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Abstract

:

This manuscript reviews published works related to plasma assistance in supersonic combustion; focusing on mixing enhancement, ignition and flameholding. A special attention is paid for studies, which the author participated in person. The Introduction discusses general trends in plasma-assisted combustion and, specifically, work involving supersonic conditions. In Section 2, the emphasis is placed on different approaches to plasma application for fuel ignition and flame stabilization. Several schemes of plasma-based actuators for supersonic combustion have been tested for flameholding purposes at flow conditions where self-ignition of the fuel/air mixture is not realizable due to low air temperatures. Comparing schemes indicates an obvious benefit of plasma generation in-situ, in the mixing layer of air and fuel. In Section 3, the problem of mixing enhancement using a plasma-based technique is considered. The mechanisms of interaction are discussed from the viewpoint of triggering gasdynamic instabilities promoting the kinematic stretching of the fuel-air interface. Section 4 is related to the description of transitional processes and combustion instabilities observed in plasma-assisted high-speed combustion. The dynamics of ignition and flame extinction are explored. It is shown that the characteristic time for reignition can be as short as 10 ms. Two types of flame instability were described which are related to the evolution of a separation zone and thermoacoustic oscillations, with characteristic times 10 ms and 1 ms correspondingly.
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1. Introduction


An increasing interest in Plasma-Assisted Combustion (PAC) is motivated by a necessity to promote chemical reactions at unfavorable conditions such as far-from-stoichiometric composition, poor mixing, low gas temperature, high flow velocity, etc. With few exclusions, scientific and engineering research regarding PAC is still in the fundamental phase in general, and in the data accumulation phase for the case of supersonic environments particularly. A major expectation on how plasma could be employed for improvement of supersonic combustion (realized in scramjet engine) is due to its ability to promote the fuel ignition and support chemical reactions at low gas temperature in a wide range of pressure and fuel concentrations [1]. In terms of engine performance, this means a stable operation in an extended range of flight conditions, as it is shown in Figure 1. This qualitative diagram indicates that plasma assistance might be especially useful for air-breathing propulsion at a high-altitude, high Mach number portion of vehicle trajectory.



Most studies related to PAC can be separated into two domains. The first, basic, approach explores non-equilibrium plasma-chemical kinetics showing the great advantage of plasma techniques in terms of ignition time. Several manuscripts were focused on this approach, including reviews [3,4,5,6,7]; papers on non-equilibrium mechanisms of the combustion enhancement [8,9,10,11,12,13]; modelling [14,15], and others. These manuscripts cover the subject comprehensively, unveiling the major result on many experimental and theoretical studies: the non-equilibrium plasma of electric discharges is many times more effective to ignite a combustible mixture than heating. The “effectiveness” here is considered in terms of ignition delay time realized with equal energy deposited for the ignition source. This statement, illustrated in Figure 2, is a fundamental reason for great interest and practical hopefulness of the combustion community in the PAC technique. Non-equilibrium power deposition into the gas leads to the creation of a high concentration of species possessing higher reactivity in comparison with those found at equilibrium conditions, such as O, H, OH*, CH*, vibrationally excited molecules, etc. Despite the promising capabilities of increasing the reactivity and reducing ignition delay, it is not practical to implement such an approach for realistic high-speed engines with direct fuel injection. In most conditions a main limiting factor is rather slow mixing, resulting in strong gradients of fuel/oxidizer ratio across a combustion chamber. This is why it is important that the plasma is generated in situ, supplying reactive species to the place of fuel–oxidizer interaction, to diminish the effect of fast relaxation.



The second, applied, approach is dealing with more practical schemes of combustion devices aiming towards reliable ignition, mixing intensification, flame stabilization, enhancement of combustion completeness, and pollution control. Referencing just a few, the papers [1,16,17,18,19,20] give an initial impression on the field of PAC applications. In recent years, a few schemes of plasma-based actuators for supersonic combustion have been tested for flameholding purposes at flow conditions where self-ignition of the fuel/air mixture is not realizable due to low air temperatures [1,21,22,23,24,25,26]. These works demonstrated the potential of plasma-based techniques to improve combustion stability under supersonic flow conditions. However, the dominant pathway affecting the combustion and flameholding in supersonic flow with plasma assistance was not identified due to the complexity and interdependence of physical processes involved such as gasdynamic, electrodynamic, and chemical/plasma kinetic ones. Each of these processes includes a number of individual phenomena characterized with a wide range of time and spatial scales.



In most previous experiments, a supersonic model combustion chamber was used which contained a back-facing rim or cavity with a plasma generator which was used as an igniter for a combustible mixture in a low velocity (separated) zone of the flowfield. However, some previous experiments, using an alternative configuration in which electrical discharge was maintained over a flat wall [16,27,28], demonstrated the practicability of plasma employment for an effective flame anchoring in a supersonic combustion chamber without reliance on any mechanical elements. This approach is given special consideration in this work.



One of the most critical issues with the application of electrical discharges for supersonic combustion assistance is power management. The management of the combustion process in entire flowfield under unfavorable conditions requires an additional energy deposition of a magnitude similar to the flow enthalpy which is not of practical interest. It may be possible to reduce the energy deposition required through active control of chemical reaction rates and/or active control of a manifold of local ignition centers to force combustion under off-design conditions. The power deposition can be varied in time such that it can be reduced when the combustion support is not vitally important. This reduces, in average, the amount of energy required for plasma-assisted ignition and combustion maintenance. Even in this case of active control, the electric power density cannot be too low or it will no longer be an effective control authority of the flow structure and chemical reactions. This problem is partially resolved due to the non-equilibrium, non-uniform, and transient nature of electrical discharges, which deliver a synergy with thermal effects (heating). Those properties may be of critical importance for enhancing air-fuel mixing in compressible flows under non-premixed flow conditions [24,29,30]. Plasma-based ignition is the main focus, but mixing enhancement by plasma is the second principal focus of this work.



Other awkward problems arise for scramjet operation in transitional modes: fast start-up/restart; ram-to-scram transition; flame-front blow-offs; combustion instabilities; etc. Two main aspects are critically important at such an operation: a compulsory flameholding and fast mitigation of aftereffects of off-design operation. Experimental data, obtained recently [2,21,23,28], demonstrates that the plasma-based control system is capable of significantly extending the flammability limits. The plasma can impact the flow essentially without inertial effects.



Summarizing above, three main ideas underlie the concept of PAC in supersonic flow with direct fuel injection: (1) control of flow structure in the vicinity of the reaction zone; (2) gas heating and non-equilibrium excitation of fuel and oxidizer by the discharge in a mixing layer; and (3) fuel-air mixing enhancement due to flow instability generation. For flow structure control, the references [31,32,33,34,35] and the bibliographies therewith present a more-or-less circumstantial view on the state-of–the-art. This manuscript is focused on experimental studies and organized as follows: Section 2 is related to the problem of plasma-assisted ignition and flameholding in supersonic airflow; Section 3 describes the approach to mixing intensification; Section 4 considers transitional processes and instabilities; a short discussion is combined with the conclusions.




2. Plasma-Assisted Ignition and Flameholding in Supersonic Airflow


2.1. Early Efforts


Several experimental studies have been performed to demonstrate the electrical discharge capability for fuel ignition under conditions typical for scramjet operation. Probably the first paper related to plasma-assistance for scramjet operation was published in 1981 by the group of Drs. Kimura, Masuya, et al. [36,37,38]. In this work, the authors employed a plasma generator with an arc discharge between electrodes placed inside of the small volume with a fuel or different gas flowing through the arc. This technique was called “plasma jet” that has basically similar design as the “plasma torch” used in subsequent studies. It was shown that the injection of the plasma jet is effective for flame stabilization and promotion of combustion, when the position of injection is adequate. For example, in the supersonic airflow of M = 2.1 with low static temperature T = 154 K, intensive combustion was observed with the aid of a hydrogen plasma jet operated by a 4.7 kW electrical power expenditure (~2% of the chemical energy throughput). It was demonstrated that the ignition temperature almost linearly decreases as the torch electric power increased. It was also shown that the effectiveness of a nitrogen plasma on the promotion of combustion is nearly equal to that of hydrogen plasma, although, in the valuation based on input electrical power the nitrogen plasma jet is superior to the hydrogen plasma jet.



