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Abstract

New Siemens burner concepts thought to produce a more homogeneous air/fuel mix-
ture and a better distribution of the fuel over the burner cross section have been
evaluated. A homogeneous air/fuel mixture is known to produce the lowest levels of
emitted oxides of nitrogen (NOx) which is a main objective for Siemens Industrial
Turbomachinery AB (SIT). It is desired that a burner concept can be found which
further reduces the amount of emitted NOx but at the same time maintains a mod-
erate pressure drop.

A water rig was used in in order to evaluate the mixing performance of the new
concepts. A video camera, a laser and a fluorescent substance, simulating fuel, was
used to record movies of the burner mixing tube cross section. The movies were
post processed in Matlab using in-house scripts where intensity and RMSD fields
were obtained. These fields were used to compare the fuel mixing ability of totally
21 new burner concepts to the burner concept currently applied in the SGT-800.
The water rig experiments have shown that a more homogeneous air/fuel mixture,
compared to the reference burner, is possible to achieve with 11 out of the 21 tested
concepts. The water rig has shown a repeatability within 5%.

The water rig results obtained from a test with the reference burner were also com-
pared to CFD simulation results. The water rig showed good agreement to the CFD
simulation when comparing the trends of the fuel mixing ability.

Two of the newly developed concepts were also tested in the Atmospheric Com-
bustion Rig (ACR) at SIT to evaluate the pressure drop and emitted NOx in at-
mospheric conditions. One of these concepts showed a deterioration of the fuel
mixing performance based on the water rig experiments while the other showed
an improvement. The expectations of these concepts in terms of emitted NOx

were therefore a significant deterioration and improvement, respectively. The re-
sults showed that both concepts performed quite similar with a moderate reduction
of emitted NOx. The unexpected results have been derived to the pressure de-
pendence of NOx, burner to burner differences from manufacturing and the small
amount of available measurement points. The measured pressure drop over the
burners reached unacceptable levels and the design of the new concepts therefore
needs further improvements.
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Nomenclature
Abbreviations and Acronyms

Abbreviation Meaning
ACR Atmospheric Combustion Rig
BRM Burner Rim Movie - Movie visualizing the burner rim
CIV B Combustion Induced Vortex Breakdown
CN Cyanide
CO Carbon Monoxide
CO2 Carbon Dioxide
DLE Dry Low Emissions
FAR Fuel/Air Ratio
FARs Stoichiometric Fuel/Air Ratio
HCN Hydrogen Cyanide
LFM Laser Field Movie - Movie of an assumed perfect mix-

ture
NO Nitric Oxide
NOx Oxides of Nitrogen
NO2 Nitrogen Dioxide
N2O Nitrous Oxide
ppm Parts per million
RRMF Result Region Mask Frame - Matrix containing ones

(inside the region of interest) and zeros (outside the
region of interest)

RMSD Root Mean Square Deviation
RZ Recirculation Zone
SGT Siemens Gas Turbine
SIT Siemens Industrial Turbomachinery AB
UHC Unburned Hydrocarbons

Latin Symbols

Symbol Description Units
Dsw Swirler diameter [m]
Gm Flux of angular momentum [Nm]
Gt Axial thrust [N ]
ṁ Mass flow [kg/s]
p′ Pressure fluctuation [Pa]
q′ Heat release fluctuation [J ]
Re Reynolds number [−]
SN Swirl number [−]
t Time [s]
~x Data vector
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Greek Symbols

Symbol Description Units
θpq Phase difference between pressure and

heat release fluctuations
[◦]

σ Percental deviation [−]
σ̄ Mean percental deviation [−]
σmax Maximum percental deviation [−]
φ Equivalence ratio [−]
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1 Introduction
Siemens is a company with around 348,000 employees worldwide [1]. Siemens Indus-
trial Turbomachinery AB (SIT) in Finspång is part of the Siemens Energy Sector
and responsible for development and production of medium sized gas turbines in
the range of 15-53 MW. Gas turbines produced at SIT are so called industrial gas
turbines and are mostly used for industrial power generation.

The population of the world is increasing and with it the demand of energy. It
is therefore in the interest of the power generation industry to increase the power
output of its products and at the same time keep the amount of pollutant emissions
at moderate levels. At SIT in Finspång, a tremendous effort is made in order to
achieve this and the combustion system is the part of the gas turbine engine where
the pollutant emissions can be greatly affected.

Lörstad et al.[2] present an example of an improvement in the combustion sys-
tem in the SGT-800 which was the introduction of passive acoustic damping in the
combustion chamber front panel. This led to reduced thermo-acoustic pulsations,
i.e. an increased combustion stability, and consequently a reduced need of pilot
fuel. This in turn resulted in decreased emissions of NOx. Lörstad et al.[3] also
present the improvements of the combustion system which contributed to the over-
all improvement of the SGT-800 from 47 MW power output and a 37.5% electrical
efficiency to 50.5 MW power output and 38.3% electrical efficiency. This includes
aerodynamic design improvements of the cooling system of the annular combustion
chamber and the burners which reduced pressure drops and improved combustion
system performance.

Oxides of nitrogen (NOx) is the pollutant emission in main focus at SIT. One of the
key factors influencing the emissions of NOx is the flame temperature. Therefore,
lean premixed combustion systems are very common in industrial gas turbines, the
system used in the SGT-800 is one example. When air and fuel are mixed in lean
conditions before combustion the flame temperature is decreased and consequently
the emissions of NOx. It is known that a perfectly homogeneous mixture generates
the minimum emissions of NOx and new burner concepts are continuously developed
and evaluated at SIT as part of the strive towards the perfect mixture.

When evaluating new burner concepts at SIT the tests start in a water rig which is
a cheap and effective way to evaluate the fuel mixing ability of the concepts. A laser
is used to illuminate the flow in the mixing tube of the burner which is recorded
with a video camera. If a burner concept seems promising it is then further tested
in a single burner atmospheric combustion rig (ACR) where it is evaluated in terms
of combustion stability, emissions and pressure drop over the burner. The last step
is to test the concept in a single burner high pressure rig (HPR), where the influ-
ence of pressure reveals itself, or in a full scale engine test, where also the effects of
neighboring burners can be evaluated.
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In order to improve the possibilities of making fair evaluations from the water rig ex-
periments a post processing tool was developed in Matlab by Roos and Halling [4].
They enhanced the water rig burner evaluation procedure by creating a user friendly
graphical user interface where the movies recorded during the water rig experiments
are uploaded. Fuel distribution and fuel mixing profiles are then calculated, from
implemented functions, and plotted. This provided SIT with a good tool in the
development of new burners and it led to the possibility to conduct comparisons
to Computational Fluid Dynamics (CFD) simulations. This post processing tool
were later improved by Mohammadi and Arato [5] who also provided guidelines for
how to conduct the experiments to improve the repeatability and consequently the
credibility of the results. The post processing tool has since then undergone further
improvement by Ph.D Alessio Bonaldo at SIT.

The study performed by Lindholm et al.[6] is an example where multiple rigs have
been used for evaluation of burner concepts. In the water rig they investigated the
effects on the mixing caused by changes in the fuel outlet geometries or by alter-
ing the number of used fuel injection holes. The concepts that displayed the most
promising mixing abilities were also tested in the ACR for further investigation of
the emissions, combustion stability and pressure drop over the burner. Some addi-
tional tests were also conducted in a HPR to see the influence of pressure. Another
example is the study done by Lörstad et al.[7] where additional investigations with
CFD have been conducted. Fuel concentration fields obtained from the water rig
was compared to Reynolds Averaged Navier-Stokes (RANS) simulations while the
ACR and HPR tests were complemented by Large Eddy Simulations (LES).

It is desired to further reduce the emissions of NOx and one way to do it is by
achieving a more homogeneous air/fuel mixture before combustion. A better mix-
ing performance of the burner will decrease the amount of fuel rich zones in the
mixture, so called hot spots. These fuel rich zones are a source of an increased
amount of pollutant emissions since they burn at high temperatures which increases
the amount of NOx. They can also contribute to locally incomplete combustion
which generates carbon monoxide (CO) and unburned hydrocarbons (UHC). New
burner concepts have been developed and produced by means of additive manu-
facturing. They originate from the current design of the 3rd Generation Dry Low
Emissions (DLE) burner, which is the burner applied in the SGT-700 and SGT-800
today. In this work these new concepts are to be evaluated.

1.1 Objective
The objective of this thesis is to evaluate the air/fuel mixing potential of 21 burner
concepts. It is desired to obtain a better fuel distribution, a more homogeneous
air/fuel mixture and consequently reduce the emissions of NOx. It is desired that
this is achieved without a significant increase of the pressure drop over the burner.

This evaluation can be divided into two parts: water rig testing and ACR test-
ing. Part one of the evaluation takes place in the fluid dynamics laboratory at SIT.
The burner prototypes will be placed inside a water rig and measurements of the fuel
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profiles will be conducted. The results will be compared to the concept currently
applied in the SGT-800 which will henceforth be referred to as the Reference Burner.

Two of these 21 concepts have already been manufactured for further testing in
the ACR. Part two of the evaluation is to perform these measurements and compare
them to the reference burner. In the ACR the pressure drop over the burner and
the emissions of NOx are of interest.

When part 1 and 2 have been finished, conclusions can be drawn whether it is
possible to obtain better air/fuel mixing with some of the new concepts. It will also
be possible to determine if the right concepts had been manufactured for the ACR
tests or if some other concept would have been more suitable.

The following questions will be answered:

• How is the fuel mixing performance of the new concepts compared to the
reference burner?

• How good is the repeatability of the water rig experiments?

• How large is the pressure drop over the concepts tested in the ACR compared
to the reference burner?

• How large is the amount of measured NOx from the new concepts compared
to the reference burner?

• Considering the results from the two different rigs, have the right concepts
been manufactured?

In addition to this, the possible limitations of the water rig will be brought to light
and the surety of the results from the water rig experiments will be analyzed.

1.1.1 Limitations
During this project no HPR or full scale engine tests will be performed or included
in the results. The amount of work is too extensive to be realistic and it is also
uncertain if these tests will be scheduled within the time frame of this project.

The author is partly dependent on the help of others when conducting experiments
in the fluid dynamics laboratory at SIT. The use of an over head crane will be
necessary when switching between certain burner concepts in the water rig which
requires certification. The author is also completely dependent on the help of others
during the ACR measurements since only certain certified personnel are permitted
to operate the rig. The dependence on other persons requires good planning and
the control is not only in the authors hands.
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2 Background
This section is thought to give the reader some relevant background to e.g. the 3rd

Generation DLE burner, combustion and emissions which will lay the foundation to
the future discussion.

