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Abstract

The recent rapid climate change has led to a dramatic shift in the world's energy structure. There is a
clear need to introduce low- and zero-carbon fuels that have a small environmental impact (e.g., syngas, methane,
biofuels, hydrogen, and ammonia), in addition to efficient use of conventional fossil fuels. The objective of this
dissertation is to investigate fundamental characteristics regarding oxidation and reactivity of low- and zero-
carbon fuels in detail, and to identify the factors that control combustion phenomena, aiming at expanding the
possibilities of utilization of such new fuels in practical combustion applications.

In Chapter 3, the combustion properties of reformate gases produced in an in-cylinder fuel reforming
engine are investigated. First, combustion products from fuel reforming of a diesel component in an engine
cylinder are estimated by 0-D adiabatic transient engine simulations. Initial temperatures and equivalence ratios
are varied widely and their effects on reformate products are examined. Based on the simulated reformate
product composition, representative reformate gas components are selected: CO, H, and CH4. Composition of
CO/H./CH4 blends is varied widely, and its effects on reactivity of CO/H./CHa4/air mixtures are investigated
using weak flame responses in a micro flow reactor with a controlled temperature profile (MFR). The results
indicate that the reactivity of CO/H,/CHa/air mixtures is inhibited strongly as the CH4 fraction in fuel blends
increases. Chemical reaction analyses revealed that the OH radical consumption by CH4 becomes larger and that
by H, becomes smaller when the CH4 fraction increases. Since CH4 produces less reactive species such as CHs,
the mixture reactivity decreases as the CH, fraction increases.

In Chapter 4, the oxidation and reactivity of dimethyl ether (DME)/ammonia (NH3) mixtures are
investigated. Mixture composition and equivalence ratios of DME/NHs/air mixtures are varied, and their effects
on oxidation and reactivity of the mixtures are investigated. The results indicated that when the NHs fraction in
DME/NH; blends is increased to 15%, the reactivity of DME/NHs mixtures is enhanced compared to the neat
DME mixture. As the NHs fraction in DME/NH3; blends is increased further, the reactivity of DME/NH;
mixtures is decreased monotonically. It was found that low-to-intermediate temperature oxidation of DME
induces NHs; oxidation in the corresponding temperature region. The enhancement in the reactivity results from
active radical production from loop reactions of NO and NO», which are produced from NH; oxidation. However,
once the NH3 fraction increases further, NH; consumes more OH radicals and oxidation of hydrocarbon species
especially CO is inhibited, resulting in the decrease in the reactivity of DME/NH3; mixtures. When the
equivalence ratio is varied, almost no change in the reactivity is observed for the neat DME cases. However, the
mixture reactivity is greatly decreased as the equivalence ratio is increased when NHjs is blended with DME. It
was found that the mixture reactivity decreases as the equivalence ratio increases because other species than CO
(e.g., DME, CH-0, NH3 and Hy) consume more OH radicals due to high activation energy of CO.

In Chapter 5, the effects of high concentration of NO on oxidation and reactivity of CH/O2/Ar



mixtures are investigated. The NO concentration in the mixture is varied for NO/CH4 0.1-10%. The results
showed that the reactivity of CH4/O2/Ar mixtures can be enhanced as the NO concentrations increase up to
NO/CH4 1.0% but slightly inhibited for NO/CH4 10%. The radical sensitizing effects of NOx through looping
reactions of NO and NO; can promote the oxidation of CH,4 and the conversion of CH3 into CH30, realizing the
oxidation sequence CH;—CH3—CH30—CH,0—HCO—CO from the intermediate temperatures. When the NO
fraction is increased to NO/CH,4 10%, a chain-propagating reaction NO, + H = NO + OH and a chain-branching
reaction H + O2 = O + OH compete for H radicals. Consequently, active radical production is inhibited slightly
and the mixture reactivity is inhibited.

In Chapter 6, the characteristics of autoignition-assisted nonpremixed cool flames of diethyl ether
(DEE) are investigated. As a first step, the conditions under which autoignition-assisted cool flames of DEE are
observed are identified in the laminar counterflow flame experiment. As the fuel concentration decreases, the
low temperature ignition limit merges with the extinction limit of cool flames, resulting in the autoignition-
assisted cool flames. Under such conditions, the hysteresis between the cool flame and the unreactive mixture
disappears and a monotonic transition between the unburning mixture and the steady cool flame occurs. Based
the information from the laminar experiments, a turbulent autoignition-stabilized lifted cool flame of DEE/air
was successfully observed at 550 K in a Co-flow Axisymmetric Reactor-Assisted Turbulent (CARAT) burner. A
lift-off height scaling from a previous study of autoignition-stabilized laminar lifted flames is modified for this
study to H. ~ U mist?, Where zi is the first-stage ignition delay time in a homogeneous adiabatic reactor. A
chemical kinetic model, which showed the best predictions of the measured laminar cool flame limits, also

displayed the best correlation to the lift-off heights of turbulent cool flames.
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Chapter 1:

Introduction

Due to the rapid climate change in recent years, a quick and drastic shift away from
fossil fuels is required strongly in the global energy systems. The recent roadmap for the
global energy sector presented by the International Energy Agency (IEA) suggests that the
significant reduction of conventional fossil fuels such as oils, coals, natural gas is pivotal but
is not sufficient for the “Net Zero by 2050” scenario, which aims to achieve net zero
greenhouse gas (GHG) emissions by 2050 and to limit the rise in the global temperature to
1.5 °C [1]. In the roadmap, not only a rapid shift away from fossil fuels, but also the
introduction of low- and zero-carbon fuels, such as hydrogen, hydrogen-based fuels, synthetic
fuels, and biofuels, are required strongly.

In the global frameworks to reduce GHG emissions, as represented by the Kyoto
Protocol (1997) [2] and the Paris Agreement (2015) [3], the goals are set for individual
country. However, in the maritime industry, the GHG emissions regulatory standards are
determined independently by the International Maritime Organization (IMO). This is because
the nationality of vessels and that of operators are often different in the international shipping,
which is not compatible with the country-specific reduction measures of these regulations [4].
Over the last several decades, IMO has focused mainly on the prevention of marine and air

pollution caused by marine transportation based on the MARPOL protocol (1973/1978) [5],



the International Convention for the Prevention of Pollution from Ships. In the MALPOL

protocol annex VI (2005) [6], strict regulations for SOx, NOx and particulate matter

emissions from marine transportation had been adopted. In 2011, a chapter was added to the

protocol, which sets energy efficiency standards for newly developed vessels [7]. However,

these standards are not applied only to existing vessels. Surprisingly, the initial framework for

reducing GHG emissions from marine transportation was introduced by IMO in 2018 [8].

This is the first global strategy to tackle GHG emissions in the maritime industry. The strategy

sets three main goals: (1) 40% reduction in carbon intensity (i.e., CO2 emissions per transport

work) of international marine transportation by 2030 (compared to 2008), (2) 50% reduction

in the annual GHG emissions from international marine transportation by 2050 (compared to

2008), and (3) net zero GHG emissions from international shipping as soon as possible within

this century. However, any concrete global plans to achieve these goals have not been

proposed yet. Currently, individual countries are formulating more strategic plans to achieve

these goals. Very recently, a roadmap for achieving GHG emission goals, called “Shipping

Zero Emission Project”, has been proposed by Japan Ship Technology Research Association

(JSTRA) and Ministry of Land, Infrastructure, Transport and Tourism (MLIT) [4]. One of the

major strategies proposed in the roadmap is replacement of conventional oils used in the

maritime industry with low- or zero-carbon fuels including methane, hydrogen and ammonia

as alternative energy sources. There are two possible scenarios proposed [4]: (a) Fuel shift

from LNG to carbon-recycled methane and (b) Expansion of hydrogen and/or ammonia.
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Figure 1-1: Possible scenarios for GHG emissions and reduction. (a) Fuel shift from
LNG to carbon-recycled methane. (b) Expansion of hydrogen and/or ammonia [4].

Figure 1-1a presents the overview of GHG emissions in the scenario (a). This scenario

assumes a situation, in which LNG-fueled vessels are widely used but hydrogen- or ammonia-

fueled vessels are not because of insufficient fuel supply or infrastructure issues. LNG, carbon



recycled methane, and biofuels account for a vast part of reduction of GHG emissions in this

case. On the other hand, Fig. 1-1b represents the overview of GHG emissions in the scenario

(b). In this scenario, a situation is assumed, in which hydrogen- or ammonia-fueled vessels

are introduced more widely than LNG-fueled vessels. Hydrogen and ammonia account for

more part of reduction of GHG emissions than that in the scenario (a). In both scenarios, it is

apparently inevitable to replace conventional fossil fuels with new, low- and zero-carbon fuels

to reduce GHG emissions to a considerable degree. Moreover, the vast reduction of GHG

emissions is supported significantly by technical and operational improvements.

Based on the drastic transformation surrounding the energy and emission strategies in the

maritime industry over the last decade, this dissertation focuses on fundamental combustion

characteristics of low- and zero-carbon fuels including synthetic gas, methane, biofuels and

ammonia, aiming at expanding possibilities of use of such fuels in new and existing

combustion applications. More specific subjects are introduced in the following sections.

1.1 In-cylinder fuel reforming

In Chapter 3, combustion properties of reformate gases produced in an in-cylinder fuel

reforming engine are investigated. Since 2000s, soot and NOx emissions from international

shipping have been restricted strictly due to severe environmental pollutions. In conventional

diesel engines, since only air is compressed in the cylinder, the compression ratio can be

increased, and high thermal efficiency can be achieved. However, when fuel is injected into



compressed air in an engine cylinder, it takes some time to vaporize liquid fuels, and
autoignition may occur before mixing of a fuel and air is completed. The inhomogeneity of
mixtures causes a rapid local temperature rise, leading to production of NOx and soot. As a
major strategy to reduce NOx emissions, installation of DeNOx equipment using Selective
Catalytic Reduction (SCR) technique has been recommended [9,10]. However, SCR systems
are large usually and installation space could not be secured especially in small vessels. As a
solution to these problems, in-cylinder fuel reforming engines are contrived. This type of
engines utilizes liquid fuels and reduces soot and NOx emissions without having SCR
systems [11]. A conceptual image of an in-cylinder fuel reforming engine is presented in

Fig.1-2.

Reformate -
gas AIl'| | Exhaust
gas

Air

l @Fuel reforming i1 @Power output |

L cylinder i cylinder :

Figure 1-2: A conceptual image of in-cylinder fuel reforming engine.



In this engine, some cylinders are used for fuel reforming and the rests are used for power
output. In a reforming cylinder, a reformate gas mixture, which includes mainly CO and Hy, is
produced from partial oxidation of fuel/air mixtures under extremely fuel-rich conditions
through piston compression-expansion strokes. The produced reformate gas is then introduced
into an output cylinder with fresh air. Subsequently, combustion of the reformate gas/air
mixture takes place near stoichiometry to extract power output. The ¢-T diagram in Fig. 1-3,
first proposed by Kamimoto et al. [12], presents the soot/NOx formation regime on an
equivalence ratio-maximum temperature plane [13]. As shown in the ¢-T diagram, the
combustion condition of conventional diesel engines covers a large part of the soot and NOx
formation regime. In fuel reforming cylinders, the flame temperature is expected to be low
because of extremely fuel-rich conditions, which mitigates soot formation (regime @ in Fig.
1-3). In a power output cylinder, even near stoichiometry, a lower flame temperature
condition can be realized because of the dilution with N2, CO2, and H20 included in the
reformate gas (regime @ in Fig. 1-3). Therefore, in-cylinder fuel reforming engines can
realize low soot and NOx emission by controlling combustion conditions of each cylinder

without having any exhaust gas treatment systems.
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Figure 1-3: Combustion conditions of conventional diesel engines and in-cylinder fuel
reforming engines described on ¢-T diagram [12,13].

However, in fuel reforming engines, the composition of reformate products varies widely
depending on reforming conditions. The variation in reformate gas composition has been
reported in many practical applications such as biomass and coal reforming in stationary
power plants [14-16]. Especially in the fuel reforming in small reciprocating systems,
conditions such as pressure and temperature in a cylinder change greatly depending on
operating conditions, thereby changing composition of reformate gas significantly. Moreover,
the residence time for mixtures in an engine cylinder is limited to extremely short, which
results in incompletion of fuel reforming. As a result, reformate contains a large amount of
small hydrocarbons and diluents in addition to CO and H., the major components of

reformate gas called syngas. Subsequently, this results in wide variation in the reactivity of



reformate gas which is utilized in power output cylinders. However, reactivity of syngas

mixtures with small hydrocarbons and diluents has been investigated under limited conditions.

In Chapter 3, fuel reforming characteristics in an engine cylinder are first investigated using a

0-D adiabatic transient engine model. Then, reactivity of representative reformate gas

mixtures is examined using weak flame responses in a micro flow reactor with a controlled

temperature profile (MFR), which is introduced in Chapter 2.

1.2 Ammonia/hydrocarbon combustion

Not only in maritime industry, but in the whole Japanese industry, ammonia (NHs) has

been considered as a promising hydrogen energy source to reduce CO, emissions. Fuel NH3

has been selected as one of 14 representative sectors in “Green Growth Strategy Through

Achieving Carbon Neutrality in 2050 proposed by Japanese government [17] in 2020. NH3

contains no carbon atom in its molecule, and has high volumetric hydrogen density [18,19].

Actually, liquid NHs possesses high energy density that is 70% greater than that of liquid

hydrogen [18]. Recently, Kurata et al. first reported a demonstration of power generation

using a 50 kW class micro gas-turbine system powered solely by NHa/air combustion [20].

They used strong swirl flows and preheating to compensate for low reactivity and low burning

speed of NH3 and stabilize NHs/air flames in a gas turbine system. The combustion efficiency

of the NHs/air gas turbine system, which is defined as the ratio of the thermal efficiency of

NHa/air combustion normalized by that of the CHa/air combustion under same operating



conditions, reached 89-96%, reflecting a strong potential of NH3 to replace fossil fuels as an

alternative energy source.

To compensate for the low reactivity and low burning speed of NHs as a fuel, blending

NHz with fuels that are more reactive has been considered. Combustion properties of NH3/H>

blends have been investigated extensively during the last decade [21-27]. Many researchers

have confirmed that H> addition can improve combustion properties of NHs dramatically,

particularly in terms of ignition delay times [22,24,25] and of laminar burning velocity

[21,23,26,27] at various temperatures, pressures, and fuel blend ratios. To expand

opportunities for the practical use of NH3 in existing combustion systems, fuel reactivity must

be controlled flexibly to correspond to widely various power outputs. In this regard,

researchers have started working on NHz blending with various hydrocarbon fuels [28-35].

From a rapid compression machine (RCM) experiment, Yu et al. reported ignition delay times

of n-heptane/NHz mixtures [34]. Their results demonstrated that ignition delay times of n-

heptane increased greatly as the NHz fractions in fuel blends increased, and especially

demonstrated that NHs altered the low temperature reactivity of n-heptane. However,

comparisons between their experimentally obtained results and numerical predictions showed

large discrepancies. They concluded that the model predictions must be improved further to

reproduce the measured ignition delay times quantitatively. Dai et al. recently assessed CH4

[32] and DME [35] as an additive to NHs. They measured ignition delay times of CH4/NH3

and DME/NH3 mixtures in RCM experiments at high pressures. Their results indicated that,



even with very small fractions of CHs or DME (approx. 5%), reactivity of CH4/NH3 and

DME/NH3 mixtures is enhanced dramatically compared to neat NH3 mixtures. They pointed

out that, for both CH4/NH3 and DME/NH3 mixtures, interaction between hydrocarbons and

NHzs-related species strongly affects the early stage of fuel oxidation. Moreover, for

DME/NH3 mixtures, reactive species generated from the early-stage DME oxidation

accelerate NHz oxidation. They emphasized the importance of understanding interaction

between hydrocarbons and NHz-related species, especially at low-to-intermediate

temperatures, during the early stage of hydrocarbon oxidation occurs.

Despite intensive investigations on hydrocarbon/NHs mixture combustion,

information related to the oxidation and reactivity of hydrocarbon/NHz mixtures remains

inadequate. In Chapter 4, effects of mixture composition and equivalence ratios on the

oxidation and reactivity of DME/NH3z mixtures. Chemical reaction analyses based on

experimental information and numerical simulation are conducted, particularly addressing

chemical interactions between hydrocarbons and NHz-related species.

1.3 Effects of nitric oxide on hydrocarbon oxidation

As mentioned in the previous section, NHz combustion has a great potential to contribute

to zero CO2 emissions because of its carbon-free nature. However, large amounts of NOx

produced from NHsz combustion have remained as one of challenges to overcome [18,36] in

NH3z combustion. In several studies, extremely high NO emissions with around 4000 volume
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ppm from NH3/CHs combustion have been reported [37-39]. Since NO has considerable

effects on environmental pollutions, NO with such high concentration has to be processed

properly and effectively. In conventional internal combustion engines, the exhaust gas

recirculation (EGR) technique is introduced widely. EGR is introducing a part of exhaust

gases to a fresh fuel/air mixture before combustion. With EGR, the maximum gas temperature

decreases due to high specific heat capacities of exhaust gases. Lower combustion

temperatures decrease heat loss to cylinder walls, resulting in higher thermal efficiency.

