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Zusammenfassung

Stickoxidemissionen (NOx) verursachen sauren Regen, Smog und tra-
gen indirekt zur globalen Erwärmung der Atmosphäre bei. Der Großteil
der NOx-Emissionen wird bei der Verbrennung von fossilen Brennstof-
fen freigesetzt. Aufgrund der Festsetzung strengerer gesetzlicher Gren-
zwerte müssen bestehende Brennkammerkonzepte grundlegend über-
dacht werden. Die gestufte Verbrennung mit einer konventionellen
ersten Stufe, in deren heißes Abgas ein Luft-Brennstoff-Gemisch
eingedüst wird, kann hierzu einen Beitrag liefern. Die hier vorliegende
Arbeit untersucht, unter welchen Umständen diese Anordnung zur
Stickoxidreduzierung in stationären Gasturbinen führen kann. Das Re-
duktionspotential wird für atmosphärischen Versuchsbedingungen und
mithilfe chemischer Netzwerkmodelle für Maschinenbedingung (bei
20bar) untersucht.

Abstract

Emissions of nitrogen oxides (NOx) are one main precursor of acid rain,
smog and contribute indirectly to global warming. A large fraction of the
global NOx-emissions originate from combustion of fossil fuels. Legal
compulsion to further reduce maximum NOx-emissions force gas tur-
bine designers to rethink state of the art combustion chamber design. In
this context, axially staged combustion with conventional burners in the
first stage and jets injected into the hot cross flow in the second stage is
of particular interest. The study at hand contributes to the research on
if and how axially staged combustion can lead to a reduction of overall
NOx-emissions in stationary gas turbines. A combined approach of ex-
periment and chemical reactor network simulations is used to reveal the
NOx reduction potential at atmospheric and high pressure engine con-
ditions (at 20bar).
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1 Introduction to Jets in Cross Flow in
Stationary Gas Turbines

In the last decade the increasing generating capacity of volatile power
from solar and wind has driven the development of fossil power plant
technology towards increasing operational flexibility while maintaining
low emission and high efficiency standards. To make ends meet, gas tur-
bine designers have to find ways to increase the power turn down ca-
pacity of their engine at low NOx-emission and to further improve over-
all efficiency at high power. While mass flow rate control using variable
inlet guide vanes in the first compressor stages has provided a substan-
tial extension of the operational window for lean premixed combustion,
the required range still needs alternative combustion concepts. In this
context, axially staged combustion with conventional premix burners in
the first stage and jets injected into the hot cross flow (JIC) in the second
stage is of particular interest. In this work, the NOx reduction potential
of this concept is studied with an upscaled generic test rig and simplified
chemical modeling.

Cross Flow

Jet

First Combustion Stage Second Combustion Stage

Figure 1.1: Outline of the reacting jet in hot cross flow experiment.
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The outline of the reacting jet in hot cross flow experiment is shown
in figure 1.1. A premixed secondary jet is injected perpendicular to the
cross flow channel into the fully burnt hot exhaust gas of the first com-
bustion zone. This configuration is theoretically promising for low NOx-
emissions and increased flexibility based on two aspects: The first stage
can be fired at an optimized lean operating point for low power opera-
tion that keeps NOx-emissions low even for the relatively long residence
time of the products in the hot region. At full load the jet can be fired at
slightly higher equivalence ratio than the first stage in order to increase
the overall thermal efficiency. Due to the fast burnout and mixing with
the colder cross flow the residence time of the jet products in hot regions
is short, which results in low overall NOx-emissions. A higher mass split
ratio, i.e. a higher mass flow through the second stage, can increase those
effects. Accordingly, the case with higher equivalence ratio of the sec-
ond stage with respect to the first stage is most interesting for research
with technical relevance. In this configuration, mixing is of crucial im-
portance for NOx-formation in the second stage.
In addition to the NOx reduction potential which originates from per-
fectly premixed calculation, a second potentially beneficial effect is
caused by the limited mixing quality of state of the art combustors and
the inevitable air addition (seals, dampers, etc.) in between the com-
bustion zone and the turbine inlet. Both effects cause a significant in-
crease of the effective combustion temperature above the turbine inlet
temperature. With axial staging, the first stage can be fired at an opti-
mized operating point, by which NOx-emissions are kept low. Due to the
lower residence time in the second stage, the NOx minimum is reached,
if the secondary stage is fired at slightly higher equivalence ratio than the
first stage. With regard to this, more realistic assumptions taking into ac-
count the limitations of currently available combustor technology must
be taken into consideration. The potential benefit of staging might be
higher under this conditions.
In summary, the introduction of axial staging leads to an evolution
of current combustion technology, which has benefits regarding NOx-
formation in addition to the well known positive effects on part load
burnout.
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1.1 Low NOx Combustion Technologies

Nitrogen Oxides (NOx) are, beside sulphur dioxide (SO2), the main pre-
cursor of acid rain which causes acidification of lakes, rivers or forests
[95, 98]. Although NOx is not a direct greenhouse gas, its further reac-
tion to HNO3 produces secondary pollutants such as particles, ozone or
peroxyacetylnitrate [67], which contribute to global warming and have
an impact on human health. Since pollution causes damage and costs,
e.g. [93], NOx-emissions are under strict legal regulations nowadays. A
large fraction of the global NOx-emissions originate from combustion of
fossil fuel and biomass. Using natural gas as a fuel and air as an oxidizer,
the only source of NOx is due to oxidation of the N2 in the air.
Measures to reduce NOx-emissions in stationary gas turbines either take
directly action in the combustor or further downstream as after treat-
ment. Examples of direct reduction strategies are water or steam injec-
tion, a high degree of fuel and air premixing at a low equivalence ratio
as in dry low NOx (DLN) combustion, and parallel or serial staged com-
bustion (as for example in rich-quench-lean burning (RQL)). An exam-
ple of after treatment NOx-reduction is the selective catalytic reduction
(SCR) [124, 128].
Today, premixed lean combustion is state of the art in heavy-duty sta-
tionary gas turbines. Due to fuel and air premixing, combustion tem-
perature peaks are avoided, which primarily contribute to the overall
NOx-emissions. In order to reach low load levels, most DLN combus-
tors, [27, 145] (GE gas turbines) and [59, 140] (Siemens HR3 burner), use
staging concepts where the fuel to groups of premixers can be switched
off. To maintain stable ignition the remaining groups often need to be pi-
loted that is typically done with non-premixed diffusion flames, because
of their robustness against lean blow out (LBO) and thermoacoustic in-
stability [86, 96].
A different approach to achieve a higher turn-down ratio with low
NOx-emissions is sequential reheat combustion used by Alstom for the
GT24/GT26 gas turbines, e.g. [31, 46]. In this kind of combustor, the first
lean premixed combustion stage is followed by the high pressure tur-
bine before the partially expanded gas enters the second combustor at
temperatures around 1000-1300K. In the second combustor additional
fuel is injected and mixed until auto ignition occurs. Recent studies fo-
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cus on the application of hydrogen blends as an alternative fuel (see for
a numerical analysis e.g. [68, 120] and experimental studies on a high
pressure test rig [39, 40]).
Another possibility of an axially staged combustion system is the Rich-
Quench-Lean (RQL) combustor design, as used in Rolls-Royce [126,128]
and GE [36] aero gas turbines. In this combustor design, the first stage
is operated at rich conditions with equivalence ratios between 1.2 and
1.6. In the adjacent mixer, the combustion products are quenched with
air. The quick quenching in the combustor leads to a lean equivalence
ratio of 0.5-0.7 and full burn out in the second stage. As the formation
of NOx is highly sensitive to the residence time in the hot environment
between the two stages, quick mixing and dilution with air is crucial for
low emissions. While RQL combustion has favorable characteristics in
the context of aero application, the NOx-levels achieved are by a factor
2-3 higher than those required for power generation with stationary gas
turbines.
At high preheating temperatures, as in recuperated micro gas turbines,
lean premixed combustion may not be applicable due to the risk of
self ignition. Thus, alternative approaches for NOx-reduction are used
in micro gas turbines. The so-called flameless oxidation (FLOX) [152],
is characterized by a high recirculation rate of exhaust gas in the com-
bustion chamber of 30 to 50%. This fact leads to a temperature increase
in the combustion process of only a few hundred Kelvin with an invisi-
ble flame. In this combustion mode, at firing temperatures in the range
around 1500-1600K and high preheating temperature of up to 1200-
1300K, NOx-emissions in the single digit ppm range are achievable, as
shown in [2, 18]. A successful application of flameless combustion in a
multiple-staged configuration has been reported by the University of
Tokyo, see [2, 4, 5, 54, 55, 153]. However, regarding the high turbine in-
let temperatures required in modern stationary gas turbines for power
generation this concept cannot be applied.
With state of the art combustion technologies, NOx-emissions in the
range of 10ppm can be achieved in stationary gas turbines that still
is twice to three times higher compared to the theoretical minimum
achievable for the given turbine inlet temperature. This is a result of
unmixedness in the flame zone and air addition along the combustor
length. With conventional technology a higher turbine inlet tempera-

4



1.2 Recent Research on Reacting Jet in Cross Flow

ture is hard to achieve with NOx-levels below 10ppm. In contrast, the
staged combustion concept with a reacting premixed jet in the second
stage can combine the state of the art DLN combustion with the need of
a higher turbine inlet temperature without NOx penalty.

1.2 Recent Research on Reacting Jet in Cross Flow

The potential of staged combustion for NOx reduction has been dis-
cussed in literature [22, 132]. Although the absolute reduction poten-
tial is assumed to be small [132], decreasing NOx-emission limits below
10ppm require staging strategies to be reconsidered. In this context, ax-
ially staged combustion with injection of a premixed jet into a hot cross
flow has been proposed. This novel combustor technology might be able
to meet the demand of a higher turbine inlet temperature without an in-
crease in NOx- and CO-emissions.
The configuration of a non-reacting jet in cross flow (JIC) is a common
research topic in fluiddynamics (see [63,69,70,109,123]). However, so far
little is known about the details of flame stabilization, heat release, and
pollutant formation in premixed jets injected into hot cross flow. Further
research is needed on how this configuration of staged combustion can
be applied to achieve lower NOx-emissions.
Most recently, numerical and experimental research on reacting and
non-reacting jets in cross flow has been conducted at the Karlsruhe In-
stitute of Technology. Jet flames of pure methane and premixed methane
air mixtures in the second stage were studied using a test rig at ele-
vated pressure (2-5bar) [43,118]. The configuration was numerically an-
alyzed [20, 29] and validated against experimental results [21, 43]. Fur-
thermore, swirling jets are numerically studied in non-reacting LES sim-
ulation [30]. The research focused on numerical code development and
experimental data are mainly needed for validation. As a result, the sim-
ulations were able to predict flame shapes and positions.
A second research group with ongoing research in this field is situated at
Purdue University. Experiments with fuel and fuel-air jets are conducted
at elevated pressure (up to 5.5bar). The group experimentally investi-
gates operating points beneficial in terms of CO- and NOx-reduction be-
low 10ppm [83, 84]. However, the ongoing research lacks results of the

5



1 Introduction to Jets in Cross Flow in Stationary Gas Turbines

combustion experiments concerning details on the mixture field and its
influence on NOx-formation.

1.3 Motivation of the Present Study

The present work contributes to fundamental research on reacting jets
in hot cross flow as well as to its application in a novel combustion con-
cept as a second stage of an axially staged combustor for stationary gas
turbines. Certain points arise, concerning the technical feasibility of this
concept with respect to modern stationary gas turbine combustors:

• Axially staged combustion as in a jet in cross flow configuration
can be beneficial in terms of NOx-reduction due to the shorter resi-
dence time in the hot environment of the second stage. In case of a
higher equivalence ratio in the second stage, mixing of the jet with
the exhaust gas of the cross flow is needed in order to avoid temper-
ature peaks and high NOx-formation rate. The technically feasible
degree of (pre-)mixing and the connected NOx-levels require fur-
ther investigation.

• Lifting the flame off the jet outlet increases pre-flame mixing and
will affect local flame temperature and NOx-formation. The impact
of this effect on combustion in an atmospheric test rig and differ-
ences at high pressure conditions are studied.

• Experimental data are analyzed in order to reveal connections be-
tween the mixture field and NOx-formation in the mean and instan-
taneous mixture field. The influence of fluctuations and unmixed-
ness on NOx-formation in a reacting jet in hot cross flow is further
analyzed.

In conclusion, evaluating the NOx-formation in a JIC configuration re-
quires a detailed study of the mixing field in order to identify the loca-
tion of dominating NOx-formation zones. This study primarily focuses
on two points:

1. Description and characterization of the flow and mixture field of a
plain round jet in cross flow by comparison of the reacting with the
non-reacting case.
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2. Further assessment of if and how a jet in cross flow configuration
can contribute to reduction of NOx-emissions from stationary gas
turbines. This includes − besides the theoretically discussed per-
fectly premixed case − the realistic case of higher NOx-levels in
state of the art gas turbine combustors due to unmixedness.

As a starting point, the theoretical background needed for the study is
discussed in chapter 2. This includes the fluiddynamics of jets in cross
flow and fundamentals on turbulent reacting flows as well as chemi-
cal reactions, chemical modeling and NOx-formation. In the following
chapter 3, the atmospheric experiment is presented. The two different
scaling laws applying ignition delay Damköhler number and Karlovitz
number are discussed. Two different types of injectors are character-
ized which are further investigated in this study. The test rig provides
good optical access which enables laser-optical measurements. The ap-
plied measurement techniques, described in chapter 4, include state of
the art analysis on the basis of OH* chemiluminescence and with parti-
cle image velocimetry. Point-wise exhaust gas measurements are taken
with a suction probe. A focus of the study lies on the experimental anal-
ysis of the relation between the turbulent velocity and mixture field and
NOx-formation. Therefore, a new detection method using Mie scatter-
ing was developed which allows for detection of the instantaneous mix-
ture field of the reacting flow. In chapter 5, the theoretical NOx reduc-
tion potential of axially staged combustion is studied numerically us-
ing simplified chemical models. The results from this study are taken
as reference case for the following experimental and numerical analysis.
Chapter 6 first presents the results of the anchored flames of a large di-
ameter of 100mm. This stabilization mode was chosen to study details
of the reacting flow and mixture field on a large scale. Relations between
the mean and instantaneous mixture field and NOx-concentrations are
studied. In addition, a highly lifted flame of a small diameter of 15mm
is investigated in order to extract the data needed for an estimation of
NOx-concentrations at high pressure gas turbine like conditions using
a chemical network model. The network model analysis is presented
in chapter 7. A sensitivity study reveals differences in NOx-formation
routes at atmospheric and 20bar conditions. Further analysis, using the
experimental data of the lifted flame, includes more realistic gas tur-
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bine conditions of higher NOx-formations due to unmixedness in the
first stage and air addition along the combustor liner.
In summary, the study combines experimental data with chemical net-
work model simulations to specify conditions of beneficial application
of axially staged combustion employing a jet in cross flow configuration
in terms of NOx-reduction.
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2 Theoretical Background

In this chapter, an overview of the fluid dynamic phenomenon of jet in
cross flow is given. Then, characteristic time and length scales of react-
ing flows are identified. Dimensionless numbers are determined to clas-
sify combustion regimes of turbulent flow. Following that, chemical re-
actions and kinetics are discussed with special focus on methane com-
bustion and NOx-formation. The basics of chemical reactor simulations
using zero- (0D) and one-dimensional (1D) models are introduced. Fi-
nally, the influence of unmixedness as found in technical premixers of
real gas turbine combustors is discussed in terms of NOx-formation.

2.1 Jet in Cross Flow

A large body of literature on non-reacting jets in cross flow exists. A good
summary is given by two recent review articles [72, 92]. In addition, the
proceeding volume of the conference on jet in cross held in 1993 [94]
provides a good overview of the different fields of research. While both
compressible and incompressible JIC have been studied, only incom-
pressible flows are considered in the following.
The jet in cross flow configuration is often used for premixing of fuel
and air in burners, e.g. [6, 149]. The configuration is chosen because of
enhanced mixing compared to a free jet. The good mixing performance
is also of importance for reacting jet in cross flow applications. In the
following sections the focus is on the non-reactive velocity and vorticity
field.

2.1.1 Calculations and Parameters in a Jet in Cross Flow

The general coordinate system used throughout this study is exempli-
fied in figure 2.1. The x-axis is parallel to the cross flow, the y-axis is the
lateral coordinate and the z-coordinate follows the height of the chan-
nel. The corresponding velocities are u, v and w, respectively. Addition-
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ally, in the x-z center plane the velocity magnitude c is calculated by the
two velocity components u and w as c=

�
u2 +w2. A secondary coordi-

nate system with ξ, η and ζ will be used, which is bound to the trajectory
of the jet: The ξ-coordinate points along the trajectory whereas η- and
ζ-axes define the plane normal to the jet trajectory.

ζ

η

ξ

y,v

x,u

UJ

UX

z,w

x-z Center Plane
y=0

Figure 2.1: Introduction of the coordinate system.

The most important parameter of the isothermal jet in cross flow con-
figuration is the velocity ratio V = UJ/UX, with the jet velocity UJ and the
velocity of the cross flow UX. However, in the case of different densities
of the two flows, it is more useful to employ the momentum (flux) ratio J
according to equation 2.1 instead. The momentum ratio is expressed by
the density and velocity ρX and UX of the cross flow, and of the jet, ρJ and
UJ respectively, with

J = ρJU2
J

ρXU2
X

. (2.1)

10



2.1 Jet in Cross Flow

Also widely used in literature is the blowing ratio r calculated with equa-
tion 2.2. In the case of isodensity flows, the blowing ratio r is equal to the
velocity ratio V, which is the square root of J:

r =
√√√√ ρJU2

J

ρXU2
X

=
√

J. (2.2)

2.1.2 Trajectory and Mixture Properties

A characterization of the overall flow and mixture field of jets in cross
flow is made by the penetration depth of the jet. The trajectory analysis is
conducted in the x-z center plane at y=0, where the deepest penetration
is expected. Numerous correlations of these trajectories can be found
in literature. There are three different procedures how trajectories are
determined, e.g. [49, 51, 63, 69–71, 94, 123]:

1. The mixture trajectory is the sum of the loci with the poorest mix-
ing, i.e. in the center of the jet core. As it is experimentally deter-
mined by temperature measurements of a heated jet, it is also re-
ferred to as the temperature trajectory, e.g. [63, 69, 70, 109, 123]. In
this case, the trajectory follows the highest temperature.

2. In a similar way, the loci of the highest velocities can be used to
determine the velocity trajectory, e.g. [63, 69, 70, 123].

3. The third option for extracting the jet trajectory from data is to trace
the center streamline originating from the center of the injector
exit, e.g. [155].

Following [155] and [29], the velocity trajectory coincides with the cen-
ter streamline, at least near the jet outlet at small x-coordinates. Fur-
ther downstream, the velocity trajectory penetrates deeper into the cross
flow compared to the mixture trajectory. Published correlations for jet in
cross flow trajectories are of the general form of equation 2.3 with nor-
malized coordinates x/D and z/D:
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z

rD
= A

( x

rD

)B
. (2.3)

The analysis of [17,119,136] indicate scaling with the blowing ratio r and
the jet diameter D. Literature reviews [51, 94] reveal a wide scatter of
the coefficients A (1.2<A<2.6) and B (0.28<B<0.34), depending on the
characteristics of the investigated configuration and the applied exper-
imental method. The wide spread of the trajectories illustrates that the
penetration of jets in cross flow is very sensitive to boundary conditions.
These can be wall boundary layer thickness, turbulence of the jet and
the cross flow [21, 121], velocity inlet conditions [108], etc. Also, a min-
imum channel height H, depending on momentum ratio and jet diam-
eter, must be given to eliminate the influence of the opposite wall [70].
Hasselbrink and Mungal [52] proposed to designate jets as not confined
if rD<0.2H. In addition, rows of multiple jets can influence the path-
way of the trajectories, e.g. [64, 65, 89]. A strong influence on the trajec-
tory and the mixture field is exercised by different jet outlet geometries,
e.g. [47, 53, 81, 90, 91, 107, 131], or by a swirling jet, e.g. [30, 154]. The nu-
merical analysis in [20] shows an influence of jet Reynolds number on
the trajectory and mixing field of the jet and cross flow for two studied
laminar flow conditions. However, [136] showed that fully turbulent jets
at higher momentum ratios are invariant to changes in Reynolds num-
ber.
Hasselbrink and Mungal showed in [51] that the correlation following
equation 2.3 is only valid for high blowing or momentum ratios. For
lower blowing ratios, the factor A becomes a function of the momentum
or blowing ratio [136]. Following [51], the self-similarity indicates that
in the region near the jet injection the trajectory is depending on the
momentum ratio J exclusively. This dependency holds true if the jet ve-
locity is much higher than the cross flow velocity, i.e. momentum ratios
around 100 and higher. In conclusion, at a high blowing or momentum
ratio the near-field region is similar to the one of a free jet.
A second correlation, that differs from equation 2.3 is proposed for lower
momentum ratios in the range between 15≤J≤60 [63, 69]. In equation
2.4 and 2.5 the velocity and temperature trajectories are described by

12



2.1 Jet in Cross Flow

two different correlations, depending on density ratio ρJ

ρX
and momen-

tum ratio J, in addition.