Starting from 1984, the group from Virginia Tech, headed by Dr. W. O’Brien, published the results of their studies [39,40,41,42,43] related to the application of the “plasma torch” technique to model scramjet ignition. In general, the same technique was applied for supersonic ignition and flameholding by research groups from Tokai University [36], Tohoku University [44,45,46,47], Japan Aerospace Agency [48], AFRL [1,49,50], and some others [51]. Review of those publications can be found in [1]. During these efforts, many configurations, operation modes, and injected gases were tested. One of the typical images of the plasma torch interaction with a hydrogen jet injected upstream of the torch nozzle is shown in Figure 3 [46]. There the major role of the plasma power in the ignition pattern (ignition limit) was demonstrated. Figure 4a [48], shows the relationship between net input energy to the igniters and the total temperature of the airflow at the ignition limit for a bulk equivalence ratio of 0.4. Results of the plasma torch igniters (TI) with open symbols and those of the H2/O2 torch igniters for equivalence ratios φ(TI) = 1.0, 2.0, 3.0 with solid symbols are shown in Figure 4a. The combustion heat of the residual H2 of the fuel-rich H2/O2 torch igniter and that of H2 from the Ar + H2 plasma torch igniter were included in the total input energy. As shown, these works demonstrate a significant benefit of the plasma-based igniter compared to H2/O2 torch (pilot flame) in the reduction of the gas temperature threshold for ignition. The power budget of the plasma jet, about 5 kW, was significantly less than that for the thermal source, >30 kW. However, as it is shown in Figure 4b, the relative pressure increase at application of this technique was less than 0.1 independently on the working gas applied. If to define the efficiency η as the dimensionless pressure increase   Δ P / P   reduced to a relative plasma power   η =   Δ P  P  /   plasma   power   flow   emthalpy   flux    , based on the published data it was less than 1. This may mean that, in this test, the combustion (chemical reactions) do not contribute significantly in the thermal balance of the flow.



In fact, the plasma torches produces a plume of hot gas, up to T = 5000 K, and some pool of radicals. In this configuration, the non-equilibrium plasma-chemical processes are significantly mitigated because the electric discharge is mostly located inside the torch ignitor. In [1], it was mentioned “As the constraints involved with the ignition process are further understood, this, in turn, will help evolve the design and use of the igniters and may also serve as a baseline against which to test new igniter concepts”. This prediction was further realized within new approaches. Nevertheless, plasma torches continue to be used for scramjet research due to their convenience and high reliability [23].



In the early 2000s, the number of publications on PAC grew significantly due to increased interest in employing the MHD technique and plasmas for flow control and combustion improvement in high-speed flow employing RF discharges [52,53,54,55], microwaves [56,57,58], direct current discharges [59,60], nanosecond discharges [14,61,62], and other types [63,64,65,66]. Since that time, the main expected benefit of using plasma was the highly non-equilibrium chemical kinetics [4,5], which in turn helps reduce the plasma power required for fuel-oxidizer mixture ignition. In these works, the tests were performed in geometric configurations which were not scramjet-like, though the motivation of this activity was mostly attributed to supersonic combustion improvement. A clear understanding of the non-equilibrium plasma benefits for accelerating fuel ignition motivates researchers for a type of plasma application where a high value of reduced electric field E/N is realized, such as a nanosecond pulse discharges, radio frequency, microwave plasmas, etc. Table 1, adapted from [67], shows results of a qualitative analysis of different types of electrical discharges from the viewpoint of combustion initiation. These data are not comprehensive: a large domain of non-self-sustained discharges and combinations of different types of electric discharges is not included. Most of those works demonstrate successful ignition; some efforts achieve close to a practical implementation [68] but not at supersonic conditions. Working perfectly in premixed, low-speed conditions, this technique reduced its capabilities at higher flow velocities, V > 100 m/s, an example is shown in Figure 5 [56].
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Figure 5. Deeply undercritical MW discharge in airflow with propane injection [56]. Airflow is from left to right: (a) 30 m/s; (b) 200–500 m/s. Pitot probe is located on axis of torch. Reprinted from [83] with permission from authors. 
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The discharges listed in Table 1 possess significantly different characteristics such as power density, reduced electric field, time scale, morphology, etc. The nonequilibrium plasma is generated at high enough reduced electric field, E/N > 10−20 V·m2, which is typically realized in short-pulse or high-frequency discharges [4,7]. In the phase of the discharge propagation (ionization wave), it generates a pool of radicals and chemically active molecules [3,10] on a time scale comparable to the discharge propagation time, t = 10−9–10−6 s. This time is significantly shorter than a characteristic time of fuel ignition (induction time), t = 10−4–10−2 s being a strong function of the gas temperature, and a characteristic gasdynamic time, t = 10−4–10−3 s in a supersonic flow. However, at a later stage after electric breakdown and in the case of long-time discharges sustained with the flow, the reduced electric field significantly decreases which causes a modification in active species pool content [5,15,84]. In high-speed flows, the continuous discharges or zones of post-discharge relaxing plasma convect with the main flowfield because the drift velocity of ions is much lower than the flow speed, Vdi < 100 m/s [28,31,85]. The effect of a strong plasma-flow coupling is highly beneficial for fuel ignition due to a long time of plasma interaction with the same portion of air-fuel mixture, t ≥ 10−4 s.



The problem of supersonic flameholding appears to be even more challenging than the ignition: the ignition itself is important but may not be the most pressing issue to be resolved for successful operation of scramjet at variable conditions. The following factors are not less imperative: proper mixing, time of plasma-mixture interaction, plasma localization, and instabilities (plasma and combustion both). For a plasma treatment of the entire flowfield the power budget appears to still be extremely high, limiting the applications. A novel approach consisted of the employment of multi-point, repetitively pulsed plasma ignition schemes [86] and understanding that plasma has to be generated “in-situ” just in the location of fuel-oxidizer interaction and not inside of an external device [67].




2.2. Non-Equilibrium Ignition in Supersonic Airflow


This sub-section is focused on two greatly different tests employing non-equilibrium plasmas for non-premixed fuel ignition under conditions close to a scramjet configuration: (1) pulsed nanosecond discharge, by the Stanford University group headed by Profs. G. Mungal and M. Cappelli and (2) electron beam by the ITAM group headed by Dr. M. Goldfeld.



In the first test [87,88,89], a nanosecond pulsed plasma discharge located between two fuel jets was used to ignite and hold jet flames in supersonic crossflows, with a cavity or without the use of mechanical elements (cavity or wall step) for flame holding. In the configuration without the cavity, the fuel injection nozzles and discharge electrodes were mounted flush with the surface of the flat wall adjacent to the freestream flow. The non-equilibrium plasma was produced by repetitive pulses of 15 kV peak voltage, 10 ns pulse width, and 50 kHz repetition rate. Sonic or subsonic fuel jets (hydrogen and ethylene) were injected into an oxygen freestream of Mach numbers M = 1.7–2.4 and static temperature T0 = 900–1300 K, as it is shown in Figure 6a. Note, the plasma was generated “in-situ”; and the average plasma power was extremely low, down to Wpl = 10 W.