2.1 Gas Turbines
The gas turbine itself is an advanced machine but the principle according to which
it works is quite simple. There are three main parts of the gas turbine: compressor,
combustion chamber and turbine. These three components work together according
to the Brayton cycle, also called the Joule cycle. The ideal Brayton cycle starts with
an isotropic compression of the incoming air in the compressor. The pressure and
the temperature of the air increases while its entropy is constant. In the combustion
chamber the air undergoes an isocor heating, i.e. the air is mixed with fuel and
ignited under constant pressure. The combustion products are then permitted to
expand isotropically over the turbine and then out through the exhaust. Energy is
added to the air in the compressor and the combustion chamber by work and heat
addition, respectively. When the combustion products are permitted to expand over
the turbine the kinetic energy of the stream increases. This high velocity stream
spins the turbine and the shaft on which it is mounted. The compressor is also
mounted on this shaft, i.e. the compressor is powered by the turbine.

2.1.1 SGT-800
With a power output of 53.0 MW, in simple cycle, and with a corresponding electrical
efficiency of 39.0% the SGT-800, seen in figure 1, is the largest gas turbine produced
in Finspång.

Figure 1: An overview of the SGT-800.

It is equipped with a 15 stage compressor, with a pressure ratio of 21.4:1, and a three
stage turbine. The SGT-800 has a Dry Low Emission (DLE) combustion system,
consisting of 3rd Generation DLE Burners and an annular combustion chamber,
offering levels of NOx emissions below 15 ppm. The SGT-800 can operate on both
gas and liquid fuel [8].
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2.2 The 3rd Generation DLE Burner

The burner is the part of the gas turbine which is placed upstream the combustion
chamber where the fuel is mixed with the compressed air arriving from the com-
pressor. The mixture is ignited when it reaches the burner outlet and enters the
combustion chamber. This burner is the result of the understanding that NOx and
flame temperature have a strong relationship and that a mixing process generating
a lean and homogeneous air/fuel mixture had to be separated from the combustion
process itself. In the past and still in some cases today where liquid fuel is used water
or steam is injected into the combustion process in order to reduce the flame tem-
perature and consequently reduce NOx emissions. This technique is expensive and
complicated so a technique with low NOx emissions without water and steam was
desired which is why the burner is called DLE burner - Dry Low Emissions burner [9].

The first generation DLE burners consisted of a long premix section with a swirl
vane at the end which anchored the flame. The drawbacks of this design were mainly
that the premixing section was relatively long which is not very practical and, in
addition, it was sensitive to autoignition [9].

The second generation DLE burner, also called EV burner (Environmentally friendly
V-shaped burner), had a more compact design and used aerodynamics to anchor the
flame. It was designed as a cone with two diametrically opposed, tangential slots
through which the air entered and mixed with fuel which was injected through small
holes spread out in these tangential slots. The cone generated a swirling flow which
experienced a vortex breakdown at the cone outlet which was used to anchor the
flame instead of a hardware object, e.g. the swirler vane for the first generation
DLE burner. The flow also obtains a high velocity core when entering the swirl cone
which acts like a protection against flashback.

The third generation DLE burner, also called AEV burner (Advanced Environ-
mentally friendly V-shaped burner), has four tangential slots instead of two through
which the air enters. It also has a mixing tube connected to the end of the swirl
cone which prolongs the mixing section. The mixing tube is also equipped with four
rows of holes through which air can enter into the boundary layer as another pro-
tection against flashback [9]. The 3rd Generation DLE burner is presented in figure 2.

Fuel can be injected at four places in the burner. The space cap is equipped with
four holes (A, B, C and D in figure 2) where gaseous fuel is injected. The gaseous
fuel is also injected through holes in the swirl cone cylinders (0-8 in figure 2). All
these fuel injection holes create tiny jets which enter the air stream in a cross flow,
allowing it to mix evenly. The swirl cone has four air slots where compressed air
enters the cone. In the opening of each of these air slots, a fuel injection cylinder
is situated. The pilot holes are situated on the outer ring of the burner outlet and
can be used for injection of both gaseous and liquid fuel and they are used when
stabilization of the combustion process is needed. It is also possible to inject liquid
fuel through the lance situated in the center of the space cap [4, 5].
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Figure 2: The 3rd Generation DLE burner with fuel injection locations and important
parts marked out, figure from [5]. The air flows from the right to the left through the
burner in this figure.

The swirl generated by the swirl cone enhances the air/fuel mixing and the air
and fuel mix throughout the mixing tube until it reaches the burner outlet. The
mixture then expands radially because of the swirl, mixes with combustion products
in the combustion chamber and ignites due to the high temperatures [10]. A vortex
breakdown occurs close to the burner outlet and downstream of this breakdown
is a central recirculation zone were combustion products recirculates. The vortex
breakdown and the central recirculation zone enables natural stabilization of the
flame [9]. The flow pattern in the burner and at the burner outlet is presented in
figure 3.

Figure 3: The flow pattern in the 3rd Generation DLE burner and at the burner outlet,
figure from [10].

2.2.1 Swirl Number
The swirl number is an important parameter in order to obtain the desired flow
characteristics. The swirl number describes the relation between the angular and
axial momentum. In equation 1, the definition proposed by Beer and Chigier [11] is
presented.

SN = 2Gm

DswGt
(1)

If SN < 0.4 the swirl is called weak and no vortex breakdown is obtained at the
burner outlet, and thus no recirculation zone to anchor the flame.
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2.2.2 New Fuel Mixing Concepts
The new fuel mixing concepts which are to be tested have the same design as the
part of the burner presented in figure 2, but there are differences upstream in the
form of flow directing grids and a premixer. A total of 21 different fuel mixing con-
cepts, divided into groups depending on the flow directing grid, have been tested.
Each group consist of three different concepts which means that there are seven
groups. The first concept in each group has the same design as the reference burner
with an additional grid and the fuel is supplied through the space cap and the swirl
cone cylinders, which will be called the main fuel supply. The second concept in
each group has the same fuel supply location and the same grid as the first one,
but a premixer has been added upstream the flow directing grid. The third concept
has the exact same hardware design as the second concept but the fuel is instead
supplied through the premixer. This name system is explained by an example below.

Grid number = Group name = x
Concept x.1 = Reference burner + grid x, fuel through main fuel supply.
Concept x.2 = Concept x.1 + Premixer, fuel through main fuel supply.
Concept x.3 = Concept x.2, fuel through premixer.

When fuel is injected through the premixer, the flow directing grids will also serve
as an extra protection against flashback, so called flame traps, where an eventual
flame propagating backwards can be anchored. Group 1, i.e. concept 1.1-1.3, is not
equipped with any grid at all. The design of the additional premixer and grids will
not be presented in the report due to confidential considerations.

2.3 Combustion
Chemical reactions can be either endothermic or exothermic, i.e. there is either ab-
sorption or release of energy. Combustion is a chemical reaction where a fuel and an
oxidizer, called reactants, react with each other and energy is released in the form
of heat. Hence, combustion is an exothermic chemical reaction. The substances
created during the combustion process are called products.

The following sections address phenomena associated with combustion which are
the basis for the given discussions throughout this work.

2.3.1 Stoichiometry and Equivalence Ratio
Stoichiometric combustion means that the amount of oxygen molecules present in
the process guarantees complete combustion, i.e. all latent heat of combustion of
the fuel is released [12]. The stoichiometric combustion of a hydrocarbon can be
described with equation 2 where x+ y/2 = z [13].

CxH2y + zO2 −→ xCO2 + yH2O +Heat (2)

Different hydrocarbons (fuel) require a different amount of oxygen (oxidizer) for sto-
ichiometric combustion. The hydrocarbon and the oxygen are the reactants in the
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process presented in equation 2 which form the products carbon monoxide and wa-
ter. If the combustion is incomplete, there would be additional products in the form
of carbon monoxide (CO), unburned hydrocarbons (UHC) and oxides of nitrogen
(NOx), inter alia.

In order to simplify the comparison of different fuel types at different conditions
the so called equivalence ratio φ is used [14]. In equation 3, its definition is given.

φ = FAR

FARs
(3)

where FAR is the actual fuel/air ratio and FARs is the stoichiometric fuel/air ratio.
If the equivalence ratio is φ = 1 the mixture is stoichiometric, if φ < 1 the mixture
is lean and if φ > 1 the mixture is rich.

If the air/fuel mixture is too lean ignition might not occur and there is also a
limit where the mixture is too rich to support combustion. These limits are called
flammability limits and usually lies between 0.5 ≤ φ ≤ 3, also called the weak
and rich limit, respectively. These limits may be influenced by both pressure and
temperature that widens the interval if they increase, mostly at the rich end [12].

2.3.2 Autoignition and Flashback
Autoignition is a phenomenon where an air/fuel mixture ignites without the pres-
ence of an ignition source. If this occurs in a burner such as the 3rd Generation DLE
Burner, where the air and fuel is mixed before it reaches the combustion zone, it
might cause severe hardware damage to components located upstream the combus-
tion zone which are not resistant to high temperatures. To ensure that this does not
occur, the so called autoignition delay time, i.e. the time it takes for the mixture
to autoignite, must be longer than the time it takes for the mixture to reach the
combustion zone. Autoignition might also be a source of high levels of pollutant
emissions [12].

Sometimes the flame in the combustion zone travels upstream, this phenomenon
is called flashback and is a problem that premixed combustion systems might suffer
from. Just like autoignition, this causes severe damage to hardware components
located in the burner. It occurs when the flame speed is greater than the veloc-
ity of the approaching flow from the burner which enables the flame to propagate
upstream. A location vulnerable to flashback is the boundary layer at the burner
walls where the velocity is retarded due to friction. It can also occur in the free
stream if there for some reason would be flow reversal there which might be the
case if there is a compressor surge, high levels of combustion dynamics or fast load
changes. Note that the flame speed can be higher than the speed of the incoming
combustible mixture even if there are no flow reversals in the free stream. Flashback
can also occur due to Combustion Induced Vortex Breakdown (CIVB) which is a
typical feature for burners that uses swirling flow to stabilize the combustion, such
as the 3rd Generation DLE Burner. CIVB occurs when the flame forces the vortex
breakdown further and further upstream [12].