Velocity :
z

D
= 0.89 J0.47

( x

D

)0.36
(2.4)

Temperature :
z

D
= 0.76

(
ρJ

ρX

)0.15

J0.52
( x

D

)0.27
(2.5)

Compared to free jets, the entrainment of surrounding material in a jet
in cross flow configuration is enhanced, e.g. [102]. The concentration de-
cay of jet material along the center line of a turbulent free jet was studied
by [125] and was found to be scalable by an exponent of -1. The works
of [51, 52] and [136] compared the mixing behavior of a free jet to the
mixing performance of a jet in cross flow.
First, in [136], a core region with no decay is distinguished from a near
field region with enhanced mixing. In the far field region the entrain-
ment of surrounding cross flow material is similar to the free jet. The
beginning of the far field region depends on the diameter D and the mo-
mentum ratio J, i.e. z/JD=0.3 determines the beginning of the far field
or wake-like region. In [136] the exponent of decay along jet trajectory
coordinate ξ is specified with -1.3 in the near field. However, the decay
in the far field follows ξ−2/3. Similarly to the far field, [52] reports an ex-
ponent of −2/3 for the decay along the trajectory. In addition, the same
enhanced mixing in the near field as in [136] was shown in the direct
numerical simulation of a jet with Reynolds number of 5000 by Muppidi
and Mahesh [104]. In this study, the authors revealed a higher contri-
bution of mixing in the lee side shear layer compared to the windward
shear layer. In conclusion, the mixing along the trajectory, which is of-
ten taken as reference, of a JIC is only enhanced compared to a free jet in
the near field. However, the whole planar mixture field must be consid-
ered for comparison. In this respect, the JIC configuration shows better
mixing also in the far field [104].
Concerning reacting jets in cross flow, Hasselbrink and Mungal [52]
show that jet flames have a slightly deeper penetration than non-
reacting counterparts. This lower penetration is accounted to a reduced
mass entrainment rate (up to a factor of two) for the reacting cases. This
reduced entrainment is explained by the fact that a burning layer covers
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the jet. The trajectory correlations of non-reacting cases are not directly
applicable to reacting jets, as the jet is accelerated by the chemical re-
action and its expansion which results in additional momentum. This
additional momentum leads to an overall deeper penetration of the jet
into the cross flow.
In case of reacting premixed jets, the momentum ratio can either be cal-
culated by the (unburnt) inlet conditions of density ρJ,u and velocity UJ,u,
or, as proposed in the following, using the corresponding velocity UJ,b

and density ρJ,b of the burnt jet. According to continuity, the unburnt
and the burnt state follow equation 2.6 if constant flow cross-sectional
areas for the reactants and the combustion products are assumed:

ρJ,bUJ,b = ρJ,uUJ,u. (2.6)

If we further assume that the densities of the cross flow ρX and of the
burnt jet ρJ,b are equal, we obtain equation 2.7, which provides the rela-
tionship between the momentum ratio calculated with the properties of
the combustion products Jreact and the momentum ratio J based on jet
inlet conditions. With this modified expression of the reacting momen-
tum ratio Jreact, correlation for non-reacting jets can be used for predic-
tion of trajectories, if reaction is present.

Jreact =
(
ρJ,u

ρX

)2 U2
J,u

U2
X

= J
ρJ,u

ρX
(2.7)

2.1.3 The Vortex System

The steady and unsteady vorticity and velocity fields of non-reacting jet
in cross flow have been extensively studied. A comprehensive investiga-
tion on the vortical structures is given in [42] (see additionally an experi-
mental study in [75] and a numerical simulation in [156]). The four main
vortex systems in a jet in cross flow (see figure 2.2) are determined as:

• the counter-rotating vortex pair (CVP),

• shear layer vortices,
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Cross Flow

Jet Shear Layer
Vortices

Counter-Rotating
Vortex Pair

Wake Vortices

Wall

Horseshoe Vortex

Figure 2.2: Vortex system in a jet in cross flow, adapted from [42].

• the horseshoe vortex, and

• wake vortices.

The most prominent vortex system is the counter-rotating vortex pair in
the plane normal to the jet trajectory. Early works on the vorticity field of
jet in cross flow already described these two vortices to be characteristic
of the flow in the far field [35, 71, 102]. However, for low momentum ra-
tios of J≈1, [100] reports the shear layer vortices to be characteristic. The
initiation and formation of the CVP is experimentally studied in detail
in [88] using a water channel, and numerically in [24]. The origin of the
characteristic vortex pair is interconnected with the rolling and shed-
ding of the shear layer vortices. In a free jet the shear layer vortices have
the shapes of rings around the jet. In the vicinity of the jet exit, this holds
also true in a jet in cross flow configuration. However, the shear layer
vortices are distorted by the cross flow. The jet gains additional momen-
tum in x-direction immediately upon entering the cross flow. In figure
2.3 the point at the side is indicated as the initiation of the counter-
rotating vortex pair. Further downstream, the shear layer vortices are
disturbed on the lee side, whereas, the windward shear layer vortices
keep their ring-like shape. The disturbance of the cross flow, initially at
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Figure 2.3: Interaction of shear-layer vortices and the initiation of the CVP, adapted
from [88].

the side, is transported with the jet downstream where the jet is bent in
direction of the cross flow. In the far field, this disturbance results in the
formation of the counter rotating vortex pair.

z

x

Figure 2.4: Horseshoe vortex system and the interaction with the jet shear layers at two
oscillating stages, adapted from [76].
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2.1 Jet in Cross Flow

The horseshoe vortex system is formed in the boundary layer upstream
of the jet injection. In order to understand the interaction between the
horseshoe vortex and the jet shear layers, it is interesting to have a closer
look at the region of the jet injection. Figure 2.4 shows the streamlines of
a vertical cut in the x-z center plane, adapted from [76]. In [76], an oscil-
lating interaction between the horseshoe vortex system and the jet shear
layers is described in the region near the outlet. Due to this oscillation,
the streamlines of the cross flow penetrate into the jet pipe (see scheme
on the left side of figure 2.4).
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y
Section A-A

Wall Vortex

z

Fold
herex

A

z

Figure 2.5: Vortex system at jet inlet, adapted from [75].

The characterization of jet in cross flow following [42] distinguishes be-
tween three different regimes, depending on the velocity ratio. For ve-
locity ratios below J≈2, the jet does not clearly separate from the lower
wall of the channel. At a velocity ratio of V>4, the wake region consists
of upward streamlines, see the wake vortices in figure 2.2. The Strouhal
number of wake vortices in this regime is mostly independent of both,
the Reynolds number and the momentum ratio, and is around 0.13 [42].
With higher velocity ratios, the wake vortices are stretched as the jet pen-
etrates deeper into the cross flow and display the shape of thin strains.

17



2 Theoretical Background

By this effect, most of the cross flow fluid in the wake region near the
wall is unaffected by the jet. For higher momentum ratios the influence
of the lower wall on the velocity and vorticity field decreases.
An overview of the flow field around the jet outlet is given in figure 2.5
[75]. The horseshoe vortex system is located around the jet detached in
the wake region behind the jet. The shear layer vortices are perturbed at
the sides of the jet where the CVP is initiated.
It has to be kept in mind that this characterization of the flow field is a re-
sult of experiments and simulations of non-reacting jets. However, non-
reacting case studies can help to understand flame flow interactions and
the stabilization of the flame in the flow field. Influences of the flame on
the velocity field indeed need to be studied and analyzed in more detail.

2.2 Time Scales and Dimensionless Numbers in Turbu-
lent Reacting Flows

In turbulent reacting flows, dimensionless numbers are frequently used
to characterize the interaction between turbulence and chemical reac-
tion. Expressions of characteristic time scales for turbulent flow and re-
action are discussed in the following.

2.2.1 Characterization of Turbulent Flows

The Reynolds number (see equation 2.8) indicates the ratio of the molec-
ular diffusive transport and convective transport of specific momentum.
For pipe flows, the transition from laminar to turbulent flow is around
a Reynolds number of 2000 [143]. However, the point of transition de-
pends on the type of flow as well as boundary conditions.
In a jet in cross flow the Reynolds number is calculated using the condi-
tions of the jet flow, with the mean velocity UJ, the jet diameter D, and
the kinematic viscosity of the fluid ν:

Re = UJD

ν
. (2.8)
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2.2 Time Scales and Dimensionless Numbers in Turbulent Reacting Flows

High Reynolds number turbulent flows are characterized by fluctuations
in pressure and velocity around a steady mean value in case of a station-
ary flow, see figure 2.6. Velocity fluctuates in all three dimensions u, v
and w independently [117, 151]. The highest fluctuation is measured for
the main velocity component u. The values of the velocity fluctuations in
v- and w-direction perpendicular to the main flow are in the same order
of magnitude. In the experimental results of chapter 6, the Root Mean
Square value (RMSc) and the turbulence intensity Tu in the x-z center
plane are calculated with

Tu = RMSc

UJ
, where (2.9)

RMSc =
√

1

2

(
u′2 +w′2

)
. (2.10)

In equation 2.9, the turbulence intensity Tu is normalized by the mean
velocity in the jet UJ. The RMSc value combines the absolute velocity
fluctuation in x- and z-direction. The turbulence intensity is an indica-
tor for velocity fluctuations in the turbulent flow and is given in percent-
age. The turbulence intensity Tu is a local indicator for turbulence and
is used in the following to characterize shear layer turbulence in the in-
vestigated jet in cross flows.
The statistical analysis with the RMS value cannot provide a description
of how often a certain turbulence fluctuation occurs. A Probability Den-
sity Function (PDF) analysis can be used to determine the probability of
a certain event, e.g. [117]. With this method, the number of occurrences
are plotted for each event. Figure 2.6 illustrates the turbulent fluctuation
of velocity around a steady mean value and the resulting PDF function.
In general, this analysis can be applied to every quantity within the flow
field. In the case of two mixing flows, as in a jet in cross flow configura-
tion, the distribution of the local mixture fraction can also be analyzed
by PDF distribution.

2.2.2 Turbulent Length and Time Scales

Turbulence is a three-dimensional unsteady phenomenon and can be
described and characterized by the statistical approaches above. The
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u

u’
u PDF

Figure 2.6: Turbulent fluctuations and probability density in a stationary turbulent
flow, adapted from [143].

global mixing behavior of a turbulent flow is invariant to Reynolds num-
ber, however, not the turbulent small scale structures. This means that
the size and the amount of the smallest structures (eddies) in the turbu-
lent flow depend on Reynolds number. Mixing processes take place on
the small scale of turbulent eddies. In general, turbulence enhances dif-
fusivity and mixture as with an increasing Reynolds number more and
smaller eddies appear. These eddies lead to steeper gradients and in-
creased contact areas. The spatial structures of typical length scales can
be described by the so-called eddy dissipation model. The model based
on Kolmogorov’s theory from 1941 is valid for homogeneous isotropic
turbulence. Details can be found in textbooks, e.g. [44,114,117,127,143,
144]. In the following, the discussion is restricted to statements needed
to describe different flame regimes, mainly corresponding to [44, 114].
Turbulent length and time scales are characteristic of the flow and
depend on boundary conditions. The major length scales are: the
macroscale (or characteristic width of the flow D), the integral length
scale (or turbulent macroscale) and the smallest eddies also called Kol-
mogorov length scale. The largest turbulent length scales are of the order
of the main geometrical dimension of the flow. The integral length scale
is the length scale of the mean size of the largest eddies and contains
the highest turbulent kinetic energy [144]. The smallest eddies cover
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2.2 Time Scales and Dimensionless Numbers in Turbulent Reacting Flows

the length scale where turbulent dissipation takes place. Kinetic en-
ergy is exchanged between eddies. On statistical average following Kol-
mogorov’s hypothesis, turbulent kinetic energy is transported along the
eddy cascade from integral length scale to the microscale. Only in the
viscous subrange the energy is consumed by dissipation. The vortex size
where dissipation starts to play a role is determined by the Kolmogorov
length scale lturb,K.
Connected to the macro length scale lturb,D is the turbulent macro time
scale τturb,D. Equation 2.11 expresses the turbulent macro time scale
τturb,D with the temporal velocity fluctuation u’ and the size of the largest
eddies lturb,D.

τturb,D = lturb,D

u′ (2.11)

The size of the integral scale lturb,D is in the same order of magnitude as
the overall (burner) geometry, i.e. diameter D. The size of the smallest
eddies where dissipation takes place can be expressed by the kinematic
viscosity ν and the eddy dissipation rate ε to

lturb,K =
(
ν3

ε

) 1
4

. (2.12)

Similarly, the time scale of the Kolmogorov micro length scale is ex-
pressed as

τturb,K =
(ν
ε

) 1
2

. (2.13)

Following Kolmogorov’ hypothesis, the dissipation of energy on mi-
croscale equals the energy transferred by the eddies of the integral
length scale. The eddy dissipation rate ε is expressed with the global tur-
bulence of the flow with the velocity fluctuation u’ and the macro length
scale of the geometry by

ε= u′3

lturb,D
. (2.14)
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Using the main characteristic length lturb,D and the velocity fluctuation
u’, the turbulent Reynolds number Ret is determined by

Ret =
u′lturb,D

ν
. (2.15)

2.2.3 Chemical Time Scales and Flame Thickness

In addition to the time scales of the turbulent flow, characteristic chem-
ical time scales are introduced. As discussed in [48], two mechanisms of
flame stabilization exist in premixed jet in cross flows. First, the flame
is stabilized due to flame deflagration. Second, in high temperature re-
gions, autoignition effects play an important role. Both mechanisms
must be considered in determining the position of the premixed flame
within the mixture field (see the modeling of lift-off height in [78]). The
chemical time scale τchem depends on the laminar burning velocity Sl

and flame thickness δf and is expressed by

τchem = δf

Sl
. (2.16)

This timescale is also called "flame time" as it refers to the residence
time in the flame front [114]. In figure 2.7, the concepts of laminar flame
speed Sl and flame thickness δf are illustrated. The freely propagating
laminar flame is stabilized at the position where the velocity of the in-
coming fresh gas equals the propagation speed of the laminar flame, i.e.
laminar flame speed or burning velocity Sl. In the flame front, heat is
released due to chemical reaction. This results in a temperature gradi-
ent over the flame front. If no heat losses are present, the temperature
of the burnt gas reaches the adiabatic flame temperature Tad. In the fol-
lowing, the end of the flame is determined as the point where 99.5% of
the adiabatic flame temperature is reached. The regions upstream and
downstream of the flame front are called pre- or post-flame zone respec-
tively, the area of the flame front is also referred to as in-flame zone. This
division of pre-, in- and post-flame zone is used in the remainder of this
study.
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Figure 2.7: Scheme of the temperature distribution over the flame front of a stabilized
freely propagating flame, after [38].

The flame thickness δf is expressed by the ratio of mass diffusivity Δ and
laminar flame speed (equation 2.17) [114]. There are additional expres-
sions of the flame thickness as e.g. by the gradient of the temperature
profile or via the burning rate [58].

δf = Δ

Sl
(2.17)

The laminar free flame model (details in section 2.3.2.1) is used to cal-
culate laminar flame speeds under varying conditions. A correlation for
laminar flame speed including dependency on pressure and equiva-
lence ratio is given in [112].
A second chemical time scale is the so called ignition delay time τign.
In literature, the ignition delay time is experimentally determined by
shock-tube tests, e.g. [66, 137, 148]. In contrast to flame propagation,
the reaction is initiated by spontaneous autoignition of the combustible
mixture, at high temperature ( [157] reports autoignition not to occur
below 810K for atmospheric methane mixtures). The dependencies of
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2 Theoretical Background

ignition delay time τign can be described by an Arrhenius-type correla-
tion as

τign ∝ exp

(
EA

RT

)
[O2]i [CH4]j , (2.18)

with the activation energy EA and the temperature of the mixture T. The
influence of the mixture, i.e. the molar concentration of O2 [O2] and
methane [CH4], depends on the exponents i and j. Following [137], the
ignition delay time of a stoichiometric methane air flame strongly de-
pends on temperature T, hardly on methane concentration (whether a
higher methane concentration leads to a shorter or longer ignition de-
lay time also depends on the temperature range) and is almost propor-
tional to pressure. The pressure dependency of equation 2.18 is given by
the molar concentrations which are directly proportional to the density
of the mixture.

2.2.4 Characterization of Flame Regimes

With the time and length scales for the turbulent flow and the chemi-
cal reaction, dimensionless numbers are introduced. With these num-
bers different regions can be distinguished which characterize the flame
regimes [7, 12, 25, 111].
In the following, the influences of turbulence on flame structure are dis-
cussed referring to textbooks [44, 114, 144]. In this context, the ratio of
convection to thermal and mass diffusion is characterized by dimen-
sionless numbers. The Prandtl number compares the viscous diffusion
rate of the velocity field (with the kinematic viscosity ν) to the thermal
diffusion rate of the temperature field (with the thermal diffusivity α).
For gases, typical values for the Prandtl number lie between 0.7 and 1
depending on temperature, pressure and fluid. The Schmidt number
compares momentum diffusivity (with the viscosity ν) to diffusive mass
transport (with the mass diffusivity Δ). For gases the Schmidt number is
around 1. Only for highly diffusive gases as hydrogen the Schmidt num-
ber is smaller than one. Finally, the Lewis number compares the Schmidt
number to the Prandtl number, describing the ratio of thermal to mass
diffusion. An appropriate assumption for methane combustion is made
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by setting the Prandtl and Schmidt numbers to one, also resulting in a
Lewis number of unity, see equation 2.20.

Pr = ν

α
= Sc = ν

Δ
= 1 (2.19)

⇒ Le = Sc

Pr
= α

Δ
= 1 (2.20)

With these assumptions and the flame thickness δf of equation 2.17, the
turbulent Reynolds number of equation 2.15 can be rewritten as

Ret =
u′lturb,D

Slδf
. (2.21)

The turbulent Reynolds number of reacting flows characterizes the ef-
fect of turbulence on the flame front. In the so-called Borghi diagram
given in figure 2.8, the turbulent Reynolds number of unity distinguishes
laminar flames of combustion regime 1 from flames where turbulence
is able to interact with the flame front. If turbulence is in the same range
as the flame speed or smaller, i.e. u′

Sl
<1, and the turbulent Reynolds num-

ber Ret is high, turbulence can wrinkle the flame front (flame regime
2 ).