In this test, the flow/injection conditions were found for both H2 and C2H4 injection, when a stable ignition/combustion was realized with plasma on while it was not detected without plasma. This difference is well recognizable for hydrogen injection in Figure 6 via OH PLIF technique. Authors used an original schematic where the upstream fuel jet generated a subsonic zone with subsequent plasma-based ignition there. It was demonstrated that the plasma assisted pilot flame is capable of flameholding in the windward/leeward side of the main jet over a test time of approximately 300 µs, and appears to maintain combustion even during the time between discharge pulses (20 µs). Note, the conditions of this test are close to a self-ignition threshold that allows the use of a low plasma power. Use of a high-enthalpy pure oxygen flow made it even easier.



One more important conclusion, followed initially from another work of this group [13,76], was on the multistage mechanism of the plasma-assisted ignition. Authors mentioned [89] that “this plasma-enhanced supersonic combustion can be interpreted to occur in two stages. The first stage … seeds the hot boundary layer with fuel, and the partially mixed boundary layer is then subjected to a low power nanosecond pulsed plasma. Some plasma enhanced combustion of this stream takes place (as evidenced by OH PLIF). Radical production by this “pilot flame” (order of 10−2–10−3 in mole fraction at the … pilot flame region) … representing several orders of magnitude more than can be obtained by the discharge alone (order of 10−5), serves then, in the second stage, to ignite and sustain the combustion of the majority of the fuel, which is introduced downstream of the plasma”. Similar idea, based on tests with a Quasi-DC discharge, was announced in [90,91].



An idea to utilize an electron beam and combined E-beam plus optical, DC, or MW discharges for MHD flow control and scramjet combustion improvement was intensively discussed in mid 2000s [86,92,93,94]. Benefits were expected due to the lowest energetic cost of ionization by an E-beam and effective oxygen dissociation/radical’s elaboration in E-beam excited molecular plasma. Another advantage of the E-beam technique may be realized through an electrostatic repulsion of a binary mixture during liquid fuel atomization [86].



In [95], for ignition of non-premixed fuel in supersonic flow, a pulsed E-beam (duration several hundred microseconds, electron energy is about 10 kV) non-equilibrium plasma was applied. The main purposes of this study were to explore the feasibility of combustion control of hydrocarbon fuel by an electron beam. A scramjet model, equipped with a wall cavity, was tested at the following conditions at the combustor entrance: Mach number M = 3–5, total temperature T0 = 1500–2500 K, total pressure P0 = 0.8–4 bar, fuel-air equivalence ratio varied from 0.2 to 1.4. The electron beam had an angular aperture 180° and allows providing the beam diameter in combustor bigger than 120 mm at a current density between 1.5 and 8.1 А/сm2. Despite the short-duration operation of the combustion facility and a low level of air total temperature, the ignition of hydrogen and hydrocarbon fuels has been confirmed in a supersonic flow. At ignition, the maximal value of static pressure was measured in the same cross-section as for the maximal wall thermal loads. It is important that the time of fuel ignition did not exceed 0.2 ms. Authors indicated that this time was much shorter than characteristic time of combustion initiation by other methods of ignition applied at this facility.




2.3. Supersonic Combustion Control with Quasi-DC Discharge


A near-surface discharge between flush-mounted electrodes installed in a spanwise array on a plane wall of a supersonic duct has been utilized in serial work on duct-driven flow control and for plasma-assisted supersonic combustion experiments [24,28,33,96]. Being supplied by a DC voltage waveform this discharge demonstrates a pulse-periodic pattern of its dynamics significantly affecting the flow structure. Due to the unsteady behavior of the individual plasma filaments this type of electrical discharge was called a “Quasi-DC” or Q-DC discharge. As it was mentioned in previous publications [69] the proper operation of the Q-DC discharge can be realized in high-speed flow at relatively high gas density, in air at N > 1018 cm−3. Specific properties of this type of discharge are realized due to a strong coupling of the plasma to a moving gas [34]. The Q-DC discharge is highly transient because the characteristic time of plasma generation is comparable to the gasdynamic time, τpl ≥ τgd. In this case, the plasma is both strongly affected by the flow and produces a significant reverse effect on the flow, creating a feedback loop. Powerful feedback between the electric discharge and the flow results in strong pairing of plasma transport and the flow field, enhancing flow vorticity and circulation. The most recent review of the Q-DC discharge properties could be found in [31]; some more data obtained by other groups are published in [97,98,99,100]. This type of discharge was successfully applied in tests comparing schemes with upstream and downstream plasma generation with respect to the fuel injection port.



The experiments were performed in a supersonic blow-down wind tunnel PWT-50H [2,16,28] at the Joint Institute for High Temperature RAS. In these experiments, the facility operated as a combustion chamber with the electrode system installed flush with a flat wall [69]. The combustion chamber cross section had dimensions Y × Z = 72 × 60 mm, with a length of X = 600 mm. In order to prevent a thermal throttling during the ignition of the fuel, the geometry of test section had an expansion angle of 10° downstream of the fuel injectors on the opposite (lower) wall. Downstream the expansion, the cross section was Y × Z = 72 mm × 72 mm, as shown in Figure 7. The experimental conditions were as follows: initial Mach number M = 2; static pressure Pst = 0.2–0.35 bar; air mass flow rate ṁair = 0.6–0.9 kg/s; fuel (ethylene) mass flow rate ṁC2H4 = 1–8 g/s; time of operation with a constant pressure t ≥ 0.5 s. Figure 7 indicates three pairs of 100 mm-diameter windows located in the side walls of the test section. The first line of windows was installed near the plasma generator to provide an optical access to the interaction region. The second pair of windows was located downstream with a distance of 65 mm between the two pairs of windows. The third pair of windows was used for post-flame zone observation and TDLAS measurements [101,102]. The instrumentation included the pressure scanner, the schlieren system, an optical emission spectrometer, current and voltage probes, a tunable diode laser absorption spectroscope (TDLAS) used for measurements of H2O vapor temperature and of concentrations, a five-component chemical analyzer, and high-speed cameras.



In this test series, two schemes were examined for the injectors and plasma generator arrangement, as shown in Figure 8. In scheme 1, electrodes are located upstream of the fuel injectors; plasma is generated mostly in air and then interacts with the injected fuel [16]. In scheme 2, electrodes are located downstream of the fuel injectors; the electrical discharge is generated in non-uniform air-fuel composition [101]. The fuel is injected through 5 circular (d = 3.5 mm) orifices all in a row across the span, as shown in Figure 8b. The row of injectors is located 20 mm downstream of the first row of electrodes and 30 mm upstream of the second row of electrodes. The duration of the discharge was approximately 100 ms. The fuel injection was initiated 20 ms after the electric discharge. Typically, the fuel injection was continued 20 ms after the discharge to observe the pattern of flame extinction. The power supply used in these experiments was designed to work with a steeply falling characteristic and individual control of electric current through each electrode [91] by varying the internal resistance in every output circuit of the power supply. In the described configuration, the power supply operates in a current stabilized mode. The discharge power was measured in a range of Wpl = 6–24 kW. The magnitudes of the discharge voltage and current were oscillating within a range of Upl = 0.7–2 kV and Ipl = 2–7 A because of plasma filaments length variation. After fuel injection initiation, the plasma filaments behavior changed significantly, showing an increase of plasma emission intensity and movement of the plasma filaments away from the surface. The detailed data for the discharge dynamics and parameters were presented in Refs. [16,69,101].



