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Abstract

:

The hyperburner is a key component of a TBCC engine, and its reliable ignition and stable operation are critical. The gliding arc plasma igniter driven by differential pressure has the technical advantages of low energy consumption and high jet temperature. In this paper, the electrical and flow characteristics of the gliding arc plasma igniter are studied, and the basic ignition experiment in the hyperburner is carried out. Electrical characteristic experiments show that the discharge duration, the evolution of the gliding arc and the fracture frequency are affected by the pressure difference between the inlet and outlet of the igniter (Δp). With the increase in Δp, the frequency of the trapezoidal envelope in the voltage and current waveforms increases, and the frequency of the evolution and fracture of the gliding arc increases. The continuous discharge time of the gliding arc decreases when Δp = 550 Torr. The flow characteristic experiments show that the velocity of the swirl sheath is increased and the protective effect on the gliding arc is enhanced with the increase in Δp. In the range of 20–550 Torr, the jet length first increases and then decreases with the increase in Δp. The jet length reaches a maximum of 31 mm at Δp = 50 Torr. Basic ignition experiments show that proper Δp can widen the lean ignition limit and shorten the ignition delay time. In the working conditions of this paper, the ignition effect is the best when Δp = 350 Torr, which can widen the lean ignition limit by 37.5% and shorten the ignition delay time by 17%. After increasing the oil–gas ratios, the combustion is more complete and the ignition delay time can be shortened by 93.1% at most.
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1. Introduction


With the continuous development of modern warfare, military aircraft need to gain altitude and speed advantages in combat, expand the flight envelope, obtain favorable fighter aircraft characteristics, and avoid sources of danger. However, a single type of engine can no longer meet all flight needs. Based on existing technology, a turbine-based combined cycle (TBCC) engine formed by the combination of a turbojet and a ramjet is considered to be the most promising power solution [1,2].



In recent years, because TBCC engines have advantages such as a wider flight envelope than turbojets, higher specific impulse than rocket engines, and reusability, there have been rapid developments in this area of research [3,4,5]. According to the combination of turbojet and ramjet, there are two types of TBCC engines: tandem and parallel [6]. The tandem TBCC engine is the more widely studied combined power scheme owing to advantages such as its compact structure, light weight, and low wind resistance. The J58 engine used by the American “Blackbird” reconnaissance aircraft is considered to be the earliest tandem TBCC engine in the world [7,8,9]. The highest flight Mach number of the “Blackbird” reconnaissance aircraft exceeds 3 Ma, and the flight altitude can reach 30 km, which highlights the excellent performance of the tandem TBCC engine and provides valuable experience for future TBCC engine research [10].



The stable operation of the tandem TBCC engine depends on a key component, namely the hyperburner. The hyperburner of the tandem TBCC engine is a combustion chamber formed by the combination of an afterburner and a ramjet. For example, the hyperburner of the Japanese RTA-1 engine is in the turbofan mode when the Mach number is less than 3 Ma, and the hyperburner acts as an afterburner to provide thrust; when the Mach number exceeds 3 Ma, it enters the ram mode, and the hyperburner acts as a ramjet to provide thrust [11]. Compared with the traditional engine, the ignition conditions of the hyperburner are more severe, which makes the ignition and flame transfer more difficult in the hyperburner. In order to achieve stable ignition, widen the lean ignition limit, and shorten the ignition delay time of the hyperburner, it is crucial to investigate a new ignition method for the hyperburner.



