Propagation of Laminar Premixed Flames with
Equivalence Ratio Gradient across the Flame Front

February 2022

Takuya Tomidokoro






Propagation of Laminar Premixed Flames with

Equivalence Ratio Gradient across the Flame Front

by
Takuya Tomidokoro

A dissertation submitted in partial fulfillment
of the requirements for the degree of
Doctor of Philosophy (Engineering)

in the Graduate School of Science and Technology,
Keio University
February 2022






Acknowledgments

First, I would like to express my utmost gratitude to my research advisor Professor Takeshi
Yokomori, who has passionately guided me and strongly encouraged me throughout my study.
Not only has he taught me to think logically and critically, especially to always imagine the
underlying physical phenomena, he has shown me how to be a professional mentor who is
willing to tackle challenges alongside his students and guide them step by step. Also, I en-
joyed our occasional conversations on recent and future combustion studies, ranging from the
political and economic background to technical details. I wish to have many more of them in
the coming days.

I would also like to deeply thank the members of my preliminary review committee, Pro-
fessor Akiko Matsuo, Associate Professor Keita Ando, and Assistant Professor Satoko Fujioka,
for carefully reviewing and critiquing this dissertation and providing fruitful comments to im-
prove its quality. Their advice has greatly helped clarify the contribution of this dissertation
and make the description of the research method more rigorous from the aspect of fluid dy-
namics and numerical analysis.

This work would have never been possible without my co-researcher, Professor Hong G.
Im in King Abdullah University of Science and Technology (KAUST), Saudi Arabia, who has
generously allowed me to use the OPUS code. I am also grateful for him providing me with
many critical and fruitful suggestions when I was working on research papers or struggling to
make a rebuttal to reviewers’ comments. As a leading combustion scientist in the world, he
has been an inspiring figure for me. It is a pity that I could not visit KAUST due to the pan-
demic, but I hope it becomes possible in the future.

I would like to thank Professor Toshihisa Ueda, my undergraduate and master’s course su-
pervisor, for guiding me to this field of research. Without his encouragement, I would never
have chosen this path. He has also taught me to think and act independently, which has always
been a valuable skill in my doctoral studies.

Many others require my gratitude. The members of the Yokomori Laboratory were always
pleasant to be around. Especially, I would like to thank Dr. Masaki Yamaguchi and Mr. Ma-
sayoshi Matsuda, who have inspired me to continue my study in the doctoral course. Only
after they have left, I had realized how precious it was to have fellow doctoral students in the
same laboratory. Also, I had a good time discussing and working with my research partners,
Mr. Taiga Hosoda and Mr. Yo Mikami. I wish them the best in their future studies and careers.
Outside the laboratory, I would like to thank Professor Makoto Asai for providing me with
great opportunities to view the academic world outside Keio University and Japan through the
GESL program. He has always been kind to advise me and has enlightened me as a researcher
who can think and act outside the conventional academic sense in Japan. I also owe the alum-

ni of the GESL program, Dr. Ami Ogawa, Dr. Chikahiro Imashiro, Dr. Ryoko Tatsumi, and Dr.

-



Satoshi Haku, for always being friendly to me and willing to help me out. They have been in-
spiring me as researchers of my age. Mr. Yusuke Nabae in Fukagata Laboratory has been my
valuable friend in the same doctoral year. It was always fun and comforting to have a chat and
to discuss research topics with him as we share a similar research field. I wish him the best for
his coming career. I would also like to thank the faculties of the Department of Mechanical
Engineering and the Center for Science of Environment and Energy for accepting me as a Re-
search Associate despite being a doctoral student. Not only has it been financially greatly
helpful, but it has also been an extremely valuable experience to work in an academic position
in a university at this stage of my career.

This work was partly funded by the Global Environmental System Leadership (GESL)
program of Keio University. The program has also provided me an opportunity to study at the
University of Cambridge, UK, for three months during my master’s course, which still moti-
vates me to work harder to aim for the top international level of academic studies. Another
part of this work was funded by the Keio University Doctoral Student Grant-in-Aid Program.
I would like to thank all the faculty and staff involved.

Lastly, I cannot thank enough my family: my brothers, grandparents, uncles, aunt, and in
particular my parents, for their continued patience, understanding, and encouragement. I have
been an extremely fortunate man to be born and brought up in such a warm family. I will con-

tinue working hard so I can repay at least a part of the support I have received.

-1 -



Abstract

New combustion technologies for efficient and low-emission internal combustion engines
sometimes result in stratified flames, i.e., premixed flames propagating in inhomogeneous
mixtures of fuel and air, and understanding their behavior is crucial for numerical modeling
and improving combustor designs. This dissertation aims to elucidate fundamental properties
and mechanisms of laminar premixed flame propagation toward richer or leaner mixtures.

Chapter 1 provides the background and basic concepts of stratified flames, followed by
motivations and an outline of this dissertation.

Chapter 2 provides the physical model and numerical method of the OPUS code used in
the following studies.

Chapter 3 analyzes the response of methane/air premixed flames to oscillating equivalence
ratios to investigate the mechanism of the “back-support” effect, where the stratified flame
speed is modified from the flame speed in homogeneous mixtures. It is shown that the back-
support effect is caused by preferential diffusion of light reactive species, i.e., H/O radicals
and hydrogen molecules, from the burned gas toward the reaction zone.

Chapter 4 analyzes rich-to-lean stratified methane/air flames under different flow strain
rates to investigate their influence on the back-support effect. It was shown that a larger flow
strain increases the local equivalence ratio gradient in the flame zone, which magnifies the
back-support effect.

Chapter 5 studies the effect of the back-support effect in rich-to-lean stratified methane/air
flames with hydrogen blended up to 40% in the fuel mixture. It is shown that the effect is mit-
igated due to hydrogen molecules preferentially diffusing out of the flame zone into the un-
burned mixture.

Chapter 6 analyzes stratified ammonia/air flame propagation and shows that the back-
support effect occurs similarly to methane/air mixtures. It is also shown that additional reduc-
tion of nitrogen monoxides, a major pollutant of ammonia combustion, occurs in the stoichi-
ometric region of the burned gas.

Chapter 7 summarizes the conclusions and suggests future research topics.
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Chapter 1

Introduction

1.1 Motivations

Combustion technology, especially the technology of extracting and using thermal energy
from combustible substances, has played a pivotal role in the development of human civiliza-
tion since the primitive ages. In particular, the Industrial Revolution in the late 18th and early
19th centuries has seen a rapid increase in the combustion of fossil fuels such as coal and oil
for steam engines, power generation, and internal combustion engines [1]. Since then, our un-
derstanding of combustion phenomena has been boosted by the industrial need to increase the
output and efficiency of combustion devices. In addition, mitigation of pollutant emissions
such as oxides of nitrogen and sulfur (NOx, SOx) and particulate matter (PM) has also be-
come an important part of combustion research since the late 1900s. Currently, combustion is
used to supply energy in a wide range of fields such as land, marine and air transportation,
power generation, heat processing, and heating for buildings. In 2019, 80% of the total prima-
ry energy demand (TPED) of the world was met by fossil fuels [2], most of which are used for
some form of combustion. In the power sector, fossil fuels shared 72% of the energy demand.
In addition, the ratio of energy consumption through the combustion of fossil fuels was 61%
for industry and 91% for transport [2]. While the TPED is estimated to have declined more
than 5% in 2020 due to slowed economic activities caused by the Covid-19 pandemic, it is
expected to return to the pre-pandemic growth rates in the 2020s [2]. This is led by rising
economic growth in the Asia Pacific region, e.g., China and India, and emerging market and
developing economies in Africa and Central and South America [2]. Such an extensive de-
pendence on fossil fuels has led to an emergence of global issues including energy security
risks, health risks due to air pollution, and global warming. In particular, the third issue has
been more urgent than ever.

Global warming is considered to be caused by increased emission of greenhouse gas, pri-
marily CO,, CH,, and N,O, into the atmosphere. Therefore, it is highly likely that human ac-

tivities associated with the combustion of fossil fuels have contributed to the increase in CO,.
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Changes in global surface temperature relative to 1850-1900

a) Change in global surface temperature (decadal average) b) Change in global surface temperature (annual average) as observed and
as reconstructed (1-2000) and observed (1850-2020) simulated using human & natural and only natural factors (both 1850-2020)
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Fig. 1.1: History of reconstructed, observed, and simulated global surface temperature change.
(Reproduced from Figure SPM.1 on page SPM-7 of Ref. [3].)

In fact, the atmospheric CO, concentrations in 2019 were higher than at any time in at least 2
million years [3]. This has led to a successive increase in the global surface temperature. As
shown in Fig. 1.1, it was about 1.09°C warmer in 2011-2020 than in 1850-1900 primarily due
to human activities. The effect of global warming is already tangible through the increased
occurrence of weather and climate extremes such as heatwaves, heavy precipitation, droughts,
and tropical cyclones [3]. Therefore, every additional increase in the temperature will result in
an even higher frequency and intensity of the weather and climate extremes. Without any re-
duction in the consumption of fossil fuels, it is estimated that the temperature increase will be
up to 4.4°C in 2081-2100 [3], which would seriously threaten the future of human society. Un-
fortunately, the human activities associated with fossil fuels are so vast that even with a deep
reduction in CO, and other greenhouse gas emissions, it is estimated that the temperature will
continue to rise until at least the mid-century. The international communities became increas-
ingly aware of the crisis in recent years. In 2015, the Paris Agreement was adopted, where 196
parties agreed to contribute to limiting global warming to well below 2°C, if possible 1.5°C,
compared to pre-industrial levels [4]. The ambitious 1.5°C goal is associated with the estimate
that, by achieving net-zero CO, emissions by 2050, the temperature increase will peak out
around 1.5°C and would likely decline back to below 1.5°C toward the end of the 21st century
[3]. The Agreement entered into force in 2016 and has been a strong motivation for the world
to make a move for achieving net zero emissions. Meanwhile, very recently, the 2021 Nobel
Prize in Physics was awarded to Dr. Syukuro Manabe and Dr. Klaus Hasselmann "for the

physical modelling of Earth’s climate, quantifying variability and reliably predicting global
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warming" [5]. This is a first time that the Prize was awarded to the contribution in the climate
science, which signifies the international attention toward the current crisis the humans face.

The International Energy Agency (IEA) estimates future energy mix based on several sce-
narios. With the Stated Policies Scenario (STEPS), the total share of the fossil fuels in the
TPED is estimated to increase to 82%, which is estimated to result in a temperature rise of
2.7°C in 2100 [2]. On the other hand, the Sustainable Development Scenario (SDS) shows a
future course that needs to be taken to achieve energy- or climate-related United Nations Sus-
tainable Development Goals (SDGs), including the Paris Agreement. It is estimated that with
the SDS, global net-zero emission is achieved by 2070 and the temperature rise is limited to
1.65°C with a 50% probability [2]. With this scenario, the fossil fuel share is reduced to 56%
in 2040. One way to compensate for the decline in fossil fuel consumption is expanding the
use of bioenergy such as solid biomass, biofuels, and biogas which is estimated to share 13%
of TPED in 2040 [2]. In particular, when bioenergy is fitted with carbon capture utilization
and storage (CCUS), negative emissions can be achieved. Such an approach is known as
BECCS (Bioenergy Equipped with CCUS) and is expected to offset unabated emissions from
remaining fossil-fuel-powered plants and vehicles. As most of the bioenergy will be burned
similarly to fossil fuels, it can be said that up to 69% of the primary energy demand will still
be relevant to combustion technologies in 2040. Another solution for compensating for re-
duced fossil-fuel consumption is decreasing the TPED itself by 10% in 2040, which is
achieved through increased efficiency and electrification [2]. Therefore, the above estimates
show that a continued effort on developing more efficient and environmentally friendly com-
bustion technologies is necessary for achieving a sustainable society in the future.

In addition, rapid deployment of renewable energy is critical for meeting the Paris Agree-
ment goals. The SDS estimates that renewable energies, i.e., hydropower, geothermal, solar
photovoltaic, concentrating solar power, wind, and marine, make up 22% of the TPED in
2040 [2]. Especially, in the power sector, they make up 46% of the energy demand [2]. How-
ever, the power output of the renewable energy sources fluctuates over diurnal to seasonal
timescales and has different levels of intensity from one place to another. Therefore, to in-
crease the share of their generation capacity, their power output must be managed effectively.
One solution is to store the electrical energy in some form so that it can then be used to fulfill
peak demand or compensate for the lack of primary energy supplies when needed [6—8]. Cur-
rently, various methods of energy storage including mechanical, electrical, thermal, and chem-
ical approaches are available [6,8]. However, chemical energy storage is virtually the only
choice that allows for large energy storage capacity over long periods at any location, which
makes it applicable to long-distance energy trade, remote power generation, and powering
heavy-duty machinery [6,8]. Batteries are one of the most common chemical storage methods,

and improvements in battery efficiency and production cost are expected to further drive elec-
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trification in the transport sector [7]. Meanwhile, the existing rechargeable secondary batteries
have volumetric and gravimetric densities that are much lower than those of fossil fuels [8,9],
making them impractical for systems that require large power sources. In addition, the sus-
tainability of secondary batteries is still debated [8].

On the other hand, there has been a growing interest in storing renewable electrical energy
in terms of fuels, which are sometimes called electrofuels or e-fuels. Generally speaking, e-
fuels store energy as the oxidation potential of materials that are reduced by renewable elec-
trical energies [8]. Therefore, the energy can be extracted by burning or oxidizing the fuel us-
ing oxygen in the air. This is the reason why the e-fuels generally have higher specific ener-
gies than other chemical storage methods, such as batteries, as they do not require an oxidizer
with them on board [8]. Hydrogen (H,) has long been considered as a potential e-fuel, as it
can be produced by electrolyzing water (H,0), and do not produce CO, when burned or oxi-
dized in fuel cells. In addition, non-hydrocarbon fuels such as methanol and ammonia that are
derived from sustainable hydrogen are attracting attention as “hydrogen carriers” [7], as will
be explained in the following chapters. Therefore, in addition to the conventional challenges
including improvement of combustion efficiency and emission characteristics, the above
trends regarding emerging e-fuels pose a number of new research questions to combustion
scientists; to utilize them in commercial combustion devices, investigation of their fundamen-
tal combustion characteristics as well as development of new strategies to burn them in a sta-
ble and clean manner are highly anticipated.

In most cases, combustion accompanies a non-equilibrium, self-organized distribution of
temperature and concentration known as flames. Therefore, understanding the physics behind
flames is crucial for controlling and optimizing the combustion process in practical devices.
In particular, numerical simulations are extremely useful for designing, developing, and test-
ing combustion devices with much less time, labor, and expenses than experiment-based ap-
proaches. Thanks to advancements in physical modeling, computational power, and numerical
algorithms, computational fluid dynamics (CFD)-based tools for combustion simulation have
dramatically improved over the last decades. However, they are still quantitatively unreliable
primarily due to uncertainties in the turbulent combustion modeling [10]. Such modeling is
needed because directly solving the fundamental equations with required resolutions in space
and time, i.e., direct numerical simulation (DNS), is unpractically costly for simulating turbu-
lent reacting flows in commercial combustors. For instance, for a DNS of a turbulent reacting
flow in a jet engine, it is estimated that years of calculation and millions of dollars are re-
quired even with the use of the latest supercomputers [11]. Therefore, to bring down the com-
putational cost to a practical level by reducing the degree of freedom, the governing equations

are solved in averaged schemes such as Reynolds-Averaged Navier-Stokes (RANS) modeling
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and Large Eddy Simulation (LES). Here, turbulent combustion modeling is necessary for pro-
posing a closure model for unknown quantities that appear in the averaged governing equa-
tions [12]. This has been one of the prominent pillars of combustion studies in the last decades
and is still a vastly broad area of active research. To develop physically reasonable models,
fundamental properties and mechanisms of flames must be elucidated through asymptotic
analysis, simplified experiments and numerical simulations of laminar flames, and DNS of
reference turbulent flames. Especially, laminar flames are useful for clarifying local elemen-

tary processes that occur in turbulent flames for reasons explained in the following section.

1.2 Basic concepts

In this section, some fundamental concepts associated with premixed flames are explained.
The following ideas are crucial for understanding the phenomena of stratified combustion dis-

cussed in the following part.

1.2.1 Equivalence ratio

When the molar ratio of reactants in a mixture equals the stoichiometric coefficients of their
global reaction, the mixture is said to be stoichiometric. The equivalence ratio is evaluated by
dividing the fuel-air ratio of the mixture by the stoichiometric fuel-air ratio:

¢ _ Xf/Xair
(Xf/Xair)St

where Xy and X, is the mole fractions of fuel and air, respectively, and (Xf /Xair)st is the

(1.1)

stoichiometric fuel-air molar ratio. In the above definition, ¢ = 1 in a stoichiometric mixture,
0 < ¢ < 1in a fuel-lean mixture, and ¢ > 1 in a fuel-rich mixture. In combustion reactions,

the temperature and the product composition of a fuel-air mixture depend strongly on ¢.

1.2.2 Premixed flame propagation
Flames are localized regions of self-sustaining combustion reactions. In general, flames can
be classified into two main categories: premixed and non-premixed. In premixed flames, fuel
and the oxidizer (usually air) streams are mixed in advance and a reaction zone is formed in
the mixture. Meanwhile, in non-premixed flames, a reaction occurs at the interface of the fuel
and air streams. A critical difference in the characteristics of these flames is that premixed
flames propagate into and consume the unburned mixture, while non-premixed flames do not.
As such, a premixed flame is a wave phenomenon [13]. To understand the mechanism of
premixed flame propagation, the flame structure needs to be considered.

Figure 1.2 shows distributions of some important scalars in a premixed flame, namely the

heat release rate, temperature, and reactant and radical concentrations. The flame zone
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Fig. 1.2: Schematic of a premixed flame structure.

consists of the preheat and the reaction zones. In the preheat zone, heat conduction from the
reaction zone toward the unburned gas and mass diffusion from the unburned gas to the reac-
tion zone occurs. The reactants and temperature profiles in the preheat zone are dominated by
a convective-diffusive balance of heat and mass transport. Consequently, under faster flame
propagation, the gradient of the profiles becomes larger to balance the increase in convective
heat and mass transport. When the temperature becomes sufficiently high, the activation ener-
gy 1s overcome and combustion initiates in the reaction zone. In addition to the temperature
rise, radicals that diffused from the burned gas into the reaction zone play major roles in trig-
gering fuel decomposition, which leads to a series of chain reactions. Therefore, with a higher
temperature or radical concentration in the reaction zone, the reaction rate increases, and the
flame propagates faster. The profiles in the reaction zone are dominated by reactive-diffusive
balance, thus it indirectly depends on the flame speed through diffusive interaction with the
preheat zone. Since the reaction proceeds at a finite rate, the burned gas composition gradual-
ly approaches chemical equilibrium downstream of the reaction zone. As the upstream reac-
tants are continuously depleted in the reaction zone, the reaction zone continuously relocates
itself toward the unburned mixture. The above mechanism shows that premixed flame propa-
gation is fundamentally a diffusive process balanced by the relative convection of the un-
burned mixture.

The relative speed of flame propagation toward the unburned mixture is called the flame
speed S;, which is the most important property of premixed flames. While there are various
methods to experimentally measure the flame speed as a global propagation speed of the

flame zone [14], in numerical simulations, the flame speed can be calculated through profiles
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of certain scalars across the flame such as temperature and species [13]. Consider a one-
dimensional planar premixed flame propagating into a quiescent fuel/air mixture with velocity
u,, as shown in Fig. 1.3. Note that the coordinate is in a wave-stationary frame. In the figure,
Yr., and Yz, are respectively unburned and residual fuel mass fraction, while p, and p,, are
respectively unburned and burned mixture densities. Assuming steady propagation, the conti-

nuity equation and the species mass conservation equation are written as [15]

d
a(pu) =0, puU = pylly, = PpUp = const. (1.2)
LAy _d( dy _

where p and u are respectively density, velocity; Yy, Wr, ws, and D are respectively mass
fraction, molecular weight, reaction rate, and mass diffusion coefficient of the fuel. Consider-
ing Eq. (1.2) and integrating Eq. (1.3) from the unburned mixture side (x = —o0) to burned

mixture side (x = +0),

dYs
putta (Y = ¥y) = pD— j Wyaoydx (1.4)

In the above, the first term on the RHS vanishes because the mass fraction gradient approach-

es zero toward unburned or burned mixtures [15]. Therefore, solving Eq. (1.4) for u,, yields

j (—Wray)dx (1.5)

u
“ pu(Y}u be)

It is seen that u,, is expressed in terms of the integrated fuel consumption rate divided by the
fuel mass flux into the reaction zone. As u,, is equivalent to the flame speed, it is known as

the fuel consumption speed S, [13,16] of the propagating flame;

Unburned Flame zone Burned
Y,
fiu
Uy Yf (x) Up
Pu Pb Yip
0] i x)

Fig. 1.3: Schematic of steady premixed flame propagation and its fuel mass fraction and reac-

tion rate profiles.
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Se

1 +oo
= —Wewr)d
,Du(Yf,u—Yf,b) f_oo ( fwf) X (1.6)

In the following studies, the flame speed is evaluated in terms of S.. However, modifications
in Eq. (1.6) are needed to appropriately represent the flame speed in each case, as will be ex-
plained.

Another common definition of flame speed is the displacement speed S; [17], which repre-
sents the propagation of a characteristic iso-surface in the flame zone. While S, is useful for
analyzing contributions of reactive and diffusive factors on the flame speed [18-20], it is not
used in this study for the following reasons. First, it is known that S; depends on the defini-
tion of the iso-surface under flow divergence [21,22], which is not favorable for the counter-
flow configuration used in this study. In addition, in a highly transient flow, S; may fail to
characterize the unsteady burning rate as S, is affected by local variation in the flow velocity
[23]. As will be explained, this study is interested in the chemical aspects of the flame propa-
gation speed, i.e., the fuel consumption rate, and thus such a hydrodynamic effect on the
flame speed is not desirable. Therefore, only the fuel consumption speed S, will be used as a
measure of the flame speed in this study.

Figure 1.4 shows the experimentally measured flame speed of methane/air laminar pre-
mixed flames under different mixture equivalence ratios. It is seen that the flame speed peaks
around stoichiometry (¢p = 1) and decreases toward leaner or richer mixtures. When the flame
speed becomes too low with decreasing or increasing equivalence ratio, it becomes impossible
to sustain chain reactions in the reaction zone and the flame extinguishes. Such lean and rich

limits of the equivalence ratios are called lean/rich or upper/lower flammable limits.
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Fig. 1.4: Measured flame speed of a methane/air premixed flame under different equivalence
ratios. (Redrawn from Ref. [24].)
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The turbulent flame speed Sy, which is a global propagation speed of a turbulent flame to-
ward the unburned mixture, is known to depend on the laminar flame speed, expressed as S;
in general. However, predicting Sy from S; is a highly challenging task as St also depends on
the turbulent characteristics of the flow and the turbulence-flame interaction, as will be ex-
plained in the next part. In terms of turbulent combustion modeling, the laminar flame speed
is directly relevant to a popular model using the level set approach. In this method, the turbu-
lent flame is modeled as an iso-surface G, of a field scalar G(x,t) and is tracked by solving
the transport equation, known as the G-equation, which is expressed in the simplest form as

aG
E+v-v0=5L|va| (1.7)

where v is the velocity field. It is seen that S; describes the propagation speed normal to the
iso-surface, i.e., the flame front. Equation (1.7) can be modified to account for local diffusive
and hydrodynamic effects that influence the flame speed [25]. The parameter S; also appears

indirectly in other turbulent combustion models to close the averaged reaction rate term [13].

1.2.3 Laminar flamelet concept

Other than the above premixed/non-premixed classification, flames can be categorized into
laminar and turbulent flames. A common approach to modeling the premixed turbulent flame
structure is through the regime diagram. The version most commonly used today, which was
originally developed by Borghi [26] and later modified by Peters [25], is shown in Fig. 1.5. In
this diagram, the ordinate is the ratio of the velocity fluctuation u, to the laminar flame speed
S;, and the abscissa is the ratio of the integral length scale [, to the laminar flame thickness [; .
On the lower left corner, the laminar flame regime is represented by the area where the turbu-
lent Reynolds number Re, is smaller than unity; other regions represent turbulent flame re-
gimes. In particular, the shaded area on the lower right corner is relevant to modelling the tur-
bulent flame structure in terms of the flamelet concept [25]. The key assumption of the flame-
let concept is that the turbulent flame locally consists of laminar flames, i.e., flamelets. Such a
concept has been widely utilized because it enables the modeling of turbulent flames in terms
of corresponding laminar flame properties. While the range over which the flamelet concept is
valid is still lively debated [27], it is commonly believed that the relevant condition is I > [,
where [; is the thickness of the flame zone and lg is the smallest turbulent length scale, i.e.,
the Kolmogorov scale [13]. This is because, when there are turbulent eddies that are smaller
than the flame thickness, they can penetrate into the flame zone and disrupt the laminar flame
structure, which invalidates the flamelet assumption. The flamelet regime can be further clas-
sified into two regimes [13,25]. One is the wrinkled flamelet regime, where u, < S;. In this
regime, the laminar flame structure is hardly affected by the presence of turbulent eddies and

the flame surface is only slightly wrinkled. The other is the corrugated flamelet regime, where
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Fig. 1.5: (Left) Turbulent flame regime diagram; (Right) Schematic of interaction between a
propagating flame front and turbulent eddies. [,: Integral length scale, u,: Velocity fluctuation,
lx: Kolmogorov length scale, [;: Laminar flame thickness, [: Reaction zone thickness, and

S;: Laminar flame speed.

u, > S;. In this regime, while the local laminar flame structure is retained, the flamelet be-
comes highly convoluted by turbulent eddies and may lead to formations of pockets of un-
burned and burned mixtures.

In most practical combustors, combustion occurs in turbulent flows. Since detailed studies
on the properties of turbulent flames are challenging, the laminar flamelet concept has been
widely used as a basis for explaining and predicting the behavior of turbulent flames. Howev-
er, it should be noted that in many practical combustors, the flamelet assumption may not be
justified due to highly turbulent flows where the eddies become small enough to penetrate the
flame zone. As shown in Fig. 1.5, when [ < [y < [;, where [y is the reaction zone thickness,
the turbulent eddies penetrate and broaden the preheat zone while leaving the reaction zone
unperturbed. This regime is called the thin reaction zone regime or the broadened preheat—
thin reaction zone regime. Moreover, when lp > i, it is expected that the eddies further pen-
etrate the reaction zone, though the local flame structure in this regime is still unclear; Peters
suggested that local extinction occurs due to enhanced heat loss to the preheat zone, while lat-
er studies claimed that the local extinction is not solely due to turbulence-flame interactions
and the reaction zone remains unperturbed [27]. Either way, it is known that in practical de-
vices with high Reynolds numbers, e.g., aeronautical engines, combustion occurs in the above
non-flamelet regimes [28]. Nevertheless, many studies report that flamelet models are capable
of reproducing turbulent flame properties even when the flamelet assumption does not hold
[29-31]. Therefore, it is expected that many behaviors of laminar flames apply to practical

turbulent flames.
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One of the common laminar flame configurations used for flamelet modeling is a laminar
strained flame. Unlike the simplest, one-dimensional laminar flames, strained flames are ca-
pable of simulating the effect of a non-uniform flow across the flame zone. In addition, when
flow strain is imposed on a flame, the flame surface is said to be “stretched”. It can be math-
ematically shown that flame stretch is also induced by other hydrodynamic effects associated
with non-uniform flame curvature and unsteady propagation of a curved flame [13]. Therefore,
studying the influence of flow strain on a laminar flame leads to understanding the flame re-
sponse to a variety of hydrodynamic effects that occur in turbulent flames. Because of these
advantages, the strained flame configuration has been a common tool for investigating the be-

havior of flamelets under various conditions.

1.3 Stratified combustion

1.3.1 Partially premixed combustion

The classification of flames into two regimes, premixed and non-premixed, has been useful
especially for analytical purposes. By assuming a homogeneous fuel/air mixture or two sepa-
rate streams of pure fuel and air, it becomes possible to analytically derive basic flame proper-
ties such as the flame speed and the asymptotic flame structure [13]. However, in actual pis-
ton engines or gas turbine combustors, the mixture can be locally rich, stoichiometric, or lean
at different locations at the same time [32,33]. This trend is accelerated by the development
and implementation of unconventional modes of combustion in modern engines [33]. For ex-
ample, in gas turbine combustors used for power generation and propulsion, lean premixed
(LP) or lean premixed prevaporized (LPP) combustion is expected to achieve significantly
low NOx emissions due to its low combustion temperature [34]. However, in typical LP or
LPP combustors, the mixing time of fuel and air is too short and the flame is fed with a mix-
ture with compositional inhomogeneity [32,33]. It is well-known that such equivalence ratio
perturbations are associated with the occurrence of thermoacoustic instability [34-36] or
combustion noise [37] in the combustors. In addition, when liquid fuels are used, localized
pockets of a rich mixture may exist as the rates of fuel evaporation is limited [38]. Meanwhile,
unlike conventional spark-ignition (SI) engines where the fuel is premixed with air, direct in-
jection (DI) of liquid fuel into the combustion chamber is considered to achieve higher effi-
ciency [39]. In DI SI engines, insufficient mixing of fuel and air leads to flame propagation in
a highly inhomogeneous mixture; the local composition may be beyond the flammability lim-
its that combustion occurs both in premixed and non-premixed modes [33,40]. Another strate-
gy under development for piston engines is homogeneous-charge compression-ignition
(HCCI) technology, where high efficiency and low emissions are achieved through low-
temperature combustion of a lean mixture [40]. However, the development of HCCI is prohib-

ited by the occurrence of combustion noise and knocking due to volumetric combustion and
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difficulties in controlling auto-ignition [40]. Therefore, HCCI has been modified by introduc-
ing some levels of mixture inhomogeneities to mitigate rapid pressure rise and enhance com-
bustion control at wider operating conditions [41,42]. One of such strategies include strati-
fied-charge compression-ignition (SCCI), where compositional inhomogeneity is utilized to
smooth the combustion process. With this method, the ratio between auto-ignition and flame
propagation can be regulated by controlling fuel stratification [43].

As seen above, the actual combustion process is much more complex than the canonical
premixed/non-premixed combustion modes; in the combustion chamber, premixed, non-
premixed, and combustion modes that fall in between those modes can co-exist due to mix-
ture inhomogeneity. Such a mode of combustion is called “partially premixed” combustion
[32], as shown in Fig. 1.6. In partially premixed combustion, the compositional inhomogenei-
ty covers a wide range of fuel concentrations including flammable and non- flammable mix-

tures.

Increasing mixture inhomogeneity

v

Flammable Non-flammable
2 & ||
Premixed Stratified Non-premixed

Partially premixed

Fig. 1.6: Classification of combustion modes in terms of mixture inhomogeneity.

In locally flammable regions, two modes of flame propagation exist. One is the premixed
flame propagation in a locally homogeneous mixture. Another is premixed flame propagation
in a locally inhomogeneous mixture whose compositional variation is within the flammable
limits. The latter mode is often referred to as “stratified” combustion and the corresponding
premixed flame a “stratified flame”. On the other hand, in locally non-flammable regions,
non-premixed combustion can occur in two modes. One is canonical non-premixed combus-
tion, where two streams of pure air and fuel mix and react at their interface. Another is a reac-
tion between fuel-rich and fuel-lean mixtures whose concentrations are outside of the flam-
mable limits. All of these modes can co-exist in partially premixed combustion; thus, the sub-
ject of analytical approaches is limited to steady and simple flame structures. One of the well-
known cases is the tribrachial (triple) flames, i.e., edge flames [44]. As shown in Fig. 1.7, a
tribrachial flame consists of a non-premixed flame branch surrounded by fuel-rich and fuel-
lean premixed flame branches. Such a configuration is known to play a crucial role in the sta-

bilization of non-premixed jet flames [33]. However, to study the flame response to various
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perturbations in the equivalence ratio, numerical and experimental approaches have played
major roles in clarifying the fundamental characteristics.

Non-premixed flame branch

/

- ™

Rich premixed flame branch Lean premixed flame branch

Tribrachial point

Fuel ﬁ ﬁ Air

Fig. 1.7: Schematic showing the structure of a tribrachial flame.

1.3.2 Local effects on stratified flames

The focus of this dissertation is solely restricted to premixed flame propagation in inhomoge-
neous mixtures, i.e., stratified flame propagation. It should be noted that while the term “strat-
ified combustion” sometimes assumes the combustion process in DI SI engines, here it is used
to refer to a general combustion phenomenon that does not limit itself to any specific applica-
tions. A comprehensive review by Lipatnikov [33] provides a detailed overview of laminar
and turbulent stratified combustion. In particular, two basic local effects that are unique to
stratified combustion are known [32,33]. One of them is the flame surface generation, which
occurs when the mixture equivalence ratio varies along the flame surface, as shown in Fig.
1.8(a). The consequence of this effect is straightforward; as different elements of the flame
surface propagate at different speeds, the flame surface becomes wrinkled, which results in an
increased flame surface area. This effect is expected to be pronounced only in laminar or
weakly turbulent flames, as the generation of the flame surface is controlled by turbulent
stretching with increasing turbulence intensity. The other effect is known as the “back support”
effect, which is associated with flame propagation parallel to the direction of equivalence ra-
tio gradient, as shown in Fig. 1.8(b). For example, consider a stratified flame propagating
from a stoichiometric region (¢ = 1) to a fuel-lean region (¢p < 1). This is schematically il-
lustrated in Fig. 1.9. When compared with a homogeneous premixed flame (broken lines) that
has the same equivalence ratio at the reaction zone ¢y, the stratified flame (solid lines) has
higher temperature and radical concentration in the burned gas downstream of the reaction
zone. Therefore, the reaction rate of the stratified flame is thermally and chemically enhanced

by extra heat and mass flux from the burned gas into the reaction zone, resulting in a faster
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flame propagation than the corresponding homogeneous premixed flame. This is a typical de-
scription of a back-supported flame propagation in a lean stratified mixture, though the de-
tailed mechanism is still debated as will be explained in the following chapters.

