthening of the C1 and C2 pathways due to the increased availability of the chain carrier radicals
𝑂𝐻 and 𝐻. On the other hand dilution water did result in enhanced 𝑁𝑂 consumption, compared to
carbon dioxide.

Finally, the authors conclude that all diluents decrease the temperature due to an increase in total
thermal capacity. While carbon-dioxide was found to also chemically decrease the temperature by
inhibiting branching reactions, and water on the other hand chemically increases the temperature due
to an increase in chain carrier radicals. From the perspective of reducing 𝑁𝑂 production 𝐶𝑂2 was found
to be most potent, followed by 𝐻2𝑂 and finally 𝑁2. 𝐶𝑂2 and 𝐻2𝑂 dilution resulted in the greatest 𝑁𝑂
reduction due to their modification of the reaction pathways.

Sorrentino et al., 2016 compared the behaviour of 𝑁2 and 𝐶𝑂2 dilution in a cyclonic burner using
propane. The oxygen concentration was set at 6%. The oxidiser stream contained pure oxygen and
either 𝑁2 or 𝐶𝑂2 as diluent. The inlet temperature of the oxidiser stream and equivalence ratio were
varied. In Figure 2.10 the temperature change in the combustor is plotted as a function of the 𝐶/𝑂 ratio,
for either 𝑁2 or 𝐶𝑂2 dilution at different oxidiser inlet temperatures. The Δ𝑇 in these plots is defined as
the maximum temperature observed in the combustor minus the inlet temperature. What can be noted
first is that 𝑁2 resulted in a greater temperature increase than 𝐶𝑂2, except in the low inlet tempera-
ture case of 975K. Here, the addition of 𝐶𝑂2 resulted in a greater temperature increase. The authors
cite Sabia, Lubrano Lavadera, et al., 2015 who found that at lower temperatures 𝐶𝑂2 promotes radical
branching due to its higher third body collision efficiency with the reaction 𝐻2𝑂2 +𝑀 → 2𝑂𝐻+𝑀; while
at intermediate temperatures 𝐶𝑂2 promotes methyl recombination which inhibits the ignition process.
The inhibitory effect of 𝐶𝑂2 is even more pronounced at higher temperatures above 1200K, as 𝐶𝑂2
decomposes into 𝐶𝑂, which then consumes hydrogen radicals as stated earlier [Westbrook and Dryer,
1984].

In fuel-rich conditions no combustion was possible below an inlet temperature of 900K. Moving towards
leaner conditions the minimum ignitable inlet temperature increases. When the flow is diluted with 𝑁2
this temperature is higher than when using 𝐶𝑂2 as carbon dioxide enhances ignition at low tempera-
tures as discussed in the previous paragraph. At temperatures above the minimum ignitable limit, a
low reactivity region is identified, where an increase in temperature of less than 10K was observed.
Increasing the inlet temperature further leads to a stable regime where the Δ𝑇 is larger than 10K. This
transition between low reactivity and stable combustion occurred at an inlet temperature of around
1000K. This transition is not dependent on the equivalence ratio when diluting with 𝐶𝑂2 due to its en-
hancing effect at these temperatures. When diluting with 𝑁2 the transition occurs at a slightly higher
temperature in rich conditions.

The earlier cited paper by Sabia, Lubrano Lavadera, et al., 2015 looked at the effect of 𝐻2𝑂 dilution
when burning propane. The authors found that water mainly acts as a third body species. In low
temperatures at around 900 K it was found to boost branching reactions by causing the decomposition
of hydrogen peroxide with the reaction 𝐻2𝑂2 + 𝑀 → 2𝑂𝐻 + 𝑀. At intermediate temperatures (𝑇𝑖𝑛 >
1000) water slows the reaction process by promoting methyl recombination reactions by acting as a
third body. However, at the same time, it reacts with themethyl radicals converting them tomethane and
𝑂𝐻 through the reaction 𝐶𝐻3 +𝐻2𝑂 → 𝐶𝐻4 +𝑂𝐻 at a similar reaction rate as the recombination route.
At higher temperatures, between 1200K and 1350K, this reaction is the main source of 𝑂𝐻 radicals.
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Figure 2.10: Combustion of propane; ΔT as a function of C/O at different inlet temperatures, for either 94% 𝐶𝑂2 or 𝑁2 as
diluent and 6% 𝑂2 [Sorrentino et al., 2016]

Additionally, at intermediate temperatures, water enhances the production of 𝐻𝑂2, which reacts with
methyl radicals to form 𝐶𝐻3𝑂. Methoxide then decomposes feeding the oxidation channel by producing
large amounts of 𝐻 radicals. At high temperatures, water reduces the reactivity by consuming 𝑂 and
𝐻 radicals required for branching reactions. At low temperatures, water increases reactivity, while at
intermediate to high temperatures water was found to decrease reactivity.

Sabia and de Joannon, 2020 points out that big uncertainties on the kinetic parameters still remain. In
Sabia, Lubrano Lavadera, et al., 2015 it is stated that there is a discrepancy between the numerical
simulation and the experimental results. The presence of 𝐶𝑂2 prior to combustion is not something
that was considered when current models were developed. These gasses are usually only present
after oxidation so they would interact with fewer species closer to the equilibrium point. As was seen
in this section 𝐶𝑂2 and 𝐻2𝑂 can alter the ignition process. They both increase reactivity at low temper-
atures but decrease it at moderate to high temperatures. Sabia and de Joannon, 2020 also note that
there is currently a lack of validation data available to improve these models in the low to intermediate
temperature range.

Recent work by Kazangas et al., 2021 looked at the influence of𝑁𝑂𝑥, and 𝑆𝑂𝑥 on the ignition of methane
flames. While their work was mainly focused on 𝑁𝑂𝑥 addition in the context of marine engines with ex-
haust gas recirculation, their simulations were performed using methane and are still valid for flameless
combustion in general. A PSR simulation at pressures ranging from 7.2 bar to 90 bar and equivalence
ratios ranging from 0.5 to 2, and temperatures ranging from 1200- 1620k was performed. Four different
detailed chemistry models were assembled and compared to JSR and shock tube data, from this, the
best-performing model was selected. The addition of 𝑁𝑂 and 𝑁𝑂2 were found to decrease the ignition
delay significantly with increasing concentration, while the effect of 𝑆𝑂𝑥 addition was negligible. At
intermediate pressures, 𝑁𝑂2 addition yields a greater decrease in ignition delay as compared to 𝑁𝑂,
while at higher pressures the difference between them decreases. The reduction in ignition delay is
non-linear with the slope becoming flatter with increasing 𝑁𝑂, 𝑁𝑂2 addition.
A rate of production analysis was performed to identify how 𝑁𝑂𝑥 addition influences the chemical ki-
netics, specifically its influence on the 𝑂𝐻 radical pool. 𝑂𝐻 production was enhanced by both the
introduction of 𝑁𝑂 and 𝑁𝑂2 mainly through production of 𝐶𝐻2𝑂, then converted to 𝐻𝑂2, which is fi-
nally converted into 2 𝑂𝐻 molecules. It was found that 𝑁𝑂2 addition yielded two magnitudes higher
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(a) Schematic of the furnace used by Mi et al.,
2009

(b) Exhaust gas composition as a function of fuel nozzle retraction, with a heat input of 10kW and
an equivalence ratio of 𝜙 = 0.77 [Mi et al., 2009]

Figure 2.11

production of 𝐶𝐻3𝑂 as compared to 𝑁𝑂 addition at a pressure of 15 bar and equivalence ratio of 0.5.

Similar results were found by Song et al., 2019. At low temperatures of 850K, the addition of 𝑁𝑂𝑥
accelerated the reactions by producing 𝐻 radicals. 𝑁𝑂 and 𝑁𝑂2 were found to have a catalytic effect
and were not consumed but recycled back into𝑁𝑂 and𝑁𝑂2. Only at higher temperatures𝑁𝑂𝑥 reburning
would occur and the concentration of 𝑁𝑂 and 𝑁𝑂2 would be lower at the exit. From Glarborg et al.,
1998 the reaction: 𝐶𝐻3 + 𝑁𝑂 → 𝐻2𝐶𝑁 + 𝑂𝐻 and 𝐶𝐻3 + 𝑁𝑂 → 𝐻𝐶𝑁 + 𝐻2𝑂 and the reaction of 𝐻𝐶𝐶𝑂
with 𝑁𝑂 were responsible for the consumption of 𝑁𝑂𝑥. All these pathways eventually progress further
to form 𝐻𝐶𝑁; high concentrations of this species might be a good indicator if reburning is occurring.
Song et al., 2019 observed a rise in 𝐻𝐶𝑁 starting at around 1175K, while in Glarborg et al., 1998 the
concentration peaked at around 1400K.

2.4.4. Effect of premixing
Most jet-in-hot-coflow setups operate in non-premixed conditions. However, it is interesting to look at
the effect of premixing on flameless combustion. Medwell et al., 2008 looked at the ignition behaviour of
JHC flameswith additional gasses added to the fuel. Ethylene was used pure, or mixed with air, nitrogen
or hydrogen. By comparing the 𝑁2 or air diluted case the effect of premixing can be established. The
composition of the fuel stream is 75% nitrogen or air, and 25% volume ethylene. When adding air
this results in a central jet equivalence ratio of 4.8. The partially premixed flame showed the highest
formaldehyde levels. Earlier work by McEnally and Pfefferle, 1999 had already shown that for partially
premixed methane flames the formaldehyde concentrations are at least 5 times higher than for non-
premixed flames. Additionally, higher temperatures were observed in the partially premixed flame. No
difference in the lift-off height was observed between the𝑁2 or air addition. The jet without any additives
in the central jet had the lowest lift-off height. The 𝑂𝐻 concentrations are also observed to be similar.

Mi et al., 2009 directly analysed the effect of premixing onmild combustion. Different levels of premixing
were achieved by altering the retraction distance of a retractable nozzle. Natural gas flows through the
nozzle which is placed in the centre of a larger tube through which air flows. Retracting the nozzle
inside of the air duct gives time for the natural gas and air to mix before emerging into the combustion
chamber, thus increasing the level of premixing. An additional case where the air was added directly to
the fuel nozzle was also tested. The reactants enter the combustion chamber at the bottom, and then
also have to leave the combustion chamber at the bottom. In Figure 2.11a a schematic of the burner
design is shown.

Mi et al., 2009 first used CFD to ascertain the effect of jet momentum on the combustion regime. The
authors found that a lower jet momentum leads to flames becoming visible, resulting in higher tem-
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Figure 2.12: 𝑁𝑂𝑥 emissions at various equivalence ratios for different levels of premixing [Mi et al., 2009]

perature peaks and higher 𝑁𝑂𝑥 emissions. These findings were then also supported by experimental
observations. A critical momentum rate was found below which mild combustion could not be estab-
lished, as the recirculation rate of the gasses is influenced by the jet momentum. What the critical jet
momentum rate is depends on the geometry of the setup. When the reactants were partially premixed
the required jet momentum to establish flameless combustion was reduced. Above this critical momen-
tum, a change in jet momentum did not result in significant changes to the stability or emissions from
the flame.

In Figure 2.11b the exhaust gas composition measurements are shown as a function of the retraction
distance. The 𝐶𝑂2, 𝐶𝑂 and 𝐻2 concentrations remain fairly constant, while the 𝑁𝑂𝑥 concentration
increases from 2ppm to 26ppm and then decreases to 19ppm with increasing nozzle reaction. It should
be noted that when the nozzle is retracted the jet momentum also decreases. Although, for all cases,
the jet momentum remains above the computed critical jet momentum rate. Even though the 𝑁𝑂𝑥
emissions are observed to change the fact that the maximum 𝑁𝑂𝑥 emissions do not correlate to the
minimum jet momentummakes the authors conclude that the jet momentum does not have a significant
influence on the performance of mild combustion.

In Figure 2.12 the 𝑁𝑂𝑥 concentration is plotted as a function of the equivalence ratio. The 90 mm
retraction case is the furthest the nozzle could be retracted and is therefore the highest level of partial
premixing. In the premixed case, the air and natural gas are mixed inside the central jet pipe. For
the retracted nozzle the measured 𝑁𝑂𝑥 concentrations show a relatively large variation from about 0
ppm on the lean side up to just above 35 ppm at an equivalence of 0.84. The fully premixed jet shows
a relatively small variation. It is important to note that the fully premixed jet has a much higher jet
momentum than the retracted nozzle. Comparing the 𝑁𝑂𝑥 concentration between the least retracted
case in Figure 2.11b and the premixed case in Figure 2.12 it can be seen that the 𝑁𝑂𝑥 concentration is
very similar. Therefore, it can be concluded that, for this burner, when the jet momentum is sufficiently
high the level of premixing does not have a significant effect on the 𝑁𝑂𝑥 emissions.

2.5. Summary of the state of the art
In this chapter, some literature about flameless combustion is discussed. In the first section, the differ-
ent definitions for flameless combustion are compared. There is still no consensus on what flameless
combustion is. There are also several terms in use with varying degrees of overlap. The early definition
of flameless combustion by Wünning and Wünning, 1997 is based on the recirculation rate. The PSR
definition is based on the inlet temperature and the change in temperature inside the combustor. The
flamelet definitions are based on the ignition behaviour. Flames which monotonically shift from un-
burned to burned are defined as flameless, and flames that do not are not. These different definitions
also show different trends with inlet temperature as can be seen in Figure 2.5. Low 𝑁𝑂𝑥 emissions
are the reason why flameless combustion is a combustion regime of interest. 𝑁𝑂𝑥 production through
the Zeldovich pathway is very temperature dependent [Warnatz et al., 2006]. This is currently not
incorporated into these definitions, the inlet temperature can increase without any limit. So at these
higher temperatures, higher 𝑁𝑂𝑥 emissions can also be expected even though the regime might be
considered flameless following these definitions.
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Dynamic behaviour was also observed. This was found to be caused by both heat transfer and compe-
tition between pyrolytic/ endothermic reactions and exothermic reactions. Dilution leads to a tempera-
ture decrease but also changes the radical pool, which results in different reaction pathways becoming
strengthened or weakened. 𝐶𝑂2 or 𝐻2𝑂 can act as a third body species, which can have both benefi-
cial effects; like aiding in the decomposition of hydrogen peroxide into 𝑂𝐻, or can inhibit reactivity by
enhancing recombination reactions of methyl [Sabia, Lubrano Lavadera, et al., 2015] [Sorrentino et al.,
2016].

The results from the kinetic models do not always match well with experimental results. Sabia and
de Joannon, 2020 point out that these models were not developed with the presence of 𝐶𝑂2 or 𝐻2𝑂
before combustion. There is currently also a lack of validation data to improve the models, especially
at low and intermediate temperatures. Most jet-in-hot-coflow burners are unenclosed, and therefore
no emissions data is collected on these setups. Perpignan et al., 2018 point out that modelling would
benefit from data combining flame morphology and structure with emissions measurements.
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Combustor design

Since the jet-in-hot-coflow setups in literature are unenclosed an enclosed setup will be designed. The
jet-in-hot-coflow configuration has been shown to be well-suited for attaining the conditions required for
flameless combustion to occur. This configuration also has a single flame in the centre which means
the flame structures can be observed without interference from other flames, and the conditions in the
coflow can be easily adapted to study the effects of different diluents.

3.1. Requirements
To be able to answer the research questions set out in chapter 1 the new design has to meet some
requirements.

• The combustor needs to be able to operate at various oxygen concentrations. The regime di-
agram by Medwell and Dally, 2012b specifies that true flameless combustion occurs at oxygen
concentrations below 5% mass fraction. The combustor shall be able to operate in this regime
and also in the transitional regime above a mass fraction of 5% oxygen.

• The combustor needs to be built from material that can withstand the temperatures and oxidative
conditions in the mixing duct and the combustion chamber. The heat transfer calculations in chap-
ter 5 predict very high wall temperatures, so a material has to be selected which can withstand
this.

• The combustor also needs to be able to provide a mixture of hot flue gasses and additional inert
diluents to observe the behaviour of flameless combustion under these varying conditions. The
temperature of this mixture needs to be high enough for the methane-air mixture of the main
burner to ignite.

• The coflow mixture needs to be uniform and well-mixed before entering the combustion cham-
ber. Having uniform boundary conditions makes it easier to model the combustor, and thus the
obtained data from experiments can be used for more detailed numerical analysis.

• The combustor design must allow for both visual observation of the flame, for example, to apply
laser-based diagnostics, but also allow for in situ measurements without external lab air entering
the combustion chamber.

• The combustor needs to interface with the currently existing lab equipment.

• The combustor shall be operated safely without damaging itself, any persons, or other equipment
around the setup.

3.2. Other setups in literature
Creating an overview of different jet-in-hot-coflow setups in literature can aid in making design deci-
sions. These setups have been proven to work, they can thus serve as a basis for this new design.
In Table 3.1 an overview is given of the geometric properties of other burner designs, the enclosed
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(a) Schematic of the Adelaide burner, taken
from [Dally et al., 2002].

(b) Schematic of the Delft jet-in-hot-coflow
burner, taken from [Oldenhof et al., 2011].

Figure 3.1

jet-in-hot-coflow setup designed in this thesis is also listed for comparison. ℎ𝑚𝑎𝑥 is the maximum mea-
surement location downstream of the jet exit up until where the authors state that the coflow shields
the central jet region from interference by ambient air. The maximum measurement height listed in the
table for the enclosed jet-in-hot-coflow setup is based on the height of the windows in the combustion
chamber; gas measurements can be taken further downstream.

The Adelaide burner
The Adelaide burner is a jet-in-hot-coflow burner built by the University of Adelaide [Dally et al., 2002]. A
secondary burner is integrated inside the coflow annulus. The flue gasses produced by the secondary
burner mix with the cold nitrogen and air which is added through two ports at the bottom of the setup.
The cold nitrogen and air will also cool the secondary burner. A cooling jacket surrounds the central
jet. Since this burner is an open setup ambient air is found to start influencing the jet region about 100
mm downstream from the jet exit. The burner is mounted in a wind tunnel to delay the entrainment of
lab air as much as possible. A schematic of the burner is presented in Figure 3.1a.

The Delft Jet-in-hot-coflow burner
The Delft jet-in-hot-coflow burner is based on the Adelaide burner [Oldenhof et al., 2011]. A partially
premixed ring burner is integrated into the annulus of the coflow and provides hot flue gasses. Additional
air is added to the coflow through ports at the bottom of the setup. A screen is inserted, 110 mm
upstream from the jet exit, into the coflow to cool the gasses. The central jet is surrounded by a cooling
jacket, just like the Adelaide burner. In Figure 3.1b a schematic of the combustor is shown.

DLR jet-in-hot-coflow burner
The DLR-JHC is built to investigate the ignition behaviour of flameless combustion by burning hydro-
gen in short pulses [Arndt et al., 2012]. The coflow provided by a lean premixed hydrogen flat flame
stabilised on a water-cooled bronze sinter matrix. The sinter matrix is located 8 mm upstream from the
jet exit plane. The combustion chamber is surrounded by a quartz glass tube with a height of 120mm,
which prevents ambient air from interacting with the combustion zone. In Figure 3.2a a schematic of
this setup is shown.

The Cabra burner
The Cabra burner is a jet-in-hot-coflow setup, with a coflow provided by a lean premixed hydrogen
flame stabilised on a perforated disk located 70 mm upstream of the jet exit [Cabra et al., 2005]. A
schematic of the burner is shown in Figure 3.2b.

Piloted premixed jet burner
This burner is designed by [Dunn et al., 2007]. The central jet in this burner is surrounded by two
coflows; one small pilot burner with an inner diameter of 23.5 mm surrounds the central jet. The flame
of the pilot burner is anchored on a base plate placed 7 mm upstream from the jet exit. Another coflow
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(a) Schematic of the DLR-JHC, taken from
[Arndt et al., 2012].

(b) Schematic of the Cabra burner, taken
from [Cabra et al., 2005].

Figure 3.2

with a diameter of 197 mm surrounds the pilot burner. This flame is anchored on a perforated brass
disk which is placed 70 mm upstream from the jet exit plane. A schematic of this burner is shown in
Figure 3.3b.

The distributed flameless combustion burner
This burner is designed by [Duwig et al., 2012]. A four-armed star shape is placed inside the central
jet tube 20 mm upstream from the jet exit. This shape generates a streamwise vortex, which promotes
the entrainment of hot gasses from the coflow. It is water-cooled to prevent preheating of the fuel
mixture. The central jet is surrounded by a McKenna burner, which generates a laminar planar flame
2 mm upstream from the jet exit. A picture of the setup and a schematic of the central jet is shown in
Figure 3.3a.

Burner
D
nozzle
[mm]

D
annulus
[mm]

ℎ𝑚𝑎𝑥
measurement
[mm]

ℎ𝑚𝑎𝑥/𝐷𝑗𝑒𝑡

Adelaide
[Dally et al., 2002] 4.25 82 10̃0 23.53

Cabra
[Cabra et al., 2005] 4.57 210 320 70

DJHC
[Oldenhof et al., 2010] 4.5 82.8 160 35.56

DLR-JHC
[Arndt et al., 2016] 2 75 120 60

DFC
[Duwig et al., 2012] 1.5 60 30 20

PPJB
[Dunn et al., 2007] 4 197 240 60

Enclosed JHC 3 120 300 100

Table 3.1: Geometric properties of Jet-in-hot-colflow burner designs found in literature, including the enclosed jet-in-hot-coflow
burner designed in this thesis.
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(a) Picture of the distributed flameless combustion burner and a schematic of the star
in the central jet, taken from [Duwig et al., 2012].

(b) Diagram of the piloted premixed jet
burner, taken from [Dunn et al., 2007].

Figure 3.3

3.3. Design considerations
In this section, the design driving requirements are discussed. These requirements are used to size
the combustion chamber and mixing ducts.

3.3.1. Chamber sizing
It is important to attain optical access to the combustion zone in the combustion chamber. The easiest
way to do this is to use a quartz glass cylinder as the chamber containment. The disadvantage of using
a cylinder is that it will cause distortions in the light coming out of the chamber. Especially when looking
at the regions near the walls. Using a rectangular shape would resolve this as the glass plates are not
curved, but this shape comes with its own disadvantages. The sharp corners would induce secondary
flow structures to form [Pirozzoli et al., 2018]. In a pentagon none of the sides are parallel. This will
likely result in the laser light reflecting off of the glass or frame interfering with measurements. The next
best shape is the octagon. All sides of which are parallel to each other. It is now also possible to place
a camera at a perfect right angle with the laser sheet and the glass windows.

A disadvantage of higher-order regular polygons is that the frame-to-window ratio becomes worse.
The minimum frame size is fixed and determined by the size of the smallest bolts available. The width
of the combustion chamber is therefore largely driven by the size of the windows. Larger windows
are desirable as they allow for observation of a larger area. However, since the volume flow rate is
limited a wider combustion chamber will also slow down the bulk flow velocity, increasing the difference
between the jet velocity which might lead to an increase in recirculation in the chamber. Furthermore, a
larger diameter of the mixing ducts is also not advantageous as this increases the outside surface area
resulting in more heat loss in the ducts to the environment. A slower bulk velocity here also results in
a larger residence time allowing for more heat to be transferred out of the flow.

The primary region of interest is the central jet of the combustor. Here the coflow gasses will be en-
trained, and the fuel-air mixture will be self-ignited. To determine the minimum size of the windows
the maximum jet width in the region of interest should be determined. It was found that the spreading
rate of a self-similar turbulent jet is linear. The spreading rate and velocity decay are even found to
be completely independent of the Reynolds number [Pope, 2013]. The jet half-width 𝑟1/2 can be com-
puted using the empirical relation in Equation 3.1 [Panchapakesan and Lumley, 1993]. Where S is an
empirically found constant, 𝑥0 is the distance to the virtual origin, and 𝑥 is the downstream distance
from the jet exit. The virtual origin is the point where the linear jet width is predicted to be 0. However,
since the jet spread is only linear in the self-similar region this virtual origin lays slightly downstream
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Figure 3.4: The jet width as predicted from Equation 3.1 for two different values of S as a function of downstream distance

from the jet exit plane. Pope, 2013 gives three values for 𝑆, the smallest one of 0.094 and the largest
one of 0.102 are both from Hussein et al., 1994, with the first one obtained from hot-wire velocimetry
and the second one from LDA. The value 𝑆 = 0.096 found by Panchapakesan and Lumley, 1993 is in
good agreement with the previous two values.

𝑟1/2 = 𝑆 (𝑦 − 𝑦0) (3.1)

The jet half-width is plotted for themaximum andminimum 𝑆 as a function of the distance from the virtual
origin in Figure 3.4. The maximum measurement height of other jet-in-hot coflow setups is ℎ/𝐷 = 70
as seen in Table 3.1. With a jet diameter of 3mm this results in ℎ = 210𝑚𝑚 for this combustor. Looking
at Figure 3.4 the jet width is slightly over 20mm at this downstream location. With a window width of
40𝑚𝑚, virtually the entirety of the jet is visible in the region of interest.

3.3.2. Foam disks
Since the coflow duct is relatively large the flow rate will be slow. The flow will likely be in the laminar
domain. This is a problem, as in the mixing duct the flue gasses from the pilot burners should mix with
the diluent gas. To aid in this foam disks will be placed in the tube. These foam disks will cause a
pressure drop in the tube. This pressure loss is estimated in this section.

The pressure drop for an incompressible flow per meter of porous media can be obtained from Forch-
heimer’s equation, given in Equation 3.2 [Innocentini et al., 1999]. In this equation, 𝑣𝑠 is the fluid velocity,
𝐿 the thickness of the porous medium, 𝜇 the viscosity and 𝜌 the density. 𝑘1 and 𝑘2 are constants only
dependent on the properties of the medium itself. The equations for 𝑘1 and 𝑘2 for a porous medium
made of spheres, cylinders, etc. are given in Equation 3.3 and Equation 3.4 respectively, where 𝜖 is the
porosity of the material and 𝑑𝑝 the particle diameter. The foam disks do not contain loose particles but
consist of a web-like structure. In literature, the particle diameter is often replaced by the pore, or cell
diameter [Innocentini et al., 1999], which is often measured using enlarged photographs. The relation
between the pore diameter and the particle size is shown in Equation 3.5, as defined by Innocentini
et al., 1999

Δ𝑃
𝐿 = 𝜇

𝑘1
𝑣𝑠 +

𝜌
𝑘2
𝑣2𝑠 (3.2)

𝑘1 =
𝜖3𝑑2𝑃

150 (1 − 𝜖)2
(3.3)

𝑘2 =
𝜖3𝑑𝑝

1.75 (1 − 𝜖) (3.4)

𝑑𝑝 = 1.5
1 − 𝜖
𝜖 𝑑𝑐 (3.5)
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The foam used in this combustor setup is a silicone carbide foam, with 30 pores per inch (PPI). The
porosity of the material 𝜖 is 80%. The pore diameter is usually measured using enhanced photographs
of the foam, but this data is not available for the obtained material. The cell diameter can be estimated
using the porosity and the pores per inch. By assuming the variance in the pore diameter is small the
pore diameter can be computed by calculating the average number of pores in a cube with sides of
one inch. Then computing the average pore diameter using the porosity of the material. The formula
for this is given in Equation 3.6.

𝑑𝑐 = (
6𝜖 (25.4𝐸 − 3)3

𝜋 ⋅ 𝑝𝑝𝑖3 )
1/3

(3.6)

Using Equation 3.6 to find 𝑑𝑐 for the ceramic foam and then plugging this into the equations for 𝑘1 and
𝑘2 results in 𝑘1 = 1.14𝐸 − 8𝑚2, and 𝑘2 = 5.35𝐸 − 4𝑚2. In the mixing tube, the temperature will vary,
but it is expected to be around 1200∘𝐶. At this temperature and atmospheric pressure, the air has a
dynamic viscosity of 𝜇 = 52.06𝐸−6𝑃𝑎 ⋅𝑠[Engineering Toolbox, 2003a]. The density at this temperature
is 𝜌 = 0.240𝑘𝑔/𝑚3. The flow velocity is very low in the mixing duct; it varies between about 0.4 - 2.7
m/s. Each disk is about 25mm in thickness, which results in a maximum pressure drop of Δ𝑃 = 0.0064
bar.

3.3.3. Mixing duct sizing
Ideally, the mixing ducts would have the same diameter as the combustion chamber, with the same
shape. A hexagonal duct with this specific internal diameter would have to be welded, which is time-
consuming. Cylindrical stainless steel or Inconel tubes are readily available at about the right size.
The mixing duct should also be able to house the ceramic foam disks. The mixing duct should be long
enough for the diluent and the flue gasses to become well-mixed. Since the flow rate is very low the
flow will be laminar, which increases the length required. To generate some swirl in the flow the diluent
will be introduced radially with an offset from the centre line of the mixing duct. An exact estimate of
the required mixing length is hard to compute. Additionally, a longer mixing duct will increase the heat
losses. Therefore, the mixing duct length is set at about 4 hydraulic diameters. This results in a length
of 400 mm.

Three foam disks will be placed in the mixing duct to generate turbulence and enhance mixing. The
easiest way to attach these disks is to place them between flanges. A small pocket can be created
inside the flange to hold a foam disk. The mixing duct is split into two sections. The foam disks can
then be placed between the coflow attachment and the bottom mixing duct, between the bottom and
top mixing duct and between the top mixing duct and the combustion chamber.

Inconel tubes are available in nominal pipe sizes. Using an available standard pipe size reduces the
price and manufacturing time required, as opposed to manufacturing octagonal ducts. Because the
mixing tube is split into two sections it is possible to manufacture the coflow attachment and bottom
mixing duct using a nominal pipe, and manufacturing the top mixing duct section in the same size
as the combustion chamber. As the combustion chamber has an inner diameter of 120mm the closest
available nominal pipe size is NPS 4, which has an outer diameter of 114.3mm [Engineers edge, 2020].
The wall thickness is 3.048mm, which results in an inner diameter of 108.204mm. A smaller as opposed
to a bigger diameter is preferred since a smaller tube will have less surface area for heat to escape
from.

To accommodate the diameter and geometry change between the bottom and topmixing duct the inside
of one of the flanges will be machined to create a smooth transition from a circular inner diameter of
108.2mm, to an octagonal shape with an inner diameter of 120mm.

3.3.4. Central jet sizing
The reactants for the main burner flow through the central jet into the combustion chamber. The jet
emanating from the tube then entrains the hot coflowing gasses causing the mixture to self-ignite.
In literature, the Reynolds number of this jet has been shown to influence the flame as discussed in
section 2.4. Ricou and Spalding, 1961 found that the ratio of the jet mass flow to the entrained mass
flow to the central jet mass flow to be independent of the jet Reynolds number only above a Reynolds
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Reference Jet veloc-
ity [m/s]

Jet Re [-] Jet T [K] Jet composi-
tion

Jet D [mm] Burner

Ye et al., 2016 44 10,000 413 59% Air 41%
Ethanol

4.6 Adelaide

Medwell et al., 2008 17.5 10,000 305 𝐶2𝐻6 4.6
Cabra et al., 2005 100 28,000 320 33% 𝐶𝐻4

66% Air 1%
𝐻2

4.57 Cabra

Oldenhof et al., 2010 68.21 9,500 450 15% 𝑁2 85%
𝐶𝐻4

4.5 Delft JHC

Arndt et al., 2012 100 13,000 281 Methane 2 DLR

Table 3.2: Central jet specifications from various combustor setups. The values in bold are calculated based on the information
in the paper.

number of approximately 25,000. They found that the local mass flow rate in the jet is a function of the
downstream location, as shown in Equation 3.7. In this equation 𝑚̇𝑗𝑒𝑡 is the central jet mass flow rate,
𝐾1 the entrainment constant, 𝑀 the excess momentum flux, 𝜌1 the density of the surrounding gas and
𝑥 the downstream distance.

