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Abstract

Fundamental Processes in Combustion of Stratified Mixtures
by
Xian Shi
Doctor of Philosophy in Engineering — Mechanical Engineering

with the Designated Emphasis
in
Computational Data Science and Technology
University of California, Berkeley

Professor Jyh-Yuan Chen, Co-chair

Professor Robert W. Dibble, Co-chair

Stratified combustion, combustion of fuel/air mixtures with temperature and/or mixture-
composition stratification, is present in many combustion-related phenomena and applica-
tions such as forest wildfires, mining explosions, vessel ruptures, gas turbines, and recip-
rocating engines to name a few. A new generation of highly efficient internal combustion
(IC) engines capable of satisfying stringent emission requirements, including modern direct-
injection gasoline engines and gas turbines with lean premixed pre-vaporized (LPP) com-
bustors, requires more comprehensive understanding and control of stratified combustion.
Fundamentally, stratification of temperature or mixture composition affects a wide range of
combustion characteristics such as flame speed, lammability, mode of combustion, instabil-
ity, and others.

This dissertation aims to identify, analyze and evaluate fundamental processes in the
combustion of stratified mixtures, using theoretical analysis and advanced numerical simu-
lation tools. ASURF-Parallel, a transient numerical solver of compressible reacting flow, is
developed on the basis of the original A-SURF and exploited for stratified combustion sim-
ulations. A domain-decomposition parallelization scheme using Message Passing Interface
(MPI) is developed and implemented in ASURF-Parallel to speed up the otherwise time-
consuming numerical simulations. A significant speedup with the speed-up factor up to 10
is achieved on lab-scale servers.



Effects of stratification on flame speeds, lean flammability limit, and modes of combus-
tion are numerically investigated and studied. For flame speeds, laminar flame speeds of
stratified flames propagating from rich mixtures to lean mixtures are generally faster than
those of the corresponding homogeneous flames, primarily due to the preferential diffusion
of lighter species and radicals such as Hy, H and OH, i.e., the chemical effect. The degree of
enhancement in flame speeds can be correlated to the degree of stratification, leading to the
development of a transient local stratification level (LSL) model which is able to determine
the stratified flame speeds incorporating both chemical effect and memory effect. For lean
flammability limits, the extension introduced by stratification is very weak due to reduced
overall reactivity and reduced degree of stratification. For modes of combustion, different
modes can be realized by specific reactivity gradients, regardless of the sources of such gra-
dients. Pressure waves introduced by ignition in a closed chamber can also lead to different
modes of reaction front propagation and end-gas combustion. A transient reactivity gradient
method is proposed to identify the onset of detonation.
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Chapter 1

Introduction

1.1 Background and motivation

1.1.1 Energy for the present and future

A stable and adequate access to energy has been an indispensable component of the social,
economic and cultural growth of human societies throughout the history. For example,
about two hundred years ago, easy access to coal or wood fuel propelled the popularity
of steam power, while the substitution of coke for charcoal greatly lowered the fuel cost
for pig iron and wrought iron production (Landes, 2003). Since then, an abundance of
fossil energy combined with modern agriculture and governance has fueled the Industrial
Revolution and enabled human beings to live longer, healthier, and more comfortable lives.
Generally speaking, countries with cheaper energy access and greater energy use boast higher
levels of human development. In order to quantify the levels of human development, United
Nations Development Programme (UNDP) published the Human Development Index (HDI),
an overall measure of average achievement in the following key dimensions: a long and
healthy life, being knowledgeable and a decent standard of living (UNDP, 2017). Figure 1.1
shows the relation between the total primary energy demand (TPED) per capita and the
HDI of a selected group of countries (Arto et al., 2016). While in most highly developed
countries (where TPED is bigger than 100 GJ/year per capita), TPED and HDI were not
very strongly correlated, changes in the energy use translate into changes in the degree of
human development in most developing countries. As global population will continuously
increase from around 7.4 billion today to nearly 10 billion by 2050, with most growth coming
from developing countries (UN, 2017), energy will inevitably remain as a central theme for
the human development blueprint in the foreseeable future.

The Paris Agreement on climate change is one of many indicative signals embracing a
brand-new era of the energy landscape. Thousands of researchers have reached the con-
clusion that climate change is happening, an immediate threat to mankind’s survival and
sustainable development. One of the biggest contributors to climate change is energy-related
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Figure 1.1: Human development index, total primary energy demand per capita, population
and GDP per capita of selected countries, 1995-2008 (Arto et al., 2016).

greenhouse gas emissions. CO, emissions have increased by about 90% from 1970 to 2011,
with fossil fuel combustion and industrial processes contributing 78% of the total increase
(IPCC, 2014). Moreover, air pollution and the corresponding health impacts have become
an urgent issue in most developing countries, such as China and India, particularly in urban
areas with high levels of motorized transport activities. Figure 1.2 shows the passenger car
efficiency standards in terms of CO5 emissions in different countries, including both past per-
formances and future targets. A universal trend is observed, as all the mentioned countries
and organizations demand substantial emission reductions in the years to come.

While recognizing the dilemma between the significance of energy for human develop-
ment and the problems associated with climate change, it is also worth noticing that the
world is rapidly changing and so are energy needs. Traditional demand centres such as
heavy industries are being overtaken by fast-growing emerging markets such as high-tech
companies. The energy mix is shifting, driven by technological improvements and environ-
mental concerns (BP, 2017). The consequent task for the industry is to adopt new policies,
strategies and infrastructures, to meet those changing energy needs. In conclusion, growing
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Figure 1.2: Global comparison of passenger car efficiency standards, 2000-2025 (Miller and
Faganha, 2014).

population, rising demands and competitions for resources, and needs for migrating climate
change has brought the energy sector many unprecedented challenges.

1.1.2 The role of combustion

The rise of human beings and human civilization cannot be imagined without combustion.
From heating and cooking of food, to material processing and power production, combustion
has contributed to almost every aspect of human society. Many pieces of emerging evidence
indicate that combustion plays a central role in the modern world energy landscape and will
continue to be a dominant factor for at least the next century. Figure 1.3 shows the energy
demand distribution for different sectors, including data from 2015 and predictions for 2025
and 2040 (ExxonMobil, 2017). Coal, gas and oil continue to be the three dominant energy
sources for basic human activities and services. Over 80% of total electricity generation
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comes from power plants where many different kinds fuels are being burnt. Energy demand
for transportation and industrial applications are and will be dominated by combustion
processes of liquid fuels.
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Figure 1.3: Energy demand varies by sector, 2015, 2025, 2040 (ExxonMobil, 2017).

The famous “energy flow chart” (the estimated U.S. energy consumption in 2016 pub-
lished Lawrence Livermore National Laboratory (LLNL), as shown in Fig. 1.4) reveals that
the overall energy use efficiency is strikingly low (overall about 30%). Not only does the
traditional combustion of fossil fuels have lots of potentials to achieve a better efficiency,
electricity utilization is also quite far away from the optimal. This observation made the
arguable trend of electrification including electrical vehicles an unwise decision, as not much
of an efficiency gain can be achieved from a energy-life-cycle standpoint. Another interesting

fact according to the flow chart is that the total percentage of renewable energy used in the
US barely reached 10%.

Therefore, although technologies of sustainable energy offer a seemingly bright future,
continuous improvement on the efficiency of current practical combustion devices and on the
magnitude of emission reduction remains a necessary step in order to solve those immediate
issues and ensure a smooth transition to the renewable energy era.
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Figure 1.4: LLNL energy flow chart: the estimated U.S. energy consumption in 2016.

1.1.3 Combustion of stratified mixtures

Stratified combustion exists in a wide range of practical combustion phenomena and in-
dustrial applications, from forest wildfires (Gill et al., 2013), mine gas and vessel ruptures
(Phillips, 1965; Newman, 1984), to gas turbines and reciprocating engines (Sjoberg and
Dec, 2006; Reitz, 2013; Ax and Meier, 2016). A new generation of highly efficient internal
combustion engines capable of satisfying stringent emission requirements, including modern
direct-injection gasoline engines and gas turbines with lean premixed pre-vaporized (LPP)
combustors, requires more comprehensive understanding and control of stratified combustion
(Lipatnikov, 2017). Fundamentally, stratification of temperature or mixture composition af-
fects a wide range of combustion characteristics such as flame speed, flammability, ignition,
mode of combustion, and instability. For example, in gas turbines, oscillations in equivalence
ratio may trigger thermo-acoustic instabilities in the combustion chamber, which can dete-
riorate the turbine performance or even cause severe physical damages (Candel, 2002). In
contrast, stratified combustion in direct injection spark ignition (DISI) internal combustion
engines (ICE) has been an effective technique to improve fuel efficiency and reduce emissions
(Alkidas, 2007; Park et al., 2012). In more recent years, a new engine knock mode, super
knock, started to appear in downsized, low-speed and high-boost modern engines (Wang
et al., 2015). Different from traditional knock (Liu et al., 2013), super knock can damage
engine components catastrophically due to extremely high peak pressure with severe oscil-



CHAPTER 1. INTRODUCTION 6

lations, and possible in-cylinder detonation formations. The occurrence of super knock is
believed to be the results of in-cylinder inhomogeneity, i.e., either hot spots, hot surfaces, or
lubricant oil droplets (Wang et al., 2017). Therefore, it is of practical significance as well as
fundamental interest to understand combustion of stratified mixtures.

1.2 Fundamental combustion characteristics

1.2.1 Flame speed

Flame speed is the most important property of a combustible mixture. Understanding
flame speeds not only reveals a significant amount of fundamental knowledge regarding the
underlying physics during combustion processes, but also provides guidance towards design
and performance optimization of almost all combustion practical devices. An emphasis on
laminar flame speed is given in this section. For those who are interested in turbulent flames
and the associated flame propagation speeds, please refer to many insightful discussions in
Poinsot and Veynante (2005).

Classical definition of laminar flame speed

There are several different descriptions of laminar flame speed S?. For example, Linnett
(1953) defined the laminar flame speed as the linear velocity of the flame front normal
to itself relative to the unburnt mixture. An important deduction from this definition is
that for an ideal one-dimensional flame in an infinite planar geometry, if the flame front is
stationary, the speed of incoming unburnt mixture at infinity is equal to the defined laminar
flame speed. Another definition was also given as the volume of unburnt gas consumed per
unit time divided by the area of the flame front in which that volume is consumed. Based on
this definition, Fristrom (1965) considered an ideal stream tube where unburnt gas enters the
tube from the inlet and burnt gas exits from the outlet, while the flame is steadily established
inside the tube. Laminar flame speed (referred as burning velocity in the original paper) is
thereby defined as . '

v = ml o moa vl (1.1)

Po Qr Polo Qr Qr

where vj is the defined laminar flame speed; 7 is mass flow rate; py is unburnt gas density;
Vg is the inlet gas velocity; ag and a, are the inlet cross-section area and flame front cross-
section area respectively. If the steam tube is assumed with a uniform cross section, the
laminar flame speed is equal to inlet gas velocity. This definition indicated that the laminar
flame speed is independent of flame front and depends only on the state of the inlet unburnt
gas (pressure, temperature and mixture composition).

Such a definition seems fairly straightforward in ideal flames (planar, stationary and
adiabatic) but may not be practical in real flame studies (stretched, stratified, nonadiabatic,
etc.). Therefore, various alternatives have been proposed in order to evaluate laminar flame
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speeds at most convenience. These alternatives, in turn, help define additional mathematical
formulation of SY.

Fuel consumption speed, S.

Laminar flame speeds can be determined through the profile of flame properties across flame
reaction zone, such as temperature variation and species distribution (Law, 2006). This con-
sideration is mostly adopted in numerical simulations, as relevant scalars could be impossible
to measure experimentally. For example, regarding the consumption of fuel species across
the flame, fuel consumption speed can be defined (Poinsot et al., 1992; Varea et al., 2015).
For a simple stationary one-dimensional flame shown in Figure 1.5, continuity equation and
conversation of fuel species mass fraction can be written as

d

% (pu) =0, PU = Pylhy, (1'2)

where p, is unburnt mixture density and w, is the fluid velocity of unburnt mixture. And

dYrp d dYrp )
—=— | pD— 1.3
PUrar ~ da (p dx ) TYr, (13)

where Y is fuel species mass fraction, D is diffusivity and wp is the fuel species production
rate. Integrate Equation 1.3 from unburnt mixture side (negative infinity) to burnt mixture
side (positive infinity):

0
dY + “+o00 .
—putta (Y = Yp) :%‘/{jL / wrdz, (1.4)

where Y, Y2 are the fuel species mass fraction in the unburnt and burnt mixture. The
limits of the integral represent unburnt and burnt homogeneous mixture, where dYr/dx = 0.
Therefore the first term on the RHS of Equation 1.4 is zero. Since

S. =8 =u, (1.5)

for this specific flame, the fuel consumption speed is then derived as:

1 oo
S. = ——/ wrdx. 1.6
N (1.6)

Note that this definition is not always perfect in practice. For example, in stratified flames,
Y} is not well-defined as the burnt gas is stratified. Even for homogeneous flames, uncer-
tainty exists in Y as the burnt gas composition of propagating flames can deviate from the
corresponding equilibrium composition (Wu et al., 2014). Therefore, Y} is sometimes used
instead of Y — Y2 to enable reasonable comparison between different flames.
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Flame front

Unburnt mixture \ Burnt mixture

Sf =0
Figure 1.5: Ideal flame configuration 1 — Stationary flame.

In addition, as fuel species is not only consumed around the flame front but also contin-
uously reacting in the burnt gas due to finite rates of chemistry, the integral limits used in
Equation 1.6 will determine the scope of fuel consumption speed. For homogeneous flames,
the limits can range from negative to positive infinity. However, for stratified flames, the
same infinity integral limits would include fuel consumption from burnt gases of various
equivalence ratios, causing ambiguity when compared to the corresponding homogeneous
flames with the same equivalence ratio at flame front. Therefore, different integral limits can
be applied to distinguish local and global fuel consumption speeds. For example, both 0%
and 5% cutoff integral limits were applied in Shi et al. (2016). While 0% cutoff represents
the integral over the entire domain, 5% means that the integral will be conducted only over
the domain where local heat release rate exceeds 5% of the maximum heat release rate. In
this way, 5% cutoff fuel consumption speed is considered as the local fuel consumption speed
and therefore represent local flame characteristics.

Flame front propagation speed, S;

In experimental studies, laminar flames can be directly characterized by a global behavior
of the flame, as the absolute propagation speed of flame front is often used. The flame front
is usually represented by certain measurable scalars, such as maximum density gradient in
Schlieren technique (Hu et al., 2009) and concentration of certain species measured by laser
induced fluorescence (LIF) technique (Vagelopoulos et al., 2005).

Flame displacement speed, S,

According to Giannakopoulos et al. (2015), flame displacement speed, defined as the speed
of a scalar (temperature, fuel mass fraction, etc.) iso-surface (flame front) relative to local
fluid velocity, is used to represent the motion of the flame. The kinematic expression for
one-dimensional flame displacement speed is defined as

Sa = S§—uy (1.7)



CHAPTER 1. INTRODUCTION 9

where Sy is the absolute flame front propagation speed and uy is the local fluid velocity at
flame front. Note that this flame displacement speed is not equal to the classical definition
of laminar flame speed, as different fluid velocities are considered. In classical definition of
laminar flame speeds, the velocity of unburnt mixture wu, is used, while local fluid velocity
at flame front u; is used in flame displacement speed. u, and uy are essentially different due
to variations in density.

For a meaningful comparison between displacement speeds at different locations, i.e.,
St — u, Giannakopoulos et al. (2015) proposed the density-weighted displacement speed. In
one-dimensional flame reference frame, continuity equation can be written as

p(Sy —u) = pp(Sy — uy). (1.8)

Therefore the density-weighted displacement speed can be defined as

Qz%&. (1.9)

Then the flame displacement speed relative to unburnt mixture,

su="g, (1.10)

u

can be now directly compared to the laminar flame speed S9.

Relations among flame speeds in different flame configurations

Three one-dimensional and adiabatic flames are analyzed in this section, in order to elaborate
relations among S, S., Sf, S4, uy, uy and u,. While S? and S, are regarded as scalars, all
other variables are considered with their directions. Since the theoretical derivation of S.
does not depend on flame configurations, S. is assumed to be equal to S?. In Figure 1.5, the
stationary flame is given. We have already known that

S, =89 =u,, Sy=0,

according to the classical definition of laminar flame speed. Apply the continuity equation
at the flame front and the burnt mixture with respect to the unburnt mixture,

Pu Pu ~0
up = Py, = 480 (1.11
d Pt Pf g )

Pu Pu ~0
Up = —uU, = —S7. 1.12
’ Pb Pb g ( )

Then the flame displacement speed is
_ _ Puo

Sd—Sf—Uf———SL. (1.13)

P



CHAPTER 1. INTRODUCTION 10

The second type of flame is a moving flame propagating from an open end towards a
closed end, as shown in Figure 1.6. Due to confinement,
Uy = 0, S f= —Sg,

as the flame propagates towards the wall. Apply continuity equation in flame reference
frame,

pu(0 = S¢) = pglug = Sp),  up = (z—; - 1) St (1.14)
P05 =l = Sp). = (2 -1) s, (1.15)

Note that the flame front propagation speed is towards the wall while the fluid is leaving the
wall. Therefore the flame displacement speed is

Sd:Sf—Uf = —&Sg (1.16)
Pf

Flame front

Unburnt mixture \ Burnt mixture
—
Wall I 5 W
u, =0 < S
f

Figure 1.6: Ideal flame configuration 2 — Moving flame propagating from an open end towards
a closed end (wall).

The third type of flame is a moving flame propagating from a closed end towards an open
end, as shown in Figure 1.7. Due to confinement and dilatation,

Up = 0, Sf = &Sg
Pb

Again apply continuity equation in flame reference frame,
pb(O — Sf) = pf(Uf — Sf), U=\ ——— SL? (1.17)

pp(0 = Sy) = pu(u, — Sy), Uy = (ﬁ - 1) S9. (1.18)
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Flame front
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Burnt mixture Unburnt mixture

w [
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Figure 1.7: Ideal flame configuration 3 — Moving flame propagating from a closed end (wall)
towards an open end.

The flame displacement speed is

Sy=S; —uy = 2450, (1.19)
Py

Results from the above analysis are summarized in Table 1.1. Note that while flame front
propagation speeds and fluid velocities are completely different among three different flames,
the magnitude of flame displacement speed Sy is always equal to the laminar flame speed
weighted by densities of local and unburnt mixtures. S, is always equal to S9 by definition.
Therefore, S; and S, are most consistent and should be primarily used for flame studies.

Table 1.1: Flame speeds and characteristic velocities of three different one-dimensional
flames.

Sc Sf Sd Uy, uf Up
Flame1| S0 [ o [ -2:s0 S0 Pu g Pugo
Pt Pt Pb
Flame 2 | S | —S9 —&SO 0 (& _ > S0 (& _ ) S0
- - P t Pf 5 Pb L
Flame 3 | §0 | 2250 | P g0 (ﬁ — ) 50 Pu &) S0 0
5 Pb 5 Pr 5 Pb L P Pf L

Complexity on flame speed

Besides the above complication of multiple definitions, flames in real applications are even
harder to deal with in terms of the determination of laminar flame speeds. The complexity
mainly comes from the following aspects:
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e Discrepancies in the determination of flame front location.
e Stretched flames, such as opposed jet flames and spherical flames.
e Stratified flames, whose unburnt and burnt mixtures are no longer homogeneous.

e Turbulent flames, whose flame speeds are mostly enhanced compared to the corre-
sponding laminar flames, due to increased transport processes of heat and mass by
small-scale turbulence, and increased surface area due to wrinkling of the flame by
large turbulent eddies (McAllister et al., 2011).

Therefore, consistency in the definition of laminar flame speeds is critical for meaningful and
reasonable comparison among different flames.

1.2.2 Flammability limit

A combustible mixture normally consists of three main components: fuel, oxidizer, and
diluent. If one of these three components has a critically higher concentration than those
of the other two, the mixture will eventually become incombustible. The flammability limit
is thereby defined by the boundary mixture composition, where a slight change will results
in the mixture being either combustible or incombustible (Coward and Jones, 1952). A
quantitative knowledge of flammability limit is of importance for assessment of fire hazards,
as well as the system performance of lean or near-limit combustion applications, such as
lean-burn IC engines and ultra-lean gas turbines (Law, 2006).

Speaking of fuel and air mixtures in most practical combustion applications, there are
clearly two limits, lean flammability limit (LFL) and rich flammability limit (RFL), corre-
sponding to scenarios of excess air and excess fuel respectively. Standardized determination
of these limits were proposed and conducted by U.S. Bureau of Mines, using a vertically
oriented tube. A mixture is regarded flammable if the flame is able to be ignited at the
bottom of the tube and propagate to the top (Zabetakis, 1965). These two limits of some
common fuels are shown in Table 1.2.

Table 1.2: Flammability limits of fuel-air mixtures at standard conditions (% of fuel by
volume in mixture) (Zabetakis, 1965; McAllister et al., 2011).

Fuel LFL | RFL
Hydrogen (H») 4.0 | 75.0
Carbon monoxide (CO) | 12.5 | 74.0
Methane (CHy) 5.0 | 15.0
Ethane (CoHg) 3.0 | 124
Ethanol (C2Hs0) 3.3 | 10.0
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Experimental determinations of flammability limits are often biased by system limitations
and condition fluctuations, such as unexpected wall or radiation heat losses and pressure or
temperature perturbations. In contrast, theoretical analysis of flammability limits offers
a much clearer picture of the underlying physical processes related to flammability. There
have been two mechanisms, aiming to illustrate flammability limit as a fundamental concept.
From an energy-balance point of view, heat addition from the ignition along with heat
release from initial chemical reactions are competing with heat loss processes. If the total
heat loss is strong enough to prevent the local mixture from reaching the critical ignition
temperature, the mixture will fail to burn. Alternatively, from a chemical-kinetic point of
view, the chain branching reactions are competing with the chain termination reactions. If
the chain termination reactions are strong enough to prevent radical pools from building up
in a runaway manner, the combustion process will not anchor. Similar to flame speed, a
clear definition of lammability limit is crucial in parametric studies of relevant parameters,
including stratification. A detailed discussion on various experimental measurement and
numerical explorations of flammability limits is given in Chap. 4.

1.2.3 Modes of combustion

One can easily tell the difference between a candle flame and a bomb explosion: One is
peaceful and gentle, the other is violent and catastrophic. Such a difference infers that
different modes of combustion processes are possible. Upon ignition of combustible mixtures,
a reaction front wave is created. Across the reaction front, reactants are transformed into
products, while the chemical energy of reactants is transformed into chemical, thermal and
kinetic energy of products. The thermodynamic and gas-dynamic states of reactants and
products are dramatically different due to the energy release. The consequent gradient fields
of these states across the reaction front, in turn, sustain the propagation of the reaction front
itself (Lee, 2008).There are two types of such self-sustained propagation modes of reaction
front: deflagration and detonation.

Deflagration is driven by the diffusion of heat and mass. The transport of heat and
active radical species from the reaction zone and burnt products to the reactants sustain
the chemical reactions and heat release. Therefore, the propagation velocity of deflagration
is associated with the characteristic diffusivity of the mixture. In contrast, the occurrence
of detonation propagation results from the compression heating from a shock wave. The
thermodynamic states (pressure and temperature) of reactants are brought up by the shock
wave to initiate the chemical reactions, while the consequent heat release supports the shock
wave propagating downstream. Therefore, the propagation velocity of detonation is closely
related to that of the shock wave, i.e., the local sound speed. A transition from the defla-
gration mode to the detonation mode is referred to as deflagration to detonation transition
(DDT).
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Figure 1.8: The Rayleigh line and the Hugoniot curve (Lee, 2008).

Rankine—Hugoniot conditions and Chapman—Jouguet solutions

A quantitative theory regarding thermodynamic and gas-dynamic states of reactants and
products in different combustion modes was formulated by Chapman (1899) and Jouguet
(1905). For a one-dimensional reaction front in the coordinate system that is moving with
the reaction front, there are four basic equations, i.e., the conservation equations of mass,
momentum, energy, as well as the equation of state. The first three conservation equations
are called the Rankine-Hugoniot conditions (Rankine, 1870). In order to solve this system
of equations, a Rayleigh line is constructed based on mass, momentum conversations and the
equation of state, while a Hugoniot curve (Hugoniot, 1888) is constructed upon the energy
conservation. In Fig. 1.8, two Rayleigh lines and the Hugoniot curve are drawn in the axis
system of x (the ratio of the specific volume of product over that of reactant) and y (the ratio
of the pressure of product over that of reactant). The intercepts between the Rayleigh lines
and the Hugoniot represent solutions for possible combustion modes. All the deflagration
modes are located in the lower right corner of this diagram while detonations are at upper
left.

When the Rayleigh lines are tangent to the Hugoniot curve, the Chapman—Jouguet (CJ)
solutions are achieved, as shown in Fig. 1.9. The argument about CJ solutions was that
there existed a minimum-velocity, or minimum-entropy detonation velocity that corresponds
to the unique propagation velocity observed in detonation experiments.
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Figure 1.9: The tangency or Chapman-Jouguet solutions (Lee, 2008).

Detonation structure

Based on the gas-dynamic theory of detonation, the downstream states of detonations (as
well as shocks and deflagrations) can be directly analyzed based on the upstream states
and the conservation equations across the front. However, the detailed structure of the
transition from upstream to downstream is not yet specified. Therefore, in order to describe
this transition zone, a model for the structure of the detonation wave must be defined (Lee,
2008). The model of detonation structure is formally credited to Zeldovich (1940), von
Neumaa (1942), and Doéring (1943), while the model is generally referred to as the ZND
model.

A sketch of the ZND model is shown in Fig. 1.10. The ZND model consists of four zones
from right to left: reactant, reaction, induction and product zones. In the induction zone, due
to the adiabatic compression of the leading shock, temperature, pressure and density of the
induction zone are higher than those of the reactant zone. As a result, active radical species
are produced through thermal dissociation of fuel molecules. In the following reaction zone,
the amount of radicals is sufficient so that chain branching reactions kick off and convert
reactants to products. The associated energy release leads to a further rise in temperature
and a corresponding drop in pressure and density. A front thrust is consequently generated
to support the shock propagation. Therefore, apart from the CJ theory, the ZND model
describes both the ignition and the driving mechanisms for the detonation propagation.
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Figure 1.10: ZND model of detonation structure (Lee, 2008).

