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Abstract

Controlling ignition timing and flame stabilization is one of the most outstanding chal-
lenges limiting the development of modern, efficient and low-emission compression
ignition engines (CIEs). In this study, the role of turbulence on two-stage ignition dy-
namics and subsequent flame stabilization at diesel engine conditions is assessed by
performing direct numerical simulations in a simplified inflow-outflow premixed con-
figuration. The thermochemical conditions are chosen to match those of the most re-
active mixture in the Engine Combustion Network’s n-dodecane Spray A flame (tem-
perature of 813 K, pressure of 60 atm, equivalence ratio of 1.3, and with 15% vol.
O in the ambient gas). Inflow velocities 4 to 16 times larger than the laminar flame
speed are considered. As a result, in the absence of turbulence, ignition and flame
stabilization are controlled by advection and chemistry, diffusion being negligible. Ig-
nition delays match those of the homogeneous reactor and both the cool flame, due to
low-temperature chemistry (LTC), and the hot flame, due to high-temperature chem-
istry (HTC), are spontaneous ignition fronts. Turbulence alters this picture in two ways.
First, the second-stage (HTC) ignition delay is increased considerably, in contrast with
the first-stage (LTC) ignition delay, which remains virtually unaffected. Second, a suf-
ficiently high turbulence intensity makes the cool spontaneous ignition front transition
to a cool deflagration which moves upstream to the inlet, while the hot flame is pushed
downstream, still stabilized by spontaneous ignition. The latter phenomenon is caused
by the reduced reactivity of LTC products as the cool flame transitions from sponta-
neous ignition to deflagration. Further increasing the turbulence intensity leads to both
cool and hot flames transitioning to deflagrations. For the hot flame, the mechanism
governing this transition is the increase in magnitude of progress variable gradient un-
der increased turbulence or reduced inflow velocity, while in cool flames it is mainly due
to the reduction in chemical source terms. In addition to turbulence intensity, the role
of inflow velocity, integral length scale, and oxygen concentration level on this transi-

tion is assessed and modeling challenges are discussed. Finally, a chemical explosive
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mode analysis is provided to further characterise the ignition and transition phenom-
ena. The present results highlight important fundamental roles of turbulence expected

to modulate CIE combustion dynamics.
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Chapter 1

Introduction

1.1 Background

1.1.1 Environmental imperatives

In the last few decades, global warming and climate change have sparked major con-
cerns all around the globe as these have been linked to a broad range of observed effects
that are destructive and dangerous for current and future societies [56]. Global warm-
ing is mainly due to fossil fuel burning [144], which increases heat-trapping greenhouse
gas (GHG) [62, 76] levels in Earth’s atmosphere. Due to their high volumetric energy
density, fossil fuels have long been used to power aerial, road, and maritime vehicles
through combustion engines. However, in recent years, drastic reductions in regulation
limits for exhaust emissions have obligated manufacturers and researchers to improve
the design of combustion technologies in order to conform to these stringent environ-

mental requirements.

In an effort to achieve this goal, many industries are moving towards development of
sustainable energy [12, 29, 30, 40, 49, 77] using new green technologies. In general
terms, switching to green electricity [113], zero-carbon fuels (e.g., hydrogen) in com-
bustion engines [40, 46, 77], or fuel cells [50, 91, 115, 128, 181] can potentially be the
solution in the long term. However, the transition to such “fully green” alternatives re-
quires substantial technological development and faces inertia to change in some energy

or transportation sectors.
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1.1.2 Alternative perspectives to conventional fuels in transporta-

tion engines

There is no doubt that fully electrical vehicles [106, 146] or vehicles propelled by hydro-
gen fuel-cells [33, 69, 75] are gaining popularity for light-duty and personal transport.
However, for heavy-duty trucks, cargo ships [4, 11, 88, 143], and aviation [18, 22, 195],
the complete transition to fully electric or fuel-cell propulsion is not expected soon and
it seems out of reach for at least two to three decades to come [51, 104, 151, 152,
171, 185, 188]. Instead, effectively using alternative fuels with lower carbon content in

combustion engines is anticipated in a short to mid-term perspective.

In that regard, hydrogen and ammonia (NHj3) are considered as possible surrogates to
replace heavy-hydrocarbon fuels and there is a growing body of work in the literature
that deals with understanding the fundamentals of hydrogen [8, 57, 65, 162] and ammo-
nia flames [16, 93, 116, 148] in engine conditions. However, applicability of these fuels
in currently commercialized combustion engines is very limited and it will take several
decades of technological development and certification (in particular for the aviation
sector) to fully transition to a large-scale utilization of zero-carbon fuels. An alterna-
tive approach is to mix zero-carbon fuels such as hydrogen or ammonia with carbon-
containing fuels such as traditional fossil fuels (e.g., diesel, kerosene) [48, 148, 186] or
bio-derived fuels (e.g., bio-diesel, ethanol) [15, 84, 183, 206] for improved GHG foot-
print, while maintaining combustion characteristics more compatible with current en-
gine technology. Nevertheless, with this approach, improved fundamental understand-
ing of the complex combustion processes involved in transportation engines is needed
to further reduce emission levels and pave the way to a full transition to zero-carbon

combustion.

1.1.3 Controlling ignition and flame stabilization in advanced trans-

portation combustion engines

Traditionally, compression ignition engines (CIEs) and jet engines operate in a non-
premixed mode, while spark-ignition engines operate in a premixed mode [24]. In non-
premixed systems, ignition and flame stabilization can be more easily controlled, since
chemical reactions take place at the boundary between the fuel and oxidizer streams
where a local stoichiometric mixture can be found. This relative ease of control enables

more optimal engine designs in terms of overall fuel efficiency. However, non-premixed

2
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combustion leads to high products temperature, resulting in high NO, production, as
well as soot formation on the fuel-rich side. In premixed systems, the fuel-to-air ratio
(equivalence ratio) can be tuned to strongly limit NO, and eliminate soot production,
i.e., by running fuel lean. However, the propagation of premixed flames coupled with
the lack of precise ignition control in a nearly homogeneous fuel-air mixture constrains

the optimization of premixed combustion engines.

There have been extensive efforts to reduce GHG, NO,,, and soot emissions in the con-
text of using carbon-containing fuels such as diesel, kerosene, biodiesel [81, 92, 120],
or even partial mixtures of these fuels with hydrogen and ammonia [103, 110, 122,
147, 148, 192] in CIEs and jet engines. For CIEs, in-cylinder strategies helped re-
duce emissions without sacrificing much power. These strategies included utilization
of higher fuel injection pressure, mixture intake habituation [140], injection and igni-
tion timing adjustments [41, 66, 66, 86, 145, 184], and improved combustion cham-
ber design [90]. Furthermore, exhaust-gas re-circulation (EGR) at high rates was em-
ployed [32, 78, 97, 139]. EGR at such high rates showed many drawbacks, mainly,
decreasing efficiency [32]. Following these, aftertreatment devices were improved to
further tackle the emission problem [72, 150]. Diesel emission control research has
provided viable technologies using aftertreatment but its widespread adoption is hin-
dered by higher economic cost, durability issues, economical inefficiency, and greater
space requirement [83]. Moreover, reduction of NO,, is a significant challenge for diesel
exhaust aftertreatment. As a result, researchers and manufacturers have mainly focused
on in-cylinder strategies in the recent years. Accordingly, two implementations have
been recently studied: 1) reducing combustion temperatures, and 2) using premixed or
partially premixed fuel/oxidizer mixtures [15, 119]. The latter approach led, in addi-
tion to the low-temperature diesel combustion concept [119], to the development of the
homogeneous charge compression ignition (HCCI) engine and other variations [149]
which all aim at combining the efficiency of the diesel engine with the emission level of
the spark-ignition engine. For jet engines, similar strategies are favoured, i.e., increased
premixing and reduction of combustion temperature, in part through EGR [15]. While
decreasing products temperature, EGR comes with higher unburnt mixture temperature
which can lead to autoignition [15]. Overall, for these strategies to be successfully im-
plemented, a detailed understanding of ignition and flame stabilization in increasingly

autoignitive premixed systems is needed.

Most carbon-containing transportation fuels are composed in significant proportion of

linear alkanes or chemical compounds with similar chemical characteristics. An alkane
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~~ Ao O

linear alkane branched alkane cyclic alkane

FIGURE 1.1: Alkane bond types.

consists of hydrogen and carbon atoms arranged in a tree structure in which all the car-
bon—carbon bonds are single. Alkanes have the general chemical formula of C,Ho, 5.
Linear alkanes are alkane compounds with straight-chain bonds and are usually prefixed
with “n-" to distinguish them from branched-chain, and cyclic-chain isomers as depicted
in Fig. 1.1. The simplest linear alkane is methane (CH,), while compounds such as n-
heptane (C;H¢) [5, 34, 166, 196] and n-dodecane (C1oHo6) [59, 127, 165, 166, 198] are
larger linear alkanes generally included in surrogates for real fuels [34, 35, 114, 121].
An important attribute of Cs+ linear alkanes (linear alkanes at least as heavy as propane)
is their two-stage ignition behavior at engine conditions [63, 117], i.e., a first stage
due to low-temperature chemistry (LTC) [85], and a second stage due to high tem-
perature chemistry (HTC) (more information on linear alkanes chemical pathways in
Section 2.1). The LTC is responsible for shorter ignition delays, which means that the
chemistry of large linear alkanes such as n-heptane and n-dodecane is expected to con-
trol ignition and likely to control flame stabilization under autoignitive conditions in

advanced transportation engines [15, 85, 119].

1.1.4 The Engine Combustion Network’s Spray A reference case

The Engine Combustion Network (ECN) is an international platform organized to co-
ordinate engine combustion research towards a common goal [3, 14, 126, 135]. This
platform contains vast series of experimental and numerical reference flames at various
conditions for combustion model development and validation. In particular, the heavy
linear alkane, n-dodecane flame at diesel engine condition (Spray A) is one such flame
that has been extensively investigated [3, 126, 127, 135, 176] to provide fundamental
understanding of the complex turbulence-chemistry interaction in CIEs. Yet its rele-
vance is not only limited to CIEs, as similar thermofluid complexity can be encountered
in HCCI-like engines and advanced jet engines, namely the interaction of strong turbu-

lence with large n-alkane-air autoignitive mixtures under high pressure.
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Soot
Non-premixed
Lean HTC
Rich HTC

-LTC

FIGURE 1.2: Conceptual model of diesel spray combustion. Figure taken from
Dalakoti et al. [37].

The n-dodecane Spray A flame is characterized by a highly complex structure as sum-
marized by Dec [42] and Musculus et al. [119]. A rendered representation of a down-
scaled high-fidelity simulation of a Spray A flame, performed by Dalakoti et al. [37], is
shown in Fig 1.2. Downstream of the fuel jet, LTC occurs first, followed by a shroud-
ing non-premixed flame stabilized in the products of LTC. A rich premixed combustion
region sits in the center of the jet, inside the non-premixed flame, and a sooting region

follows downstream of the reaction zone.

The Spray A flame has been studied over a wide range of conditions experimentally [14,
126, 127, 135, 175], as well as numerically, using Reynolds-averaged Navier-Stokes
(RANS) simulations [17, 28], large eddy simulation (LES) [39, 193, 194, 204], and
direct numerical simulations (DNS) [37, 165, 208]. There are several theories aimed
at predicting its stabilization mechanism. In general it is suspected that both ignition
and deflagration can play a role [94, 136]. A suggested stabilization mechanism is
through edge flame propagation (at the intersection of a lean premixed flame, a rich
premixed flame and a diffusion flame) which highlights the importance of understanding
flame propagation under Spray A conditions. A number of numerical studies attempted
to match the ignition delays observed in experiments [14, 175, 193], but fundamental

understanding of the role of turbulence on ignition delay remains elusive.
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1.2 Knowledge gap addressed

Based on the above discussion, to reduce GHG, NO,, and soot emissions from advanced
CIEs and jet engines, improved control of ignition timing and flame stabilization is
desired. Although zero-carbon fuels are expected to be introduced as additives, due to
the high reactivity of heavy linear alkanes present in current transportation fuels, their
chemical kinetics is likely to control ignition and flame stabilization. However, there
is only limited understanding of the role of turbulence on two-stage ignition and flame

stabilization (characteristic of heavy linear alkanes) at engine conditions.

Since it is extremely challenging to resolve experimentally turbulence-chemistry inter-
action at their finest scales at high pressure engine conditions [127], previous funda-
mental work focused on DNS to resolve all such scales [20, 37]. However, due to the
high computational cost associated with DNS, the authors of these studies chose to in-
clude as much complexity as possible in single simulations. Large parametric DNS
studies of two-stage ignition and flame stabilization at engine conditions have not yet
been performed. Here, the approach taken is to reduce the complexity by considering

only premixed mixtures to enable such parametric study to be conducted.

Understanding premixed combustion at Spray A conditions is highly relevant to eluci-
date the complex ignition and flame stabilization process in the actual partially premixed
flame. In particular, edge flames (triple flames) are likely to control flame stabilization,
and these flames can propagate in a deflagrative or spontaneous ignition manner, similar
to fully premixed flames. Furthermore, partially premixed turbulent combustion is often
modelled as a continuous series of premixed flames [105] and this approach was shown
to capture well the structure of the downscaled Spray A flame performed by Dalakoti et
al. [36-38]. In general, as discussed in Section 1.1 understanding autoignitive two-stage
premixed combustion becomes increasingly important to most advanced transportation

engines.

