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ABSTRACT

Nonpremixed flame in a counterflow under electric field

Dae Geun Park

Electrically assisted combustion has been studied in order to control or improve flame
characteristics, and emphasizing efficiency and emission regulation. Many
phenomenological observations have been reported on the positive impact of electric
fields on flame, however there is a lack of detailed physical mechanisms for interpreting
these. To clarify the effects of electric fields on flame, | have investigated flame structure,
soot formation, and flow field with ionic wind electrical current responses in
nonpremixed counterflow flames. The effects of direct current (DC) electric field on

flame movement and flow field was also demonstrated in premixed Bunsen flames.

When a DC electric field was applied to a lower nozzle, the flames moved toward the
cathode side due to Lorentz force action on the positive ions, soot particles
simultaneously disappeared completely and laser diagnostics was used to identify the
results from the soot particles. To understand the effects of an electric field on flames,
flow visualization was performed by Mie scattering to check the ionic wind effect, which
is considered to play an important role in electric field assisted combustion. Results
showed a bidirectional ionic wind, with a double-stagnant flow configuration, which

blew from the flame (ionic source) toward both the cathode and the anode. This implies



i
that the electric field affects strain rate and the axial location of stoichiometry, important
factors in maintaining nonpremixed counterflow flames; thus, soot formation of the
counterflow flame can also be affected by the electric field. In a test of premixed Bunsen
flames having parallel electrodes, flame movement toward the cathode and bidirectional
ionic wind were observed. Using PIV measurement it was found that a created radial
velocity caused by positive ions (i.e. toward a cathode), was much faster than the velocity
toward the anode. Even in a study of alternating current (AC) electric fields,
bidirectional ionic wind could be observed, regardless of applied frequencies. Therefore,
the effect of ionic wind cannot be considered negligible under both DC and AC electric
fields. Detailed explanations for electrical current, flame behavior, and flow

characteristics under various conditions are discussed herein.
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Chapter 1

INTRODUCTION

1.1 Motivation and necessity for research

In the last several decades, environmental impact, including global warming, has
emerged as a serious issue worldwide [1], making technical development of effective
emission control and efficient use of resources of central concern for combustion systems.
Although renewable energy such as solar, water, and wind, has been widely investigated
[2-5], it is not expected that a combustion paradigm using fossil fuels can be achieved
expeditiously. This is because the most widely used conventional systems, such as power
plants, internal combustion engines, and rockets, are developed and operated based on the
combustion of fossil fuels. For these reasons, intensive research and study of new
technologies based on combustion like biofuels [6], syngas combustion [7], advanced
engine combustion [8], and plasma or electrically assisted combustion [9-12] is still

being conducted to improve combustion characteristics.

Electrically assisted combustion has been extensively investigated, with the focus on
controlling the properties and behavior of both premixed and non-premixed flames;

Weinberg and his colleagues [13-23] conducted substantial research in this area in the
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1960’s. The utilization of electric fields for combustion has been realized, resulting in
many phenomenological observations, mainly concerning soot emission [24-40], flame
propagation speed [41-53], and flame stability [54-65] in various configurations of burner
setups, such as coflow, counterflow, Mckenna burners, constant volume combustion
chambers, etc. Recent advances in measurement and modeling have revealed more details
about the characteristics of ion chemistry and the relationships of flame and flow
behavior under the influence of electric fields. As a result, the nature of ionic winds [17,
21, 66-74], and the characteristics of ion currents with bias voltage and its applications
[75-81], can now be understood in detail; and extended numerical simulations with
detailed ion chemistry and additional body force are possible by solving the electric
potential [56, 82-86]. Even though there have been many phenomenological results
showing reduced soot emission, enhanced propagation speed, and improved flame
stability using electric fields, there are still gaps between the observations and the
physicochemical mechanism behind them, due to the complicated kinetic and transport

coupling between electric fields and flames.

For these reasons, electrically assisted combustion should be continuously studied in
order to understand the fundamental physicochemical mechanisms which explain the
existing phenomena of interest and the supporting design-based technical approaches for
real applications. To cope with this necessity, the effects of electric fields on

nonpremixed flames are investigated in this thesis.

A canonical counterflow burner was selected as a platform for this study, based on

its well-defined geometry and in-depth understanding of fundamental aspects of flames.
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When external voltage is applied, a gap between the nozzles can reasonably be expected
in a counterflow burner with a grounded counterpart and a uniform electric field; another
reason for well-defined experimental data in modeling research. Both direct current (DC)

and alternating current (AC) were considered as sources of the electric field.

1.2 Interactions between flame and electric fields

lonization processes for a generation of electrically charged species, such as positive
and negative ions and electrons, can be categorized as follows: (a) ionization by collision,
(b) electron transfer, (c) ionization by transfer of excitation energy, and (d) chemi-

ionization such as equations (1.1) to (1.6) [12] :

(@) lonization by collision

A+B—>A"+B+e (1.2)

A+e—>A"+e +e (1.2)
(b) Electron transfer

A+B—> A*+B" (1.3)

(c) lonization by transfer of excitation energy

A+B* > A"+B+e (1.4)



(d) Chemi-ionization

A+B—>C"'+D+e (1.5)

A+B—C'+D (1.6)

Among the processes above, the chemi-ionization process is a well-known ionization
source of hydrocarbon flames, which produces positive ions (H3zO*, CsHs*, CHs",
CHO"), negative ions (027, OH, O, CHO,", CHOs", CO3"), and electrons [87-89].
Calcote discovered that one of the most important reactions of chemi-ionization is an

initiating step, as described in Eq.1.7 [90].

CH+0 — CHO" +e (1.7)
(o) Can)
(a) © (b) °
330 ()
CH
neutral
+CHO"

10K

+CH,0H
— }.‘ F 175~
[m“m"'l a0 reeoa S
6%

+E 7
+CH,CO

43| +CHs0"

(chHos
([

produced
3

%
consumed

+ 0% ]
H:O J+cHo; neutral I
T8% B

+CH,CO

26% 6%

+CO2+M

6%
+CHO4

'

() SO

Figure 1.1 Global reaction flows for (a) positive and (b) negative ions from Prager et al.

[91].
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To illustrate an overview of the chemi-ionization reaction, global reaction flows for
positive and negative charges were quoted from a previous work by Prager et al. [91] in
Figs 1.1a and b, respectively. A detailed transport model and an elementary reaction
mechanism were implemented to provide a chemical kinetic model for the chemi-
ionization process occurring in a flame zone. Even though H3zO" is known to be the most
abundant positive ion in a hydrocarbon flame, the CHO™ ion is its precursor. Meanwhile,
in the chemical pathway of the negative charge in Fig. 1.1 (b), an electron, born during
the initiation step in Eq. 1.7, is described as an essential part of the entire process,
combining with Oz to form O2". Thus, it can be speculated that neither hydrogen flame
(H2), nor carbon monoxide flame (CO), can produce ions, since CH is not an

intermediate species during the oxidation of these species.

When an electric field is applied to a flame, its various effects on the flame can be
hypothesized: 1) a modified transport caused by ionic wind [42, 74], 2) a chemical Kinetic
effect via ions affected by the electric field [50, 53], and 3) a thermal effect due to
deposited energy from the electric field [92]. The microscopic, physical phenomenon
(mostly understood and accepted) occurring in a flame with an electric field is that a
movement of charged species is caused by the Lorentz force, and eventually this
microscopic physics leads to a modification in a bulk flow motion called ionic wind. As a
result, the positive ions move toward a cathode (lower potential electrode), while the
negative ions are transported toward an anode (higher potential electrode), with a drift
velocity expressed as pE, where «is ion mobility and E is a local field intensity. In this

process, a momentum transfer from energized charged species to neutral molecules
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occurs, so that ionic wind can be generated. The chemical kinetic and thermal effects

must be supported by rigorous research to prove their existence and effectiveness.

In the reaction zone, a charge balance is valid, so that n+ = n- + ne, where n is a
number density and +, —, and e is positive ions, negative ions, and electrons, respectively.
Therefore, positive ions always outnumber negative ions in the reaction zone of
hydrocarbon flame. When external electric fields are applied to the flames, they tend to
move toward the cathode side due to the Lorentz force. The effects of the electric field on
flame behaviors has been studied with various types of flame, including the effects of
ionic wind [16, 17, 21, 57, 66, 68-72, 74-76, 82, 83, 85, 93-100]. Because of abundant
positive ions in the hydrocarbon flame, it has been speculated that positive ions play a
more important role in the interaction between a flame and an electric field than do
negative ions. Recently however, some literature has reported that negative ions cannot
be neglected in an explanation of the effect of electric field on a flame; it can also be a
significant factor for increasing number density of negative ions due to electron
attachment [68, 69]. Experimental evidence for the significant role of negative ions will

be discussed in the present study.

1.3 Utilization of electric fields on various flames

Various flames, such as premixed or nonpremixed flames and laminar or turbulent
flames, have been investigated in different burner configurations using DC or AC electric

fields. The results have been improved flame characteristics such as reduction in soot
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emission, enhanced flame propagation speeds, and enlarged flame stability limits. The

detailed phenomenological results will be discussed in the following.

1.3.1 Reduced soot emission

Soot formation in a diffusion flame mode is inevitable, caused by a pyrolysis of the
fuel component and soot emission from the combustion system; it implies pollution of the
atmosphere as well as a loss of combustion efficiency. Soot emission in diesel engines is
a typical example of the source of regulated particulate matter; and after-treatment
technology, such as diesel particulate filters (DPF), is the most viable solution for the
present, even though combustion control can help to reduce the amount of emissions. In
this regard, development of a new technique to reduce soot formation in flames is not
only of interest in fundamental research but it is also expected to extend a choice of soot

control methods for practical applications.

It has been reported that soot formation processes could be affected by applying
electric fields or electrical discharges, resulting in effective suppression of soot formation
in much of the literature. Research activity in soot control using electric fields is

summarized in Table 1.1.
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Table 1.1 Literature studies for sooting flame with electric fields

DC AC

Place and Weinberg [35, 36]
Hardesty and Weinberg [37]
Nonpremixed Xie et al. [33]
flame Kono et al. [26, 27]
Ohisa et al. [29]
Vatazhin et al. [31]

Saito et al. [30, 38]
Chaetal. [25]
Xie et al. [33]

Kono et al. [26, 27]

Ohisa et al. [29]

Wang et al. [32]
Zake et al. [39]
Eugene et al. [40]

Premixed

flame

Cha et al.[25] reported a novel idea for controlling soot formation in a coflow
nonpremixed jet flame using a dielectric barrier discharge (DBD), as illustrated in Fig.
1.2. Based on the yellow luminosity in a jet flame, caused by a thermal radiation from
soot particles, Fig. 1.2 clearly shows the significant removal of soot particles with an
increase in applied voltage. In this study, two regimes were divided by measuring electric
power: 1) electrostatic regime for Va < 12.0 kV and 2) plasma regime for Va > 12.0kV,
where Va is applied voltage. A decrease in flame length and an intensity of yellow
luminosity with increased voltage was observed. In the electrostatic regime, soot particles
were deposited into an electrode or they leaked out due to the electrostatic collection of
charged particles. Interestingly, no soot particles formed in the plasma regime; electron

impact reactions might have an important role in the formation of PAHs—there were no

PAHs formations in the plasma regime.



3.9kV 6.0 kV 8.2 kV 9.4 KV
10.6 kV 12.0 kV 13.2 kV 16.1 kV 18.6 kV

Figure 1.2 Behavior of sooting flame in coflow jet with applied voltages from Cha et. al.

[25].

Place and Weinberg [35, 36] and Hardesty and Weinberg [37] analyzed the size of
soot particles in hydrocarbon flames with a DC electric field using a transmission
electron microscopy (TEM). The size of the soot particles decreased with increased
applied voltage as compared to those with no electric field. It was reported that soot
particles were positively and negatively charged; then the charged particles were moved

toward the respective electrodes (depending on polarity by Lorentz forces), resulting in
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soot deposition on the electrode surfaces. As a result, particle size was decreased due to

the reduced residence time of soot particles in the pyrolysis zone.

Kono et al. [27] investigated a variation in the yellow luminosity of acetylene
premixed and nonpremixed flames, applying DC and AC electric fields in a counterflow
and a jet burner. The luminosity increased or decreased depending on the flow rate of a
fuel in nonpremixed flames and on an equivalence ratio and a flow rate of a mixture in
the premixed flames. Xie et. al [33] measured the intensity of flame luminosity and
spatially resolved soot volume fraction using an intensified CCD camera with a 450nm-
filter (bandwidth 100nm), and a laser scattering and extinction method, respectively.
They demonstrated that soot volume fraction decreased at a high voltage, whereas it was
increased at low voltage. A solid understanding of the fundamentals is required to explain

the detailed physicochemical mechanisms which support such observations.

Using the same fuel (acetylene), as in the work of Kono et al. [27], Saito et al. [30,
38] determined that soot emissions decreased consistently with increased electric fields in
both positive and negative applied voltages with nonpremixed jet flames.They explained
that ionic wind, blowing to a low potential electrode, enhanced the mixing of fuel with
surrounding air, resulting in soot reduction caused by air entrainment promoted by the
ionic wind. These results were controversial to the work of Kono et al. [27], and Xie et
al. [33]; and a detailed explaination for those discrepancies among the studies is still
unclear. In this regard, soot formation and oxidation characteristics in a DC for
counterflow nonpremixed ethylene flames was investigated to clarify the effect of DC.

Detailed results are discussed in Chapters 3 and 4.



11

1.3.2 Enhanced flame propagation speed

Flame propagation speed is a typical parameter with which to characterize a
premixed flame, it is also important for predicting the rate of fuel consumption in a
combustor. Flame propagation speed is affected by the laminar burning velocity of a
given mixture, flow strain, curvature of a flame front, heat loss, and a mixture fraction
gradient in a laminar flame. For this reason, it is difficult to control this basic flame
characteristic parameter for a given combustor geometry, and without this control the
mixture composition is changed. For several decades, the feasibility of applying electric
fields has been investigated to find a technical method which can control flame

propagation speed. Table 1.2 presents a list of previous work on DC and AC fields.

Marcum and Ganguly reported the effects of pulsed and continuous DC electric
fields on premixed-air conical flames [43]. A wrinkled laminar flame was found under
the electric fields, resulting in a substantial increase in flame propagation speed. Based on
their hypothesis, that thermal-diffusive instability should be responsible for the flame
wrinkling observed when the global Lewis number is less than unity, they further
speculated that the applied electric field could modify transport properties, leading to
increased mass diffusivities and thereby lowering the Lewis number. The modification of
the mass transport could be attributed to ionic wind caused by positive ions in a flame,
which blew toward a low electric potential electrode (nozzle), as stated in their

hypothesis.
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Table 1.2 Literature studies for propagating flame with electric fields

DC AC

Guenault and Wheeler [48, 49] (CVCC &
tube)
Bowser and Weinberg [14] (Flat flame)

Won et al.[46, 47] (lifted flame)
Kim et al.[51] (wire flame)
Lim et al.[52] (wire flame)
Cha and Lee [42] (CVCC)
Jaggers and VVon Engel [50]

Marcum and Ganguly [43] (Bunsen flame)
Jaggers and VVon Engel [50]
Van den Boom et al. [53]

Won et al. investigated the propagation speeds of edge flames in a coflow jet
configuration applying DC and AC high voltage to a jet nozzle [47]. Flame displacement
speeds were corrected with respect to cold flow velocity (estimated by the jet theory
using a similarity solution), so that edge flame propagation speeds could be reported. As
a result, enhancement of the propagation speed was discovered in both DC and AC
electric fields; and they suggested that the combined effects of ionic wind, chemical
kinetics, and transport properties could be responsible for the observation. There was no

clear evidence to support specific physicochemical mechanisms.

Jaggers and Von Engel suggested the importance of chemical kinetic effects caused
by electric fields. They studied methane-air and ethylene-air premixed flames in a
vertical convection free tube using DC and AC electric fields on burning velocity.
Increased burning velocity could also be observed in all types of electric fields. The

results were explained by the effect of chemical kinetics due to the higher vibrational
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states of molecules and radicals during collisions. However, there were no findings to

support the hypothesis of increasing reaction rates with electric fields.

In a study from Cha and Lee [42] on outwardly propagating flame in a constant-
volume combustion chamber (CVCC), propagation speeds were found to increase with
the application of AC electric fields. A flame surface in methane/air mixtures had a
cracked structure, as compared to a surface without electric fields (Fig. 1.3). They
proposed a possible mechanism to explain the electrically-induced instability: a
hydrodynamic instability due to ionic wind and thermo-diffusive instability through the

modification of mass diffusivity.

methane
¢=0.8; base

methane
=1.2; base

70 ms

Figure 1.3 Effects of electric fields on propagation speed in CVCC by Cha et al. [42].
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Studies of enhanced flame propagation speeds with an electric field can be found in
much of the literature; however there is a lack of clarification for the phenomena. To
understand the mechanisms that supporting these results, each effect--including ionic

wind, ion chemistry and transport properties-- should be studied at a fundamental level.

1.3.3 Flame stabilization

Flame instabilities caused by heat loss, thermal expansion, and preferential diffusion
can lead to deterioration in combustion efficiency and safety issues in the combustion
system [101]. To minimize flame instabilities and broaden the limits to stable operation,
approaches to control flame instabilities using electric fields have been studied

extensively for both nonpremixed and premixed flames, as summarized in Table 1.3.

