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Abstract
Introducing high hydrogen-content fuel gases to lean-premixed gas turbine
combustors poses a challenge to develop and materialize the concept of integrated
gasification combined cycle (IGCC). Various operational issues are incurred (e.g., higher
burning velocities and higher flashback propensities) when dealing with the turbulent
combustion of “H2-rich” fuel mixtures (i.e., over 70 vol. % of the fuel component consists
of hydrogen) at gas turbine relevant conditions. In this work, the characteristics of
turbulent lean-premixed combustion for the H2-rich fuel gases, which incorporate both
the emission of nitrogen oxides (NOx) and the geometric characteristics of flame front,
are experimentally investigated with a non-swirled, dump-stabilized axisymmetric flame.
The premixed combustible mixtures are preheated up to 623 K and pressurized up to 2.0
MPa. Along with an end-of-pipe measurement of NOx emissions, a reaction path
analysis is performed to identify the dominant mechanisms of NOx formation. Planar
laser-induced fluorescence of hydroxyl radicals (OH-PLIF) is implemented to retrieve
both a complete profile and details of corrugation of the flame front. Based on such
geometric information, a global consumption-based turbulent flame speed (ST) and a
stretched laminar flame speed (SLK) are derived accordingly.
Generally, the level of NOx emissions of H2-rich fuel gases is consistent with that of
syngas (H2 and CO) when compared at the same adiabatic flame temperature, while
both exhibit higher emission values of NOx compared to methane (the major constituent
of natural gas). A distinct shift in NOx formation pathways (i.e., the thermal NOx versus
the NOx through N2O/NNH reaction paths) is observed between H2-rich fuel gases and
syngas at various pressure levels. Concerning the derived flame speeds, the
correlations of ST for the H2-rich fuel gases are presented. Interpretations on the derived
ST correlations are further supplemented by a fractal analysis of the flame front. By
categorizing the flame data with respect to their turbulent Damköhler number (Da),
distinct characteristics of a normalized turbulent flame speed, ST/SL0, are observed (SL0
is the unstretched laminar flame speed derived from chemical kinetic calculations). While
the dependence of ST/SL0 on the turbulent Reynolds number (ReT) is revealed for the
flames with fast chemistry (Da > 1), flame stretch becomes dominant in determining
ST/SL0 for those with slow chemistry (Da < 1). The transition from flame front wrinkling
(i.e., the ReT effect) to flame stretch as the most important effect is also evidenced by the
fractal characteristics of flame front.
In addition, the derived ST is proposed to be an indicator of flashback propensity for
H2-rich fuel gases at gas turbine relevant conditions. With the present configuration of
test rig and boundary conditions, when flashback occurs, the flame propagation is found
to happen exclusively in the turbulent boundary layer of the pipe supplying the premixed

fuel/air mixture to the combustor. The corresponding flashback limit is found to be well
represented by the velocity gradients prescribed by the flame (based on ST) and the flow,
respectively. The equivalence ratios at which the two velocity gradients reach similar
levels correspond qualitatively to the experimentally observed flashback limits at various
preheat temperatures and pressures. The methodology is also found to be capable of
predicting the difference in the operational range (in terms of the occurrence of flashback)
between H2-rich fuel gases and syngas.
Besides the aforementioned topics, another category of reacting mixtures that
incorporates a significant amount of superheated steam (up to 40 vol. % of the bulk flow)
has also been studied to evaluate the feasibility of “wet” combustion for H2-rich fuel
gases. The impact of steam on the emissions of NOx, the global consumption-based
turbulent flame speed (ST), and the flashback propensity of the H2-rich fuel mixtures are
addressed. While these wet H2-rich flames are found to be characterized by lower NOx
emissions and ST compared to their dry counterpart, the corresponding flashback
propensity appears to be only marginally inhibited in the presence of steam.

Zusammenfassung
Für die Entwicklung und Umsetzung des Konzepts des Kombi-Prozesses mit integrierter
Vergasung (englisch: integrated gasification combined cycle, IGCC) stellt die Umstellung
der Verbrennung auf mit H2 angereicherten Brennstoffen eine zentrale Herausforderung
dar. Bei der turbulenten, mager vorgemischten Verbrennung von solch mit H2
angereicherten Brennstoffen, die in der Regel einen H2 Gehalt von mehr als 70%
besitzen, treten unter gasturbinen-relevanten Bedingungen Probleme durch unter
Anderem
eine
erhöhte
Flammengeschwindigkeit
sowie
eine
erhöhte
Flammenrückschlaganfälligkeit auf. In dieser Arbeit werden die Eigenschaften der
turbulent vorgemischten Verbrennung von H2 angereicherten Brennstoffen experimentell
untersucht mit Hinblick auf die NOx Emissionen und die geometrischen Eigenschaften
der Flammenfront. Genutzt wird dazu ein Teststand mit einer asymmetrischen Flamme,
die drallfrei und zirkulationsstabilisiert ist. Die vorgemischten Brenngase sind bis auf 623
K vorgeheizt und bis zu 2.0 MPa bedruckt. Die NOx Konzentrationen werden am Ende
der Brennkammer gemessen und dominante NOx Bildungsmechanismen werden
mithilfe einer Analyse der Reaktionswege identifiziert. Mithilfe von planarer
laserinduzierter Fluoreszenz des OH Radikals (OH-PLIF) werden Informationen über
das Gesamtprofil der Flammenfront sowie über deren detaillierten zerfurchten Verlauf
gewonnen.
Mit
diesen
geometrischen
Daten
wird
eine
turbulente
Flammengeschwindigkeit (ST) abgeleitet, die auf dem Gesamtumsatz basiert sowie eine
gefaltete laminare Flammengeschwindigkeit (SLK).
Die NOx Emissionen von H2 angereicherten Brennstoffen sind bei gleicher adiabaten
Flammentemperatur vergleichbar mit denen von Syngas (H2 und CO). Das Niveau ist
aber höher als bei der Verbrennung von Methan, dem Hauptbestandteil von Erdgas. Die
Bildungsmechanismen von NOx (z.B. thermisches NOx bzw. NOx durch N2O/NNH
Reaktionskanäle) unterscheiden sich deutlich für H2 angereicherte Brennstoffe und
Syngas. Sie werden für verschiedene Druckbereiche untersucht. Bezüglich der
abgeleiteten Flammengeschwindigkeiten werden Korrelationen für ST von H2
angereicherten Brenngasen präsentiert. Die entsprechenden Interpretationen werden
durch eine fraktale Analyse der Flammenfront ergänzt. Durch eine Kategorisierung der
Flammendaten mithilfe der entsprechenden Damköhlerzahl (Da) können eindeutige
Eigenschaften der normalisierten turbulenten Flammengeschwindigkeit ST/SL0
beobachtet werden (SL0 ist die berechnete Flammengeschwindigkeit der ungefalteten
Flammenfront). Die Abhängigkeit von ST/SL0 von der turbulenten Reynoldszahl kann für
Flammen mit schneller Chemie (Da > 1) aufgezeigt werden. Für Flammen mit langsamer
Chemie (Da < 1) wird hingegen die Flammenfaltung dominant für die Bestimmung von
ST/SL0. Der Umschlag von Flammeneinrollen (der ReT Effekt) zu Flammenfaltung als
Haupteffekt wird auch durch die Fraktalanalyse bestätigt.

Zusätzlich wird ST als Indikator für die Flammenrückschlaganfälligkeit für H2
angereicherte Brennstoffe bei gasturbinen-relevanten Bedingungen vorgeschlagen. Mit
der aktuellen Konfiguration des Versuchsstandes und den gegeben Randbedingungen
tritt Rückschlag nur in der turbulenten Grenzschicht des Versorgungsrohrs auf, das die
Brennkammer mit den vorgemischten Brenngasen beliefert. Die entsprechenden
Grenzbedingungen für Flammenrückschlag können gut mithilfe der Gradienten der
Flammenund
Strömungsgeschwindigkeit
beschrieben
werden.
Das
Mischungsverhältnis bei dem beide Gradienten gleiche Werte erlangen repräsentiert die
Grenzbedingungen gut für die untersuchten Temperatur- und Druckbereiche. Mit dieser
Methodik können auch die Unterschiede der Betriebsbedingungen zwischen H2
angereicherten Brennstoffen und Syngas beschrieben werden.
Neben den bisher genannten Themen wurde auch eine weitere Kategorie von reaktiven
Gemischen untersucht. Diese enthalten bis zu 40 Volumenprozent überhitzten
Wasserdampf um die Realisierbarkeit der feuchten Verbrennung von H2 angereicherten
Brennstoffen zu untersuchen. Die Auswirkungen von Dampf auf die NOx Emissionen, auf
die auf dem Gesamtumsatz basierende turbulente Flammengeschwindigkeit ST und auf
die Rückschlaganfälligkeit von H2 angereicherten Brennstoffen werden untersucht. Die
NOx Emissionen dieser feuchten Flammen sind geringer als die der entsprechenden
trockenen Flammen. Die Rückschlaganfälligkeit hingegen wird durch Dampf nur minimal
beeinflusst.
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Nomenclature
Area of combustor inlet; 0.25×π×d 2
Area of characteristic flame surface (iso-contour of c = 0.05 or c = 0.5)
AL
Area of averaged/smoothed flame surface
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Area of instantaneous/wrinkled flame surface
c
Progress variable
D
Fractal dimension
D2
(Two-dimensional) fractal dimension
Deff
Effective mass diffusivity
DH2, DCO
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Chapter 1

Introduction and Literature Review

Hydrogen has been considered as a potential energy carrier for various sectors,
especially in the context of establishing a sustainable energy system for the future.
Concerning the thermochemical conversion of hydrogen energy, one of the options is to
introduce hydrogen into state-of-the-art, lean-premixed gas turbine combustors, which
are conventionally fired with natural gas. This pathway is generally linked to a broader
concept, the integrated gasification combined cycle (IGCC), which is based on the
combustion of gaseous fuel blends derived from the gasification of solid fuels (e.g., coal
and biomass). The major constituents of these fuel gases are hydrogen and carbon
monoxide (syngas), along with other diluents such as nitrogen and carbon dioxide. The
H2-to-CO ratios may vary depending on the feedstock and the gasification process.
Besides burning the syngas directly, if the ultimate goal remains “being carbon-neutral,”
a carbon capture and sequestration (CCS) technique must be integrated into the
configuration of an IGCC plant prior to the combustion process. With such
pre-combustion carbon capture, the hydrogen content in the fuel gas may reach almost
100 vol. %. Since hydrogen is much more reactive than methane (the major constituent
of natural gas), it becomes highly challenging to burn these so-called “H2-rich” fuel gases
(with the hydrogen content typically over 70 vol. %) in the lean-premixed gas turbine
combustor. Although some of these operability issues have been summarized by
Lieuwen et al. [1], more understanding on combustion characteristics of H2-rich fuel
gases is still essential in order to materialize the integrated IGCC-CCS concept.
In the present work, combustion characteristics of H2-rich fuel gases under gas
turbine-like conditions (i.e., preheated, pressurized, and fuel-lean stoichiometries) are
experimentally investigated. In the following sections, a literature review is made from
the perspective of two major issues addressed in this work: turbulent flame speed and
flashback.

1.1. Turbulent Flame Speed
One of the primary parameters that characterize turbulent premixed combustion is
the turbulent flame speed (ST) or the “turbulent burning velocity.” In contrast to the
unstretched laminar flame speed (SL0), which is a burning velocity determined by the
interplay among chemical kinetics and both thermo-chemical and transport properties of
a combustible mixture, the turbulent flame speed describes a burning velocity that is
additionally adjusted by the effects of turbulence. There are various definitions of ST,
including a global consumption speed, a local consumption speed, and a displacement
speed [2]. The derivation of a global consumption speed is based on an assumption that
reactants are completely consumed through a flame brush. Accordingly, a global
1

consumption speed is defined as the mass flow rate of the reactants divided by the
product of the reactants’ density and the flame surface area. The major task to derive the
global consumption speed is then to locate and identify a “characteristic” flame surface.
In contrast, a local consumption speed is associated with a “flame surface density”
approach. It is evaluated as the product of the following three elements: the unstretched
laminar flame speed (SL0), a stretch factor that takes into account the adjustment in SL0
due to flame stretch, and the indefinite integral of flame surface density (i.e., area of the
reaction surface per unit volume) with respect to the coordinate normal to the flame
brush. Detailed profiles of the (local) flame surface are thus required to determine the
local consumption speed. A displacement speed, on the other hand, is generally defined
as the velocity of the flow relative to the cold boundary (leading edge) of the flame front.
Although various approaches and definitions exist concerning the derivation of ST, it
has been addressed by Shepherd and Cheng [3] that the “consumption speed” is a more
fundamental measure of the burning rate compared to the “displacement speed” of the
flame front. From the perspective of a volumetric fuel consumption rate, the ST can be
implemented to determine the allocation and distribution of the flame contour within a
combustion chamber. Thus, it is a parameter of practical interest for combustor design.
Nevertheless, the absolute values of ST may differ depending on the methodology from
which it is derived, and various normalizing parameters are required to facilitate a fair
comparison among the ST measured via distinct approaches [2]. Two of the most popular
flame geometries for deriving ST are spherical (in a fan-stirred chamber) and envelope
(e.g., on a Bunsen burner) flames. Typically, the ST measured on these two categories of
flame is not directly comparable, though it was suggested by Chaudhuri et al. [4] and Liu
et al. [5] that the ST determined at a “mean flame front,” which corresponds to a progress
variable of 0.5 (where 0 and 1 indicate the unburned and burned sides of the flame front,
respectively), appears to be consistent regardless of the flame geometry. It should be
noted that despite decades of effort dedicated to this topic, there is still inconsistency in
the trend predicted by various models of ST, as reviewed by Lipatnikov and Chomiak [6].
Among numerous experimental investigations on the turbulent flame speed, most of
them were focused either on various syngas (H2 and CO) mixtures [7-13] or on
hydrogen-enriched hydrocarbon fuel blends [14-19]. Relatively few studies incorporated
(diluted) hydrogen as a fuel gas [20-24]. For example, the ST of spherically propagating,
turbulent premixed hydrogen/air flames was studied by Kitagawa et al. [22]. The
combination ReT/Le2 (ReT and Le are the turbulent Reynolds number and the Lewis
number, respectively) was proposed to be a practical parameter for describing both the
hydrodynamic effect of turbulence (characterized by ReT) and the thermo-diffusive effect
(characterized by Le) on ST. Correlations of turbulent burning velocities at elevated
pressure for various fuel gases (including hydrogen) were proposed by Bradley et al. [23].
An “implosion” technique (in a spherical chamber) was implemented to retrieve the data
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of ST, which were correlated with respect to the Karlovitz stretch factor (K) and the “strain
rate” Markstein number (Ma; the flame stretch rate is considered to be dominated by the
aerodynamic strain rate in Ref. [23]). Based on experiments performed on a
Bunsen-type burner, Venkateswaren et al. [13] presented scaling laws of ST for various
syngas mixtures (with the hydrogen content up to 90 vol. %). The scaling was based on
the laminar burning velocity of highly stretched flames, which is originally derived from
the leading points model. It was concluded that the non-quasi-steady behavior of flame
leading points have to be accounted for in order to capture the pressure sensitivity of ST.
Similarly with a Bunsen burner, the studies by Ichikawa et al. [8] and Kobayashi et al. [11]
focused on the characteristics of turbulent premixed flame for several model syngas
mixtures that are relevant to the gasification of coal. Specifically, the “bending” behavior
of ST/SL versus u’/SL (u’ and SL are the turbulence intensity and the laminar flame speed,
respectively) was explained based on relations between the fractal inner cutoff (the
smallest scale of flame wrinkles) and the characteristic scale of hydrodynamic flame
instability. The characteristic scale of hydrodynamic instability was found to serve as a
lower limit to the fractal inner cutoff. When the latter (fractal inner cutoff) reaches the
former (instability scale), the total flame area does not increase further, and ST/SL no
longer exhibits a proportional increase with u’/SL (i.e., the “bending” behavior).
Nonetheless, despite all the aforementioned work, dedicated investigations to the
evaluation of ST for (diluted) hydrogen/air flames (“H2-rich” flames) at gas turbine
relevant conditions (i.e., preheated, pressurized, and fuel-lean stoichiometries) are
scarce in the literature [24, 25].
To analyze the characteristics of ST, diagrams defining the regimes of turbulent
premixed combustion are usually used as a reference. These diagrams are typically
constructed in terms of the velocity and length scale ratios, and various definitions of
regimes have been proposed, for example, by Borghi [26], Peters [27, 28], Abdel-Gayed
et al. [29], and Poinsot et al. [30]. Depending on the respective ratios of velocity and
length scales, the mode of interaction between a flame and a turbulent flow field is
categorized into a specific regime, within which a flame front exhibits certain morphology.
A regime diagram of turbulent premixed combustion based on that proposed in Ref. [28]
is demonstrated in Fig. 1-1, in which u’, SL0, LT, and δL0 are the turbulence intensity, the
unstretched laminar flame speed, the integral length scale, and the unstretched laminar
flame thickness, respectively. For most practical combustion systems, the relevant
boundary conditions would position the flame within the regime of thin reaction zones,
which is separated from the corrugated flamelet regime by a border where the Karlovitz
number (Ka) is unity. This border (Ka = 1) is also known as the Klimov-Williams criterion
[31], i.e., the flame thickness (δL0) is equal to the Kolmogorov scale η. In the corrugated
flamelet regime, the overall flame structure with a characteristic thickness of δL0 is
considered to be “embedded” within eddies of size η. Accordingly, the flame structure is
undisturbed even in the presence of turbulent fluctuations, but the eddies are able to
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wrinkle the flame front in a kinematic sense. In contrast, the Kolmogorov scale becomes
smaller than the flame thickness in the thin reaction zones regime, and scalar mixing
could be enhanced by these smaller eddies within the preheat zone of the flame [28].
Accordingly, the burning velocity is increased. It should be noted, nonetheless, that an
exact boundary between the corrugated flamelet and the thin reaction zones regimes is
still debatable [2]. Additional discussions on this issue and its relevance with the present
work will be addressed in the beginning of Chapter 4.

Fig. 1-1. Regime diagram of turbulent premixed combustion based on Ref. [28].
The characteristics of turbulent flame speed (ST) may be best understood from a
geometric perspective. Based on the “flamelet” concept [27] in turbulent premixed
combustion, one of the effects of turbulence is to wrinkle a thin reaction front where the
characteristics of a laminar flame are assumed to be kept [2, 27]. Accordingly, the ratio of
turbulent to laminar flame speeds (ST/SL) can be evaluated as an area ratio (AT/AL),
where AT and AL are the instantaneous/wrinkled and the averaged/smoothed flame
surface areas, respectively. The latter may also be comprehended as a “projected”
surface at which the reactants are consumed at a rate represented by ST. There are
various approaches to derive this area ratio, which were reviewed in Ref. [2] from the
perspective of the flamelet structure. Among them the concept of “flame surface density,”
which composites AT/AL by integrating the volumetric flame surface area along the flame
brush, was widely implemented in many experimental investigations [3, 11, 14, 18, 32].
Besides the flame surface density approach, another methodology for estimating
the surface area of wrinkled flames is the fractal analysis [33]. The idea is based on the
observation that multiple scales of wrinkling are exhibited in turbulent premixed flames,
and the geometric complexity can be characterized with a fractal description [34]. The
observation also implies that the spatial resolution of diagnostics must be sufficiently
high so that the fine scales involved can be resolved. Originally a mathematical concept,
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the fractal analysis was first implemented by Mandelbrot [35] to describe the geometry of
iso-surfaces of scalars in homogeneous turbulence. It was later evolved [34, 36] to
model the geometric characteristics of a turbulent premixed flame front and, thus, the
turbulent flame speed. Imagine the projection of a flame surface that is identified via
two-dimensional laser diagnostics as a curve. The curve is considered “fractal” if a power
law dependence exists between its measured length (L) and the measurement scale (ε),
that is, L ~ ε1-D, where D is the fractal dimension. For a curve, the fractal dimension D lies
between 1 and 2. It can be comprehended as that the geometric feature of the curve is
too complicated to be considered one-dimensional, yet it is not an example of
two-dimensional geometry. In practice, there are lower (the inner cutoff, εi) and upper
(the outer cutoff, εo) limits of ε beyond which the power law dependence is no longer held
[34]. The inner cutoff εi represents the smallest scale of flame/turbulence interactions,
and its normalized value (with respect to the laminar flame thickness δL) has been shown
to scale with the Karlovitz number (Ka) [37]. In contrast, the outer cutoff εo is generally on
the same order of magnitude as the integral length scale LT [38, 39], which scales with
burner geometry or the dimensions of turbulence-generating grids.
The concept of fractal geometry has been implemented in various investigations to
correlate the turbulent flame speed with the area of the wrinkled flame surface. Based on
an experimental investigation of methane/air and propane/air flames stabilized on a
Bunsen-type burner, the fractal inner cutoff was observed by Kobayashi and Kawazoe
[40] to correlate with a characteristic scale of Darrieus-Landau instability combined with
diffusive thermal effects at high pressure. The finding was used to explain the pressure
effects on the correlations of turbulent burning velocity. In a later work by the same
research group [41], the fractal inner cutoff was also found to correlate with a
characteristic scale equivalent to an average vortex-tube diameter. Correlations among
these length scales (i.e., the fractal inner cutoff, the characteristic instability scale, and
the average vortex-tube diameter) were further applied as a basis to describe the
“bending” tendency observed between ST/SL and u’/SL [42]. The same rationale was also
implemented in some recent studies [43, 44] to address the effects of dilution (e.g., by
CO2 or H2O) on turbulent premixed flames. The fractal dimension, on the other hand,
appears to exhibit contradicting characteristics. While the fractal dimensions were
observed to increase asymptotically with the normalized turbulence intensity u’/SL [38,
40, 45, 46], such a trend was not reproduced in Refs. [33, 39, 47, 48]. It was claimed by
Gülder et al. [33] that the deviation might be attributed to the distinct methodologies of
fractal analysis, and a “caliper” approach is considered more appropriate for deriving the
fractal dimension of a turbulent flame front, which is classified as self-affine rather than
self-similar fractals. Nonetheless, despite the inconsistency reported in the literature, it
appears that the flame surface area is not the dominant factor in determining ST for the
flames categorized in the thin reaction zones regime [49]. This phenomenon is confirmed
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by a recent investigation by Daniele et al. [24] for syngas flames at elevated pressures
and temperatures, though few other studies performed at similar boundary conditions
[23] are available in the literature.

1.2. Flashback
As addressed in the very beginning, challenges arise when burning the so-called
“H2-rich” fuel gases instead of natural gas in lean-premixed gas turbine combustors, and
one of the operability issues is the higher propensity of flashback [1]. Accordingly, in
order to materialize the IGCC concept either with or without carbon capture, more
understanding on the combustion characteristics and flashback phenomena of the
H2-rich fuel gases is essential. The term “flashback” is generally defined as the
phenomena that the flame propagates upstream of the location where it is supposed to
anchor and enters the premixing passage [1]. In the review paper by Lieuwen et al. [1],
four mechanisms of flashback relevant to steady flowing combustors are categorized
and discussed. While the turbulent flame propagation in the core flow, the flashback due
to combustion instabilities, and the flashback in the boundary layer may occur in both
non-swirling and swirling flows, the flashback in the core flow due to alteration of vortex
breakdown dynamics is observed exclusively in the swirling condition. Specifically for the
flashback that advances in the (turbulent) boundary layer, it is indicated in Ref. [1] that
adding a small amount of air along the burner wall (the “effusion” technique), which
effectively suppresses the flashback propensity of natural gas, may be insufficient when
dealing with the H2-rich fuel gases. This is evidenced by the flashback phenomena
reported in Ref. [25] that at the critical region near a burner wall, it appears that the
combustible mixture containing H2-rich fuel gases could not be diluted outside a lean
flammability limit.
The effusion technique is actually linked to the general concept of a “critical velocity
gradient,” which was first proposed by Lewis and von Elbe [50] for laminar pipe flow. The
study on laminar flames was carried out with a tube burner, and it is stated that the tube
wall not only reduces the gas velocity by friction, but also reduces the burning velocity by
its quenching effect (i.e., the heat loss effect) on explosive reactions. For a fixed
composition of the combustible mixture, a certain level of gas velocity has to be kept in
order to prevent flashback. With the presence of an established flame, flashback occurs
if the burning velocity exceeds the gas velocity somewhere in the pipe flow stream, and
this critical condition can be predicted by a velocity gradient at the wall of the burner tube.
By gradually reducing the gas velocity, a critical value upon which flashback occurs can
be determined. This critical gas velocity is then used to evaluate a “critical velocity
gradient” according to the characteristics of laminar tube flow. The gradient principle was
further extended by Putnam and Jensen [51], in which the Peclet number was
implemented to correlate the burning velocity with a “penetration” distance (see next
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paragraph). The approach was also found to be capable of correlating other published
flashback data. Note that although modifications on the gradient principle might be
necessary to better describe flashback in a turbulent boundary layer, the aforementioned
effusion technique is essentially based upon the same concept. The burning velocity (or
even the flammability) of the combustible mixture close to the burner wall is decreased
by the dilution, so that the critical velocity gradient would never be exceeded. Similarly,
the flashback propensity in the boundary layer can be mitigated by adding momentum to
the flow in the near wall region. While this mechanism could already be provided by the
effusion technique, alternative approaches have also been proposed, such as the
plasma actuation control introduced by Versailles et al. [52].
It is suggested in [1] that more investigations are required to justify the critical
velocity gradient concept as a valid basis for flashback within a turbulent boundary layer.
Accordingly, it turns to an issue of which velocity and length scales are capable of
providing an appropriate and representative (critical) velocity gradient. The critical
velocity gradient is generally considered to be proportional to a burning velocity divided
by a “penetration” distance [53], which stands for the height from the wall where
velocities of the flame and the flow match. Compared to the laminar case, it has been
found that the turbulent boundary layer flashback occurs at a considerably higher
average velocity than that prescribed by the gradient principle [53]. In other words, the
critical velocity gradient at flashback is significantly increased when flow conditions are
changed from laminar to turbulent [54-58]. The increase in the critical velocity gradient
may be attributed to a decreased penetration distance, an increased burning velocity, or
the combined effect of both. If the burning velocity is still assumed to be the laminar
flame speed [55-57], the penetration distance will become less than the thickness of the
laminar sublayer [59]. Accordingly, a turbulent burner flame near flashback is considered
to be stabilized under laminar conditions. Contrarily, the possibility of an increase in
burning velocity is also addressed in Refs. [53, 54, 60]. In this case, the turbulent
boundary layer flashback is not necessarily caused by conditions in the laminar sublayer,
and the turbulent flame speed is proposed to be a candidate for characterizing the
increased burning velocity [60].
Specifically for hydrogen-containing or H2-rich fuel mixtures, the issue of boundary
layer flashback has been investigated recently [58, 61-63]. From the perspective of fuel
composition, it has been observed that the flashback behavior of hydrogen-containing
fuel blends (e.g., syngas) is dominated by the hydrogen content [58, 64, 65]. This is
attributed to the fact that for the combustible mixtures containing hydrogen, the mass
and thermal diffusivities strongly differ among the components. Under lean conditions,
these mixtures can be characterized by the less-than-unity Lewis number (Le < 1), which
is defined as the thermal diffusivity (α) of the mixture divided by the mass diffusivity of the
deficient species. The flame propagation is facilitated for these conditions since the
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flame front is enriched with the limiting component (hydrogen), and the critical velocity
gradient for flashback is found to be increased with decreasing Lewis number [53, 66,
67]. On the other hand, from a more practical perspective, it has been proposed that the
effects of confinement (e.g., concerning a flame inside a duct geometry) should also be
taken into account to better predict the propensity of turbulent boundary layer flashback
[61, 63] in the most critical design case. The confinement of a stable flame modifies the
relevant pressure boundary conditions, and flashback limits have been found to be
shifted accordingly. In summary, there is still a lot to be explored about flashback in a
turbulent boundary layer for H2-rich fuel gases. As indicated in Ref. [60], reliable
turbulent flame speed data are needed to justify the rationale that for the turbulent
boundary layer flashback, the increased critical velocity gradient is mainly attributed to
an increased burning velocity. A robust methodology of evaluating the turbulent flame
speed for the hydrogen (-rich) fuel gases will facilitate a greater understanding on this
issue.