𝑚̇𝑗𝑒𝑡 = 𝐾1𝑥√𝑀𝜌1 (3.7)

Unlike most other experiments conducted in jet-in-hot coflow setups in this combustor the fuel will be
premixed. To achieve flameless conditions the reactants have to entrain a sufficient amount of diluents
before the flame ignites. Mi et al., 2009 found that when the jet momentum was low higher temperature
peaks and 𝑁𝑂𝑥 emissions were observed, as well as the flame becoming more visible. The authors
found that when the jet momentum was above a combustor-specific critical jet momentum rate above
which flameless combustion could be established. Above this jet momentum rate, the level of premixing
does not greatly influence the flame in their setup. They also noted that this critical momentum rate is
lower for premixed flames as compared to non-premixed flames.

In Table 3.3 some jet velocities, Reynolds numbers, jet diameters and jet composition for various setups
are tabulated for reference. The values in bold are calculated based on the information available in the
paper. In Figure 3.5a and Figure 3.5b the jet Reynolds number and velocity for a pipe with 3mm in
diameter is shown as a function of the flow rate. Dimotakis, 2000 states that there is a fundamental dif-
ference in mixing behaviour between jets with a Reynolds number below and above 10,000. Below this
point, the author states that the jet cannot be considered a fully developed turbulent flow. To maintain
the fastest rate of entrainment and the fastest rate of mixing the jet Reynolds number should therefore
be kept above this mixing transition Reynolds number. Assuming the jet reaches a temperature of
about 300 degrees Celsius and a minimum flow rate of about 40 lnpm then the Reynolds requirement
is met with a 3mm nozzle diameter. This is a similar size as the other setups shown in Table 3.2.

3.3.5. Material selection
To be able to ignite the flame in the combustion chamber the reactants have to be above the self-ignition
temperature of the gas mixture. The gasses in the mixing duct will need to be sufficiently hot to ignite
the central jet mixture. The walls of the combustion chamber, mixing ducts and central jet need to be
able to withstand this heat. From the heat transfer calculations in chapter 5 the maximum expected
wall temperature of the mixing duct is about 1350K, that of the central jet 1250K. The mixing duct will
also be surrounded by a layer of insulation, while the central jet will be cooled with cooling air. The gas
mixture in the coflow is hot and will contain oxygen and carbon dioxide which can oxidise the mixing
duct and central jet cooling material [British Stainless Steel Association, n.d.].

Stainless steel alloys are made to withstand the temperatures required for this setup. These alloys
contain high concentrations of chromium which when exposed to oxygen at high temperatures form a
chromium-rich oxide (𝐶𝑟2𝑂3) layer which protects the underlying steel from oxidising [British Stainless
Steel Association, n.d.]. Additionally, nickel had also been found to aid in increasing the material’s



28 3. Combustor design

0 20 40 60 80 100 120

0

1

2

3

4

5

⋅104

Total jet flow rate [lnpm]

Je
tR

ey
no
ld
s
nu
m
be
r[
-]

20 ∘C
300 ∘C
500 ∘C

(a) Jet Reynolds number as a function of flow rate for a jet diameter of
3mm, at different jet temperatures.

0 20 40 60 80 100 120

0

200

400

600

800

Total jet flow rate [lnpm]

Je
tv
el
oc
ity

[m
/s
]

20∘C
300∘C
500∘C

(b) Jet velocity as a function of flow rate for a jet diameter of 3mm, at
different jet temperatures.

Figure 3.5

resistance to oxidising conditions at high temperatures. Stainless steel 310 has a high chromium con-
centration and therefore offers very good resistance to oxidation with a maximum temperature of 1150
∘𝐶 for continuous service and 1035∘𝐶 for intermittent service [AZO Materials, n.d.]. This difference in
temperature is that the protective oxidative layer might crack during cyclic temperature changes, as will
be the case for this combustor, which will then increase the rate of oxidation.

Another alloy able to withstand high-temperature oxidative environments is inconel. This is a nickel
alloy with added chromium, which offers superior resistance to oxidation over stainless steel 310. Its
maximum operating temperature is 1095 ∘𝐶 [Special Metals Corporation, 2008].

While Inconel offers a superior maximum operating temperature and resistance to oxidation it is more
expensive and harder to obtain than stainless steel 310. From the heat transfer calculations, Inconel
only seems required for the mixing duct. While stainless steel will suffice for the central jet and com-
bustion chamber. The central jet can also be actively cooled so maximum temperature can be reduced
by increasing the cooling rate if required. While the mixing duct will be placed under insulation to min-
imise heat losses. High-temperature resistance is thus more critical for the mixing duct, justifying the
additional cost of Inconel 600.

3.4. Thermal Buckling calculations
As a metal heats up it will expand. If there is a temperature difference in the metal parts of the material
will want to expand to different extents. This will cause internal stress and might lead the object to
buckle and deform. In this section, the expected internal stress due to the temperature difference on
the inside and outside of the setup will be calculated and compared to the calculated critical buckling
force.

The formula for thermal expansion is given in Equation 3.8. With 𝛼 being the linear thermal expansion
coefficient, Δ𝑇 the change in temperature and 𝐿 the length of the material. From thermal calculations,
it is found that the temperature difference between the inside and outside of the combustor is about
8.5 kelvin. For stainless steel 310 the average linear thermal expansion coefficient between 200∘𝐶
and 800∘𝐶 is about 18.5 𝜇𝑚/ (𝑚 ⋅ 𝐾) [thyssenkrupp Materials Ltd, 2017]. The length of the material is
366mm. From this, the difference in thermal expansion is 5.8E-5 m. The stress this causes is then
calculated with Equation 3.9. The Young’s modulus of stainless steel AISI 310 is 200 GPa [Hean-
jia Super-Metals Co. Ltd, n.d.]. The stress obtained is then 11.51 MPa. The combustion chamber
consists of eight panels, looking at the horizontal cross-section of each of these panels there are two
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trapeziums on either side of the quartz panel. The force will be computed assuming these pillars trans-
fer the force independently; in reality, they will be welded together and so will likely be more resistant
to buckling. These trapeziums have an area of 5.4E-5 𝑚2, which results in a force of 0.62 kN due to
thermal expansion.

𝜖 = 𝛼 ⋅ Δ𝑇 ⋅ 𝐿 (3.8)
𝜎 = 𝐸𝜖 (3.9)

The formula for the critical buckling force is shown in Equation 3.10 as taken from Megson, 2012. Here
𝐸 is the Young’s modulus of the material, 𝐼 is the area moment of inertia, 𝐾 is the clamping factor and
𝐿 is the unsupported length of the beam. The panels will be welded on both sides and 𝐾 is therefore
equal to 0.5. The area moment of inertia for a trapezium is given in Equation 3.11 [Lemonis, 2020]. The
trapezium has a side 𝑎 ≈ 2𝑚𝑚, a side 𝑏 ≈ 7𝑚𝑚 and a height ℎ = 12𝑚𝑚, the area moment of inertia
is, therefore, 5.81E-10 𝑚4. With an unsupported length of 366 mm, the critical force follows as 34.2
kN. The critical force is several times larger than the expected force, and therefore thermal buckling
is not expected to occur. Additionally, this result for the critical force is likely an underestimation as it
considers each panel independently. In reality, these panels will be welded together and will therefore
likely be stronger.

𝑃𝑐𝑟 =
𝜋2𝐸𝐼
(𝐾𝐿)2

(3.10)

𝐼𝑥𝑥 =
ℎ3
12 (3𝑎 + 𝑏) −

(𝑎 + 𝑏) ℎ
2 (ℎ3

(2𝑎 + 𝑏)
(𝑎 + 𝑏) )

2
(3.11)

3.5. Insulation
Heat losses in the mixing duct should be minimised. To achieve this the mixing ducts will be isolated.
Since the combustor gets very hot the insulation material should be able to withstand high temperatures
and be flame resistant. Some materials used for insulation pose health risks to people when working
with them. In particular, insulation containing ceramic fibres can be hazardous when disturbed, though
they’re often used in high-temperature applications [FNV, 2010]. When inhaled these fibers cannot be
broken down quickly resulting in an increased chance of developing certain diseases like silicosis or
certain types of cancer [FNV, 2010]. The insulation material chosen for the combustor is made from
alkaline earth silicates. These fibres are not classified as carcinogenic and are therefore safe to use
[Brown and Harrison, 2014]. AES fibres might undergo crystallisation under high temperatures above
900 ∘𝐶 which could produce potentially dangerous crystalline silica. However, experiments show that
devitrified AES fibres are weakened allowing the body to clear the fibres if they end up in the lungs
[Brown and Harrison, 2014] [RS Components SAS, 2020]. Additionally, only a very thin layer of the
insulation material might be exposed to sufficiently high temperatures for devitrification to take place
which means that the dust which could potentially be inhaled does not contain any detectable crystalline
silica [RS Components SAS, 2020].

Five insulation blankets are ordered. The outside of the blankets is made from pumice, while the inside
is made from AES. Two blankets will be placed around the two mixing ducts between the flanges. Two
additional blankets will go over the flanges for the coflow attachment and the flanges between the two
mixing ducts. These outer blankets will also cover the inner insulation blankets. An additional blanket is
placed around the bottom combustion chamber flange as well. A photograph of the setup with blankets
is provided in Figure 3.6a

3.6. Cooling
The combustor has two independent cooling systems. The exhaust gasses from the combustor are
transported outside via a flexible hose, but this hose cannot handle high temperatures. Therefore,
cooling air is mixed in at the exhaust just before the gasses enter the exhaust duct. This cooling air is
injected radially through eight holes each 8mm in diameter in the flange above the combustion chamber.
As will be discussed in subsection 3.6.1 the bend in the exhaust tube results can have effects on the flow
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field inside the combustor, additionally the cooling air should not entrain into the combustion chamber
as this would defeat the purpose of having an enclosure. For these reasons, a pressure drop is induced
between the combustion chamber and the exhaust duct, by reducing the area of the exhaust. This will
isolate the two sections and prevent cooling air from flowing upstream. An abrupt change in diameter
might create unwanted flow structures inside the combustion chamber so this change is made gradual
using a conical exhaust. Two concentric cones are used; the exhaust gas flows through the inside of
the first cone. The cooling flange with radial holes is placed on top of the first cone, on top of which the
outermost cone is placed. In Figure 3.6b the concentric cone structure can be seen. The cooling air
thus flows between the two concentric cones, and will then mix with the exhaust at the top of the cone.

The central jet is also cooled with air. The aim is to keep the fuel-air mixture cold enough not to ignite
in the central jet, and maintain a constant temperature of the central jet gasses between experiments.
The main reactant pipe is placed at the centre, and around this two concentric pipes are placed. Inside
the inner pipe, air will flow up next to the reactant tube. This is to keep the reactants at the lowest
temperature. At the top the air will move to the outer pipe and will flow down, cooling the outer cooling
jacket. The cooling air then exits the combustor at the bottom. The fuel pipe has an inner diameter of
3 mm and an outer diameter of 5mm. The inner cooling pipe has an inner diameter of 8 mm and an
outer diameter of 12mm. This leaves 3mm of space for cooling air to flow around the central fuel line.
An attachment is made on this tube for cooling air to enter into the space between the fuel pipe and this
pipe. The outer cooling jacket has an inner diameter of 26 mm and an outer diameter of 30mm. The fuel
pipe is not cooled for the entire length of the mixing duct. It is unprotected for about 90mm to prevent
vortexes from forming around the cooling structure and interfering with the flame in the combustion
chamber. Furthermore, the top of the cooling jacket is a conical section with an angle of 8 degrees.
This makes the transition in diameter from the cooling jacket to the unprotected fuel pipe smooth.

The entire central jet cooling assembly is welded together onto a plate at the bottom. This plate has
an attachment for the cooling air to exit. The plate is bolted onto the coflow attachment at the bottom
of the mixing ducts. The entire cooling assembly can thus be replaced without requiring a new coflow
attachment to be built.

3.6.1. Exhaust upstream influence
Particle image velocimetry (PIV) will be applied in this setup. This means the system will be seeded
with titanium oxide particles, which can block the ATEX exhaust system installed in the lab. A flexible
duct will therefore be connected to the exhaust side of the setup. This duct will bend in one direction
which has shown in previous experiments to influence the upstream flow conditions in the combustion
chamber. In order to isolate the combustion chamber from the flexible duct a cone will be placed
between the cooling flange and the combustor exhaust flange. The pressure drop over this cone needs
to be sufficiently large, at least a couple of millibars.

The pressure drop is modelled by assuming the cone acts like an orifice plate, Equation 3.12 gives the
pressure drop of over an orifice [Miller, 1996]. 𝐶𝑑 is the discharge coefficient, 𝛽 is the ratio between the
hole diameter and the tube diameter, and 𝜌 and 𝑚̇ are the density and mass flow rate respectively.

Δ𝑃 = ( 𝑚̇
𝐶𝑑⋅𝐴2
√1−𝛽4

)

2
1
2𝜌 (3.12)

Several flow conditions are considered. The pressure drop should be sufficiently high when using the
system at the lowest possible setting as computed by the heat transfer model in chapter 5. Selecting
a hole size of 15mm, and a discharge coefficient of 𝐶𝑑 = 0.6 results in a pressure drop of 3-119 mbar.
Selecting a hole size of 20mm results in a pressure drop of 1-38 mbar. A 15mm hole in the orifice
plate results in a higher pressure drop under minimal flow rate conditions and is therefore better. If the
pressure drop under high flow conditions turns out to be too high during experiments the hole size can
always be increased.

3.6.2. Cone cross-section check
Since the cooling air has to flow between the two cones there should be enough space for the flow not
to choke. To check if there is enough room for air the flow between the outside of the cone and the
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cross-sectional area between the cone and the wall of the cooling flange has to be computed.

𝐴𝑜𝑐𝑡𝑎𝑔𝑜𝑛 = 2𝐷2 (√2 − 1) (3.13)

Both the inner and outer cones have an angle of about 15 degrees. The gap at the centre of the hole
between the flange and the inner cone is 𝑡𝑡 = 12 ⋅10−3 tan (15). The flow area in the annulus between
the cooling flange inner wall and the inner cone is computed with 𝐴𝑜𝑢𝑡𝑒𝑟 𝑜𝑐𝑡𝑎𝑔𝑜𝑛−𝐴𝑖𝑛𝑛𝑒𝑟 𝑜𝑐𝑡𝑎𝑔𝑜𝑛, where
the area of the octagon is computed from the diameter 𝐷 using Equation 3.13. From this, the area is
found to be 1.244 ⋅ 10−3𝑚2, which is larger than the combined area of the inlet holes in the cooling
exhaust of 0.4 ⋅ 10−3𝑚2. The inlet is thus still the limiting factor. As the air leaves the inlet hole it
needs to spread around, to check if there is enough area for this we should check if the flow is able
to get away from the hole. At the top the distance between the cooling flange and the inner cone is
𝑡𝑡 = 16𝑒 − 3 tan 15 ≈ 4.3𝑚𝑚. The area right above the hole is thus about 8 ⋅ 4.3 = 34.4𝑚𝑚2. The
gap at the bottom of the hole is 𝑡𝑏 = 8𝑒 − 3 tan 15 ≈ 2.1𝑚𝑚. The area on either side of the hole is
thus 8(4.3−2.1)

2 + 8 ⋅ 2.1 ≈ 25.6𝑚𝑚2, the total area the flow to flow through on the side and on top is
25.6 ⋅ 2 + 34.4 = 85.6𝑚𝑚2, this is much more than the area of one inlet hole of 50.27𝑚𝑚2. This thus
also does not limit the flow of cooling air. There is a sufficiently large area in the gap between the cone
and the cooling flange for the cooling air to flow.

3.7. Equipment
Table 3.3 shows an overview of the mass flow controllers installed in the combustion lab with their
minimum and maximum flow rates. The left-hand side of the table shows the design flow rate range.

Purpose Min [lnpm] Max [lnpm] Flow controller Min [lnpm] Max [lnpm]
Main Air 14.04 42.13 FCV-012 10 500
Main Fuel 1.83 3.65 FCV-013 1.76 85
Pilot Air 16.85 134.8 FCV-005 10 500
Pilot Fuel 1.83 14.61 FCV-014 1.76 85
Diluent 20.22 111.97 FCV-008/ 003 20 1000
Cooling Exhaust N/A N/A FCV-001 300 15,000
Cooling Central Jet N/A N/A FCV-011 60 3000

Table 3.3: Flow rates for the baseline measurements, with selected mass flow controllers and their min max flow rates

The setup will also be equipped with various thermocouples, an overview of the data acquisition equip-
ment is tabulated in Table 3.4. The thermocouples are used to monitor the temperature of the setup
for safety and control and some will be used for data collection. The thermocouples on the central jet
cooling line and fuel line will serve a dual purpose; they will be used to monitor the central jet temper-
ature and they will be used to validate the heat transfer model. Two thermocouples will be placed on
the outside to monitor the material temperature. One on the coflow attachment and one on the bottom
mixing duct, the hottest parts of the combustor. In case the material gets too hot a safe shutdown can
be performed before any permanent damage is caused. A flexible duct is attached to the exhaust of
the combustor. This tube cannot get too hot. Therefore, cooling air is mixed into the exhaust flow.
A thermocouple will be used to monitor this temperature and in case it gets to hot increase the cool-
ing flow rate. Finally, an S-type thermocouple will be inserted into the combustion chamber to take
measurements of the flame temperature.
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ID Nr Quantity Sub component Component Material
1 1 Cooling Flange Cooling Flange Stainless steel 310
2 1 DN150 Octagonal Flange

Combustion chamber Stainless steel 3103 8 Combustor frame
4 1 Thin octagonal flange
N/A 8 Windows Quartz
5 1 Thick octagonal flange

Octagonal mixing duct Inconel 6006 8 Octagonal duct plate
7 1 Circ to octagonal flange
8 2 Thick circular flange Cylindrical mixing duct Inconel 6009 1 Duct
10 1 Coflow attachment Coflow attachment Stainless steel 310
11 1 Cooling exit

Jet cooling assembly Stainless steel 31012 1 Cooling jacket
13 1 Cooling channel
14 1 Fuel pipe
15 8 Window plate Window plate Stainless steel 310
16 1 Inner cooling cone Inner cooling cone Stainless steel 310
17 1 Outer cooling cone Outer cooling cone Stainless steel 310

Table 3.5: Overview of the components and sub-components of the combustor that will be produced.

Description max. T [K] Placement Type ID Purpose
Cooling air inlet 300 Into Gas K-type TC-CJ-IN Data
Cooling air exit 600 Into Gas K-type TC-CJ-OUT Data
Fuel line inlet temperature 300 Into Gas K-type TC-MF-IN Data
Fuel line exit temperature 600 Into Gas K-type TC-MF-OUT Control/ Data
Coflow temperature 1500 Into Gas K-type TC-CO Control/ Data
Coflow Attachment wall temperature 1500 Material K-type TC-WAL-1 Control
Mixing Duct wall temperature 1500 Material K-type TC-WAL-2 Control
Combustion flow temperature 1700 Into Gas S-type TC-COMB Data
Combustor exit temperature 1000 Into Gas K-type TT-005 Control
Gas analyser 1500 Into Gas N/A GA-001 Data

Table 3.4: Overview of DAQ placement and purpose

Furthermore, two Honeywell-Kromschröder pilot burners of the model ZMI-16B200R are used to pro-
duce the hot flue gasses. This burner can produce 1 to 2 kW of power with natural gas according to
its specifications, but from experience, the operational limit can be pushed to at least 4 kW per burner.
These burners are inserted at the bottom of the combustor setup in the coflow attachment.

In Table 3.5 an overview of all components that will be produced is shown. The coflow attachment at
the bottom of the combustor is the part where the pilot burners, central jet cooling assembly and the
pipes for added 𝑁2/ 𝐶𝑂2 will be connected. An overview of the entire combustor assembly is shown in
Figure 3.6b with bubbles corresponding to the ID numbers in the table. The engineering drawings for
each of these parts are also provided in Appendix D. The ID numbers in Table 3.5 and Figure 3.6b are
written in parenthesis behind the part name on the engineering drawings. The size and shape of the
components of the setup are listed in Table 3.6.

The process and instrumentation diagram for the entire setup and its interface with the lab is provided
in Appendix C.
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Component Shape Inner diameter [mm] Height [mm]
Combustion chamber Octagonal 120 395 (windows: 300)
Top mixing duct Octagonal 120 199
Bottom mixing duct Cylindrical 108.2 260
Coflow attachment Cylindrical 108.2 69

Table 3.6: Sizes and shapes of certain components of the enclosed jet-in-hot-coflow setup.

(a) Photograph of the fully assembled combustion setup
with insulation blankets around the mixing ducts
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(b) Full combustor assembly with ID numbers

Figure 3.6





4
Dilution flow rate calculation

In this chapter, the calculation for the flow rates is explained. The diluent is a combination of the ex-
haust of the pilot burner the added diluent and the nitrogen from the air being added in the central
jet. The objective is to achieve similar concentrations of gasses at different equivalence ratios and
oxygen concentrations. In section 2.4 the various ignition behaviours observed at different oxygen
concentration was discussed. The goal of the experimental campaign is to operate in both the mild do-
main and the transitional domain as described in Figure 2.6. Ideally, one would change one parameter
without affecting the others. Unfortunately, the oxygen concentration, pilot burner power, equivalence
ratio, coflow temperature, added diluent flow rate, and main burner power and equivalence ratio are
all connected. For example, when changing the equivalence ratio the oxygen concentration will also
change, changing the diluent flow rate changes the temperature. There are several strategies consid-
ered to maintain similar operating conditions between cases. In Table 4.1 an overview is given of the
considered operating options.

4.1. Considered operating strategies

Fixed pilot The pilot burner exhaust is a fixed percentage of the total
coflow + oxidiser composition

Fixed added diluent The added diluent (𝐶𝑂2 or 𝑁2) is a fixed percentage of the
coflow + oxidiser composition

Pure oxygen as oxidiser Instead of air pure oxygen is used as the oxidiser. This
eliminates the nitrogen from the oxidiser in the coflow

Pilot as a percentage of diluent The pilot burner exhaust is a fixed percentage of the diluent
excluding the 𝑁2 in the air

Fixed coflow and central jet flow rate The total volume flow rate in the coflow and central jet are
fixed, any changes to the central jet equivalence result in
a different power setting, and any changes to the diluent
change the pilot burner operating settings.

Table 4.1: List of evaluated options for flow rates

In the fixed pilot case the pilot burner flue gasses make up a fixed percentage of the total gas mixture.
This is advantageous since the mixing temperature of the coflow and the central jet will remain very
similar when altering the oxygen concentration by altering the diluent flow rate. The disadvantage of this
strategy is that the composition of the coflow will not remain the same when the oxygen concentration
is changed. The pilot burner will have a fixed equivalence ratio, so the exhaust of the pilot burners will
not provide oxygen for the central jet to burn, additional air is therefore added to the coflow. This air
contains nitrogen and so with a change in oxygen concentration by altering the total diluent flow rate
the ratio of nitrogen from the air and the extra added diluent will change.
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Alternatively, pure oxygen can be used. This would result in a constant coflow composition, but this
would require major changes to the combustion lab so this is not really an option.

The added diluent flow rate can also be fixed, but this would be even less favourable. The mixing
temperature would change and the coflow composition would still change.

Keeping the pilot burner as a fixed percentage of the diluents excluding the nitrogen in the air would
also change the coflow composition, but then the ratio of radicals in the flue gas to the inert added
diluent would remain the same. In the previous examples, it was considered that the air for the main
burner would be mixed into the coflow, but it is also possible to mix it in the central jet. This would
remove the issue of changing coflow conditions completely. For the initial design of the combustor, this
option was chosen. With the central jet being premixed. The heat transfer calculations presented in
chapter 5 were computed using this strategy as well.

In this case the main burner power is fixed at a specified power, and the equivalence ratio varied. The
flow rate of diluents is then computed based on the specified oxygen concentration and the flow rate of
air for the main burner. Now the flow rate of flue gasses is set at a fixed percentage of the diluent flow
rate (excluding the nitrogen in the central jet), and the rest of the coflow is made up out of the added
diluent, either 𝑁2 or 𝐶𝑂2. The pilot burners will operate at an equivalence of 1.0, from this combined
with the total flue gas flow rate the pilot burner fuel and airflow rate can be computed.

In the end, as shall be discussed in chapter 7, this strategy would not work out. During commissioning
the heat transfer out of the mixing duct was much higher than predicted by the heat transfer model.
Adding any inert diluent greatly reduced the operating temperature. Operating with a constant added
diluent rate is not an option. Additionally, the pilot burners were less flexible than originally anticipated.
They operate outside of their design maximum power setting and thus are very susceptible to blow-off
when the equivalence ratio was changed. They were found to be most stable at a range of 0.87 to 0.99.
Operating at stoichiometry is thus also not an option as initially planned. Therefore a new operating
strategy was created, which will be discussed in the next paragraphs.

4.2. Employed operating strategy
𝑁𝑂𝑥 formation is a very slow process therefore the time the gasses send in the combustion chamber
greatly influences the 𝑁𝑂𝑥 concentration [Warnatz et al., 2006]. In the other scenarios discussed the jet
and coflow velocities would change depending on the central jet equivalence ratio and the requested
oxygen concentration. This would have resulted in varying residence time, which would have made
comparing the 𝑁𝑂𝑥 concentration between cases difficult. In the commissioning campaign and the
second campaign that followed after it was decided to keep the central jet and coflow normal volume
flow rate constant. The power in the central jet would not remain constant anymore but will increase with
increasing equivalence ratio. There might still be a slight difference in jet velocity due to a difference
in heat capacity and expansion between air and methane, but this difference will be small. When a
diluent is added to the coflow the flue gas flow rate has to be reduced. To maintain a constant oxygen
concentration the pilot burner equivalence will be changed when diluent is added.

𝐶𝐻4 +
2

0.21𝜙 (0.21𝑂2 + 0.79𝑁2) → 1𝐶𝑂2 + 2𝐻2𝑂 +
2
𝜙
0.79
0.21𝑁2 + (

2
𝜙 − 2)𝑂2 (4.1)

The volume ratio of fuel to air is computed based on the central jet equivalence as shown in Equa-
tion 4.2. In Equation 4.1 the reaction of methane with air is shown for lean combustion. From this
equation, it can be seen that the stoichiometric fuel-to-air ratio is 0.21/2. The volume flow rate of air
and methane can then be computed based on the set total volume flow rate as seen in Equation 4.3
and Equation 4.4.
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𝑉̇𝑚𝑎𝑖𝑛 𝑓𝑢𝑒𝑙
𝑉̇𝑚𝑎𝑖𝑛 𝑎𝑖𝑟

= 𝜙𝑐𝑗
0.21
2 (4.2)

𝑉̇𝑎𝑖𝑟 𝑚𝑎𝑖𝑛 =
𝑉̇𝑐𝑗

( 𝑉̇𝑚𝑎𝑖𝑛 𝑓𝑢𝑒𝑙
𝑉̇𝑚𝑎𝑖𝑛 𝑎𝑖𝑟

+ 1)
(4.3)

𝑉̇𝑚𝑒𝑡ℎ𝑎𝑛𝑒 𝑚𝑎𝑖𝑛 = 𝑉̇𝑐𝑗
𝑉̇𝑚𝑎𝑖𝑛 𝑓𝑢𝑒𝑙
𝑉̇𝑚𝑎𝑖𝑛 𝑎𝑖𝑟

(4.4)

The oxygen concentration in the flue gasses 𝑋𝑂2 𝑓𝑙𝑢𝑒 can then be computed based on the specified
oxygen concentration in the coflow 𝑋𝑂2 𝑐𝑜𝑓𝑙𝑜𝑤, the total coflow volume flow rate 𝑉̇𝑐𝑜𝑓𝑙𝑜𝑤 and the added
diluent flow rate 𝑉̇𝑑𝑖𝑙𝑢𝑒𝑛𝑡 𝑎𝑑𝑑𝑒𝑑 as shown in Equation 4.5. With this, the pilot equivalence ratio can be
computed with Equation 4.6. The volume flow rate of pilot fuel and air is then obtained using the same
equations as the main burner air and methane.

𝑋𝑂2 𝑓𝑙𝑢𝑒 = 𝑋𝑂2 𝑐𝑜𝑓𝑙𝑜𝑤 ∗
𝑉̇𝑐𝑜𝑓𝑙𝑜𝑤

𝑉̇𝑐𝑜𝑓𝑙𝑜𝑤 − 𝑉̇𝑑𝑖𝑙𝑢𝑒𝑛𝑡 𝑎𝑑𝑑𝑒𝑑
(4.5)

𝜙𝑝𝑖𝑙𝑜𝑡 =
2
0.21

0.21 − 𝑋𝑂2 𝑓𝑙𝑢𝑒
2 + 𝑋𝑂2 𝑓𝑙𝑢𝑒

(4.6)





5
Heat transfer calculations

In the mixing duct the pilot burner flue gasses and the added diluent mix. The mixing duct is long to
leave sufficient time for this to happen. The fuel and oxidiser for the main burner will flow through the
central jet, which is placed in the centre of the mixing duct. To prevent the heat from the surrounding
gasses from transferring to the fuel-air mixture a cooling jacket is placed around the central jet. The
heat transfer from the coflow to the central jet and from the coflow to the surrounding air and metals
need to be characterised to predict required cooling flows, expected maximum metal temperatures,
and to predict the coflow temperature when it finally emerges in the combustor. In this chapter, the
equations for this model are derived, and a sensitivity study of various parameters is presented.

5.1. The model
The schematic drawing in Figure 5.1 shows a cut-through of the mixing duct and cooling jacket. Each
colour denotes a separate gas flow. In the centre, the premixed methane-air mixture flows through the
central jet and is shown in green. Surrounding that cooling air flows through the cooling jacket, shown
in blue. Finally, the area shown in orange is the hot coflow in the mixing duct. To make the formulation
of a set of equations easier the 3 flows are split into 4 different tubes. Tube A is the coflow, tube B is
the outer cooling duct in which the air flows downward in the cooling jacket, tube C is the inner cooling
tube where the air flows upwards, and tube D is the upwards-flowing methane-air mixture of the central
jet.

The cooling flow through the cooling jacket is similar to that of flow through a heat exchanger, however,
an algebraic solution to the heat transfer equations is not readily available for this problem. In most
heat exchanger problems radiation is disregarded, it might, however, be important to account for in
this case due to the expected high wall temperatures and the high water and 𝐶𝑂2 concentration in the
coflow. Convection and conduction are both linear equations so this problem can quickly be solved
using linear algebra without requiring any kind of iteration. Radiation cannot be solved using linear
algebra, besides the estimation of the emissivity and reflectivity of the gas mixture are dependent on
the wall temperature, as will be discussed in section 5.4. To compute these values a good initial guess
of the wall temperature can decrease the time required for convergence of the model. Solving the
convection and conduction equations without radiation using linear algebra is computationally quite
cheap. Outputs from this model can then serve as a good initial guess for the more complex model.
The flow chart in Figure 5.2 details the complete process for solving the gas and wall temperatures.
For the radiation model, the energy balance will be solved by using an iterative process.