Moreover, lower combustion temperatures suppress the production of thermal NO. EGR also

can contribute to control ignition timings in internal combustion engines such as diesel

engines and homogeneous charge compression ignition (HCCI) engines [40]. Chemically

active species as NOx in exhaust gases play an important role in the ignition control of

internal combustion engines. The sensitization by NO of oxidation of various fuels have been

intensively investigated [41-48]. The sensitization of fuel oxidation results essentially from

looping reactions of NO and NO>. The destruction of hydrocarbon fuels is promoted by OH

radicals produced from the interaction between NO/NO2 and the H>-O. system. Furthermore,

intermediate hydrocarbon species also react with NO/NO2, and overall oxidation process can

be promoted. Dagaut et al. investigated effects of NO on the oxidation of natural gas

components in JSR at 10 atm [47]. They pointed out that CH3O2 plays an important role at

low pressure and low temperatures. Rasmussen et al. expanded the pressure conditions up to

100 atm and considered the sensitizing effects of NO on the CH4 oxidation in the flow reactor
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experiment [45]. Their results revealed that CH3sNO: has effects to inhibit the oxidation of

fuel at extremely high-pressure conditions. Recently, Song et al. investigated the sensitizing

effects of NO and NO- on the oxidation of CH4 in JSR experiments [43]. The results showed

that HONO, an intermediate species from NO—NO> looping reactions, also can enhance the

sensitization of CH4 oxidations by producing OH radicals especially at low temperatures.

However, these studies concentrated on conditions with limited NO concentrations (up to

1000 ppm in test mixtures). As mentioned earlier, in some practical applications such as

NHa/hydrocarbon combustion and NO reburning techniques, NO concentration in a reaction

zone is expected to be much higher [37-39]. However, effects of high concentration NO on

hydrocarbon oxidation have not been investigated well. Motivated by these facts, Chapter 5

focuses on the effects of high concentration NO on oxidation and reactivity of hydrocarbons.

1.4 Autoignition-assisted cool flames

Ignition control is a critically important factor for the efficient engine operation especially

for conventional diesel engines and homogeneous charge compression ignition (HCCI)

engines, in which ignition timing is dominated by mixture reactivity. In diesel engines, for

example, autoignition and autoignition-assisted flame propagation are the dominant events

within the combustion process [49]. Specifically, for diesel fuels, autoignition events are

initiated by first-stage ignition and subsequent transition to a cool flame. The cool flame then

propagates across unburned mixtures from a lean side to a rich side [50]. Subsequently,
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second-stage (hot) ignition occurs in locally-rich mixtures, that eventually transition into

turbulent hot flames that propagate back from the rich mixture to the location of the

stoichiometric contour [50-52]. Since these events often occur under turbulent conditions and

at high autoignition Damkdhler numbers, the interaction of turbulence with autoigniting cool

flames should be further investigated [51,53-56]. Recently, Zhang et al. [57] pointed out that

flame structure and flame propagation speed of cool flames can change dramatically

depending on autoignition Damkdohler numbers, which are defined as the ratio between the

flow residence time and the chemical reaction time, i.e., the first-stage ignition delay time for

cool flames (or the total ignition delay time for hot flames). However, the majority of cool

flame experimental studies were conducted with laminar flames at low autoignition

Damkohler numbers in which flame stabilization and autoignition are decoupled [58-60].

Few experiments have been conducted to understand flame transition from cool flames to hot

flames and/or behavior of autoignition-assisted turbulent cool flames. The absence of such

experiments under both laminar and turbulent conditions leaves a gap in understanding the

role of autoignition in cool flame stabilization.

Recently, Novoselov et al. experimentally and computationally investigated the

interaction between dimethyl ether cool flames and turbulence in a nonpremixed turbulent jet

flow at a low autoignition Damkdhler number [61]. The results revealed that the flame

stabilization location was very sensitive to the burner exit temperatures. As a result, the

numerical simulations were difficult to compare directly with the measurements due to the
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large uncertainty in the burner exit temperatures. On the other hand, the stabilization of

autoignition-assisted flames is primarily controlled by chemical kinetics, in which the

stabilization mechanism is dictated by the balance between heat loss and heat generation due

to autoignition. In this regard, chemical kinetic models which give better predictions of

characteristics of autoignition-assisted flames are required strongly. Therefore, there is a clear

need to study low-temperature autoignition-assisted flames to understand flame stabilization

mechanisms at high autoignition Damkdhler numbers, and also to validate existing chemical

kinetic models. In Chapter 6, the flame stabilization and flame transition of autoignition-

assisted nonpremixed cool flames of diethyl ether (DEE) are investigated. Firstly, the

autoignition and extinction limits of laminar nonpremixed cool flames are examined in a

counterflow burner configuration. Based on the information obtained in the laminar flame

measurements, turbulent nonpremixed cool flames are established by using a Co-flow

Axisymmetric Reactor-Assisted Turbulent (CARAT) burner. Finally, a correlation between the

lift-off heights of turbulent cool flames and the first-stage ignition delay times is examined.

1.5 Outlines of the dissertation

Motivated by backgrounds mentioned in the earlier sections, this dissertation investigates

oxidation and reactivity of various low carbon fuels including small hydrocarbons, biofuels,

and ammonia in terms of combustion chemistry and flame dynamics. The principal objectives

are as follows:

14



1. To estimate combustion products from in-cylinder fuel reforming of large

hydrocarbons and to evaluate reactivity of the representative reformate gases.

2. To investigate detail oxidation and reactivity of biofuel/ammonia mixtures,

especially paying attention to interactions between hydrocarbon and NHs at low-to-

intermediate temperatures.

3. To clarify effects of high concentration NO on hydrocarbon oxidation and reactivity.

4. To investigate characteristics of autoignition-assisted cool flames under both laminar

and turbulent conditions.

This dissertation comprises seven chapters. In Chapter 1. The background and objectives

of this dissertation are presented. Experimental platforms employed in this dissertation (i.e., a

micro flow reactor with a controlled temperature profile (MFR), a laminar counter flow

burner, and a Co-flow Axisymmetric Reactor-Assisted Turbulent (CARAT) burner) are

introduced in Chapter 2. In Chapter 3, the in-cylinder fuel reforming concept is considered.

Reformate products from partial oxidation of a hydrocarbon fuel in an engine cylinder are

estimated based on a 0-D adiabatic transient computation. Representative reformate products

under realistic engine operation conditions are identified. Reactivity changes depending on

reformate gas composition are evaluated based on weak flame responses in MFR. Chapter 3

has been adapted from the following publication [62]: Yuki Murakami, Hisashi Nakamura,

Takuya Tezuka, Go Asai, Kaoru Maruta, “Reactivity of CO/H,/CHa/air Mixtures derived from
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In-cylinder Fuel Reformation Examined by a Micro Flow Reactor with a Controlled

Temperature Profile”, Combustion Science and Technology, Vol.193, No.2 : 266-279 (2021).

In Chapter 4, effects of fuel blending ratios and equivalence ratios on oxidation and

reactivity of dimethyl ether (DME)/ammonia (NHs) mixtures are investigated. Mixture

composition and equivalence ratios of DME/NHza/air mixtures are varied as parameters, and

the effects of these parameters on oxidation and reactivity of the mixtures are investigated

based on weak flame responses in MFR. Chapter 4 has been adapted from the following

publication [63]: Yuki Murakami, Hisashi Nakamura, Takuya Tezuka, Kenji Hiraoka, Kaoru

Maruta, “Effects of mixture composition on oxidation and reactivity of DME/NHzs/air

mixtures examined by a micro flow reactor with a controlled temperature profile”,

Combustion and Flame, Vol. 238, 111911 (2022).

In Chapter 5, effects of high concentration NO on methane oxidation are investigated.

NO concentration in CH4/O2/Ar mixtures is varied widely, and changes in mixture oxidation

and reactivity are evaluated with weak flame responses in MFR.

In Chapter 6, characteristics of autoignition-assisted cool flames of a biofuel are

investigated under laminar and turbulent conditions. A counterflow burner for laminar

experiment and a Co-flow Axisymmetric Reactor-Assisted Turbulent (CARAT) burner for

turbulent experiment are employed. The work of Chapter 6 was conducted under the

supervision by Professor Yiguang Ju in Princeton University. Chapter 6 has been adapted

from the following publication [64]: Yuki Murakami, Christopher B. Reuter, Omar R. Yehia,
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Yiguang Ju, “Studies of autoignition-assisted nonpremixed cool flames”, Proceedings of the

Combustion Institute, Vol. 38, Issue 2:2333-2340 (2021).

Finally, the conclusions of this dissertation are presented in the Chapter 7.
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Chapter 2:

Experimental platforms

2.1 Micro flow reactor with a controlled temperature profile (MFR)
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Figure 2-1: Schematic of a micro flow reactor with a controlled temperature profile.

To investigate oxidation and reactivity of given fuels effectively, a micro flow reactor

with a controlled temperature profile (MFR) is used in several chapters of this dissertation

(Chapter 3, 4, 5). MFR was first introduced by Maruta et al. in 2005 [65] to investigate flame

dynamics in a heated micro channel. A schematic of the MFR system is presented in Fig. 2-1.

The system comprises a quartz tube and an external heat source (e.g., a burner flame or an

electric heater). The inner diameter of the quartz tube is smaller than the ordinary diameter of

given fuels. A stationary wall temperature profile is formed along the quartz tube by the

external heat source. Once a mixture of a given fuel and an oxidizer is introduced into the
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reactor, oxidation of fuel proceeds as the wall temperature increases in the flow direction.
From the past studies using MFR, it was confirmed that there exist three types of different
flame responses depending on inlet flow velocity of a mixture, which will be introduced in the

following section.

2.1.1 Flame responses in MFR

(a) (b) DME/air flames in MFR
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k3]
o
g (Inlet flow velocity: 50 cm/s)
=
k) v
= —— : A Ignition points 8--rx
ko) Extinction points . of FREI i
2 ERE R & Du FREI regime
- ¥ A \43
A [a]
A Inlet fl locity: 2
A A A AAA‘E,gl:F’d: {(ne ow velocity: 20 cm/s)
v Weak flame regime

Location | Stable solution |

(Inlet flow velocity: 2 cm/s)

Figure 2-2: Flame responses observed in MFR [66,67].

Figure 2-2a presents the general relation between flame locations and inlet flow velocity
(indicated with solid/dotted lines) obtained by a theoretical analysis for the MFR system [66].
Additionally, examples of the flame images of corresponding flame responses for
stoichiometric dimethyl ether (DME)/air mixtures [67] are shown in Fig. 2-2b. The vertical
axis of Fig. 2-2a is inlet flow velocity and the horizontal axis is spatial locations in MFR.
Analytical solution (equivalent to flame location) shows a S-shaped curve which has three
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branches. The solid lines correspond to stable solutions and the dotted line represents unstable

solutions. The upper stable branch corresponds to normal flames. The middle branch indicated

by a dotted line is unstable solution, in which FREI (Flames with Repetitive Extinction and

Ignition [65]) phenomena are observed experimentally at this intermediate flow velocity.

FREI are a cyclic phenomenon involving autoignition, autoignition front propagation and

flame extinction. Under FREI conditions, autoignition of mixtures occurs first at a high

temperature region in MFR. Then a reaction front (or an ignition kernel) propagates upstream

and extinguishes at a low temperature region due to increasing heat loss. A low-velocity

branch indicated by a solid line corresponds to weak flame. Ignition (square symbols) and

extinction positions (triangle symbols) of FREI are also indicated in the figure. Ignition points

of FREI are smoothly connected to the weak flame branch. Those points and weak flame

branch are equivalent to the ignition branch of the Fendell curve [68]. Weak flames indicate

“ignition-related property of given mixture” although it is steady unconventional flame

[67,69-71].

2.1.2 Weak flames in MFR

In the weak flame regime, the local gas temperature increase by heat generation from

combustion chemical reactions is extremely small (around 10-20 K) because of small

chemical enthalpy input (less than 1 W, in general). Note that wall temperature profile in flow

direction is maintained by an external heat source. By having a tube with a diameter below
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ordinary quenching diameters, the gas-phase temperatures are strongly governed by the wall

temperatures defined by an external heat source, particularly at low inlet flow velocity.

Therefore, the temperature of a weak flame is close to the local wall temperature and overall

thermal runaway is suppressed. In general, ordinary ignition phenomena are observed as

transient phenomena with radical pool growth and subsequent thermal runaway. On the

contrary for weak flames in MFR, chemical reactions occurring in ignition phenomena is

reproduced as steady solution in the form of steady “weak flames”. For such low flow

velocity where weak flames are observed, flow velocity is almost insensitive to weak flame

locations [67,71,72].

Cool Blue Hot

Flm 700 800 900 1000 1100 1200
direction Wall temperature [K]

Figure 2-3: Weak flame of stoichiometric n-heptane/air mixtures at inlet flow velocity of
1.2 cm/s [70].

Another characteristic feature of weak flames is that a weak flame of a given fuel

with multi-stage oxidation simultaneously appears as three separated weak reaction zones.

The weak flame of a stoichiometric n-heptane/air mixture is presented in Fig. 2-3 [70]. Three

chemiluminescence zones are observed at temperatures of 700-850 K, 950-1100 K and 1100—
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1150 K. Speciation profiles for a stoichiometric n-heptane/air weak flame are presented in Fig.

2-4.
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Figure 2-4: Measured species profiles of the stoichiometric n-heptane/air weak flame at
atmospheric pressure and inlet flow velocity of 2.5 cm/s [69].

In typical transient multi-stage ignition, low-temperature oxidation is characterized
by the formation of CH20. As seen in Fig. 2-4, CH2O is produced from 600-700 K. This
reaction zone is called “cool flame”. CH20 is then consumed in the early stage of high-
temperature reaction at around 900-1000 K and the large amount of CO is formed. This
reaction zone is called “blue flame”. The term “blue flame” has been used since 1940s (e.g.,
the work by Topps and Townend [73]) to distinguish it from cool and hot flames. Finally, CO
and other unburned species are completely oxidized to CO> at around 1000-1100 K. This
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reaction zone is called “hot flame”. In summary, respective reaction zones are termed as

follows: “cool flame” for the initial oxidation of fuel and the production of CH20, “blue flame”

for the oxidation from CH2O to CO and ‘“hot flame” for the oxidation from CO to CO»>. It is

also interesting to note that “blue flame” is recently termed as “warm flame” [56], as this

reaction zone locates in between “cool flame “ and “hot flame”. The first, second and third

chemiluminescence zones observed in the weak flame in Fig. 2-3 correspond to cool, blue,

and hot flames, respectively.

Additionally, locations of three reaction zones of weak flames could be used as a

measure of reactivity of given fuels. As an example, weak flame images of fuels with different

research octane numbers (RONs) are presented in Fig. 2-5 [70]. Two or three

chemiluminescence zones appear in the flow direction, corresponding to cool, blue and hot

flames from the low temperature side. As seen in Fig. 2-5, hot flames shift to the higher

temperature side as the RON increases. This trend indicates that weak flames of fuels with

lower and higher reactivity locate in at higher and lower temperature regions in the reactor. In

Fig. 2-5, the difference in mixture reactivity between RON 0 and 100 appears as a 40 K

difference in wall temperatures at hot flame locations. Figure 2-6 presents weak flames of

fuels with different cetane numbers (CNs) [74]. In this case, the difference in mixture

reactivity between CN 100 and 15 appears as a 20 K difference in wall temperatures at hot

flame locations. These features of weak flames realizes the evaluation of reactivity of not only

conventional hydrocarbons [67,70,71,74,75] but also ammonia [76] and hydrofluorocarbons
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[77,78]. In Chapter 3, 4 and 5, reactivity of different test mixtures is evaluated relying on

weak flame locations in MFR.
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Figure 2-5: Weak flames of fuels with different RONs (Research Octane Numbers) [70].
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Figure 2-6: Weak flames of fuels with different CNs (Cetane Numbers) [74].
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2.2 Counterflow burner

In Chapter 6, an atmospheric laminar counterflow burner is utilized to investigate
characteristics of cool flames under laminar conditions. The structure of the counterflow
burner is depicted in Fig. 2-7. The exit diameter (D) of both the top and bottom burner nozzles
is 13 mm. Each nozzle is surrounded by a co-flow channel in which heated nitrogen flows.
The burner separation distance (L) is kept at 22.5 mm throughout all measurements. A global

strain rate (a) is conventionally defined as follows [79]:

a=2 (%) (1 + L’;FTJZ__Z) (2.1)

where U, and Ur are the respective velocities of the oxidizer and fuel flows at nozzle exits, po
and pr are the densities of the oxidizer and fuel flows at nozzle exits, and L is the burner
nozzle separation distance. When the two streams are momentum balanced, the global strain

rate is simply expressed as follows:

_ 4U,

a=— (2.2)

A fuel/nitrogen mixture is expelled out of the upper burner nozzle and meets the
heated air flow from the bottom nozzle. Both the upper and lower nozzles are surrounded by
nitrogen co-flows. In Chapter 6, all the flows are heated to 550 K at the nozzle exits, unless
otherwise stated. The temperatures of the flow at the nozzle exits are maintained within £5 K
using PID control. Since the cool flame chemiluminescence is quite dim, an unfiltered ICCD
camera (Princeton Instruments, PI-MAX 4) is used to monitor the cool flame
chemiluminescence.
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Figure 2-7: Schematic of the structure of the counterflow burner.