An optical emission spectrum of the discharge, recorded from the plasma–fuel interaction zone at x = 20–30 mm, y = 0–10 mm, is shown in Figure 9. On the basis of the spectra analysis in the presence of the hydrocarbon fuel, three groups of chemical species were detected: fragments of hydrocarbon fuel molecules, chemical reaction products resulting from the air–fuel interaction in plasma, and excited N2 and O2 molecules. The species with the highest emission intensity included atomic hydrogen, carbon, and oxygen, molecular H2, C2, CN, OH, and CH radicals. The molecular bands of the CN radical violet system, CN (B2Σ→X2Σ) and C2 Swan bands, contributed up to 50% of the integrated emission intensity. The spectra indicated strong chemical transformations, including the generation of active radicals in electronically/vibrationally excited states.



The plasma parameters have been measured by optical emission spectroscopy (N2 second positive band system spectra) [69,103,104]. Temperature in the discharge varied in the range of Ttr = 3.0–6 kK, depending on the discharge current. Note, that temperature inferred from emission spectra is strongly weighted toward the peak temperature in the plasma filament. Electron density was measured by Stark broadening of the Hα line, ne = (4.5 ± 1.0) × 1015 cm−3. The reduced electric field was estimated to be E/n ≈ 10−16 V/cm2, such that the flow in the discharge is likely to be vibrationally excited [105]. These data were taken during discharge operation at the “regular” conditions, i.e., when the discharge power was below the threshold inducing flow separation [69,106].



Specific mechanisms of electric discharge interaction with a fuel jet injected into the combustion chamber from the wall are realized at ignition and flameholding in a supersonic flow. The effect of the electric current convecting with the flow has been previously observed in a near-surface transverse filamentary discharge between two pin electrodes in Mach 2 airflow [69]. In Mach 2–2.8 airflow, the discharge is moved in the flow direction at a velocity of approximately 60 [107] to 90% [31] of the free stream velocity. A quantitative prediction of the discharge behavior coupled with the fuel injection flow can be obtained using a plasma fluid model, as discussed in detail in [24]. Quantitatively, the filament shape and discharge current path through the fuel injection jet, reacting mixing layer, and air flow are controlled by the trade-off between at least two factors: (1) the maximum value of the effective ionization coefficient and (2) the maximum effect of convection by the flow.



Figure 10 presents typical data for the wall pressure distribution in the case of schemes 1 and 2: normalized wall pressure P/Pst0 during plasma-assisted combustion; Pst0 is static pressure at x = −80 mm; total discharge power was Wpl = 9–12 kW. The discharge working without fuel injection affects the pressure distribution a little, increasing the pressure in the vicinity of the electrode system. When the fuel injection is turned on, the pressure rises slightly in the zone close to the injector for scheme 1 and close to the plasma area for scheme 2. This pressure gain is associated with the fuel partial oxidation by atomic oxygen O. Other reaction branches are related to electronically/vibrationally excited nitrogen (N2*) and active species generated by the plasma. In scheme 2, highly reactive species and radicals, such as H, CH, and C2H3, are involved in the initial fast chemical processes [3,5]. The products of these plasma-chemical reactions are accumulated in the associated separation bubble. Major chemical energy release takes place after fuel mixing with the core flow in the second combustion stage [2], rather than downstream from the place of plasma generation. Figure 10 demonstrates this zone, which was located at x > 120 mm. The schlieren image in Figure 11a depicts this zone as well; it is labeled as the “Flame front”. If the plasma power is low enough, i.e., Wpl < 8 kW, the second combustion stage may not be observed. Two effects are responsible for this: the first one is insufficient fuel activation by the discharge, and the second one is insufficient fuel-air mixing. Numerical modeling [15], including mixing processes and plasma-chemical kinetics, demonstrates that the second effect may be dominant.



For scheme 2, the zone of intense chemical reactions moves upstream and stabilizes near the electrodes position. This operation mode is shown in Figure 10 for a fuel injection rate ṁC2H4 = 2.1 g/s. When the flame front is established, the combustion zone slowly propagates in the axial direction because of the gradual mixing of fuel and air. The chemical energy release during combustion elevates the pressure and forms a wedge-shape combustion zone, with its average angle increasing as combustion intensifies. The angle of oblique shock wave, corresponding to the combustion zone, increases accordingly. This zone is also observed during operation in scheme 1; however, the electrical power has to be significantly higher for this effect to appear, i.e., Wpl > 20 kW. If ṁC2H4 > 2 g/s, and the zone of high energy release forms in a far downstream location. Comparing schemes 1 and 2, it should be considered a significant benefit of scheme 1 at lean fueling whilst scheme 2 works at higher fuel injection rate, where scheme 1 demonstrates a petite thermal effect associated with fuel partial oxidation with excited species in air plasma. Such a two-stage mechanism of ignition was confirmed by TDLAS measurements [101,102].



A typical schlieren image for scheme 1 is shown in Figure 11, illustrating the flow structure during plasma-assisted combustion. In this case, the zone of intensive thermal power release (flame front) is observed downstream of the fuel injection port and the electrodes. An obvious feature of this pattern is that the combustion is stabilized due to the pressure increase where the shock wave impinges the post-plasma/fuel shear layer at x = 160–180 mm. It has to be compared to Figure 10a, data on pressure distribution for the scheme 1, ṁC2H4 = 1.3 g/s, where a significant increase of the wall pressure is observed at same location. A similar effect is considered for the scheme employing plasma generation along the fuel jet (see below).



A novel pattern of plasma-fuel interaction has been examined recently which operates differently compared to previously tested configurations in which plasma was generated in air in front or behind of the fuel injection [24,108,109]. In this new scheme, the electric discharge is partially located inside of an injection orifice, chemically preprocessing the fuel and accelerating the mixing due to introduction of a strong thermal inhomogeneity into flowfield.



The experiments were performed in the supersonic blow-down wind tunnel SBR-50 at the University of Notre Dame. The test section dimensions are similar to ones described for previous tests while the flow parameters have a wider range than in PWT-50H. The combustor cross section at the exit of the nozzle is Y × Z = 76.2 mm (width) × 76.2 mm (height), with a 1° expansion half-angle and a total length of x = 610 mm measured to the diffuser, as it is shown in Figure 12. The fuel injectors and electrical discharge generators are flush-mounted on a plane wall as a single unit, indicated in Figure 12 as “PIM”—Plasma-Injection Module. The test section of the SBR-50 high-speed combustion facility is equipped with two pairs of quartz windows placed as the side walls of the duct for optical access. Ohmic heating is used to bring the air in the plenum chamber up to T0 = 750 K, providing a non-vitiated oxidizer for the combustion chamber. In the current experimental series, the conditions were as follows: initial Mach number M = 2; total pressure P0 = 1–2.2 bar; stagnation temperature T0 = 300–750 K, air mass flow rate ṁair = 0.5–2 kg/s; duration of steady-state aerodynamic operation t = 1–2 s. Instrumentation available for this test includes: wall pressure taps; fast camera imaging Photron FastCam (b/w) and Casio EX-FH100 Camera (color); high-definition schlieren system, details are described in [31]; optical emission spectroscopy (OES) based on OceanOptics spectrometers; set of electrical probes.



A schematic of the Plasma-Injection Module (PIM) is shown in Figure 13a. For this test series three modules (PIMs) were installed in the combustor, as it is shown in the photograph in Figure 13b. The high-voltage electrode (anode) is integrated into the fuel injector by inserting a copper tube into the ceramic injection orifice. A detailed explanation of the PIM operation and ideas involved are explained in [24,28]. Electrical power was turned on for a duration of 0.1–0.2 s starting at nearly the same time as the beginning of the fuel injection; fuel injection continues for a short period of time after the end of the discharge. Ethylene was used as the fuel in this test series: the fuel mass flowrate was up to ṁC2H4 = 8.5 g/s distributed through three PIMs with a fuel nozzle diameter df = 3.1 mm providing a subsonic/sonic jet with a jet-to-freestream momentum flux ratio in the range of J = 0.1–1 and an overall equivalence ratio in the range of ER = 0–0.2. The electrical discharge parameters were basically the same as discussed above.