5.2. The linear model
The tubes will be split up into streamwise segments each with a height of Δ𝑥. In each of these segments,
the change in enthalpy in the flow is calculated based on the heat transfer from the walls of the ducts.
In Equation 5.1, Equation 5.2, Equation 5.3 and Equation 5.4 the equations for the change in gas
temperature is duct A, B, C and D is given, in which 𝑈 is the combined heat transfer coefficient per unit
area, 𝑃 is the perimeter of the tube, and the subscript 𝑖 refers to the segment number.
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Figure 5.1: Schematic cut-through of the mixing duct, cooling jacket and central jet. (Not to scale)

𝐶𝑃𝑐𝑜𝑓𝑙𝑜𝑤 ⋅ 𝑚̇𝑐𝑜𝑓𝑙𝑜𝑤 (𝑇𝐴,𝑖 − 𝑇𝐴,𝑖−1) = (𝑈 ⋅ 𝑃)𝑎𝑚𝑏 (𝑇𝑎𝑚𝑏 − 𝑇𝐴,𝑖) Δ𝑥 + (𝑈 ⋅ 𝑃)𝐴𝐵 (𝑇𝐵,𝑖 − 𝑇𝐴,𝑖) Δ𝑥 (5.1)

𝐶𝑃𝑎𝑖𝑟 ⋅ 𝑚̇𝑐𝑜𝑜𝑙𝑖𝑛𝑔 (𝑇𝐵,𝑖−1 − 𝑇𝐵,𝑖) = (𝑈 ⋅ 𝑃)𝐴𝐵 (𝑇𝐴,𝑖 − 𝑇𝐵,𝑖) Δ𝑥 + (𝑈 ⋅ 𝑃)𝐵𝐶 (𝑇𝐶,𝑖 − 𝑇𝐵,𝑖) Δ𝑥 (5.2)

𝐶𝑃𝑎𝑖𝑟 ⋅ 𝑚̇𝑐𝑜𝑜𝑙𝑖𝑛𝑔 (𝑇𝐶,𝑖 − 𝑇𝐶,𝑖−1) = (𝑈 ⋅ 𝑃)𝐵𝐶 (𝑇𝐵,𝑖−1 − 𝑇𝐶,𝑖−1) Δ𝑥 + (𝑈 ⋅ 𝑃)𝐷𝐶 (𝑇𝐷,𝑖−1 − 𝑇𝐶,𝑖−1) Δ𝑥 (5.3)

𝐶𝑃, 𝑐𝑒𝑛𝑡𝑟𝑎𝑙 𝑗𝑒𝑡𝑚̇𝑐𝑒𝑛𝑡𝑟𝑎𝑙 𝑗𝑒𝑡 (𝑇𝐷,𝑖 − 𝑇𝐷,𝑖−1) = (𝑈 ⋅ 𝑃)𝐷𝐶 (𝑇𝐶,𝑖−1 − 𝑇𝐷,𝑖−1) Δ𝑥 (5.4)

These equations are linear and can thus be converted into matrix form. Matrix A contains all the
coefficients, T all the gas temperatures and C contains all constants. The size of matrix A is 4Nx4N,
where N is the number of segments along the length of the mixing duct. positions 0 up to N are for tube
C, positions N to 2N are for tube B, positions 2N to 3N are for tube D and finally positions 3N to 4N are
for tube A.

[𝐴][𝑇] = [𝐶] (5.5)

𝐴 = [
𝑎0,0 … 𝑎0,3𝑁−1
⋮ ⋱ ⋮

𝑎3𝑁−1,0 … 𝑎3𝑁−1,3𝑁−1
] (5.6)

𝑇 = [𝑇𝐶,𝑖 … 𝑇𝐶,𝑁−1 𝑇𝐵,𝑖 … 𝑇𝐵,𝑁−1 𝑇𝐷,𝑖 … 𝑇𝐷,𝑁−1 𝑇𝐴,𝑖 … 𝑇𝐴,𝑁−1]
𝑇

(5.7)

𝐶 = [
𝑐0,0
⋮

𝑐3𝑁−1
] (5.8)



5.2. The linear model 41

𝑎𝑖, 𝑖−1 =
−𝐶𝑃,𝑎𝑖𝑟𝑚̇𝑐𝑜𝑜𝑙𝑖𝑛𝑔

𝑑𝑥 + (𝑈 ⋅ 𝑃)𝐵𝐶 + (𝑈 ⋅ 𝑃)𝐶𝐷 (5.9)

𝑎𝑖, 𝑖 =
𝐶𝑃,𝑎𝑖𝑟𝑚̇𝑐𝑜𝑜𝑙𝑖𝑛𝑔

𝑑𝑥 (5.10)

𝑎𝑖, 𝑁+𝑖−1 = −(𝑈 ⋅ 𝑃)𝐵𝐶 (5.11)
𝑎𝑖, 2𝑁+𝑖−1 = −(𝑈 ⋅ 𝑃)𝐶𝐷 (5.12)

𝑐𝑖 = 0 (5.13)

The boundary conditions need to be set for each tube; for tubes A, C and D the inlet temperature
is given. For tube A the inlet temperature is defined based on the mixing temperature of the pilot
burner and the diluent gasses. For tubes C and D the inlet temperature is assumed to be equal to
the lab temperature. The boundary condition for tube B is set at the top of the mixing duct. The gas
temperature at the end of tube C is equal to the temperature of the gas flowing into tube C.

𝑎0,0 = 1& 𝑐0 = 𝑇𝑖𝑛𝑙𝑒𝑡 (5.14)
𝑎2𝑁,2𝑁 = 1& 𝑐2𝑁 = 𝑇𝑖𝑛𝑙𝑒𝑡 (5.15)
𝑎3𝑁,3𝑁 = 1& 𝑐3𝑁 = 𝑇𝑚𝑖𝑥𝑖𝑛𝑔 (5.16)

𝑎𝑁,2𝑁−1 = 1& 𝑎𝑁,𝑁−1 = −1 (5.17)

The combined heat transfer and perimeter can be obtained from Equation 5.18 for concentric tubes
[Mills, 2014]. The first and last parameters are the convection components on either side of the tube
surface, while the middle term describes the heat transfer through the central tube. 𝑟𝑜 and 𝑟𝑖 refer to
the radius of the tube, with the subscript 𝑜 referring to the outer radius of the tube and the subscript 𝑖
referring to the inner radius of the tube. The coefficient of convective heat transfer ℎ must fist be calcu-
lated. This can be done using Equation 5.19, in which Nu is the Nusselt number, 𝑘 the conductive heat
transfer coefficient and 𝐷𝐻 the hydraulic diameter. The Nusselt number is a function of the Reynolds
number and Prandtl number, relations for the Nusselt number in a duct with either laminar or turbulent
flow are given in Equation 5.20, Equation 5.21 and Equation 5.22, Equation 5.23 respectively [Mills,
2014].

1
𝑈 ⋅ 𝑃 =

1
ℎ𝑐,𝑖 ⋅ 2𝜋𝑟𝑖

+ 𝑙𝑛(𝑟𝑜/𝑟𝑖)2𝜋𝑘 + 1
ℎ𝑐,𝑜2𝜋𝑟𝑜

(5.18)

ℎ = Nu ⋅ 𝑘
𝐷𝐻

(5.19)

𝑓 = 64
𝑅𝑒𝐷

for Re𝐷 < 2300 (5.20)

Nu𝐷 = 3.66 +
0.065(𝐷/𝐿)Re𝐷Pr

1 + 0.04 [(𝐷/𝐿)Re𝐷Pr]
2/3 for Re𝐷 < 2300 (5.21)

𝑓 = (0.79 ln𝑅𝑒𝐷ℎ − 1.64)
−2

for 104 < Re𝐷ℎ < 106 (5.22)

Nu𝐷ℎ =
(𝑓/8) (Re𝐷ℎ − 1000)Pr

1 + 12.7(𝑓/8)1/2 (Pr2/3 − 1)
for 3000 < Re𝐷ℎ < 106 (5.23)

The temperature can then easily be solved for by multiplying matrix C with the inverse of matrix A.
This yields the gas temperatures in all four ducts. The wall temperatures can be computed using
Equation 5.24.

[𝑇] = [𝐶][𝐴]−1 (5.24)
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5.3. Natural convection
So far only forced convection has been considered. Natural convection occurs on the outside of the
setup, as it can be assumed that there is no forced airflow in the lab. The magnitude of natural convec-
tion depends on the surface temperature, in the simple linear model a small dummy value was used
in place of the natural convection for this reason. The book by Boetcher, 2014 gives a good overview
of various relations for natural convection found in the literature for cylinders in different orientations.
As is pointed out in the book experimentally defining the natural convection is difficult since it is hard
to isolate the natural convection phenomena from other factors like radiative and conductive losses.
The model by Kreith et al., 2011 reports the average Nusselt number of a vertical cylinder as given
in Equation 5.25 for laminar Rayleigh numbers between 105 and 109. For turbulent flow, the Nusselt
number is reported in Equation 5.26, for Rayleigh numbers between 109 and 1012. The Rayleigh num-
ber can be found by multiplying the Grashof number with the Prandtl number. The Grashof number
is the ratio of the buoyancy force over the viscous force, its formula is given in Equation 5.27[Çengel
and Ghajar, 2015]; 𝑔 is the gravitational acceleration, 𝛽 the coefficient of volume expansion ( 𝛽 = 1/𝑇
for ideal gasses), 𝑇𝑠 is the surface temperature, 𝑇∞ is the fluid temperature far from the surface, 𝐿𝑐
the characteristic length and 𝜈 the kinematic viscosity of the fluid. The Nusselt number given by these
formulas is the average over the entire length of the cylinder, therefore the Grashof number is defined
based on the entire length of the cylinder as well.

𝑁𝑢𝐿 = 0.555 (𝐺𝑟𝐿𝑃𝑟)
1/4 for 105 ≤ 𝐺𝑟𝐿𝑃𝑟 ≤ 109 (5.25)

𝑁𝑢𝐿 = 0.0210 (𝐺𝑟𝐿𝑃𝑟)
2/5 for 109 ≤ 𝐺𝑟𝐿𝑃𝑟 ≤ 1012 (5.26)

𝐺𝑟𝐿 =
𝑔𝛽 (𝑇𝑆 − 𝑇∞) 𝐿3

𝜈2 (5.27)

5.4. The combined radiation model
The initial model does not account for the effects of radiation on heat transfer between either the gasses
and the walls of the tubes and between the walls. Gasses absorb and emit radiation at specific wave-
lengths, the absorptivity is very discontinuous and as such gasses can usually not be considered a grey
body. However, for most engineering applications, where high precision is not required, reasonable
results have been achieved by assuming gasses to be grey and calculating the emissivity and absorp-
tivity based on an averaging process [Çengel and Ghajar, 2015]. The emissivity and absorptivity still
depend on geometry, the temperature of the gasses and the gas composition. Not all gasses will be
assumed to participate in the radiation exchange; 𝑂2 and 𝑁2 are assumed not to participate; while 𝐻2𝑂
and 𝐶𝑂2 are assumed to participate. Hottel, 1954 created charts for the mixture of 𝐻2𝑂 and 𝐶𝑂2 in
non-participating gasses based on temperature, pressure and mean beam length.

𝑄̇𝑛𝑒𝑡 =
𝜖𝑠 + 1
2 𝐴𝑠𝜎 (𝜖𝑔𝑇4𝑔 − 𝛼𝑔𝑇4𝑠 ) (5.28)

𝛼𝐶𝑂2 = 𝐶𝐶𝑂2 (
𝑇𝑔
𝑇𝑠
)
0.65

𝜖𝐶𝑂2 (5.29)

𝛼𝐻2𝑂 = 𝐶𝐻2𝑂 (
𝑇𝑔
𝑇𝑠
)
0.45

𝜖𝐻2𝑂 (5.30)

𝛼𝑔𝑎𝑠 = 𝛼𝐶𝑂2 + 𝛼𝐻2𝑂 (5.31)

Since 𝐶𝑂2 and 𝐻2𝑂 can only be found in the mixing duct, and the cooling channels only contain air, it
is assumed that only the gas in the mixing duct radiates and absorbs radiation and the gasses in the
cooling channels are assumed to be completely transparent. In the mixing, there will be both radiation
exchange with the gasses and between the inner mixing duct wall and the outer wall of the cooling
jacket. Inside the cooling channels, there will only be radiation transfer between each wall.
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The radiation between two enclosed grey opaque surfaces 1 and 2 can be calculated based on the
combined view factor and emissivity coefficient 𝐹12. For two concentric infinitely long tubes the formula
for this combined coefficient is given in Equation 5.32 Mills, 2014. The net energy transfer from wall 1
to wall 2 is then given by Equation 5.33.

𝐹12 =
𝜖1

1 + ( 𝜖1𝐴1𝜖2𝐴2
) (1 − 𝜖2)

(5.32)

𝑄̇𝑟𝑎𝑑, 12 = 𝜎𝐴𝑤𝑎𝑙𝑙 1𝐹12 (𝑇4𝑤𝑎𝑙𝑙 1 − 𝑇4𝑤𝑎𝑙𝑙 2) (5.33)

Since radiation is not linear the combined model cannot be solved using linear algebra. Instead for
each section, the heat balance has to be solved. The enthalpy change of the gasses inside the tube
needs to be equal to the heat transfer out of the fluid. For the outer coflow duct these include the
convection to the outer coflow duct and the outer cooling jacket as well as the radiation transfer from
the gas to both of these surfaces. For the flows in the cooling jacket and the fuel line, the only heat
transfer from the fluid is through convection. The convection to the wall needs to be balanced with the
conduction through the wall, the radiation between the walls and the radiation from the gas to the walls
in the case of the coflow duct. The conduction through the wall then needs to be balanced on the other
side of the wall with the convection and radiation heat transfer occurring on the other side of the wall.

𝐶𝑃 (𝑇𝑖−1 − 𝑇𝑖) − 𝑄𝑐𝑜𝑛𝑣 − 𝑄𝑟𝑎𝑑, 𝑔𝑎𝑠 = 0 (5.34)
𝑄𝑐𝑜𝑛𝑑 − 𝑄𝑐𝑜𝑛𝑣 − 𝑄𝑟𝑎𝑑, 𝑤𝑎𝑙𝑙 − 𝑄𝑟𝑎𝑑, 𝑔𝑎𝑠 = 0 (5.35)

By generating a set of equations and defining the relations between these equations they can be solved
by a root-finding method. From the linear model, an initial guess based purely on conduction and
convection was found. The same segments will be used to solve the heat balance in this model.
Starting at the bottommost segment the temperature of the fluid and of the walls is found by utilising
the modified Powell method as implemented in the SciPy function scipy.optimize.root(). This is done
for each segment along the length of the mixing duct. Not all flows in the cooling duct flow upwards, the
outer flow of the cooling jacket flows downwards. To know the temperature of this flow the temperature
of the flow at the end of the inner cooling tube needs to be known which is also dependent on the
temperature in the outer cooling jacket. Due to this dependency simply solving for the temperature
in each segment from the bottom upwards is not enough, several iterations of this process will be
required to obtain a fully converged temperature distribution. Additionally, the equations for the natural
convection are based on the average wall temperature of the insulation along the entire mixing duct;
to compute this average temperature the temperature in each segment also needs to be resolved.
Convergence is set based on the change in the fuel temperature at the of the fuel tube between each
iteration. If this difference between iterations is smaller than 10−5 the model is said to have converged.
The schematic in Figure 5.2 shows this entire process.
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Figure 5.2: Flow chart of the heat transfer mode.

So far only the section of the mixing duct in which the fuel tube is protected by the cooling jacket is
considered. However, the final segment of the cooling jacket is unprotected to prevent the coflow from
separating at the end of the cooling jacket and to give time for any disturbances in the coflow to dissipate
before reaching the combustion chamber. The coflow will lose some heat over this segment and the
fuel mixture will become hotter, to get accurate predictions for the coflow and fuel mixture temperatures
as they enter the combustion chamber the heat transfer equations should be solved for this final section
as well. To simplify the model the conical section is ignored; it is assumed that the cooling jacket ends
and after that, the central tube is unprotected from the coflow. Then the same approach is used for this
part of the mixing duct as the other parts of the setup. However, so far the internal conduction parallel
to the flow direction has been ignored. Due to this sudden change in heat transfer to the wall, there
will be a jump in the wall temperature. To resolve this the internal conduction is also calculated, but
only for the central fuel tube; it was most significant for this tube due to its large impact on the final fuel
mixture temperature. Adding the internal conduction to the outer tube wall and insulation only resulted
in a 3 K change in final coflow exit temperature but lead to a 10-fold increase in time to convergence.

̇𝑄𝑐𝑜𝑛𝑑, 𝑡𝑜𝑝 = 𝑘𝑠𝑡𝑒𝑒𝑙𝜋 (𝑟2𝑜𝑢𝑡 − 𝑟2𝑖𝑛) ∗ (
𝑇𝑤𝑎𝑙𝑙, 𝑜𝑢𝑡, 𝑖 + 𝑇𝑤𝑎𝑙𝑙, 𝑖𝑛, 𝑖

2 − 𝑇𝑤𝑎𝑙𝑙, 𝑖+1) /𝑑𝑥 (5.36)

̇𝑄𝑐𝑜𝑛𝑑, 𝑏𝑜𝑡𝑡𝑜𝑚 = 𝑘𝑠𝑡𝑒𝑒𝑙𝜋 (𝑟2𝑜𝑢𝑡 − 𝑟2𝑖𝑛) ∗ (𝑇𝑤𝑎𝑙𝑙, 𝑖−1 −
𝑇𝑤𝑎𝑙𝑙, 𝑜𝑢𝑡, 𝑖 + 𝑇𝑤𝑎𝑙𝑙, 𝑖𝑛, 𝑖

2 ) /𝑑𝑥 (5.37)

𝑇𝑤𝑎𝑙𝑙, 𝑖±1 =
𝑇𝑤𝑎𝑙𝑙, 𝑜𝑢𝑡, 𝑖±1 + 𝑇𝑤𝑎𝑙𝑙, 𝑖𝑛, 𝑖±1

2 (5.38)

In each segment the internal conduction is calculated as coming from the bottom and top based on the
average temperature in the other segment and this segment. The energy flow from the top is given by
Equation 5.36 and the energy flow from the bottom segment is given by Equation 5.37, the average
segment temperature is given by taking the average of the outer and inner wall temperature as shown
in Equation 5.38.

5.5. Sensitivity analysis & verification
In order to verify the model and assess to which degree which parameter influences the model output
a sensitivity analysis will be performed. In Table 5.1 all the input values for the model are tabulated.
Many of these values are a function of temperature; however to simplify the model it was assumed that
they are constant. For Air two different values are used, one for hot air as can be found in the coflow,
and one for cold air which can be found in the cooling channels and the ambient air. Additionally, the
gas composition influences these parameters, but since this is a simple first estimate model it is not
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required, it is therefore assumed that the gasses in the coflow can be modelled as just regular air, and
the gas in the central jet is pure methane.

Variable Symbol Value Unit Comments Source
Conductivity of
Stainless Steel

𝑘𝑠𝑡𝑒𝑒𝑙 24.5 [ 𝑊𝑚𝐾 ] Steel 310 at
800 C

Engineering Toolbox,
2019

Conductivity of
inconel

𝑘𝑖𝑛𝑐𝑜𝑛𝑒𝑙 27.5 [ 𝑊𝑚𝐾 ] Inconel 600 at
800 C

Special Metals Corpo-
ration, 2008

Conductivity of
Cold Air

𝑘𝐴𝑖𝑟, 𝐶𝑜𝑙𝑑 2.81E-02 [ 𝑊𝑚𝐾 ] Air at 50C Engineering Toolbox,
2009

Conductivity of
Hot Air

𝑘𝐴𝑖𝑟, 𝐻𝑜𝑡 8.11E-02 [ 𝑊𝑚𝐾 ] Air at 1000 C Engineering Toolbox,
2009

Conductivity of
Methane

𝑘𝑚𝑒𝑡ℎ𝑎𝑛𝑒 3.45E-02 [ 𝑊𝑚𝐾 ] Methane at
28C

Engineering Toobox,
2018

Conductivity of
insulation

𝑘𝑖𝑛𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛 0.48 [ 𝑊𝑚𝐾 ] RS, n.d.

Prandtl number
of Cold Air

𝑃𝑟𝐴𝑖𝑟, 𝐶𝑜𝑙𝑑 0.7 [-] Air between
about 340K
and 600 K

Engineering Toolbox,
2018a

Prandtl number
of Hot Air

𝑃𝑟𝐴𝑖𝑟, 𝐻𝑜𝑡 0.74 [-] Air between
about 1000K
and 1500K

Engineering Toolbox,
2018a

Prandtl number
of methane

𝑃𝑟𝑚𝑒𝑡ℎ𝑎𝑛𝑒 0.725 [-] Methane be-
tween 0C and
100C

Engineering Toolbox,
2018b

Kinematic vis-
cosity Cold
Air

𝜈𝐴𝑖𝑟, 𝐶𝑜𝑙𝑑 1.79E-05 [𝑚2/𝑠] Air at 50C Engineering Toolbox,
2003a

Kinematic
viscosity Hot Air

𝜈𝐴𝑖𝑟, 𝐻𝑜𝑡 1.73E-04 [𝑚2/𝑠] Air at 1000C Engineering Toolbox,
2003a

Kinematic vis-
cosity Methane

𝜈𝑀𝑒𝑡ℎ𝑎𝑛𝑒 1.74E-05 [𝑚2/𝑠] Methane at
28C

Emssivity of
Steel

𝜖𝑆𝑡𝑒𝑒𝑙 0.69 [-] Rolled 310 Special Metals Corpo-
ration, 2008

Emssivity of In-
conel

𝜖𝐼𝑛𝑐𝑜𝑛𝑒𝑙 0.82 [-] Inconel 600 at
980 C

Klein Tools, n.d.

Emissivity of the
Insulation

𝜖𝑖𝑛𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛 0.6 [-] Guess; No
good data

Emissivity of
Coflow Gas

𝜖𝑐𝑜𝑓𝑙𝑜𝑤 0.095-0.045 [-] Calculated
using Hottel’s
method

Hottel, 1954

Heat capacity of
air

𝐶𝑃𝐴𝑖𝑟 1.30E+03 [J/kg]

Heat capacity of
methane

𝐶𝑃𝑀𝑒𝑡ℎ𝑎𝑛𝑒 2.23E+03 [J/kg]

Table 5.1: Table of input parameters of the heat transfer model

In Table 5.2 the conductivity, Prandtl number, kinematic viscosity and emissivity of the different fluid
and materials considered in the heat transfer model are shown. To assess the effect of these values
on the model they are each individually increased by 10% and decreased by 10%, the change in the
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maximum material temperature and the change in fuel tube exit temperature are then recorded. The
response will be used to verify that the model responds in an expected way, and to assess how much
each variable affects the model output.

10% Increase 10% Decrease
Variable Units Value Value Δ𝑇𝑚𝑎𝑥 Δ𝑇𝑓𝑢𝑒𝑙 Value Δ𝑇𝑚𝑎𝑥 Δ𝑇𝑓𝑢𝑒𝑙
𝑘𝑠𝑡𝑒𝑒𝑙 [ 𝑊𝑚⋅𝑘 ] 24.5 26.95 -89 mK -41.7 mK 22.05 109 mK 32.9 mK
𝑘𝑖𝑛𝑐𝑜𝑛𝑒𝑙 [ 𝑊𝑚⋅𝑘 ] 27.5 30.25 -5.6 mK -4.2 mK 24.75 6.8 mK 5.2 mK
𝑘𝐴𝑖𝑟, 𝐶𝑜𝑙𝑑 [ 𝑊𝑚⋅𝑘 ] 2.81E-02 3.01E-02 -3.9 K -1.6 K 2.5E-02 4.1 K 1.7 K
𝑘𝐴𝑖𝑟, 𝐻𝑜𝑡 [ 𝑊𝑚⋅𝑘 ] 8.11E-02 8.9E-02 3.5 K 1.1 K 7.3E-02 -3.7 K -1.2 K
𝑘𝑀𝑒𝑡ℎ𝑎𝑛𝑒 [ 𝑊𝑚⋅𝑘 ] 3.45E-02 3.8E-02 -28.1 mK 3.0 K 3.1E-02 32.2 mK -3.6 K
𝑘𝑖𝑛𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛 [ 𝑊𝑚⋅𝑘 ] 0.480 0.528 -6.4 K -4.8 K 0.432 6.6 K 5.1 K

𝑃𝑟𝐴𝑖𝑟, 𝐶𝑜𝑙𝑑 [-] 0.7 0.77 -1.7 K -0.61 K 0.63 1.9 K 0.67 K
𝑃𝑟𝐴𝑖𝑟, 𝐻𝑜𝑡 [-] 0.74 0.814 1.2 K 0.37 K 0.666 -1.2 K -0.40 K
𝑃𝑟𝑀𝑒𝑡ℎ𝑎𝑛𝑒 [-] 0.73 0.803 -15.7 mK 1.7 K 0.657 18.1 mK 2.0 K

𝜈𝐴𝑖𝑟, 𝐶𝑜𝑙𝑑 [𝑚
2

𝑠 ] 1.79E-05 1.97E-05 3.2 K 1.4 K 1.61E-05 -3.6 K -1.6 K

𝜈𝐴𝑖𝑟, 𝐻𝑜𝑡 [𝑚
2

𝑠 ] 1.73E-04 0.00019 -1.1 K -0.364 K 0.000155 1.3 K 0.413 K

𝜈𝑀𝑒𝑡ℎ𝑎𝑛𝑒 [𝑚
2

𝑠 ] 1.74E-05 1.91E-05 22.4 mK -2.5 K 1.57E-05 -24.0 mK 2.6 K K

𝜖𝑆𝑡𝑒𝑒𝑙 [-] 0.69 0.759 -7.3 K 6.6 K 0.621 7.5 K -6.9 K
𝜖𝐼𝑛𝑐𝑜𝑛𝑒𝑙 [-] 0.82 0.902 5.2 K 0.54 K 0.738 -5.4 K -0.59 K
𝜖𝑖𝑛𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛 [-] 0.6 0.66 -0.490 K -0.515 K 0.54 0.536 K 0.571 K

Table 5.2: Variable sensitivity analysis at an operating condition of 𝜙 = 0.8, %𝑂2 = 3% and 𝑇𝑐𝑜𝑓𝑙𝑜𝑤 = 1593𝐾; Δ𝑇𝑚𝑎𝑥 is the
change in maximum material temperature and Δ𝑇𝑓𝑢𝑒𝑙 the change in fuel mixture exit temperature.

A change in the metal conductivity of the stainless steel and the inconel have a very small effect on
the final fuel mixture temperature or the maximum metal temperature. The wall thickness for all tubes
is relatively small, the thickness of the mixing duct wall is 2mm, while the thickness of the walls inside
the cooling assembly can be as small as 1mm, this means that the temperature difference between
the inside and outside of these tubes is going to be quite small, so a 10% variation in conductivity
does not change the temperature too much. The largest difference is observed when altering the steel
conductivity. The cooling jacket assembly will be made from steel, so a variation in conductivity of
this steel directly translates into how well it is able to cool the central fuel line, and interestingly also
influences the material temperature of the mixing duct; the larger conductivity likely leads to a lower
material temperature on the outside of the cooling jacket, which then results in larger radiative heat
transfer from the inner wall of the mixing duct.

Variation of the gas conductivity has a larger effect on both the fuel exit temperature and the maximum
material temperature. Looking at the formula for the convective heat transfer coefficient given in Equa-
tion 5.19 explains why; a 10% change in gas conductivity results in a change in 10% change in the
convective heat transfer coefficient. A 10% change in air conductivity already results in a temperature
difference of a couple of degrees kelvin. The air conductivity is specified separately for cold and hot
air, where the cold value is obtained Using the same value for both the hotter and relatively colder air
streams would thus affect the temperatures notably. As expected altering the methane conductivity
influences the fuel exit temperature most significantly, whereas the maximum material temperature of
the mixing duct only sees a small change.

Further as expected, an increase in the cold air conductivity results in a decrease in the maximum ma-
terial temperature and fuel temperature due to the increase in cooling effectiveness, a 10% decrease in
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conductivity has the opposite result. An increase in the hot air conductivity results in a higher material
temperature and fuel exit temperature due to the increase in heat losses from the coflow to the wall
and cooling structure/ fuel pipe. An increase in the methane conductivity leads to a decrease in the
maximum material temperature and an increase in the fuel exit temperature; the increase in the con-
vective heat transfer coefficient leads to an increase in heat transfer towards the methane very slightly
cooling the mixing duct. Naturally, the conductivity of the insulation influences both the maximum ma-
terial temperature and the fuel temperature most out of all the conductive heat transfer coefficients. An
increase in conductivity leads to higher heat losses and therefore lower temperatures.

The Prandtl number can be found in the relations for the Nusselt number and thus influences the
convective heat transfer coefficient indirectly but in a similar fashion to the gas conductivity; an increase
in conductivity results in an increase in convection. However, the change in temperature is smaller than
the change observed when altering the conductivity.

The kinematic viscosity also influences convection, but even more indirectly than the Prandtl number.
The Reynolds number is a variable in the calculation of the Nusselt number for forced convection,
the Reynolds number is a function of kinematic viscosity. For natural convection, the Grashof number
is calculated using the kinematic viscosity. However, an increase in viscosity leads to a decrease in
Reynolds and Grashof number and thus also a decrease in convective heat transfer. As expected the
results in Table 5.2 reflect this; the sign of the temperature change is the opposite of that observed with
the Prandtl and conductivity change. The order of magnitude change of the kinematic viscosity for hot
air and for methane is similar to the corresponding Prandtl numbers. For cold air however, the order
of magnitude is slightly larger and similar to the order of the gas conductivity. The cold air kinematic
viscosity also influences the natural convection through the Grashof number in which the kinematic
viscosity is squared resulting in a larger influence.

An increase in the emissivity of steel 310 results in an increase in heat transfer from the mixing duct
to the cooling jacket, increased the radiation absorbed by the cooling jacket from the gas in the mixing
duct and increases the radiation heat transfer internally in the mixing assembly; this is confirmed in
Table 5.2 where a 10% increase of the emissivity leads to a -7.3K change in material temperature and
an increase of 6.6K in the fuel exit temperature. An increase in Inconel emissivity also increases the
heat transfer from the mixing duct to the cooling jacket and increases the heat transfer from the coflow
to the mixing duct wall. The heat transfer from the gas to the wall seems to have a larger effect on the
maximum wall temperature than the increase in radiation from the mixing duct to the cooling jacket as
the maximum wall temperature increases by 5.2K. The Inconel emissivity has a smaller effect on the
fuel exit temperature than the steel emissivity; the fuel exit temperature only increases by 0.54K. The
insulation emissivity influences the temperature to a lesser degree as the other two emissivities due to
the difference between the outer insulation temperature and the lab ambient temperature being small.

Most variables seem to have a small influence over the final fuel and material temperature, the maxi-
mum percentile change is 1.5% for the fuel mixture and 0.5% for the maximum material temperature.
The metal conductivity does not have a great influence on the temperatures either due to the small
wall thickness. Insulation conductivity does play a significant role. The gas conductivity also influences
the temperatures due to its influence on the convective heat transfer. The hot and cold values for
the conductivity, Prandtl number and kinematic viscosity have therefore been split into two different
variables.

The behaviour of the model in response to alterations in the variables is in line with expectations as well.
No behaviour was observed which might indicate the model was not properly implemented. Additional
verification is done by comparing the heat loss over the boundary of the model as compared to the
heat loss observed in the coflow. The enthalpy change in the cooling air in the cooling assembly plus
the enthalpy change in the fuel line and the convection and radiation losses on the outside of the setup
should be equal to the enthalpy change in the coflow. A difference of only 0.04% was found between
the values, this small discrepancy can easily be explained by discretisation errors in the model.

In Figure 5.3a and Figure 5.3b the gas temperatures in the coflow and in the cooling assembly have
been plotted along the length of the mixing duct. The dotted line is used for results from the combined
radiation and convection model, while the solid line is used for results from the simpler convection
model. 𝑇𝐴 refers to the temperature coflow gasses, 𝑇𝐵 is the temperature of the cooling air in the
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(a) Comparison between pure convection and combined model for the
coflow

(b) Comparison between pure convection and combined model for the
gasses in the cooling assembly

Figure 5.3: Comparison of convection and radiation heat transfer at 𝜙 = 0.8, %𝑂2 = 3% and 𝑇𝑐𝑜𝑓𝑙𝑜𝑤 = 1593K

outer tube of the cooling assembly, 𝑇𝐶 refers to the cooling air in the inner tube, and 𝑇𝐷 refers to the
methane-air mixture. Figure 5.1 shows a cut through of the assembly with the flow letters indicated
fro visualisation. The linear model predicts a higher coflow temperature since it underestimates the
energy loss in the coflow, the difference is almost 250 kelvin. The convection model also predicts a
lower temperature for all gasses in the cooling assembly. The exit temperature of the outer cooling
flow (𝑇𝐵) is almost 120 kelvin higher in the radiation model. The convection model also predicts that
the fuel mixture and the inner cooling flow only heat up a couple of degrees, however, the radiation
model shows a clear increase in both these temperatures.

