
ABSTRACT 

PAUL IRUDAYARAJ, MOSES JOHN CHRISTY APPOLO. E-Field Interactions  

with Weakly and Strongly Ionized Flames. (Under the direction of  
Dr. Alexei V. Saveliev). 

 

Combustion of hydrocarbons remains the major source of energy 

production. Increase in the efficiency and the reduction of hazardous emissions 

during the conversion of hydrocarbon energy in the combustion systems can be 

achieved  using external electric fields and direct power extraction. In this work, 

the effect of the electric field on the flat methane-air flames is studied 

experimentaly. The volt-ampere (V-I) characteristics for DC potentials are 

measured varying  equivalence ratios and flow velocities. It is found that the 

current saturates at voltages closer to 10 kV with values similar for positive and 

negative polarity. An asymmetry in the current values are observed at lower 

voltages. An analytical model is applied to study this current asymmetry and the 

saturation conditions. The voltage and current waveforms are obtained for 

methane-air flat flames under AC electric fields of frequencies 60 Hz to 50 kHz. 

Saturation current behavior and the current asymmetry is also observed for AC 

electric fields. The flame instabilities in the form of flame wrinkling and flame 

oscilations are observed when an electrode stabilized flame is forced using DC 

and AC electric fields. The analytical model is used for the interpretation of the 

electrostatic forces that leads to these flame instabilities. 

Direct electrical conductivity measurements for potassium seeded oxy-

methane flames are carried out using RF probes. The conductivity values are 



obtained for various seed delivery rates. The obtained experimental values are 

compared with flame conductivity model and the results agree reasonably well 

with the theoretical values.  

An ion-flame model (Cantera) is modified and used here to predict the e-

field profiles and charge concentrations for the seeded and unseeded flames. The 

obtained current density values are validated against the experimental results 

and found to have qualitative agreement. The concentration of electrons 

predicted for the unseeded and seeded flames by the numerical model is found 

to agree well with the literature data.  
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Introduction 
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A rapid oxidation process of flammable materials by adding ingredients 

that contain oxidizers through a heat releasing chemical reaction is called 

combustion. Visible light and various reaction products are some of the 

resultants of this exothermal chemical reaction. 

A flame is a mixture of reacting gases that emits visible and infrared light. 

The flame constitutes primarily of products such as carbon dioxide, nitrogen 

oxides, and water molecules. Controlled flames had a far-reaching impact on the 

progress of the human civilization.  

In the energy section, the combustion of hydrocarbons takes the major 

spot in providing energy up to 80-85% of the total energy consumption in the 

world (Fig. 1.1). Conversion of the chemical energy to readily available electrical, 

mechanical or thermal energy is carried out by combustion in numerous 

technological processes, such as gas turbines, internal combustion engines, 

MHD generators, heaters, boilers and others. 

Conversion of the chemical energy of hydrocarbon fuels in combustion 

systems should be efficient and cost-effective. Inefficient combustion of fossil 

fuels (hydrocarbons) lead to the production of environmentally harmful 

substances like carbon monoxide or nitrogen oxides. In addition, the rapid 

depletion of fossil fuels and the increase in the raw material cost warrants a cost-

effective way of energy production. To reduce these emissions and be cost 

effective, lean fuel conditions are preferred. These lean-fuel conditions suffers 

severe stability issues. Several advancements in the power production to 
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increase the efficiency and stability of the combustion systems were proposed to 

accommodate these necessities. 

 

Figure 1.1. Pie-chart explaining the energy production source distribution in the 

world (Monthly Energy Review, 2021). 

One such approach to increase the combustion efficiency and reduce 

pollutant emissions is through flame control and stabilization using externally 

applied electric fields (Calcote, 1948; Drews et al., 2012; Fang et al., 2015; 

Fukuyama et al., 2019; Guenault and Wheeler, 1932, 1931; Jaggers and von 

Engel, 1971; Lewis and Kreutz, 1933; Marcum and Ganguly, 2005; Pedersen and 

Brown, 1993; Van Den Boom et al., 2009; Zhen et al., 2020). This approach is 

feasible only because flames are conductive in nature (Brande, 1814; Calcote, 

1948; Thomson, J.J. and Thomson, 1927; Wilson, 1931, 1912) due to the 
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presence of ions and electrons. Flames apart from having molecules, radicals, 

and reactive species, also contain minute amount of charged particles formed by 

reactions of chemi-ionization (Calcote, 1963; Wortberg, 1965). 

Another approach to improve the efficiency of the energy production is 

based on the Direct Power Extraction (DPE) technology, proposed by the US 

Department of Energy (Styrikovich and Mostinskii, 1977). DPE technology 

utilizes the thermal ionization of alkali metals in oxy-fuel flames along with the 

magnetohydrodynamic (MHD) generators to increase the overall efficiency of the 

power production and provide effective CO2 capture (Becker, 1970; Bedick et al., 

2017; Greene, 1963). 

1.1 Background 

1.1.1 Ionization in flames 

Ions and electrons are generated in hydrocarbon flames through chemi-

ionization and thermal ionization. These formation mechanisms are shown in 

Fig. 1.2. In a critical review by Calcote (1957), the major reason for the 

production of ions was found to be the chemi-ionization reaction rather than the 

thermal ionization.  
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Figure 1.2. Flame ionization mechanisms.  

At temperatures below 2400 K, chemi-ionization is the major contributor 

for ionization in the flame (Becker, 1970). The chemi-ionization reactions are 

responsible for the presence of ions and electrons in flames at temperatures 

below 2000 K. The chemi-ionization happens mainly in the reaction front of the 

hydrocarbon flames due to the abundance of the CH radicals (Calcote, 1957). 

The chemi-ionization reaction (R 1.1) responsible for the formation of electrons 

in hydrocarbon flames is the formation of formyl cation via the oxidation of CH 

radical (Calcote, 1961). 

 CH + O ⇋ CHO+ + e R 1.1 
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Following this reaction, CHO+ undergo secondary reactions leading to the 

production of other ion species like H3O+, CH5O+, O2
-, and OH- (Goodings et al., 

1979a, 1979b).  The concentration of the charged species also depends upon 

other flame parameters such as equivalence ratio ϕ, flow velocity v, gas inlet 

temperature, etc. (Calcote, 1963). In the 70’s and 80’s several works were carried 

out to define the ionic reaction mechanisms for combustion involving various 

hydrocarbon fuels. These works focused on explaining the role of various positive 

and negative ion species, their formation reactions and the rate of reaction for 

the chemi-ionization reactions. They also covered the fuel-rich, stoichiometric, 

and fuel-lean conditions (Brown and Eraslan, 1988; Eraslan and Brown, 1988; 

Fialkov and Fiaklov, 1985; Goodings et al., 1979a, 1979b). 

Thermal ionization mechanism was credited for the formation of ions and 

electrons before the introduction of the concept of chemi-ionization (Becker, 

1970; Calcote and King, 1955). Thermal ionization proceeds via the interaction 

of the high energy radicals such as OH, NO, O with the impurities present in the 

flame to form the free electrons (Sokolik and Semenov, 1970). This ionization 

starts to influence the ionization rate from flame temperatures around 2900 K 

(Becker, 1970). Presence of impurities and addition of easily ionizable metals 

increase the rate of thermal ionization thereby increasing the ion and electron 

concentration (Greene, 1963; Styrikovich and Mostinskii, 1977). 

Detailed review by Fialkov (1997) and several other works carried out in 

the Soviet Union describe: (i) the factors that affects the rate of reaction of the 
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chemi-ionization reactions, (ii) reaction pathways, (iii) effect of transport 

coefficients, (iv) measurement of ion mobility values, (v) introduction of new ionic 

compounds and their influence in the overall ion concentration, and (vi) the other 

flame parameter factors that affect the chemi-ionization reaction mechanisms. 

Comprehensive neutral-ion kinetic mechanisms involving the negative 

ions, positive ions and neutral species gave a better understanding on the 

charged species distribution across the flame (Jens, 2005; Prager et al., 2007). 

The study also showed that the charged species profiles in the flame are affected 

by the ambipolar diffusion. Reduced ion mechanisms that involved lesser 

number of positive and negative species were initially proposed and improved 

further through validation against experimental measurements. These results 

were also found to produce similar values of charged species concentrations as 

the previous numerical and experimental works (Belhi et al., 2010, 2018; Han et 

al., 2015a).  

Accurate mobility measurements and charged species transport models 

for electrons and other ions assisted in better prediction of charged species 

profiles in flames that agree well with the experimental results (Bisetti and El 

Morsli, 2012). The prediction of charge concentration can be improved through 

the addition of detachment reactions for anions present in the flame at lower 

temperatures (Alquaity et al., 2017). 
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1.1.2 E-Field interaction with flames 

1.1.2.1 Flame forcing and flame voltage-current measurements 

Experimental studies carried out during the early 19th century led to the 

discovery that electric fields can influence flames (Brande, 1814; Davy, 1807). 

This idea was proved through multiple experiments carried out again during the 

late 19th (Chattock, 1899) and the early 20th century (Thomson, J.J. and 

Thomson, 1927; Wilson, 1912). One such collection of works explained the flame 

propagation in a tube subjected under electric fields and its effects on the flame 

structure (Guenault and Wheeler, 1931, 1932). Multiple flames of various fuels 

when subjected under transverse electric field lost some of their energy leading 

to reduction in the flame temperature values (Lewis and Kreutz, 1933). The 

mechanical effects were initially attributed for these changes in the flame 

behavior (Calcote, 1948). 

The electrical control of flames is possible due to the presence of electrons 

and positive and negative ions formed via the chemi-ionization reactions 

(Calcote, 1963, 1961, 1957). The charged particles traverse across the flame 

when subjected in an external electric field. The electrons move faster due to 

their high mobility, leaving the heavier low-mobility ions in the reaction zone. 

The resulting space charge creates a body force. This body force is called 

ionic/electric wind (Robinson, 1961). Ionic winds are affected by the magnitude 

and frequency of the electric field (Jaggers and von Engel, 1971). Concurrently, 
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the applied electric field affects the charged species distribution across the flame 

(Pedersen and Brown, 1993; Pedersen, 1991). 

Marcum and Ganguly (2005) applied DC electric field to conical flames and 

observed flame perturbations that resulted in flame wrinkling and increase in 

the flame sheet area. They ascribed electric pressure as the reason for this flame 

behavior. Later, they attributed the chemi-ion-current dissociative 

recombination reactions that promoted the transfusion of charge particles and 

radical species for flame propagation (Wisman et al., 2008). 

Diagnostics of flame properties is possible by determining the electric 

currents in the flame, (Alquaity et al., 2017; Han et al., 2017; Speelman et al., 

2015a, 2015b). This approach is often used for combustion control in engines 

and other flame sensing technologies.  

Through the application of electric fields the flame speed can be modified 

(Chen et al., 2019; Han et al., 2015a; Wisman et al., 2008; Xu, 2014; Zhen et 

al., 2020). The flame speed modification due to external electric field is utilized 

in expanding the blow-off limits in the fuel-lean conditions (Duan et al., 2016; 

Fang et al., 2015; Fukuyama et al., 2019; Kuhl et al., 2017; Ren et al., 2017), 

and reattachment of lifted flames (Hutchins et al., 2014; Kribs et al., 2016). 

1.1.2.2 Plasma conductivity measurements  

Flame as a medium containing charged species (Calcote, 1948; Wilson, 

1931, 1912) has an inherent conductivity value. The measurement of the flame 
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conductivity through the measurement of ion and electron concentrations was 

carried out for different alkali infused flames (Calcote and King, 1955; Carabetta 

and Porter, 1969) using Langmuir probes. Langmuir probes initially dominated 

the charged species concentration measurements.  

An alternate experimental techniques in which the usage of solenoids to 

measure the plasma conductivity began to rise during the 1960’s (Persson, 

1961). Cylindrical single layer solenoid was used to measure the conductivity 

values for hydrogen glow discharges (Olson and Lary, 1962). The change in the 

coil induction provided the conductivity values of a moving plasma (Savic and 

Boult, 1962).  

Electrodeless probes with the use of RF fields provided the conductivity 

values of alkali seeded hydrogen flames (Olson and Lary, 1963). Identical coils 

were placed in a plasma medium and excited using the RF waves provided the 

electrical conductivity of hypersonic wakes through the measurement of Joule 

losses (Koritz and Keck, 1964). The measurement of stationary plasma and 

flowing plasma by evaluating the variation in the magnetic field of the solenoids 

(Hollister, 1964).  

Travers and Williams (1965) did a thorough review on the numerical and 

experimental techniques used to measure the charge species concentrations for 

both the low pressure and high pressure plasmas using electrostatic probes. 

Double probes and single probes were used to measure the ion-current values 

of the plasma (Clements and Smy, 1970, 1969; Cozens and Von Engel, 1965) 
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and the plasma temperature (Clements and Smy, 1973). Clements and Smy 

expanded their work to measure the conductivity values for plasma of high-

density and weakly-ionized plasmas using various probe configurations 

(Clements et al., 1977; Clements and Smy, 1981; Smy and Noor, 1976). 

Meanwhile the RF probe techniques were also developed to measure the 

local and average plasma conductivity values (Ciampi and Talini, 1967; Rossow 

and Posch, 1966). The development of immersive directional RF probes reduced 

the inaccuracies that arise due to insertion of the probe in the flowing plasma 

(Jayakumar et al., 1977). A theoretical model based on the relationship between 

the plasma parameters such as plasma temperature, conductivity and ion 

concentration was validated using experimental procedures (Dixit et al., 1987). 

A detailed review by Fialkov (1997) also talks about the diagnostic methods 

and the progress in the usage of diagnostic tools such as Langmuir probes, and 

electrodeless RF coil probes through which improvements in the measurements 

of charge concentrations, plasma conductivity values, and plasma temperatures 

were achieved.  

Recent experimental works using electrostatic probes provided the plasma 

conductivity measurements of oxy-fuel combustion, premixed flat flames and 

atmospheric pressure microplasma jet that are used to validate numerical 

models to predict the electron temperature and charge density concentrations 

(Osaka et al., 2008; Wild et al., 2012; Xu and Doyle, 2016).  Conductivity models 

developed and improved based on the plasma parameter measurements using 
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Langmuir probes along with optical spectroscopy concentration measurements 

provides better estimations for potassium seeded oxy-fuel flames (Bedick et al., 

2020, 2017).  

1.2 Motivation  

Multiple studies define the mechanism of chemi-ionization and thermal 

ionization in flames (Banta, 1929; Calcote, 1963; Fialkov, 1997; Sokolik and 

Semenov, 1970). Ion chemistry models were developed to predict the composition 

and concertation of charged species formed in seeded and unseeded flames 

(Eraslan and Brown, 1988; Goodings et al., 1979a, 1979b). Prager developed a 

detailed ion-reaction mechanism for lean methane-air flames which includes the 

charged species diffusivity (Prager et al., 2007). Several studies highlighted the 

effects of the DC and AC electric field application on flames, shown in a detailed 

review by Fialkov and Starikovskiy (Fialkov, 1997; Starikovskiy and Aleksandrov, 

2013). Flame behavioral studies to understand laminar burning speed 

modifications, thermo-acoustic instabilities, and ionic wind effects, were some of 

the main topics covered in these reviews. Other studies considered complex 

flame structures like the jet, coflow, and counter-flow flames, and different 

fuel/oxidizer combinations (Kim et al., 2011; Kuhl et al., 2017). Simultaneously, 

numerical models were developed to predict the voltage-current characteristics 

(Goodings et al., 2001; Han et al., 2017; Speelman et al., 2015b) and flame speed 

predictions for these flames (Chen et al., 2019; Han et al., 2015a; Wisman et al., 

2008; Xu, 2014; Zhen et al., 2020). The result of this literature review suggest 
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that, both experimental and numerical studies lack the basic understanding of 

flame behaviors in DC electric fields and AC electric fields in a wide range of 

frequencies. This knowledge is needed to develop technologies like flame control 

and flame diagnostics. 

Through the addition of easily ionizable materials, especially alkaline 

metals, an increase in the conductivity by three orders of magnitude in the oxy-

fuel flame is observed (Styrikovich and Mostinskii, 1977). Diagnostics of highly 

conductive seeded flames using electric probes, also known as Langmuir probes 

(Calcote and King, 1955; Johnson and Malter, 1950; Wortberg, 1965) is nearly 

impossible and is associated with difficulties like probe calibration, shifts in 

plasma potentials, and thermionic effects (Verma and Sawhney, 1988). Because 

of these difficulties, only indirect electrical conductivity evaluations were made 

using measured ion concentrations and gas temperatures (Bedick et al., 2020). 