Numerical simulation results from ASURF-Parallel are shown in Fig. 1.11. A multi-
species chemical kinetic model with finite reaction rates is considered in the simulation.
A detonation wave is triggered in a stoichiometric hydrogen/air mixture at 1000 K and 4
atm. More details regarding the numerical simulations are given in Chap. 4. The results
in Fig. 1.11 (a) matches with the ZND model quantitatively. Moreover, the distributions
of reactants, products and intermediate radicals are also resolved as shown in Fig. 1.11 (b).
For more in-depth discussions on the detonation phenomenon, please refer to Lee (2008).

1.3 Structure of this dissertation

This dissertation aims to identify, analyze and evaluate fundamental processes in the com-
bustion of stratified mixtures, using theoretical analysis and advanced numerical simulation
tools. The content is organized in the following order:
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Figure 1.11: Numerical results of a detonation wave: hydrogen/air mixture, ¢ = 1, Ty =
1000 K, Py = 4 atm; (a) heat release rate, temperature, pressure, and density; (b) mole
fraction of Hy, O,, HyO, H, and OH.

1. The first chapter begins with many pieces of evidence showing the present and fu-
ture world energy paradigm and the substantial role of combustion. Fundamental
combustion characteristics, including flame speeds, flammability limits and modes of
combustion, are then introduced, aiming to facilitate further discussions in the context
of stratified combustion. Both the structure of this dissertation and its contributions
are given at the end of this chapter.

2. The second chapter provides a detailed description of the numerical simulation tool
ASURF-Parallel. The governing conservation equations, the transport and chemistry
models, and the numerical schemes and methods are discussed. The development
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details of parallelization and performance evaluation are then illustrated.

3. The third chapter discusses the effect of stratification on flame speeds. An in-depth lit-
erature review of the past studies is given first. As consistency in characterizing flame
properties of stratified and homogeneous flames is crucial, all the relevant flame charac-
teristics are clearly defined and illustrated. A case study on hydrogen/air flames with
mixture composition stratification is presented, followed by discussions on methane,
propane and n-heptane flames. Based on what has been learned from the above anal-
ysis, a local stratification level model which describes the instantaneous flame speed
difference between stratified and homogeneous flames is proposed and tested.

4. The fourth chapter discusses the effect of stratification on lean lammability limits. The
potential of lean flammability limit extension due to mixture composition stratification
is discussed by analyzing two study cases: hydrogen/air lean stratified flames compared
to a reference “at-limit” homogeneous flame, and methane/air stratified flames with
different stratification configurations.

5. The fifth chapter discusses the effect of stratification on modes of combustion. The
classical Zeld’ovich reactivity gradient theory is first discussed in a relatively detailed
way as it provides the theoretical relation between gas dynamics and chemical kinetics.
Ignition pockets containing gradients of temperature, equivalence ratio, and the com-
bination of the two are studied and different modes of combustion are observed. The
corresponding results can be well explained by the Zeld’ovich theory. A study case with
a more practical setup is then performed, where an energy-deposit ignition is employed
in a finite-length closed chamber. Different modes of the reaction front propagation
introduced by the ignition and the end-gas combustion are observed, based on which
a transient reactivity gradient method is proposed to identify the onset of detonation
transition locally.

6. The sixth chapter concludes with key findings from Chaps. 3-5 and discusses possible
improvements of the current studies as well as alternative future research directions
regarding stratified combustion.

7. The first appendix contains the details of a continued code development based on
ASURF-Parallel. The goal is to make the numerical solver capable of simulating plasma
assisted combustion. Special adjustments regarding electron- and ion-related chemistry
and transport are elaborated first with detailed implementation procedures, followed
by preliminary simulation examples. The second appendix provides validation of three
reduced chemical kinetic models for methane, propane, and n-heptane combustion,
respectively.
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1.4 Dissertation contributions

Contributions of the work presented in this dissertation to the development of advanced nu-
merical solvers and the increased understanding of combustion of stratified mixtures include:

e Successful implementation of parallelization on an existing serial numerical solver. The
resulting parallel version of the solver can be efficiently run on lab-scale servers, i.e.,
with the number of processors ranging from 10 to 100. As there are many robust and
well-validated, but serial solvers in the numerical combustion community, the successful
experience of this parallelization development effort can benefit whom wants to perform
a similar code modification.

e Detailed and in-depth investigations are performed towards the effect of stratifica-
tion on flame speeds, lean flammability and modes of combustion. On one hand, an
increased understanding of the fundamental processes in combustion of stratified mix-
tures is achieved. On the other hand, the analysis logic and methodologies are robust
and can be extended to other types of combustion-related studies.

e Two models, i.e., stratified flame speed model and transient reactivity gradient model,
are proposed and tested based on the results of numerical simulations. To the best
of the author’s knowledge, the stratified flame speed model is the first model that is
capable of predicting the stratified flame speeds using global stratification parame-
ters in a wide range of mixture compositions. The model development efforts bridge
the fundamental understanding (seemingly irrelevant) of stratified combustion to the
practical use (relevant) of such knowledge.
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Chapter 2
ASURF-Parallel

ASURF-Parallel (Shi et al., 2017a), a parallel version of the Adaptive Simulation of Unsteady
Reacting Flow (Chen et al., 2009; Chen, 2010) written in FORTRAN, is used to perform
transient simulations of combustion of stratified mixtures and those of the corresponding
homogeneous mixtures. The original A-SURF has been extensively used and validated by
many researchers investigating various combustion-related problems (Chen, 2010, 2011; Dai
and Chen, 2015; Varea et al., 2015; Pan et al., 2016b). The unsteady compressible Navier-
Stokes equations for a multi-species reactive mixture in one-dimensional coordinates are
solved. Dynamically and locally adaptive mesh refinement (AMR) is applied to resolve
various types of reaction fronts and mixture layers of interests. A domain-decomposition
parallelization approach using Message Passing Interface (MPI) is implemented to speed up
the calculation.

In this chapter, details regarding the original A-SURF are first given. The parallelization
development process is then elaborated and the corresponding performance improvement is
evaluated.

2.1 Adaptive Simulation of Unsteady Reactive Flow
(A-SURF)

The governing conservation equations, transport and chemistry models, and numerical schemes
and methods of the original A-SURF are briefly discussed in this section. For more concrete
details including formulation in cylindrical and spherical coordinates, and vigorous code
validation, please refer to Chen (2009).
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Governing conservation equations

A compact form of the governing equations in a rectangular coordinate is shown as below
ou n oF(U)  0F,(U)
ot oxr  Or

where the four vectors U, F(U), F,(U), Sg(U), i.e., unsteady term, convection term, diffu-
sion term, chemical source term, are defined as:

+ Sr(U), (2.1)

pYi puYi
pYa puYs
u=| |, Fu= : ,
pYN PUYN
pu pu? + P
E (E+ P)u
(2.2)
—puY1 VY w1
—puY,Vy Wo
F,(U) = : o Spuy=|
=1 vy U=
T 0
g+ 0

In total, N+2 equations are solved including conversation equations of N species, momen-
tum, and energy. In the species conservation equations, IV is the total number of species, p is
the mixture density, and Yy, V}, @y are the mass fraction, diffusion velocity and production
rate of species k, respectively. In the momentum equation, P is the hydro-static pressure

and 7 is the viscous stress,
4 Ou

= —p— 2.3
T3 (23)
where p is the mixture viscosity. In the energy equation, E is the total energy,
pu’ a
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where h;, is the enthalpy of species k. ¢ is heat flux while ® is the viscous dissipation,
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where A is the mixture thermal conductivity.
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Transport and chemistry models

The gas mixture is assumed to behave as a Newtonian fluid. Therefore, the diffusion pro-
cesses of mass, momentum and energy are modeled according to Fick’s law of diffusion,
Stokes law of friction, and Fourier’s law of heat conduction, respectively. For a multi-species
mixture system, mass diffusion processes are not as straightforward as a single-species gas.
A system of diffusion equations needs to be solved in order to evaluate the diffusivity and the
corresponding diffusion velocity of each species simultaneously. In the original A-SURF, a
mixture-average diffusivity model (Kee et al., Sandia National Laboratories, Livermore, CA,
USA, 1983) is employed, with a corresponding mass-weighted correction velocity model to
ensure mass conservation. In ASURF-Parallel, a multi-component diffusivity model (Dixon-
Lewis, 1968) is developed and added. The thermal diffusion phenomenon (Soret effect) is
considered in both diffusivity models with the evaluation of thermal diffusion coefficients. All
the associated transport properties are calculated through the TRANSPORT package (Kee
et al., Sandia National Laboratories, Livermore, CA, USA, 1986) with input files containing
fundamental transport and thermodynamic data of each species.

For the chemical system, the production rate of each species can be specified through as-
sociated chemical reactions. In ASURF-Parallel, the production rate is evaluated according
to the law of mass action, while the reaction rate for each elementary reaction is mod-
eled using the empirical Arrhenius law. The rate parameters are calculated through the
CHEMKIN package (Kee et al., Sandia National Laboratories, Livermore, CA, USA, 1989)
with an input file of chemical kinetic models (elements, species, and reactions are specified
in a CHEMKIN-readable format).

Numerical schemes and methods

Finite volume method is employed as the discretization scheme, where integral quantities
are evaluated over a control volume representing the domain of interest, instead of derivative
quantities at a discretized point (finite difference method).

For the overall time integration, fraction-step procedures are used. The basic idea is that
the stiff chemistry source terms are taken away from the transport terms such as diffusion and
convection. In this way, a set of ordinary differential equations (ODEs), i.e., the homogeneous
reacting system, and a set of partial differential equations (PDEs), i.e., the non-reacting and
transport-only system, can be solved separately using appropriate numerical solvers. Both
the first-order and second-order schemes are implemented in ASURF-Parallel. In the first-
order method, PDEs are solved first, whose solutions are used as the input for the ODEs.
Both PDEs and ODEs are solved for one entire time step. In the second-order method, i.e.,
Strang splitting (Strang, 1968), PDEs are solved first for only half of the time step. ODEs
are then solved for one time step, followed by PEDs being solved for the another half time
step.

For the reacting ODE system, explicit method, point-implicit method (Bussing and Mur-
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man, 1988), and implicit VODE method (Brown et al., 1989) are available in ASURF-
Parallel. All of these methods are of the first-order accuracy with regard to time. For
the non-reacting PDE system, first-order Euler method, and second-order and third-order
Runge-Kutta methods are used for the time integration. Regarding detailed spatial dis-
cretization, the MUSCL-Hancock (Van Leer, 1984) and central difference schemes, both of
second-order accuracy with regard to space, are employed to evaluate the convection and
diffusion terms.

2.2 Domain decomposition parallelization

This section is based on the final class report of CS C267 / E C233 Applications of Parallel
Computers, Spring 2015, University of California, Berkeley. Discussions with Professor James
Demmel on potential parallelization schemes and teamwork inputs from Charles Scudiere are
acknowledged.

Introduction

Despite the wide use of the original serial A-SURF, it maintains its originally developed
serial implementations of numerical schemes. Running the solver on certain problems, such
as ignitions and deflagration to detonation transition (DDT), is slow with the necessarily
small time steps (micro/nanoseconds) and micro space discretization (micro/millimeters).
The performance issue becomes a serious problem with large chemistry kinetic models nor-
mally consisting of hundreds of species and thousands of elementary reactions, with the
numerical intensity increasing exponentially on the order of O(N?), as N is the number
of species. To achieve a simultaneously high-fidelity and high-performance of these sparse
matrix numerical simulations utilizing modern multi-thread and multi-core computational
structures, parallelized numerical solvers are expected. No existing parallelization has been
implemented /reported on A-SURF yet.

In this section, detailed profiling analysis of the serial code performance was first con-
ducted to identify its potential for parallelization. Accordingly, different parallelization im-
plementations were attempted and their suitability for A-SURF was illustrated. A final
parallelization scheme based on MPI was implemented and the final parallel version of this
solver was tested on both an in-house server (Firebrand) and a computational server system
(Hopper) at National Energy Research Scientific Computing Center (NERSC). The scaling
and profiling results were then discussed. All the analysis and tests are based on simulation
cases of hydrogen/air flames.

Profiling of Serial A-SURF

The solver is executed as the following simplified steps:
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1. Initialize all the variables

2. Time advancing loop starts

3. Apply adaptive mesh refinement (AMR)

4. Output certain time-sensitive variables

5. Solve ODEs (chemistry); Update corresponding states

6. Solve PDEs (transport); Update corresponding states

7. Check if time reaches the preset end time: if yes, go to step 8; otherwise go to step 3

8. Time advancing loop ends; Output summary

A common simulation case of A-SURF will require thousands of time steps, making initial-
ization and summary output time-wise negligible. Clearly, parallelizing the time advancing
loop will most likely improve the solver performance. Within one time step, detailed pro-
filing analysis was performed, as shown in Fig. 2.1. ODE solver contains chemical reaction
rate calculation (Rate Cal.) and state updates, while PDE solver contains diffusion term
calculation (Diff.), convection term calculation (Conv.) and state updates. According to the
diagram, ODE and PDE solvers approximately split the total time. Therefore, parallelizing
both ODEs and PDEs is necessary to achieve an overall performance improvement.

Attempted Parallelization Implementations
MPI1

The serial implementation of the code performed a regular data logging between time steps.
To parallelize this code, synchronization and uniformity of the information were required.
We addressed this issue by dedicating ONE node to logging/writing files. To accomplish this
task, all of the files which wrote an output were modified using ONE processor rank based
condition test.

Load balancing was primarily handled by the splitting scheme used. We decomposed the
domain between the processors based on their rank with regard to the number of grid cells,
in both ODE and PDE solvers. The domain-decomposition splitting scheme is illustrated
in Fig. 2.2. Since the update of one grid cell depends on its adjacent cells, each processor
updates its own set of subdomain, based on both center cells inside the subdomain and
additional boundary cells which ensure the updating correctness of the fringe of center cells.
These boundary cells are abandoned after MPI_.GATHER is called. The updated data set is
then broadcast to every processor to start a new time step.

This step went through several iterations, with progressively improved performance:
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Figure 2.1: Profiling diagram of the original serial A-SURF.
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Figure 2.2: Schematic of the domain-decomposition splitting scheme.
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Initial with no Message Passing

Passing of individual variables with Gather-Broadcast-Send

Passing of individual variables with Gather-Broadcast

Integration of ODE and PDE Send into unified Gather-Broadcast operation
e Pack and unpack of sending variables

e Consideration of alternatives

For a first step in the parallelization, each of the processors ran the serial code in unison
and error checks were performed. This required finding and overcoming several compiler and
execution challenges.

In the initial individual variables iteration, we chose the Gather-Broadcast-Send approach
to pass each of the multidimensional state variables associated with the grid used in the code.
Although this method was effective in communicating, we profiled and noticed message
passing was using a significant percentage of the time and hurting overall performance.

Further successful improvements in performance were applied with further load balanc-
ing considerations of the unevenly divisible work loads. As the GATHER routines require
equality of the size of data sent from each node, we chose to move operations to the gather
master node. Although the work on the master was increased slightly, this allowed for the
removal of a send operation that would otherwise be necessary for the gathering section of
the code.

Since the ODE and PDE solvers were implemented such that the routines could run
independently, the solvers handled their own message passing. For the next improvement in
communication, we implemented a unified state variable update. To execute this, we aligned
the work each processor performed at each time step at the end of each time step in the
overarching solver routine, effectively cutting the send operations necessary in half.

In consideration of reducing the message overhead, weighing bandwidth, latency and MPI
data transmission overhead, we implemented a further optimization to combine each of the
SEND and GATHER operations performed on each variable. This improvement forged the
two message sending operations into a single transmission. This algorithm, therefore, utilized
the high bandwidth, and generated even better speed when the latency was significantly
longer. The cost to do this optimization was for the processors to perform a pack and unpack
sequence. With profiling of the resultant code, we found the costs associated with packing
the data in a buffer for a single send operation was significantly outweighed by the reduction
in the overall time savings from the reduction in message passing. Our estimates of the
performance improvement were on the order of 100-500% in the variety of cases considered.

We also considered the use of the MPI_ALLGATHER routine for each processor’s chunk
of processed data. In making the decision, we weighed the saleability of this algorithm over
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the Gather-Broadcast algorithm. Although the ALLGATHER routine requires a small send
and a large receive per processor, reducing the necessary bandwidth, the performance hit
in the number of sends required made this option undesirable. With the number of send
operations of the Gather-Broadcast scaling as O(N,) and the MPI_ ALLGATHER Routine
scaling as O(Ng), where N, is the number of processors, we decided to keep the Gather-
Broadcast due to the reduced send operations.

In a further iteration of parallelization optimization, calls to the MPI routines were
minimized with the use of global FORTRAN COMMON variables. Following profiling and
noting the number of calls to several of the functions, in the hundreds of thousands for even
small times, we moved to remove MPI calls altogether in these routines.

Although it is known that global variables are usually to be avoided for code clarity, cre-
ating the global variables, in this case, were justified by the significant performance increase.
Initialization of these variables was performed in the primary initialization step and values
carried through and utilized through out the parallelization implementation. For example,
for the commonly used values from calls to MPI_.COMM_RANK and MPI_.COMM_SIZE
alone, performance was enhanced by over 10% in the cases considered.

OpenMP

Encouraged by the successful experience of MPI implementation, we attempted to further
implement OpenMP. We followed the same strategy of file handling and loading balancing,
wishing to update the shared domain with multiple threads. One advantage of OpenMP
compared to MPI is that the splitting scheme can be automatically taken care by default
OpenMP calls. The attempted implementation details can be simply summarized:

e Initialization of OpenMP

e Parallelization on variable updating loops by directly calling OpenMP DO

However, certain obstacles arose. One basic condition of OpenMP was to declare variables
as shared or private. While we clearly knew that all the variables which were passed by MPI
implementation should be declared as shared, we had a very hard time distinguishing other
variables. Most of them were intermediate global single variables defined in the original
serial code. On one end, if one variable was declared shared but used in updating every
grid cell, the racing condition is inevitable. On the other end, if all other variables were
declared as private, it defeats the purpose of OpenMP as it would just act like a ”fake MPI”.
Another issue which happened in our attempt was that declaring a large amount of variable
as private led to stack overflow. Therefore, we gave up on parallelizing such loops with heavy
data dependency on intermediate global single variables.
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Unfortunately, most of the loops in the code exploited such variables. Implementation of
OpenMP on other simple loops did not gain significant performance improvement. Therefore,
OpenMP is not used in the final version of parallel A-SURF.

SIMD

The system architecture of our local server is Intel(R) EM64T (x86_64) system, with Intel(R)
Xeon(TM) processors. Intel(R) Fortran Compiler automatically optimizes with streaming
SIMD Extensions 3 (SSE3) instruction support. Therefore, for the scaling test on the local
server as well as further code application in Intel systems and processors, SIMD was enabled.
Vectorization and loop unrolling were also automatically utilized with various compiler flags.

Results and Discussions

Scaling tests were performed on two platforms: Firebrand (in-house local server) and Hopper.
Firebrand has Intel(R) EM64T (x86.64) system, with two Intel(R) 8-core hyper-threading
Xeon(TM) processors. The total available threads are 32. Hopper has over thousands of
compute nodes. Each compute node has two AMD Opetaron 6172 12-core processors.

Scaling tests on Firebrand

On Firebrand, both strong scaling and space-wise weak scaling were tested. For the weak
scaling, the total number of grid cells increased with increasing number of processors. Max-
imum thread number used was 24. The results are shown in Fig. 2.3. Both ODE and PDE
time scaled reasonably well in both strong and weak scaling tests, while the total time fell
behind due to communication overhead.

Scaling tests on Hopper

On Hopper, both strong scaling and time-wise weak scaling were tested. For the weak
scaling, total simulation times increased with increasing number of processors. Maximum
processor number used was 32. The results are shown in Fig. 2.4. While the strong scaling
test still showed promising results, weak scaling performance dropped significantly with a
larger number of processors. Besides communication overhead, dynamically AMR also affects
time-wise weak scaling. Physically, with longer simulation time would more fuel be burned,
creating more temperature gradients. As a result, AMR added slightly more cells in the
calculation domain, which made the simulation time even longer.

We did not go up to even larger number of processors on Hopper, as the communica-
tion overhead has almost dominated the total time according to the strong scaling results.
Profiling results of next session demonstrated the existence of communication overhead.
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Figure 2.3: Scaling test on Firebrand: (a) Strong scaling test; (b) weak scaling test with
regard to grid space.
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Figure 2.4: Scaling test on Hopper: (a) Strong scaling test; (b) weak scaling test with regard
to time.

Profiling of Parallel A-SURF

Profiling of parallel A-SURF was conducted, where MPI operation time profiling is in-
cluded. MPI operation contains MPI.GATHER (GAT.), MPI.BCAST (BCA.) and data
pack/unpack (P/UP). The profiling results of two different cases are shown in Fig. 2.5.
More interestingly, different from both strong and weak scaling tests, these two profiling
tests shared the same number of processors and simulation time but a different number of
grid cells. From the diagram, we can see that Case (b) with the larger number of grid cells
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actually has a smaller fraction of MPI operation time out of the total time. The results
actually indicated that the bandwidth of message passing was relatively large compared to
messages passed between processors in A-SURF. As we increased the number of grid cells,
the communication time remained the same as a same amount of processors involved. In the
meanwhile, all ODE, PDE and AMR scaled up with a larger number of grid cells. Therefore
it resulted in a smaller MPI fraction in case of larger number of grid cells.
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|
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Figure 2.5: Profiling diagram of ASURF-Parallel on Firebrand; Case (a) and (b) used the
same number of processors and the same simulation time, while Case (b) has 5 times more
grid cells compared to that of Case (a).

Summary and Future Work

Domain-decomposition parallelization was successfully implemented on A-SURF. A list of
tasks accomplished was provided as followed:

e Conducted a detailed profiling of the serial code, pointing out parallel potentials;
o Attempted different parallelization with detailed consideration and analysis;
e Implemented a final and successful parallelization scheme using MPI;

e Performed strong and weak scaling tests on different platforms, showing promising
performance;

e Conducted two detailed profiling of the parallel code.

e Examined the effect of changing the number of processors, number of grid cells and
simulation time, with corresponding scaling and profiling tests.



CHAPTER 2. ASURF-PARALLEL 31

e Overall, a significant speedup, with the speed-up factor up to 10, is achieved.
There are certain aspects of future work to be considered:

e Parallelism on I/O and AMR, in which way MPI operations between time steps can
be avoided;

e More advanced load balancing scheme is expected, as the current version depends on
the number of grid cells only;

e Clean up certain intermediate global variables or convert them into local variables, to
enable effective OpenMP implementation.
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Chapter 3

Flame Speed

In this chapter, the effect of mixture composition stratification on laminar flame speeds of
stratified fuel/air mixtures is numerically investigated and studied. First, a comprehensive
literature review of the past and current research efforts of stratified flame speeds is given
and discussed. Then, flame characteristics used to describe stratified and homogeneous
flames are defined and illustrated. For specific case studies, stratified hydrogen/air flames
are investigated first, followed by three hydrocarbon/air flames, i.e., methane, propane, and
n-heptane. Finally, a stratified flame speed model for methane/air mixtures is proposed,
developed and tested.

3.1 Literature review

After a stratified mixture is successfully ignited, a flame will be established and propagate
through the stratified mixture. Such mixtures exist in a wide range of industrial applications,
such as DISI engines. Flame propagation speeds of in-cylinder stratified fuel/air mixtures
can differ from those of homogeneous mixtures based on local and instantaneous equivalence
ratios. How fast the stratified lame propagates compared to the corresponding homogeneous
flames is a key question to answer as to the determination of combustion duration and
emissions. Both practically and fundamentally is the difference between laminar flame speeds
of stratified and homogeneous mixtures neither well understood nor quantified.

There are two typical types of stratified flames: stratified flames propagating perpen-
dicular to the mixture stratification layer, or along the layer. The first type of stratified
flames is often investigated with a detailed discussion on the structure of tribrachial triple
flames (Chung, 2007; Im and Chen, 1999; Guo et al., 2005), as a diffusion flame branch is
created along the stoichiometric mixture fraction line. In comparison, the second type of
stratified flames, when the propagation of stratified flames occurs along the mixture strat-
ification layer, only has the premixed flame branch. It is relatively complicated as flame
characteristics are mostly transient and change in time due to flame passing through differ-
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ent local mixture compositions across the stratification layer. This chapter focuses on the
latter stratified flames, which propagate along the mixture stratification layer.

