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Abstract

The detrimental in�uence of nitric oxides (NOx) on humans and the environment has
been widely discussed by researchers.
The dominant part of nitic oxides emissions comes from combustion - majority of NOx
is being produced by reaction of nitrogen and oxygen at high temperatures.

This thesis project is carried out in cooperation with Siemens Energy, one of the gas
turbines manufacturers.
The gas turbine combustor design requires extensive work in many �elds: in addition to
temperature distribution and �ow �eld prediction, modelling of acoustics and emissions
is necessary. As NOx are in�uenced by many variables, detailed sensitivity analyses of
design features is required. Since that gas turbine producers are developing their own
tools for emissions predictions.

The aim of this study is improvement and assessment of the existing tool used by
Siemens Energy to predict NOx emissions by simulating the combustor system (both the
�ow and chemical kinetics).
As NOx emissions depend on the air-fuel mixing quality, the tool is equipped with a
Monte Carlo-based turbulent mixing model. The combustor �ow is divided into small
parts - particles, that react and exchange properties between each other according to the
Curl's turbulent mixing model.

The tool was improved by adding useful features (such as prescribed unmixedness in
the �ame front). After that, the Siemens Energy axially staged combustor was modelled
(with di�erent equivalence ratios, pressure levels and pilot fuel �ows). In the end the
tool was validated - the simulation results were compared to the experimental ones.
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Chapter 1

Introduction

1.1 NOx Characteristics and Impact

Industrial revolution has changed not only the social and political situation in Europe.
In the last centuries Europe (as well as the rest of the world) has undergone a large
degradation of air quality. As most of the industry was dependent on combustion of
fossil fuels, the exhaust gases and dust concentrations have risen signi�cantly (especially
in densely populated urban areas).

One of the anthropogenic pollutants widely produced by the industry is NOx. It
is a collective name of nitric oxides: NO and NO2. Their detrimental in�uence on the
environment has been widely discussed by researchers. NOx are the major cause of
photo-chemical smog [35]. Urban air ozone (O3), also formed by photo-chemical decom-
position of NO2 reduces lung functionality and may cause lung in�ammation ([39] and
[3]).
Additionally, together with SOx, NO2 reacts with atmospheric water causing acid rains.
These rains induce peril to freshwater ecosystems, crops and forests [37].

The historical track of NO2 and SO2 anthropogenic emissions is presented in Fig.
1.1.

It was just late twentieth century, when countries in our continent took action in
stopping the pollution (visible in the drop of emissions after 1990 in Fig. 1.1). The
governments of European Union started to gradually lower the pollution ceilings by
forcing the member states' industries to limit their NOx emissions. An example of
European NOx reducing policy is the set of Emission Standards Euro 1 - 6 - directives
limiting pollutants in road transport by setting the limits for each type of machines
(passenger cars, trucks or motorcycles). The decrease in anthropological emissions is
presented in detail in Fig. 1.2. This plot shows a sharp, satisfying SOx reduction (green
line), whereas NOx emissions are still at around 30% of the production in 1990 (violet
line). Further nitric oxides cutting is one of the goals set for the European industry
nowadays.

7



1. Introduction 8

Figure 1.1: European emissions of SO2, NO2 and NH3 in years 1880�2020; source:
Hydrology and Earth System Sciences [34]

Figure 1.2: The evolution of pollutant emissions in comparison to 1990 in EU. The initial
emissions of PM2.5 and PM10 are from the year 2000, of the other pollutants - from
1990; source: European Environment Agency [2]
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1.2 NOx Emission Sources

The sources of anthropogenic NOx emissions are presented in the chart 1.3. The largest
shares of NOx pie come from road transport and energy industry, so the technology
branches requiring combustion. It is because the vast majority of NOx is being produced
by reaction of nitrogen (coming from fuel or air) and oxygen (in air) at high tempera-
tures. The combustion associated NOx formation mechanisms are extensively described
in Section 2.6.

Figure 1.3: Share of NOx emissions by sector in Europe (2019); source: European Envi-
ronment Agency [2]

As shown in the plot, an important source of non-combustion NOx is also agricul-
ture. Plants produce NOx naturally in microbial processes, but those emitted amounts
are limited by environmental conditions such as inorganic nitrogen availability or soil
temperature. Agricultural practices like fertilization and irrigation change the environ-
mental variables and increase the NOx emissions dramatically [22].

1.3 NOx Emissions' Reduction Methods

In the last decades, standard measures for NOx reduction have been developed. The basic
classi�cation divides them into primary and secondary measures. Primary ones require
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modi�cations of combustion processes, so are applicable only for the new combustion
systems. In contrary, secondary methods are applied in the post-combustion processes
(e.g. in the exhaust), so changes in the combustor itself are not necessary.

The idea behind most primary measures is lowering the maximal temperature in the
combustor. It can happen by means of dilution with an inert gas such as nitrogen, water
or exhaust gases, that takes some of the combustor heat with its heat capacity.
Another NOx reduction technique is lean-premixed combustion, that has become a state-
of-art technology in last decades (described in detail in 2.3). Premixing the air-fuel
mixture before ignition uni�es the temperature in the combustor (to avoid hot spots). As
NOx production is intensi�ed in high temperatures, the premixing quality (umixedness
reduction) is an issue of particular importance in the NOx production.
Other primary measures are: minimizing the residence time in the combustor (while
ensuring all the fuel burned) to limit the exposure of the mixture to the hot temperature
conditions and catalytic combustion [40].

A well known post-combustion measure is the catalytic converter placed commonly
in the cars' exhaust systems [23]. In this device combination of noble metals oxidize CO
to CO2 and NO to N2.
In case of stationary power plants, ammonia accompanied catalyst that reacts with NO
to produce N2 and H2O is being applied. This solution is called the selective catalytic
reduction (SCR), that works in a wide range of temperatures, but is prone to fouling of
sulfur and particulates in the exhaust [7].
Another popular secondary approach is the selective non-catalytic reduction of NO (ther-
mal DeNOx). In this method ammonia �ow is added to the exhaust stream and at high
temperatures reacts with OH to form NH2. Then NH2 reacts with NO and forms water
and N2 (or N2H, which leads to N2 as well) [7].

1.4 Gas Turbines

Natural gas combustion was responsible for the production of 16% of electricity in EU
in 2013 [32]. Even tough energy technology is striving towards renewable sources, gas
turbines are and will remain very important in the energy market. As renewables are
characterized by non-uniform production (dependence on weather conditions such as
wind, sunlight intensity) additional conventional energy source is necessary for reliable
supply. As gas turbines are powered by combustion, they generate NOx. Especially,
since producers and clients are aiming at high e�ciency, temperature in the combustors
has risen much in the last decades (high temperatures favour NOx formation - see 2.6).
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1.5 Thesis Aim

The European industry has made large progress in the NOx limitations in the last couple
of decades. At the same time, there is still a lot of space for improvements. This thesis
project is planned to contribute to the NOx emissions' reduction. Carried out under the
aegis of Siemens Energy, "Modelling of NOx Emissions from Gas Turbine Combustors"
is a result of cooperation with one of the power industry leaders. Using both company's
and university's tools and resources, this thesis project will contribute to limiting the
NOx emissions.

The gas turbine combustor design is a very costly task. It requires extensive work in
many �elds: in addition to temperature distribution and �ow �eld prediction, modelling
of acoustics and emissions is necessary. As the industry is striving for simultaneously
high e�ciency and low emissions, the truly optimal solutions have to be found. The
most accurate way of comparing combustor models would be by means of experiments.
Unfortunately building and testing each combustor arrangement would require excessive
amount of time and money. Even CFD (Computational Fluid Dynamics) simulations
are not computationally e�cient, especially not applicable to resolve nuances of NOx
emissions under multiple di�erent parameter combinations [12]. As NOx are in�uenced
by many variables, detailed sensitivity analyses of design features is required. Since that
gas turbine producers are developing their own tools for emissions predictions.

The aim of this study is an improvement and an assesment of the existing tool used
by Siemens Energy in examining the NOx emissions on the early design stage of the
combustor.

1.6 Research Questions

The tasks of the following thesis project were:

� Overview of a 1D Siemens Energy NOx prediction tool with detailed description,

� Validation of the mentioned prediction tool (including gap analysis),

� Improvement of the existing Monte Carlo codes (used to model unmixedness impact
on NOx) based on gap analysis and documenting,

� Checking if they are applicable in Siemens Energy staged combustor system (namely
ACE- Advanced Combustion system for high E�ciency).

1.7 Content of the Thesis

After a brief introduction (Chapter 1), the next chapter is describing the theoretical
background (Chapter 2). It is where all necessary concepts and phenomena are explained.
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In Chapter 3 one can �nd descriptions of the tool, created models, set parameters and
their sensitivity analyses.
The simulation results and their comparison with experiments are found in Chapter 4.
Finally, the thesis is summarised in Chapter 5.



Chapter 2

Theorethical Background

2.1 Gas Turbine Combustion

The idea behind any heat machine is the conversion from chemical energy in fuel to heat
or useful mechanical energy (that can be further changed into electrical one). Mentioned
conversion happens by means of combustion.
By de�nition combustion is a fast oxidation accompanied with an extensive heat gener-
ation. The three basic conditions necessary for burning to occur are: presence of fuel,
oxidizer and an ignition source.

In case of gas turbines, pressurized air oxidizes fuel and the products enter the turbine,
where they transfer their energy to the shaft. The oxidation takes place in the combustor.

The combustor is a crucial element of all gas turbines. Placed between the compressor
and the turbine, ignites the mixture and directs the �ow to the turbine.
Tubular (can) combustor is consisting of several cylindrical liners mounted on the circular
plan. Especially used in early and heavy duty turbines - can combustors need less time
and money for their development. Large dimensions and mass are factors limiting its
usage in aircraft engines. The Fig. 2.1 shows the SGT-300 Siemens Energy industrial
gas turbine (equipped with can combustors).

13
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Figure 2.1: SGT-300 Siemens Energy gas turbine; source - Siemens Energy o�erings
website [18].

Among the others, main requirements for combustors are: high combustion e�ciency,
small pressure loss, infallible ignition, low emissions and �ame stability throughout wide
ranges of pressure.

2.1.1 Adiabatic Flame Temperature

In case of adiabatic combustion at constant pressure the speci�c enthalpy of reactants
(at pressure P and temperature Ti) equals the �nal stage speci�c products' enthalpy (at
P and Tad) - see Fig. 2.2.

hreac(Ti, P )− hprod(Tad, P ) = 0 (2.1)
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Figure 2.2: Constant-pressure adiabatic �ame temperature on h-T coordinates; source
[38]

The Tad is then called the isobaric adiabatic �ame temperature. Its value depends
on the products composition, therefore the equivalence ratio as well. Its dependence for
di�erent fuels at Standard Temperature and Pressure condition (STP) is shown in Fig.
2.3.

Figure 2.3: Adiabatic �ame temperature at STP; source [28]

As one can see, the maximal temperatures are reached around the equivalence ratio
equal to one (ϕ = 1). It means, choosing leaner, premixed mixture keeps the �ame
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temperature way lower than the maximum.

2.2 Premixed vs Di�usion Flames

Depending if the fuel and air are mixed before entering the combustion chamber or mixed
by di�usion after doing so, the �ame can be classi�ed as premixed or di�usion �ame.
The �ame shapes of both types are presented in the Fig. 2.4a.