1.3. Summary
While the IGCC-CCS concept is generally considered as a promising pathway to
generate power in a “zero-emission” fashion, extensive investigations are still required to
pave way for its materialization. In the context of burning the derived high
hydrogen-content (“H2-rich”) fuel gases under typical gas turbine relevant conditions
(i.e., preheated, pressurized, and fuel-lean stoichiometries), various operational issues,
such as higher burning velocities and higher propensity of flashback for these fuel
blends, have to be fully understood and resolved. A potential impact on emissions of
pollutant (e.g., nitrogen oxides) due to distinct compositions in the fuel component (i.e.,
hydrogen instead of hydrocarbons) should also be assessed. Although these issues,
especially the burning velocities and the flashback phenomena, have always been
popular research topics in the combustion community, relatively few works are dedicated
to the investigation of combustion characteristics for these H2-rich fuel gases in a high
temperature and high pressure environment.
In this work, the characteristics of turbulent, lean-premixed, non-swirled, dump-stabilized
axisymmetric flames of H2-rich fuel gases (the “H2-rich flames”) are experimentally
investigated. A wide range of gas turbine relevant conditions is covered, i.e., various
lean equivalence ratios (Φ), preheat temperatures (T0 = 523 K ~ 623 K), and pressures
(P0 = 0.1 MPa ~ 2.0 MPa). Specifically, the emissions of nitrogen oxides (NOx), the
turbulent flame speed (ST), and the flashback propensity of such fuel mixtures are
determined and evaluated. Among these topics, a specific focus will be on the turbulent
flame speed. Planar laser-induced fluorescence of hydroxyl radicals (OH-PLIF) is
implemented to retrieve the (detailed) geometry of the flame front, from which the flame
speeds are derived.
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The rest of the present work is structured as the following,
Chapter 2: First a description of the test facility and the laser diagnostics implemented in
this work is given. Methodologies for data reduction, including the derivation
of global consumption-based turbulent flame speed (ST), the evaluation of
both relevant turbulence and combustion properties, and the determination of
fractal parameters of flame front, are illustrated afterwards.
Chapter 3: Results from an end-of-pipe measurement of NOx emissions are presented.
The difference in emission characteristics among various fuel blends (e.g.,
methane, syngas, and H2-rich fuel gases) is explained from the perspective
of distinct NOx-forming mechanisms, which are visualized via a reaction path
analysis on the transfer of nitrogen atoms.
Chapter 4: Based on the ST that is experimentally derived for the H2-rich fuel gases,
turbulent flame speed correlations are proposed. Since the characteristics of
turbulence implemented in the correlations were determined at flame front
locations, the presented ST-correlations are expected to be applicable
independent of burner configurations but require knowledge of the local
turbulent flow parameters. Fractal parameters retrieved from an analysis on
the detailed geometry of flame front are also reported, which facilitate a
clarification on the effects of flame corrugation and flame stretch. The stretch
sensitivity of H2-rich fuel gases, which is exhibited as a corrected/strain rate
Markstein number (Ma), is also discussed.
Chapter 5: In addition to the correlation functions for estimating ST, the ST itself is also
found to serve as an indicator for the flashback propensity of H2-rich fuel
gases. A methodology for predicting the flashback limits of both syngas and
H2-rich fuel gases has been established, which appears to provide
reasonable predictions of the occurrence of flashback in the boundary layer
near the burner wall.
Chapter 6: A different category of reacting mixtures that incorporates a significant
amount of superheated steam (up to 40 vol. % of the bulk flow) has also been
studied to assess the feasibility of “wet” combustion for H2-rich fuel gases.
The impact introduced by steam on the characteristics of NOx emissions, the
global consumption-based turbulent flame speed (ST), and the flashback
propensity for the H2-rich fuel mixtures are addressed in this chapter.
Chapter 7: Conclusions and outlook.
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Chapter 2

Experimental Setup and Methodology

2.1. Experimental Setup
The present experimental investigation was performed in an axial-dump combustor
that is installed within a high pressure vessel (Fig. 2-1). The highest operational pressure
(P0) of the rig is 2.0 MPa, and it is capable of delivering a maximum air mass flow rate of
750 mN3/h (0.3 kg/s) with the highest preheat temperature (T0) of 823 K. An optical
access for laser diagnostics is provided by a cylindrical liner consisting of two coaxial
quartz glass tubes, which are convectively cooled by air. The diameter of the inner quartz
glass tube (the combustor wall; dc) is 75 mm, and the diameter of the combustor inlet (d)
is 25 mm. A gas sampling probe is installed at the exit of the cylindrical combustion
chamber (320 mm long) to extract the flue gas for composition analysis. The analysis
itself is performed in a set of gas analyzers capable of measuring the contents of O2,
CO2, CO and NOx on a dry basis. Fuel gas was injected 400 mm upstream of the
combustor inlet and mixed with a preheated stream of air. The premixed combustible
mixture was issued from a circular pipe (“premixing pipe”) that forms part of the
axial-dump combustor. Good mixing was achieved by the long premixing passage, which
was evidenced by an analysis on NOx emissions [68, 69]. Note that due to the high
propensity of flashback when operating the rig with H2-rich fuel gases [25], no
turbulence-generating grids were installed in the premixing pipe. Details about how
turbulence properties were determined for correlating the derived turbulent flame speed
will be illustrated in the methodology section.

Fig. 2-1. Schematic of the high pressure test rig.
The premixed combustible mixture was ignited by a hydrogen torch at the beginning
of each operation. The torch was switched off after the premixed mixture was
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successfully ignited, and the flame was self-stabilized by internal recirculation of hot flue
gas. Measurements were performed at a fixed bulk velocity at the combustor inlet (u0 =
40 m/s based on the volumetric flow rate). The pressure level (P0) was varied from 0.1 to
2.0 MPa, and the preheat temperature was set at T0 = 523 K, 573 K, and 623 K. Three
H2-rich fuel gases (H2-N2 70-30, H2-N2 85-15, and pure H2; numbers in vol. %) were
investigated in the present work, and syngas (H2-CO) data collected at the same facility
were taken from Ref. [70] for comparison. Concerning the investigated boundary
conditions, the Reynolds number (Re) based on u0 and d ranges from 15000 to 380000,
which indicates the highly-turbulent nature of the flow.
Planar laser-induced fluorescence of hydroxyl radicals (OH-PLIF) was implemented
to investigate the characteristics of the turbulent flame front. Note that according to a
numerical investigation by Bell et al. [71], the peak mole fraction of OH was found to
correlate well with the local burning speed for lean hydrogen flames. Thus, OH should
serve as a good marker of the flame front for the investigated fuel gases. A laser beam
from a pulsed Nd:YAG/dye laser system was converted by a cylindrical lens into a laser
sheet about 0.1 mm thick. This laser sheet was introduced along the central axis of the
cylindrical combustion chamber via a quartz window installed downstream of the rig, and
the emitted fluorescence signal was collected normal to the laser sheet with an
intensified CCD (charge-coupled device) camera. There are two purposes visualizing the
turbulent flame front. A complete profile of the flame front is required to derive the global
consumption-based turbulent flame speed (ST), while the fractal nature of the flame front
can only be revealed by a detailed flame contour. By acquiring the complete profile and
the detailed flame contour simultaneously, the “global” and the “local” characteristics of
the flame front are directly correlated, so that any mismatch in boundary conditions can
be avoided. For the previous investigation on syngas flames [24, 70], the intensified
CCD camera for imaging the details of the flame front (with a resolution of 0.061
mm/pixel) was only able to cover part of the flame. Thus an additional camera had to be
installed to image the complete flame profile. It has been observed that the H2-rich
flames are much more compact compared to the syngas flames [69]. Accordingly, for the
measurement of fractal parameters in the present work, only one intensified CCD
camera was needed to image the full flame profile and to provide sufficient resolution
(0.054 mm/pixel) for resolving the fine scales of the flame front. Nonetheless, since a
decrease in signal intensity of the laser-induced fluorescence at elevated pressure is
inevitable, the measurement with the “fractal setup” (i.e., with a resolution of 0.054
mm/pixel) was performed only up to P0 = 1.25 MPa to ensure the quality of fractal
analysis. The investigated preheat temperatures for the fractal measurement, on the
other hand, were limited to T0 = 523 K and 623 K. For more details about the OH-PLIF
diagnostics, the interested reader is referred to Ref. [24].
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2.2. Methodology
2.2.1. Turbulent Flame Speed (ST)
The turbulent flame speed (ST) derived in this work is a global consumption speed.
For each measured condition (specified by the preheat temperature T0, the pressure P0,
the fuel composition, and the equivalence ratio Φ), 400 planar, instantaneous contours of
OH-PLIF were acquired to ensure good statistics. An instantaneous flame front was
retrieved from each of the instantaneous contours via a specific routine that incorporates
the concept of a geometrically non-uniform threshold [70, 72]. The location and
distribution of “combustion waves” can then be deduced by summing up these
instantaneous flame fronts, and the deduced outcome was further normalized with a
progress variable (c) approach. The iso-contour of c = 0.05 (or c = 0.5, see the end of
section 2.2.5) was defined as a characteristic flame front (c = 0 and c = 1 correspond to
the unburned reactants and the burned products, respectively). An example of output
from this procedure is presented in Fig. 2-2. The choice on a progress variable c = 0.05
was specifically defined to be compatible with the conditions (namely temperature) of the
laminar flame speed, which always referred to the unburned reactants. Based upon the
assumption of an axisymmetric flame, a (characteristic) flame envelope was generated
by rotating the characteristic flame front with respect to the central axis of the combustor
(the x-axis), thus the surface area of this flame envelope (AF) can be evaluated.
Accordingly, ST was derived by solving a continuity equation that correlates the mass
flow rate at the combustor inlet (ρ0×u0×A0) with the mass flow rate at the characteristic
flame envelope (ρ0×ST×AF), that is,
ρ0×u0×A0 = ρ0×ST×AF

ST = u0×A0/AF

(2-1)

For convenience, a “flame length” (FL<c = 0.05>) was defined as the distance between the
combustor inlet and an axial location at which the characteristic flame front crosses with
the central axis of the combustor.

Fig. 2-2. Output from the post processing of an acquired OH-PLIF contour. (a) Raw
OH-PLIF contour with a retrieved instantaneous flame front (marked in green).
(b) Binary profile of a characteristic flame front (iso-contour of c = 0.05).
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An interesting characteristic of the derived ST of H2-rich fuel gases is briefly
mentioned here. According to the characteristic flame front shown in Fig. 2-2 (b), a flame
envelope generated by rotating this characteristic flame front, with respect to the central
axis of the combustor, should approach a right circular cone. This is confirmed by the
derived ST of some representative data points for a H2-rich fuel gas H2-N2 85-15. The
global consumption-based turbulent flame speed (ST) is plotted against a normalized
flame length FL<c = 0.05>/d in Fig. 2-3, where d is the diameter of the combustor inlet. Data
from a measurement on both syngas mixtures and methane [7] are shown in grey for
reference, while those from the fuel gas H2-N2 85-15 are marked as red circles. A dashed
curve “ST (ideal cone)” indicates the ST (with respect to a specified flame length) if the
characteristic flame envelope is exactly a right circular cone. Generally, the H2-rich
flames exhibit extremely short flame length compared to syngas flames, and profiles of
the characteristic flame front are approaching the “ideal cone” condition very closely.
Thus it might be feasible to implement a simplified methodology for evaluating the ST of
H2-rich fuel gases via using only the flame length as a differentiating parameter. More
discussions on the derived ST will be addressed in Chapter 4.

Fig. 2-3. Turbulent flame speed ST versus normalized flame length FL<c = 0.05>/d. Red
circles show some representative data for a H2-rich fuel gas H2-N2 85-15.
2.2.2. Turbulence Properties at Flame Front
The aforementioned crossover point between a characteristic flame front and the
central axis of the combustor was also designated as the “flame tip,” where averaged
“local” turbulence parameters (i.e., the turbulence intensity u’ and the integral length
scale LT) were retrieved from an earlier investigation on the turbulent flow field of the
present combustion chamber [73]. Particle image velocimetry (PIV) was implemented to
measure the turbulence parameters (u’ and LT) under isothermal conditions at ambient
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pressure. Based on the two-dimensional PIV data, the turbulence intensity u’ was
calculated as u’ = [(u2 + 2w2)/3]1/2 (u is the axial velocity fluctuation) by assuming that the
radial velocity fluctuation w equals to its azimuthal counterpart, and the longitudinal
integral length scale of the axial velocity component was referred to LT. At axial locations
close to the combustor inlet (x/d < 3.2), the turbulence is considered isotropic since
differences between the velocity fluctuations at the axial (u) and the radial (w) directions
are small. Concerning the fact that both temperature and pressure effects on u’ and LT
are weak [10, 24, 74], the measured turbulence parameters are assumed to be valid
throughout the investigated boundary conditions (T0 and P0) of the present study. At the
center of the combustor inlet, u’ and LT are 2.04 m/s and 3.1 mm, respectively.
Magnitudes of u’ and LT along the central axis of the combustor are found to increase
with the axial distance from the combustor inlet. Interested readers are referred to Refs.
[7, 24, 73] for detailed profiles of the turbulence parameters. Correlations for u’ and LT
along the central axis of the combustor were derived with respect to a normalized axial
distance (x/d) from the combustor inlet. Accordingly, the “local” turbulence parameters for
correlating the derived ST can be determined at the flame tip.
It has been discussed previously [7, 24, 73] that with the present burner
configuration, flame fronts appear to be stabilized along the contours of nearly constant
u’ and LT, thus the aforementioned “local” turbulence parameters should correlate with
the derived ST more appropriately. The choice on the iso-contour of c = 0.05 both as a
characteristic flame front and as a basis for specifying relevant turbulent properties
implies that these turbulence parameters should approach those immediately upstream
of the flame brush. This characteristic echoes an argument by Driscoll [2] that the spatial
variations of u’ and LT at many locations upstream of a flame brush should be recorded
so that meaningful comparisons between measured and predicted (either by direct
numerical simulations or large eddy simulations) turbulent burning velocities can be
made. Furthermore, since a spatial variation of LT is already accounted by adopting
turbulence parameters at a respective flame tip/front, the issue concerning limitations on
varying LT in an experiment [2] may also be partly resolved.
2.2.3. Fractal Analysis
Besides deriving the global consumption speed (ST) of the H2-rich flames,
characteristics of the turbulent flame front were further analyzed with an improved fractal
methodology [24]. Similar to the approach for deriving ST, 400 planar, instantaneous
contours of OH-PLIF were acquired for each measured condition. To resolve a flame
front with fine wrinkling scales, the resolution of the intensified camera in the “fractal
setup” was set to be 0.054 mm/pixel. Each of the instantaneous OH-PLIF contours was
first divided into two sampling sections that are (axi-)symmetric with respect to the
central axis of the combustor. Again based on a technique with a geometrically
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non-uniform threshold [70], a “collection” of flame fronts was identified for each sampling
section. A ranking was made among the identified flame fronts within this collection, and
the one that exhibits the longest continuous contour was selected as a representative
flame front for further processing.
Processing of the “representative flame front” was based on the concept of a
“stepping caliper” [75], which measures the counts (ni) of calipers with various lengths (ri)
to fulfill the contour of the representative flame front. Recall that the fractal nature of a
curve is characterized by a power law dependence between its measured length (ni×ri)
and the measurement (caliper) scale (ri). In the present approach, the dependence is
described as (ni×ri) ~ ri1-D2, where D2 is the two-dimensional fractal dimension. If the
counts ni were plotted against the caliper ri on a log-log plot, the D2 can be readily
determined as the absolute value of the slope for the ni-ri line [24]. For each
representative flame front, the caliper technique was implemented to evaluate a
corresponding D2. Accordingly, a histogram was established for the derived fractal
dimensions of each measured flame/condition (specified by the preheat temperature T0,
the pressure P0, the fuel composition, and the equivalence ratio Φ), from which an
“averaged” D2 can be deduced. A similar procedure was also applied to determine an
outer cutoff εo, which was observed to be on the same order of magnitude as the integral
length scale LT. It can be further demonstrated that, independent of the choice on
threshold values and sampling sections, consistent results were derived for D2 and εo.
The fractal dimension D2 serves as an indication of how far a curve (a representative
flame front) deviates from being a “smooth” one. A steeper ni-ri line on a log-log plot
corresponds to a larger value of D2, and a ratio between the lengths of the curve
measured with the inner cutoff (εi) and the outer cutoff (εo), respectively, is represented
as (εo/εi)D2-1. The larger the value of (εo/εi)D2-1, the more “folded” the curve is. Concerning
the axisymmetric configuration of the investigated flames, this length ratio is equivalent
to an “area ratio” (AT/AL) between an instantaneous/wrinkled surface area (AT) and an
averaged/smoothed surface area (AL) of the flame front. The area ratio AT/AL can be
further correlated with a “flame speed ratio” [36], ST/SLK, where SLK is the “local” flamelet
consumption speed (in contrast to the “global” consumption speed ST), and is
characterized as a stretched laminar flame speed in the present work.
Note that while an outer cutoff, εo, can be directly determined by the present
methodology, it has been discussed in Ref. [24] that an inner cutoff εi derived from the
present approach may not be sufficiently reliable. A limitation on the present setup of
laser diagnostics, i.e., the thickness of the laser sheet was estimated to be 0.1 mm, also
introduces a challenge to resolve the acquired flame front contour at the finest scale.
Accordingly, an estimation was made such that εi = 10×η, where η is the Kolmogorov
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scale and was evaluated as η = 1.28×LT×ReT-0.75 (ReT is the turbulent Reynolds number
based on u’ and LT) [74, 76]. The choice on εi not only reasonably matched with those
reviewed in Ref. [37], it also appeared to be consistent with the fractal inner cutoff found
in Refs. [41, 48], and a cut-off scale (Icut-off) obtained in Ref. [30]. A fractal inner cutoff
reported by Kobayashi et al. [41] was claimed to be well correlated with an “average
vortex tube diameter,” which corresponds to the largest wave number of initial flow
disturbances and is about ten times larger than η. Similar values of fractal inner cutoff
were also observed in a direct numerical simulation (DNS) of turbulent premixed
hydrogen/air flames performed by Shim et al. [48]. In contrast to these cutoff scales
relevant to fractal methodologies, a cut-off scale Icut-off [30] was derived from a DNS of
fundamental flame/vortex interactions, and it represents the smallest scale that may
influence the rate of reaction in a noticeable way. This cut-off scale Icut-off has also been
found to exhibit consistent dependence on stoichiometry with the curvature of flame front
derived in Ref. [74] at elevated pressure.
2.2.4. Combustion Properties
To complement and analyze the experimentally-derived ST, combustion properties
at laminar and “unstretched” conditions, such as the unstretched laminar flame speed
(SL0) and the thermal thickness of a one-dimensional laminar flame (δL0), have also been
evaluated numerically. Chemical-kinetic calculations for one-dimensional, adiabatic,
freely-propagating, unstretched laminar premixed flames were performed with an
open-source software tool CANTERA [77], with which the reaction mechanism
developed by Li et al. [78] was implemented. The reaction scheme was selected to
provide a more reliable estimation of the properties of interest for H2-rich fuel mixtures
under gas turbine conditions [79]. Based on a calculated temperature profile across the
laminar flame, δL0 is defined as the temperature rise from the preheat temperature (T0) to
the adiabatic flame temperature (Tad) divided by the maximum temperature gradient
normal to the flame front. This definition of δL0 (a “thermal” thickness) appears to account
already the suggestion in Ref. [2] that for a simplified definition of δL0 (i.e., δL0 ≡ α/SL0),
the thermal diffusivity α should be evaluated at the average temperature of T0 and Tad. It
can be shown that similar results on SL0 and δL0 were obtained via adopting some
recently updated kinetic models by Burke et al. [80] and Kéromnès et al. [81].
Other properties of a premixed combustible mixture, such as the thermal diffusivity α,
the kinematic viscosity ν, and the mass diffusivity were evaluated at each boundary
condition (specified by T0, P0, and the composition of the combustible mixture) covered
in the experiment with an online tool [82]. Accordingly, relevant dimensionless
parameters, such as the turbulent Damköhler number Da, the turbulent Reynolds
number ReT, and the Lewis number Le, can be derived for each measured condition. In
this work, Da is defined as (LT/u’)(SL0/δL0) and ReT is calculated as (u’×LT/ν). By replacing
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the kinematic viscosity with a thermal-based diffusivity term SL0×δL0, ReT may be
alternatively composed as (u’/SL0)(LT/δL0). It was claimed in Ref. [4] that the modified
definition of ReT could unify turbulent flame speed data from both expanding and Bunsen
flames. The Lewis number is defined as the thermal diffusivity of the mixture (α) divided
by the mass diffusivity of the deficient species (i.e., hydrogen for the investigated flames
in the present work), which is estimated as the ordinary multi-component diffusion
coefficient of the H2-N2 pair with nitrogen being the bath gas.
The aforementioned definition of the Lewis number can be directly applied on the
investigated single-component H2-rich fuel gases in this work. In contrast, it remains an
open issue concerning an appropriate definition of Le for multi-component fuel blends
(e.g., syngas) [83]. Various definitions of an “effective” Lewis number (Leeff) have been
proposed, including a heat release-based approach [84], a volume-based approach [85],
and a diffusion-based approach [86]. According to an analytical methodology developed
by Chen [87], the Markstein length (LM), which indicates the sensitivity of burning velocity
with respect to flame stretch rate, can be retrieved as a function of flame parameters
such as the Lewis number. Nonetheless, specifically for syngas mixtures, none of the
Markstein lengths derived from the three definitions of Leeff can match a measured LM
satisfactorily [83]. Since it appeared that the least deviation from the measured LM was
achieved by the diffusion-based definition of Leeff, it was implemented for the syngas
mixtures referenced in the present work. The diffusion-based Leeff is evaluated as the
thermal diffusivity of the mixture (α) divided by an “effective” mass diffusivity, Deff,
Deff = xH2×DH2 + xCO×DCO

(2-2)

where xi is the mole fraction of species i within the fuel component. DH2 and DCO are the
ordinary multi-component diffusion coefficients for the H2-N2 pair and the CO-N2 pair,
respectively, both with nitrogen being the bath gas.
2.2.5. Summary on Methodology
In this work, the characteristics of turbulent premixed combustion for H2-rich fuel
gases are investigated from the perspective of the turbulent flame speed (ST). OH-PLIF
was implemented over a non-swirled, dump-stabilized axisymmetric flame to retrieve the
geometric characteristics of the flame front. An instantaneous flame front was first
identified for each acquired OH-PLIF contour, based on which a spatial distribution of
combustion waves at the same boundary condition was established. A progress variable
(c) approach was then implemented to locate a characteristic flame front (i.e., an
iso-contour of c = 0.05), from which ST was derived as a global consumption rate.
Besides the global consumption-based ST, detailed geometric characteristics of the
flame front were also explored via a fractal approach. A representative section of the
18

flame front was selected to retrieve information about how “folded” the flame front is.
Results from the fractal analysis, including a fractal dimension D2 and an outer cutoff εo,
were implemented to evaluate a ratio between the global consumption and the flamelet
consumption speeds, i.e., ST/SLK = (εo/εi)D2-1, where εi is a fractal inner cutoff. The inner
cutoff εi was estimated to be ten times the Kolmogorov scale η in the present
investigation. Since the absolute values of ST were independently derived, the flamelet
consumption speed SLK could be readily determined. Based on the concept that a
turbulent flame front is considered to be an ensemble of laminar flamelets, SLK is treated
as a “stretched” laminar flame speed in this work. With SLK being known, the sensitivity of
burning velocity with respect to flame stretch rate (in terms of a “strain rate Markstein
number,” Ma [88, 89]) of the investigated H2-rich flames can be further analyzed by the
following correlation,
SLK/SL0 = 1 – (1/SL0) × (u’/Lλ) × LM = 1 – (u’/Lλ) × (δL0/SL0) × Ma