Direct conductivity measurements of seeded oxy-fuel flames are needed to 

accurately predict magneto hydro dynamic (MHD) power. Electrodeless direct 

conductivity measurements can be performed using RF probes that surrounds 

the combustion plasma (Hollister, 1964; Persson, 1961; Rossow and Posch, 

1966). Even though, this method overcome the limitations of the electric probes, 

it still has a major drawback of measuring the bulk conductivity of the seeded 

flame. Localized conductivity measurements can be performed by immersing the 

RF probes directly in the conductive medium (Olson and Lary, 1963, 1962).  
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1.3 Thesis Objectives 

The following are the objectives of this dissertation work: 

 Extend the basic understanding of weakly ionized flame interaction with 

DC/AC electric fields 

 Perform direct conductivity measurements for seeded oxy-fuel flames 

 Validate the combustion plasma electrical conductivity model (Bedick et al., 

2017) using the direct conductivity values 

 Develop a 1D premixed flame model to predict basic properties for weakly and 

strongly ionized flames 

1.4 Thesis Outline 

The experimental setup to study the current-voltage characteristic of flame 

behavior in a DC electric field is explained in Chapter 2. Followed by Chapter 3 

with the detailed description about the current-voltage characteristics of the 

burner-stabilized flames with various flame conditions with multiple equivalence 

ratios and velocities. An analytical model is utilized here to understand the 

voltage-current variation for sub-saturation regimes. The influence of the DC 

electric field on the electrode-stabilized flames using high-speed cameras were 

explained. 
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Chapter 4 explains the AC electric field setup, the current-voltage 

characteristic of the flames, and the frequency dependency of the electrode 

stabilized flames using voltage-frequency data and the high-speed camera data.  

In Chapter 5, the experimental setup to perform RF diagnostic conductivity 

measurement in a seeded oxy-methane flame is explained. The conductivity 

equations and the methodology followed to achieve the first ever direct 

conductivity measurement is explained in detail.  

Chapter 6 covers the kinetic mechanism of the seeded and the unseeded 

flames, the governing equations and the boundary conditions used to calculate 

the ion and electron concentration distribution in an ionized flame in the Cantera 

flame model. The relationship between the ion and electron concentration in a 

seeded and the unseeded flame provides the link of the conductivity values as 

function of the temperature and the type of ionization.  

Chapter 7 summarizes the results of this work along with future aspects 

of the projects concluded by the appendix and references. 
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Chapter 2: 

Experimental Setup: Flame Forcing and Flame Voltage-Current 

Characteristics 
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Flat flame burners create flames in a form of a flat luminous disk. 

McKenna burner is one of the widely used flat flame burners found in the 

literature.  It is often used for the development and calibration of optical 

techniques and studies on chemical kinetics (Migliorini et al., 2008). The flames 

produced in this flat flame burner are one-dimensional, have homogenous 

species distribution and constant temperature gradient across the burner 

surface (Sutton et al., 2006). It is easier to relate the data obtained from these 

flat flames for developing and validating one-dimensional flame models 

(Speelman et al., 2015b).   

2.1 Experimental Setup 

The experimental setup (Fig. 2.1) consists of four major sections: (i) 

premixed gas feed system, (ii) burner-electrode assembly, (iii) electric supply and 

measurement assembly, and (iv) photo and high-speed imaging systems. 

2.1.1 Premixed gas feed system 

The fuel used in this study is the ultra-high purity (UHP) methane.  The air 

supply is provided using an in-house compressor system. The pressure in the 

fuel and air lines is regulated using high-pressure regulators. From the high-

pressure regulator, the fuel enters the MKS mass flow controllers. The MKS mass 

flow controller system consists of two MKS mass flow controllers (Model: MKS 

1179 A with 5 SLM rating) connected to the MKS 400 control system. The mass 

flow controller is calibrated for the UHP methane.
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Figure 2.1. Schematic of the experimental setup used to study flame characteristics in AC/DC electric fields.
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  The maximum methane flowrate of 7.2 slpm can be achieved. The 

pressure-regulated air is fed into the Alborg mass flow controller (Model: Alborg 

GFC471S) with 20 SLM rating. The fuel and the air are then passed through a 

mixing chamber before fed into the burner-electrode system. Using these MFCs, 

different gas inlet conditions of flow velocities and equivalence ratios can be 

achieved. 

2.1.2 Burner-electrode assembly 

The flat flames were produced in a McKenna burner. The design of the 

McKenna burner is discussed in detail elsewhere (Migliorini et al., 2008). A brief 

description of the burner is given here along with the schematic of the burner 

(Fig. 2.2). The McKenna burner consists of a stainless-steel porous disk with a 

6-cm diameter.  The centrally positioned disk allows flow of the fuel/air mixture. 

The porous disk has in-built copper coil for cooling of the burner surface. Burner 

cooling is crucial in this experiment as it helps to keep the burner surface at low 

temperature thereby preventing flame flashback.  

A wire mesh sandwiched between two stainless-steel plates kept at a 

distance of 32 mm downstream from the top of the burner serves as a high-

voltage electrode. The burner is kept on top of a height-adjusting table, which is 

also grounded along with the burner to avoid any stray charging effects. 
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Figure 2.2. Cross-section view of the McKenna burner with the cooling system 

(“Holthuis & Associates: McKenna flat flame burner,” 2013). 

2.1.3 Electric supply and measurement assembly 

The voltage difference is applied across the flat flame between the burner 

and the electrode. DC generators (Model-Series FC, Glassman High Voltage Inc.) 

with power ratings up to 120 W (30kV and 4 mA) supply the required DC electric 

fields. The polarity of the DC electric field is varied by switching the polarity of 

the power supply. A multimeter connected to the DC generator provides the 

current across the electrode and the burner. The multimeter is initially calibrated 

with the current source.   

Two different high-voltage transformers were used to generate the AC 

electric fields. This allowed covering a frequency range from 60 Hz to 20 kHz. 
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The Electric Wisconsin Type 44324 high voltage transformer with a rated 

frequency around 60 Hz in combination with a General Radio Type W10MT 

Variac autotransformer supply the high voltage to the electrode by keeping the 

frequency as constant. The in-house built transformers were operated using the 

AC Frequency Converter (Model Titan MAC-02H, Compact Power Co.).  

The voltage difference between the burner and the electrode is measured 

using digital Tektronix oscilloscope (Model TDS 2024C) connected to the 

electrode via Tektronix P6015a 1000x high voltage probe. The current values 

were obtained across a 1MΩ non-inductive resistor, connected to the burner at 

one end and grounded on the other end, using a Tektronix P2220 10x voltage 

probe. The values are stored in a USB drive and retrieved later using excel 

software. 

2.1.4 High–speed imaging system 

The Phantom c-800 black and white high-speed camera is used to perform 

the flame relative speed measurement, and study phenomenon such as flame 

wrinkling and oscillations. The camera is initially calibrated with 256 x 256 

pixels. Each high-speed image is taken with an exposure of 400 µs, with intervals 

of 500 µs. This camera exposure setting allowed a maximum of 2000 frames per 

second to be captured. The collected high-speed videos were processed using the 

Phantom software, to measure the relative flame velocities. The high–speed 

camera data obtained is further processed using ImageJ software to measure the 

flame wavelength. 
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2.2 Flame Configurations  

Based on the position of the flame in the electrode-burner gap, flow 

velocity, and flame propagation velocity; the flame configurations studied in this 

work are classified as burner-stabilized flame and electrode-stabilized  

flame (Fig. 2.3). 

 

Figure 2.3. Burner-stabilized (a) and electrode-stabilized (b) flames. 

When the premixed gas flow velocity is greater than or equal to the laminar 

premixed flame propagation speed then the flame attaches itself on top of the 

burner. This flame configuration is called a burner-stabilized flame (Fig. 2.3a).  

If the flow velocity of the premixed gases exceeds the flame propagation 

speed, then the flame detaches itself from the burner surface and moves towards 

the electrode. The flow velocity above which the flame detaches from the burner 

surface is called the lift-off flame limit. This lifted flame then propagates towards 

the electrode, placed at the downstream of the burner. Since the electrode is 

made of woven steel with 1 mm gap, the flame stabilizes itself on the electrode 
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surface. This flame configuration is termed as electrode-stabilized  

flame (Fig. 2.3b), and is achieved commonly for the lean-fuel flame conditions 

around equivalence ratio  of 0.51. 
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Chapter 3: 

DC E-Field Interaction with Weakly Ionized Flames 
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Oxidation of hydrocarbons creates ions and electrons through  

chemi-ionization (Calcote, 1957). The earliest attempt to control flame using 

electric field was carried out in the early part of the 17th century (Brande, 1814; 

Davy, 1807). A detailed review by Fialkov (1997) summarized the prior 

experiments, models, and studies on ion formation and recombination reactions, 

carried out on various flame configurations and different fuel-oxidizer 

combinations. This work further provided a detailed overview on the behavior of 

flames under the influence of DC and AC electric fields. With the application of 

external electric fields, alternations to the flame properties such as, flame 

propagation speed, limit of flame stability, soot production are achievable 

(Fialkov, 1997). This chapter focuses on the behavior of premixed methane-air 

flames under the effect of DC electric fields. 

Experimental study of the effect of DC electric field on a cylindrical metallic 

burner with a methane-air premixed flame brought forth the phenomenon such 

as flame shortening and flame blow out (Vinogradov et al., 2001). Until 2005, 

electric winds, more generally called as ionic winds was considered as the sole 

reason for flame parameter variations. These ionic winds are body forces created 

due to the collective motion of charged particles. These body forces affect flame 

parameters such as flame propagation speed, flame geometry, and flame  

blow-out limits (Marcum and Ganguly, 2005). Chemi-ionization and subsequent 

recombination in the flame reaction zone were proposed as a possible alternative 

mechanism of the flame interaction with DC electric field (Wisman et al., 2008). 

This work tried to rationalize that the pressure force created by the ionic winds 
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on flames produced using flow velocities around 1.3 m/s is not enough to modify 

the flame properties. The flame perturbations produced were explained by the 

effect of the recombination reactions driven by the chemi-ion-current. However, 

the variation in the flow velocities and their effect on the ionic wind strengths 

were not considered by the authors. The difference in the edge effects of a coflow 

jet flame in positive and negative DC potentials is due to the effect of the 

difference in the Coulomb force (Won et al., 2008). Numerical modeling using 

ANSYS CFX software with modified input conditions showed that the effect of 

ionic winds is predominant in 2D and 3D flames. The obtained results agreed 

well with the experimental data (Andrei et al., 2008).  

Experimental and numerical study on the influence of a DC electric field 

on the laminar burning speed of a flat flame showed an 8% increase in the flame 

speed (Van Den Boom et al., 2009). This study focused on the effect of electric 

field on the chemical reactions by excitation of radical species due to the collision 

of ions and electrons. The laminar flame speed is affected by the application of 

the electric field in stand-off flames due to the augmentation of the chemical 

kinetics and/or the molecular transport in the flame-preheating zone. It is also 

observed that the effect of ionic wind is higher for lean flames. (Volkov et al., 

2013).  
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3.1 Voltage-Current Characteristics for Burner-Stabilized Flames 

Measurements of volt-ampere (V-I) characteristics were done for  burner-

stabilized flames (Fig. 3.1) using the experimental setup described in Chapter 2 

for positive and negative DC electric fields.  

 

Figure 3.1. Burner-stabilized methane-air flame subjected under an 

external electric field (flow velocity of 12 cm/s and equivalence ratio  of 0.9). 

When a positive DC potential is applied to the electrode, a negative field is 

created across the flame. The negative ions and electrons formed through chemi-

ionization reactions are pulled from the flame front. As a result, their 

recombination with positive ions in the flame front is negligible. The negatively 

charged species flow downstream along with the burnt gas and reach the positive 

electrode. On the other hand, the positively charged ions move in the opposite 

direction, i.e. upstream of the premixed gas flow towards the grounded burner. 
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The charge separation and motion of charged particles towards their 

corresponding counter potential leads to the flow of current. The current is 

increased with the increase in the applied voltage.  

When the polarity of the electrode is reversed, a positive electric field is 

created across the area between the electrode and the burner. Now the lighter 

electrons and negative ions created in the flame move towards the burner section 

with ease. Whereas, the heavier positive ions traverse to the electrode. This 

motion of the oppositely charged particles creates the current flow across the 

flame area.  

Figure 3.2 shows the effect of the electrode polarity on the flame current 

with increase in the applied voltage. The current measured is increased with 

increase in the applied voltage. The rate at which the current varies with the 

applied voltage is different for positive and negative potentials. This major 

difference in the values of the current measured at lower negative voltages across 

the flame is due to the variation in the mass and the mobility of the charged 

particles. The electrons that are light and highly mobile travel fast and reach the 

positive electrode. The ions that are heavier and have low mobility need higher 

electric field than the electrons to carry the same current. 

For a positive electrode potential, the distance required for the ions to 

travel is less when compared to the negative electrode potential.  This results in 

a stark difference in the flame current slopes in Fig. 3.2.  
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Figure 3.2. Flame V-I characteristics at low voltages for a burner-stabilized 

flames at equivalence ratio of 0.9 and two flow velocities. 

3.1.1 Effect of velocity on flame V-I characteristics 

As the electrode potential values increase, the current flowing across the 

flame reaches a saturation point, as shown in Fig. 3.3. At this point, all ions and 

electrons formed by chemi-ionization are drawn from the flame to the 

corresponding boundary surfaces. The current in the regions below the 
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saturation point differs for the positive and the negative electrode potentials. This 

is again due to the difference in the mobility of the charged particles and the time 

required to travel the distance between the electrodes for the respective charged 

particles. 

 

Figure 3.3. Flame V-I characteristic variation with velocity for burner-stabilized 

flames with equivalence ratio  of 0.9. 



   

31 

 

Even though the saturation current is achieved at different applied 

voltages, the magnitudes of the saturation current are similar for the positive 

and the negative electrode potentials.  The similar trend was observed in other 

studies (Han et al., 2017; Speelman, 2015).  

This shows that the applied electrode potential does not affect the rates of 

the chemi-ionization reactions that produce ions and electrons. The voltage-

current characteristics obtained from this study matches up with the trends 

observed in other experimental studies (Speelman, 2015; Xiong et al., 2016). The 

thermionic emission due to the heating of the electrode accounts for 1.9% of the 

saturation current according to the estimations of Speelman (2015). 

The flow velocity affects the rate of chemi-ionization. When the velocity is 

increased, the rate at which new radicals are formed in the flame increases, 

thereby increasing the rate of chemi-ionization and generating more ions and 

electrons. This results in the increase of the saturation current. 

3.1.2 Effect of equivalence ratio on flame V-I characteristics 

The voltage-current characteristics are plotted in Fig. 3.4 for different 

equivalence ratios for a burner-stabilized flame at a velocity of 12 cm/s. An 

increase in the flame equivalence ratio, leads to the increase in the rate of 

production of ions and electrons due to the increment in the concentration of the 

radical species. This increase in the concentration of the charged species results 

in the variation in the saturation current across the applied voltages for different 

equivalence ratios. 
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Figure 3.4. Flame V-I characteristic variation with equivalence ratio  for a 

burner-stabilized flame at v = 12 cm/s. 

At higher voltages, approximately above 8 kV, the current increases rapidly 

due to the appearance of inter-electrode breakdown. Both the equivalence ratio 

and the velocity of the flow affects the rate of chemi-ionization in turn affecting 

the flame saturation current for a burner-stabilized flame in a DC electric field. 
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3.2 Analytical Model 

Han et al. (2017) explained the voltage-current variation with the help of 

an analytical model. A similar analytical model developed in the current study 

explains this phenomenon in much simpler terms. Figures 3.5 and 3.6 depicts 

the schematic of the burner-electrode assembly detailing the analytical model for 

a negative electrode potential and positive electrode potential, respectively. The 

grounded burner is fixed at x  0 and the electrode is placed at a distance L away 

from the burner surface. The flame front xf corresponds to the point with the 

peak concentration of the CH radicals. 

The ions and electrons are formed in the flame due to chemi-ionization.  

The model assumes that the charge species when interacts with an external 

electric field moves in their corresponding direction of the electric field only due 

to effect of drift velocity. The charged species motion due to the bulk flow and 

the diffusion is neglected. The space charge is created due to the preferential 

motion of the charged species in the opposite directions.  

3.2.1 Negative potential sub-saturation regime 

In a positive electric field (negative potential at the electrode), the electrons 

move towards the burner surface and the positive ions move towards the 

electrode surface. It is assumed that only electrons are present between the 

burner and the flame front and positive ions between the flame front and the 

electrode. The lighter electrons move to the burner with ease owing to their 
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higher mobility values. On the other hand, the heavy positive ions move slower 

due to their lower mobility values requires extra effort to reach the electrode.  

 

Figure 3.5. Schematic of the weakly ionized flame with charged species 

under the influence of a positive electric field.  