While it was conventionally thought that the flame speed in an inhomogeneous mixture is
determined by the local composition at the flame location, the presence of the back-support
effect contradicts such an assumption. Therefore, understanding how and to what extent the
back-support effect occurs is crucial for revealing the fundamental combustion process in the

partially premixed regime. In terms of practical significance, accurate prediction of stratified

¢ dr b1

¢1 ¢2

(a) Flame surface generation (b) Back support effect

Fig. 1.8: Basic local effects due to mixture stratification: (a) flame surface generation and (b)
back-support effect. The arrows represent the local flame speed.

Temperature

Propagation

Fig. 1.9: Schematic of equivalence ratio, temperature, radicals, and heat release rate profiles
of the stratified flame propagating in a stoichiometric-to-lean mixture (solid lines) and those
of the corresponding homogeneously premixed flames (dashed lines).
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flame propagation is critical for optimizing the performance of combustion devices. For tur-
bulent combustion modeling in stratified mixtures, the modeling process is further complicat-
ed by interactions between flame propagation and mixture concentration. Though there have
been a number of continued efforts to develop turbulent combustion models for stratified [45—
47] and partially premixed [48—50] flames, small-scale phenomena such as flame surface gen-
eration and the back-support effect have been generally neglected in the modeling process
[33]. This necessitates further study on the mechanism and significance of such effects. This
dissertation will focus on stratified flame propagation parallel to the mixture composition gra-
dient, including the back-support effect.

The local effects on stratified flames, including the back-support effect, have been studied
extensively. For turbulent stratified flames, there have been studies on characterizing local
phenomena and validating stratified turbulent combustion models. Recent experimental ef-
forts include studies on V-flames [51,52], swirl flames [53,54], bluff-body stabilized flames
[55,56], and piloted flames [57,58] with inhomogeneous inlets for studying stratified flames
under weak and strong turbulence. Stahler et al. [56] measured temperature and species con-
centration in a radially stratified turbulent flame. They found that H, concentration was in-
creased on the product side of the flame, while the temperature gradient on the product side
was only slightly affected by stratification. While these experimental studies confirm the ex-
istence of the local stratification effect on the flame, it is difficult to estimate the extent of the
effect of stratification on flame properties. Meanwhile, three-dimensional direct numerical
simulations (DNS) of stratified turbulent flames with detailed kinetics [59-61] are beginning
to provide fundamental insights into local effects of stratification in detail. Richardson and
Chen [61] conducted DNS of turbulent slot-Bunsen flame with mixture stratification at the
nozzle outlet. They reported that the local flame speed is enhanced in the region where the
flame experiences an equivalence ratio gradient, confirming the existence of the back-support
effect in turbulent stratified flames. While such DNS studies are capable of elucidating local
stratification effects in turbulent flames, they are in general too costly for investigating the
effect of stratification under various conditions.

On the other hand, laminar stratified flames are more suitable for precisely controlling
mixture stratification and evaluating the local flame speed. As will be reviewed in Chapter 3,
there are a number of experimental and numerical studies on laminar stratified flames. Espe-
cially, numerical simulations are preferred over experimental approaches as they are capable
of imposing large equivalence ratio variation on the flame and extracting detailed chemical
and transport processes that drive the local effects. Therefore, the following studies conduct
numerical simulations of stratified flame propagation in a laminar flow. In particular, a lami-

nar counterflow configuration is used for the reasons explained in Chapter 2.
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1.4 OQOutline

This dissertation aims to elucidate the local effects of mixture stratification on laminar flame
propagation. Numerical simulations of laminar strained flames are conducted to evaluate de-
tailed kinetics and transport phenomena in the stratified flames.

The contents are organized in the following order:

¢ Chapter 1: Introduction
First, the roles of combustion technology in the coming decades, especially in terms of
mitigating global warming, are discussed. Then, basic concepts regarding premixed
flame propagation including the flame speed and the laminar flamelet concept are intro-
duced, and the concept of stratified combustion and the current understanding of local

effects are explained. The outline of this dissertation is provided at the end.

¢ Chapter 2: Numerical Details
First, the laminar counterflow premixed flame configuration used in the following stud-
ies is introduced. Then, the rest of the chapter describes details of the OPUS code in-
cluding derivation of the one-dimensional governing equations and explanation of nu-

merical schemes and methods.

* Chapter 3: Fundamental Mechanism of Stratified Flame Propagation
A literature review of the flame speed of laminar stratified flame propagation, especially
regarding the mechanism of the back-support effect, is given and strategies to fill the
gaps in the previous studies are discussed. The numerical setup and the method of char-
acterizing the stratified flames are explained. The mechanism of the back-support effect
on methane/air stratified flames is elucidated by comparing the response of the flame

speed and the flame structure to compositional oscillation under different conditions.

¢ Chapter 4: Strained Flame Propagation in Stratified Mixtures
The concept of self-back-support and forced-back-support are proposed and their signif-
icance in stratified turbulent flames are discussed. Then, a novel method is devised to
characterize strained self-back-supported flames is described, followed by the results

that illustrate the effect of flow strain on the magnitude of the back-support effect.
* Chapter 5: Stratified Combustion of Alternative Fuels — Hydrogen-blended Methane

Based on the mechanism of the back-support effect elucidated in Chapter 3, hydrogen

(H,) addition in the methane/air mixture is proposed as a unique situation where the
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back-support effect may be suppressed. In addition, the practical significance of blend-
ing hydrogen as an alternative fuel is explained. The effect of hydrogen blending on the
back-support effect of methane/air flame is elucidated by comparing the results of two

methods to impose stratification.

Chapter 6: Stratified Combustion of Alternative Fuels — Ammonia

The disadvantages of hydrogen as an alternative fuel are clarified and the potential of
ammonia (NH3) as a fuel for combustion is introduced, followed by a discussion of the
significance of studying stratified ammonia/air flames in overcoming the challenges as-
sociated with ammonia combustion. The characteristics of the stratified ammonia/air
flames are reported for the first time in terms of the response of the flame speed and the

NOx emission characteristics.
Chapter 7: Concluding Remarks

Key findings from Chapters 3-6 are summarized and comments on some topics for fu-

ture work are provided.
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Numerical Details

In this chapter, details of the OPUS code used for the following numerical analyses are ex-
plained. First, characteristics of the counterflow premixed flames are discussed. Secondly, the
governing equations solved in OPUS are derived from the general axisymmetric equations
and the numerical schemes and methods used for solving the governing equations are intro-
duced.

2.1 Laminar counterflow premixed flames

As explained in Chapter 1, a premixed flame is fundamentally a one-dimensional phenome-
non. Therefore, a planar flame is suitable for investigating basic heat and mass transport phe-
nomena in the flame zone. In addition, as turbulent flames in practical combustors experience
highly strained flows, a strained flame is used to investigate the effect of flow strain on strati-
fied flame propagation. A common method to analyze a planar strained flame is to utilize
counterflow configurations, as shown in Fig. 2.1. It is illustrated that planar flames are stabi-
lized in a stagnation flow formed by impinging two streams of reacting mixtures supplied
from the opposing nozzles. Toward the stagnation point, the flame experiences compressive
flow strain, whose magnitude is controlled by the nozzle velocity or the distance between the
opposed nozzles. There are two approaches to stabilize a counterflow premixed flame. One
way is to supply an identical mixture of reactants, such as fuel and air, from both nozzles and
ignite to create twin planar flames, as shown in Fig. 2.1(a). This is called a reactant-to-
reactant (RTR) configuration; here, both flames propagate toward the respective nozzles. An-
other way is to supply a reactant stream from one nozzle and its hot combustion product
stream from another, as shown in Fig. 2.1(b). This is called a reactant-to-product (RTP) con-
figuration; here, one premixed planar flame is formed and propagates toward the reactant
nozzle.

In both counterflow configurations, a planar flame surface is achieved despite the curved
streamlines. This is because the governing equations of a stagnation flow can be reduced to a

one-dimensional form in the axial direction by a similarity formulation, as will be shown later.
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Therefore, in this study, a radial plane that intersects perpendicularly at the stagnation point
will be referred to as a “stagnation plane”. In both configurations, the axial velocity continu-
ously increases from zero at the stagnation plane to the velocity at the nozzle. Therefore, the
flame stabilizes itself at a location where its flame speed and the local axial velocity balance.
Specifically, with increasing flame speed, the flame locates itself closer to the nozzle. On the
other hand, with increasing nozzle velocity, the flame moves further away from the nozzle.
This is an important characteristic of a counterflow premixed flame.

There are additional advantages to the counterflow flame configuration. First, unlike other
flame stabilization methods, the flame is detached from the nozzle with an appropriate nozzle
velocity, which prevents heat loss from the flame to the nozzle. Secondly, as the flow is domi-
nated by forced convection, buoyancy effects are negligible. In this study, the RTR and RTP
configurations are used for different purposes. In particular, the reactant mixture equivalence
ratio is transiently varied in the RTR configuration to simulate stratified flames. For details,

please refer to the numerical setup of each study in the following chapters.

X X
Rewouns i | o
4]
/ T

0

X Xj
" "

Fig. 2.1: Schematic representation of counterflow premixed flames in the reactant-to-reactant
(RTR) configuration (left) and the reactant-product (RTP) configuration (right).

2.2 OPUS

For the numerical analysis of counterflow premixed flames, unsteady one-dimensional con-
servation equations for mass, momentum, energy, and species mass fractions are solved using
the OPUS (OPposed Unsteady Strained flames) code [62,63]. OPUS is an unsteady extension
of a classic steady counterflow flame code OPPDIF [64], except that the constant-pressure
approximation in the original code is relaxed to account for acoustic waves in highly transient
problems. Due to its ability to handle a variety of transient problems, it has been used for a
number of numerical studies on ignition [63,65,66], extinction under oscillating equivalence
ratio [67—69], flame response to oscillating flow [70—72], and stratified flames [20]. OPUS is
interfaced with CHEMKIN [73] and Transport [74] libraries for the calculation of chemical
kinetics and thermodynamic transport properties, where reaction mechanism with element,
species, and reaction constant information, thermodynamic properties, and transport proper-
ties are supplied by the user. The following is a description of the governing equations and the

numerical schemes and methods implemented in OPUS.
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2.2.1 Governing equations
(a) Strain-rate-based vs. velocity-based formulations
The continuity equation of a steady axisymmetric flow with x in the axial direction and r in

the radial direction is expressed as follows:

2 2
5, P + o (rpy) =0 2.1)

where u and v are the axial and the radial flow velocities, respectively, and p is the density.

Here, the stream function 1 (x, ), defined as follows, satisfies the continuity equation:

oy

— =1rpu

or
oy (2.2)
ox rev

When the stream function is expressed as ¥ = r2U(x) where U(x) is an arbitrary function of

x, the following relations are obtained from the above definition:

pu = 2U(x)
pv = —ra%ix) = prV(x) 3)

This shows that both the axial velocity u and the normalized radial velocity V(x) = v/r de-
pend at most on x. Therefore, using u and V, the Navier-Stokes equation can be transformed
into a one-dimensional form. Similarly, the equations for energy and species conservations are
also expressed one-dimensionally [75,76]. One such example that satisfies the above relations
is the stagnation flow.

When U(x) = ax where a is a constant, Eq. (2.3) is expressed as

{pu = 2ax

v = —ar (2.4)

Thus, 2a is the axial strain rate of the flow. This is a potential stagnation flow under constant
density. Dixon-Lewis et al. [77] extended the above formulation using boundary-layer as-
sumptions and conducted a numerical calculation of counterflow diffusion flames in a stag-
nating flow. This has been one of the standard one-dimensional formulations of governing
equations for counterflow flames [78,79]. As the flow field is specified by the strain rate 2a, it
will be called the strain-rate-based formulation. Note that in this formulation, the nozzle ve-
locity is obtained as a solution and is not given in advance. In addition, as it is based on a po-
tential flow formulation, it assumes a semi-infinite domain, where a point-source of the flow,
i.e., the inlet nozzle, is located infinitely far from the stagnation surface [80].

Meanwhile, Kee et al. [80] developed a velocity-based formulation, where the flow is spec-
ified by a purely axial nozzle velocity and the distance between the nozzle and the stagnation

plane is finite. Instead, the strain rate varies locally in the axial direction and is obtained as a
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solution. This formulation is based on the relations Eq. (2.3), in which the stream function is
defined in a more general form without the potential flow assumption. OPUS solves an un-

steady version of this velocity-based formulation, which is derived in the next part.

(b) Formulation of the governing equations

Overall Continuity

The continuity equation in an axisymmetric, cylindrical coordinate is expressed as

g—€+—(p )+1—(rpv)—0 (2.5)

where p is mixture density. Assuming p(x) and substituting V' in Eq. (2.3) into the above
equation, the one-dimensional form

0
Ol[t) +— (pu) +2pV =0 (2.6)

is obtained.

Meanwhile, the equation of state for an ideal gas is expressed as

_ PeotW 2.7)
RT

Here, the static pressure p;,; is the sum of thermodynamic pressure p, and hydrodynamic
pressure p(t, x,7); W is the mixture-averaged molecular weight; R is the universal gas con-
stant; T is the temperature. In the current formulation, Eq. (2.7) is substituted into Eq. (2.6).
First, the time-derivative of the above equation results in the following equation:

0 0 _ 1 9y, aT

9p_ P P _ ( k)_B_ (2.8)

dt  Pior Ot W, ot

T ot

where Y, and W}, are mass fraction and molecular weight of kth species, respectively. Substi-

tuting the above into Eq. (2.6) yields

p Op pdT _ 1 9Y;
————— sz ( ") + o~ (pu) + 2pV =0 2.9)
k

Peo O T O W, ot

Conservation of axial momentum

Conservation of axial momentum in an axisymmetric, cylindrical coordinate is expressed as

<6u+ 6u+ 0u>
P\ar " Vor T " ox

B ap [<6u 617) [<26v 2v 46u)]+,u<6v+6u>
T ox ar“ 0x ‘u36r 3r 30x r\dx Or

where the mixture viscosity u is constant in the r direction. The Stokes hypothesis [81] is ap-

(2.10)

plied in the above and the following radial momentum equation. The buoyant force is neglect-
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ed as the flow is dominated by forced convection [13,80]. In addition, the baroclinic torque
that arises from axial density gradient and radial pressure gradient is neglected in the current
formulation as the latter is sufficiently small [82]. Substituting the relations in Eq. (2.3), the

above equation is transformed into a one-dimensional form:

ou ou 0 oV 40 du\ 40
—+pu—+—p—2u————( —>+§a—x(uV)=0 (2.11)

ox Ox ax  30x \Mox
In the above, the mixture viscosity u is evaluated by Wilke’s formula [74]. As the flow is qua-
si-one-dimensional, the role of viscous force is limited. The reason to include viscosity in the

current formulation is discussed in Appendix B.

Conservation of radial momentum

Conservation of axial momentum in an axisymmetric, cylindrical coordinate is expressed as

<6v+ 6v+ 6v>
P\t " Var T Y ox

_ 6p+6[ (4017 2v zau)]+a[ (0u+6v)]+2u(6v v)
~ o Torl*\3%r 37 30x ox " \or " ox r \or r

Substituting the relations in Eq. (2.3), the above equation is transformed into a one-

2.12)

dimensional form:

6V+ 6V+ V2 6<6V) 1op
'Dat 'Duax P 0x M(’)x ror

Meanwhile, from Eq. (2.11), it is seen that dp/dx is at most a function of t and x. Therefore,
the term (dp/dr)/r in Eq. (2.13) satisfies the following condition:

i(la_p) =li<a_p> —0 (2.14)
0x \r or r 0r \Ox

As such, the term (dp/dr)/r in Eq. (2.14) is a function of t only. Therefore, by expressing it
as A(t), Eq. (2.13) is written as follows:

av av a [ ov
— —_ 2 _ __(y— = 2.15
Por TP TPV ax(“ax>+A 0 @13)

Here, A(t) is an eigenvalue of the flow field and is a part of the solution. Specifically, A cor-

(2.13)

responds to the strain rate in the strain-rate-based formulation [80]. To maintain the banded
structure of the iteration matrix, the following trivial equation is introduced:
d0A
— =0 (2.16)
dx

Conservation of species

Conservation of species mass in an axisymmetric, cylindrical coordinate is expressed as
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ot TV ¥ %% 57 (pYicVi) + — (PYk xk)] (2.17)

where wy, is mole reaction rate of kth species, while V. and V,; are diffusion velocities of

o o 0% _
oGt ) = i[5

kth species in r and x directions. Under the similarity assumption, Y (t,x), Vy (¢, x) and
Vi = 0. Therefore, V, ; will be written as Vj, in the following part. Eq. (2.17) is thus written

in a one-dimensional form as

ay, oy, @
. T — 0, = 2.18
potPuZ T oo (pYiVi) — Wy =0 (2.18)

Here, the diffusion velocity V}, is modeled by the mixture-averaged formulation as

10X Dem@ 10T 2.19)
4 .

Ve = —D
k= TPy Tax X, T ox

where Dy, Xi, and O, are mixture-averaged diffusion coefficient, mole fraction, and thermal
diffusion ratio of kth species, while I is the correction velocity. Here, Dy, is computed as
[83]

D%

- WEK J/

where K is the total number of species. Meanwhile, O, is associated with the thermal diffu-

Dim (2.20)

sion, i.e., Soret effect [84], on light species such as H, and H. In the current mixture-averaged
formulation, the extent of thermal diffusion is expressed in terms of the ratio O to the ordi-
nary Fickian diffusion [83]. The correction velocity V. is introduced artificially to ensure net

mass conservation:

Z YiVie =0 (2.21)
k

Lastly, a system of elementary reactions consisting of K species and N reactions can be

written in a general form as
K K

kf,i

Zv,’”-Mk 2 Vi My, (i=12,..,N) (2.22)

) o ,
k=1 =

where M is the chemical symbol of kth species; vy ; and v ; are stoichiometric coefficients

of kth reactant and product species, respectively, in the ith reaction; and kf; and kj,; are reac-

tion rate constants of forward and backward reactions in the ith reaction. The forward reaction

constant kg ; is evaluated by the Arrhenius equation [13]:

E
kpi = By TPri ( f‘) 2.23
f.i €xp RT ( )
where By ; and f¢; are Arrhenius parameters; Ef ; is the activation energy. On the other hand,

the backward reaction constant kj, ; is evaluated through the equilibrium constant K; of the ith
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reaction, if not specified otherwise:

ke

fii
k, = —= 2.24
b,i Ki ( )

Using the above constants, the mole reaction rate wj, in Eq. (2.18) is calculated by
. " ! nj i n”i
e = Y (Vi = Vi) (kf,i [ [ =] [ ) (225)
i k k
where n; ; and ny/; are reaction orders of kth species in the ith forward and backward reac-

tions; and Cj, is the mole concentration of kth species.

Conservation of energy

In terms of specific enthalpy h and heat flux g, and g, in the x and the r directions, respec-

tively, conservation of energy in an axisymmetric, cylindrical coordinate is expressed as

oh  oh  Om\ dp dp 0p) [1 9 3q,
oh Oh _ohy (dp dp Op\_ 10 9%] 26
p(at +”ar+”ax) (at Var T4ox Sy At (220

In the above, viscous dissipation and thermal radiation were neglected. The exclusion of

thermal radiation is justified as soot production in the flames studied here is negligible [13].
Based on the similarity assumption, the above equation is written in a one-dimensional form
as follows:
dh dh dp dp\ 0q,
— ) (£ —)+—==0 2.27
p(6t+u6x) (at+”ax>+ax 27
Here, the pressure work in the r direction was neglected. The heat flux g, is modeled by the

following expression:

oT
Qe =—Ao—+p Z h Yy Vi (2.28)
k

where the first and the second term represents heat conduction and heat transport through spe-
cies mass diffusion, respectively; A is the mixture-averaged thermal conductivity and hy, is the
specific enthalpy of kth species. Here, 4 is calculated by averaging species thermal conductiv-
ities Ay, [74]:

1 1
A== Z Xy + o—— .
2( - k k+Zka/1k> (229)
Substituting Eq. (2.28) into Eq. (2.27) yields the following equation:

() (222 (), 2 (S ) =0 o3
P\or ™ ox) T \ar T ax) T ax \"ax) T ax \P LT ) T (2:39)
In OPUS, the energy equation is solved in terms of temperature. Therefore, in the follow-

ing, Eq. (2.30) is rearranged into a temperature equation. In terms of the specific heat of kth

species hy, the mixture specific heat is expressed as

-4 -



Chapter 2. Numerical Details

h= Z hycYe (2.31)
k

Here, the calorific equation of state is
hy = hy + hy (2.32)
where hY and hi are standard enthalpy of formation and sensible heat of kth species, respec-

tively. The sensible heat hj, is determined by the specific heat capacity ¢, ; and temperature T

as
T
hy = j CpdT (2.33)
TO
In addition, the mixture-averaged specific heat capacity is calculated as
Cp = Z Cp.ac Vi (2.34)
K

First, substituting Egs. (2.31) into Eq. (2.30) yields

d d
pa thyk +pua thYk

(2.35)
dp dp 0 0
G a5 a_< thYka)
Calculating the partial derivatives of enthalpy yields
Ohy Yy Ohy Yy
P(ZWYR+th¥>+“‘<2$¥”th$
i " (2.36)
dp dop 0 (_ 0T ahk
Rearranging,
Ohy Ohy dp dp dOhy
Pz et pu EY"_E_ a‘—( ok PZ GL
(2.37)

Using the species conservation in Eq. (2.18) multiplied by h; and taken the sum over k, the

last three terms on the LHS can be substituted by a reaction term to yield
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oy, c’)th op  dp 6<6T) Eahk
at"p” ox ot Yox ox\ox) TP

From Egs. (2.32) and (2.33), the partial derivative of species enthalpy h; is expressed as
dhy aT
a9 = ag

Therefore, using Eqs. (2.39) and (2.34), the energy equation Eq. (2.38) is re-written in terms

¢ =torx (2.39)

of temperature as

_aT _aT
pCy E + pucy a
dp dp 9, oT T , (2:40)
—E—ua—a(l’{ax) + P Zcp,kYka E‘FthWka}k =0
Summary
The governing equations solved in OPUS are summarized as follows.
Overall Continuity:
p Op pdT Z(l ayk)
————— w — 2pV =0
oot Tt P o) Taew +2p (2.41)
Conservation of axial momentum:
ou du OJp aV 40 ouy, 40
gt S (WS 42 () = 0 242
Part Pl ax Y ax T o T30 Hax) Taar W) (242)
Conservation of radial momentum:
av av a ¢ av
— VZ——( —) A=0 243
Pt TP TP T \Bax) T (243)
Conservation of species:
aY, ay, 0
Conservation of energy
_aT _aT
pPCy e + puc, F
(2.45)

o _,9P a(AaT)+ Z Y.V, aT+ZhW' ~0
ot Yox ox\"ox) TP kcp""‘"ax _ ki@ =
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Eigenvalue (trivial)

24 _ 4 (2.46)
0x

2.2.2 Numerical schemes and methods

(a) Calculation domain and boundary conditions

Due to the inherent symmetry, only half of the counterflow flame domain is calculated in the
RTR configuration, while the whole reacting flow is calculated in the RTP configuration. The
distance between the nozzle is specified for each study. For the reactant stream in the RTR
and the RTP configurations, a mixture of fuel and air is supplied. In this study, the tempera-
ture and the pressure of the reactant mixture are always kept at 300 K and 0.1013 MPa, re-
spectively. The inlet velocity is kept constant at a specific value for each calculation run. For
unsteady calculations, the mixture equivalence ratio is transiently varied to impose composi-
tional stratification on the premixed flame. At the stagnation boundary of the RTR configura-
tion, a symmetric boundary condition is applied, except for the axial velocity where u =
0 cm/s. For the product stream in the RTP configuration, a hot adiabatic combustion product
of the corresponding reactant stream, whose composition is obtained from the equilibrium
calculation code EQUIL [85], is supplied. For detailed specifications, please refer to the nu-

merical setup of each study in the following chapters.

(b) Discretization

The governing equations are solved by a finite difference method. OPUS employs a staggered
grid system; all dependent variables are represented at the control-volume center nodes, ex-
cept the axial velocity is represented at the control-volume interfaces. For the species, energy,
and momentum equations, a second-order central differencing is used for diffusive terms,
while first-order upwind differencing is used for the convective terms. It should be noted that
the current discretization scheme is employed with a sufficiently fine grid. For large-scale
multi-dimensional combustion fields, more efficient methods such as high-order discretization
schemes and adaptive mesh refinement are required. The pressure gradient term dp/dx in the
axial momentum equation and the axial mass flux term d(pu)/dx in the continuity equation
are both first-order central differencing due to the staggered-grid system. A uniform grid of
10 um was applied for all calculations, if not specified otherwise. Fig. 2.2 shows the grid de-
pendence of the flame speed of a stoichiometric methane/air flame. The true flame speed is
estimated from the y-intercept of the second-order fitting curve. It is seen that at 10 um, the

relative error in the flame speed is less than 2%.
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Fig. 2.2: (a) Flame speed of a stoichiometric methane/air flame in an RTR counterflow con-
figuration with different grid sizes. The solid line is a second-order fitting curve. (b) The rela-

tive error in the flame speed in comparison to the fitted flame speed at the y-intercept.

(c) Damping term

The term 2pV in the continuity equation, Eq. (2.9), is discretized by central differencing. This
makes the equation only neutrally stable [62,86], thus the iteration process tends to diverge
under highly transient variation in the flow field. Therefore, to maintain numerical stability,
OPUS introduces a damping term o4(9%p/9x?) [87] in Eq. (2.9) so that

9] oT _ 1 9y,
p op p Wz< k

Pro 0t TOC W ot

2

ox?

0
) +o5 (pw) + 2pV — 04 0 (247

k
Here, o, 1s the damping coefficient. In this study, o; was determined as the smallest value

that achieves a stable calculation. For all cases, a typical value of o, was about 5 X 1073 +

3 x 1073, which is in the same order as in a previous study [86].

(d) Solution algorithms

By discretizing the governing equations, a system of differential-algebraic equations (DAE),
which consists of ordinary differential equations (ODE) and algebraic equations, arises
[88,89]. The algebraic equations consist of equations that do not have a time derivative term,
such as boundary conditions. DAE is expressed in the form F(t,y,y’) = 0, with the solution
vector as y(t) and its first derivative as y'(t). OPUS incorporates a DAE solver DASPK
[88,90] which employs a variable-step, variable-order backward-differentiation formula
(BDF) to approximate the time derivative y’(t). At each time step, DASPK solves the result-
ing non-linear equation by a modified Newton’s method, where the iteration matrix is reused

for as many time steps as possible until convergence fails. When the iteration has converged,
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DASPK performs a local error test. If the error test is satisfied, the code takes another time
step. If not, the step size and/or integration order are modified and the iteration is attempted
again. A typical condition during transient flame propagation was a step size of 0(107%) s
and an integration order of 3. The relative and absolute convergence criteria for DASPK were
setat 1 X 107® and 1 X 1072, respectively.

DASPK requires a consistent initial condition, meaning that the initial condition must sat-
1sfy all the equations in the DAE system. Therefore, a fully converged steady solution is sup-
plied as the initial condition. Here, the steady version of the governing equations Egs. (2.42) —
(2.47) are solved by OPPST, which is a steady counterpart of OPUS. OPPST is implemented
with a two-point boundary value problem solver Twopnt [91]. The relative and absolute con-
vergence criteria for Twopnt were set at 1 X 107 and 1 x 1072, respectively. Twopnt search-
es for steady-state solutions with a combination of the modified Newton’s method and a time
marching method. In the latter, time derivatives are included in the governing equations for
slow but stable convergence. Such a combination is known to be effective for numerically
stiff problems, like combustion problems, where Newton’s method tends to be unstable espe-
cially at the initial stage of the iteration [92]. OPPST is also used for obtaining solutions of
steady flames that are used as references for the unsteady results.
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Chapter 3
Fundamental Mechanism of Stratified

Flame Propagation

In this chapter, the mechanism of the back-supporting phenomena in methane/air counterflow
stratified flames under low-frequency compositional oscillations is numerically studied. First,
previous studies on stratified flame propagation are reviewed and the objective of the current
study is discussed. Then, the numerical setup specific to the current study is explained and
some important parameters to characterize the flame are explained. Lastly, the calculation re-
sults of flame response in lean and rich mixtures are presented and discussed in detail. Im-

portant findings are summarized at the end.

3.1 Introduction

It was explained in Chapter 1, Section 1.3 that one of the two basic local effects on stratified
flames is the back-support effect, where the flame speed of a premixed flame propagating into
a learner or a richer mixture is modified from the flame speed in a homogeneous mixture at
each equivalence ratio. The term was first coined by the research group of the Massachusetts
Institute of Technology [93-95] in 1999. However, the idea of a modified flame speed in strat-
ified mixtures has been studied since the 1960s. The initial motivations of such studies were
to investigate flame propagation through stratified methane gas in coal mines [96] or to inves-
tigate the rate of fire spread in case of an accidental fuel leakage [97,98]. Karim and Tsang
[97] developed an experimental apparatus in which a lean premixed flame propagates upward
into richer or leaner mixtures. They reported that the flame propagates faster than the corre-
sponding flame speed of the local mixture under stoichiometric-to-lean stratification because
of larger buoyancy induced by hotter burned gas. On the other hand, they found that under
lean-to-stoichiometric stratification, the flame propagates mostly as fast as the predicted flame
speed. However, using a similar apparatus, Karim and Lam [98] reported that the flame speed
is increased from the corresponding flame speed at the local equivalence ratio for both rich-

to-lean or lean-to-rich stratified mixtures. It is seen that the buoyancy of the burned gas heavi-
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ly affects flame propagation in these experimental configurations. Another motivation for the
initial studies on the flame propagation in stratified mixtures was the development of strati-
fied charge combustion methods in internal combustion engines, which resulted in several
theoretical [99,100], numerical [101], and experimental [102] studies.

Despite the above early efforts, it was not until around 2000 that a direct numerical simula-
tion with detailed kinetics became available to control mixture stratification precisely and to
investigate the mechanism of stratified flame propagation in detail. In fact, in the 28" Interna-
tional Symposium on Combustion in 2000, three research groups [95,103,104] presented the
results of a numerical study of laminar flame propagation in stratified mixtures. The first
group, Marzouk et al. [95], studied the response of a methane/air counterflow flame in the re-
actant-to-product configuration, where the unburned mixture is supplied from one nozzle and
combustion products are supplied from another. In fuel-lean mixtures, when the unburned
equivalence ratio is decreased faster than the flame timescale, the flame exhibited a higher
flame speed and a wider flammability range. By investigating the flame structure, they con-
cluded that additional fuel consumption reactions continue to occur in the burned gas of strati-
fied flames, as it has higher temperature and concentrations of CO and OH than that in homo-
geneous mixtures. As such, they called this effect the “back-support” effect, though their ex-
planation was different from the studies that followed. This is probably because their numeri-
cal setup was uncommon, and the results were difficult to interpret straightforwardly.

Meanwhile, the second group, Lauvergne and Egolfopoulos [103], conducted numerical
studies on strained propane/air flame response to oscillating equivalence ratios. They found
that there exists a cut-off frequency in the response of maximum temperature and fuel con-
sumption rate variations, where the amplitude of the response rapidly attenuates with increas-
ing frequency. They developed a method to predict the cut-off frequency based on the thick-
ness of a relevant zone in the flame. Later, similar studies on the extinction limits of strained
flames under compositional oscillations were conducted by another research group [68,69].
However, these studies were focused on the global flame characteristics rather than detailed
diffusive phenomena inside the flame.

Lastly, the third group, da Cruz et al. [104], conducted numerical simulations of a one-
dimensional methane/air premixed flame propagating in a step-stratified mixture. They
showed that the flame speed of the stratified flame is increased from that in homogeneous
mixtures when the flame propagates into leaner mixtures, while it is decreased when it propa-
gates from stoichiometric to rich mixtures. Observing variations in the temperature and spe-
cies mole fraction profiles, they concluded that an increased diffusive flux of heat from the
burned gas into the reaction zone is the cause of the increased flame speed in the lean mixture.
Meanwhile, it was concluded that an increased mass flux of H, from the burned gas into the

reaction zone is the cause for rich mixtures. After this study, it became common to interpret
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the back-supporting phenomena of stratified flames from the aspect of variations in the heat
or mass flux from the burned gas.

Motivated by the above study, Kang and Kyritsis [105—-108] conducted a series of experi-
mental studies on methane/air stratified flame propagation by developing an apparatus that
can control and retain the equivalence ratio gradient using a convective-diffusive balance of
fuel concentration in a very slow flow. It was found that under stoichiometric-to-lean stratifi-
cation, the flame speed was increased. With a simple theoretical analysis, they explained the
results in terms of increased heat flux from the burned gas. On the other hand, under stoichi-
ometric-to-rich stratification, the flame speed was temporarily increased and decreased. They
concluded that, in addition to the thermal effect, propagation in the rich mixture is influenced
by product species in the burned gas.