(2-3)

where Lλ, LM and Ma stand for the Taylor scale of turbulence, the (strain rate) Markstein
length, and the (strain rate) Markstein number (Ma ≡ LM/δL0), respectively. Relevant
“unstretched” combustion properties, such as the unstretched laminar flame speed SL0
and the flame thickness δL0, are derived from chemical kinetic calculations. More details
about Eq. 2-3 will be given in section 4.2.2.
Note that the derived ST implemented in the fractal analysis was retrieved at a
characteristic flame front with c = 0.5. The choice is mainly to reflect the nature of the
fractal analysis performed in the present work, which was based on statistics over 400
instantaneous flame fronts. An outcome derived from the statistics of these single-shot
flame fronts is, accordingly, closely related to an averaged flame profile defined along the
iso-contour of c = 0.5. On the other hand, while the derived ST based on the two
definitions of a characteristic flame front (i.e., c = 0.05 and c = 0.5) are generally well
correlated with each other [24], the choice of c = 0.5 could possibly facilitate a
comparison between results from the present work (e.g., the Markstein number) and
those from others, such as Bradley et al. [23, 89]. It has also been proposed by some
studies [4, 5] that the ST defined at the iso-contour of c = 0.5 may serve the purpose to
fairly compare burning velocities derived from various flame configurations (e.g.,
Bunsen-type and spherical flames). Nevertheless, concerning the advantages illustrated
in section 2.2.1 about a characteristic flame front at the iso-contour of c = 0.05, this
definition was implemented for deriving correlations of ST.
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Chapter 3

NOx Emission of H2-Rich Fuel Gases

Achieving near-zero emissions, i.e., limiting the emissions of carbon dioxide (CO2)
and nitrogen oxides (NOx) to very low levels, is possibly the most important trend in the
development of fossil-fuel-fired power generation systems in the near future (i.e., the
zero-emission power concept). Over years of research and development, industrial
emissions of the most harmful pollutants, e.g., NOx, sulfur oxides (SOx), and particulate
matter (PM), have already been brought to very low levels. In contrast, due to the
growing awareness of global warming, further reductions on CO2 emissions are currently
targeted by the power generation sector [90]. Although a decrease in the
fuel-to-electricity efficiency of fossil fuel-fired thermal power plants is inevitable as long
as carbon capture and sequestration (CCS) is implemented, the benefit of CO2
avoidance is sometimes regarded as of higher priority. It is thus expected that this global
trend will lead to governmental regulations on CO2 emissions that are unattainable for
the existing fleet of fossil fuel-fired power plants, including those gas turbine-based
systems. Nonetheless, while the current policy of developed countries sets
CO2-reduction as the dominant driving force for the development of gas turbine-based
power plants, emissions of prominent pollutants such as NO and CO [91] should still be
accounted as a given boundary condition.
Approaches for integrating CCS into the configuration of gas turbine-based power
plants can be grouped into the following three categories: post-combustion capture,
pre-combustion methods (fuel decarbonization), and combustion in oxygen-enriched
atmospheres (oxy-fuel firing) [92]. In a post-combustion carbon capture process, CO2 is
removed from flue gas in a capture plant. Specifically for a gas turbine-based power
plant that is fired with natural gas, the low carbon content of natural gas in combined with
a high air excess in gas turbine engines introduce a correspondingly high volume flow
rate that has to be dealt with by the capture plant. Since the efficiency of CO2 capture
can be improved with increasing CO2 concentrations in the flue gas, one approach to
facilitate CO2 removal is by recycling some of the flue gas back into the gas turbine
compressor, which is known as the flue gas recirculation (FGR) [93].
In contrast to the post-combustion capture, a pre-combustion approach captures the
carbon content of fuel gases that are derived from the gasification and reforming of
hydrocarbon fuels [93]. As introduced in Chapter 1, these processes result in the
production of syngas (H2 and CO), which can be further processed by a water-gas shift
reaction that converts CO to CO2, after which CO2 is captured. The hydrogen content of
the derived fuel gases is typically higher than 70 vol. %, and challenges arise when
burning these “H2-rich” fuel gases in lean-premixed gas turbine combustors, especially
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concerning their higher flashback propensities [1]. For that reason, H2-rich fuel gases are
mostly burned while highly diluted in diffusion flames nowadays. The next cornerstone of
development, accordingly, should focus on the lean-premixed combustion of H2-rich fuel
gases, which avoids the relatively high NOx emissions of diffusion flames. On the other
hand, it is expected that continued environmental concerns will lead to even more
stringent restrictions on NOx emissions from gas turbine engines, thus prompting a need
to exploit this combustion technique to its maximum potential.
In this chapter, NOx emissions of H2-rich fuel gases burned under gas turbine-like
conditions are addressed. An end-of-pipe measurement of NOx emissions from the
investigated non-swirled, dump-stabilized axisymmetric flames was performed. An
overview on the emission characteristics of NOx for various fuel gases/mixtures relevant
to the “zero-emission power concept,” including syngas (concerning the pre-combustion
carbon capture), methane (a “baseline” fuel gas), and methane with FGR (concerning
the post-combustion carbon capture), is presented first as a reference [68]. Besides the
measured NOx emissions of these fuel blends [70, 94], results from a reaction path
analysis on selected cases are also demonstrated to highlight distinct pathways that
dominate the NOx formation of these fuel gases. Afterwards, a detailed comparison on
the characteristics of NOx emission between H2-rich fuel gases and syngas is made.

3.1. NOx Emission of Fuel Blends Relevant to Zero Emission Power
Concept
3.1.1. Measured NOx Emissions
For the aforementioned fuel blends relevant to the zero emission power concept,
measured NOx emissions corrected to 15% oxygen (by volume) on a dry basis are
plotted against the respective adiabatic flame temperature (Tad) in Fig. 3-1. Symbols in
Fig. 3-1 represent the respective fuel blends/mixtures, i.e., syngas mixtures (open
squares), pure methane (red triangles), and methane with FGR (filled diamonds). The
range of Tad against which the data are presented is related to the operational window of
the investigated fuel mixtures. Upper limits to Tad are determined by the occurrence of
flashback and the limitation of burner material for hydrogen-containing fuel gases and
methane, respectively. In contrast, lower limits to Tad are typically defined by the
occurrence of lean blow-out for methane flames.
The data presented in Fig. 3-1 generally corroborate other literature references, e.g.,
Ref. [95]. Compared to the methane-containing fuel blends at the same flame
temperature (Tad), the syngas mixtures (open squares) are characterized by higher NOx
emissions. Among the investigated syngas mixtures, there appears to be no significant
difference in NOx emissions, except the “syngas-methane co-firing” fuel gas H2-CO-CH4
20-20-60 (numbers in vol. %). The gap between the syngas mixtures and methane
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seems to be bridged by this co-firing fuel blend (the open squares in green), which
exhibits a characteristic close to that of methane. Another category of mixtures
presented in Fig. 3-1 belongs to methane with flue gas recirculation (FGR; filled
diamonds), which generally exhibits slightly lower NOx emissions compared to methane
(at the same Tad). Compositions of these mixtures (methane with FGR) vary depending
on the FGR rate and the air excess ratio. Accordingly, instead of explicitly describing the
compositions of these mixtures, they are differentiated by the respective FGR rate, which
stands for the fraction of flue gas stream that is redirected to the compressor/combustor.
For example, 30% FGR means that 30 vol. % of the exhaust stream is brought back to
the compressor. It was observed, nonetheless, that the investigated FGR ratios (from
10% to 40%) do not yield a significant difference in the emissions of NOx.

Fig. 3-1. Dry NOx emissions corrected to 15% O2 (by volume) for various fuel
blends/mixtures relevant to the zero emission power concept.
Note that in the low temperature region (i.e., Tad = 1400 K ~ 1600 K), no appreciable
change in the “slope” of NOx emissions against Tad on the log-linear plot (Fig. 3-1) is
exhibited for the syngas data. This is in contrast to that reported by Cheng et al. [95], in
which a “plateau” for the NOx data belonging to pure hydrogen is observed in the low
temperature region. This specific finding was further investigated numerically by Day et
al. [96], and the higher NOx emissions of lean H2/O2/N2 flames in the low temperature
region were considered to be attributed to the “fuel-richer” flamelets, which are formed
due to preferential diffusive-thermal effects. Even though the results presented in Fig.
3-1 do not reproduce exactly the same trend (i.e., the “plateau”), slightly higher
emissions (compared to the syngas) are exhibited for the diluted hydrogen mixture H2-N2
60-40 (the open squares in dark blue) within the low temperature region. The difference
between these two datasets might be attributed to the presence of CO and nitrogen
dilution in the syngas and the diluted-hydrogen flames, respectively. The preferential
diffusive-thermal effects appear to be suppressed by these compounds (CO and N2),
thus the corresponding NOx emissions are lower than those described in Ref. [96].
23

3.1.2. Characteristics of NOx Emission Based on Simulations: Post-Flame NOx
According to the measurements, it is observed that compared to the fuel blends
containing methane, the syngas mixtures (consists only of H2 and CO) produce even
higher NOx emissions under the same adiabatic flame temperature (Tad). Nonetheless, it
appears that the difference is not only justified by the longer residence time between the
syngas flame front and the gas sampling probe (compared to methane flames), which is
roughly defined by the flame length (FL). A preliminary evaluation on the effect of the
“post-flame” residence time was performed in Ref. [97] for two fuel gases, H2-CO 50-50
and H2-CO-CH4 20-20-60 (syngas-methane co-firing), at Tad = 1700 K, and the
difference in NOx emissions that is attributed to the residence time effect is on the order
of 0.1 ppm. A similar approach is implemented in the present work to further analyze two
selected fuel mixtures, i.e., H2-CO 50-50 (hereafter referred to as “syngas”) and methane.
Via utilizing the software package CANTERA [77], freely-propagating laminar flame
calculations were performed for both fuel mixtures based on the reaction mechanism
GRI-Mech 3.0 [98]. To be consistent with the experimental conditions, the preheat
temperature (T0) and the pressure (P0) were set to be 673 K and 0.5 MPa, respectively.
The equivalence ratios (Φ) were adjusted to reach a common Tad of 1800 K.

Fig. 3-2. Evolutions of temperature and [NO] for both laminar syngas and methane
flames (T0 = 673 K, Tad = 1800 K, P0 = 0.5 MPa).
Figure 3-2 shows the evolutions of temperature and NO concentrations for the two
analyzed flames, which also reveals higher emissions of NO from the syngas flame. The
“most probable flame front position” (FL<c = 0.5>, according to the definition described in
section 2.2.1) [72] was retrieved to calculate the distance between the flame front and
the gas sampling probe, based on which the respective post-flame residence time was
determined. By combining the residence time with the formation rate of thermal NO,
which was evaluated via the slope of the NO-evolution profiles in the post-flame region,
the amount of post-flame NO can be estimated. The estimated emissions of post-flame
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NO were added to the calculated NO concentration within the flame front so that a
“corrected” emission value can be derived. For the syngas and the methane flames, the
formation rates of thermal NO are estimated to be 0.058 and 0.048 ppm/ms, respectively.
Correspondingly, the corrected NO emissions are 4.1 and 2.0 ppm, which are very close
to the measured values (3.8 and 1.7 ppm, respectively). Based on this estimation, the
difference in emissions attributed to the residence time effect alone is found to be less
than 1 ppm. This finding verifies that the difference in the post-flame residence time is
insufficient to introduce the observed gap in the measured NOx emissions.
3.1.3. Characteristics of NOx Emission Based on Simulations: Flame Front NOx
According to the evolutions of NO concentrations (Fig. 3-2) and the aforementioned
corrections, it appears that the difference in NO emissions between the syngas and the
methane flames is mainly produced within the flame front. One of the candidates for
introducing this distinction is the concentration of oxygen atoms, of which the evolutions
within the flame front are shown in Fig. 3-3. The peak concentration of oxygen atoms in
the syngas flame is found to be almost three times as much as that in the methane flame.
In contrast, though not shown in Fig. 3-3, a similar level of hydroxyl radicals (OH) is
exhibited with only a moderate difference between the two flames. Accordingly, an
analysis on chemical kinetics was performed to justify the role of oxygen atoms in the
enhanced NO formation that is observed in the syngas flame. The code “ChemPathTool”
[99] was implemented to trace the transfer of nitrogen atoms and reveal the reaction
pathways of nitrogen within the flame front. For the syngas and the methane flames, the
NO concentration profiles were first analyzed to identify the locations with the largest NO
concentration gradient. The composition and temperature at this specific point (marked
as “Probe” in Fig. 3-2) are considered to be responsible for the major difference in NO
emissions and, thus, serve as the inputs for the reaction path analysis.

Fig. 3-3. Evolutions of [O2] and [O] for both laminar syngas and methane flames (T0 =
673 K, Tad = 1800 K, P0 = 0.5 MPa).
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The pathway diagrams of nitrogen-atom transfer for the analyzed syngas and
methane flames are shown in Fig. 3-4 and Fig. 3-5, respectively. While percentages to
the left indicate the fractions of nitrogen that are consumed via various routes, those to
the right show the contributions to NO production by different pathways. Note that a
cutoff criterion (5% of the strongest nitrogen-atom transfer) was implemented to
eliminate the paths of relatively minor importance. Three categories of the reaction
pathways are identified, including the N2-N2O (indicated in blue), the NxHi (including both
the N2-NNH and the Zeldovich paths, indicated in red), and the CHi network (including
the prompt NO formation and the NO recycling; indicated in green). In both cases, the
maximum transfer rate of nitrogen atoms is found on the N2-N2O path, while its share in
the total nitrogen consumption is similar. The major distinction lies in the strength of the
N2-NNH path and the presence of the CHi network. While the former is more prominent
in the syngas flame, the latter is obviously attributed to the higher level of methylene
radicals (CH2) in the methane flame.

Fig. 3-4. Nitrogen-atom pathway diagrams for the analyzed laminar syngas flame.

Fig. 3-5. Nitrogen-atom pathway diagrams for the analyzed laminar methane flame.
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To further elucidate the implication of the stronger N2-NNH path in the syngas flame,
the total transfer rate of nitrogen atoms from nitrogen was normalized between the two
flames to provide a fair basis for comparison. The total transfer rate of nitrogen atoms in
the syngas flame was first “scaled” to that of the methane flame, which is around 23% of
the former (note that a similar ratio is also observed between the formation rates of NO).
Since the share of the N2-N2O path is similar in both flames, the transfer of nitrogen
atoms via other routes is compared in more details. For the syngas flame, the transfer
rate of nitrogen atoms via the N2-NNH path is found to be over 2.5 times faster than that
in the methane flame. Even by taking into account the combined transfer rates via the
N2-NNH, the N2-N, and the N2-HCN routes for the methane flame, the N2-NNH path in
the syngas flame alone is still 15% faster in transferring nitrogen atoms than the
aforementioned sum. Since the following NNH-NO route contributes to over 40% of the
NO formation rate, the finding is already an indication that the “NNH path” is responsible
for the higher NO emissions in the syngas flame. Furthermore, the only elementary
reaction prescribed in the mechanism GRI-Mech 3.0 [98] that converts NNH to NO is
NNH + O Æ NH + NO
which supports the statement that the higher concentration of (super-equilibrium) oxygen
atoms is facilitating the transfer of nitrogen atoms via the NNH path. The same
elementary reaction is also found to be the only one that is involved in the NNH-NH
transfer, which ultimately leads to the formation of NO. Accordingly, compared to
methane flames, the higher NO emissions in syngas flames are qualitatively attributed to
the higher concentration of (super-equilibrium) oxygen atoms within the flame front,
which accelerates the transfer of nitrogen atoms via the NNH route. The significance of
the NNH path has also been discussed in Ref. [96].
For reference, the pathway diagrams of nitrogen-atom transfer for two selected
cases of methane with flue gas recirculation (FGR) are demonstrated in Fig. 3-6 and Fig.
3-7. Although the same FGR rate (40%) is prescribed in both cases, the composition of
the mixture in Fig. 3-7 has also incorporated the recycling of water vapor in the flue gas
(denoted as “wet” FGR). In contrast, the mixture in Fig. 3-6 corresponds to “dry” FGR
that the water vapor in the flue gas is removed before the flue gas is redirected to the
compressor/combustor, and the “methane with FGR” mixtures presented in Fig. 3-1 all
belong to the dry category. To be consistent with the conditions in Fig. 3-5 (methane
without FGR), the preheat temperature (T0) and the pressure (P0) were also set to be
673 K and 0.5 MPa, respectively, while the equivalence ratios (Φ) were adjusted to
approach Tad = 1800 K. Compared to the methane flame (without FGR) shown in Fig.
3-5, two major distinctions can be observed for the flames with flue gas recirculation. On
the one hand, the transfer of nitrogen atoms via the NNH path is completely reversed,
which is mainly attributed to the enhanced dissociation of NNH radicals via the following
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elementary reaction,
NNH + M Æ N2 + H + M
According to its corresponding reaction rate coefficients, the reaction is in favor of
dissociating NNH radicals, and higher third-body efficiencies of the collision partners that
are present in the investigated FGR cases (i.e., CO2 and H2O) are prescribed. On the
other hand, the CHi network (in green) appears to be strengthened. This is relevant to
the fact that in order to reach the same Tad as that of the methane flame (Φ = 0.51),
higher equivalence ratios have to be implemented for the FGR cases (Φ = 0.76 and 0.83
for the dry and the wet FGR, respectively). Accordingly, the concentrations of CHi
radicals are increased, which boost the transfer of nitrogen atoms via the CHi network.

Fig. 3-6. Nitrogen-atom pathway diagrams for the mixture “methane with dry FGR.”

Fig. 3-7. Nitrogen-atom pathway diagrams for the mixture “methane with wet FGR.”
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3.1.4. Summary
With the purpose of describing NOx emissions from the fuel gases relevant to the
zero-emission power concept, a comparison can be made among a variety of fuel blends
including methane, various FGR mixtures (CH4-CO2-N2), and various syngas mixtures
(H2-CO-N2) under preheated (T0 = 673 K) and pressurized (P0 = 0.5 MPa) conditions.
For a fixed adiabatic flame temperature (Tad), the experiments show higher emissions for
the hydrogen-containing fuel gases, while the lowest emissions were recorded for the
FGR mixtures. A reaction path analysis was performed to assess the difference in NOx
emissions between the different fuel gases. The difference between syngas and
methane flames is found to be attributed to the enhanced importance of the NNH
reaction path in the former. The importance of the NNH path is directly correlated with
the demonstrated higher concentration of super-equilibrium oxygen atoms for the
hydrogen-containing fuel gases.

3.2. NOx Emission of H2-Rich Fuel Gases: Comparison with Syngas
3.2.1. Measured NOx Emissions
Characteristics of NOx emission for the H2-rich fuel gases investigated in the present
work are discussed in this section. Selected datasets of the measured NOx emissions
are shown in Fig. 3-8, Fig. 3-9, and Fig 3-10 to address various perspectives. Consistent
with the format in Fig. 3-1, the measured NOx emissions are corrected to 15% oxygen
(by volume) in the exhaust (on a dry basis) and plotted against the adiabatic flame
temperature (Tad). In Fig. 3-8, the emission data of hydrogen/air flames (T0 = 623 K, P0 =
0.5 MPa and 1.0 MPa) are demonstrated along with those of syngas [70] and methane
[94], which were both acquired at T0 = 673 K. Apparently, the general characteristic of
NOx emission for the H2-rich fuel mixtures is consistent with that of syngas (at the same
Tad), which exhibits already higher NOx emission values than methane, as addressed in
section 3.1. Again, the data generally corroborate those reported by Cheng et al. [95] in
the high temperature region (i.e., Tad = 1650 K ~ 1850 K). Nonetheless, the measured
NOx emissions are found to reach sub-ppm level at very lean conditions (i.e., Tad = 1350
K ~ 1550 K), and the “plateau” reported in Ref. [95] is still not observed.
According to Fig. 3-9, for the investigated hydrogen content (70 ~ 100 vol. % in the
fuel component), no significant difference in NOx emissions is observed among the
mixtures. The overall trend in NOx emissions appears to be well correlated with the
adiabatic flame temperature (Tad) only (see Fig. 3-9 and Fig. 3-10), and there is no
appreciable difference among the NOx emission data acquired at various preheat
temperatures (T0 = 523 K, 573 K, and 623 K; Fig. 3-10). Concerning the effect of
pressure (P0) on the NOx emissions of the investigated H2-rich flames, no significant
dependence is observed, which is consistent with that reported for syngas [97]. With an
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approach similar to that described in section 3.1.2, the effect of residence time on the
formation of “post-flame NOx” was examined for (laminar) hydrogen and syngas (H2-CO
50-50) flames at lower preheat and flame temperatures (T0 = 623 K, Tad = 1600 K).
Corresponding chemical-kinetic calculations via the CANTERA package [77] were
performed at various pressure levels (P0 = 0.1 MPa, 0.5 MPa, and 1.0 MPa) to evaluate
the respective formation rate of thermal NOx in the post-flame region. Based on the
experimentally-derived flame length, the investigated hydrogen flames are generally
shorter than the syngas flames. The difference in the post-flame residence time between
the hydrogen and the syngas flames is found to be around 3 ms, which corresponds to a
difference of only 0.01 ppm in NOx emissions.

Fig. 3-8. Dry NOx emissions corrected to 15% O2 for various fuel gases: hydrogen,
syngas (H2-CO 50-50), and methane.

Fig. 3-9. Dry NOx emissions corrected to 15% O2 for the investigated H2-rich flames at T0
= 623 K.
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Fig. 3-10. Dry NOx emissions corrected to 15% O2 for the investigated hydrogen/air
flames at various preheat temperatures (T0 = 523 K, 573 K, and 623 K).
3.2.2. Reaction Path Analysis
Based on the findings from the measured NOx emissions of the investigated H2-rich
fuel gases, it appears that the H2-rich and the syngas mixtures behave similarly in terms
of the level of NOx emissions, which exhibits a clear dependence on the adiabatic flame
temperature (Tad). Specifically for the H2-rich fuel gases alone, neither the hydrogen
content (70 ~ 100 vol. % in the fuel component) nor the preheat temperature (T0 = 523 K
~ 623 K) and pressure (P0 = 0.1 MPa ~ 2.0 MPa) has a significant effect on the
measured NOx emissions. The slight difference in the post-flame residence time also
introduces only a minor difference in the formation of post-flame NOx between the
hydrogen and the syngas flames. Nonetheless, based on the aforementioned laminar
flame calculations, a distinction is observed between the radical pool within the hydrogen
and the syngas flame fronts, especially concerning the hydroxyl radicals (OH) and the
hydrogen atoms (H). Evolutions of temperature, molar concentration of OH, and molar
concentration of H within the flame front of the analyzed laminar hydrogen and syngas
flames (T0 = 623 K, Tad = 1600 K, P0 = 0.5 MPa) are demonstrated in Fig. 3-11. Besides
the much more abundant hydrogen atoms in the hydrogen flame, the peak concentration
of hydroxyl radicals is also found to be almost twice as much as that in the syngas flame.
The difference is mainly attributed to the presence of CO in the syngas flame, which
consumes hydroxyl radicals in a dominant oxidation reaction
CO + OH Æ CO2 + H
On the other hand, though not explicitly demonstrated in Fig. 3-11, the level of oxygen
atoms (O) is found to be similar between the two flames with only a moderate difference
in absolute concentrations. A further analysis on the chemical kinetics was performed to
identify possible roles of the hydrogen atoms and the hydroxyl radicals in the NOx
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emission characteristics of the hydrogen and the syngas flames. Again the code
“ChemPathTool” [99] was implemented, and the profiles of NO, NO2 and N2O
concentrations (hereafter referred to as “NOx”) were first analyzed to find the locations
with the largest NOx forming rate. The composition and temperature at this specific point
(marked as “Probe” on the temperature profiles in Fig. 3-11) were taken as the inputs for
the reaction path analysis.