1.3 Objectives

In this numerical study, the role of turbulence on the flame stabilization regime and
ignition delay in a fully premixed environment at Spray A diesel engine conditions is
investigated. Reduced detailed chemical kinetics of n-dodecane combustion, including

LTC and HTC, is considered. A canonical inflow-outflow configuration is implemented
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and direct numerical simulations (DNS) are performed. In particular, the objectives are
as follows: 1) identify and model the role of turbulence on the flame stabilization regime

and, 2) quantify and explain the impact of stabilization mode on ignition delay.

1.4 Thesis Outline

The rest of this thesis is organized as follows. First, a literature review of the fun-
damentals and state-of-the-art research relevant to the problem studied is provided in
Chapter 2. In Chapter 3, a description of the governing equations, numerical approach,
reference laminar flames, and the turbulent flames setup is provided. In Chapter 4, a
comprehensive analysis of the turbulent flames is performed, from qualitative analysis
to various quantitative results to provide a valid description of flame ignition timing,
stabilization, and transition mechanism. Finally, conclusions and a discussion on rec-

ommended future work are provided in Chapter 5.



Chapter 2

Literature review

In this chapter, fundamentals of autoignitive turbulent premixed flames relevant to en-
gine combustion are reviewed. First, ignition characteristics and chemical kinetics of
large n-alkanes are discussed. Second, basics of non-autoignitive laminar premixed
flames are introduced. Third, premixed flames under autoignitive conditions are dis-
cussed, with a focus on the duality between deflagrations and spontaneous ignition
fronts. Fourth, turbulence theory is briefly presented. Fifth, classical non-autoignitive
turbulent premixed flame regimes are reviewed. Finally, recent results on turbulent au-

toignitive premixed flames are discussed.

2.1 Large n-alkane chemistry and the negative temper-

ature coefficient regime

As the temperature of a fuel-oxidizer mixture increases, chemical reactions are pro-
moted and as a result, ignition delay generally decreases. The negative temperature
coefficient (NTC) regime refers to a range of temperature over which the opposite be-
havior is seen [19, 94, 125, 134, 155, 179, 202]. The NTC regime is an essential feature
of low-temperature combustion for large n-alkane fuels. Figure 2.1, taken from the
CaltechMech resources website [19], illustrates the NTC regime for n-heptane/air com-
bustion at an equivalence ratio of unity (¢ = 1), in a constant pressure homogeneous
reactor. Results are considered from Cizeki et al. [31] (blue), Minetti [118] (orange),
Gauthier et al. [58] (red), Shen et al. [172] (green), and Heufer et al. [74] (red circle).
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FIGURE 2.1: Ignition delay time vs. inverse of temperature. The figure is added
from [19].

The numerical results obtained with CaltechMech [19] are indicated using solid lines.

Ignition delay (second-stage) is shown with respect to the inverse of temperature.

In the NTC regime, ignition occurs in two stages as depicted in Fig. 2.2 for a represen-
tative mixture of large n-alkane fuel at CIE thermochemical conditions. A first ignition
stage is followed by a period of relatively low heat release rate (HRR), before a second
ignition stage takes place at higher temperature. The chemical pathways controlling

these ignition stages and the lower reactivity intermediate period are introduced below.

Here, oxidation pathways for large n-alkane fuels in the NTC regime are presented fol-

lowing the studies of Curran et al. [34] and Ju et al. [85]. It is argued that three sets
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(a) Temperature normalized with the maximum tem- (b) HRR normalized with the peak HRR vs. time.
perature vs. time.

FIGURE 2.2: Temperature (a) and HRR (b) temporal evolution of a representative

ignition in the NTC regime at CIE thermochemical conditions. The solution is ob-

tained from a constant pressure homogeneous reactor numerical simulation using Can-

tera [60]. The thermochemical conditions are those introduced in Section 3.3. 7 is the
(second-stage) ignition delay.
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FIGURE 2.3: A reduced schematic of reaction pathways for linear alkane type fuel, at
high (red arrow), intermediate (green arrow), and low temperatures (blue arrow.

of chain-branching reaction pathways exist with respect to temperature. These chain-
branches are referred to as low temperature chemistry (LTC), intermediate temperature
chemistry (ITC), and high temperature chemistry (HTC) pathways [85, 201, 205]. Ac-
cording to Fig. 2.3 (taken from [85]) these pathways are produced as follows:

LTC:
R — RO, — QOOH — 0,QOOH — OQOOH — 0QO + OH 2.1)
ITC:
R — HO, — H,O, — OH (2.2)
QOOH — alkene + HO, — H,0, + OH (2.3)
QOOH — ketene + alkene + ether + OH 2.4)
CH,O — HCO — HO, — H,0, — OH (2.5)
HTC:
R — aldehyde — CH,O — HCO + H + OH (2.6)

Through the LTC pathway, as denoted in Eq. 2.1, the H radical is segregated from the
fuel molecule (RH) producing the fuel radical (R). The fuel radical combines with
O, molecules and forms alkylperoxy (RO,) which then leads to the formation of the
hydroperoxy-alkyl radical (QOOH). Then, QOOH advancement at low temperatures
goes through a second addition of O, molecule to form O,QOOH which then can turn
into OQOOH. Lastly ketohydroperoxide (OQO) and OH are produced. OH is the main
chain carrier of the LTC pathway [100]. The first peak in HRR observed in Fig. 2.2b is

10
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due to LTC. As ignition introduces more heat to the mixture, the QOOH compound de-
scribed previously, aside from combining with O,, can disintegrate into either alkene,
epoxide or [-scission products, leading to HOQ, H,0,, and OH production. H02 is
also produced at intermediate temperatures from fuel radical combining with O,. This
chain branching phenomenon is referred to as ITC in the literature [85] as shown in
Egs. 2.2- 2.5. Note that another possible reaction in ITC channel can be the RO, — R
reaction which dominates over the inverse reaction at sufficiently high temperature.
Sufficiently high temperatures ultimately result in substantially slower fuel oxidation,
promoting olefin production through [-scission with OH and HO, addition, following
another chain branching path identified as HTC pathway [132] (Eq. 2.6). As tempera-
ture increases, ITC and HTC pathways are promoted and enter in competition with the
LTC pathway. As ITC and HTC chain-branching is slow at temperatures at which LTC
is active, this competition explains the drop in mixture reactivity following first-stage
ignition (Fig. 2.2). HTC eventually dominates over ITC, leading to the second peak in
HRR (second-stage ignition).

In Fig. 2.1 it was shown that temperature negatively impacts the ignition delay during
a temperature interval which is called the NTC region. In conjecture on the fuel oxi-
dation pathways described in this section, Curran et al. [34] showed through sensitivity
analysis that the initial ITC reaction, QOOH — olefin + epoxide, reduces the overall
rate of oxidation in the lower temperature half of the NTC regime. This means that the
mixture reactivity reduces and subsequently retards the occurrence of ignition as the

ITC channel becomes more favored.

2.2 Laminar premixed flames

Laminar flow is characterized by fluid particles following smooth paths in layers where
little to no mixing is observed. Generally, laminar flames are seen under conditions with
low Reynolds numbers. An example of a laminar premixed flame is one produced by
a Bunsen burner. The fuel (e.g., natural gas) is well mixed with air inside the burner
nozzle before reacting as the mixture flows through the flame. Since the temperature
of the mixture is low (low reactivity), to initiate the flame, the premixed mixture must
be ignited with the assistance of a spark, i.e., the mixture is non-autoignitive. A flame

eventually stabilizes over the nozzle as the fuel-air mixture flow rate is maintained.

11
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FIGURE 2.4: Schematic illustration of a methane-air premixed flame structure taken
from [130].

Figure 2.4 added from [130] shows the conceptual structure of a simple non-autoignitive
methane-air premixed flame consisting of a preheat zone caused by diffusion of heat and
radicals upstream from a reaction zone, where most of the chemical reactions occur,
and an oxidation layer, where slow reactions (associated with low heat release rate) take
place. In the preheat zone, advection of chemical species and temperature is balanced

by diffusion, while chemical reactions are balanced by diffusion in the reaction zone.

A (non-autoignitive) laminar premixed flame is characterized by its thickness [y and its
propagation speed (called laminar flame speed) Sy, i.e., the speed normal to itself at
which the flame moves in a frame of reference attached to the unburnt mixture. Both [»
and S;, depend strongly on the thermochemical parameters of the premixed gas ahead

of the flame. The flame thickness, [, can be defined as (thermal flame thickness)

Tb _Tu

== 2.7
VT T 2.7)

lp
where 7T, is the unburnt temperature, 7; is the temperature in the burnt mixture, and
|VT|max is maximum temperature gradient. Introducing the heat diffusivity «, [z can

also be defined as (diffusion flame thickness)

Q
lp = — 2.8
FEg (2.8)
with
A
oa=—), (2.9)
PCp

where ¢, is the heat capacity and A is the conductivity of the mixture. Furthermore, the

12
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diffusion time through the flame thickness, also known as the flame characteristic time

is given by

tp = (2.10)

2.3 Spontaneous ignition vs. deflagration

In order to understand the flame behavior, in particular, controlling the ignition timing
and flame propagation [43], the mechanisms responsible for stabilization of the flame
should be identified. In that regard, various studies have suggested that two types of
propagation regimes known as spontaneous ignition and deflagration are liable to con-
trol flame stabilization. Spontaneous ignition occurs when flame stabilization is con-
trolled by advection and chemistry due to an increase in mixture reactivity stimulated
by increase of temperature or compression without interference of an external source of
ignition, such as a flame or spark. If a homogeneous premixed fuel-air mixture is pre-
heated to sufficient temperatures at proper pressure, chain branching reactions acceler-
ate the generation of radicals and heat which subsequently leads to a thermal runaway.
If the residence time within the combustion chamber is sufficiently long, autoignition
will occur. Deflagration is a phenomenon that occurs when flame propagation is domi-
nated by molecular and heat diffusion from the flame front towards the unburnt mixture
(reactants) sitting at the preheat zone. This deflagrative combustion wave travels at sub-
sonic speeds through the unburnt gas immediately ahead of the flame front causing the
temperature and reactivity of the unburnt side mixture to increase, leading to ignition
of the preheat zone. This procedure is observed as a flame moving towards the inlet
(burning the mixture ahead of the flame through diffusion). Deflagrations propagating
through a non-autoignitive mixture were discussed in the previous section. In autoigni-
tive conditions, a flame front can also propagate as a deflagration. The transition from a
spontaneous ignition to a deflagration in such conditions is discussed below. Note that
if the wave is supersonic, a different combustion mode called detonation [101, 102] is

observed which is not the focus of this study.

The occurrence of spontaneous ignition vs. deflagration is expected to depend on the
ignition delay and the residence time of ignitable mixtures. Zeldovich [203] pioneered

the classification of combustion regimes in autoignitive conditions. It was suggested
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that the temperature inhomogeneities will initiate a sequence of thermal explosions that
propagate down the imposed negative temperature gradient. Moreover, the spontaneous
ignition front takes place and propagates if the inverse of the magnitude of ignition
delay gradients is larger than the laminar reference speed S, (deflagration speed limit).

The aforementioned criterion is as follows

1

SL < Ssp = W
ign

(2.11)
where Sgp is the speed of the spontaneous ignition front and 7ig, is the local ignition
delay. The ignition delay is the time span of the induction process preceding the ther-
mal runaway (remaining time to ignition) and it depends on the kinetic properties of
the reaction process and the local mixture composition, temperature and pressure (or,
alternatively, the initial composition, temperature and pressure, and the time history of
the local fluid element). As the ignition delay gradient diminishes, the velocity of the
flame front continues increasing while for high ignition delay gradients, due to diffusive
transport, the flame speed refuses to drop lower than the laminar flame speed. In open
combustion systems, gradients in ignition delay that are mostly attributed to gradients in
residence time. This is relevant to jet engines or during fuel injection in diesel engines.
In closed combustion systems, gradients in ignition delay are attributed to gradients
in mixture composition or temperature. This is the case for the problem of knock in
gasoline engines or ignition timing in HCCI engines, where the residence time of the
fuel-air mixture following a compression stroke is uniform. Consistently, high-fidelity
simulation studies have shown that in the context of HCCI the magnitude of temperature
or composition fluctuation gradients controls the propagation regime (i.e., spontaneous

ignition or deflagration) of reacting fronts [26, 71, 112, 157, 202].

As a foundation for turbulent studies, steady-state laminar flames [68, 95, 96, 164, 166,
168, 169, 197] have been previously discussed to investigate the transition from spon-
taneous ignition fronts to deflagrations. Krisman e al. [95] investigated the laminar
combustion of dimethyl ether-air mixture in an inflow-outflow domain within which
both hot and cool flames were stabilized. It was shown that at sufficiently large inflow
velocity, the hot flame, due to HTC, and the cool flame, due to LTC, stabilize as spon-
taneous ignition fronts. As the inflow velocity decreases, diffusion becomes dominant
and the lifted flame propagates upstream. Note that for these conditions, at low inflow
velocity, deflagrative cool flame would not be observed, since the hot flame would over-
take the cool flame. This is while Savard et al [166] showed that for n-heptane and

n-dodecane (Spray A) in autoignitive conditions, laminar deflagrative cool flames exist
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FIGURE 2.5: Flame position response to Uy, modified from [95]. Case (A) DME

above the NTC region with one-stage ignition, Case (B) DME in the NTC regime with

two-stage ignition, Case (C) DME below the NTC region with two-stage ignition, Case
(D) ethanol which has a single-stage autoignition without NTC.

in the NTC regime. The autoignitive flame fronts are stabilized at a distance called the
lift-off length denoted by L. A hot spontaneous ignition flame front is found until,
upon decreasing the inflow velocity U, dL¢/dU;, reaches a maximum, beyond which
the flame is a deflagration. Upon further decreasing Uj,, the deflagration eventually
attaches to the inlet. The velocity at which this transition threshold occurs was termed
the laminar reference speed, denoted si. This deflagration speed is analogous to the
laminar flame speed Sy, in non-autoignitive conditions. Note that Sy, instead of sg will
be used in the next chapters to denote the laminar reference flame speed. Examples of
dL¢/dU;, vs. Uy, plots obtained by Krisman et al. [95] for DME (cases A, B, and C)

and ethanol (case D) are shown in Fig. 2.5.