2.3 Co-flow Axisymmetric Reactor-Assisted Turbulent (CARAT) burner

In Chapter 6, cool flame characteristics under turbulent conditions are also

investigated. To stabilize turbulent cool flames at well-defined boundary conditions, the Co-

flow Axisymmetric Reactor-Assisted Turbulent (CARAT) burner [61] is employed. The

CARAT burner is an upgraded version of the Reactor-Assisted Turbulent Slot (RATS) burner.

The structure of CARAT burner is depicted in Fig. 2-8. The CARAT burner has three flows:

an inner (main) fuel flow, a pilot flow, and a co-flow. The inner fuel channel has a diameter of

1.5 c¢cm. The pilot flow passes through a small annulus which has a width of 0.2 cm

surrounding the main nozzle. A large exterior channel with a width of 3.8 cm contains the co-

flow. The heated co-flow passes through a ceramic honeycomb mesh, which allows for flow

laminarization and the specification of well-defined boundary conditions.

26



CH,O PLIF

Main flow (Fuel/N.)

I
| Pilot flow (Air)
i f — Co-flow (Air)

EE I ‘h Ceramic

Honeycomb mesh

l
i \ Turbulence generating grid

Figure 2-8: Schematic of the Co-flow Axisymmetric Reactor-Assisted Turbulent
(CARAT) burner.

The turbulent Reynolds number (Rer) is defined as follows:

R = Lrmskint (2.3)

v

where urms IS the root mean square of the turbulent velocity fluctuations, Lint is the integral
length scale, and v is the kinematic viscosity. The turbulent flow field characterization was
performed at room temperature (T = 295 K) with air using a nanoscale thermal anemometry
probe (NSTAP) operated with a Dantec Dynamics Streamline Pro Constant Temperature
Anemometry system. The NSTAP was positioned at the centerline of the main nozzle exit
(approximately even with the exit plane) and sampled at a frequency of 10 kHz, which
significantly exceeded all temporal scales in the flow. The urms measured by the probe is

defined as the square root of the variance of the measured velocity. The integral time scale

(zint) Of the velocity fluctuations is determined by extrapolating the power spectral density

27



towards zero frequency. By applying Taylor’s frozen field hypothesis, Lint can be calculated as

the product of the mean main flow velocity and the integral time scale. The respective

correlations between the turbulence intensity and the bulk Reynolds number (urms/U = f(Rep)),

and between the integral length scale and the bulk Reynolds number (Lint = f(Rep)) were

estimated. By reflecting Rep for elevated temperatures and test fluids to the correlations, the

turbulent Reynolds number (Rer) was estimated. The turbulent Reynolds number is kept low

to prevent the cool flame from blowing off at the current experimental conditions (Rer ~ 30).

For one of the test conditions for turbulent nonpremixed cool flames in Chapter 6 (4% diethyl

ether/96% nitrogen flow, T = 550 K, U = 3.0 m/s), the velocity fluctuation is urms = 0.49 m/s,

the integral length scale is Lint = 2.31 mm, the bulk Reynolds number is Rep = 1124, and the

turbulent Reynolds number is calculated as Rer = 28.
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Chapter 3:
Reactivity of CO/H2/CHa/air mixtures derived from

In-cylinder fuel reforming

3.1 Introduction

As introduced in Chapter 1, reducing soot and NOx emissions from marine transportation
has been a global challenge. To avoid production of these pollutants from conventional diesel
engines, the in-cylinder fuel reforming concept is considered. In this chapter, reformate
products from partial oxidation of n-tridecane/air mixtures in an engine cylinder are estimated
using a 0-D adiabatic transient computation. Representative reformate products under realistic
engine operation conditions are identified. Based on composition analyses on reformate
products, CO/H2/CHa/air mixtures are selected as target mixtures. Variation in mixture
reactivity due to reformate gas composition is evaluated based on weak flame responses in
MFR.

As the first step of this study, in-cylinder fuel reforming of a large hydrocarbon fuel is
investigated using a 0-D adiabatic engine model. Details of this computation are provided in
Appendix 3.A. The computation simulates one cycle of piston compression-expansion strokes
in an engine cylinder under adiabatic condition. The equivalence ratio and the initial
temperature of fuel/air mixtures are varied and their effects on the compositions of reformate
products are investigated. Figure 3-1 presents the estimated mole fractions of representative
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reformate products. According to the results, CO and H> are the major products for the lower
equivalence ratios, ¢ = 1-5, whereas other species, especially small hydrocarbons such as
CHa, CoH4 are producible for higher equivalence ratios, ¢ = 5-10. A similar trend was also
confirmed in experiments with a lab-scale diesel engine [80]. The variation in the composition
of reformate products may changes the reactivity of mixtures considerably, thereby exerting
marked effects on the design and the development of engines. Therefore, the impacts of small

hydrocarbons on the reactivity of reformate gases should be further investigated.
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Figure 3-1: Computed mole fractions of CO, H2, CHs and C2Hs produced in fuel
reforming of n-tridecane/air mixtures after one cycle of piston compression-expansion
strokes in an engine cylinder at adiabatic condition.
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Although many studies have assessed the reactivity of pure CO/H2 mixtures

experimentally [81-86], experimental investigations on the reactivity of reformate gas

including small hydrocarbons are still quite limited.. To present target mixture conditions

investigated in the present study and earlier works considering the reactivity of CO/H>

mixtures with small hydrocarbons [28,87-90], a CO-H>-CHs4 ternary diagram is introduced

(Fig. 3-2). CHys is selected as a representative small hydrocarbon because it is the simplest

hydrocarbon and the most likely to be included in reformate products besides CO and H». For

the conditions presented in Fig. 3-2, the mole fractions of CO, H, and CH4 are extracted from

the literatures [28,87-90] and normalized. As might be readily apparent, most cases are

located on several specific regions in the diagram. The mixture conditions around CO/H; =

50/50 (the green shaded region) are intended for mixtures from coal and biomass reforming

[28,88,89]. The conditions including a large amount of CH4 (the yellow shaded region) are

considered for the utilization of synthetic natural gas [87] and for dual fuel applications of

natural gas and reformate gases [90]. On the other hand, the estimated mixture conditions for

in-cylinder fuel reforming engines [91] are depicted as the blue shaded region, where few

experimental data exist. These trends indicate that target composition can differ widely

depending on applications, and few investigations have been conducted for mixtures

including CO, Ha, and CH4 simultaneously.
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Figure 3-2: Ternary diagram indicating mixture conditions experimentally investigated
the reactivity of CO-H2>—CHa4 mixtures in the present and earlier studies [28,87-90].

Motivated by these facts, the effects of composition changes in CO/H2/CH4 mixtures on
the reactivity are evaluated based on weak flame responses in MFR. Specifically, the ratios of
H> and CH4 are varied widely while the CO fraction is kept constant. Further details of the
mixture composition investigated in this study are presented later. Experimental
measurements are compared to computational predictions using several detailed chemical
reaction models. A further chemical reaction analyses are then conducted to investigate

dominant chemical reactions behind a trend observed in the experiments.
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3.2 Experimental and computational methods

3.2.1 Experimental conditions

A quartz tube (inner diameter: 1 mm, outer diameter: 3 mm) is used as the reactor channel.

The reactor is arranged in the horizontal direction. A Hy/air flat-flame burner is installed under

the reactor to form a stationary temperature profile with the maximum temperature of 1300 K

along the reactor wall. Flames are observed using a digital still camera (Nikon D800) with a

bandpass filter (Optical Coating Japan, DIF-BP, 431.4 nm transparent wavelength, 6.5 nm

half bandwidth) to exclude thermal radiation from the heated reactor wall. Flame images are

taken after at least 15 mins so that the mixture flow is stabilized. The exposure time is fixed as

3 mins because the chemiluminescence from weak flames is quite dim. A measured flame

location is defined as the location of the peak of the brightness profile extracted from a flame

image. Each experiment is conducted at atmospheric pressure. Since the test mixtures in the

present study includes CO, brass material is used for the purpose of preventing the formation

of CO complex, which reportedly affects the combustion characteristics of syngas mixtures

[92].
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Figure 3-3: Normalized fractions of CO, H2 and CHj4 plotted along equivalence ratios for
in-cylinder fuel reforming at 530 K (the initial gas temperature for in-cylinder fuel
reforming).

As mentioned earlier, the present study considers CO, H> and CHs as fuel
components. To determine the fraction of each fuel component, a trend in the fractions of
these three components presented in Fig. 3-1 is referred. The computed fractions of these
components in the in-cylinder fuel reforming simulation at the initial temperature of 530 K,
which is a practical operating temperature of the engine, are selected. The computed mole
fractions of CO, H. and CHg4 at the initial reforming temperature of 530 K are extracted and
normalized. The normalized fractions of CO, H, and CH4 are then plotted against the
equivalence ratios (Fig. 3-3). According to Fig. 3-3, the Hy fraction is replaced with the CH4
fraction at similar proportion, although the CO mole fraction keeps nearly constant (around

50%) over the almost entire equivalence ratios considered. The similar trend is also observed
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for various initial gas temperatures. Consequently, simplified composition of test mixtures is

determined based on the following manner: the CO fraction is constant (50%) and the H>

fraction is replaced with the CH4 fraction every 5%. The mole fractions of the mixtures are

shown on Table 3-1. In the experiment, four conditions (CO/H2/CHs = 50/50/0, 50/45/5,

50/25/25, 50/0/50) are examined (the shaded conditions on Table 3-1). Air is used as an

oxidizer. The mixture flow velocity is set to 3 cm/s. All experiments are conducted at

atmospheric pressure.
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Table 3-1: Mole fractions of mixture components investigated in the present study.
Shaded conditions indicate the mixtures considered in both experiments and
computations. Non-shaded conditions are considered only in computations.

CO/H2/CH4 CO H2 CH4 O N2
50/50/0 0.149 0.149 0.0000 0.149 0.554
50/45/5 0.135 0.121 0.014 0.155 0.576

50/40/10 0.123 0.098 0.025 0.160 0.595
50/35/15 0.113 0.079 0.034 0.164 0.610
50/30/20 0.105 0.063 0.042 0.167 0.624
50/25/25 0.097 0.049 0.049 0.170 0.635
50/20/30 0.091 0.036 0.055 0.173 0.645
50/15/35 0.086 0.026 0.060 0.175 0.654
50/10/40 0.081 0.016 0.065 0.177 0.661
50/5/45 0.076 0.008 0.069 0.179 0.668
50/0/50 0.072 0.000 0.072 0.181 0.674
Pressure [atm] 1.0
Equivalence ratio 1.0
Inlet flow velocity [cm/s] 3.0
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3.2.2 Numerical models

At low flow velocity where weak flames are observed, the flow in the reactor can be
considered as a one-dimensional reactive diffusive flow without a boundary layer. Such a
reactive flow condition can be simulated with a model for one-dimensional freely propagating
premixed flame with an additional heat transfer term between the wall and gas in the energy
equation (Eg. 3.1) [65]. The modified PREMIX code in ANSYS Chemkin-Pro v19.0 [93] is

used for weak flame calculations throughout this dissertation.

il 1 d<MdT)+AzK: .
dx dx cpk_lp k kcpkdx

cpdx
K
A . A 4ANu
+_z wkthk———Z(Tw—T) =0 (31)
c c, d
| P

The computational domain is 10 cm long and an estimated wall temperature profile of
300-1300 K shown in Fig. 3-4 is used in the computation. A flame location in the
computation is defined as the location of the peak of [CO]*[O] intensity based on the
literature reporting that the chemiluminescence from various syngas mixtures is derived from
CO;" yielded from CO + O + M = CO;" + M [94,95]. All mixture conditions on Table 3-1 are
considered in the computation. Four detailed chemical reaction models are employed: USC

mech ver. 11 [96], San Diego mechanism [97], AramcoMech3.0 [98], and HP-mech [99,100].
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Figure 3-4: Measured wall temperature of the reactor and estimated wall temperature
profile used in the computation.

In the present study, ignition delay times are also assessed in the computation as a
different indicator of mixture reactivity. The computation is conducted using a zero-
dimensional homogeneous reactor model in the AURORA package of ANSYS Chemkin-Pro
v19 [93]. The mixture conditions (i.e., mixture composition, pressure) are the same as the

MFR computations. HP-mech is used as a chemical reaction model for the computation.

3.3 Results and discussion
3.3.1  Weak flames of stoichiometric Ho/CO/CH4 mixtures

Observed weak flame images of four CO/H2/CH4 mixtures are presented in Fig. 3-5. The
flame location shifts greatly to the higher temperature region of the reactor as the H> fraction
decreases and the CHj4 fraction increases, which indicates that the reactivity of the mixture
decreases along the variation in the mixture composition. The difference in the wall
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temperature at a flame location is approximately 246 K between the cases of CO/H2/CH4 =
50/50/0 and 50/0/50. According to an earlier study considering the research octane number
(RON) effects on weak flame locations in MFR [70], the difference in the wall temperatures is
approximately 40 K between RON = 0 and 100. Considering the fact, it must be emphasized
that the variation in the reactivity investigated in the present study is extremely large.
Moreover, the shift in flame locations seems greater in the cases with the small CH4 fractions
(CH4 = 0% and 5%, AT = 83 K) compared to the cases of the larger CH4 fractions (CH4 =

25% and 50%, AT = 62 K).

X [cm]
CO/H,/CH, 5.0 5.5

50/50/0
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50/25/25

50/0/50

950 1000 1050 1100 1150 1200 1250
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Figure 3-5: Weak flame images of CO/H2/CH4 = 50/50/0, 50/45/5, 50/25/25, and 50/0/50
obtained in the experiment.

Figure 3-6 shows the comparison of weak flame locations between the experimental
measurements and computational predictions. The uncertainty of temperatures at a weak
flame location is usually less than 5 K. In the computational results, the weak flame location

shifts considerably to the higher temperature region as the H. fraction decreases and the CH4
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fraction increases. This trend is consistent with the experimental results. A larger shift of the

flame locations is also observed in the computation for the cases with the small CH4 fractions.

Although the experimental and computational weak flame locations show qualitative

agreement for all conditions considered, weak flames in the computation still tend to locate in

the upstream side compared to the experimental flame locations. A further investigation must

be conducted to assess the quantitative difference. Among four chemical reaction models used

in this study, HP-mech showed the best agreement with the experimental weak flame

locations over the mixture composition considered. Hence, further chemical reaction analyses

have been conducted based on results from HP-mech.

CO/H,/CH,
50/50/0 s 101K e Experiment
50/45/5 : 1094 K —-USC |
50/40/10 =8-SanDiego
50/35/15 =o=Aramco3.0
50/30/20 HP-mech
50/25/25 -
50/20/30 1195 K
50/15/35
50/10/40 N
50/5/45 .\1257 K
50/0/50 v

1100 1200 1300
Wall temperature [K]

1000

Figure 3-6: Comparison of weak flame locations of the stoichiometric CO/H2/CHa
mixtures between the experimental measurements (Black points) and the computational
predictions (Colored lines). The uncertainty of the wall temperatures at a flame location
is less than 5 K.
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To show the correlation between the mixture reactivity indicated by weak flames and
ignition delay times, the computed ignition delay times of stoichiometric CO/H2/CHas
mixtures are presented in Fig. 3-7. One apparent observation is that the ignition delay time
increases as the H fraction decreases and the CHs fraction increases over the entire
temperature range considered. The trend is consistent with that indicated by the weak flames
in the MFR experiment. It should be noted that the difference in the ignition delay times
between CO/H2/CH4 = 50/50/0 and 50/0/50 is quite large (approx. a factor of 2000 at T =
1000 K). To experimentally measure ignition delay times with such a wide variation, both a
shock tube and a rapid compression machine are required in general. Therefore, it is worth
emphasizing that this study demonstrates the capability of weak flames in MFR to evaluate

mixtures with widely various reactivities in a simple and well-defined configuration.
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Figure 3-7: Computed ignition delay times of stoichiometric CO/H2/CHua/air mixtures at
atmospheric pressure and initial temperatures of 800-1600 K by HP-mech.
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Another observation can be made for the cases with large amounts of H in the mixtures.

In a low-temperature region (below 900 K), the ignition delay time is mostly similar

regardless of mixture compositions. However, once the temperature increases to over 900 K,

the ignition delay time decreases rapidly for the cases of CO/H2/CH4 = 50/50/0, 50/45/5, and

50/40/10. This behavior is attributable to the shift in the dominant reaction pathways of the

H>—O> system [101]. Under low temperature conditions, the oxidation of H> is governed by H

+ 02 (+M) = HO: (+M). HO: radicals produce H>O> through Hz + HO, = H,0; + H. Finally,

OH radicals are produced by the decomposition of H2O2. Under high temperature conditions,

OH radicals are produced mainly through H + O, = O + OH. This change in dominant

reactions is apparent in the second explosion limit of the H,—O> system [102,103]. The same

trend was identified in an earlier study for weak flames of CO/H, mixtures with MFR, in

which the effects of inert mixtures ([M]) on the syngas reactivity was investigated [81]. As the

CHa fraction increases, the trend disappears because the dominant reactions are suppressed by

reactions involving CH4 and CHa-related species.