Fig. 3-11. Evolutions of temperature, [OH], and [H] for both laminar hydrogen and
syngas flames (T0 = 623 K, Tad = 1600 K, P0 = 0.5 MPa).
The pathway diagrams of nitrogen-atom transfer for the laminar hydrogen and
syngas flames at three pressure levels are shown in Fig. 3-12 (P0 = 0.1 MPa), Fig. 3-13
(P0 = 0.5 MPa), and Fig. 3-14 (P0 = 1.0 MPa). A cutoff criterion (5% of the strongest
nitrogen-atom transfer) has been applied to eliminate the paths of relatively minor
importance. Percentages to the left indicate the fractions of nitrogen that are consumed
via various routes. In contrast, those to the right show the contributions to NO production
by different pathways. Two categories of reaction pathways are identified, namely the
N2-N2O path (indicated in blue) and the NxHi path (including both the N2-NNH and the
Zeldovich paths, indicated in red). For both the hydrogen and the syngas flames, the
N2-NNH path is the dominant route that consumes nitrogen at P0 = 0.1 MPa (Fig. 3-12).
As addressed in section 3.1.3, this specific route is considered to be responsible for the
higher NOx emissions in syngas flames compared to methane (hydrocarbon) flames.
The dominance of the N2-NNH path is even more significant for the hydrogen flame (Fig.
3-12 (a)), which is attributed to the higher concentration of hydrogen atoms. According to
the GRI-Mech 3.0 kinetics [98], the transfer of nitrogen atoms subsequent to the
formation of NNH radicals is equally shared by the NNH-NH and the NNH-NO routes. By
checking the transfer rates of nitrogen atoms via the routes NH-N-NO and NH-HNO-NO,
it is found that almost all transfer into the intermediate species NH, HNO, and N will
ultimately lead to the formation of NO. Accordingly, at the location with the largest NOx
formation rate, the NxHi path alone is contributing to over 99% and 97% of NO formation
in the hydrogen and the syngas flames, respectively, at ambient pressure.
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Fig. 3-12. Nitrogen-atom pathway diagrams for (a) hydrogen and (b) syngas flames at P0
= 0.1 MPa.
Besides the intuitive relevance between the higher hydrogen-atom concentration
and the stronger N2-NNH path, the role played by the hydroxyl radicals is also worth
mentioning. It is observed that the combined strength of the HNO-NO and the N-NO
routes (marked as dashed lines in red) is stronger than that of the NH-NO route in the
hydrogen flame (Fig. 3-12 (a)). While the former two routes involve reactions with
hydroxyl radicals, the latter is mainly dominated by reactions with oxygen and oxygen
atoms. Since no significant difference in the concentrations of oxygen and oxygen atoms
is observed between the hydrogen and the syngas flames, it is reasonable to assume a
comparable strength of the NH-NO route for both flames. The effect of the higher OH
concentration in the hydrogen flame can then be interpreted as to facilitate the NO
formation via both the nitroxyl (HNO) and nitrogen atoms, with the latter being part of the
mechanisms of thermal NOx formation. Another difference between the hydrogen and
the syngas flames is the relative strength of the HNO-NO route to the N-NO route. While
the two show comparable magnitudes in the syngas flame (Fig. 3-12 (b)), the “thermal”
path is stronger in the hydrogen flame (Fig. 3-12 (a)).
The dominant path of consuming nitrogen at P0 = 0.5 MPa looks very different from
that at ambient pressure for both the hydrogen and the syngas flames (Fig. 3-13). While
the N2-NNH path is still responsible for over 30% of the nitrogen-atom transfer in the
hydrogen flame (Fig. 3-13 (a)), the N2-N2O path is showing much more significance in
the syngas flame (Fig. 3-13 (b)). In terms of the formation of NO alone, over one-third of
it is contributed by the inter-conversion of NOx in the syngas flame. This is in contrast to
that in the hydrogen flame, where the NxHi path still contributes to over 80% of the NO
formation. The effects of the higher OH concentration in the hydrogen flame can be
revealed from the following two observations. First, the combined strength of the
HNO-NO and the N-NO routes (both involve reactions with OH) reaches twice of that of
the NH-NO route in the hydrogen flame. Second, while the strengths of the HNO-NO and
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the NH-NO routes become comparable in the syngas flame, the strength of the former is
even surpassing that of the latter in the hydrogen flame (Fig. 3-13 (a)). Accordingly, even
though the HNO-NO route is strengthened in both flames, the effect of higher OH
concentration is further boosted by the elevated pressure in the hydrogen flame.

Fig. 3-13. Nitrogen-atom pathway diagrams for (a) hydrogen and (b) syngas flames at P0
= 0.5 MPa.
By checking the details about the transfer rates among species, another interesting
observation is found in the N2O-NH route. At ambient pressure (Fig. 3-12), the route is
contributing to less than 1% of the NH formation in both flames. Nonetheless, at P0 = 0.5
MPa (Fig. 3-13), the route is not only contributing to roughly 10% of the NH production,
but also taking 30% of the total nitrogen-atom transfer from N2O in the hydrogen flame
(compared to 20% in the syngas flame). Accordingly, even though the N2-N2O path is the
dominant nitrogen-consuming mechanism for both flames, the N2O-NH route is still able
to transfer some of the nitrogen atoms into NH, which will ultimately form NO. This route
is found to be facilitated by hydrogen atoms via the following elementary reaction,
N2O + H Æ NH + NO
which explains its higher share in the total nitrogen-atom transfer from N2O in the
hydrogen flame. The distinction in the strength of the N2O-NH route becomes even more
significant at P0 = 1.0 MPa (Fig. 3-14), at which the consumption of nitrogen is
completely dominated by the N2-N2O path via the recombination reaction
N2 + O + M Æ N2O + M
Due to the higher third-body efficiency of hydrogen compared to CO, the recombination
reaction can be facilitated in the hydrogen flame. The enhancement may be verified by
the peak concentration of oxygen atoms in the hydrogen flame (at P0 = 1.0 MPa), which
is now, in fact, lower than that in its syngas counterpart, and it is noted that this situation
is completely opposite to those at P0 = 0.1 MPa and 0.5 MPa. On the other hand, the
effect of the higher OH concentration in the hydrogen flame on the strengthened
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HNO-NO route is still discernible, which is almost twice as strong as the NH-NO route
(Fig. 3-14 (a)). Nonetheless, since the overall NxHi path is no longer dominant in forming
NOx at this condition, the enhancement by the hydroxyl radicals on the HNO-NO route is
relatively insignificant compared to the situation at P0 = 0.5 MPa.

Fig. 3-14. Nitrogen-atom pathway diagrams for (a) hydrogen and (b) syngas flames at P0
= 1.0 MPa.
3.2.3. Summary
When compared at the same adiabatic flame temperature (Tad), the level of NOx
emissions for H2-rich flames is found to be generally consistent with that of syngas
flames. Neither the H2-rich nor the syngas flames exhibit a “plateau” in NOx emissions at
very lean conditions. Compared to the reaction paths of forming NOx for the syngas
flames, the more abundant hydrogen atoms and hydroxyl radicals in the H2-rich flames
appear to introduce a different combination of reaction routes. The strength of the
N2-NNH path is generally supported by the higher concentration of hydrogen atoms. The
transfer of nitrogen atoms subsequent to the formation of NH radicals is further facilitated
by the higher concentration of hydroxyl radicals (OH). The latter enhancement by OH is
especially significant when the pressure is elevated to 0.5 MPa. A further increase in
pressure will completely transform the dominant route of nitrogen consumption into the
N2-N2O path, and the roles played by the higher concentrations of hydrogen atoms and
hydroxyl radicals in the H2-rich flames become relatively insignificant. It appears that the
competition between the OH-facilitated routes (HNO-NO and N-NO) and the
recombination reaction (N2 + O + M Æ N2O + M) may introduce a different pressure
dependence of NOx emissions between the H2-rich and the syngas flames, although this
has not been directly confirmed by the measured data.
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Chapter 4

Turbulent Flame Speed of H2-Rich Fuel Gases

In this work, the characteristics of turbulent, lean-premixed, non-swirled, dump-stabilized
axisymmetric H2-rich flames are experimentally investigated under gas turbine relevant
conditions (i.e., preheated, pressurized, and fuel-lean stoichiometries). Specifically in
this chapter, the correlations of the global consumption-based turbulent flame speed (ST)
and fractal parameters of the flame front are presented. About 700 data points have
been collected for deriving the scaling laws of ST, while one-fifth of the data include also
information about the fractal feature. According to the regime diagram for premixed
turbulent combustion [28], most of the data are allocated within the regime of thin
reaction zones. Figure 4-1 presents four instantaneous, false-colored images acquired
with planar laser-induced fluorescence of hydroxyl radicals (OH-PLIF) of the investigated
H2-rich flames. The inlet and the wall of the combustor are indicated by red bars. The
respective boundary conditions (i.e., the Karlovitz number, Ka, and the turbulent
Damköhler number, Da) for each flame image have been selected so that each is
located in a different regime. Nonetheless, no significant change in the morphology of
the flame front is observed even when the corresponding Ka is approaching the regime
of broken reaction zones. This is similar to the observation on syngas flames according
to Ref. [7], and it also implies that independent of the large difference in the relevant
Karlovitz number, a continuous contour of the reaction zone may still be derived
successfully.

Fig. 4-1. Instantaneous OH-PLIF contours of the investigated turbulent, lean-premixed,
non-swirled, dump-stabilized axisymmetric H2-rich flames.
37

It should be emphasized that the objective of the present work is not to argue over
or determine the limits of the flamelet regime (see section 1.1). In an earlier investigation
on natural gas/air flames with simultaneous two-dimensional UV-Rayleigh thermometry
and OH-LIF [100], localized deviations from a laminar-like flamelet structure are already
observed when Ka > 5. The validity of the flamelet hypothesis in the thin reaction zones
regime (where Ka >1) was also questioned recently according to the findings in Ref. [32],
where both turbulent methane/air and propane/air flames on a Bunsen-type burner were
studied. In contrast, lamella-like scalar-front structures are observed on lean-premixed
hydrogen/air Bunsen flames at high Ka (Ka > 15) [101]. The persistence on the flamelet
behavior is considered to be attributed to the much smaller flame residence time
(compared to the unstretched laminar value) for the lean hydrogen/air flames.
Furthermore, it was stated in the review by Driscoll [2] that evidence of the premixed
combustion occurring in distributed reaction zones is relatively scarce, and it was
concluded that thin flamelets are still found to occur even when the Karlovitz number
greatly exceeds unity [2]. Accordingly, the flamelet concept is considered as a
reasonable basis for the present work. The global consumption-based turbulent flame
speed (ST), hence, consists of two components, the surface wrinkling of the flame front
(represented by the ratio ST/SLK and characterized by the turbulent Reynolds number
ReT) and the flamelet consumption speed (SLK). The absolute values of ST were first
derived over a wide range of boundary conditions, and an improved fractal methodology
[24] was applied to analyze some of these flames, from which the information about the
flame front wrinkling (ST/SLK) was retrieved. Any remaining characteristics (e.g., the
stretch sensitivity or the preferential diffusion effect on the lean hydrogen/air flames)
would be attributed to the derived SLK itself, which represents a “stretched” laminar flame
speed.

4.1. Global Consumption-Based Turbulent Flame Speed (ST)
4.1.1. Geometric Feature of H2-Rich Flames
The general geometric feature of the investigated H2-rich flames is depicted first.
Compared to syngas flames, the H2-rich flames appear to be even more compact [69].
The observation is consistent independent of whether the comparison is made at the
same flame temperature (Tad) (see Fig. 4-2) or the same unstretched laminar flame
speed (SL0). For example, with the same SL0 of 0.81 m/s at P0 = 0.5 MPa, the syngas/air
flame (H2-CO 50-50, numbers in vol. %) investigated in Ref. [70] is about 13% longer
than its hydrogen/air counterpart. For the investigated equivalence ratios (Φ = 0.26 ~
0.54) of the H2-rich flames, the normalized flame length, FL<c = 0.05>/d, ranges from 1.66 to
2.95; the richer the composition, the shorter the flame. According to the profiles of u’ and
LT along the axial locations x/d depicted in Ref. [7], for the investigated H2-rich flames,
the magnitude of the relevant turbulence properties at the flame tip is increased almost
38

linearly with the flame length [7, 24, 73] (cf. section 2.2.2). It should be noted that
depending on the preheat temperature (T0), it was not always possible to acquire data of
the H2-rich flames with relatively rich equivalence ratios (e.g., Φ > 0.4) at higher pressure
(P0). This limitation is mainly attributed to the characteristics of turbulent boundary layer
flashback in the present rig configuration, which were discussed in Ref. [25] and will be
addressed in detail in Chapter 5.

Fig. 4-2. Instantaneous OH-PLIF contours of a H2-rich flame and a syngas flame with
similar Tad of 1750 K at P0 = 0.5 MPa.
The observation that the profile of the H2-rich flames is generally more compact has
two implications. First, for the relatively short H2-rich flames, the “mean-angle method”
implemented in various studies [9, 11-13, 19, 40, 102] could be sufficient for deriving the
global consumption-based ST, though errors in the derived ST may not be negligible for
leaner cases. This is attributed to the fact that for the investigated dump-stabilized
axisymmetric flames, the shorter the flame length, the more closely the shape of the
flame front approaches that of a right circular cone [7, 69]. Second, compared to syngas
flames, the shorter flame length of the H2-rich flames do already imply a higher flamelet
consumption speed (SLK) for the H2-rich fuel gases. From the perspective of a global
consumption rate, a shorter length of the flame indicates a smaller surface area of the
“flame cone,” hence, a higher ST. On the other hand, since the magnitude of the relevant
turbulence properties (u’ and LT) is increased with the flame length, a more compact
flame may imply that the surface wrinkling is enhanced by the turbulence to a lesser
extent (i.e., a weaker effect of ReT). Accordingly, there must be a higher SLK that
correlates the higher ST with the lower degree of surface wrinkling, which can be
described by the ratio ST/SLK. Depending on both the unstretched laminar flame speed
(SL0) and the aerodynamic strain rate, a higher SLK may further indicate a higher stretch
sensitivity (see Eq. 2-3 in section 2.2.5).
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The difference in the geometric features between H2-rich and syngas flames is also
revealed by where the flames are allocated on the regime diagram for turbulent
premixed combustion [28]. In Fig. 4-3, a representative set of the collected flame data is
plotted on the regime diagram. The relevant pressure levels (P0) are indicated by various
symbols, while the fuel composition and the preheat temperature (T0) are differentiated
by colors. Most of the data are located within the regime of thin reaction zones, while
some of the H2-rich data collected at higher pressure (P0 = 1.8 MPa and 2.0 MPa)
already reach the broken reaction zones regime according to the conventional definition
(i.e., Ka > 100). On the other hand, the collected data all appear to locate beyond the
regime where the hydrodynamic, Darrieus-Landau (DL) instability may influence the
global flame shape and flame speed as suggested by Chaudhuri et al. [103], although
the specific analysis was claimed to be restricted to the unity Lewis number. Concerning
the data at T0 = 623 K, it can be seen that the two H2-rich flames (H2-N2 70-30 and pure
H2) behave similarly, and this trend is still kept if the data of the fuel gas H2-N2 85-15 are
shown in the same plot. For each plotted data series, the only varied parameter is the
equivalence ratio Φ. The leaner the composition, the longer the flame, hence, the ratio
u’/SL0 is increased. On the other hand, the increase in the flame thickness δL0 with
decreasing Φ apparently more than compensates the increase in LT as the flame
becomes longer, and this characteristic is especially obvious for the H2-rich flames.

Fig. 4-3. Selected H2-rich (this work) and syngas [70] data plotted on the regime diagram
for turbulent premixed combustion [28]. Turbulence properties (u’ and LT) are
evaluated at the locations of the flame front.
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According to Fig. 4-3, compared to the syngas flames, the allocation of the H2-rich
flame data is more aligned with the constant-ReT lines in this log-log plot when the
equivalence ratios are varied. A similar trend can also be observed when the pressure is
increased from 1.0 MPa to 2.0 MPa. In contrast, this characteristic is not clearly exhibited
for the syngas flames. The observation based on the allocation of data on the regime
diagram may already imply a fundamental difference between H2-rich and syngas flames.
For the H2-rich flames, since the change in ReT with Φ is relatively insignificant, there
seems to be only a marginal dependence on the ReT effect (either via surface wrinkling
or scalar transport) for maintaining the burning rate. Accordingly, this is another
indication that the characteristic of a flamelet may assume a more important role in
determining the global consumption speed (ST) of the H2-rich flames. Furthermore,
reducing the preheat temperature (T0) appears to slightly enhance the dependence on
ReT for the H2-rich flames at lower pressure (e.g., P0 = 0.5 MPa), and this observation
may imply a relatively weaker “strength” of the flamelet (in terms of SLK).
4.1.2. Normalized Turbulent Flame Speed: ST/SL0
In Fig. 4-4, the normalized turbulent flame speed, ST/SL0, is plotted against the
normalized turbulence intensity, u’/SL0, for a selected set of the data collected at P0 > 1.0
MPa. Some selected syngas data, which were acquired in Ref. [70], are also shown for
comparison. Note that since most of the flame data collected in the present work below
P0 = 1.0 MPa are allocated within the range where u’/SL0 < 40 and ST/SL0 < 150, they are
not shown in Fig. 4-4 for brevity. The effects of the fuel composition (e.g., H2-rich fuel
gases versus syngas), the pressure (P0), and the preheat temperature (T0) on ST/SL0 are
addressed in the following, respectively.

Fig. 4-4. ST/SL0 versus u’/SL0 for selected H2-rich and syngas flames at P0 > 1.0 MPa.
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Effect of fuel composition on ST/SL0
Among the investigated H2-rich fuel gases with 70 to 100 vol. % of hydrogen in the
fuel component, there is no significant difference in the characteristics of ST/SL0. The
dilution by nitrogen appears to function only thermally in reducing the flame temperature.
Nonetheless, it is obvious that the H2-rich flames exhibit higher ST/SL0 compared to the
syngas flames (H2-CO 50-50), which already show higher normalized ST than methane
flames [7]. Recall that the syngas flame is longer than its H2-rich counterpart even if both
are characterized with the same SL0. Accordingly, the difference in ST/SL0 is mainly
attributed to the increased ST of the H2-rich flames. It was addressed in Ref. [7] that the
ratio ST/SL0 for hydrogen-containing fuel gases is found to be strongly dependent on the
preferential diffusive-thermal (PDT) effect, by which the fuel composition effect is
manifested. In the present work, the PDT effect is accounted for by the (effective) Lewis
number of the deficient reactant, which is explicitly implemented when deriving the
scaling laws of the normalized turbulent flame speed. Details about the derived
correlations of ST will be discussed in section 4.1.3.
Effect of pressure on ST/SL0
Over the investigated boundary conditions in this work, the normalized turbulent
flame speed of the H2-rich flames exhibits a positive dependence on pressure,
ST/SL0 ~ (P0/PR)0.84

(for H2-rich fuel gases)

where the reference pressure PR is 0.1 MPa. For the range of P0 (from 1.25 MPa to 2.0
MPa) plotted in Fig. 4-4, the increase in ST/SL0 with P0 is apparently not justified by the
increase in the turbulent Reynolds number ReT (see Fig. 4-3). It can also be shown that
the pressure dependence of another normalized turbulent flame speed, ST/u’, is weak.
The effect of P0 on ST/SL0 appears to be dominated by the pressure dependence of the
unstretched laminar flame speed (SL0), which is found to scale with P0/PR to the power of
-0.83 [104]. The finding can also be interpreted such that at higher pressure (e.g., P0 >
1.0 MPa), the effect of ReT is relatively insignificant in increasing ST/SL0. The pressure
dependence of SL0, or in a broader sense, the characteristic of a flamelet, plays a more
important role. The observation here does not contradict the findings reported in Ref.
[10], where the absolute values of ST are found to decrease with P0 under constant-ReT
conditions. The effect of ReT on increasing ST is also observed in Ref. [10] to diminish
with P0, especially when P0 approaches 1.0 MPa. For the other data collected below P0 =
1.0 MPa in the present work, a wider range in the relevant ReT is covered, so that a
meaningful comparison with the aforementioned “constant-ReT” approach is not feasible.
For reference, the normalized turbulent flame speed of the syngas flames [70] is found to
exhibit a slightly lower pressure dependence,
ST/SL0 ~ (P0/PR)0.69

(for syngas)
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Similar to the situation of the H2-rich flames, the exponent is also dominated by the
characteristics of SL0, which scales with P0/PR to the power of -0.62.
Effect of preheat temperature on ST/SL0
In contrast to the positive dependence on pressure, the normalized turbulent flame
speed demonstrates a strong negative dependence on the preheat temperature,
ST/SL0 ~ (T0/TR)-4.7

(for H2-rich fuel gases)

where the reference temperature TR is 298 K. Nonetheless, it appears that the very
strong temperature dependence of SL0 for laminar hydrogen/air flames is dominant in
this case, since the ST is found only to scale with T0/TR to the power of 0.4. This mild
dependence of ST on T0 is also shown in Fig. 4-4, where two sets of hydrogen/air flame
data collected at T0 = 523 K and 623 K are plotted along with the dotted and the dashed
regression curves (with a power law fit; P0 = 1.5 MPa for these two cases), respectively.
Clearly, in terms of the proportionality between ST/SL0 and u’/SL0, the hydrogen/air flames
at the two preheat temperatures behave quite similarly. It should be noted that the
T0-dependence of ST for the H2-rich flames (i.e., ST ~ (T0/TR)0.4) is much lower than that
for the syngas flames [70], which scales with T0/TR to the power of 1.34. Since ST
represents a consumption rate that is directly linked to the global flame contour, the
difference in the T0-dependence of ST again suggests a more dominant role of the
flamelet burning velocity for the H2-rich flames. The weaker temperature dependence of
ST for the H2-rich flames also implies that the strategy to reduce the flashback propensity
by decreasing T0 may not be as effective as when it is implemented for syngas flames
[25, 105]. On the other hand, although the significant dependence of SL0 on the preheat
temperature for laminar hydrogen/oxygen or hydrogen/air flames has been addressed in
various studies [106-108], there is still no conclusive “temperature exponent” for the
investigated lean conditions. It was also argued in Refs. [109, 110] that current reaction
models tend to overpredict the temperature dependence of the flame speed for medium
and high hydrogen-content fuel gases. But concerning the scope of the present work, the
T0-dependence of SL0 may only be estimated via the flame speed calculations (see
section 2.2.4), which are ultimately prescribed by the implemented reaction mechanism.
4.1.3. Correlations for ST/SL0
Based on the ST data acquired in the present work for the H2-rich fuel gases (H2-N2
70-30, H2-N2 85-15, and pure H2) and those in Ref. [70] for a syngas mixture (H2-CO
50-50), correlations are derived to provide an overview on the characteristics of ST. The
boundary conditions cover the ranges in the preheat temperature (T0) of 523 K ~ 623 K
(673 K for the syngas), in the pressure (P0) of 0.1 MPa ~ 2.0 MPa, and in the
equivalence ratio (Φ) of 0.26 ~ 0.54. For the data characterized with a greater-than-unity
turbulent Damköhler number (Da), i.e., the flames are in a “fast chemistry” regime, the
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correlation can be expressed as
ST/SL0 = 0.8 × Leeff-1.38 × (u’/SL0)0.80 × (LT/δL0)0.13

(Da > 1)

(4-1)

In contrast, for the data characterized with a less-than-unity Da, i.e., the flames are in a
“slow chemistry” regime, the correlation is found to be
ST/SL0 = 4.6 × Leeff-1.84 × (u’/SL0)0.59 × (LT/δL0)-0.28

(Da < 1)

(4-2)

In both Eq. 4-1 and Eq. 4-2, the effective Lewis number (Leeff) is implemented to correlate
the data of both H2-rich and syngas flames, i.e., to reveal the “effect of fuel composition”
described in section 4.1.2. The approach shares a similar idea with a work by Muppala et
al. [111], in which the Lewis number was also implemented in an algebraic reaction rate
closure for various turbulent premixed hydrocarbon/air flames. Note again that while the
definition of Leeff for the H2-rich flames is rather straightforward, the “diffusion-based” Leeff
is selected in the present work for the syngas flames, as explained in section 2.2.4. The
ranges in Leeff for the investigated H2-rich flames and the syngas flames [70] are 0.35 ~
0.42 and 0.50 ~ 0.56, respectively. Accordingly, the trend revealed in Eq. 4-1 and Eq. 4-2
is consistent with the conclusion in Ref. [112] that the turbulent flame speed is increased
with decreasing the Lewis number of the deficient reactant, especially when lean
hydrogen mixtures are concerned. Compared to the exponents of the terms u’/SL0 and
LT/δL0, the relatively large (negative) exponent of Leeff in Eq. 4-1 and Eq. 4-2 also echoes
the statement in Ref. [112] that the molecular transport effects (e.g., the preferential
diffusive-thermal effect) are important even at moderate and high turbulence. To
demonstrate the credibility of the correlations, the “predicted” values of ST/SL0 by Eq. 4-1
and Eq. 4-2 are plotted against the measured ST/SL0 in Fig. 4-5 and Fig. 4-6, respectively,
for selected H2-rich and syngas data. An error range of ±20% from the measured ST/SL0
is indicated by red dashed lines. The ST of both H2-rich and syngas flames appears to be
described reasonably well by the derived correlations.