It is important to study methane/air stratified flame propagation since methane is the sim-
plest hydrocarbon fuel and the conclusions are expected to apply to heavier hydrocarbons. As
seen above, early studies by da Cruz et al. and Kang and Kyritsis attributed the cause of the
back-support in lean stratified mixtures to an increase in the heat flux from the burned gas.
Several studies that followed explained their results in the same manner: Zhou and Hochgreb
[78] numerically compared the response of a methane/air counterflow flame in a reactant-to-
product configuration under equivalence ratio and temperature gradients and concluded that
the flame is back-supported by heat flux in lean mixtures. In a numerical study by Tomita et al
[109], the unsteady response of a methane/air counterflow flame location under compositional
oscillation was explained by variations in the heat flux from the burned gas. Later, Abdul
Rahman [110] analytically confirmed the results. Experimentally, Balusamy et al. [111] de-
veloped a novel apparatus to study propane/air laminar stratified flame propagation in a con-
fined chamber, in which a unique injection setup enables the formation of a stratified mixture
in a controlled manner. They showed that the flame propagation under rich-to-lean stratifica-
tion was back-supported, which was explained as a consequence of increased heat flux in-
duced by excess fuel consumed in the burned gas.

On the other hand, Richardson et al. [20] mentioned a chemical effect as the cause of the
back-support in a numerical study of lean stratified methane/air counterflow flames. When the
flame was back-supported, they noticed that increase in the temperature around the reaction
zone was small compared to the increase in the reactive species such as H,, H, and O. They
claimed that these species were increased by the higher temperature of the burned gas and dif-
fused into the reaction zone to increase the flame speed. As reviewed above, the cause of the
back-support is disputed in methane/air lean mixtures; whether it is driven by thermal or spe-
cies diffusion is unclear. Interestingly, for hydrogen/air stratified mixtures, several recent
studies have attributed species diffusion from the burned gas as the dominant driving force of
the back-support effect: Zhang and Abraham [112] numerically compared the results of one-
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dimensional hydrogen/air stratified flame propagation under normal diffusion model and
equal-diffusivity transport model. They concluded that preferential diffusion of H atoms is
more important than heat conduction as a cause of the back-support. A similar conclusion was
reached by Wei et al. [19] and Shi et al. [113] in numerical studies on stratified hydrogen/air
flames.

Meanwhile, in rich methane/air mixtures, da Cruz et al. [104] and Zhou and Hochgreb [78]
have all claimed that it is driven by diffusion of H, abundant in the rich burned gas. This is
also suggested by numerical studies by Shi et al. [114], where propagation of methane/air
flames in a rich-to-lean stratified mixture was investigated with artificially modified diffusion
coefficients of reactive species, particularly H,. They showed that preferential diffusion of H,
from the burned gas is the key driving factor of the back-support effect and developed a Local
Stratification Level (LSL) model based on the amount of H, accumulated in the flame, which
successfully predicted the magnitude of the back-support on the flame speed. A similar con-
clusion was reached for heavier hydrocarbon/air stratified flames [115].

The following points can be made from the above review of previous efforts to elucidate

the mechanism of back-supporting phenomena:

1. Although experimental studies are important for validating the numerical results, the ob-
tained results are often influenced by external factors such as buoyancy effects [97,98],
distortion of the flame surface [108], and a non-uniform flow field [111]. More im-
portantly, measurements of detailed heat and mass transport and chemical process in a
transiently propagating flame, which are crucial for investigating the mechanism of

back-support, are very challenging and rarely conducted.

2. Especially in lean mixtures, both heat and mass flux exist as possible causes of the back-
support. Therefore, it is difficult to evaluate the roles of heat and mass diffusion inde-
pendently. While artificial modification of species diffusion coefficients has been found
useful to evaluate the roles of preferential diffusion of species in the back-support effect
[112—114], it has not been conducted specifically for lean and rich methane/air stratified

flames, which are relevant to practical hydrocarbon fuels.

3. Many of the previous studies on stratified flame propagation have been conducted under
a monotonically varying equivalence ratio. This is for the sake of simplicity or to imitate
flame propagation in practical applications such as stratified charge engines. However,
there are cases where compositional fluctuations occur in the combustion fields, as men-
tioned in Chapter 1, Section 1.1. While there are studies on flame response under equiv-

alence ratio oscillations [68,69,103], they are more concerned about high-frequency os-
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cillations where the flame ceases to respond to variation in the equivalence ratio. Thus,
the influence of the back-support effect under compositional oscillation is not sufficient-
ly studied.

This chapter focuses on elucidating the mechanism behind the back-support effect of me-

thane/air stratified flames. To address the issues mentioned above, the study in this chapter

1. uses OPUS to perform numerical simulation of laminar stratified flames with detailed
reaction kinetics to resolve the heat and mass transfer and the chemical process in the

flame.

2. investigates the response of methane/air flames with modified diffusion coefficients to
elucidate the roles of species diffusion. In addition, global kinetics is also used to further

investigate the roles of specific species in the back-support effect.

3. imposes low-frequency, large-amplitude compositional oscillations on the flame so that
the flame is influenced by the back-support effect.

3.2 Numerical setup

OPUS was used for steady and unsteady calculations of counterflow premixed flames in reac-
tant-to-reactant configuration, as shown in Fig. 3.1. The distance between the nozzle and the
stagnation plane was set to 21 mm. A mixture of methane and air (mole fractions: 21% O,
and 79% N,) was supplied from the nozzle at 300 K and 0.1013 MPa. Considering the flame
speed in methane/air mixtures, the nozzle flow velocity u;, was set to 50 cm/s so that the

flame 1s sufficiently detached from the nozzle (x = x;;,) and the stagnation plane (x = 0 mm).

T Nomle ] moetmm

Fig. 3.1: Schematic representation of counterflow premixed flames in the reactant-to-reactant
configuration and the computational domain [x;,, 0 mm], where the inlet is at x = x;,, =

—21 mm.
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A uniform grid of 10 um was applied to ensure grid independence. GRI Mech 3.0 [116],
which is an established detailed methane/air reaction model with 53 species and 325 reactions,
was used. In this study, the elementary reactions in GRI_Mech 3.0 will be referred to as (GRI
#), where # is the number of the elementary reactions compiled in Table A.1 in Appendix A.

Steady calculations were conducted for premixed flames propagating in homogenous mix-
tures with equivalence ratios ¢, ranging from 0.6 to 1.4. As will be explained later, these
flames are used as references for evaluating the characteristics of stratified flames. On the
other hand, unsteady calculations were conducted for flames propagating under compositional
oscillations. At the nozzle, the mixture equivalence ratio ¢;,(t) was oscillated in a sinusoidal
manner as expressed by

Gin(t) = Pm + g cos(2mft) (3.1)

where ¢,,, ¢4, and f are oscillation center, amplitude, and frequency. The values of the oscil-
lation parameters are shown in Table 3.1. The frequencies were chosen so that the oscillation
timescale 1/f is sufficiently longer than the flame timescale 7;. Specifically, when 7y is cal-
culated as the thermal flame thickness 8 = AT /(dT /dx)max divided by the flame speed S,
the resulting 7 at ¢;, = 0.8 and 1.2 are approximately 2 ms, which is 500 Hz in frequency.

Table 3.1: Oscillation parameters for the stratified flames with normal diffusion coefficients

and detailed kinetics.

Pm

Lean Rich Pa f [Hz]
0.80 1.20 0.20 10
0.80 1.20 0.50 80

Profiles of temperature, heat release rate, local equivalence ratio, and reactants mole frac-
tions at the moment of stoichiometric-to-lean propagation are shown in Fig. 3.2. The defini-
tion of the local equivalence ratio is given in Section 3.3. It is seen that the oscillation ampli-
tude of the equivalence ratio attenuates as it is convected toward the flame front. Therefore, as
shown in Table 3.1, the amplitudes of the oscillation ¢, were adjusted so that the range of the
equivalence ratio oscillation in lean and rich mixtures are 0.6-1.0 and 1.0-1.4 at the flame lo-
cation, respectively. Defining the stratification thickness 85 as(Pmax — Pmin)/(AD/AX) max
at the upstream edge of the preheat zone (T = 300.1 K), the resulting non-dimensional strati-
fication thickness d;/67 under 80-Hz oscillation is respectively 14 and 18 for lean and rich
oscillations, where d7 is the thermal flame thickness in homogeneous mixtures of ¢;, = 0.8
and 1.2, respectively. Although the current values of 6;/67 are larger than those in previous
studies [18,112,114], meaning that the level stratification is moderate due to intense attenua-

tion in the oscillation amplitude, it was large enough for the back-support effect to occur. The
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Fig. 3.2: Profiles of temperature, heat release rate, local equivalence ratio, O, and CH, mole
fractions during stoichiometric-to-lean propagation under equivalence ratio oscillation in a
lean mixture. The solid and broken vertical lines represent the flame location, i.e., the location

of the peak heat release rate, and the upstream edge of the preheat zone, respectively.

results of the unsteady calculations are presented for one cycle of the flame response after it
reached a limit cycle.

In addition to the above conditions, calculations with modified diffusion coefficients or
with global kinetics are conducted to investigate the roles of species diffusion in stratified
flames. Steady and unsteady calculations with 80-Hz oscillation were conducted similarly as
explained above. However, the nozzle velocity and the oscillation amplitude were modified
for some cases as the flame speed varies depending on the modifications. The oscillation pa-
rameters are shown in Table 3.2. The reference case (a) is the same as the above numerical
conditions, except for the smaller oscillation amplitude. Cases (b) to (e) involves modified
diffusion coefficients D, and Lewis number Le;, of kth species. The global kinetics in case (f)

is a four-step reaction mechanism developed by Jones and Lindstedt [117], whose Arrhenius

Table 3.2: Oscillation parameters for stratified flames with modified diffusion coefficients or

global kinetics.
Case Uiy, [cm/s] Pm - b -
Lean Rich Lean Rich
(a) Reference 50 0.80 1.20 0.40 0.40
(b) Ley, =1 50 0.80 1.20 0.35 0.40
() Leyono =1 40 0.80 1.20 0.60 0.60
(d) Leyamono =1 40 0.80 1.20 0.50 0.50
() Dy, =0 50 0.80 1.20 0.35 0.40
(f) Global kinetics 50 0.80 1.35 0.40 0.40
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parameters and reaction orders were derived by Andersen et al. [118]. For the calculation with
global kinetics, a smaller grid size of 5 um was applied because the reaction zone thickness
tends to be narrower than that with the detailed kinetics. In this study, the elementary reac-
tions in the mechanism by Jones and Lindstedt [117] will be referred to as (JL #), where # is
the number of the reaction given in Section 3.4. For the specific description of the modifica-
tions, please refer to the following results and discussions in Section 3.4.

3.3 Method of flame characterization

3.3.1 Flame location and local equivalence ratio

To evaluate the difference in the characteristics of the unsteady flame propagating under com-
positional oscillation (stratified flame) and those of the steady homogeneous flame propagat-
ing in a homogeneous mixture (homogeneous flame), they must be compared under the same
local mixture characteristics, that is, the local equivalence ratio ¢p. However, as the premixed
flames have a finite thickness, a characteristic location in a flame needs to be defined. Con-
ventionally, it has been defined as the peak location of heat release rate xp [18-
20,78,104,112,114,115,119-121], as it is well-defined for a variety of flames regardless of
mixture inhomogeneity. In addition, as the reaction zone is usually thinner than the thermal
flame thickness by a factor of ten [13] and the minimum length scale of mixture stratification
in this study is larger than the flame thickness, the local equivalence ratio ¢y at xz can be
considered as the characteristic local equivalence ratio of the reaction zone. The profile of the
local equivalence ratio ¢ and the location of ¢y is illustrated in Fig. 3.2.

Meanwhile, the conventional species-based definition of the equivalence ratio is written as
[13]

Xcha/Xair

L e 3.2
Popecies (Xcua/Xair)st (3.2)

where X, is the mole fraction of a mixture component k, and (Xcpa/Xair)s: 1S the stoichio-

metric fuel-air molar ratio. Based on the definition of the fuel-air ratio, the above expression

can be written as

_ 2XcHa

¢species - Xo2 (33)

Considering the global reaction CH, + 20, — CO, + 2H,0, the above expression can be in-
terpreted that the numerator represents the minimum moles of O, required for complete com-
bustion of CH, in the mixture, while the denominator represents the actual moles of O, pre-

sent in the mixture. Therefore, the mixture is stoichiometric when @gpecies = 1, 1s rich when
®species > 1, and is lean when pgpecies < 1.

However, the equivalence ratio defined by Eq. (3.3) cannot represent the local equivalence
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ratio at xg, where the fuel or the oxidizer is mostly depleted. Therefore, extending the above
definition, an element-based equivalence ratio ¢ejement has been previously adopted [78,113—
115]:
2Zc 05Zy 2Z:+0.5Zy
®element = Zo + Zo = Zo

(3.4)

where Z, Zy, and Zg are mole fractions of C, H, and O atoms in the mixture, respectively. It
is seen that Qejement 1S defined as the ratio of the minimum number of O atoms required to
oxidize C and H atoms to the actual number of O atoms. As shown in Fig. 3.3, the conven-
tional species-based equivalence ratio for ¢b;;, = 0.60 and 1.00 decreases rapidly near the re-
action zone (x — xg = 0 mm) because the fuel is depleted faster than the oxidizer, while that
for ¢;;, = 1.40 increases rapidly near the reaction zone because the oxidizer is depleted. On
the other hand, the element-based equivalence ratio is well-defined throughout the reacting
mixture, where x — xz > 0 mm is the downstream side of the flame. Therefore, the local
equivalence ratio is defined by Eq. (3.4) in this study. In the following part, ¢Pejement Will be
written as ¢.

However, as shown in Fig. 3.3, the local values of element-based equivalences ratio at the
reaction zone ¢y fluctuate from their unburned values ¢;,. This is because of preferential dif-
fusion of light species over heavier species, which disrupts the local atomic composition of

the mixture [20,114,115]. Therefore, even for homogeneous flames, the unburned mixture
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Fig. 3.3: Profiles of element-based (solid lines) and species-based (broken lines) equivalence
ratio in methane/air homogeneous flames with the inlet equivalence ratio 0.6, 1.0, and 1.4.

The x-axes are shifted so that the reaction zone is at x — x5 = 0 mm for all cases.

-38 -



Chapter 3. Fundamental Mechanism of Stratified Flame Propagation

equivalence ratio at the inlet ¢;,, is different from the local equivalence ratio ¢ at the reac-
tion zone. To minimize the influence of such fluctuation in ¢y on the accuracy of the compar-
ison between the stratified and homogeneous flames, ¢ instead of ¢;, was defined as the

characteristic equivalence ratio for both stratified and homogeneous flames.

3.3.2 Flame speed

As discussed in Chapter 1, Section 1.2, the flame speed of stratified and homogeneous flames
is evaluated as the fuel consumption speed:

1
PuYru

where p,, is the unburned gas density; Y5 ,, is the fuel mass fraction in the unburned gas; Wy

x=0 mm
S, f (—Wyas)dx (3.5)

Xin

and wy are respectively the molecular weight and the molar reaction rate of the fuel. Un-
burned mixture properties p,, and Yz, are calculated from ¢y and the temperature at xz. The
integration range is the entire calculation domain. In the above expression, the denominator
Yr . 1s originally Y, — Y7 5, in the theoretical derivation [16], where Y, is the fuel mass frac-
tion on the burned side. However, especially in rich stratified mixtures, Y7 ;, cannot be evalu-
ated unambiguously in the burned gas where the mixture composition continuously varies in
the downstream direction [104,113—115]. Therefore, following the convention adopted in pre-
vious studies [104,113-115], Y¢,, — Yz, is replaced by Y;,,. Such simplification is reasonable
in this study because Yz, is negligibly small even in rich mixtures considered in this chapter,

as will be shown in the following results.

3.3.3 Effect of flow strain on the flame speed

Unlike in previous studies of transient one-dimensional flame propagation [19,104,112—-115],
the flame is stretched in the present counterflow configuration. For planar flames, the stretch
rate is equivalent to the local strain rate ap tangent to the flame surface [13]. In the axisym-
metric counterflow configuration considered in this study, ay is equivalent to the local tangen-

tial flow divergence at xp, which is twice the value of the radial strain rate:

10
ar = [(V-9)ele = |1 5-Gv)| = @V (6)

It 1s well-known that the flame speed is increased or decreased with increasing stretch rate
when an unbalance exists between the diffusive flux of heat and mass in the preheat zone [13].
The sensitivity of the flame speed to the stretch rate depends on the extent of the unbalance in
the heat and mass diffusion. Figure 3.4 shows the response of the flame speed of steady coun-
terflow flames in homogeneous mixtures to different local strain rates ap evaluated from the

local radial velocity gradient at x5. The response is qualitatively similar behavior to previous
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reports [122,123]; although not shown here in a full range, with increasing strain rate the
flame speed decreases linearly for both lean and rich cases.

Although the inlet velocity is fixed in the unsteady calculation of stratified flames, ag fluc-
tuates due to variation in the flow expansion ratio, which is caused by a variation in the heat
release rate. The shaded area in the figure corresponds to the maximum range of ay fluctua-
tion for the stratified flames under compositional oscillations. It can be seen that the variation
in the flame speed caused by the stretch effect is less than 1 % for both rich and lean mixtures,
which is small enough as compared to the maximum magnitude of the modification of the
stratified flame speed considered in this chapter. Therefore, when comparing the characteris-
tics of the stratified and the homogeneous flames, the influence of the differences in ap on the
flame speed is ignored in the current analysis. The effect of flow strain on the stratified flame

propagation is investigated in Chapter 4.

———F7T—T T T T T T T
—— Lean (¢,=0.8)| |
i) —&— Rich (¢,=1.2)
5 35t .
=l
% —6 00000
o
g 30t .
35
[
X AR X X X X X X X
25 1 1 1 1

0 20 40 60 &0 100 120 140 160 180 200

Local strain rate a, [1/s]

Fig. 3.4: Response of the flame speed of counterflow premixed flames with detailed kinetics
in lean (¢;;, = 0.8) and rich (¢;;, = 1.2) mixtures. The shaded area represents the maximum

range of local strain rate fluctuation in the following analysis.

3.4 Results and discussions

3.4.1 Burned gas characteristics

As the previous studies suggest that the back-support effect is driven by variations in the heat
or mass flux from the burned gas, it is beneficial to clarify the temperature and the chemical
composition of the burned gas under different equivalence ratios. In many cases, the state of
the burned gas of a premixed flame can be approximated to be in thermodynamic equilibrium
[13]. Therefore, using the numerical code EQUIL [85], equilibrium calculations were per-

formed for methane/air mixtures at various equivalence ratios ranging from ¢ = 0.5to 1.6
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under the temperature and the pressure conditions of this study. The results are shown in Fig.
3.5.

In Fig. 3.5(a), it is seen that the adiabatic temperature T,4, which can be interpreted as the
approximate burned gas temperature of the corresponding premixed flame, peaks around stoi-
chiometry (¢p = 1.0) and decreases toward leaner (¢ < 1) or richer (¢ > 1) mixtures. As the
rate of combustion is strongly influenced by the reaction temperature, the flame speed also
peaks around stoichiometry and decreases in leaner or richer mixtures, as will be shown later.
Therefore, in stratified flames, it is expected that the heat flux from the burned gas is in-
creased when propagating from stoichiometric to leaner or richer mixtures. Mole fractions of
the major product species, H,0 and CO,, also peak around stoichiometry. However, as they
are relatively stable, they are usually not considered as the driving factors of the back-support
effect. In Fig. 3.5(b), the mole fractions of the residual oxidizer, O, is negligible in the rich
mixtures and increases in lean mixtures with decreasing ¢. Meanwhile, in Fig. 3.5(d), the
mole fractions of the unburned fuel, CH,, is extremely small regardless of ¢, which contra-
dicts the expectation based on the global reaction CH, + 20, — 2H,0 + CO,. The reason for

this trend is because, with detailed kinetics, most of the CH, is decomposed into CO
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Fig. 3.5: Adiabatic temperature T,; and major species mole fractions of equilibrium composi-

tion for methane/air mixtures under different equivalence ratios ¢.
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and H, in rich mixtures. This can be seen in Fig. 3.5(b), where the mole fractions of CO and
H, is negligible in lean mixtures but increases in rich mixtures with increasing ¢. Other im-
portant species are OH radicals and H/O atoms shown in Fig. 3.5(c). In methane and other hy-
drocarbon premixed flames, these highly reactive species diffuse from the burned gas toward

the unburned mixture and drive initial fuel decomposition reactions

CH, + OH - CH; + H,0 (GRI 98)
CH, + H - CH; + H, (GRI 53)
CH, + O > CH; + OH (GRI 11)

and many chain-branching reactions in the reaction zone of the flame [13]. It is seen that they
all peak around stoichiometry, which is similar to the trend of the adiabatic temperature T,,.
As will be shown later, this is one of the reasons that makes elucidation of the cause of the
back-support effect in lean mixtures difficult, as both heat flux and mass flux of reactive spe-
cies from the burned gas is increased when the flame propagates from stoichiometric to lean
mixtures. The above trends will be revisited for interpreting the results discussed in the fol-

lowing sections.

3.4.2 Flame response in a lean mixture

Responses of the flame speed S, s of stratified flames under oscillating equivalence ratio and
the homogeneous flame speed S, ;, at each local mixture equivalence ratio ¢ at the reaction
zone are shown in Fig. 3.6. As the laminar flame speed of methane/air flames peaks around
stoichiometry [13], S, decreases with decreasing ¢r. Under oscillating equivalence ratio,
S. s increases from S, with decreasing ¢y and decreases from S, ;, with increasing ¢g. These
trends are consistent with previous numerical and experimental studies on the back-support
effect of methane/air stratified flames [20,78,104,105,114,115]. With a higher frequency, the
deviation of S ; from S, becomes larger. This is because the spatial gradient of the equiva-
lence ratio variation increases, which leads to a larger gradient of temperature and species
mole fractions on the downstream side of the flame.

It has been considered that when the time scale of the compositional oscillation is suffi-
ciently long as compared to that of the flame time scale, the stratified flame responds in a
quasi-steady manner, meaning that the flame structure and the global flame characteristics
such as the flame speed will be the same as those of the homogeneous flames at each local
equivalence ratio. However, the current results demonstrate that when the amplitude of the
oscillation is sufficiently large, the flame speed deviates from that of homogeneous flames
due to the back-support effect, even under low-frequency oscillations. Therefore, the response

of the flame speed under compositional oscillations should be classified from another
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Fig. 3.6: Response of the flame speed S, ¢ of stratified flames in lean mixtures under 80 Hz
and 10 Hz oscillations and the flame speed S, of homogeneous flames with the same local

equivalence ratio at the reaction zone ¢p.

perspective. When the spatial gradient of mixture composition is sufficiently large, the strati-
fied flame speed S. ¢ deviates from the homogeneous flame speed S, j,, regardless of the time
scale of the oscillation. On the other hand, when the spatial gradient is sufficiently small, the
stratified flame speed S. ; will be the same as the homogeneous flame speed S. . In the ex-
perimental studies of stratified flames propagating under monotonically decreasing equiva-
lence ratio, Kang and Kyritsis [105] named the latter situation as “quasi-homogeneous”. The
current results show that when dealing with the flame response under large compositional os-
cillations, the quasi-homogeneous assumption may not be justified even when the quasi-
steady assumption holds.

To elucidate the mechanism of the back-support effect in lean mixtures, the variation in the
flame structure is investigated. In the following discussion, the moment when S ; 1s increased
from S, under decreasing equivalence ratio is considered, as the flame response is symmet-
ric around the center of the oscillation. Figure 3.7 shows the profiles of heat release rate,
temperature, and species mole fractions of a stratified flame (80 Hz) at ¢p = 0.78 under de-
creasing equivalence ratio along with the profiles of the corresponding homogeneous flame.

In Fig. 3.7(a), it is shown that the heat release rate of the stratified flame is increased, as
expected from the increased flame speed. Moreover, the thermal thickness of the stratified

flame is thinner, as indicated by the steeper temperature gradient in the preheat zone
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Fig. 3.7: Profiles of heat release rate, temperature, and major species mole fractions of the
stratified flame (SF, 80 Hz) in a lean mixture at ¢pp = 0.78 under decreasing local equiva-
lence ratio and those of the homogeneous flame (HF) with the same ¢z. The x-axes are shift-

ed so that the reaction zone is at x — xg = 0 mm for both flames.
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(—=0.5mm < x — xz < 0 mm), which is also a sign of the increased flame speed. On the oth-
er hand, the temperature on the downstream side of the flame (x — xg > 0 mm) is higher for
the stratified flame. This is because the burned gas on the downstream side of the stratified
flame is richer, i.e., closer to stoichiometry, than that of the homogeneous flame, which results
in a higher temperature as explained previously in Fig. 3.5. Therefore, the heat flux from the
burned gas is increased for the stratified flame. Although, the temperature around the reaction
zone (x — xg = 0 mm) is only slightly varied, as also mentioned by Richardson et al. [20].

Figure 3.7(b) shows the profiles of major species mole fractions. Since the flame is propa-
gating in a lean mixture, the excess oxidizer O, exists and the fuel CH, is depleted in the
burned gas. Meanwhile, O, and CH, respectively increases and decreases toward the un-
burned mixture (x — xg > 0 mm), as it is leaner compared to that of the homogeneous flame.
It should be mentioned that the spatial gradient of CH, is slightly increased in the preheat
zone (—0.5 mm < x — xz < 0 mm) of the stratified flame, despite the decreasing trend to-
ward the upstream region of the preheat zone (x — xg < —0.5 mm). This is due to the in-
creased fuel consumption of the stratified flame, which implies that the back-support effect is
not driven by the spatial gradient in the unburned mixture. The influence of species diffusion
on the upstream side of the flame will be further investigated in Chapter 5. Other major spe-
cies such as H,0, CO,, and CO are all increased in the burned gas, as expected from the equi-
librium composition in Fig. 3.5. As these species are more stable compared to others, they are
not expected as the driving factor of the back-support effect.

Mole fractions of the more reactive species, H,, OH, and H, are shown in Fig. 3.7(c). Alt-
hough not shown in the figure, mole fractions of the O atom were similar to that of the OH
radicals. On the downstream side, the mole fractions of these species are increased from those
of the stratified flame, as expected from the equilibrium composition in Fig. 3.5. This results
in increased mole fractions around the reaction zone of the stratified flame due to the in-
creased diffusive flux from the downstream region. In addition to the downstream distribution,
a pool of H, exists on the upstream side of the reaction zone (x — xz < 0 mm). Along with
the H, composition in the burned gas, this H, pool increases with increasing equivalence ratio.
Therefore, it is seen that the H, pool of the stratified flame is larger as compared to that of the
homogeneous flame. This results in an increased H, consumption, which occurs around x —
xg = 0.1 mm.

From the above observations, it is shown that both temperature and the reactive species
mole fraction profiles in the burned gas are increased for the stratified flame under decreasing
equivalence ratio, and it is difficult to conclude which is the dominant factor that drives the
back-support effect. Therefore, the response of stratified flames with modified diffusion coef-

ficients and global kinetics are investigated in the following discussion.

- 45 -



Chapter 3. Fundamental Mechanism of Stratified Flame Propagation

3.4.3 Lean flame response with modified diffusion and kinetics
The roles of species diffusion were investigated by (A) modifying their diffusion coefficients
or (B) using a global reaction model for the calculation of the response of stratified and ho-
mogeneous flames. For approach (A), the Lewis number Le, = a/D, of kth species was
modified. Here, a is the mixture thermal diffusivity and Dy, is the mixture-averaged diffusion
coefficient of kth species. The reactive species such as H,, H, OH, and O usually have Lewis
numbers less than unity, e.g., Ley, = 0.28, Ley = 0.16, Legy = 0.70, and Leg = 0.69 [124],
which means that they diffuse preferentially over heat conduction. Therefore, imposing Le, =
1 for those species would weaken their diffusivity. If the back-support is driven by species
diffusion rather than heat, it is expected to weaken the increase in the stratified flame speed.
Numerical studies on the back-support effect with modified Lej has been conducted recently
on hydrogen/air stratified flames [112,113] and methane/air stratified flames [114], but this is
the first effort to investigate the flame response in lean and rich mixtures separately. This is
important as the composition of burned gas varies asymmetrically around stoichiometry, as
shown in Fig. 3.5, and it has been considered that the cause of the back-support is different in
lean and rich mixtures. In addition, approach (A) includes a case where the diffusivity of H, is
neglected, i.e., Dy, = 0 m?/s, to further clarify differences in the roles of H, and other spe-
cies H, OH, and O.

On the other hand, approach (B) is a more explicit method in that the reaction kinetics used
for calculation does not include H, OH, and O. Instead, it consists of the four-step global reac-
tions by Jones and Lindstedt [117],

CH, + 0.50, - CO + H, (JL 1)
CH, + H,0 - CO + 3H, (JL2)

H, + 0.50, & H,0 (JL 3)
CO + H,0 & CO, + H, (JL 4)

which include only H, and CO as intermediate species. With this kinetics, CH, is primarily
consumed by O, in (JL 1), and H, only plays a role as an intermediate species between CH,
and H, 0. Therefore, the contribution of the diffusion of reactive species from the burned gas
on flame propagation is practically eliminated.

Figure 3.8 shows the response of the flame speed of stratified flames under 80-Hz oscilla-
tion and those of homogeneous flames calculated with approaches (A) and (B). The modified
calculation parameters are shown in Table 3.2. Here, the oscillation amplitude ¢, and the in-
let velocity was adjusted for cases (b-f) so that the variation in the equivalence ratio gradient
at the reaction zone is comparable to case (a). In Fig. 3.8(a), the response of the flame speed

calculated with mixture-averaged diffusion coefficients and detailed kinetics is shown as a
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reference. Figures 3.8(b) and (c) respectively show the response of the flame speed with (b)
Ley, = 1and (c) Leyogo = 1. It is seen that in both cases, the deviation of S, ; from S, is
smaller than the case (a) with mixture-averaged diffusion coefficients, implying that preferen-
tial diffusion of both H, and other reactive species H, OH, and O take part in modifying the
stratified flame speed. In fact, when the Lewis numbers for all reactive species are set to unity
in Fig. 3.8(d), the difference between S. ¢ and S, , becomes negligibly small, i.e., the back-
support effect disappears. Considering that the heat conduction from the burned gas still exists
in case (d), it seems that preferential diffusion of reactive species such as H,, H, OH, and O
play a dominant role in driving the back-support effect. Also, the flame speed is overall small-
er in cases (b) with Ley oo = 1 and (d) with Ley; g oo = 1 by up to 10 cm/s as compared
to the reference case. This shows that the preferential diffusion of H, OH, and O is important
for driving flame propagation even in homogeneous flames [125]. Figure 3.8(e) with Dy, =
0 m? /s shows the flame response with the diffusion of H, eliminated. It is seen that the devia-
tion of S. s from S ;, is on a similar magnitude as that in case (b) Ley, = 1, which implies
that diffusion of H, without preferential diffusion (Ley, = 1) has negligible contribution on
the flame propagation. Therefore, similar to case (b), the back-support effect observed in case
(e) is primarily driven by preferential diffusion of H, OH, and O. Figure 3.8(f) corresponds to
approach (B) with the global kinetics. It is seen that, similar to case (d) with Ley, gopgo = 1,
the deviation of S, ¢ from S, ;, 1s negligibly small. Since only heat conduction from the burned
gas takes place in this case, it also shows that heat conduction alone cannot cause the back-
support effect.

Contrary to the previous conclusions [78,95,104,107] that the back-support effect in a lean
mixture is driven by heat conduction from the higher burned gas temperature, the above re-
sults show that the influence of burned gas temperature on stratified flame propagation is neg-
ligibly small and preferential diffusion of reactive species such as H,, H, OH, and O is the
driving factor of the back-support effect. A similar conclusion was reached by Shi et al. [113]
in a numerical study on hydrogen/air stratified flame propagating from rich to lean mixtures.
They concluded that only fast-diffusing species from the burned gas influences the reaction
rate of the stratified flame as they must diffuse faster than the flame speed to “catch up” the
propagation of the reaction zone. To the best of the author’s knowledge, Richardson et al. [20]
is the only previous report that associated the cause of the back-support in a lean methane/air
mixture to species diffusion rather than heat conduction. However, their report was based only
on the observation of the temperature and species mole fraction profiles of the stratified flame.
As already mentioned, the study in this chapter is the first effort to clarify the influence of
preferential diffusion of reactive species in a lean mixture using modified diffusion coeffi-

cients and global kinetics.
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3.4.4 Flame response in a rich mixture

Response of the flame speed S, ¢ of stratified flames under oscillating equivalence ratio and
the homogeneous flame sped S, , at each local mixture equivalence ratio ¢y at the reaction
zone are shown in Fig. 3.9. It is seen that S, decreases with increasing ¢x. Similar to the
flame response in the lean mixture, S. ¢ increases from S, , with decreasing ¢ and decreases
from S, ,, with increasing ¢g. These trends are consistent with previous numerical studies on
methane/air stratified flames [104,114,115]. As expected, the deviation of S, from S ,, be-
comes larger with increasing oscillation frequency, indicating that the quasi-homogeneous
assumption does not hold for the current case even though the oscillation frequencies are suf-
ficiently small. Compared to the flame response in a lean mixture, it is seen that the deviation
of S, s from S j, is larger. Moreover, at the richest and the leanest turning points, S, ¢ does not
equal S; , even though the spatial gradient of the equivalence ratio is expected to be zero at
those points. This is due to the “memory effect” of the back-supporting phenomenon
[107,111,114], which is a hysteresis of the back-support effect under transient variation in the
equivalence ratio at the reaction zone ¢p. This effect is observed because the burned gas
composition is not homogeneous yet at the moment when the equivalence ratio gradient be-

comes zEro.
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Fig. 3.9: Response of the flame speed S, s of stratified flames in lean mixtures under 80 Hz
and 10 Hz oscillations and the flame speed S, of homogeneous flames with the same local

equivalence ratio at the reaction zone ¢p.
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To elucidate the mechanism of the back-support effect in rich mixtures, the variation in the
flame structure is investigated. In the following discussion, again, the moment when S ; is
increased from S, under decreasing equivalence ratio is considered, considering the sym-
metry of the flame response. Figure 3.10 shows the profiles of heat release rate, temperature,
and species mole fractions of a stratified flame (80 Hz) at ¢ = 1.14 under decreasing equiv-
alence ratio along with the profiles of the corresponding homogeneous flame.