To further distinguish the flame regimes in the scheme of figure 2.8,
the turbulent Damköhler and Karlovitz number are used. In general, the
Damköhler number is expressed by the ratio of turbulent time scale to
chemical time scale. The turbulent Damköhler number Dat is expressed
by

Dat =
τturb,D

τchem
=

lturb,D

u′
δf
Sl

= Sllturb,D

u′δf
, (2.22)

with the turbulent macro time scale, given by equation 2.11, and the
chemical time scale calculated with the laminar burning velocity Sl in
equation 2.16. The turbulent Damköhler number indicates to what ex-
tend the large-scale vortices lturb,D of the turbulent flow field can interact

25



2 Theoretical Background

u′
Sl

lturb,D
δf

0.1 1 10 100
0.1

1

10

100

Dat=1Dat<1

Ret=1

Ret<1

Ka<1

Ka=1

Dat>1, Ka>1

Unburnt Fresh Gas

Reaction Zone Burnt Gas

Figure 2.8: Borghi diagram, adapted from [80].

with the reaction zone. For the regime 5 with the turbulent Damköhler
number Dat smaller than unity, the chemical reaction is slow compared
to the turbulent mixing resulting in a homogeneous reaction zone, sim-
ilar to the combustion mode in well stirred reactors.
Further division of the turbulent flame regimes is made by the Karlovitz
number Ka. The chemical time scale is compared to the time scale of the
eddies on micro length scale:

Ka = τchem

τturb,K
= u′ 3

2α
1
2

S2
l l

1
2
turb,D

= u′ 3
2δ

1
2
f

S
3
2
l l

1
2
turb,D

=

δ
1
2
f

S
3
2
l

l
1
2
turb,D

u′ 3
2

. (2.23)

Equation 2.23 includes the expression of the eddy dissipation rate of
equation 2.14 and the turbulent macro length scale lturb,D. The last form
of equation 2.23 shows that also the Karlovitz number compares the
chemical time scales of the flame front with the global turbulence, how-
ever, weighted by different exponents.
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For both flame regimes 3 and 4 in figure 2.8, the laminar flame speed
is low compared to the turbulence intensity, i.e. u′

Sl
>1. In contrast, the

regime of the wrinkled flame 2 is characterized by a smaller turbulent
velocity fluctuation u’ compared to the laminar flame speed Sl. In the
corrugated flame regime 3 the Karlovitz number is smaller than unity.
Turbulence is high enough to distort the reaction zone and portions of
unburnt material are separated from the main flame front. Following Pe-
ters [111], the two combustion regimes of the wrinkled 2 and the cor-
rugated flame 3 are combined to the flamelet regime. The flame front
of this regime is composed of flamelets and can be simulated with sim-
plified laminar models. Regime 4 , i.e. the so called thickened wrinkled
flame, is characterized by a Karlovitz number higher than unity. In the
regime of the thickened wrinkled flame, the smallest eddies can interact
within the flame front, that leads to a turbulent thickened flame region
where reaction takes place. This regime is of technical interest, as lean
and highly turbulent high pressure combustion, as in industrial gas tur-
bines, is characterized by this regime [23].
In contrast to the Borghi diagram of figure 2.8 with the thickened
wrinkled flame regime 4 and the regime of a homogeneous reaction
zone 5 , Peters [113, 114] differentiate a turbulent combustion regime
(Ret>1,Ka>1) consisting of thin reaction zones. In this regime the small-
est eddies of the Kolmogorov microscale are able to enter the chemically
inert preheat zone of the flame. However, the inner layer of the reac-
tion zone of the flame is not disturbed as the smallest eddies are larger
than the reaction layer [113]. Peters combines the regime of thin reaction
zones with the wrinkled and corrugated flame regime to the flamelet
regime. In the flamelet regime reaction takes place in thin layers which
can be modeled by laminar flamelets.
Similar to the turbulent Damköhler number Dat, the ignition delay
Damköhler number Daign is introduced using the ignition delay time τign

as the chemical time scale

Daign =
τturb,D

τchem
= lturb,D

u′τign
. (2.24)

The application of the Damköhler ignition delay number Daign is appro-
priate when ignition delay plays a major role in the reacting field.
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2.3 Chemical Reaction and Kinetics

Generally, a chemical elementary reaction converts reactants into prod-
ucts. The conversion time is related to the rate coefficient, which is given
for the forward and backward reaction. A multistep reaction mechanism
includes several elementary reactions and is described by the net pro-
duction rate. Chemical formation rates depend on the condition of the
system, as the concentration of reactants, the temperature, radiation ef-
fects, the presence of a catalyst or inhibitor [44], and also the pressure. In
all chemical reactions, the reaction rate determines the kinetics, i.e. the
time-dependent formation of products. Assuming sufficient residence
time, the back- and forward reactions are in chemical equilibrium. How-
ever, when it comes to emission formation, reaction timescales play an
important role. NO equilibrium state is usually not reached in the typi-
cal residence times of a combustor. Equilibrium thermal NO-values are
far above acceptable levels for gas turbine combustion.

2.3.1 NOx-Formation in Methane Combustion

In literature, different routes of NOx-formation in methane combustion
are described. An overview is given in [32, 44, 60, 144], based on the re-
views [14, 101]. NO and NO2 are the most important contributers to the
formation of nitrogen oxides in combustion processes. In combustion,
mainly NO is formed. Post processes in the atmosphere further oxidize
NO to NO2, which makes NO2 the main precursor of acid rain and smog.
In combustion processes NO2 can be formed [144] via reaction 2.25. On
the other hand, reactions 2.26 and 2.27 consume NO2. The formation of
NO2 in equation 2.25 needs the HO2 radical, which is only present in low
temperature regions.

NO+HO2 �NO2 +OH (2.25)

NO2 +H�NO+OH (2.26)

NO2 +O�NO+O2 (2.27)

NOx-formation can be allocated to different chemical pathways. How-
ever, in this study, a division between the NOx formed in the flame (in the
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following in-flame NOx), and NOx originating from the residence time in
hot environment after the flame (referred to as post-flame NOx) is made.
The time stamp is set to zero once 99.5% of the adiabatic flame temper-
ature is reached. The NOx produced in advance is allocated to the in-
flame NOx. The post-flame NOx-formation is evaluated according to the
residence time. All NOx-values in this study are normalized to 15% O2 in
order to make emission levels comparable with each other. Details on
other methods of emission level normalization are discussed in [130].
The four main mechanisms of NO-formation in combustion of fuels not
containing nitrogen compounds are introduced in the following.

2.3.1.1 Zeldovich or Thermal Mechanism

Thermal NO-formation is one of the main sources of nitrogen oxides
in combustion contributing to post-flame NOx. Equilibrium consider-
ations, see equation 2.28, can be used to estimate the maximum con-
tribution of the thermal NO-formation route. However, as the chemi-
cal equilibrium of the thermal mechanism is not reached during typi-
cal timescales of a combustion chamber, the formation of thermal NO
strongly depends on kinetics and residence time.

N2 +O2 � 2NO (2.28)

The thermal or Zeldovich mechanism, first postulated by Zeldovich in
1946 [158], consists of two chain reactions

O+N2 �NO+N, (2.29)

N+O2 �NO+O. (2.30)

The extended Zeldovich mechanism also includes reaction

N+OH�NO+H. (2.31)

In order to form NO the triple bound between the two N atoms of the
nitrogen molecule needs to be broken. Due to the high activation en-
ergy of reaction 2.29 (319.05 kJ/mol [144]), the formation of NO via the
Zeldovich mechanism is strongly temperature dependent. Substantial

29



2 Theoretical Background

formation of thermal NO occurs at temperatures above 1600K [152] (de-
tails on reaction rates are given in [14, 101]). The rate at which NO is
formed depends on the radical concentrations of O, N and OH. An ac-
curate prediction of thermal NO-formation requires the correct predic-
tion of the N and further also the O radical concentration. In combus-
tion processes where the reaction of fuel conversion is fast compared
to the reactions of the thermal NO-mechanism, it can be assumed that
concentrations of N2, O2, O, and OH concentrations are at their equi-
librium [144]. However, for slow combustion processes, as e.g. in non-
premixed flames at high pressure, superequilibrium states of O- and also
OH-concentrations can contribute to in-flame NO-formation via the ex-
tended Zeldovich mechanism [14, 105].

2.3.1.2 Fenimore or Prompt Mechanism

Fenimore [37] was the first to postulate the existence of a rapid forma-
tion of NO in hydrocarbon flames, i.e. prompt NO-formation later also
referred to the Fenimore mechanism. The Fenimore mechanism is more
dominant in rich flames as the mechanism is initiated by hydrocarbon
radicals present in and near the reaction zone [13, 37, 44, 57, 150]. The
highest level of prompt NO-formation is found at an equivalence ratio
of 1.4 [37]. Initially, a hydrocarbon radical (e.g. CH,C) attacks a nitrogen
molecule.

CH+N2 �HCN+N (2.32)

C+N2 �CN+N (2.33)

The starting reactions initiated by hydrocarbon radicals have a lower
activation energy compared to the thermal NO-reaction. Prompt NO-
formation is − in contrast to the Zeldovich mechanism − not strongly
dependent on temperature. For equivalence ratios φ<1.2 the chemical
reactions

HCN+O�NCO+H, (2.34)

NCO+H�NH+CO, (2.35)

NH+H�N+H2, (2.36)
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and finally the reaction of the N radical to NO via equation 2.31 is the
dominant path of the prompt NO-mechanism [57,144]. The prompt NO-
mechanism is complex. The importance of different pathways depends
on combustion conditions, e.g. equivalence ratio and pressure. A review
of prompt NO-formation can be found e.g. in [14, 44].

2.3.1.3 N2O-Intermediate Mechanism

A further contributor to in-flame NO-formation is the route via N2O
[14, 44]. The three-body recombination chain of reactions includes the
following reactions:

O+N2 +M�N2O+M, (2.37)

H+N2O�NO+NH, (2.38)

O+N2O�NO+NO. (2.39)

The N2O mechanism is of interest when overall NOx-levels are low, as in
very lean, low temperature combustion, and also at increased pressure
[14, 44, 105, 144].

2.3.1.4 Formation Route Via NNH

An additional formation route of NO via NNH radicals was first postu-
lated by Bozelli and Dean [16]. The NO-formation of the NNH mecha-
nism includes the following reactions:

N2 +H�NNH, (2.40)

NNH+O�NO+OH. (2.41)

The intermediate formation of NNH and the further reaction to NO
plays a role in premixed methane and hydrogen flames [50, 56]. The NO
formed via the NNH route contributes to the in-flame NOx-formation
[44].

2.3.2 Reactor Models for Chemical Simulation

In the following, two types of chemical reactor models are applied using
Cantera [45]. First, the laminar one-dimensional free flame (1DFF) is in-
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troduced. This reactor is applied in order to study the flame front and
the in-flame NOx-formation in detail. For the post-flame zone where en-
trainment of cross flow material plays a major role, a zero-dimensional
constant pressure reactor is used. Details on idealized chemical reactor
modeling can be found e.g. in [73, 144].

2.3.2.1 1D Free Flame

Numerical simulations of a freely propagating adiabatic one-
dimensional laminar flame, see figure 2.7, are conducted using the
free flame code in Cantera (details are given in the documentation [19]).
The flame is stabilized at the position where fresh gas velocity and
the burning velocity of the flame are in equilibrium. The code ac-
counts for multicomponent molecular transport in axial direction (1D
assumption).
The inlet condition is specified by temperature and composition.1 The
mass flux of the system is a dependent variable which needs to be deter-
mined as part of the steady-state solution. Therefore, an additional con-
dition is required. A fixed temperature at a given grid position is deter-
mined in order to stabilize the flame within the grid. This temperature,
together with the starting grid, must be chosen thoughtfully in order to
get convergence of the steady-state solution. For faster convergence, a
starting solution is calculated on a coarse grid. The grid is then refined
adaptively until the gradient at the inlet and outlet vanishes.2

The global mass flux and the composition at every grid point determines
the axial velocity in each cell. This velocity is used together with the grid
width to calculate post flame residence times.
The governing equations (following [74, 114]) are

ṁ = ρuA (2.42)

for continuity and

1 The underlying concept is the one of a perfectly premixed flame. In chapter 7, the inlet composition is
determined by the pre-flame mixture fraction.

2 The settings of the maximum relative gradient and curvature of the solution vector are: slope=0.1, cur-
vature=0.2.
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for energy conservation. Equation 2.43 contains (from left to right) the
change of energy due to heat convection, heat conduction, and thermal
diffusion, as well as heat release due to chemical reaction. Further, the
conservation of species conversion (consumption and formation) for
each species k due to convection, diffusion or chemical conversion is
given by

ṁ
dYk

dx
+ d

dx

(
ρAYkVk

)−Aω̇kMk = 0. (2.44)

The governing equations are discretized by finite difference approxima-
tions in axial direction. The numerical solution technique is a hybrid
Newton time-stepping algorithm (see details in [74]).

2.3.2.2 0D Reactor Model

In the network model of chapter 7 the post-flame region is modeled by
a constant pressure reactor (CPR) [19]. A CPR consists of a perfect mixer
and a chemical reactor, see figure 2.9. With this model the time depen-
dent solution is calculated.
The reactor is advanced over a time step Δt.3 Time stepping is continued
until the desired residence time is reached. Further, flow data from the
velocity and mixture field are needed to connect the results of the resi-
dence time to a position on the trajectory. The starting condition of the
reactor is determined by the composition and temperature of the prod-
ucts of a free flame simulation. In order to model cross flow entrainment,
an additional mass Δmx per time step Δt flows from a reservoir into the
reactor, see figure 2.9. The reservoir contains the products of a free flame
calculation of the cross flow. The actual mixture fraction f is determined
by the actual mass of cross flow mX and jet mJ in the system:

3 The settings of relative and absolute error tolerances over an integrating time step are: rtol=10−9 and
atol=10−20.
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Figure 2.9: Scheme of the CPR model setup.

f = mJ

mJ +mX
. (2.45)

The pressure in the reactor is constant. As additional mass is filled into
the reactor, the (virtual) volume of the reactor grows. However, the ab-
solute mass and volume of the reactor is not of interest as there is only
one thermodynamic state in the reactor (0D assumption), i.e. temper-
ature and composition. The important parameter is the actual mixture
fraction of jet and cross flow in the reactor, which is controlled by the
incoming mass flow of burnt cross flow material ΔmX.
The state variable in a CPR is the total enthalpy. As the coupled set of
differential equations, presented in the following, are solved implicitly
for every time step independently, mass diffusion between the two time
steps, which would correspond to mixing in the flow direction, is ne-
glected.
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First of all, equation of continuity must be solved with

dm

dt
= ṁin. (2.46)

The species conservation for each species k is formulated in equation
2.47, accounting for the incoming mass flow of the species, as well as
formation or consumption with the molar rate of production ω̇k. The
incoming flow may have a different mass fraction of the species Yk,in de-
pending on supplying reservoir, than the actual mass fraction Yk in the
reactor at this time.

m
dYk

dt
= ṁin(Yk,in −Yk)+Vω̇kMk (2.47)

The general equation of total internal energy − being the first law of
Thermodynamics − for an open system is given by

dU

dt
=−p

dV

dt
− Q̇+ṁinhin. (2.48)

Additionally, the enthalpy equation

H = U+pV (2.49)

holds true. If constant pressure is given, this results (together with the
energy equation 2.48) in

d(mh)

dt
=−Q̇+ṁinhin. (2.50)

Further, total enthalpy is replaced by state variable of temperature. This
results in the final equation 2.51, which is solved in Cantera for a CPR.
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mcp
dT

dt
=−Q̇−∑

k

hkVω̇kMk +ṁin(hin −
∑

k

hkYk,in) (2.51)

2.3.3 Evaluation of Reaction Mechanism for Methane Combustion

The combustion of hydrocarbons, especially of methane as the main
component in natural gas, is extensively covered in literature. Among
the most widely used mechanisms are the GRI2.11 [15] and GRI3.0 [135]
mechanism of the Gas Research Institute, which are adjusted to experi-
mental data of methane combustion (e.g. ignition delay, flame temper-
ature and laminar flame speed, as well as NOx-concentrations).
Specified mechanisms for the combustion of syngas including H2 and
CO [106] have been developed. Adaption is needed as different path-
ways of forming and consuming intermediate species become impor-
tant, when fuels containing H2, CO or higher hydrocarbons are burnt.
Recently, more complex mechanisms were published: e.g. a mechanism
including higher hydrocarbons (AramcoMech1.3 with 290 species) [99]
and a mechanism with an adaption to high pressure application [115].
These mechanisms are very complex and consist of more than 1000 dif-
ferent elementary chemical reactions. However, most of them do not in-
clude NOx-chemistry. It is advised by the authors not to add further re-
action equations, as e.g. the ones including the NOx-chemistry. As the
mechanism is optimized as a whole, no substitution or further selective
tuning should be done.
In the following, the GRI mechanism is chosen as it includes NOx-
chemistry. The GRI2.11 consists of 277 elementary chemical reactions
of 49 species [15], the GRI3.0 includes 325 reactions of 53 species [135].
Simulations of an atmospheric free flame at equivalence ratio of 0.5
were run with both mechanisms. The results of the GRI3.0 mechanism
showed overall lower NOx-concentration which can be attributed to a
lower in-flame NOx-formation compared to the GRI2.11 mechanism.
In comparison to experimental results, the simulation with the GRI2.11
mechanism is in better agreement with measurements taken at the end
of the combustor (NOx-concentrations ≈4ppm consistently). Therefore,
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this mechanism was chosen for the detailed chemical modeling pre-
sented in chapter 5 and 7.

2.3.4 Emission Formation Under Gas Turbine Conditions

In the chemical model of the freely propagating one-dimensional flame
(figure 2.7), it is assumed, that combustion takes place in laminar pre-
mixed flamelets. However, as it was stated already in section 2.2, the
flame structure at gas turbine conditions is rather that of the thickened
wrinkled flame. Following Peters [113], the thickened wrinkled flame
regime is part of the thin reaction zone regime. This combustion regime
can be modeled with the laminar 1D free flame as the smallest ed-
dies can only enter the preheat zone of the flame whereas the reaction
zone is kept undisturbed. Combustion in real gas turbines is character-
ized by high pressure (for stationary gas turbines around 20bar), high
turbulence due to high velocities, and low residence times (typically
in the range of 20ms) [10, 11, 23, 86, 87, 132]. Although the topology of
flame fronts at high turbulence levels is complicated, zero-dimensional
or one-dimensional laminar flame calculations with detailed chemistry
are in acceptable agreement with experimental findings regarding NOx-
formation (as shown in [132]).
In state of the art can combustors, NOx-emissions around 10-15ppm
are achieved under imperfectly premixed conditions. This NOx-level is
twice to three times higher than the theoretically achievable emissions
under perfectly premixed conditions [87]. This fact can be linked to two
effects: First, technically premixed conditions in real gas turbines always
include a certain degree of unmixedness of air and fuel prior to combus-
tion due to incomplete mixing. Second, leakage and spent cooling air is
added along the liner which does not participate in combustion. There-
fore, a higher temperature in the flame zone is needed for a given tur-
bine inlet temperature. The temperature difference can be in the range
of 100K or more [23]. With the increased sensitivity of NOx-formation to
temperature at high pressure, both effects lead to twice to three times
higher NOx in real gas turbines compared to the theoretical level.
The influence of unmixedness on NOx-formation, especially in high
pressure combustion, is of utmost importance [11,28,41,82]. In the early
work of Danckwerts [26], the basic characteristics of the "goodness of
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mixing" are given. In [26] it is distinguish between the spatial and tem-
poral homogeneity of a mixture. Thus, we express − similar to the veloc-
ities in section 2.2.1 − the temporal fluctuation f’ of the instantaneous
local mixture fraction f* related to the local mean value f as

f′ = f∗− f. (2.52)

With the temporal fluctuation of equation 2.52, we obtain the local tem-
poral RMST value as

RMST =
√

f′2. (2.53)

The local temporal RMST value is averaged for all measurement points in
the y-z plane to obtain a spatial mean RMS value of the temporal fluctu-
ations RMST. This value can be referred to the ideal global mean mixture
fideal. The ideal mixture is determined by perfectly mixed flows. In case
of a jet in cross flow, equation 2.54 compares the mass flow of the jet ṁJ

to the total mass flow of jet and cross flow, similar expressions are given
e.g. in [121]; likewise, a expression with air and fuel mass flows is applied
to (partially) premixed flames.

fideal = ṁJ

ṁJ +ṁX
(2.54)

To characterize the spatial homogeneity in comparison with the global
ideal mixture fraction fideal, the spatial RMSS value is expressed by

RMSS =
√

(f− fideal)
2 (2.55)

in every y-z plane perpendicular to the cross flow. The mean mixture
fraction f at every measurement point is compared to fideal. With the RMS
values calculated with equation 2.53 and 2.55, the temporal and spatial
unmimxedness factors UT and US are expressed as
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UT = RMST

fideal
, and (2.56)

US = RMSS

fideal
. (2.57)

It has been shown that for a successful reduction of NOx-emissions not
only spatial inhomogeneities have to be eliminated, but also tempo-
ral fluctuations, because these fluctuations lead to hot spots and lo-
cally higher thermal NOx-formation, see e.g. the simulation in [28]. Fric
[41] reports that 10% temporal unmixedness lead to twice the NOx-
emissions (the mean mixture values being the same) compared to per-
fectly premixed test cases in an atmospheric test rig. The author fur-
ther anticipates that this effect has a stronger influence at high pressure
gas turbine like conditions, as thermal NOx sensitivity is increasing with
pressure. Biagioli and Güthe [11] confirm these findings, applying one-
dimensional analysis with detailed chemistry.
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The jet in hot cross flow configuration is investigated with an upscaled
atmospheric test rig. In the following, the test rig and its components are
described. The dimensioning is outlined and explained with the under-
lying scaling laws, using the dimensionless numbers presented in sec-
tion 2.2. Finally, the boundary conditions and operating points of the
experimental analysis of chapter 6 are presented.