3.3.2  Chemical reaction analysis

In general, ignition phenomena proceed with exponential increases of radicals. Especially,

OH radicals are a crucially important species for fuel oxidation. Therefore, rate-of-production

(ROP) analysis for the OH consumption is conducted to investigate the effects of the mixture
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composition on the variation in the reactivity of the CO/H2/CH4 mixtures. Figure 3-8 presents

the results of the ROP of OH radicals by fuel components computed with HP-mech. In the

case of CO/H,/CH4 = 50/50/0, OH radicals are consumed mainly by H, and CO through R4:

Hz + OH =H + H,0 and R30: CO + OH = H + CO». However, once CHs is included as a fuel

component (CO/H2/CH4 = 50/45/5, 50/25/25, 50/0/50), CH4 starts consuming OH radicals

through R174: CH4 + OH = CH3 + H20 and competes with CO and H> for OH radicals. Here

is an important difference in the products from these reactions. Through R4 and R30, H> and

CO consume OH radicals and produce H radicals as a product, while CHs consumes OH

radicals through R174 and produces CHs radicals. As mentioned in the previous section, H

radicals lead to a chain-branching reaction and play an important role in the OH radical

formation. Subsequently, produced OH radicals promote further destruction of fuels. In

contrast, CHs radicals are less reactive compared to H radicals. Since the rate of CHs radical

production increases and the rate of H radical production decreases as the CHs fraction

increases, the OH formation from H radicals can be suppressed. This inhibition of radical pool

growth by CHg results in the large decrease in the reactivity of the CO/H2/CHs mixtures.

Although the recombination reaction of a CHs radical and a H radical, CHz + H (+M) = CH4

(+M), can also have a great impact on the reactivity of the mixtures as reported in past studies

[28,88], additional diagnostics have to be made to reason these effects in the MFR system.

Thus, the competition of OH radicals by CO, H», and CH4 and the larger production of CHs

radicals appear to be the primary factor in the large decrease in the reactivity.
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Figure 3-8: Rates of OH production for the cases of CO/H2/CH4 =
50/25/25, and 50/0/50. Negative values denote species consumption.

3.4 Conclusions

The reactivity of stoichiometric CO/H2/CHa/air mixtures at various

50/50/0, 50/45/5,

composition was

investigated based on weak flame responses in MFR. Both experimental and computational

results showed that weak flame locations of CO/H2/CH4 mixtures shifted greatly to the higher

temperature region as the H» fraction decreases and the CHs fraction increases, which

indicates the reactivity of the CO/H2/CHa/air mixtures decreases considerably. Computed

ignition delay times of CO/H2/CHs mixtures at atmospheric pressure also indicated that the

reactivity of those mixtures decreases greatly as CHa4 fraction increases. According to the rate-

of-production analysis for OH radicals, it was demonstrated that OH radicals are consumed
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mainly by fuel components, CO, H», and CHj4 for all mixture cases. For the CO/H2 mixtures,

OH radicals are mainly consumed by CO and H».. Subsequently, H radicals are produced

through R4: H, + OH = H + H>O and R30: CO + OH = H + CO2. However, once CHs is

included in the CO/H> mixtures, CH4 starts consuming OH radicals through R174: CH4 + OH

= CHs + H20 and produces CHz radicals, which are less reactive species. The consumption

rate of OH radicals by CH4 become larger as the CH4 fraction increases. This suppresses the

OH formation from H radicals. Therefore, the primary factor for the significant decrease in

the reactivity of the CO/H2/CH4 mixtures seems to be the increase of the OH consumption by

CHa and the CH3 radical production due to the increase of the CHj fraction.

45



Appendix

3.A 0-D adiabatic engine simulation

To estimate reformate gas composition from the fuel reforming in an engine cylinder,

a 0-D adiabatic engine simulation is conducted using the multi-zone homogeneous charge

compression-ignition model in AURORA package of Chemkin-Pro v19.0 [93]. This

computation simulates an engine cycle from the intake valve close (IVC) to the exhaust valve

open (EVO). In the present study, n-tridecane (Ci3H2g) is selected as a target fuel, and its

mixture with air is considered. The specification of the engine configuration for the

computation is shown in Table 3A-1.

Table 3A-1: Specifications of the fuel reforming engine.

Compression ratio [-] 18.0
Clearance volume [cm?] 89.908
Stroke ratio [-] 3.271
Rotation speed [rpm] 1800
Crank angle (IVC/EVO) [°] -140/125

Computations are conducted within a range of crank angle from -140 to 125 degrees,
which corresponds to the period from IVC to EVO. Composition of reformate products at the
crank angle of 125 degrees is investigated. Initial pressure is set to 1.115 atm. Equivalence
ratios and initial gas temperatures are varied from ¢ =1 to 10 and from T; = 320 K to 1000 K,
respectively. To investigate fundamentals of in-cylinder fuel reforming, the initial temperature

is extended up to 1000 K, which is an unrealistic value as a practical engine operation (e.g.,
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550 K at maximum). The LLNL model for Cs—Cis n-Alkanes [11] is employed as the

chemical kinetic model for the computation.

Figure 3A-1 presents the mole fractions of major components at EVO. The mole

fractions of CO and H> are maximum at ¢ ~ 3 and above Ti = 500 K, and then decrease with

the increase of the equivalence ratio. The CO mole fraction is almost constant above ¢~ 5 and

Ti = 500 K while the H2 mole fraction further decreases with the increase of the equivalence

ratio. The CO2 and H2O mole fractions are large at near stoichiometry. HoO mole fraction also

increases at ¢ ~ 5-10 and above Ti = 450 K. CH4 and CzH4 are not produced below ¢ ~ 4

while their mole fractions largely increase above ¢ ~ 5 and Ti = 500 K. C2H> is also formed at

high equivalence ratio-high initial gas temperature region. However, the region of C:H:

production is much narrower and the amount is much smaller than those of CHs and CzHa.

C2Hs is hardly produced for equivalence ratio-initial temperature conditions considered.

These results indicate that CO and H> are mainly produced from ¢~ 2 to 5 above Ti = 500 K,

while the productions of small hydrocarbons such as CH4 and C2H4 become larger above ¢ ~

5 and Ti = 500 K. Figure 3A-2 shows the maximum in-cylinder temperatures plotted on the

equivalence ratio-initial temperature plane.
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Figure 3A-1: Computed mole fractions of major reformate gas components produced
from in-cylinder fuel reforming of n-tridecane/air mixtures.
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Figure 3A-2: Computed maximum gas temperatures during the fuel reforming process
in an engine cylinder.

In Fig. 3A-2, the maximum gas temperatures are below 1700 K in the high
equivalence ratio region (approximately higher than 7) at all the initial temperatures. At low
initial temperatures around 500 K, the region where the maximum in-cylinder temperatures
are below 1700 K is also seen at equivalence ratios between ¢ =5 and ¢ = 7. According to the
¢-T map introduced by Kamimoto and Bae [20], the production of soot is extremely small
below 1700 K at any equivalence ratios considered in this work. Thus, no soot formation
would be observed in such temperatures. Since the present computations are conducted under
an adiabatic condition for simplicity, an actual range of equivalence ratio and initial
temperature to attain low maximum in-cylinder temperatures is expected to be wider
compared to the results of the present computations. In fact, engine experiments with n-
heptane (¢ =2 to 5 and Ti = 400 K to 500K) showed no soot formation [80].
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Chapter 4
Effects of mixture composition on

oxidation and reactivity of DME/NHzs/air mixtures

4.1 Introduction

As introduced in Chapter 1, blending NH3 with more reactive fuels potentially expand
possibility of its practical use in existing combustion applications. However, the oxidation and
reactivity of hydrocarbon—-NHs mixtures have not been investigated well. Especially,
information regarding chemical interaction between hydrocarbons and NHsz at low-to-
intermediate temperatures is still scarce. In this work, fuel oxidation and reactivity are
evaluated for widely various fuel blending ratios and equivalence ratios. To pay special
attention to chemical interaction between hydrocarbons and NHz at low-to-intermediate
temperatures, dimethyl ether (DME) is chosen as a base fuel. DME is a promising carbon-
neutral fuel which is producible from renewable energy sources, and it is easy to handle in gas
phase. An important aspect of DME is that it exhibits multi-stage oxidation, as do gasoline
and diesel components. With DME, related information of oxidation and reactivity of larger
hydrocarbon/NH3s mixtures can be obtained.

The present chapter investigates effects of mixture composition and equivalence ratios on
the oxidation and reactivity of DME/NH3z mixtures based on weak flame responses in MFR.
To realize a smooth transition into a carbon-free society, gradual replacement of hydrocarbon
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fuels with NHz is one key direction. Therefore, conditions with large and small fractions of
hydrocarbon and NHs are considered. Specifically, NHs fractions in DME/NH3 fuel blends are
varied for 0-50% and three equivalence ratios (¢ = 0.5, 1.0 and 1.2) are examined. A
combined chemical reaction model for DME/NHs mixtures is has been developed. Then
chemical reaction analyses based on experimental information and numerical simulation are
conducted, particularly addressing chemical interactions between hydrocarbons and NHa-

related species.

4.2 Experiment and Computation

4.2.1 Experiment setup

(b)

Wall temperature

Fuel/Air

0)<—

Bandpass
filter

Camera
MFR :

aouelsiq

H, burner

D(] : Ball valve
- : Mass flow controller

Figure 4-1: (a) Overview of the MFR experiment setup. (b) Schematic of the MFR
structure.

For this study, a horizontal type of MFR is employed to obtain higher spatial resolution of

weak flames. Schematics showing the experiment setup and the inner structure of MFR are
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presented in Fig. 4-1. A quartz tube is placed vertically, passing through the center of a Ho/air

burner. A stationary temperature profile with a maximum temperature of 1300 K is produced

along the reactor wall by the surrounding burner flame. The inner wall temperature of the

reactor is measured by inserting a K-type thermocouple from the bottom side of the reactor.

An averaged temperature value obtained over a 2-min temperature history at each location in

the reactor are used to estimate the wall temperature profile shown in Fig. 4-2. The

uncertainty of the wall temperature at a hot flame location is £5 K. The reactor inner diameter

and the test section length are, respectively, 2 mm and 15 cm. All experiments are conducted

at atmospheric pressure. As the base fuel, DME was selected as base fuels because it is a

promising bio-fuel candidate, because it is easy to handle in the gas phase, and because it

exhibits low temperature oxidation. In DME/NH3z mixtures, the NH3 fraction in fuel blends is

varied between 0% and 50%. Air is used as the oxidizer. Three different equivalence ratios of

¢ = 0.5, 1.0, and 1.2 are considered. The inlet mixture flow velocity is set to 2 cm/s for the

DME/NH3 = 100/0 blend. Those for other DME/NH3 blends are adjusted to keep combustion

enthalpy input constant among same equivalence ratios. Mixture conditions are presented in

Table 4-1. The respective flow rates of DME, NHs, and air are controlled independently by

mass flow controllers (MFC). The uncertainty of the flow rate of each gas flow is less than

1%. That of the equivalence ratio is less than 2%. Only stainless steel tubes with inert-treated

surfaces are used for piping materials because NH3 corrodes copper materials, and because

the absorption of NHz on stainless steels is reported in an earlier report [104]. Each
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experiment is conducted after keeping a mixture flowing in the reactor until a weak flame is
stabilized at a certain location in MFR (at least 30 min after a mixture starts flowing into the
reactor). Chemiluminescence of weak flames is observed with using a digital camera (D810;
Nikon Corp.) with a bandpass filter (431.4 nm transparent wavelength, 6.5 nm half band
width) to reduce the noises of thermal radiation from the heated quartz tube. The exposure
time is set to 2 min for each flame picture. The peaks of brightness profiles extracted from
flame images are defined as hot flame locations. Brightness profiles are generated by

calculating the averaged brightness values of flame images in radial direction.
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Figure 4-2: Measured wall temperatures and wall temperature profile used in the
computation.
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Table 4-1: Test mixture composition and inlet flow velocity for the experiment.

Inlet  Combustion
Equivalence Compositions flow enthalpy
ratio [-] (DME/NH5) DME  NHs Oz Na velocity  flow rate
[cm/s] [W]
100/0 0.034 0.000 0.203 0.763 2.00

85/15 0.032 0.006 0.202 0.760 2.01
$=0.5 0.13

75/25 0.031 0.010 0.201 0.757 2.02
5050 0027 0027 0199 0.748  2.05
100/0 0065 0000 0.196 0738  2.00
g5/15  0.062 0011 0195 0.732 2.02
$=10 7525  0.060 0020 0193 0727 2.04 0.24
5050 005 0050 0189 0.710  2.09
100/0 0.078 0.000 0.194 0.729 2.00
g5/15  0.074 0013 0192 0.722 2.03
p=12 7505 0070 0023 0190 0716 205 0.29

50/50 0.059 0.059 0.185 0.696 2.13

4.2.2 Conditions for computations

The reactive diffusive flow in MFR is modeled with the same modified PREMIX code in

Chemkin-Pro [93] presented in Chapter 3. The wall temperature profile is estimated based on

the measured temperatures (Fig. 4-2) and is used for the computation. The computational

domain is 15 cm. Peak locations of the heat release rate (HRR) are regarded as an indicator of

flame locations in the computation. Because DME exhibits multi-stage oxidation, three peaks

appear in a computed HRR profile. Locations of the third HRR peak are regarded as locations

of hot flames of DME/NHz mixtures for the comparison with the experimental flame

locations.

A combined model of several reaction subsets is created for DME/NHz mixtures and is
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used for the computation. As candidates for the DME reaction subset, the Zhao model [105],

DME2000 [106,107], HP-mech [108], and skeletal Aramco 3.0 [98,109] are selected. As

candidates for the NHz3 reaction subset, the Zhang model [110], the Mathieu model [104], the

Glarborg model [111], the Nakamura model [112], and the Konnov [113] model are selected.

Actually, HP-mech and the Nakamura model are chosen for the combined model because they

showed the best reproducibility of the observed hot flame locations of the neat DME/air and

neat NHa/air mixtures. Model validation results are presented in Appendix 3B. For the

hydrocarbon/NHs subset, the Glarborg model [114] is used to consider the interaction

between C1-C, species and N-related species. The combined reaction model comprises 234

species and 1685 reactions.

4.3 Results and discussion

4.3.1  Effects of mixture compositions on weak flame locations

Figures 4-3 presents the observed weak flame images of the stoichiometric DME/NH3

mixtures and the brightness profiles extracted from the images. The brightness values are

normalized by the maximum brightness intensity in each case for the easier comparison of

flame locations. Chemiluminescence from hot flames is observed clearly for all DME/NHs

mixtures at temperatures of 970-1170 K. Additionally, except for the case of the DME/NH3 =

50/50 blend, indistinct chemiluminescence of blue flames is observed at 780-970 K. An

interesting trend is found by that hot flames of the DME/NHz = 85/15 and 75/25 blends locate
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in the lower temperature side more than that with DME/NH3 = 100/0. As explained in Section
4.1, oxidation from CO to CO> occurs mainly in hot flames. Consequently, this trend in hot
flame locations implies that the addition of small fractions of NHs promotes CO oxidation. As
the NHs fraction in fuel blends is increased further from 15% to 50%, hot flame locations
shift greatly to the higher temperature side, which indicates that the CO oxidation of the

DME/NH3 = 50/50 blend is completed at the higher temperature than that of other blends.

i Hot flame

DME/NH, 12 13

100/0
85/15
75125
50/50

1 T T
—— DME/NH3 = 100/0
—— DME/NH3 = 85/15

DME/NH3 = 75/25
—— DME/NH3 = 50/50

15

o
o

Normalized brightness
intensity [-]

800 900 1000 1100 1200 1300
Wall temperature [K]

Figure 4-3: Observed weak flame images of stoichiometric DME/NH3 mixtures and the
brightness profiles extracted from the flame images. Chemiluminescence from flames
are observed with a digital camera through a bandpass filter (transparent wavelength
431.4 nm, half band width 6.5 nm). The brightness values are normalized by the
maximum brightness value in each case.
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Figure 4-4 presents the comparison between experimentally and numerically
obtained hot flame locations. The computational predictions well reproduce the observed hot
flame locations. Especially the trend is predicted well that hot flames shift to the lower
temperature side as the NHs fraction in the fuel blend is increased from 0% to 15%. The wall
temperatures at flame locations in both experiments and computations are presented in Table
4-2. As the NHs fraction in fuel blends increases from 0% to 15%, hot flame locations shift to
the lower temperature side by 41 K in the experiment and 11 K in the computation. However,
as the NHzs fraction in fuel increases from 15% to 50%, hot flame locations shift to the higher
temperature side by 105 K in the experiment and 73 K in the computations. These results
indicate the potential of NHs to alter the reactivity of DME considerably. In the following
sections, the nature of NHs involvement in the oxidation of DME will be discussed using

computational results and details obtained from chemical reaction analyses.

x [em]
ovENH, 12 13 14 15
100/0 ' - B Bperment
85/15 . m B Computation
75125 : (R
| 50/50I | | | | | | ] | | |
800 900 1000 1100 1200 1300

Wall temperature [K]

Figure 4-4. Comparison of hot flame locations observed in the experiment and
computation.
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Table 4-2: Wall temperatures at observed and computed hot flame locations.