Fig. 4-5. Predicted ST/SL0 (by Eq. 4-1) versus measured ST/SL0 for flames with Da > 1.
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Fig. 4-6. Predicted ST/SL0 (by Eq. 4-2) versus measured ST/SL0 for flames with Da < 1.
By implementing the definition of the turbulent Reynolds number (which characterizes
the hydrodynamic effect of turbulence), ReT ≡ (u’/SL0)(LT/δL0), Eq. 4-1 (for the flames with
fast chemistry) can be rearranged as
ST/SL0 ~ Leeff-1.38 × (u’/SL0)0.67 × ReT0.13

(Da > 1)

Similarly, Eq. 4-2 (for the flames with slow chemistry) can be expressed as
ST/SL0 ~ Leeff-1.84 × (LT/δL0)-0.08 × Ka0.4

(Da < 1)

where Ka is the Karlovitz number (which characterizes flame stretch) and is defined as
(u’/SL0)1.5(LT/δL0)-0.5. Concerning the derived correlations of ST/SL0, the transition from a
dependence on the turbulent Reynolds number to that on the Karlovitz number can be
readily explained from the perspective of the turbulent Damköhler number. When the
turbulent Damköhler number is greater than unity, the characteristic time scale of
turbulence, LT/u’, is greater than the characteristic chemical time scale, δL0/SL0. The
turbulence is relatively “slow” compared to the flame, so that the flame front is able to
conform to the wrinkling imposed by turbulent eddies. Accordingly, the contribution by
the hydrodynamic effect of turbulence to wrinkle the flame surface, which ultimately
leads to an increase in ST/SL0, is exhibited as the dependence on ReT in Eq. 4-1. In
contrast, when the turbulent Damköhler number is less than unity, the turbulence is too
fast for the flame front to respond in a purely “geometric” manner. The dependence of
ST/SL0 on ReT is replaced by Ka in Eq. 4-2, which indicates that the characteristic of a
flamelet (e.g., the stretch sensitivity) becomes dominant in determining ST/SL0. The
indication that the stretch sensitivity of a flamelet may assume an important role in this
regime (Da < 1) is also evidenced by the even more negative exponent of Leeff in Eq. 4-2.
Since the turbulence can no longer wrinkle the flame front effectively in this regime, the
effect of turbulence on the flame front is mainly to impose an aerodynamic strain rate, by
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which the flame stretch rate is dominated [89]. For the investigated thermal-diffusive
imbalanced fuel gases (i.e., Leeff < 1), the “stretched” flamelet consumption speed SLK will
be even larger than its unstretched value, SL0. Thus, a clear dependence of ST/SL0 on Ka
(i.e., the effect of flame stretch) suggests a much larger SLK compared to SL0 for the
flamelet, which further implies that the (strain rate) Markstein number (Ma) for the
investigated fuel gases must be significantly below zero (see Eq. 2-3 in section 2.2.5).
The consistency of the aforementioned transition from the dependence of ST/SL0 on
ReT (representative for turbulent wrinkling) to that on Ka (representative for flame stretch)
has been examined. Besides categorizing the data with the global criterion of Da = 1, the
data have also been grouped into smaller subsets according to their respective
allocations on the diagram for premixed turbulent combustion [28]. Correlations of ST/SL0
are derived for the data at the conventional “flamelet” regime (Ka < 1), the thin reaction
zones regime with Da > 1, the thin reaction zones regime with Da < 1, and the broken
reaction zones regime (Ka > 100), respectively. It is observed that a shift from the
flamelet regime to the broken reaction zones also introduces a continuous transition from
the dependence of ST/SL0 on ReT to that on flame stretch. Furthermore, it can be shown
that a consistent trend is revealed by the correlations that are derived with the Taylor
scale of turbulence (Lλ; Lλ = 6.35×LT ×ReT-0.5 [74]) in the length scale ratio (i.e., Lλ/δL0).
Attempts have been made to compare the derived correlations of ST/SL0 with those
from the literature that specifically dealt with H2-rich fuel gases or syngas, although the
boundary conditions covered in the present work can usually not be matched by the
others. It was proposed by Kitagawa et al. [22] that the combination of ReT/Le2, which
takes into account both the hydrodynamic turbulence effect and the thermo-diffusive
effect, may be a practical parameter to characterize the turbulent burning velocity of
premixed hydrogen/air propagating flames. Eq. 4-1 is considered to agree dimensionally
with the approach in Ref. [22], although the additional contribution by u’/SL0 still has to be
implemented to take into account the much wider range in the turbulence intensity
covered in the present work (u’/SL0 = 0.7 ~ 195). Another correlation to be compared with
is the one derived from lean syngas (H2-CO 35-65) spherical flames by Chiu et al. [10],
which is expressed as ST/u’ = 0.49 × Da0.25. Note that the (turbulent) Damköhler number
of the investigated flames in Ref. [10] is greater than unity. Thus, Eq. 4-1 (for Da > 1) is
rearranged into a correlation for ST/u’ as
ST/u’ = 0.8 × Leeff-1.38 × (u’/SL0)-0.20 × (LT/δL0)0.13 ~ 0.8 × Leeff-1.38 × Da0.20

(4-3)

While Eq. 4-3 exhibits a similar dependence on Da to that reported in Ref. [10], the
remaining difference may be attributed to the preheated condition in the present work, to
the definitions of relevant parameters (e.g., δL0), and to the fact that the ST in Ref. [10] is
correlated with a progress variable c = 0.5. Note that although both the investigations by
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Kitagawa et al. [22] and by Chiu et al. [10] implemented spherical flames for deriving the
correlations, a similar trend can still be reproduced by the present work, which further
justifies the validity of the methodology.
For reference, a “global” correlation of ST/SL0 for all the H2-rich flames investigated
in the present work and the syngas flames in Ref. [70] can be derived as
ST/SL0 = 10.5 × Leeff-0.82 × (u’/SL0)0.45 × (LT/δL0)-0.41 × (P0/PR)0.75 × (T0/TR)-1.33

(4-4)

The fact that the relevant hydrogen-containing fuel mixtures are characterized by strong
stretch sensitivities is revealed by the global dependence of ST/SL0 on a “stretch factor,”
(u’/LT)(δL0/SL0), in Eq. 4-4. Recall that for the H2-rich flames, the dependence of ST/SL0
on the pressure and the preheat temperature is shown to be ST/SL0 ~ (P0/PR)0.84 and
ST/SL0 ~ (T0/TR)-4.7, respectively (see section 4.1.2). Accordingly, the pressure and
temperature exponents in Eq. 4-4 should not be mistaken as the global dependence of
ST/SL0 on P0 and T0, respectively. The terms P0/PR and T0/TR are mainly incorporated to
improve the validity of the correlation, which is evidenced in Fig. 4-7. In Fig. 4-7, the
“predicted” values of ST/SL0 by Eq. 4-4 are plotted against the measured ST/SL0 for
selected H2-rich and syngas flames. An error range of ±20% from the measured ST/SL0 is
indicated by red dashed lines. Compared to the “performance” of Eq. 4-1 and Eq. 4-2,
which is demonstrated in Fig. 4-5 and Fig. 4-6, respectively, the ST of both H2-rich and
syngas flames can be characterized even more appropriately by Eq. 4-4.

Fig. 4-7. Predicted ST/SL0 (by Eq. 4-4) versus measured ST/SL0 for selected H2-rich and
syngas flames.
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4.2. Flamelet Consumption Speed (SLK)
4.2.1. Fractal Dimension of Flame Front (D2) for H2-Rich Fuel Gases
Following the discussions on the global consumption-based turbulent flame speed
(ST), the fractal characteristics of the flame front are now presented. The ratio between
the global and the flamelet consumption speeds, ST/SLK, is derived according to the
correlation ST/SLK = (εo/εi)D2-1, where εo, εi, and D2 are the outer cutoff, the inner cutoff,
and the fractal dimension, respectively. Since the ST is already derived independently,
the SLK, which represents a “stretched” laminar flame speed, can be calculated as
ST/(ST/SLK). The characteristic of ST/SLK is determined by the fractal dimension D2.
Generally, a larger D2 corresponds to a larger εo/εi and, hence, a larger ST/SLK, which
indicates a higher degree of flame front wrinkling.

Fig. 4-8. Fractal dimension D2 plotted against effective flame stretch, u’/SLK.
In Fig. 4-8, a representative subset of the derived fractal dimension (D2) data is
plotted against the turbulence intensity normalized with the stretched laminar flame
speed, u’/SLK, which represents an “effective stretch” and will be addressed in more
detail in the next paragraph. It can be shown that a consistent trend is demonstrated by
plotting either D2 or ST/SLK against u’/SLK. Nonetheless, unlike the ratio ST/SLK, the fractal
dimension D2 is a “direct” product from the stepping caliper algorithm (see section 2.2.3).
Contrary to the trend revealed in Fig. 4-8, the normalized cutoff scales, εo/LT and εi/LT,
are both found to decrease with increasing u’/SLK. Since the effective stretch is generally
larger for leaner flames, the decrease in εo/LT with u’/SLK is mainly attributed to the
increase in LT with the equivalence ratio Φ (see section 4.1.1). In contrast, the decrease
in the inner cutoff εi with u’/SLK is prescribed by the assumption that εi scales with the
Kolmogorov scale, i.e., εi = 10×η and η = 1.28×LT ×ReT-0.75. Accordingly, in order to
isolate the plot from any additional complexities relevant to the cutoff scales themselves,
the fractal dimension D2 is selected for the presentation in Fig. 4-8 instead of ST/SLK.
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The term u’/SLK can be understood as the simplified version of a flame stretch factor,
(u’/Lλ)(δL0/SLK), by taking into account that the Taylor scale of turbulence (Lλ) is typically
on the same order of magnitude as the flame thickness (δL0) [24]. Implementing the
stretched laminar flame speed (SLK) in the stretch factor reflects the fact that the
“stretched” flame residence time (or “reaction time”), δL0/SLK, for lean premixed
hydrogen/air flames is much smaller than its unstretched laminar value, δL0/SL0 [101].
Accordingly, u’/SLK is considered as an “effective” flame stretch since the characteristic of
a flamelet under the effect of an aerodynamic strain rate has been accounted for. On the
other hand, u’/SLK can also be comprehended as a ratio between the time scales of the
flamelet, δL0/SLK, and the turbulent eddy that is interacting with the flamelet, Lλ/u’ [24]
A clear “bending” is observed on the dependence of D2 on u’/SLK in Fig. 4-8.
Apparently, the turbulence can only increase the degree of flame front wrinkling to a
certain extent, i.e., D2 ~ 1.3. This ceiling of D2 is found to be close to that reported by
Mantzaras [45], and it also approaches the “limiting” fractal dimension (i.e., D2 +1 ~ 2.35)
at very large u’/SL, which was addressed by Peters [27]. Under the influence of a high
strain rate u’/Lλ, only if the flame can respond sufficiently fast (i.e., with a small δL0/SLK),
the effective stretch is within the range where the turbulent eddy may still impose a
hydrodynamic effect on the flame front. In other words, a flamelet characterized by a
very short residence time (i.e., its propagation capability is high) can counteract the
turbulent wrinkling, which results in a decrease in D2. Consistent with a finding by
Daniele et al. [24], the fractal dimensions of both H2-rich (this work) and syngas [24, 70]
flames at various preheat temperatures (T0) and pressures (P0) are well correlated with
respect to u’/SLK. Nonetheless, the syngas flames generally exhibit larger D2 compared
to the H2-rich flames, and the D2 of the H2-rich flames is slightly increased at lower T0.
Effect of fuel composition on D2
Both the effects of fuel composition and preheat temperature on D2 can be related to
the propagation capability of a flamelet, which is characterized by the stretched laminar
flame speed SLK. The difference in D2 between the H2-rich and syngas (H2-CO 50-50)
flames is mainly attributed to the different stretch sensitivity. It can be shown that the
trend observed in Fig. 4-8, that the syngas flames generally exhibit larger D2 compared
to the H2-rich flames, is reproduced if the fractal dimensions are plotted against u’/SL0.
Compared to the syngas flames, the SLK of the H2-rich flames is much higher.
Accordingly, the effective stretch u’/SLK is reduced, and the flamelet is able to maintain
more “straightness” of the flame front, i.e., the fractal dimension is lower.
The aforementioned comparison made at a “local” flamelet level appears to coincide
with the observation on the complete flame profiles (see section 4.1.1). According to the
relation ST = (ST/SLK)×SLK, with a given global consumption rate (ST), the degree of flame
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front wrinkling (ST/SLK) is inversely dependent on the propagation capability of a flamelet
(SLK). While the former effect (ST/SLK) can be represented by the turbulent Reynolds
number, the latter is mainly characterized by the stretch sensitivity of the flame. For
brevity, the derived fractal dimensions for the H2-rich flames at P0 = 0.25 MPa are not
plotted in Fig. 4-8. But it can be shown that at P0 = 0.25 MPa, the D2 of another syngas
mixture investigated in Ref. [24], H2-CO 67-33, agrees with that of the syngas H2-CO
50-50 (D2 ~ 1.27), which is appreciably higher than the D2 of the fuel gas H2-N2 70-30 (D2
~ 1.20). The distinct D2 for the two fuel gases with similar hydrogen contents (H2-CO
67-33 and H2-N2 70-30) implies that the stretch sensitivity is suppressed by the presence
of CO, which should mainly be attributed to the lower ordinary multi-component diffusion
coefficient for the CO-N2 pair (e.g., DCO ~ 0.3 at T0 = 623 K, P0 = 0.25 MPa) compared to
that for the H2-N2 pair (DH2 ~ 1.15).
Effect of preheat temperature on D2
Although the effect of T0 on D2 is only marginal (see Fig. 4-8), the absolute values of
SLK do increase with T0, which means less “smoothening” of the flame front (i.e., higher
D2) would occur at lower preheat temperature. On the other hand, reducing T0 does
expand the spectrum of length scales in the turbulent flow field since ReT is increased.
For the investigated H2-rich flames, the relevant ReT is increased by around 30% when
T0 is decreased from 623 K to 523 K. Accordingly, the higher D2 at lower T0 is attributed
to the combined effects of both the weaker flamelet propagation capability (SLK) and the
wider spectrum of turbulent length scales (ReT). It also implies that the hydrodynamic
effect of turbulence is more prominent at lower T0. This characteristic of a flamelet, which
is resolved on a relatively local basis, appears to be linked to that of the global
consumption-based turbulent flame speed, as discussed in the following paragraph.
Similar to the approach introduced in section 4.1.3, the correlation of ST/SL0 is
derived for each subset of the flame data, which are categorized according to the fuel
composition (i.e., H2-rich or syngas) and the preheat temperature. For both H2-rich and
syngas flames, the dependence of ST/SL0 on ReT (in terms of the exponent of ReT in the
derived correlation) is gradually decreased with T0. The trend is especially obvious for
the syngas flames, which already exhibit a more significant dependence on ReT than the
H2-rich flames, as addressed in section 4.1.1. For example, by increasing T0 from 573 K
to 673 K, the exponent of ReT in the correlation of ST/SL0 for the syngas flames is
decreased from 0.57 to 0.26. In summary, the hydrodynamic effect of turbulence on
flame speeds, which is characterized by ReT, appears to be more prominent at lower
preheat temperature. The phenomenon is evidenced by both the increased dependence
of ST/SL0 on ReT and the (slightly) higher fractal dimension (D2) of the flame front, which
can ultimately be attributed to the weaker propagation capability of a flamelet at lower T0.
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4.2.2. Flame Front Wrinkling versus Flame Stretch
According to the relation ST/SL0 = (ST/SLK)(SLK/SL0), the respective contribution to
ST/SL0 by flame front wrinkling, ST/SLK, and flame stretch, SLK/SL0, can be resolved. In Fig.
4-9, the ratio between the global and the flamelet consumption speeds, ST/SLK, is plotted
against the ratio between the stretched and the unstretched laminar flame speeds,
SLK/SL0, for selected H2-rich and syngas flames. Compared to the syngas flames, a much
greater contribution to ST/SL0 by SLK/SL0 is exhibited in the H2-rich flames. The finding is
consistent with the observation on the allocation of flame data on the regime diagram
(see Fig. 4-3 in section 4.1.1), according to which the characteristic of a flamelet is
assumed to be dominant in determining the ST for the H2-rich flames. Since the SLK of
the H2-rich flames is already high (e.g., compared to the syngas flames), the global
consumption rate (ST) is not significantly enhanced by the flame surface wrinkling. In
contrast, a relatively balanced contribution to ST/SL0 by either ST/SLK or SLK/SL0 is observed on
the syngas flames, which confirms the more important role of ReT in determining ST.

Fig. 4-9. Flame front wrinkling, ST/SLK, plotted against SLK/SL0.
For comparison, the data of a methane flame (T0 = 623 K, P0 = 0.25 MPa, Φ ~ 0.67)
investigated in Ref. [70] are also plotted in Fig. 4-9 (the crosses in blue). Since the Lewis
number of this combustible mixture is very close to unity (Le ~ 0.95), the preferential
diffusive-thermal effect is not expected to play a significant role (SLK/SL0 ~ 1.1). Similar
findings on lean methane flames have also been reported in Ref. [113]. Compared to the
H2-rich and syngas flames at P0 = 0.25 MPa, an even higher fractal dimension (D2 ~ 1.3)
is observed on the methane flames, which confirms the aforementioned effect of the fuel
composition on D2 (see section 4.2.1). Accordingly, with a given ST/SL0, the degree of
flame front wrinkling (ST/SLK) is inversely dependent on the propagation capability of a
flamelet (SLK/SL0), which is determined by both the stretch sensitivity of the fuel mixture
and the aerodynamic strain rate imposed on the flame front.
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Since the stretched laminar flame speed SLK has been derived for the investigated
H2-rich flames, the stretch sensitivity (in terms of a “strain rate Markstein number” [88,
89]) of these fuel gases can be further explored according to the following correlation,
SLK/SL0 = 1 – (1/SL0) × (u’/Lλ) × LM = 1 – (u’/Lλ) × (δL0/SL0) × Ma

(4-5)

where LM and Ma stand for the (strain rate) Markstein length and the (strain rate)
Markstein number, respectively (Ma ≡ LM/δL0). The concept behind Eq. 4-5 was
originated from the work by Markstein [114] and Clavin [115], in which a “Markstein
length” was implemented to characterize the phenomenon that the local burning velocity
is determined by the departure of the flame structure from planarity. This departure of the
flame structure is found to be dominated by flame stretch [115], on which the (positive)
aerodynamic strain rate has a dominant influence for turbulent flames [89, 113].
Following the typical definition of the Karlovitz stretch factor κ [113, 116], the
dimensionless term κ = (u’/Lλ)(δL0/SL0) is implemented in the present work to derive the
stretch sensitivity of the H2-rich fuel gases, as described in Eq. 4-5. The (strain rate)
Markstein number, accordingly, is the gradient of the curve in the diagram where SLK/SL0
is plotted against κ. It should be noted that since only the effect of the aerodynamic strain
rate (u’/Lλ) has been accounted for when evaluating the flame stretch, the Ma derived in
this work should be treated as a “corrected” Markstein number for turbulent conditions.
4.2.3. Strain Rate Markstein Number (Ma)
The SLK/SL0 data of selected H2-rich (H2 100) and syngas flames are plotted with
respect to κ in Fig. 4-10. To demonstrate the validity of the present methodology,
regression curves (with a power law fit) for the H2-rich and syngas data at consistent
boundary conditions (T0 = 623 K, P0 = 1.0 MPa) are also plotted for reference. Both
curves appear to reach SLK/SL0 = 1 when κ approaches zero, i.e., the “unstretched” flame
speed of a flamelet is correctly reproduced by the present approach. Similar to the trend
revealed in Fig. 4-4 (ST/SL0 versus u’/SL0), the H2-rich flames exhibit higher SLK/SL0
compared to the syngas flames at the same κ. According to Eq. 4-5, it indicates that the
corrected/strain rate Markstein number of the H2-rich flames is even more negative
compared to that of the syngas flames.
On the other hand, a “bending” can again be observed in Fig. 4-10 on the
dependence of SLK/SL0 on κ. The non-linear behavior appears to be consistent with that
reported by Renou and Boukhalfa for hydrogen/air flames [21], and it also implies that
the corrected/strain rate Markstein number itself may also be a function of flame stretch
for the investigated conditions in the present work. This is obviously in contrast to the
classical definition of the Markstein number, of which the validity is limited to a “linear”
dependence of SLK/SL0 on flame stretch. Nonetheless, the observed behavior can further
relate to a finding by Weiß et al. [113], in which an efficiency parameter was implemented
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to reflect the turbulence-dependent influence of the (laminar) Markstein number effect
and the turbulent flame stretch onto the local laminar burning velocity of the flamelet. The
efficiency parameter is reduced with increasing turbulence intensity. Similarly, in Fig.
4-10, the ratio SLK/SL0 appears to stop increasing with κ after the flame stretch has
reached certain level (e.g., κ ~ 4 for the hydrogen/air flame at P0 = 1.25 MPa). In other
words, SLK/SL0 levels off since the effectiveness of flame stretch is decreased at higher κ,
which is usually connected with leaner Φ.

Fig. 4-10. Normalized flamelet consumption speed, SLK/SL0, plotted against the Karlovitz
stretch factor, κ = (u’/Lλ)(δL0/SL0).
For the investigated H2-rich fuel gases and the syngas (H2-CO 50-50) [24, 70], the
corrected/strain rate Markstein number (Ma) is found to be well described by the
following correlation,
Ma = -0.30 × Leeff-2.91 × κ -0.26

(4-6)

Apparently, the stretch sensitivity of the hydrogen-containing fuel gases addressed in the
present work involves a strong coupling between the preferential diffusive-thermal effect
(i.e., in terms of Leeff) and flame stretch according to Eq. 4-6. The magnitude of the
corrected/strain rate Markstein number is decreased with increasing κ, which echoes the
findings on the response of laminar premixed hydrogen/air flames to flow transients [117]
and the non-quasi-steady effects on the turbulent consumption speed for syngas blends
[12, 13]. It is found in Ref. [117] that the flame speed response to strain rate fluctuations
is attenuated as the frequency exceeds the inverse of the characteristic flame time (i.e.,
when κ reaches certain level). On the other hand, the flamelets in turbulent premixed
flames are not always being “critically stretched,” so that the burning velocity of a
flamelet should not be assumed to reach the maximum stretched laminar flame speed in
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all cases [12]. It is concluded in Ref. [12] that non-quasi-steady effects have to be
accounted for when determining the stretched laminar burning velocity of the turbulent
flame leading point, and Eq. 4-6 derived in the present work appears to be capable of
addressing this issue via the combined Le and κ dependency.
In Fig. 4-11, the derived Ma is plotted against the equivalence ratio Φ for selected
H2-rich and syngas flames. Consistent with the trend demonstrated in Fig. 4-10, a much
stronger stretch sensitivity is exhibited in the H2-rich flames due to the lower Lewis
number of the combustible mixture. Within the range 0.3 < Φ < 0.4 (for the H2-rich
flames), Ma is found to decrease with Φ, which agrees with the findings reported by
Bradley et al. [23, 88]. Nonetheless, the derived Ma appears to level off when Φ > 0.4 at
T0 = 623 K, P0 = 0.25 MPa. The phenomenon is found to agree qualitatively with the
trend shown in Refs. [22, 118] for laminar hydrogen/air flames. Since the derived Ma in
the present work is a corrected/strain rate Markstein number, its numerical value should
approach that of the “laminar” Markstein number when κ is very low [113]. According to
Fig. 4-10, this appears to be the case for the H2-rich data at Φ ~ 0.4 (κ ~ 0.15, T0 = 623 K,
P0 = 0.25 MPa). Interestingly, the corresponding Ma of around -10 is found to be very
close to the laminar Markstein number reported in Ref. [22], which was derived
numerically. Concerning the effect of T0 on Ma, although decreasing the preheat
temperature (T0) appears to reduce the stretch sensitivity (in terms of Ma) of the
hydrogen/air flames, its combined effect with the higher flame stretch (κ) at lower T0 still
results in higher SLK/SL0 (Fig. 4-10). It is found that the higher κ at lower T0 is mainly
attributed to the much longer flame residence time (δL0/SL0), which also implies a
stronger attenuation of the flame speed response to the aerodynamic strain rate,
according to the findings in Ref. [117].

Fig. 4-11. Corrected/strain rate Markstein number (Ma) plotted against Φ.
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It should be noted that a fair comparison between the accessible data of the strain
rate Markstein number in the literature and those derived in the present work is usually
not feasible. The numerical values of Ma apparently depend on the methodologies for
deriving the burning velocities and the definitions of various parameters involved (e.g.,
δL0, Lλ, and κ). Similar to the formulation in Eq. 4-4, the corrected/strain rate Markstein
number derived in the present work can be summarized by the following correlation,
Ma = -1.07 × Leeff-2.52 × κ -0.66 × (P0/PR)0.63 × (T0/TR)-2.74

(4-7)

Again, the terms P0/PR and T0/TR are incorporated mainly to facilitate the comparison
with other investigations, if possible. To demonstrate how different the numerical values
of Ma could be by implementing distinct definitions, another correlation is derived for the
same data, but based on the definitions in a work by Bradley et al. [89]. The Karlovitz
stretch factor in Ref. [89] (hereafter denoted as K) is evaluated as 0.25×(u’/SL0)2×ReT-0.5,
which is derived from the approximation on the flame thickness as ν/SL0. Accordingly, a
“modified” correlation for the corrected/strain rate Markstein number is expressed as
Ma = -2.3 × Leeff-2.35 × K -0.68 × (P0/PR)0.47 × (T0/TR)-2.64

(4-8)

Despite the difference in the absolute values of κ and K, and the slightly different power
of each term, the pre-exponential coefficient in Eq. 4-8 is already more than twice of that
in Eq. 4-7. This attempt is made mainly to emphasize the difficulty in making one-to-one
comparisons between the derived (strain rate) Markstein numbers from various studies.
Nonetheless, Eq. 4-7 and Eq. 4-8 may still serve as the basis for estimating the stretch
sensitivity of high hydrogen-content fuel gases under preheated and high pressure
conditions, specifically within the thin reaction zones regime.
4.2.4.

Correlation Between Global and Local Characteristics of Flame Front

Following the discussions on the effects of turbulence on flames, i.e., the flame front
wrinkling (ST/SLK) and flame stretch (SLK/SL0), these “local” characteristics are further
correlated with those of the global consumption speed (ST/SL0; see section 4.1.3). Recall
that with a decrease in the corresponding turbulent Damköhler number (Da), the
correlation of ST/SL0 exhibits a transition of its dependence on the turbulent Reynolds
number (ReT) to the Karlovitz number (Ka). This transition observed on the global
consumption speed appears to be also evidenced by the characteristics of a flamelet.
In Fig. 4-12, the ratio between SLK/SL0 (the effect of flame stretch) and ST/SLK (the
effect of flame front wrinkling) is plotted against Da for selected H2-rich and syngas
flames. A larger ratio of SLK/SL0 to ST/SLK indicates a stronger effect of Ka relative to that
of ReT, and this is clearly shown in Fig. 4-12 with decreasing Da. In other words, for the
H2-rich flames investigated in the present work, consistent characteristics of the
flame/turbulence interaction are demonstrated at both the level of global flame profile
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and the local flamelet level. Accordingly, the methodologies implemented in the present
work are justified by the observed consistency.