Figure 5.4: Comparison of the wall temperatures from the linear model and the radiation model. at 𝜙 = 0.8, %𝑂2 = 3% and
𝑇𝑐𝑜𝑓𝑙𝑜𝑤 = 1593K

The diagram in Figure 5.4 shows the wall temperatures as obtained from the linear model with a solid
line and the one obtained from the radiation model with dashed lines. In the cooling assembly, the
wall temperatures are significantly higher than the radiation model, especially the outer cooling jacket
wall is a lot hotter. Radiation from the mixing duct wall to the cooling jacket wall increases the wall
temperature, additionally radiation from the coflow gas mixture in the mixing duct to the cooling jacket
and the mixing duct increase both temperatures as well. Due to radiation heat transfer from the mixing
duct wall to the cooling jacket, the mixing duct wall temperature is generally lower in the radiation model
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(a) Temperature of the coflow when it reaches the combustion chamber
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(b) Mixing temperature of the pilot burner exhaust and the diluent.

Figure 5.5: The Dashed line is when 𝐶𝑂2 is used, the solid line is for 𝑁2

than the linear model, but at the beginning of the mixing duct, the wall temperature is higher due to
radiation from the flow to the wall.

5.6. Results
In Figure 5.5a the predicted temperature for the coflow when it enters the combustion chamber is shown
as a function of the oxygen concentration. The solid line is for nitrogen, the dashed line shows the pre-
diction when nitrogen is used. These predictions are made for the operating range in Table 5.3, where
the pilot burner flue gasses are a fixed percentage of the coflow compositions. At a higher oxygen
concentration, the flow rate of the coflow is lower, and therefore the power output of the pilot burners is
also lower. In Figure 5.5b the mixing temperature of the pilot burner exhaust and the added diluent is
shown. Since the pilot burner exhaust is a fixed percentage of the coflow mixture the temperature will
remain the same regardless of the oxygen concentration. There is a significant difference in tempera-
ture between the nitrogen-diluted case and the carbon-dioxide-diluted case, but this difference is a lot
smaller when it reaches the combustion chamber. The higher temperature of nitrogen drives a higher
heat transfer rate, which results in a greater energy loss as compared to 𝐶𝑂2.

Min Max
Main power [kW] 2 2
Oxygen concentration [%] 3.0 8
Equivalence ratio [-] 0.8 1.2
Fraction pilot coflow [-] 0.58 0.58
Pilot equivalence [-] 1.0 1.0
Cooling central jet [lnpm] 186 186

Table 5.3: Operating conditions

In Figure 5.6a and Figure 5.6b the maximum material temperature for the mixing duct and for the
outer central jet tube are shown. Both show a small change in temperature with a change in oxygen
concentration. Likely due to differences in the predicted Nusselt number based on changes in the flow
rate. Finally, the temperature of the quartz plates in the combustion chamber is computed and shown
in Figure 5.7.
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(a) Predicted maximum mixing duct temperature
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(b) Predicted maximum cooling jacket wall temperature

Figure 5.6
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Figure 5.7: Predicted maximum quartz temperature in the combustion chamber.
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The temperature of the walls is quite high. This indicates that high-temperature-resistant alloys should
be used to manufacture these parts. The quartz temperature is a bit lower than the predicted maximum
wall temperatures and falls below the maximum temperature for quartz glass of 1100∘𝐶 [Shin-Etsu
Quartz Products, n.d.]. The temperature of the coflow is a bit low. Only at low oxygen concentration is
the coflow temperature high enough to get ignition.

In the end this model has a very large uncertainty, so the predicted coflow temperature might be higher
or lower in real life. A major assumption in this model is that the flow is well-mixed at all times. Over the
entire radius, the same temperature is assumed. In reality, the temperature profile will be parabolic. At
the mixing duct wall and the cooling jacket wall, the temperature will be lower than in the centre of the
duct. This will potentially result in a lower heat loss in the coflow. Additionally, internal heat transfer
in the material of the mixing duct and the cooling jacket has not been taken into account. This might
lower the maximum material temperature, but might also result in a lower coflow temperature as the
temperature difference between the wall and flow will be higher. Additionally, any radiation coming
from the pilot flame has been completely ignored. The predictions for the Nusslet number are also
very uncertain. This model serves as an initial prediction for the conditions in the combustor, which will
primarily be used to make design decisions. During the commissioning of the setup changes to the
operational domain might have to be made. Furthermore, since the predicted material temperature is
so high the wall temperature of the coflow attachment and of the mixing duct wall will be monitored to
prevent them from being damaged.





6
Flow field characterisation

A series of cold flow tests were performed as part of the commissioning process. The aim of this ex-
periment is to characterise the flow in the combustor. The flow coming out of the coflow needs to be
uniform and well mixed. To verify this, stereo particle image velocimetry (SPIV) was applied in differ-
ent configurations. In this chapter this experiment will be discussed by first looking at the theoretical
background for PIV, then at the experimental objectives, the different PIV camera configurations used,
and finally the results from the campaign will be presented and analysed.

6.1. Particle image velocimetry
By adding particles to the flow the flow direction and speed can be obtained from their displacement.
PIV is a non-intrusive measurement technique which uses tracer particles, either added or already
occurring in the flow, to capture the flow field. Unlike other velocimetry methods, like hot wire anemom-
etry, no probe is inserted into the flow which otherwise might have caused disturbances. PIV can also
capture a large area instantaneously. A PIV setup uses a laser sheet to illuminate these particles and
one, or more, cameras to capture the state of the flow at two sequential times. The captured frames are
then subdivided into smaller interrogation windows. The displacement is then obtained by analysing
the average particle displacement inside this window, yielding a velocity vector.

If a single camera is used the out-of-plane velocity, or velocity component normal to the laser sheet
plane, cannot bemeasured. Stereoscopic PIV solves this by using two cameras, using a similar method
to how humans perceive depth. In this cold flow experiment, stereo PIV was used. Since the diluent is
introduced into the mixing duct at an offset from the centre it might cause a small swirl to form. In the
vertical viewing angles, this will be the out-of-plane velocity, which cannot be resolved using regular
PIV.

6.1.1. Particles
The disadvantage of PIV is that it is an indirect measurement technique. The flow is not measured
directly, but rather the effect of the flow on the particles. Therefore, care should be taken to make sure
that particles are able to follow the flow in order to get accurate results [Raffel et al., 2007].

A major source of discrepancy between the flow and particle motion is due to a difference in the gravita-
tional force caused by the difference in density between the flow and the tracer particles. By assuming
the particles are spherical and in a viscous flow at low Reynolds number stokes law can be applied to
the particles. Setting the stokes drag equal to the force of gravity due to the density difference yields
the equation for the slip velocity in Equation 6.1 [Tropea et al., 2007].

𝑉𝑠𝑙𝑖𝑝 =
𝑑2𝑝 (𝜌𝑝 − 𝜌𝑓)

18𝜇
𝑑𝑉
𝑑𝑡 (6.1)

In which 𝑑𝑝 is the particle diameter, 𝜌𝑝 and 𝜌𝑓 respectively the particle and flow density and 𝜇 the
dynamic viscosity. The particle response to a sudden change in flow velocity follows an exponential
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change in velocity. The relaxation time for a velocity change is shown in Equation 6.2, assuming
𝜌𝑝 >> 𝜌𝑓 [Tropea et al., 2007].

𝜏𝑝 = 𝑑2𝑝
𝜌𝑝
18𝜇 (6.2)

This equation is only valid for a constant deceleration is constant and stokes drag applies. If these
assumptions cannot be made, the relaxation time becomes much harder to solve. This unit however
still is a good metric for evaluating how well a choice of tracer particle follows flow deviations [Raffel
et al., 2007]. The stokes number as given in Equation 6.3 is defined as the ratio of the relaxation time
to the characteristic flow time scale [Tropea et al., 2007]. A tracer particle is said to have an acceptably
short relaxation time if the stokes number is smaller than 0.1, resulting in an error smaller than 1%.

𝑆𝑘 =
𝜏𝑝
𝜏𝑓

(6.3)

For the cold flow experiment DEHS oil was used. An approximation for the density of this oil is 𝜌𝑝 ≈
103𝑘𝑔/𝑚3, with a mean particle diameter of 1− 3𝜇𝑚 [Tropea et al., 2007]. Taking 𝜇 = 18.13𝑒 − 6 𝑃𝑎 𝑠
[Engineering Toolbox, 2003a], and assuming 1𝜇𝑚 for the particle diameter then yields a response time
of 𝜏𝑝 ≈ 3.04𝜇𝑠. For the flow time scale we can use the Kolmogorov time scale, the time scale of the
smallest flow features in turbulent flow. The Kolmogorov time scale is defined in Equation 6.4 [Warnatz
et al., 2006]. Where 𝜈 is the kinematic viscosity and 𝜖 is the turbulence dissipation rate.

𝜏𝑓 = (
𝜈
𝜖 )

1/2
(6.4)

Friehe et al., 1972 showed that the turbulence dissipation of a jet can be found with Equation 6.5, for a
self-similar jet with a Reynolds range of 104 < 𝑅𝑒𝑗𝑒𝑡 < 5 ⋅ 105 and a range for distance from the nozzle
of 20 ≤ 𝑥/𝐷 ≤ 70. In this equation 𝑈𝑗 is the jet exit velocity, 𝐷 is the jet diameter, 𝑐 is a constant which
is 48 and 𝑥 is the distance from the nozzle.

𝜖 =
𝑈3𝑗
𝐷 𝑐 (

𝑥
𝐷)

−4
(6.5)

With a jet velocity of 111 m/s and a jet diameter of 3mm the turbulence dissipation at 𝑥/𝐷 = 20 is
𝜖 = 13.7 ⋅ 104𝑚2/𝑠4. With a kinematic viscosity of air at 20∘𝐶 of 𝜈 = 15.06𝑒 − 6 𝑚2/𝑠 the Kolmogorov
time scale is found to be 𝜏𝑓 = 10.49𝜇𝑠. With this, the stokes number can be found to be 𝑆𝑘 = 0.3. This
means that while it doesn’t meet the criterion of 0.1 it is very close.

The tracer particles should also scatter a sufficient amount of light for them to be tracked. Spherical
particles with a larger but similar diameter than the laser light wavelength can be assumed to undergo
Mie scattering [Tropea et al., 2007]. The wavelength used by the laser is 532 nm, and the tracer
particle size is about 1-3𝜇𝑚. The scattering behaviour of such particles can be determined by the Mie
parameter 𝑞, as given in Equation 6.6 [Tropea et al., 2007]. In this equation, 𝑑𝑝 is the particle diameter
and 𝜆 is the laser light wavelength. When this 𝑞 is larger than one peaks in the scattering intensity will
start to form in different radial directions. In Figure 6.1 an example of a scattering function is shown.
The largest peak is found at 180 degrees from the light, this is called forward scatter. A smaller peak
forms at 0 degrees with respect to the light source, this is called backscatter. The smallest amount of
scatter is found at about 90 degrees, this is called side scatter and is the angle most often used due to
practical reasons [Tropea et al., 2007]. Ideally one would position their camera setup to take advantage
of the forward scatter. The ratio between the forward and backward scatter also increases rapidly with
increasing 𝑞.

𝑞 =
𝜋𝑑𝑝
𝜆 (6.6)
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Figure 6.1: An example of a scattering function for a Mie parameter value of 10 computed for a water droplet in air. Data from
Albrecht et al., 2003 image taken from Tropea et al., 2007

6.1.2. Laser
In PIV double pulsed lasers are used which produce two short pulses for the two successive frames to
capture. The working principle of PIV requires that the flow is imaged twice with a small Δ𝑡. In each
of these images, the particles should be illuminated for a short time to make sure the particles appear
as dots and not stripes. For this reason, the laser needs to produce a pulse of time 𝛿𝑡 for which the
criteria 𝛿𝑡 ≪ 𝑑𝜏

𝑣𝑀 holds [Tropea et al., 2007]. Where 𝑑𝜏 is the particle diameter projected on the imaging
sensor, 𝑀 is the magnification and 𝑣 is the velocity of the flow.
A thin sheet of light is created from the laser light using lenses. Spherical lenses expand or contract the
light in all directions, and cylindrical lenses do this in one direction. The sheet should be a couple of mm
thick usually in the order of 1% of the field of view width or height [Tropea et al., 2007]. The beam waist
is the point at which the laser sheet is thinnest. In this region, the sheet thickness and energy density
change the most rapidly. The waist should therefore not be placed in the field of view, ideally beyond the
measurement region [Tropea et al., 2007]. The sheet profile needs to be as parallel as possible. This
is even more important for stereo PIV with high out-of-plane velocities as a changing sheet thickness in
the measurement domain means particles leave the laser sheet after different intervals in the domain.

6.1.3. Imaging & Timing
Imaging is usually performed with a digital sensor, either CMOS or CCD, and a lens to focus the light
on the sensor. Two important parameters of the lens are its focal length 𝑓 and its f-stop 𝑓#. The f-stop
is defined as the focal length divided by the aperture diameter and is a measure of how much light
is collected. The f-stop also influences the depth of field. With a higher f-stop resulting in a greater
depth of field. Depending on the distance to the imaging plane and the focal length a value for image
magnification 𝑀0 is obtained. This is defined as the distance between the lens and the sensor (image
distance 𝑍0) over the distance between the lens to the object (object distance 𝑧0). The diameter of
the imaged particle on the sensor 𝑑𝜏 can then be found using Equation 6.7. Here 𝑑𝑝 is the particle
diameter, and 𝑑𝑠 is the diffraction-limited spot diameter. This is an optical effect which occurs when
imaging very small or very distant objects. As light of one of these objects is captured a small so-
called Airy disc is formed on the imaging plane with diameter 𝑑𝑠 surrounded by diffraction rings with
decreasing brightness. 𝑑𝑠 can be found using Equation 6.8, in which 𝜆 is the wavelength of light from
the laser [Tropea et al., 2007]. In practice, the value of the diffraction diameter is much larger than the
diameter based on the magnification, so it is usually safe to assume that the imaged particle size is
the same as the diffraction-limited spot diameter (𝑑𝜏 ≈ 𝑑𝑠). This also means that variations in particle
diameter are usually not very important and the imaged particles have a fairly uniform diameter.

𝑑𝜏 = (𝑑2𝑠 +𝑀0𝑑2𝑝)
1/2

(6.7)
𝑑𝑠 = 2.44 (1 +𝑀0) 𝑓#𝜆 (6.8)

The focal depth of the camera can be determined using Equation 6.9 [Tropea et al., 2007]. As can
be seen from this equation the focal depth is lowest when the f-stop is in the lowest setting. For this
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reason, focusing using the scheimpflug was performed at the lowest f-stop setting. Then when the
entire FOV was in focus the f-stop was changed to the desired setting for measurements.

𝛿𝑧 = 4(1 +
1
𝑀0
)
2
𝑓#2𝜆 (6.9)

When the projected particle size on the imaging sensor is smaller than one pixel an effect called peak
locking occurs [Tropea et al., 2007]. The sub-pixel displacement of the particle cannot be discerned,
which greatly decreases the minimum observable particle displacement. Ideally, the imaged particle
should cover 2-3 pixels. By means of Gaussian peak interpolation can the sub-pixel displacement then
be obtained. Therefore, the f-stop should be selected in such a way that the diffraction-limited spot
diameter 𝑑𝑠 is about 2-3 pixels in size.
In stereo PIV two cameras are used to capture the same field of view. Tropea et al., 2007 states that
there are two methods for positioning the cameras: the translation method and the angular method. In
the translation method, the object and the image plane remain parallel to keep magnification constant.
If the cameras are only translated the overlap in their field of view is smaller and the measurement
domain thus smaller as well. By angling the cameras such that they are viewing the same plane a
larger measurement domain is obtained. To be able to focus the entire object plane a scheimpflug is
used. This scheimpflug is a lens that can be rotated. To focus the whole object plane the scheimpflug
should be rotated such that the object plane, the imaging plane and the scheimpflug plane all intersect
at one point. A disadvantage of angling the cameras with respect to the object plane is the perspective
deformation it causes, but this can be corrected in software.

To get any displacement information two images need to be captured per camera. The flow displace-
ment can be computed based on the observed displacement of particles between each frame. Comput-
ing the flow velocity based on the displacement of single particles is only possible if the displacement is
less than the particle spacing. When this is the case the obtained velocity vectors are very sparse and
randomly distributed. By using a higher particle density a greater resolution of resolved velocity vectors
can be obtained, but in this case, single particle tracking is not possible. Instead, the entire domain is
subdivided into small interrogation windows with a sufficient number of particles inside them. These
windows are generally in the order of 16x16 to 128x128 pixels. The displacement is then computed
based on the cross-correlation map for the particles inside the window. The particle displacement in-
side each of these windows should be nearly uniform, and the particle displacement relative to the
window size should not be too large. If the displacement is big then there will not be enough particle
pairs between each captured frame [Tropea et al., 2007].

An important factor is also the timing between the two frames. The timing should be chosen such that
the in-plane displacement in the integration window is smaller than the window size, but it should be
large enough that there is at least a displacement of more than 0.1 pixels. Otherwise, no displacement
will be detected. Additionally, the particles can also move perpendicular to the laser sheet. The dis-
placement of the particles should be smaller than a quarter of the laser sheet thickness, as otherwise
too many would move out of view between frames [Tropea et al., 2007]. This also means that it is not
possible to simultaneously capture fast and slow-moving flow.

6.2. Experimental objectives
The three main objectives of this campaign are:

• Investigate the flow uniformity

• Investigate the influence of the jet on the flow in the combustion chamber.

• Investigate the effect of the porous foam disks in themixing duct on the flow field in the combustion
chamber.

Stereo PIV was chosen as the measurement technique due to the need for measuring the flow velocity
in three axes. The diluent is added at an offset from the centre line at the coflow attachment, which
would produce a slight swirling motion in the flow. The foam disks are supposed to aid in dissipating this
swirl before the flow reaches the combustion chamber. A good overview of the complete flow field is
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needed to assess the flow uniformity in the combustion chamber. Therefore, hot-wire velocimetry was
not suitable. Additionally, this setup has been designed with laser-based flow measurement techniques
in mind. This PIV campaign will also facilitate as an evaluation of the feasibility of utilising lasers on the
setup.

6.3. The setup
A Quantel Evergreen 200 532nm Nd:YAG laser was used to produce the laser sheet. The light of the
laser was transformed into a sheet of about 1mm thickness using three lenses: a cylindrical lens with
𝑓 = −75𝑚𝑚, a cylindrical lens of 𝑓 = 75𝑚𝑚 and a spherical lens with 𝑓 = −30𝑚𝑚. Two Imperx
Bobcat IGV-B1610 CCD cameras (1628x1236, px:4.4𝜇𝑚) were used to capture the flow. Each of these
cameras was equipped with an AF Nikkor lens. For most cases a 35mm lens was used, only the
vertical enclosed - two-window view a 105mm lens was used. A 532nm bandgap filter was placed on
each lens to filter out the background light. Additionally, two scheimplfugs were placed between the
camera and the lens. This made it possible to rotate the camera lens to get the entire field of view in
focus, by satisfying the scheimpflug condition. The coordination between the camera and the laser was
done using a LaVision programmable timing unit. The tracer particles were generated using a PIVTEX
Aerosol Generator (PIVpart45) which used DEHS oil. The SPIV system was calibrated using a type
10 LaVision 3D calibration plate. This plate was placed in the middle of the combustion chamber and
aligned with the location of the laser sheet. A photograph is then taken of the calibration plate using
both cameras. The PIV processing software DaVis will then match up the dots on the calibration plate
in the photograph to their known locations.

Since this is a cold flow test only air is provided to the setup. The seeding is added to through the
diluent connection. Three silicon carbide foam disks are placed in the mixing ducts. One at the bottom
between the coflow attachment and the cylindrical mixing duct, one between the cylindrical mixing
duct and the octagonal mixing duct and one between the octagonal mixing duct and the combustion
chamber. In the enclosed configuration, a 3D-printed cone, made from PLA, is placed on top of the
setup. This prevents ambient air from being entrained into the combustion chamber. In the reacting
experiments, the PLA cone is replaced with a steel cone manufactured from welded steel plates.

Several viewing configurations were used to observe the flow. Both with an enclosure and without an
enclosure. In Table 6.1 an overview of the different configurations which were tested is shown. In the
subsections below each of the configurations will be discussed in more detail.

Configuration Utility
Open horizontal Visualse if there is a swirl in the flow
Open vertical Visualse the entrainment of lab air into the region of interest
Closed single window Study the flow field in an enclosed configuration
Closed two windows Study the flow field without interference from the window frame

Table 6.1: Overview of the tested configurations

Open horizontal
The first configuration is unenclosed, with a horizontal laser sheet. Measurements with a horizontal
laser sheet are only possible when the setup is unenclosed, as the frame would otherwise block the
light. The two PIV cameras are placed above the setup looking down. Each camera is on the other
side of the setup, and on the centre line. The horizontal laser sheet is placed about 4-5mm from the jet
exit plane. A schematic of the setup is shown in Figure 6.2 and a photo of the laser light illuminating
the tracer particles in Figure 6.3.
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Figure 6.3: Photo of the laser light eluminating the tracer particles in the open horizontal configuration.

Figure 6.2: Diagram of the open horizontal configuration. The green region indicates the approximate field of view.

Open vertical

In the vertical open configuration, the setup was also not enclosed, but the laser sheet rotated vertically.
The cameras are moved in front of the setup, still positioned on either side, but now at the same height
as the field of view. The field of view is the entire width of the coflow, it starts about 5mm above the jet
exit plane and ends at about 87mm above the jet exit plane. The cameras are now also each observing
a different side of the laser sheet. In Figure 6.4 the setup is shown schematically. It was observed that
the unseeded ambient lab was relatively quickly entrained into the coflow. To still be able to perform
PIV measurements a smoke generator was used to add seeding to the lab air surrounding the setup.
In Table 6.2 the timing, lens focal length and number of images captured per case are shown for this
configuration.
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Figure 6.4: Diagram of the open vertical configuration. The green line indicates the approximate FOV.

Δ𝑇 [𝜇 s] 20
f-stop [-] 8
Lens focal length [mm] 35
Number of images [-] 290

Table 6.2: Setup details for the open vertical configuration.

Closed vertical - single window
As can be seen in Figure 6.5 in this configuration both cameras are on the same side of the setup, and
positioned one above the other. Both cameras are looking through the same window; both cameras
can also see through the windows on the left and right of the window in the centre. The entire width
of the combustion chamber cannot be seen as the frame partially blocks the field of view. The field of
view is positioned about 21mm from the jet exit plane and extends up to about 120 mm. In Table 6.3
the timing, lens focal length and number of images captured per case are shown for this configuration.

Additionally, some issues were encountered when performing the stereo calibration in this field of view.
The calibration plate was not large enough to be seen in both side windows. It would only be visible
in one side window. Furthermore, the dot-finding algorithm was not able to pick up on the dots which
were visible in the side window. This is caused by the difference in refraction which is not something
the calibration algorithm can account for. The resulting combined image was not very well aligned in
the side windows. There is thus a small calibration error when looking at data in the side windows.

Figure 6.5: Diagram of the closed vertical single window view configuration. The green line indicates the approximate FOV.
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Jet Jet off
Δ𝑇 [𝜇 s] 20 2500
f-stop [-] 8
Lens focal length [mm] 35
Number of images [-] 100

Table 6.3: Setup details for the closed vertical - single window configuration.

Closed vertical - two windows
If it can be assumed that the flow is axisymmetric then only one-half of the combustor has to be observed
to know what the flow field looks like. In this configuration, shown in Figure 6.6, both cameras are again
placed on either side and slightly in front of the setup. Each camera looks through a different window
to slightly more than half the combustion chamber. This ensures that we can still see the entirety of the
jet. The field of view in the direction of the flow is now also a bit smaller. Starting at 58mm till about
92mm from the jet exit plane. Furthermore, the setup has also been rotated 90 degrees with respect
to the other configurations. Now the pilot burners are on the same line as the laser sheet. Whereas
previously the pilot burners did not intersect with the laser sheet at all. In Table 6.4 the timing, lens
focal length and number of images captured per case are shown for this configuration.

Figure 6.6: Diagram showing the position of the PIV cameras with respect to the setup in the two windows configuration. The
green line indicates the approximate location of the FOV. (Note that the setup is rotated 90 degrees w.r.t. the other

configurations.)

Jet Jet on, coflow focus jet off
Δ𝑇 [𝜇 s] 1.5 100 750
f-stop [-] 11
Lens focal length [mm] 105
Number of images [-] 800

Table 6.4: Setup details for the closed vertical - two window configuration

6.4. Testing and processing procedure
In this section, the setup procedure, calibration of the system, timing of the laser and camera, and the
processing of the images are described.

6.4.1. Calibration procedure
The setup and calibration procedure was as follows. The cameras are placed in roughly the correct
position. The cameras are then translated and rotated such that the desired field of view is obtained
and the observed area of each camera overlaps. We also made sure the cameras are parallel to the
ground using a level, except in cases where the camera had to look up or down. We then taped pieces
of paper with text in a very small font onto the calibration plate. The calibration plate was then placed at
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the location of the laser sheet. The scheimpflugs and focus of the cameras were adjusted till the entire
FOV was in focus. The small text made it easier to see if this was achieved. The focusing was done at
the smallest f-stop as this is when the focal depth is smallest. Once this was done the PIV system was
calibrated in DaVis using a type 10 3D calibration plate. The f-stop was then increased to the desired
value to ensure a sufficient depth-of-field and ensure that the particle images were sufficiently large on
the camera’s imaging sensor.

6.4.2. Flow rates
To be able to meet the campaign objectives three flow settings were chosen to yield results represen-
tative of the entire planned experimental domain. The central jet was supplied with a high or low flow
rate. In the coflow a fixed flow rate for the pilot burners was chosen, and a fixed flow rate for the dilu-
ent. Both pilot burners could be open, one could be closed or they could both be turned off. When only
one of the pilot burners was open the flow rate to the pilot burners was halved such that the flow rate
through each burner remains constant. Since the seeding was added to the diluent flow it could not be
turned off. An overview of the flow rates, computed bulk velocities and Reynolds numbers is given in
Table 6.5

Central jet Coflow
Case Flow rate

[lnpm]
Bulk velocity
[m/s]

Re [-] Flow rate
[lnpm]

Bulk velocity
[m/s]

Re [-]

Baseline 38.38 97.12 19,354 232.04 0.35 2,577
Single pilot 38.38 97.12 19,354 178.00 0.24 2,244
High jet 47.07 119.11 23,736 232.04 0.35 2,925

Table 6.5: Overview of operating cases for the vertical enclosed - two window field of view. Bulk velocities and Reynolds
calculated at 20∘𝐶.

Not all these conditions were tested for every configuration. In the open horizontal and vertical con-
figuration only the baseline case was acquired. In the two enclosed configurations, all specified flow
rates were tested. In the closed vertical - two window view configuration all specified conditions were
tested with and without the top foam disk to find the effect of the top foam disk on the flow.

6.4.3. Timing
As mentioned in subsection 6.1.3 the selection of the time between consecutive frame captures de-
pends on the flow velocity and interrogation window size. The in-plane image particle displacement
should be smaller than the window size, the out-of-plane displacement smaller than a quarter of the
laser sheet thickness and the displacement should also be larger than 0.1 pixels. This makes it difficult
to simultaneously capture the central jet and the coflow. In Table 6.6 the timing used for different con-
figurations is displayed. The jet timing refers to measurements which were taken when the jet was on,
the coflow timing refers to cases when there is no jet, or to cases where the focus was on the coflow.
In the two window configuration measurements of the same cases with jet were taken with both 1.5
and 100 𝜇𝑠. Using 100 𝜇𝑠 allows for better observation of the flow coflow region when the jet is on.

Open Enclosed
Configuration Vertical Single window Two window
Jet timing [𝜇𝑠] 20 20 1.5
Coflow timing [𝜇𝑠] N/A 2500 100 or 750

Table 6.6: Δ𝑇 used for each configuration

Originally, 4 𝜇𝑠 was set as Δ𝑇 for the enclosed - two window view cases with jet. This however resulted
in a timing mismatch between the laser and the camera system. During the second exposure of the
camera, the laser light would not be on, resulting in that frame not containing any data. The timing
issue was resolved by specifying a negative 2.5 𝜇𝑠 offset in DaVis. However, during post-processing,
it was noticed that the jet velocity from this frame did not match the jet velocity obtained from the single
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window frame. DaVis still uses a Δ𝑇 of 4 𝜇𝑠 and ignores the timing offset. As the actual timing was now
1.5 𝜇𝑠 all velocities obtained from the processing done by DaVis have to be multiplied by 4/1.5 and the
Reynolds stresses have to be multiplied by (4/1.5)2.

6.4.4. Processing
Processing of the images was done in version 8.4.0 of DaVis. For every case, a self-calibration was
first performed, an initial run to correct for the light sheet misalignment and then also an additional run
to correct for additional disparities. Then a background subtraction was performed using 11 images.
The PIV processing was done in multi-pass mode with decreasing window size. The initial single pass
has a 64x64 window size, with 50% overlap and the smallest window is 24x24 pixels with 75% overlap
and is done in two passes.

6.5. Error estimation
There are several sources of errors that can influence the PIV results. Benedict and Gould, 1996 de-
rived formulas for the uncertainty estimation of turbulence data using large sample theory. The authors
provide equations for the variance for a list of different properties encountered in turbulence research.
These formulas are only valid if the experimental data is independent. The standard deviation of the
average flow velocity is obtained using Equation 6.10, where ⟨𝑢′2⟩ is the RMS value of the veloc-
ity fluctuations. The standard deviation of the RMS of the velocity fluctuations can be obtained from
Equation 6.11. For the Reynolds shear stress the standard deviation is obtained from Equation 6.12,
where 𝑅𝑢′𝑣′ is obtained from Equation 6.13. To obtain a 95% confidence interval the results from these
equations have to be multiplied with a z-factor of 1.96.

𝜎𝑢 =
√𝑢′2
√𝑁

= ⟨𝑢′2⟩
√𝑁

(6.10)

𝜎⟨𝑢′2⟩ =
√𝑢′2
√2𝑁

= ⟨𝑢′2⟩
√2𝑁

(6.11)

𝜎𝑢′𝑣′ = √
1 + 𝑅2𝑢′𝑣′

𝑁
√𝑢′2√𝑣′2 = √

1 + 𝑅2𝑢′𝑣′
𝑁 ⟨𝑢′2⟩⟨𝑣′2⟩ (6.12)

𝑅𝑢′𝑣′ =
𝑢′𝑣′

√𝑢′2√𝑣′2
= 𝑢′𝑣′
⟨𝑢′2⟩⟨𝑣′2⟩ (6.13)

6.6. Results
In this section, the results obtained from the PIV campaign are discussed. First, the results from the
unenclosed configurations are discussed. Then the flow uniformity in the combustion chamber is anal-
ysed. Finally, the jet properties of the jet are investigated.

6.6.1. Unconfined entrainment of lab air
In the unenclosed vertical case, lab air was found to quickly entrain into the coflow/ central jet region.
A frame of the observed seeding by camera 2 is shown in Figure 6.7a. At about 𝑥/𝑑 = 25 the lab air
can be seen to reach the central jet region. If combustion was taking place, the lab air would have had
an influence on it at that point. The central jet region is also visible at the bottom centre of the frame.
Since the central jet is unseeded it needs to entrain seeding from the coflow to be visible. Therefore
the seeding density is visibly lower in this region.

To be able to see the flow surrounding the coflow a smoke generator was placed under the setup.
By running the smoke generator for a couple of seconds and then waiting for the smoke to spread a
sufficiently high concentration of particles in the air surrounding the setup was obtained. In Figure 6.7b
the flow field obtained from measurements at the baselines case is shown. Since the flow rate of the
coflow is so slow a small draft in the lab is seen to be influencing the flow field surrounding the jet. On
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the left side, the flow can even be seen to be slowly drifting to the left, while on the right side, some
flow can also be seen to be moving left instead of being sucked into the jet. This effect of the ambient
air on the coflow was also observed in the horizontal laser sheet configuration.