In recent years, plasma technology has been developing rapidly and showing its unique advantages. In material handling, Dimitrakellis et al. [12] found a fast hydrophilization with gliding arc plasma discharges when measuring water contact angle measurements on gliding arc plasma treated epoxy samples. In the production of gas, Yin Pang et al. [13] experimentally investigated the influence of nonthermal plasma (NTP) application on the reaction kinetics of atmospheric pressure steam gasification of charcoal using a thermostatically controlled drop tube reactor. The experiment revealed that the plasma enhanced the reaction rate coefficients by 27%. In addition, plasma ignition technology has also been studied in depth. The study by Brande et al. [14] is the earliest reported research on the application of an electric field to a flame. Equilibrium plasma affects the reaction rate by increasing the gas temperature, and the common form of application is spark plug ignition [15,16,17,18]; non-equilibrium plasma has a higher electron temperature, which can change the reaction pathway of combustible matter to increase the chemical reaction rate [19,20,21]. Gliding arc plasma has the characteristics of both equilibrium and non-equilibrium plasma, and it realizes the effect of ignition and combustion through three major effects [22,23,24,25]. As the gliding arc generator has a low energy consumption and high jet temperature, in recent years, an increasing number of researchers have performed experimental research on the application of gliding arc plasma in ignition and combustion. Ombrello et al. [26,27] studied the ignition enhancement effect of magnetically gliding arc discharge on methane–air hedge flames, found that the gliding arc can increase the flame elongation rate, and reported that the enhanced ignition of the gliding arc at low temperatures mainly comes from the thermal effect. Leonov et al. [28,29,30] conducted research on quasi-DC discharge arcs in a supersonic flow and reported that plasma can enhance mixing and change the flow field. Pinto et al. [31] conducted ignition experiments on natural gas–air mixtures using a DC gliding arc and found that the discharge repetition frequency of the gliding arc increased with an increase in fuel concentration. Jia et al. [32] investigated gliding arc plasma ignition in a double-head swirling combustor. The experiments showed that single-channel gliding arc plasma can broaden the lean ignition limit by approximately 67% compared with the traditional spark igniter. Chen et al. [33] investigated the characteristics of gliding arc plasma at different flow rates and its control effect on the static instability of the swirl flame. The experiment showed that the lean blowout limits increased when the flame mode changed from stable to pulsating, and decreased significantly after the application of the gliding arc plasma.



Gliding arc plasma is widely used in turbine engine combustion and ramjet combustion chambers and has achieved excellent results. However, research on the application of plasma to the hyperburner is still in the exploratory stage, and there is no published literature on the realization of hyperburner ignition and stable combustion by gliding arc plasma. In order to make the gliding arc igniter perform fully in the hyperburner, it is necessary to explore the electrical characteristics, jet characteristics, and outlet flow field characteristics of the gliding arc igniter before carrying out the ignition experiments. Therefore, the electrical characteristics, outlet flow field, and jet characteristics of the gliding arc plasma igniter were investigated in this study. Finally, experimental research on gliding arc plasma ignition in the hyperburner was carried out in this study.




2. Experimental System


The experimental system is composed of a gliding arc plasma ignition system driven by a pressure difference, a characteristic experimental system, and a hyperburner ignition experimental system.



2.1. Gliding Arc Plasma Generation System Driven by Pressure Difference


The gliding arc plasma generation system consists of a gliding arc plasma igniter driven by pressure air, a power supply, and air cylinders.



The schematic diagram of the gliding arc plasma igniter driven by pressure difference is shown in Figure 1, and it is mainly composed of the cylindrical anode, the cathode inner core, the igniter shell, the ceramics, and the air supply sleeve. When the igniter is working, the pressure at the inlet of the gas supply sleeve is greater than the outlet pressure of the cathode channel, and a pressure difference is formed between the inlet and outlet of the igniter. The airflow enters the igniter from the air supply sleeve. After the combined action of the swirl hole and the convergent section, a swirling airflow blows out from the cathode channel with both axial and circumferential speed. When the igniter is energized, the electric field strength between the anode and cathode exceeds the breakdown field strength of air. The air will be broken down at the shortest distance between the anode head and the cathode inner core convergent section to form an arc. Because of aerodynamic forces, the arc will be continuously rotated and stretched along the inner wall of the cathode channel to form a gliding arc and will be blown out of the cathode channel.



The power supply is a laboratory-made gliding arc plasma igniter power supply. The output waveform of the power supply is approximately a modulated sine wave, with a single-cycle duration of 100 ms, of which the waveform time span was 10 ms and the duty cycle was 10%.



Air cylinders with an oxygen concentration of 21% were used as the air supply system.




2.2. Characteristic Experimental System


The characteristic experimental system of the gliding arc plasma igniter driven by a pressure difference is composed of the particle image velocimetry (PIV) system and the data acquisition system, as shown in Figure 2.



The TABOR-D30 Zhuo Lei laser with a pulse energy of 30 mJ and a wavelength of 527 nm was used in the PIV system. The Phantom-v2512 camera was used as the high-speed camera, with a field of view of 1280 × 800 pixels and a maximum acquisition frequency of 200 Hz.