Table 1.3 Literature studies for stabilized flame with electric fields

DC AC
Memdouh et al. [56] Kim et al. [62]
Nonf[iremlxed Calcote and Pease [60] Lee et al. [59]
ame
Noorani and Holmes [61] Ryu et al. [63]
Premixed Ata et al. [64] Kim et al. [65, 68]

flame
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In nonpremixed laminar jet flames, stability of the flames under an AC electric field
was investigated by Kim et al. [62], emphasizing the extension of blowout and blowoff
limits. A stable flame regime was significantly extended in terms of its jet velocity,
demonstrating the decreased velocity range of lifted flames with greater applied voltage,
as shown in Fig. 1.3. Memdouh et al. [56] performed a direct numerical simulation to
investigate flame stability, applying DC electric fields in nonpremixed laminar jet flames.
They found that enhanced flame stability could be attributed to ionic wind, which
relocated the base of a lifted flame toward a nozzle upstream. Because no model is
available for the chemical kinetic and thermal effects of electric fields on a flame (partly
due to lack of scientifically sound evidence to support those two effects), a modeling
approach implementing ion chemistry and electric body force is one of the more feasible

methods in a numerical study.
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Figure 1.4 Map of flame stabilization for AC electric field by Kim et al. [62].

Ata et al. investigated the effects of a DC electric field on blowoff characteristics of
bluff-body stabilized conical premixed flames [64]. As a result, the blowoff limit
increased as the applied voltage increased. They suggested that flame stability, using an
electric field, could be attributed to the ionic wind. However, in the studies of Kim et. al.
[65, 68], of a laminar premixed Bunsen flame using an AC electric field bi-ionic
competition between positively and negatively charged ions tended to move in opposite
directions in an electric field. This finding could have an important role in a low

frequency regime (fac< 60Hz), and the flame stabilization characteristics deteriorated as a
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result of ionic wind. The authors attributed the improved stabilization for a high

frequency regime (fac > 60Hz), to a chemical effect.

Most related studies show that enhanced flame stability exhibits extended stability
limits in terms of jet velocity and/or a mixture composition; while few studies have
reported deteriorated flame stability. Recalling that an electric field might cause
hydrodynamic instability or thermo-mass diffusivity instability, resulting in wrinkled or
cracked flame structures (discussed in section 1.3.2), an electric field can also be a source
for other instabilities. To clearly understand the fundamental effects of electric fields on

flame stability, an in-depth, organized approach to collecting key evidence is necessary.

Although many phenomenological results favor the positive impact of an electric
field on flames exhibiting reduced soot emission, increased flame propagation speed and
enhanced flame stability, detailed and solid mechanisms have not yet been presented to
explain these observations. Basic research on flames with electric fields should be
conducted persistently. The present study is part of a fundamental examination providing
detailed experimental indicators to move forward; it will advance reference data for the

validation of a predictive model.

1.4 Counterflow Flames

Why is it necessary to study combustion with one dimensional flame in a
counterflow burner? To understand the concept of 1D flame with a counterflow burner,

Fig. 1.6 presents the concept of the counterflow flame, showing practical flame and
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counterflow flame. In practical combustion systems, turbulent flames with highly
wrinkled flame surfaces, resulting from turbulent transport, are usually employed; their
characteristics are difficult to analyze. To model a flamelet in a turbulent flame, a quasi-
one dimensional counterflow flame has been designed, as shown in Fig.7 [102]. The
counterflow geometry also provides easy access to well-developed numerical tools with
relatively inexpensive grid, but with extensive chemical mechanisms. Thus, laminar
nonpremixed or premixed counterflow flames have been extensively investigated in
terms of flame structure [103-105], flame extinction [106-108], soot formation [109-111],

flame propagation [112-114], and much more.

Flame
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Figure 1.5 Concept of 1D nonpremixed counterflow flame.
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Figure 1.6 Typical nonpremixed counterflow flame.

In the present study, nonpremixed counterflow flames were used to clarify the
effects of electric fields on flame structure, flow fields, and the dynamic behavior of
flame zones. Some advantages of using a counterflow burner for the present study are

shown below,

1) Uniform electric fields.

2) Easy control of a flame position between two nozzles (electrodes).

3) Much existing comparison data and easy access to predictive tools.
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1.5 Objective

As stated in the previous sections, there are many examples of electric field assisted
combustion which could influence positive impacts on combustion characteristics such as
soot emission, flame propagation speeds, and flame stabilities. However, detailed
physicochemical mechanisms to explain the phenomenological observations have not as

yet been fully available.

In this study, flame and flow characteristics were investigated in detail using
external DC and AC electric fields in counterflow nonpremixed flame to propose a
scientifically sound mechanism for the first order impact of electric field on a flame. To
investigate and clarify the effects of an electric field, various measuring methods were
employed such as laser based diagnostics, voltage current measurements, and high speed

imaging. The main objectives of this study are as follows:

1) When soot zones exist in a counterflow nonpremixed flame, sooting flames are
divided into two types, a soot formation and oxidation flame (SFO), and a soot
formation flame (SF). The position of the flame can be manipulated by adjusting
the initial concentrations of fuel or oxidizer. Therefore, it is of interest to
investigate the difference in sooting characteristics in these two distinctive types
of flame under electric fields. A DC was considered as a source of external

electric fields.

2) lons in a reaction zone of a flame generate a bulk flow motion referred to as

ionic wind when these are exposed to external electric field. Because the
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majority of ions are positive, ionic wind has been mistakenly assumed to be
unidirectional, toward a lower electrical potential side. More thorough
understanding of the effects of electric fields on a flame could be obtained by
clarifying the role of negative ions in generating ionic wind. The characteristics
of a flame, a flow field, and a response of electric current were examined in both

counterflow nonpremixed flames and premixed Bunsen flames.

3) lonic wind has also been perceived to play an important role in many
phenomenological observations with electric fields in flames; however there is a
lack of systematic quantification of ionic wind in interpreting the dynamic
response of a flame to an electric field. To clarify the effects of electric fields,
the various responses of nonpremixed flames--such as the flame’s dynamic
responses and the generation of bidirectional ionic wind--have been investigated
here in relation to applied voltage and frequency of the alternating current (AC)

in a counterflow burner.

1.6 Dissertation Outline

The organization of this dissertation is as follows:

Chapter 2: Experimental setup

The counterflow burner, electric field system, and laser diagnostics are summarized.
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Chapter 3: Flame structure under an electric field

The flame structure and soot formation in nonpremixed counterflow flame were
investigated with a DC electric field. The material within this chapter was published as:
D. G. Park, B. C. Choi, M. S. Cha, and S. H. Chung, “Soot reduction under DC electric
fields in counterflow non-premixed laminar ethylene flames”, Combustion Science and

Technology, Vol. 186, pp 644-656, 2014.

Chapter 4: Behaviors of flow, flame and electrical current under a DC electric field

The characteristics of the flame, flow and electric current under a DC electric field were
reported, emphasizing bidirectional ionic wind. The material within this chapter was
submitted and revised as: D. G. Park, S. H. Chung, and M. S. Cha, “Bidirectional ionic
wind in nonpremixed counterflow flames with DC electric fields”, Combustion and

Flame, revision submitted, 2016.

Chapter 5: Study of DC electric field on flame and flow in premixed Bunsen flame

Flame movement and bidirectional ionic wind with a DC electric field were revealed in a
premixed Bunsen flame having two parallel electrodes. The material within this chapter
has been prepared for submission as: D. G. Park, S. H. Chung, and M. S. Cha,
“Visualization of ionic wind in premixed bunsen flame with DC electric field”, to The

Journal of Visualization.

Chapter 6: Dynamic responses of flames to AC electric field
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The dynamic responses of flames to an AC electric field were investigated with
bidirectional ionic wind in nonpremixed counterflow flames. The material within this
chapter was submitted and revised as: D. G. Park, S. H. Chung, and M. S. Cha, “Dynamic
and electric current responses of counterflow nonpremixed flames to AC electric field”,

36" Proceedings of the Combustion Institute, submitted, 2016.

Chapter 7: Conclusion

A summary of the dissertation was made and future work is also discussed.
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Chapter 2

EXPERIMENTAL SETUP

The experimental apparatus consisted of a counter burner, flow controllers, a power

supply system and measurement instruments as shown in Fig. 2.1.
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Figure 2.1 Overall experimental setup.
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2.1 Counterflow burner

A counterflow configuration holds several advantages for a fundamental
investigation of flames with electric fields. First, a quasi-one-dimensional electric field
can be realized when two opposing nozzles are employed as electrodes for a high voltage
and ground, respectively, so that uniform field intensity in any gap between the nozzles
can be reasonably achieved. Second, unlike a burner-stabilized flat flame, the relative
location of a flame with respect to electrodes can be easily controlled by adjusting a
stoichiometric mixture fraction of the supplied mixture (explained in detail in Chapter 4).
Another merit of a counterflow configuration is that (based on long history of research
using counterflow burners), there are many previous works available for comparison and
well-established experimental and numerical methods can be adopted or easily modified
to implement detailed ion-chemistry and its interaction with an electric field. The present
study has importance not only for fundamental understanding of the impact of an electric

field on a flame, it is also a scientifically sound validation data for predictive tools.

Figure 2.2 shows the counterflow burner setup used in the present study. The
counterflow burner was composed of two confronting nozzles with an exit diameter of 10
mm. Inside each nozzle a divergent-convergent section (a contraction ratio of a cross-
sectional area is 1/64), was prepared to ensure a near-uniform velocity profile at the exit
of the nozzle. The separation distance, L, between the exits of the nozzles could be varied
from millimeters to centimeters. To electrically isolate each nozzle, the upper nozzle was
fixed to an acrylic frame (non-conductive), and the lower nozzle was mounted on four

posts made of acetal resin (non-conductive). The lower nozzle was placed on a three-
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dimensional translational stage to adjust its position, so that each axis of symmetry for

the nozzle could be aligned and the separation distance easily controlled.

The two main jets to form a nonpremixed flame (fuel and oxidizer streams), were
supplied from the lower and upper nozzles respectively, and both jets were diluted with
nitrogen to control the initial mass fractions of fuel and oxygen. A nitrogen sheath flow
surrounded each main jet to prevent external disturbances and the formation of a
secondary outer diffusion flame with ambient air. The velocity of the nitrogen sheath was
controlled to be the same as that of the main jet. All flow rates of fuel, oxygen, diluting
nitrogen, and sheath nitrogen were maintained using mass flow controllers (MKS,
1179A). Cooling water was supplied to the nozzles to maintain consistent inlet gas
temperatures. A chiller (Thermo Scientific, LESLAB Thermo Flex 900), with a closed
loop circulation of water was used for the supply of the cooling water. The temperature of
the cooling water in the reservoir was set at 16 °C. Table 2.1 shows tested gaseous fuels

and their purities, including oxygen.
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Figure 2.2 Counterflow burner setup including non-conductive frames and

posts and three-dimensional translational stage.

Table 2.1 Purities of gases

Gas Purity [%]
Methane (CH4) 99.995
Ethane (C2Hs) 99.5

Ethylene (C2H4) 99.995
Propane (C3Hs) 99.5
n-butane (C4H1o) 99.95

Oxygen (O2) 99.999
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2.2 Electric field setup

A power supply unit (Trek, 30/20A or 10/10B-HS), was used to apply DC and AC
electrical potential. The power supply was a signal amplifier, able to amplify any
arbitrary input signals up to 30 or 10 kV with a maximum current of 20 or 10 mA for
30/20A and 10/10B-HS power supply units, respectively. In the present study, a function
generator (NF, WF1973) was employed as an input source to the power supply to
produce DC and AC, depending on input waveforms. Note that sinusoidal waveforms
were used for the generation of high voltage AC. A high voltage (V4c or Vac), generated
from the power supply, was applied to the lower (fuel) nozzle, while the upper (oxidizer)

nozzle was grounded.

To generate reasonably uniform electric fields in the gap between the nozzles, a
perforated plate was placed at the exit of each nozzle. Hole density of the plate was
364/cm?, with a hole diameter of 200 um, used for investigating flame structure. A
greater hole was necessary for flow field visualization studies to facilitate particle
seeding; thus a plate with an 800-um hole diameter, having a 79/cm? hole density was

used (Fig. 2.3).

To characterize the response of a flame with an external electric field, a
measurement of current, along with applied voltage, was essential. A current preamplifier
(Stanford research system, SR570), was installed between the upper nozzle and the
ground to precisely measure the electric current, while a 1000:1 voltage probe (Tektronix,
P6015A) was connected to the lower nozzle to measure applied voltage; both current and

voltage were monitored by an oscilloscope (Tektronix, MSO 2024).
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Figure 2.3 Perforated plates for electrodes at nozzle exits; for (a) flame structure and (b)

flow field visualization study.

2.3 Laser diagnostics

Planar laser-induced fluorescence (PLIF), planar laser-induced incandescence
(PLII), Mie scattering, and particle image velocimetry (PI1V), were adopted to investigate
flame structure represented by the distributions of OH radicals, PAHSs, and soot particles,
and to visualize and quantify a flow field. In order to make sheet beams to obtain 2D
images, a cylindrical lens (f = 300 mm), and a convex lens (f = 1000 mm), were used for
laser diagnostics systems (Fig. 2.4). The cylindrical and convex lens plays a major role in
spreading the light in one direction and focusing the laser beam, respectively, to form a

laser sheet of thin thickness for an area of interest.
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Figure 2.4 Schematic diagrams of laser diagnostics.

2.3.1 Planar Laser-Induced Fluorescence (PLIF)

A planar laser-induced fluorescence (PLIF) technique was adopted to visualize OH
radicals and polycyclic aromatic hydrocarbons (PAHSs). To construct the PLIF setup, a
second harmonic (532 nm) of Nd:YAG laser (Continuum, PL9100), was used as the
pumping source for a dye laser (Continuum, ND6000), with rhodamine 6G diluted by
methanol. The output laser in the visible range was converted to ultra violet (UV) via a
frequency doubler (Continuum, UVT). To excite OH radicals, Q1(6) line of the A2Y* «—

X211 transition at 282.96 nm was selected and a fluorescent signal was captured using a

ICCD camera (PI, PI-Max3 1024i) with optical filters (UG-11 and WG-305), to eliminate

flame luminosity and elastic scattering of the incident laser.

A slightly detuned wavelength of the laser (to 283.00 nm from the excitation line of

the OH radical), was used to visualize PAHs. PAHSs, which can be detected in sooting
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flames as precursors of soot particles, are known to show broadband absorption and light
emission [115]. The fluorescent emission spectra of PAHs are also known to depend
upon the size of the PAHSs. Lee et al. [116] conducted a comprehensive measurement of
PAHSs in a counterflow diffusion flame with narrow band-pass filters (FWHM = 10 nm),
to differentiate the relative size of the PAHs changing a central wavelength of the filter
from 330 to 500 nm. They reported that, as the detection wavelength increased, the
corresponding fluorescent signal of PAHs moved closer to the sooting zone, indicating
larger molecular sizes of the longer wavelength fluorescence emitted by the PAHs. For
the present study, a detection wavelength centered at 450 nm was selected to obtain
discernible separation from the sooting zone, which was also measured by PLII, to

achieve reasonable signal-to-noise ratio (S/N).

2.3.2 Planar Laser-Induced Incandescence (PLII)

Planar laser-induced incandescence (PLII) was adopted to measure the qualitative
soot volume fraction. A blackbody radiation from soot particles was heated by a high
powered pulsed laser. Therefore, the PLII involved heating the soot particles to
approximately 4000K above the surrounding gas temperature by the absorption of laser
energy. The subsequent blackbody radiation corresponds to the elevated soot particle

temperature [117].

Since PLII signals are the result of blackbody radiation from soot particles, they

depend upon the characteristics of the laser and the properties of the particles, including
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its specific heat capacity and mass. Thus the results of the PLII can be changed according
to the experimental conditions. Generally, the intensity of the PLII signal increases with
incident laser intensity before the soot particles reach the vaporization temperature [118].
In order to obtain precise results of the PLII signal, it is necessary to find the most

suitable intensity of the laser.

The qualitative measurement of soot volume fraction was performed using the PLII
measurement to investigate soot volume fraction with a DC electric field. The second
harmonic (532 nm) of a Nd:YAG laser (Spectra-Physics, Pro-290-10EH), was used as the
light source to heat the soot particles. Although the base wavelength of 1064nm for
Nd:YAG laser can be used in PLII measurements, the wavelength 532 nm was chosen for
a visible safety range. A narrow band-pass filter (centered at 410 nm, full width at half
maximum, FWHM = 10 nm), was installed in front of the ICCD Camera to minimize the
noise from scattering and fluorescence signals. In preliminary testing, laser intensity was
selected at around 30mJ/pulse of the maximum PLII intensity condition. From ten

repetitions, the two dimensional images for the PLII signal presented an average picture.

2.3.3 Mie scattering

Mie scattering is well known elastic scattering, meaning that a wavelength of
incident light and of scattered light are not changed, and the scattering behavior (non-

dimensional size parameter, x) is determined by the following equation (2.1).

X = — (2.2)
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Where X is wavelength and r is the radius of a scattering particle. A scattering from
relatively minute particles (i.e. x << 0.1), is referred to as Rayleigh scattering. For particle
sizes larger than a wave length, or similar to the wave length (i.e. x > 1 or x = 1), Mie
scattering predominates. Figure 2.5 shows scattering strengths from different particle
sizes for Rayleigh and Mie scattering. The signal from scattering is apparent, with large
sized particles in the direction of incident light (forward scattering), which is much
stronger than Rayleigh scattering. The Mie scattering method is appropriate for flow

visualization of small particles.