(a) Luminous images of the premixed and di�usion �ames at the
same air and fuel �ow rates; source [42]

(b) NOx emissions for di�usion (PB = 0%), premixed
(PB = 100%) and partially premixed (PB = 92%) �ames
vs. normalized Air/Fuel ratio λ = 1

ϕ ; source [19]

Figure 2.4: Premixed vs. di�usive �ames

Historically, early engines used pure di�usion combustion with equivalence ratio at
the air-fuel interface ϕ ≈ 1. It had to be coupled with further dilution air streams to
complete the combustion and lower the �ow temperature to reach the values suitable
for the turbines (because of high combustion temperatures, see Fig. 2.3) [38]. A main
advantage of this setting is the stability of the �ame. Simplicity (linked to stability)
is also a strong point - di�usion �ame systems are easier and cheaper to install (the
premixer is not needed).

In di�usion combustion the equivalence ratio (and therefore temperature distribution)
is far from even: rich and lean regions of the combustion volume exist simultaneously. As
we are dealing with wide variety of thermodynamic conditions, the chemical kinetics and
emissions have to be evaluated for each region individually. In case of di�usion �ames,
we are observing local hot �ame spots - the equivalence ratio at the �ame front is large.
As high temperatures favour thermal NOx formation mechanisms (see section 2.6), we
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are witnessing increased NOx emissions - see Fig. 2.4b.
Another problem associated with combustion of a non-premixed �ow is the risk of low
e�ciency - with not careful design considerable amount of fuel might remain unburned.
In higher ϕ zones, due to lack of oxidizer, substantial amounts of CO are being produced.

On the other hand, in case of premixed combustion, the equivalence ratio (hence the
temperature) distribution is much more uniform. Assuming ideal premixing and no heat
loss, the �ame temperature would be constant throughout all the domain. Even though
ideal conditions are never the case, premixing successfully deals with NOx emission prob-
lems. We are not observing such a temperature gradient, the local hot spots' creation is
being suppressed. Thus NOx emissions are decreased.
Premixing homogenizes not only the temperature, but also equivalence ratio throughout
the domain, so in case of well adjusted and precisely �xed ϕ (temperatures are high
enough) ensures e�cient combustion.

A potential threat for the premixed combustion system is a �ashback phenomenon.
Flashbacks occur when the burning velocity becomes larger than the incoming �ow ve-
locity. As a consequence, the �ame proceeds upstream from its desired zone and reaches
the premixing elements.
Another occurrence hazardous for the premixed �ame gas turbines is the spontaneous
ignition. It is a process, where combustible mixture is being ignited without an external
source of ignition (�ame or spark). It should be strictly avoided, since it might damage
the fuel preparation zone and cause large pollution.
Low stability of the premixed �ame causes another threat: the combustion dynamics -
high amplitude pressure oscillations in the combustor.
Finally, the �ame can also be extinguished - this phenomenon is called blow o�.

Taking into consideration mentioned factors, modern gas turbines are using main
premixed �ames, supported by a small pilot �ame (up to 10% of fuel mass �ow). Some
manufacturers use di�usion pilot for stabilisation, while the others have fully premixed
combustion. An example of the second group is Advanced Combustion system for high
E�ciency (ACE) used in Siemens Energy turbines (Fig. 2.5) [26]. This combustor is
modeled later in the following thesis.
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Figure 2.5: Schematic drawing of ACE system; source: [26]

In this model, premixed fuel-air �ow is injected to the Pilot Burner, Main Burners
and Axial Fuel Stage - downstream in the combustor (Fig. 2.5 is a longitudinal section of
a cylinder-like combustor, so Main Burners and Axial Fuel Stages are axisymmetrically
distributed).

2.3 Turbulent Premixed Combustion

Taking into consideration the �ow velocities both di�usion and premixed �ames can be
labeled laminar or turbulent. Turbulent premixed combustion is a phenomenon combing
two complex problems - turbulence and chemistry. In case of laminar �ames propagation
velocity is only speci�ed by thermal and chemical characteristics of the mixture, whereas
in case of turbulent �ame, the propagation velocity depends also on the �uid �ow.

2.3.1 Flame Structure

Let us consider the turbulent �ame stabilized over the tube, from which fuel-air mix-
ture is �owing to the atmosphere. When looking at the instantaneous �ame fronts at
di�erent times, one sees a superposition of highly wrinkled surfaces (Fig. 2.6). Their
convolutions are particularly intense near the �ame top. They are usually referred to
as laminar �amelets. By time-averaging the view, one is getting a thick reaction zone,
called frequently the turbulent �ame brush.
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Figure 2.6: Superposition of instantaneous �ame fronts acquired at di�erent times (a)
and the time averaged �ame (b); source: [15]

2.3.2 Flame Regimes

An important concept describing the turbulent premixed combustion is the �ame regime.
The idea of regimes is based on length scales present in the turbulent �ow. They are
namely: Kolmogorov scale η - microscale bound up with the smallest eddies dissipating
their kinetic energy into the internal one and the integral scale l characterizing the largest
eddies. The regimes are speci�ed basing on the relationship of laminar �ame thickness
lF with the speci�c eddy length scale.
Another important parameter necessary to specify the �ame regime is the Damköhler
number (Da), which is a dimensionless parameter representing the ratio of characteristic
�ow time to a characteristic chemical time [38]:

Da ≡
τflow

τchemical
(2.2)

In this study �ow time scale is a lifetime of large eddies - τflow ≡ l
v′ ; chemical time

scale is based on a laminar �ame: τchemical ≡ lF
SL

(v′ stands for turbulence intensity, SL
is a laminar �ame speed).
Second dimensionless number used to describe the �ame regimes is Karlowitz number -
the ratio of the �ame time scales to the Kolmogorov time scale (lifetime of the smallest
eddies τη) [30]

Ka ≡ τchemical

τη
(2.3)
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The diagram with regimes of turbulent premixed combustion is presented in Fig. 2.7.
The parameter on the y-axis is v′

SL
- a ratio of turbulence intensity v′ and laminar �ame

speed SL. Large values of
v′

SL
stand for high turbulence: the �ow time scales are smaller

than the chemical time scales.
The parameter on the x-axis is l

lF
- ratio of integral length scale and the �ame thickness.

Figure 2.7: Borghi-Peters diagram showing the regimes of premixed turbulent combus-
tion. Premixed combustion in gas turbines lays in the marked area; source [30]

Thin Reaction Zones

The regime of premixed combustion in gas turbines is the thin reaction zones (see Fig.
2.7) [21]. This regime is characterised by moderate Da and high turbulence intensities
(v′/SL ≫ 1). The thin reaction zones area on the Borghi-Peters diagram is limited by
lines:

� ReT = 1, where ReT is the turbulent Reynolds number: ReT = v′·l
SL·lF [30] - with

this condition it is ensured that the �ame is turbulent,

� 1 < Ka < 100, the �ame time scales τchemical are larger than τη, but not more than
100 times larger.
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Figure 2.8 pictures the �ame zone consisting of parcels of burned and almost-completely
burned gas. The factor limiting the combustion rate is then rate of breaking down
unburned gas parcels (to provide su�cient area between hot gases and combustible mix-
ture). In this case it is the turbulence, that controls the process.

Figure 2.8: Thin reaction zones scheme; source - [38]

2.4 Turbulent Mixing

Turbulent motion intensi�es mixing of multiple �ows. External �uid introduced in a
turbulent region, is being carried and dispersed across the region by all sizes of eddies.
In case of larger eddies the entrained �uid is being mostly transported, while smallest
ones promote the molecular di�usion.

2.4.1 Gas Turbine Premixer

In modern low-emissions gas turbine combustors the fuel is injected into the air �ow,
enabling both components to mix before they enter the combustion chamber. The ratio
of the fuel to air mass �ows is small, usually around

ṁfuel

ṁair
= 0.04 As one can see in the

Fig. 2.9 fuel is injected perpendicularly to the main �ow downstream of a turbulence
generating device. Then, air and fuel �ows mix within the tube length (Lpremix).
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Figure 2.9: Scheme of the gas turbine premixing tube; source [26]

The phenomenon used to model the premixer is a turbulent jet in cross-�ow.

2.4.2 Cross Flow Jet

In case of a cross �ow jet, various additional vortices are caused by perpendicularity of
two �ows (see Fig. 2.10a). Due to e�ective mixing capability this setting is favoured by
many gas turbine manufacturers [16].

(a) Scheme of the jet in cross�ow phenomena;
source [16] (b) Experimental channel setup; source [16]

Figure 2.10: Cross-�ow turbulent jets used in mixing modeling

Galeazzo et. al. [16] investigated experimentally the cross-�ow jet under highly
turbulent conditions (present in the gas turbine engines). Their �ow setup is presented
in Fig. 2.10b. z axis is a symmetry axis of the injected jet. x axis is parallel to the main
�ow, with point 0 in the jet injection location. D is a jet diameter. Aerosol particles
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(diameter < 2µm) were injected into both �ows, for the use of Particle Image Velocimetry
- to get the velocity �eld. Additionally 5000ppm of NO2 were added to the jet, for Laser
Induced Fluorescence - to see the concentration of the jet-origin �uid in the main �ow.

Figure 2.11 presents concentration C and concentration variation c̄′ for the cross �ow
jet at di�erent z/D values: 1.5, 3 and 4.5

Figure 2.11: Dimensionless concentration C and dimensionless standard variation c̄′ -
experimental data; source - Galeazzo [16]

Results from Fig. 2.11 show, that when moving in positive directions of x and z axes
- the concentration is more uniform (mixed). Same thing happens with concentration
variation.

2.5 Chemical Kinetics

The rates of chemical reactions di�er in magnitudes and can be comparable to the rates
of �ow and molecular transport. It plays an important role in controlling the rate of
combustion, pollutant formation and elimination. The information about the rate of
di�erent reactions is contained in the chemical kinetics.

The rate at which fuel F is being depleted can be stated as:

d[XF ]

dt
= −kG(T )[XF ]

n · [XOx]
m (2.4)



2. Theorethical Background 24

Where:

� [XF ] and [XOx] stand for fuel and oxidizer molar concentrations in [kmol
m3 ]

� kG(T ) is the global rate coe�cient (strongly dependent on the temperature)

� variablesm and n stand for the reaction order, in case of general reactions - achieved
experimentally

Global reaction can be treated as a black box for solving several coarse problems,
but for understanding what is exactly happening in the system one has to study the
elementary reactions that result in many intermediate species. Compilation of all simple
reactions and their reaction rates is termed the reaction mechanism.

2.5.1 Rate Coe�cients' Dependence on Temperature

Rate coe�cients of elementary reactions depend on the temperature strongly and non-
linearly. According to Arrhenius Law [40]:

k = A′ · exp
(
− E′

a

RT

)
(2.5)

Here empirical parameters are: A′ - a pre-exponential factor and E′
a - the activation

energy - threshold energy level necessary for the reaction's occurrence. The R and T
stand for the universal gas constant R = 8.314 J

K·mol and temperature respectively. For
small activation energy or very high temperatures, the exponent in (2.5) goes to unity.
Then the reaction rate depends only on the preexponential factor and is constant.