8



2.3.3 Combustion Instabilities

Combustion instabilities are spontaneously generated, large amplitude fluctuations
of acoustic modes of the combustion system. When fluctuations in e.g. velocity
and pressure occur in the combustion system a fluctuation in the combustion pro-
cess heat release follows. This fluctuation will in turn generate acoustic oscillations
in the combustion chamber which, in turn, cause further fluctuations in velocity
and pressure. This loop, called a feedback loop, might eventually result in large-
amplitude fluctuations of acoustic modes of the combustion system depending on
how much energy that is added or removed from the acoustic mode each turn in the
feedback loop.

The fluctuations in the combustion process will increase the energy of the acoustic
mode if the so called Rayleigh’s Integral is positive, which occurs when the phase
difference between a heat release fluctuation and a pressure fluctuation is less than
90◦, see equation 4. ∫

t
p′(t)q′(t)dt > 0 if θpq < 90◦ (4)

If the opposite occurs, that is the phase difference is larger than 90◦, Rayleigh’s in-
tegral is less than zero and consequently energy is removed from the acoustic mode.
Hence, depending on the phase difference, the oscillation amplitude might increase,
remain unchanged or decrease after each turn in the feedback loop. Energy can also
be removed from the acoustic mode due to e.g. viscous dissipation and heat transfer.
If the energy added to the acoustic mode is larger than the energy removed from it,
spontaneous combustion instabilities occur.

The feedback loop leading to combustion instabilities can be triggered by e.g. fluc-
tuations in the air- and/or fuel supply, fluctuations in equivalence ratio φ and in-
teraction between flame and vortices. The origination of combustion instabilities
are highly undesired since they might lead to e.g. enhanced heat transfer which
increases thermal stresses to the combustion system, fluctuating mechanical loads
with resulting high- or low-cycle fatigue and even engine failure [15].

2.4 Emissions
Different kinds of pollutant emissions emerge depending on the combustion process,
i.e. flame temperature, residence time in the combustion zone and equivalence ratio.
These emissions affect our health and the environment, thus it is important to
control them. The following section will be explanatory of how different factors
of the combustion process affect the emissions, how the emissions can be regulated
and what impact the different pollutants have on health and environment. The main
focus in this report will be on oxides of nitrogen (NOx) since the entire investigation
treats a low-NOx burner, but factors affecting carbon monoxide (CO) and unburned
hydro carbons (UHC) will also be briefly explained since actions aimed to reduce
emissions of NOx might affect the emissions of CO and UHC in the opposite way.
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2.4.1 Oxides of Nitrogen

NOx includes both nitric oxide (NO) and nitrogen dioxide (NO2). NOx is formed
by different mechanisms: fuel NOx, nitrous oxide mechanism, prompt NOx and
thermal NOx. Fuel NOx emerges when fuel containing nitrogen is burned. NOx

originating from the nitrous oxide mechanism emerges when nitrogen reacts with
oxygen. According to Nicol et al.[16] the mechanism starts with the following reac-
tion:

N2 +O = N2O

where the nitrous oxide (N2O) is then further oxidized to NO by reactions with O,
H or CO. Prompt NOx emerge when the nitrogen in the incoming air reacts with
hydrocarbon radicals in the fuel [13], for example:

N2 + CH ←→ HCN +N

N2 + C2 ←→ 2CN

The products of these reactions, i.e. the hydrogen cyanide (HCN) and the cyanide
(2CN), then undergo further reaction to NOx, for example. This type of NOx is a
big contributor to the total amount of emitted NOx in lean premixed combustion
systems. It dominates in the low temperature range together with the NOx due
to the nitrous oxide mechanism. However, it has been shown that these types are
independent of pressure [17].

The thermal NOx emerges when the nitrogen in the incoming air is oxidized at
high temperatures [12]. The amount of total NOx is dominated by thermal NOx

at high temperatures and this type is also dependent on pressure in contrary to the
NOx due to the prompt and nitrous oxide mechanisms [17].

The NOx is reduced by increasing the amount of air in the mixture, meaning that
the leaner the mixture (low equivalence ratio φ) the lower the emissions of NOx

will be. When the mixture is lean it will burn at lower temperatures. It is also
important to obtain an air/fuel mixture which is as close to perfectly homogeneous
as possible since this will remove the so called hot spots. Hot spots are locally fuel
rich regions which will generate locally high temperatures in the combustion process
and consequently increase emissions of NOx. In addition, the more homogeneous
the mixture is the lower the risk for autoignition since hot spots in the mixture
locally reduce autoignition delay time which may cause the mixture to ignite before
it reaches the combustion zone [12].

It is important to keep the level of NOx emissions low since these pollutants con-
tribute to the acidification of the nature through acid rain. It contributes to produc-
tion of ground level ozone which leads to photochemical smog and it has also been
connected to respiratory illness and allergies. In the atmosphere, the emissions of
NOx deplete the ozone layer and consequently enables more UV radiation to reach
the earth which leads to skin cancer [12, 13].
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2.4.2 Carbon Monoxide and Unburned Hydrocarbons
If the emissions of CO and UHC are significant it implies that the combustion is
incomplete, i.e. the mixture has a high equivalence ratio φ. It means that there is not
enough oxygen in the combustion process to complete the combustion of the fuel, see
section 2.3.1. Beside the CO and UHC produced due to incomplete combustion, the
most of these emission emerge when the combustion process has a low temperature,
i.e. when the air/fuel mixture is lean (low equivalence ratio φ). This means that
these emissions benefit from the conditions created in order to reduce the emissions
of NOx [13], see figure 4.

Figure 4: A general representation of how NOx and CO emissions depend on the flame
temperature.

Poor air/fuel mixing also increases the amount of produced CO and UHC since the
hot spots, i.e. locally fuel rich regions, might lead to locally incomplete combustion.
Another reason for increased CO and UHC is the cooling air entering through the
combustion chamber walls where the combustible gases are quenched before com-
plete combustion is achieved [12].

Both CO and UHC are toxic. CO prevents the blood from absorbing sufficient
amounts of oxygen and is therefore deadly if inhaled in large amounts. The UHC
also contributes to the production of photochemical smog together with NOx [12].
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3 Methodology
In this section the work procedure and the methods used for carrying out the project
will be clarified. The water rig, the ACR and the techniques for conducting the mea-
surements will be described. In addition, the post processing of the data obtained
from the two different rigs will be explained.

3.1 Water Rig Experiments
In order to investigate and evaluate the fuel distribution and the fuel mixing ability
of the new burner premixing concepts they were placed in a water rig. The water
rig itself, the armature used for the measurements and the post processing of the
data are described in the oncoming sections.

The first stage in the evaluation of new burner concepts is water rig testing where
water is used to simulate both air and fuel flow in the burner. The mass flow in
the water rig is restricted and during the measurements a Reynolds number of ap-
proximately ReD ≈ 50, 000 is reached, where the burner mixing tube diameter is
used as characteristic length. Even though this Reynolds number is about 1/45 of
the estimated Reynolds number in an SGT-800, it is enough to generate turbulent
mixing. The results from the water rig experiments therefore have to be considered
as an indication of how the air/fuel mixing looks like in a real engine, not an exact
reflection of it.

3.1.1 Water Rig and Measurement Armature
The main water supply, which simulates air, enters at the bottom of the rig and
exits at the top. The water simulating fuel is mixed with a fluorescent substance
and provided from a separate reservoir directly into the burner where it is mixed
with the main water. Henceforth, the water which is mixed with a fluorescent sub-
stance to simulate fuel will be referred to as the fuel. The burner is placed vertically
inside the rig and it is connected to an inner chamber which simulates a section of an
annular combustion chamber (a 1/30 of the SGT-800 annular combustion chamber).
The inner chamber is, in the other end, connected to the outlet at the top of the
water rig. This is the only way the water can exit the rig during measurements, i.e.
through the burner further through the inner chamber. A principle sketch and a
photo of the water rig are presented in figure 5.

In order to be able to evaluate the mixing ability and the fuel distribution of the new
premixing concepts the water rig is also equipped with two windows of acrylic glass
through which the burner and the transparent inner chamber are visualized. A laser
(AZURE-B473III 100 mW) with a wavelength of 473 nm (blue) and a video camera
(Toshiba IK-M51H), which records 25 frames per second, are used to illuminate and
record the flow, respectively. The laser is mounted outside the rig in the same height
as the transparent mixing tube of the burner. An optical lens is placed in front of the
laser which scatters the laser beam into a sheet. This laser sheet is illuminating the
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cross section of the mixing tube which is recorded by the video camera. In order to
enable the recording of the illuminated cross section, a mirror has been mounted in
a 45◦ angle inside the inner chamber. The camera in its turn is then placed outside
the water rig in the same height as this mirror. During measurements, a 500-40
bandpass filter is placed in front of the camera which will only permit the light
emitted by the fluorescent substance to pass. The absorption-emission spectrum of
the fluorescent substance is presented in figure 6 together with the wavelength of the
laser and the interval of wavelengths permitted to pass through the bandpass filter.
The position of the laser sheet in the burner mixing tube is presented in figure 7. In
addition, pictures of two burners placed in the water rig are provided in figure 8.

Figure 5: Left: A principle sketch of the water rig with its important features. The
locations of the additional armature, i.e. the laser and the camera, are also shown.
Right: A photo of the water rig where, for example, the hose providing the fuel and
the laser armature mounted in its position are shown.

Figure 6: The figure shows which wavelengths that are absorbed and emitted by the
fluorescent substance. The laser wavelength and the interval of wavelengths permitted
to pass through the bandpass filter are also marked in blue and green, respectively.
Figure from [18].
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Figure 7: A picture of the illuminated burner mixing tube. The blue laser sheet crosses
the mixing tube and gets absorbed by the fluorescent substance which then emits green
color. This illuminated cross sectional plane is then recorded by the camera.

Figure 8: Pictures of two burners mounted inside the water rig. Left: The reference
burner connected to the fuel supply. Right: Acrylic version of the reference burner.

3.1.2 Water Rig Measurements
When a burner test is to be performed the mirror and the acrylic windows are care-
fully cleaned to decrease the risk of dirt (from inside the rig) and bubbles sticking
to it. If dirt or bubbles get stuck on the acrylic window where the laser enters, the
laser sheet may contain zones with lower intensity which may not be detectable for
the human eye but could affect the results. It can also cause total blockage of the
laser sheet which means that the measurement must be repeated and time would be
lost. When the mirror and all windows have been cleaned, the water rig is entirely
filled by using the main water supply where the mass flow is set to ṁ = 4kg/s. If
there, by any chance, are bubbles stuck on the mirror, the main water supply is
turned off and the water level is lowered below the mirror by opening a drainage
valve on the bottom of the water rig. Then the rig is entirely filled once again. This
is repeated until no bubbles are stuck on the mirror, or at least until it is believed to
be a satisfactory low amount of bubbles so it does not aggravate the measurements.
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The top of the water rig is then covered with a blanket, the acrylic windows are
covered with carton boards and the lights around the rig are turned off. This is
done in order to minimize the amount of light entering the water rig during the
measurement. The carton boards also help to prevent reflected laser light to reach
outside the water rig which is a safety precaution for personnel in the laboratory.