Rayleigh Scattering Mie Scattering Mie Scattering,

. larger particles
»
e
Y

— Direction of incident light

 J

Figure 2.5 Scattering strength from different particle sizes [119].

In this study, the Mie scattering method was adopted to visualize the flow field with
an electric field. This process uses a sheet beam produced by a continuous wave Ar-ion
laser (Spectra-Physics, Stabilite 2017, 488 nm) to illuminate seeded titanium dioxide
(TiO2) particles (~ 0.2 um). The optimized size of the particles should be considered, so
that there is no change in flow properties and the scattering signal should be visible in the

measuring camera [120]. The TiO particle is suitable for visualization in reacting flows
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in general; electrically non-conductive material was supplied through the main fuel and
oxidizer nozzles. Seeders (LaVision, VZ-seeder) were used and rocked from side to side
to maintain a number density of the particles in the area of interest. In order to supply the
seeding particles to a reaction zone, a small quartz tube (0.8 mm i.d. and 1.5 mm o.d.)
was inserted, with nitrogen as a carrier flow (0.17 cm?®s), when necessary. A high speed
(Photron, Fastcam-2 and SA-4), and digital cameras (Nikon, D700 with a macro lens),
captured the flame and the scattering image at a right angle to the direction of the laser

sheet.

2.3.4 Particle Image Velocimetry (PIV)

In particle image velocimetry (PIV), flow velocity is inferred from the motion of
the tracer particles. Velocity is measured as a displacement D (X; t’, t’”) of the tracer

particles in a finite time interval At =t"” - t’,
D(X:t,t") = [, v[X(t),t]dt (2.2)

where v[X(t)] is the velocity of the tracer particles. For ideal tracer particles, the tracer
velocity v is equal to the local flow velocity. Mie scattering is used to allocate the
location of tracer particles at any given instant, and then freeze particle motion at the
given time. A pulsed laser with a very short pulse duration (e.g. Nd:YAG with ~10 ns
pulse width) is generally used to irradiate the seeding particles. A system with dual
Nd:YAG lasers facilitates the principle of PIV by freely adjusting the time interval

between two independent laser pulses. Depending on the interest range of flow velocity,
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the time interval should be controlled by considering a size within the measuring
window. Finally, the direction and amplitude of the particle displacement are calculated
based on a cross-correlation method using two images having the same scattered particles

but in different instants, with a known time interval [121].

A commercial PIV system (LaVision, 2D-FlowMaster) was adopted to measure
related flow fields. To obtain two images with a controlled time interval, a dual-pulse
Nd:YAG laser (532nm, the second harmonic of Nd:YAG), and a synchronized dual-
frame CCD camera (LAVISION, Imager pro X) were used. Compact light sheet optics (f
= 50mm) having a combination of plano-convex and plano-concave cylindrical lenses
were installed in front of a laser output to form a vertical sheet. The CCD camera was
equipped with narrow band filter (LaVision, BP 532-3), which detects laser light at 532
nm with bandwidth of 3 nm. The time interval, At, between two images, was fixed at 500
us, which is the suitable time interval to quantify a velocity in a range of O (10) cm/s.
The images were acquired though ten repetitious measurements, and the average velocity
vector, having x and y components, was calculated using commercial software (La

Vision, DAVIS 8.0).
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Chapter 3

FLAME STRUCTURE UNDER ELECTRIC FIELD

3.1 Background

Nonpremixed flames in a counterflow burner provide distinct contrasting flame
configurations in sooting characteristics due to the relative location of the flame with
respect to the stagnation plane. Typical counterflow nonpremixed flames are shown in
Fig. 3.1. Because a soot zone always exists on the fuel side of a nonpremixed flame,
when a flame is located on the fuel side (Fig 3.1a), soot particles are transported through
the flame zone toward the stagnation plane, resulting in oxidation of the soot particles.
This type of flame is called a soot formation/oxidation (SFO) flame [104]. On the other
hand, when a flame stabilizes on the oxidizer side (Fig. 3.1b), a soot zone appears
between the flame and the stagnation plane; thus the soot particles move away from the
reaction zone without being oxidized. Eventually, the particles will leak through the
particle stagnation plane. For this reason, this type of flame is referred to as a soot
formation flame (SF) [104]; and the differences in the flame behavior and sooting
characteristics of these two distinct types of flame under electric fields should be

investigated.
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Figure 3.1 Typical counterflow nonpremixed flames; (a) soot formation oxidation flame

(SFO), and (b) soot formation flame (SF).

With this motivation, soot formation of ethylene/oxygen nonpremixed flames
diluted with nitrogen in a counterflow burner was studied experimentally by applying a
DC electric field. The detailed characteristics of the flames and soot for SFO and SF

conditions are discussed in this chapter.

3.2 Experimental condition

Ethylene and oxygen diluted with nitrogen was used for this study of flame
structure under a DC electric field. The C2H4/N2 mixture was ejected from the lower
nozzle and the O2/N2 mixture was supplied through the upper nozzle. To represent SFO
flames, initial mole fractions of ethylene and oxygen at the exits of the nozzles of (Xc2a,

Xo2) = (0.25, 1.0) were chosen. The reactant condition of (Xc2na, Xo2) = (1.0, 0.25) for
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the SF flames was used for comparison with the SFO flames. Regardless of the
composition of the mixture, the nozzle exit velocity, Uo, was fixed at 20 cm/s to maintain
a constant strain rate throughout the experiment. To mitigate the shear between the
central jet and the shield flow, the velocity of the shield nitrogen was matched with that
of the corresponding central jets, i.e., 20 cm/s. The separation distance, L, between the
two exits of the nozzles was fixed at 11 mm. A DC electric field in a range of -5
kV<Vq¢< 5 kV was applied. Uniform electric was generated in the gap between two

nozzles by using a perforated plate (Fig. 2.3a).

3.3 Results and discussion

3.3.1 Effect of DC electric fields on flame behavior

The visible variation in flame characteristics was observed first. Fig. 3.2 shows
typical flame images taken with a digital camera (Nikon, D700) at selected applied
voltages. As shown in Fig. 3.2(a) of the representative SFO flame, in the case with no
applied voltage (V4c = 0), yellow luminosity, caused by black body radiation from the
soot particles, appeared on the fuel side. No significant difference was detected for small
increases in applied voltage up to £ 0.2 kV. However, at V4. = — 2 kV, a significant
reduction in yellow luminosity was identified, as well as a drastic change in the flame
location toward the lower nozzle. The flame showed an unstable fluctuating behavior

with a positive applied voltage (Vac = 2 kV).
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(@) (Xe,h,00 Xo,0) = (0.25, 1.0) SFO flame

(b) (Xc,m,00 Xo,0) = (1.0, 0.25) SF flame

ie = = 2.0 kV - 0.2 kV 0.0 kV 0.2 kV 2.0 kV

Figure 3.2 Photographs of typical flames with selected applied DC voltages: (a) SFO
configuration (Xcz2Hs, Xo2) = (0.25, 1.0), (b) SF configuration (Xc2ns, Xo2) = (1.0, 0.25).

The heights of the photographs indicate the gap between the two nozzles, i.e., 11 mm.

The SF flames show relatively weaker yellow luminosity compared to the SFO
flames (Fig. 3.2b). This is partly because most of the soot particles leaked out along the
streamlines without passing through the hot reactive zone. Similar to the SFO case, a
significant change was observed in the luminosity and location of the flame for Vgc = —2
kV, while negligible variations were found for 0.2 kV <Vg< 0.2 kV. Unstable

fluctuating flame behavior was observed for Vgc = 2 kV.
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Figure 3.3 Variations in flame position with applied voltages: (a) SFO configuration
(Xc2Ha, Xo2) = (0.25, 1.0), (b) SF configuration (Xcan4, Xo2) = (1.0, 0.25). The exit of the

lower (fuel) nozzle was at 0 mm, while the upper (oxidizer) nozzle was 11 mm.
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Figure 3.3 shows plots of the flame positions with the applied voltages for the
corresponding flame configurations shown in Fig. 3.2. The position of the flame was
defined as the axial location between the blue and yellow luminous zone along the
centerline, measured from the lower nozzle. For an increasingly negative applied voltage,
the flame shows negligible changes in its position until it suddenly enters an unstable
regime (-1.45 <Vq¢.< -0.8 kV and —-1.0 <Vgc< —-0.25 kV, for the SFO and SF conditions,
respectively). The flame then restabilizes at its new position (2.3 and 3.6 mm for the SFO

and SF conditions, respectively), at a higher applied voltage.

It should be noted that in the SFO flame, an electrical arc was encountered beyond
Vac = —4 kV. For the positive applied voltages however, no significant changes in the
flame positions were observed before the flames became unstable. Eventually an

electrical arc occurred at voltages greater than 5 kV.

lons exist through chemi-ionization processes in a reaction zone on the order of 10°
- 10* /cm3 [12]. Moreover, it has been reported that a significant number of PAHs and
soot particles also could be positively charged [28]. These charged species are selectively
accelerated by the Lorentz force qE, where q is the electric charge of the particle and E is
the electric field intensity. Due to a random molecular collision with a collision frequency
f, the accelerated ions are expected to transfer most of their energy to neutral particles.
This process can generate unidirectional bulk flow motion, referred to as ionic wind.
When DC voltage was applied at the fuel nozzle (lower) in this experiment, the ionic
wind could interact with the pre-existing flow field, and the well-proven counterflow

pattern could be destroyed. Therefore, the diffusion flame position, determined by the
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initial mass fraction of each reactant, the location of the stagnation plane, and the strain

rate, will be affected by the electric fields. In Chapter 4 the solution will be presented.

For an increasingly negative applied voltage, the position of the flames restabilized
on the fuel side (negative potential), where they demonstrated negligible differences in
their position above a critical voltage. These downshifts of the flame positions are in
accordance with the direction of the Lorentz force acting on the positive charges. This
can be understood based on the fact that electrons must be present to balance the electric
neutrality in the flame; therefore there are more positive than negative ions. Regardless of
Vgc after restabilization, the constant flame positions are a result of an ion current
limitation above the critical voltage [69]. Similar to the saturation of the ion current along
with the external voltage, the ionic wind can also be limited by the rate of ion generation

in the reaction zone.

For the positive applied voltage however, the flames became unstable and
fluctuated irregularly and non-axisymmetrically. Because this is difficult to explain for
the unstable flame, the current discussion is limited to stable flames with negative

voltages.

3.3.2 Flame structure and soot formation under DC electric fields

Because dramatic changes were also observed in the yellow luminosity from soot
particles after applying negative voltages (Fig. 3.2), the soot characteristics (including the

PAH and OH radical distributions), were investigated using laser-based diagnostics.
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Figure 3.4 shows the qualitative distributions of the soot particles, PAHs and OH radicals.
The images in the upper row correspond to the baseline flames with no electric field,
including the SF flame (Fig. 3.4a), and SFO flame (Fig. 3.4b). Mixture conditions are the
same as in Figs. 3.2: (Xc2Hs, Xo02) = (1.0, 0.25) for the SF flame and (Xc2Ha, Xo02)= (0.25,
1.0) for the SFO flame. The PLII signal, which represents the soot volume fraction, is
depicted on the left side of each image with respect to the centerline of the burner, while

the PAH and OH PLIF images are shown on the right side.

In the baseline flame under SF conditions (Fig. 3.4a), because the main reaction
zone of the OH radicals is located on the oxidizer side, soot particles and PAHs leak out
radially along the streamlines of the counterflow geometry, as expected in a typical SF
flame. However, the SFO flame (Fig. 3.4b), contains a vast distribution of OH radicals
and a relatively small amount of soot particles due to the oxidative structure of the flame.
The soot particles are fully oxidized within the reaction zone, and the level of PAHSs is

significantly smaller than that of the SF flame.



44

(@)
SF Flame : SFO Flame
Vdc = 0.0 kV ! Vdec = 0.0 kV OH PLIF

XC2Ha = 1.0 XcCzHs = 0.25

(C) X02=0.25

SF Flame ! SFO Flame
Vdec = - 2.0 kV H Vdc =-2.0kV

OH PLIF

OH PLIF

PAH PLIF
XCoHs = 1.0 XcCaHs = 0.25

Figure 3.4 Images of soot volume fraction, PAHSs, and OH radicals measured by the PLII
and PLIF techniques: (a) the baseline SF flame, (Xconsa, Xo2)= (1.0, 0.25), without
electrical potential, (b) the baseline SFO flame, (Xcons, Xo2) = (0.25, 1.0), without

electrical potential, (c) SF flame at Vqc = - 2.0 kV; (d) SFO flame at Vg4c = - 2.0 kV.

Interestingly, the soot particles were drastically reduced in both flames by applying
Vgc = — 2.0 kV, as shown in the lower two images. The PLII signal could not be
identified, and PAH had a much weaker PLIF intensity, as well as a significant
modification in its spatial distribution toward the fuel nozzle. The OH PLIF intensity

became stronger and wider when it was subjected to the DC electric field. The PAH
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distribution for the SF flame at V4. = — 2.0 kV should be emphasized. As shown in Fig.
3.4c, PAH is still leaking from the reaction zone, indicating a valid SF configuration of
the flame. This implies that the location of the stagnation plane relative to the flame may
be similar to the baseline case without the electric fields. In this regard, the new location

for the stagnation plane is expected to be near the exit of the fuel nozzle.

To understand the detailed variation of PAH distribution with the electric field, the
intensity of the PAH PLIF, along with the centerline of the burner, is plotted in Fig. 3.5
for SF flames with selected values of V4. The origin on the x-axis indicates the exit of
the fuel nozzle. As previously discussed, because the unstable regime was found to be in
the range of —1.0 < V4.< -0.25 kV, two isolated groups of data could be identified. For a
small value of V4. = £ 0.2 kV, the PAH PLIF does not significantly change location,
while the intensity slightly increases at V4. = — 0.2 KV and decreases at Vgc = 0.2 kV from
the baseline flame at Vqc = 0. Then, after restabilizing at more negative voltages, the
locations of the PAHs change abruptly to only 1 mm from the fuel nozzle. The peak
intensities are less than half of those for the baseline flame, which demonstrates the
insensitivity to Vqc. A detailed discussion of a viable hypothesis will be presented here. It
should be noted that in the SFO flame, only an insignificant amount of the PAH PLIF
signal could be measured for all tested values of Vqc; thus, no PAH PLIF characteristics

for SFO flames could be discussed in this study.
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Figure 3.5 Axial profiles of the PAH PLIF signal along the centerline of the burner for SF

flames, (Xc2n4, Xo2) = (1.0, 0.25), at various applied voltages.
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1.0).



48

Figure 3.6 shows the axial distribution of the PLII signal, which represents the soot
volume fraction along with the centerline of the burner for SF (a) and SFO (b) flames.
The distribution of soot particles for the baseline SF flame is closer to the oxidizer side
than to the baseline SFO flame due to the difference in the mixture fractions. Similar to
the PAH characteristics with the electric fields, for V4 = £ 0.2 kV, the distribution of
soot particles is relatively insensitive to Vg for both the SF and SFO flames. However,
no significant PLII signal could be obtained for — 3.0 <Vg4.< — 1.5 kV, indicating that soot

formation was efficiently suppressed using the DC electric fields.

3.3.3 Sooting limits under DC electric fields

To further identify the sooting characteristics with DC electric fields, the sooting
limits of ethylene diffusion flames at V4. = 0 kV and V4 = — 2 kV were compared. By
varying the ethylene (oxygen) mole fraction and fixing the mole fraction of oxygen
(ethylene) at 1.0, we measured the LIl signal and plotted the maximum LII intensity
along the centerline in Fig. 3.7a (Fig. 3.7b).

When the oxygen mole fraction was increased at Xcons = 1.0, the flame temperature
increased. Overall soot formation (fuel - C2Hs— PAH — soot nuclei), and oxidation
processes were influenced by flame temperature. Hydrogen abstraction/acetylene
addition mechanisms (HACA), which are closely related to PAH growth, are especially
known to be enhanced at higher flame temperatures [122, 123]. Consequently, the PAH
and soot volume fraction rose with the increase of the oxygen mole fraction. Moreover,

when the ethylene mole fraction was increased at Xo2 = 1.0, not only did flame
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temperature increase, but CoH, and PAH concentration was also enhanced due to the
increase of fuel concentration [104]. As a result, soot volume fractions gradually rose as
the ethylene mole fraction increased.

The trend of LIl in normal flames without electric fields suddenly increases at
certain values of ethylene and oxygen mole fraction (Fig. 3.7a and 3.7b, respectively).
Using two different linear relations, as schematically depicted in figure [124], the sooting
limit can be determined in terms of the ethylene (oxygen) mole fraction for Xo2, = 1.0
(Xc2na = 1.0). The sooting limit was found to be Xcons = 0.236 (Xo2 = 0.206) for a given
Xo2 = 1.0 (Xczns = 1.0), which agrees with the results of a Hwang et al. [125].

For flames at V4. = — 2.0 kV, however, no such obvious change in PLII intensity
was observed, which implies no significant soot formation at Vgc = — 2.0 kV, as
confirmed previously. Though the PLII could not be measured for Xcona> 0.5 (Xo2> 0.5)
due to the formation of an electrical arc between the nozzles, it was concluded that the
DC electric fields could effectively control the sooting characteristics in the counterflow
diffusion flames.