DME/NHs  Brightness peak location Hot flame HRR peak
location
100/0 1071 K 1076 K
85/15 1030 K 1065 K
75/25 1061 K 1078 K
50/50 1135 K 1138 K

4.3.2 Radical sensitization by NOx produced from NH3 oxidation

Trends in hot flame locations of the DME/NHs mixtures reported in the preceding

section suggest that CO oxidation is promoted when a small amount of NH3 is blended with

DME. This section presents a specific examination of how NH3 can promote CO oxidation.

Because OH radicals are the most crucially important species for fuel oxidation, rate-of-

production (ROP) analyses are conducted for OH radicals. Figure 4-5 presents rates of OH

radical consumption in the DME/NHsz = 100/0 and 85/15 blends. Negative ROP values

represent species consumption. The ROP values are stacked in these graphs. The size of each

colored area represents the contribution of each reaction to the OH radical consumption. In

both blends, three distinct reaction zones are observed: a cool flame zone at around 550-650

K, a blue flame zone at around 800—-1000 K, and a hot flame zone at around 1050-1150 K. In

the DME/NHz = 100/0 blend, OH radicals are consumed mainly by DME in the cool flame

zone. In the blue flame zone, DME and CH20 mainly consume OH radicals. It is noteworthy

that some CO also consumes OH radicals in the blue flame zone.
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Figure 4-5: Rates of OH radical consumption in the DME/NH3 = (a) 100/0 and (b) 85/15
blend. Negative rate-of-production (ROP) values represent consumption. The ROP
values are stacked. Each colored area represents the contribution of each reaction.

In the hot flame zone, CO oxidation mainly proceeds. However, in the DME/NH3 = 85/15

blend, NHz starts consuming OH radicals even in the blue flame zone, whereas NH3 oxidation

starts at over 1200 K in the neat NHz-air case [76,112]. In the blue flame zone at around 800—
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1000 K, NH3z and CO start consuming OH radicals after DME and CH;O consume OH

radicals, which indicates that DME and CH.O have higher priorities for OH radical

consumption than NHz and CO. Compared to the DME/NHz = 100/0 blend, the overall OH

radical consumption in the blue flame zone becomes more active for the DME/NH3 = 85/15

blend. Especially, CO consumes more OH radicals in the blue flame zone, whereas the OH

radical consumption by CO in the hot flame zone decrease greatly in the DME/NH3 = 85/15

blend.

Additionally, the rates of OH radical production in the DME/NH3 = 100/0 and 85/15

blends are presented by stacked areas in Fig. 4-6. In the DME/NH3 = 100/0 blend, OH

radicals are produced mainly through reactions with fuel radicals (R820: CH.OCH>0O;H = OH

+ 2CH20, R822: 0.CH,OCH:0:H = HO.CHOCHO + OH and R823: HO.CH.OCHO =

OCH20CHO + OH) in the cool flame zone. In the blue flame zone, the H2O, decomposition

(R22: H202 (+M) = 20H (+M)) makes the greatest contribution to OH radical production. In

the hot flame zone, the H>—O: reaction system controls OH radical production [115]. By

contrast, in the DME/NH3z = 85/15 blend (Fig. 4-6b), the OH radical production in the blue

flame zone is supported strongly by the reactions of NO and NO2 (R971: NO + HO2 = NO» +

OH, R973: NO2 + H = NO + OH) in addition to H20, decomposition (R22), whereas the OH

production pathways in the cool/hot flame zone hardly change. The overall OH radical

production in the blue flame zone also becomes larger with the DME/NH3 = 85/15 blend than

with the DME/NH3 = 100/0 blend. Considering the starting point of the NHz oxidation in blue
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flame zone (Fig. 4-5b) and the OH radical production through NO and NO: reactions (Fig. 4-
6b), NO and NO; are products from the NH3 oxidation in the blue flame zone. Note that NO

in the blue flame zone is produced from the following sequences of NH3 oxidation: NH;

+0H +NO, +HO,,+NO, +0,,+NO,
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Figure 4-6: Rates of OH radical production in the DME/NH3 = (a) 100/0 and (b) 85/15
blend. The ROP values are stacked. The size of each colored area represents the
contribution of each reaction.
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To investigate how NO is produced and consumed during fuel oxidation, ROP analyses are

conducted for NO. The ROP of NO in the DME/NH3 = 85/15 blend is presented in Fig. 4-7a.

In the blue flame zone, the NO production proceeds through R973: NO2 + H = NO + OH and

R1219: CHs + NO2 = CH30 + NO. By contrast, NO is consumed mostly through R971: NO +

HO2 = NO2 + OH. A schematic for these NO and NO- reactions is depicted in Fig. 4-7b.

These reactions are known as the NO-NO> catalytic loop [33,43,47,116]. Its effects on the

oxidation of various hydrocarbons have been investigated intensively over several decades

[42,46,117-120]. It is designated as “catalytic loop” because NO and NO. convert less-

reactive radical species such as HO, and CHs radicals into more-reactive species OH and

CH30 radicals (CH30 radicals immediately decompose into CH20 and H), whereas NO and

NO: themselves are regenerated each other in the loop. Because of the nature of loop

reactions, active radicals are produced effectively even with a small amount of NO (or NO>),

especially in the blue flame zone of 800-1000 K. Arunthanayothin et al. recently investigated

effects of NH3z additions on methane oxidation in jet-stirred reactor experiments [33]. They

confirmed experimentally and numerically that, with 500 ppm NHz addition, the onset

temperature of methane oxidation becomes lower than that in neat methane mixture cases.

The trends also resulted from production of reactive species through the NO-NO> catalytic

loop. This finding constitutes further evidence that the addition of small amounts of NH3

enhances hydrocarbon mixture reactivity. In the present case, radical sensitization through

NO-NO:; catalytic loop accelerates fuel oxidation in the blue flame zone, which is the main
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cause for the trend by which the hot flame of the DME/NH3 = 85/15 blend shifts to the lower
temperature side than that of the DME/NH3z = 100/0 blend. With the nature of the separated
reaction zones of weak flames in MFR and with the help of chemical reaction analyses, the

MFR system specifies the temperature region in which the NO-NO: catalytic loop works

actively.
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Figure 4-7. (a) Rate-of-production (ROP) of NO in the DME/NHs = 85/15 blend.
Negative ROP values denote consumption. (b) Schematic of the NO-NO:2 catalytic loop
reactions.
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4.3.3  Inhibiting effects of NH3z on CO oxidation

In both experimentally obtained results and computational predictions, hot flame locations

shift to the higher temperature side as the NHz fraction in fuel blends increases further from

15% to 50%. The trend indicates that the DME/NH3 mixture reactivity decreases as the NH3

fraction in fuel blends increases further from 15%. This section specifically investigates the

decrease in the mixture reactivity with the increase of the NHz3 fraction.

Similarly to the DME/NH3 = 100/0 and 85/15 blends, ROP analyses are conducted for OH

radicals for the DME/NH3 = 75/25 and 50/50 blend (Fig. 4-8). The OH consumption by NHz

increases greatly, especially in the blue flame zone, and that by CO decreases when the NH3

fraction in fuel blend is increases from 25% to 50%. This indicates that the increase in NH3

fractions greatly alters the reaction pathways for the OH radical production and consumption

in the blue flame zone. Therefore, path flux analyses are conducted for OH radicals at the blue

flame HRR peak locations.
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Figure 4-8: Rates of OH radical consumption in the DME/NH3s = (a) 75/25 and (b) 50/50
blend. Negative ROP values denote consumption. The ROP values are stacked. The size
of each colored area represents the contribution of each reaction.
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Figure 4-9: Path flux analyses for OH radicals at the blue flame HHR peak locations for
the DME/NH3s = (a) 100/0, (b) 85/15, (c) 75/25, and (d) 50/50 blends.

Figure 4-9 presents results of path flux analyses for OH radicals at blue flame HRR

peak locations for the stoichiometric DME/NH3s mixtures. In each diagram, upper pathways

show major reactions for the OH radical production. Lower pathways show major species for

the OH radical consumption. In the DME/NH3 = 100/0 blend, a large proportion of the OH

radicals is produced through the H.O> decomposition (R22: H202 (+M) = 20H (+M)) and is

consumed mainly by CH>O, DME, and H20.. Once NHjs is blended with DME (Figs. 4-9b—4-

9d), more than 60% of the OH radical production is supported by NO and NO: reactions

(R971: NO + HO2 = NO2 + OH and R973: NO2 + H = NO + OH). The contribution of the

H>0. decomposition becomes smaller as the NHs fraction increases. The HONO

decomposition (R1088: HONO (+M) = NO + OH (+M)) also becomes important for

production of OH radicals at higher NHz fractions. HONO is produced mainly through
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R1083: HoNO + NO2, = HONO + HNO. As the NH3 fraction increases, NO» also reacts with

species derived from the NHsz oxidation such as NH> and H:NO. Consequently, the

contribution for the OH radical production by R973: NO2 + H = NO + OH decreases and that

by R1088: HONO (+M) = NO + OH (+M) increases. Nevertheless, these reactions (R973 and

R1088) hardly increase OH radical production to any considerable degree.

Regarding the OH radical consumption, the contribution of CO to OH radical

consumption becomes larger in the DME/NHs = 85/15 and 75/25 blends than in the

DME/NH3 = 100/0 and 50/50 blends. When the NHs fractions in fuel blends increase from

15% to 50%, the contribution of CO to the OH radical consumption becomes one-third,

whereas those of NHz are tripled, which indicates that, as the NHz fractions in fuel blends

increase, not only the OH production through the NO-NO: catalytic loop but the OH radical

consumption by NH3z becomes larger than that by CO in the blue flame zone. It is noteworthy

that that the NO-NO: catalytic loop converts less-reactive radicals into more-reactive radicals.

Nevertheless, the quantities of radicals do not increase considerably through the loop because

these reactions are chain-propagating reactions. Although CH3O radicals produced through

R1219: CH3z + NO2 = CH30 + NO generate H radicals from their decompositions, H radicals

are consumed mainly through R973: NO2 + H = NO + OH in the blue flame zone. Therefore,

despite the active OH radical production through the NO-NO- catalytic loop, the contribution

of NHsto the OH radical consumption increases and the CO oxidation is inhibited in the blue

flame zone. Consequently, more CO is left in the downstream region of the blue flame zone.
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The CO oxidation proceeds at much higher temperature for cases with the larger amount of

NHs, i.e., hot flame locations shift to the higher temperature side.

4.3.4  Equivalence ratio effects on DME/NHz mixtures oxidation

The observed and computed hot flame locations of DME/NHsz mixtures at equivalence

ratios of ¢ = 0.5, 1.0, and 1.2 are presented in Fig. 4-10. In the DME/NH3z = 100/0 blends, the

observed hot flame locations change only slightly, irrespective of equivalence ratios. However,

in other DME/NH3 blends, the observed hot flame locations shift to the higher temperatures

as the equivalence ratio increases. As the NH3 fractions in fuel blends increase, hot flames at

richer equivalence ratios locate in the higher temperature side. The largest shift of hot flames

between ¢ = 0.5 and ¢ = 1.2 is observed for the DME/NH3z = 50/50 blend. The computed hot

flame locations show good agreement with the observed hot flame locations for all mixture

conditions considered. The trend is especially well reproduced that hot flames shift to the

higher temperatures as the equivalence ratio increases when NHjs is blended with DME.
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Figure 4-10: Brightness peak locations of observed weak flames (hot flames) and
computed hot flame HRR peak locations of DME/NH3 mixtures at the equivalence ratios
of $=0.5,1.0,and 1.2.

To investigate reasons why the hot flame locations shift to the higher temperatures for the
same fuel blending ratio, ROP analyses for OH radical consumption are conducted. Since the
difference in the observed hot flame locations between ¢ = 0.5 and 1.2 is the greatest for the
DME/NH3 = 50/50 blend, rates of OH radical consumption are investigated for the fuel
blending ratios. Rates of OH radical consumption for the DME/NH3z = 50/50 blend at ¢ = 0.5,
1.0, and 1.2 are presented in Fig. 4-11. When the equivalence ratio is increased from ¢ = 0.5
to ¢ = 1.0, the OH radical consumption becomes larger in both blue flame and hot flame
zones. Also, the OH radical consumption by DME, CH20, and NHz becomes large, whereas
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that by CO does not increase in the blue flame zone. In the hot flame zone, the OH

consumption by CO increases for ¢ = 1.0. For the lean condition (¢ = 0.5), R4: H, + OH =

H20 + H has smaller contribution to the OH radical consumption than R19: HO> + OH = H20

+ O and other reactions. Therefore, R4 is not presented in Fig. 4-11a. For richer conditions (¢

= 1.0 and 1.2), more Hzis produced in the blue and hot flame zones, and the contribution of

R4 to the OH radical consumption becomes much larger. Since the contribution of R19

becomes much smaller than that of other reactions, R19 is not presented in Figs. 4-11b and

Fig. 4-11c.

When the equivalence ratio is further increased from ¢ = 1.0 to ¢ = 1.2, the contribution of

CO to the OH radical consumption changes only slightly in the blue flame zone. However, the

OH radical consumption by NH3 and H. becomes larger than that by CO in both blue and hot

flame zones. These trends indicate that CO has a lower priority for OH radical consumption

than other species such as DME, CH20, NHs, and H because of the higher activation energy

of CO. Therefore, because of the excess amounts of fuel and fuel-related species at richer

equivalence ratios, more OH radicals are consumed by DME, CH>0, NHz, and Hz, but not by

CO in the blue flame zone. Especially for ¢ = 1.2, the CO oxidation is inhibited because of

excess amounts of NHs and Hz even in the hot flame zone. Consequently, more CO is left for

hot flames, which is why hot flames shift to the higher temperature side as the equivalence

ratio increases only when NHz is blended with DME.

70



-3 -1.5x107°

-3x107°

Rate—of-production [mol/(cm3+s)]

-1.5x107°

Rate—of—production [mol/(cm®-s)]

-3x107°
@
<V>E 0
L
>~
o
£
C
-2 -1.5x107°
(&)
=}
ne)
o
o
oL
o
o —3x107°
-+
©
o

x [em]

8 9 10 11 15
(@) ¢=0.5
DME/NH, = 50/50
"~ |Il R19: HO2+OH=H20+02
I R31: CO+OH=C0O2+H
[ R46: CH20+0OH=HCO+H20
B R788: CH30CH3+OH=CH30CH2+H20
I R940: NH3+OH=NH2+H20
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
600 700 800 900 1000 1100 1200 1300
Wall temperature [K]
x [em]
8 9 10 11 12 13 14 15

(b) 4= 1.0
DME/NH, = 50/50

Il R4: H2+OH=H20+H

[ R31: CO+OH=C02+H

[ R46: CH20+0OH=HCO+H20
B R788: CH30CH3+0OH=CH30CH2+H20
I R940: NH3+OH=NH2+H20

8 9

| |
600 700 800 900 1000 1100 1200 1300

Wall temperature [K]
x [em]

10 11 12 13 14 15

(c)p=1.2 l

| DME/NH;, = 50/50

Bl R4: H2+OH=H20+H

I R31: CO+OH=C02+H

R46: CH20+OH=HCO+H20

I R788: CH30CH3+0OH=CH30CH2+H20
B R940: NH3+OH=NH2+H20

| | | | |
600 700 800 900 1000 1100 1200 1300

Wall temperature [K]

Figure 4-11: Rates of OH radical consumption in DME/NHs = 50/50 blends at the

equivalence ratios of (a) ¢ = 0.5, (b) ¢ = 1.0, and (c) ¢ = 1.2. Negative ROP values denote
consumption. The ROP values are stacked. The size of each colored area represents the
contribution of each reaction.
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4.4 Conclusions

In the present chapter, effects of mixture composition and equivalence ratios on oxidation

and reactivity of the DME/NHs mixtures were examined based on weak flame responses in

MFR. Results demonstrated that the observed hot flames shifted to the lower temperature side

of the reactor when the NHs fraction in the fuel blend was increased from 0% to 15%,

indicating that the addition of small amounts of NHs promotes the DME oxidation. As the

NH3 fraction increased further from 15% to 50%, hot flames shifted to the higher temperature

side of the reactor. These trends in hot flame locations were also confirmed from

computations simulating the MFR experiments.

Results of rate-of-production (ROP) analyses revealed that when NHs is blended with

DME, NHz3 oxidation is triggered in the blue flame zone at around 800-1000 K, which yields

NO and NO: as products. The produced NO and NO- start converting less-reactive radicals

into more-reactive radicals (HO>,—OH and CHz—CH30) through the NO-NO: catalytic loop

(R971: NO + HO2 = NO2 + OH, R973: NO2 + H = NO + OH, R1219: NO2 + CH3z = NO +

CH30). Radical sensitization through the NO-NO> catalytic loop promotes active radical

production in the blue flame zone. Especially when the NHj3 fraction in the fuel blend is small,

the CO oxidation proceeds more in the blue flame zone than in the hot flame zone, which is

why the hot flame location shifts to the lower temperature side. However, when the NH3

fraction in fuel blend increases further from 15% to 50%, NH3 consumes more OH radicals in

the blue flame zone instead of CO. Consequently, the CO oxidation in the blue flame zone is
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inhibited, and is completed at higher temperatures, i.e., the hot flame shifts greatly to the

higher temperature side.