2.5.2 GRI 3.0 Mechanism

The GRI 3.0 is a natural gas combustion mechanism developed in 1999 by Smith et.
al at the Gas Research Institute at the University of Berkeley [20]. It is being widely
used in the combustion community. It includes 325 reactions and 53 species with their
thermodynamically dependent rate coe�cients. Its range of application is [24]:

� Temperature 1000 - 2500K

� Pressure 10torr (1.33 · 103Pa) - 10atm

� Equivalence ratio 0.1 - 5.0

GRI 3.0 mechanism can be implemented in combustion simulations, as it was done
in the following thesis.
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2.6 NOx formation mechanisms

A subset of reactions included in Chemical Kinetics are those resulting in NOx produc-
tion. NOx have several formation mechanisms, highly dependent on the thermodynamic
combustion conditions and fuel compositions. The most important pathways for the gas
turbine combustors are: thermal, prompt and N2O oxidation [40]. All three are described
below.

2.6.1 Thermal NO

Known also as Zeldovich NO (after Yakov Zeldovich, who described the mechanism in
1946 [41]) is consisting of the set of elementary reactions:

O +N2
k1−→ NO +N (2.6)

N +O2
k2−→ NO +O (2.7)

N +OH
k3−→ NO +H (2.8)

Present in the high temperature regions both in the �ame and the post �ame �ow.
The name of the mechanism comes from its strong dependence on the temperature. The
reaction's (2.6) rate coe�cient (k1 = 1.8 · 1014exp(−318kJ ·mol−1/(RT ))cm3/(mol · s))
requires high activation energy to break the triple bond in the N2 molecule [40]. Thus
its rate is signi�cant only at higher temperatures (above 1700K) - see Fig. 2.12. As
steps (2.7) and (2.8) are assumed to be fast (d[N ]/dt ≈ 0), only the �rst reaction is
rate-limiting for the thermal NO formulation [40].

The non-linear rate coe�cient dependence on the temperature is presented in Figure
2.12.
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Figure 2.12: Plot of k1 vs Temperature

2.6.2 Prompt NO

Prompt NO, also known as Fenimore NO (named after scientist who proposed it in 1979
[14]) is another NOx formation pathway. Fenimore stated, that NO is formed from the
CH radicals present at the �ame front:

CH +N2 −→ HCN +N (2.9)

Produced HCN molecule oxidises to NO by undergoing reactions 2.10 - 2.14 [19].

HCN +O −→ NCO +H (2.10)

HCN +OH −→ CN +H2O (2.11)

CN +OH −→ NCO +H (2.12)

NCO +O −→ NO + CO (2.13)

NCO +OH −→ NO + CO +H (2.14)
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The nitrogen atom from 2.9 is also taking part in the reaction (2.7). The activation
energy of the reaction (2.9) is 75kJ/mol (Ta = 9000K), whereas the activation energy
of (2.6) (thermal NOx) is 318kJ/mol (Ta = 38200K). Since that Fenimore mechanism
is performing even at relatively low temperatures (about 1000K).

2.6.3 Nitrous Oxide NO

The Nitrous Oxide Pathway [29] is similar to the thermal one, but in this case it is
accompanied by a third molecule M (that can be any molecule, often referred to as a
third body). The outcome is:

N2 +O +M −→ N2O +M (2.15)

After N2O is created, it may react with oxygen atom and form NO [29]:

N2O +O −→ NO +NO (2.16)

The activation energy of the reaction (2.16) is only 97kJ/mol, so low temperature is not
an obstacle. In frequently observed conditions the Nitrous Oxide path produces insignif-
icant part of NO [40]. But in case of lean mixture (CH radicals formation suppressed -
Fenimore blocked) and low temperature (Zeldovich suppressed) it can play an important
role. Quoting Correa [9], it can even become "the major source of NO in lean premixed
combustion in gas turbine engines".

2.6.4 Turanyi's corrections to GRI 3.0

The GRI 3.0 mechanism has all the reactions of the mentioned NOx pathways covered.
Also the mechanism's range of application is said to lay between 1000K and 2500K.
Despite of that, the NOx emissions investigation in higher temperatures (1800K) is
not performed with satisfying accuracy [1]. In 2017 Turanyi et. al. [8] proposed rate
corrections of the NOx producing reactions, resulting in much closer correlation with the
experimental results. In the following thesis both mechanisms (with and without Turanyi
corrections) are being investigated.

2.6.5 NOx Formation in Gas Turbines

NOx formation in gas turbine combustors was an object of research for decades. In several
papers ([6], [12]) the NOx formation is split into two di�erent contributions: prompt (fast,
formed in the �ame) and post�ame (thermal, happening in hot gases downstream). This
distinction is motivated by di�erences in the turbulence-chemistry interactions. The
scheme of the combustor (showing regions of two mentioned contributions) is presented
in Fig. 2.13a.
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The results in Fig. 2.13b are obtained using 1D perfectly premixed �ame models
for two values of equivalence ratio: ϕ = 0.571 and ϕ = 0.653. The NOx production is
represented by the NOx source term value - ω̇NOx - mass of NOx formed per volume
and time [ kg

m3·s ] (left axis). Without surprise, one can notice that in case of higher
equivalence ratio, NOx source term is higher. It is caused by the simultaneous higher
�ame temperature (right axis). It is also worth to mention, that in the post �ame region
the NOx production rate is constant.

(a) Sketch of a gas turbine combustion system. L/D is a
dimensionless coordinate in the main �ow direction; source
- Dederichs [12]

(b) NOx source term and temperature as a function of the laminar
�ame spread for two exemplary equivalence ratios. Natural gas at
8 bar; source - Dederichs [12]

Figure 2.13: Prompt and post�ame NOx

For several decades researchers were investigating the in�uence of di�erent (other
than temperature) thermodynamic parameters on the amount of NOx produced. In
case of pressure, a popular assumption is the ≃ p0.5 dependency [36]. However, many
scientists suggest more complicated dependencies, even with negative powers (decrease
in NOx in higher pressures) [5].
In Correa's review paper [10] he suggests that the NOx emissions scale with pressure:
[NOx]p/[NOx]1bar = pξ, where ξ increases from ξ = 0 (lean conditions) to ξ = 0.5 (at
higher ϕ).
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2.7 Reactor Network

To describe the changes in the chemical composition of the �ow, one can use the concept
of reactors. In case of modelling the combustor, a chemical reactor network (CRN) is
being used. Among a large variety of reactors, in this study two types of ideal reactors are
used in simulating combustion: Perfectly Stirred Reactor (PSR) and Plug Flow Reactor
(PFR) [40].

2.7.1 Perfectly Stirred Reactor

Also known as continous-strirred-tank (CSTR) is an ideal model, where feed and product
�ows are continuous and the content of the reactor is perfectly mixed. The temperature
and concentration inside the reactor are equal to the out�ow conditions. Residence time
of each of the �ow elements (small �uid parts) may be di�erent. Steady-state operation
is assumed, hence there is no time dependence in the mathematical description. PSR
scheme is presented in Fig. 2.14.

Figure 2.14: PSR scheme with conservation equations

Governing equations of the PSR (for each species k), forming a set of K+1 ordinary
di�erential equations are presented below [17].

Mass balance:
ṁ(yout,k − yin,k)− ω̇k · V ·MWk = 0 (2.17)
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Heat balance:

ṁ

K∑
k=1

(yout,k · hout,k − yin,k · hin,k) + Q̇ = 0 (2.18)

Variables in equations (2.17) and (2.18) represent:

� Q̇ - the reactor heat loss,

� ω̇k - molar rate of chemical reaction (production of the k-th species) per unit
volume,

� ṁ - mass �ow in the reactor

� V - reactor volume

� MWk - molecular weight of the species k

� yin,k or yout,k - mass fraction of species k in the incoming/outgoing �ow

� hin,k or hout,k - speci�c enthalpy of species k in the incoming/outgoing �ow

The nominal residence time (τres) can be calculated using the product mixture density
(ρ, computed in (2.20) from the ideal gas law), reactor volume (V ) and the mass �ow
rate (ṁ):

τres =
ρV

ṁ
(2.19)

ρ =
P ˆMW

RT
(2.20)

Where ˆMW is a mean molecular weight, R is a universal gas constant, P - the pressure,
T - the temperature. In this thesis project PSRs will be used as a mixture ignition
reactor - they will represent the �ames.

2.7.2 Plug Flow Reactor

Another type of reactor is the plug �ow reactor (also known as piston �ow reactor). It
is usually visualized as a long pipe, with steady and uniform axial �ow (see Fig. 2.15).
There is no mixing in the direction of the �ow. Residence time for each �uid element is
equal. Additional assumptions are the friction-less �ow and ideal-gas behaviour [40].
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Figure 2.15: PFR scheme with in�nitesimal control volume ∆z

The cross-sectional area is not necessarily constant (A(z)) - model might represent
simple pipe as well as a nozzle or di�user. The axial position of all particles in a certain,
moving cross-section (z) is computed using (2.21).

z = t · vz (2.21)

Here, the t denotes time elapsed since the clump of �uid entered the reactor (age of
the material point at z) and vz stands for velocity of the �uid. The complete mixing is
being assumed in each cross-section, so the concentration of species k is a function of
only z: yk(r, ϕ, z) = yk(z).
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Figure 2.16: In�nitesimal control volume ∆z with �uxes of mass, z-momentum, energy
and species

Taking into account in�nitesimally small control volume balances shown in Fig. 2.16,
governing equations are stated [38]:
Mass conservation:

d (ρvzA)

dz
= 0 (2.22)

Momentum conservation in z direction

dP

dz
+ ρ · vz

dνx
dz

= 0 (2.23)

Energy conservation
d
(
h+ v2z/2

)
dz

+
Q̇”P
ṁ

= 0 (2.24)

Species conservation
dyk
dz

− ω̇kMWk

ρvz
(2.25)

Where additionally:

� A - area of the pipe cross section [m2]
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� Q̇” - heat �ow through the wall [ W
m2 ]

� P or Perim - local perimeter [m]

In this work, plug �ow reactors are placed after the PSR and used to model the post
�ame region in the combustion chamber.

2.8 Turbulent Mixing Modelling

The turbulent mixing takes place both in the premixer and downstream of the �ame.
Modelling the mixing in the whole combustor is necessary to accurately simulate the
turbulent premixed combustion.

2.8.1 Unmixedness De�nition

Unmixedness is the variable describing quantitatively the mixing quality of the �ow. Let
us consider a volume consisting of a large number of smaller, same sized (elementary)
volumes. Each elementary volume has its own concentration of species k. The set of
concentrations for each small element can be then presented on histograms, which are
treated as concentration pdf. An example of CFD-based (CFD - Computational Fluid
Dynamics), non-perfectly premixed fuel mass fraction pdf is presented in Fig. 2.17.
The variable on the x-axis is fuel mass fraction (Yfuel). If the mixing was perfect, the
histogram would be a single bar with all volumes having the same concentration.

Figure 2.17: CFD-based probability (sampled over generic �ame front) and its Gaussian
distribution approximation; source [12]
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Among many possible de�nitions of unmixedness (U), in our considerations we will
use the simple one - employing the standard deviation (σ) and mean value of mass
concentration of particular species in the �ow (ȳ).

U =
σ

ȳ
(2.26)

It is worth mentioning that unmixedness can be spatial (steady state) or spatio-
temporal (accounting for concentration changes in time). In this thesis only the steady
state unmixedness is treated.