Three modes of interactions are considered regarding fuel injection and plasma generation: (1) strong combustion case, which is characterized by a significant increase of the wall pressure along the duct (by a factor of approximately 2 or higher); (2) weak combustion case, which is characterized by a moderate increase of the pressure, <100%, mostly in a downstream zone of the duct; and (3) no combustion case, which is characterized by a weak increase of the pressure, <20%, mostly in the zone of the plasma-fuel interaction due to partial fuel oxidation. Many test results are consistent with such a simple classification. Typical pressure distributions over the top wall (fuel injection side) for these three cases are shown in Figure 14.



An overall view of the combustion zone is also different for the strong and weak combustion cases, as it is shown in Figure 15. The PIMs are located at the beginning of the test section as indicated in the image by an arrow. With strong combustion, a zone of bright luminescence concentrates close to the PIMs, whereas with weak combustion and partial oxidation there appears a long tail of luminosity in a zone far from the PIMs. Analysis of such images was performed in [108]. For realization of strong combustion mode, the plasma power should be sufficiently high, in a range of Wpl = 10–20 kW for M = 2, P0 = 1.7 bar, T0 = 300 K, and ṁC2H4 = 2–8 g/s. Increasing the pressure, fuel mass flow rate, or flow velocity requires higher plasma power. For hydrogen combustion the power threshold is significantly lower.



Discharge dynamics and appearance depending on the fuel mass flow rate were explored by means of high-speed imaging. In [28], it was shown that the discharge follows the shear layer of the injected fuel jet under some conditions, namely if the gas velocity is higher than the ion drift velocity. A kinetic mechanism of the discharge specific localization was unveiled in [77]. A higher mass flow rate of the fuel injection leads to an increase in the effective length of the plasma filaments and thus increases the time of interaction between a single plasma filament and the flow with an appropriate portion of the fuel. At higher mass flow rate the discharge appears to have a sophisticated shape, somehow reflecting a shear layer structure, as is shown in Figure 16. The plasma filaments achieve lengths of 100 mm and longer, and the shape of the plasma filaments follows vortex structures in a mixing layer during fuel injection. The cathode spots move along the metallic wall until a new breakdown occurs at a position closer to the PIM. With strong combustion the plasma filaments are shortened due to flow separation. A 3D reconstruction technique was used to discover the plasma filament shape, rotating direction, and location vs. fuel concentration map [110]. An example of the plasma morphology for a single filament is shown in Figure 16b, where color of the plasma filament was assigned to the relative curl of the position of the filament with clockwise rotation represented with the positive half of the scale. In the first x = 15 mm downstream of the injection port, in the YZ plane, the plasma filament locates around the position of fuel-to-air = 1:1 but shifted closer to equivalence ratio ER = 1 line in the downstream zone, x > 60 mm.



Fuel ignition and combustion development appear in the pressure redistribution and in a modification of the shock wave structure in the duct. The flow structure is shown in the schlieren image Figure 17 for the developed combustion case. It is apparent the flow is subsonic or even separated in the combustion zone that “distributes” the pressure increase in an extensive zone over the top wall forming the combustion wedge and strong shock wave (SW) related to this wedge. The SW impinges the bottom wall, increasing the pressure up to a few hundred percent. Flow separates on the bottom wall due to the impinging SW interaction with the boundary layer. The reflected SW impinges the combustion zone promoting a self-sustained pattern of the flow. The core flow remains supersonic in this case, but an increase of the fuel injection rate imposes thermal choking of the duct with hydrogen and, in some cases, ethylene injection.



The data on the wall pressure for plasma-assisted combustion are shown in Figure 18 for two different power values of the electric discharge. It was found that, at P0 = 1–2 bar, the increase of fuel flux leads first to wall pressure rises up to ∆Pst/Pst = 1–1.5 at ṁC2H4 < 4–6 g/s, then to pressure stabilization, and then to a significant decrease of pressure effect due to development of combustion instability.



Such a behavior is realized for most operation modes explored in this test series. This decrease in combustion intensity is most likely related to fuel excess which keeps the local ER >> 1. However, an increase of the plasma power resolves this issue, as it is shown in Figure 18. The combustion mode appears to be rather sensitive to the plasma power. The value of fuel mass flow rate affects the combustion intensity through the maximal available chemical energy release. In this test series, the overall equivalence ratio was rather low, ER < 0.2, providing lean conditions if taking into account the full flux of oxidizer through the combustor. At the same time, the local value of the ER significantly varied over the duct cross section. This is typical for direct fuel injection via wall orifices. The scheme of plasma assistance with the plasma-injection modules demonstrates significant benefits compared to the previously tested configurations for schemes 1 and 2, with the electric discharge located both upstream and downstream of the fuel injection port. It has been determined that ignition and flameholding are observed over a wider range of flow parameters and fuel injection rates. A self-sustained flow structure is formed in this case, including a wedge-like flame front and extensive zone of increased pressure, without any mechanical elements installed in the flowpath. However, a significant portion of the core flow remains supersonic: Figure 19 presents the Mach number distribution across the flow calculated from the Pitot pressure measurements performed at the end of the test section, x = 580 mm. The vertical y-coordinate is counted from the upper wall to the bottom wall. Without the combustion the Mach number in a core flow slightly increases along the test section due to the wall expansion.





3. Mixing Enhancement by Electric Discharges


The other side of the electrical discharge effect on combustion is the enhancement of air-fuel mixing in high-speed flows. In practical schemes of non-premixed flow, the combustion and mixing develop simultaneously and affect each other [111,112,113]. In general, the molecular diffusion and the kinematic stretching (convection) of the fuel-oxidizer interface are responsible for the mixing process before the combustion starts [114,115]. However, molecular diffusion is a rather slow process and the mechanism of natural or artificial stretching of the interface is only able to provide fast enough mixing in a compressible flow by increasing the scalar gradient of reactants and interface area where the reactants might diffuse. In the case of only diffusion, a simple estimate based of the second Fick’s law for typical scramjet conditions, P = 1 bar, T = 1000 K, gives the diffusion length scale to be about 1 mm at distance x = 1 m. This is a primary motivation for the need of mixing enhancement. In the plasma of an electric discharge, the diffusion is accelerated (1) due to a high temperature gradient in a non-uniform plasma; and (2) due to the mechanism of ambipolar diffusion [105] where the coefficient of ambipolar diffusion, Da = Di (1 + Te/Ti) ≈ Dm (1 + Te/Ti), is enhanced compared to those for ions Di or neutral molecules Dm in a factor of the ratio of electron to ion temperatures, Te/Ti. For the electrical discharges sustained with the flow at scramjet conditions, this factor can be as high as 3–5. This value is still insufficient to provide the diffusion-driven mixing without an intensive turbulent stirring.



Conventional methods for mixing improvement include passive and active approaches employing mechanical elements, jets, and acoustic fields [116]. For supersonic combustion, typical solutions for mixing intensification are based on vorticity generation such as by struts (hypermixers), cavities, shock wave impinging the fuel jet, etc. [117,118,119,120]. Plasma-based mixing is still considered an exotic approach.