Data acquisition systems included a high-speed camera, pressure sensors, an oscilloscope, a voltage probe, and a current probe. The Phantom-V2512 camera was also used in the jet characteristic experiment, where the resolution was set to 384 × 288, the exposure time was set to 34 μs, and the shooting speed was set to 25,000 fps. The TA3351GP5S22M3B3 was used as a pressure sensor, and it had a range of 0-200 KPa and an accuracy of 0.075%. The Tektronix P6015A and the Tektronix P6021 were respectively used as voltage probes and current probes to acquire voltage and current signals. The Tektronix DPO4104 was used as an oscilloscope to display the voltage and current waveforms in real time.




2.3. Hyperburner Ignition Experimental System


The hyperburner ignition experimental system is composed of a hyperburner test bench, a medium supply system, and a data acquisition system. The schematic diagram of the structure is shown in Figure 3a, and the actual picture is shown in Figure 3b.



The hyperburner test bench includes an inlet section, an experimental section, and an exhaust section. In the inlet section, an electric heater with a maximum output of 200 kW is used to adjust the incoming flow temperature. The cross-sectional area of the experimental section is 180 mm (height) × 150 mm (width). A hyperburner-integrated flame stabilizer was placed in the experimental section, and the schematic diagram is shown in Figure 4. A throat was placed in the exhaust section to adjust the maximum Mach number.



The working principles of the hyperburner-integrated flameholder are as follows: When the mainstream hot gas blows to the hyperburner-integrated flameholder, part of the hot gas enters the intake pipe of the vaporizer and blows out from the injector hole carrying kerosene droplets. Kerosene is sprayed from a 0.5 mm diameter round hole at the tip of the oil supply pipe, achieving pressure atomization. The sprayed kerosene touches the intake pipe of the vaporizer, and the kerosene droplets are shattered. Finally, as the kerosene droplets are carried by the hot gas, they are atomized by absorbing the heat of the hot gas, and they are also broken up again by the shear force when they are taken along by hot gas. Eventually, liquefaction and evaporation of the kerosene droplets are realized.



The medium supply system provides the air medium and the kerosene medium for the experiment to ensure the smooth progress of the experiment.



The data acquisition system collects the total temperature of the incoming flow, the total pressure of the experimental section, the static pressure of the experimental section, the static pressure of the igniter inlet, and the flow of kerosene in real time. The Photron UX50 was used as a high-speed camera in the ignition experiment; the resolution was set to 1280 × 296, and the shooting speed was set to 5120 fps.





3. Experimental Results and Analysis


3.1. Electrical Characteristics of the Gliding Arc Plasma Igniter


When the pressure difference between the inlet and outlet of the igniter (Δp) is 350 Torr, the discharge waveform of the gliding arc plasma igniter is as shown in Figure 5. The single-cycle working time of the gliding arc plasma power supply is 10 ms, which can be divided into a high-voltage breakdown mode (Mode A) and a low-voltage sustaining mode (Mode B). After the power supply begins to work, it first enters Mode A, and the potential difference between the cathode and anode of the igniter increases. When the potential difference exceeds the minimum voltage required for the air gap to be broken down, the arc is generated at the smallest gap between the cathode and the anode. Under the action of the airflow, it is continuously rotated and stretched to form a gliding arc discharge. At this time, the power supply shifts to Mode B, and the excitation voltage exhibits an obvious trapezoidal envelope in Mode B. This is because the Mode B operation included the gliding arc evolution stage and the gliding arc fracture stage. The voltage waveform of 2–3 ms is shown in Figure 6. In the evolution stage of the gliding arc, the excitation voltage increases with the lengthening of the gliding arc. When the voltage reaches the peak value of the trapezoidal envelope, the instantaneous power generated by the power supply is soon unable to meet the instantaneous power required for the maintenance of the gliding arc. At the fracture boundary, the gliding arc continues to elongate owing to the aerodynamic force, and the gliding arc is broken. After the gliding arc is broken, a short-cutting event occurs in the middle of the arc. At this time, a new gliding arc is formed and the evolution process is repeated, as shown in Figure 7. After Mode B ends, the output voltage of the power supply decreases to 0 V, and the gliding arc is extinguished during the rest period of 90 ms.