The next step is to start the laser, remove the bandpass filter front of the cam-
era and record a Burner Rim Movie (BRM) which is the first movie recorded for
each burner concept. The laser will illuminate the burner rim with its blue color and
since the bandpass filter is removed, the camera is able to record it. The purpose
of the BRM is clarified in section 3.1.7. When the BRM has been recorded the
band pass filter is placed in front of the camera and the pump supplying the fuel
is started and regulated to a level giving an air/fuel ratio corresponding to the one
in the SGT-800. Now the mirror is controlled once more to make sure there are no
bubbles on it. If there are bubbles on the mirror both the fuel supply and the main
water supply are shut off. Then again the drainage valve on the water rig is used to
lower the water level below the mirror. The main water supply and fuel supply are
then reset. The mirror is controlled again and if there are no bubbles on the mirror,
one can now proceed to the next step.

Three movies, of ten seconds each, are then recorded of the illuminated flow in
the mixing tube. The reason for recording three movies is not only to have a suffi-
cient amount of frames to process, in case some bubbles would get in the way, but
also because it is easier to obtain stable mass flows three times over ten seconds
than one time over thirty seconds. In figure 9 snapshots from a BRM and from a
test movie are presented.

Figure 9: Left: A snapshot of the BRM where the burner mixing tube is illuminated
by the blue laser. The clear inner circle is the rim of the burner mixing tube. Right:
A snapshot of a test movie. This is what the mixing tube cross section looks like when
it is illuminated by the laser sheet.

When the three measurement movies have been recorded, the fuel supply is turned
off and the band pass filter is removed from the camera. Now one more BRM is
recorded which is used during the post processing to account for possible movements
of the rig during the experiment. The water rig is then emptied and prepared for
the next test.
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3.1.3 Laser Calibration
In order to make sure that the laser had the same intensity, angle of incidence and
was spread equally for every measurement a calibration procedure was developed.
First of all the laser was mounted in its proper position on a shelf which enabled
displacement of the laser vertically. The optical lens used to generate a laser sheet,
which is placed in front of the laser, was then positioned at a distance from the laser
at which a laser sheet was generated that covered the entire mixing tube diameter
and with a high intensity. The optical lens was then locked in this position. The
shelf on which the laser was positioned was then twisted so that the laser sheet hit
a wall near the rig. Marks were put on the wall which marked the width of the laser
sheet at the wall. Marks were also made on the shelf itself to make sure that the laser
was positioned the same way for every test as well. Before every new test, the laser
shelf was first twisted and the spread of the laser sheet was controlled and secondly
the position on the shelf was controlled. Additionally, the position of the laser sheet
in the mixing tube was controlled to make sure that the videos of the cross section
were recorded at the same distance upstream the burner outlet. The optics and the
laser sheet position in the mixing tube were always checked even though they were
not very likely to change position unless it had been removed between the tests.

3.1.4 Camera Focus
The focus of the camera was set by mounting the camera in its position and connect-
ing it to the video recording software on the computer which visualizes the recorded
image on the computer screen. The laser was then turned on, spreading an illumi-
nating sheet through the burner mixing tube. Very little fuel was then introduced
into a stagnant water rig which generated a clear illuminated plane full of moving
shapes, suitable for setting the camera focus, in the burner mixing tube. The focus
of the camera was then manually changed until satisfactory focus was reached. The
focus of the camera was controlled before every new burner test to see if it had been
radically changed. The focus should not change unless it has been removed from its
position between the tests.

3.1.5 Preparation of Fuel Mixture
A new fuel mixture was prepared each time the fuel tank was empty or if the
remaining fuel was not enough to conduct a new test. First of all the fuel tank was
properly cleaned with water to make sure that all of the remaining mixture was
removed. The tank was then refilled with approximately 140 liters and one millilitre
measuring spoon of fluorescent substance was added, in this case fluorescent sodium
(C20H10Na2O5). The pump was then turned on and left running which recirculated
the water in the fuel tank until it was properly mixed with the fluorescent substance.

3.1.6 Repeatability Investigation
In order to strengthen the results and increase the credibility of the work an inves-
tigation of the repeatability of the water rig experiments was conducted. Normally
a burner concept was put through one single test, but to build a foundation for the
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repeatability investigation, three of the burner concepts were put through four tests
each. The first three tests were performed on the same day but between every test
the laser was turned off and the water mass flows were put to zero. In addition, the
recorded movies from the previous test was processed before continuing with a new
burner test, giving the water rig about 30 minutes to settle. One might have to con-
sider emptying the rig before every new test as well. However, this was unnecessary
since the emptying and filling of the water rig is not very likely to have any major
impact on the measurements, at least not in comparison to the calibration of the
laser and the control of the mass flows. The fourth test was conducted a month later.
The repeatability will be presented in the form of a percental deviation calculated
with equation 5.

σ =
∣∣∣∣~xRef − ~xi

~xRef

∣∣∣∣ · 100 ; i = 1..4 (5)

where ~xRef is the mean fuel distribution or mean fuel mixing vector, depending on
what to compare, which is calculated as the average of the four vectors for each
concept in the repeatability study according to equation 6.

~xRef = ~x1 + ~x2 + ~x3 + ~x4
4 (6)

~x1−~x4 are the fuel distribution or fuel mixing vectors obtained from each of the four
tests conducted with the three different concepts. This gives the precental deviation
vector σ of each profile of the concepts from the mean profile of the four conducted
tests.

From σ the maximum percental deviation σmax and the mean percental deviation σ̄
will be determined which are the maximum value and the mean value of σ, respec-
tively. A mean percental deviation below 5 % is desired from SIT to conclude good
repeatability and consequently validate the measurement method.

3.1.7 Post Processing of Water Rig Experiments
The post processing of the recorded videos are conducted in Matlab using in-
house scripts. The recorded movies have an RGB format which means that each
recorded frame consists of a red (R), a green (G) and a blue (B) matrix where the
height and the width of the matrices correspond to the height and the width of the
recorded frame. Each position in the matrices represent the corresponding pixel
in the recorded frame, see figure 10. In each position in matrix R, G and B the
intensity of that color in every frame is stored.

The first movie to be imported is the BRM, of which a snapshot has been pre-
sented in figure 9. From that movie the blue matrices from 200 frames are extracted
and a mean intensity matrix is calculated, i.e. each position in the matrices is av-
eraged over the frames. The matrix containing the mean intensity of the exported
blue frames is then used to locate the center of the burner and to find the mixing
tube radius. In addition, a correction factor is calculated which accounts for the
fact that the mirror is not mounted in exactly 45◦ which makes the burner mixing
tube to appear slightly elliptic.
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Figure 10: An explanation of how the movies are structured when imported to Matlab.
H is the frame height, W is the frame width and R, G and B are the red, green and
blue matrices which together form the color of the recorded frames.

Figure 11: Left: The mean intensity contour plot of the BRM. The yellow inner
circle is the mixing tube and the outer high intensity fields is the burner rim outlet.
Right: The same mean intensity contour plot of the BRM after radius correction and
cropping.

This correction factor, usually between 1.03-1.09, is then used to make the burner
mixing tube circular. The frame is then cropped to an appropriate size and unneces-
sary pixels are excluded. In figure 11 the contour plots of the original mean intensity
matrix from the BRM is presented together with the corresponding cropped and ra-
dius corrected contour plot. The center coordinates and the radius are then used to
create a matrix of equal size, called the Result Region Mask Frame (RRMF), which
contains ones in the positions corresponding to a pixel inside the burner rim, and
zeros in positions outside the rim. This enables exclusion of data in positions that
do not lie within the region of interest.

The next step is to import the so called Laser Field Movie (LFM) which is a movie
recorded using a long acrylic tube instead of a burner. The acrylic tube is assumed
to produce a perfectly homogeneous air/fuel mixture. This movie will be used as
a reference in the future evaluation but, most importantly, it will also be used to
account for the fact that the laser intensity diminishes over the mixing tube cross
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section. This means that closer to the side at which the laser sheet exits the mix-
ing tube the recorded laser intensity will be lower than on the side that the sheet
enters the mixing tube. To account for the diminishing intensity the green matrices
from 200 frames are extracted and a mean intensity matrix of the LFM is calculated
which is also radius corrected and cropped, just like for the BRM. The RRMF, men-
tioned above, is then used to calculate the sum of the recorded intensities of every
position inside the region of interest. The sum of the intensities is then divided by
the number of pixels among which it was distributed and a mean signal is obtained.
This mean signal is used to create a laser correction field which is used to account
for the diminishing laser intensity over the mixing tube cross section. The contour
plot of the mean intensity matrix calculated from the LFM and the corresponding
correction field are presented in figure 12.

Figure 12: Left: The mean intensity contour plot of the LFM. It is clear how the
recorded laser intensity diminishes over the cross section. Right: The laser correction
field calculated from the LFM mean intensity contour plot together with the calculated
mean signal. This correction field will be used in the post processing to account for
the diminishing intensity.

Now, the actual test movies are imported and the green matrices from the frames
are extracted, since it is the fluorescent signal that is of interest. One frame at a
time is then radius corrected, cropped and laser corrected, with the field presented in
figure 12, before being placed in a three dimensional array. A total of 600 test movie
frames are processed for each concept. Once all frames have been processed a mean
intensity matrix is calculated from the three dimensional array. As for the LFM,
the sum of the signal in the positions located inside the region of interest in this
mean intensity matrix is then calculated and the mean signal is determined which
corresponds to the level of intensity which is desired in each pixel within the region
of interest. If every pixel would have an intensity corresponding to this mean signal
it would mean that the fuel is perfectly distributed. Each position in each frame
from the test movies are then normalized with this mean signal, giving how much
the actual intensity deviates from the desired intensity, i.e. the calculated mean
signal. This can be interpreted as how well the fuel is distributed in the burner. An
RMSD field is also calculated from the three dimensional array containing all the
frames. The RMSD field can be interpreted as how well mixed the fuel is with the
air flow, or how well each pixel is supplied with fuel.
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Radial fuel distribution and fuel mixing profiles are then calculated from the nor-
malized mean intensity field and the normalized RMSD field, respectively. The
intensity/RMSD in all the positions in the normalized mean intensity/normalized
RMSD matrix corresponding to a certain radial position in the burner mixing tube
are summarized and divided with the amount of matrix positions located at each
specific radial position. This gives radial fuel profiles of the distribution and air/fuel
mixing where each radial coordinate is connected to the mean intensity or mean
RMSD at this coordinate in the mixing tube.