3.1 Test Rig and its Components

Figure 3.1 shows the CAD model of the test rig. It comprises two ax-
ially staged combustion zones: The first combustion stage consists of
16 burners providing the hot cross flow of combustion products. The
segmentation of the first combustion stage into a number of smaller
individual flames provides a homogeneous temperature distribution
across the hot flow upstream of the secondary injection. Each burner is
equipped with a mixing tube followed by a swirler, which generates the
recirculation zones in the primary stage required for aerodynamic flame
stabilization. The front panel is cooled by the air flow in the plenum.
The channel of the primary combustion zone is impingement-cooled.
Due to the quick burn-out of the 16 small flames the cross flow is fully
burnt when it reaches the secondary combustion zone. The comparison
of NOx-measurements with literature data and chemical calculations in-
dicates that almost perfect mixing is achieved upstream of the exit of the
burners.
The second combustion stage provides the premixed jet in hot cross
flow, which is in the focus. A single jet of premixed reactants is injected
from the bottom into the horizontal channel consisting of hot combus-
tion products of the cross flow. For sufficient fuel-air premixing in the
injector, a commercially available static mixer is placed 20 jet diameters
upstream of the injector exit, providing a mixture quality of 99.8% at the
mixer outlet. In addition, several perforated plates act as flow straighten-

41



3 Experimental Setup

16 Cross Flow Burners

Jet Injector

Jet Air/Fuel Premixed

Cross Flow Air

Plenum

Primary
Combustion

Zone
Secondary

Combustion
Zone

Burnout
Zone

C
ro

ss
Fl

ow
Fu

el

500mm

50
0m

m

3000mm

Figure 3.1: Sketch of the large scale test rig.

ers ensuring a turbulent flow profile near the injector exit [134]. The sec-
ond combustion stage can be equipped with windows (quartz glasses)
for optical access from up to three sides. This good optical access is im-
portant for the application of laser-optical measurements. The bottom
plate and the quartz glasses are impingement-cooled by air jets. For the
exhaust gas measurements, a suction probe is inserted into the chan-
nel (details in chapter 4). Therefore, one side window can be replaced by
ceramic panels of varying geometry. In this way, different measurement
positions downstream of the jet injection can be realized. The metal win-
dow frames of the secondary combustion zone is water-cooled in order
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to avoid thermal distortion, which would break the glasses. As the flame
length varies with operating condition, a burnout zone with ceramic in-
sulation is attached to the second combustion stage to provide enough
time for full burnout. The hot gases from the combustor are diluted with
cooling air before they are released to the environment through an ex-
haust duct with large cross section.
In both combustor stages, the air can be preheated to up to 673K. Nat-
ural gas from the local supply line (exact composition given in [141]) is
used as fuel. More information on the test rig is provided in [3, 77, 134].

3.2 Scaling of the Experiment

The atmospheric test rig is scaled to a hypothetical gas turbine com-
bustion chamber. Typically, combustion in a real industrial gas turbine
is characterized by a highly turbulent flow at high pressure, i.e. 20bar.
Two different types of scalings are applied to the test rig: The first scal-
ing of the test rig is based on Damköhler number similarity using ig-
nition delay as chemical time scale. A second scaling applies Karlovitz
number similarity. The flame scaled by Karlovitz number is assumed to
show similar flame shape and lift-off characteristics compared to a typ-
ical flame in a gas turbine combustor. In the following, the two different
scalings will be explained.

3.2.1 Ignition Delay Damköhler Number Similarity

The first scaling of the test rig is realized using the ignition delay
Damköhler number Daign (see equation 2.24). This similarity results in
an upscaling of the atmospheric test rig compared to a gas turbine com-
bustor. Due to the up-scaled dimensions and the resulting higher spatial
resolution this scaling is suitable for studying the interaction between
the mixture and NOx-field of the reacting flow in detail.
In order to have the same ignition delay Damköhler number Daign in
the atmospheric test rig and at 20bar gas turbine conditions, the ratio
between the turbulent time scale τturb,D and the ignition delay time τign

must be similar. As we assume both flows to be fully turbulent, the tur-
bulent time scale only depends on the turbulent fluctuations, which can
be directly connected to the mean velocity, i.e. same turbulence inten-

43



3 Experimental Setup

sity. Further, it was shown in section 2.2 that the ignition delay time is ap-
proximately inversely proportional to pressure. This means that at 20bar
the ignition delay time is shorter by a factor of 20. This increase of the
ignition delay time under atmospheric conditions has to be compen-
sated by a higher turbulent time scale depending on the macro length
scale lturb,D and the velocity fluctuation u’. Two possible adjustments can
be made: First, the geometry can be scaled up in order to increase the
macro length scale. Second, as the turbulent time scale further depends
on velocity fluctuations, which are directly connected to the mean flow
velocity, the velocity can be scaled down. Taking into account the in-
frastructural limitations regarding mass flows and power, a global geo-
metrical upscaling of a factor of 4, and downscaling of the velocity by a
factor of 5 has been chosen for the experiment [134]. This scaling results
in lower Reynolds numbers of the atmospheric flows. However, all flows
are still fully turbulent (see details in table 3.1).
This scaling is applied to the dimensioning of the cross flow, leading to
a channel height and width of 500x500mm and to the initial jet diame-
ter of 100mm. This scaling strategy further leads to longer absolute resi-
dence times in the experiment compared to the hypothetical gas turbine
combustor. The estimated total residence time of a hypothetical gas tur-
bine combustor is assumed to be 18ms. According to the velocity scaling
factor of 5, the total residence time in the experiment is five times longer,
i.e. 90ms. These numbers have to be taken into account when it comes
to the modeling of NOx-formation. For a better comparison between the
two cases of 1 and 20bar (as applied in the chemical benchmark mod-
eling of chapter 5) all residence times are normalized by the overall res-
idence time in the combustor, i.e. τcc=1 at the end of the combustion
chamber. Concerning the application of the Daign scaling of the jet, the
momentum ratio of the experiment is in the same range as in gas turbine
combustors.

3.2.2 Dimensioning by Karlovitz Number Similarity

Another scaling method is required to capture the effect of flame lift-off.
This lifted flame is of importance for the evaluation of NOx-formation,
and is further used for data transfer to high pressure gas turbine con-
ditions, see chapter 7. In order to get a similar flame behavior in terms
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of lift-off height, scaling by Karlovitz number has been chosen. Kolb et
al. [78] revealed that the lift-off height mainly depends on the laminar
flame speed and the velocity at the jet outlet. Generally, a higher laminar
flame speed Sl of the jet mixture will reduce the lift-off height. Autoigni-
tion plays a minor role, but is needed to explain the influence of cross
flow temperature on the lift-off height of the jet (see for details [78]). The
model proposed in [78] would predict a lift-off height in the hypothetical
gas turbine combustor at 20bar of approximately three to five jet diam-
eters.1

In the experiment, a lift-off height in the required range of three to five
jet diameters is only achievable at high jet velocities. Due to infrastruc-
tural limitations, scaling according to Karlovitz number requires down-
scaling of the jet diameter to D=15mm. With the high velocity at the jet
outlet, leading to a Karlovitz number above unity, see table 3.1, the jet is
assumed to have a similar flame lift-off behavior as in a gas turbine com-
bustor. However, as it was not possible to run the cross flow at higher
velocity, this results in a higher momentum ratio of the jet scaled by
Karlovitz similarty, i.e. J=150 (typical for a gas turbine combustor would
be 4 to 15). In addition, to make the NOx-measurements comparable to
engine conditions, the experimental operating point must have a similar
equivalence ratio and full pre-heating temperature at the inlet.

3.3 Inlet Conditions and Operating Points

The employed scaling laws lead to two different jet injector diameters
of 100 and 15mm, respectively. The cross flow is scaled according to the
ignition delay Damköhler number. In the following, the parameter of op-
erating points resulting from these two scalings are presented.
For all experiments in this study, the cross flow is operated at an equiv-
alence ratio of φX=0.5, resulting in an adiabatic flame temperature of
approximately Tad=1750K. The inlet temperature of the cross flow as
well as the jet is Tin=673K, as all air flows are electrically preheated. The
Reynolds number of the cross flow (approx. 24 400) is large enough to
provide fully turbulent flow conditions.

1 However, the model described in [78] is based on atmospheric experimental operating points.
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Table 3.1: Operating points of ignition delay Damköhler scaling (Daign) and Karlovitz
scaling (Ka).

D J φJ UJ Re Ka Dat

[mm]
[m

s

]

Daign 100 4-10 0.05-0.77 ≈25 ≈30 000-50 000 ≈0.05-4 ≈10-1000

Ka 15 150 0.66/0.77 110 26 500 3.3/1.5 16/35

Table 3.1 summarizes the parameter of the jet for the two different scal-
ing methods. To be able to calculate the turbulent Damköhler number
Dat and the Karlovitz number Ka (see equations 2.22 and 2.23), a few as-
sumption must be made. First, the jet diameter D is taken as the integral
length scale. The turbulent velocity fluctuation u’ is approximated with
10% of the mean jet velocity UJ. The thermal and mass diffusivity are as-
sumed to be similar (following equation 2.20). The laminar flame speed
is calculated with the correlation of Peters [112].

Ka ≈
(
UJ ·0.1

)1.5
α0.5

D0.5 S2
l

(3.1)

Dat ≈
D S2

l(
UJ ·0.1

)
α

(3.2)

First, the scaling according to similarity in ignition delay Damköhler
number with the jet diameter of 100mm is applied to operating points
with momentum ratios between 4 and 10. The equivalence ratio is var-
ied over a wide range of very lean mixtures up to almost stoichiometric
conditions (see section 6.1). The potential analysis of staged combustion
in chapter 5 and the network simulation in chapter 7 use a mass split ra-
tio of 11%. This mass split ratio corresponds to the reference case of the
jet at momentum ratio J=6, which is seen to be in the momentum ratio
range of technical relevance.
Two operating points of the Karlovitz scaling with the jet diameter of
15mm are selected for thorough analysis. Only the jet with an equiv-
alence ratio of φJ=0.66 is investigated experimentally. In chapter 7 the
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chemical network model is also performed at the jet equivalence ratio
of φJ=0.77 to study the influence on NOx-formation. Due to the smaller
diameter, the jet mass flow is smaller than the mass flow of the reference
case at the mass split ratio of 11%. Therefore, the mass split ratio needs
to be adapted for proper analysis of the global NOx-concentrations in
section 7.5.
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The applied measurement techniques include standard analysis of OH*
chemiluminescence and velocity field via particle image velocimetry.
Conventional exhaust gas measurements with a suction probe are ap-
plied to calculate the mixture fraction using O2-measurements and to
extract normalized NOx-concentrations. A new measurement technique
was developed, which provides instantaneous and mean mixture frac-
tions in the measurement plane of a laser sheet that is of special interest
for the application to the mixing of a reacting jet in cross flow.

4.1 OH* Chemiluminescence

The OH* chemiluminescence of the jet flame of the secondary stage
was recorded with a high speed camera (Photron FASTCAM-ultima APX)
equipped with an image intensifier [116]. The camera records images
with up to 2000 frames per second at full resolution of 1024x1024 pix-
els. The emission spectrum of OH* chemiluminescence is in the wave-
length range around 309nm. In order to collect only the emission of the
OH* chemiluminescence, a band pass filter of 309nm ±5nm is used.
This application allows for a good elimination of interfering surrounding
light. Since the chemiluminescence emission of OH* is not within visi-
ble spectral range, the detection of OH* is more convenient than other
radicals, e.g. CH*.
Details on the physics of chemiluminescence can be found in e.g.
[33, 146]. OH* chemiluminescence is emitted by OH-radicals, which are
formed as intermediate molecules by chemical reactions in the flame
front. Chemiluminescence is emitted, as electrons are transfered from
an excited state to their ground state. The intensity of the OH* chemi-
luminescence depends on temperature and pressure and is used as an
indicator of the rate of heat release [85]. Flames with lower equivalence
ratios and a resulting lower flame temperature show weaker chemilu-
minescence emissions. To make weaker signals visible, higher gains of
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Figure 4.1: Setup of the OH*-measurements with two cameras located at the side and
at the top.

the image intensifier are used. To be able to compare absolute inten-
sities of recordings at different gains, the internal amplification factor
must be determined. The conversion factor is experimentally measured
by the detection of a LED light recorded with different gains (see [85] for
a similar setup). In the analysis of the experimental results (chapter 6),
flames of different OH* intensities are discussed. Initially all images of a
operating point are averaged. The intensities of each operating point are
normalized by their maximum intensity. The resulting mean images are
compared with each other without gain correction. This kind of com-
paring is applied to operating points with different momentum ratios at
the same equivalence ratio. For comparison between operating points
at different equivalence ratios the conversion factor of different gains
is taken into account. In this case, all intensities are normalized by the
highest intensity of all operating points.
The OH* chemiluminescence recording provides a line of sight inte-
grated picture of the flame. The recording collects the total emission of
OH* chemiluminescence either in lateral view or in top view (see setup
in figure 4.1). As the flame possesses no axial symmetry, Abel-inversion
is not applicable. However, the side view together with the top view pro-
vide a good impression of how the flame looks like in three dimensions.

50



4.2 Point-Wise Exhaust Gas Measurements

4.2 Point-Wise Exhaust Gas Measurements

Exhaust gas is measurement in planes perpendicular to the cross flow,
at several positions downstream of the jet injection. For all operating
points in this study, the flame is completely burnt at the position of mea-
surement. All fuel is consumed, and CO oxidation is completed and in
thermal equilibrium.
For the exhaust gas measurements, a suction probe was mounted on
a computer controlled traversing system. This setup allows for point-
wise measurements in the cross section (see figure 4.2 for an example of
the position showing the NOx-field). The water-cooled probe consists of
a countercurrent heat exchanger. The required time to quench the ex-
haust gas temperature in the probe to 1500K is 0.5ms. It is assumed that
at this temperature all chemical reactions forming NOx are quenched.
The probe is connected to the gas analyzers via a heated pipe. The gas
probe temperature in the pipe is held constant around 100°C to prevent
condensation of water. In the analyzer unit the sample flow is split. The
one branch is connected to the NOx-analyzer. NOx-concentrations are
measured with a chemiluminescence analyzer. In the other branch all
water in the gas probe is removed by a condenser. The O2 unit of the
analyzers uses paramagnetism as detection method (see [34] and [1] for
details).
In the following, the data analysis procedure of the taken concentration
measurements to normalized condition is presented. Details on the cal-
culations can be found e.g. in [144]. The standardization is needed to
make exhaust gas measurements of different o2-concentrations compa-
rable (see [130] for an overview of different normalization methods).

4.2.1 Mixture Fraction from O2-Measurements

In general, CO2 and O2-concentrations in combustion exhaust gas can
be used to determine the equivalence ratio. The precision of the proce-
dure depends on the measured concentration of O2 and CO2, respec-
tively. Using O2-measurements, accuracy is higher for leaner flames.
In this study, all operating points have air excess, making usage of
O2-concentration preferable over CO2-concentration [103]. The equiv-
alence ratio at measurement point φMP can be calculated with the local
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dry oxygen concentration γO2:

φMP =
γO2,air −γO2

γO2,air −γO2

(
1− vmin,dry

lmin

) . (4.1)

The calculation by means of equation 4.1 needs to take the properties of
the applied fuel into account. The exact composition of the natural gas
from the local supplier is given in [141]. For this composition of natural
gas, the minimum air needed at stoichiometric condition is lmin=9.64,
and the stoichiometric dry exhaust gas is vmin,dry=8.65, see table 4.1 (de-
tails on the derivation are given in [62]). The volume fraction of O2 in air
γO2,air is taken as 20.942%.

Table 4.1: Summary of the parameters needed for exhaust gas analysis.

Methane Natural Gas [141]

vmin 10.55 9.64
vmin,dry 8.55 8.65
lmin 9.55 9.64
φ15 0.307 0.306

With the local equivalence ratio at the measurement point φMP calcu-
lated by the O2-concentration, the mixture fraction in each measure-
ment point can be determined applying equation 4.2. The variables are
the calculated local equivalence ratio φMP and the equivalence ratio of
the jet φJ and the cross flow φX. The equivalence ratio of the jet and the
cross flow are globally calculated on the basis the mass flows of air and
fuel.

f = φMP −φX

φJ −φX
(4.2)

4.2.2 NOx Normalization

The NOx raw data at each measurement point NOx,raw is normalized to
15% O2 standard condition, using the local equivalence ratio φMP calcu-
lated from equation 4.1 [62, 144].
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NOx = NOx,raw

vmin + lmin

(
1

φMP
−1

)

vmin,dry + lmin

(
1

φ15
−1

) . (4.3)

As the NOx-measurements are taken from the wet exhaust gas, the min-
imum amount of exhaust gas before water condensation vmin is needed
together with the equivalence ratio φ15 corresponding to 15% O2. With
equation 4.3, the standard normalized concentrations, i.e. dry exhaust
gas at 15% O2, are calculated. All measurements in this study are nor-
malized according to this procedure and given in dry, volumetric parts
per million (ppm).

Figure 4.2: Experimental setup with the position of the laser sheet in the x-z center
plane (showing an example of the mixture fraction field) and an example of
NOx-distribution in a plane perpendicular to the cross flow.

4.3 Particle Image Velocimetry

The velocity field of the non-reacting and reacting flow in the sec-
ondary combustion zone is analyzed by particle image velocimetry
(PIV). Details on the PIV measurement technique can be found in [122].
For all measurements an ILA high-speed (10 kHz) PIV system with a
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Nd:YLF laser (New Wave Pegasus) is used together with a CMOS cam-
era (Photron SA5). The laser sheet is positioned in the x-z center plane
of the cross flow at y=0, the camera is located perpendicular to it (for the
position of the laser sheet see figure 4.2). With this setup, two velocity
components in x- and z-direction (u and w) can be studied.

Frame Rate

Pulse

Camera

Laser

Single Exposure

Double Frame

Figure 4.3: Synchronization of camera shutter and laser pulse for double frame single
exposure PIV setup.

The used setup applies double frame single exposure, see figure 4.3.
Each frame of a double frame is exposed to a single laser pulse. The
seeding particles in the flow scatter the light of the laser sheet and the
camera records the position of the tracers. The time difference between
the two laser pulses are typically in the range of 10 to 100μs. The frame
rate is the number of double frames per second. The velocity vectors are
determined by tracking the displacement of the particles. For analysis, a
conventional cross correlation algorithm is applied.
For each application, the appropriate seeding particle must be selected
[97]. Typically used tracers in non-reacting flows are oil, smoke, or hol-
low glass spheres. The PIV method is based on the assumption that the
particles follow the flow ideally. The ratio of acceleration forces to flow
resistance must be as small as possible. In order to ensure that slip can
be neglected, the particle is chosen to have a similar density as the sur-
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rounding fluid. If this is not achievable, as in gaseous flows of high tem-
perature, the tracer particle should be as small as possible [61, 97, 122].
Typically, in technical applications, the tracers follow the flow for tur-
bulent frequencies up to 1000Hz [122] (see a calculation for the present
setup [103]). In case of reacting flows, particles with a high melting point
are needed. For the reacting and non-reacting jet in cross flow experi-
ments, titanium dioxide TiO2-particles have been chosen with a melting
point above 2100K and a mean particle size around 1μm.

