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Abstract

:

The effects of plasma on the combustion instability of a methane swirling premixed flame under acoustic excitation were investigated. The flame image of OH planar laser-induced fluorescence and the fluctuation of flame transfer function showed the mechanism of plasma in combustion instability. The results show that when the acoustic frequency is less than 100 Hz, the gain in flame transfer function gradually increases with the frequency; when the acoustic frequency is 100~220 Hz, the flame transfer function shows a trend of first decreasing and then increasing with acoustic frequency. When the acoustic frequency is greater than 220 Hz, the flame transfer function gradually decreases with acoustic frequency. When the voltage exceeds the critical discharge value of 5.3 kV, the premixed gas is ionized and the heat release rate increases significantly, thereby reducing the gain in flame transfer function and enhancing flame stability. Plasma causes changes in the internal recirculation zone, compression, and curling degree of the flame, and thereby accelerates the rate of chemical reaction and leads to an increase in flame heat release rate. Eventually, the concentration of OH radicals changes, and the heat release rate changes accordingly, which ultimately changes the combustion instability of the swirling flame.
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1. Introduction


As high-tech power machinery, gas turbines occupy an important position in industrialized fields such as power generation and propulsion [1]. Traditional gas turbine engines usually use diffusion combustors, which have reliable performance and strong stability, but diffusion combustors are prone to producing higher NOX emissions [2,3]. As air pollutant emission regulations become more stringent, premixed combustion technology has been introduced into the gas turbine industry. At the same time, the premixed combustor satisfies the basic conditions of the thermoacoustic effect. The feedback between the fluctuation of the heat release rate and the acoustics of the combustion chamber can easily cause combustion instability. The combustion instability of a gas turbine will produce strong mechanical vibration, which is accompanied by a high heat release rate and high-decibel noise, among which low-frequency mechanical oscillations will seriously damage the impeller and the inner wall of the combustion chamber [4].



The control of the combustion instability of a gas turbine is mainly realized through active control and passive control. The core is to decouple the flame heat release rate and pressure pulsation through the addition of interference signals or changing the design of the acoustic structure. In recent years, the rapid development of plasma-assisted combustion (PAC) technology [5,6,7,8,9,10] has given us important insights. In 2004, Klimov et al. [9] conducted a plasma combustion-supporting experiment, and the results showed that the addition of plasma made the propane flame burn stably without being blown out at a higher gas flow rate, and enhanced the flame blow-out limit. In 2005, Stange et al. [11] used the dielectric barrier discharge method to conduct combustion experiments on propane and air. The experiment proved that the plasma significantly improved the propane flame shape, and the flame after ionization became more symmetrical and stable, and with the increase in the discharge power, the root of the flame extended below the nozzle, which was caused by the increase in flame propagation speed. Lee [12] showed that AC voltage affects the lifting height of turbulent non-premixed flames. In 2013, Lacoste et al. [13] applied nanosecond pulse discharge in the recirculation zone of a bluff body burner. The experiment found that a large number of CH and OH* radicals were observed in the V-shaped flame recirculation zone and the upstream position after plasma was added. The temperature of the zone was increased from 1500 K to 2000 K with plasma. Lacoste et al. [14] added nanosecond pulsed plasma to the swirling premixed flame, the flame shape changed from an M shape to a V shape, and the flame structure became more compact. In 2014, Tang [15] studied the effect of plasma on a methane premixed flame and found that plasma can enhance methane combustion. In 2015, Kim et al. [5] studied the application of plasma in a methane premixed flame, and the results showed that plasma can assist in the control of combustion kinetics, and its effect is closely related to the flame shape. The studies show that plasma can have a certain impact on the flame structure, and strengthen the combustion in the aspects of chemical effect, temperature rise effect, and aerodynamic effect. These three effects and their mutual coupling can significantly change the reaction rate and path of chemical reactions, adjust the mode of flow (vortex structure, etc.), trigger hydraulic instability, etc. These changes happen to be related to the mechanism of thermoacoustic oscillation. Therefore, plasma has the possibility of controlling the flame heat release rate and has the potential to become a combustion thermoacoustic instability control technology.



Lacoste et al. [16] deeply studied the flame transfer function response of C-type, V-type, and M-type flames under the action of an acoustic field, alternating electric field, and non-thermal plasma. The research results showed that in the range of 4~450 Hz, plasma and alternating electric fields have a significant impact on the heat release rate of the three types of flames; under the action of plasma and acoustic excitation, the geometry of the flame changes significantly, and its transfer function is significantly different.