In Fig. 3.10(a), similar to the profiles seen in Fig. 3.7, it is shown that the heat release rate
is increased and the thermal thickness is thinner, which are signs of the increased flame speed.
Meanwhile, contrarily to the profile in the lean mixture, the temperature on the downstream
side of the stratified flame is mostly the same as that of the homogeneous flame until around
x — xg = 1.0 mm, where the downstream temperature gradually becomes lower than the ho-
mogeneous case. This is because the burned gas on the downstream side of the stratified
flame is richer, i.e., further from stoichiometry than that of the homogeneous flame, which
results in a lower temperature as explained previously in Fig. 3.5. It seems that the tempera-
ture of stratified flames is slightly increased just downstream of their reaction zones (0 mm <
x —xg < 1.0mm) due to the larger heat release rate, compensating the decrease in the
burned gas temperature. From these observations, it is shown that heat conduction from the
burned gas is not the cause of the back-support effect in a rich mixture.

Figure 3.10(b) shows the mole fractions of major species. Since the flame is propagating
in a rich mixture, the oxidizer O, is depleted in the burned gas. In addition, the fuel CH, is
also depleted because of the reasons explained in Fig. 3.5. Meanwhile, O, and CH, respec-
tively increases and decreases toward the unburned mixture (x — xg > 0 mm), as it is leaner
compared to that of the homogeneous flame. Other major species such as H,0 and CO are in-
creased in the burned gas, while CO, is decreased in the burned gas, as expected from the
equilibrium composition in Fig. 3.5.

Mole fractions of the more reactive species, H,, OH, and H, are shown in Fig. 3.10(c). Alt-
hough not shown in the figure, mole fractions of the O atom were similar to that of the OH
radicals. Similar to the lean mixture, H, is increased in the burned gas of the stratified flame,
resulting in an increase in the H, mole fraction around the reaction zone due to increased
back-diffusion. This is expected from the equilibrium composition in Fig. 3.5. Meanwhile,
based on the equilibrium composition shown in Fig. 3.5, mole fractions of OH and H should
be decreased in the burned gas, which is richer than that of the homogeneous flame. Neverthe-
less, they are both increased around the reaction zone. For the H mole fraction, it is still larger
than the homogeneous case further downstream of the reaction zone, while for the OH mole
fraction, it becomes smaller than the homogeneous case for x — xz > 0.7 mm. The increase
in the mole fractions of OH and H around the reaction zone is because of the increased H,

mole fraction enhances the following major chain-branching cycle [78]:
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Fig. 3.10: Profiles of heat release rate, temperature, and major species mole fractions of the
stratified flame (80 Hz) in a rich mixture at ¢ = 1.14 under decreasing local equivalence
ratio and those of the homogeneous flame with the same ¢. The x-axes are shifted so that

the reaction zone is at x — xg = 0 mm for both flames.
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H+0, -0+ 0H (GRI 38)
0+H, > H+OH (GRI 3)
OH + H, » H 4 H,0 (GRI 84)

The above observations show that the back-support in a rich mixture is primarily driven by
species diffusion from the burned gas and not by heat conduction. However, unlike in lean
mixtures, the mole fractions of H, and other reactive species such as OH, H, and O do not re-
spond in the same manner, as H, increases monotonically with increasing mixture equiva-
lence ratio and others peak out around stoichiometry. Such trends require the roles of species
diffusion to be investigated separately for H, and other species. Therefore, in the same man-
ner as in Fig. 3.8, the response of stratified flames with modified diffusion coefficients and

global kinetics are investigated in the following discussion.

3.4.5 Rich flame response with modified diffusion and Kinetics
Figure 3.11 shows the response of the flame speed of stratified flames under 80-Hz oscilla-
tion and those of homogeneous flames calculated with approaches (A) modified diffusion co-
efficients and (B) global kinetics. The modified calculation parameters are shown in Table 3.2.
In the same manner as the lean case, the oscillation amplitude ¢, and the inlet velocity was
adjusted for cases (b-f) so that the variation in the equivalence ratio gradient at the reaction
zone is comparable to case (a). In addition, the center of oscillation ¢, for case (f) with the
detailed kinetics was shifted to ¢,,, = 1.35 to keep the flame away from the nozzle, as the
global kinetics results in higher flame speeds than others in rich mixtures. In Fig. 3.11(a), the
response of the flame speed calculated with mixture-averaged diffusion coefficients and de-
tailed kinetics is shown as a reference. Figure 3.11(b) and (c) respectively show the response
of the flame speed with (b) Ley, = 1 and (c) Ley ogo = 1. It is seen that in both cases, the
deviation of S ; from S, j, is attenuated from case (a). Meanwhile, case (c) results in a larger
deviation than case (b), which implies that the influence of preferential diffusion on the back-
support is larger for H, than for H, OH, and O. This is in contrast to the lean case, where the
magnitude of deviation was similar for cases (b) and (c). When the Lewis numbers for all re-
active species are set to unity in Fig. 3.11(d), the difference between S. ¢ and S, , becomes
insignificantly small, showing that the preferential diffusion of reactive species H,, H, OH,
and O play primary roles in modifying the stratified flame speed.

Figure 3.11(e) with Dy, = 0 m?/s shows the flame response with the diffusion of H,
eliminated, where a distinctly different flame response is observed. In this case, the limit cycle
of S ¢ results in a clockwise direction, in contrast to the counterclockwise direction in other

cases. This means that the back-supporting phenomenon takes place in opposite ways. To
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Fig. 3.11: Solid lines: Responses of the flame speed S, ; of stratified flames (80 Hz) in a rich

mixture with (a) mixture-averaged diffusion coefficients; (b-e) modified diffusion coeffi-

cients: (b) Ley, =1, (¢) Leyono =1, (d) Legayono = 1, and (€) Dy, = 0 m?/s; and (f)

global kinetics. Symbols: The flame speed S, ;, of homogeneous flames with the same local

equivalence ratio at the reaction zone ¢p.
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elucidate the mechanism behind this behavior, Fig. 3.12 shows the profiles of heat release rate,
temperature, and H,, H, and OH mole fractions of a stratified flame in case (e) at ¢ = 1.34
under decreasing equivalence ratio along with the profiles of the corresponding homogeneous
flame. Although not shown, the mole fractions of the O atom were similar to that of the OH
radicals. The lower heat release rate and the broadened thermal thickness in Fig. 3.12(a) indi-
cate that the flame speed is decreased for the stratified flame.

Meanwhile, the temperature profile downstream of the reaction zone is only slightly de-
creased from that of the homogeneous flame, implying that a decrease in the heat flux from
the burned gas is not the cause of the decrease in the heat release rate. The mole fractions in
Fig. 3.12(b) show interesting trends in contrast to those in Fig. 3.10(c). Following the

3000 . . , , | 2500
(a) #p = 1.34 (decreasing)
@' D, =0m%s
« ! .agss=s=s=aaa= }.12 ........ 2000
g
2 —
= 2000 F Temperature 2
g 11500 o
o 2
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[a5] . 5
3 : 11000 &
= 1000 ¢ Heat release S
<
[P
= 1500

Mole fractions x10°

X - xp [mm]

Fig. 3.12: Profiles of heat release rate, temperature, and H,, H, and OH mole fractions of the
stratified flame (80 Hz) with Dy, = 0 m?/s in a rich mixture at ¢ = 1.34 under decreasing
local equivalence ratio and those of the homogeneous flame with the same ¢ . The x-axes are

shifted so that the reaction zone is at x — xz = 0 mm for both flames.
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equilibrium composition in Fig. 3.5, H, is increased and H/OH are decreased in the burned
gas. However, while increased H, diffusion in Fig. 3.10(c) resulted in an increase in the H and
OH mole fractions around the reaction zone through the chain-branching cycle (GRI 38, 3, 84),
such production of H and OH radicals are not observed in Fig. 3.12(b). This is because, as
Dy, = 0 m?/s in the current case, the increased H, in the burned gas cannot diffuse into the
reaction zone and enhance the chain-branching cycle. Consequently, the decreased H and OH
radicals in the burned gas directly decrease their mole fractions around the reaction zone, sup-
pressing fuel consumption reactions and resulting in a lower heat release rate. From the ob-
servations in cases (b) and (e), it can be said that the diffusion of H, is crucial for causing the
back-support effect, and its influence is enhanced by preferential diffusion. This conclusion
conforms to the report by Shi and Chen [114], who had conducted a numerical study on a one-
dimensional flame propagating in a rich-to-lean stratified mixture. Therefore, it can be said
that the stratified flame propagation in a rich-to-lean mixture is governed by the back-
supporting mechanism in rich mixtures, since the abundant H, in the rich burned gas is car-
ried into the lean mixture as the flame propagates. Lastly, Fig. 3.11(f) shows the flame re-
sponse with the global kinetics, in which the reactive species H, OH, and O are not included. It
is seen that the deviation of S. s from S ;, is negligibly small, which again shows that the
temperature variation in the burned gas alone is not sufficient to modify the stratified flame

speed.

3.5 Summary

A numerical study on methane/air counterflow premixed flames under compositional oscilla-
tions is conducted. The flame response to low-frequency oscillations, where the oscillation
timescale 1s longer than the flame timescale, 1s investigated under large equivalence ratio am-
plitudes. In addition, the analyses are conducted for lean and rich mixtures respectively to
clarify differences in the stratified flame response and its mechanism. The response of the
flame speed and the profiles of temperature and species mole fraction of the flame under
compositional oscillation (stratified flame) is contrasted with those of steady premixed flames
propagating in homogeneous mixtures (homogeneous flames) whose equivalence ratio corre-
sponds to the local equivalence ratio at the reaction zone of the stratified flame. In addition,
the response of flames with modified diffusion coefficients or with global kinetics was inves-
tigated to clarify the roles of species diffusion in stratified flames. The following specific con-

clusions have been reached from the observations and analysis:

* The stratified flame speed S, ¢ deviates increasingly from the corresponding homogene-

ous flame speed S, with increasing oscillation frequency due to the so-called “back-
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support” effect. In both lean and rich mixtures, S. ¢ > S, ;, under decreasing equivalence
ratio and S, < S. , under increasing equivalence ratio. It is shown that even when the
oscillation frequency is sufficiently low that the flame is expected to respond in a quasi-
steady manner, a sufficiently large variation in the equivalence ratio gradient may cause
the stratified flame to behave differently from the corresponding homogeneous flames.
Therefore, in addition to the oscillation timescale, the flame response under composi-
tional oscillation should be considered in terms of amplitudes of variations in the equiv-

alence ratio gradient.

When S s > S, j, in lean mixtures, both temperature and mole fractions of major reac-
tive species H,, H, OH, and O in the burned gas are increased. In the responses of strati-
fied flames with modified diffusion coefficients for the reactive species, the back-
support effect is not observed. This shows that the preferential diffusion of the reactive
species is the driving factor of the effect. Contrary to the previous reports, it is shown
that variations in the burned gas temperature of stratified flames do not contribute to the
increase or decrease in the stratified flame speed. This is also confirmed by the absence

of the back-support effect in the response of the stratified flame with global kinetics.

When S ¢ > S, j, in rich mixtures, the temperature and the mole fractions of H, OH, and
O in the burned gas are decreased, while the mole fraction of H, in the burned gas is in-
creased. The responses of the stratified flames with modified diffusion coefficients indi-
cate that the abundance of H, in the burned gas leads to increased diffusion of H, into
the reaction zone. It is also shown that the above mechanism is enhanced by the prefer-
ential diffusion of H,. This enhances the chain-branching cycle and increases radical
production, which overrides the decrease in the diffusive flux of radical species from the

burned gas.
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Chapter 4
Strained Flame Propagation in Stratified

Mixtures

In this chapter, the influence of flow strain rates on flame propagation in rich-to-lean stratified
mixtures is numerically investigated. Especially, the stratified flames supported by their own
combustion products, or the self-back-supported flames, are studied. First, different modes of
the back-support effect on stratified flames are explained and a gap in previous literature is
discussed. Then the numerical setup and a novel method to characterize stratified flame prop-
agation in a strained flow are introduced. Lastly, the calculation results are presented and dis-

cussed.

4.1 Introduction

It was seen in Chapter 3 that when a flame propagates into gradually richer or leaner mixtures,
the flame speed is modified from the corresponding flame speed in homogeneous mixtures at
each local equivalence ratio. This phenomenon has been called the back-support effect, as it is
caused by variations in the diffusive flux from the burned gas into the reaction zone. In Chap-
ter 3, it was shown that the preferential diffusion of reactive species from the burned gas was
the dominant factor in driving the back-supporting phenomenon.

Laminar flame propagation in stratified mixtures has been conventionally studied in two
major configurations: an unsteady one-dimensional flame propagating into a quiescent strati-
fied mixture [19,97,104,105,112,113,119,126], and a steady counterflow flame in a reactant-
to-product (RTP) configuration [20,78,95,121,127] in which the product stream is richer or
leaner than the reactant stream. The former represents a flame propagating into richer or lean-
er mixtures and being influenced by its own burned gas (Fig. 4.1(a)), while the latter repre-
sents a part of a flame influenced by entrained burned gas from richer or leaner neighbors
(Fig. 4.1(b)). In this study, these two situations are distinguished as self-back-support and
forced-back-support, respectively. In practical situations, the former is relevant to stratified

charge combustion in IC engines [43,128,129] and partially-premixed gas-turbine model
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combustors [130,131], where the flame propagates into compositionally inhomogeneous mix-
tures. Meanwhile, the latter is relevant to piloted burners [59], swirl burners [132,133],
trapped vortex combustors [134,135], and radially stratified burners [54,136], where a recircu-
lation zone is created in the flow to entrain downstream hot burned gas toward the unburned
mixture to support the flames. In highly turbulent reacting flows, these two situations are ex-

pected to co-exist.

Unburned
[

N

[

(a) Self-back-support

-

N

/_\\

(b) Forced-back-support

Fig. 4.1: Schematic representation of (a) self-back-supported and (b) forced-back-supported
flames. The background color represents variations in the local equivalence ratio.

In the forced-back-support case, the flame inevitably propagates under a flow strain since a
stagnation plane is formed. Therefore, several previous studies investigated the effect of flow
strain on laminar stratified flames using the RTP configuration. Coriton et al. [121] numerical-
ly studied the influence of the product stream equivalence ratio on flame extinction with in-
creasing strain rate. They reported that the extinction behavior depends on the stoichiometry
of the product stream. Later, they extended the results by a series of experimental studies on
turbulent RTP counterflow flames [137—139]. Richardson et al. [20] conducted a numerical
simulation of lean RTP stratified flames under a transient variation in the strain rate, which
emulates a collision of a turbulent vortex on the flame. They found that the increased flow
strain pushes the reaction zone onto the product stream, which strengthens the back-support
effect. Zhou and Hochgreb [78] numerically studied the back-support effect in an RTP con-

figuration under three different strain rates, which led to a similar conclusion as Richardson et

- 58 -



Chapter 4. Strained Flame Propagation in Stratified Mixtures

al.

Meanwhile, to the best of the author’s knowledge, there are no studies that investigated the
effect of flow strain on self-back-supported flames. It should be noted that the above conclu-
sions on strained forced-back-supported flames cannot be generalized to strained self-back-
supported flames because, for the self-back-supported flame, the flame is always free-
standing, i.e., the flame is always detached from the stagnation plane. Therefore, the idea of
the strained flame being “pushed onto the product stream” cannot be applied directly to the
self-back-supported flames. In practical situations, the turbulent flame constantly experiences
flow strain due to interactions with turbulent vortices. Therefore, it is beneficial to investigate
the characteristics of strained flame propagation in self-back-supported situations.

To address the above gap in the literature, we investigate the propagation of a strained self-
back-supported flame under different flow strain rates. For this purpose, a reactant-to-reactant
(RTR) configuration was used for the calculation of strained stratified flames. By imposing
transient equivalence ratio variations at the nozzle, the flame was supported by its own com-
bustion products similarly to the conventional studies on self-back-supported flames using a
one-dimensional setup. A novel method was devised to characterize transient flame propaga-

tion under varying local equivalence ratios and the local strain rate.

4.2 Numerical setup

Numerical simulations of unsteady premixed flames propagating in a rich-to-lean stratified
mixture (stratified flames) and steady premixed flames propagating in homogeneous mixtures
(homogeneous flames) were conducted using OPUS. For the reasons explained in Section 4.3,
the stratified flames were calculated in a reactant-to-reactant (RTR) configuration, while the
homogeneous flames were calculated in a reactant-to-product (RTP) configuration, as shown
in Fig. 4.2. For all cases, a uniform grid of 10 um was applied. In the same manner as in
Chapter 3, a mixture of methane and air (mole fraction: 21% O, and 79% N,) was supplied
from the reactant nozzle at 300 K and 0.1013 MPa. GRI Mech 3.0 [116] was used as a de-
tailed methane/air chemical kinetic model.

For the RTR configuration in Fig. 4.2, the calculation domain is only one side of the stag-
nating flow [x;,, 0 mm], considering symmetry. The distance between the nozzle and the
stagnation plane was set to 10 mm. At the nozzle, the equivalence ratio ¢;,,(t) was decreased
linearly from ¢; = 1.2 to ¢p, = 0.6 over the duration of the stratification time g, defined
based on the tangent lines shown in Fig. 4.3. To avoid numerical difficulty, the beginning and
the end of the linear variation are smoothed by sinusoidal curves whose amplitudes are 0.1A¢.
The low strain and the high strain cases, with the initial local strain rate ap of 150 s™! and

450 s71, respectively, were analyzed. The definition of ag will be given in Section 4.3. The
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Fig. 4.2: Schematic representation of counterflow premixed flames in the reactant-to-reactant

(RTR) configuration (left) and in in the reactant-to-product (RTP) configuration (right).

nozzle velocities were set at 50 cm/s and 147 cm/s for the former and the latter cases. The
range of the strain rate and the equivalence ratio variation were determined so that the strati-
fied flames are sufficiently detached from the stagnation plane during their propagation. The
stratification time 7, in Fig. 4.3 was determined for each case so that the resulting peak values
of the equivalence ratio gradient in the unburned mixture at the upstream edge of the flame
zone, (d¢/0x)p, was approximately 0.6 mm™? for both the high strain and the low strain
cases, as shown in Fig. 4.4. This corresponds to a non-dimensional stratification thickness of
0s/6r = 2.1 at ¢ = 0.9, where 5 is the stratification thickness &5 = A¢p/(dp/dx)p max
[18,114] and & is the thermal flame thickness 87 = AT /(dT /dx)max- The current value of
&5/ 1s comparable to previous numerical studies on laminar stratified flames [18,112,114].
The definition of (d¢/dx)p will be given in Section 4.3.

For the RTP configuration in Fig. 4.2, the calculation domain is the entire opposing react-
ing flow, [x;,, 0 mm]. The distance between the opposing nozzles was set to 30 mm. An un-
burned methane/air mixture was supplied from the nozzle at x = —15 mm, while hot adia-
batic combustion products of the corresponding reactant mixture was supplied from the oppo-

site nozzle at x = 0 mm. The composition and the temperature of the combustion products

¢in(t)
b1
0'1A¢,,,7,,, \
A
o, |1 0180 |
Ts
0 t

Fig. 4.3: Time variation of the inlet equivalence ratio ¢;,(t) for the analysis of stratified
flames, where (¢, ¢,) = (1.2,0.8). The stratification time 74 is modified to adjust the magni-

tude of the equivalence ratio gradient.
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Fig. 4.4: Time variation of local equivalence ratio at the upstream edge of the preheat zone ¢p

(first low) and its spatial gradient (d¢p/dx)p (second low) for the high and low strain flames.

were obtained from equilibrium calculations using EQUIL [85]. As will be explained in Sec-
tion 3.4, the equivalence ratio ¢;, and the inlet velocity u;, ,- of the reactant stream were var-
ied to generate a library of homogeneous flames. Specifically, ¢;,, was varied from 0.65 to
1.20, while u;;, , was varied from 30 cm/s to 350 cm/s depending on the equivalence ratio.
Meanwhile, the inlet velocity of the product stream u;,, ,, at x = 0 mm was determined in the
following manner so that the flame is stabilized sufficiently far from both nozzles. First, as-

suming an RTR configuration, the global strain rate a; was calculated as follows:

4. = uin,r
¢ =
_xin/2

4.1)

Then, to reproduce the above global strain rate in the RTP configuration, u;,, , was determined

using the following expression derived for the global strain rate in the RTP configuration [23]:

Uin r ( Uin,p/ pp)
1+
uin,r\/ pr

where p, and p,, are the density of the reactant and the product streams, respectively. With the

a; = 4.2)

—Xin

above procedure, the flame will be stabilized approximately at the location where it will be

stabilized in a corresponding RTR configuration.
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4.3 Method of flame characterization
4.3.1 Definitions

The flame speed S, was calculated in the same manner as in Eq. (3.5) of Chapter 3:
1
puYf,u

where p,, is the unburned gas density; Yz, is the fuel mass fraction in the unburned gas; Wy

Se

x=0 mm

Xin

and wy are respectively molecular weight and molar reaction rate of the fuel.

Meanwhile, two characteristic locations in the flame were defined. First, the reaction zone
location x; was defined as the location of peak heat release rate. In addition, the location of
the upstream edge of the preheat zone xp was defined as the location at which the temperature
rises to 300.1 K. xp represents the location of a portion of the unburned mixture that is about
to enter the flame zone. The example locations of xz and xp are marked in Fig. 4.5.

The local equivalence ratio ¢ was defined as the element-based equivalence ratio, as ex-
plained in Chapter 3. Moreover, as the magnitude of the back-support depends on the spatial
gradient of the equivalence ratio, a local equivalence ratio gradient was evaluated at the char-
acteristic locations defined above. As mentioned in Chapter 3, the local equivalence ratio fluc-
tuates around the reaction zone even for homogeneous flames, as also shown in Fig. 4.5.
Therefore, the local spatial derivative of the equivalence ratio profile does not appropriately
represent the equivalence ratio gradient experienced by the entire flame. Instead, the equiva-
lence ratio gradient was defined as the time derivative of ¢ divided by the displacement speed
S at the characteristic location x; in the flame:

(g—f)i = —%(g—‘f)i, i=RorP (4.4)

where (0¢/0t); is the time derivative of ¢ at x; (i = R) or xp (i = P). In the above, Sy is

calculated as follows:
Sqi=u——=, i=RorP (4.5)

where u; is the axial velocity at xg (i = R) or xp (i = P). The displacement speed S, ; repre-
sents propagation velocity of the characteristic location relative to the axial flow, thus it can
be understood as a kind of flame speed. Therefore, as S, ; is always positive, a negative time
derivative corresponds to a positive spatial gradient. In the current configuration, the flame is
propagating toward a negative direction on the x-axis. Thus, the positive spatial gradient cor-
responds to flame propagation into a leaner mixture under rich-to-lean stratification.

Lastly, in the current counterflow model, the strain rate continuously increases toward the

stagnation plane, as shown in Fig. 4.5. Therefore, the local strain rate ay at the reaction zone
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Fig. 4.5: Profiles of heat release rate, temperature, local equivalence ratio, axial velocity, and
local strain rate of a counterflow premixed flame in a stoichiometric methane/air mixture. The
dotted vertical lines represent the locations of the upstream edge of the preheat zone xp and
the location of the reaction zone xz. The x-axes are shifted to so that the reaction zone is at

x — xg = 0 mm for all cases

4.3.2 Evaluation of the stratified flame speed in a strained flow

In this analysis, the temperature and the pressure of the unburned mixture are kept constant,
which means that the homogeneous flame speed S j 1s a function of the local equivalence
ratio ¢ and the local strain rate ag. Therefore, to evaluate the effect of mixture stratification
of stratified flames, the stratified flame speed S (¢R (v), aR(t)) and the homogeneous flame
speed S, s(¢r, ag) need to be compared under the same values of ¢ and ap. Note that in
Chapter 3, the difference in ay of the stratified and the homogeneous cases were ignored.
However, as the purpose of this study is to investigate the influence of different ag, both ¢,

and agi need to be considered. As discussed in Section 4.1, the stratified flames were analyzed
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in the RTR configuration since it is suitable for analyzing the stratified flames supported by
their own combustion products.

In the high strain case, the flame locates closer to the stagnation plane. In the RTR configu-
ration, when the flame is too close to the stagnation plane such that the downstream profiles
of the twin flames begin to interfere with each other, the flame cannot be considered free-
standing anymore. This is especially a concern for flames with low flame speeds. In Fig. 4.6,
the distance of the reaction zone xi from the stagnation plane for the stratified and the homo-
geneous flames are shown. For the homogeneous flames, it is seen that with decreasing
equivalence ratio, the flame speed decreases, and the flame is closer to the stagnation plane.
For ¢ < 0.7, the distance becomes less than 2 mm, which is on the order of the flame thick-
ness. On the other hand, for the stratified flame, the distance of more than 2 mm is retained
until around ¢ = 0.65, which means that the flame is free-standing for most of its propaga-
tion in the stratified mixture. This is because a finite time is required for the flame to relocate
itself based on the balance between its flame speed and the local flow velocity. As the varia-
tion in the mixture equivalence ratio occurs much faster than the timescale of the flame relo-
cation, the flame retains its initial location despite the decreasing flame speed.

As a remedy for evaluating the effect of mixture stratification on strained stratified flames
under a high strain rate, the stratified and the homogeneous flames were calculated and com-
pared as follows: For the stratified flames, the RTR configuration with transient equivalence

ratio variation at the nozzle ¢, (t) is used because it is necessary for analyzing the stratified
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Equivalence ratio at the reaction zone ¢,

o

Fig. 4.6: Distance between the reaction zone location xz and the stagnation plane for the high
strain stratified flame and the corresponding homogeneous flames at each local equivalence

ratio ¢p.
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flames supported by their own combustion products. In addition, the flame is expected to lo-
cate far enough from the stagnation plane, as the initial location is retained for most of its
propagation in the stratified mixture. On the other hand, for the homogeneous flames used as
references, the RTP configuration is used as it is reported to better represent the steady flame
response under high strain rates [70]. This is because, with the RTP configuration, the flame
structure is not disturbed even when the flame is pushed onto the stagnation plane, as the
combustion products are supplied from the downstream side. It was confirmed that the re-
sponse of S, to the strain rate was identical in the RTR and the RTP configurations as long as
the flame was sufficiently detached from the stagnation plane.

To obtain reference homogeneous flames that have the same values of ¢z and ay as the
stratified flame, a library of homogeneous flames with different values of ¢z and ap was gen-
erated by varying the inlet equivalence ratio ¢;, and velocity for the calculation of homoge-
neous flames in the RTP configuration. The symbols in Fig. 4.7 represent the combinations of
¢r and ay in the homogeneous flame library; the number of symbols was reduced for better
visualization. Meanwhile, the solid lines represent the transient variation in ¢z and ag of the
stratified flame. Using this figure, the homogeneous flames which have the closest values of
¢r and ay, to the stratified flame were chosen as the reference homogeneous flames. The rela-

tive error in ¢p and ap between the stratified and the corresponding homogeneous flames

were less than 1%.
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4.4 Results and discussions
4.4.1 Response of the flame speed

Response of the flame speed S, ¢ of stratified flames under high and low flow strain and the
corresponding homogeneous flame speed S j, at each local equivalence ratio ¢ are shown in
Fig. 4.8(a). It is seen that, with decreasing equivalence ratio, the homogeneous flame speeds
S¢ n first increases and peaks out at around stoichiometry. In addition, S j, of the high strain
case is lower than S. ;, of the low strain case. This is due to the larger stretch effect induced by
the higher flow strain rate. It is known that for methane/air counterflow flames, an increasing
stretch rate always reduces S, [123]. In addition, the sensitivity of variation in S, to the
stretch rate is larger for richer mixtures [123], as also observed in the slightly larger difference
between S, ,, of high strain and low strain cases in richer mixtures in Fig. 4.8(a). Meanwhile,
Sc s 1s larger than S, , for both low strain and high strain cases. The result is consistent with

that discussed in Chapter 3 and previous studies [78,104,114,115]. Moreover, for ¢pg < 0.95,
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Fig. 4.8: Response of the flame speed S, s of the stratified flames, the flame speed S, ;, of ho-
mogeneous flames with the same ¢y, and the relative increase in S; ¢ as compared to S, j, for

the high strain and the low strain cases.
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S¢ s of the high and the low strain cases are the same. This means that the increase of S, s from
S¢ n 1s larger for the high strain case.

Figure 4.8(b) shows a relative increase of S; ; from S, for the high and the low strain
cases at each ¢p. It is seen that the maximum relative increase peaks around ¢ = 0.80, even
though the maximum equivalence ratio gradient is at around ¢ = 0.90 as seen in Fig. 4.4.
This is due to the memory effect of the back-supporting phenomena [114], in which the re-
sponse of the variation in S 5 is delayed from the variation in the equivalence ratio gradient. A
clear example of this effect was observed in the rich stratified flame speed response in Chap-
ter 3, Section 3.4. The maximum relative increase in S, ¢ for the high strain and the low strain
cases are 14% and 9%, respectively. Therefore, the magnitude of the back-support effect is
larger for the high strain stratified flame, even though the equivalence ratio gradient in the
unburned mixture is the same for both cases. In the following discussion, the chemical, ther-
mal, and hydrodynamic structures of both flames are investigated to elucidate the difference

in the flame speed response.

4.4.2 Flame structures

Profiles of axial velocity, local strain rate, heat release rate, temperature, local equivalence
ratio, and H, mole fraction of the high strain and the low strain stratified flames at ¢ = 0.92
along with those of the corresponding homogeneous flames are shown in Fig. 4.9. In Fig.
4.9(a), for all cases, the axial velocities decrease toward the reaction zone (x — xg = 0 mm)
due to the stagnating flow. In the preheat zone (—0.5 mm < x — xz < 0 mm), they increase
rapidly due to thermal expansion. In the burned gas (x — xz > 0 mm), they decrease again
toward the stagnation plane. For the high strain cases (red lines), it is seen that the velocity
gradients and the local strain rate profiles are larger than the low strain cases (blue lines). For
the stratified flames (solid lines), the downstream velocity gradient and the local strain rate
profiles are larger than those of the homogeneous flames (broken lines). This is due to the in-
creased S; 5. In Fig. 4.9(b) and (c), the heat release rate, temperature, local equivalence ratio
and H, mole fraction profiles of the homogeneous flame are minimally affected by the differ-
ence in the flow strain. This is because variations in the homogeneous flame structure due to
the stretch effect are very small under the moderate strain rate imposed in this study [140].
Meanwhile, in Fig. 4.9(b), the heat release rate profiles of the stratified flames (solid lines) are
noticeably larger than those of the homogeneous flames (broken lines), as expected from the
increased S. . On the other hand, the temperature profiles of the stratified flames are only
slightly larger than those of the homogeneous flames. This is because, as the downstream side
of the stratified flames is close to stoichiometry, variations in the burned gas temperature are

small. Contrarily, in Fig. 4.9(c) the H, mole fractions in the burned gas are larger for the
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stratified flames. In addition, the increase in the H, mole fraction is larger for the high strain
stratified flame (red solid line) than for the low strain stratified flame (blue solid line). Con-
sidering the fundamental mechanism of the back-support effect investigated in Chapter 3, the
increased diffusive flux of H, from the burned gas into the reaction zone is the cause of the
larger increase in S s of the high strain case in Fig. 4.8.

The local equivalence ratio profiles of the stratified flames in Fig. 4.9(c) indicate that the
larger equivalence ratio gradient on the downstream side of the reaction zone resulted in a
richer burned gas for the high strain stratified flames, which led to the larger mole fraction of
H, in the burned gas. This means that the equivalence ratio gradient (d¢/0x)y at the reaction
zone xg is larger for the high strain case. Meanwhile, the equivalence ratio gradient (9¢/
dx)p at the upstream edge of the preheat zone xp was adjusted to be the same for both the
high strain and the low strain cases. The difference in (d¢/0x)p and (d¢/dx)y for the high
strain and the low strain cases are shown in Fig. 4.10. First, it is observed that the magnitude
of (0¢p/0x)g is attenuated to around one third of (d¢/dx)p for both high strain and low
strain cases. This is due to the rapid thermal expansion in the preheat zone, as seen in Fig.
4.9(a). In addition, as the temperature profiles of the high strain and the low strain stratified
flames were identical in Fig. 4.9(a), the extent of the attenuation of (d¢p/0dx)g from (d¢p/
0x)p should be the same for both cases. However, as expected from the observation of the

local equivalence ratio profiles in the burned gas, (d¢/dx)y for the high strain case is larger
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Fig. 4.10: Equivalence ratio gradients at the upstream edge of the preheat zone (0¢p/0x)p
(solid lines) and at the reaction zone (d¢p/0x)y (broken lines) at the respective local equiva-

lence ratio ¢p and ¢ for the high strain and the low strain flames.
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than that for the low strain case. This trend can be explained by the larger axial velocity gradi-
ent for the high strain case, as seen in Fig. 4.9(a). Because of the higher strain rate, the axial
velocity decreases more rapidly toward the downstream side, which decelerates the thermal
expansion of the flow. Consequently, the attenuation of the local equivalence ratio gradient is
mitigated in high strain stratified flames.