Fig. 4-12. Ratio of flame stretch (SLK/SL0) to flame front wrinkling (ST/SLK) plotted against
the turbulent Damköhler number (Da).

4.3. Summary
The correlations of the global consumption-based turbulent flame speed (ST) for
H2-rich flames at gas turbine relevant conditions are presented. In addition, a fractal
analysis of the flame front is implemented to supplement the interpretations on the
derived ST. With the present burner configuration, the H2-rich flames are found to be
stabilized at the iso-contour with lower magnitudes of turbulence properties (i.e., u’ and
LT) compared to the syngas flames. The observation implies that compared to the
propagation capability of a flamelet (represented by the flamelet consumption speed,
SLK), the hydrodynamic effect of turbulence plays a relatively minor role in determining
the ST of the H2-rich flames, which is generally higher than that of the syngas flames.
Depending on the turbulent Damköhler number (Da), distinct characteristics of a
normalized turbulent flame speed, ST/SL0, are observed (SL0 is the unstretched laminar
flame speed) on both the H2-rich and syngas flames covered in this work. For the flames
with fast chemistry (Da > 1), the dependence of ST/SL0 on the turbulent Reynolds number
(ReT) is revealed. In contrast, the effect of flame stretch (characterized by the Karlovitz
number, Ka) becomes dominant in determining ST/SL0 for the flames with slow chemistry
(Da < 1). With decreasing Da, the transition from flame front wrinkling to flame stretch as
the dominant factor is also evidenced by the increased ratio of SLK/SL0 to ST/SLK, which
indicates a stronger effect of Ka relative to that of ReT.
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Chapter 5

Turbulent Flame Speed as an Indicator for
Flashback Propensity

The global consumption-based turbulent flame speed (ST) is proposed to be an
indicator of flashback propensity for H2-rich fuel gases at gas turbine relevant conditions.
Flashback is an inevitable issue to be concerned about when introducing fuel gases
containing high hydrogen content to gas turbine engines, which are conventionally
fueled with natural gas. These hydrogen-containing fuel gases are present in the
process of the integrated gasification combined cycle (IGCC), with and without
pre-combustion carbon capture, and both syngas (H2 and CO) and hydrogen with
various degree of inert dilution fall in this category. Thus, a greater understanding on the
flashback phenomena for these mixtures is necessary in order to evolve the IGCC
concept (either with or without carbon capture) into a promising candidate for clean
power generation.
For a syngas mixture (H2-CO 50-50, numbers in vol. %) investigated previously by
Daniele et al. [105], while the limits for lean blow out are found to be roughly constant
over a wide range of pressure (P0), the limits for flashback are significantly shifted to
leaner conditions at higher pressure. Although the flashback limits for the H2-rich fuel
gases were not specifically determined due to safety concerns, it is found that the flame
length (FL) may correlate well with the flashback propensity. With the burner
configuration in the present work, the flame length becomes shorter when the
equivalence ratio (Φ) gets richer. Flashback is observed if the fuel flow is further
increased after the flame gets shorter than roughly twice the diameter of the combustor
inlet (d). As an example, this critical condition (i.e., FL/d ~ 2) occurs at Φ ~ 0.5 for the
investigated hydrogen/air flame (T0 = 623 K, P0 = 0.25 MPa). At higher pressure levels,
the flames approach a similarly short length at much leaner conditions. The
corresponding equivalence ratios are considered to be the approximate flashback limits
(ΦFB), and these limits are found to be much leaner than those of the syngas (H2-CO
50-50) [25, 69, 105]. It should be noted that under the specific burner configuration and
boundary conditions of the present work, the flame propagation at flashback has been
found to occur exclusively within the boundary layer, as evidenced in Fig. 5-1.
Figure 5-1 (a) and (b) show the instantaneous, false-colored contours based on
planar laser-induced fluorescence of hydroxyl radicals (OH-PLIF) for a stable and an
“anchored” H2-rich flame, respectively. At this operating condition (P0 = 1.0 MPa, Φ ~
0.3), a stable flame is slightly detached as shown in Fig. 5-1 (a). In contrast, a minor
change (enrichment) in the fuel/air stoichiometry can lead to the anchoring of the flame
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at the burner rim (Fig. 5-1 (b)), which is considered as a prelude to flashback. The flame
front appears to be attached to the wall of the premixing pipe somewhere upstream of
the combustor inlet, and this observation is consistent with the characteristic of boundary
layer flashback. On the other hand, the absence of OH-PLIF signal in the core region of
the flow also rules out the possibility of turbulent flame propagation in the core flow.
Accordingly, the concept of the critical velocity gradient (see section 1.2) is chosen as
the starting point for the discussions in this chapter. An attempt is made to inspect the
observed operability issue and flashback phenomena of the H2-rich fuel gases [69] from
the perspective of the global consumption-based turbulent flame speed. The same
methodology is also implemented to revisit the syngas data in Refs. [70, 105], in which
the flashback limits were experimentally determined.

Fig. 5-1. (a) Stable, and (b) “anchored” flames. Boundaries and inlet of the combustor
are indicated by red bars.
From an operational perspective, it is worth noticing that during part of the
measurement campaign, the aforementioned “effusion” technique (see section 1.2) has
been implemented as a passive measure to prevent the occurrence of flashback in the
turbulent boundary layer. To dilute the combustible mixture adjacent to the wall of the
premixing pipe, nitrogen gas was injected from an annular slot located 15 mm upstream
of the combustor inlet [105]. The injected amount of nitrogen was always kept below 1
vol. % of the preheated air stream, and it has been verified that the geometric feature of
the flame front is not appreciably influenced [70]. At the surface of the section between
the annular slot and the combustor inlet, the “oil-lampblack” technique was applied to
inspect the distribution of mean shear stress in the boundary layer. The mixture for the
surface streak visualization was similar to that implemented by Hale et al. [119].
Preliminary results show that the injected nitrogen does not alter the patterns of the
surface streak in a discernible way either. Nonetheless, while the effusion technique was
considered effective in reducing the flashback propensity for the syngas [105], the
operational range of the H2-rich fuel gases investigated in the present work did not seem
to benefit significantly from this measure.
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5.1. Flashback Criterion Based on Critical Velocity Gradients at Wall
The concept of the critical velocity gradient is selected as the basis for the following
discussion. Upon the occurrence of flashback in the turbulent boundary layer, the
velocity gradient represented by the flame front characteristics exceeds that of the
near-wall flow within the premixing pipe, and the flame is able to penetrate upstream in a
thin layer close to the wall. To compose a velocity gradient, both a characteristic velocity
scale and a length (thickness) scale are required. In the present work, the turbulent
flame speed (ST) and the unstretched laminar flame thickness (δL0) are proposed to be
the characteristic velocity and length scales, respectively.
5.1.1. Characteristic Velocity Scale: Turbulent Flame Speed (ST)
In this work, the turbulent flame speed (ST) is derived from the perspective of a
global consumption rate. Details about how ST is derived were already introduced in
section 2.2.1. It has been pointed out earlier that the flame length may provide a good
indication for the occurrence of flashback, while the flame length itself is also found to
correlate well with other characteristics of the H2-rich flames. For the H2-rich fuel gases,
the characteristic flame front in the geometric configuration used (axial-dump combustor)
generally approaches the profile of a right circular cone [69]. This is evidenced in Fig. 5-2,
in which ST is plotted against the normalized flame length (FL<c = 0.05>/d) for a H2-rich fuel
mixture H2-N2 85-15 (85 vol. % H2 and 15 vol. % N2). The curve in blue represents the ST
(with respect to a specified flame length) if the characteristic flame front exhibits exactly
the profile of a right circular cone (i.e., the “ideal cone” condition). Similar phenomena
were also observed for syngas flames [7], but the characteristic flame front deviates
more strongly from the ideal cone condition as the flame becomes longer (e.g., FL<c =
0.05>
/d > 2.5). Accordingly, the ST can only be well correlated with the flame length for
both H2-rich and syngas flames that are relatively short.

Fig. 5-2. ST versus normalized flame length for a fuel mixture H2-N2 85-15.
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As reported previously, flashback occurs when the flame becomes shorter than
twice the diameter of the combustor inlet (i.e., FL/d < 2). According to Fig. 5-2, the
maximum ST before flashback is on the order of 10 m/s, and this value is found to be
very close to the velocity evaluated at the boundary of the viscous sublayer within the
premixing pipe. This match in velocities implies that although the derived ST is a global
consumption speed, it appears to characterize as well the propagation capability of the
flame front. The observation serves as a link among the flame length, the ST, and the
flashback propensity. At the critical condition (i.e., FL/d ~ 2), the flame propagation within
the boundary layer is facilitated by the high ST, which is approaching the velocity at the
boundary of the viscous sublayer. Accordingly, it is proposed that the ST can be
implemented as the characteristic velocity scale in the concept of the critical velocity
gradient. Note that the derived ST is much less than the bulk velocity at the combustor
inlet (u0 = 40 m/s). This is again in support of the statement that flashback does not occur
in the core flow under the investigated boundary conditions.
5.1.2. Characteristic Length Scale: Laminar Flame Thickness (δL0)
Besides a velocity scale, a characteristic length scale is also required to composite
a velocity gradient. Various length scales of the flame front with the presence of cool
walls as boundaries, which are relevant to the flashback phenomena, were addressed by
Wohl [53]. It was found that the penetration and the quenching distances for hydrogen
and also for hydrocarbon fuels are roughly on the same order of magnitude as the flame
front thickness. In this work, no specific effort was devoted to determine the penetration
distance. Instead, the thermal thickness of the unstretched one-dimensional laminar
flame (δL0) is implemented as a reference, which is defined as the temperature rise from
the preheat (T0) to the adiabatic flame temperature (Tad) divided by the maximum
temperature gradient normal to the flame front. Other details about how δL0 was derived
in the present work can be found in section 2.2.4.
5.1.3. Velocity Gradient of Flame: gc
By incorporating both the characteristic velocity (ST) and length scales (δL0), the
velocity gradient gc relevant to the flame propagation can be defined as
gc = ST / (Le × δL0)

(5-1)

Le is the Lewis number and is defined as the thermal diffusivity of the combustible
mixture divided by the mass diffusivity of the deficient species (i.e., hydrogen). The latter
is estimated as the ordinary multi-component diffusion coefficient for the H2-N2 pair with
nitrogen being the bath gas. The Lewis number is incorporated in the denominator to
reveal the observed trend that the critical velocity gradient is increased when the Lewis
number is decreased [53, 66, 67]. The evaluation of the Lewis number was performed at
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each measured condition (specified by the preheat temperature T0, the pressure P0, and
the composition of the combustible mixture) via an online tool [82].
5.1.4. Velocity Gradient of Flow: gf
While the velocity gradient gc defined above can be seen as the capability of the
flame front to propagate upstream during the boundary layer flashback, another velocity
gradient determined by the flow is equally important concerning the critical condition. In
the present work, the velocity gradient of the flow (gf) is evaluated based on the flow
characteristic at the wall of the premixing pipe, which is estimated according to the
Blasius correlation for fully-developed turbulent pipe flow [120],
gf = 0.03955 × u07/4 × ν-3/4 × d -1/4

(5-2)

In Eq. 5-2, gf, u0, ν, and d are the velocity gradient of the flow, the bulk velocity at the
combustor inlet, the kinematic viscosity of the combustible mixture, and the diameter of
the combustor inlet, respectively. It should be mentioned that due to the geometrical
limitations of the rig, the flow was not fully-developed in the experiment. The distance
between the fuel injector and the combustor inlet is about half of the entrance length at
P0 = 1.0 MPa. Nonetheless, the Blasius correlation is expected to provide a reasonably
good estimation of the velocity gradient, as suggested in Ref. [61].
In contrast to gc, gf indicates the capability with which the flow can counteract the
opposed propagation of the flame front. Accordingly, there are corresponding velocity
gradients gc and gf for each investigated condition, and the boundary layer flashback
occurs when gc exceeds gf. To sum up the critical velocity gradient concept, a schematic
representation of the flashback criterion implemented in this work is given in Fig. 5-3.
The concept can also be pictured as that the higher the gc, the more resistant the flame
front to the strain rate induced by the flow. With higher gc, the flame can more easily
survive within a thin flow sheet at high shear stress without being extinguished and,
hence, the flashback propensity is higher.

Fig. 5-3. Schematic representation of the flashback criterion in this work.
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5.2. gc versus gf for H2-Rich Fuel Gases and Syngas
Figure 5-4 demonstrates the two velocity gradients, gf and gc, plotted against the
equivalence ratio (Φ) for the fuel mixture H2-N2 85-15. It can be shown that a similar
trend is revealed for the two other H2-rich fuel gases (H2-N2 70-30 and H2). At each
pressure level (P0), the values for the velocity gradient of the flow (gf) can be calculated
from Eq. 5-2 for all Φ. Contrarily, the gc values depend on the experimentally-derived ST
and are limited by the operational range observed. The gf exhibits a relatively “flat”
behavior, with its value slightly decreasing with Φ due to the variations of the kinematic
viscosity (ν) of the combustible mixture. For the velocity gradient of the flame (gc), both
the data points and the regression curves (the curves shown in black) from the power
regression are plotted. It can be seen that the richer the mixture, the closer gc
approaches gf from the flashback-safe condition (gc < gf).

Fig. 5-4. Velocity gradients gf and gc (symbols) plotted against Φ for the fuel mixture
H2-N2 85-15 (T0 = 623 K). The nearly horizontal curves indicate the gf at various
pressure levels. The black regression curves of gc are added to illustrate the
“critical” conditions when gc reaches gf.
From Fig. 5-4, the crossover point (between the velocity gradients gf and gc) at P0 =
0.25 MPa is reached at around Φ = 0.5, which is close to the observed flashback limit for
the investigated H2-rich fuel gases (as mentioned in the beginning of this chapter).
Another observation is that the gc is approaching gf with a faster rate at higher pressure
by increasing the equivalence ratio. Since the proportion between the Lewis number and
Φ is consistent over the investigated pressure levels, the phenomena are mainly
attributed to the combined effects of ST and δL0 with respect to Φ. While the slopes of the
increase in the turbulent flame speed with the equivalence ratio are consistent among
the data at P0 = 0.25 MPa ~ 0.75 MPa, the ST is found to be increased with Φ at a much
higher rate at P0 = 1.0 MPa. In contrast, by comparing the decrease in δL0 within the two
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pressure elevations, i.e., from 0.1 MPa to 0.5 MPa and from 0.5 MPa to 1.0 MPa, it is
observed that the former is much more significant. Concerning the fact that the
dependence of ST on P0 is relatively weak (see section 4.1.2), it appears that the
pressure effect on the velocity gradient gc is more relevant to the pressure response of
δL0. More investigations would be required to clarify this issue.
According to Fig. 5-4, while the experimentally derived gc data at P0 = 0.25 MPa ~
0.75 MPa closely approach the respective critical gf, those at P0 = 1.0 MPa could not be
experimentally achieved towards flashback. This is attributed to an operational issue. A
larger safety margin (in terms of Φ) is usually kept at higher pressure since the
consequence of flashback is much more severe. The experiments at P0 = 1.0 MPa were
thus performed with less intention to push the limit. Nevertheless, it can be found in Fig.
5-2 that the measured ST at P0 = 1.0 MPa is already reaching the aforementioned
maximum before flashback (ST ~ 10 m/s). Based upon the trend revealed in Fig. 5-4,
there is already very little margin left (∆Φ ~ 0.03) before gc reaches the level of gf.
Accordingly, the methodology is considered valid at high pressure, even though further
proof is needed. It can also be seen in Fig. 5-4 that the equivalence ratio (Φ) at which the
two velocity gradients match is shifted to leaner conditions as the pressure is increased.
This is consistent with the aforementioned finding [69] that the operational envelope
(mainly dominated by the flashback limits) is strongly reduced at elevated pressure.
Besides the selected definition of ST/(Le × δL0), alternative formulations for the
velocity gradient gc were also evaluated. Velocity scales such as SL0, length scales such
as the viscosity-based flame thickness δLν (defined as the kinematic viscosity ν divided
by SL0, such as that implemented in Ref. [23]) and the “quenching distance” dq used in
Refs. [60, 121], have all been taken into consideration. None of the formulations were
able to deliver the quantitative match between gf and gc as that demonstrated by the
present approach. For comparison and further validation, the same methodology for
deriving the velocity gradients gf and gc is also implemented for the syngas mixture
(H2-CO 50-50) investigated in Refs. [70, 105]. To be compatible with the procedure for
the H2-rich fuel mixtures, the properties of the syngas flames were evaluated based on
the same reaction scheme [78]. Note that since the flashback behavior is considered to
be still dominated by the hydrogen content [58, 64, 65], the Lewis number was again
evaluated by dividing the mixture thermal diffusivity with the ordinary multi-component
diffusion coefficient for the H2-N2 pair.
The velocity gradients gf and gc of the syngas flames (H2-CO 50-50) are evaluated
at various pressure levels (P0) and, additionally, at various preheat temperatures (T0).
Accordingly, the effects of both pressure and preheat temperature on the flashback
propensity can be investigated. Figure 5-5 demonstrates the velocity gradients gf and gc
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at two pressure levels (P0 = 0.5 MPa and 1.0 MPa) and three preheat temperatures (T0 =
573 K, 623 K, and 673 K). Note that at P0 = 0.5 MPa, only the gf and gc at T0 = 673 K are
plotted. It can be shown that a similar trend is exhibited for the velocity gradients at T0 =
573 K and 623 K. Compared to the H2-rich flames (Fig. 5-4), the same shift on the
equivalence ratio Φ at which the two velocity gradients match is observed when
increasing the operating pressure for the syngas flames (Fig. 5-5). Nonetheless, while
the gc is increased with Φ at a slightly higher rate at P0 = 1.0 MPa compared to that at P0
= 0.5 MPa for the syngas flames, the change in rate is more significant for the H2-rich
flames. The distinct response to pressure can also be evidenced by the increase in the
exponent of the regression curves for gc (gc ~ Φy). For the syngas (T0 = 623 K), the
exponent (y) is increased from 3.3 to 4.4 as the pressure is elevated from 0.5 MPa to 1.0
MPa, but the increment is from 2.7 to 7.4 for the H2-N2 85-15 mixture. In contrast, the
effects of the preheat temperature are also revealed in Fig. 5-5. By decreasing T0, the
velocity gradient of the flow gf is increased due to the decrease in the kinematic viscosity.
Since the trend of increasing gc with Φ does not significantly differ among various T0, the
equivalence ratio at which the two velocity gradients match is shifted to richer conditions
at lower T0. In other words, the flashback limits are pushed to the richer side if the
preheat is decreased. This is, again, consistent with the finding in Ref. [105], in which
decreasing the preheat temperature has been shown to be an effective measure for
reducing the flashback propensity (for the syngas). Similar conclusions have also been
drawn for a radial-inflow micro-mixing cup injector [60] and for the lean prevaporized
premixed combustion in the stagnation flow [122].

Fig. 5-5. Velocity gradients gf and gc (symbols) plotted against Φ for the syngas (H2-CO
50-50). The color corresponds to the respective preheat temperature. Dark blue:
T0 = 673 K; brown: T0 = 623 K; and light blue: T0 = 573 K. The symbol of gc
indicates the respective pressure level. Filled triangle: P0 = 1.0 MPa; empty
square: P0 = 0.5 MPa.
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5.3. Predicted Flashback Limit (ΦFB)
By implementing the presented methodology, it is possible to predict the flashback
limits for both H2-rich fuel mixtures and the syngas (H2-CO 50-50). At the respective
pressure level (P0), the predicted flashback limit (ΦFB) is determined by the crossover
point at which the two regression curves (for gf and gc) intersect. The outcome from this
approach for the syngas flames investigated in Refs. [70, 105] is plotted against the
pressure in Fig. 5-6. The flashback limits (ΦFB) experimentally determined in Ref. [105]
are included for comparison, and a dashed curve derived from the power regression for
the measured ΦFB at T0 = 673 K is plotted. It can be seen that the current approach
provides reasonable predictions of the flashback limits for the syngas. Deviations do
exist at various pressure levels, which can be partly justified by the slightly different bulk
velocity at the combustor inlet (u0 = 45 m/s) during the flashback test. The increase in the
bulk velocity at the combustor inlet scales the ST up to a certain extent [72], thus the
regression curves for gc are expected to be correspondingly adjusted. By correcting the
deviation in u0, the predicted flashback limit is shifted to the rich side by ∆ΦFB ~ 0.015 at
P0 = 0.5 MPa, which is even closer to the experimentally determined value.

Fig. 5-6. Predicted and measured ΦFB plotted against P0 for the syngas (H2-CO 50-50;
T0 = 573 K, 623 K, and 673 K).
Nevertheless, judging from the limited flashback data available at high pressure, the
proposed methodology serves as a good estimation on the flashback propensity for the
syngas. From Fig. 5-6, the phenomenon of a reduced operational envelope at higher
pressure is well captured. In addition, the extension of the operational range (in terms of
the flashback limit) by reducing the preheat temperature is also correctly reproduced. For
the cases with lower preheat (T0 = 573 K and 623 K), the flashback limits are shifted to
leaner conditions at higher pressure with a relatively slower rate compared to the trend
for T0 = 673 K. This could be an indication that reducing T0 as a measure to avoid
flashback functions more effectively at higher pressure, even though the benefit seems
marginal by decreasing T0 further below 623 K for the syngas.
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The predicted flashback limits (ΦFB) at the same preheat temperature (T0 = 623 K)
for both the syngas and H2-rich fuel gases are plotted in Fig. 5-7. In terms of the
flashback occurrence, it is obvious that the operational envelope for the H2-rich fuel
gases is much narrower than that of the syngas. By evaluating the respective adiabatic
flame temperature (Tad) of these fuel mixtures (Fig. 5-8), it is found that the flashback
propensity cannot be justified by the difference in Tad. While the Tad reaches over 1850 K
for the syngas flame at P0 = 1.0 MPa without flashback, the Tad for the H2-rich flame is
more than 250 K lower at the richest manageable Φ. Another relevant explanation for the
higher flashback propensity is the increased burner tip temperature [59, 123]. Although
there was no dedicated thermocouple installed directly at the burner tip in the present
test facility, the burner head temperature was monitored at a location slightly upstream of
the combustor inlet. Since the burner head was actively cooled by water, it is believed
that the burner tip temperature did not influence the estimated flashback limits in a
significant manner. Accordingly, the distinct flashback propensity should mainly be
attributed to the characteristics of ST for the syngas and H2-rich fuel gases.

Fig. 5-7. Predicted ΦFB plotted against P0 for the syngas and H2-rich fuel mixtures (T0 =
623 K).

Fig. 5-8. Velocity gradients gf and gc (symbols) plotted against Tad for the syngas and
H2-rich fuel mixtures at P0 = 1.0 MPa.
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The difference in flashback propensities between H2-rich fuel mixtures and the
syngas (H2-CO 50-50) manifested in terms of the characteristics of ST is further
elaborated here. In Fig. 5-9, the velocity gradient of the flame (gc) is plotted against the
unstretched laminar flame speed (SL0) at P0 = 0.5 MPa and 1.0 MPa. Note again that for
the syngas, only the gc at T0 = 673 K is plotted at P0 = 0.5 MPa since a similar trend is
exhibited for the gc at T0 = 573 K and 623 K. At the conditions (P0 and Φ) where both fuel
mixtures exhibit the same SL0, the gc of the H2-rich fuel gases is already higher than that
of the syngas. This is an indication that the flashback propensity cannot be justified by
the difference in the unstretched laminar flame speed either. The higher gc of the H2-rich
fuel mixtures is obviously dictated by their higher turbulent flame speed compared to the
syngas. The phenomena are attributed to the fact that the H2-rich mixtures are subject to
higher preferential diffusive-thermal effects, as already addressed in Chapter 4.

Fig. 5-9. Velocity gradient gc plotted against SL0 for the syngas and H2-rich fuel mixtures.
For the syngas, the color indicates the respective preheat temperature. Dark
blue: T0 = 673 K; Brown: T0 = 623 K; Light blue: T0 = 573 K. For the H2-rich fuel
mixtures, the color indicates the composition (refer to Fig. 5-7).
The selection of the ST instead of SL0 as the characteristic velocity scale can be
further justified by a preliminary investigation of the length scales. The analysis shows
that the thickness of the viscous sublayer (δsub) adjacent to the wall of the premixing pipe
remains below 40% of the unstretched laminar flame thickness (δL0) over the
investigated fuel mixtures and boundary conditions. Since the penetration distance for
hydrogen and hydrocarbon fuels has been found to be roughly on the same order of
magnitude as the flame front thickness [53], it is unlikely that the flame front is stabilized
under laminar conditions upon the occurrence of the turbulent boundary layer flashback.
Note that besides the ST and SL0, another candidate for the characteristic velocity scale
is the stretched laminar flame speed. Further investigation on the stretch effects would
be required to clarify the validity of this alternative.
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5.4. Effects of Fuel Composition, Temperature, and Pressure on
Predicted Flashback Limit
As addressed in section 5.2, since the prediction of ΦFB relies on extrapolating the
dependence of gc (the velocity gradient of the flame) on the equivalence ratio Φ, the
credibility of the present methodology would depend on the available ST data, which are
limited by the operational limit observed. In Fig. 5-10, the two velocity gradients, gf and gc,
are plotted against Φ for the fuel mixture H2-N2 70-30. Both the data points and the
regression curves from the power regression are plotted for gc. Consistent with the
syngas data (Fig. 5-5), the predicted flashback limits for the H2-rich fuel gas are also
shifted to richer Φ at lower T0. Nonetheless, it can be clearly observed in Fig. 5-10 that
there is a significant “gap” between gf and gc at P0 = 1.5 MPa, which is mainly attributed
to the aforementioned “safety margin” (in terms of Φ) during the operation at higher P0.
Thus, the ST data at relatively rich equivalence ratios are limited at higher pressure, while
they are also the conditions of interest from the perspective of gas turbine operation. To
overcome this limitation, it is proposed that the experimentally derived correlations of ST
(similar to those introduced in section 4.1.3) can be implemented instead. These
correlations are capable of providing satisfactory predictions of ST, especially when the
combustible mixture is relatively rich (cf. Daniele et al. [7]). A correlation of ST that
incorporates the “operating” parameters (e.g., Φ, T0, and P0) may also facilitate the
clarification of various effects on the predicted flashback limits.