Figure 8 shows the voltage and current waveforms of the gliding arc plasma igniter at a Δp value of 20 Torr and a Δp value of 550 Torr. A comparison of the voltage and current waveforms for Δp values of 20 Torr, 350 Torr, and 550 Torr shows that the frequency of gliding arc evolution and fracture increases when Δp and the number of trapezoidal envelopes increase. When Δp is 20 Torr, the frequency of gliding arc evolution and fracture in one cycle is 400 Hz, and when Δp is 550 Torr, the frequency of gliding arc evolution and fracture is 2800 Hz (600% faster than when Δp is 20 Torr). In addition, the experimental results show that Δp will affect the duration of the gliding arc discharge. When Δp is 550 Torr, the voltage waveform is normal but the current waveform is 0 A in stage C, which means that the gliding arc is extinguished at this period. The main reason for this phenomenon is that when Δp is relatively large, the gliding arc is continuously elongated under the action of the airflow, and when the instantaneous power output of the power supply cannot maintain the gliding arc, the discharge is extinguished. However, in Mode B, the voltage peak value is relatively low and cannot reach the minimum voltage required to break down the air gap, so the gliding arc cannot be regenerated. Under the condition of Δp of 550 Torr, the duration of the C stage can reach 1.6 ms, which may weaken the ignition effect of the gliding arc. In practical applications, the flow capacity design of the ducts inside and outside the hyperburner can be carried out according to the effect pattern of Δp on the duration of the gliding arc discharge in order to achieve a better ignition effect.




3.2. Outlet Flow Field Distribution of Gliding Arc Plasma Igniter


When Δp is 350 Torr, the PIV experimental results of the flow field at the igniter outlet are as shown in Figure 9. Experiments show that when Δp is 350 Torr, the gas ejects from the cathode channel of the igniter and diffuses outward. The velocity gradually decreases along the axial direction, and the maximum velocity at the outlet is approximately 35 m/s. Because the pressure at the outlet of the igniter is high and the external pressure is low, the gas will diffuse from the place of high pressure to the place of low pressure. Therefore, the gas ejected from the cathode channel will diffuse outward, and as the axial distance increases, the axial velocity decreases. The figure shows that the velocity inside the trapezoidal area is very small, which is caused by the gas ejected from the igniter channel affecting the distribution of the tracer particles and is not the actual velocity in this area.



Because of the radiating holes on the igniter shell, the outside air will form a swirl sheath through the radiating holes. The swirl sheath will protect the airflow field at the igniter outlet. When Δp is 350 Torr, the gas ejected from the radiating holes will form an elliptical swirl sheath with a maximum speed of about 12 m/s to protect the gliding arc.



Figure 10 shows the maximum airflow velocity at the outlet of the cathode channel of the igniter and the maximum velocity of the swirl sheath under different Δp conditions. With the increase in Δp, the maximum airflow velocity at the outlet of the igniter cathode channel and the maximum velocity of the swirl sheath both increase. There is a positive correlation between the outlet velocity of the cathode channel and the stiffness of the gliding arc. The swirl sheath can protect the gliding arc, and the protective effect is enhanced when the speed increases.




3.3. Jet Characteristics of the Gliding Arc Plasma Igniter


Figure 11 shows the variation in the maximum jet length with Δp. Figure 12 shows the maximum jet length of the gliding arc igniter captured by the high-speed camera at different values of Δp. When Δp is less than or equal to 50 Torr, the jet length of the gliding arc plasma igniter driven by differential pressure increases with the increase in Δp. The reason for this phenomenon is that as can be seen from the PIV test results, when Δp is small, the gas flow rate blown from the cathode channel is small and the airflow velocity is low, resulting in a small aerodynamic force acting on the gliding arc, which results in a short gliding arc jet. As Δp increases, the aerodynamic force acting on the gliding arc increases, and the length of the gliding arc jet increases accordingly.



When Δp is greater than 50 Torr, the jet length decreases with an increase in Δp. This is because when Δp is large, the gas flow rate and the gas flow velocity blown out from the cathode channel are large. Excessive gas flow will increase the thickness of the boundary layer in the cathode channel and reduce the cross-sectional area of the effective flow channel, which makes it difficult for the gliding arc to evolve and makes the gliding arc easy to break. When Δp is large, owing to the insufficient rigidity of the gliding arc, the gliding arc is continuously twisted and deformed under the action of the swirling gas and breaks. Therefore, the length of the jet cannot be continuously increased with the increase in the airflow.