There have been extensive experimental, theoretical and numerical research on strati-
fied flames propagating along mixture stratification layer. Researchers have experimentally
observed that stratified flames propagated at different speeds compared to homogeneous
flames. Karim and Tsang (1975) used a circular pipe filled with two mixtures separated by
a plate, where a stratified mixture was formed after removing the separation plate. They
found that the flame speeds of a rich-to—stoichiometric methane/air stratified flames were
close to the corresponding quasi-homogeneous flame speeds, while the stoichiometric—to-lean
stratified flame were about 30% faster than the corresponding homogeneous flames. Girard
et al. (1979) adopted the soap bubble method and studied a laminar hemispherical flame in
a rich—to—lean mixtures. The mixture stratification was created by filling a soap bubble with
a richer mixture while the rest of the vessel was filled with lean mixtures. The flame was ini-
tiated at the center of the bubble by a spark plug. Both hydrogen and propane were tested.
When the radius of the bubble increased, an increase in the burning velocity was indicated
according to a reduced combustion time, defined by the time reaching the maximum pres-
sure. Badr and Karim (1984) performed a similar experimental investigation and extended
Karim and Tsang’s conclusion: stratified flames propagating from mixtures with higher flame
speeds to those with lower speeds, e.g., stoichiometric to either lean or rich, were faster than
the corresponding homogeneous flames, while stratified flames with opposite directions were
close to homogeneous flames. Moreover, the observed stratified flame speeds can be corre-
lated to the homogeneous flame speeds corresponding to fuel concentrations at the ignition
point and concentration gradients. However, the correlation was case-specific and valid only
under simple stratification cases, where stratification does not change its direction. Ra and
Cheng (2001) revisited the soap bubble idea. The stratification was created by placing a
small spherical soap bubble containing near-stoichiometry methane/air mixtures, in the cen-
ter of the vessel containing lean mixtures. The bubble was ignited by a laser beam. Both the
time history of pressure and the growth of the flame kernel radius using high-speed Schlieren
technique were recorded. A “back-support” effect was observed, as an increase in the burn-
ing velocity was found during the step layer compared to the corresponding homogeneous
flames. They found that for a given lean mixture, the initial burning velocity enhancement in
the transition increases as the richer mixture equivalence ratio increases. Kang and Kyritsis
(2005, 2007) studied a similar stratified flame of methane/air mixtures in a novel burner that
allowed accurate control of mixture stratification using convective-diffusive balance of two
fresh methane/air mixture streams. They found that from stoichiometric to either leaner or
richer, the stratified flame velocities are higher than the homogeneous flames. Furthermore,
the increase in flame speed was more prominent when the flame approached the flamma-
bility limits and encountered higher equivalence ratio gradients. Balusamy et al. (2014)
performed stratified flame experiments of propane/air in a constant volume chamber, where
a rich mixture was ignited and the corresponding flame propagated into lean mixtures. The
flame propagation in the lean mixtures was found back-supported by the ignition in richer
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conditions, as the flame benefited from the rich composition of the burnt gas compared to
that of lean homogeneous flames.

Despite the fruitful observations from experimental studies, there still remain critical
questions which cannot be fully resolved by experiments:

1. In a stratified flame, both thermal and mass diffusion processes are different from
those in the corresponding homogeneous flames. Experimental evaluation of each pro-
cess cannot be conducted exclusively thus their comparative impacts on laminar flame
speeds of stratified flames were yet understood.

2. Specific experimental setups, including propagation directions and boundary condi-
tions, might introduce additional effects or biases. For example, for flames propagat-
ing vertically upwards, the hot burned gases are more buoyant and tend to propagate
faster relative to the flame and thereby assist the convective mass transfer of active
species ahead of the flame.

3. Flame stretch and curvature undermine the accuracy of measured flame speeds. For
example, in Balusamy et al. (2014), due to the initial mixture preparation and ignition
setup, an oval contour of the flame front was developed instead of an ideal sphere.
Consequently, tracking flame front propagation and extrapolation of the unstretched
laminar flame speed are problematic.

4. Discrepancy exists between stoichiometry of unburnt mixture and mixtures at flame
front, due to preferential diffusion of lighter species. As some lighter but important
chemical species and radicals, e.g., H, Hy, diffuse much faster than other species, mix-
ture composition at the flame front can be quite different from that of the corresponding
unburnt mixture. Therefore, the structure of a pre-defined stratified mixture based on
unburnt mixtures might change during the course of stratified flame propagation.

In order to compensate the above experimental limitations, theoretical and numerical
studies with idealized setups are conducted to reduce the problem complexity and help
identify dominant processes which are responsible for the differences between stratified and
homogeneous flames. In terms of theoretical analysis of stratified flames, Mikolaitis (1984)
performed an asymptotic analysis using exponential scaling of premixed flame propagation
with thermal and concentration gradients. The results were restricted to the scenario where
the flame preheat zone thickness is very thin and smaller than the length scale of initial
temperature or concentration variations. Under this restriction, the author concluded that
the flame propagation can be simply determined by the local values of temperature and
mixture composition from the initial conditions. As the author pointed out in the paper,
such an exponentially thin flame is not of practical significance for most applications. For
this reason, Bissett and Reuss (1986) adopted a similar approach and obtained a slowly-
varying flame with the usual algebraic distance scaling for the flame. They demonstrated
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that the burning rate of the slowly-varying flame propagating through a region of varying
temperature or mixture composition is different from that of corresponding homogeneous
flames. In recent years, Kang and Kyritsis (2005, 2009) analyzed their experimental results
and performed a corresponding asymptotic analysis. Their conclusions were very similar
to that of Bissett and Reuss (1986) and they pioneered the development of stratified flame
speed model. Two different models were proposed: 1) An integrated measure ) model was
proposed in (Kang and Kyritsis, 2005), where () is the product of the average equivalence
ratio gradient times the ratio of the average over the local value of equivalence ratio. A
critical value Qy = 0.018 mm™! is used to determine whether a stratified flame starts to
deviate from its corresponding homogeneous flames. 2) A theoretical model was further
proposed (Kang and Kyritsis, 2009) on the basis of the hypothesis that stratified flames
differ from homogeneous flames due to the effect of cumulative heat support from burnt gas.
The model predicted quantitatively well with their experimental results of stoichiometric—
to—lean or lean—to-leaner stratified flames but not rich flames.

Much understanding of stratified flames and the underlying physical processes has also
been achieved through numerical simulation investigations. Cruz et al. (2000) performed
1-D unsteady simulations of laminar stratified methane/air flames. They concluded that
the propagation of lean—to-rich stratified flames is influenced mainly by heat from burned
gases, i.e., thermal effect. For rich—to—lean stratified flames, the propagation is dominated by
production and consumption of molecular hydrogen in the rich burnt gas, i.e., chemical effect.
However, although the differences between temperature and species distributions at the lame
front of stratified flames and of homogeneous flames were reported, an analysis with adequate
details about how these diffusion processes compete was not given. Zhou and Hochgreb
(2013) conducted numerical simulations of methane/air counterflow stagnation flames and
confirmed that methane/air stratified flames are primarily dominated by the diffusion of
heat under lean conditions, and diffusion of Hy under rich conditions. In contrast, Zhang
and Abraham (2016) investigated planar stratified methane/air flames. They confirmed
that additional diffusion of heat and active species had made rich—to-lean stratified flames
faster than corresponding homogeneous flames. More importantly, they studied comparative
effect of thermal and species diffusion by considering equal-diffusivity transport model and
concluded that species diffusion is more important in increasing flame speeds of stratified
mixtures.

This chapter focuses on transient numerical simulations of one-dimensional planar flames
of stratified and homogeneous mixtures. Compared to previous studies, features of the
following presented research include:

1. Flame characteristics of both stratified and homogeneous mixtures, including equiva-
lence ratios and laminar flame speeds, are clearly defined

2. Different fuels were studied with detailed chemical kinetic models and consideration of
preferential diffusion processes
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3. Different setups of stratification were investigated and a stratified flame speed model
covering both rich and lean mixtures was developed and tested

3.2 Flame characteristics

Flame characteristics in stratified mixtures are not as well-defined as those in homogeneous
mixtures due to the composition variation across the flame zone (Cruz et al., 2000). In order
to make meaningful comparisons between stratified and homogeneous flames, several flame
characteristics are specifically defined and explained in the following.

Flame front

Flame front is defined by the location of maximum heat release rate, if not specified otherwise.

Equivalence ratio

The conventional definition of equivalence ratio, i.e., the ratio of the fuel/air ratio to the stoi-
chiometric fuel/air ratio, is suitable for unburnt mixtures where fuel and air are unanimously
defined. However, this definition is not applicable to the instantaneous mixtures within the
flame zone due to two issues. First, fuel and oxidizer may have reacted into intermediate
species so that the equivalence ratio can no longer be calculated based on fuel and air only.
Second, differential diffusion of species alters the mixture compositions across the flame zone.
Note that both issues exist in both stratified and homogeneous flames. For a homogeneous
flame, its equivalence ratio can be uniquely defined using the unburnt mixture. In contrast,
stratified flames are more complicated in the absence of a unique unburnt mixture.

In this study, the reference equivalence ratio is defined on the basis of the element com-
position of fuel/air systems:
Xy +4Xc
*=—x X,
where Xy, X and X denote the mole fractions of elements H, C and O respectively. Figure
3.1 shows the computed equivalence ratios of a series of methane/air homogeneous flames
with the unburnt temperature at 300 K and pressure at 1 atm. Each point represents one
specific homogeneous flame and ¢, refers to the equivalence ratio calculated based on the
element composition of the unburnt mixture while ¢ is based on the element composition
at flame front. The location of maximum heat release rate is referred to as the flame front.
The difference between ¢, and ¢, is shown in the lower part of the figure. Due to differential
diffusion, ¢,, and ¢, can differ up to 0.04 in methane/air homogeneous flames under ambient
conditions. For consistent comparisons between stratified and homogeneous flames, Equation
(3.1) will be used for computing the equivalence ratios.

(3.1)
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Figure 3.1: (a) Equivalence ratio of unburnt mixture (¢,) and equivalence ratio at flame
front (¢f), and (b) their differences, of methane/air homogeneous flames.

Laminar flame speed

Both fuel consumption speed and flame front propagation speed are used. For the detailed
descriptions of these two speeds, please refer to Chapter 1, Section 1.2. Fuel consumption
speed will be calculated as below:

1

Se = AT /wpdx, (3.2)

where Y+ is the mass fraction of fuel species in the unburnt gas; p,, is the unburnt gas density
and wy is the fuel production rate. Theoretically, Y# — Y2 may be used in Eq. 1.6 instead of
Y}, especially for rich mixture flames (Poinsot and Veynante, 2005). However, in stratified
flames, Y2 is not well-defined as the burnt gas is stratified. Even for homogeneous flames,
uncertainty exists in Y}? as the burnt gas composition of propagating flames can deviate from
the corresponding equilibrium composition (Wu et al., 2014). Therefore, Y} is used for both
stratified and homogeneous flames.
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Different integral limits are applied to distinguish between local and global fuel consump-
tion speeds. In Fig. 3.2, both 0% and 5% cutoff integral limits are illustrated. While 0%
cutoff represents the integral over the entire domain, 5% means that the integral will be
conducted only over the domain where local heat release rate exceeds 5% of the maximum
heat release rate. In this way, 5% cutoff fuel consumption speed is considered as the local
fuel consumption speed and therefore represents local flame characteristics.
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Figure 3.2: Fuel consumption speed integration with different cutoff integral limits with
regard to maximum heat release rate.

Flame front propagation speed, Sy, is defined as the physical moving speed of the flame
front in the calculation domain. Note that Sy can be directly measured from experiments and
is related to SY. In homogeneous flames, the relation between S; and S9 can be expressed
as

Sy =Lugo (3.3)
Pb
Similar to Y2, py is not well-defined in stratified flames as well as propagating homogeneous
flames. Therefore S? cannot be unambiguously derived from the above relation.
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Fluid expansion speed, S,

Propagation of flame front is resulted from not only the burning velocity that flame prop-
agates into unburnt mixture, but also the expansion of burnt gas due to additional heat
release. It is useful to define burnt gas expansion speed for assessing the fluid expansion
effect on the flame front propagation speed. In order to formulate this speed definition, each
computational cell is regarded as a single 1-D control mass, which can only expand or shrink
but not exchange mass with neighbor cells. The cell size changing rate represents the gas
expansion due to heat release. Therefore, the sum of the size changing rates of all cells,
from closed end to flame front, will represent the total burnt gas expansion. If the burnt gas
heat release and consequential expansion differ between SF and HF, the corresponding dif-
ferences will be observed in fluid expansion speeds as well as flame front propagation speeds.
To calculate the cell size changing rate, mass conservation is applied to each single 1-D cell:

d(pz.) =0, (3.4)

where x. stands for the cell size. Taking the derivative of the above equation with respect

to time yields:

dx . d

c_ TP (3.5)

dt p dt
Based on ideal gas law with constant pressure, density changing rate can be written as
temperature changing rate. Molecular weight of the mixture is assumed unchanged as burnt
gas composition has approximately reached equilibrium. As temperature increase is related
to heat release, temperature changing rate can be further expressed as a function of local heat
release rate, density and specific heat. Therefore, the size expansion rate can be eventually
written as

dr. wx.dTl'  x. dq x4

dt — T dt  pe,Tdt  pe,T

The fluid expansion speed is then determined by integrating the expansion rate of all grid
cells up to the location of flame front.

(3.6)

S / Ty (3.7)
exp — X, .
P o Pl

where x; stands for the location of flame front. Numerically it can be also expressed as
f ol
Seap = - (3.8)

PCp
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Normalized diffusion Speed, \A/k’

In order to quantify the thermal and chemical effects introduced by the burnt gas of stratified
flames, thermal and species normalized diffusion speeds are defined as following;:

~ dinT A

V) =—-D Dy =— 3.9
T T dz ) T ey ( )
~ dInYy

V) =-D 3.10

where Dr is thermal diffusivity and Dj is mass diffusivity of species k. These quantities
are used in the energy and species conservation equations and represent how fast heat and
chemical species diffuse relative to fluid velocity. Normalized diffusion speed is thereby
defined as diffusion velocity relative to the lab frame, i.e., diffusion velocity plus local fluid
velocity. Thermal or chemical effects on local flame characteristics will exist only if heat or
mass diffusion on the basis of fluid velocity are fast enough to catch up the propagation of
flame front.

Flame thickness, stratification gradient and thickness

Figure 3.3 presents the computed temperature and equivalence ratio profiles of both (a) a
homogeneous flame and (b) a stratified flame, where = 0 denotes the location of the flame
front. The region z > 0 corresponds to the unburnt mixture. For the homogeneous flame,
¢y is 1.00. For the stratified flame, the flame experiences an equivalence ratio change from
¢, = 1.6 to 0.6. At the flame front of this particular moment, the equivalence ratio, ¢, of
both flames is 0.97. As seen in Fig. 3.3, these two flames have similar temperature profiles.
In Fig. 3.3(b), the stratified flame experiences a decreasing profile of equivalence ratio as it
propagates from a rich mixture into a lean mixture. The flame thickness can be calculated
on the basis of temperatures by the following equation (Law and Sung, 2000),

T, —
|

Based on dy, the instantaneous equivalence ratio gradient at the flame front can be approx-
imated by

|3

dy = (3.11)

15

‘ max

o _ dp — f

3.12
= (3.12)

where ¢ and qbl} denote the equivalence ratios at the boundaries of flame zone. As dy changes
with flame dynamics, equivalence ratio gradient at flame front is a transient property of a
propagating flame and it can be evaluated instantaneously. The equivalence ratio gradient
at flame front is used to describe the instantaneous stratification conditions when the flame
front passes through the stratification layer and therefore a key parameter in stratified flame
speed models.
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Figure 3.3: Equivalence ratio and temperature profiles of (a) a homogeneous flame and (b)
a rich-to-lean stratified methane/air flame, ¢, = 0.97.

To quantify the degree of initial stratification in different stratified configurations, strat-
ification thickness d, is defined as

|2 — ¢1]
dS == ‘d;QS—' (3.13)
dx lu,maz

In the case of stratified flames propagating from unburnt mixture ¢, to ¢s. ds is calculated
when the flame front in stratified flames reaches the stratification layer as shown in Fig.
3.4. Therefore d, is based on equivalence ratio of unburnt mixtures and least affected by
differential diffusion.

3.3 Hydrogen/air stratified flames

This section is based on the paper published in Combustion and Flame (Shi et al., 2016).
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Figure 3.4: Schematic of stratification thickness calculation in the rich-to-lean stratified
flame propagating from ¢, = 1.6 to ¢, = 0.6.

Introduction

As one of the fundamental combustible mixtures, hydrogen/air flame generates intermedi-
ate radicals, which appear in almost all hydrocarbon flames. Therefore a thorough under-
standing of hydrogen/air flames is essentially important to establish the first picture of fuel
stratification concept.

The objective of this section is to understand how hydrogen/air stratified flame behaves
differently in comparison to homogeneous flames. More specifically, the following questions
are to be answered:

1. What is the detailed mechanism that stratification introduces thermal effect or chemical
effect, if any, leading to variation of flame characteristics between stratified flames and
homogeneous flames?

2. What is the role of differential diffusion of chemical species in stratified flames? Is it
related to the chemical effect?

3. How do flame characteristics respond to different degrees of stratification?
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To answer these questions, fuel consumption speed, as well as flame front propagation speed,
are used to quantify the differences between stratified and homogeneous flames. Two trans-
port models with equal diffusivity and mixture-average diffusivity assumptions respectively
are considered and analyzed.

Numerical model and setup

The present numerical model represents hydrogen /air flame propagation in one-dimensional
(1-D) planar coordinate with one end closed and the other open, as sketched in Fig. 3.5. The
flame is initialized at the closed end and propagates toward the open end. Stratification is
introduced by specifying a step change in the initial equivalence ratio profile. The simulated
condition is analogous to constant-volume bomb experiments where ignition occurs in the
center and flame propagates outwardly (Kuznetsov et al., 2012), or to tube experiments
where flame propagates in a pipe from its closed bottom to the open end (Dahoe, 2005).

Burnt equilibrium gas at ¢,

¢ b1 Stratification layer

T \/ b,

T, =300K
P P =1atm
U =0cm/s

B e e ——

Wall L o e 13 g gy gy g g Open

Figure 3.5: Schematic of stratified flame propagating in 1-D planar coordinate.

The numerical simulation is carried out by ASURF-Parallel. A 9-species detailed chem-
istry mechanism of hydrogen/air mixture (Burke et al., 2012) is used. For this study of
stratified flames, three major modifications have been made: 1) application of transport
model with equal diffusivity assumption, 2) specification of the initial equivalence ratio pro-
file through a step change and 3) additional AMR based on local equivalence ratio gradient.
All the cases reported here were conducted in a 50 planar cm domain. The initial temper-
ature is 300 K while pressure is 1 atm. The reflective boundary condition is applied at the
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first grid point to simulate the closed end, while transmissive boundary condition at the last
grid point to simulate open end. The time step is specified by a fixed CFL number of 0.25.

The flame is initialized by imposing burnt gas composition and temperature profiles from
CHEMKIN PREMIX (Kee et al., Sandia National Laboratories, Livermore, CA, USA, 1985)
to the grid points on the left side so that the flame can be established with relatively small
time duration and the initial unsteadiness is minimized. The step change in equivalence
ratio is placed a certain distance away from the initial flame so that the flame will achieve a
steady state when it reaches the stratification. The step itself is specified by a sharp change
between ¢; and ¢, across several grid points, as shown in Fig. 3.5. Stratification thickness
in all cases demonstrated in this study is of the order of 0.1 cm if not specified otherwise.

Results and discussion

In piston engines, fuel stratification is created by fuel injection into the combustion chamber.
Ignition is often initiated in a rich mixture, creating stratified flames propagating from rich to
lean ambient mixtures. Therefore, rich—to—lean stratified flame is the most common stratified
flame in practical applications and thus the primary focus in understanding stratified flames.
Other stratification cases are also considered in this study as theoretical references.

Equal diffusivity results (Le = 1)

In this section, equal diffusivity is assumed: mass diffusivity of all chemical species are set
to the thermal diffusivity, i.e. Lewis number is set to one (Le = 1). Thermal diffusivity
is calculated on the basis of local mixture properties. This assumption is a useful tool
to separate thermal and chemical effects when studying stratified flames, as it suppresses
differential diffusion and examines whether thermal effect itself will lead to any difference
between SF and HF. As differential diffusion is excluded, ¢y is equal to ¢, in homogeneous
flames.

Figure 3.6 compares fuel consumption speed results calculated with both 0% and 5%
cutoffs, of both stratified flames (SF) and homogeneous flames (HF). The stratified flame is
propagating from a homogeneous charge of equivalence ratio 2.0 (rich) to that of 0.5 (lean)
through the step change. Note that the fuel consumption speeds based on 0% cutoff peak
at ¢y = 1.0, and some certain differences are observed between SF and HF'. In contrast, the
5% cutoff results peak at ¢y = 1.3 and collapse on top of each other, indicating that there
is no difference in local fuel consumption between SF and HF.

To interpret these results, detailed flame characteristics near flame front such as tem-
perature and species distributions are investigated. Figure 3.7 shows the heat release rate,
temperature, species mole fraction and their corresponding diffusion speeds profiles of SF
and HEF when ¢; = 1.2. The position at = 0 represents the location of the flame front.
Thus the region of x < 0 represents burnt gas near the flame and the other side is unburnt.
In Fig. 3.7(a), heat release rate profiles are identical between SF and HF, which agree with
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Figure 3.6: Fuel consumption speeds with 0% cutoff and 5% cutoff of SF and HF, when SF
propagates from ¢y = 2.0 to ¢y = 0.5, d; = 0.1 cm, with equal diffusivity assumption.

the 5% S, results. The temperature in the burnt gas of SF seems to be slightly lower than
that of HF as SF propagates from richer mixture with lower adiabatic flame temperature. In
Fig. 3.7(b), more H and Hy but less OH are found in the burnt gas of SF than HF, while they
are almost identical near the flame front. These temperature and species differences agree
with previous results reported in Cruz et al. (2000), but certainly do not lead to changes in
local flame characteristics as heat release and 5% S. results are identical between SF and
HF'. If diffusion of heat and species in the burnt gas are not fast enough to catch up with the
propagation of flame front, there will be no effect introduced by these differences. Figure
3.7(c) shows the absolute thermal and species diffusion speeds compared to Sy, the flame
front propagation speed. The thermal diffusion speed, labelled as 7', is found much slower
than Sy, indicating heat diffusion is much slower than flame front propagation. Therefore,
extra heat diffusion due to the difference in burnt gas temperature between SF and HF is
not able to influence local fuel consumption. In comparison, species diffusion speeds are also
overall slower than Sy except that H and OH diffusion is faster than S in the region near
the flame front. However, in the same region, H and OH mole fraction profiles are identical
between SF and HF as shown in Fig. 3.7(b). Therefore, the difference in species distribution
is also not able to influence local fuel consumption. In short, with equal diffusivity assump-
tion, the above analysis reveals that neither thermal effect nor chemical effect impacts local
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fuel consumption.
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Figure 3.7: (a) Heat release rate and temperature, (b) major species mole fraction and (c)
thermal and species normalized diffusion speeds profiles of SF and HF at ¢y = 1.2, when SF
propagates from ¢y = 2.0 to ¢y = 0.5, d; = 0.1 cm, with equal diffusivity assumption.

The difference observed in the 0% cutoff results is due to additional fuel consumption in
the burnt gas dominated by burnt gas temperature, since chemical reactions do not com-
pletely finish and continue to happen after the flame has passed through. As SF propagates
firstly from rich to stoichiometry, the burnt gas of SF has lower adiabatic temperature than
that of HF. Therefore, less fuel per unit mixture is consumed, which makes less contribution
to the overall 0% fuel consumption speed of SF. When SF continues to propagate from sto-
ichiometry to lean, higher burnt gas temperature is achieved. As a result, the gap between
SF and HF results starts to decrease and eventually SF catches up with HF. This explains
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the trend that 0% cutoff S, of SF is firstly slower than that of HF but later able to catch up
with HF.

Figure 3.8 compares the flame front propagation speeds and fluid expansion speeds of
both SF and HF, and shows their respective differences (AS|sr_gr = S|sr—S|gr). For both
flame front propagation speeds and fluid expansion speeds, the same trends are observed:
the results of SF are firstly lower than those of HF and then higher, similar to 0% S, results.
However, the differences in S, between SF and HF, AS.,p|sr—nmr, are smaller than the
differences in S, between SF and HF, ASy|sp_pgr. Since local fuel consumption of SF and
HF are identical, there must be additional effects besides burnt gas expansion that are
responsible for the relatively large difference between Sy.
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Figure 3.8: Flame front propagation speeds, fluid expansion speeds and respective differences
between SF and HF, when SF propagates from ¢y = 2.0 to ¢y = 0.5, d; = 0.1 cm, with
equal diffusivity assumption.

Figure 3.9 presents the velocity profiles of SF at several different time steps, where x-
axis stands for the spatial location of the 1D domain and y-axis is the corresponding fluid
velocity. The sharp change of each curve is indicative of the flame front location. When
the flame is located outside the stratification (¢; = 0.5 or 2.0), burnt gas reaches steady
state as the fluid velocity from the closed end to the flame is almost zero. However, when
SF propagates through the stratification, the burnt gas velocities deviate from zero. For
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example, at ¢y = 1.7 when the flame propagates from ¢; = 2.0 to 1.3, while the unburnt
gas in front of the flame front holds relatively slower speed, the flame front itself accelerates.
As a result, not only is the unburnt gas further pushed away by the flame front, the burnt
gas is also compressed towards the closed end, resulting in slightly negative fluid velocities
as shown by the fluid velocity profile at ¢y = 1.7 in Fig. 3.9. The flame front propagation
speed is consequently smaller compared to that if the burnt gas is still. In comparison,
when the flame propagates in the later part of stratification from ¢; 1.3 to 0.5, unburnt
gas in front of the flame front still holds a higher speed while flame front itself has already
slowed down. As a result, a contraction effect is created around: Instead of remaining still
near the closed end, burnt gases are attracted towards the flame. As a result, burnt gases
now have positive fluid velocities, as shown by in ¢; = 0.9 results in Fig. 3.9. The fluid
velocity at the flame front is then increased, leading to an elevated flame front propagation
speed. This hydrodynamic effect due to fluid continuity is caused by the variation of flame
front propagation speeds across stratified charges with different equivalence ratios, which
is only observed in stratified lames but not homogeneous flames. In short, this additional
hydrodynamic effect also contributes to the difference in Sy between SF and HF'.
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Figure 3.9: Fluid velocity profiles when SF propagates from ¢ = 2.0 to ¢y = 0.5, d; = 0.1
cm, with equal diffusivity assumption.

For lean-to-rich stratification case, where SF propagates from ¢; = 0.5 to ¢y = 2.0, the
comparison of fuel consumption speeds and flame front propagation speeds are shown in Fig.
3.10 and Fig. 3.11 respectively. In Fig. 3.10, while 5% cutoff results are still identical, 0%
result of SF is firstly lower and then higher than that of HF, as the burnt gas temperature
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of SF is still lower and then higher compared to that of HF. In Fig. 3.11, both S,,, and
S¢ of SF are lower and then higher than those of HF, while the additional hydrodynamic
effect due to fluid continuity is still present as ASe,p|sr—pr does not match ASy|sp_pr.
Therefore, the same rationale and analysis are still valid in this opposite stratification case.
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Figure 3.10: Fuel consumption speeds with 0% cutoff and 5% cutoff of SF and HF, when SF
propagates from ¢; = 0.5 to ¢y = 2.0, d; = 0.1 cm, with equal diffusivity assumption.