In order to further verify and analyze the effect of plasma on the instability of a swirling premixed flame, an experimental system for plasma of a dielectric barrier discharge non-thermal plasma reaction device was created to act on a methane swirling flame under acoustic excitation. The pressure and heat release rate were measured simultaneously through dual microphones and photomultiplier tubes, obtaining the influence of dielectric barrier discharge plasma on the instability of a methane swirling flame under different acoustic frequencies. Based on a planar laser-induced fluorescence (PLIF) system, the flame structure capture technology was applied to measure OH radical concentration and other experimental methods were used to further analyze the mechanism of dielectric barrier discharge plasma on the stability of a swirling premixed flame.




2. Experimental Device and Test System


2.1. Experimental Device


In order to focus on the effects of plasma parameters on the flame’s acoustic response with different working conditions, the experimental system was designed to decouple the combustion from acoustic excitation, and the flame transfer function was used to describe the flame’s acoustic response, which can be used to characterize combustion instability. The influence of plasma on the flame transfer function was quantitatively analyzed, and then the effects of plasma parameters on the combustion stability of a methane swirling premixed flame were examined.



The experimental system is shown in Figure 1, which is mainly composed of three parts: an acoustic generator, a plasma combustion device, and a test system.



The acoustic generator is composed of a round tube with an inner diameter of 150 mm and a height of 1600 mm with an opening at the top, a bottom speaker, and a horn tube. An 80 W speaker (8 inches, JBL, Los Angeles, CA, USA) is used as the source of acoustic waves, and a waveform signal generator (AFG-2225, Guwei, Taiwan) is used to generate a sine wave. The amplitude and frequency of the sine signal can be precisely controlled by a power amplifier (PRO-5 type, Accuphase, Yokohama, Japan) and a signal generator. An acoustic sine wave is formed in a circular tube with a frequency range of 80~240 Hz, and the range of acoustic pressure amplitude is 0~2200 Pa. Figure 2 shows the acoustic characteristics within the tube at an acoustic frequency of 160 Hz and an acoustic pressure amplitude of 700 Pa under the excitation of the loudspeaker. The left side is the acoustic pressure signal measured by a single microphone, and the right side is the acoustic frequency obtained by Fourier transform of the acoustic pressure signal. The measured pressure signal is a regular standard sine wave.



The plasma combustion device is composed of a plasma reactor and a swirling combustion chamber. The plasma reactor is a coaxial cylindrical dielectric barrier discharge reactor, as shown in Figure 3. The ground electrode of the reactor is a solid copper rod with a diameter of 2 mm, and the blocking medium is quartz with a dielectric coefficient ε = 3.56 as an insulating sleeve. The inner diameter of the quartz tube is 14 mm, the outer diameter is 16 mm; the high-voltage electrode part is covered with a red copper mesh on the outer wall of the blocking medium, fixed with a red copper wire, and connected to the high-voltage output terminal of the plasma power supply. The low-temperature plasma power supply (CTP-2000K, China Nanjing Suman, Nanjing, China) has a center frequency range of 5~20 kHz, a maximum output power point of 10 kHz, and a maximum output voltage of 60 kV; its physical parameters are displayed by an oscilloscope (TBS-1102, Tektronix, Beaverton, OR, USA).



The discharge area of the coaxial cylindrical reactor is an air gap between the inner electrode and the inner wall of the quartz tube. When the premixed gas passes through the discharge area, it is ionized by a strong electric field to generate an active signal. As shown in Figure 4, the area between the outer electrode and the inner electrode can be divided into two parts, namely the gas area from the radius r1 of the inner electrode to the inner diameter r2 of the quartz tube, where the dielectric constant is close to vacuum, and the inner diameter of the quartz tube r2 to the quartz tube. The dielectric region of the tube’s outer diameter r3, which is an insulating dielectric quartz, has a relative permittivity of εr = 3.75.



The swirl burner nozzle is located 400 mm below the top of the combustion chamber. The swirl burner is formed by adding a swirler to the jet burner nozzle. The bottom of the swirler is composed of 8 rotating guide vanes with a swirl angle of 45°, the center diameter is 8 mm, and the swirl intensity S is 0.8, as shown in Figure 5.