From the above results, it can be said that (0¢p/dx)g is a more appropriate parameter to
characterize the effect of stratification on the chemical process in the reaction zone than
(0¢/0x)p. Meanwhile, it should be noted that in general, (0¢p/0x)y alone is not sufficient to
predict the magnitude of the back-support effect due to the memory effect; the response of the
back-support to variation in (d¢p/dx)g will be affected by its history. However, the important
implication here is that, while it is common to characterize the equivalence ratio gradient of
an unburned mixture in a one-dimensional manner [18,104,105,114], it would be insufficient
to estimate the actual equivalence ratio on the downstream side of the flame in a strained flow.
For instance, in experiments in multi-dimensional flow [111] and engine-relevant apparatus
[43], evaluation and control of mixture stratification may need to consider the influence of

flow non-uniformity.

4.5 Summary

A numerical study of methane/air counterflow premixed flames under rich-to-lean mixture
stratification is conducted. To investigate the effect of flow strain on the back-support effect
of stratified flames, high strain (450 s~ 1) and low strain (150 s™1) cases are considered. A
new method is devised to characterize the flame speed of unsteady strained flame propagating
under a gradually decreasing mixture equivalence ratio. Unlike previous studies on strained
flames supported by combustion products supplied from other flames, this method can study
strained flames supported by their own combustion products. The results show that a higher
strain rate decelerates the attenuation of the equivalence ratio gradient in the flame zone,
which enhances the influence of the back-support effect on stratified flames. It is suggested
that evaluation and control of mixture stratification in practical applications may need to con-

sider the influence of flow non-uniformity.
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Stratified Combustion of Alternative Fuels
— Hydrogen-blended Methane

In this chapter, stratified flame propagation in a hydrogen-blended methane/air mixture is
numerically investigated. First, the significance of the presence of hydrogen on the upstream
side of the stratified flame and its practical relevance is discussed. Then, modifications on the
numerical setup from Chapter 4 and extensions of the definitions of the flame speed and the
local equivalence ratio are explained. Lastly, the calculation results are presented, and their

implications are discussed.

5.1 Introduction

It was shown in Chapter 3 that when a methane/air flame propagates under a gradually de-
creasing equivalence ratio, diffusion of H, from the richer burned gas on the downstream side
increases because H, mole fraction is higher for the products of richer mixtures. In particular,
preferential diffusion of H,, i.e., H, diffusing faster than heat conduction, was found to be a
crucial factor in the above so-called “back-support™ effect. Meanwhile, when the flame prop-
agates under decreasing equivalence ratio, the mole fraction of CH, in the unburned mixture
gradually decreases toward the upstream side, as shown in Fig. 5.1(a), because the mixture
becomes leaner. The mole fraction gradient could cause CH, in the unburned mixture to dif-
fuse away from the preheat zone and suppress its consumption in the reaction zone, as shown
by the arrow on the upstream side in Fig. 5.1(a). However, as seen in Chapter 3, Section 3.4,
CH, mole fraction in the preheat zone slightly increases in a stratified flame under decreasing
equivalence ratio due to the increased stratified flame speed. Therefore, it is seen that the in-
fluence of CH, diffusing away from the flame zone is overridden by the influence of H, dif-
fusing into the reaction zone. This is because the Lewis number of CH, is much closer to uni-
ty than that of H,, i.e., Lecys = 0.97 and Ley, = 0.28 [124]. In other words, the upstream
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Fig. 5.1: Schematic representation of CH, and H, profiles upstream and downstream of the
reaction zone for (a) methane/air and (b) methane/hydrogen/air stratified flames propagating
under decreasing equivalence ratio (solid lines) and a steady flame in a homogeneous mixture

(broken lines). The arrows represent the direction of species mass diffusion.

mole fraction gradient of CH, is too slow to make an impact on the reaction rate over the in-
fluence of the downstream mole fraction gradient of H,. This is schematically illustrated in
Fig. 5.1(a), where the arrow sizes represent the diffusive flux of each species.

From the above consideration, one question arises: What if the mole fraction gradient of
H, exists on the upstream side, too? Such a situation occurs when hydrogen is added to the
methane/air mixture, as illustrated in Fig. 5.1(b). In this case, when the mixture equivalence
ratio decreases with flame propagation, the H, mole fraction gradient occurs both on the up-
stream and the downstream sides. Since the difference in the unburned and the burned gas
temperature does not significantly vary the Lewis number [124], it is expected that the diffu-
sive flux of H, on both sides occur on the same order of magnitude. Because of the presence
of upstream H, diffusion, H, may “leak” from the flame zone toward the unburned mixture,
which could weaken the back-support effect or even override it. However, to the best of the
author’s knowledge, no literature mention such an influence of upstream and downstream
preferential diffusion on the back-support effect of stratified flames. Moreover, this phenome-
non is uniquely expected for self-back-supported flames introduced in Chapter 4, where the
stratified flame is supported by its own combustion products. Contrarily, in a forced-back-
supported situation with the reactant-to-product counterflow flame configuration, the equiva-
lence ratio gradient can be imposed only on the downstream side of the flame. Therefore, the
current reactant-to-reactant counterflow flame configuration is suitable for investigating the

influence of both upstream and downstream mole fraction gradients on the back-support ef-
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fect.

From a practical perspective, hydrogen has attracted significant attention worldwide as one
of the most promising alternative fuels. Specifically, the fact that hydrogen can be produced
from water by electrolysis makes it an ideal choice as a so-called electro-fuel or e-fuel to store,
transport, and export the power output of renewable energy sources which are highly variable
in time [8,141-143]. Although most of the current hydrogen production is through hydrocar-
bon reforming, which is not carbon-free without a Carbon Capture and Storage (CCS) process,
numerous methods including thermochemical, electrochemical, photobiological, and photo-
chemical approaches have been proposed and studied to achieve sustainable and efficient pro-
duction of hydrogen [141,142,144—-146].

In terms of combustion characteristics, hydrogen is carbon-free when burned, producing
only oxygen as a primary combustion product [143,145]. In addition, the specific energy of
hydrogen is almost three times that of the conventional hydrocarbon fuels, which leads to a
wide flammability range, low ignition energy, and a high flame speed of hydrogen/air mix-
tures [145,147,148]. However, when pure hydrogen is used as a fuel in internal combustion
engines, several challenges are encountered. For instance, in spark-ignition (SI) and compres-
sion-ignition (CI) engines, the low ignition energy of hydrogen means that it is prone to pre-
ignition, which can lead to a loss of combustion phasing control, knocking, and a possible
mechanical engine failure [145,147,148]. For gas turbine engines, the higher flame speed of
hydrogen than the conventional kerosene fuel leads to an increased risk of flashback, where
the flame propagates upstream in an uncontrolled manner, requiring modifications in the
combustor design and the fuel supply system [149]. Moreover, the high combustion tempera-
ture results in lower thermal efficiency due to increased heat loss and higher levels of nitrogen
oxides (NOx) emission [145,147—-149]. Last but not least, one of the most challenging aspects
of hydrogen as a fuel, in general, is its very low volumetric energy density compared to hy-
drocarbon fuels, which requires pressurization or liquefaction under severe conditions for
storage and transport to attain reasonable energy density [8,147—149]. This last issue will be
revisited in Chapter 6.

As seen above, the use of pure hydrogen as a fuel for sustainable combustion is hindered
by several factors with current technologies. Therefore, it has been common to use hydrogen
as an enriching agent for the combustion of hydrocarbon fuels [147]. This is especially attrac-
tive for lean premixed combustion (LPC) of hydrocarbon fuels in gas turbines [150,151],
boilers [152], and internal combustion engines [153,154], which are applied to achieve high
thermal efficiency and low NOx production through low flame temperature. However, as the
flame speed decreases with leaner combustion, LPC is prone to undesirable phenomena such
as misfiring and combustion instabilities [34,36,151,154]. Since hydrogen flames have a sig-

nificantly wider flammability range and higher flame speed than hydrocarbon flames, replac-
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ing a part of a hydrocarbon fuel with hydrogen is known to improve flame stability during
lean combustion [151]. In addition, since the power output is partially produced from hydro-
gen, it can reduce the carbon footprint when the hydrogen is supplied sustainably.

Although hydrogen blending has been extensively studied for premixed combustion, there
is a limited number of studies on stratified combustion of hydrogen/hydrocarbon/air mixtures
[55,155]. It is interesting that in a recent experimental study of turbulent me-
thane/hydrogen/air swirl stratified flame [55], preferential diffusion of H, across the flame
zone was observed due to the H, concentration gradient between the unburned mixture and
the burned gas. This resembles the situation of upstream and the downstream H, diffusion
discussed at the beginning of this section. Therefore, this study extends the numerical setup in

Chapter 4 to study the back-support effect on methane/hydrogen/air counterflow flames.

5.2 Numerical setup

The analyses in this study were conducted in the same manner as described in Chapter 4. The
major difference is that the mixture composition was changed from methane/air mixtures to
methane/hydrogen/air mixtures. Therefore, this section will focus on the changes made from
the setup in Chapter 4. Please refer to Chapter 4, Section 4.2 and 4.3 for a detailed explanation
of the setup and the definitions.

5.2.1 Unsteady and steady calculations

The reactant-to-reactant (RTR) configuration was used for the calculations of counterflow
stratified flames (stratified flames). A mixture of methane, hydrogen, and air (300K,
0.1013 MPa) was supplied from the reactant nozzles. The equivalence ratio at the nozzle
¢in(t) was linearly decreased from ¢p; = 1.2 to ¢, = 0.6 over the duration of the stratifica-
tion time T, in the same manner as in Chapter 4. The range of the equivalence ratio was de-
termined so that the stratified flames are sufficiently detached from the stagnation plane dur-
ing their propagation. Note that in this study, the equivalence ratio was defined as the effective
equivalence ratio, as will be explained in Section 5.3. The stratification time 7, was adjusted
for the stratified flames in each mixture so that the resulting peak values of the equivalence
ratio gradient at the upstream edge of the preheat zone, (0¢p/0x)p, was approximately
0.6 mm™? for all cases. The variations in ¢p and (0¢/9x)p of the stratified flames in each
mixture are shown in Fig. 5.2. The level of stratification is in the same order as in Chapter 4.
The nozzle velocities u;,, were adjusted to the values shown in Table 5.1 so that the initial
local strain rate ay at the reaction zone xz was 150 s~ for all cases. The different nozzle ve-
locities were applied because the flame speed for each mixture composition is different,

which results in a different flame location x; and the local strain rate ag.
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The reactant-to-product (RTP) configuration was used for the calculations of steady pre-
mixed flames propagating in homogeneous mixtures (homogeneous flames). By varying the
nozzle equivalence ratio and the velocity to obtain a library of homogeneous flames with dif-
ferent values of the local equivalence ratio ¢z and the local strain rate ay at the reaction zone.
The homogeneous flames which have the closest values of ¢ and ag to the stratified flames
were chosen as the reference homogeneous flames. For both RTR and RTP calculations, the
methane/air detailed reaction mechanism GRI Mech 3.0 [116] was used. This is reasonable
because the methane/air combustion mechanism includes hydrogen combustion as a sub-

model [13], and thus has been used for previous methane/hydrogen/air combustion [67].
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Fig. 5.2: Time variation of local equivalence ratio at the upstream edge of the preheat zone ¢p
(first low) and its spatial gradient (0¢p/0x)p (second low) for the stratified flames in each

mixture.

Table 5.1: Nozzle velocity and composition of methane/hydrogen/air mixtures. (Air: 21 vol.%
0, and 79 vol.% N»)

Mixture Uin Fuel H, content  Initial H> mole fraction  Final H, mole fraction
[cm/s] [fuel vol.%] (pin = 1.20) (pin = 0.60)
HO 50 0 0.0000 0.0000
H20 55 20 0.0256 0.0141
H40 64 40 0.0595 0.0349
H20c 55 initially 20 0.0256 0.0256
H40c 64 initially 40 0.0595 0.0595
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5.2.2 Mixture compositions

Five types of mixture compositions were investigated, as shown in Table 5.1. Mixture HO is a
pure methane/air mixture with no hydrogen addition. With decreasing nozzle equivalence ra-
tio, the mole fraction of methane was decreased. The calculation results for mixture H10 are
the same as those of the low-strain case in Chapter 4. For the hydrogen-blended mixtures, two
types of methods to decrease the mixture equivalence ratio was devised. Method A is a com-
mon approach [55,67,156,157] where fuel mixture composition is defined by the volume per-
cent of hydrogen in the fuel mixture. With this definition, both methane and hydrogen mole
fractions decrease with decreasing equivalence ratio. The mixtures defined by Method A are
H20 and H40, whose volume percent of hydrogen in the fuel is kept constant at 20% and 40%
(i.e., 80% and 60% methane volume percent), respectively. The maximum extent of hydrogen
addition was chosen so that hydrogen can be considered as a minor component in the fuel
blend [125,158]. On the other hand, as the purpose of this study is to investigate the influence
of decreasing hydrogen mole fraction in the unburned mixture, a reference case is needed,
where the hydrogen mole fraction in the mixture is kept constant. Therefore, with Method B,
only the methane mole fraction is decreased with decreasing equivalence ratio, and the hydro-
gen mole fraction is kept constant at a predetermined initial value. In this study, the initial
value of the hydrogen mole fraction was chosen as the initial value (at ¢p;;, = ¢1 = 1.20) of
the hydrogen mole fraction in mixtures H20 and H40, as shown in Table 5.1. These composi-
tions were named H20c and H40c, where “c” stands for “constant”.

Figure 5.3 schematically illustrates the different ways of decreasing the equivalence ratio
from ¢p; = 1.20 to ¢, = 0.60 in Method A and B. It is seen that for mixtures H20/H40, the
air mole fraction is increased while methane and hydrogen mole fractions are both decreased.
On the other hand, for mixtures H20c/H40c, the air and methane mole fractions are increased

and decreased, respectively, while the hydrogen mole fraction is kept constant at its initial
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Fig. 5.3: Schematic of different ways to decrease the equivalence ratio of a me-
thane/hydrogen/air mixture. Left (Method A: H20 and H40): The ratio of methane and hydro-
gen is kept constant. Right (Method B: H20c and H40c): The mole fraction of hydrogen is

kept constant.
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-76 -



Chapter 5. Stratified Combustion of Alternative Fuels
— Hydrogen-blended Methane

value. The results of stratified flame propagation in mixtures H20/H40 and H20c/H40c are

compared to elucidate the influence of decreasing hydrogen content in the unburned mixture.

5.3 Definitions for methane/hydrogen fuel
5.3.1 Weighted fuel consumption speed

Similar to the approaches in previous chapters, the flame speed in the methane/air mixture HO
was calculated as the consumption speed,
1

x=0 mm
Se = —j Wena@cnadx (5.1)
_puYCH4,u

Xin

where p,, is the unburned gas density; Ycya,, is the CH, mass fraction in the unburned gas;
Wens and wcpy are respectively molecular weight and molar reaction rate of CH,. Here, the
mass fraction of CH, in the burned gas was neglected, for the reason explained in Chapter 3,
Section 3.3. Meanwhile, for methane/hydrogen/air mixtures H20/H40 and H20c/H40c, Eq.
(5.1) cannot be used because it does not take the presence of fuel H, into account. Therefore,
extending the above definition, Sankaran and Im [67] proposed a heating-value-weighted S,

which is defined as follows:

1 x=0 mm
S¢= J (qcuaWena@cna
“ —pu(qcuaYeran + qu2Yuzu) Xin (5.2)

+ quzWhz0n2)dx

where gy, Wy, wy, and Y, ,, are lower heating value, molecular weight, mole production rate,
and the unburned mass fraction of species k, respectively. Here, the consumption rates are
weighted by the heating value of each species to account for their relative contribution to the
total heat release; As the heating value of hydrogen is more than twice larger than that of me-
thane [13], a unit mass of hydrogen is considered to contribute more to flame propagation
through heat release than a unit mass of methane does. Therefore, in this study, Eq. (5.2) was
used as the definition of the flame speed for methane/hydrogen/air mixtures H20/H40 and
H20c/H40c.

5.3.2 Effective local equivalence ratio

As introduced in Chapter 3, for a one-component fuel/air mixture, the equivalence ratio is

simply defined as fuel-air ratio divided by its value at stoichiometry,
Xr/Xair

(X¢/Xair)

where Xr and X,;; is the mole fractions of fuel and air, respectively, and (Xf /Xair)st is the

¢species = (5.3)

stoichiometric fuel-air molar ratio. A simple way to extend the above definition to a multi-
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component fuel/air mixture, such as a methane/hydrogen/air mixture, is to sum up the mole

fractions of fuel species, which yields the overall equivalence ratio ¢ species:

_ (Xcua + Xuz)/Xair
d)o,species - (5-4)
((Xcpa + XHZ)/Xair)St

However, for the small extent of hydrogen addition considered in this study, it can be ex-

pected that hydrogen in the unburned mixture diffuses faster into the reaction is completely
oxidized before the oxidization of methane occurs [125]. Therefore, for methane, the remain-
ing air after complete combustion of hydrogen is used for its combustion. Based on this as-

sumption, the effective equivalence ratio was defined by Yu et al. [125] as

B XCH4/ [Xair - XHz/(XHz/Xair)st] (5.5)
Pespecies = (XCH4/Xair)St |

Note that the air mole fraction Xg;, in Eq. (5.3) is replaced by Xy — Xy, / (XH2 /Xair)st’

which represents the remaining air mole fraction after complete combustion of hydrogen.
Moreover, it should be kept in mind that Eq. (5.5) is an effective equivalence ratio for me-
thane. Therefore, the effective equivalence ratio will be lower than the overall equivalence
ratio ¢, species N Eq. (5.4). The above definition has been reported to facilitate good data re-
duction and correlation for methane/hydrogen/air mixtures [125]. Since this study is interested
in the effect of hydrogen addition on methane/air stratified flames, Eq. (5.5) is used as the
equivalence ratio. For mixture HO with no hydrogen content, Eq. (5.5) reduces to the conven-
tional definition Eq. (5.3).

Here, a problem arises when applying the effective equivalence ratio ¢, species to the char-
acterization of stratified flames. Similar to the studies in Chapters 3 and 4, the local equiva-
lence ratio needs to be defined in terms of elemental composition so that it is defined
throughout the flame zone. However, Eq. (5.5) cannot be extended straightforwardly to an
element-based expression because the H atoms in CH, and H, must be distinguished. There-
fore, as a remedy, the following procedures were adopted: First, the local equivalence ratio
was calculated by the element-based expression,

2Zc 4+ 0.5Zy
®o,element = T (5.6)
where Z; is the mole fraction of element i. In an unreacted mixture, the above is equivalent to
the species-based expression,

¢0,species = X (5.7)
02

which is equivalent to the overall equivalence ratio Eq. (5.4). Therefore, since the me-

thane/hydrogen ratio or the hydrogen mole fraction is a known parameter for mixtures
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H20/H40 or H20c/H40c, respectively, the mole fractions Xcy4, X2, and Xg, of the unburned
mixture can be calculated from Eq. (5.7). Lastly, these values were substituted into the follow-

ing definition to yield the element-based effective equivalence ratio:
5 Xeu,/ [Xair _XHZ/(XHZ/Xair)st]
el t=
e,elemen (XCH4/Xair)St
Note that Eq. (5.8) is identical to the species-based definition Eq. (5.5). The difference is that

the mole fractions in Eq. (5.8) are conserved throughout the reacting flow, while they are not

(5.8)

in Eq. (5.5). In this way, the local effective equivalence ratio ¢ glement Can be unambiguously

determined throughout the flame zone. In the following part, ¢, ejement Will be written simply

as ¢.

5.4 Results and discussions

5.4.1 Effect of hydrogen blending

Response of the flame speed S, ; of stratified flames in mixtures HO, H20, and H40 and the
corresponding homogeneous flame speed S j, at each local equivalence ratio ¢p are shown in
Fig. 5.4(a). As expected, S. ;, peaks around stoichiometry for all mixtures and becomes larger
with increasing hydrogen content. The values of S.; are consistent with previous experi-
mental results [125]. The stratified flame speed S. s is increased from S, ;, for all mixtures at
any values of ¢p , indicating that the back-support effect increases S.; of me-
thane/hydrogen/air flames under rich-to-lean propagation regardless of the extent of the hy-
drogen content considered in this study. Meanwhile, the difference S. ¢ — S, , appears slightly
smaller for mixtures with higher hydrogen content. For a quantitative comparison, the relative
increase (SC'S — Sc'h) /Sc n for each mixture is shown in Fig. 5.4(b). It is seen that the relative
increase is smaller for mixtures with higher hydrogen content. Two factors are responsible for
this trend. First, as seen in Fig. 5.4(a), the (absolute) increase of S, ¢ from S, becomes slight-
ly smaller with increasing hydrogen content. Secondly, the homogeneous flame speed S. j, is
higher with increasing hydrogen content. In other words, the numerator and denominator of
(SC'S — Sc,h) /Sc,n becomes smaller and larger with an increasing hydrogen content, respec-
tively. Since the cause of the second factor is straightforward, the cause of the first factor is
investigated by observing the flame structure for each mixture.

Assuming that the primary mechanism of the back-support effect observed above is the
same as that in the methane/air stratified flames studied in previous chapters, the mole frac-
tion profiles of CH,, H,, H, and OH of the stratified flames in each mixture at ¢ = 0.90
along with those of the corresponding homogeneous flames are shown in Fig. 5.5. On the up-

stream side of the reaction zone (x — xz < 0 mm), the CH, mole fractions of the stratified
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Fig. 5.4: Response of the flame speed S, s of the stratified flames, the flame speed S, ;, of ho-
mogeneous flames with the same ¢, and the relative increase in S; ¢ as compared to S, , for
mixtures HO, H20, and H40.

flame in the unburned mixture decrease toward the upstream side as the mixture becomes
leaner. It is also seen that for H20 and H40, the H, mole fractions of the stratified flame in the
unburned mixture decrease with the methane mole fractions. On the downstream side (x —
xg > 0 mm), the H, mole fractions of the stratified flame are increased for all mixtures.
Interestingly, the H, mole fractions on the downstream side are not significantly affected
by an increasing hydrogen content on the upstream side for both stratified and homogeneous
flames. This is because, as shown in Fig. 5.6, the H, mole fraction of the equilibrium compo-
sition only slightly increases with increasing hydrogen content. Due to this nature, the in-
crease in H, mole fraction in the burned gas of the stratified flame is of a similar magnitude
for all mixtures. It is also seen that the increase in H, mole fractions around the reaction zone
(x —xgp = 0 mm) of the stratified flame becomes smaller with higher hydrogen content.
Since the diffusive flux of H, from burned gas is mostly the same for all mixtures, the smaller
increase of H, in the reaction zone of the stratified flame with a higher hydrogen content

seems to be caused by an increased diffusive flux of H, from the flame zone toward the
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Fig. 5.5: Mole fraction profiles of CH,, H,, H, and OH of the stratified flames (SF) in mix-
tures HO, H20, and H40 at ¢ = 0.92, ¢pr = 0.91, and ¢pp = 0.90, respectively, and those of
the corresponding homogeneous flames (HF) with the same ¢ . The x-axes are shifted so that

the reaction zone is at x — xz = 0 mm for all flames.
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Fig. 5.6: H, mole fractions of equilibrium composition for mixtures HO, H20, H40, H20c, and

H40c under different equivalence ratios ¢.

unburned mixture. In short, the H, mole fraction around the reaction zone of the stratified
flame seems to “leak” more toward the unburned mixture for a higher hydrogen content. This
hypothesis is investigated later.

Meanwhile, both H and OH mole fractions are increased in the burned gas. As the local
equivalence ratio ¢ is close to stoichiometry, the diffusive flux of H and OH from the burned
gas are not expected to be large. This is because the equilibrium H and OH mole fractions of
methane/air mixture peak around stoichiometry, as seen in Chapter 3, Section 3.4. Therefore,
the increased H and OH mole fractions in the burned gas seems to be increased by the chain-
branching reactions enhanced by the increased diffusive flux of H, from the burned gas, as
also discussed in Chapter 3, Section 3.4. Consequently, due to the smaller increase in H, mole
fractions around the reaction zone of the stratified flame, the increase in the H and OH mole
fractions become smaller for a higher hydrogen content.

Figure 5.7 shows the profiles of temperature and species reaction rates for the stratified
and the homogeneous flames considered in Fig. 5.5. Here, the positive and the negative reac-
tion rates correspond to the production and consumption of the species, respectively. The
temperature profiles in Fig. 5.7(a) show that in the burned gas, the temperature slightly in-
creases for the stratified flame, though no difference is observed between each mixture.
Meanwhile, in the preheat zone (—0.5 mm < x — xz < 0 mm), the temperature profile is
steeper for the stratified flames, which indicates the increased flame speed. Therefore, similar

to the methane/air stratified flames, heat conduction from the burned gas is not the cause of
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Fig. 5.7: Profiles of temperature and reaction rates of CH,, H,, and H of the stratified flames
(SF) and the corresponding homogeneous flames (HF) in Fig. 5.5. The x-axes are shifted so

that the reaction zone is at x — xg = 0 mm for all flames.

the increased flame speed of methane/hydrogen/air stratified flames. The reaction rates of
CH, and H, in Figs. 5.7(a) and (b) show that the consumption rates of CH, and H, for homo-
geneous flames become higher for a higher hydrogen content. Meanwhile, the increase in the
consumption rates of the stratified flame from those of the corresponding homogeneous
flames becomes smaller for a higher hydrogen content. These trends correspond to the re-
sponse of the flame speeds in Fig. 5.4. The same trend is also seen in the consumption and the
production rates of H in Fig. 5.7(¢).

The above observations can be summarized as follows: The increase in the H, mole frac-
tions around the reaction zone of a stratified flame lead to an increase in the consumption rate
of H,, which enhances the production of reactive species such as H through chain-branching
reactions, as mentioned in Chapter 3. As a result, the consumption of CH, is enhanced by the

increased reactive species, resulting in an increased flame speed. However, with a higher hy-
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drogen content, the increase in the H, mole fractions around the reaction zone of the stratified
flame are smaller, which results in a smaller increase in the flame speed. As mentioned above,
the smaller H, mole fraction around the reaction zone seems to be due to more H, around the
reaction zone “leaking” toward the unburned mixture for a higher hydrogen content. This is

investigated in the following results and discussion.

5.4.2 Effect of upstream hydrogen diffusion

Response of the flame speed S, ¢ of stratified flames in mixture H20, H40, H20c, and H40c
and the corresponding homogeneous flame speed S, ; at each local equivalence ratio ¢y are
shown in Fig. 5.8(a). The calculation results for mixtures H20/H40 are the same as the previ-
ous ones. As explained in Section 5.2, both methane and hydrogen are decreased in mixtures
H20 and H40. Meanwhile, only methane is decreased and the H, mole fraction is kept con-
stant at the initial value in mixtures H20c and H40c. Therefore, as seen in the figure, S.  is
higher for H20c/H40c than for H20/H40 because a higher hydrogen content results in a higher
flame speed. Similar to the results with mixtures H20/H40, S s is increased from S, ;, for mix-
tures H20c/H40c. Moreover, the increase in S, s from S, appears to be slightly larger for
H20c/H40c¢ than that for H20/H40, respectively. In Fig. 5.8(b), the relative increase (SC,S -
Sc,h) /Scn is shown. It can be seen that (SC,S — Sc,h) /Scn is larger for mixtures H20c/H40c
than for mixtures H20/H40, even though the denominator S., is larger for mixtures
H20c/H40c, respectively. Therefore, it is seen that the magnitude of the back-support effect is
larger for H20c/H40c than for mixtures H20/H40, respectively. Moreover, it is also seen that
the difference in (SC,S — Sc,h) /Sc,n is larger between mixtures H40c and H40 than for H20c
and H20.

The mole fraction profiles of CHy, H,, H, and OH of the stratified flames in mixtures H20c
and H40c at ¢pp = 0.90 along with those of the corresponding homogeneous flames are
shown in Fig. 5.9. In contrast to the H, fraction profiles of mixtures H20 and H40 in Figs.
5.5(b) and (c), the H, mole fractions on the far upstream side (x — xz = —1.0 mm) retains the
same value as those of the homogeneous flames, as expected from the definition of mixtures
H20c/H40c. More importantly, the H, mole fraction is increased from those of the homoge-
neous flame for the entire flame zone, even extending out of the preheat zone (x — xz <
—0.5 mm). This is caused by an accumulation of H, that diffused from the burned gas. More-
over, since the H, mole fraction of the equilibrium composition is the same for mixture
H20/H20 and H20c/H40c, respectively (see Fig. 5.6), the increase in the diffusive flux of H,
from the burned gas is considered to be of the same magnitude for both mixtures. Therefore, it
can be said that the absence of upstream (x — xz < —0.5 mm) H, mole fraction gradient,

which was present in mixtures H20/H40, is the primary cause that led to the increased H,
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Fig. 5.8: Response of the flame speed S, s of the stratified flames, the flame speed S, j, of ho-

mogeneous flames with the same ¢y, and the relative increase in S; ¢ as compared to S, for

mixtures H20, H40, H20c, and H40c.

mole fraction in the flame zone. It is also seen that the increase in the H and OH mole fraction
profiles of the stratified flame is larger for mixtures H20c/H40c than for mixtures H20/H40,
implying that the increased H, mole fraction led to increased production of H and OH around
the reaction zone.

The profiles of temperature and species reaction rates for the stratified and the homogene-
ous flames in mixtures H40 and H40c are compared in Fig. 5.10. The temperature profiles of
stratified and homogeneous flames show insignificant differences between the two mixtures.
On the other hand, the increase in the H, consumption rate of the stratified flame is larger for
mixture H40c. This led to a larger increase in the CH, and H reaction rates in Fig. 5.10(b) and
(c) through the enhanced chain-branching reactions.

In conclusion, when the hydrogen content of methane/hydrogen/air mixture is decreased
with decreasing equivalence ratio, H, around the reaction zone diffuses out toward the un-
burned mixture, which weakens the back-support effect. Moreover, for a given variation in the

effective equivalence ratio (defined in Section 5.3), the variation in the H, mole fraction in
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the unburned mixture is larger with a higher hydrogen content, as shown in Table 5.1. There-
fore, more H, would leak out from the reaction zone with a higher hydrogen content due to a
larger mole fraction gradient formed in the unburned mixture, as seen in Fig. 5.5. It should be
noted that, as discussed in Section 5.1, the above influence of the fuel species diffusing out
toward the unburned mixture under stratification will be negligible for pure methane/air
flames. The crucial point is that hydrogen is a fast-diffusing species that preferentially diffus-
es over methane. Meanwhile, when a methane/hydrogen/air flame propagates in a lean-to-rich
mixture, it is expected that a decrease in the stratified flame speed caused by the (opposite)

back-support effect is mitigated through increased H, diffusion from the unburned mixture.
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Fig. 5.9: Mole fraction profiles of CHy, H,, H, and OH of the stratified flames (SF) in mix-
tures H20c and H40c at ¢ = 0.91 and ¢z = 0.89, respectively, and those of the correspond-
ing homogeneous flames (HF) with the same ¢g. The x-axes are shifted so that the reaction

zone is at x — xg = 0 mm for all flames.
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Therefore, it can be said that the flame speed in a stratified methane/hydrogen/air mixture
with a constant methane-to-hydrogen ratio will be less sensitive to the back-support effect un-
der increasing hydrogen content within the range (0 to 40%) studied here.
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Fig. 5.10: Profiles of temperature and reaction rates of CH,, H,, and H of the stratified flames
(SF) in mixtures H40 and H40c at ¢ = 90 and ¢z = 89, respectively, and those of the ho-
mogeneous flames (HF) with the same ¢g. The x-axes are shifted so that the reaction zone is

at x — xgp = 0 mm for all flames.

5.5 Summary

A numerical study of methane/hydrogen/air counterflow flames under rich-to-lean mixture
stratification is conducted under the hydrogen content of 0, 20, and 40% in the fuel blend. In
particular, the influence of upstream H, mole fraction on the magnitude of the back-support
effect is investigated by preparing two methods of mixture stratification: One way is to de-
crease the methane and the hydrogen content with the decreasing equivalence ratio under a

constant methane-to-hydrogen volumetric ratio; The other way is to decrease only methane
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mole fraction with decreasing equivalence ratio and the hydrogen mole fraction is kept con-
stant. The results show that the stratified flame speed S, s is increased from the corresponding
homogeneous flame speed S, for all cases. Meanwhile, when the hydrogen content is de-
creased with the mixture equivalence ratio, H, diffuses preferentially toward the unburned
mixture due to a decreasing mole fraction gradient and mitigates H, accumulation in the
flame zone, which weakens the back-support effect. The extent of the above effect becomes
larger with a higher hydrogen content because of the larger H, mole fraction gradient formed
in the unburned mixture. From the above results, it is expected that the flame speed in a strati-
fied methane/hydrogen/air mixture with a constant methane-to-hydrogen ratio will be less
sensitive to the back-support effect under increasing hydrogen content within the range (0 to
40%) studied here.
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In this chapter, stratified flame propagation in an ammonia/air mixture is numerically investi-
gated. First, ammonia is introduced as one of the promising hydrogen carriers, and issues as-
sociated with the use of ammonia as a fuel for combustion devices are discussed. Then, modi-
fications to the numerical setup from Chapters 4 and 5 are explained, followed by definitions
of flame characterization methods. In particular, a specific method was devised to characterize
local burned gas composition in transiently propagating stratified flames. Lastly, the calcula-

tion results and their interpretations are presented.