2.8.2 Monte Carlo Algorithm

Monte Carlo is a computational algorithm, that uses random samples to obtain results.
It can be employed to solve stochastic problems, by simulating their random processes.
In this study, mixing is done using the Monte Carlo algorithm.

In this approach, the �ow in the combustor is divided into thousands of smaller parts -
particles of the same mass. Each particle has its own values of composition and enthalpy.
Let us consider the case of mixing two separate �ows of pure CH4 and pure oxidizer.
Both of them are divided into a number of particles of mass mparticle: Nfuel and Nair.
Initially, all fuel particles have their properties (enthalpy and mass composition vectors)
equal to: h = hCH4 and yCH4 = 1. For pure air stream, the properties are: h = hair and
yCH4 = 0. Mixing phenomenon is being modelled by observing the interactions between
pairs of particles.

2.8.3 Modi�ed Curl's Model by Pope

A model used to simulate mixing in the combustor is Modi�ed Curl's model. The idea
was �rstly proposed by Curl in 1963 [11] for the di�usion mixing and modi�ed by Janicka
in 1979 [25]. Later several improvements were delivered by Pope [31]. Those enabled
using it in case of turbulent mixing.

To simplify the explanation, let us treat only one property - the concentration. For
simple case: t = 0, the set of particles is consisting of two same sized packets of �uid with
concentrations equal to y1 and y2. The mean concentration is 1

2(y1 + y2). A normalized
concentration ψ parameter is being introduced:

ψ = 2 ·
y − 1

2(y1 + y2)

y1 − y2
(2.27)

The normalized concentrations for two mentioned packets of �uid are: ψ1 = 1 and
ψ2 = −1. The mean concentration is then < ψ >= 0, initial variance < ψ′2 >= 1.
Initial pdf of ψ, is

p(ψ, t = 0) =
1

2
δ(1− ψ) +

1

2
δ(1 + ψ) (2.28)
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Figure 2.18: Modi�ed Curl Model mixing scheme

Here �rst delta function stands for �uid packet with ψ = 1 (y = y1), while the second
corresponds to ψ = −1 (y = y2). For time t > 0 standard deviation σ ((2.29)) starts to
decrease. ψ can obtain values only in the range −1 ≤ ψ ≤ 1.

σ2 =

∫ +∞

−∞
ψ2 · p(ψ)dψ (2.29)

A stochastic description of the model is following. The total number of particles is N .
The ωdecay = 1

τmix
is assumed to be a constant rate of the standard deviation decrease.

The model is evolving through small time steps δt (much smaller than the residence time
δt · ωdecay ≪ 1). Two particles are randomly selected from the set. Number of selected
pairs Np is computed using Np = 3 · δt · ωdecay ·N (constant 3 is suggested by Pope).
Let us consider two particles in a pair (denoted by superscripts m and n) - see Fig.2.18.
Their ψ values before mixing are (2.30) and (2.31).

ψ(m)(t) = ψa (2.30)

ψ(n)(t) = ψb (2.31)

After one time step, the ψ values are: ψ∗
a for particle m and ψ∗

b for particle n:

ψ∗
a = ψ(m)(t+ δt) = (1− Λ)ψa +

1

2
Λ(ψa + ψb) (2.32)
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ψ∗
b = ψ(n)(t+ δt) = (1− Λ)ψb +

1

2
Λ(ψa + ψb) (2.33)

The parameter Λ ∈ (0, 1) is a random variable of continuous pdf. The mixed pair of
particles is returned to the set.

This procedure is repeated Np number of times.

2.9 Unmixedness Impact on NOx formation

The quality of mixing in the combustor has large impact on the nitrous oxides emissions.
When discussing the unmixedness impact on NOx formation, most of researchers are in
agreement: poorer mixing results in higher emissions. The explanation of this behaviour
is intuitive: in situation of de�cient mixing there are several pockets of leaner and richer
mixture. As mentioned in 2.1.1, the �ame temperature is strongly dependent on the
equivalence ratio. Since NOx emissions are greatly in�uenced by the temperature (espe-
cially with Zeldovich path - see Fig. 2.12), the production in leaner and richer pockets
will di�er.
Even though the NOx formation is smaller in lean volumes, due to strongly nonlinear
dependence on the temperature overall NOx emissions are higher.

In 2013 Dederichs et. al. [12] investigated the NOx emissions for a given global
burning temperature and premixing quality. They constructed a 1D combustion model,
that delivered NOx production prognosis basing on fuel mass fraction pdfs. Later, they
compared the results with experimental data. Due to di�culties with measuring the
unmixedness in the actual setup, the U value was estimated in adequate transient and
steady state CFD simulations. Two versions of unmixedness were examined : steady
state-based spatial U , and spatiotemporal U computed using transient simulation.
The scheme of investigated can-type combustor is presented in Fig. 2.13a.

Dederich's results are plotted in Fig. 2.19 One can see, that the impact of unmixed-
ness is non-linear. The sharp increase of emissions occurs for U > 0.2. Hence this value
indicates the level of premixing su�cient for low NOx emissions. Another message from
Dederich's results is that for more accurate estimations the spatio-temporal unmixedness
has to be taken into account.

Schlegel et. al. [33] also investigated NOx formation with di�erent unmixedness
levels. Their results are presented in Fig. 2.20 (the conditions were: inlet temperature
300◦C, ϕ = 0.5.).
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Figure 2.19: Measured NOx emissions related to di�erent CFD-based unmixedness pa-
rameters and comparison against the modeled emissions; source - Dederichs [12]

Figure 2.20: Measured NOx emissions at the combustion chamber exit vs. "rms �uctu-
ations in fuel concentration" - basically unmixedness; source - Schlegel [33]

A non-linear NOx emissions behavior is observed - there is a sharp increase around
U = 0.2 similar to the one in Fig. 2.19.

According to [6] NOx emissions in the post�ame region are approximately three times
more sensitive to unmixedness than prompt ones. The reason for this behaviour is that
the NOx pathway dominant downstream of the �ame is the thermal one 2.6.1.
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Even though unmixedness is considered undesirable from the NOx emissions' point of
view, one should keep in mind that some degree of U is necessary for �ame stabilization
[6]. [12] points out also risk of �ashback, autoignition, pressure drop and limited space
as other reasons for desired U ̸= 0.

2.10 Probability Density Function Approximations

The concentration probability density function after not ideal mixing can be approxi-
mated by di�erent bell-shaped distributions. One of them is the beta distribution.

2.10.1 Beta Distribution

It is a distribution fully speci�ed by variate β of two parameters: v and ω [13]. Depending
on those two it can be a bell-like (for v > 1 and ω > 1 - Fig. 2.21a), U-shaped (for v < 1
and ω < 1 - Fig. 2.21b) or J-shaped (for (v − 1)(ω − 1) < 0 - Fig. 2.21b) curve.

(a) Bell-shaped beta pdf (b) U- and J-shaped beta pdf

Figure 2.21: Possible shapes of the beta distribution, source: [13]

One of the advantages of beta distribution is the range matching the range of mass
fraction - 0 < x < 1. It prevents from working with non-physical mass fractions: negative
and larger than one. Another is the possible skewness of the pdf - the beta distribution
produced in turbulent mixing is not necessarily symmetric (what is being seen in the
experimental results [27]). Additionally U-shaped pdf can approximate double Dirac
function (the initial pdf of two �ows, before mixing).

Main characteristics of the beta distribution are gathered in Table 2.1.
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Table 2.1: Main characteristics of the beta distribution

Parameter Value

Range 0 ≤ x ≤ 1

Shape parameters β: v > 0, ω > 0

Probability density function xv−1(1−x)ω−1∫ 1
0 uv−1(1−u)ω−1 du

Mean x̄ v
v+ω

Variance σ2 vω
(v+ω)2(v+ω+1)

v = f(x̄, σ) v =
(
1−x̄
σ2 − 1

x̄

)
· x̄2

ω = f(x̄, σ) ω = v
(
1
x̄ − 1

)



Chapter 3

Combustor Model

3.1 GeneAC structure

GeneAC is a proprietary 1D tool used to model combustion systems. It is employed by
Siemens Energy researchers to obtain additional information about the system response
for changing the �ow parameters. GeneAC is an early-design-stage computationally
e�cient alternative for costly CFD analyses. Examples of response analysed by the tool
are NOx and CO emissions.

GeneAC is used to compute both the �ow pressure distribution and chemical kinetics
(with the speci�ed mechanism). So each reaction can be simulated in the approximated
thermodynamic conditions present in the combustor.
Despite the availability of pressure computations, due to the small impact of the pressure
drop (around 5%) on the chemical reactions, it was decided to be neglected. The total
pressure was assumed to be constant throughout all the elements. With known mass
�ows of the mixture, the system was fully described.

GeneAC combustor models examined in this thesis are consisting from blocks of
reactors and their connectors presented below:

� Inlet element - upstream element containing boundary conditions of the system.
The inputs are: fuel and air mass �ows, composition, temperature, total pressure
and the air humidity.

� PSR - Perfectly Stirred Reactor (see 2.7.1), used to model ignition. Input is the
volume (therefore the residence time).

� PFR - Plug Flow Reactor (see 2.7.2), used to model post-�ame combustion. User
de�nable inputs are geometrical: length (therefore residence time) and inlet and
outlet cross-sectional areas (if equal - reactor is modelled as a cylinder, if not - cone
section.

� Merger - element used to combine two �ows. Used to structure the model. It is a
simple connector, with no mixing taking place.

40
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� Outlet - downstream boundary condition. It has no variables to be set.

� Pipe - element used to model the premixer before adding the prescribed pdf func-
tion. The inputs were the same as in the PFR (the di�erence with the PFR is lack
of reactions in the pipe).

3.2 Monte Carlo in GeneAC

After a successful run of the bulk �ow analysis, an additional Monte Carlo simulation is
carried out. It is used to account for non uniformity of the mixture.

Instead of simulating chemical kinetics of the bulk mass �ow, the mixture is divided
into same-mass small �ow elements (particles). Particles may di�er in composition and
enthalpy. Aside from reactions, those particles can exchange properties with each other
(to represent mixing in an actual combustor). A group of particles of the �ow is called
a particle cloud.

In the Monte Carlo analysis, the particles are not characterised with velocity. Their
movement is described by residence times in each reactor. Those have already been
computed in the bulk analysis.

Each particle has four properties:

� mass mp in [kg], uniform for all the particles,

� enthalpy Hp in [J ], constant throughout the reaction, changeable only by mixing,

� mixture fraction fp [−], constant in the reaction, changeable only by mixing,

� a vector of mass fractions −→yp [-], changing when particle undergoes a reaction and
in mixing.

3.2.1 Mixture Fraction

Mixture fraction as a particle property was added as a response to the need of tracking
the unmixedness downstream of the �ame. Previously, the unmixedness of the mixture
was computed as:

UCH4 =
σCH4

ȳCH4
(3.1)

Where σCH4 is a standard deviation of the CH4 mass fraction and ȳCH4 is a mean
particle CH4 mass fraction. This de�nition of U allowed an insight to the pdf only
upstream of the �ame. Therefore a new, reaction independent variable was introduced -
the mixture fraction. The mixture fraction (f) is a ratio of mass �ow of the fuel to the
mass �ow of the dry mixture:

f =
ṁfuel

ṁfuel + ṁair,dry
(3.2)
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For pure methane cases presented in the thesis: ṁfuel = ṁCH4.