Finally, Soriano and Richardson [178] observed a similar transition in methane-n-heptane-

air mixtures and provided a model to describe the contribution of pre-ignition chemistry.

2.4 Turbulence

Turbulence is an unsteady, random and chaotic feature of fluid flow. In its essence, a
large range of intermixing and interacting length scales are induced appearing as ran-
dom collection of coherent structures. These structures can show some regularity when

examined statistically [142].

In practicality, combustion devices are usually subject to a turbulent flow. Although
turbulent flows are difficult to predict and control due to their random motion, they

result in rapid mixing which increases rates of momentum, mass and heat transfer, as
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well as turbulent flame speed. It follows that power output with respect to engine size

is increased under turbulent condition.

Turbulent flows are characterized by their amplitudes, length scales and time scales. For
a particular turbulent flow field, three primary kinematic properties are considered: the
turbulent kinetic energy, the turbulent kinetic energy dissipation rate € and the kinematic

viscosity v. The turbulent kinetic energy (TKE) is defined as
3 2
TKE = U (2.12)

where v’ is the root-mean-square (rms) of turbulent velocity fluctuations or turbulence
intensity. The small coherent structures often called eddies are defined by various length
scales. These length scales are associated with different velocity and time scales. The
life span of the eddies containing most of the TKE, know as the integral eddy turnover

time, is obtained as

l
Tto = —> (2.13)

u
where the integral length scale [ corresponds to the length scale with the largest TKE
density (i.e., the wave number associated with [ is the wave number at which the TKE

spectrum peaks).

For statistically steady homogeneous isotropic turbulence there is a steady transfer of
TKE from large to small scale eddies and the TKE is consumed at small scales through
viscous dissipation (eddy cascade hypothesis [142]). Dissipation acts on all eddies but
it is far more significant on the smaller eddies as they are subjected to the largest local
velocity gradients. Therefore, for smaller length scales, viscosity and dissipation play
the important role so as the smallest scale of dynamic importance in turbulence called

the Kolmogorov scale is defined as

3\ 1/4
n:(”—) . (2.14)

T, = (5>1/2. (2.15)
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Moreover, using the largest and the smallest scales, and the turbulent Reynolds number

Re,, a relation between these properties can be derived as

I
— = Re*, (2.16)
n
with
!
l
Re, = X5 2.17)
1%

Note that the above is a very brief description of turbulence. More details can be found
in the books of Pope [142] and Tennekes and Lumley [187].

2.5 Classical turbulent premixed flame regimes

Classical turbulent premixed flame regimes were proposed in the context of turbu-
lent deflagrations only. More precisely, the unburnt mixture is assumed to be non-
autoignitive. Turbulent premixed flames in autoignitive conditions are reviewed in the

next section.

Several non-dimensional numbers are introduced. The Damkohler number, a ratio of

transport to chemical time scales, is introduced as:

Da — Tt,0 o SLl

= ) 2.18
tF ullp ( )

The Karlovitz number is defined as the inverse of Damkdhler number based on the

Kolmogorov scale rather than the integral scale:

t
Ka=Da, =X (2.19)
Tn

Using Eq. 2.14 and 2.15, the Kolmogorov time scale can be expressed as

Ty = —. (2.20)
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FIGURE 2.6: Turbulent premixed flames regime diagram as proposed by Peters [129].

Assuming unity Prandtl number, using Eq. 2.8 for the flame thickness, and combining

with Eq. 2.10, 2.19 and 2.20, the Karlovitz number can be simplified to
Ka=—. (2.21)

A reaction zone Karlovitz number was also defined by Peters [131] as

(52
Kas = =, (2.22)
n

where ¢ is the reaction zone thickness.

Using these non-dimensional numbers, several regimes are identified based on scaling
arguments in the literature [1, 21, 129, 130, 141]. A well accepted regime diagram is
proposed by Peters [129] as shown in Fig. 2.6. In this diagram, to delimit boundaries
between the different regimes of premixed turbulent combustion various lines are de-
picted. The line Re, = 1 separates laminar from turbulent flames, the line v'/S;, = 1
separates the wrinkled and corrugated flamelets, K'a = 1 separates the thin reaction
zones regime from the corrugated flamelet regime, and lastly Kas; = 1 separates the
thin reaction zones regime from the broken/distributed reaction zones regime. Note
that K as is often approximated as 100 times larger than Ka, hence Kas = 1 could be
replaced by Ka = 100.

These regimes are characterized as follows. (Recall that here it is assumed that pre-
mixed flames propagate in non-autoignitive conditions, i.e., they are deflagrations.) For
u' /S, < 1the flame is wrinkled and laminar. In this regime, flame propagation is domi-

nant and the displacement by Sy, is faster than displacement by «’. For «’/S;, > 1 while
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Ka < 1, the flame is corrugated. Here, eddies are too large to penetrate the flame, but
are sufficiently strong to corrugate the flame front. If Ka > 1 and Kas < 1, turbulence
enables the disruption of the flame by having sufficiently small eddies to penetrate and
thicken the preheat zone through turbulent mixing. For Kas > 1 or Ka > 100 it is
argued that the small eddies can penetrate the reaction zone, either thickening it, hence

distributed reaction zone, or disrupting it, hence broken reaction zone.

Most practical applications used in the industry perform under high values of Ka.
Therefore, experimental [27, 52-54, 79, 138, 177, 180, 207] and numerical [6-8, 52,
70, 99, 108, 159, 160, 190] studies have focused on the structure of turbulent premixed
flames by employing sufficiently high K a. Particularly, the thin reaction zones regime
has been consistently observed for flames at moderate unburnt temperatures [7, 8, 52,
99, 108, 156, 159, 177], i.e., when a significant preheat zone is present. Distributed
and broken reaction zones have also been identified [10, 52, 99, 165, 207]. However,
there is no perfect match with the theory discussed above. In particular, distributed and
broken reaction zones have been identified at much lower K a than expected, due to the
coupling between turbulence, differential diffusion and chemistry [8, 159] or the small
relative thickness of the preheat zone (at higher unburnt temperature) [165]. It is clear
from the literature that other parameters such as mean flow shear, equivalence ratio,
fuel, and unburnt temperature cannot be neglected to accurately predict the turbulent
premixed flame structure. Nevertheless, due to lack of a better simple regime diagram,
the above identifications are still consistently used to provide nominal regimes based on
experimental or simulation parameters. In this study, mixture properties and ambient
conditions are defined based on the aforementioned regime diagram such that the flame
regimes fall in the region of thin reaction zones regime as shown with purple symbols
in Fig 2.6.

2.6 Turbulent premixed autoignitive flames

In HCCI engines, flame stabilization and controlling ignition timing are the current chal-
lenges deferring their applicability [43]. Previously, mixture sensitivity to temperature
variations has been studied fundamentally to understand the advent and propagation
of ignition kernels in HCCI conditions [26, 44, 71, 80, 82, 124, 154, 157, 182, 202].
A high sensitivity of ignition delay to inevitable small temperature fluctuations inside

the cylinder was observed [80]. Moreover, it was found that the propagation regime
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mode of reacting fronts is controlled by the magnitude of temperature fluctuation gra-
dients [157]. HCCI was further studied in presence of turbulence (although decaying
conditions) and regime modes were identified such that spontaneous ignition was fa-
vored as temperature gradients were dissipated [13, 64, 82]. Note that this is a transient
ignition problem where the flow residence time is uniform and gradients in ignition

delay are due to temperature gradients.

Sequential burner heavy-duty gas turbines perform under statistically steady autoigni-
tive conditions with reheat system employed [67, 87, 199]. Combustion in these systems
consists of two stages. In the first combustor, a lean premixed mixture is burnt keeping
the temperature relatively lower, while in the reheat combustor, more fuel is injected in
the hot products of the first-stage, resulting in a fast combustion. This method reduces
emissions as both stages limit NO,, production, the first stage by ensuring low products
temperature, and the second stage by having low reactive mixture residence time. Sim-
ilar to HCCI systems, studies on gas-turbine reheat combustion also show spontaneous

ignition and deflagration take part in the flame stabilization [2, 55, 65, 162, 169].

Aditya et al. [2] studied the problem of flame stabilization in reheat systems under
autoignitive conditions in a simple model combustor. DNS of turbulent lean hydrogen-
vitiated air combustion showed that combustion occurs due to both autoignition and
deflagration modes. First, it was shown that autoignition plays a dominant role in fuel
consumption along the centerline of the combustion chamber duct. Deflagrations were
seen where the unburnt temperature was reduced, mainly near the corners of the ex-
pansion. Second, upstream of the expansion area, intermittent ignition was seen in the
mixing duct which results in uncertainty in the identification of the flame position. This
was suggested to be due to the extremely high temperature sensitivity of the ignition
delay for the corresponding fully premixed hydrogen-air mixtures. The former, more
stable behavior is favored in engine applications. This is because the latter behavior
gives an off-design ignition timing due to early autoignition of the highly reactive spots
in the mixture (i.e., spots with low ignition delay). Avoiding intermittent ignition, and

in general, controlling the ignition timing of this type of engines remains a challenge.

Ebi et al. [55] performed an experimental study on the transient flame stabilization of
natural gas in the second-stage of a lab-scale sequential combustor at atmospheric pres-
sure. High-speed OH-PLIF as well as OH chemiluminescence imaging were employed
to observe the stable flame in the second stage of the combustor. It was shown that both
spontaneous ignition and deflagration control the stabilization of fuel and vitiated air

mixture combustion with spontaneous ignition becoming dominant upon increasing the
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mixing temperature (decreasing the dilution air flow rate) downstream of the first stage.
The flame structure and the ignition process varied depending on the regime mode. In
spontaneous ignition mode the ignition showed a stable behavior, favoring the appli-
cable design of these combustors. This is while at propagating conditions, the kernels
formed more randomly, causing inconsistency in ignition delay predictions. Note that
this observation is in contrast with the findings in the study described in the previous
paragraph, although not in contradiction. There are two main differences that may have
caused variance in the findings. First, the former study was simulated numerically and
the mixture was designed to be well mixed in a mixing duct prior to injection, while
in this study, an experimental investigation was provided with fuel and air being only
partially mixed. Second, in the previous case, hydrogen fuel was considered which
was mentioned to have high temperature sensitivity of the ignition delay, causing the

unsteady ignition behaviour, as opposed to this study where natural gas has been used.

In a recent study, Savard et al. [162] addressed the problem of turbulence-chemistry in-
teraction in a hydrogen-vitiated air mixture at reheat combustion conditions by perform-
ing DNS of premixed turbulent flames in a canonical inflow-outflow configuration. A
theoretical model for the transition between spontaneous ignition and deflagration based
on inflow velocity and turbulent Reynolds number was derived as follows. Assuming

having an initial spontaneous ignition front, remaining time to ignition is defined as
Tign (X, 1) =T — (2, 1), (2.23)

where 7 is the ignition delay of the mixture at the beginning of the simulation (reactive
mixture injection), and r is the residence time of the reactive mixture. Note that the
configuration is defined such that the flow residence time is zero at the inlet upstream of
the flame. Assuming a homogeneous mixture (i.e., V7 = 0) in Eq. 2.23 and considering

the Zeldovich criterion from Eq. 2.11, a transition to deflagration should be seen as
|Vr|SE > 1. (2.24)

To extend this inequality to capture turbulent flames, Eq. 2.25 in a mean form is de-

scribed as

(|Vr|lr =7)SL > 1, (2.25)
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where (.) is an ensemble average. Using the decomposition 7 = (r) 4 77, and assuming

uniform density, an equation is derived as

Vr =

1
e + Vr', (2.26)

where e, is the unit vector parallel to the inlet bulk flow (U;,). It results that

(Vrflr =7) = — + (|Vr'Plr = 7). (2.27)

1
U2
Assuming residence time diffuses like a scalar (i.e., the fluid age concept can be used [173,

174]), transport equations for r and " are written as

or 1

— ) = -V. 1 .
T +u.Vr pV (pDVr) + 1, (2.28)
or’ 1

— Nr' = =V.(pDV7’ 2.2
at—l—uVT pV(p vr'), (2.29)

where D is the diffusivity. With the assumption of uniform density, ’ behaves as a
passive scalar in a mean scalar gradient (MSG) flow. Following the assumption of

homogeneous isotropic turbulence (HIT) [123],

1

1
(9Pl = 7) = solxelr = 1) & o

) 0 (2.30)

where Y, is the dissipation rate of the fluctuating component of the residence time.
Considering MSG-HIT flow, y,- is equal to the evolution of the steady-state scalar vari-
ance which is approximated by the statistical results from Pope [142] (with Re; ~
O(10)-0O(1000)) as

ur) _ wl
Uin - Ui%'

() = — 2.31)
Combining Egs. 2.25, 2.27, 2.30, 2.31 an approximate semi-analytical transition func-

tion was derived as

Uvin,trans

=1+ aRe?, (2.32)
St

where a is a constant expected to depend on thermochemical conditions and Uy trans (Re:)
is the inflow velocity at which transition is expected at a given turbulent Reynolds num-

ber (deflagration if Uy, < Uiy trans (Re;) and spontaneous ignition if Uy, > Uiy trans (F€t))-
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FIGURE 2.7: Turbulent premixed autoignitive hydrogen-vitiated air flame stabilization

regimes and structure added from [162] depicting (a) the propagation regime diagram,

(b) conditional mean of HRR with respect to temperature, (c) conditional mean of

the magnitude of progress variable gradient in progress variable space. The progress

variable used is a normalized H>O mass fraction. Red denotes spontaneous ignition
and green indicates deflagration.