When the equivalence ratio was varied, hot flame locations of the DME/NH3z = 100/0

blends changed only slightly as the equivalence ratio increased. However, when NH3z was

blended with DME, hot flames shifted to the higher temperatures as the equivalence ratio

increased. The ROP analyses showed that, because of the higher activation energy of the CO,

OH radicals are mostly consumed by DME, CH>0, NHs, and Ha, but not by CO in the blue

flame zone for richer equivalence ratios. When the equivalence ratio increased, the CO

oxidation was inhibited even in the hot flame zone because excess amounts of NHz and H>

consumed more OH radicals instead of CO. Therefore, the CO oxidation was inhibited.

Consequently, hot flames shifted to the higher temperature side as the equivalence ratio

increases when NHjs is blended with DME.
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Appendix

4.A Effects of surface reactions on flames in MFR

The quantitative understanding of effects of surface reactions or radical quenching on

wall has advanced significantly in the last decade. In the case of methane, several researchers

have reported that the estimated or measured sticking coefficients were two to four orders of

magnitude smaller than the extensively used values [121]. Saiki et al. examined the effects of

surface reactions on flames in a narrow channel with different wall materials using optical

measurements, and reported that the initial sticking coefficients of alumina and quartz were

estimated to O (inert) and 0.01 [122], respectively. Kizaki et al. examined that the effects of

the tube diameters and pressure on species concentration and flame locations in MFR [123].

Computational predictions agreed well with measured species concentration for a quartz tube

with inner diameter of 2 mm at atmospheric pressure when the initial sticking coefficient was

set to 0.0005. No significant wall effects were observed at pressure above 0.05 atm.
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Figure 4A-1: (a) Schematic of the test setup. (b) Obtained NHs signal ratios (the ratio of
NHs concentration at reactor exit to that at reactor inlet).

To investigate wall effects on flames in MFR for NHs cases, similar preliminary tests

were conducted. The effects of the tube diameters on species concentration for weak flames in

MFR were investigated. A schematic of the test setup is presented in Fig. 4A-la. The

experiment was conducted with heated quartz tubes with inner diameters of 1, 2, 4 mm, and a

heated quart tube with inner diameter of 2 mm filled with quartz powder to maximize the

surface-to-volume ratio of quartz. NHs/Ar mixtures were introduced at inlet velocity of 10

cm/s. NH3 concentration was measured by a quadrupole mass spectrometer (QMS) at the exit

the reactor with the maximum wall temperatures of 1000, 1100, 1200 and 1300 K. A NHs
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signal ratio was defined as the ratio of NHs concentration at the reactor exit to that at the

reactor inlet. Measured NHz signal ratios are presented in Fig. 4A-1b. The results indicate that

no significant decrease of measured NH3s concentration is observed for 2- and 4-mm cases

whereas NHs concentration decreases by 10-15 % for the 1-mm and quartz powder cases.

Therefore, the effects of surface reactions in MFR are negligible under the present experiment

conditions However, it should be worthy to further investigate wall effects on flames of NHs

mixtures in MFR under reduced pressure conditions.

4.B Model selection for individual reaction subsets

To select reaction subsets of DME and NH3 for a combined chemical reaction model

for DME/NHj3 fuel blends, model validation against weak flame (hot flame) locations in MFR

and laminar burning velocity (S.) are performed for neat DME/air and NHs/air mixtures. Zhao

model [105], DME2000 [106,107], HP-mech [108] and skeletal Aramco 3.0 [98,109] are

selected as candidates for the DME reaction subset. Zhang [110], Mathieu [104], Glarborg

[114], Nakamura [112] and Konnov [113] models are selected as candidates for the NH3

reaction subset. For 1-D computations of weak flames for NHa/air mixtures, the end of the

computational domain is extended from 15 cm to 20 cm because no HRR peaks appear within

15 cm with some models. The wall temperature is kept at 1300 K for the extended domain.

Also, Sp calculation is conducted by using the 1-D freely propagating flame model in

Chemkin-Pro v.19.0. Mixture conditions are listed on Table 4B-1.
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Table 4B-1: Mixture composition and inlet flow velocity of the mixtures.

Inlet
. Equivalence flow
Mixture ratio [-] DME NH3 02 N2 velocity
[cm/s]
DME/air 1.0 0.065 0.000 0.196 0.738 2.00
NHa/air 1.0 0.000 0.219 0.164 0.617 2.47

The brightness profile extracted from an observed weak flame image and the
computed HRR profiles of the neat DME/air mixture are presented in Fig. 4B-1a. Hot flame
locations indicated by locations of peaks of the computed HRR profiles by all reaction models
show good agreement with the observed hot flame location. Especially, the predictions of
weak flame locations by HP-mech and skeletal Aramco 3.0 are within the temperature range

of =5 K from the observed weak flame location.
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Figure 4B-1: (a) Observed and computed weak flame locations of the neat DME/air
mixture. (b) Measured and computed laminar burning velocity of DME/air mixtures at
atmospheric pressure and room temperature.

The measured and computed S. of DME/air mixtures are presented in Fig. 4B-1b.

The measured S are taken from earlier works by Zhao et al.[124], Wang et al.[125], Daly et

al.[126], and Qin et al. [127]. All models slightly overpredict S on the lean side. DME2000

overpredict S for stoichiometric-to-slightly rich equivalence ratios. Predicted S. values by

HP-mech, Zhao model, and Aramco 3.0 are within the experimental scatters for richer
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equivalence ratios. Considering the reproducibility of both weak flame locations and S, of the

DME/air mixture, HP-mech is chosen for the DME reaction subset.
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Figure 4B-2: (a) Observed and computed weak flame locations of stoichiometric NHzs/air

mixtures. (b)Measured and computed laminar burning velocity of NHs/air mixtures at
atmospheric pressure and room temperature.

The brightness profile extracted from an observed weak flame image and the computed

HRR profiles of the stoichiometric NHas/air mixture are presented in Fig. 4B-2a. Single sharp
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HRR peak appears in the predictions by Nakamura and Glarborg models. Double peaks

appear in the result by Konnov model. No sharp peak is observed in the predictions by

Mathieu and Zhang models.

The measured and computed S. of NHas/air mixtures are presented in Fig. 4B-2b. The

measured Si are taken from earlier works by Zakaznov et al.[128], Takizawa et al.[129], Pfahl

et al.[130], Ronney [131], and Hayakawa et al. [132]. Nakamura model slightly overestimates

S on the lean side. The discrepancy between the measured and computed S by Nakamura

model becomes larger on the rich side. Mathieu model shows good reproducibility of the

measured S, on the rich side and slightly underestimates S. on the lean-to-stoichiometry side.

Zhang, Glarborg and Konnov models overpredict S for widely various equivalence ratios

considered. Considering the reproducibility of both weak flame locations and S. of NHa/air

mixtures, Nakamura model is chosen for the NH3 reaction subset.
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Chapter 5:
Promoting and inhibiting effects of NO

on CHj oxidation

5.1 Introduction

As also discussed in Chapter 1 and Chapter 3, nitric oxide (NO) has been widely
known as one of major chemical species which has considerable effects on environment
pollutions. On the other hand, NO exhibits promoting effects on oxidation of hydrocarbon
fuels [120,133,134]. In terms of pollutant reduction and better efficiency of combustion
applications, effects of NO addition on oxidation and reactivity of various types of fuels have
been investigated intensively. In some practical applications such as ammonia/hydrocarbon
combustion and reburning techniques, local NOx concentration near flames can be expected
to be much higher. However, effects of high concentration of NO on oxidation and reactivity
of hydrocarbons have not been examined widely. Therefore, the present chapter focuses on
effects of NO on oxidation and reactivity of CH4 for extended NO concentration in mixtures.
5.2 Experiment and Computation

A schematic of experimental setup is presented in Fig.5-1. For experiments, a
vertical-type micro flow reactor (MFR) is employed also in this chapter to obtain higher
spatial resolution of weak flames [65]. A quartz tube as a reactor passes through the center of

a Ho—Air burner and a temperature profile with a maximum temperature of 1300 K is formed
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on the reactor wall. The inner diameter of the quartz tube is 2 mm. The wall temperature

profile is measured by inserting a K-type thermocouple from the bottom of the reactor. All the

experiments are conducted at atmospheric pressure. The mole fractions of mixture

components are presented in Table 5-1. The base mixture is composed of CHs, O2 and Ar. The

mole fractions of CH4 and O- are fixed. The increment of NO is balanced by reducing the Ar

fractions. The equivalence ratio is calculated without considering the oxygen atom of NO.

The NO concentration is varied in the range of 0.1-10% of the CH4 concentration, which

corresponds to 95-9480 ppm in total mixtures. CHas, Ar and NO are stored in a steel tank with

a pressure gauge by the partial pressure method. Flame observation is conducted with a digital

camera (Nikon D810) with a bandpass filter (transparent wavelength 431.4 nm, half band

width 6.5 nm) to reduce noises of the thermal radiation from the quartz tube. The exposure

time is set to 3.5 minutes for each flame image.
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Table 5-1: Mole fractions of test mixtures.

Figure 5-1: Schematic of the experimental setup.

Mixture CHa 0] Ar NO

Neat CH4 0.0948 0.1896 0.7156 0 ppm
NO/CH4 0.1% 0.0948 0.1896 0.7155 95 ppm
NO/CH4 1% 0.0948 0.1896 0.7147 948 ppm
NO/CH4 10% 0.0948 0.1896 0.7061 9480 ppm

The reactive flow in MFR is modeled with the same modified PREMIX code in
Chemkin-Pro v19.0 [101] introduced in Chapter 3. For a chemical kinetic model, Song model
(151 species and 2335 reactions) [43] is used. The wall temperature profile shown in Fig. 5-2

is used in the computation. A weak flame location in the computation is defined as the

location of the peak of the heat release rate profile in each case.
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Figure 5-2: The measured wall temperatures and the estimated wall temperature profile
used in the computation.

5.3 Results and Discussion
5.3.1 Effects of NO addition on CH4/O2/Ar weak flame locations

Figure 5-3a presents observed weak flame images of stoichiometric CH4/O2/Ar mixtures
with/without NO addition. The observed weak flame of the NO/CH4 0.1% case locates in a
lower temperature region compared to the Neat CH4 case, indicating NO addition enhances
reactivity of the CHa/O2/Ar mixture. This trend becomes more obvious when the NO
concentration further increases (NO/CHs 1.0%). However, in the NO/CHs 10% case, the
flame location slightly shifts to the higher temperature side compared to the NO/CH4 1.0%

case. This implies that mixture reactivity is inhibited slightly at high NO concentration.
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Figure 5-3: (a) Observed weak flame images of stoichiometric CH4/O2/Ar mixtures
with/without NO addition. (b) The normalized brightness intensity extracted from flame
images. (c) The computed normalized heat release rate (HRR) profiles.

Figure 5-3b presents normalized brightness intensity extracted from weak flame

images. As can be seen, the main flame zones become broader with higher NO concentration

(NO/CH4 1.0%, NO/CH4 10%) compared to those with lower NO concentration (Neat CHa

and NO/CH4 0.1%). Figure 5-3c shows the normalized computed heat release rate (HRR)

profiles for all test mixtures. There observed some quantitative differences in the wall

temperatures at weak flame locations between the experiment and the computation. However,

the computation qualitatively reproduces the overall trend in the experiment, that is, the weak

flame location shifts greatly to the lower temperature side as the NO concentration increases
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up to NO/CHa4 1.0%, and shift slightly to the higher temperature side as it further increases up

to NO/CH4 10%. This indicates that the reactivity indicated by the weak flame locations is the

highest for the NO/CH4 1.0% case, followed by the NO/CH4 10%, NO/CH4 0.1%, and Neat

CHs cases. The following sections investigates how NO addition enhance/inhibits the

reactivity of CHa/O2/Ar mixtures.

5.3.2 Radical sensitizing effects of NO on the reactivity of CH4/O2/Ar mixtures

To investigate how NO addition enhances the reactivity of CH4/O2/Ar mixtures, the rate-

of-production (ROP) analyses are conducted. Figure 5-4 presents the rates of CHs

consumption for the Neat CHs and NO/CH4 1.0% cases. Negative ROP values denote

speciesconsumption. It is obvious that CHs4 is consumed mostly by OH radical through R34:

CHs4 + OH = CHz + HO in both cases. However, the onset temperature of CH4 oxidation is

much lower and a large amount of CHa4 is consumed in the intermediate temperatures of 900—

1050 K for the NO/CH4 1.0% case.
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Figure 5-4: Rates of CH4 radical consumption for (a) Neat CHs and (b) NO/CHa4 1.0%.

Figure 5-5 presents the rates of CHz radical consumption for the Neat CH4 and
NO/CH4 1% cases. In the Neat CH4 case, CH3 radicals start being consumed at around 1050
K through R154: CH3z + CHs (+ M) = C2Hg (+ M) and R75: CHz + HO2 = CH3O + OH. In the
higher temperatures above 1200 K, the contributions to CHz radical consumption by O, H and
OH radicals (R31, R69 and R86) become larger. On the other hand, in the NO/CHa4 1.0% case,
CHs radicals are consumed mostly in the intermediate temperatures of 900-1050 K through
R2115: CHsz + NO2 = CH30 + NO, and CH30 radicals are produced. This indicates that NO>
promotes CH4 oxidation in the intermediate temperatures through converting less reactive
species into more reactive species (i.e., CHz—CHz0O). Since only NO is contained as an

additive in the initial mixtures, NO2 are expected to be produced from NO. Therefore, the
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ROP of NO is investigated.

The rates of NO production/consumption for the NO/CHs 1.0% and NO/CH4 10%
cases are presented in Fig. 5-6. In the NO/CH4 1.0% case, NO is consumed mostly through
the reaction with HO2, R1929: NO + HO2 = NO2 + OH. This reaction also exhibits radical

sensitization through converting HO: radicals into OH radicals. Subsequently, produced NO>
Is consumed through R2115: CH3z + NO2 = CH30 + NO or R1969: NO2 + H = NO + OH.
Therefore, once NO is added to the CH4/O2/Ar mixtures, the OH radical production is

enhanced through both R1929: NO + HO2 = NO2 + OH and R1969: NO2 + H = NO + OH.
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Figure 5-5: Rates of CHs radical consumption for (a) Neat CH4 and (b) NO/CH4 1.0%.
Negative ROP values denote species consumption.
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Consequently, the CH4 oxidation is promoted from the intermediate temperatures. Moreover,
CHs radicals are less reactive species and cannot be oxidized until temperature becomes
sufficiently high for the Neat CH4 case. However, in the presence of NO, CHzs radicals can be
converted into CH3O radicals through R2115: CHs + NO2 = CH30 + NO. CH3O radicals
decompose easily into CH20 and H radicals. CH>O also reacts with OH radicals and produces
HCO radicals, which eventually produce CO. As such, the oxidation of CH4 further proceeds

from intermediate temperatures with the help of the reactions of NO and NO:..
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Figure 5-6: Rates of NO production/consumption for (a) NO/CH4 1.0% and (b) NO/CHz4
10%. Positive/negative values denote species production/consumption.
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As discussed in Chapter 4, these reactions are known as the NO-NO. loop reactions

[33,43,47,116]. Through these reactions, NO and NO> convert less-reactive radicals such as

HO> and CHa radicals into more-reactive species such as OH and CH3O radicals, while NO

and NO: themselves are regenerated in the loop. The effects of radical sensitization through

NO-NO: loop reactions on hydrocarbon oxidation have been investigated extensively

[42,46,117-120]. Additionally, it should be emphasized that the oxidation from CH4 to CO

proceeds via the reaction sequence, CH3—CH30—CH20—HCO—CO, and some of CO can

be oxidized into CO, even from the intermediate temperatures of 900—1000 K. This reaction

sequence of the CHs oxidation in the intermediate temperatures contributes to the heat

releases in the corresponding temperature zones. Therefore, once the CH4/O2/Ar mixture

contains NO as a mixture component, not only the initial oxidation of CH4 but also

subsequent intermediate temperature reactions can be enhanced, which appears as a large shift

of weak flame locations to the lower temperatures between the Neat CH4 and NO/CH4 1.0%

cases.

5.3.3  Inhibiting effects of NO on reactivity of CH/O2/Ar mixtures

In both experiment and computation, the weak flame location shifts slightly to the higher

temperature side as it further increases from NO/CHs 1.0% to NO/CHs 10%. This section

focuses on how high concentration NO inhibits the reactivity of CH4/O2/Ar mixtures.