As the potential value on the electrode is increased, the electrons drift 

faster to the burner leading to a constant current density between the flame front 

and the burner surface. The positive charge on the right hand side of the flame 

continues to build up with increase in the potential until the saturation point is 
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reached. So we can safely assume that the current below the saturation point 

solely depends on the concentration of ions present between the flame and the 

electrode. This buildup of positive charge results in an increase in the electric 

field value, which is discussed in detail in Chapter 6. The current density can be 

evaluated using Eqs. 3.1 and 3.2: 

 𝑗𝑖 = 𝑒𝐸𝜇𝑖𝑛𝑖 3.1 

 𝑗𝑒 = 𝑒𝐸𝜇𝑒𝑛𝑒 3.2 

 
𝑑𝐸

𝑑𝑥
=

𝑒

𝜖0

(𝑛𝑖 − 𝑛𝑒) 3.3 

 𝐸2 =
2𝑗𝑖

𝜇𝑖𝜖0
𝐿 + 𝐸𝑒

2 3.4 

Upon modification of Eq. 3.4 (See Appendix A), the current value I flowing 

through the power supply at voltages V below the saturation point is obtained 

using the following equation: 

 𝐼 = −𝑗𝐴 = −
9𝑉2𝜇𝑖𝜖0

8𝐿3
𝐴 3.5 

Here, j is the current density, A is the area of the burner surface, and L 

corresponds to the length between the burner and the electrode. µi and µe are 
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the mobility of the ions and electrons, respectively. e is the basic charge, ε0 is 

the vacuum permittivity, and ni and ne are the concentrations of the ions and 

electrons, respectively. 

3.2.2 Positive potential sub-saturation regime 

Similarly, in a negative electric field (Fig 3.3) that corresponds to a positive 

electrode potential, with the given assumptions, the electrons must move 

towards the electrode side and the positive ions must move towards the burner 

surface. The model assumes that only electrons are present between the flame 

front and the electrode and positive ions between the burner surface and the 

flame front. Even before the saturation, the electrons tend to move towards the 

electrode with ease and the ions starts to build up to reach the saturation point. 

However, here the positive ions builds up faster. The area required by the ions 

to traverse from the flame front to the burner is shorter. This might be the reason 

for the faster buildup of charged species.  

The current I below the saturation point is given by Eq. 3.6. The major 

difference between Eqs. 3.5 and 3.6 is the difference in the length of travel for 

the positive ions. 

 𝐼 = 𝑗𝐴 =
9𝑉2𝜇𝑖𝜖0

8𝑥𝑓
3 𝐴 3.6 
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Figure 3.6. Schematic of the weakly ionized flame with charged species 

under the influence of a negative electric field. 

For a burner stabilized flame subjected to a negative electric field, the 

flame front moves closer to the burner surface due to the effects of ionic wind 

(Kuhl et al., 2017). This explains the dependency of Eq. 3.5 on the flame front 

position. The current values for the positive and negative potentials are shown 

in Fig. 3.7. The experimental and numerical values agree with a reasonable error. 
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Figure 3.7. Flame V-I characteristic variation with equivalence ratio  for velocity 

of 12 cm/s at low voltages for a burner-stabilized flame. 

3.3 Flame Forcing  

The charged species produced in the flame when subjected to the electrode 

potential moves in particular direction according to its polarity. The electrode-

stabilized flame (Fig. 3.8) when subjected to an external DC electric field moves 

towards the grounded burner.  



   

39 

 

 

Figure 3.8. Electrode-stabilized methane-air flame with premixed gas  

velocity = 12 cm/s and equivalence ratio  = 0.51 in a  

DC electric field E = 14.28 kV/m. 

The ionic wind effects are the major source for this momentum change 

that occurs due to the collective motion of the charged particles. The charged 

species that are present in the ionized flame lead to the buildup of charge when 

an electric field is applied. The analytical model that is discussed in section 3.2 

cannot take into account the unsteady nature that arises from the two 

dimensional effects. The analytical model can only predict the axial electric field 

variation. However, in reality, the charge movements across the flame might lead 

to the buildup of charge in the radial direction. Figure 3.9 explains the schematic 

of the electric field varying in the radial direction under the application of an 

external electric field.  
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Figure 3.9. Schematic of the E-field radial variation in a  

positive electric field. 

When an electric field is applied, the electrons disperse at a faster rate 

leaving the charged ions in the flame. These ions then move axially towards the 

negative electrode. In reality, the ions can also move in the radial direction of the 

flame. This buildup of charge in the radial direction leads to an increase in the 

electric field. As the electric field is increased, the current passing through the 

area also increases. The ionic wind force is directly proportional to the strength 

of the current passing through that area which is given in Eq. 3.8. As the current 
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flow is higher at this point so is the ionic wind. The approximate pressure force 

created in the flame due to this variation in the charge distribution is equal to 

0.2 Pa. However, this value is of the same order of the flame buoyancy as shown 

below: 

 𝑗 = 𝑒𝜇𝑖𝑛𝑖𝐸 3.7 

 (
𝐹𝑖

𝐴
)

𝑚𝑎𝑥
≈

𝑗𝑠𝑎𝑡

𝜇𝑖
𝐿 ≈ 0.2 𝑃𝑎 3.8 

 
𝐹𝑔

𝐴
= Δ𝜌𝑔𝐿 ≈ 0.17 𝑃𝑎 3.9 

This variation in the charge species distribution in the radial direction 

creates a pressure gradient across the flame. This modification in the pressure 

leads to the flow of the unburnt gases through these paths created due to the 

variation in the buoyancy force acting at that point. This leads to a flow 

disturbance at the center of the flame and thus the flame usually propagates 

from the middle of the flame as seen in the data obtained using the high-speed 

camera.  

During this process, the flames that are lifted and stabilized in the 

electrode move towards the burner and become reattached. This process of 

changing from electrode stabilized flame to a reattached flame is termed here as 
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flame transition, and the velocity with which this flame transition happens is 

called as relative flame velocity vf.  

The relative velocity vf of the methane-air premixed electrode stabilized 

flame for various applied voltage shown in Fig. 3.10. For a positive electrode 

potential, the relative flame speed vf increases in a non-linear fashion. The 

relative flame speed keeps on increasing until a saturation is achieved. The 

variation in the flow rate affects the rate of production of ions and electrons. This 

is due to the increase in the rate at which new CH and O radicals are formed. 

This increase in the radicals leads to an increase in the charge concentration. In 

Fig. 3.10, as the applied voltage increases the relative flame velocity vf increases 

along with it. The flame front that now has more positively charged particles 

begins to move towards the grounded burner against the flow inertia.  

On the other hand, for a negative electrode potential, the relative flame 

speed of the electrode-stabilized flames initially increase up to a transition 

voltage and beyond that begins to deteriorate. The obtained result is preliminary 

and requires further study to understand these effects. 

The uncertainty in the relative flame speed due to the heating of the 

electrode is accounted for a maximum value of 0.16 cm/s (Van Den Boom et al., 

2009). However, the major uncertainty here arises from the manual processing 

of the high-speed camera data. This is due to measurement of the time gap 

between which the flame converts from an electrode-stabilized flame to a 
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transition flame. This is accounted here for an error up to 10 percent of the 

values measured. 

Figure 3.10. Relative flame speed variation with applied voltage for various flow 

velocities with equivalence ratio  = 0.51.  

In summary, as the flow inertia increases, the ion concentration increases 

radially and affects the motion of the charged species that drifts towards the 

burner. This in turn affects the pressure distribution across the flame and leads 

to the onset of the flame forcing.  
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CHAPTER 4 

Flame Forcing and Flame Voltage-Current Characteristics in AC 

E-Fields 
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In 1814, William Thomas Brande conducted an experiment to observe the 

effects of an electric field on a candle flame. He discovered that the electric fields 

have the capability to influence the flame parameters (Brande, 1814). Following 

his work, multiple studies on the interaction of DC and AC electric fields on 

different flames confirmed his theory (Calcote, 1948; Guenault and Wheeler, 

1932, 1931; Lewis and Kreutz, 1933). The interaction of AC electric field with the 

flames propagating in tubes revealed that the fuel, flame shape, and flame 

orientation plays major roles in the flame speed modifications (Jaggers and von 

Engel, 1971).  

Fialkov in 1997 and Starikovskiy in 2013 reviewed multiple classical and 

modern works that talks about various experimental techniques and numerical 

models describing flame behavior in AC electric fields. The reviews also explained 

various studies on ion formation in flames and ion recombination reactions 

(Fialkov, 1997; Starikovskiy and Aleksandrov, 2013).  

The strength of the Chattock wind (ionic wind) is affected by the electric 

field strength. The frequency of the electric field also plays a major role in 

stabilizing lift-off flames and lean-mixture flames (Belhi et al., 2010; Duan et al., 

2016; Hutchins et al., 2014; Kim et al., 2011; Kribs et al., 2016). Studies on the 

flame stability of premixed flames shows that at low frequency AC electric fields 

(<60 Hz) ionic winds created in the flames leads to flame stabilization (Kim et al., 

2012).  



   

46 

 

The stabilization of the premixed flames is possible due to the migration of 

ions in the AC electric fields.  This migration can be controlled by the electric 

field strength (Drews et al., 2012). Several other studies also reported that ionic 

winds are the major reason for the flame displacement. It also leads to flame 

structure variation and flame temperature profiles. These experiments were 

carried out using non-intrusive laser optical measurement techniques (Kuhl et 

al., 2017, 2015, 2013). The dependency of the ionic wind strength relies on the 

electrode shape. The electrode shape affects the e-field distribution in the flame 

(Duan et al., 2015). Apart from the electric field the flame’s equivalence ratio , 

mass flow rate, and the initial temperature also affects the ionic wind strength 

(Martin et al., 2017).  

The recent work on flames under low-frequency AC e-field, explains the 

reason for the unsteady flame front as the unsteady heat release in the flames 

created due to the combined effect of body forces (i.e., ionic winds) and 

modification in flame reaction rates across the flame due to the migration of 

charged species in e-fields (Ren et al., 2018, 2017).  

In this study, the focus is to conduct experimental investigation of the 

flame behavior of burner-stabilized and electrode-stabilized flat premixed 

methane-air flames for different velocities under the influence of AC e-fields in 

the frequency range of 60 Hz - 20 kHz, which is collectively missing in the above-

described literature works. 
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Effects of the applied voltage, frequency, and flow velocity on the flame 

current is studied in this work. This work also provides insight on the differences 

in the ion and electron mobility and their effect on the current profiles that varies 

in time. A deeper explanation for the reduction of the ionic wind strength with 

respect to the increase in the applied frequency is provided. Appearances of flame 

wrinkling in electrode-stabilized flames and its variation with respect to the 

applied electric field are discussed in this chapter. 

4.1 Flame V-I characteristics 

Using the experimental setup explained in Chapter 2, the flame voltage-

current characteristics for the premixed methane-air flat flames in burner-

stabilized (Fig. 4.1a) and electrode-stabilized configurations (Fig. 4.1b) are 

discussed in detail for AC e-field with frequencies ranging from 60 Hz to 20 kHz. 

4.1.1 Effect of applied voltage on flame current characteristics 

The influence of an external alternating electric field on the flame behavior 

initially needs an understanding of the flame current in an AC electric field. The 

flame current values provide the necessary details such as the effect of the flow 

and flame parameters on the flame charge concentration. The flame current 

variation for a burner-stabilized flame along with the voltage applied is 

measured. This current and voltage traces are plotted against the time of the 

varying voltage values in Fig. 4.2 for a single cycle. The initial observation of the 

phase difference between the voltage and current shows that the power factor is 

leading. This is due to the capacitance effect between the electrode and burner 
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with the flame as the dielectric material. After the voltage peak, the current 

begins to lag behind the voltage. Upon closer inspection of Fig. 4.2, an overshoot 

of the flame current value appears before the positive saturation flame current 

cycle, as shown in Fig. 4.3.  

Figure 4.1. (a) Electrode-stabilized methane-air flame with premixed gas  

velocity = 12 cm/s and equivalence ratio  = 0.51 (b) Burner-stabilized  

methane-air flame with velocity = 12 cm/s and equivalence ratio  = 0.9. 

This overshoot of the flame current is higher than the average flame 

saturation current. The inertia of the ions in a time-varying electric field is the 

reason behind this phenomenon as observed in work of Speelman (2015). Since 

positive ions being the heaviest among the charged species, they react slower 

than the electrons and other negative ions to the variations of the electrode 

potential in an AC electric field.  
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Figure 4.2. Flame current and voltage traces for a burner stabilized  

flame (  = 0.9) of velocity 12 cm/s under the influence of an  

AC electric field (Vpk-pk = 8 kV and f = 60 Hz). 

The current traces measured for different peak-to-peak applied voltages 

keeping the flame parameters constant show the effect of the magnitude of the 

alternating electric field (Fig. 4.4). The current in the positive half cycle in general 

is higher than the negative half cycle and this is due to the difference in the 

mobility of the charged particles (Han et al., 2017; Speelman et al., 2015b). The 
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mobility µ of the charged particles affects the charge buildup time. With increase 

in the electric field strength E, the drift velocity also increases leading to a faster 

charge build up within the given time limit.  

The positive ions being the heavier of the charged particles require more 

time to build up the charge between the flame and the burner or the electrode 

section based on the sign of the potential at that particular time. As the sign of 

the electrode potential changes from negative to positive the direction of the 

electric field also changes. The ions that are gathered in the space between the 

flame front and the electrode now have to build up between the burner surface 

and the flame front. This sudden change in the polarity affects the ion current 

draining some ions accumulated in the space between the flame front and the 

electrode. This charge dissipation appears as a peak value at the beginning of 

the positive half cycle. Buildup of the charged particles between the burner 

surface and the flame front and the dissipation of the positive ions in the area 

between the flame and the electrode leads to the recovery of this overshoot. The 

time required to achieve the flame current saturation after this overshoot in the 

initial part of the half cycle varies with the strength of the applied voltage. 
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Figure 4.3. Zoomed image of the voltage current traces in the positive half-cycle 

for a burner stabilized flame (  = 0.9) of velocity 12 cm/s under the influence of 

an AC electric field (Vpk-pk = 8 kV and f = 60 Hz). 

As the applied voltage increases, the flame current achieves saturation in 

the positive half cycle earlier than in the negative half cycle. The saturation 

currents achieved in AC electric fields are in close agreement with values 

measured for DC electric fields. An overshoot of the saturation current appears 

at ~2 kV and becomes stronger with the increase in the voltage values in the 
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positive half cycle which was discussed in detail in the previous paragraphs. 

 

Figure 4.4. Flame current traces for a burner stabilized flame (  = 0.9) of velocity 

12 cm/s under the influence of an AC electric field with varying voltage values at 

a given frequency f = 60 Hz. 

4.1.2 Effect of velocity on flame current characteristics 

Flame current traces for different velocities keeping the applied voltage and 

the frequency constant are shown in Fig 4.5. A similar trend in the flame current 
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variation across the time, as observed in the DC flame voltage-current 

characteristic (Chapter 3) for various flow velocities.  

 

Figure 4.5. Flame current traces for a burner stabilized flame (  = 0.9) of under 

the influence of an AC electric field of voltage Vpk-pk = 2 kV at a given  

frequency f = 60 Hz for various flame velocities. 

As the flow velocity increases, the saturation currents in the positive and 

negative half-cycles increases. The charge concentration present in the flame 
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increases with increase in the velocity. This increase in the velocity increases the 

production of charged species. The increase in the charged species leads to an 

increase in the saturation current. The increase in the velocity also affects the 

time to achieve the saturation current during the corresponding half-cycles.  

4.2 Flame Forcing 

The electrode-stabilized flame subjected to external electric field tends to 

move toward the burner and reattaches itself to the burner. Frequency and 

amplitude of the electric field affect this transition and the flame shape. 

4.2.1 Effect of frequency on the flame reattachment 

The voltage required to reattach an electrode-stabilized flame to the burner 

surface is measured for frequencies ranging from 0 Hz to 6 kHz. For frequencies 

less than 1.1 kHz, the flame reattaches to the burner at voltages below 1 kV. The 

flame begins the transition usually at the center. The flame surface area in the 

center sits comfortable on the burner surface. The flame edges are still 

protruding towards the electrode, as shown in Fig. 4.8. 

As the frequency is increased beyond 1.1 kHz, the flame starts to show 

signs of stretching and flame area increases (Fig. 4.9). Flame wrinkling starts to 

appear as protrusions extending from the electrode-stabilized flame to the 

burner at stipulated electric field conditions. As the voltage is increased, the 

number of protrusions appearing also increases. The increase in the number of 

flame peaks increases the flame area. The flame wrinkling appearance at certain 



   

55 

 

frequencies might be due to the balance between the pressure forces created 

between the ionic wind motion and the flame buoyancy.  

 

Figure 4.6. Flame reattached to the burner surface under the influence of 

AC electric fields.  = 0.51, flow velocities - 6 cm/s and 12 cm/s.  