The mixture fraction is assigned to each particle in the Inlet element. It can change
only by means of mixing with other particles (the mean mixture fraction of the particle
cloud is constant through the whole system).

Then, the created particle cloud passes through the reactors, to eventually go to the
outlet element (where their NOx concentration is examined).

3.2.2 Mixing

As the Monte Carlo analysis simulates mixing, it requires an additional input for the pipe
element, PSR and PFR - mixing time scale τmix. Depending on the quality of mixing in
a certain reactor its mixing time scale can be small (good mixing) or large (worse mixing
conditions). The method of choosing appropriate values is described in section 3.5.

The pipe element is used only for mixing (simulating the premixer). When a particle
cloud enters the PSR, PFR or the pipe element, it is being mixed by employing the
Modi�ed Curl Model (see 2.8.3) [31].
Firstly, the number of mixing pairs is being computed:

Nmix = 3 · τmix

τres
·N (3.3)

where τmix is the mixing time scale in the reactor/pipe (determined by the turbulent
interactions), τres is the reactor/pipe residence time and N is a number of particles in
the cloud. The source of the constant 3 is described in the 2.8.3.
Then, each randomly picked pair of particles exchanges its enthalpy, mixture fraction
and mass composition vector according to:

ψ1,new = (1− Λ) · ψ1,old
p +

1

2
Λ
(
ψ1,old
p + ψ2,old

p

)
(3.4)

ψ2,new
p = (1− Λ) · ψ2,old

p +
1

2
Λ
(
ψ1,old
p + ψ2,old

p

)
(3.5)

where: ψi,new
p - a mixing scalar property (enthalpy or mixture fraction) of particle i after

mixing, ψi,old
p - a mixing scalar property of particle i before mixing, Λ - a random number

from range (0, 1).

The mass fraction vectors are also updated using factor Λ:

−−−→
y1,newp = (1− Λ) ·

−−−→
y1,oldp +

1

2
Λ

(−−−→
y1,oldp +

−−−→
y2,oldp

)
(3.6)

−−−→
y2,newp = (1− Λ) ·

−−−→
y2,oldp +

1

2
Λ

(−−−→
y1,oldp +

−−−→
y2,oldp

)
(3.7)
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where
−−−→
yi,newp is a particle i mass fraction after the mixing and

−−→
yi,oldp - before the mixing.

After being mixed, the particle pair is put back into the particle cloud and both particles
can mix again with other particles.
In the reactors particles �rstly mix and then they react (with respect to the reactor
formulae).

As an e�ect of mixing, the mixture fraction pdf changes when passing through the
reactor/pipe element. An example of this evolution is presented below (Figure 3.1). In
this case particle cloud of initial beta-pdf U ≈ 20% (see 3.2.3) is subjected to mixing
with τmix = 3ms. The evolution of the pdf is captured at residence times 0ms, 2ms,
4ms and 6ms. The distribution is getting narrower with increase of the residence time.
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(a) pdf at the inlet (b) pdf at τres = 2ms

(c) pdf at τres = 4ms (d) pdf at τres = 6ms

Figure 3.1: Mixture fraction pdf evolution while mixing (τmix = 3ms)

3.2.3 Prescribed pdf function

Before adding a prescribed pdf function, user had to simulate the premixing of fuel and
oxidizer �ows. In this scenario a premixer sub-model was consisting of two inlet elements,
a merger (to combine two �ows) and a pipe element. Scheme of a premixer sub-model is
presented in Fig. 3.2 - in the lower part of the image.
The mixing of fuel and oxidizer took place in the pipe. It was simulated with use of
Curl turbulent mixing model with mixing time scales brute-force adjusted to match the
desired unmixedness in the premixer outlet (taken from the CFD).
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Applying the mixing model in the pipe was unreliable: the unmixedness of the particles
leaving the premixer was showing �uctuations of several percent points between the sim-
ulations. To prevent this issue to a�ect the results, the pdf at the �ame was presumed.
The prescribed pdf function was added. Thanks to this feature, user is able to start a
simulation (in the inlet element) with the mixture fraction unmixedness and pdf shape
exactly as expected in the �ame front.

Figure 3.2: Inlet element with prescribed mixture fraction pdf (top) and simulating the
premixer (bottom).

The only additional input required in the inlet element is the �ame front unmixedness
UD (see 3.5.4).

The mean mixture fraction (f̄) of the mixture is computed from the total fuel and
oxidizer mass �ows:

f̄ =
ṁfuel

ṁfuel + ṁair
(3.8)

As the inlet pdf is assumed to be a beta-distribution (see 2.10.1), its shape parameters
v and ω are computed using following equations:

std(f) = UD · f̄ (3.9)

var = (std(f))2 (3.10)

v =

(
1− f̄

var
− 1

f̄

)
· f̄2 (3.11)

ω = v ·
(

1

f̄ − 1

)
(3.12)
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Using a beta inverse cumulative distribution function (f = I−1(x, v, ω) for more
explanation see 2.10.1) the (N×1) vector of mixture fractions for each particle is created.
The incomplete beta function is de�ned as:

I(x, v, ω) =
1

B(v, ω)

∫ x

0
t(v−1) · (1− t)(ω−1)dt (3.13)

Where B(v, ω) =
∫ 1
0 u

v−1 · (1− u)ω−1.

Then two master particles are being created:

� air master particle - having the particle mass mp, oxidizer composition
−→yox and

particle enthalpy computed as Hp,ox = hox · mp [J ] (where hox in
[

J
kg

]
is the

speci�c enthalpy of oxidizer at inlet temperature and pressure). Its mixture fraction
is fp = fox = 0.

� fuel master particle - having the particle mass mp, fuel composition
−→yf and particle

enthalpy computed as Hp,f = hf ·mp (where hf is the speci�c enthalpy of fuel at
inlet temperature and pressure). Its wet mixture fraction is fp = ff = 1.

Using the master particles and the particle mixture fractions the inlet particles are
created. Their enthalpy and mixture fraction are:

Hp = fp ·Hp,f + (1− fp) ·Hp,ox (3.14)

−→yp = fp · −→yf + (1− fp) · −→yox (3.15)

Shape of the pdf

To check the quality of approximating the premixer outlet pdf with a beta distribution,
a shape comparison with available CFD data was carried out. In Fig. 3.3 there are two
histograms showing the mixture fraction distribution in the premixer outlet - prescribed
pdf (blue) and CFD (red). The desired unmixedness in this case was UD = 9.5%.
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Figure 3.3: Histogram shape comparison of GeneAC prescribed pdf and CFD histogram
at the end of the premixer.

The CFD histogram bars were slightly higher in the lean area, but in general beta
pdf was decided to be a su�cient approximation.

3.2.4 Reactions

The chemical kinetics of the reactions are computed for each particle separately.
Since simulation of the ignition in the PSR needs a lot of computational time, it is
saved by employing the tabulated chemistry. The table of product particles is called the
ignition cloud.

The product particles are computed for speci�c temperature, pressure, kinetic mech-
anism and residence time in the reactor. The particles di�er in equivalence ratio: the
minimal ϕmin = 0.4 and maximal ϕmax = 2.0 (to include the �ammability limits). The
PSR equations are solved for each ϕ - the resulting mass fraction vector and temperature
are then the −−−−−→yignition and T of the product particle. The example of the table is presented
in the Tab 3.1.
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Table 3.1: Example of an ignition cloud

No. ϕ [-] Hp [kJ] Temperature [K] mp [kg] −→yp
1 0.4000 3575 1614.4 0.001 −−−−−→yignition(ϕ = 0.4000)

2 0.4020 3570 1619.3 0.001 −−−−−→yignition(ϕ = 0.4020)

...

The procedure of assigning product particles from the table to the particle in the
PSR is following. First, the equivalence ratio ϕp of the simulated particle is computed. If
it does not lay between the ϕmin and ϕmax the particle remains unchanged - it is outside
the combustibility limits (see the left scheme in the 3.4).

If ϕp is between ϕmin and ϕmax - the closest ϕignition from the table is found. Then

only the
−−−−−−→
yunreactedp is overwritten with −−−−−→yignition (right scheme in the 3.4). The other

properties: mass, mixture fraction and enthalpy remain unchanged.

Figure 3.4: Change of particle properties depending on the ϕp

In the PFR all reactions are computed for each particle, with no use of tabular
chemistry.

3.3 ACE Model

ACE (Advanced Combustion system for high E�ciency) is a staged, can combustor
system. The Fig. 3.5 is showing the ACE position in the Siemens Energy gas turbine.
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Figure 3.5: Combustor position in the Siemens Energy gas turbine; source - Siemens
Energy o�erings website [18].

ACE is equipped with two rings of premixed jets, placed around the pilot burner.
Assuming axial symmetry, the upstream cross section area of the combustor was divided
into 3 reaction zones: outer stage B, inner stage A and pilot �ame - stage P (see the
Figure 3.6). Then another, axial stage X is placed downstream of those three.
Downstream of the X stage the �ows from di�erent zones are merged together (Fig 3.6
and 3.8).

Figure 3.6: ACE scheme divided into stages: A, B, X and the Pilot.
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The areas of each zone with respect to the total area A (see Fig. 3.7) are:

� Apilot = 0.07 ·A

� AA = 0.37 ·A

� AB = 0.56 ·A

Figure 3.7: The division of the cross-sectional area into stages A, B and the Pilot.

The scheme of ACE model is presented in the Figure 3.8. As the combustor is
axisymmetric, only half of the longitudinal section is shown. The elements of the model
are described in the following sections (3.3.1 - 3.3.3).
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Figure 3.8: Model of the ACE. The axial dimension is scaled to non-dimensional value
x=(0,1). Cross section areas are presented as fractions of the initial area A.

3.3.1 Inlets

All three zones are starting from the separate inlet elements with speci�ed mass �ows,
thermodynamic conditions and the desired unmixedness in the �ame front (since the
next element is PSR).
Inlets are also placed downstream of the �ame - to represent additional air streams and
axial staging. In Fig. 3.8 inlet elements are depicted by arrows: blue for air streams and
violet for air and fuel mixture.

3.3.2 PSR

The �rst elements connected to three respective inlets (A, B, pilot) are PSRs. It is where
the �ame front is simulated.

3.3.3 PFR

After ignition in the PSRs, the downstream combustion is modelled in the respective
PFRs. The division into three zones (A, B, P) is continued until the x = 0.34.
It is done for two reasons. Firstly, the outer jets are mixed with air from the Helmholtz
resonators (sets of cavities with necks placed to suppress pressure pulsations - Reso 1
and Reso 2 [4]). It is more physical to initially mix stage B with air (PFR B1 and PFR
B2 ) and then merge it with �ow from the inner ring. Secondly, this division allows to
simulate the pilot (PFR P1, PFR P2 - higher equivalence ratio �ow of high unmixedness
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(20%)) before it mixes with the �ow from the stages A and P. The division of B stage
PFR is compulsory due to the resonator air �ow at x = 0.19. Any additional air �ow
requires a merger element before placing a new reactor.
In case of stages A and P the division into two reactors (PFR A1 and PFR A2, PFR P1
and PFR P2 ) is made to improve the accuracy of the model: as each reactor initially
mixes the �ow and then proceeds with reactions, more reactors might mitigate the error
caused by discretization. At the same time more reactors increase the computational
time, so the stages A and B were divided into only two same-sized parts.
At x = 0.34 there is an additional stage introduced - stage X. It is a �ow of fuel and
air mixture with relatively high unmixedness (> U = 50%) Again, �rstly it is merged
only with the outer �ow (stage B - PFR B+X ), whereas at this point stage A and pilot
are already merged together (PFR A+P). Then from x = 0.57, after the transition air
cooling is added, all �ows proceed in the mutual reactors - PFR TOT1 and PFR TOT2.
Further burnt mixture leaves the combustor and enters the turbine.