3.1.8 Comparison to CFD simulations
The results from the water rig test conducted with the reference burner will be
compared to results obtained from a k − ω SST − SAS simulation performed by
Moëll et al.[19] who numerically investigated the SGT-800 burner, i.e. the reference
burner, in atmospheric conditions. During the simulations, air at 697K was used as
medium together with methane, as fuel, at 300K.

The mean normalized intensity and normalized RMSD contour plots from the water
rig experiments will be compared to the time averaged contour plots of the fuel mass
distribution in the burner cross section and the corresponding fluctuation field ob-
tained from the CFD simulation. Exported data from the contour plots obtained by
Moëll et al.[19] were provided from the authors so fuel distribution and mixing pro-
files could be created. These will also be compared graphically to the corresponding
profiles obtained from the water rig experiments. This qualitative comparison aims
at giving a picture of how close the two methods are to each other.

3.1.9 Validation of Water Rig Armature
It was desired to see if the water rig and the armature used still were reliable. To
investigate this, a test was conducted with the so called reference burner, see the left
picture in figure 8. This burner concept is the one used in the SGT-800 today. The
radial fuel profiles of the fuel distribution and air/fuel mixing were then compared
to the corresponding profiles obtained by Berg [18].

The results from the two tests conducted on the reference burner are presented
in figure 13 and 14. The mean and maximum percental deviations, calculated with
equation 5 where the data vectors obtained by Berg [18] has been used as reference,
are presented in the respective figure captions. Even though the mean percental
deviation between the air/fuel mixing profiles is not below the earlier stated goal of
5%, it was concluded that the recently conducted experiment is in sufficiently good
agreement with the earlier conducted experiment to continue with the experiments.

This larger deviation may have occurred due to the fact that the two compared
test campaigns were performed with more than three years separation and by two
different experimental operators. Another reason could be the water mass flow sim-
ulating air. The possibility to accurately control this mass flow varies from day
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to day and that can play an important role in this comparison. It is more impor-
tant that the repeatability investigation performed on the measurements conducted
within the frame work of this project, which will be presented later on, shows low
mean percental deviation.

Figure 13: Comparison of the circumferentially averaged, normalized mean intensity
from two different experiments on the same burner concept. σ̄ = 4.09% σmax = 8.68%

Figure 14: Comparison of the circumferentially averaged, normalized RMSD from two
different experiments on the same burner concept. σ̄ = 7.76% σmax = 21.12%

3.1.10 Notes About the Water Rig
Minor leakages have been observed between the two chambers of the water rig, i.e.
the outer chamber and inner chamber in figure 5. However, these leakages have been
estimated to be insignificant in comparison to the total mass flow which actually
flows through the burner and should not influence the results.

The acrylic windows of the water rig might be changed since they are damaged
and full of marks which can be in the way of the camera or cause blockage of the
laser sheet.
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3.2 Atmospheric Combustion Rig
This section addresses the ACR. The rig armature, the measurements and the post
processing of the obtained data from the measurements will be briefly described.

3.2.1 ACR and Measurement Armature
The ACR is used for conducting single burner tests at atmospheric pressure. The
structural outline of the ACR with important parts is presented in figure 15. The
combustion chamber consists of a casing and a liner, which uses convective cooling.
The outer vessel, surrounding the combustion chamber and the burner, is divided
into three parts separated by plates. The first section of this outer vessel, the section
to the left in figure 15, is where the combustion air enters the rig. This airflow is
evenly distributed to the burner and preheated to real engine temperatures before
entering the rig, i.e. about 690K. The second section of the rig, i.e. where the
combustion chamber is placed, is where the cooling air enters the rig.

Figure 15: The structural outline of the ACR with important parts and flow supplies
marked out. Picture from [20] .

This air stream is separated from the combustion air before the combustion air is
preheated. Most of the cooling air enters the annular space in the middle section
of the rig and then enters slots into the annular space between the casing and the
liner of the combustion chamber. A small part of the cooling air enters the rig in
the first section and is used to cool the front panel of the burner before entering the
second section where it too enters through slots in between the casing and liner of
the combustion chamber. At the end of the second section, all cooling air exits the
annular cooling channel and mixes with the hot combustion gases before entering
the third section. In the third section there is a water cooled emission probe which
measures emissions before the exhaust gases exits the ACR. The ACR is equipped
quartz glass windows on multiple sides which enables optical measurements methods
just as for the water rig. The rig is also equipped with probes to continuously
measure the dynamic pressure and temperature at multiple locations.
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3.2.2 ACR Measurements
During the measurements, the flame temperature in the combustion zone is varied
by altering the fuel supply to the rig. The fuel during the measurements was natural
gas. For this particular measurement the pressure drop over the burner, for different
mass flows, and the emissions of NOx as a function of the flame temperature will
be of interest.

3.2.3 Post Processing of ACR Data
The probes in the ACR are connected to a computer which collects all relevant data.
The data is stored in Excel-files where for example the pressure drop over the burner,
the emissions, the dynamic pressure in the combustion chamber and different wall
temperatures for certain air- and fuel mass flows and different temperatures can be
studied. In this case, the pressure drop over the burner for different mass flows and
the emissions of NOx at different flame temperatures will be presented.
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4 Results and Discussion
All results presented in this report have been normalized.

4.1 Water Rig Experiments
The results from the evaluation of the new fuel mixing concepts will be presented
in the form of tables and plots. The tables will mostly contain percental deviations.
The plots consist of both contour plots of the burner cross section where the mean
normalized intensity fields and the normalized RMSD fields have been used to color
the plots. These plots represent the fuel distribution and air/fuel mixing in the
burner cross section, respectively, and are presented in order to give a perception
of how the appearance of the cross section varies from concept to concept. These
fields have also been used to generate circumferentially averaged radial fuel profiles
of the distribution and mixing, which simplifies the comparison between the different
concepts.

4.1.1 Repeatability Investigation
From each test conducted on the three concepts, chosen for participation in the
repeatability investigation, a radial fuel profile has been generated for both fuel
distribution and air/fuel mixing. This gives a total of four plots per concept which
are all presented in figure 16 and 17 where they are qualitatively comparable in
relation to each other. Visually, the repeatability of the water rig experiments seem
to be excellent since the different fuel profiles for each concept are almost identical.

Figure 16: Plot of the fuel distribution in the radial direction for four tests per concept.
Each of the four curves for each color represents the fuel profile for one test.
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Figure 17: Plot of the air/fuel mixing in the radial direction for four tests per concept.
Each of the four curves for each color represents the fuel profile for one test.

The mean and maximum percental deviation for each fuel profile from the average
profile for each respective concept are presented in table 1. It is seen that the stated
goal of a mean percental deviation σ̄ below 5% is achieved for all tests, both for fuel
distribution and mixing, except for the air/fuel mixing for test 4, concept 1.2.

Table 1: The maximum and mean percental deviations for each fuel profile in figure
16 and 17. The deviation is calculated from the mean fuel profile for each concept.

Distribution Mixing
Concept Test σmax[%] σ̄[%] σmax[%] σ̄[%]

1.2

1 1.05 0.44 7.84 3.32
2 0.56 0.24 9.83 4.88
3 1.26 0.52 10.86 3.83
4 1.47 0.67 16.85 9.85

1.3

1 3.70 0.72 5.80 1.45
2 1.30 0.22 4.52 2.15
3 3.02 0.45 6.96 1.33
4 1.87 0.88 6.97 3.36

2.2

1 1.78 0.61 4.64 1.48
2 2.26 0.57 5.08 2.79
3 0.93 0.36 7.51 1.43
4 3.23 0.81 14.12 4.64

When studying the fuel distribution it can be stated that not even the maximum
percental deviation exceeds 5% for any test and the mean percental deviation is
below one percent for each test. When studying the air/fuel mixing on the other hand
it is seen that the deviations are higher. It can be concluded that the repeatability
of the water rig is very satisfactory. Future projects performed with the water rig
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only require one test per concept if the tests are operated by the same person. The
operator should also perform all tests in the same rigorous manner.

4.1.2 Fuel Distribution and Air/Fuel Mixing
To evaluate the fuel mixing ability of the new concepts the fuel profiles were com-
pared to the reference burner and the assumed perfect mixture (explained in sec-
tion 3.1.7). In table 2, the fuel distribution is presented as a mean and maximum
percental deviation from the corresponding fuel profile obtained from the assumed
perfect mixture. It is desired for the new concepts to obtain lower percental devia-
tion than the reference burner. Concerning the air/fuel mixing, the maximum and
the mean values of the fuel mixing profile vectors have been presented. It is desired
to reach the lowest mean RMSD as possible since a value of zero would indicate a
real perfect mixture.

Table 2: A comparison of all the tested concepts. Blue: the three best concepts.
Green: one intermediate concept. Red: the two worst concepts. The ones marked in
orange are the concepts which have also been tested in the ACR. An as low σ̄ and
RMSD as possible are desired.

Distribution Mixing
Concept σmax[%] σ̄[%] RMSDmax RMSD

Ref. 18.82 6.64 0.0996 0.0729
1.1 28.22 10.01 0.1315 0.0898
1.2 20.74 8.61 0.1463 0.0810
1.3 8.84 2.80 0.0496 0.0262
2.1 30.42 10.13 0.1238 0.0819
2.2 31.13 10.94 0.1261 0.0834
2.3 7.19 3.44 0.0614 0.0281
3.1 17.81 5.19 0.1043 0.0490
3.2 15.92 4.85 0.0996 0.0527
3.3 8.28 2.88 0.0492 0.0235
4.1 28.68 12.73 0.1327 0.1031
4.2 28.82 13.50 0.1313 0.1048
4.3 9.92 3.61 0.0520 0.0238
5.1 12.24 6.37 0.0972 0.0595
5.2 13.68 6.38 0.1029 0.0628
5.3 8.84 2.70 0.0579 0.0260
6.1 22.28 8.44 0.1205 0.0876
6.2 16.57 7.44 0.1088 0.0814
6.3 9.13 3.38 0.0823 0.0333
7.1 30.20 12.82 0.1170 0.0873
7.2 25.73 11.06 0.1078 0.0847
7.3 8.98 3.04 0.0481 0.0235
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The third concept in each group, which are the concepts where the fuel is introduced
through the premixer, are the concepts producing the most well mixed air/fuel mix-
ture and they also distribute the flow best. This can be derived to the fact that the
mixing process is longer for these concepts than the ones where the fuel is intro-
duced through the main fuel supply. It can also be seen that only four out of ten
concepts where the fuel is provided through the main fuel supply obtain a better
fuel distribution and air/fuel mixing. This indicates that, in general, if the fuel is
provided through the main fuel supply, the grids and the premixer do not improve
the burner distribution and mixing performance. This means that the earlier intro-
duction of fuel, in the third concept of each group, is the most contributing factor to
the large improvement. On the other hand, for group 3 and 5, the first two concepts
display an improvement in both columns. In this case, the reason is most probably
an increased angular momentum of the fluid caused by the flow directing grid. An
increased angular momentum means a higher swirl number SN which enhances the
mixing [21].