Mixture-average diffusivity results

Results with mixture-average diffusivity assumption are presented in this section. Each
species has its own mass diffusivity which depends on temperature and the thermal differen-
tial diffusion (the Soret effect). Therefore, the Lewis number is not fixed: each species has
its own Lewis number which changes at different positions in the flame. Due to preferential
diffusion, lighter species, such as H, H,, diffuse faster compared to heavier species. A similar
set of numerical simulations as that with equal diffusivity assumption are investigated: the
stratified flame propagates from a unburnt charge of equivalence ratio 2.0 to that of 0.5
through the step change, as well as the opposite stratification case. Note that ¢, is no longer
equal to ¢y due to preferential diffusion. In terms of ¢, the stratified flame is actually
propagating from ¢; = 1.6 to 0.4.
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Figure 3.11: Flame front propagation speeds and fluid expansion speeds of SF and HF, when
SF propagates from ¢y = 0.5 to ¢y = 2.0, d; = 0.1 cm, with equal diffusivity assumption.

Figure 3.12 compares fuel consumption speed results calculated with both 0% and 5%
cutoffs of SF and HF. Unlike the equal diffusivity results, both 0% cutoff and 5% cutoff
results differ between SF and HF. More specifically, 5% S, of SF is overall faster than that

of HF across the entire stratification.

Detailed flame characteristics of SF and HF at ¢; = 1.0 are investigated as shown in
Fig. 3.13. In Fig. 3.13(a), heat release rates near the flame front of SF are higher than
those of HF', indicating that local fuel consumption of SF is larger than that of HF. The
temperature and species mole fraction profiles in Fig. 3.13(a) and 3.13(b) show similar
results as those in the case with equal diffusivity assumption: burnt gas temperature of SF
is lower than that of HF. More H and Hy and less OH are found in the burnt gas of SF than
HF, while they are almost identical near the flame front. In Fig. 3.13(c), diffusion speed
profiles are presented and significant differences arise compared to the corresponding case
with equal diffusivity assumption: while thermal diffusion speed is still much lower than Sy,
diffusion of H is able to catch up with the flame front propagation over a wide range across
the flame front. Moreover, within the same range, H mole fraction in SF is notably higher
than that of HF. Therefore compared to equal diffusivity case, H radical in burnt gas of SF
will influence local fuel consumption speeds, referred as the chemical effect. In this rich—
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Figure 3.12: Fuel consumption speeds with 0% cutoff and 5% cutoff of SF and HF, when
SF propagates from ¢y = 1.6 to ¢y = 0.4, d; = 0.1 cm, with mixture-average diffusivity
assumption.

to—lean stratified flame, more H radicals are generated in burnt gas of SF compared to HF.
As a result, more H radicals will diffuse into the stratified flame and thus enhance the local
chain-branching reactions, leading to enhancement of local flame speed near the flame front.
This local chemical effect agrees with the 5% S, results as SF is always faster than that HF.
Therefore, the chemical effect is observed and has its impact on local flame characteristics
with mixture-average diffusivity assumption, while thermal effect still does not exist. This
observation is different from the conclusion drawn on methane/air stratified flames in Cruz
et al. (2000). As burnt gas fuel consumption is still dominated by burnt gas temperature,
0% cutoff results still follow the similar trend as seen in the corresponding equal diffusivity
case.

Figure 3.14 compares the flame front propagation speeds and fluid expansion speeds of
SF and HF, and shows their differences. Compared to equal diffusivity case, the difference
in Se;p between SE and HF, AS,,,|sp_mr, is almost zero. Recall that with equal diffusivity
assumption, fluid expansion effect results from heat release in the burnt gas and the difference
between SF and HF is due to different burnt gas compositions. In comparison with mixture-
average diffusivity assumption, additional H radicals in stratified flames are more likely to
diffuse towards the region of the flame front due to preferential diffusion. As a result, the
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Figure 3.13: (a) Heat release rate and temperature, (b) major species mole fraction and (c)
thermal and species normalized diffusion speeds profiles of SF and HF at ¢y = 1.0, when
SF propagates from ¢y = 1.6 to ¢y = 0.4, d; = 0.1 cm, with mixture-average diffusivity
assumption.

difference in burnt gas heat release between SF and HF as well as its contribution to flame
front propagation speeds on flame front propagation speed becomes insignificant. As the
flame is still burning at different speeds with different equivalence ratios, the hydrodynamic
effect of fluid continuity is still present in SF. Therefore, the difference in Sy resulted from
the chemical effect on local flame speeds and the hydrodynamic effect due to fluid continuity.
In Fig. 3.14, during the initial rich region, S of SF is found slightly slower than HF due to
the hydrodynamic effect. Afterwards, Sy of SF is overall faster than that of HF across the
rest of the stratification due to faster local flame speeds.

The flame speed results of the opposite stratification case, where SF propagates from
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Figure 3.14: Flame front propagation speeds and fluid expansion speeds of SF' and HF, when
SF propagates from ¢y = 1.6 to ¢y = 0.4, d; = 0.1 cm, with mixture-average diffusivity
assumption.

¢r = 0.4 to ¢; = 1.6, are also investigated: As seen in Fig. 3.15, 5% S, of SF is overall
lower than that of HF, as fewer radicals diffuse into the local flame front of SF. 0% S. of
SF shows the trend of lower to higher than HF due to burnt gas temperature. In Fig. 3.16,
while ASe,p|sr—mr is still negligible, Sy of SF is overall slower than that of HE across most
of the stratification due to slower local flame speeds of SF, and slightly faster in the rich
region due to hydrodynamic effect. Therefore, results from both stratification cases can be
understood with the analysis of 5% S, 0% S,, species and fluid velocity profiles.

Effect of stratification thickness

Stratified flames with different stratification thicknesses, ranging from the order of flame
thickness to relatively large distance (approximately 20 times larger than the flame thick-
ness), are compared to homogeneous flames, with both equal and mixture-average diffusivity
assumptions. Figure 3.17 shows the effect of stratification thickness on 5% S. and Sy for the
stratified flame propagating from ¢y = 2.0 to ¢y = 0.5 with equal diffusivity assumption.
While no difference is observed between 5% S, of SF and HF when d;, = 0.1 cm and d, = 1
cm, SF with dy = 0.04 cm is overall slightly faster than HF, similar to previous mixture-
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Figure 3.15: Fuel consumption speeds with 0% cutoff and 5% cutoff of SF and HF, when
SF propagates from ¢y = 0.4 to ¢y = 1.6, d; = 0.1 cm, with mixture-average diffusivity
assumption.

average diffusivity results. Therefore, when d; is reduced to the order of flame thickness, a
weak chemical effect is observed even with equal diffusivity assumption. Sy of SF at differ-
ent d, are always different from HF due to hydrodynamics effects. With increasing d,, the
difference between Sy of SF and HF decreases.

Figure 3.18 shows the influence of stratification thickness on 5% S, and Sy for the strat-
ified flame propagating from ¢y = 1.6 to ¢y = 0.4 with mixture-average diffusivity assump-
tion. Both S, and Sy of SF with different d, are different from those of HF. When d is 0.04
cm, both S. and S results show considerably large differences between SF and HF. As d,
increases, both S. and Sy of SF approach their corresponding results of HF. For local fuel
consumption speeds, larger stratification thickness reduces the difference between burnt gas
composition of SF and HF. As a result, less difference in burnt gas heat release between SF
and HF is achieved. The local chemical effect is therefore suppressed leading to a smaller
difference in S. between SF and HF. For flame front propagation speeds, larger stratification
thickness reduces the magnitude of fluid velocity variation so that the hydrodynamic effect
due to continuity is also decreased. As both local chemical and hydrodynamic effects are
weakened, the difference in Sy between SF and HF becomes smaller. In conclusion, with
increasing stratification thickness, both local chemical and hydrodynamic effects decrease.
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Figure 3.16: Flame front propagation speeds and fluid expansion speeds of SF' and HF, when
SF propagates from ¢y = 0.4 to ¢y = 1.6, d; = 0.1 cm, with mixture-average diffusivity
assumption.

Summary

In addition to the comparison of 0% fuel consumption speeds and flame front propagation
speeds, new insights of how stratification influences laminar flame speed are gained by ana-
lyzing local fuel consumption, burnt gas expansion, diffusion speeds of heat and species and
hydrodynamic effect due to fluid velocity variation. The following specific conclusions have
been reached from the observations and analysis:

e With equal diffusivity assumption, as 5% cutoff fuel consumption speeds are identical
between SF and HF when stratification thickness is larger than flame thickness, neither
thermal effect nor chemical effect is seen locally near flame front. When stratification
thickness reduces to the order of flame thickness, a weak chemical effect due to the
different level of H radical in burnt gases is observed even with equal diffusivity as-
sumption. As burnt gas continues to react after the flame has passed through, the
difference between 0% cutoff fuel consumption speeds results from burnt gas fuel con-
sumption dominated by burnt gas temperature. The difference between flame front
propagation speeds are caused by fluid expansion due to burnt gas heat release as well
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Figure 3.17: (a) Fuel consumption speeds and (b) flame front propagation speeds of SF at
different stratification thicknesses and corresponding HF, when SF propagates from ¢; = 2.0
to ¢y = 0.5, with equal diffusivity assumption.
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as the hydrodynamic effect due to fluid continuity.

e With mixture-average diffusivity assumption, the chemical effect due to the different
level of H radicals in burnt gas is observed in stratified flames as 5% cutoff fuel con-
sumption speed of rich—to—lean SF is overall faster than the corresponding HF. The
chemical effect is further enhanced by preferential diffusion of H radical. lean—to—rich
SF is respectively slower than HF. 0% cutoff fuel consumption speeds are still influenced
by burnt gas fuel consumption. As additional H radicals generated from burnt gas fuel
consumption in SF diffuse from the burnt gas into the flame region, the difference in
burnt gas heat release between SF and HF becomes insignificant. The difference be-
tween flame front propagation speeds thereby results from the difference between local
flame speeds due to chemical effect in addition to the hydrodynamic effect due to fluid
continuity.

e Two transport models respond differently to different stratification thicknesses: with
equal diffusivity assumption, a weak chemical effect is observed only when stratifica-
tion thickness is reduced to the order of flame thickness. In comparison, with mixture
average diffusivity assumption, the chemical effect is observed in a wider range of strat-
ification thicknesses up to lcm, as preferential diffusion of H radical further enhances
the chemical effect. Overall, increasing stratification thickness leads to decreased gradi-
ents in burnt gas compositions as well as a decrease in the changing rate of flame front
propagation speeds. Thus both local chemical and hydrodynamic effects are reduced.

Using the same methodology, different fuel/air mixtures can be investigated. Different re-
sults are expected due to differences in transport, chemistry and mass diffusivity of reactants
and radicals.

3.4 Hydrocarbon/air stratified flames

This section is based on the paper published in Combustion and Flame (Shi et al., 2017a).

Introduction

As a continuous endeavor of the above hydrogen study, this numerical study compares strat-
ified flames of three different hydrocarbon fuels, i.e., methane, propane and n-heptane, in
a quantitative manner. Specifically, the study focuses on rich-to-lean stratified flames and
alms to answer:

1. How different are flame properties, such as temperature and species distributions as
well as chemical reaction pathways, between stratified and homogeneous flames of
different hydrocarbon fuels?



CHAPTER 3. FLAME SPEED 59

2. Does the trend, that rich—to—lean stratified flames are faster than homogeneous flames,
still hold for larger hydrocarbon fuels? If not, what is the corresponding dominant
process responsible for the opposite trend?

Numerical simulations of methane, propane and n-heptane/air stratified flames are per-
formed and compared to their corresponding homogeneous flames. For one to one com-
parison, consistency in characterizing flame properties between stratified and homogeneous
flames is crucial, e.g., flame front location, reference equivalence ratio and flame speed.
Therefore, in this study, all the investigated and relevant flame characteristics are consis-
tently defined and illustrated in the section of Flame Characteristics in this chapter. Since
stratified flames propagate through varying mixture compositions, the Lewis number of de-
ficient reactant may affect flame stability. As all the simulations are one-dimensional and
conducted in a planar geometry, the potential flame instability introduced by curvature is
not captured.

Numerical model and setup

A similar numerical setup compared to that in the above hydrogen study is used in this
study. All the cases were conducted in a 1-D domain of 20 ¢m under initial temperature and
pressure of 300 K and 1 atm. A 9-level AMR scheme is applied with Ax,,., = 0.2 cm and
Axpin = 4 pm. As a result, the flame front where major heat release occurs is revolved by
approximately 250 grids. The time step is 1 ns. Only planar simulations are conducted and
hence all the results reported are stretch free. The stratification thickness is of the order of
0.1 em, approximately the same order of flame thickness.

For methane/air flames, a 16-species reduced chemical kinetic mechanism was developed
from a short version of GRI3.0 (Smith et al., 1999) without NOx chemistry. For propane/air
flames, a 24-species reduced mechanism was developed from a 70-species detailed mechanism
(Qin et al., 2000). For n-heptane/air flames, a 32-species reduced mechanism was developed
from a 65-species skeletal mechanism (Smallbone et al., 2009). All the reduced mechanisms
were developed using in-house Computer Assisted Reduction Mechanism (CARM) software
(Chen, 1988), including directed relation graph (DRG) method and target search algorithm
(TSA). The computed flame speeds of homogeneous flames agree well with experimental
data in the literature and the comparisons are included in Appendix B. A further validation
of n-heptane reduced chemistry against detailed chemistry is provided as well.

Results and discussion

In this section, rich-to—-lean stratified flames, propagating from a unburnt mixture of ¢, =
1.60 to 0.60, are compared to their corresponding homogeneous flames, at the same equiva-
lence ratio at flame front ¢;. Both fuel consumption speeds with 5% cutoff integration limits
and flame front propagation speeds are compared. Note that stratified flame is essentially
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unsteady, as the flame front passes through mixtures with varying compositions. Therefore,
the equivalence ratio of upstream burnt gas is no longer the same as that at flame front. The
arbitrary burnt gas composition will result in enhanced /reduced diffusion processes between
burnt gas and flame front compared to homogeneous flames, especially of intermediate lighter
species such as molecular hydrogen. Therefore, the local flame behaviors and laminar flame
speeds of stratified flames are different from those of homogeneous flames. Detailed analyses
of temperature, species and reaction heat release around the flame front are conducted to
explain the trends and identify contributions from diffusion processes and chemical reaction
pathways.

Comparison among fuel consumption speeds

Figure 3.19 presents the fuel consumption speeds of SF and HF for all three hydrocarbon
fuels. Fuel consumption speeds S, are plotted against equivalence ratio at flame front ¢y.
Transient stratified flames are represented by the solid lines, while the reference homogeneous
flames are shown in terms of symbols. The stratified flame first started with the same S,
as that of the homogeneous mixture at rich end ¢y ~ 1.6, then deviated from homogeneous
flames throughout its propagation inside the stratification layer, and gradually converged to
the lean end ¢ ~ 0.6. For methane/air, the overall trend is that S. of the rich-to-lean SF
are enhanced compared to those of HF across the entire stratification layer, which agreed
with some previous studies (Cruz et al., 2000). However, for propane and n-heptane, while
the enhancement on S, of SF is found on the lean side, an opposite trend is observed on
the rich side. The percentage differences between S, of SF and HF with regard to HF are
calculated and presented in Fig. 3.20. From ¢; ~ 1.6 to 1.3, negative percentages for propane
and n-heptane are observed, indicating decreases in S. of SF. In order to understand this
unexpected behavior of propane and n-heptane SFs, detailed flame properties are analyzed
¢y ~ 1.40, where the maximum discrepancy occurs.

For reference, methane/air mixture is first analyzed. For the homogeneous mixture of
¢y, = 1.40, ¢y is equal to 1.41. Figure 3.21 shows the profiles of computed fuel consumption
rates (negative values of fuel production rates) and heat release rates, where x = 0 is the
location of the flame front. Both peak heat release rate and fuel consumption rate of SF are
larger than those of HF. The location of peak fuel consumption is also located very close to
the flame front. Figures 3.22 and 3.23 compare the computed temperature, reactant, product
as well as intermediate species profiles of both SF and HF. In Figure 3.22, the temperature
at the flame front is about 1800 K. On the unburnt side (z > 0), the decreasing profile of
CHjy seen in the SF is indicative of that the flame propagates towards a leaner mixture. A
higher level of HyO is found in the unburnt mixture of SF, which exhibits the same trend as
temperature: the unburnt temperature of SF near the flame front is notably higher (about
150 K) than that of HF. Similarly, in Figure 3.23, higher levels of Hy and CO are also found
in the unburnt mixture of SF. As there is no discernible heat release in the preheat zone
of SF (x > 0.025 ¢m) thus no local formation of products, these species (H,O, Hy, CO)
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Figure 3.19: Fuel consumption speeds of the rich—to—lean stratified flames and the corre-
sponding homogeneous flames.

must have diffused from the flame front or burnt gas into the unburnt mixture. A higher
temperature of the unburnt mixture is achieved due to high enthalpy carried by these species.
In Figure 3.23, more H and OH radicals are found near the flame front in SF than HF, which
agree with the observation of higher heat release rate and fuel consumption rate in SF. This
enhancement in radical pool resulted from preferential diffusion of molecular hydrogen and
was referred to as the chemical effect of SF from previous studies (Cruz et al., 2000). Note
that the burnt gas temperature of SF is lower than that of HF in Fig. 3.22, which should
have led to a decreased unburnt gas temperature of SF due to reduced thermal diffusion.
However, the unburnt gas temperature of SF is higher due to enhanced radical and product
diffusion, therefore, the impact of chemical effect is dominant compared to thermal effect
(Shi et al., 2016). Although not presented in this section, the results around ¢ = 1 where
the enhancement is most prominent show that substantially more hydrogen (almost twice
as much), water as well as consequent higher unburnt gas temperature were observed in the
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Figure 3.20: Percentage differences between fuel consumption speeds of the rich-to-lean
stratified flames and the corresponding homogeneous flames.

stratified flame. This observation confirmed the dominance of chemical effect. In all, fuel
consumption speeds of SF are higher than those of HF for methane/air mixtures, due to
enhanced radical pool at the flame front and increased unburnt mixture temperature.

Another evidence of the chemical effect is revealed by the reaction heat release anal-
ysis. Figure 3.24 shows the differences between heat release rates of each reaction in
methane/air SF and HF, plotted against reaction index number. The reaction heat re-
lease rate is calculated as the integration of heat release of one particular reaction over the
entire calculation domain divided by the domain length. A positive value means that this
reaction releases/absorbs more heat in SF than that in HF. Reactions A-G substantially
releases/absorbs more heat in SF than that in HF and indicated that the overall heat release
behavior in SF is more active compared to HF. All major reactions are associated with rad-
icals (H and OH) or reactive intermediate species (Hy, CO and CHj) that are formed more
in SF.

A similar analysis is conducted for propane/air HF and SF. Detailed flame properties
are analyzed at ¢y = 1.42 (corresponding to HF with the unburnt mixture of ¢, = 1.40).
As propane/air flames at ¢y = 1.42 have higher flame speeds (~23 ¢m/s) compared to
methane/air flames (~13 ¢m/s), both profiles of heat release rates and fuel consumption
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Figure 3.21: Heat release rates and fuel consumption rates in methane/air stratified and
homogeneous flames, at ¢y = 1.41.
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Figure 3.22: Temperature, mole fractions of reactants and products in methane/air stratified
and homogeneous flames, at ¢y = 1.41.
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Figure 3.23: Mole fractions of intermediate species and radicals in methane/air stratified
and homogeneous flames, at ¢y = 1.41.

rates of propane/air flames shown in Fig. 3.25 are thinner compared to methane/air flames.
In Fig. 3.25, while the peak fuel consumption rate of SF is clearly smaller than that of HF,
heat release rates of both flames are almost identical. Although the peak heat release rate of
SF' is smaller than HF', the total heat release rate of SF is still slightly higher than HF since SF
releases more heat on the burnt side of the peak location. The peak locations of heat release
rate and fuel consumption rate no longer coincide, showing that major fuel consumption
occurs on the unburnt side of major heat release. As fuel decomposition reaction steps in
propane/air flames have lower activation temperatures compared to methane/air flames, fuel
consumption peaks at a lower temperature, about 1400 K.

Temperature and major species profiles in Fig. 3.26 show similar trends as those of
methane/air flames. The unburnt mixture of SF has higher temperatures than HF. As a
result, fuel consumption of SF occurs slightly earlier than HF in Fig. 3.25, while mole fraction
of C3Hg decreases earlier as well in Figure 3.26. For radical distributions in Fig. 3.27, while
mole fractions of CO and Hy are still higher in SF similar to methane, mole fractions of H
and OH near the flame front of propane SF are lower than those of HF, opposite to methane.
Therefore, a reduced level fuel consumption rate and S, is expected for SF due to a reduced
pool of key radicals.

In the reaction heat release analysis shown in Fig. 3.28, Reaction A, recombination of
H and CHj;, and Reaction B, wet route of CO oxidation, release more heat in SF than
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Figure 3.24: Difference between absolute heat release rates of reaction steps in methane/air
stratified and homogeneous flames, at ¢y = 1.41.

HF and they consume more H and OH radicals respectively. In contrast, there are fewer
reactions of radical production in propane/air SF compared to methane/air SF. Therefore, in
propane/air SF, intermediate hydrocarbon species generated from richer mixtures consume
radicals in the burnt gas, leading to decreased levels of these key radicals and consequently
reduced fuel consumption rate of SF. These intermediate hydrocarbon species are mainly
seen in rich flames of larger hydrocarbon fuels. The enhancement in fuel consumption speed
seen in methane/air SF is thereby suppressed.

Due to the nature of complicated chemical pathways for larger hydrocarbon fuels, the
heat release not only comes from reactions related to fuel decomposition around flame front,
but also the reactions between small hydrocarbon molecules and reactive radicals on the
burnt side of the flame front. In stratified flames of propane/air mixtures, the heat release is
enhanced through the latter reactions so that radicals are consumed on the burnt side and
not as available for fuel decomposition compared to HF. Although S, is reduced in SF, the
total heat release rate of SF' is still slightly higher indicated by Fig. 3.28.

The computed n-heptane/air flames exhibit a very similar trend as propane/air flames.
Therefore, only the heat release reaction pathway analysis is provided for n-heptane/air
flames. For unburnt mixture ¢, = 1.40 of n-heptane/air mixtures, ¢ is equal to 1.44. In
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Figure 3.25: Heat release rates and fuel consumption rates in propane/air stratified and
homogeneous flames, at ¢y = 1.42.
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Figure 3.26: Temperature, mole fractions of reactants and products in propane/air stratified
and homogeneous flames, at ¢, = 1.42.
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Figure 3.27: Mole fractions of intermediate species and radicals in propane/air stratified and
homogeneous flames, at ¢ = 1.42.

Figure 3.29, besides Reaction A and C which appear in propane/air flame analysis, Reaction
B and D which involve in CH;O and CHyCO consuming H release more heat are found more
active in SF than HF. Small intermediate hydrocarbon species such as CH,O and CH,CO
remain in the burnt gas composition of richer mixtures and react with available radicals. It
again indicates that the enhancement in fuel consumption speed is suppressed as radicals
are consumed by the intermediate species of richer mixtures. The total heat release rate is
still higher in SF| similar to propane.

Comparison among flame front propagation speeds

Comparisons of the computed flame front propagation speeds Sy are presented in Fig. 3.30
and 3.31. Different from the fuel consumption speed, the flame front propagation speed
represents the local heat release behavior as well as the expansion of burnt gas. Moreover,
the flame front propagation speed can be experimentally measured, facilitating comparisons
between numerical results and experimental observations. For all three fuels, Sy of SF are
consistently faster than those of HF throughout the entire stratification layer. The trends
in Sy are consistent with those in S. between SF and HF of all three fuels on the lean side,
due to preferential diffusion of molecular hydrogen, i.e. chemical effect. In contrast, Sy of
SF on the rich sides are also enhanced compared to HF, different from the S. results of
propane and n-heptane. Recall that although the fuel consumption speeds are reduced, the
total heat release rates are still faster in rich SF of propane and n-heptane compared to their
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Figure 3.28: Difference between absolute heat release rates of reaction steps in propane/air
stratified and homogeneous flames, at ¢y = 1.42.

corresponding HF. According to the previous hydrogen stratified flame study, the transient
expansion of burnt gas can introduce hydrodynamic effect, which changes the local velocity
field thus influencing the flame front propagation speeds. When the flame front accelerates,
propagating from rich to stoichiometric mixtures, not only is the unburnt gas further pushed
away by the flame front, the burnt gas is also compressed towards the closed end, resulting
in slightly negative fluid velocities. The flame front propagation speed tends to decrease due
to consequent negative velocity field of burnt gases near the wall and vice versa. For SFs
of three fuels in this study, the magnitude of flame acceleration/declaration is much smaller
compared to hydrogen/air SF, as the velocity field of burnt gas remains negligibly small
during the stratified flame propagation. Therefore, the hydrodynamic effect is negligible
compared to the enhanced heat release due to chemical effect.

Effect of intermediate molecular hydrogen and its preferential diffusion

Despite the discrepancy between the results of S, and Sy when comparing SF and HF on
the rich side, a similar trend was shown when comparing different fuel species. In both Fig.
3.20 and Fig. 3.31, the percentage difference between SF and HF decreases in the sequence
of methane, propane and n-heptane. Recall that all three stratified flames have about the
same stratification thickness. Therefore, the reduced trend on impacts of stratification with
larger fuel species should be related to specific fuel properties.
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Figure 3.29: Difference between absolute heat release rates of reaction steps in n-heptane/air
stratified and homogeneous flames, at ¢ = 1.44.