The open horizontal configuration did not offer any other interesting results. When the jet was turned
off the effect of the lab air currents on the coflow was very clear. Additionally, when the top foam disk
was not present the PIV results were of lower quality. Possibly, due to lab air entraining into the mixing
duct at the top resulting in unseeded pockets of air.

(a) Image from the second camera in the unenclosed
vertical configuration, with time subtract applied.

𝑥/𝑑 ≈ 5−34 The unseeded lab air can be seen to entrain
fast. (contrast increased for clarity)

(b) The processed flow field for the baseline case in the vertical open view

Figure 6.7

6.6.2. Flow uniformity
The flow coming out of the mixing duct needs to be uniform and well mixed. The diluent attachment is
off-centre in the mixing duct which will cause a rotation in the flow. The foam disks are there to destroy
this rotation, and to increase mixing. In Figure 6.8a the vertical flow velocity is shown for the baseline
case, with the jet, and both pilot burners open. The vectors shown in the plot show interesting behaviour
in the coflow. To better visualise this the maximum and minimum velocities have been set at ±0.5 m/s
such that the velocity differences in the coflow become visible. This is shown in Figure 6.8b. The jet
in the centre has a much higher vertical velocity and therefore appears as a single-coloured inverted
cone. Looking at the flow on either side of the central jet it is obvious that the flow is not symmetric.
There is even some downward flow observed on the top left side. The overall flow velocity is also lower
on the left side as compared to the right side. The downward flow is the result of a recirculation zone
of which only the bottom part is observed in this frame.

In Figure 6.9a, the vertical velocity is displayed for the case without a jet. The flow is also asymmetric
in this case; The flow rate on the right side is still faster than on the left side. Unlike the case with jet, all
flow is upwards, there is no recirculation observed. In Figure 6.9b the left pilot burner is closed, halving
the flow rate through the pilot burners. The asymmetry is more pronounced in this case. The relative
difference between the flow rate seen on the left and right side is bigger as compared to the case
where both pilot burners are open. It is important to note that this field of view does not intersect with
the pilot burners, but is at a 90-degree offset, as is shown in Figure 6.5. The right-hand side observed
in Figure 6.9b is thus not right above the only pilot burner which is turned open.

The combustor has three disks in the mixing ducts, one at the bottom and one at the top of the circular
duct, and one at the top of the octagonal duct just before the combustion chamber. In the enclosed two
window view, all cases were run, both with this top disk installed and without it, to see how these disks
influence the flow. Figure 6.10a and Figure 6.10b show the case with no jet and flow running through
both pilot burners, the first one is with the top disk in place, the second one is without the top disk.
On the Y-axis the distance from the jet exit plane is normalised with the jet diameter. The x-axis gives
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(a) Baseline case (b) Baseline, with the max and minimum displayed vertical flow velocity
set at ±0.5 m/s

Figure 6.8: Flow field of the vertical velocity from the closed vertical - single window view at baseline operating conditions.

(a) Case with jet turned off and both pilot burners on. (b) Case with the jet turned off, with flow through only the right pilot
burner.

Figure 6.9: Flow field from the closed vertical - single window view
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(a) Case with top foam disk (b) Case without top foam disk

Figure 6.10: Flow field from the closed vertical - two window view, both images are of the case without jet

the distance from the central jet. This position is calculated using the average position of the peaks of
the jet in all cases where there is a jet. As can be seen, only slightly more than the left-hand side of
the combustion chamber can be seen. In the case with the top disk, an area of faster-moving air can
be seen. It looks like there is a jet, it is however not on the location of the central jet but rather about
12mm to the side of it. In the case without the disk, the faster flow is spread out over a larger area.
More interestingly the flow velocity in this area is about the same as the velocity in the fast-moving flow
in Figure 6.10a even though the total mass flow rate is exactly the same in both figures. This is even
easier to see when the vertical velocity is plotted at two distinct locations: at the bottom and top of the
frame, for both cases, as is done in Figure 6.11.

Figure 6.11 shows the velocity of the coflow in the case when the central jet is turned off. On the Y-
axis the vertical velocity is given, and on the X-axis the distance from the central jet, the same as in
Figure 6.10. For each case two lines are plotted, one at the bottom of the frame at 𝑌/𝐷𝑗𝑒𝑡 = 20.0 and
one at the top of the frame at 𝑌/𝐷𝑗𝑒𝑡 = 28.0. As observed earlier the peak in coflow velocity is similar in
magnitude between the case with and without disk, the peak width is very different, however. Without
disk, the coflow velocity distribution is as expected: a parabolic shape with a dip at the wall around
𝑥 = −60𝑚𝑚 and a dip in the centre due to the wake from the central jet. When the disk is present there
is a narrow jet at around 𝑥 = −12𝑚𝑚, apart from in this area the flow velocity is much lower. In the
jet, the velocity decays as the flow moves downstream. This is also observed when there is no foam
disk. In the area between about 𝑥 = −20𝑚𝑚 and 𝑥 = −60𝑚𝑚, the velocity increases downstream.
The flow wants to return to a parabolic shape, and the jet decays, which accelerates the surrounding
flow. Both in the case with and without disk an increase in downstream velocity is observed on the
right-most side of the plot. This is the result of the wake from the central jet decaying. Interestingly,
however, the minimum in this wake area seems to be outside the observed area more to the right. It
does not correspond to 𝑥 = 0𝑚𝑚, which is where the central jet is located when it is turned on.
Since the mass flow rates are the same the momentum in the flow should be similar both when the
disk is present and isn’t. The general equation for momentum is given in Equation 6.14, where 𝑝 is the
momentum, 𝑀 the mass and 𝑣 the velocity. This equation will be used to compute the momentum of
a volume of gas. The PIV data is given in discrete data points, which means we can use this to grab
one vertical slice of data and compute the absolute momentum of this slice. Since we only have one
side of the combustor, and data only for a thin slice in the z direction we have to assume the flow is
axisymmetric. The volume can then be segmented into small octagons with height Δ𝑌 and thickness
Δ𝑋, it is then assumed that for each of these segments, the velocity is the same in the circumference.
Using the equation for the perimeter of an octagon 𝑃 = 16𝑅 (√2 − 1) the mass of small volume Δ𝑀
can be computed with Equation 6.15. Where Δ𝑋 is the width of the volume, 𝛿𝑌 is the height and 𝜌 is
the density of the gas. By summing all sections from the centre at 𝑋 = 0 to the wall the momentum of
a slice of flow with height Δ𝑌 can be computed. The formula for which is given in Equation 6.16. The
same spacing for 𝑌 is used in both cases.
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Figure 6.11: Flow field from the closed vertical - two window view, no jet case. Comparison of case with and without disk at two
downstream locations
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Figure 6.12: Absolute momentum from the closed vertical - two window view. in the no jet case both with and without the top
foam disk. With statistical 95% confidence interval

𝑝⃗ = 𝑀𝑉⃗ (6.14)

Δ𝑀 = Δ𝑌Δ𝑋8𝑋 (√2 − 1)𝜌 (6.15)

→ |𝑝| =
𝑖=𝑛

∑
𝑖=1
Δ𝑌 (𝑥𝑖 − 𝑥𝑖−1) 𝑥𝑖−116 (√2 − 1) 𝜌|𝑉| (6.16)

The momentum at different 𝑌-positions is plotted in Figure 6.12. The momentum is expected to drop
due to friction as the flow moves downstream. The line of the case without disk is then as expected,
the momentum decreases. The case with the disk shows an increase in momentum. Furthermore,
the momentum is a lot lower than in the case without the disk. Since there is no momentum being
added to the flow at this point the only reason why this line shows an increasing trend is that the flow
is not axisymmetric. The flow rate is higher somewhere outside the field of view. Which matches the
observations from the single window field of view. The fact that the case without disk does show a
decay means the flow might be symmetric or close to it.
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(a) With top disk (b) Without top disk

Figure 6.13: Flow field in the Z-direction from the closed vertical - two window view, no jet case.

(a) Vertical velocity (b) Out-of-plane velocity

Figure 6.14: Line plots of the vertical and out-of-plane velocity from the closed vertical - two window view, with the jet turned off
and left pilot burner closed.

In the out of plane flow field, in Figure 6.13, a substantial difference in flow velocity can be seen.
When the top disk is present the flow moves relatively fast into the page between 𝑥 = −45𝑚𝑚 and
𝑥 = −30𝑚𝑚. No such area is seen anywhere in the case without the top disk. Apart from this single
region, the velocities are similar in both cases. The foam disk may induce a swirl but that is hard to
confirm without seeing the other side of the flow field,d. In the single window field of view.

The same pattern is seen when one of the pilot burners is turned off. In Figure 6.14 two line plots
are shown for the vertical and out-of-plane velocity for the case with no jet and only one pilot burner
open. Looking at the vertical velocity plot the shapes of the lines are very similar to the case when both
pilot burners have air flowing through them. In the slower-moving region of the case with disk present,
there is a hump at 𝑌/𝐷𝑗𝑒𝑡 = 28 which is more pronounced when only one pilot is operational than
when both are operational. At a lower Y-location, this hump does not exist. The X-location of this hump
(𝑋 ≈ −40𝑚𝑚) matches very well with the downwards peak seen in Figure 6.14a. In this area both the z
and y velocity components are increasing when moving downstream. While it is more prominent when
one pilot burner is turned off the hump in the vertical velocity field and the corresponding increase in
out-of-plane velocity is also observed when both pilot burners are open.

It is thus clear that the foam disk has an undesired effect on the flow. The foam disks were included
with the intention of generating turbulence to enhance mixing and cancel out the swirl induced by the
diluent flow. The silicon carbide, of which the disks are made, is very brittle. Therefore there is no tight
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(a) Baseline (b) Single pilot

Figure 6.15: Self-similarity of the central jet in two cases, from the closed vertical - single window view.

fit between the disk and the central jet tube. Air is able to pass between the disk and the tube. This
might explain the non-uniformity. The air seeping through creates an area of fast-moving air disturbing
the uniformity. The same seepage occurs on the other two disks located in the circular mixing duct.
These disks were present for all measurements, but when the top disk wasn’t present the flow looks
very uniform. The length of the octagonal mixing duct is thus long enough for the non-uniformities to
dissipate. The top disk is therefore redundant and can be removed.

6.6.3. The jet
In a self-similar jet, the normalised shape of the jet is independent of the downstream location. The
variables by which the velocity profiles, and other variables, have to be chosen such that this indepen-
dence of the downstream location is achieved. The flow velocity is normalised with the local peak jet
velocity 𝑉/𝑉𝑦 𝑗𝑒𝑡 𝑚𝑎𝑥(𝑦) and becomes a function of 𝜉 = 𝑅/𝑅1/2(𝑌). Here the jet half-width 𝑅1/2 is a
function of the downstream location and is the point at which the axial velocity is half that of the peak
velocity [Pope, 2013]. In Figure 6.15 the normalised jet is plotted at two axial locations from the single
window view. At the bottom of the frame (𝑌/𝐷𝑗𝑒𝑡 = 9.99) and the top of the frame (𝑌/𝐷𝑗𝑒𝑡 = 35) the
lines overlap for both the baseline case in Figure 6.15a and the single pilot case in Figure 6.15b. The
jet seems self-similar already at a 𝑌/𝐷𝑗𝑒𝑡 = 9.99. Although in literature self-similarity is expected to
start about about 30 jet diameters away [Pope, 2013]. Similarly in the baseline and high jet case from
the two window view the jets also seem to be self-similar as seen in Figure 6.16. However, the field of
view of this frame does not go down as far, only to a 𝑌/𝐷𝑗𝑒𝑡 = 19.33.
In Figure 6.17 the Reynolds shear stress is shown for the baseline and the high jet case in the vertical
enclosed two window view. On the X-axis the radius is normalised with the half-width, on the Y-axis the
Reynolds shear stress is normalised with the square of the centreline velocity. If the jet was self-similar
these lines should overlap [Pope, 2013], but they do not. Both in the baseline case and the high jet
case a notable difference can be seen. Also looking at the Reynolds stress in the single window view
(not shown) self-similarity is not achieved even when looking at 30-40 jet diameters away from the jet
exit. Since this jet is not free it is possible that self-similarity is not fully achieved.

A difference in jet velocity profile is also seen when the top disk is removed as shown in Figure 6.18.
In the figure on the left, the baseline case is displayed, in the middle figure the left pilot is closed and
on the right, the jet velocity is set to high. The velocity profile of the jet is shown at the bottom of the
frame and at the top. In all figures, the jet velocity is higher in the case with the disk as compared to
the case without it. The difference is larger at 𝑌/𝐷𝑗𝑒𝑡 = 20, than at 𝑌/𝐷𝑗𝑒𝑡 = 28. The velocity peak in
the case with the disk is also consistently to the left of the peak for cases without the disk. There could
be a difference in entrainment rate, but it is more likely that the laser or setup shifted lightly during the
removal of the foam disk. Additionally, the hole in the disk might have slightly pushed again the central
jet assembly. Removing it caused the central jet to shift a bit. Comparing the locations of the velocity
peaks shows an average offset of 0.33mm in the x direction. Since the jet is smaller closer to the jet exit
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(a) Baseline (b) High jet

Figure 6.16: Self-similarity of the central jet in two cases, from the closed vertical - two window view.
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Figure 6.17: Reynolds shear stress self-similarity for the vertical enclosed - two window view.
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plane, and the velocity gradients here are also higher, the observed lager difference in peak velocity at
the bottom of the frame can logically be explained by a shift between the laser sheet and the central
jet. As the jet expands the velocity gradients become smaller so a shift in the jet will also result in a
smaller velocity difference observed here.

Jet expansion
For a self-similar jet, the jet expansion was found to be linear and independent of the Reynolds number
[Pope, 2013]. The jet half-width can be described by the simple formula in Equation 6.17 where S is an
empirically found constant, and 𝑦0 the location of the virtual origin [Panchapakesan and Lumley, 1993].
In Figure 6.19 the jet half-width and least square fit are displayed for both the two window view and
the single window view. Hussein et al., 1994 found a value of 0.094 and 0.102 for 𝑆 based on hot-wire
velocimetry and LDA respectively. The width of the combustion chamber and windows is based on
this prediction for the spreading rate of the jet. The expansion coefficient and the location of the virtual
origin are calculated using a linear least squares fit on the PIV results. In Table 6.7 these results are
tabulated for each operating case and frame. For all cases the expansion coefficient is smaller than
the values obtained by Hussein et al., 1994 and Panchapakesan and Lumley, 1993. In some cases the
location of the virtual origin is negative. This is not something that would be expected if the jet were to
be free. Although the least squares fit is relatively good, with an 𝑅2 of around 0.9 to 0.96, there is some
uncertainty in the PIV measurements which could contribute to the difference in slope and location of
the virtual origin. The results do indicate that the jet expands slower than initially predicted, which does
mean that the windows are of a sufficient size to be able to view the reaction zone.

𝑟1/2(𝑦) = 𝑆 (𝑦 − 𝑦0) (6.17)

Baseline Single Pilot High jet
Frame Disk S [-] 𝑦0 [mm] 𝑅2 S [-] 𝑦0 [mm] 𝑅2 S [-] 𝑦0 [mm] 𝑅2

2 window Yes 0.088 6.21 0.95 0.093 9.14 0.90 0.087 6.13 0.93
No 0.079 -4.82 0.94 0.080 -5.40 0.96 0.092 5.32 0.94

Single window Yes 0.078 1.20 0.93 0.082 1.05 0.96 N/A N/A N/A

Table 6.7: Coefficients for the half-width expansion of the central jet for different operation conditions and frames. Data were
obtained by linear regression, with the R squared displayed.

Reynolds stress
The normalised Reynolds shear stress is plotted for three operating conditions in Figure 6.20, Fig-
ure 6.21, and Figure 6.22. For each operating condition the case with the top disk, and without top
disks is shown. As seen from these images the Reynolds shear stress is highest in the shear layer
between the jet and the coflow. The shear stress is higher in the ’high jet’ case than the baseline case,
due to the higher jet velocity. Between the single pilot operational case and the baseline case, the
difference is a lot smaller. In the single pilot case, the positive shear region at the bottom right of the
frame is slightly stronger than the same region in the baseline case. The reduced velocity in the coflow
has strengthened the shear layer slightly. A more noticeable difference is observed when comparing
the cases with and without the top foam disk. In all three operating conditions, the shear stress is
smaller when the top disk is removed. Lower flow velocities were also observed in Figure 6.18, where
the vertical velocity is lower in cases without the top disk as compared to cases with the disk. The
explanation given for this difference is an alignment issue with the location of the central jet assembly.
The jet has a very small diameter, a small offset in the laser alignment will have a large effect on the ob-
tained velocities. The suspected misalignment is not the only plausible explanation for the difference.
Additionally, the relative difference in shear stress is larger as compared to the relative difference in
axial velocities. The foam disks will produce turbulence, it is plausible that this increase in turbulence
increases the strength of the shear layer and therefore also results in an increase in Reynolds shear
stress. Furthermore, it is also possible that the leakage between the walls and the foam disk, observed
in earlier, produces an annular jet resulting in an increase in shear stress.

In Figure 6.23 the normalised shear stress is plotted in the single window field of view. In this field of
view, the shear stress is plotted over a larger downstream distance. Only the baseline case and the
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Figure 6.18: Line plots of the vertical velocity for three cases with and without the top disk from the closed vertical - two window
view.
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(a) Vertical enclosed - two window view (b) Vertical enclosed - single window view

Figure 6.19: Jet half width as a function of downstream location

(a) With top foam disk (b) Without top foam disk

Figure 6.20: Normalised Reynolds stress, from the enclosed vertical two windows frame. The baseline case

(a) With top foam disk (b) Without top foam disk

Figure 6.21: Normalised Reynolds stress, from the enclosed vertical two windows frame. The left pilot disabled case



6.6. Results 73

(a) With top foam disk (b) Without top foam disk

Figure 6.22: Normalised Reynolds stress, from the enclosed vertical two windows frame. The high jet

(a) The baseline case (b) The left pilot closed

Figure 6.23: Normalised Reynolds stress, from the enclosed vertical single window frame.

one pilot operational case are available. Visually there does not appear to be any difference between
the two operational conditions. In both, it can be seen that the peak of the shear stress is in the shear
layer between the jet and coflow. As the jet expands downstream the area with higher shear stress
also increases in size. Furthermore, the magnitude of the shear stress drops with increasing distance
from the jet exit plane.

In Table 6.8 the jet decay rate for different jets is shown, obtained from a least squares interpolation
of the data. In Equation 6.18 the formula for the decay rate of a self-similar jet is given as taken from
Pope, 2013. Here 𝑉𝑐𝑒𝑛𝑡𝑟𝑒(𝑦)

𝑉𝑗𝑒𝑡
is the centreline velocity of the jet over the jet exit velocity, 𝐵 is the decay

rate constant, 𝑑𝑗𝑒𝑡 the jet diameter, 𝑦 the downstream location and 𝑦0 the location of the virtual origin.
In Figure 6.24 the peak velocities and the linear interpolation are plotted.

The jet decay constants shown in Table 6.8 are higher than those reported in Pope, 2013, with 𝐵 =
6.06, 5.9 and 5.8, from Panchapakesan and Lumley, 1993 and Hussein et al., 1994; while the highest
value reported in Ball et al., 2012 is 6.7 from Ferdman et al., 2000 which is for a jet from a pipe. This
is quite close to the values obtained here and most likely resembles the conditions in this setup the
closest. The outlier is the decay rate constant computed for the baseline case in the single window
view with a value of 8.403. A higher value indicates a smaller rate of decay. The location of the virtual
origin is also much more negative than the other values. The single pilot case yields a value for 𝐵
which is much closer to the values observed in the other cases. As was seen from the data presented
in previous sections this jet is not free, recirculation zones are established around the jet, and therefore
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Figure 6.24: Peak velocity as a function of downstream location and linear regression of that data

the values reported in the literature may deviate from the values computed values for these cases. In
the single pilot case, the flow rate in the coflow is smaller, there is therefore also less volume flow to
feed the central jet. It can be seen that the decay constant is consistently higher in the single pilot cases
indicating a faster jet decay. The same goes for the high jet case, also here a smaller than baseline
decay rate constant is found indicating faster decay.

The fact that the value for the decay rate constant is higher in the baseline - single window view case
might be due to a worse alignment of the laser sheet with the central jet. When looking at the normalised
velocity in Figure 6.24 it can be seen that it is slightly lower in the single window view as compared to
the two window view. If the centre of the jet is not aligned with the sheet a lower peak velocity will be
obtained. The decay rate is also highest in the centre thus a misalignment would also explain the lower
decay rate. Looking at Figure 6.24a the cases where the foam disk is have a lower normalised peak
velocity and also a lower rate of decay. The foam disk helps centre the jet, by removing it it is possible
that the jet is now on a larger angle and thus there will be a misalignment with the laser sheet.

𝑉𝑐𝑒𝑛𝑡𝑟𝑒 (𝑦)
𝑉𝑗𝑒𝑡

= 𝐵 (
𝑑𝑗𝑒𝑡

(𝑦 − 𝑦0)
) (6.18)

Baseline Single Pilot High jet
Frame Disk B [-] 𝑦0 [mm] 𝑅2 B [-] 𝑦0 [mm] 𝑅2 B [-] 𝑦0 [mm] 𝑅2

2 window Yes 6.889 -2.059 0.994 6.354 2.198 0.995 6.583 0.058 0.986
No 6.937 -6.892 0.987 6.6 -4.316 0.988 6.49 -5.039 0.988

Single window Yes 8.403 -27.906 0.986 6.748 -7.261 0.972

Table 6.8: Jet decay for different jets in the vertical enclosed two window view

Recirculation zone

In Figure 6.25 the coflow is shown for three different operating conditions: the baseline, the left pilot
burner closed, and a case with high jet velocity. In all three figures the air is moving downwards at the
top of the frame, at the bottom the flow is moving upwards. The central jet can be seen to entrain air
from the coflow, in all cases as well. The downward flow is caused by a recirculation zone, of which only
the bottom part is visible in this field of view. A larger area of the frame is occupied with the downward
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(a) Baseline (b) Left pilot off (c) High jet

Figure 6.25: The flow field in the coflow from the closed vertical - two window view.

moving flow as the coflow flow rate is decreased, as seen in Figure 6.25b. Similarly, in Figure 6.25c
the area of downward moving air also increases as compared to the baseline case but not as much as
observed in the decrease in coflow flow rate.

The Craya - Curtet number (𝐶𝑡) describes the behaviour of turbulent jets as they enter a region of
slower moving air [Harnby et al., 1985]. For a 𝐶𝑡 above 0.75, the jet is said to be free until the jet hits
the walls of the secondary container. If the Craya-Curtet number is below 0.75 recirculation zones will
appear around the jet. The co-flowing fluid does not provide a high enough flow rate to feed the jet
entrainment. The formula for the Craya - Curtet number is given in Equation 6.19, where 𝑉 is the ratio
of the jet velocity over the coflow bulk velocity in Equation 6.20, and 𝐷 is the ratio of the jet diameter
over the coflow diameter as in Equation 6.21.

𝐶𝑡 =
(𝑉 − 1)𝐷2 + 1

𝐷(𝑉2 − 𝑉 − 0.5𝐷2(𝑉 − 1)2)0.5 (6.19)

𝑉 =
𝑉𝑗𝑒𝑡

𝑉𝑐𝑜𝑓𝑙𝑜𝑤
(6.20)

𝐷 =
𝐷𝑗𝑒𝑡

𝐷𝑐𝑜𝑓𝑙𝑜𝑤
(6.21)

In Table 6.9 the jet, coflow velocity and Craya-Curtet number are listed for all three cases in Figure 6.25.
The lowest is seen in the one-pilot case, the recirculation zone is thus largest in this case, which
corresponds to what is observed in Figure 6.25b. After that, the high-jet case has a 𝐶𝑡 of 0.16 and the
largest 𝐶𝑡 is found in the baseline case. Since the relative change in coflow flow rate is larger than the
relative change in the central jet the change in coflow has a larger effect on the recirculation zone. In
all three cases, 𝐶𝑡 is much smaller than 0.75, which means in none of the operating conditions the jet
will be free. In Figure 6.26 the Craya-curtet number is plotted as a function of the velocity ratio. For
this combustion setup, the critical velocity ratio is 55.7. With a coflow velocity of 0.35𝑚/𝑠 as in the
baseline case a jet velocity of lower than 19.5𝑚/𝑠 is needed for 𝐶𝑡 ≥ 0.75; With the baseline jet velocity
of 97.12𝑚/𝑠 a coflow bulk velocity of 1.74𝑚/𝑠 or higher is required.

Baseline One pilot High jet
Jet velocity [m/s] 97.12 97.12 119.11
Coflow velocity [m/s] 0.35 0.24 0.35
Craya-Curtet number [-] 0.17 0.12 0.14

Table 6.9: Jet, coflow velocity and Craya-curtet number for three operating conditions, with the jet and coflow at 𝑃 = 1𝑎𝑡𝑚,
𝑇 = 20∘C

These numbers are all at a pressure of 1 atmosphere and a temperature of 20∘C. During operation, the
coflow will be significantly hotter than 20∘C. The central jet is cooled but will also heat up slightly. When
the gasses heat up they expand, increasing the flow velocity and therefore also altering the Craya-curtet
number. Taking the most optimistic case (the baseline case), with a high coflow flow rate, low jet flow
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Figure 6.26: The Craya-curtet number as a function of the velocity ratio for a 𝐷 = 0.12/3. The vertical line indicates 𝐶𝑡 = 0.75

rate and assuming that the jet does not heat up at all and a coflow temperature of 1000∘ the 𝐶𝑡 is 0.60.
Even in this optimistic case, the 𝐶𝑡 is short of the threshold for a free jet. All other operating conditions
will have a lower coflow velocity or higher jet velocity which means that the 𝐶𝑡 is also lower in those
cases. A free jet will thus also not be achieved when the setup is actually operating. The recirculation
zone will likely be a lot smaller and weaker as compared to the zone observed in the cold flow case.

6.7. Cold flow conclusions
In this chapter, the flow field in the combustor was studied using PIV. From the obtained data some
conclusions can be drawn. When the combustor was not enclosed lab air was seen to quickly entrain
into the central jet. From the flow field, it seems that external lab air reaches the central jet at about
25 jet diameters away from the jet exit. When the entraining lab air reaches the central jet it will start
affecting the combustion. Ensuring that the jet is enclosed is thus needed in order to get meaningful
results on the effect of the coflow composition.
The foam disks failed to increase flow uniformity they were counterproductive. There are 3 disks in
the mixing duct. When the top disk was present, the flow was found to be non-uniform both when the
jet was on and when only the coflow is present. When the top disk is removed the coflow has a nice
parabolic shape with a dip near the walls due to the boundary layer and near the centre due to the
wake from the central jet assembly as can be seen in Figure 6.11. Also in the z-axis, a larger velocity
is observed when the top disk is present. Since the disk is quite brittle it doesn’t perfectly fit around the
central jet and does not fit flush with the walls either. This causes small jets to form.
Regardless of the foam disk a recirculation zone is present in the combustion chamber. The coflow
does not provide enough volume flow to feed the entrainment needs of the central jet, which causes
the flow to recirculate. Using the Craya-Curtet number it was shown that in none of the operating points
in this experimental campaign, the coflow provided enough flow rate to prevent recirculation zones to
form. Even during regular operation, where the coflow will be heated, the current operating points will
give rise to a recirculation zone, though it is expected to be less strong due to the higher coflow volume
flow rate caused by the higher temperatures.
To remedy this either the size of the combustion chamber or the velocity difference between the central
jet and the coflow should be changed. The diameter of the combustion chamber cannot be decreased
since this will result in the windows being too small to see the entire spread of the jet. Changing the
central jet velocity can be achieved either by changing the diameter of the jet exit or by changing the
flow rate of the central jet. Alternatively, the coflow flow rate could be increased, but this would require
additional pilot burners or an alternative burner setup to produce hot flue gasses.
From the vertical velocity the jet seems to be self-similar already from a distance of about 10 jet diam-
eters away from the jet exit. However, the Reynolds stress does not appear to be self-similar at this
location yet. It is possible that the jet never fully becomes self-similar since it is not a free jet. The jet
spreading and jet decay coefficients were slightly off from those reported in the literature but were still in
the same range. The spreading rate was found to be smaller than the values reported in the literature,
while the centreline velocity decay rate was found to be in the range of reported values in the literature
with the exception of the baseline case in the single window view. Where notably higher values for the
decay rate constant 𝐵 were found. The most important conclusion is that the windows are big enough
to see the entire spread of the jet up to the design point of 210mm.
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Finally, it can be concluded the setup is suitable for PIV measurements. Since the windows are at
right angles the reflections caused by the laser were minimal, and because there is no curved glass
there were no distortion effects. The main disadvantage of this setup is the small window size. The
entire width of the combustion chamber cannot be imaged by the PIV cameras. In this experimental
campaign, two different views were used. One in which the entire width of the combustion chamber
was imaged, but this meant that the frame of the combustion chamber blocked part of the field of view.
In the other frame, two cameras were focused on slightly more than half the combustion chamber width.
This only works if the combustion chamber can be assumed to be symmetric, which was found not to
be the case when the top foam disk was present. It might be possible to view the entire width of the
combustion chamber by using a wide-angle lens and placing the PIV cameras closer to the windows.





7
Combustion results

Two experimental campaigns were executed with combustion. In the first campaign, the goal was to
make the setup operational. The second campaign was focused on data collection of the reaction zone.
In this chapter, this commissioning campaign and this second campaign will be discussed. First, some
background on the setup and configuration is given and the measurement equipment will be discussed,
then an overview of the testing procedures will be given, and some problems encountered during the
two campaigns and their solutions will also be discussed. Finally, the results obtained from the reaction
experiments are presented and analysed.

7.1. Setup & equipment
In this section, an overview of the setup is given for the two reacting campaigns.

7.1.1. The setup
In the commissioning of the setup, various configurations were tested. With or without the cylindrical
duct. In the end, this duct was removed in the second campaign. In both campaigns, the octagonal
combustion chamber is equipped with four quartz glass panels and four stainless steel 310 panels
positioned in an alternating pattern. One of the steel plates has probe connections attached to it.
These probe connections can be used to insert a thermocouple or a gas analyser probe. A DSLR
camera is placed on the side of the setup, looking through one of the quartz glass panes. A traverse
system is also used to take radial gas concentration and temperature measurements.

7.1.2. Probe locations
In Figure 7.1 a schematic is shown of the configuration of the combustor during the secondary cam-
paign. The jet is recessed 43.5mm below the bottom of the combustion chamber window. A plate with
ports placed at 30 mm intervals was used for the insertion of a gas probe and an S-type thermocouple.
This plate is placed in one of the combustor’s window frames. During the experiment ports 1, 3, 5, 7
and 10 were used. At the top of the combustor, at the end of the exhaust cone, there is an additional
gas probe connection. A tube extends a couple of times the cone exit diameter into the combustion
chamber to prevent any cooling air from being sucked in. This probe is only used for exhaust gas
measurements. There is a thermocouple placed above this location but cooling air is mixed in at that
point, making the data useful only for monitoring purposes.

During the commissioning campaign the central jet was recessed further downwards. The exit of the
central jet pipe was located 88.5mm below the bottom of the combustion chamber window.

7.1.3. Gas analyser
The gas analyser system consists of three different modules. One module measures the 𝑂2 concen-
tration, the other 𝐶𝑂2, 𝐶𝑂 and 𝐶𝐻4 and the other module measures the 𝑁𝑂 and 𝑁𝑂2 concentration.
The sample gas is collected through a simple stainless steel tube which is inserted into the combustor.
A thermocouple is inserted into the gas inside the tube to measure the gas temperature. The gas is
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Figure 7.1: Distances in mm from the jet exit to the different measurement ports during the April campaign.

then transported to the gas analyser cabinet through a heated sample line. The temperature inside
this line is kept at 180 ∘𝐶. This is done to prevent water from condensing out of the gas. These water
droplets could absorb species from the gas mixture affecting the measured result. This is particularly
a problem for 𝑁𝑂2 [Gluck et al., 2003]. For this reason, water is not condensed out of the gas mixture
before entering the first measurement module, the Limas HW. Here the 𝑁𝑂 and 𝑁𝑂2 concentrations
are measured. The gas is then cooled and filtered to remove some dust and water, after which it is
sent to the Uras26 where 𝐶𝑂, 𝐶𝑂2 and 𝐶𝐻4 concentration are measured. Finally, the gas is sent to the
magnos28 which measures the oxygen concentration.