The concept of dividing the combustor into mentioned reaction zones was then trans-
ferred to GeneAC. As later two settings of the X stage were examined (with and without
X stage �ow), two models: with and without the axial staging were created. Both are
shown in the Appendix B.

3.4 Sensitivity Analysis

Most of the inputs of the model were taken from the experimental setup (such as air and
fuel mass �ows, thermodynamic conditions, inlet unmixedness). The model speci�c pa-
rameters: reactor mixing time scales, PSR residence time or chemical kinetics mechanism
had to be selected. Therefore the sensitivity analysis of the ACE model for mentioned
parameters (including the unmixedness) was carried out.

3.4.1 Chemical Mechanism Evaluation

Five potential reaction mechanisms that compute NOx were investigated: GRI3.0, GRI3.0
with Turanyi's modi�cations, NUIG 30, NUIG59 and NUIG120 (NUIG stands for the
mechanisms developed in cooperation of Siemens Energy and University of Galway; still
in progress). The �rst two consist of the same 53 species. They di�er only in several
rate coe�cients (see 2.6.4). The NUIG mechanisms are reduced versions of the full
combustion mechanism and have respectively: 30, 59 and 120 species.

The impact of the mechanism was examined using a simple system consisting of a
single inlet, PSR (τres = 10ms) and the outlet. The combustion was simulated for
di�erent equivalence ratios from 0.37 to 2.0 for two di�erent pressure levels: 1bar (Fig.
3.9) and 20bar (Fig. 3.10). Fuel and oxidizer mixture was assumed to be perfectly mixed.
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Figure 3.9: NOx vs. equivalence ratio for di�erent mechanisms at 1bar, left plot:
ϕ ∈ (0.37, 2.0), right plot: zoomed in ϕ ∈ (0.37, 0.87)

Figure 3.10: NOx vs. equivalence ratio for di�erent mechanisms at 20bar, left plot:
ϕ ∈ (0.37, 2.0), right plot: zoomed in ϕ ∈ (0.37, 0.87)
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For p = 1bar NUIG59 and NUIG120 are characterised with highest NOx. GRI3.0
and NUIG30 present similar results (especially in the lean area). GRI3.0 with Turanyi's
modi�cations produces the lowest NOx. Another interesting observation is that the
maximum of the Turanyi's emissions are displaced in the richer direction with respect to
the other mechanisms.

For p = 20bar the di�erence in NOx emissions between the mechanisms is smaller
than for p = 1bar. At higher pressure it is the NUIG30, that has the highest NOx peak.
The other Galway-based mechanisms produce little less NOx. GRI3.0's result is lower,
and again the modi�ed GRI3.0 shows the lowest NOx production.

In conclusion, there are clear di�erences between the mechanisms. It was desired to
proceed with at least one of NUIG mechanisms (since their results are similar), GRI3.0
and the modi�ed GRI3.0. The largest problem with NUIG mechanisms was the com-
putational time, that was �ve times longer than for the other ones. Since the time for
simulations was limited and the NUIG results were not far from the GRI3.0 (so we do
not expect large di�erences between each other) - Galway mechanisms had to be left out.
Only GRI3.0 and modi�ed GRI3.0 were proceeded with.

3.4.2 Design of Experiment

Further sensitivity analysis was done for the full ACE model without axial staging. The
Table 3.2 presents parameters examined in the sensitivity analysis and their values.

Table 3.2: Parameters of the sensitivity analysis

Property Values investigated
Chemical kinetics mechanism GRI 3.0, GRI 3.0 with Turanyi modi�cations

τmixPFR 3ms, 5ms, 7ms

τmixPSR 1ms, 2ms, 3ms

τresPSR 0.15ms, 0.7ms, 1.3ms

UA = UB 5%, 10%, 15%

Since the computational time of a combustor simulation (≈ 4h) does not allow to
run the full factorial of the properties (34 · 2 = 162), the sets of inputs were chosen with
help of Design of Experiment method. Using Plackett-Burman Design the number of
runs was reduced to 13 for each mechanism (2 · 13 = 26 in total, see Appendix A). The
results of the screening design are presented on the Pareto chart - comprising of absolute
values of the standardized e�ects (Fig. 3.11). The red reference line at Standarised
Effect = 2.086 indicates which factors are statistically signi�cant.
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Figure 3.11: Pareto chart for the examined parameters

In this case the only insigni�cant parameter is the mixing time scale in the PSR. This
behaviour is expected, since the PSR residence time is relatively small
(τres ∈ (0.15, 1.3)ms with respect to the τmix ∈ (1, 3)ms). Hence mixing in the PSR is
limited.

The regression equation in uncoded units obtained from screening the Plackett-
Burman Design is:

NOx(dry, 15%O2)[ppm] = 9.9 + 6.55 · τmix,PSR[ms] + 6.75 · τmix,PFR[ms]+

+3.758 · U [%]− 33.42 · τres,PSR[ms] + 16.91 ·M
(3.16)

TheM factor stands for the Mechanism. It isM = 1 for GRI3.0 andM = 0 for Turanyi.
As one can see from the equation, the strong e�ect of the parameters is following:

� UA = UB - the higher the unmixedness, the higher the NOx (positive regression
coe�cient 3.758)

� Mechanism - change from Turanyi to GRI3.0 increases the emissions by around
17ppm (positive regression coe�cient ≈ 17)

� τmix,PFR, τmix,PSR - with worse mixing (higher mixing time scale) the NOx is
increasing (positive coe�cients 6.55 and 6.75). Despite the similar regression co-
e�cients, the impact is way larger in case of PFR - it is due to the larger mixing
time scales in this reactor.
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� Increase of the residence time in the PSR results in decrease in NOx (negative
coe�cient equal to −33.42). It might be due to the way mixing and reactions are
ordered in the reactor. As mixing (computed using τres and τmix) happens in the
very beginning, larger residence time causes large drop of unmixedness before the
ignition.

3.4.3 Monte Carlo Validation

To check if Monte Carlo tool produces trustworthy results, a method validation was
carried out: the perfectly mixed result (general GeneAC) was compared to the Monte
Carlo (U = 0% and all τmix = 10−10s). The simulation was run for a full combustor
model (with X stage), using GRI3.0 mechanism. The results are presented in Table 3.3.

Table 3.3: Monte Carlo Tool Validation

Perfectly mixed Monte Carlo U = 0 Monte Carlo U ̸= 0

NOx (dry, 15%O2) [ppm] 32.05 32.45 37.10

The deviation of 0% Monte Carlo from perfectly mixed case was below 0.5ppm. In
comparison to 5ppm di�erence (between U ̸= 0 and perfectly mixed) this deviation was
considered negligible.

3.4.4 Number of Particles

Another parameter necessary to simulate the model is the number of particles. Obviously,
the more particles, the higher is accuracy of a pdf shape. On the other hand large number
of particles increases the computational time of the simulation.

To check if the default mass of particle (1g) ensures desired accuracy, simulations of
the same test case with di�erent number of particles were run (Table 3.4).

Table 3.4: Number of particles impact on NOx (dry, 15%O2)

No. of Particles Particle mass [g]
NOx Monte Carlo
(dry, 15%O2) [ppm]

14 225 2 43.94

28 450 1 43.94

56 900 0.5 43.96

The results computed for di�erent number of particles did not show large di�erences,
so it was decided to proceed with the default particle mass equal to 1g.
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3.5 Parameters Selection

After identifying the impact of parameters, the �nal choice of the parameters was made.

3.5.1 PSR residence time

The �ame is modelled in the PSR. As the PSR residence time should be equal to the
�ame residence time, the �ame CFD results were consulted. The mean �ame residence
time was found to be τflame = 0.2ms - the time computed from the average distance
between non-reacted and fully reacted mixture. Unfortunately this time was to short to
ensure ignition in the �ammability limits (ϕ ∈ (0.4, 2.0)). As ignition of all the particles
from that interval was a priority, the smallest residence time satisfying this condition was
taken: τres,PSR = 0.7ms. The expected e�ect of this modi�cation is an increase of NOx
emissions (since the residence time with high unmixedness is larger), but it is necessary
for the successful combustion simulation.

3.5.2 PSR mixing time scale

Mixing in all PSRs is disabled (τmixPSR = 1000ms), since the inlet mixture fraction pdfs
are already the desired mean �ame front distributions. The �ow starts mixing after being
ignited, in the PFR.

3.5.3 PFR mixing time scale

The mixing time scale in the post�ame region was deduced from CFD k
ϵ distribution in

the combustor. The k
ϵ values on the contour plot downstream of the �ame laid between

1 and 2ms. The lower value was chosen: τmix,PFR = 1ms.

3.5.4 Mixture fraction pdf in the inlet

The unmixedness in the premixer outlet was taken as a value from CFD results (�xed
for each kind of premixer). In cases examined in the thesis the unmixedness values were:
for stages A and B: UA = UB = 7%, for the pilot: UP = 20% and for stage X UX = 50%
(see 3.8). The inlet mixture fraction pdfs for stage A, B, P and X are presented in the
Figure 3.12.
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(a) pdf at stage A Inlet (b) pdf at stage B Inlet

(c) pdf at stage P Inlet (d) pdf at stage X Inlet

Figure 3.12: Prescribed pdfs in the mixture inlets

3.5.5 Chemical Kinetics Mechanism

As sensitivity analysis has shown the mechanism to have a largest impact, the combus-
tion was simulated with both available mechanisms: GRI3.0 and GRI3.0 with Turanyi
modi�cations.



Chapter 4

Results and Comparison with

Experimental Data

To validate the combustor model, the results of the simulations were compared to the
available experimental data.
The experiments were carried out in the Siemens Energy test centre in Berlin Area. The
company was testing the combustor with di�erent boundary conditions. The geometry
and residence time in the combustor did not di�er between the specimens. Among
multiple test the 16 cases were chosen and reproduced using the GeneAC model.

4.1 Experimental data

The boundary conditions of the simulations were taken from the experimental cases.
The factors di�erentiating the test cases were: ϕ, pressure level and di�erent pilot frac-
tions: ratios of fuel fed into the pilot to the total fuel �ow in stages A, B and P -
PMP =

ṁfuel,pilot

ṁfuel,A+ṁfuel,B+ṁfuel,pilot
.

Another di�erence between the examined cases was presence of the stage X - an addi-
tional stage downstream of the �ame. It is used to reduce NOx emissions by shortening
the residence time in the combustor for part of the mixture.
The mass �ows in the stage X is zero for closed (ṁX = 0) and non-zero for open (ṁX ̸= 0).

All altered properties are presented in the Table 4.1.

