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Abstract—The charge 
density in a flame contains 
important information about 
the combustion processes that 
is difficult to obtain due to fast, 
complex, and highly 
exothermic reactions. This 
paper presents a study of 
using electrostatic probes to 
measure the charge density in 
methane fired diffusion and 
premixed flames. The sensing 
principle, practical design, and 
performance assessment of 
the electrostatic probe are 
presented. Comparative 
experimental studies with a reference ion-current sensor carried out on a combustion test rig indicate that the 
fluctuation of the signal from the electrostatic probe arises from the variation in the charge density in a flame. A 
dimensionless index, combining the average of local peak values in the electrostatic signal with the flame oscillation 
frequency, is adopted as an indicator of the charge density. Experimental results demonstrate that the charge density 
in a methane diffusion flame has an increasing trend with the fuel flowrate varying from 0.80 L/min to 1.20 L/min. The 
charge density in a methane-air premixed flame yields a decreasing trend with the equivalence ratio ranging from 0.54 
to 0.75, then increases and reaches a local peak at the equivalence ratio of 1.03, and continues to increase when the 
equivalence ratio varies from 1.03 to 3.50. The charge density in the inner cone is higher than that in the outer cone 
for diffusion and premixed flames. The results obtained suggest that the developed electrostatic probe and the index 
can be used to indicate the charge density in diffusion and premixed flames. 

 
Index Terms—Flame, charge density, electrostatic probe, combustion monitoring. 

 

 

I.  INTRODUCTION 

HE analysis of combustion processes is difficult since fast, 

complex, and highly exothermic reactions are involved. In 

general, high pressures and multiple interferences such as dust 

and particles as well as background radiation are present in the 

transient reactions, posing the challenge for the monitoring 

and characterization of a flame. Earlier studies of burner 

flames [1-4] are concerned mostly with optical and 
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thermoacoustic properties of flames and little on their 

electrical properties. Chemical reactions in a flame produce 

charged species such as free electrons, ions, and soot particles 

[5-8]. The charge density and its spatial distribution in a flame 

are directly related to the chemical reactions, containing 

important information on the combustion processes [9]. 

Therefore, measurement of charge density in a flame is 

desirable to gain a good understanding of the reaction and 

combustion processes. 

An active negatively biased probe, which adopts the burner 

as the reference electrode, has been widely employed to detect 

the ion current to determine the ion concentration and its 

distribution in a flame [9, 10]. Another kind of active sensing 

probe adopts a platinum wire as the detecting part and a 

supporting tube as the reference electrode [11]. The 

displacement speed of the chemical reaction zone in a furnace 

can be obtained by cross-correlation analysis of the ion-

current signals from two identical probes [11]. Peerlings et al. 

[12] employed the generation rate of ions as an indicator of the 

dynamic flame response. Power spectral analysis of the 

Measurement of Charge Density in Methane 
Fired Diffusion and Premixed Flames Using 

Electrostatic Probes 
Yong Yan, Fellow, IEEE, Jiali Wu, Graduate Student Member, IEEE and Yonghui Hu, Senior 

Member, IEEE 

T 

mailto:y.yan@kent.ac.uk


This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License. For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JSEN.2021.3117574, IEEE Sensors
Journal

2  IEEE SENSORS JOURNAL, VOL. XX, NO. XX, MONTH X, XXXX 

 

current signal from an ion-current sensor was conducted to 

obtain the oscillation frequency of a premixed flame [13] and 

detect lean blowout in a pulse combustor [14]. Although such 

ion-current sensors provide localised information about a 

flame, the external voltage applied to the flame can affect the 

combustion rate, and the shape, stability of the flame.  

Mass spectrometers were employed to identify the positive 

and negative ions, particularly in hydrocarbon flames [15-17]. 

Guo et al. [15] collected the total flux of cations that collides 

with a conductive plate perpendicular to the flame axis and 

detected a saturation current to measure the concentration of 

positive ions in a flat flame. Hayhurst et al. [16] investigated 

the effect of applied electric fields on the mass spectrometric 

sampling of positive and negative ions from a flat flame. In 

these cases, the flame is generally doped with an appropriate 

additive (the easily-ionizable alkali metal) to allow the degree 

of ionization to be enhanced above the natural ionization level. 