According to the previous analysis, the enhancement in fuel consumption speeds of strat-
ified mixtures results from the chemical effect, where lighter species such as Hy diffuse ahead
of the flame front. Figure 3.32 plots the mole fraction of molecular hydrogen (Hs) on the
unburnt side of the flame front (half flame thickness from the flame front into the unburnt
mixture) against equivalence ratio at flame front. The rich—to—-lean stratified flame and the
corresponding homogeneous flames are shown in terms of lines and symbols respectively. For
homogeneous flames of all three fuels, little amount of hydrogen was produced under lean
conditions. On the rich side, methane/air flames produced the most amount of hydrogen,
followed by propane and n-heptane in part due to their lower H/C ratio of fuel molecule. As
larger fuel tends to produce less intermediate molecular hydrogen under rich conditions, the
corresponding stratified flames contain less hydrogen in the burnt gas to assist the local heat
release. As a result, the enhancement in fuel consumption speeds of propane and n-heptane
are not as strong as methane.

Although the amount of intermediate hydrogen produced in rich mixtures has been found
to decrease in mixtures of larger fuel species, it does not necessarily indicate that the en-
hancement in fuel consumption speeds scales with hydrogen since combustion chemistry is
different. Figure 3.33 quantifies the enhancement of homogeneous laminar flame speeds due
to hydrogen addition for all three fuels. The computed results come from simulations of
homogeneous mixtures with different amount of initial hydrogen addition. Lean (¢, = 0.7),
stoichiometric (¢, = 1.0) and rich (¢, = 1.3) conditions are all tested. For each condition,
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Figure 3.30: Flame front propagation speeds of the rich-to-lean stratified flames and the
corresponding homogeneous flames.

hydrogen is added to the initial unburnt mixture and the overall equivalence ratio of the
unburnt mixture based on element composition (Eq.3.1) is kept constant. The enhancement
is evaluated by comparing laminar flame speeds of hydrogen-added and hydrogen-free mix-
tures. The enhancement percentage is plotted against the mole fraction of hydrogen in the
initial unburnt mixture. According to Fig. 3.33, for the same amount of hydrogen addition,
the enhancement is found to be stronger in methane compared to propane and n-heptane,
for all investigated initial mixture compositions.

Therefore, Figure 3.32 and 3.33 together indicate that for fuels with a high H/C ratio
such as methane, more intermediate hydrogen are being generated from its rich mixtures.
In a rich—to-lean stratified flame, due to preferential diffusion of hydrogen, this enhanced
level of hydrogen molecules assisted the local heat release, leading to an even more enhanced
laminar flame speed compared to the corresponding homogeneous flames.
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Figure 3.31: Percentage differences between flame front propagation speeds of the rich—to—
lean stratified flames and the corresponding homogeneous flames.

Identification of mixture properties for stratified flames

Although equivalence ratio at flame front ¢y is able to evaluate the overall stoichiometry,
the ratio between hydrogen and carbon elements can still vary. For rich-to-lean SF, the
enhanced level of Hy and H5O increased the amount of hydrogen element at flame front. As
a result, the mixture composition of stratified flame is not exactly the same as that of the
corresponding homogeneous flame even with equal ¢;. Moreover, the mixture composition
of stratified flames with different stratification thicknesses may also vary from each other.
Therefore, equivalence ratio at the flame front is inadequate to identify the exact mixture
composition of stratified flames.

Figure 3.34 plots the ratio of hydrogen and carbon elements of SF and HF for all three
fuels. The observed trend is consistent compared to the results of Sy in Fig. 3.31. This result
further confirms that the enhanced flame front propagation speeds of rich—to—lean stratified
flames result from the chemical effect due to preferential diffusion of molecular hydrogen.
For model development purpose, the H/C ratio combined with equivalence ratio at flame
front may be used together to identify specific stratified flames.
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Figure 3.32: Mole fraction of molecular hydrogen on the unburnt side of flame front, for both
the rich—to-lean stratified flames and the corresponding homogeneous flames.

Summary

Computed rich—to—lean stratified flames of three different hydrocarbon fuels are compared
to their corresponding homogeneous flames in terms of fuel consumption speeds and flame
front propagation speeds. The following conclusions are drawn:

1. For fuel consumption speeds, the stratified flame of methane/air is overall faster than
homogeneous flames, due to the enhanced chemical activities by more radicals from
burnt products of rich mixtures. In comparison, the rich—to—lean stratified flames of
both propane/air and n-heptane/air flames have slightly lower fuel consumption speeds
compared to those of homogeneous flames on the rich side. As reactive radicals such as
H and OH react with intermediate hydrocarbon species in rich burnt gases, the overall
fuel consumption rates of stratified flames are reduced due to lack of radicals at flame
front.

2. For flame front propagation speeds, the stratified flames of all three hydrocarbon fu-
els are found faster than their corresponding homogeneous flames. For methane/air
stratified flames, the enhancement of flame front propagation speeds resulted from
the chemical effect - preferential diffusion of molecular hydrogen. For propane and
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Figure 3.33: Enhancement of laminar flame speeds with hydrogen addition for methane,
propane and n-heptane homogeneous flames; X2 ynburnt Tepresents mole fraction of hydrogen
in initial homogeneous unburnt mixtures.

n-heptane, while the enhancement on the lean side consistently resulted from chemical
effect, the enhancement on the rich side resulted from enhanced total heat release rate
for those reactions between intermediate species from burnt gas and key radicals (H,
OH) release more heat on the burnt side of the flame front. The hydrodynamic effect
is found unimportant for stratified flames of these three fuels.

3. For both fuel consumption speeds and flame front propagation speeds, stronger en-
hancement of stratified laminar flame speeds is observed in methane/air mixtures.
More intermediate hydrogen is generated in the rich mixtures of methane, while the
corresponding enhancement on laminar flame speeds due to the same amount of hy-
drogen addition is also stronger in methane/air mixtures.

4. Equivalence ratio at flame front is insufficient to define a specific stratified flame as
the amount of carbon and hydrogen elements can still vary. The H/C ratio along with
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Figure 3.34: H/C ratio at flame front of the rich-to—lean stratified flames and the corre-
sponding homogeneous flames.

equivalence ratio at the flame front may be used to provide an improved identification
of the exact mixture composition of stratified flames.

3.5 Stratified flame speed model

This section is based on the paper published in Combustion and Flame (Shi and Chen, 2017).

3.5.1 Introduction

The thermal and chemical effects have been carefully investigated in the above two sections
for stratified flames of various fuel species. The role of preferential diffusion has been con-
firmed to play an important role in the departure of stratified flames from the corresponding
homogeneous flames. The next question is how the stratified flame speeds can be modeled
with the consideration of preferential diffusion. An accurate prediction of stratified flame
speeds can benefit experiment interpretation and turbulent combustion modeling by develop-
ing more comprehensive flame speed look-up tables with consideration of fuel stratification.
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This section examines the effect of preferential diffusion on the enhancement of flame
speed with a detailed quantitative analysis, including a sensitivity study of transport prop-
erties. Furthermore, to the best of the author’s knowledge, there does not exist a stratified
flame speed model that takes into account of differential diffusion and covers a wide range
of conditions, both rich and lean. In order to improve current understanding of stratified
flames and to facilitate development of stratified flame speed models, this section

1. presents detailed one-dimensional stratified flame numerical results of methane/air
flames with mixture-average diffusivity model and validated reduced chemical kinetic
model;

2. discusses various stratification configurations of stratified methane/air flames;

3. conducts a sensitivity study of diffusivities to identify the root cause for the difference
between laminar flame speeds of stratified and homogeneous mixtures;

4. proposes a transient local stratification level (LSL) model incorporating both the effect
of preferential diffusion and the memory effect.

Stratified and homogeneous flame simulation results are presented in the sequence of 1)
detailed comparisons among various stratification configurations, 2) a sensitivity analysis
of transport properties and 3) the LSL model including model approach, development and
assessment.

Numerical model and setup

A similar numerical setup as shown in Fig. 3.5 is used in this study. The length of the
entire calculation domain is 20 cm. Reflective boundary condition (wall) is imposed on the
left end, while zero-gradient boundary condition (open) is imposed on the right. A 7-level
adaptive mesh refinement scheme is implemented with the minimum grid size 4 pm to resolve
both the flame front and the stratification layer. The initial temperature, pressure and fluid
velocity fields of unburnt gases are set to 300 K, 1 atm, and 0 cm/s respectively. For all
the stratified flame cases investigated in this study, the stratification thickness is kept on
the order of 0.1cm if not specified otherwise. Cases are run with a range of stratification
thicknesses, which are either on the same order of or larger than the flame thickness. These
runs intend to simulate stratified flames in the wrinkled flame regime, which is observed in
many practical devices, such as a direct injection IC engine. The stratification in such an
engine is mainly dominated by the turbulence smallest length which is normally larger than
the flame thickness.

The 16-species reduced chemical kinetic model was used for methane/air stratified and
homogeneous flames. Detailed validation of the reduced chemical kinetic model can be found
in Appendix B.
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Results and discussion
Comparison between stratified and homogeneous flames

A series of SF is first compared to their corresponding HF. Figure 3.35 presents the com-
puted fuel consumption speeds of five SF propagating from unburnt mixtures of ¢, =
1.6,1.4,1.2,1.0,0.8 into an unburnt mixture of ¢, = 0.6, and the corresponding HF. The
computed flame speeds are plotted against equivalence ratio at flame front ¢;. Simi-
larly, Figure 3.36 shows the results of five SF propagating from unburnt mixtures of ¢, =
0.6,0.8,1.0,1.2,1.4 into an unburnt mixture of ¢, = 1.6 as well as HF. The stratification
thicknesses of all the SF cases shown in Fig. 3.35 and Fig. 3.36 are on the order of 0.1 cm.
While fuel consumption speeds of most SF' cases are very close to those of HF for lean-to—
rich SF, the rich-to—-lean SF, e.g., 1.6-0.6 and 1.4-0.6 SF, show significant departures from
HF, with up to 30% increase in fuel consumption speeds.
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Figure 3.35: Fuel consumption speeds of SF propagating into lean mixtures and correspond-
ing HF.

To reveal the underlying physics causing such large departures, detailed flame property
profiles of the 1.6-0.6 SF and HF at ¢y = 0.97 (marked by circles in Fig. 3.35) are analyzed,
where a significant difference in fuel consumption speeds is observed (S.pr = 37.8 cm/s,
Sesp = 48.5 cm/s). Figure 3.37 compares the computed profiles of heat release rate and
temperature in the flame front frame of reference, where x = 0 denotes the flame front
location, with the unburnt mixture on the right and the burnt mixture on the left. As seen
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Figure 3.36: Fuel consumption speeds of SF propagating into rich mixtures and correspond-
ing HF'.

in the figure, the heat release rate of SF is significantly higher (~60%) than that of HF near
the flame front, which is consistent with the observed flame speed enhancement. In terms
of temperature, SF and HF are very similar: on the burnt side, the temperature of SF' is
slightly higher than that of HF due to a higher heat release rate. For the region z > 0.04 cm,
the unburnt temperature of SF is seen higher than that of HF by approximately 50 K. Since
there is negligible heat release in the unburnt mixture of SF, the temperature rise is caused
by transport processes, i.e., either heat diffusion or mass diffusion carrying extra enthalpy.

Figure 3.38 shows the profiles of reactants CHy, O, and products HyO, CO, for both
SF and HF. The decreasing profile of CHy in the unburnt mixture of SF (z > 0.04 cm)
is indicative of that SF propagates into a leaner mixture. On the burnt side (x < 0), SF
has much more HyO but less CO,. On the unburnt side, SF also has more H,O, similar
to the temperature profile comparison. Since HyO has a smaller molecular mass compared
to other major product species, preferential diffusion of HyO leads to more H,O diffusing
into the unburnt mixture. Figure 3.39 compares the profiles of intermediate species CO, Hy
and radical H, OH, while Figure 3.40 compares the production rates of Hy, H and OH. The
production rate profile of CO is very similar to that of Hy, thus not shown. Relative to the
HF, all these species have higher concentrations near the flame front in SF, as well as higher
production rates. In particular, the concentration of Hy in SF' is much higher than HF, not
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Figure 3.37: Heat release rate and temperature profiles of the 1.6-0.6 SF and HF, ¢y = 0.97.

only near the flame front, but also on both burnt and unburnt sides. As the SF propagates
from rich mixtures, excess fuel decomposes and produces extra Hsy in the burnt products.
As an extremely light species with small molecular mass, Hs is able to diffuse much faster
than most other species as well as the flame front propagation. Consequently, the extra Hy
in the rich burnt products diffuses into the flame front as well as the unburnt mixture. The
enhanced level of Hy not only boosts flame speed by producing more H and OH radicals as
indicated in Fig.3.40, but also increases the temperature of unburnt mixtures and generates
even more Hy. This also explains that SF produces more HyO but not COy compared to
HF. To summarize, the increase in flame speeds of rich-to—lean SF is found closely related
to the preferential diffusion of lighter species, such as H,O and Hs.

Sensitivity study of transport properties

Although the detailed analysis of flame properties has revealed the key differences between
SF and HF, the relative contributions from various transport processes, such as heat transfer,
mass diffusion of different species, need to be clarified. To evaluate the relative importance
of these transport processes, a sensitivity study of thermal and mass diffusivities on the
computed flame speeds is conducted. Figure 3.41 compares the fuel consumption speeds of
the 1.6-0.6 SF and HF under four different scenarios of transport properties. In Fig. 3.41(a),
the assumption of unity Lewis number (unity-Le) is made for all species, i.e., the diffusivity
of every species is set equal to the thermal diffusivity of the bulk fluid. The computed
flame speeds of HF drop by approximately 30% compared to those without the assumption
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Figure 3.38: Reactant and product profiles of the 1.6-0.6 SF and HF, ¢, = 0.97.

of unity Lewis number, i.e., the results in Fig. 3.41(d). Furthermore, the computed flame
speeds of SF and HF are very close to each other with the maximum difference less than
5%. Since the effect of differential diffusion is eliminated by the unity-Le assumption, the
differences between SF and HF are caused by both heat and mass diffusion. Through the
stratification layer, the instantaneous adiabatic flame temperature varies according to the
varying mixture composition at the flame front, so do the distributions of intermediate species
and radicals. Therefore, SF flame front still experiences either back- or front-support heat
and mass diffusion (Kang and Kyritsis, 2007; Cruz et al., 2000). However, the unity-Le result
suggests that the effect of heat and mass diffusion processes without differential diffusion is
very weak in the methane SF.

If the unity-Le assumption is only applied to lighter species Hy, HoO, H and OH, the
computed results shown in Fig. 3.41(b) are only slightly different from those in Fig. 3.41(a).
In Fig. 3.41(c), the unity-Le assumption is made only to Hy and H2O. A significant increase in
the computed flame speeds is observed in both SF and HF', while a clear difference between SF
and HF appears. These results imply that the preferential diffusion of radicals H and OH not
only plays an important role in HF, but also contributes to the enhancement observed in SF.
Compared to Fig. 3.41(c), the HF results without the unity-Le assumption in Fig. 3.41(d)
are almost identical; however, an even larger difference between SF and HF is observed.
To summarize, the enhancement of flame speeds in SF mainly comes from the preferential
diffusion of lighter immediate species and radicals.
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of unity Lewis number: (a) Le =1, (b) Ley, mo.mon =1, (¢) Ley, m,o = 1, (d) no unity-Le
assumption.

As Hy and H,O in SF are capable of diffusing preferentially into unburnt mixtures and
causing an increase in unburnt temperature, the reaction rates, as well as flame tempera-
tures, may increase correspondingly. Numerical experiments are conducted with enhanced
or reduced diffusivities of Hy and HyO by 50%. Figure 3.42 shows the sensitivity of com-
puted results with respect to the diffusivity of Hy. While the flame speeds of HF with three
different diffusivity values are almost the same, the differences between SF and HF increase
with enhanced H, diffusivity. This is expected as more Hs diffuse from the burnt zone to-
ward the flame front leading to an enhanced reactivity of the flame front by producing more
radicals. In comparison, Figure 3.43 shows the corresponding results when the diffusivity
of HyO is altered. With higher diffusivity value of H,O, the difference between SF and
HF reduces implying that preferential diffusion of HoO decreases the reactivity of SF. By
comparing the detailed flame profiles, slightly higher unburnt temperature, more HyO but
slower chemical kinetics are observed in the unburnt mixture near the flame front with a
higher H,O diffusivity. Therefore, the dilution/quenching effect introduced by HoO outplays
its enthalpy-carrying benefit.

In conclusion, the preferential diffusion of Hy along with radicals H and OH is found
to play an influential factor in stratified flames. Unlike short-lived radicals H and OH, a
noticeable amount of Hy can be produced from rich methane/air flames. On one hand,
Hy as a very reactive species, produces key chain-branching radicals, such as H and OH,
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Figure 3.42: (a) Fuel consumption speeds of the 1.6-0.6 SF and HF, and (b) the respective
differences between SF and HF, with different diffusivity of H.

leading to higher heat release rates and consequent higher flame speeds. On the other hand,
extra Hy diffuses from the burnt zone into the unburnt mixture and increases the unburnt
temperature, which also results in higher reaction rates.

The methodology of this sensitivity study can be applied to heavier fuel species or different
diluent scenarios. As shown in the previous study, rich flames of heavier fuel species, such as
propane and n-heptane, have more complicated chemical pathways than those of methane.
In particular, some small intermediate hydrocarbon molecules also play a role in causing the
differences between flame speeds of SF and HF. Therefore, sensitivity studies under such
scenarios need to include a wider range of species and radicals.

Effect of stratification thickness and equivalence ratio gradient

Although the main cause of SF to differ from HF is tied to preferential diffusion, correlations
between the degree of stratification and departure of SF from HF are needed for development
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Figure 3.43: (a) Fuel consumption speeds of the 1.6-0.6 SF and HF, and (b) the respective
differences between SF and HF, with different diffusivity of HyO.

of stratified flame speed models. To this end, several cases of SF with different initial strati-
fication thicknesses, determined by Eq. 3.13, are computed. Figure 3.44 shows the results of
three 1.6-0.6 SF compared to HF. As expected, a stratification layer with a smaller thickness
results in a larger gradient of Hy in the burnt products leading to stronger enhancement in
SF, up to 50% increase in the d; =0(0.05 cm) case. In comparison, Figure 3.45 shows the
results of three 1.0-0.6 SF compared to HF. As the stoichiometric methane/air flame does
not produce as much hydrogen in the burnt products, even with the smallest stratification
thickness, the enhancement in SF is noticeable but insignificant. Therefore, the difference in
the flame speeds between SF and HF depends on the degrees of stratification as well as the
availability of Hs in burnt gases.

Besides the initial stratification thickness, the instantaneous equivalence ratio gradients at
the flame front, calculated by Eq. 3.12, is also a useful parameter to correlate the differences
between SF and HF when the SF burns through the stratified layer. Figure 3.46 shows
the results of stratified flames at ¢, = 0.8, 1.0 and 1.2 from different initial stratification
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Figure 3.44: Fuel consumption speeds of the 1.6-0.6 SF with different stratification thick-
nesses and HF.

setups. The points are taken from the simulations presented in Fig. 3.35 and Fig. 3.36,
as well as simulations of same configurations but with different stratification thicknesses.
A positive correlation can be seen between the instantaneous equivalence ratio gradient
and the difference between SF and HF. The deviation from a linear line shows that the
instantaneous equivalence ratio alone is insufficient to describe the flame speed mainly due
to the memory effect. In addition, all the stratified flames simulated so far are ideal and
monotonic cases, where the flame monotonically propagates from one mixture into another.
A simple correlation may not hold for more complicated and non-monotonic stratified flame
configurations. For example, in a 3-phase rich-lean-rich methane/air stratified flame case
(which will be shown later in the model section), when the flame front passes through the
leanest condition, the flame front is at the minimum value of equivalence ratios. Although
the instantaneous equivalence ratio gradient is thus zero, the computed flame speed of the
SF is still higher than that of HF due to memory effect that the SF propagates from rich
mixtures with an excess of Hy. In stratified turbulent flames, the flame front may often
experience such non-monotonic variations of equivalence ratios. In those cases, the memory
effect of stratified flame makes the equivalence ratio gradient alone insufficient to describe
the stratified flames. The above observation is consistent with the importance of memory
effect recognized by many previous studies (Bissett and Reuss, 1986; Kang and Kyritsis,
2007; Balusamy et al., 2014; Vena et al., 2011; Sorensen, 2016).
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nesses and HF.

Model development for laminar flame speed of stratified methane/air mixtures

The goal of a stratified flame speed model is to accurately describe stratified flame speeds
by distinct flame features. With a reasonably accurate flame speed model, stratified flames
can be simulated without time-consuming computations of detailed chemistry and multi-
component transports. Such a model can be implemented in the G-equation method or
other level-set methods, where flame speed tables are used Peters (2000). In terms of mod-
eling methodology, there are two general approaches to incorporate the memory effect. The
first approach is to calculate model variables based on information from previous flame front
locations, while all the required information are taken under the current time step. For ex-
ample, Kang and Kyritsis (2005) used the integral (global) characteristics of the equivalence
ratio distribution and proposed a corrected overall equivalence ratio gradient to evaluate
stratified flames. Although this approach is of mathematical convenience and easy to im-
plement, it has several major disadvantages. First, the model only works qualitatively for
specific situations, e.g., monotonic stratification layers. Second, it becomes very difficult to
implement the model in multidimensional simulations due to the ambiguity of flame propa-
gation direction and trajectory.

The second approach is to construct a transient model variable and solve for the cor-
responding modeling equation. The model variable can be then evaluated on-the-fly or



CHAPTER 3. FLAME SPEED

Wl o ¢ =038

(a) 7

W0l o ¢.=10

(b) 7

(©) ]

[0 a=17
E
S
u_‘207
T
mo
ILL
3 0rF
wn
-2 -1 0

do/dxl ; [/cm]

86

Figure 3.46: Departure of fuel consumption speeds of stratified flames compared to homo-

geneous flames based on instantaneous equivalence ratio gradients at flame front: (a) ¢,

0.8, (b) ¢, = 1.0, (c) ¢, = 1.2.

post-processed. As such, the model is able to carry the accumulated information (mem-
ory effect) when appropriately constructed. This approach is based on fluid equations and
chemical processes, and can be directly implemented in multidimensional simulations. To
this end, 9, defined as local stratification level (LSL), is proposed as the key variable to
represent the departure of SF from HF. Specifically, the LSL at flame front, denoted by dy,
is evaluated and correlated to the difference between fuel consumption speeds of SF and HF.

There are essentially two steps involved in this modeling approach:
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e Step 1: Construct and solve for a model equation of 7, based on global characteristics
of stratified flames

e Step 2: Correlate oy to the difference between the flame speeds of SF and HF

During Step 1, in order to construct the model equation of d¢, ¢ is assumed to relate to
one or more instantaneous flame properties, such as flame temperature and concentration
of certain species. Although there are many ways to relate § to any combination of flame
properties, the difference between the amounts of Hy of SF and HF seems to be a reasonable
choice based on the analysis presented above. Figure 3.47 shows the positive correlation
between flame speed differences and the differences between mole fraction of Hy on the
unburnt side, i.e., Xy, ,, of SF and HF. X} . refers to the amount of Hy at the location
of ¢% in Fig. 3.3. The points are taken from all the computed stratified and homogeneous
flames presented in this section. An overall linear correlation is observed and provides some
justification that the difference in the molecular hydrogen between SF and HF is a reasonable
candidate for constructing 9.

12 ‘ ‘
| O ¢u€[0.6,1.6]
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Figure 3.47: Correlation: difference between flame speeds of SF and HF, versus difference
between mole fractions of Hy on the unburnt side of SF and HF flame fronts.

A control volume surrounding d; is sketched in Figure 3.48. Since d; is the LSL at flame
front, the control volume moves along with the flame implying that a flame front tracking
method is required. The control volume illustrates the physical processes which drive the
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change of ¢y and facilitates a simplified model. Instead of solving the entire field of §, the
change of 0 can be simply modeled by considering 1) diffusion, 2) convection and 3) chemical
reactions as described in Eq. 3.14. As H, is an intermediate species for methane/air flames,
both its concentration and the concentration gradient on the unburnt side are assumed to
be zero.

ds
d—tf:D+c+R (3.14)

The diffusion process is assumed to obey the Fick’s law and the gradient of § is correlated
to local equivalence ratio and its gradient:

2 @l _
D =~ Dy, d_(5 ~ C’pkaM
dZE2 ¥ df
NCDd_f @LN Dd_f (®) s .
(3.15)
where s 0o
v ; ~ f(Cb) dr f-

The subscript b denotes the quantity on the burnt side of the control volume and f(¢)
denotes the transfer function from the gradient of § to equivalence ratio gradient at flame
front. The transfer function is assumed to be a function depending only on ¢, as the local
concentration of Hy is primarily determined by local stoichiometry. The convection term can
be evaluated with unburnt and burnt velocities using first-order finite difference:

d(oV) 0-Viy—0dy-Vp Vi

¢ - ‘

f
where V,, and V}, denote the fluid velocities on the unburnt and burnt sides relative to the
flame front respectively. The reaction term is approximated by the product of a rate constant

and dy.
R = Cr - dy, (3.17)

Here only destruction of ¢y is considered and hence C% is negative. Since both convection
and reaction terms are linear functions of ¢, the model equation for ¢; can be simplified as

oy _ 9

dt —Cyraa - f(9) del .~ Chiz - Oy, (3.18)

f

where Cy,qq is the gradient constant and C,;, the relaxation constant. The first term can be
a source/sink of d; depending on the sign of the equivalence ratio gradient at flame front and
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Figure 3.48: Control volume analysis of Local Stratification Level (LSL): (a) stratified flame
propagation along negative equivalence ratio gradient, e.g., from rich to lean; (b) stratified
flame propagation along positive equivalence ratio gradient, e.g., from lean to rich.

the second term is a relaxation term. When the equivalence ratio gradient becomes zero, ¢
will relax to zero with a characteristic time scale of C),.