IR analyser
The ABB Uras26 module of the gas analyser uses the absorptivity of 𝐶𝑂, 𝐶𝑂2 and 𝐶𝐻4 in the infrared
spectrum tomeasure their concentration. A Non-dispersive Infrared (NDIR) photometer shines light into
a cell where the sample gas is held. The gas will absorb some wavelengths of light; which wavelength
depends on the species. Usually, a photodetector is then used to measure the light intensity at the
end of the sample cell. However, the Uras uses an opto-pneumatic detector. This is a cell with a
membrane capacitor filled with a reference gas of the species of interest. This detector cell is placed
after the sample cell. After some of the light is absorbed by the species of interest in the sample cell less
light will reach the detector cell. This will change the temperature of the reference gas in the detector
cell, which in turn changes its pressure. The pressure change is then turned into an electrical signal
by the membrane capacitor [Rüdiger et al., 2008].

𝐼(𝜆) = 𝐼0(𝜆)𝑒−𝛼(𝜆)𝑐𝑙 (7.1)

The absorption of light by the gas follows the Beer-Lambert law, which is given in Equation 7.1 [Popa
and Udrea, 2019]. Here 𝐼 is the detected intensity of light at a specific wavelength 𝜆, 𝐼0 is the emitted
intensity, 𝛼 is the wavelength-dependent gas absorption coefficient, 𝑐 the gas concentration and 𝑙 the
light-gas interaction path length. The light path length is the sample cell length in the Uras. When
the concentration of the gas of interest is very low the cell size can be increased to increase the ratio
between the emitted and detected intensity. The cell length, therefore, determines the accuracy and
span of the detectable gas concentration [Goselink, 2022].
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UV analyser
The Limas21 HW module measures the 𝑁𝑂 and 𝑁𝑂2 concentration using differential UV resonance
absorption spectroscopy (DUV-RAS). The advantage of using UV light is that 𝐻2𝑂 and 𝐶𝑂2 do not
absorb light in this spectrum and thus do not interfere with the measurement [Worthington and von-
Hoersten, n.d.]. An electrode-less discharge lamp (EDL) is used as a source of UV radiation. This
lamp is filled with a mixture of 𝑁2 and 𝑂2 at about 1 millibar pressure. A high-frequency induction is
used to create a plasma in which the nitrogen and oxygen dissociate and form excited 𝑁𝑂. When the
electrons in the excited 𝑁𝑂 radicals fall back to their ground state they emit photons with a wavelength
of around 226.5mm. The 𝑁𝑂 then decays back to 𝑁2 and 𝑂2. The 𝑁𝑂 molecule can have different
rotational-vibrational states, and will thus generate an emission spectrum of different emission lines.
These lines can be grouped into two categories: The cold and the hot lines.

1. The cold lines are generated with those transitions ending at rotation-vibrational quantum states
in the electronic ground state which are populated by electrons of 𝑁𝑂 molecules showing a Boltz-
mann distribution of the rotational energy in thermodynamic equilibrium. These lines can be
absorbed by the 𝑁𝑂 molecules in the sample cell.

2. The hot lines end at higher rotation-vibrational quantum states. These lines cannot be absorbed
by the 𝑁𝑂 in the sample cell. This is therefore used as a reference signal.

Figure 7.2: Schematic of the DUV-RAS analyser as taken from [Worthington and von-Hoersten, n.d.]

In Figure 7.2 a schematic is shown of the DUV-RAS analyser. After the EDL a UV-filter is used to select
specific emission bands, the light then passes through a gas filter wheel this wheel contains a cuvette
with 𝑁𝑂 which can be moved into the light stream. By moving the cuvette into the light beam the cold
lines will be blocked, but the hot lines will pass through into the sample cell. Looking at the reduction in
intensity in the sample cell will make it possible to account for contamination in the sample cell. When
the cuvette is not in the light beam the cold lines will pass through to the sample cell and some light
will be absorbed by the 𝑁𝑂 following the Beer-lambert law as given in Equation 7.1. After the gas filter
wheel, the beam is split by a beam splitter, some of the light will go to a reference detector and some
will go through the sample cell to the detector. By taking reference measurements zero drift due to
ageing of the EDL or UV-filter can be accounted for.

The Limas can detect the 𝑁𝑂2 concentration simultaneously by using wavelength comparison in the
200-500nm range [ABB, 2004]. No good source on the exact methodology could be found. Previously,
these UV-photometers used a molybdenum catalytic converter, to convert 𝑁𝑂2 into 𝑁𝑂 [Gluck et al.,
2003]. By measuring the 𝑁𝑂 concentration prior and after conversion the 𝑁𝑂2 concentration can be
deduced from the difference between the measurements.

These measurements are taken before water is removed from the gas stream due to the water solubility
of 𝑁𝑂2 and 𝑁𝑂 [Gluck et al., 2003]. 𝑁𝑂2 in particular is very water soluble. It reacts with water to form
𝐻𝑁𝑂2 and 𝐻𝑁𝑂3 following the reaction in Equation 7.2 [Gluck et al., 2003]. 𝑁𝑂 has a more limited
solubility: only 7% at 0 ∘C and it is insoluble at 100 ∘C. Condensed water in the probe or tube will
absorb some of the 𝑁𝑂2 and give an invalid reading. Therefore the sample line is heated to 180 to
prevent water from condensing.
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𝑁𝑂2 + 𝐻2𝑂 → 𝐻𝑁𝑂2 + 𝐻𝑁𝑂3 (7.2)

Magnetic analyser
The Magnos28 module is used to determine the dry oxygen concentration. Oxygen is paramagnetic,
which means it is attracted by an electric field [Systech Instruments, n.d.]. The working principle of the
Magnos is of a rotating lever with two nitrogen-filled spheres at either end. This assembly is mounted
in a strong magnetic field. Since the oxygen is attracted to the magnetic field it will push against the
spheres creating a torque. A mirror is attached to the centre of the suspension assembly. A small
light shines light at this mirror the rotation of the lever can then be measured by the location where
the reflected light lands with a photo-sensor. In the Magnos28 this system has been replaced by the
microwing [Egerton, 2021]. This doesn’t use the glass dumbbells but integrates everything onto a
circuit. It still operates on the sample principle as the dumbbell assembly.

Other gasses can interfere with the measurements as they are also either attracted or repelled by the
magnetic field. 𝐶𝑂2 is diamagnetic, which means it is repelled by the magnetic field, but oxygen has a
magnetic force that is 160 times greater than 𝐶𝑂2[Iwasaka, 2009]. 𝑁𝑂 is also paramagnetic and can
have quite an interference effect [Systech Instruments, n.d.], it is however only present in very small
concentrations and this interference is therefore not really of any concern.

In Table 7.1 an overview is shown of the threemodules installed in the gas analyser, with the guaranteed
measurement range included.

Uras26 (dry) Limas21 HW (wet) Magnos28 (dry)
IR absorption DUV-RAS Paramagnetism

Gas Range Gas Range Gas Range
𝐶𝑂 0 - 1000 ppm 𝑁𝑂 0 - 10ppm 𝑂2 0 - 25 % volume
𝐶𝑂2 0 - 100 % volume 𝑁𝑂2 0 - 10ppm
𝐶𝐻4 0 - 50.000 ppm

Table 7.1: Overview of the modules in the gas analyser, with their measurement principle, measurement gasses and
measurement range.

7.1.4. Thermocouple temperature measurement
Thermocouples are devices used to measure the local temperature. They make use of the thermo-
electric effect, where when there is a temperature difference between two points a voltage is induced.
The Seeback coefficient 𝑆(𝑇) is a material property and also a function of temperature [Kasap, 2001].
If one were to try to measure the voltage difference between two ends of a cable by connecting a
voltage meter to the cable made of the same material as the cable the voltages would cancel since
the temperature will be equal at the connecting nodes and thus induce opposing voltages. Thermo-
couples, therefore, use two different metals, for example, Nickel-Chromium / Nickel-Alumel in type K
thermocouples.

Thermocouples can measure temperature very accuracy and are relatively cheap and easy to operate.
However, the disadvantage is that thermocouples measure the temperature of the metal and not the
temperature of the gas. This makes it hard to measure temperature oscillations and local temperature
fluctuations accurately Additionally the metal temperature will be influenced by heat being conducted
away from the measurement head by the wires.

Several thermocouples are installed on the setup. Thermocouples are used to monitor the temperature
of the material of the walls, the inlet temperature of the central jet mixture, the exhaust temperature in
the cone, and the exhaust temperature at the end of the exhaust duct. An S-type thermocouple is used
to collect data on the temperature in the combustion chamber. This thermocouple was also mounted
on a traverse system such that radial measurements of the temperature could be taken.

7.1.5. Chemiluminescence
Chemiluminescence occurs when a product of a chemical reaction decays from an excited energy level
to a lower energy level and emits light in this process. During the combustion of hydrocarbon flames
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Figure 7.3: Emission spectrum of a premixed methane-air flame, taken from Haber and Vandsburger, 2003.

𝐶𝐻∗, 𝑂𝐻∗, 𝐶∗2 and 𝐶𝑂∗2 are responsible for most chemiluminescence in the visible and ultraviolet spec-
trum [Nori and Seitzman, 2008]. In experiments by Medwell and Dally, 2012b 𝐶𝐻∗ chemiluminescence
was used to determine the lift-off height of a flame in flameless operation. A 430 nm filter was used to
capture just the signal from the 𝐶𝐻∗ emissions.
In Figure 7.3 the emission spectrum of a methane-air flame is shown. As Kathrotia, 2011 states, the
emissions for 𝑂𝐻∗ give a strong spectrum with a peak intensity at about 309 nm. The emissions of
𝐶𝐻∗ can be found at about 387 nm and 432 nm. While 𝐶𝑂2 has a very wide spectrum; it appears as
a continuum, spanning from 300 nm to about 600nm. 𝐶2∗ emission bands are mostly seen in fuel-rich
mixtures. Its emission bands are between 436 nm and 564 nm. These combined emissions give the
flame a blue colour.

A CMOS camera and a 325 nm filter with a full-width-at-a-half-maximum of 50nm were used to observe
the flame. However, the luminosity of the combustion zone was too low to produce an image. Instead,
a Nikon D7500 DSLR camera is used to take photographs of the flame through one of the quartz
windows, without a filter. For each of the measurement cases, about 292 images were taken. As
will be discussed in subsection 7.6.1, the blue channel will be isolated in these images to remove
background interference.

7.2. Methodology
In this section the experimental methodology is detailed. The test conditions for the commissioning
and secondary campaign are discussed first, and then the calibration procedure of the gas analyser is
presented. Finally, the oxygen correction methodology is stated.

7.2.1. Test matrix
Two separate campaigns were undertaken. The first campaign was part of the commissioning of the
setup, a second campaign was designed based on the observations in the commissioning campaign.
In the commissioning campaign, it was observed that the flame was very distributed and moved around
a lot. This could have been caused by a too-fast jet velocity. The focus of the second campaign is to
also look at the effect of the jet velocity. Furthermore, the effect of the oxygen concentration, central
jet equivalence ratio and the effect of the additional diluent will be analysed.

In the initial campaign, the central jet volume flow rate is fixed, but the coflow flow rate was not when
changing the diluent flow rate. This makes the residence time in the combustor constant between all
cases, except when extra diluent was added. Since one of the main goals of these experiments is to
analyse the effect of 𝑁𝑂𝑥 formation, and residence time can have a large effect on 𝑁𝑂𝑥 production.
Then the equivalence ratio of the central jet was varied between the lowest possible equivalence and
an equivalence of 1.15. With the main objective to look at the stability of the flame. To keep the central
jet volume flow rate constant the power of the main burner would increase with increasing equivalence.
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(a) Main burner power as a function of the central jet equivalence.
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(b) Oxygen concentration of the coflow and central jet combined as a
function of the central jet equivalence ratio.

Figure 7.4: Conditions for the commissioning campaign

Flow rate [lnpm] Velocity [m/s] Reynolds [-]
𝑇𝑟𝑒𝑓 [∘𝐶] 20 300 20 300
Jet 44.4 112.3 219.7 22,307 13,769
𝑇𝑟𝑒𝑓 [∘𝐶] 20 1000 20 1000
Coflow 203.4 0.31 1.32 4,669 1,768
Coflow + 20lnpm 223.4 0.33 1.45 4,912 1,860
Coflow + 50lnpm 253.4 0.38 1.65 5,279 1,999

Table 7.2: Flow conditions in the central jet and the coflow during the commissioning campaign

When changing the central jet equivalence the coflow conditions were kept constant. Additionally,
a diluent flow of 20 and 50lnpm of nitrogen and carbon dioxide was added. The equivalence and
power setting of the pilot burners remained the same. When mixing in additional diluent the central
jet equivalence was kept constant at 0.85. The main burner power setting and the mixing oxygen
concentration are shown in Figure 7.4a and Figure 7.4b respectively. The mixing oxygen concentration
is the theoretical oxygen concentration that would be obtained if all gasses flowing into the combustion
chamber were perfectly mixed. The flow rates, velocities and Reynolds numbers are given in Table 7.2,
the coflow conditions and pilot burner settings are given in Table 7.3

During commissioning the initial chosen jet velocity seemed too high. The flame was too lifted and there
was no continuous flame front. In the second campaign, three different jet flow rates were chosen: the
volume flow rate from the commissioning campaign is the high jet case, half that volume flow rate is
the low jet case and the intermediate between these two points is the base jet case. Just like in the
commissioning campaign, the central jet volume flow rate is kept constant, but unlike the previous
campaign, the coflow flow rate is also maintained at a constant volume flow rate. With increasing
added diluent the power setting of the pilot burners was decreased. To maintain a constant oxygen
concentration in the coflow the pilot burner equivalence ratio is varied as well.

Pilot power [kW] Equivalence 𝑂2 [%] Dry 𝑂2 [%]
No diluent 10.9 0.94 1.19 1.45
20 lnpm 10.9 0.94 1.07 1.28
50 lnpm 10.9 0.94 0.96 1.12

Table 7.3: Coflow and pilot burner settings for different added diluent flow rates in the commissioning campaign.
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(a) Main burner power as a function of central jet equivalence ratio for
the three jet flow rates.
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(b) Oxygen concentration of the coflow and central jet combined as a
function of central jet equivalence ratio for the three jet flow rates. The
no-jet case is a measurement provided as a reference for the coflow

conditions

Figure 7.5: Conditions for the second campaign

In this campaign the central jet equivalence ratio was varied between 0.65 to 1.5. This lowest point was
chosen based on the minimum possible flow rate of methane to the central jet, the highest equivalence
was chosen such that the overall equivalence would be slightly rich for all three jet flows. Additionally,
the effect of diluent was observed by supplying either 20 or 50 lnpm of 𝑁2 or 𝐶𝑂2 to the coflow. When
diluent was supplied the central jet equivalence was kept at 1.0. The flow rates, velocities and Reynolds
numbers for the central jet and the coflow are tabulated in Table 7.4. In Table 7.5 the settings for the
pilot burner are given. In Figure 7.5a the power setting of the main burner is shown as a function of the
equivalence ratio. Finally, in Figure 7.5b the theoretical mixing oxygen concentration is given. This is
the theoretical oxygen concentration that would be obtained if all gasses flowing into the combustion
chamber were perfectly mixed.

Flow rate [lnpm] Velocity [m/s] Reynolds [-]
𝑇𝑟𝑒𝑓 [∘C] 20 300 20 300
Low jet 22.2 56.2 109.8 11,138 6,869
Base jet 33.3 84.3 164.7 16,714 10,310
High jet 44.4 112.4 219.7 22,291 13,750
𝑇𝑟𝑒𝑓 [∘C] 20 1000 20 1000
Coflow 202.8 0.3 1.321 4,647 1,760

Table 7.4: Flow conditions in the central jet and coflow for the second campaign

Power [kW] Equivalence 𝑂2 [%] Dry 𝑂2 [%]
No diluent 11.1 0.958 0.80 0.98
20lnpm 9.92 0.953 0.81 0.97
50lnpm 8.22 0.942 0.83 0.96

Table 7.5: Coflow conditions and pilot burner settings for different added diluent flow rates during the second campaign.

7.2.2. Calibration procedure
The gas analyser needs to be calibrated daily to get the highest degree of accuracy. In earlier experi-
ments, an efficient calibration procedure was developed for this system [Goselink, 2022]. The system
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uses a two-point calibration procedure, consisting of a zero measurement and a span measurement.
The span measurement is taken by providing a known gas mixture to the analyser and specifying the
concentration to the analyser. A linear calibration curve is then drawn between the two measurement
points. In this calibration procedure, the cross-sensitivity and gas component correction is disabled,
therefore the calibration gas mixture cannot contain any other gasses which might induce cross inter-
ference [ABB, 2009].

Four gas bottles are used in the calibration process. Each of these bottles has a specified amount of
one or two target gasses. The overview in Table 7.6 lists all four gas bottles, with their contents, in the
order in which they are used for calibration. The concentration in these bottles is at about 80% of each
of the module’s maximum span, and are certified to have a concentration margin of ±2𝑝𝑝𝑚, or 5𝑣𝑜𝑙.%
[Goselink, 2022]. The oxygen zeroing is performed on bottle 3, as the manufacturer certified that this
bottle did not contain any oxygen. The 𝑁𝑂2 zeroing is also performed twice with different calibration
bottles as this value fluctuated a lot.

Contains: Calibrates:

Bottle 1 𝑁𝑂2: 8.1 ppm Span: 𝑁𝑂2
𝑁2: balance Zero: 𝐶𝑂, 𝐶𝑂2, 𝐶𝐻4

Bottle 2 𝐶𝑂2: 59.8 vol.% Span: 𝐶𝑂2
𝑁2 balance Zero: 𝑁𝑂, 𝑁𝑂2

Bottle 3 𝑁𝑂: 8.46 ppm Span: 𝑁𝑂
𝑁2: balance Zero: 𝑁𝑂2, 𝑂2

Bottle 4
𝐶𝑂: 801 ppm

Span: 𝐶𝑂, 𝐶𝐻4𝐶𝐻4: 3.99 vol.%
𝑁2: balance

Lab air Ambient air Span: 𝑂2
Table 7.6: Overview of the calibration bottles, listed in sequence of the calibration.

7.2.3. Oxygen correction
It is customary to present gas concentration measurements corrected for 15% oxygen concentration.
This eliminates the effect of dilution on the measurement and makes it easier to compare to other
cases where the oxygen concentration might have been lower. The correction is given in Equation 7.3
[Baukal and Eleazer, 1998]. The fraction 0.2095 is the concentration of oxygen in regular air, 𝑋𝑂2 is the
measured oxygen concentration, and 𝑋𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 is the measured concentration of the gas of interest.

𝑋𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 = 𝑋𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 (
0.2095 − 0.15
0.2095 − 𝑋𝑂2

) (7.3)

7.3. Derived quantities
Some quantities can be computed based onmeasured values. Themethods used to do this are detailed
in this section.

7.3.1. Measured equivalence ratio
The equivalence ratio can be computed from the measured flow rates in the mass flow controllers.
There are three different equivalence ratios applicable in this setup. The pilot burners have a specified
equivalence ratio. This can be computed using Equation 7.4. 𝑉̇𝑝𝑖𝑙𝑜𝑡 𝑓𝑢𝑒𝑙 is the volume flow rate of
methane towards the pilot burners, 𝑉̇𝑝𝑖𝑙𝑜𝑡 𝑎𝑖𝑟 is the air flow rate, and 2

0.21 is the stoichiometric air to
methane ratio. The same equation can be used to compute the central jet equivalence ratio, but instead
of using the pilot air and fuel flow rates use the ones for the central jet.

𝜙𝑝𝑖𝑙𝑜𝑡𝑠 =
𝑉̇𝑝𝑖𝑙𝑜𝑡 𝑓𝑢𝑒𝑙
𝑉̇𝑝𝑖𝑙𝑜𝑡 𝑎𝑖𝑟

( 2
0.21) (7.4)

Additionally, an effective equivalence ratio can be computed. Since the pilot burners are operating in
the lean regime there will be some oxygen left. Taking this oxygen into account yields an effective
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equivalence ratio. The formula for which is given in Equation 7.5. The second term in the denominator
is the volume flow rate of oxygen left over after the combustion of the pilot burners.

𝜙𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 =
2𝑉̇𝑓𝑢𝑒𝑙 𝑚𝑎𝑖𝑛

0.21𝑉̇𝑎𝑖𝑟 𝑚𝑎𝑖𝑛 + 𝑉̇𝑝𝑖𝑙𝑜𝑡 𝑓𝑢𝑒𝑙 (
2

𝜙𝑝𝑖𝑙𝑜𝑡𝑠
− 2)

(7.5)

7.3.2. Central jet produced NO
It is interesting to look at how much nitric oxide the central jet is actually producing. For each coflow
operating condition gas concentration measurements were taken. Combining this measurement with
the measurements with jet produced or consumed amount of 𝑁𝑂 can be computed. In Equation 7.6
is 𝑋𝑗𝑒𝑡 the concentration of 𝑁𝑂 produced in the central jet, 𝑋𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 the measured 𝑁𝑂 concentration
when the jet is on, 𝑉̇𝑐𝑜𝑓𝑙𝑜𝑤 and 𝑉̇𝑗𝑒𝑡 the total coflow and jet flow rate when the jet is on in lnpm, 𝑋𝑛𝑜−𝑗𝑒𝑡
the measured concentration of 𝑁𝑂 when the jet is off and 𝑉̇𝑛𝑜−𝑗𝑒𝑡 the coflow volume flow rate when the
central jet is off in lnpm.

𝑋𝑗𝑒𝑡 =
𝑋𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 (𝑉̇𝑐𝑜𝑓𝑙𝑜𝑤 + 𝑉̇𝑗𝑒𝑡) − 𝑋𝑛𝑜−𝑗𝑒𝑡𝑉̇𝑛𝑜−𝑗𝑒𝑡

𝑉̇𝑗𝑒𝑡
(7.6)

7.4. Error estimation
In this section, the method for estimating the error margins on the results is discussed.

7.4.1. Statistical confidence interval
It can be assumed that the temperature and gas concentration measurement fluctuations follow a nor-
mal distribution. The estimator for the standard deviation of a randomly sampled dataset is given in
Equation 7.7 [Dekking et al., 2005]. 𝑁 is the number of samples, 𝑥𝑖 a discrete sample and 𝑥 the average
value of all samples. The lower and upper bounds of a 95% confidence interval, 𝑙𝑛 and 𝑢𝑛, can then
be obtained from Equation 7.8 [Dekking et al., 2005].

𝑆𝑛 = √
1
𝑁

𝑁

∑
𝑖=1
(𝑥𝑖 − 𝑥)

2 (7.7)

𝑙𝑛 , 𝑢𝑛 = 𝑥 ± 1.96
𝑆𝑛
√𝑁

(7.8)

Error bars are shown in all temperature and gas concentration plots indicating the 95% confidence
interval. In some plots, the 95% confidence interval is also shown for the effective equivalence ratio.
This is based on the measured flow rates. Both the thermocouple data and the gas analyser data are
collected at 10 Hz. For the thermocouples 30 seconds worth of data is collected, resulting in about
300 data points for each measurement. For the gas probe, 1.5 minutes of data is collected, resulting
in about 900 data points for each measurement.

7.4.2. Traverse
As will be discussed in subsection 7.6.2, a traverse system is used to collect temperature and gas
concentration measurements radially at the first port of the measurement plate. The system starts at
the centre of the combustion chamber, which is located approximately 62 mm from the wall, and then
moves outward to the wall in one continuous movement. With the thermocouple, the gas analyser
moves at about 0.62 mm/s, with the gas probe it moves at about 0.42 mm/s. Both the gas probe and
the thermocouple data are collected at 10Hz. The confidence interval for each measurement point
is computed by assigning a bracket around a single measurement location. All data points which
are located within this bracket are used to compute the confidence interval using Equation 7.7 and
Equation 7.8. This bracket is equal to the probe diameter. So for the thermocouple measurements,
all data points which lay 1.5 mm on either side of a location will be counted towards this confidence
interval. For the gas probe, it is 3 mm on either side. This means that for the gas probe, there are about
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97 measurements inside each bracket, while for the thermocouple there are about 71 measurements
inside each.

7.5. Encountered issues
During the commissioning campaign and the second campaign, some issues were encountered. In
this section, those issues will be discussed.

7.5.1. Wrong mass flow controller calibration
As part of a sanity check of the flow calculations the oxygen concentration measured while heating the
setup was compared to the computed oxygen concentration. A discrepancy of about 2%was observed.
As further validation, the oxygen concentration was also computed using Cantera, which resulted in
the same oxygen concentration as obtained from the flow rate calculations. The mass flow controller
used to supply air to the pilot burner has only been calibrated on nitrogen. Since it is now supplying air
the mass flow rate it reports is higher than what it is actually supplying.
To find the relationship between the measured and actual flow rate the oxygen concentration was
measured in the combustion chamber while supplying different rates of air through the pilot burner and
a fixed rate of nitrogen through the diluent line. All other flows were turned off. From the measured
flow rate of air and nitrogen, the expected oxygen concentration can be calculated. The actual air flow
rate can be back-calculated from the measured oxygen concentration. Luckily, it turns out that there
is a linear relation between the measured and actual flow rates. The relation between the assigned or
measured flow rare and the real flow rate is given in Equation 7.9. This function has an 𝑅2 fit of 0.9999
with the test data. This equation is used to set the flow rates on the mass flow controller based on the
required mass flow rate as computed by the control program.

𝑣̇𝑎𝑠𝑠𝑖𝑔𝑛𝑒𝑑 = 1.1381𝑣̇𝑟𝑒𝑎𝑙 − 0.6213 (7.9)

At this point this mass flow controller had already been used in the cold flow campaign. This correction
was applied retroactively to the data to compute the correct flow velocities.
After the second campaign it was discovered that Bronkhorst, the manufacturer of the mass flow con-
trollers, uses a different definition for normal litre per minute. The standard definition of lnpm is based
on a temperature of 20∘𝐶 at 1 atmosphere in pressure; standard litre per minute is defined as 0 ∘𝐶 at 1
bar pressure [The Engineering ToolBox, 2004]. Bronkhorst however, defines lnpm at 0 ∘𝐶 and 1 atmo-
sphere and lspm at 20 ∘𝐶 and also 1 atmosphere in pressure [Bronkhorst, n.d.]. This doesn’t make a
difference to the results for the most part as all the flow rates are scaled the same way. Problems arise
in the conversion between volume flow rate and mass flow rate, like in the calculation of the volume
flow rate of methane based on the power setting of the pilot burners and the main burner. This causes
a small discrepancy between the specified power and results in a slightly higher power, and it changes
the actual equivalence ratio.

7.5.2. Broken cooling line
When supplying cooling air to the cooling assembly the final section of the central jet pipe, which is
uncooled, would immediately stop glowing. The pipe would normally glow if no gasses are supplied to
the central jet line, and the cooling air is turned off. The quick response to the cooling means that air
must be flowing from the cooling line into the central jet line. It is probable that the weld which connects
the central fuel line on the inside of the cooling assembly to the conical section broke due to thermal
stresses. As the outside of the cooling assembly heated it expanded, while the cooled central pipe
did not expand. The weld is an obvious weak point and therefore broke. Ultimately this turned out
not to be a problem since cooling of the central jet is not required. The stainless steel 310 is able to
withstand the temperatures inside the mixing duct without a problem. It is thus not possible to control
the temperature of the gasses in the central jet. Additionally, since the central jet assembly has been
recessed further into the mixing duct it is not possible to measure the central jet temperature.

7.5.3. High heat losses
The heat losses in the mixing duct were higher than predicted using the heat transfer model. During
the initial test foam disks were placed at the bottom of the coflow attachment and between the bottom
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and top mixing duct. These plates seemed to act like heatsinks, however. The temperature below and
around these plates would rise, but it would not transfer much up the mixing duct beyond the foam
disks. In chapter 6 the top foam disk was found to create a non-symmetric flow. Now they also reduce
the flow temperature drastically, for this reason, the disks were completely removed from the setup.

Removing all foam disks did not raise the temperature enough, an additional layer of insulation was
installed on the combustor flange and the conduction between the flange and the rest of the structure.
Also, this was not enough. The temperature in the combustion chamber was too low to ignite the main
burner. For this reason, the bottom mixing duct was removed. This only leaves the octagonal mixing
duct. An adaptor was made for the central jet assembly which made it possible to move the central jet
down. Before removing the cylindrical mixing duct water would condense in the combustion chamber
during startup. After the mixing duct was removed this was not the case anymore.

7.5.4. Pilot burner operational limitations
The power of pilot burners was pushed much beyond their design limit, and therefore the pilot burners
had a more limited range of equivalence ratios it could operate in. A stable flame could be produced
in an equivalence ratio range of 0.87 to 0.99 at a power of about 5kW for each burner.

7.5.5. Singing flame
During the commissioning of the setup, a loud sound would be produced when both pilot burners were
tuned on simultaneously. The sound produced ranged from about 220-270Hz. During single burner
operation, this sound could not be heard. As the burner heated up the frequency of the sound would
increase. At a certain point of heating blow off would occur. Likely due to the instabilities produced by
this sound. Pre-heating the setup with the electric burner did not alleviate the issue.

Both pilot burners have one commonmass flow controller for air and one common controller for methane.
The lines are split at a T-section just below the setup. Both burners are of the same model, and have
an approximately equal pipe length after the t-section. The pressure drop and therefore also mass
flow rate are expected to be equally split. The sound waves produced by the setup could however
travel down the air and fuel line and periodically change the pressure drop, which would result in an
oscillating mass flow rate, and continuously varying equivalence ratio. This is a plausible explanation
for the instability observed when both burners are on.

By isolating the fuel and air line the instability might disappear. Getting two additional mass flow con-
trollers would be costly and would take a lot of time. Instead, the lines can also be isolated by choking
the flow after the T-section. This would prevent the sound from affecting the flow rate. By using a
fixed hole size the flow rate can be controlled by altering the pressure upstream of the choking hole.
The pressure range upstream of the hole can be between 2 and 8 bar, and the specified operating
temperature range is -5 ∘C to 20 ∘C. The mass flow rate in choked conditions for an ideal compressible
gas can be obtained from Equation 7.10 [Anderson, 2011]. By specifying the extreme conditions, the
limiting maximum flow rate is at 8 bar and 20 ∘C, and the limiting minimum mass flow rate is at 2 bar
and -5 ∘C.

𝑚̇ = 𝐴𝑃𝑇
√𝑇𝑇

√𝛾𝑅 (
𝛾 + 1
2 )

− 𝛾+1
2(𝛾−1)

(7.10)

The obtained minimum and maximum flow rates can be converted to power and equivalence ratio. The
pilot burners should operate at an equivalence ratio of 1 during operation. By tweaking the choking
diameter of the fuel and air line the plot in Figure 7.6. This plot is obtained with a diameter of 0.25mm
for the fuel line and 0.9mm for the air line. All values between the lines are valid operating conditions.
Higher equivalence ratios or lower power settings are possible, but the flow will not be choked in that
case
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Figure 7.6: Operating range under choked conditions, with 𝐷𝑓𝑢𝑒𝑙 = 0.25mm, and 𝐷𝑎𝑖𝑟 = 0.9mm. The area between the lines
are valid operating conditions for one pilot burner

To add the choking hole a T-section is filled with about 4mm of silver, the hole is then drilled into this
material. The hole is thus several diameters long; the pressure drop over it might be quite notable. The
Darcy-Weisbach equation in Equation 7.11 [Howell and Weathers, 1970] gives the pressure drop over
a tube based on the pipe friction coefficient 𝜆, the pipe length over diameter 𝐿/𝐷, the density 𝜌 and the
velocity 𝑢 squared. Since in all conditions, the flow will be choked the formula is re-written based on
the Mach number and simplified, yielding Equation 7.16.