The impact on the mixing performance solely due to the presence of the premixer
is evaluated by studying the two first concepts of each group in table 2. It can
easily be seen that just by adding a premixer upstream, but still providing fuel
through the main fuel supply, does not have a massive impact on the distribution
and mixing performance of the burner. The grid located downstream the premixer
will always have the last saying in which direction the flow will go. Therefore, it is
fair to say that the premixer only contributes to a significant improvement of the
burner mixing performance if the fuel is introduced through the premixer fuel supply.

Snapshots from the test movies, recorded with the highlighted concepts in table
2, are presented in figure 18.

Figure 18: Snapshots from the movies of the cross section for the concepts highlighted
in blue, green and red in table 2.
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These snapshots implies how well the concepts distribute the fuel over the cross sec-
tion while the mixing can not really be evaluated by studying a snapshot. The three
best concepts display an evenly distributed amount of fuel across the cross section
which generates an even intensity field. The two worst concepts instead display high
and low intensity zones, these concepts are more in line with the concepts earlier
tested by Berg [18]. The intermediate concept is harder to distinguish from the best
concepts by studying snapshots. However, a fuel lean core can be observed in this
case.

A common feature for all concepts is the area close to the mixing tube walls where
the air coming in from the holes in the mixing tube, see figure 2, forces the air/fuel
mixture towards the center and creates a zone of lower intensity in this region.

The mean normalized intensity and normalized RMSD fields generated by post pro-
cessing of the movies in Matlab are shown in figure 19-24. The mean normalized
intensity fields represent the average fuel distribution in the burner cross sections.
A value of 1000 in the entire cross section would indicate a perfect distribution of
the fuel. The normalized RMSD fields represent the air/fuel mixing. A value of zero
in the entire cross section would indicate a perfectly homogeneous mixture.

When observing the fields of the three best concepts, figure 19-21, one can see
that they are almost identical with the fuel well distributed over the cross section
and a well mixed flow. Not far behind is the intermediate concept, figure 22, with
the fuel almost equally distributed and also a very well mixed flow. It is interesting
to note that in the mean normalized intensity plot, to the left, the center seem to be
fuel lean, on average, but it is also the center core that displays the highest RMSD in
the entire field. When studying the recorded movies for this concept it is seen that
the, on average, fuel lean center core from time to time displays the same intensity
as the rest of the cross section, meaning that fuel occasionally finds its way all the
way into the center. This is why the center displays a high deviation from the mean
intensity in comparison to the rest of the field which manages to maintain the same
level of intensity.

The poor performance of concept 4.1 and 4.2 is even more obvious when study-
ing figure 23-24. The fuel is distributed to the center and a band close to the mixing
tube walls. It is also seen that the zones with the highest concentration of fuel is also
the zones that display the best mixing, but still not close to the better concepts. The
low intensity fields display bad mixing which indicates that these zones occasion-
ally receives hits of higher fuel concentration which implies bad mixing (or uneven
fuel supply to these zones). The common feature created by the air discharged
through the mixing tube holes is also clear in all contour plots for all concepts, i.e.
a low intensity zone and a higher RMSD zone in the vicinity of the mixing tube wall.

Another feature is the streaks of lower laser intensity propagating through the cross
section. This has also been observed by Lörstad et al.[10] and has here been assumed
to affect the results equally for all tested concepts.
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Figure 19: Fields representing the average fuel distribution (left) and the air/fuel
mixing (right) for concept 1.3.

Figure 20: Fields representing the average fuel distribution (left) and the air/fuel
mixing (right) for concept 3.3.

Figure 21: Fields representing the average fuel distribution (left) and the air/fuel
mixing (right) for concept 5.3.
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Figure 22: Fields representing the average fuel distribution (left) and the air/fuel
mixing (right) for concept 3.1.

Figure 23: Fields representing the average fuel distribution (left) and the air/fuel
mixing (right) for concept 4.1.

Figure 24: Fields representing the average fuel distribution (left) and the air/fuel
mixing (right) for concept 4.2.
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The circumferentially averaged fuel profiles, calculated from the contours in figure
19-24, are presented in figure 25 and 26. It is easy to see how the different burners
manages to distribute and mix the fuel in comparison to the reference burner. The
effect of the flow entering through the mixing tube holes is clear in these figures
as well. In figure 25, the intensity diminishes close to the wall as a result of the
incoming flow pushing the air/fuel mixture towards the center. In figure 26 the
effect is an increased RMSD close to the wall.

Figure 25: Fuel distribution profiles of the highlighted concepts in table 2 compared to
the corresponding profiles of the reference burner and the assumed perfect mixture.
All curves in the plot are normalized with the radial profile vector of the assumed
perfect mixture.

Figure 26: Air/fuel mixing profiles of the highlighted concepts in table 2 compared to
the corresponding profiles of the reference burner and the assumed perfect mixture.
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As was explained earlier for figure 22, the high RMSD values in the center of the
burner should be considered with skepticism. It has been observed in the recorded
movies, and also earlier observed by Bonaldo [22], that the core that is generated
by concepts such as 4.1 and 4.2, see figure 18 and 23-24, tends to slightly move
around. This will result in a high RMSD in the center region since when creating
the fuel profiles the observed values are averaged over a small amount of pixels with
a drastic change in intensity. Even though this core may have a relatively constant
concentration and supply of fuel, which has been observed in the movies, the center
region displays high RMSD values as a consequence of the slight displacement of
the core. The effect of the displacement of the core is seen in the normalized RMSD
field in figure 23 and 24 where a high RMSD zone is located like a circle around the
very center which itself has lower intensity. This circle of high fluctuation level is the
area within which the core displaces itself over time which generates the high values.

Another important comment is that a high RMSD does not necessarily mean that
the fuel concentration alternates between very high and very low values. The RMSD
value in a pixel is, simply explained, the deviation from the mean intensity in this
pixel and has therefore nothing to do with high or low fuel concentrations, globally
speaking. See concept 3.1 for example where the center is, on average, fuel lean but
at the same time this region displays the highest RMSD values for this concept.

To summarize the comparison of the fuel distribution and the fuel mixing it can
easily be stated that it has been improved by many of the concepts. When the fuel
is well distributed and well mixed it contributes to a more stable combustion and the
risk of combustion instabilities is decreased. The improved mixing also contributes
to elimination of hot spots which, when burned, generates locally high temperatures
and consequently high levels of emitted NOx. The elimination of hot spots also
diminishes the local fluctuations in heat release that also can contribute to combus-
tion instabilities. If the mixing of fuel and air is really poor, zones with a very low
local equivalence ratio, see equation 3, might cause the mixture to be outside the
flammability range, i.e. the mixture is locally too lean to support combustion. This
would also generate fluctuations in heat release in the combustion zone and could
consequently provoke combustion instabilities. A minimized risk of provoking com-
bustion instabilities is highly desired since they can cause damage and even failure
to the engine. If the distribution and mixing is poor, as for concept 4.1 and 4.2
for example, there is also an increased risk for autoignition since local fluctuations
in the equivalence ratio locally changes the autoignition delay time [12]. A locally
high equivalence ratio diminishes the autoignition delay time which might provoke
autoignition and cause damage to the combustion system.

In addition, fluctuations in the equivalence ratio is connected to fluctuations in
flame speed [23]. If the flame speed is increased so much that it exceeds the velocity
of the oncoming flow, flashback can occur which also would cause severe damage
to the hardware components upstream the combustion zone, i.e. the burner itself.
Even if flashback does not occur, locally high equivalence ratios might force the
flame upstream into the burner mixing tube which would generate higher emissions
of NOx since the mixture is ignited at en earlier state when it is less mixed. Since
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the third concept in each group introduces the fuel further upstream, i.e. in the pre-
mixer, one could argue that the risk of autoignition in the mixture would increase
since the distance to the combustion zone is considerably much longer. A CFD
study performed by Ljung [24] showed that both distribution and mixing of the fuel
is satisfactory throughout the premixer and consequently the risk of autoignition in
the mixture is minimal.

In general, one could say that for the concepts marked in blue and green in table 2
the risk of provoking combustion instabilities, experience flashback and autoignition
has been decreased. In addition, lower emissions of NOx can be expected from these
concepts if they were implemented in a real gas turbine engine combustion system.
The opposite can be stated for the concepts marked in red. Concerning the concepts
marked in orange, which were the concepts tested in the ACR, one of them is better
than the reference concept and one of them is worse which implies that reduced
emissions of NOx could be expected from at least one of these concepts. The results
from the ACR measurements are presented in section 4.2.

4.1.3 Comparison to CFD
A qualitative comparison to CFD data from Moëll et al.[19] was performed. Note
that the colormap used to present the contour plots of the reference burner cross
section has been changed in order for it to be better comparable to the CFD results.

To the left in figure 27 the fuel mass fraction in the burner cross section from
the CFD simulation is presented. When comparing this to the mean normalized
intensity field from the water rig experiments, to the left in figure 28, it is seen that
the agreement of the trend is good. They both show a center with higher mass frac-
tion/intensity than the surrounding zone. The mass fraction/intensity then reaches
a minimum at about r/R=1/4 before it then increases and reaches the zone of max-
imum fuel concentration at r/R=1/2 and outwards.

Also the contour plots of the fluctuations, to the right in figure 27 and 28, show
a good agreement of the location of different zones. A zone of medium low and
very low level of fluctuation, compared to the surrounding zone, is observed in the
center of the contour plot from the CFD simulation. The same medium low level of
fluctuation is observed in the contour plot from the water rig experiment where also
small zones of lower fluctuation are seen.