As the frequency begins to increase beyond 2 kHz the flame response decreases 

with respect to the increase in the voltage. The flame reattaches to the burner at 

higher voltages as a partially attached flame (Fig. 4.6). The inability of the ions 
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to cope up with the rapid changes in the direction of the electric field around the 

flame edges is the reason for this partial reattachment. 

 

Figure 4.7. Flame wrinkled under the influence of AC electric fields.  = 0.51, 

flow velocities - 6 cm/s and 12 cm/s.  

This inability to respond to the variation in the frequency is due to the 

limitation of the charge build up in the radial direction. The ions need time to 

move across the flame radially. As the frequency increases, the time required for 
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the ions to move decreases and beyond a frequency the ions stops moving. This 

frequency can be evaluated using Eq. 4.1 and is found to be around 5 kHz.  

 𝑓𝑟𝑒𝑠 = √
𝜇𝑖𝑗

2𝜖0𝐿
 ≈ 5 𝑘𝐻𝑧  4.1 

 

Figure 4.8. Flames partially reattached to the burner surface under the influence 

of AC electric fields.  = 0.51, flow velocities - 6 cm/s and 12 cm/s.  
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4.2.2 Flame instability, wrinkling and oscillations 

The flames subjected under the AC electric field become unstable beyond 

a certain given voltage. This instability manifests itself in the flame wrinkling 

and low frequency oscillations. The non-uniform ionic wind forces affecting the 

flow redistribution and local flame velocities can explain this flame instability. 

The wrinkling behavior and oscillation frequency were studied using the 

Phantom high-speed camera. The high-speed images from the Phantom camera 

were processed using Image J software. The results are shown in Fig. 4.9. The 

data corresponds to an electrode-stabilized flame with an equivalence ratio of 

0.51 and a flow velocity of 12 cm/s.  

 

Figure 4.9. Oscillation in the transitioned flame (  = 0.51) with a flow  

velocity of 12 cm/s subjected under AC electric fields of various frequencies for 

an applied voltage of 2 kVpk-pk. 
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In reality the electric field varies not only in the axial direction but also in 

the radial direction as explained in Section 3.2. This electric field variation across 

the flame leads to current redistribution thereby leading to pressure variation 

across the flame. This pressure imbalance leads to the onset of flame instability 

via flame oscillations.  

The wavelengths of the flame oscillations are plotted in Fig. 4.10. This 

figure shows that the frequency of the AC electric field do affect the flame 

structure of the transitioned flames. The wavelength increases with increase in 

the frequency. According to Eq. 4.1, at high frequencies the charged species do 

not have enough time to react to the changes in the electric field. This leads to a 

flame stabilization resulting in almost flat structure. This supports the observed 

experimental data that, the wavelength increases with increase in the frequency. 

The high-speed camera images shown in Fig. 4.9, also shows the flame 

stretching in the transitioned flames. The flame stretches due to the non-uniform 

electric field distributed between the electrode and the burner surface. This non-

uniformity in the electric field can be partially explained by the shape of the 

electrode (Duan et al., 2015). The flame stretches and wrinkles due to the excited 

oscillations in the transitional flame.  This increases the flame area and thereby 

affects the flame speed.  
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Figure 4.10.  Flame wrinkling wavelengths measured under the  

influence of the AC electric field with frequencies ranging from  

60 Hz to 7000 Hz for an applied voltage of 2 kVpk-pk, 

equivalence ratio - 0.51, and flow velocity - 12 cm/s. 
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CHAPTER 5 

Flame Conductivity Measurements 
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The increment in the ionization rate due to the thermal excitation of 

electrons and ions in flames becomes prominent around flame temperatures 

starting from 2500 K (Fialkov, 1997). Achieving such temperatures, are readily 

viable through oxy-fuel combustion due to the focused burning of fuel without 

any energy lost that might occur due to the presence of nitrogen. The adiabatic 

temperature of the oxy-fuel flames reaches around 3000 K. The high kinetic 

energy instigates further breakdown of neutral atoms into electrons and ions 

(Greene, 1963). The advantages of oxy-fuel combustion are as follows: 

enhancement of the combustion process, reduced fuel consumption, and 

reduction of NOx products. Another major advantage of the oxy-fuel combustion 

is that it is comparatively easier to collect the CO2 that can be readily captured 

using carbon capture technologies.  

The Direct Power Extraction (DPE) system utilizes the oxy-fuel combustion 

to enhance the combustion process through additional cycles that results in 

excess power production and enables in efficient carbon capturing model. The 

DPE system contains a magnetohydrodynamic (MHD) generator as a topping 

cycle to increase the efficiency in power production. The basic principle of an 

MHD generator is the direct conversion of kinetic energy to electrical energy 

through Lorentz force. The high-temperature exhaust product from the oxy-fuel 

combustor passes through the open-cycle MHD generator.  The ionized gases 

moving through the orthogonal magnetic field creates potential between the 

electrodes placed perpendicular to the magnets. The electrons and ions collected 

from the electrodes that are connected to an external circuit deliver the output 
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electric current. The power P produced by the MHD generator is proportional to 

the strength of the magnetic field B, velocity of the exhaust gas v, and the 

conductivity of the ionized gas σ as shown in Eq. 5.1 (Rosa, 1987).  

Unseeded flame's ion concentration is insufficient for the commercial 

application of the DPE system with MHD generators. Even with high 

temperatures around 3000 K in the oxy-fuel combustors, the ion concentration 

was still insufficient to achieve higher energy output required to compensate for 

the transportation and processing cost of the fuel to create a profit  (Greene, 

1963). The addition of easily ionizable materials such as alkaline metals in the 

DPE system increases the overall conductivity values of the hot ionized exhaust 

by three orders of magnitude (Greene, 1963). 

The most favored seed material added to the DPE system is Potassium 

carbonate (K2CO3) due to its abundance and low cost. Potassium has an 

ionization potential of around 4.3 eV (Greene, 1963) and is easily ionizable at the 

given temperature conditions of oxy-fuel combustion in the DPE system (greater 

than 3000 K). The addition of the potassium seed materials to the oxy-fuel flame 

increases the overall flame ion concentration, thereby increasing the flame 

conductivity. 

 𝑃 ∝ 𝐵2𝑣2𝜎 5.1 
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The seeded flame conductivity measurement is critical in estimating the 

performance characteristics of the DPE system as explained in Eq. 5.1. The 

diagnostics of conductive seeded oxy-fuel flames using electric probes, also 

known as Langmuir probes, provide inadequate results due to difficulties like 

probe calibration, shifts in plasma potentials, and thermionic effects (Koritz and 

Keck, 1964; Olson and Lary, 1963; Olson and Lary, 1962). The feasible option 

owing to the previously mentioned difficulties is to measure the seeded flame 

conductivity through theoretical calculations using ion concentrations 

measurements and flame temperature measurements, similar to the work 

carried out by Bedick et al. (2020).  

Accurate prediction of the DPE system’s performance requires direct 

measurement of the seeded oxy-fuel flame conductivity (Eq. 5.1). One such 

method for direct conductivity measurement is to surround the combustion 

plasma with electrodeless RF probes. This method overcomes the limitations of 

the electric probes but lacks in providing localized plasma conductivity values 

(Persson, 1961). Directly immersing the electrodeless RF probes into the 

conductive medium provides the localized plasma conductivity values (Olson and 

Lary, 1963). 
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5.1 Methodology 

The electrodeless RF coil probe's principle of operation depends on the 

eddy current losses due to the interaction of the electrically conductive medium 

with the RF probe's magnetic field. The alternating current passing through the 

coil in the RF probe creates a concentrated alternating magnetic field. The time-

varying magnetic field created by the solenoid when interacts with an electrically 

conductive medium induces a counterintuitive current called eddy currents 

through Faraday's laws of induction.  

The resulting eddy currents produced in the conductive medium generate 

their own magnetic fields that oppose the magnetic field created by the 

alternating current in the coil. The induced emf created by the electrically 

conductive medium opposes the AC flowing in the coil thereby, influencing the 

variation in the overall impedance. 

Measurement of bulk plasma conductivity and localized plasma 

conductivity values are possible by surrounding the conductive medium using 

an RF coil and immersive RF probe techniques, respectively. Using a single 

wound coil that encompasses the cylindrical plasma, analyzing the spatial 

variation in the plasma conductivity by neglecting the end effects (Stokes, 1965), 

and the average plasma conductivity measurement through Joule loss incurred 

by the induced eddy currents (Koritz and Keck, 1964) were carried out. Other 

coil configurations used to measure the average conductivity of the plasma 

includes long solenoids (Hollister, 1964; Persson, 1961) and multi-coil RF 
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transmitter-receiver configurations (Mikoshiba and Smy, 1969; Rossow and 

Posch, 1966). Both the stationary plasma medium and moving plasma medium 

conductivity values were analyzed using these coil arrangements (Hollister, 

1964) to configure the plasma conductivity values without relying on the 

knowledge of the electron collision frequencies (Tanaca and Hagi, 2005). 

The coil arrangements utilized to perform the bulk conductivity 

measurements by surrounding the conductive plasma medium suffer from some 

of the following major limitations: 

 Accuracy issues due to the sensitivity of the coil configuration in low 

conductive mediums with conductivity values lesser than 10 S/m (Mikoshiba 

and Smy, 1969),  

 Decrease in the sensitivity of the coil with respect to the axial variation in the 

coil’s magnetic field interaction with the coaxial plasma (Hollister, 1964), and 

 Finally, the inability of the coil configuration to provide the localized plasma 

conductivity values (Hollister, 1964; Koritz and Keck, 1964; Mikoshiba and 

Smy, 1969; Persson, 1961; Rossow and Posch, 1966; Stokes, 1965) 

The immersion of the RF coil in the conductive medium enables the 

estimation of the localized plasma conductive values using the eddy current 

dissipation (Olson & Lary, 1963). The RF coil is separated from the conductive 

medium using a non-conductive tube. This immersive RF probe configuration 

provides better measurements of the localized conductive values with minimal 



   

67 

 

disturbance in the plasma medium (Jayakumar et al., 1977; Olson & Lary, 1963; 

Olson & Lary, 1962). 

The following are some of the approaches utilized along with the RF probe 

configuration to derive electrical conductivities: 

 Measuring the power losses due to the induced eddy currents (Jayakumar et 

al., 1977), 

 Calculating the variation in the overall RF coil Impedance Z influenced by the 

variation in the magnetic field of the conductive medium (Olson & Lary, 1963; 

Olson & Lary, 1962), and 

 Estimating the difference in the RF probe's Q-factor that arises due to the 

energy dissipation in the plasma (Balashov et al., 1977; Ciampi and Talini, 

1967). 

A better estimation of the conductive values, especially of the localized 

values, is measured using the difference in the Q-factor of the RF probe. The Q-

factor of the RF probe is the ratio of inductive reactance to the series resistance. 

The Q-factor of the conductive medium is measured by sweeping the impedance 

values across the frequency ranges. Shifts in the resonant frequency results in 

a shit in the impedance spectrum that occurs during the interaction of the RF 

probe with the conductive plasma. The evaluation of the Q-factor using the 

frequency sweep accounts for the shift in the resonant frequencies with variation 

in the conductive mediums. This way of accounting for the errors in the 
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conductivity measurements across the frequencies provides a commanding 

advantage over other single frequency-dependent methods. 

5.2 Experimental Setup 

5.2.1 Seeded oxy-fuel combustor setup  

The seeded oxy-fuel combustion setup consists of a custom-built multi-

element diffusion burner (Hencken burner), the gas delivery system, and the seed 

delivery system. The Hencken burner in Fig. 5.1(a) consists of three parts: a 

square-shaped honeycomb construction for the fuel and air, a secondary 

honeycomb arrangement surrounding the first for the shroud gas to reduce air 

entrainment and edge effects, and a central feed tube. A K-type thermocouple 

with a diameter of 0.8 mm is placed through the central fuel tube to monitor the 

burner for overheating. 

The gas delivery system consists of a series of Alicat MC series mass flow 

controllers along with a National Instruments USB-9172 DAQ and 

accompanying LabVIEW interface. Ultra-High Purity (UHP) methane (CH4) was 

used as the fuel, which is a substitute for natural gas. UHP Argon was chosen 

as shroud gas due to its inertness. For the oxidizer, flows of house air (clean, 

dry) and UHP oxygen are combined such that any volumetric fraction of oxygen 

can be specified from 21% (air only) to 100% (oxygen only). 

The seed delivery system can be seen in Fig. 5.1(b). An aqueous solution 

of K2CO3 is introduced into the atomizer block by a syringe injection device. 
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Based on an existing design (Bedick et al., 2020), oxidizer gas is passed through 

a pinhole orifice, atomizing the liquid stream through impact on the adjacent 

wall. Large droplets descend the atomizer block by the influence of gravity and 

are then collected in a catchment container, while the smallest droplets are 

carried along with the flow upwards to the drying chamber. The drying of the 

atomized K2CO3 droplets occurs at the diffusion dryer bed and is an essential 

process to maintain the flame temperature. The resulting solid K2CO3 particles 

then pass through the burner honeycomb structures and reach the flame. An 

Alicat pressure controller is used in backpressure mode to maintain pressure 

upstream of the atomizers. Fig. 5.2 illustrates the process diagram for the K2CO3 

seed delivery system. 

Figure 5.1. (a) Multi-element diffusion burner, (b) potassium seed delivery system 

 

(a) (b) 
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Figure 5.2. Process diagram of the oxy-fuel combustion with K2CO3 seed delivery 

system. 

The following work focuses on the case of 100% oxygen in the oxidizer. The 

equivalence ratio  matches the stoichiometric proportions, i.e.,  = 1. The 

methane and oxygen flow rates were 19.9 slpm and 39.8 slpm, respectively. The 

estimated adiabatic flame temperature Tad is around 3054 K, and it is assumed 

to be equal to that of the electrons in a thermal plasma. 

Absolute potassium seed concentrations administered to the flame were 

determined in a prior publication using spectroscopic methods (Bedick et al., 

2020). For liquid K2CO3 delivery rates of 1, 2, 5, and 10 mL/min, the resulting 

mass fraction of atomic potassium in the reactants YK-reac is shown in Table 5.1. 

Using these values, the theoretical values for the number density of electrons ne 
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and potassium ions ni were determined by equilibrium calculation using NASA 

gas-phase property data (Mcbride and Reno, 1993). As shown by Bedick et al. 

(2020), these values match well with the in-flame measurements (via a single 

Langmuir probe) and more complex CFD predictions within ~25 mm of the 

burner surface. Finally, using the numerical model described in Bedick et al., 

(2017) and implemented in Bedick et al., (2020), the expected electrical 

conductivity  was computed. The detailed process to obtain this electrical 

conductivity    from the atomic potassium mass fraction in reactants YK-reac, the 

ion concentration ni, and the electron concentration ne is explained in  

section 5.5.  

Table 5.1. Plasma Seed Parameters 

YK-reac ni (m-3) ne (m-3) 𝜎 (S/m) 

4.53E-06 4.83E+18 4.42E+18 0.68 

9.06E-06 8.45E+18 7.72E+18 1.19 

2.26E-05 1.65E+19 1.51E+19 2.33 

4.53E-05 2.61E+19 2.39E+19 3.68 

 

The difference in the potassium ions and electron concentration in Table 

5.1 is due to the presence of other major negative ions such as OH- and O-. If the 

all the positive and negative ions are considered, the plasma becomes quasi-

neutral. The variation of the K+ ions, electrons, OH-, and O- ions for the potassium 

mass fraction values ranging from 4x10-6 to 4.53 x10-5 that are calculated using 

Cantera’s adiabatic equilibrium calculations are shown in Fig. 5.3. 
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Figure 5.3. Ion and electron density for various potassium mass fraction values. 

5.2.2 RF diagnostic setup  

The RF probe diagnostic setup (Fig. 5.4) comprises the following 

components: (a) Hioki IM3536 LCR bridge meter, (b) the RF probe assembly, and 

(c) the probe insertion assembly.  

5.2.2.1 LCR bridge meter 

The Hioki IM 3536 LCR bridge meter is operated using a custom-built 

LABVIEW application. The LCR meter provides the values of measurement  
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Figure 5.4. Schematic of the RF probe diagnostics of potassium seeded oxy-

methane flame. 

parameters such as resistance R, reactance X, absolute impedance |Z|, and the 

phase angle θ.  

For static measurements using the LCR bridge, a sequence of 5000 

frequency points is utilized to build a high-resolution impedance spectrum 

across the frequency range for the conductive medium. The measurement speed 

at each point in the frequency range is dictated by the waveform averaging 

setting. The waveforms are averaged from 4 to 246 cycles. An increase in the 

waveform average results in an increment in the measurement speed. The 

average of the waveforms directly affects the accuracy of the data obtained. 
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After considering the trade-off between the accuracy and the measurement 

speed, the waveform averaging number for the current experimental setup is 

fixed at 8 cycles. 