2.2. Test System


The flame transfer function needs to measure the pressure signal to obtain the velocity signal. The measurement method of dual microphones is adopted. The two pressure sensors are each installed at a 5 cm distance from the combustion nozzle. The microphones are flush-mounted [17,18]. The wall of the chamber is 90°.



The flame transfer function can be expressed as:


  H  (  f , A  )  =    Q ′   ( f )  /  Q ¯     u ′   ( f )  /  u ¯    ,   G a i n =  | H |  , A =    u ′   ( f )    u ¯    



(1)




where H is the flame transfer function,   Q ¯   is the time-averaged heat release rate,   u ¯   is the bulk velocity of the gas flow entering the combustor, A is the velocity fluctuation of the mixture, and    Q ′   ( f )    and    u ′   ( f )    are the corresponding amplitudes of the frequency domain signals at a forcing frequency,  f , respectively. The gain is the amplitude of the flame transfer function. The frequency domain signals are converted from the time domain signals, which are acquired by the PMT and pressure transducers, respectively.



The two sets of signals are normalized to obtain a dimensionless value. The ratio of the two is the gain in the flame transfer function, which is used to characterize the degree of combustion thermoacoustic instability.



The distribution of flame OH radicals and the change in flame front morphology can be used to better analyze and understand the effects of plasma on combustion instability.



The distributions of flame OH radicals are obtained by the OH-PLIF system (Lavision, 430 nm, Bielefeld, Germany). The planar laser-induced fluorescence test system is mainly composed of a YAG laser (Q-Smart 850, Quantel, Edinburgh, UK), dye laser (Cobra-Stretch series, Sirah, Grevenbroich, Germany), and ICCD. The fluorescence signal excited by the flame OH radicals is photographed by DaVis 8.0 software, the images are single shot in the same phase, and the grayscale image obtained is post-processed to obtain the relative concentration distribution of OH radicals. The flame front image is obtained by an ICCD camera with Lavision’s narrow-band 427 nm filter. The heat release rate of the swirling flame is measured by a photomultiplier tube (R928 type, Hamamatsu, Japan) with a narrow band pass filter (315 nm, Semrock, Rochester, NY, USA).





3. Experimental Conditions


In the experiment, the premixed gas is excited by plasma, and the flame transfer function is used to quantify the combustion instability of the premixed swirling flame under acoustic excitation. The acoustic pressure and heat release rate are measured simultaneously through a microphone and a photomultiplier tube, and the effects of the dielectric barrier discharge plasma on the instability of the methane swirling flame are shown under different acoustic frequencies. Based on the planar laser-induced fluorescence measurement system, flame structure and OH radical distribution are shown and the mechanism of the dielectric barrier discharge plasma on the stability of the swirling premixed flame is further analyzed.



The experimental conditions include: a methane swirling premixed flame with an equivalence ratio of 1, a methane flow of 1 slpm, the discharge frequency of the plasma power supply is 0 kHz (no discharge), 5 kHz, 6 kHz, 7 kHz, and the discharge voltage is 0~10 kV, as shown in Table 1.




4. Experimental Results and Analysis


4.1. The Effects of Discharge Voltage on Flame Transfer Function


Figure 6 shows the effect of the discharge voltage on the swirling premixed flame with acoustic frequencies and velocity disturbance amplitudes of 0.2. The abscissa is the acoustic frequency f, and the ordinate is the amplitude of flame transfer function. The effect of acoustic frequency and discharge voltage on combustion instability is as follows:



The different discharge frequencies are shown in Figure 6a–c, and the amplitude of the flame transfer function varies with the discharge voltage in different acoustic frequency intervals. With the increasing of the acoustic frequency, there are many transition points about the amplitude of the flame transfer function between 80 and 240 Hz. When the acoustic frequency is less than 100 Hz, the gain gradually increases with the acoustic frequency; when the acoustic frequency is between 100 and 220 Hz, the gain in flame transfer function tends to decrease first and then increase with the acoustic frequency; when the frequency is greater than 220 Hz, the gain gradually decreases with the acoustic frequency. This is related to the different response phases of the flame upstream and downstream of the acoustic frequency [19]. The flame response is controlled by two types of fluctuations, the first being related to azimuthal velocity perturbations generated by the swirler and convected by the flow, the second being associated with axial velocity perturbations propagating in the injector exhaust. When the discharge voltage is below 4 kV, the flame transfer function is basically the same as the gain in no electric field (0 kV); while the voltage is 6, 8, 10 kV, the flame transfer function gain decreases with the increase in voltage. At the frequency corresponding to a local minimum in the FDF (the classical flame transfer function (FTF) corresponds to the flame describing function (FDF) obtained for a fixed perturbation level) gain, it is shown that the initial and downstream regions of the flame operate in phase opposition, giving rise to heat release components which interfere destructively and yield a low level for the global heat release signal. At the frequency corresponding to a local maximum in gain, the heat release signals induced by the two types of perturbations are in phase and their combination yields a maximum level [20].