Because the formation of PAHs and soot particles depend heavily on temperature,
residence time in a hot environment, and on fuel mole fraction [109], the modified flow
field through the ionic wind may be an unfavorable environment for soot to form and
grow. The reduction in the distance from the fuel nozzle (lower), to the flame, indicates
increased heat loss to the nozzle and decreased residence time for fuel to be decomposed
and form PAHSs. The ionic wind blowing from the reaction zone may dissipate heat
energy and lead to decreased temperature. The previously mentioned alteration of the

stagnation plane also leads to a modified strain rate in the reaction zone; this factor
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should also be accounted for. Nevertheless, it is difficult to determine an exact
explanation for the results. To understand the results of soot reduction under DC electric

fields, the flow visualization is investigated in the next chapter (Chapter 4).

1.2 T T T T T T T T T T T
a I
L @ ‘ )
)
)
Ly !
208 d -
h I
S, ' Uo=20cm/s, L =11 mm
) -
2 6 (Xow0)=(1.0)
5%r p ® 00KV T
o . A 20kV
— o4} K i
x o
g P A A
N T A
02 @-9® A i
0.236
OO 1 " 1 N 1 " 1 " 1 N 1
0.15 0.20 0.25 0.30 0.35 0.40
Ethylene Mole Fraction
1.2 T T T T T T T T T T T
b ]
oL ® . ]
’!
Ly !
= 08} / .
S, d Uo=20cm/s, L =11 mm
7‘@ / ( XczH40) = (1.0)
5°0°r . ® 00KV il
o ) A 20kV
— o4} / .
¢ f
[+
E ;’
02} Y i
.. A
-6 Al 0206 &4 4 A
1 N 1 N 1 1 N 1 " 1
0.15 0.20 0.25 0.30 0.35 0.40

Oxygen Mole Fraction

Figure 3.7 Comparison of the sooting limits of ethylene in a counterflow configuration at
Ve = —2.0 kV and without electric fields: (a) ethylene mole fraction for a given oxygen
mole fraction at Xo2= 1.0, (b) oxygen mole fraction for a given ethylene mole fraction at
Xczna = 1.0.
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3.4 Summary

The effect of DC electric fields on nonpremixed ethylene flames in a counterflow
burner was studied experimentally. For negative electric fields applied on the fuel nozzle
(lower nozzle), the flames moved and restabilized toward the nozzle after demonstrating
some instability; while unstable fluctuating flames were observed at positive voltages.
This displacement of the flame position can be explained by the Lorentz force acting on
positive ions in the flames. In addition, after restabilization with the negative voltages, a
reduced luminosity from typical bright yellow flames caused by soot particles was
identified. The results of the PLII and PLIF measurements of soot particles and PAHs
demonstrated that no PLII signal could be detected, indicating that soot particles were
reduced significantly by applying negative voltages. Moreover, at V4gc = — 2 KV, no
noticeable sooting limit of ethylene was found by varying the ethylene (oxygen) mole
fraction with respect to a fixed oxygen (ethylene) mole fraction of 1.0 in the counterflow
configuration. Modification of the ionic wind-driven flow field reduced soot particles by
affecting the flow residence time, the temperature field, and the strain rate, which are

important factors for the formation and growth of soot.
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Chapter 4

FLOW CHARACTERIZATION UNDER A DC

ELECTRIC FIELD

4.1 Background

One of the most pronounced effects of an electric field on flames is the observable
bulk flow motion, ionic wind, which has been demonstrated under microgravity
conditions [66]. When an external electric field, E, is applied to a flame, the Lorentz
force acts on the charged particles, causing them to accelerate. This triggers a directional
drift velocity of the charged particles, expressed as uE, where g is ion mobility. Thus,
positive ions migrate toward the cathode (lower potential electrode) following electric
field lines, while electrons and negative ions move in the opposite direction (anode,

higher potential electrode).

This movement of charged particles in a hydrocarbon flame creates an electric
current [79]. When the field intensity increases, the current shows a near-parabolic

increase, up to a moderate external field (sub-saturated regime), and over a certain field
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intensity; it demonstrates a saturated value depending on the rate of ion generation
(saturated regime). During this dynamic response of charged particles due to external
fields, a momentum transfer from charged particles to neutral molecules generates ionic

wind.

In reaction zones, positive ions are in excess of negative ions; negative charge
carriers include both negative ions and electrons; thus the total number of negative
charges should be equal to that of positive charges. Because the mass of electrons is
negligible, so is their contribution to momentum transfer and their effect on ionic wind.
For this reason, positive charges are considered to be chiefly responsible for the
momentum transfer that results in unidirectional ionic wind toward a cathode. However,
when a low-frequency alternating current (AC) electric field was applied in a recent study
[68], momentum transfer by negative ions resulted in a bi-ionic wind effect, indicating
that momentum transfer by a relatively small number of negative ions contributes to the

blowoff behavior of premixed Bunsen flames.

In summary, both positive and negative ions can contribute to the generation of
ionic wind in opposite directions towards a cathode and anode, respectively. This
bidirectional ionic wind may produce visible effects on a flow field if the flow velocity
near the flame is reasonably smaller than the flow velocity which is the result of ionic
wind. A flow stagnation plane in a counterflow burner provides a suitably low-velocity

environment to observe this bidirectional ionic wind.

In Chapter 3 the sooting characteristics of ethylene nonpremixed flame in a

counterflow burner with a direct current (DC) were presented. It was shown that soot
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formation was effectively suppressed, regardless of initial fuel and oxygen mixture
fractions. Although the visualization of polycyclic aromatic hydrocarbons (PAHSs), and
OH radicals with a laser-induced fluorescence technique supported an observed reduction
in soot particles, it was still necessary to find the underlying physicochemical
mechanism. Because a nonpremixed flame in a counterflow burner is sensitive to flow
and concentration fields [109, 125], an ionic wind and the consequent modification of the
flow field should have an important role in the change in the flame structure and should

be further investigated.

Thus, flow-field modulations and electric current responses of nonpremixed
counterflow flames were experimentally investigated by applying a direct current (DC).
To amplify the effect of ionic wind, the nonpremixed flames were stabilized with various
fuels near the stagnation plane so that the axial flow velocity was minimal in the reaction
zone. Here the flow of bidirectional ionic wind was visualized to establish connections

with measured flame positions and electric current.

4.2 Experimental conditions

The counterflow burner had two opposing nozzles (top and bottom), each with an
inner diameter of 1 cm, and two separation distances, L = 1 and 1.5 cm were tested.
Detailed velocity conditions (mean velocities (U;j) at the nozzle exit), can be found in
Table 5.1 for various tested strain rates. Fuels tested included methane (CHa4), ethane

(C2Hs), propane (CzHsg), and n-butane (CsHi0) with oxygen (O2) as an oxidizer.
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Electrically conductive perforated plates (79/cm? hole density, 0.8-mm hole diameter)
with 8.0-cm diameters were placed at nozzle exits to serve as electrodes, as shown in Fig.
2.3b, ensuring that reasonably uniform electric fields were maintained in the region

between the nozzles.

The Mie scattering method was used to visualize the flow field. This process uses a
sheet beam from a continuous wave produced by an Ar-ion laser to illuminate seeded
TiO> particles (~ 0.2 um). The TiO> particles were supplied through the main fuel and
oxidizer nozzles, or a small quartz tube was inserted to supply the particles into a reaction
zone, which will be detailed later. A digital camera with a macro lens captured flame and
scattering images. Particle image velocimetry was adopted to measure the flow field and-
-when necessary--a small quartz tube (0.8 mm i.d. and 1.5 mm o.d.) supplied seed

particles close to the reaction zone with a nitrogen carrier flow (33 cm/s).

Table 4.1 shows experimental conditions for various fuels, maintaining a
stoichiometric mixture fraction, Zs, defined as 1/(1 + wY¢/Y,), where vis the
stoichiometric oxygen-to-fuel mass ratio and Ys and Y, represent mass fractions of fuel
and oxygen, respectively [126, 127]. This satisfies the theoretical flame position at the
stagnation plane of a counterflow, when the Lewis number effect and the density
difference in fuel and air are neglected. In addition, the behavior of a methane flame was

studied when the flame was located away from the stagnation plane for Zs = 0.07.

Each fuel was diluted with nitrogen to the level required to maintain flame
temperature at approximately 2250 K; this value was calculated from the Chemkin-Pro

OPPDIF [128] simulation using the USC Mechanism 2.0 [129].
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Table 4.1 Experimental conditions for experiment on a DC electric field

Stoichiometric Initial
L Uj o Mmixture composition mole fractions
Zst Fuel
[cm] [cm/s] [sY Fuel  Oxygen
(Fuel / O2 / N2)
(XF) (Xo2)
Methane
1 20 40 1/2.0/5.3 0.222 0.527
(CHa)
Ethane
1 20 40 1/35/87 0.147 0.548
(C2He)
10 20
1 20 40
0.5
Propane 40 80
1/5.0/12 0.111 0.566
(C3Hs) 15 20
15 30 40
60 80
N-butane
1 20 40 1/6.5/15 0.089 0.574
(n-C4H10)
Methane
0.07 1 20 40 1/2.0/5.3 1.000 0.274

(CHa)
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4.3 Results and discussion

4.3.1 Preliminary test

Flow visualization often requires seeding tracer particles. However, their dynamics
can be affected by electric fields, which is an operational principle of an electrostatic
precipitator. Therefore, flame behavior and electric current response were compared with
and without seeding particles. Photos of propane flames are compared in Fig. 4.1 at Vgc=
2.4, 0, and —2.4 kV without (a) and with (b) seeding particles. The height of each image
corresponds to the 1-cm separation distance. At Vgac = 0 without seeding, the flame
(luminous blue zone), was located near the center between the fuel and oxidizer nozzles,
which was expected when Zst = 0.5. However, at Vqc = 2.4 or —2.4 kV was applied to the
lower nozzle, the flame repositioned toward the cathode or the anode, respectively. This
result is consistent with previous similar observations (Chapter 3), and with other

literature on counterflow flames [94, 95].



(a) Without seeding (b) With seeding

Applied voltage [kV]

Figure 4.1 Typical flame images of propane flames with Zst = 0.5at V4. = 0, 2.4 and —2.4

KV (a) without and (b) with seeding particles.

When seed particles were added into both streams (Fig. 4.1b), flame size and
position of the luminous blue region at V4. = O remained similar to streams without
seeding. However, with seeding, a luminous yellow region became apparent, which
probably represents thermal radiation from seed particles passing through a high
temperature reaction zone. The inset shows a closeup of the stagnation plane (marked as
a horizontal red line), where seeding particles can be seen radiating from both sides. This
photo also indicates that the luminous blue region of the CH chemiluminescence is
located slightly toward the fuel nozzle, which is reasonable since both C and H enter the

system by way of fuel elements.
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The flame with seeding particles at Vac =—2.4 kV also shows negligible differences
in terms of flame size or position, while no luminous yellow region is observed. The
potential that there will be no seeding particles in this high-temperature reaction zone is
discussed in detail in section 4.3.2. Note the instability of the flame with seed particles at
Vg = 2.4 kV, showing a highly curved and fluctuating nature, indicating that the

interaction between seed particles and the electric field significantly affects the flame.

Figure 4.2 illustrates the relationship between the electric current and applied
voltage, emphasizing the difference in the current at high voltage in the presence and
absence of seeding particles. Electric current density (lq) represents the total measured
current divided by the projected flame area to a horizontal plane based on the blue
luminosity. The area of a circle with a measured diameter of a blue flame was used as the

projected flame area.

When the applied voltage was small, in the range of -1.2 <V¢.< 1.3 kV, the current
density increased with increasing voltage for both positive and negative Vq4c cases. The
response in this range was reasonably parabolic; no differences were observed in the
presence or absence of seeding particles. This is consistent with a typical electric current
in the sub-saturated regime, which (theoretically) depends on the square of electric field

intensity [69].
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Figure 4.2 Response of current density along the variation of applied voltage with and

without seeding particles. Inset indicates unstable flame at V4. = -1.18 kV.

When the electric current equals the generation rate of positive ions (or the sum of
the generation rate of electrons and negative ions), it typically becomes saturated with
further increased applied voltage [69], since the generation rate of charged species sets a
limit to the maximum current. At Vg< -1.6 kV, a saturated current density of
approximately 3.4 pA/cm? was observed in the flame without seeding particles. The
local peak in current density, between —1.6 <V4.< -1.2 kV, was attributed to the larger
surface area of the unstable flame, which fluctuated radially and axially in a random
manner (Fig. 4.2 inset). The current saturated at about 5.3 pA/cm? when positive

voltages were applied to the flame (at ~ 1.4 kV). The difference in the saturated current
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density due to polarity implies that ion generation in the flame depends on the direction

of the electric field with respect to the fuel-oxidizer flow.

With seeding particles, when Vg < 1.3 kV, less than 5% difference was observed
from the saturated currents without seeding; however, when Vg4 > 1.3 kV, the current
density continued to increase well above the saturation point of the flame without seeding
particles. Similar to the local peak in current density, this may be explained by the
increased flame surface area of the unstable flame, shown in Fig. 4.1b at V4 = 2.4 kV.
(Recall that the current density is calculated based on the projected flame area to a

horizontal plane.)

Explaining this unexpected effect of the seed particles on flame characteristics with
applied DC is beyond the scope of this study; but it would be an interesting avenue for
future study. However, considering this effect, only negative applied voltage is

considered in this investigation of the flow field with seeding particles.

4.3.2 Flow visualization and ionic wind

The Mie scattering images in Fig. 4.3 illustrate the pathlines of the seed particles
using a sheet beam of Ar-ion laser for the propane nonpremixed flame (0.1 s exposure
time). With no applied electric field (a), the pathlines of the flame clearly show a typical
counterflow field with a stagnation plane at the center. As noted previously, the yellow

luminosity near the stagnation plane represents thermal radiation from the seeding
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particles, and the luminous blue zone is slightly below the stagnation plane toward the

fuel (cathode) nozzle.

et e e ————— e . e e

Figure 4.3 Mie scattering images showing the pathlines of seeding particles with flame
luminosities for selected applied voltages of propane flames at Zs = 0.5: (a) 0 kV, (b)

~0.5kV, (c) ~1.6 kV, and (d) —2.4 kV.



63

At Vg = -0.5 kV (Fig. 4.3b), no change in flame position or flow pattern was
observable from those of the baseline flame, with the exception of a region which was
radially farther from the edge of the flame, where the pathlines bend slightly toward the
cathode (lower nozzle). This may be attributed to a net body force (Lorentz force), acting
on a flow volume because there are more positive than negative ions. However, any
effects of electric fields on the flow field and the flame at this point seem to be weak
because no noticeable modifications up to Vg = -1.1 kV were observed in the sub-

saturated regime.

After the unstable regime, a drastic change was observed in the flow field, where
the flame re-stabilized at V4. = —-1.6 kV (Fig. 4.3c) and relocated toward the cathode
(fuel). A dark region, with no scattering signal from seeding particles in the proximity of
the flame, became evident and expanded toward both the cathode and anode as the
voltage reached Vg = -2.4 kV (Fig. 4.3d). This dark zone was attributed to a
bidirectional ionic wind blowing both up and downwards from the flame and caused by
the relative movements of the ions--positive ions toward the cathode and negative ions
toward the anode. However, because seed particles may also be charged, and therefore
influenced by the electric field, as mentioned previously, care must be taken to validate

that bidirectional ionic winds are present.

For example, the pathlines in the dashed ovals in Figs. 4.3c and d deflect vertically
toward the anode; although TiO: particles are generally non-conductive, this behavior
could imply the presence of seeding particles that have been charged by electron and ion

attachment [130]. Charged seeding particles are affected not only by flow motion but also
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by the Lorentz force acting on them. Even in the central region of nozzle exits, deflected
pathlines were observed pointing back toward the nozzles at Vqc = — 2.4 kV, as seen by
comparing Figs. 4.3a or b. Several other types of seeding particles were tested, such as
diamond, olive oil mists, and di-ethyl-hexyl-sebacat (C26Hs004), but all demonstrated the
interference of this electrostatic effect. Thus, there is no guarantee that the pathlines in

Fig. 4.3 represent related flow fields exclusively.

To determine whether the flow fields were caused by electric fields alone, it was
necessary to visualize the dark zone, which required that particles be seeded into it. In
place of TiO> particles, titanium tetraisopropoxide (TTIP) was used in an effort to create
a reactive Mie scattering of the dark zone. This approach was unsuccessful because TTIP
reacted with water vapor to form particles even before reaching the flame zone. A forced
seeding approach was adoped next, in which TiO2 particles were injected through a small
quartz tube, as described in the experimental section. However, insertion of the tube and
the nitrogen flow used to carry seeding particles disturbed the original flow field; thus

only qualitative visualization was available to confirm the flow pattern in this zone.