Mass spectrometers provide accurate and easily reproducible 

results. However, such instruments have some problems 

including the flow field of the flame possibly being disturbed, 

chemical reactions catalysed by the material of the sampling 

nozzle and the influences of applied electric fields on the 

motion of ions from a flame into the sampling system [17]. 

There has been limited research on the measurement of 

charge density in burner flames using passive electrostatic 

probes so far. This paper introduces the sensing principle, 

practical design and performance assessment of electrostatic 

probes. Electrostatic probes extended into the flame can detect 

the charges of positive and negative ions, free electrons 

together with charged soot particles in the flame. Passive 

electrostatic probes have no requirement for an external 

electric field, which is advantageous over ion-current sensors. 

In comparison with mass spectrometers, electrostatic probes 

have the advantages of simplicity in sensor structure and cost-

effectiveness, making the technique suitable for applications 

to a wider range of industrial processes. Electrostatic probes 

can be used to measure the charge density for any flames in 

industrial furnaces for power generation, metal smelting etc 

[11]. Electrostatic probes may also be used in some 

combustion systems such as internal combustion engines [14]. 

An isolated electrostatic probe is used in this study. The 

isolated electrostatic probe detects the amount of induced 

charge through electrostatic sensing, but may lose partial 

information about transferred charge. However, the isolated 

electrode in an electrostatic probe has no direct contact with 

the charged species in the flame and thus yellow tungsten 

trioxide, a kind of N-type semiconductor material that may 

affect the electrical conductivity of the tungsten electrode, will 

not be produced on the electrode surface [18]. Experimental 

investigations into the measurement of charge density in 

methane fired diffusion and premixed flames using 

electrostatic probes are conducted on a combustion rig. 

II. MEASUREMENT METHOD AND SENSOR DESIGN 

A. Sensing principle 

Although a flame contains charged species such as free 

electrons, positive and negative ions together with charged 

soot particles, it is weak plasma and electrically neutral as an 

integral whole [16]. The induced signal from the isolated 

electrode placed around the flame is entirely due to 

electrostatic induction from the charged species and thus its 

amplitude is very small and negligible. The signal from the 

exposed electrode installed around the flame originates from 

charge transfer and its amplitude is mainly related to the 

distance from the flame boundary to the electrode [19]. 

Information about the density of charged species in the flame 

can only be acquired using an isolated electrostatic probe 

inserted into the flame.  

Fig. 1 shows the sensing principle of the electrostatic probe 

for the measurement of charge density in a burner flame. The 

isolated electrode of the probe inserted into the flame provides 

the sensing volume, i.e. electrostatic induction takes place 

through the insulated coating of the electrode. The installation 

location of the probe can be adjusted to measure the interested 

zones of the flame. A large number of charges are 

continuously generated and distributed in the flame. If the 

density of charged species did not change at all and its 

distribution was uniform, the induced charge on the 

electrostatic probe arising purely from electrostatic induction 

would keep constant and there would be no current flowing 

through the electrode. In practice, the density and spatial 

distribution of charged species in the flame vary with time due 

to the complex chemical reaction, giving rise to the fluctuation 

of the spatial charge density in the vicinity of the probe and 

hence the amount of induced charge on the isolated electrode 

of the probe. The induced charge on the electrostatic probe 

arises from a combination of free electrons, positive and 

negative ions together with charged soot particles in the flame. 

Although charge neutralization may occur, the concentrations 

of positive and negative elements generated in the flame are 

not equal. The amount of induced charge indicates the overall 

density of charged species in the flame. The induced charge 

representing the density of charged species can be converted 

into a voltage signal using a current-to-voltage converter. The 

voltage signal is further amplified with a secondary amplifier 

and denoised with a low-pass filter. In addition, the overall 

polarity of charged species can be determined from the 

polarity of the induced-charge signal from the electrostatic 

probe. 

 
Fig. 1.  Sensing principle of the electrostatic probe for the 
measurement of charge density in a burner flame. 

B. Measurement method 

The magnitude of the induced charge signal is directly 

related to the charge density in the flame. The time-domain 

parameters of the charge signal, including the average of local 

peak values (Vp), root mean square (rms) value (Vrms) and 

energy (E) of the signal, are useful indicators of the signal 

magnitude. There are several local peaks that should be 

identified in the charge signal. A point in the signal is 

regarded as a local peak if its amplitude is between two 

consecutive local minima. The average of local peak values is 

given by: 
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where Vp(i) is the i-th local peak value, n is the number of 

local peak values. Vrms is determined from: 
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where vj (j = 1, 2, …, N) denotes the discrete-time sampled 

signal, N is the number of samples in the discrete-time signal. 