This shows that the dielectric barrier discharge has a critical voltage. While the voltage exceeds the critical voltage, the amplitude of the flame transfer function decreases with the voltage of the plasma, which indicates that the fluctuation of the heat release rate is less susceptible to the effect of the acoustic fluctuation. It indicates that the addition of plasma exceeding the critical discharge voltage increases the ability to resist velocity disturbances, and the flame stability becomes stronger. It shows that the addition of plasma exceeding the critical discharge voltage increases the flame’s ability to resist velocity disturbances, and the flame stability becomes stronger.



As shown in Figure 4, the radius of any cylindrical Gaussian surface in the gas zone in the circular tube is taken as  r , and the voltage between the inner and outer electrodes as  U . When   r =  r 1   , the electric field intensity reaches the maximum value, and let   η =   r l n (    r 2     r 1    )    r 2  −  r 1      obtain the maximum electric field intensity.


   E M  =  U  r l n  (     r 2     r 1     )    =  U   r 2  −  r 1    ·    r 2  −  r 1    r l n  (     r 2     r 1     )    =  U  η   d    



(2)




where   d =  r 2  −  r 1    is the distance between the two electrodes. When    E M    reaches the critical value    E  K p     of electric field strength, a discharge occurs between the electrodes, and the critical voltage of discharge can be obtained.


   U  k p   =  E  k p     η   d  



(3)







Plasma reactor r1 = 0.1 cm, r2 = 0.6 cm, the critical electric field intensity of air 30 kV/cm is brought into Equation (2), and the critical discharge voltage is 5.3 kV, which is consistent with the experiment.




4.2. The Effects of Discharge Frequency on Flame Transfer Function


Figure 7 shows the effects of the discharge frequency on the flame transfer function when the acoustic frequency is 100 Hz, 160 Hz, and 220 Hz, and the acoustic fluctuation is 0.2.



As shown in Figure 7, as mentioned above, when the voltage exceeds 5.3 kV, the gain in flame transfer function decreases significantly, and as the voltage increases, the gain gradually decreases. Overall, compared with the discharge frequencies of 6 kHz and 7 kHz, the discharge frequency of 5 kHz has a smaller effect on the transfer function. With the increase in discharge frequency, the flame transfer function gain also decreases to a certain extent. The higher discharge frequency may excite more active groups, which makes the flame stability stronger.




4.3. The Effects of Plasma on the Spatial Distribution of OH Radicals


In order to investigate the mechanism of the effects of plasma on the amplitude of the flame transfer function, the spatial distribution of OH radicals was obtained through the OH-PLIF system. The OH radicals can characterize the heat release rate of the combustion zone.



Figure 8 shows the spatial distribution of OH radicals in the swirling premixed flame when there is no plasma at a discharge voltage of 8 kV and a discharge frequency of 5 kHz under the acoustic frequencies of 100 Hz and 220 Hz.



Figure 8 and Figure 9 show the intensity of OH under different discharge voltages. When the input voltage is 0, the intensity of OH is lower. When the input voltage increases and exceeds the critical voltage, and the effects of the plasma reactor become stronger, the intensity of OH gradually increases, and the heat release rate increases. The combustion of the methane flame becomes more complete and violent with plasma, the OH radicals in the flame also increase significantly, and the heat release rate increases.




4.4. The Effects of Plasma on the Flame Front


In the experiment, an ICCD camera with a narrowband 427 nm filter (Lavision, 430 nm) was used to photograph the flame front.