The quartz tube carrying seeding particles was inserted near the burner axis,
perpendicular to the Ar-ion laser sheet beam, which illuminated a vertical cross-section at
the burner center (Fig. 4.4a). With the nonpremixed propane flame at Vgc = —2.4 kV,
when the tube was located above the luminous blue flame, all seeding particles drifted
upwards (Fig. 4.4b), but when the tube was positioned 0.8 mm lower, closer to the flame,
particle movements were clearly identifiable in both directions (Fig. 4.4c). Meanwhile,

when the tube was moved 0.8 mm further lower, slightly below the flame, seeding
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particles only moved downward (Fig. 4.4d). The relative distance between the positions
of the tube in the respective images (b to d) was chosen to be 0.8 mm, equivalent to the
inner diameter of the tube. This indicated that the coexisting region of both positive and
negative ions be approximately 0.4 mm from the visible luminous blue flame front

toward the oxidizer.

Finally, Fig. 4.4e clearly demonstrates double-stagnation planes caused by a
bidirectional ionic wind. This image superimposed two separate images; 1) a multi-
exposed image of scattered laser from seeding particles injected from the small tube by
horizontally translating it, and 2) a scattering image of seeding particles from both
nozzles, removing the inserted small tube. The formation of two stagnation planes by the
bidirectional ionic wind was identified as two interfaces between the particles from the

nozzles and those injected by the small inserted tube.
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Figure 4.4 Flow visualization in the dark zone by inserting a quartz tube to inject seeding
particles into a reaction zone containing a vertical sheet laser: (a) perpendicular
configuration of seeding jet and laser, (b) seeding above a luminous blue flame, (c)
seeding near the flame, (d) seeding below the flame, and (e) multi-exposure image

together with seeding particles from the nozzles. (b), (c), and (d) were 0.8 mm apart.
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Figure 4.5 Flow visualization in the dark zone by inserting a quartz tube to inject seeding
particles into the reaction zone with a vertical sheet laser: (a) parallel configuration of

seeding jet and the laser and (b) pathline visualization.

To further clarify the bidirectional ionic wind, the tube was adjusted to be parallel
to the laser sheet and fixed in the same vertical position as in Fig. 4.4c (as shown in Fig.
4.5a). The pathlines in Fig. 4.5b, separating above and below from the flame, evidence
the existence of the bidirectional ionic wind. Another flow separation presents as two
opposing radial pathlines inside the dashed oval in Fig. 4.5b, implying that a stagnation
plane exists against the oxidizer stream injecting from the upper nozzle. Therefore, it can
be confirmed that the dark zone is a result of the bidirectional ionic wind blowing from

the reaction zone toward both the cathode and the anode.
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Figure 4.6 Schematic of flow modification due to ionic wind.

Figure 4.6 schematically displays a mechanism for the flow modification shown in
Fig. 4.4e. Positive ions, such as H30", C3zH3", CH3", and CHO"; negative ions, such as
027, OH", O, CHO27, CHO37, and COs", and electrons, are present in the hydrocarbon
flame zone [87-89]. When these charged particles were subjected to an electric field
(lower potential to the lower nozzle), positive ions accelerated toward the cathode and
negatively charged particles (negative ions and electrons), accelerated toward the anode.
The momentum transfer from the accelerated ions to neutral molecules generated a bulk
flow motion (ionic wind). Although the negligibly small mass of electrons negated their
direct contribution to the ionic wind, their attachment to other species (particularly

oxygen containing species), increased the number of negative ions.

As a result, a reaction zone became a source of flows in both up and downward

directions. To satisfy overall mass conservation, there must be a radially entrained flow
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to the reaction zone, as depicted in Fig. 4.6. This ionic wind in both directions created a
new stagnation plane with a corresponding main counterstream. Thus, a double-stagnant
flow field with bidirectional ionic wind from the reaction zone was found to be a typical

pattern at relatively high voltage in the counterflow burner, as shown in Figs. 4.4 and 4.6.

This drastic modification in flow field caused significant changes to the
stoichiometric axial location and strain rate at the flame, factors that are important for
characterizing a nonpremixed flame in a counterflow burner. Note that related variations
in OH radicals and sooting characteristics were previously reported in Chapter 3. A
numerical approach, including detailed chemi-ionization and the body force due to an
electric field, is needed in the future to further investigate the effect of flow field

modifications on flame characteristics.

4.3.3 Flow separation and response of the ion current

Movement of charged species under an electric field creates both an electric current
(Fig. 4.2) and a bidirectional ionic wind. To understand the phenomenological
relationship between these two, the axial positions of a luminous blue flame and
stagnation plane(s) were co-plotted (as measured from the lower nozzle), together with

the measured electric current for the propane flame in Fig. 4.7.
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Figure 4.7 Axial locations of the flame and the stagnation plane(s) and current density
for a propane flame with a negatively applied voltage at Zs: = 0.5. Inset indicates a flame

and flow field at V4c = 1.55 kV.

Figure 4.7 shows that when [Vq| < 0.5 kV, flame and stagnation plane locations
were unaffected by the applied voltage, behavior that is consistent with observations in
various flame configurations under an electric field [34, 42, 75], where threshold voltages
are necessary in order to have an effect on a flame. Although the flame position changed
slightly when -1.2 <V¢.<-0.5 kV, the stagnation plane began to move toward the fuel

nozzle. After the unstable regime, the flame remained briefly at about 2 mm above the
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fuel nozzle at V4. = —1.55 kV. The flame was convex toward the fuel nozzle and two
separated stagnation planes existed above and below it (inset of Fig. 4.7). The flame
quickly restabilized at its new position at around 3.8 mm from the nozzle, when the
negative voltage increased slightly and the flame adopted a near-planar shape (Fig. 4.3c).
In the flame restabilization regime, both upper and lower stagnation planes moved away
from the flame with increasing negative voltage. This indicates that the velocity of the
ionic wind (momentum) was increased due to increased field intensity because the
terminal velocity of ions was proportional to the field intensity (~xE), as previously
discussed. Note that the restabilized flame reasonably maintained its location regardless

of voltage.

By comparing the onset of flow separation with the trend of the measured current
density, it noted that, in the saturated regime, when the flame restabilized in a new
position at [Vac| > 1.6 KV, current density also remained stable (saturated regime). The
conclusion was that the unstable regime was the result of a hydrodynamic instability
caused by a competition between the main jet streams and ionic wind. As voltage
increased (increasing ionic wind velocity), flow separation occurred, resulting in a
double-stagnant flow configuration. This in turn caused the flame to re-stabilize and the

current density to reach saturation.
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Figure 4.8 Axial locations of the flame and the stagnation plane(s) and current density for
(a) methane, (b) ethane, and (c) n-butane flames with Zs = 0.5 at a negatively applied

voltage.



73

Still to be resolved, is an understanding of the underlying causality between flow
separation and saturated current density or evidence to suggest these two events take
place independently at a similar voltage. To investigate the potential for a relationship
between the two, methane, ethane, and n-butane flames were tested. Jet velocity was held
constant at 20 cm/s and all flames were located near the central stagnation plane (Zst =
0.5), similar to propane (Table 4.1). Saturated current densities for all fuels tested were
between 3.1 and 3.6 pA/cm? (Fig. 4.8), similar to that of the propane flame. Figure 4.8
demonstrates that the voltage range of the unstable regime varies with the fuel, implying
a fuel-dependent factor. Overall, the current saturation and flow separation of ethane and
n-butane flames immediately after the unstable regime (V4 = -1.35 kV and Vg4c = -1.45
kV, respectively), were similar to those of the propane flame. The flow separation of the
methane flame exhibited late onset at V4. = —1.9 kV after the end of its unstable regime
(Vae = -1.26 kV), indicating a lack of connection between current saturation and flow
separation. To provide a complete explanation of related physical mechanisms between
fuel-dependent flame re-stabilization and steady flow separation, detailed studies of
multi-dimensional simulations with up-to-date chemi-ionization will be necessary in the

future.

To summarize these behaviors in terms of mean electric field intensity, E = Vqc/L,
and strain rate, o= 2Uj/L; various strain rates, o = 20, 40, and 80 s, were examined for
two different L (1 and 1.5 cm), as shown in Table 4.1. The baseline composition—

C3Hg/O2/N2 system with Zst = 0.5—was considered.
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Figure 4.9 Electric current responses of flames with various strain rates (o = 20,
40, and 80 s1), and separation distances (L = 1 and 1.5 cm) for a propane mixture. For the
sub-saturated regime, other tested fuels (methane, ethane, and n-butane) in Fig. 4.8 were
also included for comparison. Note that negative DC was applied to the lower (fuel)

nozzle and field intensity = Vgc/L.

Figure 4.9 shows the trends of current density with increasing field intensity for
various L and o. For the sub-saturated regime, the data for other tested fuels shown in
Fig. 4.8 were also included. As illustrated in the figure, the measured current densities
show good agreement, displaying quadratic increase with the mean electric field

intensity, regardless of fuel, strain rate, and the burner separation. A general correlation
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of the current density (lq) in counterflow, nonpremixed flames can be expressed as lq¢ =
3.05(nA/V-cm)E? with a correlation coefficient R = 0.96, when a flame initially stabilizes
at the center of the gap. This global trend is consistent with previous theoretical studies
[69] reporting that current density in the sub-saturated regime is controlled by electric
field intensity (~E?), irrespective of the concentrations of charge carriers. Noting that,

however, this should differ by a relative location of flame between two electrodes [79].

Meanwhile, the saturated current density increased with more strain rate.
Corresponding saturated current densities were ~2.6, ~3.6 and ~8.3 pA/cm? for o = 20,
40, and 80 s, respectively. Noting that a saturated regime for o= 80 s* at L = 1.5 cm
could not be observed due to an electrical breakdown (arcing). A critical field intensity
for a saturation of current density increased as the strain rate became higher; but due to
the unstable nature of flames near the critical moment, a quantitative comparison could
not be performed. Because a saturated current density was limited by a rate of charge
production, increased saturated current density caused by greater strain rates indicated an
enhanced rate of charge production in the unit volume. This dependence of current

density on strain rate should be explained with detailed numerical calculations.
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Nondimensional positions of flames and stagnation planes, which were normalized
by the separation distance (L), were also analyzed for each strain rate; their results were
illustrated in Fig. 4.10 with respect to the mean electric field intensity. General behaviors
were similar to the baseline condition (Fig. 4.7), showing less sensitivity to E in the sub-
saturated regime followed by a certain range of the unstable flame and in the saturated
regime restabilization of a flame position, which was accompanied by a modified flow
field with double stagnation planes. Although there was some deviation in flame position,
and a stagnation plane at L = 1.5 cm for o= 20 and 40 s in the sub-saturation regime, the
flow and flame behaviors can be characterized in terms of nondimensional positions and
E for each strain rate. It is evident that stronger E is required for a higher strain rate in

order to obtain comparable effects of electric fields on flow and flame behaviors.

4.3.4 Semi-quantitative measurement of the flow field

The experiments described above were conducted with Zs= 0.5; all tested flames
were located near the stagnation plane, where the axial flow velocity was very small. This

design maximized the effect of the bidirectional ionic wind on a flow field.

Difficulties in seeding particles into the flame prevented quantitative measurements
using PIV in the dark zone. To quantify an entire flow field in the presence of the
bidirectional ionic wind, a qualitative flow structure was considered first. Figure 4.11
shows a schematic of flow velocities in the counterflow burner. An original flow field

was assumed as a simple linear velocity profile (blue line), with a stagnation plane at the
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center and uniform bidirectional ionic wind profiles (red line), blowing from the flame
toward both nozzles. A modified velocity profile (green line) is a vector sum of these two
components. Note that the value is positive in the cathode to anode direction and negative
in the anode to cathode direction. Figure 4.11a represents the qualitative flow field, when
the flame is located at the stagnation plane (Zst = 0.5), as discussed previously, where the

modified flow field is double stagnant.

Because the location of the flame and the magnitude of the ionic wind determine

the pattern of flow modification, if the flame is sufficiently relocated toward the anode

and the original velocity profile is maintained (Fig. 4.11b with Zst< 0.5), a shift of the

stagnation plane without flow separation may occur. Discontinuity in a modified velocity
at the flame is due to the uniform step assumption of ionic wind. Based on this simple
prediction, which states that there will be no flow separation with a sufficiently small Zs,
in order to effectively seed the particles into a flame zone under the effect of ionic wind,

it was necessary to move the flame farther from the stagnation plane.
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Figure 4.11 Schematic of flow modification with a bidirectional ionic wind in a
counterflow geometry: (a) Zst = 0.5 and (b) Zst< 0.5.

Thus, the methane flame was moved toward the anode by changing Zst= 0.07, while

maintaining the flame temperature corresponding with Zs= 0.5 (conditions in Table 5.1).
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Note that the propane flame continued to exhibit flow separation at Zs; = 0.08. Figure
4.12a shows the pathlines of seeding particles from both nozzles with no electric field.
There is an obvious upward relocation of the flame above the stagnation plane. Note that
because a sooting flame forms at this flow and under these mixture conditions, the
luminous yellow zone is indicative of thermal radiation from both seeding and soot

particles.

CH,, Z_ = 0.07
S 0 kV

Figure 4.12 Visualization of flame luminosity and particle pathlines for methane flames

at Zst = 0.07 with (a) no electric field and (b) Vac = —2.4 kV.
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At Vgc=— 2.4 kV (Fig. 4.12b), both the flame and the stagnation plane moved down
toward the cathode. Here, only one stagnation plane was observed, demonstrating an
absence of flow separation, as schematically predicted in Fig. 4.11b. The upward ionic
momentum may decelerate the unburned oxidizer stream above the flame, while the

downward ionic momentum pushes the stagnation plane closer to the fuel stream.

Near the anode, where the radial location was greatest, most of the pathlines were
deflected toward the upper nozzle, driven by the electrostatic force on charged seeding
particles. This explains why velocity could not be quantified using PIV. However,
because the seeding particles permitted visualization of a full flow field, we attempted to

quantitatively determine axial velocity along the centerline.

Figure 4.13 illustrates the results from the PIV of the axial velocity along the flow
axis atVqc = 0 and —2.4 kV, corresponding to those in Fig. 4.11. The data near the burner
exits (~ 1mm) was excluded because of uncertainties arising from a reflection of the laser
beam and a wake by the perforated plates. At Vqc = 0, a monotonic decrease in the
velocity of the fuel stream toward the stagnation plane was found, while the velocity
increased at the oxidizer end due to thermal expansion by the flame. A clear shift of the
stagnation plane from 4 mm to 2 mm above the cathode was evident atVq = -2.4 kV, and
a deceleration of the oxidizer stream in an axial location of 4-9 mm above the cathode
also confirmed the existence of an upward ionic wind, as explained previously. , Due to a
non-uniform ionic wind velocity, this had the potential to significantly decrease velocity

near the flame, unlike the assumption in Fig. 4.11.
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Figure 4.13 Results of a PIV of axial velocity along the flow axis for methane flames at

Zg = 0.07 with Vgc = 0 and —2.4 kV.

PIV results are presented in Fig. 4.14 only for the zones with seeding particles,
even though there was a dark zone for the baseline flame at Vgqc = —-2.4 kV (Fig. 4.3d).
The axial velocity profile along the flow axis at Vqc = 0 clearly shows a typical velocity
pattern in a counterflow geometry; velocity increased near a thermal expansion region
caused by a flame and dropped quickly to form a stagnation plane. For the case at V4 =
-2.4 kV, two separated stagnation points can be clearly identified, as conceptually
predicted in Fig. 4.11a. To fully understand these flow fields, a comprehensive simulation

with detailed chemi-ionization will be necessary. Note that to obtain ionic wind in a
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simulation, at least a two-dimensional domain must be used to generate the necessary

balance of flow in the momentum equation.
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Figure 4.14 Results of a PIV of axial velocity along the flow axis for propane flames at

Zst = 0.5 with Vgc =0 and —2.4 kV.
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4.4 Summary

The effects of DC electric fields on nonpremixed counterflow flames, emphasizing
flow modifications caused by bidirectional ionic wind, were experimentally investigated.
An external electric field separated positive and negative ions away from the reaction
zone toward the cathode and the anode, respectively, creating a bidirectional ionic wind.
A complete flow field was successfully visualized, including the existence of the
bidirectional ionic wind; drastic flow separation was found at the reaction zone, resulting
in a double-stagnant flow field when the flame was located near an original stagnation
plane. However, when the flame was relocated toward the anode, increased momentum
pushed the original stagnation plane toward the cathode and no flow separation was

observed.

It was also found that an overshot of measured electric current density occurred due
to an ionic-wind-induced hydrodynamic instability, this was followed by a restabilization
of the flame toward the cathode and a saturation of the current density. Restabilization
appeared to have a relationship with flow separation; however, investigation failed to
detect consistency between the tested fuels. Investigation into the related causalities, and
a detailed flame structure with a double-stagnant flow field, should be presented in a

comprehensive simulation including ion-chemistry and ionic wind.
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Chapter 5

STUDY OF A DC ELECTRIC FIELD ON FLAME

AND FLOW IN PREMIXED BUNSEN FLAME

5.1 Background

In Chapter 4, an ionic wind with a nonpremixed flame in a counterflow burner
applying a DC electric field was successfully visualized. As a result, it was found that
ionic wind blew in both directions toward a cathode and an anode due to the respective
movement of positive and negative ions. Therefore the present study aims to visualize
and understand a flow field modification in a premixed flame in a Bunsen burner. When
an electric field is applied in a radial direction, a pre-existing baseline flow field (which
has a negligible radial velocity component), may show significantly discernable
modification in the radial direction. With this motivation, methane/air premixed flame
with two parallel electrodes was studied experimentally by applying DC electric field
emphasizing visualization of ionic wind. The detailed characteristics of the flame and

ionic wind are discussed in this chapter.
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5.2 Experimental conditions

The experimental setup consisted of a fuel nozzle, a power supply, and flow
visualization systems, as shown in Fig. 5.1. A quartz tube with 0.8-cm inner diameter and
1.0-cm outer diameter was used as the fuel nozzle to avoid interference with externally
applied electric fields. To apply electric fields to a flame stabilized on the rim of the tube,
two disk-shaped electrodes were placed at locations radially apart from the axis of the
tube, with a separation distance of 6.0 cm. The tube was located at the center of the gap
between electrodes. The disk-shaped electrode was made from stainless steel mesh

screen, so that electrically-driven flow could freely penetrate.
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Figure 5.1 Experimental setup for premixed Bunsen flame under DC electric field.
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A mixture of methane (CHs), and air with an equivalent ratio of 1.0 was used to
form a premixed flame. A flow rate of the mixture was 30 cm®/s, so that a mean jet
velocity became 60 cm/s, higher than a laminar burning velocity (~ 40 cm/s), in order to
avoid flashback. The flow rates of gases were maintained using mass flow controllers
(MKS, 11779A).