The energy of the signal is expressed as: 
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The amount of induced charge on the electrostatic probe is 

dependent on a wide range of factors, making it difficult to 

obtain absolute charge density in the flame [3]. The signal 

magnitude is nondimensionalized according to the following 

equation to characterize the relative magnitude of the charge 

density in the flame under various operating conditions: 
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where Sk represents the signal magnitude, k = p, rms or E, and 

Sp, Srms, SE stand for the average of local peak values, rms 

value and energy of the signal, respectively. Sp,max and Srms,max 

denote the highest value in the sampled signal, and SE,max the 

square of the highest value in the signal. 

Suppose the variation in the induced charge is approximated 

using a sinusoidal function Q = A sin (2 f t), where A denotes 

the amplitude and f the oscillation frequency. The signal from 

the electrostatic probe, i.e. the induced-current signal, is the 

time derivative of the induced-charge signal. The induced-

current signal is expressed as I = 2 A f cos (2 f t). The 

magnitude of the induced-current signal is proportional to the 

magnitude and oscillation frequency of the induced-charge 

signal [20]. To take the influence of the oscillation frequency 

on the magnitude of the induced-current signal into 

consideration, the index charge density (C), which divides the 

dimensionless signal magnitude by the oscillation frequency, 

is introduced to acquire a more accurate characterization of the 

charge density in the flame, i.e. 
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where Cp, Crms, CE stand for the charge density characterized 

using the average of local peak values, rms value and energy 

of the electrostatic signal, respectively. Fnond is the 

dimensionless oscillation frequency. The dimensionless 

oscillation frequency Fnond is given by: 
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where F is the oscillation frequency obtained from power 

spectral analysis of the electrostatic signal. Previous studies 

[21] indicate that a diffusion flame has a single dominant 

frequency component, whereas a premixed flame contains a 

wide range of frequencies. The frequency corresponding to the 

largest peak in the power spectrum is regarded as the 

measured oscillation frequency of the diffusion flame. The 

oscillation frequency of the premixed flame takes the 

contributions of all components over the entire frequency 

spectrum into consideration [21]. The discussions about the 

flame oscillation frequency obtained using the developed 

electrostatic probe will be presented in Section III. C 2). fsec 

denotes the frequency corresponding to the 2-rd order 

harmonics in the power spectrum. 

C. Sensor design 

The structure of the isolated electrostatic probe is illustrated 

in Fig. 2. The probe is composed of a tungsten electrode, a 

quartz insulating tube and a grounded supporting tube. The 

electrode is supported with the hollow stainless-steel tube with 

an outer diameter of 4 mm, and the quartz insulating tube with 

a round tip provides insulation between the electrode and the 

stainless-steel tube. The outer diameter of the insulating tube 

is 3 mm. The diameter of the electrode is 1 mm whilst the 

electrode protrudes for 10 mm from the end of the stainless-

steel tube. The maximum temperature of the flame in the 

burner is about 1000℃, whereas the common working 

temperatures of the tungsten electrode and quartz insulating 

tube are 2000℃ and 1200℃, respectively, which meet the 

requirement of a sensor for flame monitoring in a high-

temperature environment. For the monitoring of a flame with a 

higher temperature in an industrial furnace, a ceramic or 

alundum tube may be used as insulation material since their 

working temperature can reach 1600℃ or higher. 

The difference between the isolated and exposed 

electrostatic probes is that the exposed electrode has no quartz 

insulating tube so it has direct contact with the flame. 

Observations of experimental tests on exposed electrostatic 

probes have shown that, when the exposed tungsten electrode 

is inserted into the flame, yellow tungsten trioxide WO3, will 

be produced on the surface of the tungsten electrode after a 

few seconds. WO3 is a kind of N-type semiconductor that may 

affect the electrical conductivity of the tungsten electrode. 

From this point of view, the isolated electrostatic probe is 

adopted in this study.  

 
            (a)                                                               (b) 

Fig. 2.  Electrostatic probe. (a) Design and structure of the electrostatic 
probe. (b) Photo of the electrostatic probe. 