Figure 10 shows the evolution of CH* radicals with or without plasma at a discharge voltage of 8 kV and a discharge frequency of 5 kHz, and shows the flame front of the swirling flame. It can be seen from the figure that with the acoustic effects of 100 Hz, the swirling flame without plasma has a certain degree of compression on the front, and the flame length is shorter than that with plasma. The addition of plasma reduces the compression of the flame. In Figure 10c,e, with the acoustic effects of 160 Hz and 220 Hz, a curled structure appears in the downstream area of the swirl flame without plasma. With the addition of plasma, the curl of the vortex flame surface is weakened, and the upper part of the flame front is closer to the axis. From the perspective of brightness and darkness, the addition of plasma significantly improves the flame brightness. This is due to the disappearance of the curled structure on both sides of the flame front and the reduction in the internal recirculation zone, which accelerates the transfer of premixed gas and burned gas, thereby accelerating the rate of chemical reactions and leading to an increase in the flame heat release rate.





5. Conclusions


The effects of acoustic frequency on combustion instability are seen when the acoustic frequency is less than 100 Hz, and the gain gradually increases with the acoustic frequency; when the acoustic frequency is between 100 and 220 Hz, and the gain in flame transfer function tends to decrease first and then increase with the acoustic frequency; when the frequency is greater than 220 Hz, and the gain gradually decreases with the acoustic frequency.



The effects of discharge voltage on combustion instability are seen when the discharge voltage is below 4 kV, and the flame transfer function is basically the same as the gain when the voltage is 0, when the voltage is 6 kV, 8 kV, and 10 kV, and the flame transfer function gain drops significantly, and as the voltage increases, and the gain gradually decreases. This is because when the voltage exceeds the critical voltage value of 5.3 kV, the premixed gas is ionized and the heat release rate increases significantly, thereby reducing the flame transfer function gain and enhancing flame stability.



The effects of plasma on the flame heat release rate are seen when the discharge voltage is 2 kV, 4 kV, and the flame heat release rate is basically the same as the gain when the voltage is 0, and when the voltage is 6 kV, 8 kV, and 10 kV, and the heat release rate is basically unchanged. The release rate increased significantly, and as the voltage increased, the heat release rate showed an increasing trend. This is because when the voltage is less than the critical discharge voltage of 5.3 kV, the premixed gas is not ionized, which has no significant effect on the heat release rate, while when the voltage exceeds 5.3 kV, the premixed gas is ionized to produce a large number of active groups, and the heat release rate increases significantly. Additionally, as the discharge voltage increases, the overall flame brightness increases.



In terms of the OH radicals’ concentration and flame front, which explained the mechanism of plasma changing the flame stability and heat release rate, the reasons for the effects of plasma on combustion instability and heat release rate are that plasma changes the recirculation zone inside the flame, thereby changing the compression and curling degree of the flame. The heat and mass transfer in the external recirculation zone is affected, which in turn affects the initial temperature, flame length, convection time, and other parameters of the premixed gas. As a result, the concentration of OH radicals changes, and the heat release rate changes accordingly, which ultimately changes the combustion instability of the swirling flame.
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Figure 1. Experimental system. 
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Figure 2. Acoustic pressure signal. (Left) the acoustic pressure signal measured by a single microphone, (right) the acoustic frequency obtained by Fourier transform of the acoustic pressure signal. 
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Figure 3. Plasma reactor. 
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Figure 4. Schematic diagram of calculation of electric field intensity of coaxial cylinder. 
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Figure 5. Swirl flame stabilizer. 
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Figure 6. The effects of plasma on flame transfer function with different acoustic frequencies. 
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Figure 7. The effects of discharge frequency on the gain in flame transfer function under different discharge voltages. 
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Figure 8. The effects of plasma on the spatial distribution of OH radicals. 
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Figure 9. Two-dimensional cross-sectional view of OH-PLIF light intensity signal. 
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Figure 10. The effects of plasma on the flame front. 
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Table 1. Experimental conditions.
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(a) Discharge frequency of 5 kHz.
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(b) Discharge frequency of 6 kHz.
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(b) 220 Hz (blue line: no plasma, red line: with plasma).
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(c) Discharge frequency of 7 kHz.
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(6) Acoustic frequency of 220 Hz.





media/file9.jpg





media/file0.png





media/file17.png
Gain

Discharge Frequency
I . I . I . I N I —=— S5kHz
5 —e— 6kHz
o —+—T7kHz
1.0 1 -
0.8 -
0.6 -
0.4 — -
0.2 | : | : | ' | ' | : |
0 2 4 6 8 10

Discharge Voltage (kV)

(a) Acoustic frequency of 100 Hz.





media/file8.png