During Step 2, d; is translated into flame speed difference between SF and HF so that
stratified flame speed can be estimated as

SMp =S¢y + F(3y), (3.19)

where SgHF is the flame speed of corresponding HF based on the equivalence ratio at the
flame front. Figure 3.47 suggests that a roughly linear relationship between flame speed
difference and H, mole fraction difference. In addition, a set of homogeneous flame simula-
tions is conducted where hydrogen is added to the initial unburnt mixtures of methane/air
at various equivalence ratios. The results are presented in Fig. 3.49 showing a nearly linear
relationship between the amount of hydrogen in the mixture and the increase in the flame
speeds. Therefore, F'(d;) is approximated as a linear function of d;:

F(6;) = Cp - 05, (3.20)

where CF is defined as a scale constant of the model.

To complete the model, f(¢), Cyrad, Criz and Cp are to be determined. Figure 3.50(a)
shows XF, , versus equivalence ratios at the flame front for three flames, the 1.6-0.6 SF,
HF, and the 0.6-1.6 SF. In Fig. 3.50(a), for the homogeneous flames, Hy only exists in
rich flames and increases with equivalence ratio. When the stratified flame propagates from
a rich mixture to a lean mixture (1.6-0.6), the amount of Hy increases substantially. In



CHAPTER 3. FLAME SPEED 90

20 \ ‘
6. =08
= =10
by = 1.2
— 151 =am- d)u =14 )
2] /,
'\E' s
Q 4
[ '/
< R
an) R
3 10 -~ -
5 = . 4
VP /,/', P - -
(o]
: P
== P
O "4 P -
5 R -
“ R -
5 [ R -~ - 1
l’ -
Prgs
—”/
oz
R
2
L
O 1 1

0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04
X

Figure 3.49: Increases of laminar flame speeds with hydrogen addition to methane/air mix-
tures.

contrast, the amount of Hy in the 0.6-1.6 SF experiences a small decrease compared to HF'.
This trend is consistent with what has been observed in flame speeds of these three flames.
There are two major reasons for the trend seen in the 0.6-1.6 SF. First, instead of receiving
extra hydrogen from the burnt side, the lean—to-rich stratified flames at the flame front lose
hydrogen to the burnt products. Second, since the temperature at flame front is lower than
that of burnt products, the diffusion process along the direction from flame front to burnt
product, e.g., in the 1.6-0.6 case, is promoted due to enhanced mass diffusivity in burnt
gases, as well as due to the Soret effect. In comparison, the diffusion along the opposite
direction, e.g., in the 0.6-1.6 case, is impeded.

The normalized Hy gradient with respect to equivalence ratio is proposed as f(¢) and
shown in Fig. 3.50(b), which is calculated from the HF results shown in Fig. 3.50(a). The
values of Cyre4, Crp and Cp are first estimated from simulation results of homogeneous
flames. Second, to improve the accuracy of the model, these values are optimized by mini-
mizing errors between model predictions and simulation results among all the stratified lame
cases investigated in this study. The final results are shown below:

Cyrad = 1.2 x 10° em- s, (3.21)

Crip = 8.0 x 10% 571, (3.22)
Cr =40 cm-s™ . (3.23)
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Figure 3.50: (a) Mole fraction of Hy on the unburnt side of flame front, of the 1.6-0.6 SF,
HF and the 0.6-1.6 SF. (b) Transfer function of equivalence ratio gradient based on Xp, ,
in HF.

The performance of the proposed model is assessed by comparisons of results for various
stratification configurations. Figure 3.51 shows three rich-to-lean SF (1.6-0.6) cases with
different stratification thicknesses, while Fig. 3.52 shows lean—to-rich (0.6-1.6) case, rich—
lean—rich case (1.6-0.6-1.6) and a case with an arbitrary equivalence ratio profile. Both pro-
files of instantaneous local equivalence ratio and equivalence ratio gradient at flame front are
plotted. To evaluate the model performance, the modeled stratified flame speeds (M-Pred.,
S%F) and the Quasi-HF flame speeds (Q-Pred., SCQHF) are plotted against the transient
simulation results (Sim.). In the model, F'(d;) are calculated from instantaneous equivalence
ratio gradient profiles post-processed from the simulation results. Both the flame speeds
and the relative errors are reported. As seen in Fig. 3.51 and Fig. 3.52, for all six cases,
the model results match the simulation results quantitatively: According to the direct flame
speed comparisons, .i.e, the plots in the third row of both figures, the model results are seen to
follow closely to those from the simulations, while the Quasi-HF approximation sometimes
deviates substantially from the simulations during and after the propagation through the
stratification layers. The plots in the fourth row compare the errors revealing that most er-
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rors between model predictions and simulation results are within approximately 10%, which
are much improved over the Quasi-HF approximations. Moreover, large departures are ob-
served between Quasi-HF values and simulation results at locations with a large degree of
stratification. These comparisons suggest that the flame speeds of stratified mixtures are not
accurately described by local equivalence ratio alone and a model, such as the LSL model,
is necessary.
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Figure 3.51: LSL model assessment — three stratification cases are tested: (a) rich-to-lean,
ds = 0(0.05 cm), (b) rich-to-lean, d; = O(0.1 cm), (c) rich-to-lean, dg = O(1 cm). The
results are presented versus time, from top to bottom: 1) equivalence ratio at flame front,
2) equivalence ratio gradient at flame front, 3) fuel consumption speeds of model, Quasi-HF
and simulation results, and 4) percentage errors of model v.s. simulation and Quasi-HF v.s.
simulation.

Alternatively, for SF cases with monotonic equivalence ratio profiles, the model assess-
ment can be conducted by comparisons of flame speeds against local equivalence ratio. Figure
3.53 presents such a comparison for the rich-to—lean SF case with stratification thickness of
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Figure 3.52: LSL model assessment — three stratification cases are tested: (a) lean—to-rich,
(b) rich-lean-rich, (c) arbitrary equivalence ratio profile. The results are plotted against
time, from top to bottom: 1) equivalence ratio at flame front, 2) equivalence ratio gradient
at flame front, 3) fuel consumption speeds of model, Quasi-HF and simulation results, and
4) percentage errors of model v.s. simulation and Quasi-HF v.s. simulation.

0.1 cm, i.e., the same case as shown in Fig. 3.51(b). Clearly, the LSL model achieve a good
agreement with the simulation results.

The LSL model certainly can be further improved in many areas. For example, there are
two assumptions made in order to treat Cy.qq and Cyy, as constants:

1. Both constants are independent of local equivalence ratio.

2. The relation between LSL and the difference between SF and HF is linear.

Both assumptions can be relaxed by choosing variable C,qq and C,;, based on flame prop-
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Figure 3.53: Local stratification level model assessment of the rich-to-lean stratified flame,
ds = O(0.1 cm). The results are plotted against local equivalence ratio.

erties, such as flame thickness, characteristic velocities, of homogeneous flames. In addition,
the flame stretching effect is not considered in the current planar one-dimensional simulations
and it is a subject of future research.

Similar to the sensitivity analysis, the model methodology can also be applied to heavier
fuel species or different diluent scenarios. However, rich flames of heavier hydrocarbon
fuels still remain a challenge due to much more complicated chemical kinetics. Therefore,
identification of dominant chemical and transport processes is a prerequisite to building such
a model for heavier fuels.

Summary

Numerical simulations of various stratified methane/air flames are conducted and the results
are analyzed by examining detailed flame properties to better understand the differences
between laminar flame speeds of SF and HF. The following conclusions are drawn:

1. Among all methane/air stratified flames with different stratification configurations,
rich-to—lean stratified flames show significant departures from homogeneous flames,
where fuel consumption speeds of such stratified flames are up to 50% higher than
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those of homogeneous flames. A sensitivity analysis using the assumptions of unity
Lewis number reveals that preferential diffusion of molecular hydrogen as well as H
and OH is mostly responsible for such departures. On one hand, excess molecular
hydrogen generates radicals H, OH and increases the reaction rates within the flame
zone. On the other hand, molecular hydrogen carrying excess enthalpy increases the
temperature of unburnt mixtures. Furthermore, a sensitivity analysis of Hy and HyO
diffusivity suggests that preferential diffusion of molecular hydrogen correlates with
flame speed enhancement in stratified flames, while preferential diffusion of HyO shows
an opposite effect.

2. A smaller stratification thickness leads to higher degree of departure of stratified flames
from homogeneous flames. Similar trends are observed with instantaneous equivalence
ratio gradients in simple stratified flames. However, both of these correlations do not
include the memory effect and may not be accurate to describe stratified flames with
arbitrary stratification configurations.

3. A transit Local Stratification Level (LSL) model is proposed for modeling stratified
flames with arbitrary stratification configurations. The local stratification level is con-
structed to mimic the differences in molecular hydrogen concentration within the flame
zone between SF and HF. This incorporates the effect of preferential diffusion by estab-
lishing a transfer function from molecular hydrogen concentration gradient to equiva-
lence ratio gradient at flame front. The model results agree with those from the direct
simulations with relative errors less than 10%. Potential improvements of this model
may be made by adopting variable coefficients incorporating flame properties.
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Chapter 4

Lean Flammability Limit

In this chapter, the effect of stratification on lean flammability limit (LFL) is numerically
investigated and studied. First, various definitions of LFL used by researchers in the past
are reviewed. The LFL of stratified hydrogen/air mixtures is investigated by examining
detailed species distribution and reaction pathway near the limit, while the LFL of stratified
methane/air is studied by comparing the flame characteristics of stratified flames in different
stratification configurations. Weak extensions of LFL are observed in both fuel stratified
mixtures.

4.1 Definition of flammability limit

Understanding of flammability limits (FL) and limit flames in combustible mixtures is cru-
cial, as an increasing amount of combustion devices are operating at near-limit lean condi-
tions for optimal efficiency and emission characteristics (Shoshin and de Goey, 2010). New
insights can be obtained with advanced diagnostics of flame dynamics as well as improved
understanding of chemical kinetics and differential diffusion processes, especially in non-
unity Lewis number mixtures. These insights can further contribute to the development of
practical safety standards and the design of lean-combustion devices.

The potential of FL extension in stratified mixtures has been first recognized in exper-
iments. Girard et al. (1979), in their soap bubble experiments, observed that the limit of
flame propagation is shifted towards leaner mixtures in hydrogen/air stratified mixtures, a
fact to be taken into consideration for safety problems. Kitagawa et al. (2005) experimen-
tally investigated stratified hydrogen/air flame propagation in a constant volume chamber,
where pure hydrogen was injected into a lean hydrogen/air premixed mixture charge. The
flame was ignited by an electric spark in the hydrogen jet. They observed that the amount
of burned hydrogen in the case of a stratified mixture was greater than that in the case of
the homogeneous mixture. Kang and Kyritsis (2005, 2007) also found a significant exten-
sion of the lean flammability limits (LFL) in their convective-diffusive balanced burner and
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rationalized the results in terms of the back-supported effect, i.e., heat transfer from burnt
gases.

In contrast, numerical studies of LFL have always been challenging due to lack of ap-
propriate definition of FL. Law and Egolfopoulos (1992) proposed a normalized sensitivity
of variations in the dominant termination reaction to those in the dominant branching re-
action, which attains unity slightly before the flammability limit is reached. Therefore, the
fundamental FL can be determined directly from the transient chemical kinetic processes.
Egolfopoulos et al. (2007) further numerically demonstrated that at low pressures the main
branching/termination reactions are respectively H + Oy -> OH + O and H + Oy + M ->
HO, + M, while at high pressures HOo—H504 kinetics are dominant. Marzouk et al. (2000)
performed reactant to product (RTP) stagnation strained flame simulations, to examine the
effect of temporal composition gradients on combustion in a premixed methane/air mixture.
Their results showed that equivalence ratio variations with timescales lower than 10 ms have
significant effects on the burning process. The relevant feature is the establishment of a posi-
tive temperature gradient on the products side of the flame which maintains the temperature
high enough and the radical concentration sufficient to sustain combustion there. Sankaran
and Im (2002) exploited an unsteady opposed-flow combustion configuration (reactant to
reactant, RTR) and investigated the concept of dynamic FL with time-varying composition
fluctuations. Although they have demonstrated the FL of an unsteady premixed flame can
be further extended to a leaner condition, the mean equivalence ratio, as well as the min-
imum flame temperature, have to be higher than those of steady homogeneous flames in
order to sustain combustion. Zhou and Hochgreb (2013) studied counterflow RTP flames
and found that stratified flames are able to propagate into mixtures beyond the premixed
lean and rich flammability limits, for either positive or negative equivalence ratio gradients.

Some more explorations on the LFL extension of stratified flames are presented in the fol-
lowing sections. In the hydrogen/air lean stratified flames, detailed species distribution and
reaction pathways of SF are compared to a reference HF at LFL. In the study of methane/air
mixtures, different stratification configurations are tested and the relation between stratifi-
cation and LFL extension is revealed.

4.2 Hydrogen/air lean stratified flames

According to literature, the LFL of homogeneous hydrogen/air flame under ambient tem-
perature and atmospheric pressure is measured at equivalence ratio ¢, = 0.4 (Braker and
Mossman, 1980; Zabetakis, 1965). Therefore, the flame characteristics of HF at ¢, = 0.4
is used as the threshold to decide the flammability limit in the following numerical study.
Note that due to preferential diffusion, ¢, = 0.4 is equivalent to ¢ = 0.356.

A stratified flame case with mixture-average diffusivity assumption, analogous to the
practical situation in direct injection engines, is performed. The stratified flame is propagat-
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ing from unburnt mixture at ¢, = 1.0 to ¢, = 0.2 with d; = 0.1 cm. The numerical setup
is the same as the one shown in Fig. 3.5. A simulation of the corresponding HF at ¢, = 0.4
is also performed. Figure 4.1(a) compares the major species and radical profiles of both SF
and HF at lean flammability ¢y = 0.356. Even though the overall concentrations of species
and radicals are low as ¢; is at flammability limit, SF still has a relatively larger amount of
H and OH radicals near the flame front as well as in the burnt gas, which can enhance the
local flame burning. This conclusion can be supported by Fig. 4.1(b), showing the total heat
release rate and major exothermic reaction rates of SF and HF at ¢ = 0.356. SF has higher
heat release rates than those of HF and major exothermic reactions are indeed related to H
and OH radicals; therefore SF has not reached the LFL yet.

As SF continues to burn leaner, Figures 4.2(a) and 4.2(b) show the results of SF at
¢5 = 0.346 and HF at ¢y = 0.356. The radical and reactant profiles near the flame front, as
well as heat release profiles, match exactly with each other between SF and HF. Therefore it
is reasonable to conclude that SI' has reached its LFL at ¢y = 0.346. The extension of lean
flammability limit in SF, from ¢; = 0.356 to ¢y = 0.346 is achieved by local chemical effect,
but relatively insignificant, i.e., only 2.8% extension. As the overall radical and reactant
concentrations are quite low near flammability, the overall reactivity is so low that the local
chemical effect is significantly weakened. Furthermore, since the flame is propagating really
slow near the lean flammability, it gives significantly more time for the stratification layer to
diffuse. When the stratified flame reaches the lean flammability limit, d; has grown to the
order of 1 cm from its original 0.1 cm.

Therefore, weak lean flammability extension is observed for hydrogen/air stratified flames,
as the chemical effect is significantly weakened due to overall low reactivity and enlarged
stratification thickness.

4.3 Methane/air lean stratified flames

One can argue that the reference “at-limit” HF in the hydrogen study is arbitrary and
may not be representative in many practical conditions. A different approach is applied
to methane/air lean stratified flames: instead of direct comparison between SF and HF,
stratified flames with different stratification configurations are compared among each other.
The degree of stratification is correlated with how much learner the corresponding flame can
reach.

The same physical domain setup is used as shown in Fig. 3.5. As lean flammability
limits are closely related to transport processes of species and radicals, and heat losses, two
adjustments are made towards numerical models in order to better capture the relevant
physics:

1. The multi-component diffusivity model (Dixon-Lewis, 1968) is employed instead of the
original mixture-average diffusivity model.
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Figure 4.1: (a) Major species mole fraction and (b) heat release rate and major exothermic

reaction rate profiles of SF' and HF at ¢y = 0.356, when SF propagates from ¢, = 1.0 to
¢y = 0.4, dg = 0.1 cm, with mixture-average diffusivity assumption.
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Figure 4.3: Equivalence ratio profiles of 1.6-0.0 and 1.0-0.0 SF at ¢y = 0.5.

2. The optically thin radiation model (Barlow et al., 2001) is used to describe the heat
loss process.

Two different cases are analyzed as the first round of exploration: 1.6-0.0 and 1.0-0.0
stratified flames. The stratification thicknesses of the two cases are adjusted so that when
the flame front reaches the mixture of ¢y = 0.5, the slopes of the stratification layers are
the same. Figure 4.3 shows the equivalence ratio profiles around the flame front of both
1.6-0.0 and 1.0-0.0 SF at ¢; = 0.5. For a reasonable comparison, the absolute magnitude
of equivalence ratio gradients ahead of the flame front is 2.0 /cm for both flames. From
the burnt side, the flames are seen to propagate from ¢; = 1.6 and 1.0 respectively. The
magnitude of equivalence ratio gradients in the burnt mixtures is smaller than those in the
unburnt mixtures due to dilation of burnt gases against the left wall boundary. From this
point in time history of flame propagation, the equivalence ratios at flame front of both SF
are tracked in terms of time. The minimum equivalence ratio the SF reaches is regarded as
the LFL.

Figure 4.4 presents the time history data of the equivalence ratios at flame front of both
SF. Similar behaviors are observed, as the equivalence ratio first reaches a minimum value
and then reserves back. Due to the finite-rate chemical kinetic model, chemical reactions
continue to occur in the burnt gas after the flame front passes through. Therefore, the latter
reverse behavior can be explained that the heat release rate at the flame front is so small
that it is even smaller than that in the burnt gas. Therefore, the maximum heat release
rate location remains in the burnt gas and stops propagating further in the leaner unburnt
mixtures. The equivalence ratios at LFL, i.e., ¢ of 1.6-0.0 and 1.0-0.0 SF are seen to be
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0.431 and 0.435. The LFL extension introduced by rich flames is only about 1% compared
to that by stoichiometric flames. Therefore, similar to hydrogen/air lean SF, very weak LFL
extension is observed in methane/air lean SF.
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Chapter 5

Modes of Combustion

In this chapter, the effect of stratification on modes of combustion is numerically investigated
and studied. First, the Zeld ovich reactivity gradient theory is introduced as the foundation
of combustion mode studies. Ignition pockets containing gradients of temperature, equiva-
lence ratio, and the combination of the two are studied and different modes of combustion
are initiated according to the Zeld’ovich theory. Further, in a more practical setup, an
energy-deposit ignition is employed in a closed chamber and different modes of the reaction
front propagation introduced by the ignition and the end-gas combustion are observed. The
simulated results are further analyzed from the point of view of the Zeld’ovich theory. A
transient reactivity gradient method is proposed to identify the onset of detonation transition
locally.

5.1 Zeld’ovich reactivity gradient theory

The increasing demand for gaseous fuel has led to a major concern about the safety issues
during the processes of fuel production, carriage, storage and consumption (Heidari and
Wen, 2014). If leaked gaseous fuel mixes with oxidizers and ignites, the consequent rapid
combustion can result in severe destruction and losses. The degree of destruction is mainly
determined by the respective combustion modes: autoignition, deflagration and detonation.
In particular, detonation can lead to significant pressure rise and results in large-scale and
serious damages (Petukhov et al., 2009; Dorofeev et al., 1996). A similar topic has been
widely discussed in the engine knock community (Wei et al., 2014): A new engine knock
mode, super knock, occurs in boosted gasoline direct injection spark ignition (DISI) engines
(Willand et al., 2009; Dahnz et al., 2010; Kalghatgi and Bradley, 2012). Different from the
traditional knock, the unexpected occurrence of super knock can damage engine components
catastrophically due to extremely high peak pressure and severe pressure oscillations. The
super knock is thought to be the result of pre-ignition events causing the end (unburnt)
fuel/air mixtures to undergo a developing detonation or a deflagration to detonation transi-
tion (DDT) (Wang et al., 2014; Inoue et al., 2012).
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As different modes of combustion may lead to dramatically different outcomes, under-
standing the classification of combustion modes and corresponding transitions is primarily
necessary and fundamentally valuable. A regime classification theory was proposed by Zel-
dovich et al. (1970); Zeldovich (1980). By considering the following expression for the speed
of reaction front

u, = |V |7 (5.1)

where V donates the spatial gradient, 7; is the ignition delay time and w, is defined as
the reaction front propagation speed relative to unburnt gas, Zeld’ovich concluded that
the propagation speed w, derived from the spatial distribution of reactivity determines the
reaction front propagation modes, including developing detonation and DDT. This theory
has been successfully used in many detonation-related studies and its creditability has been
well-recognized. Gu et al. (2003) adopted the Zeld ovich theory by considering ignition delay
time as a function of temperature. A dimensionless number based on critical temperature
gradient at the occurrence of detonation

-1
= (5) () -
r or ),
was proposed to identify different propagation modes. By specifying hot spots with different
temperature gradients as ignition sources, five modes were identified by Gu et al. (2003) in
a sequence of increasing initial £ values:

1) simultaneous autoignition, £ = 0,

2) supersonic autoignitive propagation, 0 < £ < &,

3) developing and developed detonation, & < & < &,,

4) subsonic autoignitive propagation, &, < ¢ < aS; ',

5) laminar burning deflagration (flame), & > aS;*,

where Sy is the laminar flame speed. The fourth mode ”subsonic autoignitive propagation”
is also referred as “reaction-hydrodynamic wave” (Kapila et al., 2002). Since thermodynamic
conditions of the mixture may change during the initial ignition delay time period due to
transport processes, a range of initial £ between & and &, can lead to detonation, according
to 1-D numerical simulations of stoichiometric Hy/CO/air mixtures with different initial hot
spots. The values of & and &, depend on the radius of the ignition hot spot r;, local sound
speed a and the excitation time of the mixture 7,. Therefore, a second dimensionless number

was introduced .
7

E =

(5.3)

QTe

7. was defined as the time from the instant of 5% maximum heat release rate to that of
maximum heat release rate. ¢ evaluates the heat release being unloaded sufficiently fast to
the acoustic wave (Lutz et al., 1989). A £ — e diagram with &, and & limits was proposed to
identify different combustion modes. Instead of specifying an artificial temperature gradient,
i.e. hot spot, Kiverin et al. (2013) exploited coarse particle method (CPM) and numerically
studied consequences of localized energy deposition into a stoichiometric Hy/Os mixture
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leading to the ignition of different regimes of combustion. They investigated the effect of
deposited energy amount, time scale, and size of the ignition spot and the corresponding
results also agree with the Zeld’ovich theory.

5.2 Combustion modes of stratified mixtures

Introduction

Overall, denotation phenomena induced by temperature gradients can be well explained by
the above Zeld’ovich theory. Various propagation modes were observed mainly due to the
different interactions between acoustic pressure field and chemical kinetics caused by the
spatial distribution of temperature field. However, as seen from engine experimental results,
detonation can also be induced by other types of sources. In a real engine environment,
besides temperature inhomogeneity, mixture composition inhomogeneity often exists as well.
Mixture composition inhomogeneity is usually quantified by equivalence ratio distribution
and mainly results from the partial mixing of fuel and air as well as intrusion of lube oil
droplets.

This section aims to explore whether equivalence ratio gradients can lead to detonation
phenomena. In addition, the combination of temperature and equivalence ratio gradients is
also investigated. Specifically, this study aims to answer the following questions:

1. Can equivalence ratio gradients lead to detonation? If so, can the Zeld’ovich theory be
extended to those scenarios with equivalence ratio gradients? Is there any difference
between DDT processes triggered by temperature and equivalence ratio gradients?

2. How can reaction front propagation modes be identified when both temperature and
composition gradients exist?

Several reactive mixtures of Hy/CO/air mixtures (50% Hy and 50% CO by volume) were
investigated under high temperature and pressure. Temperature and equivalence ratio gra-
dients were specified by hot/cold and rich/lean (equivalence ratio varying) spots as sources
of inhomogeneity.

Numerical Model and Setup

ASURF-Parallel is used to perform transient simulations of ignition and reaction front prop-
agation. Finite volume method is used to capture supersonic reaction fronts.

Numerical simulations were conducted in a 1D spherical domain as shown in Fig. 5.1.
Linear profiles of equivalence ratio and/or temperature with various gradients are specified
within the first 5 mm domain from the center. The rest of the domain contains the sto-
ichiometric Hy/CO/air mixture (equivalence ratio ¢=1) at 1000 K up to 10 cm in radius.
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The initial pressure is 50 atm. A reaction front is initialized at the center and propagates
through the gradient layer outwardly. Reflective boundary conditions are applied to both the
center and the outer boundary, analogous to closed chambers with a point source ignition
at the center. The outer boundary is treated as adiabatic with no chemical reactions. The
minimum grid size is 4 pm and the CFL number is set to 0.2. A 12-species skeletal chemical
kinetic mechanism developed from GRI3.0 (Smith et al., 1999) was used. The computed
ignition delay times agree well with results from the previous study (Gu et al., 2003). The
comparison, as well as the mechanism, are included in the supplemental document.

A Equivalence ratio (Temperature)
1-D spherical domain

5 mm

1/
1
........... E.--..----I T
1 1
\

10 cm
Reaction front

Figure 5.1: Numerical schematic in 1-D spherical coordinate with initial equivalence ratio
(or temperature) profile. Note the initial gradient within 5 mm layer is not to scale.

Results and discussion
Critical equivalence ratio gradient

The computed ignition delay times of Hy/CO/air mixtures versus temperature and equiva-
lence ratio are shown in Fig. 5.2 and 5.3 respectively. In Fig. 5.2, as equivalence ratio is set
to 1, ignition delay decreases approximately linearly with increasing temperature within the
small temperature range. Similarly in Fig. 5.3, as the temperature is fixed at 1000 K, igni-
tion delay decreases with increasing equivalence ratio as well. Due to this similar trends, it is
speculated that an equivalence ratio gradient might also be able to trigger different reaction
front propagation modes. Note that the ignition delay time of stoichiometric Hy/CO/air
mixture at 1000 K and 50 atm is 2104 ps, which is used as a reference point in calculating

.