 

Fig. 3 shows the signal conditioning circuit mounted on the 

side of printed circuit board, which is enclosed within a 

grounded metal box to avoid external electromagnetic 

interference. The circuit connects to the probe via shielded 

coaxial cables and BNC (Bayonet Neill–Concelman) 

connectors. The circuit board is powered by a ±2.5 V dual 

power supply. A standard MINI USB connector with compact, 

simple and reliable structure is used for power and signal 

transmission.  
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Fig. 3.  Signal conditioning circuit. 

III. EXPERIMENTAL SETUP 

A. Test rig 

The combustion rig used for performance assessment of the 

developed electrostatic probe is shown in Fig. 4. It consists of 

a combustion chamber, a burner, two flowmeters for air and 

fuel, two electrostatic probes, a reference ion-current sensor, a 

data acquisition system, and a host computer. The length of 

the rectangular combustion chamber is 80 cm and the height is 

70 cm. The combustible mixture flows from the burner outlet 

with a diameter of 24 mm in the chamber and then is ignited, 

generating cone-shaped flames. The flame structure (shape 

and length) depends on the mixing pattern of the air and the 

fuel. According to whether the fuel and oxidizer are mixed 

prior to reacting, the flame can be divided into premixed and 

diffusion flames. Fig. 5 depicts the structure of typical 

premixed and diffusion gaseous flames. In a premixed flame, 

the fuel and the oxidizer are mixed before reacting. In a 

diffusion flame, however, fuel is supplied to the burner while 

the oxidizer is supplied from the ambient air, and the mixing 

and combustion reactions take place together. Both the 

premixed and diffusion flames have a darker inner cone and a 

lighter outer cone [22]. The difference is that the premixed 

flame has a very narrow reaction zone whereas the diffusion 

flame has a wider region and thus a larger length. Both the 

inner and outer cones within the flame are of primary interest, 

two electrostatic probes are thus used to monitor these two 

cones. The electrostatic probe inserted into the flame is 

perpendicular to the flame axis. The presence of the 

electrostatic probe in the flame field may cause some 

disturbance to the flame itself. In this study, the ratio of the 

cross-sectional area of the probe (product of the diameter and 

the length of the probe inserted into the flame) to the cross-

sectional area of the flame horizontally across the flame is less 

than 6.5%, diminishing the effect of the probe on the flame. A 

National Instruments USB-6363 data acquisition (DAQ) card 

was used to acquire the signal from the electrostatic probe at a 

rate of 1 kHz. The electrostatic signal was then transmitted 

into the host computer and processed. 

 

Fig. 4.  Constituent elements of the test rig for charge density measurement. 
 
 

 
(a)                                         (b) 

Fig. 5.  Structure of typical diffusion and premixed gaseous flames [21]. 
(a) Diffusion flame. (b) Premixed flame. 

 

Ion-current sensors have been widely used to measure the 

ion concentration in a flame [12-14]. Before the measurement 

of charge density in a burner flame, the performance of the 

electrostatic probe was validated against an ion-current sensor. 

The ion-current sensor was installed at the inner cone of the 

flame, which is considered as the primary reaction region of 

the combustion process in terms of energy conversion and 

emission formation [23]. The installation height of the ion-

current sensor is consistent with that of the electrostatic probe 

located in the inner cone. The ion current was sampled at a 

rate of 1 kHz using the data acquisition card to remain 

consistent with the sampling frequency of the signal from the 

probe. Assuming the resistance of the fluid medium between 

the two electrodes was R, the ion current flowing through the 

two electrodes could be acquired by dividing the applied 

voltage by the resistance [11]. A conditioning circuit for the 

ion-current signal, consisting of an DC bridge-based resistor-

to-voltage convertor, was built. 
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B. Test conditions 

Experiments were conducted under 29 test conditions, as 

summarized in Table I. During the experiments, different 

diffusion flames were produced by adjusting the fuel flowrate 

Fm with air supplied from the ambient. The fuel flowrate was 

varied over the range of 0.80 L/min to 1.20 L/min with a step 

change of 0.05 L/min to achieve various operating conditions. 