5.2.2.2 RF probe assembly 

The RF coil probe assembly consists of an unshielded ferrite cored micro 

inductor with an inductance of L in parallel connection with a ceramic capacitor 

with a capacitance of C. The inductor and the capacitor connected in a parallel 

manner forms an LC circuit, also called, a tank circuit. The tank circuit has a 

finite maximum resistance based on the circuit components. The achievement of 

the maximum resistance is at the resonant frequency thereby enabling 

maximum impedance. Selecting a parallel circuit avoids sensitivity issues related 

to LCR bridge meter that appeared during the usage of a series circuit (minimum 

impedance at the resonance frequency). The inductance value of the micro 

inductor Lcoil measured using Eq. 5.2 at a frequency f of 10 kHz is around 8.2 

µH.  

Where, ZL is the impedance of the coil and ω refers to the angular frequency 

(ω = 2πf). In real life, unlike in an ideal condition, the impedance of an inductor 

varies with the frequency. The capacitance effects between the coil windings 

increases with the frequency affects the overall impedance value of the RF probe.  

 𝑍𝐿 = 𝑖𝜔𝐿𝑐𝑜𝑖𝑙 5.2 
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The coil inductance can also be calculated in terms of the material and the 

geometrical properties of the coil as given in Eq. 5.3. Using the permeability of 

the core material µ, the number of turns N, the area of the coil A, and the length 

of the coil l, the inductance of the coil Lcoil is measured. From this it is understood 

that any changes in the geometrical and material propetries leads to the variation 

in the coil inductance. 

The strength of the inductor’s magnetic flux (Eq. 5.4) in a conductive 

medium for a given current magnitude I as it moves away from the inductor 

surface decreases exponentially due to skin effect. The strength of the magnetic 

flux determines the effective measurement volume in the plasma. Due to the 

inherent ability of the ferrite materials to store more magnetic energy than air 

(i.e. permeability of ferrite is higher than the air) and owing to the size restrictions 

imposed due to plasma distrubance during the probe insertion, ferrite-cored 

inductors were preferred for this study. 

The fixed capacitance C of the ceramic capacitor is around 68 pF. The 

parallel connection of the capacitor and the inductor leads to a maximum 

impedance value at the resonant frequency. At the resonant frequency fr, the 

reactance of the inductor XL is equal and opposite to the reactance of the 

 𝐿𝑐𝑜𝑖𝑙 =
𝜇𝑁2𝐴

𝑙
 5.3 

 𝐵 =
𝜇𝑁𝐼

𝑙
 5.4 
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capacitor XC (i.e. XL = -XC). The resonant frequency calculated using Eq. 5.5 

should be high enough to detect the changes in the conductivity variation, and, 

at the same time, should be lower than the electron collision frequency to avoid 

the offshoot of standing electromagnetic waves. The LC circuit used for the 

current study has a resonant frequency of around 6.35 MHz. The value of the 

inductor also plays a major role in defining the resonant frequency. The 

inductance value goes down with decrease in the magnetic field strength. But 

with lower inductance value the resonant frequency increases beyond the 

measurement capability of the LCR bridge meter.  

The variation in the conductivity of the plasma medium affects the 

strength of the eddy currents created in the conductive medium. The produced 

eddy currents directly affect the flow of current in the tank circuit leading to 

variation in the circuit resistance R (real part in Eq. 5.6). This variation in the 

circuit resistance affects the overall impedance curve across the frequencies. The 

eddy current effects become more evident especially at the resonant frequency 

where the imaginary part goes to zero (XL = -XC  i.e. X = XL - XC = 0). This is shown 

in the impedance equation given in Eq. 5.6. A minor variation in the conductivity 

will exhibit a major variation in the impedance value at the resonant conditions 

in a tank circuit. The variation in the impedance spectra will result in the 

variation in the Q-factor of the conductive medium. The Q-factor which is a ratio 

 𝑓𝑟 =
1

2𝜋 √𝐿𝐶
 5.5 
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of the reactance to the resistance is affected by the resistive losses in the tank 

circuit.  

 𝑍 = 𝑅 + 𝑖 (𝑋𝐿 − 𝑋𝐶) 5.6 

Where Z is the impedance of the circuit, R is the circuit resistance, and XL 

and XC is the reactance of the inductor and the capacitor. The impedance of the 

tank circuit (Fig. 5.5) given in Eq. 5.7 is further expanded (Appendix B) and 

shown in Eq. 5.8,  

 

Figure 5.5. LC tank circuit. 

 
1

𝑍𝐿𝐶
=

1

𝑅𝐿 + 𝑖𝜔𝐿
+

1

−
𝑖

𝜔𝐶

 5.7 

 |𝑍𝐿𝐶| = |
𝑅𝐿

2 + 𝜔2𝐿2

𝑅𝐿 − 𝑖(𝜔𝐿 − 𝜔𝐶(𝑅𝐿
2 + 𝜔2𝐿2)) 

|  5.8 
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Where |ZLC| refers to the absolute value of the impedance of the tank 

circuit, RL refers to the resistance of the inductor, ω refers to the angular 

frequency, and L and C refers to the inductance and the capacitance of the tank 

circuit, respectively. 

A ceramic tube (Alumina - 98%) of length 0.2 m with a wall thickness of 2 

mm houses the ferrite-core micro-inductor. The outer diameter of the ceramic 

tube is around 6.35 mm and is selected to reduce flame perturbation during the 

probe insertion. The thermal shock resistance of the alumina tube is 450 K, and 

it can withstand temperatures up to 2000 K.  

A 3D printed housing setup holds the ceramic tube containing the micro-

inductor and the capacitor. The holder restricts the movement of the components 

avoiding additional errors. The capacitor is kept at a distance away from the 

interaction of the micro-inductor and the plasma. The RF probe holder is then 

connected to the LCR bridge meter using SMA cables.  

5.2.2.3 Probe insertion assembly 

The probe displacement assembly consists of a vertical Velmex translation 

stage and a horizontal Velmex rapid insertion stage, and the cooling mechanism. 

The vertical Velmex translation stage positions the RF probe assembly along the 

axis of the burner. The high-speed horizontal translational Velmex stage is 

employed to insert the RF probe inside the oxy-fuel flame. The rapid insertion 

Velmex stage consists of a high-pitch lead screw, which enables fast insertion 

and recovery of the RF probe. This high-speed mechanism is employed to avoid 
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probe erosion (Dixit et al., 1987; Jayakumar et al., 1977; Olson and Lary, 1963) 

and minimizes probe heating (Olson and Lary, 1963) due to the interaction of 

the probe in the flame. The rapid insertion probe setup enables to achieve 

insertion times ~100 ms, with appropriate holding times for the in-flame 

measurements.  

For in-flame measurements, the high-speed probe insertion assembly 

enables data collection with fewer errors that arises due to probe heating. Probe 

heating is one of the limitations that affect impedance data collection. The 

changes in the coil geometry and the core material’s magnetic propeties, due to 

the increase in the RF probe surface temperature affect the collected impedance 

data.  

Once the RF probe reaches the flame center, an output trigger is issued 

from the Velmex translational stage. The external trigger is then fed into the LCR 

bridge meter that collects the flame impedance data for a given frequency 

condition. This method of data collection is a time-consuming process. To 

construct the impedance spectrum, the LCR bridge is configured to collect 

impedance data for each increment in the AC frequency range using a LABVIEW 

application. Once the probe reaches the flame cneter, an output trigger is given 

from the Velmex translational stage. This trigger output is then fed to the 

National Instrument's USB 6366 DAQ system, where a TTL pulse trigger is 

produced. The pulse trigger initiates the multiple data collection in the LCR 

bridge through the modified LCR Bridge LABVIEW application.  
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The number of data collected during the specified hold timings using this 

configuration is limited by the number of frequency increments possible in the 

LCR bridge configuration. Upon each trigger event, the data collected in the LCR 

bridge meter are queried and saved in a data file. Multiple insertions of the RF 

probe in the flame are necessary to construct the impedance spectra across the 

AC frequency range. After each flame insertion, a nitrogen jet rapidly cools down 

the RF probe to avoid errors due to temperature escalations in the successive 

data collection. 

5.3 Calibration of the RF Probe 

The RF probe assembly was calibrated using different concentrations of 

aqueous K2CO3 with known electrical conductivity (Haynes et al., 2017) before 

performing the seeded oxy-fuel flame impedance measurements. The 

conductivity parameter σ of the different concentrations of aqueous K2CO3 

solution used to perform the calibration is shown in Table 5.2.  

The calibration was performed using a vertical dropdown arrangement 

where the probe is fixed to a sliding table. The whole setup was kept on top of a 

wooden table to reduce the effect of the interaction of the magnetic field with 

other conductive or magnetic surfaces outside of the conductive solution. This 

stray interaction of the magnetic field outside the container will affect the 

impedance measurement, thereby affecting the calibration. As previously 

mentioned, the magnetic flux density of the micro-inductor exponentially 

decreases as it travels away from the probe. The intensity of the eddy currents 
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created in the conductive medium depends upon the magnetic field strength. 

The eddy current losses directly relates to the magnitude of the electrical 

conductivity of the medium and the interaction of the coil's magnetic field with 

the volume of the conductive medium. 

Table 5.2. K2CO3 Parameters (Haynes et al., 2017) 

 

 

To verify the effectiveness of the skin depth variation of the eddy currents 

generated by the micro-inductor, impedance measurements using two 

cylindrical containers of diameter, 25 mm and 75 mm, were carried out. The 

data obtained reveals that the variation in the measurement volume beyond 

~12.5 mm from the probe's centerline has a minimal effect on the impedance 

data. As a result, the cylindrical container with a 25 mm diameter is chosen for 

the RF probe calibration. The similarity of the conductive medium’s cross-

sectional area with the flame dimensions is also one of the reason for choosing 

this container size.  

The probe is inserted into the conductive solution until the micro-inductor 

immerses completely. The LABVIEW application operates the Hioki LCR bridge 

meter. The LABVIEW application also allows modifying the data collection 

settings of the LCR bridge. The configuration setting directs the LCR bridge to 

% of K2CO3 by weight 𝜎 (S/m) 

0.5 0.7  
5 5.61 

10 10.38 
50 14.69 
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sweep in a linearly increasing trend across the AC frequency range within 6 MHz 

to 7 MHz.  

A total of 5000 data points averaged over eight waveform cycles at each 

frequency point were collected across this frequency range. This high-resolution 

LCR bridge data provides the impedance spectrum of the test medium. The 

aqueous K2CO3 conductive solutions were maintained at room temperature 

during the calibration. An empty tube was employed to gather the reference 

condition measurement (~ zero electrical conductivity). An example of the high-

resolution impedance spectra |Z| for a 50% aqueous K2CO3 conductive solution 

is shown in Fig. 5.6. 

After the collection of data from all the test mediums, the absolute 

impedance spectrum is plotted against the AC frequency range. The impedance 

plot provides the required data to measure the Q-factor of the test medium. The 

Q-factor (Eq. 5.9) can be measured from the ratio of the resonant frequency fr 

and the full-width half max Δf, which are explained in Fig. 5.7. 

 𝑄 =
𝑓𝑟

Δ𝑓
 5.9 
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Figure 5.6. Measurement of the |Z| and X for a 50% by weight  

K2CO3 solution. 

The resonant frequency for each conductive medium corresponds to the 

frequency value at which the circuit reactance goes to zero, i.e., X = 0. At this 

point, theoretically, the impedance value (Eq. 5.6) will be equal to the real 

component of the circuit’s impedance value (Z = R). After finding the resonant 

frequency fr, the bandwidth of the frequencies Δf corresponding to half of the 
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resonance impedance value |Zr| is measured. Following this way, the Q-factor 

for the conductive test mediums are measured starting from the air to 50% of 

aqueous K2CO3 solution. The collected Q-factor values are then plugged into a 

modified version (See Appendix C) of the Eq. 5.10 (Dixit et al., 1987) to obtain 

the difference in Q-factor values.  

 
1

𝑄
−

1

𝑄0
=  

Δ𝑅

𝜔𝑟𝐿
 5.10 

Where, R is the change in the circuit resistance, ωr is the angular 

resonant frequency, L is the induction of the micro-inductor. The Q mentioned 

in Eq. is the Q-factor of the conductive medium, in this case the K2CO3 solution 

with various concentrations, and Q0 is the Q-factor of the non-conductive 

medium, in this case the reference value. The equation states that the difference 

in the Q values of the conducitive and the non conductive medium measured at 

the angular resonant frequency ωr for an inductor of coil inductance L, gives the 

change in the resistance produced by losses due to increase in the eddy currents. 
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Figure 5.7. Q-factor measurement using the impedance spectra. 

The R/rL values are then plotted against the conductivity values of the 

medium from Table 5.2, and the calibration factor is determined by linearly 

fitting the y-intercept equal to zero, as shown in Fig. 5.8.   
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5.4 Seeded Flame Conductivity Measurement 

For the flame measurement, the high-speed Velmex translational stage holds the 

RF probe set up along with the ceramic tube (Fig. 5.9). From previous literature 

studies, at 25 mm downstream of the flame, complete dissociation of the seeds 

is witnessed. For this flame conductivity study, the distance between the center 

of the ceramic tube and the burner surface is fixed at 25 mm. The RF probe is 

fixed at a distance of 75 mm away from the flame center. Placing the probe at 

this distance mitigates the effect of radiative heat on the impedance 

measurement.  It also aids in the cooling of the ceramic tube before each 

successive insertion. A cooling jet of compressed nitrogen is placed at a distance 

of 75 mm away from the burner center. This cooling arrangement cools the probe 

rapidly and makes it available for successive measurements.  

During the initial study, utilizing a thin-wire thermocouple, the 

relationship between temperature variations in time to probe insertion was 

monitored. The thermocouple was inserted into the ceramic tube along with the 

micro-inductor. A USB 9172 DAQ system connected to the other end of the 

thermocouple monitored the continuous temperature variations.  



   

87 

 

 

Figure 5.8. Calibration factor vs conductivity for different K2CO3 solution 

concentrations. 

The ceramic tube was inserted into the flame and retracted after a hold 

time of 10 ms. After each insertion, substantial heating of the ceramic tube 

occurs during the retraction process. The temperature continues to increase for 

a short amount of time even after the probe exits the flame.  This trend in the 

temperature variation is due to the thermal mass accumulated in the inductor. 
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Figure 5.9. RF Probe arrangement with seeded oxy-fuel flame (Image Courtesy: 

National Energy Technology Laboratory, Pittsburgh). 

The heating of the probe affects the resistance of the circuit. The resistance 

variation might be due to the variation in the micro-inductor geometry or the 

effect of temperature on the core material’s magnetic properties. At some probe 

temperatures, the corresponding change in the circuit resistance matches the 

variations due to the eddy current losses within the plasma as shown in Fig. 

5.10. Adequate cooling of the ceramic tube to room temperature before each 

insertion mitigates any effect of temperature variation on the resistance values 

during the measurement timeframe, including the 10 ms hold time within the 

flame.  
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Figure 5.10. Resistance of the tank circuit measured after the probe insertion into 

the flame plotted against the probe temperature at the resonant frequency. 

All flame measurements were carried out with the conditions  explained in 

the experimental setup section (CH4/O2 flame at an equivalence ratio of 1). The 

seed flow rates vary from 0 mL/min to 10 mL/min. The impedance measurement 

of the unseeded flame configuration provides the Q0 value that is used as the 

reference value in Eq. 5.10.  
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The RF probe enters into the flame and holds that position for 10 ms. 

During this brief window, by using the time-resolved multi-trigger configuration 

developed using the LABVIEW application, up to 4 frequency points can be 

acquired. Multiple successive insertions with sufficient cooling time intervals 

cover the impedance data across the frequency range. A spread of frequency 

points starting from 6 MHz to 7 MHz with a 20 kHz interval in the slopes and a 

5 kHz interval at the peak constructs the impedance spectra. A sample reading 

at the rest position (at 75 mm away from the flame center) before each insertion 

provides sufficient data to cross-check any variation in the measurements. This 

reference measurement also helps in ensuring the maintenance of the initial 

probe conditions throughout the experiment.  

The coarse impedance spectra for the in-flame measurements were collected and 

plotted against the AC frequency values between 6 MHz to 7 MHz. An example 

of the impedance measurement is plotted in Fig. 5.11 for a 10 mL/min seed flow 

rate. The error bars were calculated from the LCR bridge meter's uncertainty 

calibration data. With the coarse impedance data, measurement of the Q-factor 

is difficult. To overcome this difficulty, an equivalent circuit model (ECM) of the 

tank circuit (Fig. 5.5) which is previously developed using the circuit components 

(Eq. 5.8) is used here to fit the flame impedance data.  
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Figure 5.11. Impedance data for a 10 mL/min K2CO3 aqueous solution. 