Fig. 5-10. gf and gc (symbols) plotted against Φ for the fuel mixture H2-N2 70-30.
Based on a representative subset of the ST data for the investigated H2-rich flames,
which covers a wide range of boundary conditions (u0 = 40 m/s, T0 = 523 K ~ 623 K, P0 =
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0.1 MPa ~ 2.0 MPa), the correlation of a “normalized” ST is derived as
ST/SL0 = 0.94 × Φ-5.04 × (P0/PR)0.84 × (T0/TR)-4.74

(H2-rich)

(5-3)

where SL0, PR, and TR are the unstretched laminar flame speed, the reference pressure
(0.1 MPa), and the reference temperature (298 K), respectively. The same approach is
also implemented for the syngas flames (H2-CO 50-50) investigated by Daniele [70]
ST/SL0 = 4.67 × Φ-2.06 × (P0/PR)0.69 × (T0/TR)-2.70

(syngas)

(5-4)

Eq. 5-3 and Eq. 5-4 can then be applied to the expression of the ratio between gc and gf,
which is derived from their respective definitions (see sections 5.1.3 and 5.1.4) and
indicates how close the critical condition (i.e., gc/gf = 1) is approached,
gc/gf = 25.3 × Le-1 × (ST/SL0) × (SL0/u0)2 × Re0.25 × ν/(SL0×δL0)

(5-5)

In Eq. 5-5, Re is the Reynolds number based on u0 and d, and the last term on the
right-hand side represents the diffusivity of momentum (the kinematic viscosity)
normalized by a “characteristic diffusivity” of the flame, SL0×δL0. Note that if a further
simplification is implemented such that δL0 ~ α/SL0, then the term ν/(SL0×δL0) is exactly
the Prandtl number (Pr).
The presence of the two dimensionless parameters, Re and Pr, in the expression of
gc/gf (Eq. 5-5) implies a competition between the mechanisms of gf (the velocity gradient
of the flow) and gc (the velocity gradient of the flame). A higher Reynolds number
indicates a relatively thin velocity boundary layer adjacent to the wall of the premixing
pipe, which should help to counteract the opposed flame propagation (i.e., the
mechanism of gf) when flashback occurs. In contrast, a higher Prandtl number suggests
that the thermal boundary layer could be even thinner (relatively) compared to the
velocity boundary layer, which implies that the flame is able to sustain at the region very
close to the wall without being quenched and, thus, a higher gc. It appears that the effect
of the latter (gc) may outweigh that of the former (gf), so that the ratio gc/gf exhibits a
positive dependence on both Re and Pr.
According to Eq. 5-5, besides the correlations of ST/SL0, those for the Lewis number,
SL0/u0, the Reynolds number, and ν/(SL0×δL0) are also required to fully characterize gc/gf.
For the investigated boundary conditions, the following correlations (Eq. 5-6 ~ Eq. 5-9)
apply for the H2-rich flames,
Le = 0.49 × Φ0.24
× (P0/PR)
× (T0/TR)
(SL0/u0) = 0.14 × Φ
0.25
-0.03
0.25
Re
= 14.7 × Φ
× (P0/PR)
× (T0/TR)-0.41

(H2-rich)
(H2-rich)
(H2-rich)

(5-6)
(5-7)
(5-8)

ν/(SL0×δL0) = 0.07 × Φ-0.75 × (P0/PR)0.55 × (T0/TR)-1.14

(H2-rich)

(5-9)

2

11.62

-1.65

10.22
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For the syngas flames, the following correlations (Eq. 5-10 ~ Eq. 5-13) apply,
Le = 0.38 × Φ0.15
(SL0/u0)2 = 0.002 × Φ7.06 × (P0/PR)-1.24 × (T0/TR)8.08
Re0.25 = 15.3 × Φ-0.01 × (P0/PR)0.25 × (T0/TR)-0.42
ν/(SL0×δL0) = 0.05 × Φ-1.13 × (P0/PR)0.39 × (T0/TR)-0.95

(syngas)
(syngas)
(syngas)

(5-10)
(5-11)
(5-12)

(syngas)

(5-13)

(H2-rich)
(syngas)

(5-14)
(5-15)

The ratio gc/gf can be expressed, accordingly, as
gc/gf = 6.71 × Φ5.56 × (P0/PR)-0.05 × (T0/TR)3.92
gc/gf = 0.52 × Φ3.71 × (P0/PR)0.09 × (T0/TR)4.01

The dependence of the predicted flashback limits on the preheat temperature (ΦFB ~
(T0/TR)z) is evaluated by considering the critical condition, i.e., gc/gf = 1. While the
exponent (z) is -0.71 for the H2-rich fuel gases, the dependence is found to be slightly
stronger (z = -1.08) for the syngas.
Furthermore, an attempt that implements an ST correlation that is considered valid
for both the syngas and H2-rich fuel gases shows that
gc/gf = 0.22 × Le-1 × (Leeff)-2.07 × Φ5.20 × (P0/PR)-0.49 × (T0/TR)5.42

(5-16)

Note that there are two definitions of the Lewis number (Le and Leeff) in Eq. 5-16. The
former (Le) is defined as the thermal diffusivity (α) of the mixture divided by the ordinary
multi-component diffusion coefficient for the H2-N2 pair in this work. Concerning the
evaluation of gc, although there is also an equal amount of CO in the syngas (H2-CO
50-50) investigated in Ref. [70], this definition of Le is considered appropriate since the
flashback behavior is dominated by the hydrogen content [58, 64]. Contrarily, the
“effective” Lewis number (Leeff) [86] is implemented in the ST correlation itself. It is defined
as α divided by the “effective” mass diffusivity (see also section 2.2.4)
Deff = xH2×DH2 + xCO×DCO
with xi being the mole fraction of species i within the fuel component. DH2 and DCO are the
ordinary multi-component diffusion coefficients for the H2-N2 pair and the CO-N2 pair,
respectively, both with nitrogen being the bath gas. As mentioned in section 4.1.3, this
definition of Leeff is capable of correlating the ST data of both H2-rich and syngas flames.
According to Eq. 5-16, besides the fact that the dependence of ΦFB on T0 (ΦFB ~
(T0/TR)-1.04) is consistent with those derived from Eq. 5-14 and Eq. 5-15, the role played
by the preferential diffusive-thermal effects is also explicitly demonstrated. While the “Le”
(implemented in gc) is similar for both the syngas and H2-rich fuel mixtures, the “Leeff” of
the former is larger (0.522 compared to 0.371). Accordingly, compared to the H2-rich
flames, the turbulent boundary layer flashback will occur at richer Φ for the syngas
flames, as observed in the experiment.
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However, the derived expressions of gc/gf show that the predicted flashback limits
are relatively insensitive to the pressure. This is distinct from the observation that the
turbulent boundary layer flashback occurs at leaner equivalence ratios when the
pressure is increased. The finding from the experiment suggests that the exponent of
P0/PR in the expression of gc/gf (Eq. 5-14 ~ Eq. 5-16) must be positive, and its magnitude
should even be comparable to that of the equivalence ratio (Φ). The present correlations
appear to be incapable of reproducing satisfactorily the pressure dependence of ΦFB. By
examining Eq. 5-6 ~ Eq. 5-13, it is believed that part of the (positive) pressure
dependence is still missing in the term ν/(SL0×δL0). This leads to the implication that the
unstretched laminar flame thickness (δL0) may be inadequate to serve as the
characteristic length scale that represents the penetration distance, especially at higher
pressure. A further decrease in the characteristic length with increasing pressure would
be necessary to introduce a more positive pressure dependence of the term ν/(SL0×δL0).
One possible mechanism for this further reduction in the penetration distance could
be the steeper temperature gradient (i.e., a smaller quenching distance and a higher gc),
which is introduced by the turbulence, close to the wall of the premixing pipe at higher
pressure. The idea echoes that discussed in Ref. [55], in which the decrease in the
penetration distance is considered to cause the higher critical velocity gradient upon
flashback in the turbulent environment compared to its laminar counterpart. Apparently,
the calculated laminar flame thickness (δL0) is not able to capture the effect of the
enhanced turbulent heat transfer at higher pressure. More investigations will be required
to address this specific issue about a representative penetration distance that is valid
across a wide range of pressure levels.

5.5. Summary
An indicator is proposed to predict the occurrence of turbulent boundary layer
flashback. It is derived from the concept of a “critical velocity gradient,” within which the
turbulent flame speed (ST) derived in the present work is implemented. For the H2-rich
and syngas flames covered in this work, the equivalence ratios (Φ) at which the velocity
gradient of the flame (based on ST) and that of the flow reach similar levels correspond
qualitatively to the flashback limits that are experimentally observed. The reduced
operational range (in terms of the occurrence of flashback) at higher pressure and the
reduced flashback propensity by decreasing the preheat temperature are both
reproduced. The finding that the flashback occurs at much leaner Φ for the H2-rich
flames compared to the syngas flames is also captured. Nevertheless, the pressure
effect on the penetration distance, which is currently characterized by the laminar flame
thickness (δL0), needs to be examined in order to improve the validity of the proposed
methodology.
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Chapter 6

Characteristics of H2-Rich Fuel Gases in Wet
Gas Turbine Applications

The mixed air/steam turbines (MAST) technologies (see also humid air turbine, HAT,
and steam injected gas turbine, STIG) are among those promising candidates for
improving the performance of medium-to-small (e.g., less than 50 MWe) industrial gas
turbine-based power plants [124]. In the so-called “wet” cycle (or the “mixed” cycle), the
heat of gas turbine exhaust is recovered via steam (or hot water), which is returned and
injected directly into the gas turbine combustor. Since a separate steam cycle in the
conventional combined cycle configuration is eliminated, the wet cycles are attractive for
the aforementioned category of gas turbine plants (5 ~ 50 MWe) as they offer very high
efficiencies (around 55%) without the investment in the additional steam turbine facilities.
From a thermodynamic perspective, the “mixed cycle” plants are especially competitive
for sizes under 10 MW, where the thermodynamic performance of the bottoming steam
cycle is decreased quickly [125]. Concerning the emission characteristics, introducing
steam into a premixed-type combustor has been found to effectively inhibit the formation
of NOx [43, 126-128] and CO [43]. Results from those investigations on the premixed
combustion at steam-diluted or “ultra-wet” conditions also show that the risk of flashback
for hydrogen-containing fuel gases is lower in the presence of steam [126, 127]. This
finding is quite interesting since the higher flashback propensity is one of the major
challenges [1] when burning the so-called “H2-rich” fuel gases (with the hydrogen content
typically over 70 vol. %) in lean-premixed gas turbine combustors. Despite this, although
the mixed air/steam turbines configuration is expected to facilitate an efficient electricity
generation by the combustion of H2-rich fuel gases, it is still absent from the current
inventory of technologies.
In this chapter, the combustion characteristics of H2-rich fuel gases in a MAST
configuration, or in general wet gas turbine applications (e.g., HAT and STIG), are
addressed. The findings are based on an experimental investigation of turbulent,
lean-premixed, non-swirled, dump-stabilized axisymmetric flames of H2-rich fuel gases
(the “H2-rich” flames) in the presence of a significant amount of superheated steam (i.e.,
5 ~ 40 vol. % in the bulk combustible mixture). The characteristics of NOx emission for
these H2-rich flames under wet conditions are compared with the findings in Refs. [43,
126-128], in which the NOx formation was reported to be inhibited when introducing
steam into a premixed-type combustor. The derived global consumption-based turbulent
flame speed (ST) data of these “wet” H2-rich flames are also reported. In addition, the
aforementioned ST-based flashback indicator (see Chapter 5) is implemented to assess
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whether the risk of flashback can be effectively suppressed by introducing superheated
steam into the premixed combustor that is fired with H2-rich fuel gases.
While the same test facility introduced in Chapter 2 was also utilized for this
investigation, for the measurements in the “wet” case, the preheated air stream was
additionally humidified with superheated steam, which was provided by a dedicated
steam generator. The steam generator is capable of supplying superheated steam with
the maximum mass flow rate of 20 g/s, the maximum temperature of around 1200 K, at
the pressure up to 3.0 MPa [129]. Three H2-rich fuel gases (H2-N2 70-30, H2-N2 85-15,
and 100% H2, numbers in vol. %) were investigated in wet conditions, of which the
measurements were performed up to P0 = 1.0 MPa with a fixed bulk velocity at the
combustor inlet (u0 = 40 m/s) and preheat temperature (T0 = 623 K). The mass flow rate
of the superheated steam was varied between 3.4 g/s and 13.6 g/s, which corresponds
to 5 vol. % ~ 40 vol. % of the bulk combustible mixture (i.e., W = 5 ~ 40), depending on
the respective pressure level (P0). For example, at P0 = 0.25 MPa, a mass flow rate of
3.4 g/s for the superheated steam corresponds to 20 vol. % of the bulk combustible
mixture, or a steam-to-air mass ratio of 18.5%. Concerning the investigated wet
conditions, the Reynolds number (Re) based on u0 and d ranges from 37000 to 160000,
which indicates the highly-turbulent nature of the flow.

6.1. Emission Characteristics: NOx
The NOx emissions from the investigated H2-rich flames under “wet” conditions (W =
5 ~ 40) are shown in Fig. 6-1 (P0 = 0.5 MPa) and Fig. 6-2 (P0 = 1.0 MPa). The emissions
(measured on a dry basis) are corrected to 15% oxygen (by volume) in the exhaust and
plotted against the adiabatic flame temperature (Tad). The NOx emissions from the “dry”
(i.e., W = 0) H2-rich, syngas (H2-CO 50-50, numbers in vol. %) [70] and methane flames
(P0 = 0.5 MPa, [94]) are also demonstrated for comparison. At the same adiabatic flame
temperature, the NOx emissions from the “wet” H2-rich flames (or the hydrogen/air/steam
flames) are slightly lower than their dry counterpart, which exhibit similar characteristics
to the syngas flames. In general, the observation implies the “thermal” nature of NOx
formation for the investigated category of combustible mixtures.
To better understand the effects of steam on the radical pool within the flame front
and, thus, the formation of NOx, chemical-kinetic calculations for one-dimensional,
adiabatic, freely-propagating, unstretched, laminar premixed hydrogen/air/steam flames
were performed with the open-source software package CANTERA [77]. The reaction
mechanism GRI-Mech 3.0 [98] was implemented to cover the NOx formation chemistry.
To be consistent with the boundary conditions in the experiment, a fixed preheat
temperature (T0 = 623 K) and two pressure levels (P0 = 0.5 MPa and 1.0 MPa) were
prescribed. Independent of the steam content in the bulk combustible mixture (W), the
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equivalence ratios (Φ) of the hydrogen/air/steam flames were adjusted so that a
common adiabatic flame temperature (Tad = 1500 K) was reached. To facilitate the
comparison, the abscissas in Fig. 6-3, Fig. 6-4, and Fig. 6-5 have been normalized in
such a way that the peak NOx forming rate for the respective case occurs at t = 5 ms.

Fig. 6-1. Dry NOx concentrations corrected to 15% O2 (by volume) for various dry and
wet fuel mixtures at P0 = 0.5 MPa.

Fig. 6-2. Dry NOx concentrations corrected to 15% O2 for various dry and wet fuel
mixtures at P0 = 1.0 MPa.
Fig. 6-3 (a) and (b) show the “evolutions” of temperature and mole fractions of NOx
(i.e., the sum of the mole fractions of NO, NO2 and N2O) at P0 = 0.5 MPa and 1.0 MPa,
respectively. Note that within the range of the plotted evolution, the NOx mainly consists
of N2O, while the dominance of NO only appears at a later stage (i.e., in the post-flame
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zone). Obviously, the presence of steam does have an effect on the concentrations of
NOx within the flame front, to which the major difference in the measured NOx emissions
are attributed (see sections 3.1.2 and 3.2.1). While the peak concentration of NOx within
the flame front is found to decrease with the steam content (W), a similar trend is also
observed for the radicals relevant to the formation of NOx (i.e., O, H, and OH; see Fig.
6-4 and Fig. 6-5). For example, in Fig. 6-4 (b), even though the concentrations of
reactants (hydrogen and oxygen) are similar between the “dry” (H2-N2 70-30) and the
“wet” (H2, W = 5) flames at P0 = 1.0 MPa, the peak concentration of oxygen atoms in the
latter is only half of that in the non-humidified case. Since the H2O molecule is
considered to be a strong “collision partner,” the presence of steam can facilitate the
recombination reaction (e.g., O + O + M Æ O2 + M) that consumes oxygen atoms within
the flame front, which ultimately leads to the lower NOx emissions. On the other hand, it
is observed that by increasing the steam content in the bulk combustible mixture, the
instants when the concentrations of O, H, and OH peak are further delayed from that of
the peak NOx forming rate (i.e., t = 5 ms). Apparently, the presence of steam introduces a
significant influence on the balance of the radical pool (i.e., O, H, and OH) within the
flame front, which is strongly coupled with the routes of NOx formation for these H2-rich
fuel gases.

Fig. 6-3. Evolutions of temperature and [NOx] for the hydrogen/air/steam flames at (a) P0
= 0.5 MPa, and (b) P0 = 1.0 MPa. t is the normalized reaction time.

Fig. 6-4. Evolutions of [O2] and [O] for the hydrogen/air/steam flames at (a) P0 = 0.5 MPa,
and (b) P0 = 1.0 MPa.
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Fig. 6-5. Evolutions of [OH] and [H] for the hydrogen/air/steam flames at (a) P0 = 0.5
MPa, and (b) P0 = 1.0 MPa.
In order to further clarify the chemical effects of steam on the characteristics of NOx
emission for the hydrogen/air/steam flames, a reaction path analysis was performed.
The code "ChemPathTool" [99] was implemented to trace the transfer of nitrogen atoms
and to provide the reaction pathways of nitrogen within the flame front. Based on the
aforementioned laminar flame calculations, the evolution of NOx concentration for each
simulated (laminar) flame was first analyzed to locate the instant when the NOx forming
rate peaks. The temperature and composition at this specific instant, which is considered
to be most relevant to the difference in emission characteristics, then served as the input
for the reaction path analysis. It should be noted, nonetheless, that the derived reaction
path diagrams are only “snapshots” of the overall NOx-forming process across the flame
front. While the strengths of various routes indicate their relative dominance in producing
NOx, the corresponding transfer rate of each route should usually not be correlated with
the NOx emissions measured from the experiment. A direct and fair comparison with the
measured emissions would require the establishment of a reactor network that correctly
reproduces the characteristics of the axial-dump combustor in the present work.
The reaction path diagrams of the analyzed dry and wet H2-rich flames are
presented in Fig. 6-6 (P0 = 0.5 MPa) and Fig. 6-7 (P0 = 1.0 MPa). A cutoff criterion (0.4%
of the strongest nitrogen-atom transfer) was implemented to eliminate the paths that are
of relatively minor importance. The percentages marked to the left indicate the fractions
of nitrogen that are consumed via various routes. In contrast, those marked to the right
demonstrate the respective contribution of each pathway to the production of NO. Note
that the negative percentages in Fig. 6-7 (d) are normalized values with respect to the
“total” transfer rates of nitrogen atoms via N2 and NO, respectively. One may observe a
clear trend that the strength of the “N2-NNH” path is significantly reduced with increasing
W. Since the only elementary reaction prescribed in GRI-Mech 3.0 [98] that produces
NO from NNH is NNH + O Æ NH + NO, it can be concluded that the reduced
nitrogen-atom transfer via the N2-NNH path is mainly attributed to the decreased
concentration of oxygen atoms in the presence of steam.
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Fig. 6-6. Nitrogen-atom pathway diagrams of the hydrogen/air/steam flames at P0 = 0.5
MPa. (a) H2, W = 0; (b) H2, W = 10; (c) H2, W = 20; (d) H2, W = 40.

Fig. 6-7. Nitrogen-atom pathway diagrams of the hydrogen/air/steam flames at P0 = 1.0
MPa. (a) H2-N2 70-30, W = 0; (b) H2, W = 5; (c) H2, W = 10; (d) H2, W = 20.
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Furthermore, the dissociation of NNH radicals is found to be enhanced by steam via
the reaction
NNH + M Æ N2 + H + M
According to its corresponding reaction rate coefficients, the reaction is in favor of
dissociating NNH radicals, and a very high third-body efficiency of the H2O molecule is
prescribed. The role of the H2O molecule as a strong collision partner is also revealed in
the NO-to-NO2 transfer (e.g., Fig. 6-7 (d)) via the recombination step NO + O + M Æ NO2
+ M. Accordingly, the chemical effect of steam on reducing the NOx emissions of the wet
H2-rich flames is twofold. On the one hand, oxygen atoms, with which NNH radicals form
NO, are consumed within the flame front due to the presence of steam. Thus, the
N2-NNH route for producing NO is inhibited. On the other hand, the dissociation of NNH
radicals is enhanced by H2O molecules. These chemical effects could result in the
reduced NOx emissions of the wet H2-rich flames compared to their dry counterpart, as
observed in the experiment.

6.2. Turbulent Flame Speed
The turbulent flame speed (ST) data of the investigated hydrogen/air/steam flames
are presented in this section. Details about how the global consumption-based ST was
derived can be found in section 2.2.1. In Fig. 6-8, the ST of the three H2-rich fuel mixtures
under both dry and wet conditions at P0 = 0.25 MPa is plotted against the equivalence
ratio Φ. Note that W denotes the vol. % of the superheated steam in the bulk
combustible mixture. While both data sets cover a similar range of Φ (Φ = 0.3 ~ 0.5), it
can be seen that the ST is significantly lower in the presence of steam. The result is
consistent with that reported in Ref. [130] for methane/air flames, of which both the
laminar and turbulent burning velocities are found to be decreased at wet conditions.

Fig. 6-8. ST of three H2-rich fuel gases at both dry and wet conditions (P0 = 0.25 MPa).
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Since the discussions on ST are usually based on its normalized value, i.e., ST/SL0,
the observations on the calculated unstretched laminar flame speed (SL0) are addressed
here for reference. Following the approach introduced in section 2.2.4, the SL0 was
derived by implementing the “Li” mechanism [78], which is considered to be able to
reasonably predict the SL0 of moist hydrogen-containing fuel gases [131]. The derived
SL0 is plotted against Φ for the fuel gas “H2 100” (pure hydrogen) at various P0 and W in
Fig. 6-9. At the respective pressure level, a significant decrease in SL0 with increasing W
can be clearly seen. The effect of increasing the steam content on reducing SL0 is
comparable to that of elevating the pressure. For example, concerning the “wet” (W = 20)
hydrogen/air/steam flames at P0 = 0.25 MPa, the corresponding SL0 is even lower than
that of the “dry” flames at P0 = 1.0 MPa. Similarly, at P0 = 0.5 MPa, the decrease in SL0
by introducing the superheated steam as 10 vol. % of the bulk combustible mixture is
even more significant than as if the pressure is elevated to P0 = 1.0 MPa.

Fig. 6-9. SL0 versus Φ for the hydrogen/air/steam flames at various P0 and W.
A consistent trend is also observed when plotting the calculated SL0 with respect to
the adiabatic flame temperature (Tad), as shown in Fig. 6-10 and Fig. 6-11, which
explicitly demonstrate the “chemical” effect of steam on SL0. In the presence of steam,
radicals within the flame front (e.g., OH) may be quickly consumed due to the enhanced
recombination reactions, so that the SL0 is decreased. According to Fig. 6-10, it appears
that the SL0 for the “wet” (W = 20 at P0 = 0.25 MPa and 0.5 MPa) flames collapses very
well with that of the dry cases as if the pressure were doubled, i.e., P0 = 0.5 MPa and 1.0
MPa, respectively. It is expected that despite the decrease in ST when steam is present,
a significantly extended range in ST/SL0 would be revealed when a comparison is made
between the dry and wet cases. The situation will be even more significant for the
normalized turbulence intensity, u’/SL0, since the lower ST is already implying a
correspondingly higher u’ (i.e., a longer flame) based on the methodology implemented
in the present work (see section 2.2.2).
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Fig. 6-10. SL0 versus Tad for the hydrogen/air/steam flames at various pressure levels
and steam contents (W = 0 and 20).

Fig. 6-11. SL0 versus Tad for the hydrogen/air/steam flames at various pressure levels (P0
= 0.5 and 1.0 MPa) and steam contents.
The normalized ST data in the form of ST/SL0 versus u’/SL0 are shown in Fig. 6-12 (P0
= 0.25 MPa) and Fig. 6-13 (P0 = 0.5 MPa and 1.0 MPa) for various dry and wet H2-rich
flames. As expected, although the absolute values of ST at wet conditions are generally
lower than those in the dry case for the investigated H2-rich flames (see Fig. 6-8), the
ratio ST/SL0 is increased along with an enlarged range in u’/SL0 for the wet case. The
trend appears to be attributed to the much lower SL0 in the presence of steam (Fig. 6-9 ~
Fig. 6-11), and it might also be associated with the findings in Refs. [43, 44]. In these
studies [43, 44], the dilution effects of CO2 and H2O on the characteristics of turbulent
premixed methane/air flames were addressed, within which up to 10 vol. % of the
oxidizing stream consists of CO2 or H2O. It is concluded that compared to the effects of
CO2, those of H2O on the normalized turbulent burning velocity (ST/SL0) are much
weaker. For these methane/air flames, none of the mean volume of the turbulent flame
region [43], the fractal inner cutoff [43], and the local radius of curvature [44] was
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observed to be appreciably altered by introducing superheated steam to the bulk
combustible mixture. Accordingly, the effect of exhaust gas recirculation (EGR; or flue
gas recirculation, FGR) on the flame front structure of turbulent premixed flames is
dominated by CO2 rather than H2O. If the same conclusion is also valid for the H2-rich
flames investigated in this work, the difference in the normalized ST data revealed in Fig.
6-12 should mainly be attributed to the extended range in u’/SL0.