6.1 Introduction

In the introduction of the previous chapter, the advantages and disadvantages of hydrogen as a
carbon-free alternative fuel were discussed. One of the major issues addressed was that the
volumetric energy density is much lower than that of hydrocarbon fuels. For example, the
volumetric energy density of hydrogen is 10.7 MJ/m3, while that of gasoline and diesel fuels
are respectively 33 x 103 MJ/m3 and 35 X 103 MJ/m3 [147]. Therefore, for storage and
transport, hydrogen needs to be liquified or compressed under severe conditions. Specifically,
a temperature of as low as —252.9°C is required for liquefaction [9], where up to 40% of the
energy content of hydrogen must be expended [8,159]. In addition, due to its low molecular
weight, hydrogen is known to boil off from the cryogenic tanks, which hinders its long-term
storage [8]. On the other hand, to achieve an energy density similar to gasoline or diesel en-
gines, hydrogen needs to be compressed up to 700 atm, which results in costly storage equip-
ment [9] and safety concerns [159]. Therefore, it is seen that a more efficient and stable stor-
age method is required for hydrogen to be used widely as an alternative fuel.

The above issues have spawned the idea of “hydrogen carriers” which store hydrogen in
the form of chemical compounds to transport and distribute it in cost-competitive ways

[9,159]. Christensen et al. [160] have categorized these approaches into direct and indirect
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methods. In the direct hydrogen storage method, hydrogen is directly liberated from com-
pounds when they are heated and/or pressures are lowered. This method is attractive since on-
ly absorption/adsorption and desorption processes are involved. Hence, a large variety of ma-
terials has been investigated for their applicability and efficiency as potential direct hydrogen
storage materials [159,161]. Especially, solid-state nanoscale materials have gained consider-
able interest in recent years [161]. For example, metal hydrides and complex hydrides have
attracted intensive attention due to their high storage capacities; though their poor reversibility
and cost-effectiveness should be addressed for practical application [161]. Meanwhile, carbo-
naceous materials and metal-organic frameworks (MOFs) have also gained considerable in-
terest for their high reversibility and fast kinetics. However, their storage capacities are im-
practically low under ambient temperatures [161]. Therefore, the direct storage method still
needs a breakthrough in material properties to effectively meet various transportation applica-
tions [159].

On the other hand, in the indirect methods, hydrogen is separated from compounds through
one or more separate chemical transformations such as reforming and decomposition reac-
tions [160]. In addition, the hydrogen carriers need to be chemically or biologically synthe-
sized sustainably. While such synthesis and extraction processes are not as simple as the direct
method, the indirect method often provides significantly higher energy densities [160]. Some
of the candidates are hydrocarbons, methanol, ethanol, and ammonia [160]. Especially, the
production of methane from hydrogen and carbon oxides (CO or CO,) using renewable ener-
gies is known as methanation, in which thermochemical [162] and biological [163] processes
are studied extensively. Similarly, methanol and ethanol can be synthesized from hydrogen
and carbon oxides [96]. One disadvantage associated with these carbon-based carriers is that
the collection and conversion of atmospheric CO, is inefficient and energy-intensive due to
the low CO, concentration [8]. Therefore, pure or high-concentration CO, exhaust gas streams
from hydrocarbon-fueled power systems are necessary as the carbon feedstock [8]. In addition,
consumption of these carbon-based carriers, either through hydrogen extraction or direct use
in fuel cells and internal combustion engines, a carbon capture process is required to achieve
carbon emission reductions, which adds to the cost.

Meanwhile, ammonia (NH3) is a carbon-free carrier that can be synthesized using renewa-
ble energy sources from nitrogen, which is abundant in air, and hydrogen. Although, it should
be noted that the current ammonia production method, primarily through the Haber Bosch
process, is energy-intensive and heavily depends on fossil fuels; it is estimated that 1% of the
total CO, released globally is produced in ammonia production plants [6,9,164]. As this esti-
mate includes fossil fuels consumed for the production of hydrogen, the carbon footprint can
be reduced or eliminated by using hydrogen produced from renewable energy sources in
combination with carbon capture technologies for the Haber Bosch process. Moreover, re-
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newable production of ammonia using an electrochemical reactor with water or steam and ni-
trogen as feedstocks has been studied on a fundamental scale [164].

In terms of chemical properties, ammonia possesses both advantageous and disadvanta-
geous factors for storage and transportation. It is a toxic substance that poses a high risk for
health, which is especially a concern for transport applications [6,8]. Moreover, it is also cor-
rosive; modifications on pipelines and structural components are required when using ammo-
nia for non-conventional applications [6]. Despite these issues, ammonia has attracted global
interest as one of the promising hydrogen carriers because of the following characteristics:
Due to its low reactivity, the risk of ammonia combustion or explosion hazards are much low-
er than those of hydrocarbon fuels [6]. In addition, it has a specific energy density of 22.5
MJ/kg, which is comparable to conventional fossil fuels; natural gas has around 55 MJ/kg [6].
This enables direct use of ammonia as a fuel for combustion devices, as will be explained. As
a hydrogen carrier, ammonia has a very high volumetric and gravimetric hydrogen density
compared to other known candidate compounds [6,9]. Moreover, the storage requirements for
ammonia are similar to that of propane, where ammonia is liquified at room temperature un-
der 9.90 atm or temperature of —33.4°C under atmospheric pressure [6,9]. In fact, as ammonia
is the second most chemical produced in the world primarily for fertilizers, there exists an es-
tablished, reliable handling and shipping infrastructure including regulations for transporta-
tion [6,164]. This mitigates the above-mentioned hurdles associated with toxicity and safety.

In terms of utilization, ammonia can be used in a variety of ways. Ammonia has long been
used as a hydrogen career to generate forming gas (3H, + N,) through cracking under high
temperatures. Studies on scrubbing residual NH; from cracked ammonia is being conducted
to produce high purity hydrogen for use in low-temperature fuel cells such as polymer electro-
lyte membrane fuel cells (PEMFCs) and phosphoric acid fuel cells (PAFCs) [164]. For high-
temperature fuel cells such as solid-oxide fuel cells (SOFCs), ammonia can be utilized direct-
ly without pretreatment since cracking occurs inside the fuel cell [164]. Another direct utiliza-
tion of ammonia is its use as a fuel in combustion devices such as internal combustion engines,
gas turbines, and boilers [6,9,164]. However, in terms of combustion characteristics of am-
monia/air flames, several challenges must be overcome.

Two of the major obstacles associated with ammonia combustion are low flammability and
high nitrogen oxide (NOx) emissions, which inhibit stable and clean combustion of ammonia
in practical combustors [6,9]. For example, the maximum flame speed of ammonia/air pre-
mixed flames is about 7 cm/s, which is about one-fifth of that of methane/air flames [6,9].
Moreover, the minimum ignition energy of ammonia is 8.00 mJ, which is 28 times larger than
0.28 m] for methane [6]. As for NOx emissions, while NOx in conventional hydrocarbon
flames is produced through the oxidation of N, in the air, NOx in ammonia/air flames is pro-

duced through the oxidation of N content in the fuel, which results in significantly higher
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NOx emissions. To tackle these problems, extensive studies have been conducted to develop
strategies to stabilize premixed/non-premixed flames and mitigate pollutant emissions. An
established approach is the use of a swirl burner configuration. In a swirl burner, the reactant
mixture is supplied with a tangentially angled flow at the nozzle, which results in a poloidal
recirculation zone. This creates a low-velocity zone that prevents flame blow-off. In addition,
the recirculation zone supplies hot burned gases and active radicals to the unburned mixture
which enhances combustion [9]. Valera-Medina et al. [165,166] in Cardiff University con-
ducted preliminary experimental studies to investigate stability and emission characteristics of
premixed hydrogen- or methane-blended ammonia/air flames on a swirl burner. On the other
hand, a series of studies [167—174] promoted by the Cross-Ministerial Strategic Innovation
Program (SIP) of Japan has shown that premixed [167,170] and non-premixed [171] pure
ammonia/air flames can be stabilized for various equivalence ratio and nozzle velocity by us-
ing a laboratory-scale swirl burner. Additionally, it was found that secondary air injection is
effective for reducing NO and unburned NH; emission [169,173,174]. These findings were
reproduced on a 50-kW class micro-gas-turbine system [168,172]. Recently, it was reported
that liquid ammonia spray flame was successfully stabilized on a single-stage swirl combustor
with preheated air [175]. Meanwhile, a research group from KAUST has begun experimental
studies [176—179] on the stability of methane- and hydrogen- blended premixed ammonia/air
swirl flames under a very lean (¢p < 0.7) equivalence ratio to achieve low NOx emission.

In the above setup, localized pockets of rich or lean unburned mixtures may exist due to
insufficient mixing of fuel and the oxidizer, staged air injection, and incomplete evaporation
of fuel droplets [33]. This necessitates an understanding of a premixed flame propagating in
compositionally stratified mixtures. Especially, considering the results presented in the fol-
lowing chapters, one question arises: Do ammonia/air stratified flames exhibit a back-support
like the methane/air flames? Although the majority of previous studies on the back-support
effect have been conducted for methane/air flames, it is known that the influence of such ef-
fect may vary depending on the fuel species [112,113,115] or the temperature regime [119] as
characteristics of the burned gas play crucial roles. As hydrogen molecule is a major compo-
nent in the burned gas of ammonia/air flames, a mechanism similar to the one in methane/air
flames may modify the flame speed in stratified mixtures. However, to the best of the author’s
knowledge, there has been no report of the back-support effect on ammonia/air flames. More-
over, although emission characteristics of nitrogen monoxide (NO) in ammonia/air flames
have been studied for homogeneous mixtures [180], little is known about that of flames prop-
agating in stratified mixtures. Therefore, the study in this chapter aims to elucidate the follow-

ing points:

* How does mixture stratification affect the flame speed of ammonia/air stratified flames?
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Does the back-support effect occur in a similar manner as in methane/air flames?

e How does mixture stratification affect the NO emission characteristics of ammonia/air

flames?

Numerical analysis with detailed kinetics is conducted to observe the chemical process and
transport phenomena in detail. While it is common to blend ammonia fuels with hydrogen or
hydrocarbons to enhance flame stability [165,166,168,174,176—179], this study focuses on

pure ammonia fuels to clarify the basic properties of stratified ammonia/air combustion.

6.2 Numerical setup

The analyses in this study were conducted in a similar manner as described in Chapter 4. The
major difference is that the mixture composition was changed from methane/air mixtures to
ammonia/air mixtures. Therefore, this section will focus on the changes made from the setup
in Chapter 4. Please refer to Chapter 4, Section 4.2 and 4.3 for a detailed explanation of the

setup and the definitions.

6.2.1 Unsteady and steady calculations

Numerical simulations of unsteady premixed flames propagating in rich-to-lean and lean-to-
rich stratified mixtures (stratified flames) and steady premixed flames propagating in homo-
geneous mixtures (homogeneous flames) were conducted using OPUS. For the study in this
chapter, both the stratified and the homogeneous flames were calculated in a reactant-to-
reactant (RTR) configuration, schematically shown in Fig. 6.1. Unlike in the previous chap-
ters, the reactant-to-product (RTP) configuration was not used for the calculation of homoge-
neous flames for the sake of simplicity. This became possible for the current study as the flow

velocity was kept sufficiently low and the distance between the nozzle and the stagnation

Reactants

__Reactants_|
ST oo e““% ....... ) S x_» ___________________

\ 0 /
% = —15mm

Fig. 6.1: Schematic representation of counterflow premixed flames in the reactant-to-reactant
(RTR) configuration.
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plane was widened to 15 mm so that the steady flames were always detached from the stagna-
tion plane. For all cases, a uniform grid of 10 um was applied. A mixture of ammonia and air
(mole fraction: 21% 0, and 79% N,) was supplied from the reactant nozzle at 300 K and
0.1013 MPa.

Unsteady calculations were performed for the stratified flames. The nozzle velocity was
fixed at 0.10 m/s, which is much lower than in the previous chapters because of the low
flame speed of ammonia/air mixtures. Meanwhile, in a similar manner as in Chapters 4 and 5,
the inlet equivalence ratio ¢;, was transiently decreased from ¢; = 1.4 to ¢p, = 0.8 for a
rich-to-lean stratified flame. In addition, a lean-to-rich stratified flame was studied by transi-
ently increasing ¢, from ¢p; = 0.8 to ¢, = 1.4. Here, the rich limit, ¢ = 1.4, was chosen to
match the rich flammability limit of ammonia/air flames [181], while the lean limit, ¢ = 0.8,
was chosen so that the flame speed at the lean limit is approximately the same as the flame
speed at the rich limit. Also, the lean limit in this study is close to the lean flammability limit,
which is reported as around ¢p = 0.7 [181]. Figure 6.2 shows the resulting variation in the
local equivalence ratio ¢pp and its spatial gradient (d¢/dx)p at the upstream edge of the pre-
heat zone. The peak spatial gradient (d¢/dx)p was adjusted to be 0.2 mm™? for rich-to-lean
and —0.2 mm™! for lean-to-rich stratified flames, respectively. This corresponds to a non-
dimensional stratification thickness of 65/ = 1.7 at ¢ = 1.1, where d; is the stratification
thickness 65 = A /(dp/dx)p max [18,114] and 87 is the thermal flame thickness 87 =

AT /(dT /dx)max- The current value of 85/87 is comparable to previous numerical studies on

1.4 ________
-
o
.
-

1.2 —— Rich-to-Lean

------ Lean-to-Rich

Pp

1.0
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0.2}
0.1 —/\ ]
00— ==

orf o LT .
02} | ]

0.00 0.05 0.10 0.15 0.20
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(d$/ dx), [mm'"]

Fig. 6.2: Time variation of local equivalence ratio at the upstream edge of the preheat zone ¢p
(first low) and its spatial gradient (0¢p/0x)p (second low) for the rich-to-lean and lean-to-rich

stratified flames.
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laminar stratified flames [18,112,114].

Steady calculations were performed for the homogeneous flames. The nozzle equivalence
ratio ¢;, and the velocity u;, were varied to obtain a library of homogeneous flames with
different values of local equivalence ratio ¢ and local strain rate ay at the reaction zone. In
the same manner as described in Chapter 4, the homogeneous flames which have the closest
values of ¢ and ai to the stratified flames were chosen as the reference homogeneous

flames.

6.2.2 Chemical kinetics

For the ammonia/air chemical kinetics, a detailed mechanism recently developed by Okafor et
al. [182] was used. This mechanism consists of 59 species and 356 reactions and is based on
GRI-Mech 3.0 [116] and the mechanism by Tian et al. [183]. The predicted laminar NHs/air
flame speed under standard temperature and pressure has been validated against several ex-
perimental data [184,185]. Although uncertainty in the flame speed of approximately +1 cm/
s still exists due to scattered experimental values, it is not expected to impair the generality of
the conclusions of this study as reaction kinetics of NHz/air combustion is well-understood
[9,186] and is incorporated in the mechanism. In this study, the elementary reactions in the
mechanism by Okafor et al. [182] will be referred to as (OK #), where # is the number of the
reactions compiled in Table A.2 in Appendix A.

6.3 Method of flame characterization
6.3.1 Flame speed

Similar to the previous chapters, the flame speed is evaluated as the fuel consumption speed
Se:

1 X5%
S | cwpapax ©6.1)

(Y — V) S
where p,, is the unburned gas density; Yz, and Y, are respectively fuel mass fraction in the
unburned and the burned gas; Wr and wy are respectively molecular weight and molar reac-
tion rate of the fuel. Unburned mixture properties p, and Yy, are calculated from ¢. Here,
the integration range is limited to [x;,, Xs¢,] for reasons discussed later.

In the previous chapters, the fuel mass fraction in the burned gas Y;;, was excluded from
the definition since the amount of unburned fuel in the burned gas is negligibly small for me-

thane/air flames even in rich mixtures, as seen in Chapter 3. On the other hand, Y¢ ), is a major
component in the burned gas of rich ammonia/air flames [9], thus neglecting Yy ;, in the above

definition results in an underestimation of the actual flame speed as the denominator
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Pu (qu — Y},b) is overestimated. Recently, Inanc et al. [18] proposed obtaining Y ;, from ho-
mogeneous flames calculations at corresponding values of ¢, and using them for evaluating
S¢ of both stratified and homogeneous flames. Although, Y, defined in this way should be
considered as approximate values for the case of stratified flames. This is because the burned
gas composition continuously varies in the downstream direction and Yf , cannot be evaluated
unambiguously, as already mentioned in Chapter 3, Section 3.3. Nevertheless, the same meth-
od as Inanc et al. [18] was applied in this study to minimize the underestimation of S, in rich
mixtures. The above ambiguity in the definition of Y}, can be circumvented by using the in-
tegrated fuel consumption rate [ (—Wrwy)dx as a measure of the burning rate. This approach
has been recently adopted by Wang et al. [119]. Therefore, in addition to the stratified flame
speed S, ; and the homogeneous flame speed S.,, the relative increase (SC,S - Sc'h) /Scn 1s
also presented in the results, as done in previous chapters. According to Eq. (6.1), (SC’S —
Sc,h) /Scn 1s equivalent to the relative increase in the integrated fuel consumption rate
Il (—Wrwr)dx since the factor p,, (qu — Y},b) cancels out, thus the ambiguity in Yy 5, is elimi-
nated.

In rich ammonia/air flames, unburned NH3 is a major component in the burned gas [9],
thus the reaction rate profile of NH; exhibits a long tail on the downstream side of the reac-
tion zone. Especially for rich-to-lean stratified flames, more unburned NH; exists in the
burned gas than that in the corresponding homogeneous flames, which results in additional
fuel consumption in the burned gas. This causes an overestimation of S, ; when the integral is
performed over the entire calculation domain, i.e., [x;,, 0 mm]. To minimize this effect, the
upper bound of the integration was set at x = xgq,, where the heat release rate downstream of
the flame becomes 5% of the peak value, as illustrated in Fig. 6.3. The 5%-threshold has also
been applied in previous studies for integrating the fuel consumption rate in stratified hydro-
gen/air flames [113] and cool flames [119]. It has been confirmed that 5% is sufficient for ex-
cluding downstream fuel consumption in ammonia/air stratified flames, as discussed in Ap-

pendix C.
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Fig. 6.3: Example of integration range [x;y, X50,] for the evaluation of the flame speed S.,
where x;;, = —15 mm and x50, is the location at which the downstream heat release rate is

5% of the maximum value.

6.3.2 Local equivalence ratio

As explained in previous chapters, the local equivalence ratio must be defined in terms of el-

ement composition. First, the conventional species-based equivalence ratio is written as

;(NHB/;Kair
Dspecies = ————— 6.2
species (XNH3/Xair)st (62)

where X}, is the mole fraction of a mixture component k, and (Xyp3/Xair)s: 1S the stoichio-
metric fuel-air molar ratio. Based on the definition of the fuel-air ratio, the above is expres-
sion is equivalent to
species = %ﬁ“‘” (63)
considering the global reaction NH; + 0.750, —» N, + 1.5H,0. However, unlike in me-
thane/air mixtures, the above species-based definition cannot be straightforwardly extended to
an element-based definition. This is because the element N exists both in the fuel as NH; and
the air as N,. Therefore, an alternative approach was taken, as was done in previous studies
[171,187].
First, considering the elemental stoichiometric relations in the above global reaction, a

conserved scalar S is expressed as
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W Wo (6.4)

B = 0.752—N + 0.25
Wx
where Z;, and W), are respectively the elemental mass fraction and atomic mass of element k.
Here, f retains its value as the reaction proceeds and it is only modified by mixing of differ-
ent mixture compositions. Next, two virtual streams of fuel and air, respectively, are consid-
ered. Stream 1 consists of pure air. Therefore, the conserved scalar f; is expressed as

B, = 0.75 ZwlNl - ZWL: (6.5)
Note that Zy ; = 0 as no fuel exists. The values Zy ; and Z ; are evaluated from the air com-
position (21 vol.% 0, and 79 vol.% N,). On the other hand, Stream 2 consists of pure fuel.
Therefore, the conserved scalar 3, is expressed as

Zu,

B — 075242 4 55
2 . WN . WH

(6.6)

Note that Zp, = 0 as no air exists. The values Zy , and Zy , are evaluated from the composi-
tion of NH3. It should be noted that in the above, f; and 8, are both constants, while § is a
variable evaluated based on the local elemental composition of the mixture. Consequently, the
Bilger’s mixture fraction [188] for ammonia/air mixtures is defined using f;, 55, and 8 as

_B-5
BB

Note that Z = 1 for a pure air stream, Z = 0 for a pure ammonia stream, and 0 < Z < 1 for

Z

(6.7)

an ammonia/air mixture. Since £ is a conserved scalar, Z is also a conserved scalar that is on-
ly determined by the extent of mixing of fuel and air streams. With further derivation, it can

be shown that the relation between Z and ¢ is

¢= (1 f Z ) (1 gstZSt) (6.8)

where Z;; = 0.142 is the value of Z in a stoichiometric mixture. In the above definition, ¢

becomes a conserved scalar and is defined throughout the reacting flow.

6.3.3 Fluid particle tracking

In addition to the flame speed, another goal of this study is to compare the NO emission char-
acteristics of stratified ammonia/air flames with that of homogeneous flames. In homogene-
ous flames, the burned gas composition depends on the flow residence time downstream of
the flame. This is because, especially for ammonia/air flames whose burned gas is far from
equilibrium [9], the burned gas continues to react and its composition transiently varies as it is
convected downstream. Moreover, for stratified flames, the burned gas composition addition-

ally depends on the local equivalence ratio. Therefore, the emission characteristics of strati-
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fied flames should be identified as the /ocal emission characteristics that depend both on the
residence time and the local equivalence ratio of the burned gas. This means that both the time
and location of each local portion of the burned gas need to be identified. The particle track-
ing method is as follows.

The local burned gas composition in the stratified flame is characterized by a total of N
fluid particles whose initial equivalence ratios are ¢in;e, (n =1,2,...,N) at the reaction
zone. Specifically, in the stratified flame, the local equivalence ratio ¢y ¢(t) at the reaction
zone xp ;(t) varies transiently as the flame propagates toward leaner or richer mixtures. At the
instant t = t,, where ¢p s(t,) = Pinitn, the nth fluid particle initially at the reaction zone
xg,s(ty) is tracked downstream in a Lagrangian manner for a finite travel time Tp¢¢; . As such,
the history of the nth fluid particle can be interpreted as the history of a local portion of the
burned gas with the local equivalence ratio ¢;p;¢, and the residence time 7, 5. In addition,
the history of the nth fluid particle in the stratified flame is compared with that of a corre-
sponding fluid particle in a homogeneous flame. To this end, a fluid particle is tracked from
the reaction zone in a homogeneous flame whose equivalence ratio at the reaction zone ¢p
equals @iyt . In this way, the histories of NO reaction rate and NO concentration for the nth
fluid particle in the stratified flame can be compared with those of the corresponding fluid
particle in the homogeneous flame. Here, the local strain rate ap of the homogeneous flame is
adjusted to equal the initial ag of the corresponding fluid particle in the stratified flame.

Figure 6.4 shows the reaction zone location xp ¢ of the stratified flame and the trajectory
Xpeel,s Of the fluid particles with different initial equivalent ratios ¢;;;. Total of 11 particles
were tracked for each stratified flame. All particles are convected from xp ; toward the stagna-
tion plane (x = 0 mm). In the current stagnation flow, it is necessary to stop tracking parti-
cles in a finite time, because the velocity of the fluid particles approaches zero, and the resi-
dence time diverges to infinity. Therefore, in this analysis, the tracking was stopped at 7, =
20 ms for each particle. From Fig. 6.4, it is seen that the location where the tracking was
stopped (the upper end of the broken line) is at least 1 mm away from the stagnation plane,
and the particles travel in the burned gas for about 4 to 6 mm. The reason why the particles in
the rich-to-lean stratified flame in Fig. 6.4(a) have a relatively long travel distance than the
lean-to-rich case in Fig. 6.4(b) is that the flame speed is larger for the former case and thus
the downstream flow is faster, as will be shown in the results.

-99 .



Chapter 6. Stratified Combustion of Alternative Fuels
— Ammonia

O T T T
(a) Rich-to-Lean
2t . .
¢init =135 -
— -4 I .::. i
2 ;!
% B ¢init =0.86
g O i
— -8t
8
Z 0 : : :
(b) Lean-to-Rich
2t _
@, = 0.87
4t
6F
8t _
0.00 0.05 0.10 0.15 0.20

Time [s]

Fig. 6.4: Trajectories of the reaction zone location xg ; and the fluid particle location Xy s of
stratified flames with (a) decreasing and (b) increasing equivalence ratio. ¢;,;; denotes the

initial equivalence ratio of fluid particles.

6.4 Results and discussions

6.4.1 Characteristics of burned gas compositions

It has been shown in previous chapters that the composition of the burned gas plays a crucial
role in modifying the flame properties. Therefore, it is beneficial to clarify the burned gas
composition of homogeneous ammonia/air flames for different mixture equivalence ratios ¢.
In Chapter 3, the burned gas composition of methane/air flames was approximated by the
mixture composition at thermodynamic equilibrium. However, for ammonia/air flames, it is
known that the burned gas composition is far from equilibrium due to the low reactivity [189].
Therefore, following the approach by Kobayashi et al. [189], mole fractions of some relevant

species 2.5 mm downstream of the reaction zone in a one-dimensional homogeneous flame,

- 100 -



Chapter 6. Stratified Combustion of Alternative Fuels
— Ammonia

obtained from the PREMIX code [189], are plotted in Fig. 6.5. Here, the mole fractions of O,,
N,, and H,0 are not shown because of their minor importance in the following discussions.
Compared to the burned gas composition of methane/air mixtures in Chapter 3, Section 3.4,
some important differences are observed. First, while the unburned CH, was negligibly small
regardless of mixture stoichiometry in methane/air flames, the unburned NH; rapidly increas-
es with increasing equivalence ratio when ¢ > 1.10 and becomes one of the major species in
the burned gas in ammonia/air flames. Although much smaller in quantity, NH; radicals, i.e.,
NH,, NH, and N radicals, also increase rapidly in the burned gas when ¢ > 1.10; Here, only
NH, mole fractions are shown. These radicals are products of partially oxidized NH;, and
they play major roles in the ammonia/air chemistry, as will be seen later. Contrarily, the mole
fractions of NO and OH are small when ¢ > 1.10, but they increase rapidly with decreasing
equivalence ratio when ¢ < 1.10 and peaks around ¢ = 0.90 and 0.95, respectively. The
trends of NO and OH coincide because the presence of abundant OH is crucial for the produc-
tion of NO. From the above trends, it can be seen that ¢ = 1.10 is the optimal equivalence
ratio that minimizes the sum of the major pollutants of ammonia/air flames, i.e., the un-
burned NH; and NO, as also noted by Kobayashi et al. [189]. Meanwhile, the H mole frac-
tion peaks around ¢ = 1.05 and rapidly decreases toward richer and leaner sides, which is
similar to the trend seen in methane/air mixtures. On the other hand, the H, mole fraction is

almost non-existent in lean mixtures, increases rapidly around ¢ = 1.05, and then reaches a

0.05 T T T T T T T

0.04
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Fig. 6.5: Major species mole fractions 2.5 mm downstream of the reaction zone in one-
dimensional premixed flames calculated by PREMIX [189] code.
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plateau for ¢p > 1.20. This is in contrast to the trend in the methane/air mixtures, where the
H, mole fraction increases monotonically in rich mixtures. These trends will be revisited for

interpreting the results obtained for stratified flames in the following discussions.

6.4.2 Response of the flame speed

Response of the flame speed S, ; of (a) rich-to-lean and (b) lean-to-rich stratified flames and
the corresponding flame speed S, ;, of homogeneous flames at each local mixture equivalence
ratio ¢y are shown in Fig. 6.6. For the rich-to-lean stratified flame, the values of S. s are
mostly the same with S, when 1.2 < ¢ < 1.4. However, S gradually becomes larger
than S.j, as ¢y further decreases, and at around ¢p = 0.95, the relative increase (S5 —
Scn)/Scn reaches the peak value of more than 40%. With a further decrease in ¢p, the in-
crease in S, ; diminishes as the mixture becomes homogeneous. Meanwhile, for the lean-to-
rich stratified flame, an opposite trend is observed; S, s becomes smaller than S. j, as ¢ in-
creases. However, there are some differences from the rich-to-lean case: S, starts to deviate
from S. j, from the early stage of propagation; the maximum relative (S.s — S n)/Sc,n 1S now
slightly on a slightly richer side, ¢ = 1.05; and its magnitude is smaller, approximately 20%.
Nevertheless, regardless of the direction of stratification, the response of S, ; resembles the
back-supported stratified flame propagation in methane/air mixtures observed in Chapters 3
and 4 and previous studies [20,78,104,114,115]. Therefore, it is expected that a similar mech-
anism of back-supporting phenomenon exists for the stratified ammonia/air flames. As the
response of the stratified flame speed for the lean-to-rich case is qualitatively the opposite of
the rich-to-lean case, the following discussion will focus on the mechanism of rich-to-lean
stratified flame propagation.

In Fig. 6.7, Profiles of heat release rate, temperature, and major species mole fractions at
¢r = 0.94 of the rich-to-lean stratified flame in Fig. 6.6(a), along with those of the corre-
sponding homogeneous flame, are shown. In Fig. 6.7(a), the heat release rate of the stratified
flame is increased, as expected from the increased flame speed. Moreover, the thermal thick-
ness of the stratified flame is thinner, as indicated by the steeper temperature gradient in the
preheat zone (—2.0 mm < x — xz < 0 mm ), which is also a sign of the increased flame
speed. Nevertheless, it can be seen that the ammonia/air flames are much thicker than the me-
thane/air flames, whose preheat zone thickness was around 0.5 mm in Chapter 3, due to the
lower flame speed. Meanwhile, at the downstream of the burned gas (3 mm < x — xp), the
temperature profile exhibits a negative gradient toward the downstream side of the stratified
flame. This shows that an increase in heat flux from the burned gas is not the cause of the in-
crease in the stratified flame speed; the slight increase in the temperature downstream of the

reaction zone (0 mm < x — xz < 2 mm) seems to be a consequence of the increased heat
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Fig. 6.6: Response of the flame speed S, ¢ of (a) rich-to-lean and (b) lean-to-rich stratified
flames, the flame speed S, of homogeneous flames with the same ¢p, and the relative in-

crease in S, ; as compared to S, .
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release rate. Therefore, similar to the back-support effect of stratified methane/air flames, the
increase in the stratified flame speed seems to be due to an increase in the mass flux of chem-
ical species from the burned gas.

In Fig. 6.7(b), mole fractions of major reactants and products are shown. From the up-
stream side, the fuel, NH;, and the oxidizer, O,, are supplied. It is seen that their mole fraction
gradients are thinner in the preheat zone due to the increased flame speed. Meanwhile, mole
fractions of N, and H,O are increased in the burned gas. It is interesting to note that N, exists
as a component of air on the upstream side, and its mole fraction is increased as additional N,
is produced in the reaction zone; In methane/air flames, the mole fraction of N, hardly varies
across the reaction zone. Moreover, at the downstream of the burned gas (4 mm < x — x) of
the stratified flame, accumulation of unburned NHj is observed. As the burned gas is richer,
this is expected from the trend of the unburned NH; observed in Fig. 6.5.

As seen in the previous chapters, back-diffusion of species such as H,, OH, and H from the
burned gas in methane/air stratified flames were crucial for modifying the flame speed as they
are involved with the chain-branching loop and fuel decomposition reactions. Therefore, pro-
files of those species are shown in Fig. 6.7(c), as they are also abundant in ammonia/air
flames. While H, and H are increased for the stratified flame, OH is decreased in the burned
gas. The reason for this is easily seen in Fig. 6.5; considering that ¢ = 0.94 and the strati-
fied flame is propagating toward a leaner mixture, more H,/H and less OH are expected to ex-
ist in the richer (around ¢ = 1.05) burned gas as compared to the corresponding homogene-
ous flame. Therefore, diffusion of H, and H into the reaction zone seems to be increased for
the stratified flame. How these species affect the chemical process in the reaction zone will be

analyzed next.
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Fig. 6.7: Profiles of heat release rate, temperature, and major species of the rich-to-lean strati-
fied flame (SF) at ¢p=0.94 in Fig. 6.6(a) and the homogeneous flame (HF) with the same ¢p.