This transition function is extended to both LTC and HTC in the present conditions in

Section 4.2.

Flame stabilization and structure results are added from this paper in Fig. 2.7. Accord-
ingly, Fig. 2.7a shows the regime diagram delimited by the identified transition function
(a = 0.24, with 0.24Re}’* = 2.0 [(w1) / (Slp)]™?). Tt is evident that inflow velocity
and turbulence both contribute in the transition, while turbulence could solely trigger

the transition from spontaneous ignition to a deflagration.

Following that the effect of transition was studied on the flame structure shown in

Fig. 2.7b. This was a simple case of hydrogen fuel, and the flame structure in phase
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space was only weakly altered with a very limited influence from regime transition on
the flame structure. This is while in contrast, cool turbulent and laminar n-heptane/air
flames [164] as well as very rich turbulent and laminar n-dodecane flames [161] showed

considerable influence.

To further elucidate the transition mechanism, a gradient analysis shown in Fig. 2.7¢c
was conducted. According to this figure, the mechanism responsible for transition was
found to be the increase of mean magnitude of progress variable gradient at the reaction
zone, which is triggered by added turbulence. In the present thesis, this phenomenon
is clarified by expanding the aforementioned proposed model to identify transition at

Spray A flame conditions, with the added complexity of LTC.

In another recent study, Gruber et al. [65] performed DNS for both laminar and tur-
bulent hydrogen-vitiated air premixed flames at autoignitive conditions (adiabatic and
non-adiabatic) and in a canonical configuration. Note that compressibility effects were
enabled as part of the simulation setup to model the flames. First, laminar simulations
of spontaneous ignition flames were investigated. It was found that the steadiness of
these flames is strongly affected by the equivalence ratio as well as the premixed mix-
ture temperature, where instabilities emerge from the variation of the unburnt mixture
temperature. Furthermore, these effects were expressed analytically to characterize the
unsteady ignition of the reaction front for both laminar and turbulent (1D, 2D and 3D)
simulations. Second, the effect of turbulence was studied on the flame front velocity
and its sustainability at autoignitive conditions. Self-excited instabilities were seen in
turbulent hydrogen—air flames at atmospheric pressure. Additionally, an increase in the
flame front reactivity with increasing turbulence intensity was encountered, caused by
diffusion of hydrogen radicals and heat to the reactants. This induced a transition from
spontaneous ignition fronts to propagating deflagration regimes. Note that all 3D tur-
bulent flames in this study were deflagrations. Ultimately, a threshold was identified
for the inflow velocity in the robust hydrogen-air ignition to ensure stabilization and

applicability of this system.

In HCCI combustion, turbulence dissipates thermal stratification and favours sponta-
neous ignition, while in contrast, in premixed reheat systems this picture is altered such
that deflagrations are encountered in higher turbulence environments. Here, the effects
of turbulence are addressed in a fully premixed combustion system in the presence of
mean residence time gradient but under CIE diesel conditions. Although all the afore-
mentioned studies provided detailed insight into turbulent autoignitive flames, our un-

derstanding of the role of turbulence on the ignition, stabilization and structure remains
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limited as only simple fuels under idealized conditions (i.e., low pressure) have been

considered.
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Methods

This chapter is organized as follows: 1) introduction to the governing equations, 2)
numerical approach and the chemical mechanism, 3) thermochemical properties and
laminar reference flames, 4) turbulent flow configuration, and 5) simulation parameter

setup for the turbulent flames.

Author’s contribution: The laminar flame simulations presented in this section are
all performed by the author. In addition, similar simulations, but performed with a
different chemical kinetics mechanism were also performed by the author (not shown)
and contributed to a co-authored article published in Combustion and Flame (Savard e?
al. [166]). Finally, the author contributed to the design of the turbulent flame setup and

parameters and performed all turbulent flame simulations.

3.1 Governing equations

Governing equations describing the dynamics of low-Mach unsteady chemically re-
acting flows, subject to turbulence forcing (to maintain the desired level of turbulence

intensity), are presented in this section. The reacting mixture is composed of N species.
The continuity and conservation of momentum equations read:

dp B
N + V.(pu) =0, (3.1)
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d(pu)

T—FV.(pu@u):—Vp%—V-aijf, (3.2)

where p is the mixture density, u is the velocity vector, p is the hydrodynamic pressure,

and o is the viscous stress tensor given by
1
o =2/ |:S—§(V"U,)I] ) (3.3)

S = 1/2(Vu + (Vu)T) is the strain rate tensor, I as the identity matrix, and y is the

mixture dynamic viscosity.

To simulate high Ka flames in the absence of mean shear, a velocity forcing term, f is
appended to the momentum equation to maintain the desired turbulence intensity across
the simulation domain (the configuration is introduced in Section 3.4.1). The linear
velocity forcing method is used [25, 109, 153] and the implementation follows that of
Savard et al. [159].

The temperature equation is given by:

N
%T +V - (pul) =V - (paVT) + dwr — c—lp ; cpidi - VT + %ch VT, (3.4)
where temperature is denoted by 7', ¢, is the mixture specific heat at constant pres-
sure, « = A\/(pc,) is the thermal diffusivity, with A the thermal conductivity, wy is the
chemical production rate (heat release rate divided by c,), and ¢, ; is the specific heat at
constant pressure of the ith species. Moreover, j, is the species diffusion flux described

as

Y

where Xj; is the ith species mole fraction and Y; its mass fraction. D; ,, is the mixture-

averaged species diffusion coefficient and is defined as follows:

Dy = —— (3.6)
J
>z D,

with D;; the ordinary multi component diffusion coefficient of the jth species relative to
the ith species. Note that Soret/Dufour diffusion is neglected. Some reference laminar

flame cases in this thesis are simulated using the unity Lewis number assumption, i.e.,
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the species diffusivity is instead computed as

(0%
Lei 7

D; (3.7

with Le; the species Lewis number assumed equal to unity.

Next, species conservation leads to the following transport equation for the ith species:

IpY;
ot

+V - (puY) = —V - j, + . (3.8)

To describe the chemical model, w; is implemented in Eq. 3.8 as the net chemical pro-
duction rate of the ith species expressed as a function of the production term, w;, and

the consumption term, w; ., as
wi = wi,p - wi,m (39)

with

Vs > 0, (3.10)

K N v\ Vi
Die=Wi ) [k;j I1 <€V) ] Vs <0, (3.11)

J=1

with W; the molecular weight of species i, v;, the stoichiometric coefficient of species

s in reaction j, and the constant k; is given by
kij(T) = A;jTb e Tedl T (3.12)

where A; is the pre-exponential factor, b; is the temperature exponent, and 7, is the
activation temperature of the jth reaction. Moreover, wr employed in Eq. 3.4 is defined

as

N
oy = —th, (3.13)
j=1
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with h; the specific enthalpy of the ith species, given as

T
hi = h + / cpidT, (3.14)
To

with A its value at standard temperature 7.

The equation of state for a mixture of ideal gases, is

_ pR,T

PO W,

(3.15)

where F, is the thermodynamic pressure, uncoupled from the hydrodynamic pressure
under the low-Mach assumption, with the pressure given by P (x,t) = Py (t) +p (x, t).
Note that in this setup, the background pressure Fj is constant. R, is the universal gas

constant and WV is the mixture molecular weight given by

N v, -1
W = (Z W) . (3.16)
=1

3.2 Numerical approach

In this study, the equations introduced in the previous section are resolved numerically
using a DNS approach previously executed in [160, 164]. The numerical approach em-
ploys the energy conservative, finite difference code NGA [45]. The numerical scheme
used is second-order accurate in space and time [167]. The third-order bounded QUICK
scheme, BQUICK, is used for the scalar transport equations [73]. A semi-implicit

Crank-Nicolson time integration is used [137, 167].

The mechanism for n-dodecane oxidation is described by a chemical kinetics system
with 35 species [20], reduced from the skeletal mechanism with 53 species and 269
reactions due to Yao et al. [200]. The mechanism contains high-temperature and semi-
global low-temperature chemistry pathways, optimized for diesel engine conditions.
Mixture-averaged diffusivity is used for species transport, and the mixture viscosity,

and thermal diffusivity are computed as in [167].
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FIGURE 3.1: Ignition delay obtained from constant-pressure homogeneous reactor vs.

equivalence ratio for n-dodecane-oxidizer mixtures along the mixing line at Spray A

conditions. Solid blue line: HTC ignition delay. Dotted blue line: LTC ignition delay.
Dash-dotted vertical lines: equivalence ratios used in the present study.

3.3 Thermochemical conditions and reference laminar

flames

The thermochemical conditions are chosen to match those of the most reactive mixture
in the Engine Combustion Network’s baseline n-dodecane Spray A flame. Figure 3.1,
modified from [166] shows the ignition delay along the mixing line of the Spray A
flame with 15% volume of O,, temperature of 900 K in the ambient gas (oxidizer side)
and gaseous n-dodecane with the same enthalpy as liquid n-dodecane at 363 K on the
fuel side, with a pressure of 60 atm. In these conditions, the most reactive mixture
(i.e., lowest second-stage ignition delay) is characterized by an equivalence ratio of
1.3 (with corresponding unburnt temperature of 812.7 K) which exhibits two distinct
ignition stages. This mixture is adopted in this study to elucidate the two-stage ignition
characteristics of n-dodecane-oxidizer mixture while having a pre-dominant influence
on Spray ignition and flame stabilization. The variation of Spray A with 21% O- in the

ambient will be considered for a few cases.

The approach taken to identify the flame reference speed is described by Krisman et
al. [95]. Figure 3.2a presents the steady-state flame lift-off position Ly (based on the
location of maximum heat release rate (HRR) during the first and the second stages)
as a function of inlet velocity Uj, for both unity Lewis number and mixture-averaged
(non-unity Lewis numbers) transport models. Figure 3.2b presents the derivative of L,
with respect to Uy, as a function of U;,. As proposed by Krisman et al., in the diagram
of the derivative dL;/dU;, vs. Ui, the inlet velocity at which the peak in dL;/dU;,
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FIGURE 3.2: (a) First and second-stage flame position for both unity and non-unity

Lewis number conditions with respect to the inflow velocity under laminar conditions.

(b) Flame position derivative with respect to Ui, vs. Ujy. (c) First and second-stage

flame thickness for both unity and non-unity Lewis number conditions, with respect to
the normalized inflow velocity under laminar conditions.

occurs corresponds to the laminar flame speed S7,. Note that the cool and hot flame
speeds are approximately equal for the present mixture. Accordingly, the expected
intrinsic deflagration speed can be verified from Fig. 3.2b. By referring to this figure, the
reference speed for unity Lewis number flames can be verified as approximately S; =
0.5 m/s, the same as the non-unity Lewis number flames. Additionally, non-unity Lewis
number laminar flame speed for LTC has the same value, while the unity Lewis number
flame speed for LTC has a value of 0.8 m/s. The laminar flame thickness [ (based
on maximum thermal gradient) is evaluated and depicted in Fig. 3.2¢c as a function of
normalized U;,. Generally, both cool and hot flames get thicker upon increasing the
inlet velocity, with the larger slope attributed to the hot flames. Note that for LTC, the
flame thickness during 0.8 < Uy, /S, < 1.8 drops slightly before rising back up again.

The difference in slope between LTC and HTC for large U;, in Fig. 3.2a and 3.2c is
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FIGURE 3.3: Laminar flame structure in physical space for (a) mass fraction of RO,
(b) mass fraction of OH, (c) mass fraction of formaldehyde, (d) fuel mass fraction, and
(e) temperature.

attributed to gas expansion across the cool flame. As fluid elements go through the cool

flame, they accelerate due to mass conservation and the decrease in density.

The double-stage structure of the current flames in physical space is provided in Fig. 3.3,

showing four laminar cases with different inflow velocities spanning from deflagrations
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to spontaneous ignition fronts. Note that cases with U;,, < S are deflagrations, and

U, > Sy, are spontaneous ignition fronts.

3.4 Turbulent flames setup

3.4.1 Flow configuration

The computational domain consists of a rectangular duct of length L, and square cross
section of width L, = L, = L, with L, > L (see Table 3.1). Inflow-outflow boundary
conditions are imposed in the streamwise direction (z-direction), with periodic bound-

ary conditions imposed in both the y- and z-directions.

forcing forcing
Y begins ends
b | ﬂ
i ICRE IR CEO R C R SN EYINE outlow
\ S0 B0 00 D" QQQQQQ —
0 al X

FIGURE 3.4: Canonical configuration of the turbulent flame simulations in presence
of the turbulence forcing (prior to reactive mixture (fuel/air) injection).