Δ𝑃 = 𝜆 𝐿𝐷
𝜌
2𝑢

2 (7.11)

𝑃𝑇 = 𝜌𝑅𝑇𝑇 →𝜌 = 𝑃𝑇/(𝑅 ⋅ 𝑇𝑇) (7.12)

𝑢 = 𝑀√𝛾𝑅𝑇 (7.13)

→Δ𝑃 = 𝜆 𝐿𝐷
𝑃

2𝑅𝑇𝑇
𝑀2𝛾𝑅𝑇 (7.14)

𝑇
𝑇𝑇
= (1 + 𝛾 − 12 𝑀2)

−1
→ 𝑇
𝑇𝑇
(𝑀 = 1) = 2

1 + 𝛾 (7.15)

→Δ𝑃(𝑀 = 1) = 𝜆 𝐿𝐷
𝑃𝑇𝛾
1 + 𝛾 (7.16)

The pipe friction coefficient can be computed using the Colebrook equation given in Equation 7.17
[Colebrook, 1939], where 𝑅𝑒 is the Reynolds number based on the pipe diameter, 𝐷 the diameter in
mm and 𝑘 the material roughness coefficient also in mm. The roughness coefficient for silver could
not be found, the roughness coefficient for stainless steel is 0.015mm [Engineering Toolbox, 2003b],
for drawn aluminium and copper it is an order of magnitude smaller. Using steel is thus a conservative
estimate. With this, the friction coefficient for the methane choke was found to be 0.0146 at 2 bar, and
0.0143 at 8 bar.

1
√𝜆

= −2 log( 2.51
𝑅𝑒√𝜆

+ 𝑘
𝐷0.269) (7.17)

The pressure drop on the methane line is then found to be 0.25 bar at an inlet pressure of 4 bar, and
0.96 bar at a pressure of 8 bar. The burner only requires a pressure drop of 35 mbar, which means
that at a pressure of 2 bar before the choke, there will be 1.75 bar after the choke which is enough to
provide sufficient pressure for the gasses to pass through the burner.
In the end this did not alleviate the issue. The combustor is thought to act like a Sondhouse tube.
This is a tube with one open end and one closed end, much like the combustor setup. Sound is
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Figure 7.7: Image of the flame from the commissioning campaign for a central jet equivalence ratio of 0.55

produced when a burner is placed at the bottom of the tube. Kaneko et al., 2008 point out that there are
several explanations for the underlying mechanism producing these sounds, but in general it is related
to a coupling between buoyancy effects and heat transfer effects. When there is a large difference
in temperature between the bottom of the tube and the top a sound will be produced. It turned out
that cooling the central jet with a sufficiently high enough air flow rate stopped the sound from being
produced. In the end, when the cylindrical mixing duct was removed the sound was not produced at
all anymore. The temperature difference between the bottom and top of the combustor is not large
enough to produce this effect. The chocked hosepillar were therefore also removed.

7.5.6. Nitrogen-dioxide measurements
The measurements of 𝑁𝑂2 are negative at times. It is unclear what causes this. In Equation 7.1.3 the
working principle of the LIMAS gas analyser module is explained. ABB specifies that 𝑁𝑂2 measure-
ments are taken using wavelength comparison, but the exact methodology could not be found. It is
therefore hard to say what exactly causes this problem. A possible explanation could be that a water
droplet in the probe tubing causes a pressure drop resulting in a lower density of gas and therefore
also less light is absorbed by the gas, but this should then also influence the 𝑁𝑂 measurements. Fur-
thermore, ABB specifies that they apply pressure correction using an integrated pressure sensor so
the gas analyser should be able to account for this.

7.6. Results
In this section, the results from the commissioning and second campaign are discussed. First, the
results from the photographs are discussed. Then the gas and thermocouple measurements are anal-
ysed. Finally, the results are summarised and discussed.

7.6.1. Visual shape of the combustion zone
A DSLR camera was placed in front of one of the windows of the combustion chamber both in the
commissioning and follow-up campaign. Photos were taken at regular intervals. The flame is very faint
and hard to observe as can be seen in Figure 7.7. This picture was taken during the commissioning
campaign when operating the central jet at an equivalence ratio of 0.55. The glow of the metal frame
is brighter than the flame; making it hard to discern, especially at the bottom of the picture. The flame
is not observed in a single location but dances around. In some pictures, a flame can hardly be seen
at all. The shape and location of the flame also appear to change depending on the equivalence ratio.
With a low jet speed from the second campaign, the flame dances around close to the bottom of the
frame. Increasing the equivalence ratio leads to a broader distribution with the highest intensity further
downstream. The same trend with equivalence ratio is observed with the base and high jet speeds
from the second campaign. Increasing the jet speed also results in a more distributed appearance
and the brightest point being located further downstream. Oldenhof et al., 2010 describes ignition
kernels forming which convect downstream and then form a more-or-less continuous flame zone. This
described continuous flame zone is not observed here. Although the authors also observed ”large
spatial and temporal variations in flame interface height”, which could be similar to what is observed
here.
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Figure 7.8: The intensity of the commissioning flame normalised with itself for different equivalence ratios. (img-avg)

(a) The intensity of the low jet flame of the second campaign
normalised with itself for different equivalence ratios. (img-avg)

(b) The intensity of the base jet flame of the second campaign normalised with
itself for different equivalence ratios. (img-avg)

Intensity < 50 50 ≤ Intensity < 100 100 ≤ Intensity < 180 Intensity ≥ 180

Figure 7.9

In order to isolate the flame from the background only the blue channel in the pictures is used, the
other channels are discarded. Then the average of all of those pictures is taken for each operating
point. The point where the average light intensity is highest is the point in which the flame is most often
located. The average image still contains some background interference. To remove this the average
is removed from each image and then the average is taken of that. Then each image is normalised
with itself to create an intensity map. The pictures are taken with 8-bit colour depth, so for each colour
channel, the intensity can vary between 0 and 255. Normalising the image with itself makes it such that
the brightest point in the image gets assigned an intensity of 255, all other pixels are then multiplied
with the same factor. For each equivalence ratio, a contour plot of the intensity is generated. For the
commissioning campaign, these are all displayed next to each other in Figure 7.8.

When changing the equivalence ratio the jet velocity will remain constant. The coflow conditions also do
not change. Still, the brightest area can be seen to move downstream with an increasing equivalence
ratio. To better track the downstreammovement of the flame aweighted centroid is calculated. For each
vertical line in the photo, the intensity of the blue channel is summed over the entire width and multiplied
by the distance from the bottom of the frame, this is then divided by the total sum of the intensity resulting
in the downstream location of the weighted centroid. This location is plotted in Figure 7.11. As can be
seen, the minimum location of the flame is observed at a central jet equivalence ratio of between 0.55
and 0.75. Both moving towards a leaner concentration and a richer concentration results in the intensity
centroid moving downstream. The lowest possible equivalence ratio reached was 0.36. This was due
to limitations on the minimum flow rate through the methane mass flow controller.

The same method was applied to the photographs from the second campaign. In Figure 7.9a, Fig-
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Figure 7.10: The intensity of the high jet flame of the second campaign normalised with itself for different equivalence ratios.
(img-avg)

ure 7.9b and Figure 7.10 the intensity plots of the low, base and high-velocity jet in the second cam-
paign are given. The field of view is slightly different compared to the commissioning campaign. The
central jet has been moved up by about 15 jet diameters for the second campaign so this field of view
is a bit lower.

The low jet velocity case here has half the normal flow per minute as compared to the commissioning
campaign. The flame seemedmuchmore compact andmoved around in a smaller area as compared to
the higher jet cases. This can also be seen from the comparatively smaller green and orange contour
in Figure 7.9a, which is located at the bottom of the field of view. In these images, the trend of the
flame moving downstream with increasing equivalence is very clear as well. The line for this case in
Figure 7.11 is biased downstream for the lower equivalence ratios because part of the flame is not in
the field of view in these images.

In the base jet case, which is 3/4 the flow rate of the commissioning jet, the brightest point of the flame
seems to be fully in view for the low equivalence ratios. The bright region is bigger as compared to
the low jet cases, which could be indicative of the flame being more distributed. Here also the high
intensity region moves downstream with increasing equivalence. At the highest equivalence ratio of
1.5 the bright region seems to move beyond the field of view. Looking at the individual photographs for
this case the flame that can be seen looks much more distributed and faint as compared to the low jet
case. Also comparing the low to the high equivalence ratio for the base jet itself the high equivalence
ratio images show a more distributed flame.

The high jet case, which has the same volume flow rate in the jet as the commissioning jet case,
seems to be a lot fainter as compared to the jet base and jet low case. The intensity map from the
second campaign looks different to the intensity map from the commissioning campaign, even though
the conditions in these two cases are very similar. Focusing the camera on the flame was difficult as
the flame was hard to see, moved around, and did not have clear edges. In the second campaign, the
focus of the camera is shifted from the measurement plane towards the background. However, since
averaging is used in these images the focus is not very critical. Due to the flame being more out of focus
here than in the commissioning campaign the flame becomes more spread in the averaging. For this
reason, the centre of the flame cannot be seen in the image in Figure 7.10. Still, the trend is clear, the
centroid moves downstream, and for a central jet equivalence of 1.2 and 1.5, the flame moves outside
of the field of view. In Figure 7.11 the jet high case and the commissioning case do not overlap since
the field of views in these cases do not match and therefore the images from the second campaign are
biased downwards.

As the equivalence ratio is increased the mass flow of fuel increases as well as can be seen in Fig-
ure 7.4a and Figure 7.5a. If there is more fuel to burn it is expected that the flame becomes bigger and
for the centroid to move further downstream. In the intensity contour plots, the area of highest intensity
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Figure 7.11: The location of the weighted centroid of the intensity as a function of the central jet equivalence ratio

can also be seen to move downstream, it is not just a growth of the flame. Additionally, under very
lean conditions the centroid of the jet during the commissioning campaign can also be seen to move
downstream with decreasing equivalence, even though the volume of fuel is decreasing. This suggests
that there might be a chemistry effect at play and not just a change due to the amount of fuel burning.
Spadaccini and Colket Iii, 1994 found that at very lean conditions the ignition delay of a methane flame
under lean conditions was higher due to a lower concentration of hydrocarbons and therefore also a
slower production of radicals. Approaching stoichiometry from the lean side they also observed an in-
crease in ignition delay. This behaviour is unique to methane due to the primary hydrocarbon produced
by methane being the methyl radical which is very stable. The authors state that this radical does not
easily oxidise nor decompose to secondary radicals. This means that higher concentrations of this
radical increase the ignition delay. They found the radical termination rate to increase with the square
of the methyl concentration. The downstream movement of the highest intensity area might thus also
be partially related to a decrease in the rate of reactions due to the higher methyl concentration.

More recent work by Sampat et al., n.d. also found this increase in ignition delay when approaching
stoichiometry from the lean side. These authors modelled the autoignition of methane-air mixtures
diluted by exhaust gas vitiation using an ideal gas constant pressure reactor model in Cantera. The
authors looked at four different scenarios. Exhaust gasses were added to the methane-air mixture
prior to ignition; in the radical vitiation case all radicals produced by the reaction were also added to the
mixture (except𝑁𝑂𝑥 and some related radicals). In the inert vitiation case only 𝐶𝑂2, 𝐶𝑂, 𝑂2, 𝑁2 and𝐻2𝑂
are recirculated. Additionally, either a fixed mixture temperature was specified (non-adiabatic case), or
the temperature was calculated based on an enthalpy balance between the recirculating gasses and
fresh reactions (adiabatic case). The increased ignition delay was found to be negated when vitiated
gasses were recirculated into the combustion chamber. In the adiabatic case both inert and radical
vitiation results in a reversal of the trend. However, in the non-adiabatic case, the trend reversal only
occurs when radicals are included in the vitiation. The trend reversal seen in the adiabatic case with
inert vitiation is thus caused by an increase in the mixture temperature from the recirculating gasses.
The a priori existence of radicals before combustion can thus cause the ignition delay to decrease when
approaching stoichiometry from the lean side.

The difference between the work by Sampat et al., n.d. and the current combustor is that the current
combustor has a fixed coflow composition; the pilot burners are fixed at a specified power and equiv-
alence setting resulting in a consistent coflow composition and fixed flow rate of radicals. When the
equivalence is increased the mass flow rate of fuel increases as well, which thus results in a lower
radical-to-fuel ratio at higher equivalence ratios. The volume ratio of coflow-to-fuel about halves over
the central jet equivalence range of 0.6 to 1.5 in the second campaign. It is thus possible that this
observed trend reversal seen by Sampat et al., n.d. does not apply to the current combustor due to
there being an insufficient amount of radicals to overcome the ignition delay increase due to a higher
methane concentration and volume.

A contributing factor to the downstream movement might thus be due to the chemistry being slowed
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(a) Radial concentration of 𝐶𝑂 measured at port 1
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(b) Radial concentration of 𝐶𝐻4 measured at port 1

Figure 7.12: Jets with 𝜙𝑐𝑗 = 1.0 from the second campaign.

down by higher methyl concentrations. It is important to note that the centroid location might not be
directly related to the ignition delay, but is somewhat correlated to it. Ideally, the lift-off height should
be calculated, but since there is no clear fixed flame front this is not possible with the current method.
to decrease when approaching stoichiometry from the lean side.

7.6.2. State of the coflow
In the second campaign, the gas concentration and temperature were measured radially at port 1. A
description of the collection method, as well as the method for calculating the error margins in the plots,
is given in subsection 7.4.2 In Figure 7.12a the radial measurements of carbon monoxide are shown,
in Figure 7.12b the methane concentrations are displayed. The centre of the combustion chamber is
62mm from the wall. In the 𝐶𝑂 plot the concentration of carbon monoxide is highest in the shear layer.
This is where combustion takes place. The low jet case has the highest 𝐶𝑂 concentration peak, while
the peaks for the base and high jet overlap. Looking at the coflow region a difference between all three
jet cases can be seen. The concentration of carbon monoxide is highest for the high jet, followed by
the base jet and then the low jet. The concentration for the low jet also matches the concentration
measured when the central jet is turned off. This must mean that there is combustion occurring in
the coflow with the base and high jet. In chapter 6 it was found that there is a recirculation zone in
the coflow due to an insufficient volume flow of coflow gasses to feed the entrainment into the central
jet. These increased 𝐶𝑂 concentrations compared to the no jet case are indicative of this recirculation
zone also existing when combustion occurs. The methane measurements in Figure 7.12b show the
same result. For the base and high jet case, there is still some methane left in the recirculation zone.
Although, this concentration is really low at about 15 ppm for the high jet and about 8 ppm for the base
jet.

Additionally, the 𝐶𝑂 concentration is not constant over the radius of the combustor when the jets are
turned off. If the coflow was well mixed and uniform the concentration should be the same everywhere.
Since in the traverse plane, the centre is the location closest to the pilot burners the concentration of
carbon monoxide is highest here. It is thus clear from this result that the coflow is not uniform.

The radial temperature measurements in Figure 7.13 show a lower temperature in the coflow region
for the jet cases compared to the no-jet case. The recirculation zone transports colder gas from down-
stream back upstream resulting in this lower temperature near the wall. This shows that, even though
the low jet 𝐶𝑂 concentration was equal to the no-jet concentration, there is still a recirculation zone
present. Although, no combustion occurs in this zone. Furthermore, the low jet case has the highest
peak temperature, which is reached at the centreline. The base jet has the same temperature as the
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Figure 7.13: Radial temperature measurements from port 1, jets with 𝜙𝑐𝑗 = 1.0, from the second campaign.

no-jet case in the centre and the low jet case has the lowest temperature. This difference can partially
be explained by the decrease in mixing temperature caused by the higher flow rate of the central jet
but is also caused by the combustion zone being less compact at higher jet flow rates.

7.6.3. Detailed gas and temperature measurements
In the second campaign, gas composition measurements were taken at the centreline of the combustor
at various locations downstream of the jet exit. In Figure 7.14a the 𝑁𝑂 concentration measured at the
exhaust is shown as a function of the effective equivalence ratio. The exhaust measurements were
taken for the entire range of equivalence ratios for the low and high jet velocities. Additionally, the
𝑁𝑂 concentration when the jet is off is also displayed as a reference. All jet cases have a lower 𝑁𝑂
concentration compared to the concentration in just the coflow. The cases with a low jet velocity have
the highest𝑁𝑂 concentration, then followed by the base jet velocity; The high-jet velocity has the lowest
𝑁𝑂 concentration at the exhaust. For the low jet, the 𝑁𝑂 concentration remains more or less constant
with the changing effective equivalence. The base jet also doesn’t vary much up to the richest case.
The high jet case shows a constant decrease with increasing equivalence. It also is important to note
again, that the normal volume flow rate in each jet case remains constant with the changing equivalence
ratio. The resulting jet velocity should therefore also remain constant ensuring a constant residence
time in the combustion chamber.

In Figure 7.14b the 𝑁𝑂 produced by the central jet is displayed. The method with which this value
is computed is discussed in subsection 7.3.2. The trends as a function of equivalence ratio are very
similar to those observed in Figure 7.14a. The low jet shows a more-or-less flat profile with increasing
equivalence. While for the base jet velocity, a slight decrease is observed, until the richest case where
a sudden drop is observed. The high jet velocity shows a much steeper decrease in 𝑁𝑂 concentration
with increasing equivalence. With a low jet velocity, the central jet still produces a net positive in 𝑁𝑂,
though it is still much less than the concentration in the coflow. When these gasses mix this will then
result in an overall lower 𝑁𝑂 concentration measured at the exhaust. The base jet and high jet velocity
cases result in a net negative 𝑁𝑂 production after a central jet equivalence ratio of 0.75. This must
mean that reburning is occurring. In these cases, the central jet is consuming 𝑁𝑂 from the coflow in
greater quantities than what it is producing itself.

In Figure 7.15a and Figure 7.15b the concentration of methane and carbon monoxide are plotted at the
exhaust of the combustor. For 𝜙𝑐𝑗 = 1.0, 1.2, and 1.5 in the high jet case there is still some methane
left at the exhaust of the combustor. Also for the richest base jet case, there is notably more methane
left at the exhaust, although it is still a relatively small concentration. In these cases, combustion is not
yet fully complete. In the high jet case, the jet velocity is just too high and the volume of methane is too
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(a) 𝑁𝑂 concentration corrected at 15% 𝑂2 measured at the exhaust for
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(b) Computed 𝑁𝑂 concentration corrected at 15% 𝑂2 produced by the
central jet.

Figure 7.14: Data from the second campaign. In both plots, the no-jet case is provided as a reference for the coflow conditions.

much to fully burn in time. The 𝐶𝑂 concentration can also be seen to increase when methane is left.
The fact that combustion is not fully complete by the end of the combustion chamber indicates that the
combustion zone is much longer as compared to the base jet case and the low jet case. The fact that
combustion is not complete for the rich high jet velocity cases and the 𝜙𝑐𝑗 = 1.5 base jet case might
also be linked to the steeper decline in 𝑁𝑂.
In Figure 7.16, the 𝐶𝑂 concentration measurements from the centreline are plotted. For the base jet
velocity measurements were taken for a range of equivalence ratios; for the jet high and jet low velocity
streamwise measurements were taken only at a central jet equivalence of 1.0. Additionally, the 𝐶𝑂
concentration obtained when the central jet was turned off is also included. For the measurements,
ports 1, 3, 5, 7, 10 and the exhaust connection were used. The location of these ports can be seen in
Figure 7.1. The 𝐶𝑂 concentration can be inferred to be a progress variable for the progression of the
combustion occurring in the central jet.

From Figure 7.16, it is seen that the low jet case has a steep 𝐶𝑂 concentration curve. Its concentration
peaks at port 3, and then quickly drops. The high jet case shows a much slower increase in 𝐶𝑂
concentration. Its peak is reached at port 7. At the exhaust, the 𝐶𝑂 concentration is notably higher
than in the other stoichiometric cases indicating that the combustion process does not fully complete in
the combustion chamber. The stoichiometric base jet case lies somewhere between the low and high
jet case. It peaks at port 5, and the concentration of 𝐶𝑂 reaches zero at the exit.

More interesting is the trend with the central jet equivalence ratio in the case jet case. The leanest case,
(𝜙𝑐𝑗 = 0.6), has a steep rise and then peaks at port 3. After that, it decreases slowly and only reaches
zero at the exhaust. Increasing the central jet equivalence to 0.75 results in a decrease in the slope of
𝐶𝑂. The peak also lays at port 3, but is lower than the peak for the 𝜙𝑐𝑗 = 0.6 case; though it is likely that
the actual peak lays somewhere between ports 3 and 5. This trend continues with 𝜙𝑐𝑗 = 0.8; the slope
slightly decreases. At port 3 a higher concentration is measured for the𝜙𝑐𝑗 = 0.75 case, but at port 5 the
concentration for 𝜙𝑐𝑗 = 0.8 is higher. This indicates that the peak concentration has likely also shifted
downstream. For the stoichiometric case, the peak is further downstream and the slope is again smaller.
The same goes for 𝜙𝑐𝑗 = 1.2 the slope has again decreased, but this time the peak concentration has
increased again. Up to this point, the measured peak concentration has been decreasing. Although,
for 𝜙𝑐𝑗 = 0.75 and 𝜙𝑐𝑗 = 0.8 the peak concentration likely lies somewhere between port 3 and 5 so it is
hard to tell if the peak is indeed decreasing, but from 𝜙𝑐𝑗 = 0.6 and 𝜙𝑐𝑗 = 1.0 it seems to be reasonable
to assume that it does. At an equivalence ratio of 1.5 the overall 𝐶𝑂 concentration is much higher at all
ports. At the exhaust, the 𝐶𝑂 concentration doesn’t go to zero. The central jet equivalence ratio case
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(a) Dry methane concentration at the exhaust corrected for 15% oxygen
concentration.
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(b) Dry 𝐶𝑂 concentration at the exhaust corrected for 15% oxygen
concentration.

Figure 7.15

of 1.5 is also the only case for the base jet where the overall equivalence ratio, thus also including the
coflow air, is rich. For the base jet with a central jet equivalence of 1.2, the overall equivalence is about
0.95, and for a central jet ratio of 1.5 the overall ratio is just below 1.2.

The observed downstream movement of the peak in 𝐶𝑂 concentration is interesting. As stated earlier
the jet velocity remains constant when the equivalence ratio is changed, but the fuel volume increases.
In the chemiluminescence images, it was also observed that the high intensity region moves down-
stream with increasing equivalence. It is possible that due to the increase in fuel volume, the peak
in concentration is only reached further downstream. Though, the ignition delay and rate of reactions
also influence when this peak is reached. The peak location not only changes but the magnitude of the
peak can also be observed to decrease between 𝜙𝑐𝑗 = 0.6 and 𝜙𝑐𝑗 = 1.0. After stoichiometry, the peak
increases again. This also results in a change in the slope of the 𝐶𝑂 concentration. A lower, further
downstream peak results in a less steep slope. This slope is determined by the relative production
and consumption of 𝐶𝑂, so if the production increases relative to the consumption rate then a steeper
slope is produced, while a relatively higher consumption compared to production results in a shallower
slope. What can be concluded then is that the relative production of 𝐶𝑂 compared to its consumption
is decreased with an increasing equivalence ratio.

There are several plausible explanations for this observed trend. It is possible that the increase in
methyl concentrations results in an increase in the ignition delay and therefore also a slower rate of 𝐶𝑂
production as was discussed in subsection 7.6.1. This would explain both the change in peak concen-
tration as well as the further downstream location. It is also possible that an increase in temperature
with increasing equivalence just results in a relative increase in rate of 𝐶𝑂 oxidation, making the peak
lower; an increase in fuel volume can then explain the peak laying further downstream. A counterargu-
ment to that point is the fact that the 𝐶𝑂 concentration peak in the low jet stoichiometric case is much
higher than all other cases base jet cases while it also has the highest temperature, as can be seen in
Figure 7.18. But, the oxygen concentration for this jet case is also the lowest, which could result in a
relatively lower rate of 𝐶𝑂 oxidation to 𝐶𝑂2. In the end, these results cannot tell which mechanism is
responsible for this behaviour. Further research is required into the underlying mechanisms and their
possible connection to the ignition delay.

The wet 𝑁𝑂 concentration measurements from the centreline are given in Figure 7.17. In the no-jet
case, the 𝑁𝑂 concentrations are higher than in all jet cases. At the first port, the 𝑁𝑂 concentration in
all jet cases is very similar. At the bottom of the combustion chamber, a lower 𝑁𝑂 concentration can be
expected as it takes some time for the nitric oxide to entrain into the jet from the coflow. After the first
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Figure 7.16: Streamwise centreline measurements of dry 𝐶𝑂 concentration corrected at 15% 𝑂2 from the second campaign.
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Figure 7.17: Streamwise centreline measurements of 𝑁𝑂 concentration corrected at 15% 𝑂2
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point, different trends are observed. What is most notable is that all jet cases show a decrease in the
𝑁𝑂 concentration at some point downstream. For the low jet case and the lean baseline cases, this
decrease happens right after port 1, while for the high jet case and the stoichiometric and rich jet cases,
this occurs after port 3 or 5 with an initial rise before that. Comparing the valleys in the 𝑁𝑂 plot with the
peaks in the 𝐶𝑂 plot in Figure 7.16 shows a very good correlation between the results; a valley in nitric
oxide concentration is always located close to a peak in carbon monoxide concentration. As the 𝐶𝑂
concentration starts to drop the 𝑁𝑂 concentration will start to rise again. The drop in 𝑁𝑂 is an indication
of 𝑁𝑂𝑥 reburning occurring in the jet, while the rise at the start might be explained by 𝑁𝑂𝑥 production
becoming dominant when the carbon radicals have all been consumed. The initial rise in 𝑁𝑂 observed
in some jet cases could be explained by 𝑁𝑂 entraining at a faster rate than the rate at which the flame
is reburning it, or by 𝑁𝑂 production in this region being more dominant than the consumption reactions.
FromFigure 7.16 and Figure 7.17 it could be seen that the𝑁𝑂 concentration reached aminimumaround
the point at which the 𝐶𝑂 concentration reaches a peak, only after this point does the 𝑁𝑂 concentration
start to rise again. If the combustion zone is lengthened and the 𝐶𝑂 peaks further downstream then
reburning is expected to continue for longer and there is less residence time left to produce 𝑁𝑂 again
after that point. If this is the case one would expect a decrease in 𝑁𝑂 concentration at the exhaust with
increasing equivalence, but this does not seem to be the case for the low jet.
In Figure 7.18 the temperature measurements from the centreline of the combustor are plotted. Since
at the exhaust, cooling air is added the temperature measurement at this location might be inaccurate
and has therefore not been included in the plot. It can be seen that the low jet case reaches the highest
temperature of all measurements, but after reaching its peak shows a relatively quick cooling. From
the 𝐶𝑂 measurements and the photographs, this flame was found to be the most compact. Even at
the first port is the temperature of the low jet already higher than in all other cases. The mass flow rate
in the central jet is the lowest therefore the mixing temperature between the jet and the coflow is the
highest of the three jet flow rates. The high jet case has a similar temperature as the stoichiometric
base jet case at the bottom of the combustor, but for the high jet the temperature has a much flatter
profile; the slope towards the end of the combustor is less steep downwards. For the base jet case,
the temperature increases with increasing equivalence ratio, as expected. Even at port 1, the richer
flames have a higher temperature. The leaner cases also have a steeper slope downward by the end
of the combustor. This is also expected since the rich cases can burn more fuel and the flames are
therefore longer.
The higher temperature with increased equivalencemight explain why the𝑁𝑂 concentration profile is so
flat for the low jet and base jet case. As the name suggests thermal 𝑁𝑂𝑥 is very temperature dependent
[Warnatz et al., 2006]. A higher temperature would result in a faster rate of thermal 𝑁𝑂𝑥 production.
Although, it is important to note that the temperature observed in the combustion chamber is well below
the 1700K stated by Warnatz et al., 2006 below which thermal 𝑁𝑂𝑥 production is insignificant; other
𝑁𝑂𝑥 production pathways may be playing a more important role at the temperatures in the combustion
chamber. One way in which one could tell if the thermal𝑁𝑂 production rate is increased is by comparing
the steepness of the 𝑁𝑂 concentration rise after the drop. When looking at the 𝑁𝑂 concentration for the
low jet case, in Figure 7.17, after it reaches its minimum it shows a steeper increase in 𝑁𝑂 as compared
to the other cases. However, for the base jet cases, this increase in steepness is not really visible for
increasing central jet equivalence. For the base jet case, the leanest case shows the steepest slope in
𝑁𝑂 concentration after reaching its minimum. Likely, the jet is still entraining 𝑁𝑂 from the coflow after
it has exhausted its fuel resulting in an initial steep increase. It is therefore hard to distinguish between
the potentially still entraining 𝑁𝑂 and the 𝑁𝑂 being generated inside the central jet.
Though, it is probable that the higher temperature does indeed result in more thermal 𝑁𝑂 production,
which would mean that there seem to be two opposing forces with increasing equivalence: The in-
creased 𝑁𝑂 production due to increased temperature and a decrease in 𝑁𝑂 production due to a bigger
flame. A longer combustion zone results in more 𝑁𝑂 being reburned, and also reduced the available
residence time for the 𝑁𝑂 to build up again after the fuel has been consumed. For the low jet, it could
be that the effect increased 𝑁𝑂𝑥 production due to the temperature increase is balanced with the in-
crease in returning due to the increase in the combustion zone length, while with the base jet cases
and the high jet cases the increasing flame size is more dominant. Though it must be noted that for
the stoichiometric and rich high jet cases, the combustion zone becomes so long that the fuel does not
have sufficient time in the combustor to fully burn.
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Figure 7.18: Streamwise centreline measurements of the temperature in the combustion chamber.

In Figure 7.19a the oxygen concentration measurements are shown at the exhaust of the combustion
chamber. The markers denoted by the dotted line indicate the expected oxygen concentration based
on the measured flow rates for that case. As can be seen, there is a linear offset between the oxygen
concentration which is measured and the expected oxygen concentration based on the flow rates. In
Equation 7.1.3 the working principle of the Magnos is explained. It is possible that interference from
𝐶𝑂2 is interfering with the oxygen measurements and producing an offset, though it seems that the
difference is larger than what would be expected if 𝐶𝑂2 was interfering with the measurements.
Additionally, in Figure 7.19b the centrelinemeasurements of the oxygen concentration are shown. What
is most notable in this graph is the fact that the oxygen concentration near the bottom of the combustion
chamber is different compared to the top of the combustion chamber in the no-jet case. This is further
indicative of the flow not being uniform at the bottom of the combustion chamber. Furthermore, it can
be seen that the low jet case has a lower oxygen concentration at the bottom of the combustor as
compared to the base and high jet cases.

Furthermore, in Figure 7.20 the streamwise centreline concentration of 𝑁𝑂2 is shown. A large portion
of the measurements is negative, meaning something went wrong when collecting this data. In Equa-
tion 7.1.3 the working principle of the LIMAS21module, whichmeasures the𝑁𝑂 and𝑁𝑂2 concentration,
is discussed. In this section, it was found that the gas analyser employs wavelength comparison in the
200-500 nm range [ABB, 2004] to determine the 𝑁𝑂2 concentration, although no description for the
exact methodology was found. It would be easy to discard these results as erroneous and therefore
irrelevant, but comparing the 𝑁𝑂2 concentration trends with the trends in the 𝑁𝑂 measurements in
Figure 7.17 shows an interesting correlation. For the cases where a trough in 𝑁𝑂 concentration is
observed at port 3 a peak is observed in 𝑁𝑂2 concentration. The peaks in 𝑁𝑂 concentration at port
3 do not fully match up with the troughs in 𝑁𝑂2, but a decline is observed here; the trough for these
cases is reached at port 5. Experiments by Song et al., 2019 showed that when methane combustion
was doped with 𝑁𝑂 or 𝑁𝑂2 these gasses would have a catalytic effect at temperatures between 850K
and 1100K. These radicals were found to enhance oxidation but were not consumed, only transformed
into the other. Only above this temperature would reburning following the 𝐻𝐶𝑁 pathway be detected.
Although, looking at the temperature profile in Figure 7.18 shows that the temperature is above 1100K
for all cases, so the results from these authors would predict reburning. It is likely that because the 𝑁𝑂2
concentration is derived from the 𝑁𝑂 concentration in some way that this correlation appears. Further
investigation is required as to why these concentration measurements are negative.