The x-axes are shifted so that at the reaction zone x — xg = 0 mm for both flames.
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To elaborate on the chemical process that contributed to the increase in the stratified flame
speed, a reaction flow analysis [84] was conducted for the rich-to-lean stratified flame at
¢r = 0.94 in Fig. 6.6(a) and the corresponding homogeneous flame. The resulting diagram is
illustrated in in Fig. 6.8. To create this diagram, the following procedure was adopted. First,
the integrated rate of production of kth species in ith elementary reaction, () ;, was evaluated
in the following manner: As mentioned in Chapter 2, Section 2.2, a system of elementary re-

actions consisting of K species and N reactions can be written in a general form as

Z Vllc,iMk Ié:) Vzlc’,iMk , (i=12,..,N) (6.9)

where M is the chemical symbol of kth species; v; ; and v/ ; are stoichiometric coefficients
of kth reactant and product species, respectively, in the ith reaction; and kf; and kj,; are reac-
tion rate constants of forward and backward reactions in the ith reaction, which are evaluated
by the Arrhenius equations [13]. The rate of progress of the ith reaction, @;, is calculated as

follows

K K
N N N n ; n”i
w; = wf,i — wb,i = kf,i 1_[ Ck ki _ kb,i 1_[ Ck k, (610)
k=1 k=1

where @¢; and @) ; are the rate of progress of ith forward and backward reactions; n,; and
ny; are reaction orders of kth species in the ith forward and backward reactions; and Cy is the

mole concentration of kth species. Consequently, the rate of production of kth species in ith

clementary reaction, wy ;, is calculated as
Wi = (Vies = Vi) @i (6.11)
Therefore, the integrated rate of production of kth species in the reaction zone is expressed as
. X5%
Qi =J Wy, dx (6.12)
Xin
As seen above, the integral was performed over the same range as in Eq. (6.1), specifically

[Xin, X504], SO as not to account for reactions in the burned gas. In addition, Qk,l- for N-

containing species in a reaction path M; — M, (j # k) was summed up as follows:

Wik = z Qe (6.13)
reactioniin M;j->My (j#k)

Hence, ‘Pj_)k represents the total integrated production rate in each reaction path. In Fig. 6.8,

reaction paths whose ‘Pj_,k are more than 3% of Li’]-_,k of the initial NH; — NH, path, which is

the largest reaction path, were illustrated as arrows. The thickness of each arrow represents

the logarithm of the ‘Pj_,k’h in a homogeneous flame whose ¢ = 0.94 in Fig. 6.6(a).
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Fig. 6.8: Reaction flow diagram at ¢pg = 0.94 in Fig. 6.6(a). The thickness of the arrow is

proportional to the logarithm of the integrated rate of species production (ROP) of the homo-
geneous flame, while the darkness of the arrow is proportional to the magnitude of a relative
increase in the ROP of the stratified flame as compared to that of the corresponding homoge-

neous flame.

Meanwhile, the color of each arrow represents a relative increase in LPJ-_,,('S in the stratified
flame from the corresponding ¥;_ 5, in the homogeneous flame, (Wj_xs — Winin)/Wjoin X
100 [%]. As indicated by the color bar in the figure, the arrow becomes linearly darker as the
relative increase in ‘i’J-_)k varies from 20% to 50%. Note that ‘Pj_ﬂ( for all reaction paths shown
in the diagram was increased in the stratified flame.

It can be seen in Fig. 6.8 that the oxidation process of NH; begins with H-abstraction reac-
tions by OH, O, and H. Subsequently, oxidation of NH, diverges into three main routes
[185,190]: (1) NH, = NH — N, (2) NH, - HNO — NO, and (3) NH, - N,H, - NNH — N,.
Route (1) represents further H-abstraction of NH, by OH and H, leading to the production of
NH and N radicals which may react with O, OH, or O, to form NO, or with NO to form N,.
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The former is favored in lean flames due to the abundance of O and OH radicals, while the
latter is a major NO reduction process in rich flames [9]. Through Route (2), NH, itself is
converted to NO via HNO. While this route is also favored in lean flames, the HNO — NO
path is the dominant NO production route for all conditions [9]. Through Route (3), NH, re-
acts with NH to produce N, via N,H, and NNH. This route is favored in rich flames, which
contributes to low NO production by depleting the NH; radicals [9].

The color of the arrows in Fig. 6.8 indicates that Routes (1) and (3), represented by the
middle and the right vertical branches, are more enhanced in the stratified flame than Route
(2) represented by the left branch. This implies that the relative increase in the stratified flame
speed was primarily driven by the H-abstraction route (1) and the NNH route (3). Based on
this observation, variations in the contribution of major elementary reactions constituting the
NH, production path NH; — NH, and each path in Routes (1) and (3) are arranged in Table
6.1. Here, the contribution of ith reaction in a reaction path M; — M, (j # k) is calculated by

Riowi = i — x 100 [%)] (6.14)

Lreaction i in M;—My, (j#k) ki

The path NNH — N, is not considered here as it consists of unimolecular decomposition reac-
tions. In the table, reactions with the largest increase in their contributions, written in bold let-
ters, turned out to be H-abstraction reactions by H atoms. In contrast, contributions of elemen-
tary reactions involving OH radicals are all decreased in the stratified flame. As an exception,
the reaction path NH, — N,H, is solely through a reaction with NH radicals (OK 252), thus
the increase in the reaction rate of OK 252 is likely a consequence of increased NH; radicals
in the reaction zone. Therefore, the above reaction flow analysis shows that the increase in the
NH; consumption rate and thus in the stratified flame speed is due to enhanced H-abstraction
reactions by H atoms.

Considering the mole fraction profiles in Fig. 6.7 (c), two factors are responsible for the
increase in H atoms that led to the increase in the H-abstraction reactions. As mentioned pre-
viously, H and H, in the burned gas was increased for the stratified flame in Fig. 6.7 (c). First,
as H atoms diffuse preferentially against other species, the larger H content in the burned gas
leads to increased back-diffusion of H atoms into the reaction zone, resulting in direct en-
hancement of the H-abstraction reactions. Secondly, diffusion of H, from the burned gas into
the reaction zone is also increased. In the reaction zone, H, reacts with O and OH to accelerate
major chain-branching reactions O + H, 2 H+ OH (OK 3), OH + H, 2 H + H,0 (OK 85),
and H + O, 2 0 + OH (OK 39) [78], which leads to a higher H content in the reaction zone,
indirectly enhancing the H-abstraction reactions.

The role of the second factor, H, back-diffusion, becomes apparent when ¢ is around

1.05, where there is less H in the burned gas of the stratified flame, as shown in Fig. 6.9.
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Table 6.1: Variation in the contribution of elementary reactions in selected reaction paths at
¢r = 0.94 in Fig. 6.6(a). Reactions with the largest increase in their contributions are written
in bold letters.

Contribution [%]

Reaction path  No. Elementary reactions Homogeneous — Stratified
NH; - NH, OK278 NH;+ OH < NH, + H,0 86.0 - 825
OK 279 NH3 + 0 & NH, + OH 9.3 - 103
OK 277 NH3+H < NH, + H, 4.7 - 73
NH, - NH OK 248  NH; + OH & NH + H,0 47.1 - 353
OK 245 NH,; +H < NH +H, 32.1 -  46.8
OK 251  NH; + NH,; & NH + NH; 18.2 - 155
NH - N OK232 NH+He N+H, 39.3 - 56.0
OK 235 NH + OH & N + H,0 57.5 - 41.3
NH, - N,H, OK252 NH,+NH < N,H, +H 100.0 - 100.0
N,H, - NNH OK288 N,H, +H < NNH + H, 57.9 - 69.0
OK 291 N,H, +OH <& NNH+H,0 238 - 158
OK 289  N,H; + 0 < NNH + OH 9.3 - 78
OK 292 N,H, +NH < NNH+NH, 9.0 - 74

Considering the reduced back-diffusion of H into the reaction zone, the stratified flame speed
is expected to be decreased. However, as the H, content in the burned gas is still higher for
the stratified flame, H, diffuses preferentially into the reaction zone and enhances the chain-
branching reactions. This effect overrides the decrease in the diffusive flux of H atom from
the burned gas, which can be observed in the slight increase in the H profile around the reac-
tion zone (x — xg = 0 mm) in Fig. 6.9.

Because the chain-branching reaction driven by H, can override the effect of variation in
the H content in the burned gas, an increase or decrease in H, content in the burned gas de-
termines whether the stratified flame speed will be increased or decreased, respectively. As H,
content in the burned gas increases almost monotonically with the mixture equivalence ratio,
there will be higher or lower H, content in the burned gas of rich-to-lean or lean-to-rich strati-
fied flames, respectively. This results in the increased or decreased stratified flame speed S ¢
as compared to the corresponding homogeneous flame speed S. ,, as seen in Fig. 6.6. The
above mechanism is very similar to the back-support effect observed in methane/air stratified
flames in Chapter 3.
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Fig. 6.9: Profiles of H,, H, and OH of the rich-to-lean stratified flame at ¢ = 1.02 in Fig. 6.6
(a) and the homogeneous flame with the same ¢g. The x-axes are shifted so that at the reac-

tion zone x — xg = 0 mm for both flames.

6.4.3 NO reduction in the burned gas

To characterize the local burned gas composition, fluid particles with different values of initial
equivalence ratio ¢;,;; at the reaction zone were tracked in the stratified flames and the corre-
sponding homogeneous flames, as described in Section 6.3. As an example, Fig. 6.10 shows
the time variation of NO reaction rate and NO mole concentration profiles as fluid particles
whose ¢;,;; = 1.02 and ¢;,;; = 1.06 are tracked in (a) rich-to-lean and (b) lean-to-rich strati-
fied flames, respectively. The leftmost panel corresponds to the initial particle location
Xptcl,s = XR,s at Tpeeg = 0 ms. In addition, steady profiles of corresponding homogeneous
flames with the same values of ¢;,;; are drawn with broken lines. The locations of each parti-
cle are plotted by circle and square symbols for stratified and homogeneous flames, respec-
tively. It can be observed that, in the rich-to-lean stratified flame, the fluid particle is convec-
ted faster downstream than the corresponding fluid particle in the homogeneous flame, while
the opposite trend is observed in the lean-to-rich stratified flame. This is because, as shown in
Fig. 6.6, S, > S, for the rich-to-lean stratified flame and S, < S, for the lean-to-rich
stratified flame, which results in faster and slower downstream convection for the former and
the latter stratified flames, respectively. As reactive and diffusive processes in the local burned
gas proceed with time and not with distance, it is important to compare the properties of the

burned gas under the same residence time 7.
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Fig. 6.10: Solid lines: Variation of NO reaction rate (upper low) and NO mole concentration
(lower low) profiles of (a) rich-to-lean and (b) lean-to-rich stratified flames with increasing
travel time T of fluid particles whose ¢;;r = 1.02 and 1.06, respectively. Broken lines:
NO reaction rate and mole concentration profiles of a homogeneous flame where the fluid
particle has the same value of ¢;,;; as the corresponding stratified flame. The locations of flu-
id particles in stratified and homogeneous flames are shown as circle and square symbols, re-
spectively. The x-axes are shifted so that the starting point of fluid particle tracking is at 0 mm

for all cases.
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Before analyzing the histories of NO reaction rate and NO mole fraction in each fluid parti-
cle, variations in the NO reaction rate profiles in Fig. 6.10 are observed. At the initial moment
(Tptet = 0 ms), the production rate of NO is higher and lower in the rich-to-lean and lean-to-
rich stratified flames, respectively, than in the corresponding homogeneous flames. This is
due to the increased and decreased reaction rates of the stratified flames, respectively. Moreo-
ver, in the stratified flame, the NO reaction rate profiles display peculiar transient behaviors.
In the rich-to-lean stratified flame in Fig. 6.10 (a), an NO reduction zone exists downstream of
the reaction zone (0.5 mm < x — xz < 2.5 mm) at the initial moment (7, = 0 ms). With
increasing tracking time Tp, it detaches from the reaction zone and is convected down-
stream in the burned gas. On the other hand, in the lean-to-rich stratified flame in Fig. 6.10 (b),
the NO reduction zone downstream of the reaction zone (0.3 mm < x —xz < 1.5mm)
stretches further downstream with increasing 7,.;. It is of interest to elucidate how these NO
reduction zones in the burned gas are formed and affect the NO emission characteristics of
stratified flames.

The histories of NO reaction rate and NO mole concentration experienced by the fluid par-
ticles tracked in Fig. 6.10 (particles with ¢;,,;; = 1.02 in the rich-to-lean stratified flame and
with ¢, = 1.06 in the lean-to-rich stratified flame) are shown in Fig. 6.11; these particles
are chosen because they are convected along with the downstream NO reduction zones. The
beginning of the NO consumption reaction is marked with a vertical line for each particle. For
a wide range of the reaction rate history, the NO consumption rate experienced by the fluid
particles in rich-to-lean and lean-to-rich stratified flames is larger than that in corresponding
homogeneous flames. However, for the stratified flames, the history of NO consumption rate
is not exactly reflected in the history of NO mole concentration. In the rich-to-lean stratified
flame, the mole concentration starts to increase after 7. = 0.012 s, even though the con-
sumption reaction persists. In the lean-to-rich stratified flame, the mole concentration contin-
ues to decrease at a constant rate, despite the consumption reaction gradually diminishing.

The discrepancies between the histories of the reaction rate and the mole concentration in
stratified flames are caused by the mass diffusion of NO in the burned gas. This is because the
diffusive effect becomes stronger as the particle approaches the stagnation plane. As can be
observed from the NO profiles of stratified flames in Fig. 6.10, NO diffuses downstream in the
burned gas of the rich-to-lean stratified flame. Therefore, NO diffuses into the fluid particle
from the upstream side. Contrarily, NO diffuses out of the fluid particle in lean-to-rich strati-
fied flames. These effects result in the gradually increasing and decreasing trend of the NO
mole concentration histories in Fig. 6.11(a) and Fig. 6.11(b), respectively. Consequently, the
history of NO mole concentration experienced by fluid particles cannot be interpreted simply

as the local emission characteristics of stratified flames, as it is influenced by diffusive mixing
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Fig. 6.11: Solid lines: Histories of reaction rate and mole concentration of NO for a fluid par-
ticle with (a) ¢;nir = 1.02 and (b) ¢, = 1.06 tracked in rich-to-lean and lean-to-rich strati-
fied flames (SF), respectively. Broken lines: Histories of reaction rate and mole concentration
of NO for a fluid particle tracked in steady homogeneous flames (HF) where the fluid particle
has the same value of ¢;,;; as the corresponding stratified flame. Vertical lines: Beginning of

NO consumption reaction Tpse; = Tpecr,c for each fluid particle.
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of local mole fractions.

As an alternative approach to estimating local burned gas composition in stratified flames,
NO consumption rate of each fluid particle was integrated over the range of the travel time
[Tptcl'c, 20 ms], where Tpe; = Tpeerc 1S the beginning of NO consumption reaction marked
with vertical lines in Fig. 6.11. Then, the time-integrated NO consumption was compared with
the mole concentration at Tpt; = Tpecr,c for each fluid particle in stratified and homogeneous
flames. The results are shown in Fig. 6.12. Note that the dimension of both quantities is
[mol/cm3]

The mole concentrations at Tty = Tptcrc, Shown in squares, are mostly the same for fluid
particles in stratified and homogeneous flames; both increase monotonically as ¢;,;; becomes
smaller. This implies that although it was observed in Fig. 6.10 that the NO production rate
was increased or decreased in stratified flames from that of homogeneous flames, the NO con-
centration inside the reaction zone was not significantly affected. On the other hand, the time-
integrated consumption rate, shown in circles, shows different trends between stratified and
homogeneous cases. For the homogeneous flames, NO is negligibly consumed in fluid parti-
cles with ¢;,;; < 1.05, while NO consumption occurs in fluid particles with ¢;p;; > 1.05,
which attenuates moderately with increasing ¢;,,;;. This trend is caused by the abundance of
NH; radicals reducing NO in the rich burned gas [9]. Meanwhile, for the stratified flames, the
time-integrated NO consumption is augmented for fluid particles with ¢,;; = 1.05 £ 0.10 as
compared to the homogeneous flames. The increase in the NO consumption is up to 3.06 X
1078 mol/cm? for the rich-to-lean case and 2.63 X 1078 mol/cm? for the lean-to-rich case,
which is comparable to the mole concentrations at the beginning of the consumption reaction.
Therefore, the above results show that NO is expected to be reduced by a considerable amount
in the vicinity of stoichiometric burned gas of rich-to-lean and lean-to-rich stratified flames.

To elucidate the chemical process in detail, a reaction flow analysis was conducted for the
downstream NO reduction zone [1.32 mm, 5.43 mm] in the rich-to-lean stratified flame at
Tpter = 4 ms in Fig. 6.10(a). The resulting diagram is shown in Fig. 6.13. To visualize the
reaction path involved with NO, the arrows are rearranged from the previous diagram in Fig.
6.8. The thickness of the arrow is proportional to the logarithm of the integrated rate of spe-
cies production. The three routes that stand out are: NH; dehydration NH; - NH, - NH — N,
NO formation NH - HNO — NO, and NO reduction NO(— N,0 or - NNH) — N,. It should
be noted that NO reduction prevails over the formation, as indicated by the net NO consump-
tion in this zone. Though not shown here, a similar result was obtained for the downstream
NO reduction zone in the rich-to-lean stratified flame at 7,,;; = 8 ms in Fig. 6.10(b). There-

fore, it seems that NO reduction in the burned gas of stratified flames is facilitated by
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Fig. 6.12: Squares: NO mole concentration of each fluid particle at the beginning of NO con-
sumption Tpte; = Tpecre- Circles: Time-integrated NO consumption rate in each fluid particle
over the range of the travel time [Tp¢¢; ¢, 20 ms]. The plots are compared for fluid particles
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Fig. 6.13: Reaction flow diagram for the downstream NO reduction zone
[1.32 mm, 5.43 mm] at 7,,¢; = 4 ms of the rich to lean stratified flame in Fig. 6.10(a). The
thickness of the arrow s is proportional to the logarithm of the integrated rate of species pro-
duction. To clarify differences in the thickness of reaction paths involved with NO, arrows
thicker or thinner than the path NH — N or N,H, — NNH respectively, are drawn with broken

lines.

the abundance of NH; radicals produced from the unburned NH;. This is a common NO re-
duction process in rich NH/air flames [9,186], but here it occurs in the burned gas of mostly
stoichiometric mixtures with an even larger reduction rate than in burned gas of rich mixtures,
as seen in Fig. 6.12. Two factors are required for this to occur: an abundance of unburned
NH; in the neighboring rich burned gas and an abundance of H/OH radicals in the neighbor-
ing lean burned gas, as will be shown next.

In Fig. 6.14, NH3, O,, OH and H mole fraction and NHj3 reaction rate profiles at (a) Tyt =
4 ms of the rich-to-lean stratified flame in Fig. 6.10(a) and at (b) 7,;,; = 8 ms of the lean-to-
rich stratified flame in Fig. 6.10(b) are plotted. In the rich-to-lean stratified case in
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Fig. 6.14(a), the NO reduction zone is located around x — xg = 2.5 mm, as seen at T =
4 ms locally consumed at x — xz = 2.5 mm, where it meets OH and H diffusing from the in
Fig. 6.10(a). Considering that this is zone is stoichiometric, the burned gas upstream and
downstream of this region is slightly lean and rich, respectively. This can be observed in Fig.
6.14(a), where unburned NH; profile gradually increases downstream of x — xz = 2.5 mm.
The magnified profiles in Fig. 6.14(b) further illustrate that the unburned NHj3 is upstream
lean burned gas. On the other hand, in the lean-to-rich stratified case in Fig. 6.14(b), the NO
reduction zone exists for a range of 1.5 mm < x — xz = 4.5 mm, as seen at T,;;; = 8 ms in
Fig. 6.10(b). As this zone is around stoichiometric, the upstream and downstream sides of this
zone are respectively rich and lean, respectively. This can be observed in the abundance of
NH; on the upstream side in Fig. 6.14(c). The magnified profiles in Fig. 6.14(d) show that the
excess NH; from the upstream side reacts with OH and H diffusing from the downstream lean
burned gas.

It is also seen in Fig. 6.14 that, in the rich-to-lean case, the downstream NH; reaction zone
is localized around x — x5 = 2.5 mm, while in the lean-to-rich case, the NH; reaction zone
continuously extends from the main reaction zone at x — x = 0 mm toward the burned gas.
This is because, in the rich-to-lean case, NH; is depleted at x — xg = 2.5 mm, while in the
lean-to-rich case, NH3 exists continuously on the downstream side of the reaction zone. These
contrasting profiles of the downstream NH; reaction rate result in the different behaviors of
the downstream NO reduction zone in Fig. 6.10(a) and Fig. 6.10(b).

The above results explain the mechanism of NO reduction in the burned gas of stratified
flames as follows: When a flame propagates in a rich-to-lean or lean-to-rich stratified mixture,
unburned NH; from the rich region and OH/H from the lean region meets at the stoichiometric
region of the burned gas, resulting in a local production of NH; radicals. The increased NH;
radicals cause increased NO consumption in the burned gas of stratified flames. While the ex-
tent of such NO reduction was considerably large, as seen in Fig. 6.12, the downstream con-
sumption of unburned NH; was found negligibly small for both stratified cases.

It should be noted that the above-explained NO reduction process driven by the unburned
NH; resembles the well-known selective non-catalytic reduction (SNCR), also called the
thermal DeNOx process [9,186,191]. In the thermal DeNOx process, a particular regent, usu-
ally NH; or urea, is injected and mixed in a flue gas stream containing NOx. Under a certain
temperature range and concentration of O,, the reagent selectively reduces NOx to N, without
a need for catalyst [192]. This process has been widely adopted in various combustion sys-
tems as it is easy to install, economical as no catalyst is used, generally not affected by the
presence of fly ash, and can be used as a hybrid with other NOx reduction technologies [193].

In the thermal DeNOx process, the key step consists of the reaction between NH, and NO:
NH, + NO 2 NNH + OH (OK 257) and NH, + NO 2 N, + H,0 (OK 256). Here, NH, is
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produced from the injected NH3. For the thermal DeNOx process to be self-sustainable, it re-
quires a chain-branching cycle NH, + NO 2 NNH + OH (OK 257), O + H,0 2 OH + OH
(OK 3), and H + O, 2 0 + OH (OK 39) to be promoted under sufficiently high temperature.
However, when the temperature is too high, the above cycle produces O/H radicals too rapid-
ly, leading to a net formation of NO through oxidation of NH; radicals. Consequently, there is
an optimal temperature window for the thermal DeNOx to be effective, which is reported as
1100 to 1400 K [9,186,191] depending on the initial O, concentration [194,195]. Meanwhile,
the current NO reduction process in Fig. 6.14 takes place in the burned gas, whose tempera-
ture is around 2000 K. Therefore, from the aspect of the above thermal DeNOx mechanism,
NO production, instead of reduction, should occur in the burned gas

The critical difference between the thermal DeNOx process and the current NO reduction
process observed in the burned gas is that the initial reactants, in addition to NO, are NH; and
0, for the former and NH; and O/H radicals for the latter. In fact, Fig. 6.14 shows that in the
downstream NO reduction zone, O, is almost depleted while OH and H radicals are abundant.
Although it is known that the DeNOx window shifts to higher temperatures under extremely
low O, concentration (trace impurities around 0.01%), the optimal temperature is still as low
as 1373 K [195], likely due to depletion of O,. Therefore, it is considered that the current NO
reduction process in the burned gas is different from that of the thermal DeNOx process. For
the current case, the reduction process is sustained by O/H radicals that diffused from the lean

burned gas, rather than by those produced from the chain-branching cycle.

6.5 Summary

A numerical study of ammonia/air counterflow premixed flames under rich-to-lean and
lean-to-rich mixture stratification (stratified flames) is conducted. In particular, the effect of
mixture stratification on the response of the flame speed and NO emission was investigated.
The following conclusions are drawn from a comparison of the stratified flames with corre-

sponding steady flames in homogeneous mixtures (homogeneous flames):

* The relationship between the stratified flame speed S, and the homogeneous flame
speed S, , under the same local equivalence ratio is S. ¢ > S, , for the rich-to-lean strati-
fied flame and S ; < S, for the lean-to-rich stratified flame. In particular, the relative
increase in the integrated fuel consumption rate was up to more than 40% under the

magnitude of stratification imposed in this study.

* The changes in S, were driven principally by an increase or decrease in the H atom

concentration in the reaction zone, which respectively leads to increased or decreased
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rate of H-abstraction reactions of NH3/NH; radicals by H atoms.

The modification of H atom concentration in the reaction zone of stratified flames is
primarily caused by variation in the H, content in the burned gas. When the flame prop-
agates from rich to lean mixtures, the abundance of H, in the burned gas leads to in-
creased H, back-diffusing into the reaction zone, which enhances H atom production
through chain-branching reactions. The opposite occurs when the flame propagates
from lean to rich mixtures. In addition to the above effect, under stoichiometric-to-lean
propagation, the abundance of H atoms in the stoichiometric burned gas leads to in-
creased back-diffusion of H atoms into the reaction zone. The opposite occurs under

lean-to-stoichiometric propagation.

In both rich-to-lean and lean-to-rich stratified flames, additional consumption of NO oc-
curs in the downstream stoichiometric burned gas. Therefore, NO emission from strati-
fied flames is expected to be smaller than that predicted from homogeneous flame emis-

sion characteristics.

The mechanism of NO consumption downstream of the stratified flames are as follows:
As the neighboring regions of the stoichiometric burned gas are rich and lean, unburned
NH; diffused from the rich region is decomposed by OH/H diffused from the lean re-
gion. This leads to the production of NH; radicals which reduce NO in the burned gas.
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Concluding Remarks

In this chapter, primary results and conclusions drawn from the current studies are summa-

rized. Based on the conclusions, suggestions for future research topics are presented.

7.1 Conclusions

Using an unsteady counterflow flame solver OPUS, premixed flames propagating in stratified
mixtures (stratified flames) are numerically analyzed. Especially, an equivalence ratio gradi-
ent normal to the flame surface was imposed on the flame. The nondimensionalized stratifica-
tion thickness was in the order of 0(15) for cases with oscillating equivalence ratio and 0(2)
for cases with monotonically varying equivalence ratios. The results of the stratified flames
are compared with those of corresponding premixed flames in homogeneous mixtures (homo-
geneous flames). In particular, the basic mechanism of stratified flame speed modification
(“back-support effect”), stratified flame propagation in a strained flow, and stratified flame
propagation with alternative fuels such as hydrogen and ammonia are investigated. The pri-

mary results of this work are summarized in the following:

» Stratified methane/air flames propagate faster or slower than homogeneous flames un-
der decreasing or increasing equivalence ratios, respectively. In lean stratified mixtures,
preferential diffusion of reactive species such as H,, H, OH, and O from the burned gas
is the driving factor of the increase or decrease in the flame speed. Contrary to the pre-
vious reports, it is shown that variations in the burned gas temperature of stratified
flames do not contribute to the increase or decrease in the stratified flame speed. Mean-
while, in rich stratified mixtures, preferential diffusion of H, from the burned gas is the

driving factor of the increase or decrease in the flame speed.

* Due to the presence of the above “back-support” effect, when the flame is exposed to

mixture equivalence ratio oscillations, the stratified flame speed is modified from the
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homogeneous flame speed even when the oscillation frequency is sufficiently low that
the flame is expected to respond in a quasi-steady manner. Therefore, in addition to the
oscillation timescale, flame response under compositional oscillation should be consid-

ered in terms of amplitudes of variations in the equivalence ratio gradient.

When a rich-to-lean stratified methane/air flame propagates under compressible flow
strain, a higher strain rate decelerates the attenuation of equivalence ratio gradient in the
flame zone, which results in a larger increase in the stratified flame speed due to the
back-support effect. Therefore, it is suggested that evaluation and control of mixture
stratification in practical applications may need to consider the influence of flow non-

uniformity.

When a rich-to-lean stratified methane/air flame propagates with added hydrogen con-
tent in the unburned mixture, the flame speed will be less sensitive to the back-support
effect for a higher hydrogen content within the range of 0 to 40%. This is because H,
preferentially diffuses out of the flame zone toward the unburned mixture, mitigating

the accumulation of H, that diffused from the burned gas into the reaction zone.

When a stratified ammonia/air flame propagates in rich-to-lean and lean-to-rich strati-
fied mixtures, the stratified flame speed is respectively increased and decreased from
the corresponding homogeneous flame speeds. The mechanism behind this behavior is
similar to the back-support effect observed in methane/air stratified flames, i.e., prefer-
ential diffusion of H, from the burned gas dominates the variation in the fuel consump-

tion rate.

In both rich-to-lean and lean-to-rich stratified ammonia/air flames, additional consump-
tion of NO occurs in the downstream stoichiometric burned gas. This is caused by the
production of additional NH; radicals which reduce NO in the stoichiometric region of
the burned gas. Therefore, NO emission from stratified flames is expected to be smaller

than that predicted from homogeneous flame emission characteristics.

7.2 Relevance to practical applications

In addition to the increased understanding of the mechanism and characteristics of local strati-

fication effects on flame propagation, namely the back-support effect, the above conclusions

are relevant to the development of new combustion technologies in practical combustors in

terms of the following points:
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* In internal combustion engines that utilize direct fuel injection into the combustion
chamber, mixture concentration distribution can be controlled by modifying injection
timing and the mixing process induced by the velocity field. Adjusting the extent of
mixture stratification and the location of the ignition kernel so that the flame propagates
toward leaner mixtures, it is possible to make use of the back-support effect to achieve
faster flame propagation. On the other hand, by making the flame propagate into richer
mixtures, it is possible to decelerate the rate of combustion, which is beneficial for miti-
gating the unwanted rapid increase in pressure. As such, the back-support effect can be
utilized to control the rate of the combustion process without modifying the overall mix-

ture reactivity.

* The thermo-acoustic oscillations observed in gas turbine combustors or liquid propel-
lant rocket engines are known to be associated with fuel concentration fluctuation
caused by pressure fluctuation at the injector, which sustains the feedback loop of pres-
sure fluctuation through heat release fluctuation of the flame. Here, the phase difference
between each fluctuation plays a critical role in driving the feedback loop. Without the
back-support effect in mind, the heat release fluctuation is always in phase with the fuel
concentration fluctuation at the flame location. However, due to the back-support effect,
a phase delay is expected to exist between the heat release and the fuel concentration
fluctuations. Moreover, the phase delay is expected to depend on the spatial gradient of
the fluctuation. Therefore, an additional phase delay associated with the back-support
effect needs to be considered to control and mitigate thermo-acoustic oscillations in the

combustors.

7.3 Suggestions for future work

This study has deepened the understanding of the local effects of mixture stratification on
premixed flame propagation from a variety of aspects including a non-uniform flow and non-
conventional fuels such as hydrogen-blended methane and ammonia. However, some points

still require further investigation. Some of them are suggested below:

* In addition to the flow non-uniformity, the flame surface is highly curved in practical
turbulent stratified flames. However, studies on the effect of flame curvature on local
stratification effects such as the back-support effect are very limited [111]. Further in-
vestigations on detailed kinetics and transport phenomena in curved stratified flames are

required.

* Contrarily to hydrocarbon/air stratified flames, the back-support effect of hydrogen/air
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stratified flames are known to be driven by diffusion of H atoms, as mentioned in Chap-
ter 3. Meanwhile, as shown in this study, the back-support effect of methane/air and
ammonia/air stratified flames are driven primarily by preferential diffusion of H,.
Moreover, it was shown that the methane/hydrogen/air stratified flame is still primarily
driven by H, for the hydrogen content of up to 40%. Therefore, it would be interesting
to study the propagation of methane/hydrogen/air or ammonia/hydrogen/air stratified
flames under a higher hydrogen content to investigate the shift from the H,-driven back-

supporting mode to the H-driven back-supporting mode.

Previous studies on the back-support effect, including the current effort, have character-
ized the extent of mixture stratification in terms of equivalence ratio gradient. However,
a more essential degree of stratification should be weighted by the sensitivity of burned
gas composition to the mixture equivalence ratio. For example, under decreasing equiv-
alence ratio, the rate of variation in the H, content in the burned gas of ammonia/air
flames is larger around stoichiometry than in lean or rich mixtures, as shown in Chapter
6. Therefore, under the same equivalence ratio gradient, more H, is expected to diffuse
from near stoichiometric mixtures than from lean or rich mixtures. A further considera-
tion is required when more than one species, such as H, and H, are associated with the
back-supporting mechanism. Such an aspect would be important for a more detailed

characterization of stratified mixtures.

All of the numerical analyses in this study were conducted under standard temperature
and pressure. However, to the best of the author’s knowledge, there has been no report
on the effect of increased temperature or pressure on the local stratification effects in-
cluding the back-support effect, except for one recent study on stratified cool flames
under ambient pressure [119]. Such studies are crucial for predicting the influence of

such effects in practical combustors.
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Appendices

Appendix A Chemical Kinetics

Table A.1 shows the elementary reactions in GRI_mech 3.0 [116].

Table A.1: Elementary reactions in GRI mech 3.0 [116].