When Δp is 50 Torr, the jet length reaches a maximum of 31 mm. However, at this time, the exit velocity of the igniter is small (about 9 m/s), the maximum velocity of the swirl sheath is about 6 m/s, and the rigidity of the gliding arc may be poor.




3.4. Ignition Characteristics of the Gliding Arc Plasma Igniter in the Hyperburner


Successful ignition and self-sustaining combustion are taken as the stable working standard for the hyperburner. Compared with the afterburner, the local flow rate of the hyperburner may be as high as 0.4 Ma, which introduces difficulties for stable ignition [32,33]; compared with the ramjet, the hyperburner has a lower temperature (≤450 K) in the combustion chamber when flying at a small Ma, which leads to difficulty with respect to kerosene evaporation and ignition. In order to realize the stable operation of the hyperburner under low temperature and local high-speed conditions, the ignition characteristics of the hyperburner under the conditions of low temperature (T* ≤ 450 K) and 0.1 Ma are experimentally studied.



The timing of the ignition experiment is shown in Figure 13. Before the experiment, the total temperature of the incoming airflow, flow parameters, kerosene parameters, and parameters of the pressure difference between the inlet and outlet of the igniter were set. In the experiment, observations were made to determine whether a self-sustaining flame could be formed, and if a self-sustaining flame was formed, the ignition was considered successful. The experiment was repeated three times under the same working condition. If no stable flame was formed, it was considered that the working condition could not allow successful ignition. The ignition delay time is defined in the experiment as follows: The igniter starts timing when the igniter is energized. An initial fire nucleus will be formed in the initial stage of ignition, and the fire nucleus will continue to develop to form a flame front until the flame front propagates to the end of the observation window. At this time, the timer stops, and the recorded time is noted as the ignition delay time.



3.4.1. Influence of Δp on Ignition Characteristics


There are many factors that affect the ignition performance of the gliding arc plasma igniter, among which the total temperature of the incoming flow, the oil–gas ratio, and the Δp are very important factors. Under the condition of an inlet flow rate of 0.1 Ma, the lean ignition limit of different inlet total temperatures and different Δp conditions is shown in Figure 14. The experiment showed that as the total inlet temperature decreases, the amount of kerosene required for successful ignition increases and the oil–gas ratio increases. When Δp is 550 Torr and the total inlet temperature is 450 K, the ignition can be successful with the oil–gas ratio of 0.0044; when Δp is 550 Torr and the total inlet temperature is 300 K, the ignition can be successful with the oil–gas ratio of 0.0072 (successful ignition oil–gas ratio increased by 38.9% compared to the total inlet temperature of 450 K). This is due to the decrease in the total inlet temperature resulting in a worsening effect of kerosene atomization and an increase in the proportion of kerosene particles with larger diameters. When kerosene particles with relatively larger diameters are ignited, they need to absorb more energy to atomize themselves to form kerosene particles with smaller diameters, which are then ignited by the gliding arc. The higher total incoming temperature not only contributes to the atomization of kerosene but also accelerates the chemical reaction rate of kerosene combustion.



In addition, Δp can affect the lean ignition limit. Under the three operating conditions of Δp of 50 Torr, 350 Torr, and 550 Torr, the widening effect of the lean ignition limit is the best when Δp is 350 Torr. When the total inlet temperature is 300 K, the oil–gas ratio is 0.0045, and Δp = 350 Torr, the hyperburner is successfully ignited (the lean ignition limit is widened by 37.5% compared to Δp = 550 Torr).



Figure 15 shows the ignition process at different values of Δp when the incoming flow velocity is 0.1 Ma, the total incoming flow temperature is 420 K, and the oil–gas ratio is 0.0043. The experiment shows that the ignition delay time is 17 ms when Δp = 350 Torr and the flame propagation process is the fastest; compared with the ignition delay time of 20.5 ms when Δp = 50 Torr, the ignition delay time is shortened by 17%. The hyperburner failed to ignite successfully when Δp = 550 Torr.



It can be seen from Figure 11 and Figure 12 that the jet length at Δp = 50 Torr is about 2.4 times greater than that at Δp = 350 Torr, but the flame propagation process is slower than that at Δp = 350 Torr. The reason may be that the rigidity of the gliding arc is insufficient although the jet length of the gliding arc is the longest when Δp = 50 Torr. Under the action of the mainstream hot gas, the gliding arc is seriously offset, which reduces the contact area between the gliding arc and the kerosene droplet and weakens the ignition effect of the gliding arc.