Similar to the temperature gradient theory, £ can be expressed as a function of equivalence
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Figure 5.2: Computed ignition delay time of stoichiometric Hy/CO /air mixtures at different
temperatures, P = 50 atm.

ratio instead of temperature:

(5 (5), - (5)-(E) 60

where 07;/0¢y can be estimated according to Fig. 5.3. The sound speed can be determined

as
[kRT

where k is the specific heat ratio, T" is temperature and M molecular weight of the mixture.
R is the universal gas constant. The sound speed of stoichiometric Hy/CO/air mixture at
1000 K and 50 atm is approximately 670 m/s, while the Chapman-Jouguet (CJ) detonation
speed is approximately 1650 m/s.

Modes of reaction front propagation induced by equivalence ratio gradients

Similar to mixtures with hot or cold spots, the computed results reveal that equivalence
ratio gradients can also trigger various modes of reaction front propagation. Figure 5.4
shows the development of supersonic autoignitive deflagration and thermal explosion at
equivalence ratio initial condition £ = 1. The initial equivalence ratio is 1.006 at the center
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Figure 5.3: Computed ignition delay time of Hy/CO/air mixtures at 1000 K and different
equivalence ratios, P = 50 atm.

and decreases linearly to 1 within 5 mm. Although £ is equal to 1 initially, the gradient
had slightly decreased due to heat conduction and species diffusion during ignition delay
period. Auto-ignition occurred first at » = 0 due to a richer mixture, and the sequence
of auto-ignition events happened at a speed, approximately 3000 m/s, greater than the CJ
detonation speed. A thermal explosion followed when the rest of unburnt mixture autoignited
simultaneously.

The results of £ = 3 are shown in Fig. 5.5 with the initial equivalence ratio of 1.018 at
r = 0. Right after auto-ignition at » = 0, the reaction front transitions into a detonation
with a sharp rise in temperature, pressure and velocity. The maximum pressure was up to
350 atm, while the reaction front propagated at a speed of approximately 1600 m/s, very
close to the CJ detonation speed. After 2104 us (time sequence no. 4), a thermal explosion
followed similar to the £ = 1 case.

A deflagration to detonation transition case is observed when £ = 10. In Fig. 5.6, the
equivalence ratio at » = 0 is 1.06. Normal deflagration was first established after initial
ignition. When the front reached around 0.6 cm, the propagation mode transitioned into
detonation, where sharp pressure and velocity rises appeared. The detonation wave continued
to propagate until the occurrence of a thermal explosion.

Reaction modes of thermal explosion, subsonic and normal deflagration are not shown as
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Figure 5.4: Development of a supersonic autoignitive deflagration and thermal explosion,
¢ = 1 with a negative equivalence ratio gradient: (a) Initial condition of equivalence ratio;
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2103, 4 - 2104, 5 - 2105.
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Figure 5.5: Development of a developing detonation and thermal explosion, ¢ = 3 with a
negative equivalence ratio gradient: (a) Initial condition of equivalence ratio; (b) Tempera-
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they are relatively more common compared to the above three modes. These three modes
demonstrated that equivalence ratio gradients are also able to trigger different reaction front
propagation modes.

Combined temperature and equivalence ratio gradients

For comparison, Figure 5.7 shows the £ = 10 case in terms of a temperature gradient, which
has been conducted in Gu et al. (2003). Temperature at r = 0 is set to 1001.73 K based on
Fig. 5.2. The entire mixture is composition-homogeneous and stoichiometric. As ignition
delay is approximately a linear function with regard to either temperature or equivalence
ratio when their changes are small, the ignition delay characteristics of this setup should be
almost identical to the £ = 10 case in terms of equivalence ratio gradients. By comparing
Fig. 5.6 and Fig. 5.7, it was found that the DDT events in these two cases, including
the initiation of normal deflagration, the onset of the transition and propagation speed, are
almost identical. Furthermore, reaction fronts triggered by combinations of temperature and
equivalence ratio gradients were simulated as well. Figure 5.8 shows the results from the
combination of a negative temperature gradient and a negative equivalence ratio gradient (a
hot and rich spot) with T = 1000.84 K and ¢ = 1.03 at r = 0. Figure 5.9 shows the results
from the combination of a positive temperature gradient and a negative equivalence ratio
gradient (a cold and rich spot) with T = 998.89 K and ¢ = 1.10 at » = 0. These temperature
and equivalence ratio initial conditions were particularly chosen so that £ = 10 in both cases.
The corresponding DDT events in Fig. 5.8 and Fig. 5.9 are also found identical compared
to Fig. 5.6.

Therefore, it is reasonable to conclude that as long as a specific reactivity gradient is
formed, the corresponding reaction front propagation mode will develop, no matter whether
the reactivity gradient is created by temperature or equivalence ratio gradients, or both.
Hence, it is inadequate to consider only temperature or equivalence ratio gradients when
investigating inhomogeneous mixtures in terms of both temperature and composition, such
as in-cylinder fuel /air mixtures of IC engines. In such cases, according to the initial Zeld’ovich
equation (Equation 5.1), the dimensionless parameter ¢ can be generalized as

f= gt (W) (5.6)

where 7;(T,¢) can be calculated at specific T' and ¢, and tabulated as a function of r.
Figure 5.10 plots the surface of ignition delay time of Hy/CO/air mixtures as a function of
temperature and equivalence ratio at 50 atm. The right bottom corner (higher temperature
and equivalence ratio) has the shortest ignition delay time and vice versa. The dashed line
represents the iso-level of ignition delay at ¢ = 1 and T' = 1000 K. Therefore, any spatial
distribution of temperature and equivalence ratio starting from a lower level compared to
the dashed line could possibly lead to detonation. Arrows 1 - 4 represent the four cases
shown in this study: 1 - hot spots, 2 - rich spots, 3 - hot and rich spots and 4 - cold and
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Figure 5.7: Development of a deflagration to detonation transition and thermal explosion,
¢ = 10 with a negative temperature gradient: (a) Initial condition of equivalence ratio; (b)
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Figure 5.8: Development of a deflagration to detonation transition and thermal explosion,
¢ = 10 with a negative temperature gradient and a negative equivalence ratio: (a) Initial
condition of equivalence ratio; (b) Temperature; (c¢) Pressure; (d) Velocity. Time sequence
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Figure 5.9: Development of a deflagration to detonation transition and thermal explosion,
¢ = 10 with a positive temperature gradient and a negative equivalence ratio: (a) Initial
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rich spots. Especially, the area enclosed by the triangle corresponds to rich mixtures with
low temperatures. Oil droplets could form such mixtures and they could trigger detonation
leading to a super knock under relevant engine conditions. Although different fuels may have
different ignition delay surfaces, the present methodology for estimating the propensity of a
mixture leading to detonation should be applicable regardless of fuel type.
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Figure 5.10: Ignition delay time of Hy/CO/air mixtures (50% Hy and 50% CO by volume)
at different temperature and equivalence ratio, P = 50 atm.

Summary

This study investigated different modes of reaction front propagation in Hy/CO /air mixtures
(50% Hy and 50% CO by volume) induced by temperature and equivalence ratio gradients.
First, different reaction front propagation modes induced by equivalence ratio gradients were
identified, including developing detonation and deflagration to detonation transition. The
distinction among different reaction front propagation modes followed the same criterion
drawn from temperature gradients in previous studies. The DDT event induced by the

equivalence ratio gradient & = 10 were found identical compared to the case £ = 10 with
the corresponding temperature gradient. Furthermore, combinations of temperature and
equivalence ratio gradients were also simulated. The same DDT mode was reproduced by
either a hot/rich spot or a cold/rich spot. Therefore as long as a specific reactivity gradient
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is formed, the corresponding reaction front propagation mode will develop, no matter how
the reactivity gradient is created. The reactivity gradient can be estimated by considering
ignition delay surface within relevant temperature and equivalence ratio range.

5.3 Modes of reaction front propagation and end-gas
combustion

This section is based on the paper published in International Journal of Hydrogen Energy
(Shi et al., 2017Db).

Introduction

Note that in a confined or semi-confined environment, after ignition occurs, a corresponding
pressure wave is generated and propagates towards the unburnt mixtures ahead of the igni-
tion front, i.e., end gas. Besides the reaction front propagation introduced by the original
ignition, the end gas is also possible to autoignite under certain thermodynamic conditions.
There have been many experimental studies which demonstrated the possibility of end-gas
combustion including detonation of hydrogen-fueled mixtures (Qi et al., 2015a; Grune et al.,
2016; Qi et al., 2015b; Rudy et al., 2016, 2017; Gao et al., 2016; Li et al., 2015). For ex-
ample, Qi et al. (2015a) performed combustion mode tests of Hy /O mixtures in a tube-like
one-dimensional constant volume chamber. They observed that a strong pressure wave can
be generated from the end gas and the corresponding reaction front propagated at nearly CJ
speed. In a rapid compression machine (RCM) apparatus, Qi et al. (2015b) also found that
DDT was possible under the boosted engine-like conditions. The combustion images revealed
that auto-ignition spots appeared near the wall, followed by the transition to detonation.

The above experimental studies demonstrate that combustion modes inside a closed
chamber can be complicated due to the interaction among flame propagation, pressure wave
and end-gas combustion. There have been several recent numerical studies trying to un-
derstand the interaction (Wei et al., 2014, 2015; Martz et al., 2011, 2012; Yu and Chen,
2015; Pan et al., 2016a; Wang and Wen, 2016; Gamezo et al., 2007; Ivanov et al., 2013; Liu
and Liu, 2013; Taylor et al., 2013; Smirnov et al., 2015; Cai et al., 2016). Wei et al. (2014,
2015) performed 1-D incompressible simulation and observed that propagation and reflection
of pressure wave in cylinder can trigger deflagration to detonation transition (DDT). Martz
et al. (2011, 2012) performed 1-D transient numerical simulations of iso-octane/air mixtures,
for the scenario of laminar flames propagating into highly reactive end-gas mixtures. They
found that thermodynamic conditions of the end gas determined whether the reaction front
propagation is transport-controlled (deflagrative) or chemistry-controlled (autoignitive). Yu
and Chen (2015) and Pan et al. (2016a) performed 1-D shock-capturing simulations of hydro-
gen/air mixtures and identified different combustion modes of end-gas autoignition. They
found that the initial pressure increase due to ignition promoted the end-gas autoignition
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before laminar flame arrived. In their studies, the ignitions were either a “hot spot” with
specifying a fixed temperature higher than the rest of the mixture, or a “burnt spot” with
specifying burnt product profile and zero velocity field.

Different from the previous section, this study focuses on both reaction front propaga-
tion introduced by the transient energy-deposit ignition and end-gas combustion influenced
by pressure waves inside the closed chamber. Instead of directly specifying hot or burnt
spots, transient heat deposit is used as the ignition source. The objective aims at extending
the understanding of flame-pressure-autoignition interactions by considering different initial
temperatures, ignition locations and chamber sizes. Specifically,

1. 1-D unsteady, shock-capturing numerical simulations of stoichiometric hydrogen/air
mixtures at elevated temperature and pressure are performed. In spite of the rare
existence of highly reactive, premixed hydrogen/air mixtures. However, as an ideal
numerical setup for mechanism demonstration purposes, the conclusions of this study
help understand other scenarios as well.

2. Four setups with different ignition locations and chamber sizes are considered. For
each setup, different levels of reactivity in terms of initial temperatures are tested.

3. An ignition model is used through increasing the mixture temperature by adding a heat
source with fixed magnitude and spatial distribution. Both pressure wave and fluid
velocity introduced by the ignition are captured and their significance is evaluated.

4. Effects of initial temperature, ignition location and chamber size are evaluated. In
particular, when the ignition is not at the center/wall, the results can reveal more
information regarding the influence of asymmetric pressure waves.

5. The simulated results are further analyzed from the point of view of the Zeld’ovich
theory and the & — ¢ diagram. The trends of both reaction front propagation and
end-gas combustion are revealed using the £ — ¢ diagram, with both £ and ¢ evaluated
based on initial conditions. Furthermore, a transient reactivity gradient method is
proposed to identify the onset of detonation transition locally.

Numerical Model and Setup

ASURF-Paralell is used to perform transient simulations of ignition, reaction front propaga-
tion and end-gas combustion. Numerical simulations are conducted in a 1D planar domain
as shown in Figure 5.11. Reflective boundary conditions are applied at both sides of the
domain to simulate a closed chamber. In order to resolve the acoustic wave, the finest grid
size is set to be 1 ym and the time step is 5 x 107 s. A stoichiometric hydrogen/air mix-
ture is simulated in this study and a 9-species detailed hydrogen kinetic model (Burke et al.,
2012) is used. Both the mixture temperature and composition are initially homogeneous.
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The ignition is simulated by adding a spatially normal-distributed heat source term

. Gm — _(@=z)?
q(x) = e 7 (5.7)

CoV2r

in the energy equation over a time period of 5 ps. The ignition power 1,, is 1 x 109 W/m?s
and the standard deviation ¢ is 0.1 cm. Therefore, the center of the ignition gains an ap-
proximately 200 K temperature rise after total heat deposit and the radius of the ignition
kernel is approximately 0.3 cm. The above ignition parameters, including ignition duration,
ignition power and standard deviation, are kept constant among different numerical simula-
tion setups, while the ignition location z; is setup-dependent. Note that if x; = 0 or L cm (L
is the chamber size), the heat source is added at the boundaries with only half of the total
energy.

For reference, ignition delay times and flame speeds under various initial temperatures
and pressures are calculated using SENKIN and PREMIX from CHEMKIN respectively.

Q Ignition source

J Reaction front propagation

End-gas combustion

Wall Wall x

Figure 5.11: Schematic of the 1-D planar closed chamber.
It is important to recognize certain limitations of current simulations:

1. An adiabatic wall boundary condition is applied thus heat losses through walls are not
considered.

2. This study focuses on flame-pressure-autoignition interactions in a 1D planar domain.
Hence no 3D effect is considered, such as curvature and turbulence.

Four different setups are chosen and studied in this study, as shown in Table 5.1 and
Figure 5.12. Setups 1-3 share a domain of 8 cm and ignitions are at 0, 2, 4 cm respectively.
Setup 4 has a domain of 6 cm and ignition is at 0 cm. Since the ignition of Setup 3 is in the
center of the 8 cm domain, it can be equivalently regarded as a setup with a domain of 4 cm
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Table 5.1: Parameters of numerical simulation setups

Setup No. 1 2 3 4
Chamber Size - L 8cm 8cm 8cm 6cm
Ignition Location - z; O0cm 2cm 4cm 0cm

and ignition at 0 cm. The effect of ignition location can be evaluated by comparing Setups 2
and 3, while the effect of chamber size can be evaluated by comparing Setups 1, 4 and 3. In
order to test different levels of mixture reactivity, for each setup, stoichiometric (equivalence
ratio ¢ = 1) hydrogen/air mixture is simulated under Py = 4 atm and over a range of initial
temperatures Ty from 850 K to 1050 K at a step size of 10 K. The initial temperature and
pressure conditions are picked so that the corresponding simulations are computationally-
affordable and not far away from the conditions of some experimental studies (Qi et al.,
2015a; Li et al., 2015).

Setup 1 Setup 2 Setup 3

2 2

0 2 4 6 8
Setup 4
Unit: l'
cm ;l ] ] k
0 2 4 6

Figure 5.12: Schematic of simulation setups with different ignition locations and chamber
sizes, with down arrows indicating the location of ignition.

Results and discussion

Effect of initial temperature on modes of reaction front propagation and
end-gas combustion

Different combinations of reaction front propagation and end-gas combustion modes are
observed with increasing initial mixture temperature: 1) deflagration without end-gas com-
bustion (Df), 2) deflagration to end-gas autoignition (Df+Al), 3) deflagration to end-gas
detonation (Df+AID), 4) developing or developed detonation (Dt). In this context, defla-
gration refers to reaction front propagation due to diffusion processes while detonation refers
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to that due to adiabatic compression. As some of the end-gas combustion modes have been
reported and discussed in details in Yu and Chen (2015) and Pan et al. (2016a), two repre-
sentative cases are presented in the following sections, in terms of the temporal evolution of
scalars, end-cell gas behaviors and of reaction front location, to facilitate later discussions
on ignition location and chamber size.

Deflagration to end-gas detonation (Df+AID)

As mentioned in the literature review, end gas can develop its own reaction front propagation
in terms of detonation. Figure 5.13 shows the temporal development of a deflagration to
end-gas detonation event, in terms of temperature, pressure and fluid velocity transient
profiles, under Setup 1 and Ty, = 940 K. For clarity, results are presented only for x = 4.5
to 8 cm, where x axis represents the physical location inside the closed chamber. While the
deflagration front has been established and propagates towards the right wall, a detonation
reaction front, indicated by the sharp front of temperature, pressure and velocity profiles,
originates in the end gas and propagates from the right end towards left.

Figure 5.14 plots time against the reaction front, which is defined by the location of
local maximum heat release rate. There are two local reaction fronts, in this case, namely
deflagration front from initial ignition and detonation front from end gas. In order to track
the much faster detonation propagation compared to deflagration, the two reaction fronts
are plotted only for time after 900 pus. The deflagration front (red curve) propagates at
approximately 45 m/s. In a corresponding PREMIX calculation, under the same initial
temperature Ty = 940 K and pressure Py = 4 atm, the laminar flame speed, Sy, is 18.6 m/s
and the unburnt to burnt density ratio p,/py is 2.57. Therefore, the flame front propagation
speed (Sg - pu/pe) is 47.8 m/s, which is in close agreement with 45 m/s from the transient
ASURF-Parallel simulation. The oscillation during deflagration propagation, i.e., the wave-
like behavior of the reaction front trajectory, results from the pressure wave generated by the
initial ignition and the deflagration itself. The pressure wave bounces back and forth inside
the closed chamber; alternatively, accelerates and decelerates the deflagration propagation.
In comparison, the propagation speed of the detonation front is approximately 1900 m/s,
which is compared to the CJ speed

SCJ =a- & (58)

Pb
Based on the initial condition and equilibrium calculation, sound speed of burnt mixture a
is 1147 m/s and p,/pp is 1.69. The CJ speed is then 1944 m/s which is very close to the
above ASURF-Parallel result.

Figure 5.15 presents the transient temperature and pressure of the mixture next to the
right wall (end-cell gas), mimicking the data obtained by temperature and pressure trans-
ducers. Both pressure and temperature start to oscillate after the complete burning of the
end gas in detonation mode, while the peak pressure is about 20 atm, while the equilibrium
pressure of the domain is about 11 atm from SENKIN. Note that in Fig 5.13(b), the peak
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Figure 5.13: Development of deflagration to end-gas detonation, Setup 1, T, = 940 K, a)
temperature b) pressure c¢) fluid velocity. The time sequence of number-labeled profiles:
1-1196.0 ps, 2-1198.0 ps, 3-1200.0 ps, 4-1202.0 ps, 5-1204.0 ps, 6-1206.0 us, 7-1208.0 us,
8-1210.0 us

pressure at the detonation goes up to about 50 atm, higher than the peak pressure of the
end-cell gas. As the detonation originates from the right wall and propagates towards left,
the detonation front relaxes when it encounters the deflagration front since mixtures behind
the deflagration front has already been burnt. Therefore the 50 atm front drops to 20 atm
before it bounces back to the right wall.

Developing or developed detonation (Dt)

If the initial temperature is increased to Ty = 990 K, a developing or developed detonation
(Dt) mode without end-gas combustion is observed. Figure 5.16 shows the detailed devel-
opment of Dt. During time sequence 1, 2 and 3, a reaction front propagation is established
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Figure 5.14: Temporal evolution of reaction front, Setup 1, Ty = 940 K
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Figure 5.15: Temporal evolution of end-cell gas temperature and pressure, Setup 1, Ty, = 940
K

from the initial ignition. Starting from time sequence 4 - 85 us, sharp spikes are seen in
both pressure and fluid velocity profiles, indicating the start of the transition to detonation.
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Figure 5.16: Development of deflagration to detonation transition, Setup 1, Ty = 990 K,
a) temperature b) pressure c) fluid velocity. The time sequence of number-labeled profiles:
1-50.0 ps, 2-65.0 s, 3-80.0 wps, 4-85.0 ps, 5-90.0 ps, 6-95.0 ps, 7-100.0 ps, 8-105.0 us

When tracking the speed of reaction front propagation as shown in Fig. 5.17, two distinct
modes are also observed. At first, the reaction front propagates at a speed of 250 m/s then
transitions into a much higher speed around 1900 m/s. The latter speed has been validated
against the corresponding CJ detonation speed (@ = 1150 m/s, p,/pp = 1.69); thus the second
mode is a normal detonation propagation. However, the speed of the first mode 250 m/s is
5 times larger than the laminar flame front propagation speed 55.7 from PREMIX (S, = 23
m/s, pu/ps = 2.42). The accelerated reaction front speed compared to laminar flames results
from the influence of pressure wave propagation on the local convective velocity, and is,
therefore, a reaction-hydrodynamic wave (Kapila et al., 2002). A further discussion on the
interaction between flame front and pressure wave will be given in later sections. Compared
to the previous case, the end-cell gas experiences much higher pressure, up to about 70 atm
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when the detonation wave directly hit the right wall, as shown in Fig. 5.18.
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Figure 5.17: Temporal evolution of reaction front, Setup 1, Tj, = 990 K
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Table 5.2: Modes of reaction front propagation and end-gas combustion under initial pressure
4 atm and over a range of initial temperatures 850-1050 K

850K 860K  870-920K 930K 940K 950K
Setup 1 Df+AI Df+AI Df+AI Df+AID Df+AID Df+AID
Setup 2 Df+AI Df+AI Df+AI Df+AID Df+AID Df+AID
Setup 3 Df Df Df+Al Df+AI  Df+Al  Df4+AID
Setup 4 Df Df+Al Df+AI Df+AI  Df+AID Df+AID

960-970K 980K >990K
Setup 1 Df+AID Df+AID Dt
Setup 2 Df+AID Dt Dt
Setup 3 Df+AID Df+AID Dt
Setup 4 Df+AID Df+AID Dt

Table 5.2 summarizes modes of reaction front propagation and end-gas combustion of all
four setups with initial temperatures ranging from 850 K to 1050 K at a step size of 10 K.
The trends of the results agree well with similar studies in the literature, in terms of reaction
front propagation modes (Kassoy et al., 2008; Kiverin et al., 2013) and end-gas combustion
(Yu and Chen, 2015; Pan et al., 2016a). For each setup, with increasing initial temperatures,
the overall combustion mode transitions in the following sequence of phases:

(Df —) Df+Al — Df+AID — Dt
Therefore, the initial thermodynamic condition plays the primary role in determining the
mode of reaction front propagation and end-gas combustion.

Note that in the Df+AID mode, the end-cell gas maximum pressure reached approxi-
mately 20 atm. This pressure magnitude corresponds to a normal engine knocking cycle. In
contrast, the latter mode, Dt, led to a maximum of 100 atm, similar to an engine super knock
event. Therefore, it is speculated that extremely high end-cell pressure can be achieved when
detonation propagates directly into the cylinder wall.

Effect of ignition location on modes of reaction front propagation and end-gas
combustion

The effect of ignition location can be evaluated by comparing results from Setups 2 and 3.
According to Table 5.2, the mixture under Setup 2 seems to be more reactive compared to
Setup 3: the transition from Df+AI to Df+AID and that from Df+AID to Dt occur at a
lower Ty under Setup 2, compared to Setup 3. It is interesting to notice that at T, = 980 K,
while Setup 3 presents a Df+AID combustion mode, Setup 2 is reactive enough to undergo
the Dt mode. The difference indicates that the spatially asymmetric ignition must play a
role in triggering detonation. Figure 5.19 shows the development of Dt under Setup 2 and
Ty = 980 K. Since the ignition occurs within the chamber instead of at walls, two reaction
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fronts are initially created. Time sequences 1 and 2 represent the deflagration mode and the
following sequences 3-6 describe the detonation transition on the right side of the ignition.
At a later time, the unburnt mixture on the left undergoes Dt (sequences 7,8) as well.
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Figure 5.19: Development of deflagration to detonation transition, Setup 2, T, = 980 K,
a) temperature b) pressure c) fluid velocity. The time sequence of number-labeled profiles:
1-95.0 ps, 2-100.0 ps, 3-104.0 ps, 4-108.0 ps, 5-112.0 ps, 6-116.0 ps, 7-132.0 ps, 8-135.0 ps

It is somewhat unexpected that Dt occurs at this initial temperature, also in the unburnt
mixture on the right part of ignition before that on the left. To understand this, the time
period during the onset of detonation transition on the right side of ignition is elaborated in
Fig. 5.20, in terms of temperature, pressure and fluid velocity fields. The ignition-induced
pressure wave is first generated and propagates towards both walls, shortly after which two
deflagration fronts are established. They will be referred as left and right pressure waves
and deflagration fronts in the following context. The left pressure wave only has 2 cm long
domain to propagate into while the right pressure wave has 6 cm. Therefore, the left pressure
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wave quickly reaches the left wall, as shown at time sequence 3 of Fig. 5.20. After bouncing
back, the original left pressure wave propagates towards the right and encounters the left
deflagration front. This causes the deflagration front becoming nearly stationary, as during
time sequence 3-6 the left deflagration front barely moves forward. This nearly stationary
deflagration front can be explained from two perspectives: 1) the left pressure wave creates
a velocity field where unburnt mixture near the left wall starts to move towards the right.
Therefore, the local fluid velocity at the left deflagration front is altered by the pressure
wave and becomes approximately the same as the laminar burning speed but with opposite
direction, as shown in Fig. 5.20(c). As a result, instead of burning into a static unburnt
mixture, the left deflagration becomes nearly stationary where the unburnt mixture is being
fed into the deflagration front. 2) After the pressure wave passes through the deflagration
front, the pressure of unburnt mixtures ahead of the left deflagration front reduces and so
does the temperature due to rarefaction. It can be seen that from time sequences 3 to 6,
the temperature of the unburnt mixture between 0 and 1 cm keeps decreasing, reducing its
tendency for detonation transition, as shown in Fig. 5.20(a). The corresponding burning
speed of the left deflagration also reduces and leads to a slower propagation speed.