Fig. 6-12. ST/SL0 versus u’/SL0 for three H2-rich fuel gases at both dry and wet conditions
(P0 = 0.25 MPa).

Fig. 6-13. ST/SL0 versus u’/SL0 for various hydrogen/air/steam flames. Squares: P0 = 0.5
MPa; triangles: P0 = 1.0 MPa.
Nonetheless, the normalized ST data at higher pressure (Fig. 6-13; P0 = 0.5 MPa
and 1.0 MPa) and with a wider range in the steam content (W = 5 ~ 40) exhibit different
characteristics compared to those at P0 = 0.25 MPa (Fig. 6-12). Although the ratio ST/SL0
is again higher for the wet H2-rich flames, it is no longer exhibited as a mere “extension”
of its dry counterpart. Non-proportional behavior of ST/SL0 with respect to u’/SL0 is
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observed, even when the steam content is lower (e.g., W = 5 ~ 10) compared to that at
P0 = 0.25 MPa (W = 20). The steam content appears to introduce the “linear-to-bending”
transition more effectively at higher P0, which could be related to the distinct flame
stretch rates. Both the surface wrinkling (see section 4.2.1) and the “stretch sensitivity”
(see section 4.2.3) of the flame front become relatively less effective with increasing
flame stretch, so that the proportionality between ST/SL0 and u’/SL0 may not be kept.
In Fig. 6-14 (P0 = 0.5 MPa) and Fig. 6-15 (P0 = 1.0 MPa), the ST normalized with the
turbulence intensity u’ is plotted against the Karlovitz stretch factor (κ), which is defined
as the ratio of an aerodynamic strain rate u’/Lλ (Lλ is the Taylor’s microscale of turbulence)
to a flame gradient given by SL0/δL0 [20]. The ratio ST/u’ for the wet H2-rich flames is
generally lower than its dry counterpart, which indicates the weaker effects of turbulence
on increasing the turbulent flame speed when the steam is present. Note that while a
significant increase in κ can already be seen at P0 = 1.0 MPa with W = 10, it is relatively
insignificant at P0 = 0.5 MPa with the same share of steam in the bulk mixture.

Fig. 6-14. ST/u’ versus the Karlovitz stretch factor for various hydrogen/air/steam flames
at P0 = 0.5 MPa.

Fig. 6-15. ST/u’ versus the Karlovitz stretch factor for various hydrogen/air/steam flames
at P0 = 1.0 MPa.
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To further clarify how the flame stretch (characterized by κ) is increased with the
steam content, the aerodynamic strain rate u’/Lλ is plotted with respect to the inverse of
the flame gradient, i.e., the flame residence time δL0/SL0 in Fig. 6-16. Compared to the
difference in u’/Lλ, a relatively more significant increase in δL0/SL0 is exhibited when the
steam is present. In other words, due the presence of steam, the flame becomes even
slower in responding to the effects of turbulence. The trend also appears to be more
significant at higher pressure (e.g., P0 = 1.0 MPa), which explains the aforementioned
finding that the increase in κ by the steam content is more prominent at higher P0.
Accordingly, via the increased flame residence time, the steam content is capable of
increasing the flame stretch more effectively at higher pressure, which could ultimately
lead to the “bending” observed in the normalized ST data (Fig. 6-13).

Fig. 6-16. u’/Lλ versus δL0/SL0 for various hydrogen/air/steam flames at P0 = 0.5 MPa and
1.0 MPa.

6.3. Predicted Flashback Limit
The ST-based flashback indicator introduced in Chapter 5 is also implemented for
the hydrogen/air/steam flames investigated in the present work. For the H2-rich fuel
gases, the limit of flashback in the turbulent boundary layer is found to be well
represented by the velocity gradients prescribed by the flame (gc) and the flow (gf),
respectively. The former (gc) is estimated as gc = ST / (Le × δL0), where Le is the Lewis
number and δL0 is the calculated thermal thickness of one-dimensional laminar flame.
The latter (gf) is predicted by the Blasius correlation [120] for fully developed turbulent
pipe flow as gf = 0.03955 × u07/4 × ν-3/4 × d -1/4, where u0, ν, and d are the bulk velocity at
the combustor inlet, the kinematic viscosity of the combustible mixture, and the diameter
of the combustor inlet, respectively. As introduced in section 5.1, while gc represents the
propagation capability of the flame, gf indicates the capability with which the flow can
counteract the opposed flame propagation. The equivalence ratio (Φ) at which the two
velocity gradients match is found to correspond well to the observed flashback limits
(ΦFB) at various pressure levels [25].
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Figure 6-17 demonstrates the two velocity gradients, gf and gc, plotted against Φ for
the fuel mixture H2-N2 85-15 at both dry and wet conditions (P0 = 0.25 MPa). Though not
shown here, a similar trend is also revealed for the two other H2-rich fuel gases (H2-N2
70-30 and H2). Note that while the values for the velocity gradient of the flow (gf) can be
calculated for all Φ, the values of gc depend on the experimentally-derived ST and are
largely limited by the operational range observed. The gf exhibits a relatively “flat”
behavior, with its value slightly decreasing with Φ due to the varying kinematic viscosity
(ν) of the combustible mixture. For the investigated steam contents, there is no
significant change in ν when the steam is present. Accordingly, the velocity gradient of
the flow gf is similar between the dry and wet conditions, and it is represented with a
single green curve in Fig. 6-17.

Fig. 6-17. gf and gc plotted against Φ for the fuel gas H2-N2 85-15 at both dry and wet
conditions. Red crosses mark the predicted flashback limits (ΦFB).
For the velocity gradient of the flame (gc), both the data points and the regression
curves (the dashed curves shown in black) from the power regression are plotted in Fig.
6-17. It can be seen that the richer the mixture, the closer gc approaches gf from the
flashback-safe condition (i.e., gc < gf). The crossover points between the velocity
gradients gf and gc indicate the predicted flashback limits (ΦFB) and are marked with red
crosses in Fig. 6-17. For the dry case, the predicted ΦFB is about 0.48, which is very
close to the observed flashback limit at P0 = 0.25 MPa for the H2-rich fuel gases as
addressed in section 5.2. It appears that in the presence of steam, the ΦFB is shifted to a
slightly richer condition (∆ΦFB ~ 0.07). The finding may also be interpreted as that the
flashback propensity of H2-rich fuel gases is slightly reduced under wet conditions, which
agrees with the observations reported in Refs. [126, 127].
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However, this marginal shift in the (predicted) flashback limit at wet condition is
questionable to be advantageous in terms of expanding the operational range when
burning H2-rich fuel mixtures in the mixed air and steam turbines (MAST) applications. In
Fig. 6-18, the velocity gradients gf and gc are plotted against the adiabatic flame
temperature (Tad) for the three H2-rich fuel gases at both dry and wet conditions (P0 =
0.25 MPa). As mentioned previously, the regression curves of gf for both dry and wet
cases behave similarly. By following the slopes of gc with respect to Tad, it can be
estimated that the “critical Tad” where gc reaches the level of gf is even lower for the wet
case. For the fuel mixture H2-N2 85-15, the predicted ΦFB are 0.48 and 0.55 for the dry
and the wet cases, respectively. These compositions indicate a difference of 180 K in Tad,
with the wet case being lower.

Fig. 6-18. gf and gc plotted against Tad for three H2-rich fuel gases at both dry and wet
conditions (P0 = 0.25 MPa). Methane data at dry condition [70] are also shown
for comparison. Curves and symbols represent gf and gc, respectively.
For comparison, Figure 6-18 also presents the data of methane flames (without
steam) investigated in Ref. [70]. While the regression curves of gf for the dry and wet
H2-rich flames are almost overlapped, the curve of gf for the methane flames lies
significantly above the aforementioned two. In addition, the slope of gc with respect to Tad
(or Φ) is found to be much smaller for the methane flames compared to the H2-rich
flames. According to the present methodology, it is expected that the flashback within the
turbulent boundary layer will occur at much richer conditions for methane compared to
the H2-rich fuel gases. For this specific methane/air flame (u0 = 40 m/s, T0 = 623 K, P0 =
0.25 MPa), the crossover point between the velocity gradients gf and gc is estimated to
locate at Φ ~ 1.16 (Tad ~ 2380 K).
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The corresponding adiabatic flame temperature (Tad,FB) at the predicted flashback
limits (ΦFB) for various hydrogen/air/steam flames investigated in the present work is
summarized in Fig. 6-19. Whether the operational limit (in terms of the highest
achievable Tad) could benefit from the presence of steam depends on the respective
pressure (P0) and steam content (W). On the one hand, the steam in the bulk mixture
decreases the turbulent flame speed (ST). Thus, the corresponding velocity gradient of
the flame (gc) is lower compared to the dry case, and the predicted flashback limits (ΦFB)
may be shifted to richer conditions. It should be noted that depending on the respective
boundary conditions (i.e., P0 and W), the capability of steam on modifying ST varies,
which has been demonstrated earlier from the perspective of flame stretch. On the other
hand, the flame temperature is significantly decreased in the presence of steam. The
predicted Tad,FB is then the consequence of the competing effects between the influence
of steam on flame stretch and the specific heat capacity of steam.

Fig. 6-19. Tad at the respective ΦFB versus P0 for various hydrogen/air/steam flames.
It is indicated in Fig. 6-19 that while it takes a significant amount of steam (W = 40)
to reach the same Tad,FB as the dry case at P0 = 0.5 MPa, a much lower steam content
(W = 10) is already sufficient to fulfill the same requirement at P0 = 1.0 MPa. Since the
influence of steam on flame stretch (i.e., via increasing the flame residence time) is more
prominent at higher pressure, less steam is required to reach the desired shift in ΦFB at
higher P0. Accordingly, the “loss” in Tad due to the presence of steam is reduced, and the
corresponding Tad,FB might be even higher than that in the dry case. Nonetheless, it is
also noted that increasing the steam content beyond W = 10 at P0 = 1.0 MPa does not
further increase the achievable flame temperature. The finding is directly relevant to an
operational issue of the MAST applications when burning H2-rich fuel gases. It appears
that although the flashback occurs at slightly richer conditions for the “wet” case, the
decrease in the corresponding flame temperature (compared to its dry counterpart) could
more than compensate the merit. In this respect, the operational range (in terms of the
highest achievable flame temperature) could be even more restricted by introducing
steam into the lean-premixed combustor.
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6.4. Summary
Various issues of operability relevant to the combustion of H2-rich fuel gases in
mixed air/steam turbines (MAST) are addressed, including the emission characteristics
of NOx, the turbulent flame speed (ST), and the operational limit concerning the
occurrence of flashback within the turbulent boundary layer. At the same adiabatic flame
temperature (Tad), the NOx emissions from the “wet” H2-rich flames are slightly lower
compared to their dry counterpart. Based on chemical-kinetic calculations, the peak
concentrations of radicals relevant to NOx formation (i.e., O, H, and OH) are found to
decrease in the presence of steam, even when the comparison is made at the same Tad.
Results from a detailed reaction path analysis also show that the “N2-NNH” path, which is
an important route of NOx formation for the H2-rich fuel gases, is inhibited by steam.
Accordingly, the chemical effects of steam on the formation of NOx may introduce a
decrease in NOx emissions for the wet H2-rich flames, as observed in the experiment.
The absolute values of ST for the wet H2-rich flames are generally lower than those
of their dry counterpart. For these hydrogen/air/steam flames, the effect of steam on ST
is mainly manifested as an increase in the flame residence time, δL0/SL0, which also
leads to an increase in flame stretch. Since both the surface wrinkling and the stretch
sensitivity of the flame front become less effective with increasing flame stretch, the
proportionality between ST/SL0 and u’/SL0 appears to be disrupted in the presence of
steam, especially at higher steam content (e.g., W > 10) and higher pressure (e.g., P0 >
0.5 MPa). Concerning the propensity of turbulent boundary layer flashback for the wet
H2-rich flames, an analysis based on the flashback indicator proposed in this work is
performed. Results from the analysis show that although the flashback occurs at richer
equivalence ratios (Φ) in the “wet” case, the decrease in the corresponding flame
temperature (Tad; compared to the case without steam) could more than compensate for
the merit.
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Chapter 7

Conclusions and Outlook

Introducing high hydrogen-content fuel gases into lean-premixed gas turbine
combustors has posed new challenges to the power generation sector. Thus, a greater
understanding on the combustion characteristics of these fuel mixtures is imperative. In
this work, the characteristics of turbulent, lean-premixed, non-swirled, dump-stabilized
axisymmetric flames for “H2-rich” fuel gases (i.e., over 70 vol. % of the fuel component
consists of hydrogen) are experimentally investigated. The boundary conditions are
selected to match those relevant to gas turbine applications (e.g., preheated up to 623 K
and pressurized up to 2.0 MPa). Specifically, the emissions of nitrogen oxides (NOx), the
turbulent flame speed (ST), and the flashback propensity of such fuel mixtures are
addressed. Planar laser-induced fluorescence of hydroxyl radicals (OH-PLIF) is
implemented to retrieve both a full profile and the corrugation details of the flame front,
from which the global consumption-based turbulent flame speed (ST) and the local
flamelet consumption speed (SLK) are derived, respectively. In addition, another category
of mixtures involving a large amount of superheated steam (up to 40 vol. % of the bulk
flow) is also studied to evaluate the feasibility of “wet” combustion for H2-rich fuel gases.
Characteristics of NOx Emission
Generally, when compared at the same adiabatic flame temperature (Tad), the level
of NOx emissions for the H2-rich fuel gases is consistent with that of syngas (H2 and CO),
which exhibits already higher emission values of NOx compared to methane (the major
constituent of natural gas). Neither the H2-rich nor the syngas flames exhibit a “plateau”
in NOx emissions at very lean conditions. Based on supplementary chemical-kinetic
calculations, the difference in NOx emissions between the hydrogen-containing fuel
blends (i.e., the H2-rich fuel mixtures and the syngas) and methane is found to be
attributed to the enhanced N2-NNH reaction path in the former. Compared to the syngas
flames, the more abundant hydrogen atoms and hydroxyl radicals (OH) in the H2-rich
flames seem to introduce a different combination of reaction routes for forming NOx.
While the N2-NNH path is generally supported by the higher concentration of hydrogen
atoms, the transfer of nitrogen atoms from NH radicals (which ultimately forms NO) is
facilitated by the higher concentration of OH in the H2-rich flames. Furthermore, it
appears that the competition between the OH-facilitated routes (HNO-NO and N-NO)
and the recombination reaction (N2 + O + M Æ N2O + M) may introduce a different
dependence of NOx emissions on pressure between the H2-rich and the syngas flames,
although this has not been directly verified by the measured data. Judging from the
results achieved, it seems unlikely that a gas turbine can be operated on H2-rich fuel
gases with the same (ultra) low NOx emissions (lower than 25 ppm corrected to 15%
oxygen) as is the case for natural gas-fired engines.
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Turbulent Flame Speed
Both the global consumption speed (ST) and the flamelet consumption speed (SLK)
are derived for the investigated H2-rich flames. The latter (SLK) also represents a
stretched laminar flame speed, based on which the stretch sensitivity (in terms of a
corrected/strain rate Markstein number Ma) of these H2-rich fuel gases can be evaluated,
provided that the fundamental flame properties (e.g., the unstretched laminar flame
speed SL0) are known. Besides the H2-rich flames, syngas data acquired previously [70]
are also incorporated for comparison.
With the present burner configuration, the H2-rich flames are found to be stabilized
closer to the combustor inlet, i.e., at iso-contour with lower magnitudes of turbulence
parameters (u’ and LT), compared to syngas flames. The more compact profile of the
H2-rich flames not only indicates a higher global consumption rate (ST), it also implies
that compared to the characteristic of a flamelet, the flame front wrinkling plays a
relatively minor role in determining ST. With a given ST, the degree of flame front
wrinkling (i.e., ST/SLK, which is derived with a fractal methodology in this work) is
inversely dependent on the propagation capability of a flamelet (i.e., SLK). Compared to
the syngas flames, the higher SLK of the H2-rich flames indicates that the flame does not
depend mainly on the increased surface area (caused by wrinkling) to keep up with the
global consumption rate. Instead, the effect of flame stretch (i.e., SLK/SL0) is dominant,
which is ultimately attributed to the high stretch sensitivity of these lean H2-rich flames.
The correlations of ST/SL0 and those of the corrected/strain rate Markstein number
(Ma) are derived for both the H2-rich and the syngas flames. With decreasing turbulent
Damköhler number (Da), the dependence of ST/SL0 on flame front wrinkling (i.e., the
effect of ReT) is gradually shifted to flame stretch. This transition observed on the global
consumption rate is also evidenced by the characteristic of a flamelet, which is exhibited
as the increased ratio of SLK/SL0 to ST/SLK with decreasing Da. On the other hand, it
appears that the influence of the preheat temperature (T0) on ST/SL0 is mainly manifested
as a dependence on ReT. The hydrodynamic effect of turbulence is diminishing at higher
T0 since the propagation capability of a flamelet (SLK) is enhanced.
Concerning the stretch sensitivity of these H2-rich flames, the coupling between the
derived Markstein number (Ma) and the flame stretch is demonstrated. The finding
echoes the observations in the literature on the reduced effectiveness of flame stretch
and the attenuated response of flame speed to strain rate. Nevertheless, similar to the
situation of ST, it remains challenging to compare the derived Ma with the others on a fair
basis. Accordingly, additional terms that account for various preheat temperatures and
pressures are incorporated in the “detailed” correlations of both ST/SL0 and Ma to
improve the validity of the correlations.
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Flashback Propensity
The operational range of the H2-rich fuel gases is found to be mainly constrained by
the occurrence of flashback. Compared to methane and syngas, flashback is observed
at leaner equivalence ratios for the H2-rich flames. As the pressure is elevated, the limits
at which the flashback occurs are found to shift to even leaner conditions. A methodology
for correlating the flashback propensity and the turbulent flame speed (ST) of the H2-rich
fuel gases is proposed in this work. Flashback in the turbulent boundary layer occurs
when the velocity gradient of the flame (gc) exceeds that established by the flow (gf).
While the former (gc) is an indication of the flame propagation against the flow (i.e., gc =
ST/(Le × δL0)), the latter (gf) represents the capability with which the flow can counteract
the opposed flame propagation, which is evaluated by the conventional Blasius
correlation for fully developed turbulent pipe flow. Accordingly, the flashback limit (ΦFB) is
estimated as the equivalence ratio at which the two velocity gradients match.
The derived flashback limits show that the present approach provides reasonable
estimations of the operational limits for both syngas and H2-rich fuel gases. The reduced
operational range at higher pressure and the reduced flashback propensity by
decreasing the preheat temperature are both well reproduced. The finding that the
flashback occurs at much leaner conditions for the H2-rich fuel gases compared to
syngas is also captured. Neither the adiabatic flame temperature (Tad) nor the
unstretched laminar flame speed (SL0) can justify the different flashback propensities
between syngas and H2-rich fuel mixtures. Instead, the turbulent flame speed is capable
of correlating the observed difference. Compared to syngas, the more pronounced
preferential diffusive-thermal effect for the H2-rich fuel gases result in higher ST, hence,
the higher flashback propensity.
In addition, the correlations of ST are introduced to facilitate an analysis on the
effects of various parameters (i.e., the fuel composition, the preheat temperature, and
the pressure) on the predicted flashback limits (ΦFB). While the effects of the fuel
composition (namely the Lewis number effect) and the preheat temperature are well
captured by this more general approach, the pressure dependence of ΦFB is not
satisfactorily reproduced. It is suggested that the pressure effect on the penetration
distance, which is currently represented by the unstretched laminar flame thickness (δL0),
needs to be further examined.
Wet Combustion of H2-Rich Fuel Gases
In the presence of steam, the NOx emissions of H2-rich fuel gases are slightly lower
compared to the “dry” case (without steam) at the same adiabatic flame temperature
(Tad). The formation of NOx in the “wet” H2-rich flames is suppressed due to the chemical
effects of steam. Within the flame front of the hydrogen/air/steam flames, oxygen atoms
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and NNH radicals are consumed and dissociated, respectively, via the recombination
reactions that are facilitated by the higher third-body efficiency of the H2O molecule.
Accordingly, the strength of the “N2-NNH” path, which is an important NOx-forming route
for H2-rich flames, is inhibited. However, it is unclear whether a hydrogen-fuelled gas
turbine engine can really benefit from this marginal reduction in NOx emissions by
introducing steam into the premixed combustor.
Generally, the absolute values of the turbulent flame speed (ST) for the
hydrogen/air/steam flames are lower compared to their dry counterpart. A “bending” of
the turbulence effect on ST is clearly seen (i.e., when plotting ST/SL0 versus u’/SL0) in the
presence of steam. It is observed that the steam introduces a significant increase in
flame stretch, which is further found to be dominated by the increased flame residence
time, δL0/SL0. When the flame stretch is already high, both the surface wrinkling and the
stretch sensitivity of the flame front function less effectively in increasing ST/SL0.
Accordingly, the proportionality between ST/SL0 and u’/SL0 cannot be kept at high
turbulence levels, which is exhibited as the bending behavior. The bending behavior is
especially prominent at higher steam content (e.g., W > 10) and higher pressure (e.g., P0
> 0.5 MPa), and it might have an implication on the feasibility of introducing steam as a
measure to suppress the flashback propensity of H2-rich fuel gases.
Based on the flashback indicator proposed in the present work, it is found that the
turbulent boundary layer flashback occurs at richer equivalence ratios (Φ) for the
hydrogen/air/steam flames compared to the dry case. This is mainly attributed to the
characteristics of ST for the wet H2-rich flames, which also determine the critical velocity
gradient (gc). Nonetheless, the decrease in the corresponding flame temperature (Tad;
compared to the case without steam) could more than compensate the merit. In other
words, the operational limit (in terms of the highest achievable Tad) of a gas turbine
engine that is fuelled by hydrogen may not be raised at all by having steam in the
premixed combustor. Both the effects of steam on modifying ST (and gc) and the specific
heat capacity of steam have to be accounted for in order to reach a possibly optimized
condition for firing H2-rich fuel gases in “wet” cycles.
Concluding Remarks and Outlook
The outcome from the present work mainly contributes to the understanding of two
critical issues that are relevant to the design of gas turbine combustors: the burning
velocities and the flashback propensity of H2-rich fuel gases. The correlations of the
global consumption-based turbulent flame speed (ST) are derived with respect to the
turbulence characteristics at the flame front. Accordingly, once the local turbulent flow
parameters are known, the ST-correlations are capable of providing good estimations of
the fuel consumption rate. In addition, the effects of flame front wrinkling and flame
stretch on ST are also clarified, which deepens the knowledge about the fundamentals of
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turbulent premixed combustion for hydrogen/air flames. The derived ST, on the other
hand, also serves as an indicator for estimating the propensity of flashback in the
turbulent boundary layer adjacent to the burner wall. For modern gas turbine combustors,
the risk of flashback has to be carefully assessed, especially when they are operated
under fuel-dynamic and pressure-dynamic situations. The flashback indicator proposed
in the present work is expected to be capable of qualifying various burner designs if it is
implemented properly during the design phase.
From an engineering perspective, it still remains challenging to accommodate high
hydrogen-content fuel blends in lean-premixed gas turbine combustors. It would be
necessary to introduce either additional dilution by inert gases (e.g., N2) or modifications
on the burner design to suppress the higher emissions of NOx and the higher flashback
propensity of these H2-rich fuel gases. Concerning the analysis on the NOx emission,
establishing a reactor network that correctly characterizes the axial-dump combustor
implemented in the present work would be advantageous to justify the interpretation of
chemical effects on the measured NOx emissions. Nonetheless, besides the network
itself, selecting a reliable chemical-kinetic model that is able to provide reasonable
predictions of relevant combustion properties under lean conditions remains a non-trivial
task. On the other hand, alternative configurations of energy conversion other than the
lean-premixed combustion may be considered, such as the catalytically-supported
concept investigated by Schultze and Mantzaras [132]. In this category of configurations,
the bulk combustible mixture would be (partially) converted in a catalytic reactor before
entering a conventional (after-)burner. The impact introduced by the product from the
catalytic stage (including H2O) on the combustion characteristics at the burner stage
downstream needs to be addressed and clarified.
Toward a more fundamental direction, the turbulence/flame interaction investigated
in the present work may be further explored via establishing the combined diagnostics of
particle image velocimetry (PIV) and laser-induced fluorescence (LIF). The combined
PIV-LIF technique provides the potential of resolving velocities locally at the flame front,
which supplements the outcome from the present work that is regarded as an “averaged”
observation over the full flame profile. It is expected that via such combined diagnostics,
the flame-vortex interactions will be demonstrated in a more explicit manner, and the
influence of turbulence on flame stability could also be visualized. Furthermore, detailed
information about the turbulent flow conditions adjacent to the flame front may facilitate
the advancement of the proposed flashback indicator. While the indicator is based on a
“consumption” speed (ST), a “displacement” speed would fit better (physically) the
concept of the critical velocity gradient. Since the latter could possibly be resolved with
the combined PIV-LIF diagnostics, the link between these two types of burning velocities
may also provide more insights into the characteristics of turbulent premixed
combustion.
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