The fit parameters such as the inductive resistance and the inductance 

are left to vary with specified input conditions (L = 10 µH and RL = 1 Ω) to obtain 

the best-fit approximation using Eq. 5.8. Figure 5.12 shows an example of the 

flame impedance fit for a 10 mL/min seed flow rate.  

The impedance fit was carried out for both the unseeded and the seeded 

flame conditions, and the fit data is plotted in Fig. 5.13. From the impedance fit 
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data, the resonant frequency and the half-max bandwidth were measured to 

determine the Q-factor using Eq. 5.9, as carried out in the probe calibration 

section. 

Figure 5.12. Impedance fit using the equivalent circuit model of a tank circuit for 

a 10 mL/min K2CO3 aqueous solution. 
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The Eq. 5.10 provides the R/rL value for each seed flow rate condition. 

In the equation, the Q-factor of the unseeded flame serves as the reference point 

Q0. The numerator ΔR corresponds to the variation in the coil resistance due to 

eddy current dissipation in the flame plasma.  

Figure 5.13. Impedance fit using the ECM of a tank circuit for the seeded and the 

unseeded flames. 
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The variation in the resonant frequency is very evident between the 

unseeded and the seeded flame conditions as shown in Fig. 5.14. This might be 

due to the addition of the seed materials in the flame. The added seed materials 

might be affecting the plasma density and the flame temperature, thereby 

altering the boundary layer thickness surrounding the probe. This variation in 

the plasma concentration near the probe surface might be the reason for the 

variation in the magnetic field strength of the RF probe. This proposed magnetic 

field strength variation might indirectly affect the inductor value (Eq. 5.5) thereby 

leading to a shift in the resonant frequency. 

To accommodate this change of the resonant frequency in the conductivity 

measurement, instead of using the denominator ωrL, which in ideal condition 

equals the product of the average inductance of the coil and a fixed resonant 

frequency, the whole of the R/rL is used. Usage of the whole part of the R/rL 

of the conductive medium mitigates any changes related to the shift in the 

resonant frequency. This way of measuring the whole of the R/rL part in the 

Eq. 5.9 accommodates the differences between the calibration data and the in-

flame impedance measurement.  
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Figure 5.14. Impedance fit using the ECM of a tank circuit for the seeded and the 

unseeded flames (zoomed near the ideal resonant frequency). 

The flame electrical conductivity values are measured using Eq. 5.11 that 

comprises the R/rL part and the calibration factor κ obtained in the previous 

section.  

 𝜎 =  𝜅
Δ𝑅

𝜔𝑟𝐿
= 𝜅 (

1

𝑄
−

1

𝑄0
) 5.11 
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The obtained electrical conductivity values from Eq. 5.11 are plotted 

against the atomic potassium supplied to the flame(from Table 5.1) in Fig. 5.15. 

The amount of potassium seed reaching the flame for each seed rate after the 

atomization is given in terms of the atomic mass fraction of the potassium seeds 

in the reaction YK-reac. This YK-reac value is obtained from the spectroscopic data 

after taking into account for the amount of aqueous K2CO3 dropping off from the 

atomizer (~90%) and entering the flame (Bedick et al., 2020). The obtained mass 

fraction values are then used in the adiabatic equilibrium calculations carried 

out using Cantera (an open-source chemical kinetics software) to obtain the ion 

and electron concentration values. The obtained ion and electron concentration 

values and the plasma temperature are then substituted into Eq. 5.12 - Eq. 5.16 

and then substituted into Eq. 5.17 to measure the conductivity values for each 

seed flow rate, shown in Table 5.1.  

  𝜎𝑒𝑛 =
𝑒2𝑛𝑒

𝑚𝑒�̅� ∑ 𝑛𝑗𝑄𝑗
𝑁
𝑗=1

 5.12 

 �̅� = √
8𝑘𝑇

𝜋𝑚𝑒
  5.13 

 𝜎𝑒𝑖 = 1.975
𝑛𝑒𝑒2

𝑚𝑣𝑒𝑖̅̅̅̅
 5.14 
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 𝑣𝑒𝑖̅̅̅̅ = 3.64 × 10−6𝑛𝑖(ln∧)𝑇−3/2  5.15 

 ∧ ≡ 1.24 × 107 (
𝑇3

𝑛𝑒
)

1/2

 5.16 

 
1

𝜎
=

1

𝜎𝑒𝑛
+

1

𝜎𝑒𝑖
 5.17 

where, e is the elementary charge, ne is the electron number density, me is 

the electron mass, nj is each colliding specie, and Qj is the corresponding 

Momentum Transfer Cross Sections (MTCS), T is the bulk electron temperature 

which is assumed to be equal to gas temperature, k is the Boltzmann constant.  

The theoretical conductivity data obtained using Eq. 5.17 is compared with 

the electrical conductivity value measured using the RF probe. The horizontal 

error bars representing the overall uncertainty in the mass fraction values 

reaching the flame at 25 mm downstream of the burner are obtained from Bedick 

et al., (2020).  

The vertical error bars for each flame conditions are determined from the 

fit parameters and the measurement error calculations. One of the reasons 

behind the noticeable variation with the theoretical and the experimental values 

is the absence of the spectroscopic data and the electroscopic probe data that 

provides the accurate seed delivery data (YK-reac) and the temperature for the 

current experimental setup. Even without the in-situ correction measurement 
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data, the general prediction of the theoretical electrical conductivity value falls 

within or at least near the experimental measurement uncertainties. The 

conductivity values measured using the RF probe method represents the first 

direct measurement for the potassium seeded oxy-methane flames. 

 

Figure 5.15. Direct conductivity measurement for the seeded oxy-fuel flame. 
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CHAPTER 6 

Numerical Model of Charged Species in  

Seeded and Unseeded Flames   
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The electrical properties of the flame are explained by the presence of the 

charged particles such as positive and negative ions and electrons (Wilson, 

1931). The production of ions and electrons in a flame were initially considered 

to be a thermal ionization process that is usually found in flames at temperatures 

above 2500 K. Later on, multiple studies formulated various ideas such as the 

presence of intermediate species, low ionization potentials of polymerized carbon 

atoms and nitrogen oxides, reactions of excited atoms, etc., that might lead to 

the ionization in the flames (Behrens, 1950; Bonhoeffer and Haber, 1928; Lewis 

and Von Elbe, 1987). Calcote and co-workers studied chemical reactions 

pertaining to the formation of the charged species in the flame through the usage 

of Langmuir probes (Calcote, 1961, 1957; Calcote and King, 1955). In his paper 

in 1963, he introduced the chemi-ionization reaction (R 6.1) as the backbone 

reaction for the ion formation in the hydrocarbon–air/oxygen flames (Calcote, 

1963).  

Following this work, multiple studies formulated chemical pathways for 

the formation of ions using reactions containing HO2 and OH radicals (Sokolik 

and Semenov, 1970). Greene (1963) and Miller (1973) carried out detailed 

reviews on the ion formation in hydrocarbon flames with and without alkali 

metals. The reaction rate coefficients for chemical reactions dominant in the 

range of temperatures from 1000 K to 3000 K were compiled through a survey 

of experimental data by Jensen and Jones (1978). This collection of data provides 

the reaction rates and equilibrium constants for alkali metals such as potassium 

and cesium. Rate constants, reaction mechanisms, and concentrations of 
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positive and negative species were studied in flames using mass spectrometry. 

Premixed methane-oxygen flames were studied by Goodings et al. (1979a, 1979b) 

at fuel-rich and fuel-lean conditions. Concurrently, multiple works focused on 

evaluating various chemi-ionization reactions and the subsequent charge 

transfer reactions were conducted for fuels like acetylene, propane, and butane.  

These studies provided insights on the role of ion formation in sooting and non-

sooting flames (Brown and Eraslan, 1988; Eraslan and Brown, 1988; Fialkov 

and Fiaklov, 1985).  

Pedersen (1991) considered comprehensive reaction mechanisms for 

neutral atoms and ions along with their corresponding rate coefficients. The 

prediction of the ion and electron profiles was carried out by solving the 

governing equations. The transport equations for ions and electrons were used 

to calculate the saturation current for a premixed methane-air flame and the 

space charge profile (Pedersen and Brown, 1993). 

Most recent works of Speelman et al. (2015a, 2015b) and Han et al. (2015a) 

developed 1D models of charged species formation and transport in a premixed 

flame using modified PREMIX code. The models were validated against 

experimental results for DC and AC electric fields.  

In this work, a 1D-flame model using Cantera is used to explain the 

variation of the charge concentration profiles and the conductivity of a burner 

stabilized flame for air-methane flames, oxy-methane flames, and oxy-methane 

flames seeded with potassium.  
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6.1 Flame Model 

6.1.1 Chemical and ion reaction mechanism 

Cantera is a flame solver for steady state quasi one-dimensional reacting 

flows. Cantera solved a system of governing equations to predict flame 

temperature and species profiles (Goodwin, 2002).  

The chemical reaction used in this model consists of neutral and charged 

species reactions. The neutral chemical reaction mechanism for methane-air, 

methane-oxygen, and potassium seeded methane-oxygen flames are obtained 

from the existing GRI 3.0 mechanism (Smith et al., 1999). The chemi-ionization 

reaction, secondary charge transfer and ion formation reactions and their 

corresponding reaction coefficients are obtained from the collection of works by 

Prager et al. (2007), Han et al. (2015a) and Speelman et al. (2015a).  

The major charged species considered in this study of methane-air and 

methane-oxygen flames are HCO+, H3O+, and electrons. For seeded oxy-methane 

flames, K+ is added to the already considered available charged species.  

Reaction 6.1 is the chemi-ionization reaction forming the formyl cation 

reaction (Calcote, 1957).  This reaction initiates the production of charged species 

in hydrocarbon flames.  

 𝐶𝐻 + 𝑂 ⇒ HCO+ + 𝑒    R 6.1 
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This initial reaction starts the secondary charge transfer and 

recombination reactions R 6.2-6.6 leading to the production and recombination 

of charged species in the flame as described by Prager et al. (2007) . 

The reaction rate constants and the value of polarizability of the species 

such as H2, O2, CH4, CO, CO2, H2O, and N2 are obtained from the supplementary 

material (Han et al., 2015a). 

For the potassium seeded oxy-fuel flame, the chemical reaction that 

produces the K+ ions (Jensen and Jones, 1978) is  

The complete reaction mechanism describing ion kinetics of a potassium 

seeded oxy-methane flame is given in Appendix D. 

 𝐻𝐶𝑂+ + 𝐻2𝑂 ⇒ H3𝑂+ + 𝐶𝑂    R 6.2 

 𝐻3𝑂+ + 𝑒 ⇒ 𝐻2𝑂 + 𝐻  R 6.3 

 𝐻3𝑂+ + 𝑒 ⇒ 𝑂𝐻 + 𝐻 + 𝐻 R 6.4 

 𝐻3𝑂+ + 𝑒 ⇒ 𝐻2 + 𝑂𝐻 R 6.5 

 𝐻3𝑂+ + 𝑒 ⇒ 𝑂 + 𝐻2 + 𝐻 R 6.6 

  𝐾 +  𝑀 ⇋ 𝐾+  +  𝑒 +  𝑀   R 6.7 
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6.1.2 Governing equations 

The governing equations that are used to solve the flame conditions in the 

1D premixed flame model are listed below. 

Continuity: 

Energy equation: 

Species continuity equation: 

Since the Poisson’s equation introduces “stiffness” in the governing 

equations that leads to non-convergence, a first order Gauss’s law is used to 

calculate the electric field value:  

 
𝜕𝜌𝑢

𝜕𝑥
= 0 6.1 

 𝜌𝑐𝑝𝑢
𝜕𝑇

𝜕𝑥
=

𝜕

𝜕𝑥
(𝜆

𝜕𝑇

𝜕𝑥
) − ∑ 𝑗𝑘𝑐𝑝,𝑘

𝜕𝑇

𝜕𝑥
𝑘

−  ∑ ℎ𝑘𝑊𝑘  �̇�𝑘 

𝑘

 6.2 

 𝜌𝑢
𝜕𝑌𝑘

𝜕𝑥
=

𝜕𝑗𝑘

𝜕𝑥
+ 𝑊𝑘 �̇�𝑘  6.3 

 
𝜕𝐸

𝜕𝑥
=

𝑒

𝜖0

(𝑛+ − 𝑛−) 6.6 
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6.1.3 Transport model 

The transport of charged species is described by considering drift and 

diffusion:  

In Eq. 6.5, the first part on the right hand side of the equation comprises 

the mixture-averaged diffusion. Whereas, the second part of the same equation 

contains the drift terms to accommodate the effects of internal and external 

electric field. 

The mobility value of the electrons are approximated as 0.4 m2/V/s (Bisetti 

and El Morsli, 2012; Han et al., 2015b). This assumption is valid for thermal 

electrons in methane-air flames. In the thermal limit, the mobility values for the 

H3O+ and HCO+ ions are calculated using the Einstein’s relation between the 

diffusivity and the mobility: 

 𝑗𝑘 = 𝑗𝑘
∗ − 𝑌𝑘 ∑ 𝑗𝑖

∗

𝑖

   6.4 

 𝑗𝑘
∗ =  −𝜌

𝑊𝑘

�̅�
𝐷𝑘𝑚

′
𝜕𝑋𝐾

𝜕𝑥
+ 𝑠𝑘𝜇𝑘𝐸𝑌𝑘 6.5 

 
𝐷

𝜇
=

𝑘𝐵𝑇

𝑒
 6.7 
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where D is the diffusion coefficient,  is the mobility, e is the base charge, kB is 

the Boltzmann constant, and T is the electron temperature.  

The model uses accurate Stockmayer – [n,6,3] and Stockmayer – [n,6,4] 

potentials to model the interactions between the neutral species and the charged 

species (Chen, Garner and Bane, 2019). The collisions between the charged 

species are not considered. 

6.1.4 Boundary conditions  

The boundary conditions for the 1D burner-stabilized flame model shown 

in Fig. 6.1 are explained in this section.  

The boundary conditions for the inlet at the burner surface (x = 0) are: 

 

 

 

 

 𝑇 (0) = 𝑇𝑏𝑢𝑟𝑛𝑒𝑟 6.8 

 �̇�0 = 𝜌(0)𝑢(0) 6.9 

 �̇�0𝑌𝑘,0 − 𝑗𝑘(0) − 𝜌(0)𝑢(0)𝑌𝐾(0) = 0 6.10 
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Figure 6.1. Schematic of the 1D Flame Model. 

The boundary condition for the outlet at the electrode surface (x = L) are: 

The above mass fraction boundary conditions are valid only for the neutral 

species at the burner and the electrode surface. For the charged species and the 

electric field, the following boundary conditions were used. The boundary 

conditions depend on the polarity of the applied voltage. In reality, the boundary 

 
𝜕𝑇

𝜕𝑥
 (𝐿) = 0    6.11 

 
𝜕𝑌𝐾

𝜕𝑥
 (𝐿) = 0  6.12 
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conditions for the flames under external electric field are setup based on the 

electric field values (Eq. 6.6). 

At the inlet boundary (x = 0) for ΔV ≥ 0: 

At the electrode boundary (x = L) for ΔV ≥ 0: 

 

 

 

  

 𝑌− = 0 6.13 

 
𝜕𝑌+

𝜕𝑥
= 0 6.14 

 𝐸(0) = 𝐸𝑖𝑛 6.15 

 𝑉(0) = 0 6.16 

 
𝜕𝑌−

𝜕𝑥
 = 0 6.17 

 𝑌+ = 0 6.18 
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At the inlet boundary (x = 0) for ΔV < 0: 

At the electrode boundary (x = L) for ΔV < 0: 

 

6.2 Model Validation 

6.2.1 Inlet conditions 

The distance between the burner and the electrode is set at 0.02 m. This 

value is chosen arbitrarily. The model was initially validated against the 

Wortberg’s flame condition (Wortberg, 1965). The inlet flame temperature is 402 

 𝑌+ = 0 6.19 

 
𝜕𝑌−

𝜕𝑥
= 0 6.20 

 
𝐸(0) = 𝐸𝑖𝑛 

6.21 

 
𝑉(0) = 0 

6.22 

 
𝜕𝑌+

𝜕𝑥
 = 0 6.23 

 𝑌− = 0 6.24 
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K. Methane-air equivalence ratio is set at 0.513. A grid size of 200 points is 

considered for this study. The grid points are spaced finely near the flame front 

location and coarser near the electrode boundary. The inlet velocity is assumed 

to be around 0.9 times of the flame speed.  

The GRI 3.0 mechanism that contains 53 neutral species and 325 

reactions is modified by adding six reactions (R 6.1- R 6.6). These reactions 

contains the formation and recombination of two ion species (H3O+ and HCO+) 

along with the electron. This reaction mechanism is used in the model along with 

the ion transport model and boundary conditions as explained in section 6.1.3 

and 6.1.4. 