The flow is initialized with a non-reactive oxygen-nitrogen mixture, with the inflow
boundary conditions taken from a separate homogeneous isotropic turbulence simula-
tion with linear forcing. The simulation is run until the convected (and forced) turbulent
flow field is well developed. The configuration setup corresponding to the turbulent
simulations is depicted in Fig. 3.4 showing the initial turbulent flow field prior to fu-
el/air injection. At the far left side of the domain, the unburnt mixture is injected at
constant bulk velocity. Turbulent kinetic energy (TKE) is low (forcing magnitude is 0)
at both ends of the domain to avoid negative inlet velocities. Away from inlet and outlet
regions (at about 0.5L), turbulence is forced (forcing magnitude is increased to produce
the desired Re;) to maintain a constant TKE across the flame. After turbulence is fully
developed in the domain, at the beginning of the simulation, the reactive fuel-air mixture
(n-dodecane-oxygen-nitrogen) is injected at the inlet with the velocity boundary condi-
tions unchanged (time-varying turbulent flow field). The simulation is further run for
an adequate amount of time, well beyond the occurrence of ignition, until a statistically

steady state is reached. Data is acquired from the start of the reactive mixture injection,
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which corresponds to the zero residence time. Note that a similar initialization pro-
cedure was adopted for the laminar simulations presented in Section 3.3. This allows
systematic comparison of ignition delays between laminar and turbulent configurations.
As the turbulence naturally decays in the present configuration, turbulent kinetic energy

is maintained via the linear velocity forcing method described in [159, 163].

3.4.2 Simulation parameters

The simulations are set up in order to span both spontaneous ignition and deflagration
regimes. Based on the work of Savard ef al. [162], it is expected that sufficiently high
inflow velocity with low turbulent Reynolds number would lead to a turbulent spon-
taneous ignition front for both cool and hot flames, while higher Re; with sufficiently
low inflow velocity would lead to both cool and hot flames propagating upstream in
a deflagrative mode, and eventually attaching themselves to the inlet. Consequently,
in this section, a parametric sweep is designed to span the two regimes by altering in-
flow velocity, U;,, Reynolds number, ambient oxygen percentage, and integral length
scale, [. The effects of these parameters are later shown on flame ignition, stabiliza-
tion, and structure. Details of the physical and numerical parameters for a total of 19
turbulent cases are presented in Table 3.1. Inflow velocities span from U, /Sy, = 4 to
Uin/ S, = 16, and Reynolds numbers vary from Re; = 50 to Re; = 220. Two cases with
larger integral length scale are considered (I/Ir = 2) to elucidate the effects of integral
length scale in current conditions. Additionally, to assess the effect of oxygen level on
the flame reactivity and stabilization, three cases with Oy = 21% are considered. The
parameters utilized in Table 3.1 are defined in Section 2.4 and are set to expand across
the regime diagram shown in Fig. 2.6. Re;, Ka,, and Da are expressed asin 2.17, 2.18,
and 2.19, respectively. Eddy turnover time 7, is defined as 2.13. Moreover, 7 is the
second-stage ignition delay in a constant pressure homogeneous reactor, and ¢4 is the
total simulation time. Note that intermittent ignition was seen in some cases, therefore,
simulation time is relatively long (between 3 to 6 ignition delays), to make sure a statis-
tically-steady state is reached. The streamwise domain length is selected based on the
magnitude of inflow velocity to ensure both LTC and HTC reaction zones fall within

the domain.

A uniform grid spacing of at most 1 micron is maintained to ensure a minimum of

10 grid points across the thinnest reactive species layers [37, 166]. For case 4, with
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Case l/lF %Og Uin/SL U’/SL Kau Ret Da tend/Tt‘o tend/T LI/Ly I\Iz X Ny X Nz

1 1 15 4 5 39 50 0.036 182 7.3 6.4 832 x 130 x 130
2 1 15 4 13 142 120 0.016 388 6.6 6.4 832 x 130 x 130
3 1 15 4 18 269 180 0.010 658 7.3 6.4 832 x 130 x 130
4 1 15 6 24 351 220 0.008 346 3.2 10.0 1680 x 168 x 168
5 1 15 7 5 39 50 0.036 124 5 11.2 1456 x 130 x 130
6 1 15 7 13 142 120 0.016 260 4 11.2 1456 x 130 x 130
7 1 15 7 18 269 180 0.010 428 4.8 11.2 1456 x 130 x 130
8 1 15 10 5 39 50 0.036 107 43 16.0 2080 x 130 x 130
9 1 15 10 13 142 120 0.016 216 3.7 16.0 2080 x 130 x 130
10 1 15 10 18 269 180 0.010 349 39 16.0 2080 x 130 x 130
11 1 15 13 13 142 120 0.016 198 34 20.8 2704 x 130 x 130
12 1 15 13 18 269 180 0.010 317 3.5 20.8 2704 x 130 x 130
13 1 15 16 5 39 50 0.036 122 4.9 25.6 3328 x 130 x 130
14 1 15 16 18 269 180 0.010 372 4.2 25.6 3328 x 130 x 130
15 2 15 13 9 62 180 0.040 43 1.95 10.4 2704 x 260 x 260
16 2 15 16 9 62 180 0.040 36 1.7 16.0 4160 x 260 x 260
17 1 21 13 13 142 120 0.016 130 2.2 11.2 1456 x 130 x 130
18 1 21 13 13 142 120 0.016 197 33 16.0 2080 x 130 x 130
19 1 21 13 13 142 120 0.016 223 3.8 20.8 2704 x 130 x 130

TABLE 3.1: Turbulent simulation parameters.

the largest Reynolds number, the grid spacing is constrained by the resolution of all

turbulence length scales.

All laminar and turbulent flame simulations were ran on Niagara using Compute Canada

resources, amounting to approximately 5.4 million CPU-hours. The total simulation

cost is relatively high due to simulating various turbulent cases with high Ka where a

total of 1 billion grid points were used. Highest simulation cost was attributed to the two

cases with large integral length scale (I/lr = 2), totaling 460 million grid points across

the flame domain. Moreover, simulation times up to 650 turnover times (or 6.6 times

the OD ignition delay) per simulation were used to achieve statistically steady solution

for the purpose of post-processing and flame stabilization analysis.
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Results and discussion

Turbulent flame results are presented in this chapter. A qualitative presentation of the
time evolution of representative flames is presented in the first section. Then, the role of
turbulence on the flame stabilization is discussed including regime classification. Next,
an analysis of the flame ignition behavior is studied, followed by flame structure char-
acterisation and regime transition modeling. Section 4.5 contains a chemical explosive
mode analysis (CEMA) used to systemically support the conclusions of the previous
sections. In all the above sections, only the cases corresponding to the Spray A baseline
conditions (15% O- in the ambient gas) are considered. The effect of oxygen level in
the ambient gas is presented in Section 4.6. Finally, a discussion on the generality of

the results and modeling challenges/recommendations is provided.

Author’s contribution: The author performed all the post-processing leading to the
results presented here. This task involved parallel code development by the author. All
figures were obtained by the author. Finally, the author significantly contributed to the

analysis of the results.

4.1 Overview

Figures 4.1 and 4.2 present time sequences of contours of heat release rate (HRR) on 2D
slices of selected turbulent flames. A logarithmic colour scale is used to simultaneously
highlight both the LTC and HTC regions. HRR contour analysis is used mainly as
it lays out information for both cool and hot flames, and provides insights into flame

overall structure. The flow direction is from left to right. Time frames are chosen from
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FIGURE 4.1: 2D HRR contours corresponding to (a) Re; = 50, (b) Re; = 180, for

Uin/Sr, = 10, and (¢) Re; = 50, (d) Re; = 180, for U, /S, = 4. Numbers in white

on the right side of the contours represent time where 7 is the OD ignition delay equal

to 2.25 x 10™* s. The first contour in each case corresponds to the half of 0D ignition
delay (0.13 ms after injection), just prior to the first stage ignition delay.

just before first-stage ignition (at 7/1.7, or 0.13 ms after injection) until a statistically
steady state is reached. The HRR regions upstream of the domain correspond to LTC
(cool flame), and the ones downstream are due to HTC (hot flame). Cases 1, 3, 8, and
10 from Table. 3.1 are selected and compared in Fig. 4.1. For all these cases, consistent

with the 0D behavior, the cool flame ignites first, followed by HTC ignition. However,
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(b) l/lF = 1, Uin/SL = 16, Ret = 180.

FIGURE 4.2: 2D HRR contours corresponding to (a) [/l = 2, (b) [/l = 1, with

Uin/SL, = 16, Re; = 180. Numbers in white on the right side of the contours represent

time where 7 is the OD ignition delay equal to 2.25 x 10~%. The first contour in each

case corresponds to the half of OD ignition delay (0.13 ms after injection), just prior to
the first stage ignition delay.

the time elapsed between these two ignition stages varies greatly from case to case. A

quantitative evaluation of ignition delay is presented in Section 4.3.

For case 1 (Fig. 4.1a) both cool and hot flames stabilize away from the inlet suggesting
both are stabilized by spontaneous ignition, the respective propagation speeds match-
ing the incoming bulk velocity. Compared to Fig. 4.1b we see that a sufficiently high
turbulence intensity triggers the cool spontaneous ignition front to transition into a cool
deflagration, causing it to move upstream towards the inlet. This is while the hot flame,
still stabilized by spontaneous ignition, is pushed further downstream, effectively “split-
ting” the double cool-hot flame. As for case 3, illustrated in Fig. 4.1d, we observe that,
at sufficiently low inflow velocity, in a highly turbulent environment, both cool and
hot flames transition to deflagrations, propagating upstream and finally attaching to the

inlet.

The observed remarkable “split” of the cool-hot double flame under the sole effect of
turbulence has never been reported in the literature, to the best of the author’s knowl-

edge. The phenomenon can be explained using results from our recent work on laminar
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flames under similar thermochemical conditions [166]. Under such conditions, as a
cool spontaneous ignition front transitions to a deflagration, heat diffusion from the
cool flame products affects the chemical pathways, leading to a reduced reactivity in its
products, i.e., an increase in HTC ignition delay. In the present case, as HTC is stabi-
lized by spontaneous ignition, an increased ignition delay leads to the flame stabilizing
further downstream. The chemical explosive mode analysis presented in Section 4.5

will provide further support to this explanation.

Cases 14 and 16, which have the same U;,/S;, and Re;, but different integral length
scales, are compared in Fig. 4.2. The ignition and stabilization behaviors are qualita-
tively similar between the two cases. Quantitative comparison will be presented in the
next sections. The observation is consistent with the results of Savard et al. [162] ob-
tained for (single-stage) hydrogen combustion. Note that both LTC and HTC reaction
zones appear more distributed, or diffused, in the smaller integral length scale case.

This is a result of the larger Karlovitz number at fixed Re;.

lel2

1z =0.68
2.01 1 =0.76
1z =0.92
#lz=1.08
#r=1.16
tlr=3.48
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FIGURE 4.3: Flame evolution for case 8 from Table 3.1.

The HRR evolution in progress variable space, ¢ = Yy, +Yu,0+Yco+Yco,, is shown in
Fig. 4.3 for case 8 (U;, /S, = 10, Re; = 50). The color scheme evolves to a darker color
as simulation time increases. Each line is obtained from averaging HRR conditional on
local values of progress variable, c. The first (second) peak at low (high) ¢ values
corresponds to the cool (hot) flame. Following first-stage ignition, we first see a drop in
HRR magnitude in the cool flame region, followed by a smaller increase as the flame
reaches steady-state. For the hot flame, we see a sudden increase as the second-stage
ignition takes place, followed by a drop until the flame is stabilized in the steady-state

regime.
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4.2 Stabilization regime identification

To identify the propagation regime for each turbulent case, the time evolution of cool
and hot flame positions is presented in Fig. 4.4. The LTC (HTC) flame position is based

on the instantaneous position of maximum mass fraction of RO, (OH) in the domain.

For cool flames (Fig. 4.4a), the flame moves towards the inlet following first-stage ig-
nition (initial transient period), before a steady-state flame position is reached, after
approximately one to two 7. A clear separation in steady state lift off position between
the red and the green/blue cases is apparent. For cases in green or blue, the cool flame
propagates upstream until it attaches to the inlet, i.e., its propagation speed is limited
by the imposed boundary conditions at the inlet (refer to the contour sequence figures
in Appendix A for visualization). For these cases, the cool flame is deemed to have
transitioned to a deflagration. In contrast, for the cases in red, the cool flame reaches a
statistically steady position far downstream from the inlet, suggesting that its stabiliza-
tion is controlled by spontaneous ignition, the flame propagating exactly at the incoming

bulk mixture velocity.

=== LTC and HTC spont. ign. === LTC and HTC defl.
=== LTC defl.; HTC spont. ign.

tlt tlt
(a) LTC flame position (b) HTC flame position

FIGURE 4.4: Cool and hot flame positions normalized by L. Red: LTC and HTC spon-

taneous ignition fronts; green: LTC spontaneous ignition front and HTC deflagration;

blue: LTC and HTC deflagrations. The resolution in time is 2e-5 s, 1400 times larger
than the timestep size.

Similarly, Fig. 4.4b shows the position of hot flames as a function of time. A difference
in HTC steady state flame position between red/green and blue lines is readily identified.
For cases in blue, the hot flame has transitioned to a deflagration, its propagation speed
overcoming the bulk inflow velocity, while for cases in green and red, the hot flame is

stabilised by spontaneous ignition. For the cases in green the flame moves downstream
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FIGURE 4.5: Flame stabilization with respect to the inflow velocity and Reynolds

number. Red dots denote both first and second-stage spontaneous ignition; green dots

correspond to first-stage deflagration, second-stage spontaneous ignition; blue dots re-

fer to both first and second stage deflagration; red triangle shows the larger integral
length scale case.

before reaching its steady state position. This is due to the reduced reactivity of cool

deflagration products, as described in Section 4.1.