No. Reactions No. Reactions

1 20+M<=>02+M 164 CH3+C2H4<=>C2H3+CH4
2 O+H+M<=>0OH+M 165 CH3+C2H6<=>C2H5+CH4
3 O+H2<=>H+OH 166 HCO+H20<=>H+CO-+H20
4 O+HO2<=>0H+02 167 HCO+M<=>H+CO-+M

5 O+H202<=>0OH+HO2 168 HCO+02<=>HO2+CO

6 O+CH<=>H+CO 169 CH20H+02<=>HO2+CH20
7 O+CH2<=>H-+HCO 170 CH30+02<=>HO2+CH20
8 O+CH2(S)<=>H2+CO 171 C2H+02<=>HCO+CO

9 O+CH2(S)<=>H+HCO 172 C2H+H2<=>H+C2H2

10 O+CH3<=>H+CH20 173 C2H3+02<=>HCO+CH20
11 O+CH4<=>0OH+CH3 174 C2H4(+M)<=>H2+C2H2(+M)
12 O+CO(+M)<=>CO2(+M) 175 C2H5+02<=>HO2+C2H4
13 O+HCO<=>0OH+CO 176 HCCO+02<=>0OH+2CO

14 O+HCO<=>H+CO2 177 2HCCO<=>2CO+C2H2

15 O+CH20<=>0OH+HCO 178 N+NO<=>N2+0

16 O+CH20H<=>0OH+CH20 179 N+0O2<=>NO+0O

17 O+CH30<=>0H+CH20 180 N+OH<=>NO+H

18 O+CH30OH<=>0OH+CH20H 181 N20+0<=>N2+02

19 O+CH30OH<=>0OH+CH30 182 N20+0O<=>2NO

20 O+C2H<=>CH+CO 183 N20O+H<=>N2+OH

21 O+C2H2<=>H+HCCO 184 N20O+OH<=>N2+HO2

22 O+C2H2<=>0OH+C2H 185 N20(+M)<=>N2+O(+M)
23 O+C2H2<=>CO+CH2 186 HO2+NO<=>NO2+OH

24 O+C2H3<=>H+CH2CO 187 NO+O+M<=>NO2+M

25 O+C2H4<=>CH3+HCO 188 NO2+O<=>NO+02

26 O+C2H5<=>CH3+CH20 189 NO2+H<=>NO+OH

27 O+C2H6<=>0H+C2H5 190 NH+O<=>NO+H

28 O+HCCO<=>H+2CO 191 NH+H<=>N+H2

29 O+CH2CO<=>0OH+HCCO 192 NH+OH<=>HNO-+H

30 O+CH2CO<=>CH2+CO2 193 NH+OH<=>N+H20

31 02+CO<=>0+CO02 194 NH+O02<=>HNO+O

32 02+CH20<=>HO2+HCO 195 NH+02<=>NO+OH

33 H+02+M<=>HO2+M 196 NH+N<=>N2+H

34 H+202<=>HO02+02 197 NH+H20<=>HNO-+H2
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No. Reactions No. Reactions

35 H+02+H20<=>HO2+H20 198 NH+NO<=>N2+OH

36 H+O2+N2<=>HO2+N2 199 NH+NO<=>N20+H

37 H+02+AR<=>HO2+AR 200 NH2+O<=>OH-+NH

38 H+02<=>0+0OH 201 NH2+O<=>H+HNO

39 2H+M<=>H2+M 202 NH2+H<=>NH-+H2

40 2H+H2<=>2H2 203 NH2+OH<=>NH+H20
41 2H+H20<=>H2+H20 204 NNH<=>N2+H

42 2H+CO2<=>H2+CO2 205 NNH+M<=>N2+H+M
43 H+OH+M<=>H20+M 206 NNH+O2<=>HO2+N2
44 H+HO2<=>0+H20 207 NNH+O<=>0OH+N2

45 H+HO2<=>02+H2 208 NNH+O<=>NH+NO
46 H+HO2<=>20H 209 NNH-+H<=>H2+N2

47 H+H202<=>HO2+H2 210 NNH+OH<=>H20+N2
48 H+H202<=>0H+H20 211 NNH+CH3<=>CH4+N2
49 H+CH<=>C+H2 212 H+NO+M<=>HNO+M
50 H+CH2(+M)<=>CH3(+M) 213  HNO+O<=>NO+OH

51 H+CH2(S)<=>CH+H2 214 HNO+H<=>H2+NO

52 H+CH3(+M)<=>CH4(+M) 215 HNO-+OH<=>NO+H20
53 H+CH4<=>CH3+H2 216 HNO+02<=>HO2+NO
54 H+HCO(+M)<=>CH20(+M) 217 CN+O<=>CO+N

55 H+HCO<=>H2+CO 218 CN+OH<=>NCO-+H

56 H+CH20(+M)<=>CH20OH(+M) 219 CN+H20<=>HCN+OH
57 H+CH20(+M)<=>CH30O(+M) 220 CN+O2<=>NCO+0O

58 H+CH20<=>HCO+H2 221 CN+H2<=>HCN+H

59 H+CH20H(+M)<=>CH30H(+M) 222 NCO+0O<=>NO+CO

60 H-+CH20H<=>H2+CH20 223 NCO+H<=>NH+CO

61 H+CH20OH<=>0OH+CH3 224  NCO+OH<=>NO-+H+CO
62 H+CH20H<=>CH2(S)+H20 225 NCO+N<=>N2+CO

63 H+CH30(+M)<=>CH30H(+M) 226 NCO+02<=>NO+CO2
64 H+CH30<=>H+CH20H 227 NCO+M<=>N+CO+M
65 H+CH30<=>H2+CH20 228 NCO+NO<=>N20+CO
66 H+CH30<=>0OH+CH3 229 NCO+NO<=>N2+CO2
67 H+CH30<=>CH2(S)+H20 230 HCN+M<=>H+CN+M
68 H+CH30OH<=>CH20OH+H2 231 HCN+O<=>NCO-+H

69 H+CH30OH<=>CH30+H2 232  HCN+O<=>NH+CO

70 H+C2H(+M)<=>C2H2(+M) 233  HCN+O<=>CN+OH

71 H+C2H2(+M)<=>C2H3(+M) 234 HCN+OH<=>HOCN-+H
72 H+C2H3(+M)<=>C2H4(+M) 235 HCN-+OH<=>HNCO-+H
73 H+C2H3<=>H2+C2H2 236 HCN+OH<=>NH2+CO
74 H+C2H4(+M)<=>C2H5(+M) 237 H+HCN(+M)<=>H2CN(+M)
75 H+C2H4<=>C2H3+H2 238 H2CN+N<=>N2+CH2
76 H+C2H5(+M)<=>C2H6(+M) 239 C+N2<=>CN+N

77 H+C2H5<=>H2+C2H4 240 CH+N2<=>HCN+N

78 H+C2H6<=>C2H5+H2 241 CH+N2(+M)<=>HCNN(+M)
79 H+HCCO<=>CH2(S)+CO 242 CH2+N2<=>HCN+NH
80 H+CH2CO<=>HCCO+H2 243  CH2(S)+N2<=>NH+HCN
81 H+CH2CO<=>CH3+CO 244  C+NO<=>CN+O

82 H+HCCOH<=>H+CH2CO 245 C+NO<=>CO+N

83 H2+CO(+M)<=>CH20(+M) 246 CH+NO<=>HCN+O

84 OH-+H2<=>H+H20 247 CH+NO<=>H+NCO
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85 20H(+M)<=>H202(+M) 248 CH+NO<=>N+HCO

86 20H<=>0+H20 249 CH2+NO<=>H+HNCO

87 OH+HO2<=>02+H20 250 CH2+NO<=>0OH+HCN

88 OH+H202<=>HO2+H20 251 CH2+NO<=>H+HCNO

89 OH+H202<=>HO2+H20 252 CH2(S)*NO<=>H+HNCO
90  OH+C<=>H+CO 253  CH2(S)*NO<=>OH+HCN
91 OH-+CH<=>H+HCO 254 CH2(S)+NO<=>H+HCNO
92 OH+CH2<=>H+CH20 255 CH3+NO<=>HCN+H20
93 OH+CH2<=>CH+H20 256 CH3+NO<=>H2CN-+OH
94 OH+CH2(S)<=>H+CH20 257 HCNN+O<=>CO-+H+N2
95 OH+CH3(+M)<=>CH30OH(+M) 258 HCNN+O<=>HCN+NO

96 OH+CH3<=>CH2+H20 259 HCNN+O2<=>0O+HCO+N2
97 OH+CH3<=>CH2(S)+H20 260 HCNN+OH<=>H+HCO-+N2
98 OH+CH4<=>CH3+H20 261 HCNN+H<=>CH2+N2

99 OH+CO<=>H+CO2 262 HNCO+O<=>NH+CO2
100 OH+HCO<=>H20+CO 263 HNCO+O<=>HNO+CO
101 OH+CH20<=>HCO+H20 264 HNCO+0O<=>NCO+OH
102 OH+CH20H<=>H20+CH20 265 HNCO+H<=>NH2+CO
103  OH+CH30<=>H20+CH20 266 HNCO+H<=>H2+NCO
104 OH+CH3OH<=>CH20H+H20 267 HNCO+OH<=>NCO+H20
105 OH+CH30H<=>CH30+H20 268 HNCO+OH<=>NH2+CO2
106 OH+C2H<=>H+HCCO 269 HNCO+M<=>NH+CO+M
107 OH+C2H2<=>H+CH2CO 270 HCNO+H<=>H+HNCO
108 OH+C2H2<=>H+HCCOH 271 HCNO+H<=>0OH+HCN
109 OH+C2H2<=>C2H+H20 272 HCNO+H<=>NH2+CO
110 OH+C2H2<=>CH3+CO 273 HOCN+H<=>H+HNCO
111 OH+C2H3<=>H20+C2H2 274 HCCO+NO<=>HCNO+CO
112  OH+C2H4<=>C2H3+H20 275 CH3+N<=>H2CN-+H

113  OH+C2H6<=>C2H5+H20 276 CH3+N<=>HCN+H2

114 OH+CH2CO<=>HCCO+H20 277 NH3+H<=>NH2+H2

115 2HO2<=>02+H202 278 NH3+OH<=>NH2+H20
116 2HO2<=>02+H202 279 NH3+O<=>NH2+OH

117 HO2+CH2<=>0OH+CH20 280 NH+CO2<=>HNO+CO

118 HO2+CH3<=>02+CH4 281 CN+NO2<=>NCO+NO
119 HO2+CH3<=>0OH+CH30 282 NCO+NO2<=>N20+C0O2
120 HO2+CO<=>0OH+CO0O2 283 N+CO2<=>NO+CO

121  HO2+CH20<=>HCO+H202 284 O+CH3=>H+H2+CO

122 C+02<=>0+CO 285 O+C2H4<=>H-+CH2CHO
123 C+CH2<=>H+C2H 286 O+C2H5<=>H-+CH3CHO
124 C+CH3<=>H+C2H2 287 OH+HO2<=>02+H20

125 CH+0O2<=>0+HCO 288 OH+CH3=>H2+CH20

126 CH+H2<=>H+CH2 289 CH+H2(+M)<=>CH3(+M)
127 CH+H20<=>H+CH20 290 CH2+02=>2H+CO2

128 CH+CH2<=>H+C2H2 291 CH2+02<=>0+CH20

129 CH+CH3<=>H+C2H3 292 CH2+CH2=>2H+C2H2
130 CH+CH4<=>H+C2H4 293 CH2(S)+H20=>H2+CH20
131 CH+CO(+M)<=>HCCO(+M) 294 C2H3+02<=>0+CH2CHO
132 CH+CO2<=>HCO+CO 295 (C2H3+02<=>HO2+C2H2
133 CH+CH20<=>H+CH2CO 296 O+CH3CHO<=>OH+CH2CHO
134 CH+HCCO<=>CO+C2H2 297 O+CH3CHO=>OH+CH3+CO
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135 CH2+02=>0OH+H+CO 298 0O2+CH3CHO=>HO2+CH3+CO
136 CH2+H2<=>H+CH3 299 H+CH3CHO<=>CH2CHO+H2
137 2CH2<=>H2+C2H2 300 H+CH3CHO=>CH3+H2+CO

138 CH2+CH3<=>H+C2H4 301 OH+CH3CHO=>CH3-+H20+CO
139 CH2+CH4<=>2CH3 302 HO2+CH3CHO=>CH3+H202+CO
140 CH2+CO(+M)<=>CH2CO(+M) 303 CH3+CH3CHO=>CH3+CH4+CO
141 CH2+HCCO<=>C2H3+CO 304 H+CH2CO(+M)<=>CH2CHO(+M)
142  CH2(S)+N2<=>CH2+N2 305 O+CH2CHO=>H+CH2+CO2

143 CH2(S)*AR<=>CH2+AR 306 O2+CH2CHO=>OH+CO+CH20
144 CH2(S)+O2<=>H+OH+CO 307 O2+CH2CHO=>0OH+2HCO

145 CH2(S)+02<=>CO+H20 308 H+CH2CHO<=>CH3+HCO

146 CH2(S)+H2<=>CH3+H 309 H+CH2CHO<=>CH2CO+H2

147 CH2(S)+H20(+M)<=>CH3OH(+M) 310 OH+CH2CHO<=>H20+CH2CO
148 CH2(S)+H20<=>CH2+H20 311 OH+CH2CHO<=>HCO+CH20H
149 CH2(S)+CH3<=>H+C2H4 312 CH3+C2H5(+M)<=>C3HS8(+M)
150 CH2(S)+CH4<=>2CH3 313 O+C3H8<=>0OH+C3H7

151 CH2(S)+CO<=>CH2+CO 314 H+C3H8<=>C3H7+H2

152 CH2(S)+CO2<=>CH2+CO2 315 OH+C3H8<=>C3H7+H20

153 CH2(S)+CO2<=>CO+CH20 316 C3H7+H202<=>HO2+C3HS§

154 CH2(S)+C2H6<=>CH3+C2H5 317 CH3+C3H8<=>C3H7+CH4

155 CH3+02<=>0+CH30 318 CH3+C2H4(+M)<=>C3H7(+M)
156 CH3+02<=>0OH+CH20 319 O+C3H7<=>C2H5+CH20

157 CH3+H202<=>HO2+CH4 320 H+C3H7(+M)<=>C3H8(+M)

158 2CH3(+M)<=>C2H6(+M) 321 H+C3H7<=>CH3+C2H5

159 2CH3<=>H+C2HS5 322 OH+C3H7<=>C2H5+CH20H
160 CH3+HCO<=>CH4+CO 323 HO2+C3H7<=>02+C3HS§

161 CH3+CH20<=>HCO+CH4 324 HO2+C3H7=>0OH+C2H5+CH20
162 CH3+CH30OH<=>CH20H+CH4 325 CH3+C3H7<=>2C2H5

163 CH3+CH30OH<=>CH30+CH4
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Table A.2 shows the elementary reactions in ammonia/air kinetics by Okafor et al. [182].

Table A.2: Elementary reactions in ammonia/air kinetics by Okafor et al. [182].

No. Reactions No. Reactions

1 20+M<=>02+M 179 HCCO+02<=>0OH+2CO

2 O+H+M<=>0OH+M 180 2HCCO<=>2CO+C2H2

3 O+H2<=>H+OH 181 O+C2H4<=>H-+CH2CHO

4 O+HO2<=>0H+02 182 O+C2H5<=>H+CH3CHO

5 O+H202<=>0H+HO2 183 CH+H2(+M)<=>CH3(+M)

6 O+CH<=>H+CO 184 CH2+02=>2H+CO2

7 O+CH2<=>H+HCO 185 CH2+02<=>0+CH20

8 O-+CH2(S)<=>H2+CO 186 CH2+CH2=>2H+C2H2

9 O+CH2(S)<=>H+HCO 187 CH2(S)+H20=>H2+CH20

10 O+CH3<=>H+CH20 188 C2H3+02<=>0+CH2CHO

11 O+CH3=>H+H2+CO 189 C2H3+02<=>HO2+C2H2

12 O+CH4<=>0H+CH3 190 O+CH3CHO<=>0OH+CH2CHO
13 O+CO(+M)<=>CO2(+M) 191 O+CH3CHO=>0OH+CH3+CO

14 O+HCO<=>0OH+CO 192  0O2+CH3CHO=>HO2+CH3+CO
15 O+HCO<=>H+CO2 193 H+CH3CHO<=>CH2CHO-+H2
16 O+CH20<=>0OH+HCO 194 H+CH3CHO=>CH3+H2+CO

17 O+CH20H<=>0H+CH20 195 OH+CH3CHO=>CH3+H20+CO
18 O+CH30<=>0H+CH20 196 HO2+CH3CHO=>CH3+H202+CO
19 O+CH30OH<=>0OH+CH20H 197 CH3+CH3CHO=>CH3+CH4+CO
20 O+CH30H<=>0H+CH30 198 H+CH2CO(+M)<=>CH2CHO(+M)
21 O+C2H<=>CH+CO 199 O+CH2CHO=>H+CH2+CO2

22 O+C2H2<=>H+HCCO 200 O2+CH2CHO=>0OH+CO+CH20
23 O+C2H2<=>0H+C2H 201 O2+CH2CHO=>OH+2HCO

24 O+C2H2<=>CO+CH2 202 H+CH2CHO<=>CH3-+HCO

25 O+C2H3<=>H+CH2CO 203 H+CH2CHO<=>CH2CO+H2

26 O+C2H4<=>CH3+HCO 204 OH+CH2CHO<=>H20+CH2CO
27 O+C2H5<=>CH3+CH20 205 OH+CH2CHO<=>HCO+CH20H
28 O+C2H6<=>0OH+C2H5 206 CH3+C2H5(+M)<=>C3H8(+M)
29 O+HCCO<=>H+2CO 207 O+C3H8<=>OH+C3H7

30 O+CH2CO<=>0OH+HCCO 208 H+C3H8<=>C3H7+H2

31 O+CH2CO<=>CH2+CO2 209 OH+C3H8<=>C3H7+H20

32 02+CO<=>0+C0O2 210 C3H7+H202<=>HO2+C3HS8

33 02+CH20<=>HO2+HCO 211 CH3+C3H8<=>C3H7+CH4

34  H+O2+M<=>HO2-+M 212 CH3+C2H4(+M)<=>C3H7(+M)
35 H+202<=>HO02+02 213  O+C3H7<=>C2HS5+CH20

36 H+02+H20<=>HO2+H20 214 H+C3H7(+M)<=>C3H8(+M)

37 H+02+N2<=>HO2+N2 215 H+C3H7<=>CH3+C2H5

38 H+O2+AR<=>HO2+AR 216 OH+C3H7<=>C2H5+CH20H

39 H+02<=>0+0OH 217 HO2+C3H7<=>02+C3HS8

40 2H+M<=>H2+M 218 HO2+C3H7=>OH+C2H5+CH20
41 2H+H2<=>2H2 219 CH3+C3H7<=>2C2H5

42 2H+H20<=>H2+H20 220 N+NO<=>N2+0

43 2H+CO2<=>H2+CO2 221 N+02<=>NO+0

44  H+OH+M<=>H20+M 222  N+OH<=>NO+H

45 H+HO2<=>0+H20 223  N20+0<=>N2+02

46 H+HO2<=>02+H2 224  N20+0<=>2NO

47 H+HO2<=>20H 225 N20+H<=>N2+OH

48 H+H202<=>HO2+H2 226 N20O+OH<=>N2+HO2
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No. Reactions No. Reactions

49 H+H202<=>0OH+H20 227  N20(+M)<=>N2+0O(+M)
50 H+CH<=>C+H2 228 HO2+NO<=>NO2+OH
51 H+CH2(+M)<=>CH3(+M) 229 NO+O+M<=>NO2+M
52 H+CH2(S)<=>CH+H2 230 NO2+0O<=>NO+02

53 H+CH3(+M)<=>CH4(+M) 231 NO2+H<=>NO+OH
54 H+CH4<=>CH3+H2 232  NH+H=N-+H2

55 H+HCO(+M)<=>CH20(+M) 233 NH+O=NO-+H

56 H+HCO<=>H2+CO 234 NH+OH=HNO-+H

57 H+CH20(+M)<=>CH20H(+M) 235 NH+OH=N-+H20

58 H+CH20(+M)<=>CH30O(+M) 236 NH+0O2=HNO+O

59 H+CH20<=>HCO-+H2 237 NH+02=NO+OH

60 H+CH20H(+M)<=>CH30H(+M) 238 NH+NH=N2+H+H

61 H-+CH20H<=>H2+CH20 239 NH+N=N2+H

62 H+CH20H<=>0OH+CH3 240 NH+NO=N20+H

63 H+CH20H<=>CH2(S)+H20 241 NH+NO=N20+H

64 H+CH30(+M)<=>CH30H(+M) 242 NH+NO=N2+OH

65 H+CH30<=>H+CH20H 243 NH+HONO=NH2+NO2
66 H+CH30<=>H2+CH20 244 NH+NO2=N20+OH
67 H+CH30<=>0OH+CH3 245 NH2+H=NH-+H2

68 H+CH30<=>CH2(S)*+H20 246 NH2+O=HNO+H

69 H+CH30H<=>CH20H+H2 247 NH2+O=NH+OH

70 H+CH30OH<=>CH30+H2 248 NH2+OH=NH+H20

71 H+C2H(+M)<=>C2H2(+M) 249 NH2+HO2=NH3+02
72 H+C2H2(+M)<=>C2H3(+M) 250 NH2+02=H2NO+O

73 H+C2H3(+M)<=>C2H4(+M) 251 NH2+NH2=NH3+NH
74 H+C2H3<=>H2+C2H2 252 NH2+NH=N2H2+H

75 H+C2H4(+M)<=>C2H5(+M) 253 NH2+NH=NH3+N

76 H+C2H4<=>C2H3+H2 254 NH2+N=N2+H+H

77 H+C2HS5(+M)<=>C2H6(+M) 255 NH2+HNO=NH3+NO
78 H+C2H5<=>H2+C2H4 256 NH2+NO=N2+H20

79 H+C2H6<=>C2H5+H2 257 NH2+NO=NNH-+OH
80 H+HCCO<=>CH2(S)+CO 258 NH2+HONO=NH3+NO2
81 H+CH2CO<=>HCCO+H2 259 NH2+NO2=N20+H20
82 H+CH2CO<=>CH3+CO 260 NNH=N2+H

83 H+HCCOH<=>H+CH2CO 261 NNH-+H=N2-+H2

84 H2+CO(+M)<=>CH20(+M) 262 NNH+O=N20+H

85 OH+H2<=>H+H20 263 NNH+O=NH+NO

86 20H(+tM)<=>H202(+M) 264 NNH+OH=N2+H20
87 20H<=>0+H20 265 NNH+02=N2+HO2

88 OH-+HO2<=>02+H20 266 NNH-+02=N2+H+02
89 OH-+HO2<=>02+H20 267 NNH+NH=N2+NH2
90 OH-+H202<=>HO2+H20 268 NNH+NH2=N2+NH3
91 OH+H202<=>HO2+H20 269 NNH-+NO=N2+HNO
92 OH+C<=>H+CO 270 NNH+CH3<=>CH4+N2
93 OH+CH<=>H+HCO 271 H+NO+M<=>HNO+M
94 OH+CH2<=>H+CH20 272  HNO+O<=>NO+OH
95 OH+CH2<=>CH+H20 273 HNO-+H<=>H2+NO

96 OH~+CH2(S)<=>H+CH20 274 HNO-+OH<=>NO+H20
97 OH+CH3=>H2+CH20 275 HNO+02<=>HO2+NO
98 OH+CH3(+M)<=>CH30H(+M) 276 HNO-+NO2=HONO-+NO

- 130 -



Table A.2 continued.

Appendices

No. Reactions No. Reactions

99 OH+CH3<=>CH2+H20 277 NH3+H<=>NH2+H2

100 OH+CH3<=>CH2(S)+H20 278 NH3+OH=NH2-+H20

101 OH+CH4<=>CH3+H20 279 NH3+O<=>NH2+0OH

102 OH+CO<=>H+CO2 280 NH+CO2<=>HNO+CO
103 OH+HCO<=>H20+CO 281 NH2+NH2=N2H4

104 OH+CH20<=>HCO-+H20 282 N2H4+O=NH20OH-+NH
105 OH+CH20H<=>H20+CH20 283 N2H3=N2H2+H

106 OH+CH30<=>H20+CH20 284 N2H3+H=N2H2+H2

107 OH+CH3OH<=>CH20OH+H20 285 N2H3+HO2=N2H2+H202
108 OH+CH3OH<=>CH30+H20 286 N2H3+HO2=N2H4+02
109 OH+C2H<=>H+HCCO 287 N2H3+NH=N2H2-+NH2
110 OH+C2H2<=>H+CH2CO 288 N2H2+H=NNH+H2

111 OH+C2H2<=>H+HCCOH 289 N2H2+O=NNH+OH

112  OH+C2H2<=>C2H+H20 290 N2H2+O=NH2+NO

113  OH+C2H2<=>CH3+CO 291 N2H2+OH=NNH-+H20
114 OH+C2H3<=>H20+C2H2 292 N2H2+NH=NNH-+NH2
115 OH+C2H4<=>C2H3+H20 293  H2NO-+OH=HNO+H20
116 OH+C2H6<=>C2H5+H20 294 CN+NO2<=>NCO-+NO
117 OH+CH2CO<=>HCCO+H20 295 NCO+NO2<=>N20+C0O2
118 2HO2<=>02+H202 296 N+CO2<=>NO+CO

119 2HO2<=>02+H202 297 CN+O<=>CO+N

120 HO2+CH2<=>0OH+CH20 298 CN+OH<=>NCO-+H

121 HO2+CH3<=>02+CH4 299 CN+H20<=>HCN+OH
122 HO2+CH3<=>0OH+CH30 300 CN+O2<=>NCO+0O

123  HO2+CO<=>0OH+CO2 301 CN+H2<=>HCN+H

124 HO2+CH20<=>HCO-+H202 302 NCO+O0<=>NO+CO

125 C+02<=>0+CO 303 NCO-+H<=>NH+CO

126 C+CH2<=>H+C2H 304 NCO+OH<=>NO-+H+CO
127 C+CH3<=>H+C2H2 305 NCO+N<=>N2+CO

128 CH+0O2<=>0+HCO 306 NCO+02<=>NO+CO2
129 CH+H2<=>H+CH2 307 NCO+M<=>N+CO+M
130 CH+H20<=>H+CH20 308 NCO+NO<=>N20+CO
131 CH+CH2<=>H+C2H2 309 NCO+NO<=>N2+CO0O2
132 CH+CH3<=>H+C2H3 310 HCN+M<=>H+CN+M
133 CH+CH4<=>H+C2H4 311 HCN+O<=>NCO+H

134 CH+CO(+M)<=>HCCO(+M) 312 HCN+O<=>NH+CO

135 CH+CO2<=>HCO+CO 313 HCN+O<=>CN+OH

136 CH+CH20<=>H+CH2CO 314 HCN+OH<=>HOCN-+H
137 CH+HCCO<=>CO+C2H2 315 HCN+OH<=>HNCO-+H
138 CH2+02=>0OH+H+CO 316 HCN+OH<=>NH2+CO
139 CH2+H2<=>H+CH3 317 H+HCN(HM)<=>H2CN(+M)
140 2CH2<=>H2+C2H2 318 H2CN+N<=>N2+CH2
141 CH2+CH3<=>H+C2H4 319 C+N2<=>CN+N

142 CH2+CH4<=>2CH3 320 CH+N2<=>HCN+N

143 CH2+CO(+M)<=>CH2CO(+M) 321 CH+N2(+M)<=>HCNN(+M)
144 CH2+HCCO<=>C2H3+CO 322 CH2+N2<=>HCN-+NH
145 CH2(S)+*N2<=>CH2+N2 323 CH2(S)+N2<=>NH+HCN
146 CH2(S)*AR<=>CH2+AR 324 C+NO<=>CN+O

147 CH2(S)+O2<=>H+OH+CO 325 C+NO<=>CO-+N

148 CH2(S)+02<=>CO+H20 326 CH+NO<=>HCN+O
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Table A.2 continued.

No. Reactions No. Reactions

149 CH2(S)+H2<=>CH3+H 327 CH+NO<=>H+NCO

150 CH2(S)*H20(+M)<=>CH3OH(+M) 328 CH+NO<=>N+HCO

151 CH2(S)*H20<=>CH2+H20 329 CH2+NO<=>H+HNCO
152 CH2(S)+CH3<=>H+C2H4 330 CH2+NO<=>0OH+HCN
153 CH2(S)+CH4<=>2CH3 331 CH2+NO<=>H+HCNO
154 CH2(S)+CO<=>CH2+CO 332  CH2(S)*NO<=>H+HNCO
155 CH2(S)+CO2<=>CH2+CO2 333 CH2(S)*NO<=>0OH+HCN
156 CH2(S)+CO2<=>CO+CH20 334 CH2(S)*NO<=>H+HCNO
157 CH2(S)+C2H6<=>CH3+C2H5 335 CH3+NO<=>HCN+H20
158 CH3+02<=>0+CH30 336 CH3+NO<=>H2CN+OH
159 CH3+02<=>0OH+CH20 337 HCNN+O<=>CO+H+N2
160 CH3+H202<=>HO2+CH4 338 HCNN+O<=>HCN+NO
161 2CH3(+M)<=>C2H6(+M) 339 HCNN+O2<=>0O+HCO+N2
162 2CH3<=>H+C2H5 340 HCNN-+OH<=>H+HCO+N2
163 CH3+HCO<=>CH4+CO 341 HCNN+H<=>CH2+N2

164 CH3+CH20<=>HCO+CH4 342 HNCO+O<=>NH+CO2
165 CH3+CH30OH<=>CH20H+CH4 343  HNCO+O<=>HNO+CO
166 CH3+CH30OH<=>CH30+CH4 344 HNCO+O<=>NCO+OH
167 CH3+C2H4<=>C2H3+CH4 345 HNCO-+H<=>NH2+CO
168 CH3+C2H6<=>C2H5+CH4 346 HNCO-+H<=>H2+NCO
169 HCO+H20<=>H+CO+H20 347 HNCO+OH<=>NCO+H20
170 HCO+M<=>H+CO+M 348 HNCO+OH<=>NH2+CO2
171  HCO+02<=>HO2+CO 349 HNCO+M<=>NH+CO+M
172 CH20H+02<=>HO2+CH20 350 HCNO+H<=>H+HNCO
173 CH30+02<=>HO2+CH20 351 HCNO+H<=>OH+HCN
174 C2H+0O2<=>HCO+CO 352 HCNO-+H<=>NH2+CO
175 C2H+H2<=>H+C2H2 353 HOCN+H<=>H+HNCO
176 C2H3+02<=>HCO+CH20 354 HCCO+NO<=>HCNO+CO
177  C2H4(+M)<=>H2+C2H2(+M) 355 CH3+N<=>H2CN+H

178 C2H5+02<=>HO2+C2H4 356 CH3+N<=>HCN-+H2

Appendix B Influence of viscosity on counterflow

premixed flames

In the numerical code OPUS used in this study, viscous force is included in both axial and ra-
dial momentum equations. However, as the flow is quasi-one-dimensional, it is questionable
whether the viscosity has any influence on the velocity profiles. To examine this matter, a
steady flame with the mixture equivalence ratio of 1.2 was calculated with and without the
viscous terms in the momentum equations. Profiles of the axial velocity u and radial velocity
gradient V are shown in Fig. B.1. It is seen that the u profiles are mostly identical for viscous
and non-viscous cases. Meanwhile, the V profile near the stagnation point (x = 0 mm) is dis-
tinctly different for the two cases. At the stagnation point, symmetric boundary dV /dx = 0 is

imposed. With the non-viscous case, the condition at the boundary does not influence the up-
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stream flow and a linear profile is achieved. On the other hand, viscosity attenuates the sharp
variation in the V gradient at the symmetric boundary. Nevertheless, the influence of viscosity
on the flame structure is negligibly small, as seen in the temperature and heat release rate pro-
files in Fig. B.2. Therefore, it can be said that viscosity can be neglected as long as the flame
is sufficiently far from the stagnation point. In the current study, the viscous terms are includ-

ed in the momentum equations as the flame is sometimes attached to the stagnation plane.
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Fig. B.1: Profiles of axial velocity and radial velocity gradient of steady homogeneous flames

with and without viscosity under the mixture equivalence ratio of 1.2.
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Fig. B.2: Profiles of temperature and heat release rate of steady homogeneous flames with and

without viscosity under the mixture equivalence ratio of 1.2.
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Appendix C Cutoff threshold for the flame speed of

ammonia/air flames

The rich-to-lean stratified flame speed S, ¢ and the homogeneous flame speed S, ;, in Chapter
6 were evaluated with different values of cutoff threshold for the integration of the fuel con-
sumption rate. The relative increase in S; ; from S, , are shown in Fig. C.1 for the cases of no
integration cutoff, 5% cutoff, and 10% cutoff. As expected, it is seen that the no-cutoff case
overestimates the increase in S. ¢ as fuel consumption in the burned gas is included in the in-
tegration. Meanwhile, the results of 5% and 10% cutoff show little difference. Therefore, it
can be considered that 5% cutoff is sufficient for excluding fuel consumption in the burned

gas from the evaluation of the flame speed.
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Local equivalence ratio at the reaction zone ¢,

Fig. C.1: The relative increase in the flame speed S, ; of the rich-to-lean stratified flame as
compared to the flame speed S, of corresponding homogeneous flames in Chapter 6 with

different values of cutoff threshold for the integration of the fuel consumption speed.
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Appendix D Publications

This dissertation is partly based on the following publications:

T. Tomidokoro, T. Yokomori, H.G. Im, T. Ueda, Characteristics of counterflow premixed
flames with low frequency composition fluctuations, Combustion and Flame 212 (2020)
13-24.

T. Tomidokoro, T. Yokomori, T. Ueda, H.G. Im, A computational analysis of strained lam-
inar flame propagation in a stratified CH4/Ho/air mixture, Proceedings of the Combustion
Institute 38 (2021) 2543-2550.
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