3.1. Plasma-Based Mixing Mechanisms


Direct and indirect mechanisms of plasma-flow interaction may be responsible for the mixing boost. First, plasma-based heating generated in the flow acts as a “gradual” obstacle, generating a vortex flow similar to a Karman vortex trail. Longitudinal plasma filaments in a high-speed flow are a source of lengthwise vorticity [121]. A body force generated by an electrical current in an external magnetic field (MHD mechanism) affects the flow structure and intensifies the mixing processes [107,122,123]. Another direct plasma effect is associated with the fast, repetitive modulation of power deposition in the electric discharge, which results in alternating tripping of boundary layer or shear layer. An indirect mechanism of mixing intensification may be realized through the Richtmyer–Meshkov instability, occurring in flows with non-collinear gradients of density and pressure [124]. This instability leads to the formation of vortex-dominated flows and, subsequently, to small-scale flow perturbations resulting in accelerated stretching of interfaces and turbulent kinematic mixing. The diffusion through the extended interface finalizes the mixing on a molecular level. In this case, the most challenging problem is the generation of a non-uniform discharge in the right location, i.e., in the shear layer between fuel and surrounding air [77].



In papers [124,125], the study was performed on the effect of a pulsed periodic energy deposition on the mixing of supersonic flow with collocated supersonic jets that interact with an oblique shock. Numerical results show that the mixing in the two-dimensional flow with a planar jet is intensified and the subsonic zone is suppressed. “It happens because of (1) the Richtmyer–Meshkov instability generated by the heated zone interacting with bubble shock has the suction effect on the jet and conjugates with the vortex of the upper shear layer; and (2) the misalignment of gradients of density and pressure affects the generation of baroclinic vorticity in the shear layers. For the low-density jet, the baroclinic term increases the vorticity, while the trend is opposite for the high-density one”. Additionally, this study demonstrates the feasibility of significant intensification of the process of mixing of supersonic and subsonic jets with an ambient concurrent supersonic flow using a localized pulse periodic energy supply under conditions of their interaction with an oblique shock. Figure 20 shows the result of simulations demonstrating a significant intensification of the mixing with help of a pulsing energy source in supersonic M = 2 flow [124].



For the intensification of the mixing in the subsonic and supersonic free jet, Samimy et al. [126,127,128] used plasma actuators to increase the mixing and reduce the jet noise. Repetitive thermal perturbations have been applied for high-speed flow control using phased arrays of repetitively pulsed Localized Arc Filament Plasma Actuators (LAFPAs), generating small scale, pulsed DC filament discharges between pairs of pin electrodes ~1 mm apart, flush mounted in a nozzle wall [126,129,130,131]. The main premise of the first approach is forcing the flow with a high amplitude perturbation, at a frequency approaching one of flow instability frequencies, triggering their subsequent growth in the flow. LAFPA flow control experiments in atmospheric pressure jet flows (M = 0.9–2.0) demonstrated significant localized heating in the near-surface discharge filaments [132] and repetitive compression wave formation by the plasma [10,131]. In addition to this, LAFPA actuators also excite flow instabilities, generate large-scale coherent structures in the flow [129,133], and result in significant mixing enhancement and jet noise reduction. Figure 21 shows generation of Large-Scale Structures (LSS) measured by PIV in an atmospheric pressure, Mach 1.3 circular jet exiting a 1-inch diameter nozzle, forced by an array of eight LAFPA actuators distributed along the circumference of the nozzle near the exit, for different forcing modes, (b) axisymmetric; (c) helical; and (d) flapping [128]. Large-scale, well-organized structures (spanwise vortices) are clearly visible. Changing the excitation mode generates different types of flow perturbations, from donut-shaped vortices in the axisymmetric mode to a spiral-shape vortex structure in the helical mode and to alternating vortices on top and bottom of the jet in the flapping mode. Different types of electric discharges were applied for instability wave control in the group headed by Kopiev [134].



A magnetohydrodynamic (MHD) method was proposed for mixing promotion in the group headed by Bityurin [122,123,135,136]. The approach consists of creating a short pulsed electrical discharge in the gas flow and in using the interaction of electrical discharge with an external magnetic field for initiation of the secondary vortex flows. In the axisymmetric configuration (flow through a tube and axial anode), a quite sophisticated pattern of the discharge morphology and dynamics was observed, as it is shown in Figure 22. The behavior and peculiarities of evolution and dynamics of electrical discharge in gas medium/flows under an external magnetic field, such as discharge evolving in the form of an untwisting spiral around the central electrode, its rotation in a circular gap, and discharge localization near the contact surface at the two stream boundary, indicate the possibility of application of the MHD method for mixing intensification [136].




3.2. Turbulent Decay of Pulsed Discharge Channel


In this section, a mixing enhancement problem, due to the mechanism of gasdynamic instabilities developing during the decay of the after-discharge channel, is explored [24]. The described mechanism is based on the experimentally proven fact that a strongly turbulent gas motion develops in a cooling gas appeared after fast energy deposition such as pulse electric discharge or laser spark [30,137,138]. In experiments with the pulsed sub-microsecond filamentary discharge [78,139], it has been demonstrated that there is another, significantly faster, mechanism of discharge channel expansion after the spark. For this specific pattern, the after-spark zone expansion is driven by high-speed radial jets formed during the cooling phase. Another feature of the long short-pulse spark is a high selectivity of the location of the gas discharge within the zone of a gradient concentration of different components [77,140]. The discharge location is detected directly in the mixing layer between the involved gases. Finally, it has been shown that the position of the electric breakdown can be effectively controlled by a femtosecond laser pulse of a small energy [141]. Later on, the intensification of the gas mixing by the filament discharge has been experimentally proven by means of flow disturbance analysis and measurements of the local fuel concentration by the method of Probe Breakdown Fluorescence [142].



The pulse discharge was generated by means of the power supply based on a Tesla coil with impulse excitation. An important characteristic of the power supply is the rapid voltage rise, dU/dt > 2 × 1011 V/s. Tests were performed with the following parameters: air pressure P = 1 bar at M = 0 and Pst = 0.2–0.8 bar at M = 2–0.3; discharge geometric length d = 30–80 mm; pulse duration τ = 30–80 ns, which is rather short compared to the gasdynamic processes occurring after the pulse; maximum voltage Umax = 80–120 kV; maximum current Imax = 1–3 kA; maximum power release up to Wmax = 110 MW; energy deposition Ed = 1.0–2.7 J. Test chambers with variable gas pressure and composition and a supersonic wind tunnel PWT-50 were used for these experiments. Electric measurements were provided with voltage and current probes. Schlieren images were acquired with spatial resolution of 0.2 mm and a temporal resolution of 0.1 µs. The gas movement after high energy density deposition appears to be unstable and goes through several phases [78]. On the first phase (t < 50 µs), the channel has a typical shape: a cylindrical thermal cavity with a shock wave running away. Even in the early stage, small-scale instabilities of the discharge channel were observed, as it is shown in Figure 23a. A working hypothesis of the origin of these perturbations proposes that they have an electromagnetic nature due to the interaction of a high electric current with its own azimuthal magnetic field.



At t = 80–150 µs the shape of the after-spark channel highly unstable, as it is shown in Figure 23b. The physical mechanism of development of this instability was considered in [139,143]: the fast cooling of the axial zone leads to the decrease of the gas pressure that leads to the reverse motion of the gas. Such a motion is unstable due to the Rayleigh–Taylor mechanism [138,143]. An estimate of the instability development time t ≈ 100 μs agrees well with the value observed experimentally.