Note that the flame position for deflagrations does not exactly reach zero (inlet). This is
attributed to the following reasons. First, turbulent flame brushes are thick under strong
turbulence intensity (refer to Appendix A). Second, turbulence forcing starts at  ~ L,
such that deflagrations reaching this region see their propagation speed reduced. The
approach taken to identify the different regimes is consistent with that taken by Savard

et al. [162] for hydrogen flames.

To gather statistics for the analysis of turbulent deflagrations, Savard et al. [162] con-
sidered the upstream propagation period preceding the steady state “attached” period.
While this approach has the advantage of avoiding potential flame interaction with the
inlet boundary, in the present cases, the upstream propagation period is too short to
gather meaningful statistics. Hence, it is chosen to consider only the steady state pe-
riod to conduct the analysis in this section. Nevertheless, it was verified, as shown in

Appendix B, that heat loss to the inlet is negligible for all except one case (case 3).

With the stabilization regime identified for all cases, a diagram is constructed and shown
in Fig. 4.5. Transition of the flame stabilization from spontaneous ignition to deflagra-
tion is encountered essentially by lowering the inflow velocity or sufficiently increasing
the turbulent Reynolds number. In contrast, for large inflow velocity and small turbu-

lence intensity, the flame stabilization is identified as spontaneous ignition, controlled
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mostly by chemical reactions rather than diffusion. As discussed earlier, in particular
flow conditions it was observed that the cool flame deflagrates and attaches to the inlet,
while the hot flame is still burning as a spontaneous ignition front (green cases). The
higher propensity of cool flames to deflagrate, in contrast with hot flames, is attributed
to 1) the present thermochemical conditions (the laminar cool reference deflagration
speed is the same as that of the hot flame, while it is larger with the unity Lewis number
transport model') and 2) the decrease in turbulent Reynolds number across the flame

associated with the increase in kinematic viscosity.

In Fig. 4.5, two separate curves corresponding to the transition functions for LTC and
HTC are included. Here, the same model described by [162] shown in Eq. 2.32 is
employed to approximate the transition functions of the current two-staged ignition

flames. Rewriting this equation we have

Uin,trans

=1+ aRe}”. 4.1
ST,

Here, the transition function is fitted to both the transitions to LTC deflagration and
HTC deflagration separately. The value of « that provides the best fit is found to be 0.93
for LTC, and 0.41 for HTC transition functions, respectively.

4.3 Ignition

Figure 4.6 presents the ignition delays vs. transition function, with

Transition function = % (1 + aRe} / 2) , “4.2)
in
with @ = 0.93 for LTC and a = 0.41 for HTC (see previous section). If the transi-
tion function takes values greater (less) than unity, the flame is a deflagration (sponta-
neous ignition front). Turbulent flame results in Fig. 4.6 are compared to those obtained
from laminar flame simulations with both the unity Lewis number and mixture-averaged
transport models. First-stage ignition (LTC) is weakly affected across laminar and tur-
bulent cases with just a minor increase with increasing LTC transition function over the
range considered. In contrast, second-stage (HTC) ignition is significantly increased

with increased HTC transition function. The remarkable increase in the ignition delay

!Since turbulent mixing results in effective Lewis numbers to approach unity [9, 131, 158, 165] the
characteristics of laminar deflagrations in the unity Lewis number limit are likely to play a role in the
turbulent flames.
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FIGURE 4.6: First and second-stage ignition delay with respect to the normalized in-
flow velocity for both laminar and turbulent flames. LTC ignition delay is denoted by
triangles while HTC ignition delay is shown with circle symbols.

for the second-stage is likely to be a result of the reduction in LTC products’ reactiv-
ity with increasing relative importance of effective diffusion in the cool flame [166]
attributed to turbulent mixing. Strong turbulent mixing has been previously argued
theoretically [131, 158] and found numerically [6, 9, 99, 160, 165, 191] to be driving
effective Lewis numbers towards unity, i.e., effectively reducing the importance of dif-
ferential diffusion. The very good match between the unity Le laminar flame results
and the turbulent flame results is consistent with the concept of increased effective dif-
fusion through increased turbulent mixing. In addition, the match between turbulent and
laminar results for both HTC and LTC suggests that the transition function identified is
appropriate to model the increase in local ignition delay gradients (Eq. 2.32), associated

with increased importance of diffusion.

The ignition delay is nearly two and a half times the corresponding homogeneous re-
actor value at U;,/S;, = 4 and Re, = 180. Considering that the turbulent Reynolds
number in the Spray A experiment is of order 1000 [127], the present phenomenon may
contribute substantially to the Spray A flame ignition and stabilization behavior even
though the jet center-line velocity at the flame lift-off location is an order of magnitude

larger than the velocities considered here [37].

Finally, Fig. 4.6 indicates that integral length scale has a negligible effect on ignition
delay over the range considered here, as all cases covering both integral length scales

are included.
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4.4 Flame structure and regime transition mechanism

4.4.1 Quasi-steady flame structure in progress variable space

Figure 4.7 presents the conditional mean of mass fraction of important species in progress
variable space, with lines colored according to their propagation regime. LTC and HTC
spontaneous ignitions are shown with red; LTC deflagration and HTC spontaneous ig-
nition with green; LTC and HTC deflagrations denoted with blue. The laminar defla-
gration reference case (U, = 0.5 m/s) is provided with dashed black line to show the
deflagration limit in the absence of turbulence, while the 0D solution (pure spontaneous

ignition) is presented with a solid black line.
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FIGURE 4.7: Conditional mean of selected species mass fractions vs. progress variable
for all turbulent flames showing (a) Yro,, (b) Yon, and (¢) Ycm,0-

Figure 4.7a shows Ygro, structure with respect to the progress variable. It can be seen
that the laminar reference case is also a turning point for the propagation regime of

the LTC flames in the presence of turbulence. As the magnitude of Yo, drops lower
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FIGURE 4.8: (a) Conditional mean of HRR vs. progress variable for all turbulent
flames. Black dashed and solid lines denote laminar deflagration limit and OD ignition,
respectively. (b) First (LTC) and second (HTC) peaks obtained from (a) as a function of
the transition function. Circles and triangles are used for HTC and LTC, respectively.
Results from laminar flames with both transport models are added for comparison.

than that of laminar reference case, the LTC flames show characteristics of deflagration.
Figure 4.7b presents the mean OH mass fraction product of HTC conditioned on the
progress variable. As seen in this figure, the LTC and HTC deflagration cases match
well the laminar deflagration limit, case 3, associated with non-negligible heat loss at
the inlet, being an exception. Figure 4.7¢ presents formaldehyde CH,O mass fraction,
conditioned on the progress variable. Formaldehyde is an intermediate produced during
LTC and consumed in HTC. The cases with larger mass fractions show a spontaneous
ignition behaviour, and diffusion reduces the production of formaldehyde. It is worth
mentioning that the cases with fully deflagrative flame response have an altered struc-
ture in terms of Ycm,o and show a one-peak trend instead of a double peak structure.
This implies that the hot flame has caught up with the cool flame in these cases. We
can conclude that a similar effect of diffusion on cool flame and hot flames is encoun-
tered in all figures. It is evident that diffusion enabled by decreasing inflow velocity or
increasing the turbulence intensity, influences OH, RO, and CH,O mass fractions such

that lower values are encountered at more dominant diffusion-assisted combustion.

In addition to the qualitative analysis provided for HRR in Section 4.1, conditional mean
heat release rate with respect to the progress variable is depicted in Fig. 4.8a, illustrat-
ing both LTC (left peak) and HTC (right peak) heat releasing regions. First, regarding
LTC, a significant difference in HRR is exhibited between autoignitive and deflagrative

cases, with a significant drop in HRR value in the presence of higher diffusion. Second,
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for HTC, there is also a considerable change in HRR magnitude as the regime transi-
tion occurs. Furthermore, it is evident that the HRR from HTC peaks at lower progress
variable values for the cases with higher diffusion contribution. Also, turbulent defla-
grations all have a mean structure that is very close to that of laminar deflagrations, all

falling in the vicinity of the depicted dashed black line.

The HRR peaks are extracted from Fig. 4.8a and plotted in Fig. 4.8b against the re-
spective transition functions for LTC and HTC. The corresponding trends from laminar
flames (mixture average and unity Lewis number) are also provided. The color scheme
is the same as Fig. 4.8a for clarity. A significant drop in both LTC and HTC peak HRR is
observed as the transition function increases, in particular for LTC. A strong correlation
is exhibited between HRR peak and transition function, with the functional dependence

between the two matching that of laminar flames.

Overall, these results show that the propagation mode has substantial influence on the
flame structure of n-dodecane combustion at Spray A conditions. The same observation
was made for cool turbulent and laminar n-heptane/air [160] and laminar n-dodecane
flames [166]. In contrast, the study of Savard et al. [162] on hydrogen-vitiated air flames
showed negligible dependence of the flame structure of the propagation mode (with the
exception of HO, and HoO4 mass fractions). Modeling challenges, which are dependent

on the thermochemical conditions considered, will be discussed in Section 4.7.

4.4.2 Mechanism governing the transition from turbulent sponta-

neous ignition to turbulent deflagration

To investigate the effect of turbulence on regime transition, an approach similar to that

taken by Savard et al. [162] is followed in this section.

The density-weighted displacement speed of a progress variable iso-surface can be ex-
pressed as [61, 133]

Sa" = Sar" + San” + Sac” (4.3)

where Sq,", San", and Sq." correspond to the density-weighted displacement speed
components due to reaction, normal diffusion and curvature, respectively, and take the

following expressions:
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FIGURE 4.9: (a) Conditional mean displacement speed (S4*), (b) its reaction com-
ponent (Sq;"), (c) and its diffusion component (Sq ") with respect to the progress

variable.
w
Sqr' = ———o 4.4
ar = v (4.4)
1 0 Jc
n=——=—=—\pD— ), 4.
5 po|Ve| on (p an) *5)
D
A iy (4.6)
Po

Here, w. is the chemical source term of the progress variable, D is its diffusivity, n is a

coordinate normal to the local progress variable iso-surface, and its curvature is .

The conditional mean density-weighted displacement speed and its components nor-

malized with the laminar reference velocity in progress variable space are presented in
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Fig. 4.9 for all deflagration and autoignition cases. Overall displacement speed is de-
scribed in Fig. 4.9a, showing both cool and hot flames attached at displacement speeds
around that of the reference laminar speed (blue lines). This suggests a value lower
than 53, /Sp, would fall in the LTC and HTC deflagration mode regime. For displace-
ment speeds around 4 times the laminar reference speed, it is clearly observed that
both LTC and HTC flames are stabilized as spontaneous ignition fronts (red lines). For
displacement speeds in between these values, only the cool flame is attached (green
lines). Additionally, the highest displacement speed corresponds to the case with the
lowest contribution of diffusion. Furthermore, the mean displacement speed due to re-
action and diffusion are depicted in Figures 4.9b and 4.9c, respectively. The mean of
the component due to curvature is negligible, hence not shown (similar result obtained
with hydrogen flames [162]). In addition, the diffusion component is small compared
to the reaction component, particularly for spontaneous ignition cases. In other words,

Sa" ~ Sa," up to the transition to deflagration.

The reaction component of displacement speed is a function of the progress variable
source term and the magnitude of progress variable gradient. The conditional mean
magnitude of progress variable gradient is shown in progress variable space in Fig. 4.10b
and is compared to the laminar equivalent in Fig. 4.10a. Similarly, the conditional mean
of progress variable source term is presented in Fig. 4.10d, with the laminar equivalent
in Fig. 4.10c.

According to Fig. 4.10a, gradients in the HTC region are increased as the effect of
diffusion increases, eventually matching the laminar deflagration solution. In contrast,
in the LTC region, a non-monotonic variation is identified. An increase in gradients is
seen when the effect of diffusion is increased to some extent. After a certain threshold,
by adding diffusion, we see a drop in the gradients as the flame becomes deflagrative.

Similar behaviour is seen for the corresponding turbulent flames shown in Fig. 4.10b.

The observations in the HTC region are consistent with those of Savard et al. [162] for
hydrogen-vitiated air flames. For LTC, the decrease in Sj, observed across the tran-
sition to deflagration, is not attributed to an increase in |Vc¢|, but rather a decrease in
progress variable source term. This is seen in Fig. 4.10c for laminar, and in Fig. 4.10d
for turbulent flames. Accordingly, a considerable change is seen in the magnitude of w.
when more diffusion is introduced to the flame front. Figure 4.11 presents the evolution
of the peaks identified in Fig. 4.10a to 4.10d for both LTC and HTC. This figure sum-

marizes the mechanism through which the transition to deflagration occurs. For HTC,
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FIGURE 4.10: (a and b) Conditional mean magnitude of progress variable gradient

(|Ve|) normalized with the ratio of maximum of progress variable and reference flame

thickness vs. progress variable. (a) Laminar flames. (b) Turbulent flames. (c and d)

Conditional mean progress variable source term vs. progress variable. The reference

value used for normalization is the peak LTC progress variable source in the laminar
reference deflagration. (c) Laminar flames. (d) Turbulent flames.

the mean progress variable source term is relatively insensitive to the transition func-

tion, while the mean magnitude of progress variable gradient increases with transition

function, leading to the observed decrease in displacement speed. In contrast, for LTC,

the mean of progress variable gradient decreases with increasing transition function as

it crosses unity, while the mean progress variable source term decreases drastically. The

latter decrease explains the decrease in displacement speed also observed for LTC.
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FIGURE 4.11: Peak values for both LTC and HTC extracted from Fig. 4.10, vs. tran-

sition function. Reference values used for normalization are taken from the cool flame

of the reference laminar deflagration. Circle symbols denote HTC, while triangles in-
dicate LTC.