6.2.2 Results and discussion 

The model predicts the maximum flame temperature of 1580 K (Fig. 6.2). 

This value matches reasonably well with the estimated Wortberg’s flame 

temperature of 1500 K. Figure 6.2 shows the temperature profile and the number 

density of the major radicals (CH and OH). The peak value of CH is considered 

as the flame front location in this study.  It is marked with dashed line in Fig. 

6.2. The space charge q obtained using Eq. 6.25 along with the concentrations 

of the charged species (H3O+ and HCO+), and electrons are shown in Fig. 6.4.  

 q = 𝑒(𝑛+ − 𝑛−) 6.25 
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The space charge q near the burner surface is high due assumption that 

ions can diffusive easily towards the burner whereas the electrons are repelled 

away from the burner surface. This creates a major difference in the space charge 

near the burner surface. After that, a peak is observed at the flame front location 

that corresponds to the presence of charged species in the flame. The space 

charge profile across the flame shows that the flames are not electrically neutral 

even in the absence of an external electric field. However, the maximum space 

charge values are small. The HCO+ ion concentration is smaller than the H3O+ 

ion and electron by three orders of magnitude at the flame front location.  

The electric field E obtained across the flame from the 1D flame model is 

plotted in Fig. 6.5. 

Figure 6.5 shows the effect of the flame on the electric field profile. The 

electric field changes sign due to the positive space charge in the flame.  

 

 𝐸 =  −
𝑑𝑉

𝑑𝑥
 6.26 
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Figure 6.2. Temperature and OH and CH profiles for the Wortberg’s flame 

condition at equivalence ratio  = 0.513.  
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Figure 6.3. Comparison of positive ion concentration (H3O+ and HCO+) estimated 

using the 1D flame model and available Wortberg’s flame condition (  = 0.513). 
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Figure 6.4. Positive ions (H3O+ and HCO+) and electron profiles along with the 

space charge q profile for Wortberg’s flame condition (  = 0.513). 
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Figure 6.5. Electric field for Wortberg’s flame (  = 0.513). 

6.2.3 Grid accuracy test 

Flame data obtained with 1000 grid points serves as the reference value 

for studying the model’s grid independence. Grid points of 180, 200, 300, 400, 

600, and 800 values are calculated. The relative error (Eq. 6.27) calculated for 

the maximum value of the OH radical is plotted in Fig. 6.6. The figure shows that 
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the error values are well below 0.2%. This concludes that a grid value of 200 

points is sufficient to study the flame parameters in the current model.  

6.3 External Electric Field Forcing of Methane-Air Flames 

6.3.1 Inlet conditions 

The voltage-current characteristics of a methane-air flame subjected to an 

external DC electric field is studied here. The burner inlet temperature is set at 

600 K. The inlet flow velocity for the methane-air flames is equal to 0.12 m/s. 

This velocity value corresponds to one of the experimental inlet conditions for an 

equivalence ratio of 0.9. The distance between the burner and the electrode is 

set at 0.02 m and a grid size of 200 points is used. The grid points are spaced 

finely near the flame front location and coarser near the electrode boundary. 

The external electric field is used as the boundary condition as described 

by Eqs. 6.14 and 6.20. The voltage value at the electrode corresponding to the 

electric field at the burner surface is calculated using the upwind integration of 

Eq. 6.24.  

 

 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑒𝑟𝑟𝑜𝑟 (%) = |
𝑣𝑎𝑙𝑢𝑒 − 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒

𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒
| × 100% 6.27 
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Figure 6.6. Relative errors obtained for the grid accuracy test. 

6.3.2 Results and discussion 

6.3.2.1 Saturation: positive potential 

The Ein value is set to 60000 V/m at the burner surface. The electrode 

potential corresponding to this electric field is equal to 791 V. The ion and 

electron concentrations along with the space charge for this condition are shown 

in Fig. 6.7.  
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The space charge is positive and is accumulated between the burner 

surface and the flame front. After the flame front, the space charge value 

approaches zero. Similarly, the concentration of the major positive ions (H3O+) is 

higher near the burner surface and drops by three orders of magnitude near the 

flame front. 

The current density j is plotted in Fig. 6.8 along with the current density 

values for positive ions j+ and electrons j--. The current density profiles are 

obtained using the following equations: 

 

 𝑗+ = 𝑒𝑛+𝜇+𝐸 − 𝑒𝐷+

𝜕𝑛+

𝜕𝑥
  6.28 

 𝑗𝑒 = 𝑒𝑛𝑒𝜇𝑒 + 𝑒𝐷𝑒

𝜕𝑛𝑒

𝜕𝑥
 6.29 

 𝑗 = 𝑗+ + 𝑗𝑒 6.30 
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Figure 6.7. Positive ions (H3O+ and HCO+) and electron profiles along with the 

space charge q profile for methane-air flame at equivalence ratio  = 0.9 and 

external voltage V = 791 V. 
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Figure 6.8. Current density profiles for methane-air flame  

at  =0.9 and V = 791 V. 

The current density due to the bulk velocity is negligible compared to the 

current density by drift and diffusion and hence omitted. The current density is 

almost constant along the flame profile. The current density of the positive ions 

is the major contributor for the current density before the flame front. After the 

flame front, the electron drift maintains the current density at a constant value.  
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The electric field and the voltage profiles across the flame are shown in 

Fig. 6.9. The steep negative electric field value near the burner surface is due to 

the higher concentration of the positive ions. After the flame front, the electric 

field is almost constant. This is due to the high mobility of the electrons 

responsible for the current transport in this region. The voltage keeps on building 

up as expected from Eq. 6.26, which is in line with the constant electric field 

profile beyond the flame front. 

 

Figure 6.9. Electric field (left) and voltage (right) profiles for  

methane-air flameat =0.9 and V = 791 V. 

6.3.2.2 Saturation: negative potential 

The Ein value is set to - 88000 V/m at the burner. The value of the potential 

at which the flame current gets saturated is termed here as saturation potential 

and it corresponds to -2854 V. This value is chosen such that the current density 
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values are approximately equal in magnitude to the values obtained for the 

positive saturation voltage considered in the previous section. 

The space charge q (Fig. 6.10) is close to zero before the flame front. The 

ions are not present before the flame front and since the negative potential is 

applied here at the electrode, all the ions are attracted towards the electrode. 

This build of ions results in a positive space charge formation between the flame 

front and the electrode.  

The current density profile (Fig. 6.11) is exactly opposite in nature as 

compared to Fig. 6.8. The current density maintains a constant value before and 

after the flame front. The small discrepancies appearing in the ion current 

density j+ is due to the uneven grid refinement in the numerical model.  

The electric field and the voltage across the flame front are plotted in Fig. 

6.12. The electric field maintains a constant profile before the flame front and 

rises after the flame front. The constant behavior is due to the fast drift of 

electrons to the burner surface from the flame front. 
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Figure 6.10. Positive ions (H3O+ and HCO+) and electron profiles along with the 

space charge q profile for methane-air flame at  = 0.9 and V = -2854 V. 
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Figure 6.11. Current density profile for methane-air flame  

at  =0.9 and V = -2854 V. 

After the flame front, only ions are dominantly present in the area. The 

mobility of the ions is lower than the electron mobility by two orders of 

magnitude. As a result, a positive space charge builds up leading to the rise in 

the electric field (Eq. 6.6). The voltage value is calculated using Eq. 6.26 and the 

profile agrees well with the variation of the electric field. 
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Figure 6.12. Electric field (left) and voltage (right) profiles for  

methane-air flame at =0.9 and V = -2854 V. 

6.3.2.3 Voltage - current characteristics 

The current density j values for the corresponding voltages are obtained 

using the Eq. 6.30. Using this equation, the voltage-current density 

characteristics for the methane-air flame under external electric field are 

calculated. The numerical results are plotted along with the experimental results 

obtained for the methane-air flame of equivalence ratio  = 0.9 and is shown in 

Fig. 6.13.  

The numerical results predicted the current density values at least two 

times lesser than the experimental results in the saturation regimes. For the 

positive potential, the current density becomes saturated at much lower voltages. 

On the other hand, the negative current density saturation is achieved at a 
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higher voltage compared to the positive potential condition. The model was able 

to depict the behavior that is observed in the experiments.  

6.4 Comparison of Analytical and Numerical Models  

A simplified form of the analytical model developed by Han (2015) is used 

here to explain the electric field distribution in saturated regions of the positive 

and negative potentials. The electric field values are calculated using Eq. 6.31 

for the positive potential. The electric field value Ee is obtained at the electrode 

surface from the numerical model. 

The electric field across the flame profile under a negative saturation 

profile is calculated using Eq. 6.32. The electric field value Ee is obtained at the 

burner surface from the numerical model.  

 

 𝐸(𝑥) =
2𝑗𝑠𝑎𝑡

𝜇+𝜖0
× (𝑥 − 𝑥𝑓) + 𝐸𝑒

2 6.31 

 𝐸(𝑥) =
2𝑗𝑠𝑎𝑡

𝜇+𝜖0
× (𝑥𝑓 − 𝑥) + 𝐸𝑒

2 6.32 
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Figure 6.13. Voltage-Current density profile comparison between numerical 

results and experimental results for methane-air flame at =0.9. 

The results from the numerical and analytical models are compared in 

Figs. 6.14 and 6.15. The analytical model is able to mimic the electric field 

distribution obtained numerically. This analytical model given in Eq. 6.31 and 

Eq. 6.32 is valid only in the saturation regions.  
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The analytical model takes only the effect of the positive ion charge build 

up between the burner surface and the flame front for the positive potentials. 

Whereas, the analytical model takes the positive charge build up between the 

flame front and the electrode negative potentials. 

 

Figure 6.14. Comparison of electric field between the numerical results (solid line) 

and the analytical model (symbols) for methane-air flame at =0.9 and ΔV<0. 
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For the negative potentials (Fig. 6.14), the model was able to predict the 

electric field values closer to the numerical results. Whereas, on the other hand, 

there are some visible discrepancies in the analytical results as compared to the 

detailed numerical results for the positive potentials, especially in the regions 

near the flame front (Fig. 6.15). 

Overall, the analytical model is able to predict the electric field across the 

flame profile provided the current saturation and the ion mobility values are 

known for a given potential value. 

6.5 Seeded and Unseeded Flames in oxy-Fuel Flames  

6.5.1 Charge concentration in oxy-fuel flames  

The charge concentration of the oxy-fuel flames for various oxygen 

concentrations in the oxidizer composition are performed using the 1D flame 

model with the GRI 3.0 reaction mechanism. The charged species reactions for 

the HCO+ and H3O+ ions and electrons are the same as used in the previous 

section (R. 6.1 - R. 6.6). The inlet fuel-oxidizer composition is modified to 

accommodate for the oxygen content variations. The plots shown in Figs. 6.16 – 

6.18 are obtained for 30%, 60% and 100% of oxygen content in the oxidizer 

composition. To further describe the charge concentration variations near the 

flame front, the graph are plotted between the burner surface and 2 mm away 

from the burner surface, for better clarity. 
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The charge concentration and the space charge for the 30% oxygen content 

in the oxidizer is shown in Fig. 6.16. The graph shows the accumulation of 

electrons before the flame front near the burner surface. The intial observations 

show the movement of the flame front towards the burner surface and an 

increment in the charge concentration values.  

 

Figure 6.15. Comparison of electric field between the numerical results (solid line) 

and the analytical model (symbols) for methane-air flame at =0.9 and ΔV>0. 
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Figure 6.16. Charge concentration and space charge variation along the burner 

axis for 30% oxygen – methane burner stabilized flame at =0.9 and ΔV = 0. 

Further observations from Figs. 6.17 and 6.18, show that the flame model 

is able to accommodate the shift in the flame front due to the increment in the 

oxygen content. The flame front shits from ~0.25 mm for 30% of oxygen to ~0.1 

mm for 100% oxygen concentration. From the graphs, there is clear evidence in 

the increment in the concentrations of H3O+ ion and electron with increase in 
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the oxygen concentration. The concentration of the charged species is increased 

by around two orders of magnitude at the flame front location with increase in 

the oxygen concentration in the oxidizer. 

 

Figure 6.17. Charge concentration and space charge variation along the burner 

axis for 60% oxygen – methane burner stabilized flame at =0.9 and ΔV = 0. 
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Figure 6.18. Charge concentration and space charge variation along  

the burner axis for a 100% oxygen – methane burner stabilized  

flame at =0.9 and ΔV = 0. 

6.5.2 Charge concentration in potassium seeded oxy-fuel flames  

The kinetic reactions of the various mass fractions of the potassium seeded 

oxy-fuel flames for 100% oxygen concentrations are performed using the 1D 
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flame model with the GRI 3.0 reaction mechanism. The charge species 

concentrations along the burner axis is obtained using reactions shown in R. 6.1 

to R. 6.7 along with the reactions explained in Appendix D. The inlet fuel-oxidizer 

composition is modified to accommodate the oxygen content variations along 

with the potassium seed mass fraction values corresponding to the seed rates 

used in the experiment. The plots shown in Figs. 6.19 and 6.20 are obtained for 

potassium mass fractions corresponding to 1 mL/min and 10 mL/min seed rates 

(from Table 5.1) respectively. 

 

Figure 6.19. Charge concentration distribution for stoichiometric potassium 

seeded methane-oxygen (100%) burner stabilized flames corresponding to  

1 ml/min of potassium feed rate [Zoomed (left) and complete (right)]. 

Figures 6.19 and 6.20 show that the concentration of H3O+ ions is higher 

than the K+ ions near the flame front. The concentration of H3O+ ions are of the 

same order of magnitude as the K+ ions. The K+ ion concentration begins to 

increase beyond the flame front and reaches equilibrium closer to electrode 
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position. The H3O+ ions are unstable at high temperature regions, hence they 

begin to disappear after the flame front. 

 

Figure 6.20. Charge concentration distribution for stoichiometric potassium 

seeded methane-oxygen (100%) burner stabilized flames corresponding to  

10 ml/min of potassium feed rate [Zoomed (left) and complete (right)]. 

6.5.3 Comparison of electron concentration in seeded and unseeded flames  

The electron concentration is calculated using the 1D flame model. The 

ionization reaction mechanism used in the previous sections are used here to 

obtain the charge concentration of electrons. For calculating the electron 

concentration in potassium seeded oxy-methane flames, the reactions 

mentioned in Appendix D is used along with the reactions explained in the 

previous sections (R. 6.1 – R. 6.7) . The methane-oxygen equivalence ratio is  

kept at 0.9. 
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The maximum electron concentration of methane-oxygen flames with 

varying oxygen content is shown in Fig. 6.21. The variation of the flame 

temperature is also shown. The flame temperature and the electron 

concentration increase with oxygen enrichment. The concentration and the 

temperature profile vary in a non-linear fashion. The variation trends for the 

temperature and electron concentrations with increase in the  

oxygen content are similar. 

The maximum electron concentration values obtained for the oxy-methane 

flames with various oxygen percentage is plotted again in Fig. 6.22. To this 

graph, the maximum electron concentration values obtained for various 

potassium seed mass fractions at various oxygen concentrations of oxygen is 

added. This helps in comparing the variation of the electron concentration that 

directly relates to the conductivity of the flame. The electron concentration 

increases by two times with the addition of the potassium seeds. Further 

addition of potassium seeds to the oxy-methane flame leads to an increase in the 

electron concentration up to five times. 
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Figure 6.21. Variation of peak electron concentrations and temperatures with 

increase of the oxygen content methane-oxygen enriched flames at =0.9. 
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Figure 6.22. Electron concentration ne for various oxygen percentage and the 

corresponding  potassium seedrates in a methane-oxygen flame at =0.9. 

The electron concentration values obtained in the flame model using non-

equilibrium chemical kinetics is validated against the equilibrium data for 

methane-oxygen (100%) flames and is plotted in Fig. 6.23. The equilibrium 

concentration data are obtained from the temperature and charge concentration 

data obtained from Bedick et al. (2020).  
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The electron concentration has an almost linear profile with increase in 

the potassium concentration. The values match reasonably well with the 

available data. The constant electron mobility value and non-equilibrium 

condition of the flame model might be the reason for this discrepancy. 

 

Figure 6.23. Comparison of electron concentration for various potassium seeding 

levels with the available model data (Paul Irudayaraj and Bedick, 2020) in a 

methane-oxygen flame at =1.  



   

140 

 

 

 

 

 

 

 

 

 

CHAPTER 7 

Conclusion and Future Work 
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7.1 Conclusions 

The main objectives of this work were to study the interaction of the weakly 

ionized and strongly ionized flames with DC and AC electric fields. To achieve 

this feat, experimental techniques, numerical results, and analytical models 

were used.  