The analysis of the experimental data obtained in the ambient air and in the high-speed flow yielded a not obvious result with respect to the size of the disturbed zone: its value was several times greater than it could be according to laminar or turbulent diffusion mechanisms. This occurred because of the generation of intense lateral jets in the last stage of the channel expansion, followed by a rapid increase in the gas turbulent motion in a significant volume, comparable to the distance between the electrodes, as shown in Figure 23c. Generation of fast jets on a time scale t = 102–103 µs is of great importance for the proposed mechanism of mixing intensification (kinematic mixing). The mechanism of jets formation involves a strong asymmetry of the discharge shape for a sufficiently long inter-electrode distance caused by a streamer branching during the initial stage of the discharge propagation. At the concave sides of the plasma channel, the outgoing shock wave from the zone of energy deposition results in strong compression followed by strong rarefaction behind the shock. At the convex sides, the shock wave is diverging, and thus is characterized by smaller compression followed by weaker rarefaction when compared with the concave sides.



As a result, a pressure gradient builds up, with pressure decreasing from convex to the opposite concave sides. This causes jet formation outside of the concave regions, with the general direction of jets from concave to convex as shown in simulated flow structure (Figure 24a,b). For comparison, the experimental result is shown in Figure 24c,d. The initial heated filament is shown as a piece of wire. Typically, the velocity of gas movement measured in jets decreases from V ≈ 300 m/s at t = 100 µs down to V ≈ 100 m/s at t = 300 µs. The processes mentioned above are well illustrated in refs. [139,143]. Note that no jets are observed at short inter-electrode gaps d < 10 mm and when the peak power is lower than 10 MW. It was found experimentally that the discharge closely follows a boundary between two gases in most of the cases at the air-fuel-plasma interaction [30,139] and references therein. This effect has been called “the effect of specific localization”. The explanation of this fact includes the idea that the discharge localization is managed by the rule of minimal electrical field, required for the discharge maintenance, along the line of breakdown [144].



Despite of the clear picture of mechanisms for the mixing promotion by pulsed filamentary plasma, the experimental verification is a necessary step before a further development of the technique. However, the measurement of a local mixing rate is challenging [145]. The most frequently used techniques, such as PIV and PLIF, employ a flow seeding with particles/secondary gas or indirect measurements to retrieve the data on the species concentration [146,147,148,149,150,151]. Another non-intrusive diagnostic approach based on laser techniques such as Laser-Induced Breakdown Spectroscopy (LIBS) could be used without extra flow seeding. LIBS has been extensively applied for determining relative concentrations of atomic species in high-speed flames [152,153,154]. In these tests, the laser spark was replaced with a weak spark discharge.



Efforts during this experimental series were aimed on quantitative estimation of the plasma-based mixing enhancement in high-speed flow by means of the probe breakdown fluorescence method (PBF) [142]. The idea of PBF is in realizing a so-called “probe” plasma of small energy at a predefined position and delay after the mixing event and in analyzing the optical emission spectra of this probe discharge. The temporal resolution of this method is equal to the probe discharge fluorescence duration—<1 μs. The spatial resolution is determined by the collecting optical system and can be no bigger than l × d = 3 × 1 mm, that is a bit worse than the spatial resolution of LIBS but it still satisfactory for mixing efficiency estimation. Optical spectra data were preliminarily analyzed in a test cell filled by a controlled gas composition. A low-power probe discharge in air excites mostly the second positive system of molecular nitrogen (N2, C3Pu→B3Pg). A high intensive emission of the CN violet system is observed if breakdown occurs in carbon containing media. Even a small amount of carbon is enough for CN emission to be much more intensive than nitrogen emission. A proper spectral range contains both nitrogen and CN bands, λ = 375–390 nm.



Two operation modes of the test were explored: the long-spark filamentary discharge at subsonic flow M = 0.5 and Pst = 0.6 bar, and in supersonic flow M = 2, Pst = 0.2 bar. The arrangement of the experiment is shown in Figure 25a. Grounded electrode was placed upstream of the injection orifice to increase interaction of the after-spark channel and gas jet. In this test the electrode system for the probe discharge was installed x = 100 mm downstream of the injection jet nozzle. Optical emission of the probe discharge was collected from different zones along the Y axis of the probe discharge in a range y = 10–50 mm. It has been found that for observation of the maximal mixing effect an optimal delay time between the main discharge and the probe discharge for the subsonic flow is about t = 800 µs; and for the supersonic flow it is about t = 200 µs, which roughly corresponds to a gasdynamic time.



The experimental spectra captured at y = 30 mm, M = 2 are presented in Figure 25b for two cases: main discharge off and on. The dramatic difference is seen between the spectra of the probe discharge for the CO2 jet (base line in Figure 25b) and the spectrum of the probe discharge for the CO2 jet perturbed by the main discharge. Stronger luminescence of the CN band and reduction in relative magnitude of the N2 bands means that there is a significant amount of CO2 within the measurement region in the second case. At the same time the CN bands are almost absent with strong N2 bands present in the spectrum when the CO2 jet is not perturbed by the main discharge in the first case.



In the area of observation, the mixing ratio was estimated as R = 0.45 according to the calibration curve obtained during preliminary experiments with controlled gas compositions. A similar result has been obtained for subsonic flow. There was some variation of the spectrum from run to run due to the unsteady jet boundary but on average the positive influence of the main discharge on the CO2 jet mixing in airflow has been found to be evident.





4. Transitional Phenomena and Instabilities


This section describes the results of experimental studies of the combustion instabilities observed in the plasma-assisted supersonic combustion test cell SBR-50, see Figure 12 and Figure 13. Additionally to instrumentation named in Section 2, three fast pressure sensors K1-K3 (Kulite) were installed on the top wall at x(K1) = 40 mm, x(K2) = 90 mm and x(K3) = 270 mm to recognize the details of rapid flame oscillations. Three types of flame instability were identified: (1) flame blow-offs; (2) global instability related to flame–plasma interaction, characteristic time is approximately 10 ms; and (3) fast instability, related to rapid oscillations of the combustion zone, characteristic time is approximately 1 ms.



4.1. Ignition Time and Flame Extinction Time


The reignition mode of operation has been tested to verify the ability to quickly restore the flameholding pattern after the flame blows off [108]. The electrical discharge was turned on immediately after the beginning of the fuel injection, then it was switched off for 50 ms and then turned on again. Then, after the plasma was turned off and the flame extinguished, the flow pattern restored to an initial (supersonic) state. During the second pulse of plasma, an anchored pattern of combustion was realized. Summarizing the results of that test with hydrogen injection the following details were considered: the time of the flame extinction after the plasma is turned off is t > 25 ms; the time of re-ignition in the downstream zone is t < 5 ms; the time of the flame front restoration during the re-ignition is t < 20 ms.



Similar datasets were obtained for the dynamics of ignition and flame extinction for ethylene injection [109]. Figure 26 depicts a 2D (time-distance) pressure distribution over the top wall of the combustor at selected moments of time for ethylene injection after the plasma is turned on: ignition phase in Figure 26a; and the flame extinction phase in Figure 26b. Pressure sensor numbers are indicated from x = −40 mm to x = 570 mm; moments of the plasma on-off are indicated by arrows. For ethylene injection, the time of ignition is noticeably longer compared to that of hydrogen ignition [108]. In Figure 26a, before the plasma starts, the pressure has an increased value at sensor #3 related to the fuel injection jet and at sensor #10 related to the reflected shock wave originating from the fuel injection jet. After the plasma is on, the partial fuel oxidation increases the pressure (green color) downstream of the PIMs. At t = 915–918 ms a few flashes are visible in a zone of interaction. Later the flame front is initiated near the sensor #8 and propagates upstream/downstream. The entire process takes up to ∆t < 40 ms. Similar to hydrogen, the flame extinction takes a short time, t < 5 ms, holding a moderate pressure tail during approximately 25 ms within a shock-dominated structure of the flow, see Figure 26b. These processes may take a significantly longer time at higher air pressure and temperature.