In the NO/CH4 1.0% case as shown in Fig. 5-6a, R2115: CHz + NO2 = CH30 + NO is a
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dominant reaction for NO production in the intermediate temperatures whereas R1969: NO» +

H = NO + OH is dominant in the high temperatures. On the other hand, in the NO/CH4 10%

case presented in Fig. 5-6b, the contribution of R1969: NO., + H = NO + OH becomes

dominant even in the intermediate temperatures of 900-1000 K. Since H radical is a crucially

important species for a chain branching reaction, R5: H + O, = O + OH, the rates of H radical

consumption are investigated for the NO/CH4 1.0% and NO/CH4 10% cases. Figure 5-7

presents the rates of H radical consumption for the NO/CH4 1.0% and NO/CH4 10% cases.
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Figure 5-7: Rates of H radical consumption for (a) NO/CH4 1.0% and (b) NO/CH4 10%.
Negative values denote species consumption.
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In the NO/CH4 1.0% case shown in Fig. 5-7a, R123: CH,O + H = HCO + H; and R1969: NO>

+ H = NO + OH are the main consumption reactions of H radicals in the intermediate

temperatures of 900-1000 K. On the other hand, R5: H + O2 = O + OH, R15: HO> + H =

20H and R22: H + O, (+M) = HO (+M) have large contribution to the H radical

consumption in the high temperatures around 1100 K. In the NO/CH4 10% case, however,

R1969: NO2 + H = NO + OH still retains large contribution to H radical consumption over

intermediate-to-high temperatures, and the reaction competes for H radicals with the main

chain-branching reaction R5: H + O2 = O + OH. Although the reaction R1969: NO2 + H = NO

+ OH produces OH radicals, it is a chain-propagating reaction which does not contribute to

radical pool growth. Therefore, the small shift in the weak flame location between the

NO/CH4 1.0% and NO/CH4 10% cases can be explained as follows. Compared to the Neat

CH4 and NO/CH40.1% cases, the greater production of OH radicals through R1969: NO. + H

= NO + OH further promotes the CH4 oxidation, and the weak flame location shifts to the

lower temperature side for the NO/CH4 1.0% case. However, once the NO concentration

exceeds a certain point, the chain-propagating reaction R1969: NO. + H = NO + OH and the

chain-branching reaction R5: H + O2 = O + OH compete each other for H radicals. This

competition for H radicals inhibits the production of active radical species. As a result, the

CH4 oxidation is inhibited and the weak flame location shifts to the slightly higher

temperature side. Mathieu et al. had pointed out a similar effects of the NO. addition on

ignition delay times of H2/O2/Ar mixtures in the shock tube experiments [135]. They varied
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the NO2 concentration in the range of 100-1600 ppm in the test mixtures and measured

ignition delay times of Ha/O2/Ar mixtures. When 1600 ppm NO: is included in the H2/O2/Ar

mixture, the ignition delay time became shorter than that of the 100 ppm NO> case but it

became longer than that of the 400 ppm NO:> case. According to the computational results in

the present study, the maximum NO: concentrations within reaction zones were 272 ppm for

the NO/CH4 1.0% case and 713 ppm for the NO/CH4 10% case, respectively. These values

correspond to the criteria in their study reasonably. Therefore, the small shift in the weak

flame location observed in the NO/CH4 10% case caused by the competition for H radicals

between the chain-branching reaction R5: H + O = O + OH and the chain-propagating

reaction R1969: NO» + H = NO + OH due to the increase of NO2 concentration. These

findings contribute to reactivity controls of hydrocarbon fuels in the presence of high

concentration NOXx especially expected in hydrocarbon/ammonia combustion.

5.4 Conclusions

Effects of high concentration NO on oxidation and reactivity of stoichiometric CH4/O2/Ar

mixtures were investigated based on weak flame responses in MFR. The NO concentration in

the mixture was varied for NO/CHs 0.1-10%. The experimentally obtained results showed

that the weak flame locations of the CH4/O2/Ar mixture shifted to the lower temperature side

as the NO concentration increased up to NO/CHs 1.0%. However, the weak flame slightly

shifted to the higher temperature side when the NO concentration further increased to
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NO/CHs 10%. These trends indicated that the reactivity of CH4/O2/Ar mixtures can be

enhanced the NO concentrations increase up to NO/CHs 1.0% but slightly inhibited for

NO/CH4 10%. The 1-D computation for weak flames could qualitatively reproduce the trends

of weak flame locations observed in the experiments. The radical sensitizing effects of NOx

through looping reactions of NO and NO: can promote the oxidation of CH4 and the

conversion of CHz into CHsO, which realizes the oxidation sequence

CHs—CH3—CH30—CH20—HCO—CO from the intermediate temperatures. Therefore,

once the CH4/O2/Ar mixtures contain NO as a mixture component, not only lower

temperature reactions but also subsequent intermediate temperature reactions can be enhanced,

which results in visible enhancement in the oxidation of CHs. The ROP analyses revealed that

the great contribution of a chain-propagating reaction NO2 + H = NO + OH to the H radical

consumption inhibits the production of active radical species at the NO concentration of 9480

ppm. Consequently, this results in a slight shift of the weak flame location. Therefore, the

shift in the weak flame location observed at the higher NO concentration was mainly caused

by the competition for H radicals between the chain-branching reaction H + O> = O + OH and

the chain-propagating reaction NO2 + H = NO + OH due to the increased NO2 concentration.
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Chapter 6:

Autoignition-assisted nonpremixed cool flames

6.1 Introduction

In conventional diesel engines, autoignition and autoignition-assisted flame
propagation play critical roles in the ignition control. The first-stage ignition and the
subsequent transition into a cool flame initiate the combustion process in an engine cylinder.
Therefore, understanding cool flame characteristics of biofuels is essential for the efficient use
of biofuels in existing diesel engines. Combustion phenomena in practical engines usually
take place under high autoignition Damkdohler number conditions, which is defined as the
ratio between the flow residence time and the chemical reaction time. However, most of
existing cool flame studies are conducted under low autoignition Damkohler numbers, where
flame stabilization and autoignition are decoupled. In the present chapter, cool flame
characteristics under high autoignition Damkdéhler number conditions are investigated using a
counterflow burner and a Co-flow Axisymmetric Reactor-Assisted Turbulent (CARAT)
burner introduced in Chapter 2.

In the present chapter, diethyl ether (DEE) is selected as the target fuel because of its
rapid first-stage ignition at atmospheric pressure and its potential use as a biofuel for
compression-ignition engines [136]. While the combustion characteristics of DEE have been
investigated particularly for internal combustion engine conditions [137-140], the flame
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stabilization conditions, and extinction and autoignition characteristics of DEE cool flames

have not been reported. Moreover, recent works on the extinction of laminar cool flames

[60,108,141] revealed that even the state-of-art chemical kinetic models fail to predict cool

flame burning limits due to the strong coupling between combustion heat release and low-

temperature kinetics. This applies even more to DEE models due to the limited experimental

information of DEE oxidation available. Thus, the flame dynamics of DEE cool flames should

be investigated under well-defined boundary conditions. Furthermore, essential data for DEE

kinetic model development and validation have to be provided.

Motivated by the above discussions, the goal of the present work is to understand the

flame stabilization and flame transitions of autoignition-assisted nonpremixed cool flames of

DEE. The autoignition and extinction limits of laminar nonpremixed cool flames are first

examined in a counterflow burner by varying the fuel concentration. The reproducibility of

flame limits by recent chemical kinetic models are also investigated. Next, guided by the

laminar flame measurements, turbulent nonpremixed cool flames are established by using a

Co-flow Axisymmetric Reactor-Assisted Turbulent (CARAT) burner [61]. The lift-off heights

are measured using formaldehyde (CH20) planar laser-induced fluorescence (PLIF). Finally,

a correlation between the mean lift-off heights of the turbulent cool flames and the first-stage

ignition delay times are examined.
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6.2 Experimental and computational methods

6.2.1  Counterflow burner experiment

An atmospheric counterflow burner is utilized to stabilize laminar cool flames. The

structure of the counterflow burner is presented in Chapter 2. The exit diameter of both the

top and bottom burner nozzles is 1.3 cm. Each nozzle is surrounded by a co-flow channel in

which heated nitrogen flows. The nozzle separation distance is kept at 2.25 cm throughout all

measurements. Diethyl ether (DEE, Sigma Aldrich, anhydrous, =99%) is used as the fuel and

air is used as the oxidizer. Liquid DEE is injected using a syringe pump (Harvard Apparatus,

PHD 22/2000) into the vaporization chamber and mixed with heated nitrogen to facilitate

atomization and vaporization. The DEE/nitrogen mixture is then expelled out of the upper

burner nozzle and meets the heated air flow from the bottom nozzle. All the flows are heated

to 550 K at the nozzle exits, unless otherwise stated. The temperatures of the flow at the

nozzle exits are maintained within £5 K using PID control. Since the cool flame

chemiluminescence is quite dim, an unfiltered ICCD camera (Princeton Instruments, PI-MAX

4) is used to monitor the cool flame chemiluminescence.

6.2.2  CARAT burner experiment

The Co-flow Axisymmetric Reactor-Assisted Turbulent (CARAT) burner is employed

to stabilize turbulent cool flames under well-defined boundary conditions. The structure of

CARAT burner is presented in Chapter 2. The CARAT burner has three flows: an inner (main)

fuel flow, a pilot flow, and a co-flow. The main flow velocity (Uo), the mole fraction of DEE
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(Xoee), and the flow temperature are varied over the range of 2.5-3.5 m/s, 0.02—0.04 and 500—

600 K (based on the measured extinction/ignition limits from the laminar flame

measurements), respectively. Both the pilot flow and the co-flow consist of heated air at the

velocities of 1.0 m/s and 0.44 m/s, respectively. To prevent the recirculation flow occurring

between the main flow and the co-flow, the pilot flow velocity is set to a non-zero value. The

pilot flow can consist of pure O to facilitate cool flame observation for some less reactive

fuels. However, air is used as an oxidizer in this study as a result of the strong low

temperature oxidation of DEE. Since cool flames exhibit weak chemiluminescence, planar

laser-induced fluorescence of formaldehyde (CH2O-PLIF) is used to measure the cool flame

lift-off heights. Note that the formaldehyde fluorescence observed is entirely due to the strong

low-temperature oxidation of DEE. Excitation is performed using the output of a frequency-

tripled Nd:YAG laser (Quantel Q-smart 850, 355 nm, 10 Hz) at a beam energy of ~200

mJ/pulse. The beam is expanded into a sheet 200-um in thickness and is incident over the

centerline of the burner. The fluorescence is captured by a filtered ICCD camera (Princeton

Instruments, PI-Max) through a GG-395 longpass filter. One hundred fluorescence images are

averaged for each condition to produce a mean PLIF image for the observation of flame

structure and lift-off height.

6.2.3  Numerical models

For the numerical work in this chapter, two different computations are conducted. To
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simulate laminar counterflow flames, the steady one-dimensional computation is conducted
using the OPPDIF package of Chemkin-Pro v19.0 [93]. Several chemical kinetic models are
validated against the measured flame limits. The boundary conditions for the computation are
determined based on the experimental conditions. The global strain rate is determined from
burner exit velocities/compositions in the experiment based on the equations (2.1) and (2.2)
presented in Chapter 2. The simulation employs same mixture flow velocities at nozzle exits
as the experiment. A pseudo arc-length continuation procedure (i.e., OPPDIF calculations
with restarts of previous solutions) is used to find HFE/CFE by increasing the strain rate
gradually at a constant fuel concentration. The turning point right before a solution jumps off
the hot/cool flame branch is determined as the hot/cool flame extinction limits.

To calculate adiabatic ignition delay times of DEE/air mixtures, the transient zero-
dimensional computation is conducted using the AURORA package of Chemkin-Pro v19.0.
The computation is conducted under a constant volume assumption. The peaks in the time
history of [OH] are detected. As shown in Fig. 6-1, if there appear two peaks in a time history
of [OH], the periods from the starting time to the first and second peaks are defined as the 1%
and total ignition delay times, respectively.

The DEE kinetic models from the literature include the Tran model [142], the Tang
model [143], and the Serinyel model [144]. Species and reactions that do not participate
significantly in the DEE low-temperature oxidation have been removed from the Tran and
Serinyel models, for the purpose of computational efficiency.
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Figure 6-1: Definition of the 15t and total ignition delay times.

6.3 Results and discussions
6.3.1 Extinction and autoignition limits and auto-ignition assisted flames

In the present chapter, all experiments are conducted at atmospheric pressure. To
measure the counterflow extinction limits (or ignition limits), the strain rate (a) is increased
(or decreased) by simultaneously varying the nitrogen and air flow rates until a flame
extinguishes (or ignites) while holding constantly the location of the stagnation plane. The
“density-weighted” strain rate is determined from burner exit velocities and mixture
composition in the experiment, and the simulation employs these same velocities and mixture
composition, that is, the measurements and computational predictions are compared under the
same boundary conditions. Figure 6-2a shows the comparison between experimental results
and computational predictions for the extinction strain rates of both hot flames and cool

flames plotted against the DEE mole fraction. In the measurements, the cool flame extinction
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(CFE) limit is found to exceed the hot flame extinction (HFE) limit as the DEE fraction
decreases between Xpee = 0.1 and 0.08, resulting in a crossover point between HFE and CFE.
This crossover point indicates the existence of a hysteresis between HFE and CFE. Similarly,
Fig. 6-2b shows the computed hot flame and cool flame branches for two different fuel
concentrations. For Xpee = 0.12, hot flames directly extinguish into unburned mixtures as the
strain rate is increased beyond the HFE limit. On the other hand, when the fuel concentration
is lower (Xpee = 0.03), the CFE limit exceeds the HFE limit. In this case, as the strain rate is
increased, hot flames do not directly extinguish into unreactive mixtures but rather transition
into cool flames [145]. Similarly, re-ignition of a cool flame at low strain rates results in the
transition to a hot flame. This hysteresis between HFE and CFE occurs due to the higher

sensitivity to the flame temperature of the hot flame [56].
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Figure 6-2: (a) Comparison of hot flame extinction (HFE) and cool flame extinction
(CFE) limits between the experimental measurements and computational predictions for
diluted DEE/air nonpremixed flames at T = 550 K and (b) computed hot and cool flame
branches for diluted DEE/air cool flames at T = 550 K and two different DEE mole
fractions with the Serinyel model [144].
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For the computation, although three kinetic models are employed, only the results by
the Serinyel model are shown in Fig. 6-2a because the predictions by the Tran model and the
Tang model are greatly different from the measurements (acre < 200 s for all Xpee
conditions). For the HFE limits, the Serinyel model overpredicts HFE at high Xpee while it
underpredicts HFE limits in low Xpee region. For the CFE limits, although the Serinyel model
generally lies above the measured CFE extinction strain rate, it can predict the CFE limits
reasonably well for low Xpee conditions. As observed in the experiments, a crossover between
HFE and CFE also appears in the computational prediction at Xpee ~ 0.068 with the Serinyel
model. Note that the crossover point is also qualitatively replicated by the other two models
(at Xpee ~ 0.030 with the Tang model and at Xpee ~ 0.037 with the Tran model), albeit under
different conditions.

Next, the autoignition limits of cool flames are investigated by decreasing the fuel
concentration (Xpee = 0.05-0.13) at two different air temperatures. For the mixtures
considered and for strain rates above a ~ 40 s, no autoigniting cool flames can be observed
at T = 500 K. However, autoignition-assisted cool flames are successfully stabilized at T =
550 K. The experimentally observed low-temperature autoignition (LTI) limits are plotted
together with CFE in Fig. 6-3a. Although the strain rate at the CFE and LTI limits are quite
close over the range considered, when the DEE fraction is larger than Xpee ~ 0.10, the gap
between CFE and LTI becomes larger. The cool flame at large Xpee has a low autoignition
Damkdohler number and is therefore not stabilized as a result of autoignition. However, as the
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DEE fraction becomes lower than Xpee ~ 0.10, the CFE and LTI limits approach each other
and eventually merge together. For Xpee < 0.05, CFE and LTI are indistinguishable (loss of

criticality occurs), therefore not presented.
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Figure 6-3: (a) Measured cool flame extinction (CFE) limits and the low temperature
ignition (LTI) limits at T = 550 K and (b) computed ignition-to-extinction branches for
diluted DEE/air cool flames at T = 550 K and two different DEE fractions with the Tran
model [142].

Figure 6-3b shows the computed S-curves (bifurcations diagrams showing the stable
steady-state flame temperatures as a function of strain rate) using the Tran model [142] for
Xpee = 0.03 and 0.08 at T = 550 K. Xpee = 0.03 corresponds to the fuel concentration for the
merged CFE/LTI condition in Fig. 6-3a. Figure 6-3b shows that the ignition and extinction
curves have two distinct relationships between the CFE and LTI limits. At a higher fuel
concentration (Xpee = 0.08) the CFE and LTI limits are separated, that is, moving between the
cool flame and unburning steady states requires an extinction or ignition transition, and there

exists a hysteresis between the CFE and the LTI limits. However, at a lower fuel concentration,
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Xpee = 0.03, the CFE and the LTI limits merge and the hysteresis disappears (loss of

criticality occurs). Under this condition, there is a smooth transition between the unburning

mixture and the cool flame. This cool flame regime corresponds to the CFE/LTI merged

branch in Fig. 6-3a and is termed the autoignition-assisted cool flame regime. This flame

regime provides a good validation target for the autoignition chemistry of the kinetic models

and for the study of auto-ignition assisted turbulent flames. Therefore, based on these

nonpremixed laminar flame measurements shown in Fig. 6-3, the turbulent autoignition-

assisted cool flames can be readily stabilized in the DEE mole fraction range of Xpee = 0.02-

0.04 at the temperature of 550 K.

6.3.2 Autoignition-assisted turbulent lifted cool flames

In the previous section, the extinction and autoignition limits of laminar dilute

DEE/air cool flames were measured in a counterflow configuration. According to the

measurements in Fig. 6-3, autoignition-stabilized DEE/air nonpremixed cool flames can be

realized at low fuel concentration (Xpee ~ 0.02-0.04) at an air temperature of 550 K.