Equivalence ratio  is an indicator of the operating condition 

for a premixed flame since the equivalence ratio is closely 

related to flame stability, pollutant emissions and heat loss 

[24]. The equivalence ratio, , is defined as: 
 

actual

stoichiometric

(fuel-to-air ratio)
=

(fuel-to-air ratio)
      (7) 

 

where the stoichiometric fuel-to-air ratio is the chemically 

correct fuel-to-air ratio required for complete combustion of 

the fuel. For methane, the stoichiometric fuel-to-air ratio is 

about 1:9.52 by volume. Different premixed flames were 

created by adjusting the air flowrate at a fixed fuel flowrate of 

1.00 L/min. The air flowrate was varied over the range from 

2.70 L/min to 17.60 L/min to achieve various equivalence 

ratios from 0.54 to 1.70 with an increment of 0.07 and from 

2.00 to 3.50 with an interval of 0.50. 
 

TABLE I 
TEST PROGRAM 

 

The installation location of the electrostatic probe may 

affect the measurement results as the electrostatic signal is a 

local measurement. Previous studies indicate that for the inner 

cone of a methane-fired flame, the temperature at a position 

above 70% of its length is higher and changes little [25]. For 

the outer cone, the temperature at 40% and 70% of its length 

reaches maximum and varies in a small range. Since the ion 

concentration in a flame is closely related to the temperature 

[9], it is reasonable to set the installation location of the probes 

according to the aforementioned information. The position of 

the flame that has the maximum temperature is set to the 

installation location of the electrostatic probe. Observations of 

the flames in the experiments show that the flame length 

varies with the test condition. Fig. 6 shows the length of the 

diffusion flame at Fm = 0.80 L/min and 1.20 L/min, and that of 

the premixed flame at  = 0.54 and 3.50, respectively. The 

length of the inner cone for the diffusion flame under all test 

conditions in this study is about 55 mm and that for the 

premixed flame increases from 55 mm to 75 mm with . In 

order to compare the measurement results under all test 

conditions, the probe was stalled 50 mm above and in parallel 

to the burner outlet to measure the inner cone. The length of 

the outer cone for the diffusion flame increases from 195 mm 

to 225 mm with Fm and that for the premixed flame increases 

from 145 mm to 180 mm with . For the outer cone, it is 

reasonable to set the vertical distance from the probe to the 

burner outlet to 100 mm. Since in this case, the installation 

height for the diffusion flame is between 44% to 51% of the 

length of the outer cone and that for the premixed flame is 

between 56% to 69%. 

 
(a)                                                            (b) 

Fig. 6.  Flame length under different test conditions. (a) Diffusion flame. 
(b) Premixed flame. 

IV. RESULTS AND DISCUSSION 

A. Validation of the developed electrostatic probe 

Fig. 7 shows the typical signals from the electrostatic probe 

and the ion-current sensor for the diffusion flame at Fm = 0.90 

L/min and Fm = 1.00 L/min. The signal waveforms for other 

fuel flowrates exhibit similar characteristics to those in Fig. 7 

and hence not plotted. The DC components of the signals are 

removed. It is clear that either the signal from the electrostatic 

probe or the ion-current sensor is periodical. In addition, the 

electrostatic and ion-current signals have similar patterns. The 

amplitudes of such two signals become slightly larger as Fm 

increases. It can be drawn from the results that the fluctuation 

of the signal from the electrostatic probe arises from the 

variation in the density of charged species in the burner flame. 

The power spectral density (PSD) distributions of the 

electrostatic and ion-current signals, in which normalization is 

performed separately relative to the highest spectral peaks, are 

depicted in Fig. 8. It can be noticed the power spectra of the 

electrostatic and ion-current signals are very similar, with the 

same strong spectral peaks at distinct frequencies. In the signal 

spectra, the dominant frequencies at Fm = 0.90 L/min and Fm = 

1.00 L/min are 12.8 Hz and 13.2 Hz, respectively, which agree 

well with the dominant frequencies of the ion-current signals. 

The relative values of the spectral peaks in both spectra are in 

good agreement. With reference to the ion-current sensor, the 

electrostatic probe can be employed to measure the charge 

density in a burner flame. 
 

 
(a)                                                            (b) 

Fig. 7.  Typical signals from the electrostatic probe and the ion-current 
sensor for the diffusion flame at Fm = 0.90 L/min and Fm = 1.00 L/min. 
(a) Electrostatic probe. (b) Ion-current sensor. 