Table 4.1: Altered parameters of the experiments

Property Values investigated
Pressure level 8bar, 16bar

ϕ between 0.5 and 0.6

PMP 5%, 6%, 7%, 7.5%

X stage not active, active

59
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4.2 Input data sanity check

To ensure the input data was set correctly and the tool obeys basic rules of combustion,
the sanity check was done. The combustor outlet temperature vs. equivalence ratio
dependency was plotted (see Fig. 4.1). The aim was obtaining graph similar to Fig. 2.2.
In the range of equivalence ratios tested in the combustor ϕ ∈ (0.5, 0.6) the temperature
vs. ϕ curve should be a straight line, same for with and without the X stage active.

Figure 4.1: Temperature vs. equivalence ratio dependence for all the test cases.

As expected, test points almost form a straight line. Small deviations from the line
might be caused by the mass �ow uncertainties.

4.2.1 ACE without X Stage

The table with results for ṁX = 0 is presented in 4.2. For data protection all the NOx
emissions were scaled - divided by the maximal NOx in [ppm] value of all 16 test cases.
The U = 0% column stands for simulation of perfectly mixed �ow, while U ̸= 0% is the
Monte Carlo result.
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Table 4.2: Results for the non-X-stage cases

No. p [bar] ϕ [-] PMP [%]
NOx scaled [-]

GRI3.0 Turanyi
Exper.

U = 0 U ̸= 0 U = 0 U ̸= 0

1

8

0.568 7.5 0.60 0.72 0.30 0.39 0.59
2 0.567 5 0.55 0.63 0.27 0.32 0.38
3 0.581 5 0.73 0.83 0.37 0.43 0.53
4 0.545 5 0.37 0.42 0.17 0.21 0.24

5

16

0.559 7 0.58 0.70 0.29 0.38 0.76
6 0.555 5 0.54 0.61 0.27 0.32 0.48
7 0.567 5 0.69 0.79 0.36 0.42 0.63
8 0.578 5 0.87 1.00 0.46 0.54 0.84

The �rst observation is, that the Monte Carlo cases always present higher NOx than
the perfectly mixed ones. This behaviour is expected, since in the Monte Carlo simulation
we deal with non-zero unmixedness. Another remark is, that for the cases computed using
GRI3.0, emissions are always higher than the Turanyi ones. In most of the GRI3.0 cases
the NOx is overshooting the experimental, while for Turanyi the computed values are
below the test ones.

4.2.2 ACE with X stage

The table with results for ṁX ̸= 0 is presented in 4.3. Again, all the NOx emissions
were scaled - divided by the maximal NOx in [ppm] value of all 16 test cases. As in the
non-X-stage table U = 0% column stands for simulation of perfectly mixed �ow, while
U ̸= 0% is the Monte Carlo result.

Table 4.3: Results for the X-stage cases

No. p � [-] PMP [%]
NOx scaled [-]

GRI3.0 Turanyi
Exper.

U = 0 U ̸= 0 U = 0 U ̸= 0

1

8

0.559 5 0.43 0.50 0.21 0.25 0.27
2 0.562 7 0.45 0.54 0.22 0.28 0.36
3 0.562 5 0.47 0.53 0.23 0.27 0.30
4 0.579 5 0.63 0.71 0.32 0.37 0.42

5

16

0.561 5 0.57 0.66 0.29 0.35 0.48
6 0.535 6 0.31 0.37 0.16 0.19 0.30
7 0.577 5 0.80 0.92 0.42 0.49 0.64
8 0.550 5 0.45 0.52 0.23 0.27 0.36

The behaviour of NOx concentration for cases with X stage does not di�er from the



4. Results and Comparison with Experimental Data 62

ones without the axial stage: results considering non-zero unmixedness are higher than
the perfectly mixed. Also the mechanism has the same impact: GRI3.0 is overshooting
the test NOx values, while Turanyi's results are smaller than experimental.

4.3 Impact of the Test Parameters

Figure 4.2 presents the dependence of NOx emissions (scaled) on the equivalence ratio
for 4 di�erent settings: top left - p = 8bar and no X stage, top right - p = 8bar with
X stage, bottom left - p = 16bar and no X stage, bottom right - p = 16bar with axial
staging.
Data points constructing the exponential trend lines are for PMP = 5%. The higher
pilot fractions PMP ∗ are represented by red markers.
The qualitative impact of the test parameters: equivalence ratio, pressure, axial staging
and pilot fraction is described below.

Equivalence Ratio

The NOx emissions are exponentially dependent on the equivalence ratio. For PMP =
5% both experimental and computational results form exponential curves - NOx is
strongly dependent on ϕ. This behaviour was expected, due to large in�uence of the
temperature on thermal NOx emissions (see Fig. 2.12 and 4.1).

Pilot Fraction

For experimental values larger PMP results in higher NOx. This e�ect is more visible
in cases without axial staging - where pilot has more impact on the emissions.
Higher pilot fraction resulting in higher NOx is only slightly visible with the computa-
tional results - the distance between points with PMP ∗ and the exponential trend lines
of PMP = 5% is smaller than for the experiments. It means that the model is not
sensitive enough to fully resolve the e�ect of di�erent pilot fractions.

Axial staging

As expected, the NOx emissions are reduced with axial staging, i.e. shortening the
residence time for part of the fuel-air mixture.
The quantitative description of the reduction is presented in section 4.4.



4. Results and Comparison with Experimental Data 63

Figure 4.2: Scaled NOx vs. equivalence ratio for cases without the X stage (left plots)
and with X stage (right plots). Upper plots have p = 8bar, for lower ones p = 16bar
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Pressure

As one can see, higher pressure results in higher NOx. Also the quality of prediction
changes with pressure: in case of p = 8bar Turanyi is closer to the experimental data
than at higher pressure. For GRI3.0 simulations at p = 16bar the di�erence between the
simulation and experiments is smaller than at 8bar.
The quantitative dependence of NOx(p) is treated in section 4.5.

4.4 Axial Staging E�ect

To check if the model's response to axial staging is the same as in the experiment, the
exponential curves (test points trend-lines) were compared - see the Fig. 4.3.

Figure 4.3: Comparison of two exponential curves: with and without axial staging.

The reduction of NOx with respect to value without axial staging was computed as:

∆staging =
NOxnot−staged −NOxstaged

NOxnot−staged
(4.1)

Where NOxstaged and NOxnot−staged are scaled mole fractions of dry 15%O2 NOx
[ppm] for combustor with and without staged combustion respectively. NOxstaged and
NOxnot−staged for ϕ = 0.575 are marked in the �gure 4.3.
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This procedure was repeated for ϕ values between 0.555 and 0.585, for experiments and
both kinetic mechanisms simulations. The reduction of NOx due to axial staging for two
pressure levels is plotted in Fig. 4.4.

Figure 4.4: ∆staging vs. ϕ for experiment and simulations. Left plot - p = 8bar, right
plot - p = 16bar.

The experimental ∆staging is showing interesting behaviour: at 8bar the NOx reduc-
tion is constant for all ϕ, while at p = 16bar the reduction is increasing linearly with ϕ.
What is also visible, the simulation ∆staging is the same for both kinetic mechanisms -
di�erence between Turanyi and GRI3.0 is almost invisible. Moreover, in case of simula-
tion results, the ∆staging stays constant at both pressure levels - increase of ∆staging is
not visible in the simulations results.
The simulated reduction of NOx was smaller than in the experiments for both pressure
levels - for p = 8bar the reduction was 30% lesser. In case of p = 16bar the di�erence
between experiments and simulations was even larger.

4.5 Pressure dependence

As experiments and simulations were carried out at two pressure levels, the pressure
dependence of NOx could be examined. Assuming NOx(ϕ, p) ≈ g(ϕ) · pξ and basing on
interpolated plots of NOx vs. ϕ, the power ξ was computed. This procedure was followed
for experimental results, GRI3.0 and Turanyi computations for di�erent ϕ values (see Fig.
4.5).
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Figure 4.5: ξ vs. ϕ for experiment and simulations. On the left combustion without the
X stage, on the right with X stage.

First thing one can see, is that there is no single pressure dependence. The ξ is
changing with equivalence ratio linearly (for ϕ ∈ (0.53, 0.58)). In both plots (with and
without axial staging) the pressure impact is under-predicted by the model (with Turanyi
performing slightly better).
Without axial staging the trend of ξ(ϕ) is the same for experiments and simulations -
pressure power is increasing with equivalence ratio.
The opposite thing is happening for the cases with axial staging - the experimental ξ(ϕ)
is decreasing while the simulation values are increasing with ϕ. The reason for this
behaviour might be the low accuracy exponential interpolation of NOx vs. ϕ (see Fig.
4.2). Three data points might not be enough to accurately predict the emissions for other
ϕ.

4.6 NOx source

As discussed in the 2.6, the combustion NOx is being produced via three pathways:
thermal, prompt and N2O. To examine the contribution of each of those three, some
changes were applied to the GRI3.0 mechanism. After simulating the combustor with
the full mechanism, three mechanisms with only one pathway active (reaction rates of
the others set to 0) were used. The reactions disabled in each altered mechanism are
listed in Table 4.4.
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Table 4.4: Reactions deactivated in each altered mechanism

Mechanism GRI3.0_THERMAL GRI3.0_PROMPT GRI3.0_N2O

Reactions
disabled

N2O +O −→ 2NO
N2O +O −→ 2NO CH2 +N2 −→ HCN +N
N2 +O −→ NO +N N2 +O −→ NO +N

CH2 +N2 −→ HCN +N
N +O2 −→ NO +O N +O2 −→ NO +O
N +OH −→ NO +H N +OH −→ NO +H

The combustion was simulated for two 16bar cases: with and without the X stage.
The equivalence ratios for those cases are equal (ϕ = 0.578) Results are presented in the
Table 4.5.

Table 4.5: Di�erent NOx pathway contributions

NOx(of the mechanism)/ NOx(GRI3.0)
Mechanism GRI3.0_THERMAL GRI3.0_PROMPT GRI3.0_N2O
Case 8

without X stage
0.86 0.19 0.23

Case 7
with X stage

0.86 0.20 0.23

As the NOx produced via one pathway is also depending on the other ones, the entries
for thermal, prompt and N2O do not add up to 1.
In both cases (with and without the X stage) the contributions are similar. Majority of
NOx is produced via thermal pathway, while prompt and N2O present similar impor-
tance.

4.7 Mixture Fraction Histogram Evaluation

Besides looking at the NOx emissions, the quality of the mixing model was evaluated.
To compare the GeneAC with CFD results, particle cloud mixture fraction histograms
at di�erent cross sections were extracted. The cross sections' positions are presented in
the Fig. 4.6.
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Figure 4.6: Cross sections with extracted mixture fraction histograms.

The histograms are presented in subsections 4.7.1 and 4.7.2. The plot reading tips
are following:

� y-axis is labelled "relative Count". It stands for the number of particles (or control
areas in CFD) that have mixture fraction laying between the bin edges.

� There are two overlapping histograms on each �gure (see an example plot in Fig.
4.7). The light red histogram is the one from CFD. The blue one: GeneAC. When
bars of both of them are overlapping, the resultant colour is darker red.
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Figure 4.7: Legend

4.7.1 Upstream of the Axial Stage

The histograms (both CFD - red and GeneAC - blue) at di�erent x positions (upstream
of the axial stage) are presented in Fig. 4.8 - 4.10.