4.4 Mixture Field Analysis

For a detailed analysis of the mixture field, a new method providing a
quantitative analysis of Mie scattering from seeding particles exposed to
a laser pulse was developed (see [110] and [8] for discussion of different
algorithms). The method depends on the correlation of the intensity of
the scattered light with the mixture fraction f. The underlying idea can be
found already in the early work of Stepowski [139] from 1988. A disserta-
tion conducted at the German Aerospace Center in Cologne [147] deals
with the application to non-reacting mixing flows. A similar approach is
subject to recent research at Lund University [9, 79], using droplets in-
stead of seeding particles.
As the setup is similar to PIV measurements the method is called MixPIV,
in the following. However, only one of the two mixing flows is seeded
with tracer particles (TiO2). The laser sheet is positioned in the x-z center
plane and the camera is located perpendicular to the cross flow, see also
figure 4.2. The high-speed PIV laser system with a Nd:YLF laser and a
CMOS camera is used.
The actual local mixture fraction f∗ is calculated following equation 4.4:

f∗(x,z, t) = I(x,z, t)−BG(x,z)

Iref(t)
LS(x,z)

ρref

ρ
. (4.4)

The measured intensity field of the scattered light in the x-z measure-
ment plane I is corrected by subtracting interfering background light BG.
Further, inhomogeneities in the laser sheet illumination LS are taken
into account. The corrected intensity is normalized in every image (at
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time t) by the intensity at a reference point Iref. The reference point is
an area of a few pixels near the jet outlet. At this point the mixture frac-
tion is one, as it is known that the mixture only consists of jet material,
see figure 4.5. Due to the high seeding density in this region, the high-
est intensity of scattered light is detected there. By normalizing to the
reference intensity for every picture, laser pulse fluctuations and chang-
ing seeding densities are accounted for. Additionally, different densities
of the reference point ρref and the entrained fluid ρ can be considered,
following the method presented in [133]. For an overview of the analy-
sis procedure for the reacting and non-reacting case see the scheme in
figure 4.4.
The analysis of the mixing field provides two-dimensional data of the
mean field, as well as RMS values and probability density functions
(PDF). With the calculation of the ideal mixture fraction fideal, assuming
perfect mixing of both mass flows ṁJ and ṁX (equation 2.54), the mea-
sured mixtures can be compared with the hypothetical ideal mixture in
order to evaluate spatial and temporal mixing quality.
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Reacting 
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Figure 4.4: Analysis procedure of the MixPIV algorithm for reacting and non-reacting
cases.

4.4.1 Validation With Temperature Measurements

The mean mixture field from the MixPIV algorithm can be checked
against temperature measurements with a thermocouple (TC). The
thermocouple is mounted on a traversal system and provides point-wise
measurements of the three-dimensional temperature field (details given
in [8, 77]). In the test setup, the jet was preheated to 393K. With the local
measured mean temperature T and the given temperatures of the two
mixing flows of cross flow TX and jet TJ, the local mixture fraction f at
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every x-y-z-coordinate is calculated following equation

f(x,y,z) = T(x,y,z)−TX

TJ −TX
. (4.5)

This validation method is restricted to non-reacting test cases. Only the
mean mixture fields of the two methods can be compared. The values
in the x-z center plane are in good agreement with each other, i.e. the
deviation in every point is below 5% [77].

4.4.2 Application to Cases with Varying Fluid Densities

The MixPIV algorithm as described in equation 4.4 can only be applied
to isothermal flows. The two mixing flows may have different, but con-
stant densities. This assumption does not hold for reacting flows, as the
density changes instantaneously at the flame front due to the steep tem-
perature gradient over the reaction zone. In the analysis procedure for
reacting cases, a two-step algorithm must be applied for pre-flame and
post-flame mixing, separated by the flame front.

Post-Flame
Mixing

Cross Flow

Jet

Reference
Point

Pre-Flame
Mixing

Flame Front

Figure 4.5: Scheme illustrating flame front detection and pre- and post-flame mixing.

57



4 Measurement Techniques

The basic idea of the algorithm for reacting cases is illustrated by the
schematic drawing of an instantaneous image of a reacting jet in hot
cross flow shown in figure 4.5. Different zones can be distinguished: The
core of the jet is characterized by high seeding density, i.e. no mixing
and no reaction has taken place so far. A second zone is separated from
the first zone by a distinct step in seeding concentration. This zone con-
sists of a mixture of reactants of the jet and burnt cross flow. The posi-
tion of the flame front is between these two zones. As the cross flow is
not seeded, a third zone, where no particles can be detected, consists of
pure cross flow material. However, there is a clearly visible mixing zone
between the cross flow and the reactants of the jet in the shear layers
and the wake region of the jet. The seeding density shows a distinct step
over the flame front, which is not due to mixing processes, but must be
attributed to a sudden combustion induced fluid expansion.
Figure 4.4 also shows the analysis procedure for reacting test cases. The
density correction is split into two parts. The first part determines the
pre-flame mixing of the unburnt jet with the cross flow. The second part
accounts for the entrainment of cross flow into the jet products, i.e. post-
flame mixing. The two algorithms use different densities of the mixing
fluids (last quotient in equation 4.4). The reference intensity must be
adapted to the post-flame density level.
Crucial for the procedure is the correct detection of the flame front. The
position of the flame is visible by the instantaneous change in seeding
density over the flame front (a similar idea to detect the flame front in
PIV data is given e.g. in [142]). The flame front itself cannot be resolved,
as typical flame front thickness is smaller than the resolution of the Mix-
PIV data. The algorithm of the flame front detection includes methods
from the MatLab Image Processing Toolbox, e.g. edge detection or his-
togram analysis [138].
This method is applicable only to the anchored flame, where the flame
front is clearly detectable in the data. For the lifted jet with the smaller
diameter, a separation of the pre- and post-flame region is not possi-
ble. Thus, no quantitative analysis of the mixture field data is available
for these operating points. However, the MixPIV data can be used for a
qualitative analysis, e.g. for detection of the mixture trajectory even for
lifted flames.
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5 NOx Reduction Potential of Staged
Combustion

In this chapter, the theoretical NOx-reduction potential of a staged jet in
cross flow configuration is studied numerically with simplified chemical
models. The theoretical case of perfectly premixing of fuel and air prior
to combustion is discussed. The case of higher NOx-formation due to
unmixedness and additional air admixing along the combustor is stud-
ied in chapter 7. Single-stage combustion at the overall equivalence ra-
tioφtot is used as reference case. The comparisons are based on the same
combustor exit temperature. All simulations are run at 1bar and at ele-
vated pressure of 20bar, i.e. gas turbine combustion pressure.
Although the real topology of flame fronts at high turbulence levels is
complicated [23], one-dimensional laminar flame calculations with de-
tailed chemistry are in acceptable agreement with experimental data re-
garding NOx-formation [113,132]. In the following, such models are em-
ployed to simulate NOx-formation. This method requires a mapping of
the three-dimensional temperature field to a one-dimensional adiabatic
model and thus a massive simplification concerning the fluid dynamics.
Hence, these results are seen as an indicator of the theoretical potential
of the staged configuration.

5.1 Model Setup

In the following, the two asymptotic cases of no and of infinitely fast
mixing of the jet material with the hot cross flow are investigated and
compared with single stage combustion at the same turbine inlet tem-
perature. In the unstaged case used as reference case the reactants of
the cross flow and the jet are mixed together and then burnt in a sin-
gle one-dimensional freely propagating flame, see top line in figure 5.1.
The worst case model with no mixing is shown in the center of figure
5.1. After full burn out, both flows are mixed together at the combustor
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Figure 5.1: Chemical models for NOx reduction potential simulations: First model is
the single stage reference case, the two other models represent the worst
and best case scenarios of the two-staged configuration.

end according to the mass split ratio (see chapter 3) and analyzed af-
terwards. The model for the best case, with full mixing of the jet with the
cross flow before ignition, is shown at the bottom of figure 5.1. Both flows
are mixed first. The resulting composition is used as initial condition for
the succeeding CPR. The NOx-concentrations for all three scenarios are
evaluated at the same total combustor residence time.

Table 5.1: Parameters of the chosen test cases.

Tin [K] φX φJ φtot Tad [K] msr [%]

673 0.5 0.5 0.5 1750 0-50
673 0.5 0.66 0.5177 1780 11
673 0.5 0.77 0.5296 1800 11
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5.1 Model Setup

In the following study, three different test cases are discussed, see table
5.1. As a starting point, the simple case with the same equivalence ratio
in the jet and the cross flow is investigated. Furthermore, the results of
simulations with two different equivalence ratios of the jet, i.e. φJ=0.66
and 0.77, are presented in more detail. For all cases, the cross flow equiv-
alence ratio is held constant at φX=0.5. Following table 5.1, this results in
an overall equivalence ratio of φtot=0.5177 and 0.5296 with an adiabatic
flame temperature of Tad=1780 and 1800K, respectively. This tempera-
ture corresponds to a mass split ratio, where 11% of the total mass flow
is injected in the secondary stage. In all cases considered, the incom-
ing flows of the jet and the cross flow are preheated to 673K. For better
comparison with the high pressure case, all figures in the following are
normalized by the total residence time in the combustor, i.e. τcc=1 at the
end of the combustor. Due to scaling reasons, the atmospheric test rig
has lower velocities and longer residence times, see section 3.2. In the
following, simulations of high pressure conditions of 20bar were run at
five times shorter residence times. In all calculations, natural gas is used
as fuel.

0 0.2 0.4 0.6 0.8 1

1400

1600

1800

2000

τcc [-]

T
[K

]

Figure 5.2: Temperature profiles for single stage (green), and best (blue) and worst
case (jet dashed red line, cross flow red line) of the staged configuration
at φJ=0.66, overall Tad=1780K.

The differences between the asymptotic models and the single stage ref-
erence case of figure 5.1 can be explained best by considering the tem-
perature profiles shown in figure 5.2. In the single stage case, the final
temperature is the adiabatic flame temperature, i.e. 1780K in the case
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of φJ=0.66 (corresponding to an overall equivalence ratio of φtot=0.5177,
see table 5.1). As there is no additional jet injection in the single stage
case, the temperature is constant over the entire post-flame residence
time within the combustor (shown by the constant green line in figure
5.2). Furthermore, this temperature serves as reference corresponding
to the same overall equivalence ratio φtot.
The red and the blue lines in figure 5.2 represent the two cases with jet
injection at 2/3 of the total residence time. For the staged configuration,
the model is divided into two parts resulting in two different tempera-
tures. The first stage is fired with a lower equivalence ratio, resulting in
a lower adiabatic flame temperature (blue/red dashed line in figure 5.2).
In the second stage, the temperature is different for the best and worst
case. For both asymptotic cases the jet reactants are preheated to 673K.
In the best case (blue dashed line in figure 5.2), the jet of 673K is first
mixed with the cross flow of 1750K resulting in a mixture temperature
of approximately 1630K for the given mass split ratio of 11%. This mix-
ture is then burnt with the same adiabatic flame temperature as in the
single stage case. Thus, the final temperature represented by the green
line is reached immediately upon jet injection and stays constant until
it reaches the end of the combustor. However, as in the worst case the
jet burns independently from the cross flow, two different burning tem-
peratures are present in the second stage. The jet of 673K is injected and
burns at a higher adiabatic flame temperature (red dashed line in figure
5.2), whereas the temperature of the model for the cross flow stays at
the low temperature (red line in figure 5.2). At the end of the combustor,
both flows are mixed together. The mixed temperature at the end of the
combustor is not shown in figure 5.2 for the staged worst case (red lines).
With the selected mass split ratio of 11% the same overall end tempera-
ture is reached.

5.2 Staging Potential

As a starting point, the configuration when both stages are fired at the
same equivalence ratio is investigated. In this configuration the advan-
tage of staging lies in the shorter residence time of the jet flow and the
resulting lower NOx-concentration. The position of the jet injection is
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fixed at 2/3 of the total combustor residence time τcc resulting in a lower
residence time in the second stage of 1/3 τcc. The influencing parameter
is the mass split ratio msr between jet and cross flow.

Table 5.2: NOx-concentrations of the φ=0.5 laminar freely propagating flame at differ-
ent post-flame residence times.

@1/3τcc @ τcc

1bar 3.0ppm 3.8ppm
20bar 1.4ppm 2.2ppm
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Figure 5.3: Relative NOx-benefit of staging over mass split ratio at 1 and 20bar.

Table 5.2 shows the NOx-results of a laminar free flame simulation at
an equivalence ratio of φ=0.5. The normalized NOx-concentrations are
shown for two different residence times: The NOx formed in the second
stage over a residence time of 1/3 τcc, and overall NOx formed over the
total residence time in the combustor τcc. The results reveal the advan-
tage of the shorter residence time in the second stage on NOx. Figure 5.3
illustrates the influence of mass split ratio on the relative NOx benefit. An
increased mass flow in the second stage corresponds to a higher mass
split ratio. Under the assumption of perfect premixing in both stages,
there is a linear increase of the theoretical NOx benefit compared to the
single stage case at 1 and 20bar. However, the relative NOx benefit is
higher for the 20bar test case originating from the higher influence of
post flame NOx-formation.
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In conclusion, it is favorable, to inject the secondary jet flow as late as
possible and to increase the mass flow ratio of the jet. On the other side,
if the injection of the jet is too far downstream, the burnout of the flame
is not finished or CO is not yet in thermal equilibrium. Flame burn-out
can play a role in technical applications, but was not considered in the
presented model.
As it was shown, there is a theoretical NOx reduction potential for the
staged jet in cross flow configuration with same equivalence ratios of
the jet and the cross flow. In the following, the two other test cases
with a higher equivalence ratio in the second stage are studied, using
the chemical models from figure 5.1. In this configuration, staging re-
sults in a higher thermal output, i.e. higher turbine inlet temperature,
without changing the equivalence ratio of the first stage. The overall
power can be controlled by changing the jet fuel flow only. The results
of the best and worst case simulations are again compared to the NOx-
concentration of the single stage reference case of a freely propagating
flame with the same adiabatic flame temperature (see table 5.1).
Figures 5.4 and 5.5 summarize the NOx-results of the chemical mod-
eling. For both jet equivalence ratios of φJ=0.66 and 0.77 the best case
shows a reduction potential for ambient pressure as well as for the 20bar
case. The key to lower NOx again lies in the shorter residence time in the
second combustion zone. Additionally, the cross flow is fired at a lower
temperature also resulting in lower NOx. The potential is higher with an
increased jet equivalence ratio. The higher equivalence ratio of the jet
does not promote NOx-formation, because perfect mixing prior to igni-
tion has been assumed. This behavior is different for the worst case of no
mixing between jet and cross flow. With staging, the NOx-concentrations
are by far highest, although the residence time in the second stage is
short.
In addition, figures 5.4 and 5.5 show the differences of in-flame and
post-flame NOx-formation under atmospheric and 20bar conditions: At
high pressure, the overall NOx-concentrations are lower due to the lower
total residence time in the combustor. The in-flame NOx-formation is
of minor importance and the post-flame NOx is becoming dominant.
In the present configuration with its specific scaling to high pressure,
the thermal NOx-formation is approximately the same for the 1bar and
20bar case. The level of mixing of the hot jet products with the cross
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Figure 5.4: Calculated NOx-concentrations at ambient pressure (left) and 20 bar (right)
for single stage (green), and best (blue) and worst case (red) of the staged
configuration at φJ=0.66 .

flow is decisive for the NOx reduction potential of staging. In addition,
post-flame NOx-formation is prevailing under high pressure resulting in
a stronger influence of the mixing between jet and cross flow for the 20
bar case and a larger reduction potential. These modeling results show
that staged combustion requires a high degree of mixing prior to igni-
tion of the secondary fuel-air jet flow. Also in the case with higher equiv-
alence ratio in the second stage, the NOx reduction potential originates
entirely from the lower residence time in the second stage.

Table 5.3: NOx-results of the potential analysis at 1 and 20bar: single stage reference
case and best case of staged combustion.

reference case best case
φX φJ φtot 1bar 20bar 1bar 20bar

0.5 0.66 0.5177 4.8ppm 3.4ppm 4.2ppm 2.3ppm
0.5 0.77 0.5296 6.1ppm 4.5ppm 4.7ppm 2.6ppm
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Figure 5.5: Calculated NOx-concentrations at ambient pressure (left) and 20 bar (right)
for single stage (green), and best (blue) and worst case (red) of the staged
configuration at φJ=0.77.

Table 5.3 shows the NOx-results of chemical reactor modeling of the sin-
gle stage reference case and the best case of staged combustion for the
two jet equivalence ratios (φJ=0.66 and 0.77) at atmospheric and 20bar
conditions. In conclusion, a NOx reduction potential exists for atmo-
spheric as well as engine conditions. At high pressure, staged combus-
tion is even more promising than for the atmospheric case. Thus, lab
scale experiments underestimate the effect of staging on the NOx reduc-
tion potential. In absolute numbers, reactor modeling indicates that the
maximum theoretical reduction is in the range of 1-2ppm assuming per-
fectly premixed reactants in both stages.
However, the exploitation of the reduction potential requires a high level
of mixing prior to ignition. The main challenge is to delay ignition of
the jet mixture, which is exposed to the hot products of the first stage.
The best case of perfect mixing of jet and cross flow before ignition is
technically not feasible. Two different flame types of anchored and lifted
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flames are discussed in the following chapter 6. Detaching the jet flame
from the circumference of the injector augments the pre-flame mix-
ture and also decreases NOx-formation. The influences of pre-flame and
post-flame mixing, as well as residence time on in-flame and post-flame
NOx-formation, is studied in detail with a chemical network model in
chapter 7. It is further discussed if and how a beneficial application
of staged combustion in terms of overall NOx-reduction is technically
achievable, especially at high pressure gas turbine conditions. Chapter 7
also deals with the impact of higher NOx-levels in state of the art gas tur-
bine combustors on staged combustion NOx reduction potential. Tem-
poral and spatial unmixedness and air addition along the combustor
liner result in a higher effective flame temperature in the first combus-
tion zone, which leads to higher NOx-formation rates.

67
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In this chapter, the experimental findings obtained with the atmo-
spheric test rig are discussed. In the first part, the experimental results
of the upscaled injector of 100mm diameter are presented in detail. Mo-
mentum ratios between 4≤J≤10 are chosen as this range is relevant for
gas turbine combustors. Due to the large diameter and the resulting high
spatial resolution of the experimental data, the measurements are suit-
able for a detailed analysis of the velocity and mixture field and its influ-
ence on NOx formation. The second part of the chapter focuses on the
investigation of the lifted jet flame with 15mm diameter. The data of the
lifted flame is further needed for the validation of the chemical network
model in chapter 7.

6.1 Anchored Flames

Reacting tests of the jet scaled by ignition delay Damköhler number
Daign are performed (see section 3.3). For all operating points in this sec-
tion an anchored flame is detected. The non-reacting velocity field of the
100mm diameter jet injector is investigated and compared to the veloc-
ity field of the reacting operating points.

6.1.1 Flame Shape and Stabilization

The flame shape and stabilization is discussed by studying experimen-
tal data of OH* chemiluminescence and reacting velocity fields in the
center plane.

6.1.1.1 Flame Characterization by OH* Chemiluminescence

A sensitivity study is conducted in order to investigate the influences of
the jet equivalence ratio φJ and the momentum ratio J on flame shape
and flame length. The momentum ratio is varied between 4≤J≤10, and
the equivalence ratio is studied between 0.05≤φJ≤0.77.

69



6 Experimental Results

Figure 6.1: Mean OH* image of the flame in side view for J=6 at equivalence ratio of
0.05≤φJ≤0.77.