 

Flame type 
Fuel flowrate 

(L/min) 

Air flowrate 

(L/min) 
Equivalence 

ratio 

Diffusion flame 0.80-1.20 / / 

Premixed flame 1.00 2.70-17.60 0.54-3.50 
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(a)                                                            (b) 

Fig. 8.  Normalized power spectra of the electrostatic and ion-current 
signals for the diffusion flame at Fm = 0.90 L/min and Fm = 1.00 L/min. 
(a) Electrostatic probe. (b) Ion-current sensor. 

 

B. Quantification of the charge density in the flame 

In order to select an appropriate index to indicate the charge 

density in the flame, the variations in the three indexes, i.e. Cp, 

Crms and CE, obtained using the electrostatic probe and the ion-

current sensor with the fuel flowrate, are compared. Fig. 9 

compares Cp, Crms and CE of the signals from the electrostatic 

probe and the ion-current sensor at different fuel flowrates. 

Each data point is an average of 12 measurements with the 

standard deviation marked as an error bar. All the indexes 

generally follow an increasing trend with Fm. More charged 

soot particles at a higher Fm result in a higher average of local 

peak values, a larger rms value and energy of the electrostatic 

signal. The Cp of the electrostatic signal shows better 

consistency with that of the ion-current signal than the Crms 

and CE, and yields better repeatability with relatively smaller 

standard deviation mostly within 17%. The Crms and CE of the 

electrostatic signal generally show a similar variation trend 

with those of the ion-current signal, but have poor agreement 

and higher standard deviation mostly more than 25%. The rms 

value and energy of the signal, which represent the 

fluctuations of the signal, are used to indicate the volumetric 

concentration of the pneumatically conveyed particles under 

specific conditions [3]. However, a larger rms value or energy 

of the induced-charge signal for the flame, i.e. a larger 

fluctuation of the signal, may not represent a higher 

concentration of charged species in the flame. In addition, the 

fluctuation of the signal is higher than that of the peak 

amplitude, resulting in a higher standard deviation of the rms 

value and energy of the signal. These results show that the 

index, Cp, is an appropriate indicator of the charge density in 

the flame. A greater Cp presents a higher charge density in the 

flame. 
 

 
(a)                                                             (b)  

 
(c)  

Fig. 9.  Parameters for the signals from the electrostatic probe and the 
ion-current sensor at different fuel flowrates. (a) Peak amplitude. (b) 
rms value. (c) Energy. 

 

C. Experimental results 

1) Time-domain signals 

After the validation of the effectiveness of the electrostatic 

probe for the measurement of charge density in a burner flame, 

the signals from the probes for the diffusion flame at different 

fuel flowrates and the premixed flame at various equivalence 

ratios were collected. Fig. 10 shows the typical signals for the 

inner and outer cones of the diffusion flame at three different 

fuel flowrates. It can be seen in Fig. 10(a) that the signal 

amplitude for the inner cone increases with Fm. This is 

because more complicated chemical reactions in the inner 

cone at a higher Fm result in larger generation rate and higher 

concentration of charged species. The electrostatic signal for 

the outer cone of the diffusion flame yields a similar trend. It 

can be observed that the signal amplitude for the inner cone is 

larger than that for the outer cone. This is due to the fact that 

more complete combustion in the inner cone results in a larger 

charge density. 
 
 

 
(a)                                                            (b) 

Fig. 10.  Typical signals from the electrostatic probe for the diffusion 
flame at Fm = 0.8 L/min, 1.0 L/min, and 1.2 L/min. (a) Inner cone. (b) 
Outer cone. 
 

Fig. 11 illustrates typical signals for the inner and outer 

cones of the premixed flame at three equivalence ratios. The 

electrostatic signal at   0.89 is similar to that at  = 0.89, 

but with a smaller amplitude. As indicated in Fig. 11(a), the 

signal amplitude for the inner cone at  = 1.03 is larger as 

more charged species are generated due to complete 

combustion. In addition, noticeable higher frequency 

fluctuations are observed in the electrostatic signals at  = 

0.89 and  = 1.03. This discovery is quite similar to the 

observation in the flame radiation signal taken at IR spectral 

range [21, 23]. Such results are due to the fact that the 
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premixed flame at   1 is more stable in shape and exhibits 

more rigorous kinetic variations in the energy emission rate of 

reacting species [2]. It can be observed in Fig. 11(b) that the 

signal amplitude for the outer cone also has an increasing 

trend with Fm because the concentration of charged soot 

particles becomes larger in the fuel-rich outer cone. 
 