In contrast, when this left pressure wave propagates through the right deflagration, the
unburnt mixture ahead of the right deflagration is heated up and the burning speed is
enhanced. Note that the unburnt mixtures ahead of the right deflagration have already been
heated up once by the original right pressure wave. The additional heating effect introduced
by the original left pressure wave has made the unburnt mixture reactive enough to undergo
the detonation transition. The start of detonation can be seen from time sequences 5 and
6. Therefore, the interaction of pressure waves could play an important role in detonation
transition in confined spaces. Compared to Setup 3, the reactivity of unburnt mixtures under
Setup 2 has the chance of being enhanced by two separate pressure waves from ignition due to
the asymmetric location of ignition. Thus globally, the mixtures under Setup 2 are observed
to be more reactive under this specific condition.

The temporal evolution of reaction fronts in Fig. 5.21 further confirms that Dt mode
occurs first on the right side of ignition then on the left side. The deflagration speeds of
both deflagration fronts are different due to the interaction of pressure waves and local fluid
velocity fields. Once established, both detonation waves propagate at the CJ detonation
speed around 1900 m/s. The pressure and temperature profiles of end-gas are very similar
to the single Dt case previously. A maximum pressure 80 atm is achieved (not shown).

Effect of chamber size on modes of reaction front propagation and end-gas
combustion

The effect of chamber size can be evaluated by comparing results from Setup 1, 4 and 3,
corresponding to chamber sizes of 8, 6, and 4 cm. According to Table 5.2, all three setups
transition from Df+AID to Dt at Ty = 990 K. In the meanwhile, the transitions among
different end-gas combustion modes, in the sequence of Df, Df+AI and Df+AID, occur at
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Figure 5.20: Onset of deflagration to detonation transition on the right side of ignition, Setup
2, Ty = 980 K, a) temperature b) pressure. The time sequence of number-labeled profiles:
1-5.0 ps, 2-40.0 ps, 3-60.0 ps, 4-80.0 us, 5-90.0 us, 6-100.0 ps

a lower initial temperature, with increasing chamber sizes. Therefore, chamber size has an
impact on the mode of end-gas combustion and when end gas autoignites.

In order to autoignite, the temperature of the end gas has to reach a critical temperature
T, where the ignition delay time becomes sufficiently small. The heat needed to raise the
end gas temperature, from Ty to T, mainly comes from the compression heating by the
deflagration: the normal deflagration increases the overall pressure of the closed chamber.
As a result, the pressure rise leads to the temperature rise of the end gas. Additionally, the
pressure increase generated from ignition can also increase the end gas temperature when the
pressure wave propagates to the end gas. However, the magnitude of temperature rise from
ignition-induced pressure is much smaller compared to that from continuous deflagration heat
release. Heat transfer between burnt and unburnt gases can lead to the temperature increase
of the unburnt mixture as well. But this process mainly occurs around the deflagration front
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Figure 5.21: Temporal evolution of reaction fronts, Setup 2, T, = 980 K

when the temperature difference is large; thus the end gas is barely affected.

The critical ignition temperature of end gas then can be approximated by:
T. =Ty + ATy, (5.9)

where ATy is the temperature rise due to deflagration compression heating, which depends
on the total amount of heat release and the total mass of the mixture. Therefore, AT} can

be estimated by the following
St

ATy ~ =Ty = To), (5.10)
where Sy, is laminar flame speed, ¢ is time and L is the domain size. Thus the factor
St
vy = % (5.11)

is proposed to quantify the overall combustion modes regardless of the chamber size. 1
represents the volumetric ratio between burnt and total mixtures, and scales how much end
gas is heated up due to deflagration heat release. Figure 5.22 presents the regime diagram for
modes of reaction front propagation and end-gas combustion: 14, of L as 8, 6, 4 cm are plotted
against initial temperatures. At a given chamber size, a curve in the v, — T diagram can
be drawn to separate different modes. For all three setups with different chamber sizes, the
separation lines between deflagration and end-gas combustion show very good agreement
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Figure 5.22: Regime diagram for modes of overall combustion, in terms of v, and Tj

in terms of v, and Ty. At lower initial temperatures, larger 14, in terms of either longer
time or smaller domain size (or higher laminar flame speed potentially), is needed as more
heating is required for end gas to reach the critical autoignition temperature. The separation
between end-gas combustion and reaction front transition is mainly determined by the initial
temperature with specific ignition parameters, and represented by the vertical dashed line.

Discussions on reactivity gradient theory

Figure 5.23 presents the £ —e diagram based on the Zeld’ovich theory (Gu et al., 2003; Bates
et al., 2015). The dashed lines § and &, separate the regimes of deflagration, detonation
and simultaneous autoignition. Compared to the above v, — T diagram, this £ — ¢ regime
depends on constant ¢ and € values computed from initial conditions, to determine whether
the detonation will develop or not, regardless of whether the detonation comes from reaction
front propagation or end-gas combustion. The simulated results from Setup 1, including
both modes of reaction front propagation induced by ignition (circular markers) and end-gas
combustion (triangular makers), are plotted in terms of £ and €. &, as previously mentioned,
can be directly calculated from its original definition

8 Ti

§=ag (5.12)

while £ can be approximated from Eq. 5.3.
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For modes of reaction front propagation introduced by ignition, ¢ barely changes with
different initial temperatures: the excitation time is approximately constant over the initial
temperature range and at the order of 10~7 s, based on SENKIN calculations. The ignition
size is kept constant among all simulation cases as well. The sound speed is slightly higher
at higher initial temperatures. In contrast, with increasing initial temperatures, the ignition
delay time reduces exponentially and the gradient of 7; with regard to temperature reduces
as well, based on ignition delay time calculations. Therefore, £ reduces due to the decrease
of 07;/0x; and the reaction front propagation moves from the regime of deflagration to that
of detonation, due to decreasing €.

For end-gas combustion, £ does not change much with different initial temperatures.
Since the temperature gradients in the end gas result from pressure waves induced by initial
ignition, the magnitude of end-gas temperature oscillations is about 20 K regardless of initial
temperatures. However, the end-gas detonation development is influenced by the space of
unburnt gas between flame front and right wall. In the limiting case 850 K, even though the
end-gas temperature would eventually reach critical autoignition temperature, there is only
a very small portion of unburnt mixture left and detonation is not able to develop due to
insufficient mixture. Therefore, the domain length of unburnt mixture when end gas reaches
autoignition temperature is used as the length scale in ¢ for end-gas combustion. At higher
initial temperatures, T, — Tj reduced. As a result, the end gas can reach the autoignition
temperature in a shorter time and more unburnt mixture is left, leading to a larger €. There-
fore, modes of end-gas combustion transition from simultaneous autoignition to detonation
regime, due to increasing €. Recall that when Ty > 990K, no end-gas combustion is achieved
since the unburnt mixtures are completely consumed by the detonation reaction front from
the original ignition. Therefore, even though cases with Ty > 990K (light-colored markers)
have larger ¢ according to the above analysis, no end-gas combustion is observed.

Although the £ — ¢ diagram is able to identify combustion modes of both reaction front
propagation and end-gas combustion, the approximation of £ and € are largely based on initial
or intermediate conditions. While the diagram succeeds to indicate whether detonation
will occur, it cannot tell when exactly the detonation transition takes place. A transient
reactivity gradient method based on the Zeld’ovich theory is provided to identify the onset
of detonation locally.

The simulated results under Setup 1 and 7 = 990 K are used as an example to illustrate
how the transient reactivity gradients correlate with detonation onset. Figure 5.24 presents
the detailed profiles of the onset of detonation transition: besides temperature and pressure
profiles, ignition delay time and £ profiles are also calculated and presented. The ignition
delay time is evaluated based on the instantaneous mixture temperature and pressure. For
given temperature and pressure, the corresponding ignition delay time is interpolated from a
pre-computed database of ignition delay time over various temperatures and pressures. The
database is obtained from a set of SENKIN calculation and shown in Fig. 5.25. Note that the
interpolated ignition delay time is only an approximation of instantaneous mixture reactivity
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Figure 5.23: Regime diagram for modes of reaction front propagation and end-gas combus-
tion, based on the Zeld’ovich theory

since no intermediate species are considered. The reactivity gradient dimensionless number
¢ is computed directly from the ignition delay time profile. In Fig. 5.24, the calculated £ are
presented only around the reaction front area. At time 40 us (sequence 1), a deflagration
front is established while ¢ at the front is in the order of 10 - 100. When the deflagration
started to transition into detonation at time 70 - 75 (sequences 4, 5), as indicated by the
pressure peak in Fig. 5.24(b), £ at the reaction front also decreased to the order of 1. When
¢ = O(1), the reaction front is able to couple with pressure wave and develop detonation
propagation. The transient reactivity gradient method based on Zeld ovich theory is able to
accurately capture the onset of detonation.

Summary

Numerical simulations are conducted to study modes of reaction front propagation and end-
gas combustion for stoichiometric hydrogen/air mixtures under initial pressure 4 atm and
initial temperatures ranging from 850 K to 1050 K. The following conclusions are drawn:

e With increasing initial temperatures, different combinations of reaction front propa-
gation and end-gas combustion modes: 1) deflagration without end-gas combustion,
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Figure 5.24: Onset of Deflagration to Detonation Transition, Setup 1, T, = 990 K, a)
temperature b) pressure c¢) ignition delay (d) reactivity gradient dimensionless number. The
time sequence of number-labeled profiles: 1-40.0 us, 2-50.0 us, 3-60.0 ps, 4-70.0 ps, 5-75.0
us, 6-80.0 us

2) deflagration to end-gas autoignition, 3) deflagration to end-gas detonation, 4) de-
veloping or developed detonation, are numerically obtained and analyzed. When end
gas autoignites or transitions into detonation, the maximum pressure experienced at
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Figure 5.25: Ignition delay times of stoichiometric hydrogen/air mixtures under various
initial temperatures and pressures from SENKIN

the wall is only slightly higher than the equilibrium pressure. When the detonation
originates from the initial ignition and directly propagates into the wall, an extremely
high pressure is observed at the wall.

e A spatially asymmetric ignition is found to promote the reactivity of unburnt mixture
compared to ignitions at wall/center. Pressure waves introduced by the asymmetric
ignition are able to further increase the temperature of unburnt mixture ahead of the
deflagration front.

e The effect of chamber size is found important at relatively low and intermediate initial
temperatures: the larger the chamber is, the later the end-gas combustion takes place.
At high temperatures, the combustion modes are completely determined by initial
temperature and ignition parameters. A new regime diagram is proposed in terms of
v, and Tg. Different modes of reaction front propagation and end-gas combustion are
well represented by these two parameters.

e The simulated results are analyzed using £ — ¢ diagram based on the Zeld ovich the-
ory. The modes of reaction front propagation are primarily determined by the initial
temperature and the corresponding reactivity gradient from the ignition. The modes
of end-gas combustion are mainly influenced by the amount of unburnt mixture left
when end gas autoignites. A transient reactivity gradient method based on the instan-
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taneous evolution of reactivity gradients is provided and able to capture the occurrence
of detonation transition.
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Chapter 6

Concluding Remarks

In this chapter, results of the presented studies and the knowledge gained from these simula-
tions are summarized. Possible future research directions in the field of stratified combustion
are also suggested.

6.1 Conclusions

Based on modern parallelization algorithms and platforms, ASURF-Parallel is developed
to perform transient compressible reacting flow simulations. Using ASURF-Parallel, the
effect of stratification on flame speeds, lean flammability limits and modes of combustion
are identified, evaluated and analyzed. The following conclusions are drawn:

e A universal trend of enhancement in fuel consumption speeds of rich—to—lean strati-
fied flames compared to homogeneous flames is observed in many fuel/air mixtures.
For hydrogen/air mixtures, the preferential diffusion of H radical contributes to the
enhancement in fuel consumption speeds, while for hydrocarbon/air flames, the pref-
erential diffusion of molecular hydrogen plays the dominant role. The only exception
occurs in rich flames of propane/air and n-heptane/air stratified mixtures, where strat-
ified flames are slightly slower than homogeneous flames due to consumption of H and
OH by intermediate hydrocarbon species in rich burnt gases.

e The difference between flame front propagation speeds, in contrast, resulted from the
difference between local flame speeds due to the chemical effect as well as the hydrody-
namic effect due to fluid continuity. In hydrogen/air flames, the hydrodynamic effect
is comparable to the chemical effect, while in hydrocarbon/air flames, the chemical
effect is dominant.

e Sensitivity analysis of transport properties in stratified methane/air flames reveals that
the preferential diffusion of molecular hydrogen and H, OH radicals can be correlated
with the degree of enhancement in flame speeds. The successful implementation of
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the transient LSL model demonstrates that the flame speeds of stratified mixtures can
be accurately described with the consideration of the chemical effect and the memory
effect.

e The extension of lean flammability limits by stratification is not as nearly strong as the
enhancement observed in flame speeds. Both hydrogen/air and methane/air stratified
flames show a very weak extension of lean flammability limits due to reduced overall
reactivity and diffusion of stratification.

e Different modes of combustion can be achieved by introducing specific reactivity gra-
dients. Numerical results of Hy/CO/air mixtures demonstrate that the combustion
modes are independent of the sources of reactivity gradients, such as temperature or
mixture composition. In a practical setup, pressure waves introduced by ignition in a
closed chamber can lead to different modes of reaction front propagation and end-gas
combustion. The observed behaviors in the corresponding simulations of stoichiometric
hydrogen/air mixtures at elevated temperature and pressure can be explained by the
proposed transient reactivity gradient method.

6.2 Future work

While this dissertation has contributed to the improved understanding of stratification and
its effect on flame speeds, lean flammability limits, and modes of combustion, it is insuffi-
cient to answer all questions in the field of stratified combustion. Within the scope of this
dissertation, many challenges still remain undressed and future endeavours are needed. A
few relevant topics are suggested:

e Stratified flame speed models for larger fuel species, such as iso-octane and n-heptane,
are still challenging, due to the complexity of the corresponding chemical kinetics. Such
flame speed models are very useful in large-scale simulations of combustion devices.
Development of physics-based reduced chemical kinetic models is the key to facilitate
these flame speed models.

e A quantitative relationship between stratification and lean flammability limit extension
is still unclear, which requires a robust and reasonable identification of lean flamma-
bility limit as well as an accurate and relevant description of mixture stratification.

e While the effect of stratification on modes of combustion is relatively clear, utilization
of stratification as an effective technique to achieve desired combustion modes still
requires more accurate representations of practical initial and boundary conditions,
such as wall heat losses and boundary layer phenomenon.

Outside the scope of the current study, a few unexplored or unmentioned topics are given:
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e Some other fundamental combustion characteristics, such as turbulence and instabili-
ties are also important in practical applications and closely coupled with stratification.
Although these characteristics have been somewhat investigated in the context of strat-
ified combustion, the understanding is not complete. For example, tests of advanced
models for stratified turbulent combustion against experimental data in a wide range
of substantially different conditions are still missing and required. A thorough under-
standing of the dependence of these characteristics on stratification will help explain
experimental observations as well as provides insight into the control of these charac-
teristics.

e Experiments where flame characteristics are “clean” and well-defined are still valuable
to examine the knowledge learned from numerical simulations. Most current and past
experiments are constrained, if not contaminated, by many unwanted and unavoidable
conditions, such as flame stretch and buoyancy effect. Therefore, innovated exper-
imental designs and advanced diagnostic techniques will certainly bring in possible
agreement /opposition to the current understanding as well as brand-new insights.

e How to effectively transform the fundamental understanding of stratified combustion,
including the findings in this dissertation, to robust and optimal combustion control
strategies remains a challenging task for future combustion engineers, and needs con-
stant and community-wide brainstorming, discussions and collaborations.
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Appendix A

Plasma Assisted Combustion

A.1 Background and motivation

What is plasma? Plasma is the forth fundamental state of matter, along with solid, liquid,
and gas. Unlike the other three states of matter, plasma is an ionized gas state consisting
of neutral molecules, ions and electrons with no overall electric charge. Plasma exists in
a wide range of conditions and environments, such as the upper atmosphere, fluorescent
lamps, and nuclear fusion reactors. For combustion applications, plasma has been recognized
and demonstrated as a promising technique for ignition control (Wolk et al., 2013; Casey
et al., 2017), combustion stabilization (Kimura et al., 1981; Pilla et al., 2006), fuel reforming
(Bromberg et al., 2000; Petitpas et al., 2007), and emission reduction (Kim et al., 2007;
Starikovskii et al., 2008). A simple schematic of various plasma applications is shown in
Fig. A.1. Recent advances and progress in plasma assisted combustion can be found in
Starikovskaia (2006); Starikovskiy and Aleksandrov (2013); Ju and Sun (2015).

In general, there are two categories of plasma states, i.e., thermal plasma and non-thermal
plasma, discussed in the context of plasma assisted combustion. Thermal plasma refers to
the state where electron and other gas particles have the same temperature. It normally
exists when the gas temperature or the electron number density is very high (Ju and Sun,
2015). Thermal plasma has been utilized in the industry for more than a century, such as
plasma torch for welding and spark ignition systems in IC engines. In contrast, non-thermal
plasma has the electron temperature much higher than the bulk gas temperature and a
relatively low electron number density. The possibilities of using non-thermal plasma for
ignition and combustion control have been extensively explored in the past two decades, and
significant progresses have been made in understanding ion and electron dynamics, energy
exchange, and plasma chemical kinetics.

Plasma influences combustion processes mainly through the following fundamental path-
ways:
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Figure A.1: Schematic of plasma assisted combustion and applications (Ju and Sun, 2015).

e Thermal effect: Energy release from plasma discharge causes bulk gas heating, resulting
in higher gas temperature and consequent faster chemical reaction rates. This is the
main mechanism associated with thermal plasma.

e Kinetic effect: Highly energetic electrons and ions embrace new chemical pathways for
productions of radicals and other active species via various electron- and ion-impact
chemical reactions.

e Transport effect: Drifting of electrons and ions under the influence of external electric
fields introduces additional momentum transfer from electric source to the gas, and
modifies the local gas composition due to additional fluxes of associated active particles.

In most plasma-combustion applications, two or all of the above effects are closely coupled.
A simple schematic as shown in Fig. A.2 illustrates many possible interactions.

While many qualitative understanding of plasma have been achieved in the past two
decades, quantitative descriptions of plasma, especially non-thermal plasma, are still very
challenging. A good discussion on technical challenges of plasma research is provided in (Ju
and Sun, 2015). From the perspective of numerical modeling, the multi-physical, multi-scale,
non-equilibrium nature of plasma has made even one-dimensional simulations very difficult.
For instance, the majority of the rates and products of electron-ion and ion-molecule reactions
remain unknown. The length and time scales of plasma are vastly different from those of
combustion, which poses strict restrictions on numerical grid resolution and time-stepping
sizes. Therefore, improvements on chemical kinetic models and numerical schemes for plasma
assisted combustion are still needed.

This appendix documents the details of plasma assisted combustion capability develop-
ment inside the framework of ASURF-Parallel. The ultimate goal is to enable efficient and
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Figure A.2: Schematic of major enhancement pathways of plasma assisted combustion (Ju
and Sun, 2015).

tractable plasma assisted combustion simulations, by taking advantages of ASURF-Parallel’s
adaptive mesh refinement and parallelization features.

A.2 Code modification

In order to account for the three effects mentioned above for plasma assisted combustion, cer-
tain adjustments were performed on the standard gas-phase reacting flow simulation frame-
work and implemented in ASURF-Parallel.

A.2.1 Energy exchange between electrons and neutral gases

There are three main processes responsible for the total energy exchange between electrons
and neutral gases: elastic collisions between electrons and gas molecules, inelastic collisions
(electron-impact excitation and corresponding relaxation reactions), and electron generation
(ionization reactions).

With the approximation that the electron energy distribution is Maxwellian, the elastic
energy exchange can be directly written as:

3m

Qelas - WeneyelasRu(Te - Tg); (Al)

where m, is the electron mass, M is the mean molecular weight of mixture, n, is the total
mole of electrons, v, is the elastic collision frequency, R, is the universal gas constant, and
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T,, T. are gas and electron temperatures respectively. When the electron energy distribution
is treated non-Maxwellian and the electron energy distribution function (EEDF) is available,
the energy exchange can then be integrated throughout the entire energy spectrum. The
Boltzmann equation solver, BOLSIG+, can be used to estimate the EEDF. The details
regarding BOLSIG+ can be found in Hagelaar and Pitchford (2005); Casey (2016).

For inelastic collisions, the corresponding energy exchange can be calculated by consid-
ering each of the reactions in this category:

Ninelas
Qinel = Z AH;r, (A.2)
i=1
where AH; is the enthalpy of formation and r; is the reaction rate, of chemical reaction i.
The evaluation of r; is discussed in Section A.2.3.

For electron generation, before ionization reactions taking place, the electrons are re-
garded as a part of the neutral gas which stay at the gas temperature with full degree
of molecular motions. After the electrons are released from gas molecules, free electrons
gain certain amount of kinetic energy (translational) and reach the electron temperature.
Therefore, the difference between the two stages of electron leads to the calculation of the
corresponding energy exchange:

Qelec - weme<cv,eTe - Cp,eTg)a (A3>

where w, is the electron consumption rate, c,. and ¢, . are the specific heat capacities of
electrons.

Therefore, the total energy exchange between electrons and neutral gases can be expressed
as

Qe = Qelas + Qinel + Qeleca (A4)

which is added to the energy conservation equation of ASURF-Parallel as a source term.

A.2.2 Electron and ion drifting

Under the influence of electric field, ions and electrons are subject to drifting. In order to
estimate the drift velocities of ions and electrons, the electric field and the mobilities of ions
and electrons are required so that the drift velocity can be calculated as

Var = wiE, (A.5)

where V;;, and pu, are the drift velocity and mobility of species k respectively. E is the electric
field. The definition of electric potential, combined with the differential form of Gauss’s law,
provides a relationship between the electric potential Vg and the charge density p.:

ViV = (A.6)
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where Vg, p., € are electric potential, charge density and electric constant (vacuum per-
mittivity), respectively. Then, the electric field can be calculated:

E=—-VVg (A.7)

Mobilities of ions and electrons can be evaluated with access to the corresponding mass
diffusivities and invoking the Einstein relation:

Dy

= (A.8)

Mk

For neutral species at excited states, the diffusivities are assumed to be identical to those
at the ground state, as data for electronic state intermolecular potentials is not available.
For ions, the diffusivities are calculated using the intermolecular potential parameters from
their equivalent neutral molecules. Although ions diffuse differently from neutral molecules
due to their charges, some studies (Han et al., 2015) have proved that the updated transport
data of ions using modified potentials has small effects on the actual ion distributions across
flames. For electron, if the non-Maxwellian characteristic of electrons is considered, the
electron diffusivity can be evaluated based on EEDF from BOLSIG+.

In order to solve Eq. A.6 (Poisson’s equation), a modified version of HYPRE (Falgout
et al., 2006) is added into the ASURF-Parallel framework and used for solving such an
equation over the adaptive grid.

A.2.3 Chemical kinetics

For inelastic electron-impact reactions, once an approximation for the EEDF is obtained,
the mean electron temperature can be calculated. The rates of these reactions can then be
parameterized by the electron temperature in the CHEMKIN framework using the Janev
et al. (1987) fit. The corresponding collision cross section data are obtained from the LXCat
database (Pancheshnyi et al., 2012; DeFilippo and Chen, 2016).

A.2.4 Modified governing equations

A modified set of the governing equation terms is given, with added electron energy exchange
term, drift velocity terms, and updated chemical reaction rates regarding electron-impact
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reactions.
pY1 puYy
pY2 puYs
u=| |, Fu= : ,
oYn puYy
U ou? + P
E (E+ P)u
. (A.9)
—puY1 (V) + Vg,1) w1
—puYa(Vy + Vi) wa
F,(U) = | L
_p/U/YN<V]<7 + Vd,N) wN
T 0
q+ @ Q.

Please refer to Eq. 2.1 for the compact form of the governing equations.
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Appendix B

Chemical Kinetic Models

Three reduced chemical kinetic models were developed for methane, propane, and n-heptane
respectively. The development methods and model validation results are presented in this
appendix.

B.1 A 16-species reduced model of methane
combustion

This section provides information regarding the reduced chemical kinetic model used for
methane/air combustion. The reduced model has 16 species and was developed from a short
version of GRI3.0 model without NOx chemistry, using Quasi steady-state approximation

(QSSA).

Laminar flame speed results from experiments, numerical simulations with the detailed
GRI3.0 model, and those with the reduced model, are first compared as shown in Fig. B.1.
Fuel consumption speed is used as the reference laminar flame speed in the simulations, while
experimental measurements come from various experimental setups, including counter-flow,
spherical expanding and flat flames. Please refer to specific papers for more details about the
experimental measurements of laminar flame speeds. Figure B.1 shows that the numerical
results with both detailed and reduced models match well with the experimental observations.

In addition, mole fraction profiles of H2, H and OH at different equivalence ratios from
numerical simulations with GRI 3.0 model are also compared to those with the reduced
model, as these intermediate species and radicals play an important role in stratified flames.
The comparison is shown in Figure S2. The results from the reduced model match very well
with those from the detailed model over a wide range of equivalence ratios.
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Figure B.1: Laminar flame speeds of homogeneous methane/air flames at 300 K, 1 atm.

B.2 A 24-species reduced model of propane
combustion

For propane/air flames, a 50-species, 320-reaction skeletal model was first developed from
70-species, 463-reaction detailed model (Qin et al., 2000) using in-house Target Search Algo-
rithm (TSA). A 24-species reduced model was then developed from this skeletal model using
QSSA. Figure B.3 shows that the numerical results with the reduced model match well with
the experimental observations.

B.3 A 32-species reduced model of n-heptane
combustion

For n-heptane/air flames, a 32-species reduced model was developed from a 65-species, 315-
reaction skeletal model (Smallbone et al., 2009) using QSSA. Figure B.4 shows that the
numerical results with the reduced model match well with the experimental observations.
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