Figure 6.1 shows the influence of jet equivalence ratio for a momentum
ratio of J=6 in side view. As the flames of the operating points given in
figure 6.1 are recorded at different gains and normalized to maximum
intensity of each picture, the absolute intensities are not comparable
with each other. Even for very lean mixtures of φJ=0.05, the flame is sta-
bilized at the circumference of the jet injector. For higher equivalence
ratios (φJ>0.77), the flame stabilizes inside the injector, but only at the
upstream side. This behavior can be explained by the vortex system: The
horseshoe vortex allows the hot cross flow material to penetrate the in-
jector pipe as explained in section 2.1.3. Inside the pipe, the highly reac-
tive mixture ignites instantaneously. As with increasing equivalence ra-
tio and increasing flame temperature the quenching distance decreases
the flame is able to propagate into the pipe. The flame shapes of the
different equivalence ratios are similar within the range of the studied
momentum ratios (4≤J≤10).
Figure 6.2 shows the side and the top view of a J=8 flame at two differ-
ent equivalence ratios of φJ=0.77 (left) and φJ=0.33 (right). Both views
together give an idea of the three-dimensional shape of the flame. On
the left side of figure 6.2, as a typical example of high equivalence ra-
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Figure 6.2: Mean OH* image in side (top) and top (bottom) view of the J=8 flame at
equivalence ratio φJ=0.77 (left) and φJ=0.33 (right).

tio (φJ≥0.5), the flame has sharp boundaries and burns out very quickly.
Further downstream, when the jet is bend in direction of the cross flow,
the flame is very thin and flat, see top left picture of figure 6.2. With less
reactive mixture, i.e. lower equivalence ratios, the flame is longer and
due to the fluctuating position of the flame the contours are blurred (see
second column of figure 6.2).
In figure 6.3 and 6.4, the intensity profiles at x/D=1.5 are compared re-
garding penetration depth and flame position. In order to be able to
compare records of different gains of the image intensifier, all mean in-
tensity signals are corrected and normalized by the highest intensity at
J=10 and φJ=0.77. Figure 6.3 shows the influence of the momentum ratio
at constant equivalence ratio of the jet at φJ=0.5. As expected, the maxi-
mum is shifted to higher z/D positions with increasing momentum ratio
J. However, the shapes of the intensity profiles are similar for all momen-
tum ratios independent of the equivalence ratio.
In figure 6.4, the intensity profiles of different equivalence ratios,
0.1≤φJ≤0.77, at a momentum ratio of J=10 are compared with each
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Figure 6.3: Intensity profile of mean OH*
images at x/D=1.5 for momen-
tum ratio 4≤J≤10 at jet equiva-
lence ratio φJ=0.5.
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Figure 6.4: Intensity profile of mean OH*
images at x/D=1.5 for jet
equivalence ratio 0.05≤φ≤0.77
at momentum ratio J=10.

other. The intensity profiles at x/D=1.5 show a wider distribution with
decreasing equivalence ratio. In contrast to the distinct intensity max-
imum for the high equivalence ratio of φJ=0.77, the profile for φJ=0.2
spreads over almost the complete height. By studying the J=8 flame (see
the top view in figure 6.2), it is revealed that at equivalence ratio φJ=0.33
the flame is also expanded in y-direction to the same extend. As OH*
records provide line of sight integrated images, the OH* data is not ade-
quate to determine the exact position of the local reaction zone.

6.1.1.2 Velocity Field in the Center Plane

Particle Image Velocimetry (PIV) measurements are taken in order to an-
alyze the velocity field in the x-z center plane at y=0. First, the results
of the non-reacting experiments are discussed. The momentum ratio is
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varied within the characteristic range of 1≤J≤15. In accordance with lit-
erature, two different flow patterns in the mean velocity fields are distin-
guished depending on momentum ratio.
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Figure 6.5: Mean velocity field with streamlines of the non-reacting jet at high momen-
tum ratio J=10.
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Figure 6.6: Mean velocity profile at jet outlet z/D=0.1 of the non-reacting jet at mo-
mentum ratio J=10.
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Figure 6.7: Mean velocity field with streamlines of the non-reacting jet at low momen-
tum ratio J=1.

As an example for high momentum ratio, figure 6.5 depicts the mean ve-
locity field of the non-reacting jet in cross flow at J=10. According to lit-
erature, the flow pattern with the upward streamlines in the wake region
is characteristic for momentum ratios higher than 2 [42], see additional
experimental results in figure A.2. However, more detailed structures −
like the horseshoe vortex in the boundary layer near the circumference
(see figure 2.4 and 2.5) − are not detectable in the data, as the resolu-
tion near the wall is too low. The absolute velocity magnitude c in x-
and z-direction, i.e. c=

�
u2 +w2, shows its maximum at the jet outlet and

is decreasing along the jet trajectory. Due to the influence of the cross
flow, the maximum velocity is shifted downstream. Figure 6.6 shows the
velocity profile of the non-reacting jet at momentum ratio J=10 imme-
diately above the jet outlet at z/D=0.1. The maximum velocity is located
at x/D≈0.35. Similar velocity distributions are observed for all examined
momentum ratios between 1≤J≤15.
An example of the flow field of the low momentum ratio jet with J=1 is
shown in figure 6.7. Due to the low velocity, the jet is hardly penetrating
the cross flow. The resulting streamlines of the mean velocity field show
the typical clockwise rotating pattern in the wake.
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Figure 6.8: Mean profiles of the axial velocity component at x/D=1.5 for J=1,6,10 and
15. Note the negative velocity in the z/D<0.5 region at J=1.

To compare the penetration depth of the different non-reacting jets in-
vestigated, figure 6.8 depicts the velocity profile in x-direction at x/D=1.5
for momentum ratios between 1≤J≤15. The maximum velocity u is
shifted to a higher z/D position with increasing momentum ratio. There
is no significant maximum for the momentum ratio of J=1 at x/D=1.5.
The recirculating flow of the J=1 jet is revealed in the lower part of the
profile in figure 6.8. At z/D<0.5, reverse flow near the wall is visible.
In section 2.2.1, the turbulence intensity is calculated with the RMSc-
value of the velocity fluctuations, see equations 2.9 and 2.10. The RMSc-
value includes fluctuations u’ and w’ in the x-z center plane. For better
comparison of different velocities, the RMSc-values are normalized by
the mean jet velocity UJ. As an example, figure 6.9 depicts the turbu-
lence intensities Tu of the non-reacting jet at momentum ratio J=10, see
additional experimental results in figure A.2. The turbulence is evolving
in the shear layer similar to a free jet and reaches its maximum where the
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Figure 6.9: Mean turbulence intensities with streamlines of the non-reacting jet at mo-
mentum ratio J=10.

windward and lee side shear layers meet and the inner core of low tur-
bulence vanishes. The maximum value of the turbulence intensities for
all momentum ratios lies around 25 to 30%. Also the wake region is char-
acterized by a relatively high turbulence of 10-30% (see figure A.2). How-
ever, the turbulence intensity in the wake region decreases with higher
momentum ratio resulting in a poorer mixing for higher momentum ra-
tios in the wake region behind the jet.
To get an understanding of the flow of the reacting jet and on how the
additional heat release influences the velocity field, PIV measurements
are conducted similarly to the non-reacting case. For all tests the laser
sheet is at the same position as described for the non-reacting jet, i.e. in
the x-z center plane at y=0. Figure 6.10 shows the mean velocity field of
the reacting jet at momentum ratio J=10 and jet equivalence ratioφJ=0.5,
see additional experimental results in figure A.1. Due to strong light re-
flections, it is only possible to derive velocity vectors as close as approxi-
mately z/D=0.25 to the wall. In comparison to the tests without reaction,
the jet penetrates deeper into the cross flow as the jet obtains an addi-
tional momentum from the gas expansion due to the reaction.
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Figure 6.10: Mean velocity field with streamlines of the reacting jet at momentum ratio
J=10 and jet equivalence ratio φJ=0.5.
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Figure 6.11: Mean turbulence intensities with streamlines of the reacting jet at mo-
mentum ratio J=10 and jet equivalence ratio φJ=0.5.

As shown in figure 6.10, the mean velocity field shows a strong recircu-
lation flow behind the jet for jet equivalence ratios φJ=0.5 and higher.
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This recirculating flow of the reacting velocity field is rotating counter-
clockwise in contrast to the clockwise rotating flow field pattern in the
wake behind the jet for experiments without reaction at low momen-
tum ratio, i.e. J<2. With leaner mixtures at jet equivalence ratios around
φJ≤0.4, the recirculation zone in the wake region breaks down and the
flow fields exhibit the typical upward streamlines as known from the test
case without reaction. The core of the jet with its high velocity does not
have the typical triangular shape known from the experiments without
reaction (see figure 6.15). The region of high momentum is broader and
longer.
Similarly to the test cases without reaction, the turbulence intensities
are calculated with equations 2.9 and 2.10. As an example, figure 6.11
presents the results of the J=10 jet at equivalence ratio φJ=0.5. In the jet
region the turbulence is of the same level as in the case without reac-
tion, i.e. approximately 30%. In the wake region the turbulence varies
between 20 to 25% ( see addition experimental results in figure A.1).
Figures 6.12 and 6.13 compare the influence of momentum ratio and
jet equivalence ratio on the penetration depth of the velocity trajectory
showing profiles of the axial velocity u at x/D=1.5. Figure 6.12 reveals
the influence of the momentum ratio J. Similar as in the test without
reaction, the maximum of the velocity u is shifted to higher z/D coordi-
nates with increasing momentum ratio. As expected, the magnitude of
the maximum velocity is also increasing from momentum ratio 4 to 10.
Figure 6.13 compares the influence of different jet equivalence ratios in
the range of 0.33≤φJ≤0.66 for J=10. The equivalence ratio has only little
influence on the magnitude of the maximum u-velocity (u≈20 m/s). The
z/D position of the maximum is slightly lower for the φJ=0.33 jet.
In figures 6.12 and 6.13 the near wall region (z/D<0.5) is characterized
by a positive u-velocity. A strong reverse flow is observed, see e.g. be-
tween z/D=1 and z/D=2.2 for the J=10 jet in figure 6.13. The position of
the center of the recirculating flow depends on momentum ratio and
equivalence ratio. The momentum at the jet outlet where the flame is
stabilized must be high enough, i.e. the pressure must be low enough,
to force the flow to recirculate. Unfortunately, the flow patterns near the
wall could not be detected by the PIV data appropriately. However, the
streamlines must originate from other planes and enter the center plane
from the side.
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Figure 6.12: Mean reacting profiles of
the velocity component u
at x/D=1.5 for momentum
ratio J=4,6 and 10 at jet
equivalence ratio φJ=0.5.
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Figure 6.13: Mean reacting profiles of
the velocity component u
at x/D=1.5 for jet equiva-
lence ratio 0.33≤φJ≤0.66 at
momentum ratio J=10.

A comparison between the non-reacting jet and the reacting jet at equiv-
alence ratio φJ=0.5 is given in figure 6.14. In general, the reacting jet
exhibits a deeper penetration compared to the non-reacting jet of the
same momentum ratio. The additional momentum due to reaction can
be taken into account using equation 2.7 (see section 2.1.2 for the react-
ing momentum ratio definition). The momentum ratio of the reacting
jet is calculated with the burnt jet products. By this equation, a non-
reacting jet of momentum ratio J=15 is approximately similar in pene-
tration depth to a reacting jet at J=6, see figure 6.14.
Figure 6.14 further illustrates the differences of the flow field. First, the
core area of high velocity is thicker and longer in the reacting case. The
ongoing reaction leads to higher temperature and lower density in the
jet flow resulting in an additional momentum. In the jet area of high ve-
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Figure 6.14: Velocity field comparison between the non-reacting jet at momentum ra-
tio J=15 (left) and the reacting jet at J=6 and φJ=0.5 (right).
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Figure 6.15: Velocity field comparison between the reacting jets of equivalence ratio
φJ=0.66 (left) and φJ=0.33 (right) both at momentum ratio J=10.

locity the pressure is lower compared to the pressure in the wake region.
The suction effect of the jet forces the flow in the wake behind the jet to
recirculate counter-clockwise. In contrast to the reacting test case, the
jet flow without reaction has a shorter core region since the velocity is
reduced by turbulent diffusion processes and no additional momentum
is present. The suction effect of the non-reacting jet is weaker resulting
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in a different flow field in the wake region with upward streamlines as
expected from literature.
Figure 6.15 reveals the differences of the reacting flow at high and low
equivalence ratio of the jet. With lower heat release in the jet the core
area of high velocity becomes shorter and the suction effect of the jet
is reduced. The reacting jet at high momentum ratio (J=10) and equiva-
lence ratio φJ=0.33 (see right side of figure 6.15) depicts the flow pattern
of upward streamlines in the wake similar to the non-reacting case. Re-
acting jets of an equivalence ratio φJ≥0.5 depict the counter-clockwise
recirculating flow pattern in the wake.

6.1.2 Interaction Between Mixture and NOx-Formation

In this section, the mean and instantaneous mixture field and its ef-
fect on NOx-formation is studied in detail. As measurements and subse-
quent analysis turned out to be time-consuming, the following analysis
is restricted to momentum ratio of J=6. The influence of jet equivalence
ratio on the mixture and NOx-field is taken into account by studying two
different operating points at φJ=0.66 and φJ=0.77.

6.1.2.1 Exhaust Gas Measurements

Of main interest for the following analysis is the distribution of mix-
ture fraction and NOx-concentrations. As NOx-levels are high in the an-
chored flame, the absolute NOx-value is not of direct technical interest.
However, the high spatial resolution due to the large diameter of the jet
facilitates a detailed study of the interaction between mixing and NOx-
formation. Point-wise exhaust gas measurements in the y-z plane are
taken four jet diameters downstream of the jet injection. In this plane
combustion is complete for all presented operating points. The mea-
surements conducted with a suction probe are analyzed in terms of
the mean mixture fraction (calculated from O2-concentration following
equation 4.2) and mean NOx-concentrations normalized to 15% O2 at
every measurement point.
Figure 6.16 shows the mean mixture fraction f derived from exhaust gas
measurements for the two studied jet equivalence ratios of φJ=0.66 and
φJ=0.77. The crosses mark the measurement points. The field is inter-
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Figure 6.16: Mixture fraction f for jet equivalence ratios of φJ=0.66 (left) and φJ=0.77
(right) at x/D=4.
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Figure 6.17: Normalized NOx-concentrations for jet equivalence ratios of φJ=0.66 (left)
and φJ=0.77 (right) at x/D=4.

polated in between these points. The results show that for the higher
equivalence ratio, the mixing in the core of the jet is poorer for φJ=0.77
(f approx. 0.6) than in the case of φJ=0.66 (f around 0.5). The jet penetra-
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tion depth, i.e. the position of the highest mixture fraction on the axis
of symmetry at y=0, is approximately three diameters from the lower
wall for both jets in this measurement plane. The distribution of the
iso-contours of mixture fraction shows the characteristic kidney shape
also observed in non-reacting jets in cross flow. A particularly interest-
ing point is that the mixture gradient in the shear layer at the top of the
jet is much steeper than at the bottom and towards the side walls. The
two shear layers differ in the characteristics of the vortices: The vortices
in the windward side show the typical ring-like form, whereas the shear
layer vortices on the lee side are disturbed by the cross flow, as discussed
in section 2.1.3 (see figure 2.3). As a result, the jet entrains pure cross
flow in the upper shear layer, whereas a mixture of jet and cross flow is
formed in the wake behind the jet.
NOx-measurements for the two operating points are given in figure
6.17. High NOx-concentrations in the area of high jet concentration
are measured for the φJ=0.77 jet. For the lower equivalence ratio jet
of φJ=0.66, normalized NOx-concentrations of up to approximately
7.5ppm are measured. This behavior indicates a strong dependence of
NOx-formation on jet equivalence ratio according to the non-linear tem-
perature dependency of the NOx-kinetics.
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Figure 6.18: Comparison of normalized profiles of mixture fraction f and NOx for jet
equivalence ratio φJ = 0.66 at x/D=4 and y/D=0.

The absolute NOx-level of the atmospheric anchored flame is of minor
interest for the technical application to gas turbine combustion. How-
ever, the distribution of the NOx-values and the similarity to the distri-
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bution of the mixture fraction gives a general indication of where and
how NOx is formed. Figure 6.16 shows that the jet core consists of ap-
prox. 50% jet material. In that zone, the jet NOx-concentration is high-
est, see figure 6.17. The fields of NOx-concentration and mixture frac-
tion exhibit a large degree of similarity. In figure 6.18, the profiles along
the z-axis, i.e. the height of the channel, at x/D=4 and y/D=0 are shown
for a jet equivalence ratio of φJ=0.66. The mixture fraction f and NOx-
concentrations are normalized by the difference between the maximum
and minimum value. The two lines are in good agreement in the upper
shear layer. However, in the lower part, the NOx profile declines a little
bit faster than the mixture fraction. In general, the gradients are steeper
in the shear layer at the top than towards the bottom wall. This effect
is also visible for the φJ=0.77 configuration not shown here. Figure 6.18
shows that a simple correlation between the mean mixture fraction and
the resulting NOx-concentrations does not exist, although temperature
reduction by entraining cross flow material is the main driver to reduce
NOx-formation. To further reveal differences between the distribution of
NOx-formation and mixture fraction, the x-z center plane perpendicular
to the exhaust gas measurement profiles is studied.

6.1.2.2 Center Plane Mixture Analysis of the Mean and Time-Dependent Field

In order to further analyze the mixture field upstream of the x/D=4 mea-
surement plane the Mie scattering method (MixPIV, see details on the
method in chapter 4) was applied to the x-z plane at y=0, which cuts
through the middle of the jet in longitudinal direction. Unfortunately,
this measurement technique was only applicable for the φJ=0.66 jet,
since with higher equivalence ratio the flame luminescence increasingly
interferes with the scattering of the seeding particles and deteriorates
the data quality. Although not all disturbances due to background and
laser sheet inhomogeneities could be perfectly eliminated, the mixture
field data allows quantitative evaluations and it can be used for statisti-
cal analysis, which delivers RMS values and PDFs of the mixture fraction
(see section 2.3.4). The temporal mean mixture field is shown on the left
of figure 6.19, and the temporal RMST-values of the mixture on the right.
The black dashed line denotes the mixture trajectory consisting of the
points with highest value of the mixture fraction, see section 2.1.2.
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Figure 6.19: Mean mixture field and RMST in the x-z center plane for jet equivalence
ratio of φJ=0.66. The dashed line denotes the jet mixture trajectory.
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Figure 6.20: Mixture profiles in the x-z center plane at x/D=1,2,3 for jet equivalence
ratio of φJ=0.66.

The mixture profiles over the height of the channel can be used to com-
pare against the distribution of mixture fraction in the line of symme-
try of the exhaust gas measurements perpendicular to the center plane
given in figure 6.16. Therefore, profiles of the mean mixture fraction in
y-direction one, two, and three diameters downstream of the location of
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the jet injection are plotted in figure 6.20. Some disturbances due to re-
flections are visible near the bottom wall, but above y/D≈0.3 the data is
free of such errors. For cross checking, the profile of the mean field at
x/D=3, see figure 6.20, can be compared against the distribution of the
mixture fraction f in figure 6.16 at x/D=4. The maximum mixture frac-
tion f is approx. 0.5. However, data of the mixture fraction (with MixPIV)
in the center plane is not available at the x/D=4 position and − assum-
ing a progressing decay − would lie slightly below the maximum mix-
ture fraction in figure 6.16. The profiles in figure 6.20 confirm that the
gradient in the shear layer at the top is much steeper than the gradient
in the shear layer below the jet, see figure 6.16 and 6.17 for compari-
son. Also the measured width of the jet in z-direction matches this data,
ranging from approx. 0.5D to 4D in figure 6.20 at x/D=3 (compare to fig-
ure 6.16). Following the trajectory of worst mixture, shown in figure 6.19,
a distance of approx. three diameters from the bottom wall is reached at
x/D=3. These results again are in good agreement with the data shown
in figure 6.16.
In addition to the time mean temperature, temperature fluctuations
play an important role in NOx-formation and are caused by temporal
mixing fluctuations. An indication of the temporal mixture quality in the
experiment is given by the RMST-values of the mixture fraction f. The
data of the MixPIV analysis in the x-z center plane of the φJ=0.66 jet is
shown in figure 6.19. The field of the RMST-values on the right side of
figure 6.19 reveals two zones with high temporal fluctuations, which rep-
resent the shear layers between the jet and the cross flow. In the wind-
ward shear layer RMST-values up to 0.4 are reached. In this upper shear
layer, jet material mixes with pure cross flow. The high RMST-values in-
dicate a high level of temporal unmixedness in that zone. Interestingly,
the RMST-values in the shear layer on the lee side of the jet are much
smaller and do not exceed 0.2. In the region in the wake behind the jet,
turbulent mixing between the jet flow and the cross flow is stronger. As
a result of the vortex system, see figures 2.2 and 2.3, the gradient in the
region below the jet trajectory is lower and also the temporal fluctua-
tions of the mixture fraction RMST are smaller, compare to figure 6.18.
These results indicate that the mixing progress on the lee side is more
developed than in the windward shear layer. It was shown for reacting
jets that, due to the recirculation zone in the wake behind the jet, veloc-
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ity fluctuations are higher compared to the windward shear layer (see
figures 6.11 and A.1). The regions of high velocity fluctuations and high
temporal fluctuations of mixture fraction are distributed differently. The
higher and steeper gradient of the windward shear layer leads to higher
fluctuations of mixture fraction in this region.
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Figure 6.21: Characteristic PDFs in the windward (left) and lee (right) shear layer for
φJ=0.66, mean mixture fraction indicated by red line.