There are two reasons for the failure to ignite successfully when Δp = 550 Torr. The first one is that increasing Δp will blow out a large amount of gas from the outlet of the cathode channel of the igniter, which will seriously damage the oil mist field near the outlet of the igniter and reduce the contact between the gliding arc and the kerosene droplets. Therefore, the ignition effect of the gliding arc is weakened. The second one is that the gas introduced into the igniter comes from the gas cylinder, and the gas temperature in the gas cylinder is lower than the incoming temperature. The larger Δp causes a large amount of low-temperature airflow to be ejected from the cathode channel, and the low-temperature airflow continues to act on the flow field near the igniter outlet, reducing the temperature near the igniter outlet and weakening the atomization effect of the high-temperature inflow on kerosene droplets.




3.4.2. Influence of Oil–Gas Ratio on Ignition Characteristics


Figure 16 shows the effect of using different oil–gas ratios on the flame propagation process when the inflow velocity is 0.1 Ma, the total inflow temperature is 420 K, and Δp is 350 Torr. When the oil–gas ratio is 0.0035, the flame is clearly blue-purple in the early stages of development, and the ignition delay time is about 104.5 ms; when the oil–gas ratio is 0.0043, the flame is clearly yellow-red in the early stages of development, and the ignition delay time is about 7.2 ms. The ignition delay time is decreased by 93.1% when compared to the case where the oil–gas ratio is 0.0035. The experiment results showed that when the oil and gas ratio is higher, the flame combustion is more sufficient than that in the case where the oil is leaner, the flame development speed is accelerated, and the ignition delay time is decreased.



The main reason for this phenomenon is that the kerosene droplets are blown out from the oil injection holes on the evaporation tank, and the kerosene droplets are rolled back to the vicinity of the igniter outlet under the action of the main recirculation area. The gliding arc quickly ignites the kerosene droplets near the outlet of the igniter. With the help of the gliding arc’s own temperature and the heat generated by the combustion, the kerosene droplets are continuously evaporated and participate in the combustion. The initial fire core develops towards the injector hole under the action of the main recirculation area and the flame front propagates forward. Finally, the initial fire core forms a self-sustaining flame and fills the entire hyperburner. When the oil and gas ratio is relatively lower, the pressure atomization effect is poor, and the diameter of the kerosene droplets blown out of the injection hole is large and is not conducive to ignition. When the gliding arc interacts with the larger-diameter kerosene droplets, the gliding arc needs to first evaporate the kerosene droplets into smaller-diameter droplets through its own heat to form a fire nucleus. When the oil and gas ratio is lower, there are large-diameter kerosene droplets around the initial fire nucleus, and the initial fire nucleus is easily submerged by the kerosene droplets, resulting in insufficient combustion around the initial fire nucleus, and the flame is observed to be blue-purple. As the combustion continues, the combustion releases a high level of heat, and the heat evaporates the larger-diameter kerosene droplets to form small-diameter kerosene droplets that are easy to burn, and the flame also changes from blue-purple to yellow-red. When the oil and gas ratio is larger, the pressure atomization effect is better, and a large number of kerosene droplets with small diameters are sprayed from the injection holes. When the kerosene droplet contacts the gliding arc, it can be instantly ignited and form a stable fire nucleus, and the flame is observed to be yellow-red. The initial fire nucleus develops rapidly, and the flame eventually fills the entire combustion chamber. Compared with the lean ignition state, when the oil–gas ratio increases, the ignition delay time and the flame development time are significantly reduced, which is more conducive to the formation of a self-sustaining flame.






4. Conclusions and Outlook


In this study, a gliding arc plasma igniter and a hyperburner-integrated flameholder are designed according to the working and structural characteristics of the hyperburner. This study innovatively proposes a new parameter (the pressure difference between the inlet and outlet of the igniter, Δp) that affects the operation of the gliding arc. The electrical characteristics, jet characteristics, and flow field characteristics of the gliding arc plasma igniter under different pressure differences were investigated experimentally. The ignition ability of the gliding arc plasma in the hyperburner was verified by experiments. The main conclusions are as follows:




	(1)

	
With the increase in Δp, the frequency of the trapezoidal envelope in the voltage and current waveforms increases, which means the frequency of the evolution and fracture of the gliding arc increases. When Δp is 550 Torr, it will affect the continuous discharge time of the gliding arc. There exists a period where the voltage is normal and the current is equal to 0 A. The appearance of this phenomenon may weaken the ignition effect of the gliding arc.