A power amplifier applied a high voltage to the disk-shaped mesh electrode located
on the side, and the amount of the applied voltage, V4 (up to £10.0 kV). The other
electrode was grounded, so that an orthogonal electric field to the main direction of the
mixture jet could be applied.

For flow visualization and quantification, a Mie scattering of seeding particles and
a particle image velocimetry (PIV) were adopted, respectively. Note that there was a slit
(3-mm width and 55-mm height) at the center of each mesh-electrode to accommodate an
access of a sheet beam. By controlling exposure time of the camera, flow field

visualization, with appropriate lengths of pathlines, could be obtained.

5.3 Result and discussion

5.3.1 Overall response of flames with electrical current

Figure 5.2 shows the variation of premixed Bunsen flame at selected applied
voltages. As shown in a baseline flame with no electric field, a typical Bunsen flame
exhibiting an axisymmetric conical shape was observed. When Vg4 = —5 kV was applied,

the tip of the flame moved slightly to the right, indicating a slanted conical shape toward
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a cathode (lower potential); however a base of flame attached to the nozzle rim seemed to
be unaffected. As increased voltage was applied, at —10 kV, a distortion of the flame
became pronounced. When positive voltages were applied to the high voltage electrode, it
was found that the flame tip moved to the ground electrode--to a lower potential side--as

in cases with negative applied voltages. As illustrated in Fig. 5.2, the flame morphology

at Vqc = 5 and 10 kV was a mirror image of that of Vg4c = —5 and —10 kV, respectively.

0 kV
P
| T
[

Ground

Figure 5.2 Variation of premixed Bunsen flame with equivalent ratio 1 at selected applied

voltages (Vac =—10, =5, 5, 10 kV), and no electric field.
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Once again, the number of positive charges balanced the negative charges in a
reaction zone of a hydrocarbon fuel. The positively charged substances were positive
ions, while the negatively charged substances consisted of negative ions and electrons, so
that the number of positive ions was greater than that of the negative ions. Because the
effect of electrons having negligible mass on electrical body force is rarely expected, a
net electric body force subjected to a flame zone can be conceived as it acts on positively
charged reaction volume. Thus, as in Fig. 5.2, the flames that slanted toward the cathode
(lower potential) with the external DC field can be explained; this is consistent with

previous studies [17, 35], and with Chapters 3 and 4.

An electric current, I, in the flame represents flow of electric charges due to
external electric fields. Investigating voltage-current characteristics in a flame with
increased V¢, two distinct regimes--sub-saturated and saturated regimes--can be found.
In a sub-saturated regime, the electrical current rapidly increases, showing | ~ Vgc?, up to
a certain voltage; then the electric current becomes insensitive to further increased Vgc,
resulting in a saturation of the electric current. This saturated behavior of the current is
understood to be the result of a finite rate of ion generation in a flame, so that when the
external potential is high enough to pull out all the generated charge carriers, the rate of

ion generation simply limits the electric current which follows.

The electric current is a primary response of charge carriers generated by a flame
under the influence of external electric fields, and it should be closely related to modified
flame characteristics because it is a result of electric body force acting on a flame, and a

movement ion is accompanied by a bulk flow motion. In this regard, flame responses due
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to electric fields are compared with electric current behavior in Chapter 4, as well as in
previous studies [75]. It was reported that in a counterflow burner (or downward in a
small nonpremixed flame), a flame shape or a flame location was affected very little by
external electric fields when an applied voltage was at the sub-saturated regime, and a
drastic change of flame was observed in the saturated regime. Because a relationship
between the electric current and flame behavior with an external electric field can be
different for burner configurations or flame types, it is necessary to investigate the

electric current to understand flame response in the present setup.

Figure 5.3 shows an electric current with applied voltage up to +10 kV in the
present methane-air premixed Bunsen flame. For both positive and negative potential to
the high voltage electrode, the measured electric current increased in the tested range of
Ve, illustrating a quadratic increase in the current along Vqc, as curve-fitted in the figure.
The electric current was well measured and found to be symmetric with respect to the
polarity of the applied voltage, indicating good agreement with a modeling [79]. A
saturated regime could not be found in the test range, indicating that the applied voltage
was lower than critical to reach current saturation. Unlike previously tested flames, this
flame exhibited modification in shape and location, even in the sub-saturated regime.
Since a detailed mechanism of flame location does not clarify whether it is a burner
configuration (counterflow or jet-flow), or a flame type (diffusion or premixed flame),

this should be investigated in the future.
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Figure 5.3. Voltage-current characteristics in methane-air premixed Bunsen flame with

applied voltage to £10 kV.

5.3.2 lonic wind in jet flame

As shown in Fig. 5.2 and discussed in the previous section (5.3.1), it is clear that a
flame under the influence of an electric field relocates toward a lower potential side. In
previous studies this has sometimes been explained as a result of ionic wind due to
overall outnumbered positive ions. In Chapter 4 ionic wind was identified as blowing
toward both electrodes, particularly after a saturated regime of electric current in a
counterflow diffusion flame. It was referred to as a bidirectional ionic wind because of

the difference in the moving directions of ions in electric field due to their polarities.



92
Positive and negative ions, which are forced to move toward a cathode (lower potential),
and anode (higher potential), respectively, transfer the momentum gained from the
Lorentz force to colliding molecules, resulting in bidirectional ionic wind. In this
premixed Bunsen flame, flow visualization was conducted using an Mie scattering

method to determine the characteristics of a modified flow field caused by ionic wind.

Figure 5.4 illustrates Mie scattering images. The pathlines of seeding particles from
the nozzle were identified as blue trajectories illuminated by the Ar-ion laser. For the
flame with no electric field, a typical flow pattern with a premixed Bunsen flame was
revealed. In a non-reacting cold flow, pathlines should move straight upward from the
nozzle exit. However, the pathlines with the flame showed a bulge following the widest
region of a reddish luminous zone. This was due to a thermal expansion of flow after the
flame front; detailed flow characteristics across a premixed Bunsen flame can be found in
a previous study [131]. Note that the reddish color is caused by a thermal radiation from

the seeding particles when they pass through a hot reaction zone.

When DC was applied to the high voltage electrode, Vac = £ 5kV f (Fig. 5.4), it is
notable that the particles spread to both electrodes, while the flame slanted toward a low
potential electrode. The modified movement of seeding particles can be considered a
result of a bidirectional ionic wind. Because the particles moved to both electrodes,
indicating flow pathlines, electrostatic charging of the seeding particles and their reaction
to the electric field cannot be a major reason for the occurrence—it is impossible for
seeding particles to be charged as negatively in a half domain and positively in the

remainder.
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Figure 5.4. Mie scattering images of premixed Bunsen flame with equivalent ratio 1 at

selected applied voltages (V4. =—10, —5, 5, 10 kV) and no electric field.

For further increased applied voltage at + 10 kV, the spread angle was expanded
compared to the cases of Vq4c = £ 5kV. Since ionic wind is related to an ion drift velocity

expressed as ug = pE, where pis an ion mobility and E is an electric field intensity, the
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horizontal movements of the particles were influenced by the intensity of electric field,

and thus by the applied voltage.
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Figure 5.5. Results of a PIV of 2 dimension for premixed Bunsen flame with equivalent

ratio 1 at Vgc =—10, 0, and 10 kV.

To quantitatively compare with the two velocities of radial components, Uy, which
blow from flame to cathode and anode in bidirectional ionic wind, -- PIV measurements
were conducted showing two dimensional images at V4. = £ 10kV and no electric field
(Fig. 5.5). With no electric field, the radial velocity was nearly zero, showing blue color
in the legend; axial velocity only existed upwardly from the nozzle exit. As previously
mentioned, a slight variation of radial velocity was observed in front of the flame, due to

a thermal expansion of flow showing sky blue color.
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When a DC field was applied to the high voltage electrode, V4. = £ 10kV, the radial
velocities headed toward both electrodes, consistent with the results of Mie scattering in
Fig. 5.4. However, in comparison to the two velocities at opposing directions, the ionic
wind from flame to cathode was much faster than flame to anode. Even though the ionic
wind exists as bidirectional, the compositions of the two velocities are significantly
different. Because positive ions outnumber negative ions in hydrocarbon flame, ionic
wind toward the cathode can be stronger than the other. To understand the detailed
mechanism, numerical simulation investigating electron attachment and ionic wind with

ion chemistry should be conducted in the near future.

5.4 Summary

The effect of DC electric fields on premixed Bunsen flames with two parallel
electrodes was investigated, with emphasis on flame and flow behavior. When exposed to
the DC field, the tip of the flame moved toward the cathode showing a slanted conical
shape. This is because positive ions are more abundant than negative ions in the reaction
zone of hydrocarbon flames; therefore the flame tends to go toward the cathode due to

the Lorentz force acting on positive ions.

In Chapter 4, the drastic movement of flame and the generation of bidirectional
ionic wind can be observed within the saturated regime of an electric current. In the
Bunsen flames, however, the flame tip responded to relatively low voltages belonging to

the sub-saturated regime. To determine the response of different flames to regimes of
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electric current, it will be necessary to check burner configurations, or flame type, in the

future.

For flow visualization by Mie scattering, bidirectional ionic wind can be observed
from a flame to two electrodes (anode and cathode). Two velocities of radial components
with opposite directions were measured by PIV. It was demonstrated that the radial
velocity of ionic wind from flame to cathode was much faster than from flame to anode
because positive ions outnumber negative ions in the reaction zone of hydrocarbon

flames.



97

Chapter 6

RESPONSE OF FLAMES AND FLOW TO AC

ELECTRIC FIELD

6.1 Background

When a flame is exposed to a direct current (DC) electric field, positive ions,
negative ions, and electrons via chemi-ionization [87-89] are subjected to the Lorentz
force. As such, the positive and negative ions move toward a cathode and an anode,
respectively, with a drift velocity. As a consequence of momentum transfer to neutral
molecules during this migration of ions, bidirectional ionic wind blowing from the
reaction zone to both electrodes was observed in Chapters 4 and 5. Similar concepts of
bi-ionic wind have been introduced to explain the blowoff behavior of premixed Bunsen
flames exposed to an alternating current (AC) electric field [68]. Based on the importance
of ionic wind, most related studies have used the concept of ionic wind as a hypothetical
explanation for the observed phenomenological results. In Chapter 3 it was speculated
that a reduction in soot formation with an applied DC electric field was caused by ionic
wind-driven flow field modification. An enhancement of combustion speeds in outwardly

propagating premixed flames using an applied AC electric field was hypothesized to be
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the result of ionic wind-driven hydrodynamic instability and/or a modification of the

transport property [42].

A common assumption about applied AC electric fields is that the ionic wind can
be neglected at relatively high frequencies because the flame produced above a certain
AC frequency is visibly steady. However, the location of a nonpremixed flame depends
on the transport of mass and heat, which are greatly affected by an internal redistribution
process due to the ionic wind, and the flame zone that consistently generates ions is under
the dynamic effect of the electric field, as shown in Chapter 4. Thus, it is difficult to rule

out the effect of ionic wind, even when the flame is visibly steady.

Based on our previous study of DC electric fields on nonpremixed flames (Chapter
4), here the effect of applied AC electric fields on counterflow nonpremixed flames has
been experimentally investigated. Specifically, the flow field, the voltage-current (\V-I)
behavior, and the flame location have been analyzed in terms of applied voltage and
frequency. Detailed characterizations of bidirectional ionic wind and the dynamic

responses of flames are discussed.

6.2 Experimental conditions

All mean jet velocities (U;) for the fuel, oxidizer, and nitrogen sheath were
identical. Two global strain rates (o= 2U;j /L= 40 and 80 s™) of the cold streams were
tested for separation distance (L) of 10 and 20 mm. To stabilize the diffusion flame,

responses were guaranteed near the stagnation plane (the center of the gap in this
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experiment), where the axial velocity was reasonably small and AC polarity had a
negligible effect on the electric current (Chapter 4). The stoichiometric mixture fraction,

Zst, was fixed at 0.5. Experimental conditions are given in Table 6.1.

Metallic perforated plates (hole density = 79/cm?, hole dia. = 0.8 mm) were placed
on the exits of the nozzles to ensure reasonably uniform electric fields in the gap between
the nozzles (Fig 2.3b). The tested applied voltage, Va, was up to 2.4 kV(rms), with

various AC frequencies (1 <f,c<1000 Hz).

Table 6.1 Conditions for experiment of AC electric field

Stoichiometric Initial
mixture composition mole fractions L [mm] o5
(C3Hg / O2/Ny>) X X02
40"
10
80
1/5/12 0.111 0.566
40
20
80
1/5/24 0.066 0.335 10 40

* Baseline condition
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6.3 Results and discussion

6.3.1 Overall response of flames

Figure 6.1 shows typical flames in the baseline condition (exposure time 0.1s) atVac
= 2.0 kV with various frequencies, foc = 10, 100, and 1000Hz, for comparison to the
flame without an applied AC electric field. A discernable oscillating response to the AC
electric field was found at fac = 10Hz, whereas there was no visible difference compared
to the flame without the applied AC electric field at increased frequencies of 100 and

1000 Hz.

L=10 mm, o = 40 5%, C;H,/0,/N, = 1/5/12
(a) No e-field (b) 10Hz, 2.0kV

R ————

(c) 100Hz, 2.0kV (d) 1000Hz, 2.0kV

Figure 6.1 Flames in the baseline condition (a) without AC and for (b) fac = 10, (c) 100,

and (d) 1000 Hz at fixed Vac = 2.0 kV.
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As reported in Chapters 3 and 4, nonpremixed flames tend to relocate toward the
cathode with an applied DC electric field. This is believed to be caused by electric body
force to the reaction zone, where ions and electrons are consistently generated. Because
positive ions outnumber negative ions in the reaction zone, and electrons have negligible
mass and three orders of magnitude higher mobility, the net electric body force acting on
the reaction zone (flame) is directed to the cathode. Although the combined effect of this
net body force on the flame and modified transport processes caused by the bidirectional
ionic wind determine the new position of the flame, all observations with DC electric
fields showed a relocation of the flame toward the cathode. In this regard, the periodic
oscillation of the flame with the frequency of fac= 10 Hz in Fig. 5.1b can be explained
from the change in the polarity of the AC electric field; the somewhat insensitive flame

positions with increased f, are discussed in Section 6.3.2.

To support this explanation, the OH radicals of an oscillating flame were visualized
at fac = 10 Hz and Vac = 2.4 kV (Fig. 6.2). Noting that Vac = 2.4 kV (rms) indicates 3.4
KV in peak value, £3.4 kV (DC) was applied to the lower nozzle for comparison. In Fig.
6.2, the left and right images represent corresponding half images with DC and AC
electric fields, respectively. Clearly, there is little difference between the applied DC and
AC electric fields in the OH images when the flame with AC reached its upper and lower
peaks during a cycle of oscillation. This indicates that the oscillatory motion of the flame

was caused by the polarity change.
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DC +3.4kV AC 2.4kV, 10Hz

DC — 3.4kV AC 2.4kV, 10Hz

R &
max

Figure 6.2 Comparison of OH radicals between DC and AC at fac = 10 Hz.

Figure 6.3 Comparison of OH radicals with AC at (a) 100 and (b) 1000 Hz.
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For flames with higher fa and negligible oscillation, OH PLIF images for Vac = 2.4
kV at (a) fac = 100 and (b) 1000 Hz in Fig. 6.3 exhibit less affected OH zones in general

compared to flames without AC.

To investigate the connection between observed flame behaviors and the regime of
electrical responses, the electric currents of the baseline condition were measured by
increasing Vg at foc = 10, 100, and 1000 Hz, respectively. Figure 6.4a compares the
measured electric current in rms values with that of the same flame with a negative DC
electric field in Fig. 4.7 of Chapter 4. Note that to obtain current density, the measured
current was divided by the flame area (luminous blue zone), projected to the electrode.
Due to the fluctuating nature of fac = 10 Hz, the current density exhibited great
uncertainty, which comes from a variation in the flame area during one cycle rather than
from the current fluctuation. This follows a reasonably similar trend as the negative DC
electric field in general, while a more rapid increase in the current occurs in the sub-
saturated regime, particularly for 0.6 < Vac< 1.0 kV. Although unstable flames have been
observed, resulting in indeterminate current behavior in the range of 1.1 < Vg< 1.5 kV
for the DC electric field, similar unstable behavior was not found for the AC electric field
in the tested range of fac. The unsteady nature of the flame caused by the AC electric field
might minimize the instability related to the DC case. In conjunction with the OH images
in Fig. 6.2, the data in Fig. 6.4 indicate that the overall flame characteristics and the
electrical current response when fac = 10 Hz were very similar as in the case with the DC

electric field.
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Figure 6.4 Response of (a) electric current density and (b) amplitude of flame oscillation

with applied voltage at fac = 10, 100 and 1000 Hz.