The differences of mixing in the two shear layers can be further char-
acterized by the PDFs shown in figure 6.21. Two characteristic PDFs are
chosen as examples of the temporal mixture distribution in the wind-
ward and lee side shear layer. The PDFs in figure 6.21 illustrate the dif-
ferent degree of mixing in the two shear layers. At the two selected posi-
tions in both shear layers the mean mixture fraction represented by the
vertical red dotted line is almost identical (f ≈0.5). The PDF representing
the windward side indicates a high level of local unmixedness: Although
the mean mixture is approx. 0.5 (f=0.525), this mixture is hardly ever ap-
pearing. The highest peak is at the mixture fraction of one, consisting
of pure jet material. The second peak is at f≈0.15, near the overall ideal
mixture. The shape of the PDF indicates that the local mixing state is in
between the temporarily unmixed case with bimodal PDF, and the case
with a certain degree of mixing represented by a Gaussian shape of the
PDF. The PDF on the lee side indicates higher mixing progress, although
the variance is large. The observed differences regarding the mixing state

87



6 Experimental Results

in the two shear layers lead to the conclusion that NOx-formation is sig-
nificantly different.

6.1.2.3 Influence of Mean Mixture Field and Temporal Fluctuations on NOx-
Formation

It is shown in figure 6.19 that the mixing on the windward and the lee
side shear layer is different. While the upper shear layer entrains (colder)
pure cross flow material, the wake region consists of a (hotter) mixture
of cross flow and jet products. This effect leads to the steeper decline of
the upper gradient in the distribution of the mean mixture fraction and
of the NOx, see figures 6.18 and 6.20. Temporal fluctuations of the mix-
ture fraction have an important influence on NOx-formation, see section
2.3.4. Due to the high thermal sensitivity of post-flame NOx-formation,
temperature peaks connected to temporal fluctuations of the mixture
fraction lead to higher NOx. In terms of NOx-formation, the windward
shear layer has the disadvantage of a higher temporal unmixedness ex-
emplified by the higher RMST-values and the bimodal PDF shape. Com-
pared to the more advanced mixture distribution in the lee side shear
layer with the Gaussian shaped PDF, the same mean mixture fraction
would result in lower NOx in the lee side shear layer, see lower part of
figure 6.18.

6.2 Lifted Flames

In section 3.2, a second scaling principle following similarity in Karlovitz
number of the jet flame was introduced. It was assumed that this scal-
ing leads to similar lift-off heights and flame positions compared to gas
turbine application. The results of the experiments with the smaller di-
ameter of D=15mm will be presented in the following. In contrast to the
results of the large-scale experiments with the 100mm diameter jet, the
experiments with a smaller diameter at a higher momentum ratio are
not suitable for studying the reacting flow-field in detail, since the mix-
ture fraction analysis is not applicable to the lifted jet flames, see section
4.4. The lifted flame is analyzed to collect the data needed for the chem-
ical network modeling of the following chapter 7 and the transfer to high
pressure conditions. The parameters of interest are state of mixture at ig-
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nition fpf and the mixture fraction at measurement point fMP, as well as
the post-flame residence time τpost, i.e. the time of flight a particle mov-
ing along the trajectory from the end of the flame until the measurement
point.
In the following, the lifted flame scaled by Karlovitz number at equiv-
alence ratio φJ=0.66 is studied in detail. The operating conditions are
given in table 3.1, see section 3.3.
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Figure 6.22: Mixture fractions of the lifted flame scaled by Karlovitz number at equiv-
alence ratio φJ=0.66 in the y-z plane 7.7 jet diameters downstream of the
jet injection, the measured points are marked with crosses.

6.2.1 NOx-Concentrations and Mixture Fields

Also for the lifted flame scaled by Karlovitz number exhaust gas mea-
surements are performed with the traversable water-cooled suction
probe, see section 4.2. The results of the mixture fraction f and the nor-
malized NOx-measurements at x/D=7.7 are shown in figures 6.22 and
6.23, respectively. The mixture fraction is calculated following equation
4.2, and the NOx-data are normalized to 15% O2 using the measured lo-
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Figure 6.23: Normalized NOx of the lifted flame scaled by Karlovitz number at equiva-
lence ratio φJ=0.66 in the y-z plane 7.7 jet diameters downstream of the jet
injection, the measured points are marked with crosses.

cal O2-concentrations. At the measurement position the jet flame is fully
burnt and CO is in thermal equilibrium. For extracting the global mean
NOx-value, the NOx-field of the whole channel (500x500mm) is needed,
see figure 6.23. In figure 6.23, the NOx-value of the cross flow is mapped
on areas outside the jet region, where no measurement data are avail-
able. The NOx-concentration of the cross flow without secondary in-
jection is measured separately and compared to the NOx-result of free
flame simulation. A consistent value of approx. 4ppm is obtained by
both the measurements and the simulation. Figure 6.23 shows the NOx-
distribution over the entire channel (values are mirrored at the center
line) for the lifted flame scaled by Karlovitz number at equivalence ratio
φJ=0.66 in the y-z-measurement plane 7.7 jet diameters downstream of
the jet injection.
In contrast to the results obtained from the anchored flame with signifi-
cantly lower momentum ratio (figure 6.18) the fields of the mixture frac-
tion and the NOx-concentration are similar to a large degree. This effect

90



6.2 Lifted Flames

min max

5

10

15

20

25

30

z/
D

[-
]

NOx

f

Figure 6.24: Comparison of mixture fraction and NOx profiles over the channel height
at y/D=0 of the lifted flame scaled by Karlovitz number at equivalence ra-
tio φJ=0.66.

is shown more precisely in figure 6.24 at y/D=0. Both profiles of NOx and
mixture fraction are normalized with the difference of their maximum
and minimum values. The influence of the different mixture histories in
the lower and upper shear layer are negligible for this high momentum
ratio jet, as the influence of the lower wall is reduced. Due to the high
momentum of the jet, the velocity and mixture field becomes similar to
the one of a free jet, see section 2.1.3. The similarity between the mixture
fraction and the NOx-concentration, see figure 6.24, is later used in the
framework of chemical reactor modeling. In that context, the mixture
fractions and NOx-concentrations in the measurement plane following
the jet trajectory is needed. The comparison of figure 6.22 with figure
6.23 reveals that the mixture fraction on the jet trajectory of fMP=0.5 cor-
responds to the maximum NOx-concentration of 7.5ppm. These values
will be used as anchor points for the model presented in chapter 7.

6.2.2 Flame Position and Post-Flame Residence Time

Beside the presented mixture fraction and NOx-measurements in the y-z
plane at x/D=7.7 downstream of the jet injection, a detailed analysis of
the mixing field and the residence time in the x-z center plane would be
helpful for the appropriate setup of the chemical network model. How-
ever, the quantitative analysis of the mixture field using Mie scattering
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Figure 6.25: Comparison of extracted jet trajectories and velocity field in the x-z center
plane of the lifted flame scaled by Karlovitz number at equivalence ratio
φJ=0.66.

imaging (MixPIV) is not applicable to the lifted flames, as the flame front
cannot be detected in the data. Thus, it is not possible to determine the
state of mixture at ignition (pre-flame mixture fpf) from the experimental
data. This fact limits the merit of Mie scattering imaging for the analysis
of the lifted flame. However the jet trajectory can be clearly identified
with this method.
The trajectories from PIV and Mie scattering imaging are shown in figure
6.25, together with the measured velocity field. As only the velocity in the
jet is of interest, the cross flow is left unseeded for practical reasons. The
velocity field outside the jet region is not analyzed and the velocity c is
zero in figure 6.25. Velocity and mixture trajectory as well as the center
streamline are compared with each other in figure 6.25. For the high mo-
mentum ratio of the lifted flame, all three evaluation methods for the jet
trajectory deliver almost identical results as expected in the near field.
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As the measurement section in figure 6.25 does not fully cover the jet tra-
jectory downstream to x/D=7.7, where data in the y-z plane is available,
an extrapolation is required for z/D>14. For this purpose, the trajecto-
ries shown in figure 6.25 are fitted following equation 2.3. The results
obtained for the velocity trajectory (equation 6.1) and for the mixture
trajectory (equation 6.2) are plotted in figure 6.26.

zv

D
= 9.2621

( x

D

)0.3860
(6.1)

zf

D
= 9.096

( x

D

)0.3545
(6.2)

The comparison of the factors A and B in equations 6.1 and 6.2 to liter-
ature data following equation 2.3 [51, 94] shows good agreement. Factor
B (B=0.386) is near the upper limit of the reported values (0.28<B<0.34).
Factor A depends on how the momentum ratio is calculated. The mo-
mentum ratio based on the density of the reactants is J=150. However,
chemical reaction has an effect on the trajectory, because the expan-
sion due to heat release increases the effective jet momentum. Following
equation 2.7 in section 2.1.2, a reacting momentum ratio of Jreac=375 is
obtained. The value of factor A for this higher momentum ratio is ap-
proximately A=1.5. These values are again in good agreement with liter-
ature (1.2<A<2.6).
In figure 6.26 the available data from the x-z center plane (at y=0) are
combined with mixture fraction data from figure 6.22 at y=0. The three
trajectories are similar to each other in the near field and start to dif-
fer at the beginning of the far field region. According to literature, e.g.
[51, 63], the mixture trajectory lies slightly below the velocity trajectory.
This trend is also observed in figure 6.26. The penetration depth of the
fitted mixture trajectory at x/D=7.7 is compared with the position of the
worst mixture of the exhaust gas measurements, see figure 6.22 for com-
parison. Both methods consistently deliver z/D≈18 at x/D=7.7 for the
location of the mixture trajectory. These results indicate that the trajec-
tory of the jet can be described with data from the x-z center plane (at
y=0) and from the y-z plane at x/D=7.7 consistently.
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Figure 6.26: Comparison of extracted jet trajectories and position of the flame in the
x-z center plane with the mixture fraction at x/D=7.7 of the lifted flame
scaled by Karlovitz number at equivalence ratio φJ=0.66.
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For the validation of the reactor model, the information on the flame
position and shape are needed. In the current study, the position of the
flame tip is estimated from OH* images, which provide line of sight inte-
grated data in y-direction. The flame position is shown as the blue zone
in figure 6.26 illustrating the derived flame position in the center plane
at y=0.
Finally, putting all information together, an estimate of the "time of
flight" of the jet material along the jet mixing trajectory after the flame
is extracted. This quantity is essential to receive good results from the
chemical network model, as NOx-formation is sensitive to the residence
time in the hot environment. In the following, the residence time is cal-
culated by integrating the velocity along the jet trajectory in time start-
ing from the flame tip. The velocity data are extracted from the avail-
able PIV velocity field and the fitted trajectory allowing extrapolation to
x/D=7.7 (figure 6.26). The decay of the velocity along the trajectory out-
side the visible region is estimated using the power law (z/D)−2/3 pro-
posed in [52]. This law is applied to the velocities u and w in x- and z-
direction, respectively, following [51]. For the w-component of the ve-
locity, the jet outlet velocity UJ is taken as initial value, see equation 6.3.
For the u-velocity component, the cross flow velocity UX is taken as the
asymptotic maximum value in equation 6.4.

w ∝
( z

D

)−2/3
UJ (6.3)

UX −u ∝
( z

D

)−2/3
UX (6.4)

From both components, the absolute velocity c=
�

u2 +w2 along the jet
trajectory is calculated. Finally, the residence time from the flame tip to
the measurement plane at x/D=7.7 is estimated by integration of the ab-
solute velocity c along the trajectory coordinate ξ. This method delivers
a post-flame residence time of approximately τpost=5ms, which is ap-
plied to the chemical network model presented in the following section.
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7 Chemical Network Model for Data
Transfer to Gas Turbine Conditions

Chemical reactor network models are widely used as they have the abil-
ity to transfer atmospheric data to higher pressure conditions, see e.g.
[10, 22, 49]. However, the network model must be adapted to the indi-
vidual problem considered to capture the prevailing effects from three-
dimensional reacting flow field on chemistry.
In the following, a combination of experimental data and chemical mod-
eling is used to study NOx-formation in lifted flames. First, the experi-
mental results are used to validate the network model. Second, a sensi-
tivity study investigates differences in pre- and post-flame mixing under
atmospheric and 20bar combustion in detail. Finally, the experimentally
validated model is run at 20bar. The results of the simulation will lead to
an evaluation of the benefit of axial staging concerning NOx-emissions
under engine conditions. Moreover, also the realistic case of higher NOx-
levels due to unmixedness and air addition along the combustor liner
are investigated.

7.1 Similarity Considerations for a Transfer to 20bar

The operating point of the lifted flame with the smaller diameter of
15mm is characterized in section 3.2 and is chosen due to a similarity
in Karlovitz number. It is assumed that this operating point shows sim-
ilarity in lift-off height to a flame under typical conditions in a gas tur-
bine combustor. In the experimental analysis of section 6.2 it was shown
that the fields of mixture fraction and NOx-concentration exhibit a high
degree of similarity in the atmospheric case. For scaling of atmospheric
data to engine conditions, we assume that the flow and mixture fields
are independent of pressure. With this assumption, experimental data in
the y-z plane are scaled to high pressure conditions according to equa-
tion 7.1 and 7.2 respectively.
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Due to the similarity between the mixture fraction and NOx-
concentration fields, only the minimum and maximum NOx-value is
needed to be modeled. With the similarity rule according to equa-
tion 7.2 and the atmospheric NOx-field data (see figure 6.23), the two-
dimensional distribution in the y-z plane can be reconstructed for en-
gine conditions. This data can then be used to calculate the mean NOx-
concentration, that is required to evaluate the potential benefit of the jet
in cross flow configuration compared to single stage combustion.
For the lifted flame at the equivalence ratio of φJ=0.66, minimum and
maximum values are available from experiments and will be used for
the validation of the reactor network model, which is introduced in the
next section.

7.2 Reactor Network Model Structure

The structure of the employed reactor network model is shown in figure
7.1. It consists of a freely propagating flame (1DFF) burning a mixture of
jet and cross flow material and a constant pressure reactor (CPR), which
allows continuous admixing of cross flow material to the post-flame re-
gion.
For the calculation of the NOx-concentration in the hot cross flow, a
separate one-dimensional free flame model is employed [45], which is
fed with the reactants of the first combustor stage. The burnt cross flow
products are stored in a reservoir, which is used to provide the cross flow
material for entrainment upstream of the freely propagating flame and
along the post-flame reactor.
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Figure 7.1: Scheme of the chemical network model.

The main purpose of the network model is the computation of the
species concentrations due to chemical reactions along the jet trajec-
tory under engine conditions. The NOx-concentrations are evaluated at
a predefined position corresponding to the combustor exit. In case of
model validation, the data are evaluated at the position of the atmo-
spheric test. The model consists of two consecutive parts, see figure 7.1:
The first part consists of a free flame burning a pre-flame mixture, which
is characterized by the mixture fraction fpf at ignition, see section 2.3.2.1.
The mixture fraction is calculated with equation 2.45. The NOx formed
until the end of the flame (at 99.5% Tad) is allocated to in-flame NOx.
The composition of the products at the end of the flame front is used
as the initial condition for the second or post-flame part of the reactor
model, which covers the post-flame region downstream of the heat re-
lease zone. It is modeled with a constant pressure reactor (CPR), see sec-
tion 2.3.2.2. The state of the reactor is advanced in time until the post-
flame residence time τpost is reached. A constant entrainment of cross
flow material into the CPR is specified to take jet mixing into account.
All NOx-concentrations in the following are normalized to 15% O2, as
described in section 4.2.2.
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7.3 Model Validation with Experimental Data

In this section, the NOx-formation along the jet trajectory is simulated
with the network model for the lifted flame at equivalence ratio φJ=0.66.
The NOx-concentration in the cross flow is used as input parameter. Ac-
cording to the measurements, 4ppm NOx is generated in the first stage
of the test rig (see figure 6.23). The NOx-value on the jet mixture trajec-
tory at x/D=7.7 is also known from experiments presented in the previ-
ous chapter, see section 6.2. Because the mixing with cross flow is worst
along the jet mixture trajectory, the highest NOx-concentrations are
found in that region. At the reference measurement point (at x/D=7.7,
see MP in figure 7.1), a value of NOx=7.9ppm is measured for the lifted
flame at the equivalence ratio of φJ=0.66. Furthermore, it is known from
the experiments that the mixture fraction on the jet trajectory at x/D=7.7
is fMP=0.5, and that the post-flame residence time of the jet material
flowing along the jet trajectory is approximately τpost=5ms.
However, little is known about the degree of pre-flame mixing in terms
of the mixture fraction fpf at the onset of reaction. For this reason, a
straightforward validation of the network model is not possible, but the
network model can be used to identify, which pre-flame mixture fraction
fpf leads to the measured value of NOx=7.9ppm at x/D=7.7. The network
model predicts that a mixture fraction of fpf=0.52 leads to this value (see
figure 7.5, details are given in the following sensitivity study). NOx-values
as low as 7.9ppm can only be achieved if the mixture at the location of
flame stabilization in the jet is already massively diluted by cross flow
combustion products. This result is particularly interesting, because the
mixture fraction at the measurement point (MP in th figure 7.1) is in the
same range.

7.4 Sensitivity Study

In the following, the sensitivity of the model on the input parameters
is investigated in order to assess its predictive capability regarding the
NOx-emissions of axially staged combustors operated at engine condi-
tions. A sensitivity study is conducted, which covers the influence of pre-
flame and post-flame mixing, post-flame residence time and tempera-
ture on NOx-formation. Simulations are run at 1bar and 20bar in order
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to investigate the pressure dependencies of the kinetics. In the follow-
ing, the lifted flame at the equivalence ratio of φJ=0.66 is selected with
the equivalence ratio of φX=0.5 in the cross flow.
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Figure 7.2: Influence of pre-flame mixing on in-flame NOx-formation at 1bar and
20bar (lifted flame at equivalence ratio φJ=0.66).