4.5 Chemical explosive mode analysis

Chemical explosive mode analysis (CEMA) [47, 89, 107, 111, 170, 197] was developed
based on the computational singular perturbation [89, 98] framework. With CEMA, the
chemistry and diffusion terms in the reactive scalar transport equations are projected
onto the fastest growing chemical explosive mode (CEM), i.e., the mode in state space
with the largest growth rate, in order to quantitatively compare the relative importance
of diffusion and chemistry. An arbitrary ratio of peak diffusion and chemical source
term magnitudes has often been used to determine the propagation regime in turbulent
ignition and lifted partially premixed flames [112, 202]. However, this ratio can be
at least an order of magnitude lower than unity in deflagrations propagating in a highly
reactive mixture [162]. In a recent study by Xu et al. [197], a more systematic technique
was proposed to distinguish between propagation modes in premixed flames. Using
1D laminar flames, the authors showed that the local ratio of diffusion to chemical
terms projected onto the fastest CEM consistently crosses unity in the preheat zone of
deflagrations, while it remains below unity in spontaneous ignition fronts. Extracting
the distribution of this ratio on an appropriately chosen iso-temperature surface within
the preheat zone was suggested to be a more appropriate approach to determine the
propagation mode in turbulent premixed flames. Savard et al. [165] used this approach
in 3D hydrogen-vitiated air premixed flames and found the distribution to be an accurate
proxy for the propagation mode, while Xu et al. [198] applied a similar analysis to

3D high Ka non-autoignitive n-dodecane flames. Consequently, in this section, this
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CEMA-based method is used in the context of the present, more complex, autoignitive

n-dodecane flames.

The derivation of Xu et al. [197] is provided. A transport equation for the chemical
source terms can be written as
Dw (Y) DY ow

b ey Tl Je=gy

4.7)

where w and s are the chemical and the non-chemical (here, molecular diffusion) source
terms, respectively. J,, is the chemical Jacobian, Y is a vector containing the species
mass fractions and temperature. We define \.., as the eigenvalue of J,, associated with

the most explosive mode which are related by
)\exp = beprwaIexpa (48)

where a.y, and b, are right and left eigenvectors associated with the most explosive
mode, respectively. If multiple CEMs exist, Aoy, denotes the eigenvalue of the fastest
explosive mode. If no CEM is present, Aep, refers to the least negative (real part) eigen-

value. By projecting Eq. 4.7 onto the left eigenvector (be,,) we obtain

Dw (Y
bexp : % - bexp : Jw(w + S) — )\eprexp : (w + 3) (49)
D, Dbexp .
Dt - )\expgbw + /\equbs + Dt w (Y) ) (410)

where the projected chemical (¢,,) and diffusion (¢4) source terms, and subsequently

their ratio (local combustion mode indicator) are defined as

¢w = bexp : wa ¢s = bexp * 8 (411)
a= % 4.12)

The last term in Eq. 4.10 relates to the rotation (in phase space) of the most explo-
sive mode. Its role in CEMA warrants further investigation, beyond the scope of this
thesis [197].

With the method proposed by Xu et al. [197] and used in [162], the authors introduced

Ty defined as the temperature at which ¢, becomes greater than ¢, in the deflagration
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FIGURE 4.12: The projected chemical (¢,,) term with solid black line, and diffusion

(¢s) term with dashed black line with respect to temperature (normalized with ¢, y14.)

are shown for (a) the laminar reference case, and (b) a spontaneous ignition case with

Uin/Sr, = 16. Theratio o = ¢)s/ ., is also shown in red for || < 1 (local autoignition

mode), and in green for a > 1 (local diffusion-assisted ignition mode). The blue

dashed line indicates the threshold temperature 7 1rc, and the purple dashed line
indicates the threshold temperature 7o grc.

limit. This method is extended to the present two-stage ignition flames. In that respect,
To1rc for cool flames and 7y yrc for hot flames are identified. The process used to
identified these temperatures includes calculation of « corresponding to the reference
laminar deflagration (U;,, = S), and subsequently, identifying the temperatures at the
point where o becomes greater than 1 within each of LTC and HTC regions, as shown
in Fig. 4.12. Evaluated at these temperatures, the value of « indicates the relative im-

portance of chemistry and diffusion in the ignition process for the cool and hot flames,
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FIGURE 4.14: Explosive mode vs progress variable.

respectively. This is defined as the following. For o« > 1 a diffusion-assisted or dom-
inant ignition mode is observed. A ratio between unity and minus unity denotes an
autoignition mode where chemistry plays a dominant role in ignition while diffusion
contributes less to the flame ignition, and lastly, o < —1 represent an extinction mode

where diffusion dominates and as a consequence reverses the ignition process.

Consistently, as shown in Fig. 4.13, o moves towards zero, i.e., the chemical source
term becomes dominant over the diffusion term as the inflow velocity increases. At
the conditions which a becomes smaller than 1, we encounter a autoignition mode
dominant flame while an « larger than 1, indicates a deflagration. Consistent results are

obtained with both transport models (unity Lewis number and mixture-averaged).

In the following, CEMA is applied to the turbulent flames. First, explosive modes

are analyzed to elucidate our understanding on the reactivity and explosiveness of the
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FIGURE 4.16: Minimum eigen value conditioned on temperature vs. transition func-
tion in the LTC region.

combustion regions for different flame conditions. Depicted in Fig. 4.14 is logarithmic
representation of the mean most explosive eigenvalue conditioned on progress vari-
able. According to this figure, the logarithmic scaled eigen-values conditioned on the
progress variable show a drop of most explosive mode growth rate just after LTC. This
observations shows the reduction in reactivity (explosiveness) of the mixture elements
after the first-stage occurrence. An interesting observation is that this drop in reactiv-
ity is more pronounced following deflagrative cool flames. In addition, contour plots
of Aexp for two representative cases are also added in Fig. 4.15. It can be seen that a
larger region with much smaller explosiveness is seen for the deflagration case com-
pared to the spontaneous ignition one. Furthermore, Fig. 4.16 shows the minimum of
Aexp (most explosive mode magnitude representing the mode with largest instantaneous
change) during the LTC for various cases, distinguished by their respective dominant
combustion modes, with respect to the LTC transition function. Note that these values
are in logarithmic scale, therefore the difference is considerable. A substantial drop in

the LTC product reactivity following transition to deflagration can be clearly seen. This
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FIGURE 4.17: 2D HRR contours corresponding to (a) Re; = 50, (b) Re; = 180, for
Uin/Sr, = 10, and (¢) Re; = 50, (d) Re; = 180, for Ui, /S1, = 4. 7 is the 0D ignition
delay equal to 2.25 x 10~%. The first contour in each case corresponds to the half of
0D ignition delay (0.13 ms after injection), just prior to the first stage ignition delay.
Red denotes autoignition mode; green is diffusion; blue indicates extinction mode.

result explains our previous observation in Section 4.3 where a delay in second-stage

ignition was seen as cool flames transitioned to deflagrations.

Second, distribution of « is investigated using the same approach used for laminar cal-
culations. Four different flames are considered in Fig. 4.17. The contours represent
the three combustion modes defined by the local value of « (autoignition, diffusion,
and extinction). The calculated reference temperatures, 7y rc and 7p yrc are used
in this section as iso-thermal surfaces to define the contribution pie chart for different
flames as shown on the right hand side of each figure. Conditional distribution of o on

these temperatures are shown on the left and right pie charts, indicating LTC and HTC
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FIGURE 4.18: Relative contribution of regime modes. Red denotes autoignition mode.
Green indicates diffusion-assisted mode. Blue represents extinction mode.

regime contribution, respectively. Note that data sets with Ao, < 0 are subjected to
a zero weight to dismiss non-valid results [107, 197]. Looking at Fig. 4.17a, we see
substantial contribution from autoignition throughout the domain, ranging from LTC to
HTC. As described in the previous section, this case is characterized by LTC and HTC
spontaneous ignition fronts. This can be further validated by considering the dominant
contribution of spontaneous ignition depicted in the regime charts. Next, Fig. 4.17b also
shows most of the mixture ahead of the HTC products evolves under spontaneous igni-
tion, although, both diffusion and extinction modes play an increasingly large role in the
LTC area. This indicates a flame with spontaneous ignition HTC while LTC deflagrat-
ing towards the inlet. Comparing these two cases, we witness that increased turbulence
positively increases both diffusion and extinction. Figures 4.17c¢ and 4.17d show HTC
deflagration is enabled by decreasing the inflow velocity. Higher Re; increases the ex-

tinction mode contribution, dominating autoignition even more.

To further specify the CEMA regimes, a period of statistically steady solution is se-
lected for the corresponding flames. The average of these statistics are presented to
show the relative contribution of the three combustion regime modes. This analysis
is applied to all the turbulent flames performed in the present study and the respective
regime diagram for LTC and HTC are shown in Fig. 4.18. First, we see that the incorpo-
rated transition functions are well correlated with contribution diagrams. By exploring
these plots, we understand that for both LTC and HTC, at Tj 1;rc and T yrc, respec-
tively, if autoignition is the dominant mode, then the global propagation mode will be
spontaneous ignition, while if extinction and diffusion are dominant over autoignition,

the overall regime would be controlled by deflagration. This implies that the criterion
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FIGURE 4.19: Relative contribution of local ignition, diffusion, and extinction modes

conditioned on Ty yrc for (a), (b), and (c), and Tj 1.rc for (d), (e), and (f). The contri-

butions are compared with respect to the appropriate transition function for HTC (top
three plots) and LTC (bottom three plots).

proposed by Savard et al. [162] can be extended to the present mixture in the present

study.

A more detailed assessment is provided by extracting and analysing the percentage of
autoignition, diffusion, and extinction contribution with respect to the transition func-
tion for both LTC and HTC as shown in Fig. 4.19. For both HTC and LTC the contribu-
tion from autoignition mode decreases with increased magnitude of the transition func-
tion (Fig. 4.19a and 4.19d. The correlation between the two quantities is particularly
strong for values of the transition function below unity, i.e., for spontaneous ignition
fronts. Diffusion (Fig. 4.19b and 4.19¢) and extinction (Fig. 4.19¢ and 4.19f) modes

show an opposite trend, but with a similar degree of correlation.

Savard et al. [162] found that the relative contribution of extinction mode was much
better correlated with Ka than Re; in hydrogen-vitiated air autoignitive flames. Here,
the opposite was observed, with the strongest correlation obtained with the transition
function. This discrepancy with previous work may be linked to the important drop in
heat release rate peaks (Fig. 4.8b), but it warrants further investigation in future work.

Note that Xu er al. [198] also found a strong increase in the contribution of extinction
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(a) 02 = 15%, Uin/SL = 13, Ret =120. (b) 02 = 15%, Uin/SL = 7,
Re; = 120.

(©) O3 = 21%, Un /Sy, = 13, Re; = 120. d) Oy = 21%, Uwn/S, = T,
Re, = 120.

FIGURE 4.20: 2D HRR contours corresponding to (a) O2 = 15%, (b) O = 21%,

with Uy, /Sy, = 7, Re; = 120. 7 is the OD ignition delay equal to 2.25 x 10~%. The

first contour in each case corresponds to the half of 0D ignition delay (0.13 ms after
injection), just prior to the first stage ignition delay.

mode with Ka in non-autoignitive n-dodecane flames, but correlations with Ka and

Re; were not compared.

4.6 Higher oxygen level cases

By changing the oxygen concentration in the ambient gas at Spray A conditions, LTC
and HTC reference flame speeds and ignition delays are altered, as previously noted [166].
It was identified that at higher oxygen concentration, HTC reference speed surpasses
that of LTC. Thus, a hot flame is expected to catch up with a cool flame as it transitions
to a deflagration. Note that this alteration in LTC and HTC flame speeds is true for the
Spray A flames and could differ for other fuel/air mixtures. In this section we assess
the role of oxygen concentration for the corresponding Spray A flames in presence of

turbulence.

In this section, three turbulent cases are considered with O, = 21% in the unburnt

mixture and the same conditions as described in Section 3.3. These cases were ran
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FIGURE 4.22: 21% O3 HRR conditional mean on progress variable.

with the same Reynolds number, Re; = 120, while with different inflow velocities of
Uin=3.5 m/s, 5 m/s, and 6.5 m/s. Contour plots of HRR are provided for the aforemen-
tioned turbulent cases in Fig. 4.20 and a comparison is made with the corresponding
Oy = 15% cases. By comparing Fig. 4.20a with Fig. 4.20c, it is seen that a higher
oxygen concentration brings the two LTC and HTC flames closer. Since LTC and HTC
are spontaneous ignition fronts for both flames, the difference is mainly attributed to
differences in first and second stage ignition delays. Upon reducing the inflow velocity
(Fig. 4.20b), the cool flame transitions to a deflagration in the 15% O, case, with the hot
flame pushed downstream. In contrast, in the 21% O, case (Fig 4.20d), the hot flame
transitions to a deflagration and overtakes the cool flame. All 21% cases are included in
the regime diagram presented in Fig. 4.5. For the 21% O, cases, no “split” between hot

and cool flames was observed.
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Turbulent ignition delay for the 21% O, cases are shown and compared to that of lam-
inar flames for the corresponding conditions in Fig. 4.21. Comparing LTC and HTC
turbulent ignition delay with laminar results we observe a non-negligible increase with

turbulence for both stages.

Furthermore, conditional mean of HRR for these flames is provided in Fig. 4.22. A
retarding effect upon transition is seen on the HTC HRR in progress variable space.
This is while the peak HRR is also reduced as more diffusion is introduced to the flame
front. This drop is more substantial in the LTC flames, as a large deviation is seen from
the laminar spontaneous ignition front case. As the flames transition in presence of

turbulence, their HRR reaches closer to that of the laminar reference deflagration case.