As fac grows (100 and 1000 Hz), the increasing rate of current in the sub-saturated
regime decreased, showing a trend similar to the case with the DC electric field. The
saturated current, which should be proportional to the charge generation rate in a flame,
dropped significantly, from ~3.5 to ~1.7 pA/cm?, indicating either that the charge

generation deteriorated or the number of migrating charges to the electrodes was reduced.
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Given that the OH images in Fig. 6.3 show negligible dependence on fac, speculating that
this drop comes from a reduction in the charge generation in the flame may not be a
reasonable conclusion. Thus, the potential increase in charge recombination
(neutralization) due to frequent collisions caused by the polarity change in the AC
electric field might be responsible for the reduction in the migrating charges to the

electrodes.

To clarify the oscillating behavior of the flames to the voltage, the amplitude of the
flame oscillation (identified as the location of the luminous blue zone in Fig. 6.4b) was
plotted for easy comparison to the trend of the electric current. Interestingly, when the
current was saturated over a certain voltage, the amplitude of the flame oscillation also
reached a certain level for fac = 10 and 100 Hz, while f5c = 1000 Hz showed no significant
oscillation up to 2.5 kV. At fac = 10 Hz, the amplitude of the flame oscillation was
relatively insensitive to low applied voltage (< 0.5 kV); it increased sharply when applied
voltage approached critical voltage for the current saturation. However, based on a
hypothesis that dictates that flame oscillation should be the result of the dynamic
response of charged species in the flame zone to the electric body force, the invariant
oscillation amplitude--even when the voltage was increased in the saturation regime--
indicated that there may have been a constraint. This will be discussed in section 6.3.2

and 6.3.3.
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6.3.2 Temporal behaviors of oscillating flames

To further clarify flame behavior with an applied AC electric field, temporal
variations are shown during one cycle in Fig. 6.5a at fac= 10 Hz with various Vg for the
baseline condition. Although the expected flame behavior would be up-and-down
movement from the original position of the flame without an AC electric field driven by
the polarity change, only upwardly displaced flame movements were observed in the sub-
saturated regime (Vac = 0.6 and 0.9 kV), where two humps (the second greater than the
first) were observed. In the saturated regime (Vac = 1.1, 1.5, and 2.0 kV), the flames
swung around the original position, but the peaks of positive displacement were greater
than those of negative displacement. When V increased, the positive and negative peaks
did not change, indicating the presence of constraints, possibly due to mass diffusion,
which can limit the flame location. As depicted in Fig. 6.5a, there is a phase delay from
the applied voltage, which is around n/4 (~13 ms), indicating close conjunction with the
characteristic induction time of a collision (~14 ms) estimated via molecular Kkinetic

theory [26].
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Figure 6.5 Temporal flame behavior and typical voltage waveforms for various Vs at (a)

fac = 10, (b) 100, and (c) 1000 Hz.
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At foc = 100 Hz in Fig. 6.5b, a simple relocation of the flame position toward the
upper nozzle occurs at Vac = 0.6kV. With increased Vac, oscillations having very small
amplitudes (~0.2 mm) were observed. However, the mean flame position shifted toward
the lower nozzle at Vac = 1.1 and 2.0kV and toward the upper nozzle at Vac = 0.6, 0.9 and
1.5kV. Finally, no discernible flame oscillation was observed at foc = 1000 Hz (Fig. 6.5¢),
while the relocation of the mean flame position was identified as consistent with the cases
of 100Hz, except for 0.9kV. These observations indicate the difficulties experienced in
conceptual modeling approaches, because a dynamic system (described as electric body
force acting on ions in a reaction zone), has varying mass and ion number density over
time, and its motion is constrained by a feasible flame location determined by the
transport of mass and heat (for nonpremixed flames), or the velocity balance (for
premixed flames). It was noted that a recent model of flame behavior with an AC electric

field [85] may require modification in order to predict the present result.

6.3.3 Flame dynamics in electric body force

Motivated by the steady oscillating motion in the saturated regime, regardless of
Vac (i.e. constant amplitude of the flame oscillation for a given frequency (Fig. 6.4)), the
oscillating amplitudes of the various flames was investigated by varying fac (Table 6.1).
For L = 10 and 20 mm, the required applied voltages were 2.4 and 4.8 kV, respectively,
to apply the same field intensities (E=Va/L) and ensure that the flames were in the

saturated regime.
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Figure 6.6 shows amplitudes normalized by each L with the applied frequency in
log scales. Assuming that a dynamic response of a flame to the electric field may result in
a first-order approximation of the constant mean displacement speed of a flame during a
cycle (similar to the terminal velocity of charged species (~uE) for the ionic wind), the
amplitude of the flame oscillation (the traveling distance of the flame) should be
proportional to fo X Thus, the solid line in Fig. 6.6 indicates the predicted trend of the

amplitude with a constant mean flame displacement speed.
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Figure 6.6 Normalized amplitude of flame oscillation in relation to applied frequency.
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The dynamic response of nonpremixed flames can be divided into two distinct
regimes: 1) the transport limit regime and 2) the oscillating decaying regime. As
previously mentioned, the peak location of an oscillating motion with low frequency
(e.g., fac = 10 Hz) is the same as the displaced location with a DC electric field (Fig. 6.2),
and it seems to be limited by other factors (Fig. 6.5a), so that the amplitude is constrained
up to ~20 Hz (Fig. 6.6), while there is no similarity in the gap distance. The maximum
normalized amplitude with L = 10 mm is around 0.2, but it reaches ~0.4 at L = 20 mm,
even with the same mixture and the same strain rate. However, because the gap distance
divides the various test conditions into two pairs with similar maximum normalized
amplitude, regardless of strain rate and nitrogen dilution, the absolute values of the
amplitudes and deducible cyclic mean flame displacement speeds of nonpremixed flames
should be closely related to the geometrical configuration and to the related transport

characteristics that determine the location of a nonpremixed flame.

However, for fac increased beyond this transport limit regime, there is much faster
decay than determined by the reference line, indicating that the cyclic mean flame
displacement speed decreases as the frequency increases. This behavior may be attributed
to the increased charge neutralization for higher fac, mentioned previously, or it may have
a feature comparable to a simple dynamic oscillatory system (mass, damper, and spring),
of which the response to external harmonic excitation similarly decays with increased
frequency depending on the ratios of these three factors. As Fig. 6.6 implies, it should be
difficult to model this system due to the strong dependence on geometrical factors.
Although previous studies reported critical time scales over which ionic wind generation

should be ignored [26, 68], our results indicate that the oscillatory movement of a
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nonpremixed flame is more likely to decay monotonically rather than exhibiting a critical

frequency. A discussion concerning ionic wind is included in the next section.

6.3.4 Flow visualization and bidirectional ionic wind

In Chapter 4, a bidirectional ionic wind was generated mostly in the saturated
regime. This wind caused significant modification in the flow, leading to a double-
stagnant flow configuration. Although Drews et al. [69] observed somewhat steady ionic
wind motion, even under an AC electric field in a jet flame, Mie scattering visualization
of the flow field was conducted here to clarify the effect of an AC electric field on a

bidirectional ionic wind in the counterflow configuration.

Figure 6.7 shows the pathlines of seeding particles ejected from the nozzles at (a)
fac = 100 and (b) 1000 Hz with selected Vac for the baseline condition (0.1s exposure
time). In the flame without an AC electric field, reddish luminosity caused by radiation
from the seeding particles appeared at the stagnation plane, indicating that the main heat
release reaction occurred at the stagnation plane based on Zg = 0.5, although the
luminous blue zone was located slightly into the fuel stream. The overall flow fields with
both frequencies were not affected when Vac = 0.7 kV, implying that the relatively low
voltage in the sub-saturated regime had minimal impact on the flame or the flow, which

is consistent with the DC applied field (Chapter 4).
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C,;Hy/0,/N, = 1/5/12
L=10 mm,c=40s"

Figure 6.7 Flow visualization for selected applied voltages at (a) 100 and (b) 1000 Hz.

However, at Vac = 1.4 kV in the saturated regime, drastic modification of the flow
field created double-stagnation planes at both frequencies, which was the result of the
bidirectional ionic wind blowing from the reaction zones to both electrodes. A dark zone
created in the proximity of the flame exhibited somewhat steady behavior at these
frequencies. It has been reported that maximum ion velocity is O (10%) cm/s, depending
on field intensity, E [17, 21]; and ionic wind can be expected for applied frequencies up
to 100 kHz [69]. When the applied voltage was increased to Vac = 2.4 kV, the dark zones

became broader because the intensity of the ionic wind was proportional to the applied
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voltage (~xE). The broadening of the dark zone at 1000 Hz was weaker than that at 100
Hz, which may be the result of increased charge neutralization caused by the higher rate
of polarity change and the characteristic flow induction time with molecular collisions

[68].

A temporal variation in the ionic wind is important in low-frequency ranges. High-
speed images were used here, with scattered seeding particles at Vac= 2.4 kV and fac = 10
Hz in the saturated regime, to determine the baseline condition. Figure 6.8 illustrates four
distinct, instantaneous flow patterns for foc = 10 Hz during a cycle of ionic wind
oscillation (from —x to ). Note that--like the delayed flame oscillation phase with respect
to the applied voltage (Fig. 6.5)--development of the ionic wind also exhibited phase
delays. The edges of groups of scattered particles (indicating that new stagnation planes
were created in response to the bidirectional ionic wind), oscillated strongly, in
accordance with the electric field direction. When the dark zone was minimized the flame
sat near the center of the gap, whereas when the dark zone was maximized, the flame
moved toward the upper and lower nozzles. At foc = 100Hz, a pulsating oscillation of the
free stream, synchronized with the fsc with small variation in the dark zone, was

observed. No discernable oscillation in the dark zone could be found at fac= 1000 Hz.

10Hz at 2.4 kV

I%

— 1 (orm) —m/2 0 7
Figure 6.8 Temporal variation of Mie scattering images for oscillating flame at fac = 10

and Vac: 2.4 kV.
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To understand the dependence of bidirectional ionic wind on fac, normalized dark
zone thicknesses were measured, which are indicative of the influence of the bidirectional
ionic wind for various fa in selected flames at different L and cat E = 2.4 kV/cm, as
shown in Fig. 6.9. For low fac with an oscillating dark zone (< 200 Hz), only the
maximum thickness is displayed for the sake of simplicity. Unlike the flame’s oscillatory
motion, thickness decreased somewhat slowly with increasing applied frequency,
illustrating reasonable scaling with the gap distance. Therefore, based on either the
visible flame motion or theoretical flow induction times, it is not practical to assume that

the effect of ionic wind on a flame is negligible.
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Normalized dark zone thicknesses at L= 20mm with o = 40 s showed good
agreement with thicknesses at L= 10mm with o = 80 s, indicating a parametric
similarity in jet velocity (Ujt = 40 cm/s). Because the stagnation plane should be
determined by the momentum theorem between the ionic wind and the jet flow, and the
ionic wind velocity should be similar among the flames tested due to identical field

intensity, thickness should be related to velocity, rather than strain rate.

6.6 Summary

Various effects of AC electric fields on counterflow nonpremixed flames were
experimentally investigated. The dynamic response of nonpremixed flames could be
divided into two distinct regimes: i) the transport limit regime at lower frequencies (<
~20Hz), and ii) the oscillatory decaying regime at higher frequencies. When a
bidirectional ionic wind was generated, a relatively low voltage in the sub-saturated
regime did not affect the overall flow field; whereas a higher voltage in the saturated
regime produced drastic modification in the flowfield-created double-stagnation planes,
similar to observations with a DC electric field. Unlike the oscillatory motion of the
flame, the thickness of the dark zone under bidirectional ionic wind decreased somewhat
slowly, with increasing applied frequency up to 1000Hz. Based on the visibly steady
flame motion, it is therefore not practical to assume that ionic wind effects are negligible

at certain high AC frequencies.
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It should be mentioned that although the origin of charged particle movement is
caused solely by the microscopic electric body force to each charged molecule, the
respective effects of such movements on a flame’s dynamic motion--and on the
generation of bulk flow motion--are quite different. An indirect and measurable
parameter--that being the electric current--should be closely related to the motion of the
flame and flow. Conceptual modeling approaches and comprehensive multi-dimensional
simulations with ion-chemistry, as well as the accumulation of fundamental data in

experiments, are all essential to a thorough explanation of flame dynamics.
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Chapter 7

CONCLUSION

The effects of DC and AC electric fields on nonpremixed counterflow flames have
been extensively studied, investigating the detailed effects of electric current with applied
voltage, modifications of flame structure and flow field caused by external electric fields.
To determine the results, laser diagnostics, current measurement, and direct photographs
using digital and high speed camera were used with the electric fields. To investigate
ionic wind motions in different configurations—typically in a sub-saturated regime and
in a jet flame--a supplementary experiment using a premixed Bunsen flame was
conducted applying DC. The main contributions of this thesis are summarized in the

results, as follows.

1) Two distinct types of flames--SFO and SF--were experimentally studied for their
structure and soot formation characteristics under electric fields. When negative
electric fields were applied to the fuel nozzle, both SFO and SF flames moved
toward the lower potential side (the fuel nozzle for instance); they restabilized
after experiencing an unstable regime with increased applied voltage. The
movement of flame under an electric field can be understood as the Lorentz

force acting on outnumbered positive ions in the flames. A reduced reddish



118
luminosity was observed in the restabilized flames after a certain applied voltage.
Based on the qualitative measurements of soot particles using PLII, no
noticeable sooting limits (defined as onset conditions of soot formation in terms
of initial mass fractions of oxygen and fuel in the main jets), were found when
Vaec = — 2 kV was applied to the fuel nozzle. Qualitative measurements of PAHs
using PLIF supported the suppressed soot formation, demonstrating significant
reduction in their fluorescent signal. In parallel, applied electric fields influenced
OH radical distributions, which exhibited wider and thicker than flames with no
electric field, indicating that there should be a significant change in flame

structure caused by ionic wind with electric fields.

2) The investigation of flow field is essential to understanding the effect of electric
field on ionic wind and its consequential influence on a flame structure in a
nonpremixed counterflow flame. In this regard, the flow fields of nonpremixed
propane flames affected by DC electric fields were visualized using the Mie
scattering method. A flow field without an electric field, or with the application
of a relative low voltage (|Va| < 1.2 kV), (which fell in a sub-saturated regime in
terms of electric current), showed a typical flow pattern for a counterflow
configuration with a stagnation plane at the center. However, a drastic change in
the flow field could be observed by applying a relatively high voltage (|Va| >
1.55 kV) in a saturated regime of electric current. In the saturated regime, double
stagnant flow fields were found, caused by bidirectional ionic wind blowing
from a flame to both electrodes (nozzles); flame relocation toward a lower

potential electrode could be partly attributed to this newly-settled flow pattern.
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Both positive and negative ions in the reaction zone of a flame could generate a
bulk flow motion in opposite directions, so that the existence of bidirectional
ionic wind could be understood in a nonpremixed counterflow flame. Drastic
modification in the flow field can influence variations in soot formation and OH
radical distribution because of the change in the stoichiometric location and
strain rate at the flame; these are important factors to characterize nonpremixed
counterflow flames. Restabilization of a flame was uniformly observed for all
tested fuels (methane, propane, ethane, and n-butane), and flow separation
(indicated by double stagnant flow fields) occurred in each saturated regime,
giving the appearance of a close relation between these two events (flame
restabilization and forming double stagnant flow). However, clarification for this
fuel dependency should be prepared in the near future; and to fully understand
these flow fields, a numerical simulation with detailed ion-chemistry and ionic

wind will be necessary.

3) In a nonpremixed counterflow flame, ionic wind did not appear to be effective
when applied voltage was in a sub-saturated regime, which could be attributed
partially to the directions of ionic wind exactly against the main jets. To clarify
the nature of ionic wind in a different configuration—typically in a sub-saturated
regime--a premixed Bunsen flame was tested by placing two parallel electrodes
vertically, so that a main jet axis was perpendicular to the applied electric field
lines. A shift of the flame front applying the DC was consistent with that of a
nonpremixed counterflow flame, demonstrating flame movement due to the

Lorentz force acting on positive ions. The tip of the flame moved toward the
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lower electric potential side, resulting in a slanted conical shape. Flow
visualization using Mie scattering revealed bidirectional ionic wind from the
flame to both electrodes, indicating an increased radial component of velocity.
In addition, PIV measurements showed that a created radial velocity caused by
positive ions (i.e. toward a lower electric potential side), was much faster than
the velocity toward other electrodes; this could be attributed to outhnumbered
positive ions in the reaction zone. Another notable observation was that the
modification of flame shape and the generation of bidirectional ionic wind were
found even in a sub-saturated regime, unlike the behavior in the counterflow
flame. Since a detailed explanation of burner configurations or flame types is not

available, these studies should be addressed in future work.