	(2)

	
The gas ejected from the cathode channel of the gliding arc plasma igniter driven by pressure difference will form a swirl sheath to protect the gliding arc at the igniter outlet. As Δp increases, the maximum velocity of the swirl sheath and the protective effect of the swirl sheath improve. The addition of Δp will raise the maximum airflow velocity of the gas ejected from the cathode channel, which helps to enhance the rigidity of the gliding arc.




	(3)

	
The length of the gliding arc jet tends to increase first and then decrease with the increase in Δp. When Δp is 50 Torr, the jet length reaches a maximum value of 31 mm while the exit velocity of the igniter (about 9 m/s) and the maximum velocity of the swirl sheath (about 6 m/s) are relatively small, indicating the gliding arc rigidity is relatively poor. The jet length of the gliding arc and the rigidity of the gliding arc should be considered in detail when the gliding arc is used in the ignition application of the hyperburner.




	(4)

	
The value of Δp can affect the lean ignition limit and ignition delay time of the hyperburner. When the incoming flow is 0.1 Ma and the inlet temperature is 300 K, the lean ignition limit can be widened by 37.5% when a Δp value of 350 Torr is compared with a Δp value of 550 Torr. When the inflow velocity is 0.1 Ma, the total inflow temperature is 420 K, and the oil–gas ratio is 0.0043, the ignition delay time is 17 ms when Δp is 350 Torr, and the flame propagation process is the quickest. Compared with the ignition when Δp is 50 Torr where the delay time is 20.5 ms, the ignition delay time is shortened by 17% when Δp is 350 Torr.









The results show that the application of gliding arc plasma in the hyperburner is extremely promising and the gliding arc can be considered as a new ignition method in the hyperburner. In addition, the ignition effect of gliding arc plasma igniters at a higher Mach number should be investigated. At the same time, in order to improve the ignition effect of the sliding arc plasma igniter, the output power of the excitation source can be increased or the power supply mode can be changed. In order to improve the rigidity of the gliding arc, the internal structure of the gliding arc igniter can be changed to optimize the plasma release process of the gliding arc. Moreover, the ignition effect of the gliding arc plasma igniter in different ignition positions needs to be tested and the optimal ignition position needs to be found.
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Nomenclature




	Symbol
	Description
	Unit



	Δp
	Igniter inlet and outlet pressure difference
	Torr



	Ma
	Mach number
	-



	T*
	Hyperburner inlet total temperature
	K
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Figure 1. Gliding arc plasma igniter driven by pressure difference. 
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Figure 2. Characteristic experimental system. 
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Figure 3. Hyperburner ignition experimental system: (a) schematic; (b) physical map. 
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Figure 4. Hyperburner-integrated flameholder structure. 
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Figure 5. Voltage and current waveforms of gliding arc plasma igniter at Δp = 350 Torr. 
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Figure 6. The voltage waveform of 2–3 ms. 
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Figure 7. Short-cutting of the gliding arc. 
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Figure 8. Voltage and current waveforms at Δp = 20 Torr and Δp = 550 Torr: (a) voltage and current waveforms at Δp = 20 Torr; (b) voltage and current waveforms at Δp = 550 Torr. 
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Figure 9. Igniter outlet flow field at Δp = 350 Torr. 
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Figure 10. The maximum airflow velocity and the maximum swirl sheath velocity at the outlet of the cathode channel. 
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Figure 11. The relationship between jet length and Δp. 
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Figure 12. Maximum jet length of gliding arc captured by the high-speed camera at different Δp values. 
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Figure 13. Hyperburner ignition test sequence. 






Figure 13. Hyperburner ignition test sequence.



[image: Processes 10 01886 g013]







[image: Processes 10 01886 g014 550] 





Figure 14. Lean ignition limit under different total inlet temperature and Δp conditions (Ma = 0.1). 
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Figure 15. Ignition process at different Δp values: (a) Δp = 50 Torr; (b) Δp = 350 Torr; (c) Δp = 550 Torr. 
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Figure 16. Flame propagation process under different oil–gas ratios (Ma = 0.1, total inlet temperature 420 K, Δp = 350 Torr): (a) oil–gas ratio: 0.0035; (b) oil–gas ratio: 0.0043. 
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