The experimental studies were performed applying DC and AC electric 

fields to flat methane-air flames with equivalence ratios ranging from 0.51 to 0.9 

and velocities from 6 cm/s to 12 cm/s. DC voltages from -10 kV to 10 kV with 

were used. The AC e-field frequencies ranged from 50 Hz to 50 kHz.  

The volt-ampere characteristics measured for weakly ionized methane air 

flat flames showed the current saturation at high positive and negative 

potentials. The observed saturation currents were similar for positive and 

negative polarities. The saturation current increased with the  flow velocity and 

equivalence ratio. The asymmetry of the volt-ampere characteristics were 

observed at applied voltages below 2 kV. This asymmetry is due to the difference 

in the charge species’ mobilities. The results were analyzed using the analytical 

model. The model explains the experimental asymmetry of the currents observed 

at low voltages. The model also predicts the electric field profiles and the 

electrostatic forces acting on the flame at saturation voltages. The V-I 

characteristics obtained for AC electric fields showed similar saturation current 

values and asymmetry as observed for DC voltages. The overshoot of the current 
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values observed in the positive half cycle in a time varying electric field was 

interpreted using the DC V-I data and the analytical model. 

Flame forcing experiments showed that the electrode-stabilized flame 

when subjected under DC/AC electric field undergoes flame instability, flame 

wrinkling, and flame oscillations. The frequency of the electric field affected the 

reattachment of the electrode-stabilized flame to the burner surface. The high-

speed camera data provided results such as relative flame speed, the frequency 

and the amplitude dependency of flame wrinkling, and flame oscillations. It is 

found that the frequencies of the applied AC electric fields affected the flame 

structure leading to the formation of stable flame protrusions at frequencies 

close to 1.2 kHz. The number of the flame protrusions increased from 1 to ~10 

with increase in the voltage from 0.2 kVrms to 1.3 kVrms.  

The first direct experimental conductivity measurements for potassium 

seeded methane-oxygen flames were carried out using RF probes. The 

conductivity values ranged between 0.5 S/m - 4 S/m for seeding mass fractions 

of 4.53x10-6 to 4.53x10-5. The obtained values were compared with the available 

flame conductivity model values. The experimental values agrees with the 

theoretical conductivity values with reasonable accuracy.  

The numerical model with comprehensive kinetic mechanisms for neutral 

and charged species was used to predict the ion and electron concentrations and 

the current densities. The model boundary conditions and the solution method 

were modified to obtain electric field profiles in the seeded and the unseeded 
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flames. The model was validated against the available literature data. The V-I 

characteristics obtained from the numerical flame model  qualitatively agree with 

the experimental trends and analytical model predictions. The numerical model 

underpredicts the saturation currents. This numerical prediction can be 

improved by refining the chemical kinetics.  

7.2 Future Work 

Detailed explanations for the flame instability and flame wrinkling in the 

electrode–stabilized flames needs to be carried out. The 1D analytical model 

could be expanded to a two dimensional model that can accommodate the charge 

redistribution and other related effects on the flame structure. The chemical 

kinetics of the seeded and the unseeded flames can be extended to include other 

major ion species reactions. The governing equations of the numerical model can 

also be modified to study the current variation in a time-varying electric field. 

The rf probe conductivity measurement technique can be expanded to measure 

the conductivity values of unseeded flames.  
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APPENDICES 
Appendix A 

The electric field can be obtained using the analytical model that is 

explained in Chapter 3 using the following steps: 

The current density of the charged species are shown below: 

The electric field value is given in terms of the the charge  

concentrations as: 

Upon subtituion of A.4 in A.1, 

 

 
𝑗𝑖 = 𝑒𝐸𝑛𝑖𝜇𝑖 

A.1 

 𝑗𝑒 = 𝑒𝐸𝑛𝑒𝜇𝑒 
 

A.2 

 
𝑑𝐸

𝑑𝑥
=

𝑒

𝜖𝑜
 (𝑛𝑖 − 𝑛𝑒) 

 

A.3 

 
𝑑𝐸

𝑑𝑥
=

𝑒𝑛𝑖

𝜖𝑜
 

 

A.4 

 𝑗 =  𝜇𝑖𝐸
𝑑𝐸

𝑑𝑥
𝜖𝑜 

 

A.5 

 𝐸𝑑𝐸 =
𝑗𝑖

𝜇𝑖𝜖𝑜
𝑑𝑥 

 

A.6 
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For negative electrode potential, the flame area that is of importance is 

between xf and L. 

At x=0; E (0) =Ee that provides, 

Below the subsaturation regime, Ee = 0, 

 

 

 

𝐸2

2
=

𝑗𝑖

𝜇𝑖𝜖𝑜

(𝑥)
𝐿

𝑥𝑓
+ 𝑐 

 

A.7 

 𝐸𝑒
2

2
= 0 + 𝑐 

A.8 

 𝑐 =
𝐸𝑒

2

2
 

 

A.9 

 
𝐸2

2
=

𝑗

𝜇𝑖𝜖𝑜
𝐿 +

𝐸𝑒
2

2
 

 

A.10 

 
𝐸2 =

2𝑗𝐿

𝜇𝑖𝜖𝑜
 

A.11 

 
−

𝑑𝑉

𝑑𝑥
= 𝐸 

A.12 

 
𝐸 = √

2𝑗𝐿

𝜇𝑖𝜖𝑜
 

A.13 
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For positive electrode potential, the flame area that is of importance is 

between xf and L. 

 

 

 
−

𝑑𝑉

𝑑𝑥
= √

2𝑗𝐿

𝜇𝑖𝜖𝑜
 

A.14 

 
−𝑑𝑉 = √

2𝑗𝐿

𝜇𝑖𝜖𝑜
𝑑𝑥 

A.15 

 −[𝑉]
−𝑉

0
=

√
2𝑗

𝜇𝑖𝜖𝑜
 𝐿

3
2

3
2

 

 

A.16 

 −[𝑉] =

√
2𝑗

𝜇𝑖𝜖𝑜
 𝐿

3
2

3
2

 

 

A.17 

 
𝑉2 =

2𝑗

9𝜇𝑖𝜖𝑜
4𝐿3 

A.18 

 
𝐼 = 𝑗𝑖𝐴 =

9𝑉2𝜇𝑖𝜖𝑜

8𝐿3
𝐴 

A.19 

 
𝐸2

2
=

𝑗𝑖

𝜇𝑖𝜖𝑜

(𝑥)
𝑥𝑓

0
+ 𝑐 

 

A.20 

 𝐸(𝑥)2

2
=

𝑗𝑖

𝜇𝑖𝜖𝑜
(𝑥𝑓 − 𝑥) + 𝑐 

A.21 



   

157 

 

At x= xf ; E(xf) =Ee that provides, 

 

  
Below the subsaturation regime, Ee = 0,  

 𝐸𝑒
2

2
= 0 + 𝑐 

A.23 

 𝑐 =
𝐸𝑒

2

2
 

 

A.24 

 𝐸2(𝑥) =
2𝑗𝑠𝑎𝑡

𝜇𝑖𝜖𝑜
(𝑥𝑓 − 𝑥) + 𝐸𝑒

2 

 

A.25 

 𝐸2

2
=

𝑗𝑖

𝜇𝑖𝜖𝑜
𝑥𝑓 

A.26 

 𝑑𝑉

𝑑𝑥
= √

2𝑗𝑖

𝜇𝑖𝜖𝑜
𝑥𝑓 

A.27 

 
𝑑𝑉 = √

2𝑗𝑖

𝜇𝑖𝜖𝑜
𝑥𝑓𝑑𝑥 

A.28 

 
𝑉 = √

2𝑗𝑖

𝜇𝑖𝜖𝑜
(

2𝑥
3
2

3
) + 𝑐 

A.29 

 𝐼 = 𝑗𝑖𝐴 =
9𝑉𝜇𝑖𝜖𝑜

8𝑥𝑓
3 𝐴 A.30 
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Appendix B 

 

The equivalent tank circuit (Fig. A.1) used to obtain the impedance fit is 

shown below: 

 

Fig. B.1. LC tank circuit 

(a) The impedance of the tank circuit (Fig. 5.5) is given as: 

 
1

𝑍𝐿𝐶
=

1

𝑍𝐶
+

1

𝑍𝐿
 B.1 

 𝑍𝐿 = 𝑅𝐿 + 𝑖𝜔𝐿 B.2 

 𝑍𝐶 = −
𝑖

𝜔𝐶
 B.3 

 
1

𝑍𝐿𝐶
=

1

𝑅𝐿 + 𝑖𝜔𝐿
+

1

−
𝑖

𝜔𝐶

 B.4 
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1

𝑍𝐿𝐶
=

1

𝑅𝐿 + 𝑖𝜔𝐿
+

1

−
𝑖

𝜔𝐶 ×
𝑖
𝑖

 B.5 

 
1

𝑍𝐿𝐶
=

1

𝑅𝐿 + 𝑖𝜔𝐿
+

1

1
𝑖𝜔𝐶

 B.6 

 
1

𝑍𝐿𝐶
=

1

𝑅𝐿 + 𝑖𝜔𝐿
+ 𝑖𝜔𝐶 B.7 

 
1

𝑍𝐿𝐶
=  

1 + 𝑖𝜔𝐶(𝑅𝐿 + 𝑖𝜔𝐿)

𝑅𝐿 + 𝑖𝜔𝐿
 B.8 

 
1

𝑍𝐿𝐶
=  

1 + 𝑖𝜔𝐶(𝑅𝐿 + 𝑖𝜔𝐿)

𝑅𝐿 + 𝑖𝜔𝐿
×

𝑅𝐿 − 𝑖𝜔𝐿

𝑅𝐿 − 𝑖𝜔𝐿
 B.9 

 
1

𝑍𝐿𝐶
=  

𝑅𝐿 − 𝑖𝜔𝐿 + 𝑖𝜔𝐶(𝑅𝐿
2 + 𝜔2𝐿2)

𝑅𝐿
2 + 𝜔2𝐿2

 B.10 

 
1

𝑍𝐿𝐶
=  

𝑅𝐿 − 𝑖 (𝜔𝐿 − 𝜔𝐶(𝑅𝐿
2 + 𝜔2𝐿2))

𝑅𝐿
2 + 𝜔2𝐿2

 B.11 

Upon taking the absolute value we arrive at the final equation used in Eq. 5.7 

 |𝑍𝐿𝐶| = |
𝑅𝐿

2 + 𝜔2𝐿2

𝑅𝐿 − 𝑖 (𝜔𝐿 − 𝜔𝐶(𝑅𝐿
2 + 𝜔2𝐿2))

| B.12 
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(b) To derive the angular resonant frequency ωr for the tank circuit, the following 

approach is used: 

The admittance Y of the tank circuit from B.11 is given as follows: 

 𝑌 ≡
1

𝑍𝐿𝐶
=

1

𝑅𝐿 + 𝑖𝜔𝐿
+

1

−
𝑖

𝜔𝐶

 B.13 

 |𝑌| = |
𝑅𝐿 − 𝑖(𝜔𝐿 − 𝜔𝐶 (𝑅𝐿

2 + 𝜔2𝐿2)

𝑅𝐿
2 + 𝜔2𝐿2

 | B.14 

In general, at the resonant angular frequency ωr,  

 
𝑑|𝑌|

𝑑𝜔
|

𝜔𝑟

 = 0  B.15 

Which leads to the assumption that, 

 𝐼𝑚(𝑌(𝜔𝑟)) = 0 B.16 

 ⟹ 𝜔𝑟𝐿 − 𝜔𝑟𝐶 (𝑅𝐿
2 + 𝜔𝑟

2𝐿2) = 0 B.17 

 𝜔𝑟 = √
1

𝐿𝐶
− (

𝑅

𝐿
)

2

 B.18 
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The simplified solution for the high values of Q-factor (the ratio of reactance 

XL = ωrL to the resistance R) of the circuit at the resonant condition shows that, 

 

𝑄 =
𝑋𝐿

𝑅
=  

𝜔𝑟𝐿

𝑅
> 20 ⟹  𝑅 ≪    𝑍0  ≈  √

𝐿

𝐶
 B.19 

Where, Z0 is the characteristic impedance of the circuit. 

Upon substituting the above assumption in B.18, provides the resonant angular 

frequency ωr,  

 

𝜔𝑟  ≈   √
1

𝐿𝐶
= 𝜔0 B.20 
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Appendix C 

The electrical conductivity σ is calculated in terms of the change in the 

resistance R of the tank circuit with respect to the resistance R0 of the reference 

medium (Dixit et al., 1987).  

 𝜎 ≈ Δ𝑅 = 𝑅 − 𝑅0  C.1 

The circuit Q-factor is given as the ratio of the inductive reactance XL 

obtained for an inductance L of the coil to the series resistance R at the resonant 

angular frequency ωr, as shown in B.19: 

 𝑄 =
𝑋𝐿

𝑅
=  

𝜔𝑟𝐿

𝑅
 C.2 

 𝑄0 =  
𝜔𝑟𝐿

𝑅0
 C.3 

With the assumption that the resonant angular frequency and the 

inductance remains the same, substituting the values of R and R0 in B.1, the 

electrical conductivity of the conductive medium is obtained as follows: 

 𝜎 ≈ Δ𝑅 = 𝑅 − 𝑅0 = 𝜔𝑟𝐿 (
1

𝑄
−

1

𝑄0
) C.4 
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But, for this study, the assumptions used to derive B.4 becomes void due 

to the fact that the inductance L of the coil and the angular resonant frequency 

ωr varies with the seed rate in the flame. This variation in the flame parameters 

is very evident from the experimental results. To accommodate this anomaly, the 

difference in the Q-factor values are considered instead of using the R to 

measure the conductivity value.  

For seeded Flame condition, with L as the inductance of the coil, R as the series 

resistance and ωr as the resonant frequency, Q-factor is defined as 

 
1

𝑄
=

R

𝜔𝑟𝐿
  C.8 

For the reference condition, with L0 as the reference inductance of the coil, R0 as 

the reference series resistance and ω0 as the reference resonant frequency, 

reference Q-factor is defined as 

 
1

𝑄0
=

R0

𝜔0𝐿0
 C.9 

Then the electrical conductivity σ is calculated as,  

 𝜎 ≈
1

𝑄
−

1

𝑄0
=

R

𝜔𝐿
−

R0

𝜔0𝐿0
 C.10 
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Appendix D 

The reaction mechanism used in the potassium seeded charge 

concentration along with the reaction rate constants are provided in this 

appendix. The modified Arrhenius equation is used here to find the rate constant 

of the chemical reaction.  

 𝑘 = 𝐴𝑒
{−

𝐸𝑎
𝑘𝐵𝑇

}
 D.1 

The units for Ea is activation energy (J/kgmol); A is pre-exponential factor; 

T is temperature (K); b is temperature exponent (non-dimensional); R is gas 

constant (J/kgmol/K) kB is Boltzmann constant. 

𝐾 +  𝑂 +  𝑀 ⇋  𝐾𝑂 +  𝑀   A: 1.5e+21, b: -1.5, Ea: 0 

𝐾 +  𝑂𝐻 +  𝑀 <=>  𝐾𝑂𝐻 +  𝑀  A: 5.4e+21, b: -1.55, Ea: 0 

𝐾 +  𝐻𝑂2 <=>  𝐾𝑂𝐻 +  𝑂 A: 1.0e+14, b: 0, Ea: 0 

𝐾 +  𝐻𝑂2 <=>  𝐾𝑂 +  𝑂𝐻 A: 3.0e+13, b: 0, Ea: 0 

𝐾𝑂 +  𝐻 <=>  𝐾 +  𝑂𝐻 A: 2.0e+14, b: 0, Ea: 0 
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𝐾𝑂 +  𝑂 <=>  𝐾 +  𝑂2 A: 2.2e+14, b: 0, Ea: 0 

𝐾𝑂 +  𝑂𝐻 <=>  𝐾𝑂𝐻 +  𝑂 A: 2.0e+13, b: 0, Ea: 0 

𝐾𝑂 +  𝐻𝑂2 <=>  𝐾𝑂𝐻 +  𝑂2 A: 5.0e+13, b: 0, Ea: 0 

𝐾𝑂 +  𝐻2 <=>  𝐾𝑂𝐻 +  𝐻 A: 1.6e+13, b: 0, Ea: 0 

𝐾𝑂 +  𝐻2 <=>  𝐾 +  𝐻2𝑂 A: 3.1e+12, b: 0, Ea: 0 

𝐾𝑂 +  𝐻2𝑂 <=>  𝐾𝑂𝐻 +  𝑂𝐻 A: 1.3e+14, b: 0, Ea: 0 

𝐾𝑂 +  𝐶𝑂 <=>  𝐾 +  𝐶𝑂2 A: 1.0e+14, b: 0, Ea: 0 

𝐾𝑂𝐻 +  𝐻 <=>  𝐾 +  𝐻2𝑂 A: 5.0e+13, b: 0, Ea: 0 

 