Therefore, the stabilization of turbulent nonpremixed lifted cool flames is attempted in the

CARAT burner under the following conditions: the main flow velocity, the DEE concentration,

and the flow temperature are varied over the range of U =2.5-3.5 m/s, Xpee = 0.02-0.04, and

T =500-600 K, respectively.

Figure 6-4a shows an instantaneous CH>O-PLIF image of a turbulent cool flame for
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Xpee = 0.04 and Ug = 3.00 m/s. The lifted flames are stabilized by autoignition at T = 550 K.
Note that, at the main flow velocities used, the cool flames remain attached to the burner and
are unable to lift off at T = 600 K. Moreover, under the present conditions, cool flames cannot
be stabilized by autoignition at T = 500 K. These results are consistent with the laminar
experiments, that is, isolated autoignition-stabilized cool flames are realized at a critical fuel
concentration and at temperatures of T = 550 K or higher.

To quantify the mean lift-off height (Hr) of the turbulent lifted cool flames, averaged
CH2O-PLIF images are generated. The averaged CH>O-PLIF images for the Xpee = 0.04
condition can be seen in Fig. 6-4b. The lift-off height is defined as the lowest point above the
burner where a PLIF signal of 70,000 counts is achieved (the PLIF images in Fig. 6-4b are on
a scale of 62,000 to 95,000 counts). We note that the measured lift-off heights are not

particularly sensitive to reasonable variations in the count threshold.

T =550 K and Xpge = 0.040
(a) (b)

CH20 PLIF signal (counts)

Figure 6-4: (a) An instantaneous CH20-PLIF image of a DEE lifted cool flame at Ug =
3.00 m/s with Xpge = 0.04 and T = 550 K and (b) the averaged CH20-PLIF images of
DEE lifted flames at different main flow velocities with Xpee = 0.04 and T = 550 K.
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Based on the averaged PLIF images in Fig. 6-4b, the lift-off heights (HL) of autoignition-
assisted lifted cool flames at T = 550 K are measured and are plotted in Fig. 6-5. Decreasing
the DEE mole fraction in the main flow increases H.. Hi also increases as Up increases at a
constant DEE mole fraction; however, the trend becomes nonlinear as the DEE fraction
increases. This is caused by the inevitable heat loss during the autoignition process [146].
Specifically, Choi et al. [146-148] have proposed the following scaling for the lift-off height
of autoignition-assisted lifted flames, based on a simple timescale argument: H. ~ Uo-Tigad 2
(7ig.ad: the adiabatic total ignition delay time). Based on the thermal explosion theory [149],
the following relation can be held between the Frank-Kamenetskii parameter (6) and

adiabatic/non-adiabatic ignition delay times (zg,ad, 7ig):

T; 2
8~ <9—“‘1> . (6.1)

Tig

Since & is correlated to the Damkdhler number, which is expressed as zriow/zig (zFiow: the

characteristic flow time), this relation can be regarded as the following form:

TZ

Tiy ~ 2222 (6.2)
Trlow
According to the experiments by Choi et al. [147], zriow under non-adiabatic condition has the
dependence on 7igad®. Since zriow Can be expressed as Hi/Uo, the proportionality can be
derived:
Hy~Uo T304 - (6.3)
In the present case, heat loss increases as the DEE fraction (and hence flame temperature)

increases, which results in the trend in Fig. 6-5.
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Figure 6-5: Measured cool flame lift-off heights (H.) in the CARAT burner as a function
of the main flow velocity (Uo) at T = 550 K.

Note that the results shown above are for weakly turbulent (Rer ~ 30) flow conditions.
Thus, it is reasonable to assume that the similar physics for laminar autoignition-assisted
lifted flames hold for the present weakly turbulent conditions. Based on the assumption, a
modified correlation is introduced as the scaling of the lift-off height of turbulent lifted cool
flames:

Hy ~ U - st (6.4)
where 715t is the adiabatic first-stage ignition delay time. The 71t are calculated using an
adiabatic homogeneous reactor model for stoichiometric DEE/air mixtures. The scaling
results are shown in Fig. 6-6. Between the three models employed, the Serinyel model, which
showed the best prediction of the CFE limits of DEE, especially for dilute conditions,
collapses the measurements well. However, the Tang model and Tran model do not display

the same level of correlation, which is reasonable since these models could not reproduce the
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experimental flame limits. This result suggests that the physics of weakly turbulent
autoignition-assisted lifted cool flames is analogous to that of the hot flame, that is, that the
lift-off height of a cool flame is determined by the balance between the heat generation due to
low-temperature oxidation and the heat loss as a result of the thermal dissipation in a
turbulent mixing layer. Moreover, the results suggest that autoignition-assisted cool flame lift-

off heights can potentially be used as targets for the chemical kinetic model validation.
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Figure 6-6: Correlation of cool flame lift-off heights (HL) using first-stage ignition delay

times (75 at T = 550 K calculated by the Serinyel model [144], the Tang model [143] and
the Tran model [142].

6.4 Conclusions

The autoignition-assisted laminar and turbulent non-premixed cool flames of diethyl
ether were investigated over various fuel concentration and temperatures. Laminar cool flame
extinction and autoignition limits of DEE/air non-premixed flames were examined in a
laminar counterflow burner configuration to identify the critical conditions under which
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autoignition-assisted turbulent cool flames can be stabilized. The measurements showed that,
with the decrease of fuel concentration, the cool flame extinction limit can exceed that of the
hot flame. Under this condition, a hot flame can extinguish directly into a cool flame, and a
cool flame can likewise re-ignite and transition to a hot flame. Moreover, with a further
decrease of fuel concentration, the extinction limit of cool flames merges with the low-
temperature ignition limit, resulting in an autoignition-assisted cool flame. Under this
condition, a hysteresis between the cool flames and the unreactive mixtures disappears and a
monotonic transition between the unburning mixtures and the cool flames appears. The
measured extinction and autoignition limits are used to validate chemical kinetic models of
DEE oxidation. The Serinyel model showed the best prediction of measured flame limits,
especially at low fuel concentration.

At low fuel concentration suggested by the laminar flame measurements, a turbulent
autoignition-assisted lifted cool flame of DEE/air was successfully observed at T = 550 K in
the CARAT burner. A lift-off height scaling from a previous study of autoignition-assisted
laminar lifted flames was modified for this study to H. ~ Uo- must?, Where 7 is the first-stage
ignition delay time in a homogeneous reactor. The Serinyel model, which showed the best
predictions of the measured laminar flame limits, also displayed the best correlation to the
turbulent flame lift-off heights. These results imply that both counterflow cool flame
extinction/ignition limits and autoignition-assisted cool flame lift-off heights can be used as
targets for chemical kinetic model validation.
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Chapter 7:

Conclusions and recommendations

7.1 Conclusions

In response to the rapid climate change, world’s energy structure has been changing
drastically. The introduction of low- and zero-carbon fuels to combustion applications is
recommended strongly in all sectors including power generation, transportation, industry,
buildings. Better understanding in combustion characteristics of new fuels is required for their
flexible and efficient usage in conventional combustion applications. This dissertation focuses
on oxidation and reactivity of various fuel mixtures, including syngas, small hydrocarbons,
biofuels, and ammonia. Mixture composition is widely varied and its effects on mixture
reactivity are investigated based on weak flame responses in a micro flow reactor with a
controlled temperature profile. Dominant chemical reactions and species, which control
oxidation and reactivity of mixtures, are identified for each mixture. Obtained results
suggested that overall reactivity of mixtures is strongly affected by low-to-intermediate
temperature chemical reactions preceding high temperature reactions.

In Chapter 3, in-cylinder fuel reforming characteristics of n-tridecane/air mixtures and the
reactivity of CO/H2/CHs mixtures were investigated. First, reformate products from in-
cylinder fuel reforming of n-tridecane/air mixtures were estimated by the 0-D adiabatic
transient simulation. The obtained results showed that the mole fractions of CO and H>
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become maximum at ¢ = 3 and above Ti = 500 K, and then decrease as the equivalence ratio

increases. The CO mole fraction is almost constant above ¢~ 5 and Ti = 500 K while the H>

mole fraction further decreases as the equivalence ratio increases. CH4 and CoH4 are not

produced below ¢ ~ 4 while mole fractions of these species increase greatly above ¢~ 5 and

Ti = 500 K. Based on the estimated composition of reformate products, CO, H, and CH4 were

selected as representative components. Weak flame locations of the CO/H2/CHs mixtures

were investigated using MFR. Both experimental and numerical results showed that weak

flame of CO/H2/CH4 mixtures shifted greatly to the higher temperature region as the Hy

fraction decreases and the CHs fraction increases, indicating the reactivity of the

CO/H2/CHa/air mixtures decreases. ROP analysis for OH radicals demonstrated that OH

radicals are consumed mainly by fuel components, CO, Hz, and CHs in all mixture

compositions. For the CO/Hz mixtures, OH radicals are mainly consumed by CO and Ha.

Subsequently, H radicals are produced through H> + OH = H + H,O and CO + OH = H + CO..

However, once CHs is included in the CO/H2 mixtures, CH4 also consumes OH radicals

through CHs + OH = CH3 + H20 and produces CHs radicals, which are less reactive species.

The consumption rate of OH radicals by CH4 became larger as the CH4 fraction increased.

Therefore, the primary factor of the significant decrease in the reactivity of the CO/H2/CH4

mixtures is the increase of the OH consumption by CHa4 and the CHs radical production due to

the increase of the CH4 fraction.

In Chapter 4, effects of composition and equivalence ratios on oxidation and reactivity of
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DME/NH3 mixtures were investigated using weak flame responses in MFR.

The trends in experimental and numerical results showed that the addition of small amounts

of NHz (up to 15% in fuel blends) promotes the DME oxidation. As the NHz fraction

increased further from 15% to 50%, the reactivity of DME/NH3z mixtures decreased greatly.

ROP analyses revealed that when NHs is blended with DME, low-to-intermediate temperature

oxidation of DME induces NHs oxidation at around 800-1000 K, and NO and NO; are

produced. The NO and NO> convert less-reactive radicals into more-reactive radicals (HO>—

OH and CH3—CH30) through the NO-NO: catalytic loop (NO + HO2 = NO2 + OH, NO. + H

= NO + OH, NO; + CHsz = NO + CH30). Radical sensitization through the NO-NO> catalytic

loop promotes active radical production in the blue flame zone. This is the main reason why

fuel oxidation is promoted with additions of small amounts of NH3. However, when the NH3

fraction in fuel blends increases further from 15% to 50%, more NH3s consumes OH radicals

in the blue flame zone instead of CO. Consequently, the CO oxidation in the blue flame zone

is inhibited, resulting in large decreases in reactivity of DME/NHs mixtures. Hot flame

locations of the DME/NH3z = 100/0 blends changed only slightly as the equivalence ratio

increased. However, when NH3 was blended with DME, hot flames moved to the higher

temperature side as the equivalence ratio increased. Because of the higher activation energy of

the CO, OH radicals are mostly consumed by DME, CH20, NHs, and Hz, but not by CO in

the blue flame zone for richer equivalence ratios. At richer equivalence ratios, the CO

oxidation was inhibited even in the hot flame zone because excess amounts of NHs and H>
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consumed more OH radicals. Therefore, the CO oxidation in the blue flame zone was

inhibited, and hot flames shifted to the higher temperature side as the equivalence ratio

increases only when NHs is blended with DME. These results indicate that NHs is capable of

not only inhibiting but also promoting reactivity of hydrocarbon mixtures by changing the

blending ratios and equivalence ratios.

In Chapter 5, effects of high concentration of NO on reactivity of CH4/O2/Ar mixtures

were investigated. The observed weak flame locations indicated that the reactivity of

CH.4/O2/Ar mixtures was enhanced greatly as the NO concentration increased up to NO/CH4

1.0%. However, the reactivity of the mixtures was inhibited when the NO concentration

increased further up to NO/CH4 10%. Chemical reaction analyses revealed that the NO-NO:

loop reactions effectively convert less reactive radicals into more reactive radicals, i.e., CHz—

CH30, HO,—OH, in intermediate temperatures of 900-1000 K, which were also discussed in

Chapter 4. This radical sensitization by NO-NO- loop reactions promotes CH4 oxidation from

intermediate temperatures. Consequently, the oxidation of CH4 is completed at much lower

temperatures for the NO/CH4 1.0% than that for the Neat CH4 case. However, as the NO

concentration increases further from NO/CHs 1.0% to NO/CHs 10%, the H radical

consumption through NO2 + H = NO + OH becomes larger in both intermediate and high

temperature region. Especially in high temperatures around 1100 K, NO2 + H = NO + OH

competes with H + O = O + OH for H radicals. Since NO, + H = NO + OH is a chain-

propagating reaction, the reaction does not contribute to the increase of active radicals, while
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the reaction H + O, = O + OH does because it is a chain-branching reaction. Therefore, H
radical consumption NO2 + H = NO + OH inhibits active radical production through H + Oz =
O + OH. Consequently, the CH4 oxidation is inhibited, and the reactivity is decreased slightly
for the NO/CH4 10% case.

In Chapter 6, the autoignition-assisted laminar and turbulent non-premixed cool flames of
diethyl ether (DEE) were investigated. For the laminar experiment, extinction and
autoignition limits of DEE/air nonpremixed cool flames were examined in a laminar
counterflow burner configuration. The experimental results indicated that there is a condition
where the cool flame extinction limit can exceed that of the hot flame as the fuel
concentration decreased. Under this condition, the hysteresis between a hot flame and a cool
flame appeared, i.e., a hot flame extinguishes directly into a cool flame, and a cool flame re-
ignite and transition to a hot flame. As the fuel concentration was further decreased, the
extinction limit of a cool flame merged with the low-temperature ignition limit, resulting in
the disappearance of the hysteresis between a cool flame and an unreactive mixture. The cool
flames observed under this condition is an autoignition-assisted cool flame. Based on this
finding, the conditions for turbulent cool flame experiments were determined, and a turbulent
autoignition-stabilized lifted cool flame of DEE/air was successfully observed at T = 550 K in
a CARAT burner. A lift-off height scaling from a previous study of autoignition-stabilized
laminar lifted flames was modified for this study to H. ~ Uo-must?, Where 7 is the first-stage
ignition delay time in a homogeneous reactor. The Serinyel model, which showed the best
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predictions of the measured laminar flame limits, also provided the best correlation to the

turbulent flame lift-off heights. Results obtained through the experimental work imply that

both counterflow cool flame extinction/ignition limits and autoignition-assisted cool flame

lift-off heights can be used as targets for chemical kinetic model validation.

7.2 Future recommendations
7.2.1  NHz reforming (Super-rich NHsz combustion)

Fuel reforming of NHz at rich equivalence ratios should be an interesting topic to

investigate. As mentioned in Chapter 4, NHz is a great H> source because the volumetric

hydrogen density of liquid NHs is 1.5 times larger than that of liquid H.. To produce Hz from

NHs effectively, thermal reforming of NHz is one key method. However, combustion

characteristics of NHs at rich equivalence ratios have not been investigated well. Judging

from the results of Chapter 4, the onset temperature of NHs oxidation is controllable with

addition of reactive species which provides active radicals to the system. In the presence of

hydrocarbons with multi-stage oxidation, NHs oxidation at low-to-intermediate temperatures

can be realized. Since cool and blue flame reactions are strengthened at richer equivalence

ratios, chemical interactions between NHs and hydrocarbon at low-to-intermediate

temperatures may also be more strengthened. If this is possible, H> production from NHs in

low-to-intermediate temperatures may be achieved.
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7.2.2  Cool flames under turbulent/elevated pressure conditions

In actual internal combustion engines, the conditions in an engine cylinder is expected to
be turbulent and high pressure. To investigate cool flame characteristics under engine-relevant
conditions, turbulent/high pressure cool flame experiment should be conducted. Although
turbulent nonpremixed cool flames were realized in the present work, the condition is still
limited to a weakly turbulent condition. To further investigate roles of cool flames under an
engine-relevant condition, the levels of turbulence should be expanded. Although diethyl
ether (DEE) has strong low temperature reactions, turbulent DEE cool flames can be

sustained with higher level of turbulence by adding ozone in the oxidizer.
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Nomenclature

Symbol Description units
Cross sectional area of the stream tube encompassing the cm?

A flame

a Strain rate 1/s
Cp Specific heat capacity at constant pressure of the gas mixture | ergs/(g- K)

Specific heat capacity at constant pressure of the kth chemical | ergs/(g- K)
ek species

D Nozzle diameter of counter flow burner mm

d Diameter of the reactor cm
Da Damkahler number -
hk Specific enthalpy of the kth species ergs/g

K Total number of species -

L Separation distance between nozzles mm
M | Mass flux g/lcm?®
Nu Nusselt number -
Re Reynolds number -
Rer | Turbulent Reynolds number -

T Gas phase temperature K
To Temperature at the inlet of the well-stirred reactor K
Tw Wall temperature of the micro flow reactor K
Ur Velocity of the fuel flow at nozzle exit cm/s
Uo Velocity of the oxidizer flow at nozzle exit cm/s
Ums | Root mean square of the turbulent velocity fluctuations cm/s
Yk Mass fraction of the kth chemical species -

A Specific heat capacity at constant pressure of gas mixture cm?/s
Pos Density of the fuel flow at nozzle exit kg/m?®
Po Density of the oxidizer flow at nozzle exit kg/m?®
w Rate of production of the kth chemical species mol/s

¢ Equivalence ratio -
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