4) When an AC electric field was applied to a flame, it was generally believed that
the ionic wind would be negligible in a higher frequency; this was based on an
observation of a steady flame which seemed to be affected by AC. However,
there is no evidence to guarantee such a hypothesis. For this reason, the dynamic
response of the flame and the generation of ionic wind were investigated by
applying an AC electric field to nonpremixed counterflow flames. Two
distinctive regimes--a transport limit regime at lower frequencies (fac < 20Hz),
and an oscillatory decaying regime at higher frequencies (20 Hz < fac < 100HZz)--
could be observed in relatively high voltage in the saturated regime. Through
flow visualization, a drastic flow modification was found showing double
stagnation planes due to bidirectional ionic wind, which is similar to the result

with a DC. The thickness of the dark zone decreased with an increase in applied
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frequency to 1000Hz. This implies that ionic wind can be generated at even a
visibly steady flame; thus the effect of ionic wind cannot be negligible under AC

electric fields.

Overall, it was determined that the effects of bidirectional ionic wind by DC or AC
electric field can significantly affect the characteristics of nonpremixed counterflow
flame, including the strain rate and the axial location of stoichiometry. As noted
previously, to fully comprehend the physicochemical mechanisms on flame
characteristics by the application of an electric field, a comprehensive simulation is
necessary in the near future, including detailed ion chemistry and a multi-dimensional
approach. In-depth studies on premixed counterflow flames and nonpremixed jet flames
would also be valuable for building a solid understanding of the fundamental mechanisms

and filling the gaps in the present knowledge
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	The two main jets to form a nonpremixed flame (fuel and oxidizer streams), were supplied from the lower and upper nozzles respectively, and both jets were diluted with nitrogen to control the initial mass fractions of fuel and oxygen. A nitrogen sheat...
	Figure 2.2 Counterflow burner setup including non-conductive frames and posts and three-dimensional translational stage.
	Table 2.1 Purities of gases
	A power supply unit (Trek, 30/20A or 10/10B-HS), was used to apply DC and AC electrical potential. The power supply was a signal amplifier, able to amplify any arbitrary input signals up to 30 or 10 kV with a maximum current of 20 or 10 mA for 30/20A ...
	To generate reasonably uniform electric fields in the gap between the nozzles, a perforated plate was placed at the exit of each nozzle. Hole density of the plate was 364/cmP2P, with a hole diameter of 200 μm, used for investigating flame structure.  ...
	To characterize the response of a flame with an external electric field, a measurement of current, along with applied voltage, was essential. A current preamplifier (Stanford research system, SR570), was installed between the upper nozzle and the grou...
	Mie scattering is well known elastic scattering, meaning that a wavelength of incident light and of scattered light are not changed, and the scattering behavior (non-dimensional size parameter, x) is determined by the following equation (2.1).
	𝑥= ,2𝜋𝑟-𝜆.                                                         (2.1)
	Where λ is wavelength and r is the radius of a scattering particle. A scattering from relatively minute particles (i.e. x << 0.1), is referred to as Rayleigh scattering. For particle sizes larger than a wave length, or similar to the wave length (i.e....
	Figure 2.5 Scattering strength from different particle sizes [119].
	In this study, the Mie scattering method was adopted to visualize the flow field with an electric field. This process uses a sheet beam produced by a continuous wave Ar-ion laser (Spectra-Physics, Stabilite 2017, 488 nm) to illuminate seeded titanium ...
	In particle image velocimetry (PIV), flow velocity is inferred from the motion of the tracer particles. Velocity is measured as a displacement D (X; t’, t’’) of the tracer particles in a finite time interval ∆t = t’’ – t’,
	D ,X;,t-′., ,t-′′..= ,,𝑡-′.-,𝑡-′′.-𝑣,𝑋,𝑡., 𝑡.𝑑𝑡.                                   (2.2)
	where 𝑣,𝑋,𝑡.. is the velocity of the tracer particles. For ideal tracer particles, the tracer velocity 𝑣 is equal to the local flow velocity. Mie scattering is used to allocate the location of tracer particles at any given instant, and then freeze...
	A commercial PIV system (LaVision, 2D-FlowMaster) was adopted to measure related flow fields. To obtain two images with a controlled time interval, a dual-pulse Nd:YAG laser (532nm, the second harmonic of Nd:YAG), and a synchronized dual-frame CCD cam...
	One of the most pronounced effects of an electric field on flames is the observable bulk flow motion, ionic wind, which has been demonstrated under microgravity conditions [66]. When an external electric field, E, is applied to a flame, the Lorentz fo...
	This movement of charged particles in a hydrocarbon flame creates an electric current [79]. When the field intensity increases, the current shows a near-parabolic increase, up to a moderate external field (sub-saturated regime), and over a certain fie...
	In reaction zones, positive ions are in excess of negative ions; negative charge carriers include both negative ions and electrons; thus the total number of negative charges should be equal to that of positive charges. Because the mass of electrons is...
	In summary, both positive and negative ions can contribute to the generation of ionic wind in opposite directions towards a cathode and anode, respectively. This bidirectional ionic wind may produce visible effects on a flow field if the flow velocity...
	In Chapter 3 the sooting characteristics of ethylene nonpremixed flame in a counterflow burner with a direct current (DC) were presented. It was shown that soot formation was effectively suppressed, regardless of initial fuel and oxygen mixture fracti...
	Thus, flow-field modulations and electric current responses of nonpremixed counterflow flames were experimentally investigated by applying a direct current (DC). To amplify the effect of ionic wind, the nonpremixed flames were stabilized with various ...
	The counterflow burner had two opposing nozzles (top and bottom), each with an inner diameter of 1 cm, and two separation distances, L = 1 and 1.5 cm were tested. Detailed velocity conditions (mean velocities (URjR) at the nozzle exit), can be found i...
	The Mie scattering method was used to visualize the flow field. This process uses a sheet beam from a continuous wave produced by an Ar-ion laser to illuminate seeded TiOR2R particles (~ 0.2 μm). The TiOR2R particles were supplied through the main fue...
	Table 4.1 shows experimental conditions for various fuels, maintaining a stoichiometric mixture fraction, ZRstR, defined as 1/(1 + YRfR/YRoR), where is the stoichiometric oxygen-to-fuel mass ratio and YRfR and YRoR represent mass fractions of fuel ...
	Each fuel was diluted with nitrogen to the level required to maintain flame temperature at approximately 2250 K; this value was calculated from the Chemkin-Pro OPPDIF [128] simulation using the USC Mechanism 2.0 [129].
	Flow visualization often requires seeding tracer particles. However, their dynamics can be affected by electric fields, which is an operational principle of an electrostatic precipitator. Therefore, flame behavior and electric current response were c...
	When seed particles were added into both streams (Fig. 4.1b), flame size and position of the luminous blue region at VRdcR = 0 remained similar to streams without seeding. However, with seeding, a luminous yellow region became apparent, which probably...
	The flame with seeding particles at VRdcR = –2.4 kV also shows negligible differences in terms of flame size or position, while no luminous yellow region is observed. The potential that there will be no seeding particles in this high-temperature react...
	Figure 4.2 illustrates the relationship between the electric current and applied voltage, emphasizing the difference in the current at high voltage in the presence and absence of seeding particles. Electric current density (IRdR) represents the total ...
	When the applied voltage was small, in the range of –1.2 <VRdcR< 1.3 kV, the current density increased with increasing voltage for both positive and negative VRdcR cases. The response in this range was reasonably parabolic; no differences were observe...
	When the electric current equals the generation rate of positive ions (or the sum of the generation rate of electrons and negative ions), it typically becomes saturated with further increased applied voltage [69], since the generation rate of charged ...
	With seeding particles, when VRdc R< 1.3 kV, less than 5% difference was observed from the saturated currents without seeding; however, when VRdc R> 1.3 kV, the current density continued to increase well above the saturation point of the flame withou...
	Explaining this unexpected effect of the seed particles on flame characteristics with applied DC is beyond the scope of this study; but it would be an interesting avenue for future study. However, considering this effect, only negative applied voltage...
	The Mie scattering images in Fig. 4.3 illustrate the pathlines of the seed particles using a sheet beam of Ar-ion laser for the propane nonpremixed flame (0.1 s exposure time). With no applied electric field (a), the pathlines of the flame clearly sho...
	Figure 4.3 Mie scattering images showing the pathlines of seeding particles with flame luminosities for selected applied voltages of propane flames at ZRstR = 0.5: (a) 0 kV, (b) −0.5 kV, (c) −1.6 kV, and (d) −2.4 kV.
	At VRdcR = –0.5 kV (Fig. 4.3b), no change in flame position or flow pattern was observable from those of the baseline flame, with the exception of a region which was radially farther from the edge of the flame, where the pathlines bend slightly toward...
	After the unstable regime, a drastic change was observed in the flow field, where the flame re-stabilized at VRdcR = –1.6 kV (Fig. 4.3c) and relocated toward the cathode (fuel). A dark region, with no scattering signal from seeding particles in the pr...
	For example, the pathlines in the dashed ovals in Figs. 4.3c and d deflect vertically toward the anode; although TiOR2R particles are generally non-conductive, this behavior could imply the presence of seeding particles that have been charged by elect...
	To determine whether the flow fields were caused by electric fields alone, it was necessary to visualize the dark zone, which required that particles be seeded into it. In place of TiOR2R particles, titanium tetraisopropoxide (TTIP) was used in an eff...
	The quartz tube carrying seeding particles was inserted near the burner axis, perpendicular to the Ar-ion laser sheet beam, which illuminated a vertical cross-section at the burner center (Fig. 4.4a). With the nonpremixed propane flame at VRdcR = −2.4...
	Finally, Fig. 4.4e clearly demonstrates double-stagnation planes caused by a bidirectional ionic wind. This image superimposed two separate images; 1) a multi-exposed image of scattered laser from seeding particles injected from the small tube by hori...
	Figure 4.4 Flow visualization in the dark zone by inserting a quartz tube to inject seeding particles into a reaction zone containing a vertical sheet laser: (a) perpendicular configuration of seeding jet and laser, (b) seeding above a luminous blue f...
	Figure 4.6 schematically displays a mechanism for the flow modification shown in Fig. 4.4e. Positive ions, such as HR3ROP+P, CR3RHR3RP+P, CHR3RP+P, and CHOP+P; negative ions, such as OR2RP−P, OHP−P, OP−P, CHOR2RP−P, CHOR3RP−P, and COR3RP−P, and electr...
	As a result, a reaction zone became a source of flows in both up and downward directions. To satisfy overall mass conservation, there must be a radially entrained flow to the reaction zone, as depicted in Fig. 4.6. This ionic wind in both directions c...
	This drastic modification in flow field caused significant changes to the stoichiometric axial location and strain rate at the flame, factors that are important for characterizing a nonpremixed flame in a counterflow burner. Note that related variatio...
	Movement of charged species under an electric field creates both an electric current (Fig. 4.2) and a bidirectional ionic wind. To understand the phenomenological relationship between these two, the axial positions of a luminous blue flame and stagnat...
	Figure 4.7  Axial locations of the flame and the stagnation plane(s) and current density for a propane flame with a negatively applied voltage at ZRstR = 0.5. Inset indicates a flame and flow field at VRdcR = 1.55 kV.
	Figure 4.7 shows that when |VRdcR| < 0.5 kV, flame and stagnation plane locations were unaffected by the applied voltage, behavior that is consistent with observations in various flame configurations under an electric field [34, 42, 75], where thresh...
	By comparing the onset of flow separation with the trend of the measured current density, it noted that, in the saturated regime, when the flame restabilized in a new position at |VRdcR| > 1.6 kV, current density also remained stable (saturated regime...
	Figure 4.8 Axial locations of the flame and the stagnation plane(s) and current density for (a) methane, (b) ethane, and (c) n-butane flames with ZRstR = 0.5 at a negatively applied voltage.
	Still to be resolved, is an understanding of the underlying causality between flow separation and saturated current density or evidence to suggest these two events take place independently at a similar voltage. To investigate the potential for a relat...
	To summarize these behaviors in terms of  mean electric field intensity, E = VRdcR/L, and strain rate,  = 2URjR/L;  various strain rates,  = 20, 40, and 80 sP-1P, were examined for two different L (1 and 1.5 cm), as shown in Table 4.1. The baseline...
	Figure 4.9  Electric current responses of flames with various strain rates ( = 20, 40, and 80 sP-1P), and separation distances (L = 1 and 1.5 cm) for a propane mixture. For the sub-saturated regime, other tested fuels (methane, ethane, and n-butane) ...
	Figure 4.9 shows the trends of current density with increasing field intensity for various L and . For the sub-saturated regime, the data for other tested fuels shown in Fig. 4.8 were also included. As illustrated in the figure, the measured current ...
	Meanwhile, the saturated current density increased with more strain rate. Corresponding saturated current densities were ~2.6, ~3.6 and ~8.3 μA/cmP2P for  = 20, 40, and 80 sP-1P, respectively. Noting that a saturated regime for= 80 sP-1P at L = 1....
	Figure 4.10 Characteristics of nondimensional positions (x/L) of flames and stagnation planes along the field intensity (VRdcR/L), with propane flames for various strain rates (a) 20, (b) 40, and 80 sP-1Pat ZRstR = 0.5 and L = 1 and 1.5 cm. (Note that...
	Nondimensional positions of flames and stagnation planes, which were normalized by the separation distance (L), were also analyzed for each strain rate; their results were illustrated in Fig. 4.10 with respect to the mean electric field intensity. Gen...
	The experiments described above were conducted with ZRstR= 0.5; all tested flames were located near the stagnation plane, where the axial flow velocity was very small. This design maximized the effect of the bidirectional ionic wind on a flow field.
	Difficulties in seeding particles into the flame prevented quantitative measurements using PIV in the dark zone. To quantify an entire flow field in the presence of the bidirectional ionic wind, a qualitative flow structure was considered first. Figur...
	Because the location of the flame and the magnitude of the ionic wind determine the pattern of flow modification, if the flame is sufficiently relocated toward the anode and the original velocity profile is maintained (Fig. 4.11b with ZRstR≪ 0.5), a s...
	Figure 4.11 Schematic of flow modification with a bidirectional ionic wind in a counterflow geometry: (a) ZRstR = 0.5 and (b) ZRstR≪ 0.5.
	Thus, the methane flame was moved toward the anode by changing ZRstR= 0.07, while maintaining the flame temperature corresponding with ZRstR= 0.5 (conditions in Table 5.1). Note that the propane flame continued to exhibit flow separation at ZRstR = 0....
	Figure 4.12 Visualization of flame luminosity and particle pathlines for methane flames at ZRstR = 0.07 with (a) no electric field and (b) VRdcR = −2.4 kV.
	At VRdcR= – 2.4 kV (Fig. 4.12b), both the flame and the stagnation plane moved down toward the cathode. Here, only one stagnation plane was observed, demonstrating an absence of flow separation, as schematically predicted in Fig. 4.11b. The upward ion...
	Near the anode, where the radial location was greatest, most of the pathlines were deflected toward the upper nozzle, driven by the electrostatic force on charged seeding particles. This explains why velocity could not be quantified using PIV. However...
	Figure 4.13 illustrates the results from the PIV of the axial velocity along the flow axis atVRdcR = 0 and –2.4 kV, corresponding to those in Fig. 4.11. The data near the burner exits (~ 1mm) was excluded because of uncertainties arising from a reflec...
	Figure 4.13 Results of a PIV of axial velocity along the flow axis for methane flames at ZRstR = 0.07 with VRdcR = 0 and −2.4 kV.
	PIV results are presented in Fig. 4.14 only for the zones with seeding particles, even though there was a dark zone for the baseline flame at VRdcR = –2.4 kV (Fig. 4.3d). The axial velocity profile along the flow axis at VRdcR = 0 clearly shows a typi...
	Figure 4.14 Results of a PIV of axial velocity along the flow axis for propane flames at ZRstR = 0.5 with VRdcR = 0 and −2.4 kV.
	The effects of DC electric fields on nonpremixed counterflow flames, emphasizing flow modifications caused by bidirectional ionic wind, were experimentally investigated. An external electric field separated positive and negative ions away from the rea...
	It was also found that an overshot of measured electric current density occurred due to an ionic-wind-induced hydrodynamic instability, this was followed by a restabilization of the flame toward the cathode and a saturation of the current density. Res...
	The effect of DC electric fields on premixed Bunsen flames with two parallel electrodes was investigated, with emphasis on flame and flow behavior. When exposed to the DC field, the tip of the flame moved toward the cathode showing a slanted conical s...
	In Chapter 4, the drastic movement of flame and the generation of bidirectional ionic wind can be observed within the saturated regime of an electric current. In the Bunsen flames, however, the flame tip responded to relatively low voltages belonging ...
	For flow visualization by Mie scattering, bidirectional ionic wind can be observed from a flame to two electrodes (anode and cathode). Two velocities of radial components with opposite directions were measured by PIV. It was demonstrated that the radi...
	When a flame is exposed to a direct current (DC) electric field, positive ions, negative ions, and electrons via chemi-ionization [87-89] are subjected to the Lorentz force. As such, the positive and negative ions move toward a cathode and an anode, r...
	A common assumption about applied AC electric fields is that the ionic wind can be neglected at relatively high frequencies because the flame produced above a certain AC frequency is visibly steady. However, the location of a nonpremixed flame depends...
	Based on our previous study of DC electric fields on nonpremixed flames (Chapter 4), here the effect of applied AC electric fields on counterflow nonpremixed flames has been experimentally investigated. Specifically, the flow field, the voltage-curren...