7.6.4. Effect of added diluent
In Figure 7.21a and Figure 7.21b the streamwise centreline 𝑁𝑂 and 𝐶𝑂 concentrations are plotted for
the base jet with added 𝐶𝑂2 or 𝑁2 at 20 lnpm. Their respective no-jet cases and the regular base
jet are also plotted. All the jets in this figure operated at a central jet equivalence of 1.0. At port
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(b) Streamwise centreline oxygen concentration measurements

Figure 7.19: Oxygen concentration measurements from the second campaign
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Figure 7.20: Streamwise centreline measurements of the 𝑁𝑂2 concentration corrected at 15% 𝑂2
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(a) Centreline 𝑁𝑂 concentration
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(b) Centreline dry 𝐶𝑂 concentration

Figure 7.21: Base jet at 𝜙𝑐𝑗 = 1.0 with 20lnpm of 𝐶𝑂2 or 𝑁2 added to the coflow from the second campaign.

7 the measurements for the diluted jet are missing, the jet was erroneously not turned on when the
measurements were taken. Looking at the streamwise behaviour of 𝑁𝑂 it can be seen that when
diluting with 𝑁2 the same trends are observed as with the normal base jet. An initial rise in 𝑁𝑂 followed
by a drop, and then a rise again. Comparing this to the 𝐶𝑂 plot the valley in 𝑁𝑂 again also matches
well with the 𝐶𝑂 peak, which are both reached at port 10. Looking at the 𝐶𝑂2 diluted case shows a
different trend; the initial rise and then drop in𝑁𝑂 are present but the𝑁𝑂 concentration doesn’t increase
near the exhaust. At the exhaust, the 𝐶𝑂 concentration is also still notably higher as compared to the
other cases at above 400 ppm. At the inlet, the concentration of 𝐶𝑂 is also notably higher. At high
temperatures, 𝐶𝑂2 can decompose into 𝐶𝑂 which explains the increased concentrations at the inlet
and exit of the combustion chamber [Park et al., 2002]. The fact that the 𝑁𝑂 concentration keeps
dropping is indicative of reburning occurring till a much later downstream location. There could still be
carbon-based reactions occurring.

Furthermore, looking at the 𝑁𝑂 and 𝐶𝑂 concentration in the no-jet cases shows that the extra dilution
also affects the pilot flames. The 𝐶𝑂 concentration is higher when diluting with 𝐶𝑂2, likely due to the
decomposition of the added 𝐶𝑂2. The 𝐶𝑂 concentration returns to zero at port 7, which is the same
port where the 𝑁2 diluted no-jet case also reports zero 𝐶𝑂. Interestingly, the nitric oxide measured in
the 𝐶𝑂2 diluted no-jet case is also lower than the 𝑁2 diluted no-jet case. The mixing temperature of the
pilot flue gasses and the carbon dioxide is lower than the mixing temperature of the pilot flue gasses
with nitrogen which results in a sort of quenching behaviour for the production of thermal 𝑁𝑂𝑥. One
can also see that the jet case with 𝐶𝑂2 is translated downward compared to the 𝑁2 case due to the
reduced 𝑁𝑂 concentration in the coflow.

In Figure 7.22a and Figure 7.22b the streamwise centreline 𝑁𝑂 and 𝐶𝑂 concentration are plotted for
the base jet, with the added diluent flow increased to 50 lnpm. Now for both the𝑁2 and 𝐶𝑂2 diluted case
the rise in 𝑁𝑂 at the end of the combustion chamber is missing. Both keep showing a slow decline. For
both cases, the 𝐶𝑂 concentration remains high at the exhaust as well. For the 𝐶𝑂2 diluted case there
is little variation in 𝐶𝑂 over the length of the combustion chamber. The carbon-monoxide concentration
at the inlet of the combustion chamber is much higher compared to the 20 lnpm case. The nitrogen
diluted case and the no-jet cases do not have a notably higher 𝐶𝑂 at the inlet. In the nitrogen-diluted
jet case, the 𝐶𝑂 concentration keeps climbing further downstream. The no-jet cases show a lower 𝑁𝑂
concentration in the coflow compared to the 20 lnpm cases. The increased flow rate of diluent and
reduced power setting of the pilot burners has lowered the mixing temperature of the flue gas and the
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Figure 7.22: Base jet at 𝜙𝑐𝑗 = 1.0 with 50lnpm of 𝐶𝑂2 or 𝑁2 added to the coflow from the second campaign.

diluent and thus the thermal 𝑁𝑂𝑥 reactions have likely been reduced further than in the 20 lnpm case.
Also here the 𝐶𝑂2 diluted case shows the lowest 𝑁𝑂 concentration.

The centreline measurements for methane are shown in Figure 7.23a and Figure 7.23b for 20 lnpm
and 50 lnpm added diluent respectively. In Figure 7.23a the jet with added 𝑁2 has less than 10 ppm
of methane left in the flow at the exhaust, for the carbon-dioxide diluted jet there is still about 300 ppm
left. This means that the combustion with 𝐶𝑂2 added is not complete yet. The lack of a rise in 𝑁𝑂 seen
in Figure 7.21a can thus be explained by methane oxidation reactions still occurring at the exhaust. In
Figure 7.23b both diluted jets are quenched before combustion can be completed. At the exhaust, the
nitrogen-diluted jet still has about 1700 ppm methane in the flow while for the carbon-dioxide diluted
jet about 2800 ppm remains. Between port 10 and the exhaust, virtually no change in concentration
is measured. This does not mean that all reactions have ceased . In Figure 7.22b an increase in 𝐶𝑂
concentration is observed between port 10 and the exhaust for the nitrogen-diluted jet. Additionally, for
both diluents, a decrease in 𝑁𝑂 is also observed between port 10 and the exhaust in Figure 7.22a.

In Figure 7.24a and Figure 7.24b the centreline temperature is shown for the two dilution flow rate cases.
The increased diluent flow rate and reduced pilot power setting result in lower coflow temperatures.
When adding 𝐶𝑂2 the temperature of the coflow and of the jet is lower than the 𝑁2 diluted case due
to its higher specific thermal capacity per volume. For the 20 lnpm diluted flow there is about a 50 K
difference between the jets with the added diluent and the jet without the added diluent. For the 50
lnpm diluent flow, this difference is about 100 K. The temperature difference may also play a big role in
the reduced 𝑁𝑂𝑥 production when additional inert diluent is added.

7.7. Discussion & Conclusion
From the chemiluminescence two main observations are made: The increased jet flow rate results
in the combustion zone becoming more distributed and the peak intensity area moving downstream.
Increasing the equivalence ratio has a similar effect. Both increasing the jet flow rate and increasing the
equivalence ratio increase the volume of fuel being burned. Though, from Figure 7.5a it can be seen
that the jet low case at stoichiometry has about an equal fuel flow rate as the leanest base jet case.
Comparing these two cases in Figure 7.9a and Figure 7.9b shows that the leanest base jet combustion
zone is more distributed than the stoichiometric low jet combustion zone. The 𝐶𝑂, 𝑁𝑂 and temperature
data in Figure 7.16, Figure 7.17 and Figure 7.18 also corroborate the observation that the 𝜙𝑐𝑗 = 1.0
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Figure 7.23: Centreline dry 𝐶𝐻4 concentration for the base jet at 𝜙𝑐𝑗 = 1.0
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Figure 7.24: Centreline temperature measurements for the base jet at 𝜙𝑐𝑗 = 1.0
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low jet combustion zone is more compact than the 𝜙𝑐𝑗 = 0.6 base jet combustion zone. Mi et al., 2009
found that, for a non-premixed jet, a lower jet momentum resulted in higher temperatures and 𝑁𝑂𝑥
concentrations. Although, the burner employed in their modelling and experiment is not a jet-in-hot-
coflow setup. It uses recirculation to dilute the jet. A lower jet momentum resulted in a decrease in the
recirculation of combustion products into the reactant jets. Ricou and Spalding, 1961 found that the
ratio of entrained mass flow to initial jet mass flow is constant above a Reynolds of 25,000. Below this
point, an increase is even observed. Nevertheless, the entrained mass flow ratio is mostly a function of
downstream location. So if the jet speed is decreased and the ignition delay remains the same ignition
will take place closer to the jet exit, where less diluent will have been entrained into the jet. Furthermore,
because the mass flow in the jet is smaller and the mass flow and temperature in the coflow remain
constant between cases, the mixing temperature of the low jet with the coflow is higher than the mixing
temperature of the coflow with the base jet. This might also explain the faster rates of reaction.

The main observation that can be made is that jet speed can have a significant effect on the behaviour
and 𝑁𝑂𝑥 emissions of flameless combustion. As was seen in Figure 7.14 the low jet speed consistently
resulted in higher 𝑁𝑂 emissions. For the low jet, the central jet produced 𝑁𝑂 is independent of the
equivalence ratio, while for the base jet cases and the high jet cases, a decrease is observed with
increasing equivalence. The temperature increases with increasing equivalence, which might result in
a higher thermal 𝑁𝑂𝑥 production. On the other hand the increased equivalence results in a larger and
more distributed combustion zone, which consumes more 𝑁𝑂. Additionally, the slower the jet speed
the longer the residence time in the combustor, which is advantageous especially for the slow thermal
𝑁𝑂𝑥 pathway [Warnatz et al., 2006].

In the streamwise 𝐶𝑂 and 𝑁𝑂 measurements in Figure 7.16 and Figure 7.17 it could be seen that
when 𝐶𝑂 was present in high concentrations the 𝑁𝑂 concentration would drop. This indicates that
when there are still sufficient numbers of carbon radicals reburning will take place. Though, 𝐶𝑂 itself
is probably not involved in the reburning. Glarborg et al., 1998 found that the reaction of the methyl
radical with 𝑁𝑂 was the most important pathway for 𝑁𝑂𝑥 removal in methane combustion in vitiated
conditions, followed by the reaction of 𝐻𝐶𝐶𝑂 with 𝑁𝑂. Both these pathways lead to 𝐻𝐶𝑁 which then
either decomposes to 𝑁2 or back into 𝑁𝑂. Measuring the hydrogen-cyanide concentrations directly will
give an even better indication of where 𝑁𝑂𝑥 reburning occurs.

The lowest 𝑁𝑂 concentrations are measured at the exhaust when combustion could not be completed
inside the combustion chamber. The high jet cases with an equivalence ratio equal to or above sto-
ichiometry still had relatively high methane concentrations in the flow at the exhaust. In the base jet
the richest case also still had methane in the exhaust gas mixture. Near the end of the combustor, an
increase in 𝑁𝑂 concentration is always observed when combustion is complete at the exhaust. The
increase in 𝑁𝑂 concentration can be explained either by entrainment of still unburned 𝑁𝑂 from the
coflow into the jet region or by 𝑁𝑂𝑥 production in the jet exhaust. This region of increasing 𝑁𝑂 is not
always observed when extra inert diluent is added. Only when diluting with 20 lnpm 𝑁2 is it observed
in Figure 7.21a, but diluting with 𝐶𝑂2 at the same flow rate it is not observed. With carbon-dioxide
dilution the methane concentration at the exhaust was relatively higher as well. At a higher diluent flow
rate of 50 lnpm, the 𝑁𝑂 rise is not observed for either diluent. At this rate of dilution, methane con-
sumption stopped before reaching the exhaust, likely due to the temperature being too low to sustain
methane oxidation. Though the 𝑁𝑂 concentration continued to drop. For the nitrogen diluted case, the
𝐶𝑂 concentration also continued to rise.

When diluting with extra 𝐶𝑂2 the measured 𝑁𝑂 concentration is lower than when diluting with 𝑁2. The
diluents were also found to affect the pilot burner exhaust. Adding 𝐶𝑂2 reduced the coflow temperature
more than adding the same volume of nitrogen, due to the higher specific thermal capacity per volume
of carbon dioxide. The pilot exhaust also contained less 𝑁𝑂 when diluting with carbon dioxide. The
reduced temperature likely reduces thermal𝑁𝑂𝑥 formation in the pilot exhaust. The diluents caused the
combustion zone to elongate. The 𝐶𝑂 peak is only reached at port 10 in the 20 lnpm experiments. While
the base jet without extra diluent reached its peak at port 5. The diluents also created a deeper trough
in the streamwise 𝑁𝑂 concentration as compared to the jet without extra diluent. Though the difference
between the 𝑁2 diluted and undiluted jet is a lot smaller at the exhaust. In literature, 𝐶𝑂2 is found to
influence the oxidation of methane in various ways. Park et al., 2002 found that 𝐶𝑂2 can decompose into
𝐶𝑂 which then actively reacts with hydrogen radicals reducing the pool of hydroxyl radicals [Westbrook
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and Dryer, 1984]. Additionally, 𝐶𝑂2 has also been found to promote chain branching reactions at low
temperatures due to its higher third body collisional efficiency as compared to𝑁2 when burning propane
[Sabia, Lubrano Lavadera, et al., 2015]. At intermediate temperatures and temperatures above 1200K
𝐶𝑂2 was found to inhibit ignition by promoting methyl recombination reactions. From the current data,
it cannot be said in what way the diluents exactly influence the combustion zone.

The 𝐶𝑂 peak concentration and slope decrease with increasing equivalence. Indicating that there
is a relative change in the 𝐶𝑂 production and consumption reactions. The combustion zone is also
elongated andmore distributed at higher equivalence ratios. One plausible explanation concerns higher
methyl radical concentrations. Spadaccini and Colket Iii, 1994 showed an increase in ignition delay
when approaching stoichiometry from the lean side due to increasing methyl concentrations. This
species does not easily oxidise or decompose to secondary radicals. Similarly Sampat et al., n.d.
also observed an increase in ignition delay with increasing equivalence on the lean side, though this
trend flipped when radicals were recirculated back into the flow. A reason why the current addition of
radicals would not negate the effect of methyl is that the ratio of fuel-to-radicals stayed the same in
the experiments by Sampat et al., n.d. In the present campaign, the amount of radicals remains the
same while the fuel volume increases with increasing equivalence. Meaning the fuel-to-radical ratio
decreases with increasing equivalence ratio. Which might mean that the inhibitory effect of methyl is
not mitigated by the radicals. Though, the increase in fuel volume and changes in temperature might
also play a role.

Finally, from the radial measurements it was found that the recirculation zone observed in the cold flow
campaign is also present in these experiments. Combustion was found to occur in them for the base
and high jet flow rates. Additionally, the 𝑁𝑂 concentration in the no-jet case is higher in the centre than
near the walls indicating that the flow is not fully uniform. This might make it more difficult to model this
setup.





8
Conclusion and recommendations for

further research
In this report, the design of a jet-in-hot-coflow setup was discussed. Three experimental campaigns
were performed with this setup, and these results have also been analysed. In this chapter, these re-
sults are summarised and concluded. First, the research questions derived from the research objective
stated in the introduction are answered based on the data discussed in this report. Then the report is
concluded and recommendations for future research are provided.

8.1. Research questions
The main objective of this thesis was to study the effect of vitiation on the formation of product species,
and stability of flameless combustion, by designing a jet-in-hot-coflow burner and analysing a methane
flame in flameless operation by diluting with hot vitiated gasses at various equivalence ratios, operating
temperatures and dilution levels. In this report, the design of this combustor is discussed. In the end,
three experimental campaigns were successfully performed: One cold flow PIV campaign and two
combustion campaigns. In the combustion campaigns, the effect of 𝐶𝑂2, and 𝑁2 were directly studied
by adding them to the flow at two fixed rates. The effect of the equivalence ratio was studied over a
wide range with three different jet flow rates. The different jet flow rates resulted in a change in the
overall oxygen concentration as well. A change in temperature was achieved both by altering the jet
flow rate and by adding additional inert gasses to the coflow. The research objective is broken down
into research questions which will now be discussed.

”In what way does dilutionwith hot vitiated gasses influence the formation of secondary product
species at various oxygen concentrations equivalence ratios and coflow temperatures” - In the
combustion campaign dilution of the reactants was provided by flue gasses from the pilot burners and
additional 𝑁2 and 𝐶𝑂2 was added to the coflow to observe the influence of these gasses independently.
The power and equivalence ratio of the pilot burners was changed to maintain a constant total coflow
flow rate and maintain a constant oxygen concentration. When nitrogen was added the coflow had
a higher temperature than when carbon dioxide was added. This can partly be explained by the fact
that 𝐶𝑂2 has a higher specific thermal capacity per volume than 𝑁2 [Chase, 1998]. The addition of
𝐶𝑂2 also resulted in a higher 𝐶𝑂 concentration in the coflow, but also a lower 𝑁𝑂 concentration. The
higher 𝐶𝑂 concentration could be caused by the decomposition of 𝐶𝑂2 at high temperatures [Park et al.,
2002], or it could be due to the lower temperature in the pilot flame reducing the rate at which 𝐶𝑂 is
converted into 𝐶𝑂2. The lower 𝑁𝑂 output from the pilot burner is likely a direct effect of the lower mixing
temperature and therefore also lower thermal 𝑁𝑂𝑥 production. The addition of these inert diluents is
found to decrease the production of 𝑁𝑂𝑥 in all cases. The diluent made the combustion zone longer
and reduced the temperature in the combustion chamber. It seems that the added diluent relatively
enhanced 𝑁𝑂𝑥 reburning, but it is also possible that the reduced temperature resulted in less 𝑁𝑂𝑥
generation in the central jet itself. The addition of 𝐶𝑂2 resulted in the lowest 𝑁𝑂𝑥 concentration at the
exhaust but also resulted in a higher 𝐶𝑂 and 𝐶𝐻4 concentration there. However, with nitrogen addition
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at a flow rate of 20 lnpm, the combustion was complete at the exhaust. Increasing the flow rate of
added diluent to 50 lnpm caused the oxidation of methane to cease at port 10 with either nitrogen or
carbon dioxide. The temperature in the combustion chamber dropped toomuch for methane to continue
to be consumed, but with nitrogen addition, 𝐶𝑂 was still produced beyond port 10. Additionally, 𝑁𝑂
consumption also continued beyond port 10 for both diluents as well.

In literature 𝐶𝑂2 addition is found to influence flameless combustion. Decomposition of 𝐶𝑂2 into 𝐶𝑂
causes it to compete for hydrogen radicals depleting that radical pool quicker [Park et al., 2002], [West-
brook and Dryer, 1984]. On the contrary 𝐶𝑂2 addition also has been found to promote branching
reactions at low temperatures due to its higher third body collisional efficiency compared to 𝑁2 [Sabia,
Lubrano Lavadera, et al., 2015]. At intermediate temperatures and temperatures above 1200 K, it was
found to inhibit ignition by enhancing methyl recombination reactions [Sabia, Lubrano Lavadera, et al.,
2015]. With the current data, it is not clear if these effects are present, and to what extent they influ-
ence the flame shape or 𝑁𝑂𝑥 production. Controlling the temperature of the added diluent in such a
way as to maintain the mixing temperature would be a good way to partially eliminate the effect of the
temperature difference on the results.

𝑁𝑂 addition was not directly studied, but it was present in the pilot burner exhaust. From the streamwise
measurements, it is clear that the 𝑁𝑂𝑥 formed by the pilot burners is reburned. When the 𝐶𝑂 concen-
tration in the central jet is sufficiently high the 𝑁𝑂𝑥 concentration was observed to drop. When the 𝐶𝑂
concentration peak has passed the 𝑁𝑂 concentration started to rise again. Either due to entrainment
of, until that point unburned, 𝑁𝑂 or due to the production of 𝑁𝑂.
While different total oxygen concentrations were tested it is not clear if this resulted in a different oxygen
concentration in the combustion zone. The low-speed jet in the second combustion campaign had
the lowest mixing oxygen concentration but also had the most compact combustion zone with the
highest temperature peak. This might be counterintuitive to what one would expect as lower oxygen
concentrations should lead to slower reactions and a more distributed combustion zone. Either the
mixing temperature plays a more dominant role than the oxygen concentration at this point, or due to
the slower jet speed ignition occurred closer to the jet exit where less diluent had entrained resulting in
the flame seeing an effectively higher oxygen concentration on ignition. It is difficult to differentiate the
effect of jet speed and the oxygen concentration in these results.

In the second campaign, for all jet speeds, a central jet equivalence range of 0.75 to 1.5 was tested, for
the base and high jet case an additional measurement at 0.6 was taken. To keep the residence time in
the combustion chamber constant the total central jet flow rate was fixed. An increase in equivalence
thus also resulted in an increase in methane volume. What effect the equivalence had on the emissions
depended on the jet speed. For the low jet, an increase in equivalence ratio did not result in more
𝑁𝑂 production in the central jet. With the base jet and high jet velocity, the 𝑁𝑂 concentration at the
exhaust decreased with increasing equivalence. The increase in equivalence ratio results in a large
and more distributed combustion zone, while also increasing the temperature. From the streamwise
measurements, it can be seen that whenever the 𝐶𝑂 concentration is high 𝑁𝑂 will be consumed. A
bigger or more distributed combustion zone will therefore consume more 𝑁𝑂, while on the other hand,
the increased temperatures might increase the 𝑁𝑂 production. It is possible that for the low jet velocity
with increasing equivalence, these two effects are balanced, while for the base jet and high jet velocity,
the consumption increase is dominant with increasing equivalence. For equivalence ratios equal to or
above stoichiometry the high jet still has methane and carbon monoxide in the exhaust. In the base jet
𝜙𝑐𝑗 = 1.5 case there is also a heightened concentration of methane in the exhaust. Indicating that the
flame has grown so much combustion cannot be completed inside the combustion chamber.

Effects of the coflow temperature on the formation of product species were not studied directly, but
changing the central jet flow rate also resulted in a slight mixing temperature change of about 35K.
Additionally, by adding additional diluent the coflow temperature was changed as well. A decrease in
coflow temperature seemed to result in a lower pilot exhaust 𝑁𝑂 concentration. Though it is hard to tell
to which degree this change is due to the chemical kinetic effects of adding 𝐶𝑂2 over 𝑁2 as discussed
earlier or if this is the direct result of lowering the coflow temperature.

”How does dilution of the coflow with hot vitiated gasses influence the physical characteris-
tics of the combustion zone at various oxygen concentrations, equivalence ratios and coflow
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temperatures?” - The combustion zone was observed to dance around, but the extent to which this
occurred depended on the equivalence ratio and jet velocity. At low jet velocities, the combustion zone
was much more concentrated in one location, while at higher jet speeds it was much more elongated
and moved around much more. Similarly, at low equivalence ratios, the combustion zone was more
compact compared to higher equivalence ratios. The jet velocity was kept constant with the changing
equivalence ratio by keeping the total central jet volume flow rate constant. The volume of fuel being
burned would then increase with increasing equivalence ratio which could play a role in making the
combustion zone bigger, but the size and location of the combustion zone also depends on the ignition
delay and rates of reaction. It is possible that a relative decrease in the rate of reactions occurs due
to higher methyl concentrations. In literature, it has been shown that approaching stoichiometry from
the lean side the ignition delay of methane increases due to the inhibitory effects of the methyl radical
[Spadaccini and Colket Iii, 1994]. Though this cannot be determined from this data. Additional research
is required to understand if this is indeed the case.

Adding additional 𝐶𝑂2 or 𝑁2 also resulted in the combustion zone becoming more elongated. This is
likely mainly caused by a decrease in temperature, slowing down the rate of reactions. Where 𝐶𝑂2
resulted in the largest temperature decrease it also resulted in the longest elongation. When providing
20 lnpm of 𝐶𝑂2, not all methane was consumed when it reached the exhaust. While for 𝑁2 there was
no methane left. Additionally, as discussed earlier there might be chemical kinetic effects at play, but
it was not possible to obtain this from the data. When adding 50 lnpm of diluent combustion ceased
between ports 8 and 10. Likely, the decrease in temperature was too large to sustain combustion.

Like stated before the low jet speed resulted in a more compact flame compared to the base and high
jet speed. Looking purely at the oxygen concentration this was counterintuitive, as with the low jet
flow rate the highest level of dilution should be achieved. But, as stated in the answer to the previous
research question, it is possible that ignition occurred closer to the jet exit due to the lower jet speed.
Here less diluent will have been entrained. The increase in the mixing temperature between the coflow
and the central jet could even have resulted in a lower ignition delay; bringing ignition even closer to
the jet exit.

”What are the operational limits of the designed setup and what are the characteristics of the
flow field inside the combustor?” - During the cold flow campaign a recirculation zone was discov-
ered. This occurred due to the coflow not providing a sufficiently large flow rate to feed the entrainment
needs of the central jet. Additionally, the top foam disk was found to create a non-uniform flow. This
disk was supposed to generate turbulence in the coflow to enhance mixing, but because it did not fit
tightly around the central jet pipe small jets of gas were created by the gaps between the disk and
the jet pipe. The remaining two disks were also found to be detrimental as they acted as heat sinks,
dissipating substantial amounts of heat from the coflow.

The temperatures reached in the combustion chamber were also much lower than predicted by the
heat transfer model. This is mainly due to the model not accurately accounting for the radiation coming
off of the pilot burners and for the conduction inside the combustor walls. As well as due to making
oversimplified assumptions about the flow inside the mixing duct. To be able to reach a high enough
temperature in the combustion chamber all three disks were removed from the mixing ducts. The cylin-
drical mixing duct was also removed to reduce the flow distance to the combustion chamber and reduce
heat losses. This resulted in the coflow being somewhat non-uniform. From the radial measurements,
it was clear that the 𝐶𝑂 concentrations were higher at the centre of the combustion chamber, as com-
pared to near the wall, since the centre was the point at which the traverse came closest to the pilot
burners.

The pilot burners had to operate much beyond their designed maximum operating power to generate
a sufficiently high temperature. This resulted in a smaller equivalence ratio range in which they could
operate. Only an equivalence ratio range of 0.87 to 0.99 was possible; outside this range, the pilot
burners would shut down. The equivalence ratio of the pilot burners determines the oxygen concen-
tration in the coflow. Limitations on the equivalence ratio therefore also limit the achievable oxygen
concentration range in the coflow.

For the main burner the minimum tested central jet equivalence ratio is 0.36. A flame was observed at
that point and combustion was found to be complete. Decreasing the equivalence ratio further was not
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possible due to reaching the minimum flow rate limit of the methane mass flow controller. A maximum
equivalence ratio was not tested.

8.2. Conclusion & Recommendation for further research
In this report, the design of an enclosed jet-in-hot-coflow setup was presented, the flow characteristics
in its combustion chamber were analysed using a PIV campaign, and it was demonstrated that the
central jet could be successfully ignited by the hot flue gasses from the pilot burners. The obtained
emissions data showed that the 𝑁𝑂𝑥 emissions of the central jet were indeed lower than the emissions
coming from the pilot flames. The main combustion zone was also found to reburn some of the 𝑁𝑂𝑥
produced by the pilot burners. This setup has thus been demonstrated to achieve flameless operation
and can now serve as a basis for further experimentation on the flameless regime.
Some requirements were generated as part of the design process of this combustion setup. The first
requirement specified was that the combustor should be able to operate at various oxygen concentra-
tions. This is indeed achieved with the current design. By either altering the central jet flow rate or
by altering the pilot burner equivalence ratio the oxygen concentration can be changed. Furthermore,
the combustor was able to withstand the temperatures inside the mixing duct and combustion chamber
without a problem. Cooling of the central jet turned out not to be needed to prevent damage to the mate-
rial; though cooling would probably be beneficial to have better control over the central jet temperature
before it enters the combustion chamber. In the commissioning campaign, the weld inside the cooling
jacket broke allowing gasses from the fuel line to enter the cooling jacket and visa versa. Since the fuel
pipe inside the cooling jacket didn’t heat up as much as the outside of the cooling jacket resulting in a
difference in expansion. The central tube inside the cooling assembly should be redesigned such that
the cooling jacket can expand without damaging it.
An area of improvement for the combustor setup is the pilot burners. The hot flue gasses from these
burners were hot enough to ignite the main jet, but only after removing all the foam disks and removing
a section of the mixing duct. This resulted in the coflow not being uniform or well mixed. Modelling
combustion inside this combustor might thus be more difficult. The temperature reached in the com-
bustion chamber is also relatively low, only at about 1000 ∘𝐶. Increasing the coflow temperature might
lead to a more stable flame as the results from Sabia, Lubrano Lavadera, et al., 2015 and Sabia, Sor-
rentino, et al., 2015 show. Adding more pilot burners is difficult to fit into the coflow attachment at the
bottom. Having an integrated burner inside the mixing duct would be a better solution. This can be
as simple as using a perforated plate to anchor a premixed flame. Some sort of ignition system would
then still be required to ignite this secondary burner. Designing an integrated burner would also make
it possible to increase the volume flow rate in the coflow, which if increased enough, would eliminate
the recirculation zone in the combustion chamber.
Precise temperature control was also not possible with the current setup. The temperature can be
changed by altering the pilot burner power or adding additional nitrogen or carbon dioxide but this will
result in a different coflow composition or flow rate. A pre-heating system which can heat the diluents
or secondary burner air could be used to control the temperature independently of the coflow flow rate
or composition.
There are some issues with the gas analyser. When measuring the 𝑁𝑂2 concentration the gas analyser
registered negative concentrations. In previous experiments, this was blamed on the cooling of the
probe causing water to condense inside the probe. During the experiments detailed in this report, the
cooling was removed completely, and negative 𝑁𝑂2 concentrations were still observed. Additionally, a
discrepancy between the expected oxygen concentrations and the measured oxygen concentrations
is observed. A more thorough investigation needs to be done to understand what is the cause of these
two effects.
Further research is also needed to better understand the effect of the changes in equivalence ratio
on the ignition delay. The photographs taken in this campaign do not provide enough insight into the
ignition behaviour and evolution of the flame. Because the flame is very dim a long exposure time
is required to capture the flame. Just using a high-speed camera is therefore not possible. Using a
system where an external source provides the light would make it possible to capture the flame at a
higher frequency. Schlieren imaging would be an imaging method with which this can be achieved.
From this the lift-off height can be measured, and compared to the results in the literature.
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A
Error margins cold flow results

A.1. Velocities

Figure A.1: Error margins 95% confidence interval of vertical velocity, in the baseline Vertical enclosed - single window view.

(a) Both pilot burners open (b) left pilot burner closed

Figure A.2: Error margins 95% confidence interval of vertical velocity when the jet is off. Vertical enclosed - single window view.
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120 A. Error margins cold flow results

(a) With top disk (b) Without top disk

Figure A.3: Error margins 95% confidence interval of vertical velocity when the jet is off. Vertical enclosed - two window view.

(a) With top disk (b) Without top disk

Figure A.4: Error margins 95% confidence interval of the velocity in the Z-direction when the jet is off. Vertical enclosed - two
window view.

(a) Baseline (b) Left pilot off (c) High pilot

Figure A.5: Error margins 95% confidence interval of vertical velocity in the coflow with the central jet on. Vertical enclosed -
two window view.



A.2. Reynolds shear stress 121

A.2. Reynolds shear stress

(a) With top disk (b) Without top disk

Figure A.6: Error margins 95% confidence interval of the Reynolds shear stress. Baseline, vertical enclosed - two window view.

(a) With top disk (b) Without top disk

Figure A.7: Error margins 95% confidence interval of the Reynolds shear stress. Left pilot closed, vertical enclosed - two
window view.



122 A. Error margins cold flow results

(a) With top disk (b) Without top disk

Figure A.8: Error margins 95% confidence interval of the Reynolds shear stress. High jet, vertical enclosed - two window view.

(a) Baseline case (b) Left pilot closed

Figure A.9: Error margins 95% confidence interval for the Reynolds stress of the enclosed - single window view
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Thermocouple placement

Thermocouple placement
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