In comparison to the corresponding fluctuation fields for concept 4.1 and 4.2, ear-
lier presented in figure 23 and 24, it is clear, both from the CFD and water rig
experiments, that the reference burner has lower levels of fluctuations in the center.
The reference burner seems to have a more stable core that does not displace itself.
In addition, it seems to have a more continuous supply of fuel to the center. The
reason could be that the flow entering the reference burner is not directed by any
grid before it enters the swirl cone. The grid used to direct the flow in concept 4.1
and 4.2 is therefore thought to generate a more irregular nature of the flow entering
the swirl cone which in turn forces the core to displace itself.
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Figure 27: Left: Time averaged field of the fuel mass fraction in the burner cross
section. Right: The corresponding time averaged fluctuation fluctuation field of the
mass fraction. Contour plots based on data from Moëll et al.[19].

Figure 28: Left: Mean normalized intensity field representing the fuel distribution.
Right: Normalized RMSD field representing the air/fuel mixing. Both fields are based
on water rig experiments conducted with the reference burner.

The location of the zone of maximum level of fluctuation has the same location in
for both the CFD and water rig experiments for the reference burner, that is around
the center core. A difference in the fluctuation fields is that the magnitude in the
outer radial spectrum, that is r/R ≈ 1/2 and outwards, for the CFD simulation is
higher than in the center while the water rig fluctuation field is characterized by
very low levels of fluctuations in this region. However, the fluctuation field from the
CFD is still, in the outer region, characterized by a level of fluctuation significantly
lower than in the zone of maximum fluctuation located around the center.

The fuel distribution and mixing profiles presented in figure 29 and 30, respec-
tively, are calculated in the same way for the CFD as for the corresponding profiles
obtained from the water rig experiments. When comparing the fuel profiles it is
seen that they indeed are in good agreement considering the trends. The fuel dis-
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tribution profiles have the same appearances and the minima/maxima are situated
almost exactly on the same radial positions. However, the magnitude differs quite
a lot. The fuel mixing profiles also have the same appearances but here there are
larger differences in radial positions of the different minima and maxima compared
to the fuel distribution profiles. Furthermore, there are larger magnitude differences
between the fuel mixing profiles.

Figure 29: Graphical comparison of the fuel distribution profiles obtained from water
rig experiments and CFD simulations.

Figure 30: Graphical comparison of the fuel mixing profiles obtained from water rig
experiments and CFD simulations.

The differences between the two methods may suggest that the CFD results are not
sufficiently sampled, i.e. the results are not yet time averaging independent. It may
also indicate that an even finer mesh is needed or that the turbulence model used
in this case is maybe not the most suitable.

The difference in Reynolds number between the both investigation methods is sig-
nificant. The estimated Reynolds number in the water rig is ReD ≈ 50, 000 while
the CFD simulation has a Reynolds number of ReD ≈ 100, 000, both calculated
using the axial velocity and the diameter of the burner mixing tube as characteristic

35



length. Despite this large difference it has been shown that the water rig provides a
fair indication of the fuel mixing ability of the burners which correspond well to the
results obtained by means of CFD. It can be concluded that the water rig is indeed
a good and effective tool to include in the evaluation process of new burners.

4.2 ACR Measurements
In this section the results from the ACR measurements will be presented. Both the
pressure drop over the burners and the emissions of NOx are presented in plots as
a function of the flame temperature.

4.2.1 Emissions of NOx

From the water rig experiments it was seen that concept 2.2 would lead to slightly
higher emissions of NOx than the reference concept while concept 2.3 would decrease
the measured emissions. Instead both new concepts show slightly lower emissions
than the reference concept for the tested flame temperatures, see figure 31. In
addition concept 2.2 shows slightly lower emission levels than concept 2.3 at lower
flame temperatures. Concept 2.3 is far better mixed and should thus produce less
NOx than the other concepts. Concept 2.2 should produce more NOx than the
reference concept since it had both worse distribution and mixing of the fuel.

Figure 31: The emissions of NOx as a function of the flame temperature for different
burner concepts.

One reason to why this has occurred might be that every burner becomes unique
when produced. Due to complex geometries and manufacturing tolerances, minor
differences can be expected from burner to burner from production. It is possible
that if another reference burner (or another prototype of concept 2.2 and 2.3) had
been used during the measurements, i.e. the same model but another individual, the

36



result may have been slightly different. Another reason could be the small amount
of measurement points available for concept 2.2 and 2.3 which does not properly
show a real trend of emitted NOx as a function of the flame temperature. There are
a lot more measurement points presented for the reference concept and, as can be
seen in figure 31 the measured emissions for the same flame temperature can vary.
It should also be mentioned that the measurement points which best presented the
trend for the reference burner have been chosen for presentation in figure 31 and
that the scattering of the points can be wider.

The explanation to why the different concepts display emission levels so close to
each other is that the emissions of NOx are pressure dependent. Maughan et al.
[17] stated that the lowest levels of NOx are achieved in conditions where the prompt
NOx formation is dominant, i.e. at low temperatures which is achieved in premixed
combustion systems. The production of prompt NOx was also shown to be pressure
independent. They also stated that the thermal NOx formation, which is dominant
at high temperatures, display a square root dependence on the pressure.

Biagioli, F. and Güthe [25] have also shown dependence on pressure, i.e. prompt
NOx dominates at low pressures while thermal NOx is dominant at high pressures.
They have also shown that the thermal NOx is three times more sensitive to the
degree of mixedness of the air and fuel which means that the effect of the mixedness
increases with increasing pressure.

One can therefore draw the conclusion that a more significant difference in mea-
sured levels of emitted NOx can be expected at high pressure tests. Studying figure
31 and keeping the above written findings in mind, it can be expected that the mea-
sured amount of emissions would rise more for the reference concept and concept 2.2
than for concept 2.3 if the test was performed in an actual gas turbine engine where
the pressure is 20 times higher. This is because, as was stated above, the contribu-
tion of thermal NOx will increase with an increased pressure. In addition, since the
air/fuel mixture in the reference concept and concept 2.2 is not even close to as well
mixed as concept 2.3, the difference in emissions will be even more significant since
the thermal NOx itself is more sensitive to unmixedness than prompt NOx.

4.2.2 Pressure Drop
In figure 32 the pressure drop is presented as a function of the flame temperature for
the different tested burner concepts. Different air mass flows have also been tested,
where a mass flow of ṁ = 190g/s corresponds to SGT-800 full load condition.

As could have been expected the pressure drops are greater for the new concepts
than for the reference burner concept, but it reaches unacceptable levels. Even at
part load condition, i.e. ṁ = 158g/s, the new concepts display higher pressure drops
than the reference concept does at more than full load condition, ṁ = 200g/s. As
also can be seen all three different mass flows were not tested for the new concepts
since it was early discovered that the pressure drop was too significant.
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Two new objects have been added to the burner design in concept 2.2 and 2.3,
i.e. a grid and a premixer, and therefore it was expected that the pressure drop
would be higher since the flow needs to pass two new obstacles before it reaches
the combustion zone. However, since the combustion system in the SGT-800 which
uses the reference burner concept already offers NOx emission levels below 15 ppm,
which is already very low, it would not be worth to aggravate the performance of
the gas turbine for another decrement in emissions of NOx.

It can be stated that the design needs further improvements in order to decrease the
pressure drop over the burner before implementation in a gas turbine combustion
system can be considered. It can also be stated that the pressure drop would be
almost the same for every concept that include a grid and the premixer so further
testing of these is not much of use.

Figure 32: The pressure drop as a function of the flame temperature for different
burner concepts and different air mass flows.

In figure 32 it can be seen that the measured pressure drop for concept 2.2 and 2.3
at ṁ = 158g/s is spread over a quite large range of pressure drops compared to the
measurements of the reference concept. This can be explained by the fact that there
were two measurement campaigns performed at ṁ = 158g/s on concept 2.2 and 2.3
and they were conducted on two different days. The explanation is probably that
the pressure of the air used in the atmospheric combustion rig varied between these
campaigns. It seems reasonable since, if keeping the gas law in mind, a lower pres-
sure generates a lower density and since the mass flow through the burner is kept
constant a higher air velocity is required to reach the same mass flow. This generates
a larger pressure drop since the pressure drop is proportional to the velocity squared.

Since the new burner concepts have shown to generate a too large pressure drop,
a good idea would be to instead manufacture and evaluate for example concept
1.3, 3.1 or 5.1 in atmospheric tests. They have all shown improvements in air/fuel
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mixing performance compared to the reference concept, see table 2. Based on these
improvements it should be possible to obtain reduced emissions of NOx. The advan-
tage with these concepts is that they only have one additional hardware component
each. Concept 1.3, which had one of the best fuel distribution and air/fuel mix-
ing abilities, is equipped with a premixer but not with a grid. Concept 3.1 and
5.1, which are both intermediate concepts, are equipped with grids but not with a
premixer. The absence of one of these hardware components will generate a lower
pressure drop over the burners than the measured pressure drop over concept 2.2
and 2.3. This pressure drop might end up at a more acceptable level.
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5 Conclusions
The conducted repeatability investigation has shown that the repeatability of the
experiments reaches the stated goal of a mean percental deviation below 5 %. The
results from this investigation was satisfactory and it concludes strong credibility of
the comparison of the fuel mixing ability of the different concepts.

The water rig experiments have shown that it is possible to obtain an enhanced
fuel mixing ability with 11 out of the 21 tested concepts. The third concept of each
group, i.e. the x.3 concepts, showed a dramatic improvement in mixing performance.
This is mostly due to the much earlier introduction of fuel, but also because of the
flow directing grids. The differences between these concepts are so small that all of
them could be considered as candidates for a new implemented burner concept in
the SGT-800. The choice of producing concept 2.3 for ACR testing was correct but
concept 2.2 could have been replaced by one of the other x.3 concepts.

Based on the water rig results it was expected that concept 2.2 would generate
higher levels of emitted NOx because of the deterioration of fuel mixing ability of
this burner compared to the reference burner. In addition, it was expected that con-
cept 2.3 would generate much lower levels of emitted NOx due to its improvement
in fuel mixing ability. The ACR tests showed that both of the concepts produced
slightly lower amounts of emissions. Some factors generating these results could be
differences between burners from production and the fact that a low number of mea-
surement points were provided for the new concepts, making it hard to distinguish
a real trend of the emitted NOx. The results would also most probably be more
fair if the tests were performed in a HPR since the emissions of NOx are pressure
dependent.