As one can see, shapes of the GeneAC histograms matched the CFD ones - peaks'
positions were similar. The di�erence between them is the pdf width - the narrower
distribution in GeneAC signalises that mixing e�ciency is overestimated by the model.
What is also worth mentioning, the CFD histogram at x = 0.06 (Fig. 4.8) has a long
tail on the lean side (which has a strong impact on the unmixedness value). This is not
resolved in GeneAC distribution.



4. Results and Comparison with Experimental Data 70

Figure 4.8: Mixture fraction histograms comparison at x = 0.06, CFD - red and GeneAC
- blue.

Figure 4.9: Mixture fraction histograms comparison at x = 0.19, CFD - red and GeneAC
- blue.
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Figure 4.10: Mixture fraction histograms comparison at x = 0.29, CFD - red and GeneAC
- blue.

4.7.2 Downstream of the Axial Stage

Initially, all the mixing time scales in all PFRs were equal to 1ms. The values presented
in sections 4.1 - 4.6 are computed with this setting.
During initial histogram evaluation, the mixing overestimation by the GeneAC was no-
ticed (also downstream of the axial stage - see the left sides of Fig. 4.11 - 4.14). So
another - worse mixing scenario was checked.
According to the k/ϵ plot mixing time scales in the combustor should lay between 1 and
2ms. This time the higher limit of mentioned interval was investigated. The mixing time
scales were increased only downstream of the X stage (x = 0.34), as this is the area we
expect mixing to be less e�cient than in the upstream zone. Therefore the downstream
PFR τmix were changed from the previous 1ms to τmix,downstream = 2ms.

As the change was applied only downstream, it was only the cross-sections at x > 0.34
to be a�ected. The mixture fraction histograms are presented for x = {0.46, 0.57, 0.68, 0.78}
positions (Fig. 4.11-4.14).

Although for the �rst examined cross-section (x = 0.46) histograms look similar,
downstream the di�erences are more and more visible. Since the GeneAC histograms are
wider for the τmix,downstream = 2ms, the right hand side histograms (2ms) seem to be
more consistent with CFD results than the left hand side ones (1ms).
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Figure 4.11: Mixture fraction histograms comparison at x = 0.46, CFD - red and GeneAC
- blue. Left plot: τmix,downstream = 1ms, right plot: τmix,downstream = 2ms.

Figure 4.12: Mixture fraction histograms comparison at x = 0.57, CFD - red and GeneAC
- blue. Left plot: τmix,downstream = 1ms, right plot: τmix,downstream = 2ms.
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Figure 4.13: Mixture fraction histograms comparison at x = 0.68, CFD - red and GeneAC
- blue. Left plot: τmix,downstream = 1ms, right plot: τmix,downstream = 2ms.

Figure 4.14: Mixture fraction histograms comparison at x = 0.78, CFD - red and GeneAC
- blue. Left plot: τmix,downstream = 1ms, right plot: τmix,downstream = 2ms.
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A plot of unmixedness vs. the axial position is presented in Fig. 4.15. The three data
series are: CFD, GeneAC with τmix,downstream = 1ms and GeneAC with τmix,downstream =
2ms. The arrows at the bottom of the plot mark the x positions, where air and mixture
�ows are added.

Figure 4.15: Unmixedness vs. axial position for the CFD data, GeneAC with
τmix,downstream = 1ms and GeneAC with τmix,downstream = 2ms

As one can see, the GeneAC simulations are strongly under-predicting the unmixed-
ness in the upstream part of the combustor. The di�erence is the largest in the �rst cross
section - where CFD histogram had a long tail in the lean area (Fig. 4.8). It can be
caused by not resolving the resonators in the model - in the simulations both resonators
are treated as air �ows added at a single point.
In opposition to the GeneAC results, CFD unmixedness is monotonically decreasing
throughout the combustor. In the model, addition of the stage X or Transition cooling
�ows visibly increases the U value.
Downstream of the stage X the results are closer to the CFD ones. Still, the CFD un-
mixedness values lay between the τmix,downstream = 1ms and τmix,downstream = 2ms -
checking intermediate values would be a good idea.

Unfortunately, due to time restrictions, the impact of this new setting on NOx emis-
sions was not evaluated. What is expected is a slight increase in NOx emissions (since
unmixedness is larger).



Chapter 5

Summary

5.1 Main Achievements

As a result of this thesis project, GeneAC Monte Carlo tool has undergone numerous
improvements. Due to adding useful features, the tool enhanced its accuracy (prescribed
pdf) and enabled the user to track mixing downstream of the ignition element (mixture
fraction property of the cloud).

After improving the tool itself, a sensitivity analysis of the model was done. It
has shown which parameters are particularly important, so require additional attention.
Those results were also taken into account when choosing the values for the �nal model
parameters.
After a successful sensitivity analysis, a combustor model was created (in two versions:
with and without axial staging).
Using those Monte Carlo tool was successfully validated for U = 0% cases. As the
perfectly mixed case has not shown any major deviations from the general GeneAC
results, tool was ready for running the non-zero unmixedness simulations.

Results were compared with experimental data. Their comparison and impact of
examined parameters are summed up in subsections 5.1.1-5.1.6.

5.1.1 Impact of the Equivalence Ratio

For PMP = 5% model returned results, that show exponential dependence of NOx on
ϕ. The same behaviour was observable in experiments. Nevertheless those exponential
curves were not overlapping - depending on the mechanism NOx emissions were under-
or overestimated.

5.1.2 Pressure Impact

The general pressure dependence on NOx was re�ected by the model: higher pressure
resulted in increased emissions. Nevertheless the power ξ (if assuming the function

75
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NOx(ϕ, p) ≈ g(ϕ) · pξ) of the experiments does not match the one obtained by the
model: for both chemical kinetics mechanisms ξ is around 50% smaller.
Also the shape of experimental ξ(ϕ) dependence for axial staging does not match the
simulation one - all NOx(ϕ) curves should be re-evaluated with more data points.

5.1.3 Pilot Fraction Impact

The simulation impact of the PMP on NOx is consistent with physics: stronger pilot
results in higher emissions. But except from this basic dependence, the di�erent PMP
levels do not show satisfying results - the di�erence between the NOx (at the same p and
ϕ, but di�erent PMP) for experiment is always larger than for the simulation. It means
that the Monte Carlo Tool is underestimating the pilot fraction impact on the emissions.

5.1.4 Axial Staging

As in the experiment, the additional stage downstream of the main �ames reduced NOx
emissions. Even though, the reduction for simulations was smaller, than in the experi-
ments.

5.1.5 NOx Pathway

In GeneAC NOx pathway in the combustor is mostly thermal with additions from N2O
and prompt. This situation matches the expectations from the literature - it is mainly
the Zeldovich mechanism causing the NOx emissions from the gas turbines' combustors.

5.1.6 Pdf Evaluation

The mixing in the combustor was well resolved in the histograms. The pdfs in the
simulation were similar to the ones from CFD. The only di�erence between them were
the width of the distribution - for GeneAC they were too narrow.

5.2 Proposals

GeneAC Monte Carlo tool still requires some work before it can be successfully used by
the Siemens Energy combustor designers. The proposals for the future tool developers
are presented below.
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5.2.1 Flame CFD Investigation

Current model mixing evaluation was carried out basing on histograms in several cross-
sections. Future development requires an in-depth CFD investigation in the upstream
part of the combustor - the place where unmixedness reaches the highest values. The
histograms could be evaluated also for each stage separately. More insight in this area
may bring new, improved ideas for modelling the main burners and pilot.

5.2.2 Recirculation

The combustor model used in this thesis project was consisting of only few reactors. Due
to this coarse approximation, only the mean �ow velocities in each combustion zones
were modelled. This way the phenomenon of recirculation was neglected. It is advised to
at least do the sensitivity analysis of including separate recirculating �ows in the model.

5.2.3 Mixing

The mixing e�ciency is not constant in the whole combustor. To be able to set di�erent
values in di�erent reaction zones (reactors), mixing time scales should be investigated in
CFD in detail.
Another idea for improvement of mixing is making the cooling air �ows and stage X more
complex than adding the �ow in one point - for example by dividing the streams into
smaller ones and merging them with the main combustor �ow at di�erent x positions.
More complex treatment of the �ows added downstream of the �ame might lead to more
accurate NOx predictions.

5.2.4 Pilot Modelling

As the tool was not able to resolve the PMP impact on NOx, the pilot should be inves-
tigated in detail.
More simulations with di�erent pilot settings should be done and compared with the
available experimental results.
Also the additional tests focusing on the pilot could be carried out: for example the
setting with other stages fuel mass �ows set to 0. Also future tool developers should
think about changing the way pilot is modelled - by altering the residence/mixing time
or using di�erent type of reactor.

5.2.5 Mechanism

The choice of kinetic mechanism has large impact on the results. At the same time,
none of two applied mechanisms turned out to be more accurate. Hence choice of the
mechanism is still open - NUIG and other available mechanisms should be examined.
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Appendix A

Design of Experiment

Parameters of the test cases selected using DoE and the computed 15% O2 dry NOx
values are presented in the table below (A.1).

A-1



Design of Experiment A-2

Table A.1: Sensitivity analysis results

No. τmix,PSR [ms] τmix,PFR [ms] U [%] τres,PSR [ms] Mechanism NOx (dry, 15% O2)

1 3 3 15 0.15 Turanyi 69.367

2 3 7 5 1.3 Turanyi 32.251

3 1 7 15 0.15 Turanyi 124.588

4 3 3 15 1.3 Turanyi 38.645

5 3 7 5 1.3 Turanyi 32.255

6 3 7 15 0.15 Turanyi 169.971

7 1 7 15 1.3 Turanyi 29.198

8 1 3 15 1.3 Turanyi 25.535

9 1 3 5 1.3 Turanyi 24.605

10 3 3 5 0.15 Turanyi 32.855

11 1 7 5 0.15 Turanyi 43.159

12 1 3 5 0.15 Turanyi 31.607

13 2 5 10 0.7 Turanyi 38.877

14 3 3 15 0.15 GRI3.0 107.338

15 3 7 5 1.3 GRI3.0 72.484

16 1 7 15 0.15 GRI3.0 136.077

17 3 3 15 1.3 GRI3.0 88.551

18 3 7 5 1.3 GRI3.0 73.067

19 3 7 15 0.15 GRI3.0 142.124

20 1 7 15 1.3 GRI3.0 79.421

21 1 3 15 1.3 GRI3.0 69.137

22 1 3 5 1.3 GRI3.0 58.12

23 3 3 5 0.15 GRI3.0 74.162

24 1 7 5 0.15 GRI3.0 81.955

25 1 3 5 0.15 GRI3.0 72.416

26 2 5 10 0.7 GRI3.0 77.622



Appendix B

GeneAC Model

The combustor models with and without the axial stage are presented in the Fig. B.2.
They are consisting of following elements (Fig. B.1):

(a) Inlet element (b) PSR element

(c) PFR element (d) Merger element

Figure B.1: Legend for the models presented in the Fig. B.2

B-1



GeneAC Model B-2

Figure B.2: The model of combustor used in GeneAC (with axial stage X included - on
the left side and without including the X stage: on the right side).
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