4.7 Discussion

The present quantitative and qualitative numerical results provide fundamental insights
on the ignition and flame stabilization of n-dodecane turbulent premixed flames at CIE
conditions. On one hand, some results obtained by Savard et al. [162] with hydrogen-
vitiated air flames were found to be applicable to the present thermochemical condi-
tions. First, the transition from spontaneous ignition to deflagration was attributed to
Re; and inflow velocity, with no independent influence of integral length scale. Second,
for the hot flame, the mechanism governing this transition is the increase in magnitude
of progress variable gradient under increased Re; or reduced inflow velocity. Third,
following the CEMA framework, the relative contribution of the autoignition mode was
found to correlate well with the identified transition function. On the other hand, sev-
eral new features were obtained. First, the transition to deflagration can occur in cool
flames, while a hot flame may be stabilized by spontaneous ignition. In such a case,
the hot flame is pushed downstream at baseline Spray A conditions (with equivalence
ratio of 1.3) due to the reduced reactivity in the products of a cool deflagration. Sec-
ond, the flame structure in phase space is strongly affected by the propagation mode for
the present thermochemical conditions. Third, the mechanism governing the transition
to deflagration in cool flames differs from that described above for hot flames. The
increase in ignition delay gradients (or reduction in displacement speed) is attributed
to a reduction in chemical source terms as the role of diffusion increases. Fourth, in
the CEMA framework, the relative importance of the extinction mode was found to
correlate with the transition function, rather than Karlovitz number [162]. Fifth, the ig-

nition delay was found to strongly increase with the transition function. Finally, it was
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shown that the above results are sensitive to oxygen level in the ambient gas at Spray A

conditions, with the HTC favoured as the level is increased.

In the context of LES or RANS applications, a turbulent combustion model should be
capable to capture the following turbulence chemistry interaction features identified in
this thesis: 1) the transition to deflagration for both cool and hot flames independently,
2) the decreased reactivity following a cool deflagration, and 3) the important drop in
chemical source terms in deflagrations, especially for LTC. The present results show
that in a fully premixed environment, a simple transition model correlates well with the
above features. In addition, it was found that a similar functional dependence on the
transition function is obtained between laminar and turbulent cases. This suggests that
a turbulent combustion model based on laminar flames (such as a flamelet generated
manifold [189]) or on REDIM (reaction-diffusion manifold [23]), if designed carefully,

may be appropriate to capture the desired model features listed above.

The present fundamental results are limited in their direct applicability by the fact that
purely premixed mixture conditions were considered. In many engine applications (in
particular CIEs), the fuel-ambient gas mixture burns in a partially premixed mode. Fur-
thermore, the mean flow field is generally much more complex than that investigated
here. Note that, while the transition function involves Re; and Uj,, a turbulent combus-
tion model mapping from a laminar combustion manifold may not necessarily require

these quantities.
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Conclusions and future work

5.1 Conclusions

A large series of three-dimensional simulations of turbulent premixed autoignitive n-
dodecane flames at CIE diesel conditions (ECN’s Spray A) were performed using DNS.
The role of turbulence on the flame ignition, stabilization, and structure was assessed in
order to distinguish turbulent spontaneous ignition fronts from turbulent deflagrations.
In that regard, a qualitative contour analysis followed by a quantitative analysis on the
turbulent flame position was conducted. A transition from spontaneous ignition to defla-
gration was encountered upon increasing turbulence. Consistent with previous studies,
the same transition was seen as inflow velocity decreased, while the integral length
scale showed very limited influence on the flame stabilization. Subsequently, stabiliza-
tion regimes were identified to construct a regime diagram. Interestingly, in particular
flow conditions, LTC transition occurred while the HTC ignition front was still main-
tained. At this point, by increasing diffusion to some extent, the HTC flame was pushed
further downstream. This phenomenon denoted as “split” of the cool-hot double flame,
was explained using results from our recent study under similar thermochemical con-
ditions [166]. As a cool spontaneous ignition front transitions to a deflagration, heat
diffusion from the cool flame products affects the chemical pathways, leading to a re-
duced reactivity in its products and increasing HTC ignition delay. As the ignition delay

is increased the flame stabilizes further downstream.

Ignition delay was presented in terms of the proposed transition functions. The results
highlighted the substantial effect of turbulence on HTC ignition delay. In contrast, LTC

ignition delay remained constant even at very high diffusion, i.e., low inflow velocity
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and/or high turbulence. Additionally, the results further suggested the limited effect of
integral length scale on the flame ignition. Ignition delay was shown to closely match
the transition function for both LTC and HTC.

The flame structure was shown to substantially alter upon transition and HRR peak
was shown to match the transition function for both stages, further approving the reli-
ability of the purposed model. Moreover, displacement speed analysis showed limited
influence from diffusion on the flame speed, while the reaction component played the
dominant role. Speed limits between regime modes separating both stage spontaneous

ignition from only LTC deflagration and both stage deflagration were identified.

For both laminar and turbulent flames, gradients in the HTC region were increased
following the increase of diffusion. In contrast in the LTC region, a non-monotonic
variation was identified. This was explained as HTC transition depends on increase
in |Vc| as corroborated in previous studies as well, while LTC transition is attributed
to decrease in the progress variable source term. Furthermore, the ratio of the progress
variable gradient and the source term of the progress variable was identified and defined

as the mechanism responsible for the flame transition.

Finally, CEMA was provided to first support the identified regime diagram by more pre-
cisely assessing autoignition, diffusion, and extinction contributions to the overall flame
structure and stabilization in quasi-steady state, and second, approve the incorporation

of the purposed transition functions for LTC and HTC.

5.2 Original contributions

One, the remarkable “split” of the cool-hot double flame under the sole effect of turbu-
lence was encountered as a new phenomenon in the ignition of two-staged flames under
CIE diesel autoignitive conditions. In such a case, the hot flame is pushed downstream

due to the reduced reactivity in the products of a cool deflagration.

Two, in the present thermochemical conditions (Spray A with equivalence ratio of 1.3),
the flame structure in phase space was found to be highly sensitive to the propagation

mode.

Three, a simple transition model was identified based on Re; and Uy, in the current fully

premixed environment. Moreover, a similar functional dependence on the transition
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function was obtained between laminar and turbulent cases. In particular, a negligible
dependence on integral length scales was seen. This suggests the applicability of a well
designed laminar-flame-based model in modelling of turbulent combustion under the

present conditions.
Four, the ignition delay was strongly increased with the rise of the transition function.

Five, the mechanism governing the transition to deflagration in cool flames was found
to be the reduction in chemical source terms due to increased diffusion (by increase in

Re; or reduction in Uy,).

Six, the relative contribution of the extinction mode correlated with the transition func-

tion, rather than K a number.

Seven, oxygen level in the ambient gas at Spray A conditions proved to alter the flame

behavior, with the HTC favoured as the level is increased.

To conclude, the findings discussed above led to a simple a priori model capable of
capturing the turbulence chemistry interaction features such as: 1) the transition to de-
flagration for both cool and hot flames, 2) the decreased reactivity as a consequence of
a cool deflagration, and 3) the drop in chemical source terms in deflagrations (mainly
important for LTC).

5.3 Recommendations for future work

This thesis addressed some of the fundamental concepts regarding the stabilization
mechanism and the effect of turbulence on the transition of turbulent premixed flames
at CIE conditions. However, the data sets obtained are rich and provide opportunities
for further exploration. The 3D simulations were very long and expensive to run and,
as such, were not further looked into for higher integral length scales and turbulent
Reynolds numbers. Therefore a target would be to run simulations for higher Reynolds
numbers to see more deflagrating HTC cases and also upscale the DNS by using higher
integral length scales. This could approve or disapprove the low effect of integral length

scale found on the current flames.

In the current conditions we used fully premixed configuration, while partially premixed

flames are found in practice but relatively more challenging to model. Describing the
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transition mechanism in two-stage Spray A flames under partially premixed conditions

would be another challenge to resolve.

In this study a simplified canonical configuration was used to provide fundamental un-
derstanding on flame stabilization, while more complex configurations can be used to
more accurately model real combustion chamber design and witness the effects of more
realistic boundary conditions. Although, this would be very expensive with the current
facilities and allocations, but hopefully in the near future it would be possible as the

capabilities of supercomputers increase.

The studied cases in this thesis fall in the region of the thin reaction zones regime. To
further assess the validity of the models and transition effects concluded in this study,
it would be interesting to perform simulations in the broken/distributed reaction zones
regime. This requires higher Ka, i.e. turbulence intensity, and subsequently, higher

computational cost.

For the thermochemical conditions, only oneequivalence ratio, and one unburnt mixture
temperature were considered. The analysis could be extended to mixtures with different

unburnt temperatures and possibly higher or lower equivalence ratios.
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Appendix A

Time sequences of heat release rate 2D

contours

All the contour plots mentioned in Table 3.1 are presented in this appendix. Figures A.1,
A2, A3, A4, A5, and A.6 are shown according to their respective inflow velocity
and each contain different Reynolds number cases as subfigures. Figure A.7 shows the
cases with [/l = 2. Figure A.8 depicts cases with 21% oxygen level in the ambient

gas.
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Appendix A Time sequences of heat release rate 2D contours

14 _,
@ Uwn/S. = 4, ®b) Un/SL = 4, ©) Un/SL = 4,
Rey = 50 (case 1). Re; = 120 (case 2). Re; = 180 (case 3).

3|
=

max

(d) Color scale (logarithmic), ranging from 10 to 12.5 log(Jm—3s~1).

FIGURE A.1: 2D HRR contours corresponding with properties of [/ip = 1, Oy =
15%, Uin/S1, = 4, showing (a) Re; = 50, (b) Re; = 120, (c) Re; = 180.

(@) Uin/SL, = 6, Re; = 220
(case 4).

FIGURE A.2: 2D HRR contours corresponding with properties of [/lp = 1, Oy =
15%, Uin/ S, = 6, and Re; = 220.
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Appendix A Time sequences of heat release rate 2D contours

(¢) Uin/SL = 7, Re; = 180 (case
7).

FIGURE A.3: 2D HRR contours corresponding with properties of [/lp = 1, Oy =
15%, Uin/S1, = 7, showing (a) Re; = 50, (b) Re; = 120, (¢) Re; = 180.
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Appendix A Time sequences of heat release rate 2D contours

(¢) Uin/SL = 10, Rey = 180 (case 10).

FIGURE A.4: 2D HRR contours corresponding with properties of [/lp = 1, Oy =
15%, Uin /S, = 10, showing (a) Re; = 50, (b) Re; = 120, (c) Re; = 180.

(b) Uin/Sr, = 13, Re; = 180 (case 12).

FIGURE A.5: 2D HRR contours corresponding with properties of [/lp = 1, Oy =
15%, Uin /S, = 13, showing (a) Re; = 120, (b) Re; = 180.
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Appendix A Time sequences of heat release rate 2D contours

(b) Uin /St = 16, Re; = 180 (case 14).

FIGURE A.6: 2D HRR contours corresponding with properties of [/l = 1, Oy =
15%, Ui /S, = 16, showing (a) Re; = 50, (b) Re; = 180.
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Appendix A Time sequences of heat release rate 2D contours

(b)l/lp =2,Uin /St = 16, Rey = 180 (case 16).

FIGURE A.7: 2D HRR contours corresponding with properties of [/lp = 2, Oy =
15%, showing (a) Ui, /S, = 13, Rey = 180, (b) Uiy /S, = 16, Re; = 180.
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Appendix A Time sequences of heat release rate 2D contours

(@) Uin/SL = 7, Re; = 120 (case (b) Uin/Sr = 10, Re; = 120 (case 18).
17).

.
(¢) Uin/SL = 13, Re; = 120 (case 19).

FIGURE A.8: 2D HRR contours corresponding with properties of [/l = 1, Oy =
21%, showing (a) Ui, /S = 7, Rey = 120, (b) Uin/Sr = 10, Rey = 120, (¢)
Uin/S1, = 13, Rey = 120.
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Appendix B

Enthalpy and heat loss

Enthalpy and the equivalent temperature loss for all the turbulent simulations are shown
in Figures B.1 and B.2, respectively. According to Fig. B.1, enthalpy reduces as the
effect of diffusion increases and the flame transitions. The equivalent temperature loss
(AT) in Fig. B.2 is calculated as the difference of the inlet and the outlet enthalpy
over the specific heat c,. Highest heat loss is seen for the case with the most diffusion
contribution (U;,/S, = 4, Re; = 180) with 5.5 K temperature loss. Heat loss for
the rest of the cases are fairly low, hence, verifying the integrity of the simulations.
Figure B.3 shows a comparison between enthalpy of the laminar reference case and
a laminar deflagration case to that of the turbulent cases, with respect to the distance
from the inlet. An interesting observation is that the turbulent case 3 (most deflagrative
turbulent case) from Table 3.1 is showing heat loss (blue line) while we have enthalpy
gain in the laminar most diffusive cases (purple line). This variation may be due to
a competition between heat loss through conduction and species diffusive flux (with
associated enthalpy) at the inlet. Nevertheless, the trends shown in the thesis match
well between turbulent and laminar cases which suggests that this flux of enthalpy at

the inlet may not have much impact.
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Appendix B Enthalpy and heat loss
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FIGURE B.2: Equivalent temperature loss for turbulent cases.
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FIGURE B.3: Comparison between enthalpy variations of turbulent cases and laminar.
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