The measured pressure drop over the burners reach unacceptable levels due to the
implementation of the premixer and flow directing grids, and therefore the design
needs further improvements. Since the amount of emitted NOx from the combus-
tion system currently using the reference burner concept is already very low it is not
worth the deterioration of the gas turbine performance which would follow if these
were implemented. One alternative could be to further investigate concept 1.3, 3.1
or 5.1 which are only equipped with one additional hardware component but still
showed an improved fuel mixing ability. They will still have a larger pressure drop
than the reference burner, but it might be at an acceptable level.

The comparison to the CFD data obtained by Moëll et al.[19] showed that the
water rig produces results in general agreement in trend even though the Reynolds
number differs with a factor of two.
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6 Future Work
During this project, it was only required to lift out the water rig interior a few times
in order to change burner concept, which otherwise usually is necessary for every
burner switch. The new concept prototypes were a little shorter and the fuel inlet
had a different location. If the interior of the rig needs to be lifted out in order
to change a concept it takes a lot of time and, in addition, more than one person.
For future projects, it is a recommendation to design the burners so that they can
always be fitted in the water rig without lifting out the interior in order to save time.

Concept 1.3, 3.1 or 5.1 could be further investigated since they have shown an
improvement of the fuel mixing ability with only one additional hardware compo-
nent. The pressure drop will be lower, than for concept 2.2 and 2.3, and might reach
an acceptable level. Because of the improved fuel mixing ability they will most cer-
tainly further decrease the amount of emitted NOx.

Today, there are no CFD data available from simulations of the entire new burner
concepts. If CFD simulations were performed, the impact of the premixer and the
different flow directing grids on e.g. the swirl number could be quantified and used
to analyze the results. It would also be possible to predict the location of the recircu-
lation zone that anchors the flame and consequently exclude certain concepts. The
water rig experiments themselves only imply how good the mixing ability is for the
different concepts, but it is possible that even some of the x.3 concepts might cause
an upstream displacement of the recirculation zone which is undesired. If CFD was
included in the analysis, things like this could also be evaluated.

The design of the future 3rd Generation DLE burner concept needs reconsidera-
tion in order to lower the pressure drop and still yield the homogeneous mixture
presented in this report. CFD is a perfect tool for solving these kind of technical
problems where a lot of iterations will be needed in order to find the perfect design.
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7 Perspectives
This final chapter is meant to relate the presented work to different perspectives,
such as societal and commercial perspectives. The presented work can be analyzed
from an environmental, societal and economical perspective while it does not really
affect working environmental or ethical aspects, for example.

The environmental and the societal points of view are probably the most obvi-
ous to discuss since the presented work treats the potential of further reduction of
NOx from some of SITs gas turbines. The results from the water rig show that
an near-homogeneous air/fuel mixture can indeed be obtained which, theoretically,
should yield the lowest amount of emitted NOx. Unfortunately these concepts only
displayed small decrement of the emissions in the ACR but hopefully a more distinct
difference can be seen in an HPR. In that case, SIT will contribute to a better air
quality and a better environment to live in close to the sites where the gas turbines
are located. This is because NOx can been connected to respiratory illness and
allergies and contributes to acidification of lakes as mentioned earlier. A new gen-
eration of gas turbines where a new combustion system with reduced emissions has
been implemented would also contribute in a positive way globally since emissions
of NOx depletes the ozone layer.

From an economic perspective, a future improved version of the premixing concepts
investigated in this work will be very beneficial for SIT and put the company in the
combustions system technological front edge. This will in that case generate very
attractive and competitive gas turbines which consequently will attract customers if
the price of a machine is maintained at reasonable levels. This will also most prob-
ably increase the amount of market shares for SIT since low levels of emissions are
desired and further future legislations concerning emission levels can be expected.

42



Bibliography
[1] Siemens Global Website, About Siemens: Siemens AG [June 9, 2016]; 1996-

2016. http://www.siemens.com/about/en/.

[2] Lörstad D, Pettersson J, Lindholm A. Emission Reduction and Cooling Im-
provements Due to the Introduction of Passive Acoustic Damping in an Existing
SGT-800 Combustor. ASME Turbo Expo. June 8-12, 2009, Orlando, Florida,
USA;(GT2009-59313).

[3] Lörstad D, Lindholm A, Petersson J, Björkman M, Hultmark I. Siemens SGT-
800 Industrial Gas Turbine Enhanced to 50 MW: Combustor Design Modifi-
cations, Validation and Operation. ASME Turbo Expo. June 3-7, 2013, San
Antonio, Texas, USA;(GT2013-95478).

[4] Roos N, Halling D. Experimental evaluation of the flow in a 3rd generation dry
low emissions burner [Bachelor thesis]. Mälardalen University; 2008.

[5] Mohammadi P, Arato A. DLE burner water rig simulations [Bachelor thesis].
Mälardalen University; 2008.

[6] Lindholm A, Lörstad D, Magnusson P, Andersson P, Larsson T. Combustion
Stability and Emissions in a Lean Premixed Industrial Gas Turbine Burner due
to Changes in the Fuel Profile. ASME Turbo Expo. June 8-12, 2009, Orlando,
Florida, USA;(GT2009-59409).

[7] Lörstad D, Lindholm A, Alin N, Fureby C, Lantz A, Collin R, et al.
Experimental and LES Investigation of a SGT-800 Burner in a Combustion Rig.
ASME Turbo Expo. June 14-18, 2010, Glasgow, UK;(GT2010-22688).

[8] Siemens Global Website, Gas Turbine SGT-800: Siemens AG [June
9, 2016]; 2002-2016. http://www.energy.siemens.com/hq/en/
fossil-power-generation/gas-turbines/sgt-800.htm#content=
Description.

[9] Döbbeling K, Hellat J, Koch H. 25 Years of BBC/ABB/Alstom Lean Premix
Combustion Technologies. ASME. 2007 January;Vol. 129.

[10] Lörstad D, Lindholm A, Barhaghi DG, Bonaldo A, Fedina E, Fureby C, et al.
Measurements and LES of a SGT-800 Burner in a Combustion Rig. ASME
Turbo Expo. June 11-15, 2012, Copenhagen, Denmark;(GT2012-69936).

[11] Beer JM, Chigier NA. Combustion Aerodynamics. London: Applied Science;
1972.

[12] Lefebvre AH, Ballal DR. Gas Turbine Combustion - Alternative Fuels and
Emissions. 3rd ed. Taylor & Francis Group; 2010.

[13] Andersson S. Förbränningsteknik. Institutionen för Energiteknik vid Chalmers
Tekniska Högskola; 1996.

43

http://www.siemens.com/about/en/
 http://www.energy.siemens.com/hq/en/fossil-power-generation/gas-turbines/sgt-800.htm#content=Description
 http://www.energy.siemens.com/hq/en/fossil-power-generation/gas-turbines/sgt-800.htm#content=Description
 http://www.energy.siemens.com/hq/en/fossil-power-generation/gas-turbines/sgt-800.htm#content=Description


[14] Dunn-Rankin D. Lean Combustion - Technology and Control. Elsevier Inc.;
2008.

[15] Lieuwen TC, Yang V. Combustion Instabilities in Gas Turbine Engines - Opera-
tional Experience, Fundamental Mechanisms and Modeling. vol. 210 of Progress
in Astronautics and Aeronautics. American Institute of Aeronautics and As-
tronautics, Inc.; 2005.

[16] Nicol D, Malte PC, Lai J, Marinov NN, Pratt DT. NOx Sensitivities for Gas
Turbine Engines Operated on Lean-Premixed Combustion and Conventional
Diffusion Flames. ASME. 1992;(92-GT-115).

[17] Maughan JR, Luts A, Bautista PJ. A Dry Low NOx Combustor for the MS3002
Regenerative Gas Turbine. ASME. 1994;(94-GT-252).

[18] Berg A. Water rig experiments for varying head gas sleeves with AEV burner.
Siemens Industrial Turbomachinery AB; 2012.

[19] Moëll D, Lörstad D, Bai XS. Numerical Investigation of Methane/Hydrogen/Air
Partially Premixed Flames in the SGT-800 Burner Fitted to a Combustion Rig.
Flow, Turbulence and Combustion. 2016;.

[20] Lantz A, Collin R, Aldén M, Lindholm A, Larfeldt J, Lörstad D. Investigation
of Hydrogen Enriched Natural Gas Flames in a SGT-700/800 Burner Using
OH PLIF and Chemiluminescence Imaging. ASME Turbo Expo. June 16-20,
2014, Düsseldorf, Germany;(GT2014-26293).

[21] Mullinger P, Jenkins B. Industrial and Process Furnaces: Principles, Design
and Operation. Elsevier Ltd; 2008.

[22] Bonaldo A. Water rig tests applied on AEV burner for SGT-800 engine to
analyse machined shaped swirler vanes and gas injection holes effects on fuel
distribution at the burner outlet. Siemens Industrial Turbomachinery AB; 2010.

[23] Cho JH, Lieuwen T. Laminar premixed flame response to equivalence ratio oscil-
lations. Combustion and Flame, Elsevier. 2005 January;vol. 140(1-2):p.116–129.

[24] Ljung A. SGT-800 Combustor: Investigation of the Mixing Quality in a Pro-
posed Fuel Premixer Module. Siemens Industrial Turbomachinery AB; 2015.

[25] Biagioli F, Güthe F. Effect of pressure and fuel-air unmixedness on NOx

emissions from industrial gas turbine burners. Combustion and Flame.
2007;(151):274–288. Elsevier.

44


	Introduction
	Objective
	Limitations


	Background
	Gas Turbines
	SGT-800

	The 3rd Generation DLE Burner
	Swirl Number
	New Fuel Mixing Concepts

	Combustion
	Stoichiometry and Equivalence Ratio
	Autoignition and Flashback
	Combustion Instabilities

	Emissions
	Oxides of Nitrogen
	Carbon Monoxide and Unburned Hydrocarbons


	Methodology
	Water Rig Experiments
	Water Rig and Measurement Armature
	Water Rig Measurements
	Laser Calibration
	Camera Focus
	Preparation of Fuel Mixture
	Repeatability Investigation
	Post Processing of Water Rig Experiments
	Comparison to CFD simulations
	Validation of Water Rig Armature
	Notes About the Water Rig

	Atmospheric Combustion Rig
	ACR and Measurement Armature
	ACR Measurements
	Post Processing of ACR Data


	Results and Discussion
	Water Rig Experiments
	Repeatability Investigation
	Fuel Distribution and Air/Fuel Mixing
	Comparison to CFD

	ACR Measurements
	Emissions of NOx
	Pressure Drop


	Conclusions
	Future Work
	Perspectives
	Bibliography