 
(a)                                                            (b) 

Fig. 11.  Typical signals from the electrostatic probe for the premixed 

flame at  = 0.89, 1.03, and 3.50. (a) Inner cone. (b) Outer cone. 
 

2) Spectral analyses 

Previous studies based on a noncontact electrostatic 

sensor array [19, 26] or the digital imaging system [21] have 

shown that a diffusion flame has a dominant frequency within 

a comparatively lower range and the frequency corresponding 

to the largest peak in the power spectrum is regarded as the 

measured oscillation frequency of the diffusion flame. A point 

to note is that the noncontact electrostatic sensor array or the 

digital imaging technique measures the fluctuations of the 

flame shape or brightness to characterize the flame oscillatory 

characteristics, whereas the developed electrostatic probe 

detects the variation in charge density in the flame. The power 

spectra of the signals from the electrostatic probe for the 

diffusion flame at three different fuel flowrates, are illustrated 

in Fig. 12. The spectra have been normalized in accordance 

with the maximum of the PSD values. Observations of the 

power spectra have shown that the diffusion flame 

consistently contains a single dominant frequency component. 

The dominant frequency at a higher Fm is slightly larger than 

that at a lower Fm. The measured dominant oscillation 

frequencies for the inner and outer cones of the diffusion 

flame at different fuel flowrates are depicted in Fig. 13. From 

Fig. 13, an increasing trend in the variations of the oscillation 

frequency for the inner and outer cones is evident with the 

increasing Fm. However, the oscillation frequency varies 

within a small margin, typically between 12 Hz and 14 Hz 

when Fm increases from 0.80 L/min to 1.20 L/min, indicating 

that the increasing Fm has little effect on the oscillatory 

characteristics of the diffusion flame.  

Fig. 14 illustrates the power spectra of the signals from 

the electrostatic probe for the premixed flame at various 

equivalence ratios. In comparison with the spectra of the 

diffusion flame, more dominant frequencies within a wider 

range were observed in the spectra of the premixed flame. The 

oscillation frequency of a premixed flame should take the 

contributions of total components over the whole power 

spectrum into account [21, 23]. A quantitative oscillation 

frequency Fpre, is defined as the power-density-weighted 

average frequency over the frequency range: 

 
(a)                                                            (b) 

Fig. 12.  Power spectra of the signals from the electrostatic probe for 
the diffusion flame under various fuel flowrates. (a) Inner cone. (b) 
Outer cone. 

 
Fig. 13.  Dominant oscillation frequency for the inner and outer cones 
of the diffusion flame for various fuel flowrates. 
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where fm is the m-th frequency of the electrostatic signal, Pxx is 

the power density of the m-th frequency component of the 

signal, and M is the total number of frequency components. 

The weighted oscillation frequency for inner and outer cones 

of the premixed flame at different equivalence ratios are 

shown in Fig. 15. It is obvious that the oscillation frequency 

reaches its maximum at  = 1.03 and then decreases with . 

The results reveal that the flame is stable at  = 1.03 owing to 

complete combustion and tends to be unstable at a higher   

1.03.  
 

 
(a)                                                            (b) 

Fig. 14.  Power spectra of the signals from the electrostatic probe for 
the premixed flame at various equivalence ratios. (a) Inner cone. (b) 
Outer cone. 
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Fig. 15.  Weighted oscillation frequency for the inner and outer cones 
of the premixed flame at various equivalence ratios. 