Figure 7.2 depicts the influence of pre-flame mixing on in-flame NOx-
formation. Apparently a higher degree of mixing before the onset of re-
action in the freely propagating flame reduces in-flame NOx-formation
at 1bar and 20bar. However, at high pressure, at fpf=0.6, minimum in-
flame NOx is reached and stronger pre-flame mixing does not further
reduce in-flame NOx-formation. This result differs from the 1bar case:
The increase of pre-flame mixing leads to a drop of in-flame NOx un-
til fpf=0.2 is reached. The general level of in-flame NOx is significantly
lower at 20bar, because the reaction time in the flame front drops with
increasing pressure. These results indicate that mixing before the onset
of reaction is beneficial only up to a certain level at 20bar.
In order to study the influence of post-flame mixing on NOx-formation,
the scenario shown in figure 7.3 is studied. In all calculations the mix-
ture fraction at the end of the reactor (MP) is set to fMP=0.5 and the post-
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Figure 7.3: Scenario for investigating the influence of post-flame mixing on NOx-
formation.

flame residence time is kept constant at τpost=5ms for the atmospheric
and 20bar test case, because these values correspond to experimental
results of the lifted flame. The pre-flame mixture is the first parameter
of interest regarding post-flame NOx-formation. It is varied in the rea-
sonable range between 0.5≤fpf ≤1. At fpf=0.5, no further cross flow ma-
terial is entrained downstream of the flame front, see the second part of
the network model in figure 7.1. For higher fpf, constant entrainment of
cross flow material over time is assumed in the post-flame region. In any
case, the level of entrainment is selected such that the measured mix-
ture fraction of fMP=0.5 is reached at the end of the reactor (MP). This
means that a reduction of the level of pre-flame mixing automatically
leads to stronger entrainment in the post-flame region. Independent of
the choice of the pre-flame mixture fpf, TMP=1890K is finally reached at
the end of the post-flame reactor for the jet equivalence ratio of φJ=0.66.
This temperature corresponds to the measured mixture fraction (at MP)
fMP=0.5.
Figure 7.4 schematically shows the typical concentration decay of jet
material along the trajectory of a turbulent jet in cross flow (see details
in [136]). The figure illustrates that assuming linear decay is reasonable.
Figure 7.5 depicts the predicted NOx-concentration for pre-flame mix-
tures between 0.5≤fpf ≤1. For both investigated pressures, the NOx-
formation monotonically drops when pre-flame mixing is increased, al-
though in-flame NOx has a minimum for fpf=0.5 at 20bar, see figure 7.2.
In general, a higher degree of pre-flame mixing is favorable in terms of
overall NOx-reduction. The effect is stronger at 20bar than at 1bar. The
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Figure 7.4: Sketch of the mixture fraction f along the trajectory of a jet in cross flow,
adapted from [136].
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Figure 7.5: Influence of pre-flame mixing on overall NOx-level after τpost=5ms at 1 and
20bar.

comparison of figure 7.2 with figure 7.5 reveals that total NOx at 20bar
is dominated by post-flame NOx-formation, although the selected post-
flame residence time is very low (τpost=5ms). Under atmospheric condi-
tions, the contribution of post-flame NOx-formation to total NOx is sig-
nificantly smaller and vanishes for low degrees of pre-flame mixing. If
no pre-flame mixing is present, the NOx-concentration in the post flame
zone drops from 13.8ppm at the end of the heat release zone to 12.4ppm
at the end of the post-flame reactor due to the dilution of the combus-
tion products with cross flow material containing 4ppm NOx.
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Figure 7.6: Comparison of total NOx-concentrations with in-flame NOx at 1bar (left)
and 20bar (right) (lifted flame at equivalence ratio φJ=0.66).

In order to further study the contribution of in-flame and post-flame
NOx-formation to total NOx, the in-flame and the overall NOx at the end
of the post-flame reactor are plotted for pre-flame mixtures between
0.5≤fpf≤0.6, see figure 7.6. For the atmospheric case, the benefit of pre-
flame mixing originates from the drop of in-flame NOx-formation. In
contrast, at 20bar, in-flame NOx is almost constant in the pre-flame mix-
ing range of 0.5≤fpf≤0.6 (see figure 7.2). Thus, the reduction of total NOx

is due to lower post-flame NOx-formation, which depends on temper-
ature and residence time. The adiabatic flame temperature for the pre-
flame mixture of fpf=0.6 is approximately 1920K. Although the resulting
temperature overshoot with respect to the final temperature on the jet
trajectory in the measurement plane (x/D=7.7) is not more than 30K, an
increase of the NOx-concentration by approximately 15% is computed
between fpf=0.5 and 0.6 (see figure 7.6 on the right).
In figure 7.7, the influences of temperature and residence time on NOx-
formation are shown for 20 bar. The NOx-formation is cut by 50% if
pre-flame mixing is increased from fpf=1 to fpf=0.5. The better pre-flame
mixing reduces the adiabatic flame temperature of the burnt mixture
by 140K, although the final temperature TMP=1890K and mixture frac-
tion fMP=0.5 remain constant. In addition, the NOx-concentrations are
linearly increasing with post-flame residence time for a given degree of
pre-flame mixing. Depending on pre-flame mixture fpf, every additional
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Figure 7.7: Influence of residence time and pre-flame mixture fpf on overall NOx-
formation at 20bar (lifted flame at equivalence ratio φJ=0.66).

millisecond of residence time increases the overall NOx by 0.9 to 1.5ppm
in the range of 0.5≤fpf≤1. This result reveals the residence time to be the
important driver of NOx-formation at 20bar.
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Figure 7.8: Scenario for the post-flame zone model with constant reactor temperature.

Finally, the influence of the temperature in the post-flame zone on NOx-
formation is studied. For this purpose, the scenario shown in figure 7.8
is employed. The product composition computed with the freely prop-
agating flame model for a mixture with fpf=0.5 is used as initial con-
dition of the post-flame reactor. The temperature of the reactor is set
to a constant value. No further entrainment is considered. Simulations
with this reactor model are run in the temperature range between 1400
and 1900K. The post-flame NOx is evaluated after a residence time of
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Figure 7.9: Temperature dependency of post-flame NOx-formation at 1 and 20 bar and
a residence time of τpost=5ms (lifted flame at equivalence ratio φJ=0.66).

τpost=5ms. For both pressures, the typical exponential dependency of
post-flame NOx-formation on temperature according to Arrhenius’ law
is obtained (figure 7.9). In both cases, the asymptotic value of negligi-
ble post-flame NOx-formation is reached below 1600K. As this limit is
much lower than the temperatures in the jet region, post-flame NOx-
formation always contributes to the overall concentration levels of NOx.
In general, the dependencies of in-flame and post-flame NOx-formation
on pressure and temperature are in good agreement with literature stud-
ies [11, 23, 32, 129].
In conclusion, the sensitivity study has shown the pre-flame mixture fpf

to be the first dominant factor on overall NOx-formation for both at-
mospheric conditions and combustion at 20bar. The dominant effect at
high pressure is not the reduction of in-flame NOx, but the lower adi-
abatic flame temperature Tad of the burnt mixture, and the resulting
shorter residence time in the hot environment. The exponential sen-
sitivity of NOx-formation on temperature was shown as well. The in-
fluence of temperature on post-flame NOx-formation is of minor im-
portance under atmospheric condition. The further reduction of over-
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all NOx with higher entrainment of cross flow material before ignition
of the flame is caused by a reduction of in-flame NOx-formation. Inde-
pendent of pressure, the asymptotic value of negligible post-flame NOx-
formation is around 1600K. In general, the temperature effect can be re-
duced linearly by avoiding long residence time in hot environment, es-
pecially at 20bar.

7.5 NOx Reduction Potential through Axial Staging

In chapter 5, a NOx reduction potential analysis of staged combustion
was conducted assuming perfect premixing of fuel and air (PP) in all
combustion stages. The single stage combustion simulations provide
values for the global NOx-concentrations (see results in table 5.3 corre-
sponding to a mass split ratio of 11%) and are taken as reference case in
the following. The two different equivalence ratio of φJ=0.66 and φJ=0.77
in the jet are also considered in the network analysis of the lifted jet
flame.

Table 7.1: Global NOx of the single stage combustion for the perfectly premixed case
(PP) and the partially premixed cases (F2 and F3). The NOx-values are taken
from the potential analysis of chapter 5.

1bar 20bar

φX φJ φtot PP PP F2 F3

0.5 0.66 0.5177 4.8ppm 3.4ppm 6.8ppm 10.2ppm
0.5 0.77 0.5296 6.1ppm 4.5ppm 9.0ppm 13.5ppm

However, as discussed in section 2.3.4, in reality significantly higher
NOx-emissions must be expected due to unmixedness of fuel and air
in state of the art single stage combustors. Pilot stages and inevitable
air admission through the flame tube increase the level of unmixedness
further, and significantly raise the effective flame temperature above the
turbine inlet temperature. In order to capture these effects in a simple
manner, the single stage combustion data taken from table 5.3 are ex-
tended with two additional scenarios, assuming that the first stage pro-
duces twice (F2) and three times (F3) the minimum NOx-value for per-
fect premixing, respectively. Based on this approach, we obtain the ref-
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erence data for the three scenarios given in table 7.1. In the following
study, the jet mixture of fuel and air is always perfectly premixed, al-
though achieving perfect premixing in staged engine combustors may
be difficult.
The following analysis is focused on the 20bar case with higher techni-
cal relevance. In the chemical potential analysis of chapter 5, the mass
split ratio is 11% due to the large diameter of the injector of 100mm. This
mass split ratio also determines together with the jet equivalence ratio
φJ the overall equivalence ratio φtot, see table 7.1. In contrast, the ex-
periments with Karlovitz number scaling were conducted with a 15mm
injector diameter. Although injection velocities are higher, this results
in a lower mass flow in the secondary stage. The differences in mass
split ratio must be taken into account by a factor of 7.9 in order to
be able to compare the mean NOx-values to the same overall equiva-
lence ratio φtot. The area of jet influence is increased before the global
NOx-concentrations are calculated. The extracted mean NOx-value (NOx

mean) can then be compared to the single stage combustion data given
in table 7.1.
In the following reactor network model study of the lifted jet flame (see
results in table 7.2 and 7.3), the same inlet conditions as in the experi-
ment are applied to the high pressure simulations (fpf=0.52, fMP=0.5 see
section 7.3). The only parameter that is not per se determined at 20bar
conditions is the residence time after the flame τpost. A total residence
time of 6ms in the second stage was assumed to be typical for gas tur-
bine conditions. The second scaling principle (Karlovitz number) results
in almost identical jet velocities in the atmospheric test and the engine
combustor. However, this high velocity could only be realized in the test
rig with smaller diameter and at higher momentum ratio, as the con-
ditions of the cross flow had to be kept constant. This lower momen-
tum ratio results in a significantly lower penetration depth in the engine
combustor with respect to the experiment. Furthermore, the velocity de-
cay along the trajectory will be much lower under engine conditions,
as the velocity of the cross flow and the jet are in the same range. Both
effects result in lower residence times in the engine case. On the basis
of these considerations, a reasonable range of the post-flame residence
time between 3ms<τpost<5ms is selected for the simulations of the max-
imum NOx-concentrations on the jet centerline.
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7.5 NOx Reduction Potential through Axial Staging

Table 7.2: Results of network modeling (lifted flame at equivalence ratio φJ=0.66). NOx-
values for the single stage combustion are taken from table 7.1.

φJ=0.66 τpost NOx min NOx max NOx mean single stage

[ms] [ppm] [ppm] [ppm] [ppm]

1bar 5 4.0 7.9 6.0 4.8

20bar 5 2.2 6.1 4.2 3.4
PP 4 2.2 5.2 3.7

3 2.2 4.4 3.3

20bar 5 4.4 6.6 5.5 6.8
F2 4 4.4 5.6 5.1

3 4.4 4.9 4.7

20bar 5 6.6 7.3 7.0 10.2
F3 4 6.6 6.5 6.5

3 6.6 5.6 6.1

The results of the network model simulations of the lifted flame at equiv-
alence ratio φJ=0.66 and φJ=0.77 are summarized in tables 7.2 and 7.3.
Network modeling along the worst mixture trajectory delivers the max-
imum NOx-values (NOx max), the minimum NOx-values are extracted
from the simulations of the freely propagating flame model for the cross
flow (NOx min). Applying equation 7.2, the modeled NOx-values are
mapped to the channel using the field of the atmospheric measure-
ments, see figure 6.23. An example is displayed in figure 7.10, obtained
with the generic perfectly premixed first stage (PP) at a post-flame res-
idence time of τpost=3ms. The jet region needs to be scaled according
to mass split ratio and therefore is expanded by a factor of 7.9. From
this planar information the global mean NOx-values is integrated (NOx

mean) and can now be compared with the single stage reference case
(single stage). The results of the simulations at atmospheric and 20bar
conditions of tables 7.2 and 7.3 are discussed in the following.
Staging at atmospheric pressure using lifted flame does not reduce the
NOx-values below the reference value for perfectly premixed single stage
combustion. At 20bar the generic test case with perfectly premixed con-
ditions shows a slight benefit in terms of NOxs, however, only for the
lowest residence time of τpost=3ms. In this context, it is important to note
that the level of the NOx-concentrations in any case is much lower than
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Figure 7.10: Computed NOx-field at 20bar using the minimum and maximum values
from table 7.2 and equation 7.2 for pressure scaling (lifted flame at equiv-
alence ratio φJ=0.66, τpost=3ms).

NOx-values of real engines operated with the same turbine inlet tem-
perature, if perfect premixing of fuel and air (PP) is assumed. Taking into
account the higher NOx-concentrations of real engines with single stage
combustors (cases F2 and F3) leads to a totally different picture. For both
scenarios, significant NOx benefits of staged combustion are identified:
For F2, a reduction by 20% is predicted, and the reduction is 31% for F3
with a higher degree of unmixedness. Table 7.2 reveals that the NOx re-
duction potential depends on the post-flame residence time in the sec-
ond stage (see figure 7.11).
Finally, the reactor network model is applied to the lifted flame with a
significantly higher jet equivalence ratio of φJ=0.77, assuming the same
pre-flame mixture as in the network model for the jet at equivalence ra-
tio φJ=0.66, i.e. fpf=0.52 and fMP=0.5. The higher jet equivalence ratio re-
sults in a higher maximum temperature in the measurement plane of
1970K for the mixture fraction fMP=0.5. Table 7.3 summarizes the results
for 20bar. The minimum NOx-values of the cross flow (NOx min) are
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7.5 NOx Reduction Potential through Axial Staging

Table 7.3: Results of network modeling (lifted flame at equivalence ratio φJ=0.77). NOx-
values for the single stage combustion are taken from table 7.1.

φJ=0.77 τpost NOx min NOx max NOx mean single stage

[ms] [ppm] [ppm] [ppm] [ppm]

20bar 3 2.2 12.0 7.2 4.5
PP 2 2.2 8.9 5.6

1 2.2 5.6 3.9

20bar 5 4.4 18.8 11.7 9.0
F2 4 4.4 15.7 10.1

3 4.4 12.6 8.6

20bar 5 6.6 19.5 13.2 13.5
F3 4 6.6 16.4 11.6

3 6.6 13.3 10.0

taken from the free flame simulation at the equivalence ratio of φX=0.5
(see table 7.2).
Although the chemical potential analysis in chapter 5 showed a higher
overall reduction potential, it is much harder to get a benefit for this op-
erating point with higher equivalence ratio in the jet. The NOx-value of
4.5ppm for the generic perfectly premixed (PP) single stage case can only
be reduced with staged combustion, if the residence time in the post-
flame region is unrealistically low. This effect is due to the sensitivity of
the post-flame NOx-formation on the jet temperature, which is higher
for the lifted flame at equivalence ratio φJ=0.77 compared to the lower
equivalence ratio φJ=0.66. A benefit of staging can only be obtained for
high degrees of unmixedness of the first stage (see figure 7.11).
A combination of experimental results and chemical modeling was ap-
plied in order to transfer the experimental NOx-results to 20bar gas tur-
bine conditions. It was shown that the NOx-concentration of the lifted
flame at equivalence ratio φJ=0.66 is in the range of the value of the
single-stage simulation in chapter 5, assuming perfectly premixed con-
ditions. A higher NOx reduction potential exists, if the first stage pro-
duces higher NOx due to unmixedness. In the typically range of double
(F2) and three times (F3) higher NOx-values of a real gas turbine com-
bustor, a NOx reduction potential of up to 31% is revealed (see blue
squares in figure 7.11). For the operating point of the lifted flame at
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Figure 7.11: NOX reduction potential at 20bar of the lifted flame at equivalence ratio
φJ=0.66 and φJ=0.77 with unmixedness (F2 and F3).

the equivalence ratio of φJ=0.77 of the jet it is harder to achieve a NOx-
benefit as the temperature at the same mixture is higher (see red di-
amonds in figure 7.11). In the temperature range between 1890K and
1970K at the jet equivalence ratio of φJ=0.66 and 0.77, respectively, this
is the major NOx-driver at 20bar.
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8 Summary and Conclusions

Nitrous oxides (NOx) are air pollutant emissions causing smog and acid
rain. The objective of the study at hand is the analysis of the potential of
axially staged combustion for the reduction of overall NOx-emissions in
stationary gas turbines. The axially staged combustion chamber consists
of a first stage of conventional burner design, and fuel-air jets injected
into the hot exhaust of the first combustion zone.
In the first step, the potential of NOx-reduction is investigated by simpli-
fied chemical models, and assuming perfect premixing of fuel and air in
both the jet and the cross flow. Two asymptotic cases of no and perfect
mixing of jet and cross flow material are considered as worst and best
case, respectively. The potential study shows that staged combustion
can lead to lower NOx, if perfect mixing of jet and cross flow is achieved.
If mixing between jet and cross flow is low, staged combustion will lead
to higher NOx-concentrations than single stage combustion at the same
overall equivalence ratio. Under the assumption of perfect mixing, the
reduction potential of a jet at the equivalence ratio of φJ=0.77 is higher
compared to a jet at the equivalence ratio of φJ=0.66.
Atmospheric combustion experiments are performed on a large-scale
test rig. The dependency between the mixture and the NOx-field of an-
chored flames is experimentally studied at high spatial resolution. For
this purpose, a laser-optical measurement technique is developed al-
lowing quantitative analysis of the instantaneous and mean mixture
fields. It is revealed that downstream of the secondary combustion zone
local mixture fraction and NOx-concentration are closely linked to each
other. These results show that dilution of the jet material with combus-
tion products is the key to the exploitation of the NOx reduction poten-
tial of staged combustion. The temporal fluctuations of the mixture frac-
tions in the shear layers of the reacting jet in hot cross flow also have
an influence on NOx-formation. This behavior is also detectable in the
comparison of the normalized distribution of the NOx and mixture frac-
tion profiles a few jet diameters downstream of the jet injection.
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8 Summary and Conclusions

Of high technical relevance are lifted flames in the second stage as mix-
ing of jet and cross flow material prior to ignition is present. The ex-
ploitation of the NOx reduction potential of the lifted flame is inves-
tigated by a combined approach of experiments and chemical reactor
network modeling. A more sophisticated chemical network model is de-
veloped, taking into account pre-flame and post-flame mixing. After val-
idation of the model by experimental data of the lifted flame, the same
model is used in a sensitivity study on NOx-formation at 1bar and 20bar.
The network model is applied to study influences of pre-flame and post-
flame mixing as well as post-flame residence time and temperature on
NOx-formation in the reacting jet. Achieving a high degree of pre-flame
mixing is essential for the NOx-reduction of axial staging requiring large
lift-off heights of the flame in the second stage. The dominating effect at
engine pressure is the drop of flame temperature with pre-flame mixing
and the resulting shorter residence time in the hot environment. In con-
trast, the reduction of in-flame NOx is of minor relevance. This depen-
dency is qualitatively different at atmospheric pressure. At atmospheric
pressure, the reduction of in-flame NOx-formation is the dominant ef-
fect. As expected, the second parameter influencing the NOx-reduction
of axial staging is the post-flame residence time in the jet, which should
be selected as short as possible.
Finally, the technical relevant case of higher NOx-emissions of real
gas turbine combustors compared to premixed laminar calculations
are considered. The higher NOx-levels originate from unmixedness of
air and fuel, and air admission along the combustor liner. Two addi-
tional scenarios taking into account twice to three times higher NOx-
concentrations compared to a hypothetical perfectly mixed combustor
are considered. The real benefit of axially staged combustion becomes
visible, if a realistic level of NOx in the first stage is considered. Reactor
modeling indicates a NOx reduction potential of up to one third for re-
alistic degrees of unmixedness. However, if the difference of the equiv-
alence ratios of both stages is selected too large, the benefit of axially
staged combustion vanishes. The optimum equivalence ratio difference
between both stages thus depends on the quality of the first stage with
respect to NOx-formation.
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A Additional Experimental Results
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Figure A.1: Mean velocity field (left) and turbulence intensity (right) of the reacting jet
at momentum ratio J=6 and jet equivalence ratio φJ=0.5 (top) and 0.66 (bot-
tom).
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Figure A.2: Mean velocity field (left) and turbulence intensity (right) of the non-
reacting jet at momentum ratios J=3 (top), 6 (center) and 15 (bottom).
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