 

3) Measurement results of charge density 

The Cp of the signal from the electrostatic probe for the 

inner and outer cones of the diffusion flame as a function of 

Fm is shown in Fig. 16. It is evident that the Cp for the inner 

and outer cones follows an increasing trend with Fm. An 

explanation for this trend is that, when Fm increases, the 

chemi-ionization reaction rate in the blue inner cone becomes 

larger, resulting in the increased concentration of positive and 

negative ions together with electrons in the inner cone. The 

higher reaction rate in the yellow outer cone also brings about 

larger concentration of charged soot particles. For the inner 

cone, the Cp is larger than that for the outer cone at the same 

Fm. This is because the concentration of ions generated due to 

chemi-ionization reaction is larger than that of the charged 

soot particles owing to incomplete combustion. In addition, as 

Fm increases, the rate of increase in the Cp for the outer cone is 

larger than the inner cone. For a diffusion flame, the mixing of 

the fuel and ambient air is achieved through mass diffusion 

between them. The reason for aforementioned result is that the 

volume of ambient air is fixed, more unburned fuel diffuses 

outward from the center of the flame to react with the air at a 

higher Fm, leading to a higher reaction rate of incomplete 

combustion in the outer cone and hence a larger increase rate 

in the concentration of charged soot particles. 
 

 
Fig. 16.  Dependence of Cp for the inner and outer cones of the 
diffusion flame on fuel flowrate. 

 

The Cp of the signal from the electrostatic probe for the 

inner and outer cones of the premixed flame as a function of 

equivalence ratio is illustrated in Fig. 17. The equivalence 

ratio ranges from 0.54 to 3.50, covering the main test 

conditions for typical fuel-lean, stoichiometric and fuel-rich 

premixed flames. The variation of the charge density in the 

premixed flame can be divided into three stages. The Cp of the 

electrostatic signal firstly yields a decreasing trend with  

ranging from 0.54 to 0.75 in stage I, increases and reaches a 

local peak at  = 1.03 in stage II, and then continues to 

increase when  varies from 1.03 to 3.50 in stage III.  

The Cp in stage I has a decreasing trend. This result is 

attributable to the fact that when   0.75, the excess air more 

than required for complete combustion will reduce the 

temperature, resulting in incomplete combustion of part of the 

fuel. As  increases in stage I, the reduction in the amount of 

excess air brings about less charged soot particles produced by 

incomplete combustion and more ions generated from chemi-

ionization reaction, leading to a reduction in the overall charge 

density. In stage II, when  is between 0.75 and 1.03, the 

concentration of charged soot particles continues to decrease 

with , but the rise in the concentration of ions and electrons 

determines the trend of overall charge density predominantly. 

At  = 1.03, the concentration of ions and electrons reaches 

its maximum value because of complete combustion. The 

increasing trend of the Cp in stage III for the inner cone is 

owing to the larger concentration of positive and negative ions 

as well as electrons. Such an increasing trend in stage III for 

the outer cone is because more charged soot particles are 

generated due to incomplete combustion in a fuel-rich flame. 

It is clear from Fig. 17 that the Cp in the inner cone is 

consistently higher than that in the outer cone in all cases. This 

result can be explained by the fact a larger amount of air in the 

inner cone gives rise to a higher rate of chemical reaction 

between the unburned fuel and air, and thus a higher charge 

density in the inner cone. 
 

 
Fig. 17.  Dependence of Cp for the inner and outer cones of the 
premixed flame on equivalence ratio. 

V. CONCLUSIONS 

Experimental investigations into the use of electrostatic 

probes for the measurement of charge density in methane fired 

diffusion and premixed flames have been conducted. The 

performance of the electrostatic probe has been validated 

against an ion-current sensor. Comparative studies have 

shown that the signals from the electrostatic probe and the ion-
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current sensor have similar patterns and the relative values of 

the spectral peaks in both signals are in good agreement. The 

ratio of the dimensionless average of local peak values in the 

electrostatic signal to the dimensionless flame oscillation 

frequency, has been adopted as an indicator of the charge 

density, denoted by Cp. Experimental results have 

demonstrated that when Fm ranges from 0.8 L/min to 1.2 

L/min, the charge density in the inner and outer cones of the 

diffusion flame follows an increasing trend. The variation of 

the charge density in the premixed flame can be divided into 

three stages when  ranges from 0.54 to 3.50. The charge 

density firstly decreases with  ranging from 0.54 to 0.75, 

then has an increasing trend and peaks when  = 1.03, and 

keeps increasing with  varying from 1.03 to 3.50. In addition, 

the charge density in the inner cone is higher than that in the 

outer cone for diffusion and premixed flames. Results 

obtained have shown that the developed electrostatic probe, 

together with the proposed index that combines the average of 

local peak values in the electrostatic signal with the flame 

oscillation frequency, provides a viable approach to the 

measurement of charge density in diffusion and premixed 

flames. 
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