4.2. Instability of Plasma-Flow Interaction


Except for insufficient mixing, another problem for an effective flameholding is a large-scale instability realized at plasma-assisted combustion (periodic oscillations of the flame front). This leads to a strong change in the electric discharge power and pressure in the combustion chamber, the rapid modification of the flow structure, and terrible mechanical tension in the facility. Figure 27 shows some features of this phenomenon. As a rule, oscillations appear earlier and have a higher amplitude at higher discharge power levels and with more intense combustion (i.e., at higher fuel injection rates). The phases of voltage rupture and pressure fluctuations are strongly coupled, as can be seen in Figure 27a. The process of instability begins with increasing pressure, after which the voltage decreases, which leads to a decrease of gas pressure. In the 2D pressure distribution, Figure 27b, it is also seen that the combustion periodically originates in a downstream zone, then moves upstream, extinguishes, and initiates again.



The described behavior is explained by the following mechanism of instability development [28]: intensive combustion in fuel-rich conditions leads to an increase of pressure (P), causing the separation of the flow in the test section and the movement of the separation zone upstream. When the separation zone reaches the plasma modules, the plasma filaments previously expanded by the flow become much shorter and terminate near the fuel injectors, as shown in Figure 28. In addition, in the region of airflow separation, the temperature in the plasma filament (Tg) increases, the gas density (ρ) decreases, and the electrical conductivity (σ) increases. The combination of two factors, namely, (1) a decrease in the length (L) of the plasma filaments and (2) an increase in conductivity, leads to a significant reduction of the discharge voltage (Upl) and of the discharge power (Wpl). Since plasma can no longer support combustion under these conditions, the release of chemical energy (Qcom) decreases sharply, which leads to a gradual restoration of the initial flow structure. The instability feedback loop is closed because of the combustion extinction limit being sensitive to the discharge power, as illustrated in the diagram in Figure 29. The instability feedback loop is closed due to the combustion extinction limit being sensitive to the discharge power, as illustrated in the diagram in Figure 29. The time scale of this global instability is primarily controlled by the gasdynamic processes: modification of shock wave structure in the duct, propagation of the flow separation zone in the upstream direction, and flame blow-off. The reaction of the electric discharge to the modification of the flow structure is much faster than most gasdynamic phenomena: it is not longer than the time of plasma oscillations, tpl ≤ 0.1 ms [31]. The time for stabilization of a new shock wave structure depends on the duct geometry and speed of sound (gas temperature); for this particular test it was about tsw = 0.5 ms [32]. Without any mechanical flameholders, the same time scale is typical for flame blow-off with a factor to characterize the length/cross section ratio of the combustion chamber [155] but might be much longer for the combustor equipped with the cavity [156]. The longest time scale is related to the movement of the separation zone. The velocity of upstream propagation was measured in a range of Vsep = 10–50 m/s depending on the pressure gradient generated due to fuel combustion: this time is tsep = 5–8 ms, see Figure 27b. The resulting total time of the instability development is about 10 ms. Passive or active control of the electric discharge parameters, as well as optimization of the duct wall profile, may well be able to delay the onset of this instability or suppress it entirely.




4.3. Rapid Combustion Instability


Detailed pressure measurements and fast camera observations indicate presence of another type of instability which appears as flame front oscillations with a frequency approximately 1 kHz, see Figure 30. In Figure 30a, the pressure time series is presented for the entire process of the fuel ignition and combustion. One can see that the combustion is initiated far downstream of the PIMs and then propagates upstream up to the fuel injection ports. An average pressure value stays constant at x > 150 mm and experiences slow drift at locations close to the injection/plasma zone (similar to instability discussed in previous section). With a time resolved data set, regular oscillations were observed, as it is shown in Figure 30b. These oscillations were not detected at the K1 location if the combustion front moved downstream. The waveform of three pressure traces are well correlated being in-phase or in counter-phase depending on the flamefront position.



The spectra of pressure oscillations are shown in Figure 30c indicating two significant peaks at 1 kHz and at about 8 kHz. The 8 kHz peak is related to the plasma filament oscillations. The 1 kHz vibrations may be related to thermo-acoustic interaction [155], similar to that known as “screech” in afterburners.





5. Discussion and Conclusions


This manuscript reviews the experimental efforts related to plasma-assisted supersonic combustion and flameholding performed during the last few decades by multiple groups of researchers with a major focus on recent studies. It is considered that the use of a plasma-based method may lead to a reduction in total pressure losses when operating the combustor under non-optimal conditions, enhancement of operation stability and, consequently, the expansion of the air-breathing corridor of the scramjet operation range. The author addresses experimental results showing a significant enhancement of supersonic combustor performance based on progress in the understanding of physical mechanisms of plasma-flow interaction.



Historically, two main trends have formed the state-of-the-art in supersonic PAC. The first one has come from researchers who traditionally worked with scramjet-like configurations. The most significant works were fulfilled with plasma torches, which were successfully applied for fuel ignition in supersonic flow. Another trend was developed by scientists associated with the plasma community and focused on the non-equilibrium aspect of plasma-chemical processes. These works added a deep understanding of plasma-assisted chemistry and unveiled the limits in plasma applications for combustion enhancement. To some extent, those two approaches were combined in the concept of supersonic combustion control by electrical discharges, which includes not only accelerating ignition, but also mixing enhancement and flame stabilization via flow structure control.



A striking difference between the performance of different schemes applied for plasma-based ignition and flameholding was observed. The geometries include the schemes with plasma generation upstream and downstream of the fuel injection port, and the lastly developed scheme with collocated plasma generation and fuel injection combined into a single unit, PIM. Scheme 1, upstream plasma, exhibits a more effective ignition under fuel-lean conditions, i.e., at low fuel flow rates, than scheme 2 when electrodes were placed downstream of the fuel injection ports. This is attributed to effective generation of atomic oxygen, the most active species promoting the fuel ignition, by the electric discharge in air. However, the increase of the fuel mass flow rate leads to a change in the mixing pattern and rapid dilution of the pool of active species. As a result, the first stage of ignition, partial fuel oxidation, is not transformed to the second stage of combustion. Scheme 2 overcomes this limit by exciting the air-fuel mixture downstream of the fuel jet. However, the plasma is located in a near-wall layer with a pure fuel or rich air-fuel mixture leads to a less effective combustion when most of the fuel flows over the zone of chemical reactions. The last configuration, with plasma collocated to the fuel jet, shows a much better performance under fuel-rich conditions, where scheme 1 is limited to partial oxidation with a fairly insignificant increase in the pressure, and scheme 2 allows combustion of a limited portion of the injected fuel.



In the scheme with the PIM, after breakdown is achieved, the discharge current path follows the fuel injection jet due to convective entrainment of the plasma by the flow. The plasma filaments are extended by the fuel injection flow, penetrate into the main airflow, and end far downstream. To interpret the benefits of this scheme, three key points need to be considered: (1) in this geometry most of the plasma filament is sustained in the air-fuel mixture with optimal ER; (2) the plasma filament follows lateral vortices in the mixing layer promoting air-fuel mixing; and (3) even after ignition and combustion front establishing the plasma filament crosses the zone of chemical reactions stabilizing a new pattern of flow structure. Specifically, after ignition, the discharge and combustion produce a “closed” flow separation zone, with high concentrations of chemically active species, such as atomic oxygen (O), electronically/vibrationally excited nitrogen (N2*), and reactive species/radicals H, CH, C2H3, etc. Additionally, the fuel, being injected into this zone has a sufficiently long residence time to mix and ignite. The shock wave, associated with a high-pressure zone and the plasma-produced flame front, reflects from the opposite wall of the combustor and further increases the pressure in the zone of intensive combustion. This self-sustained flow structure appeared to be stable in a wide range of flow/injection parameters. A further increase in the fuel mass flow rate results in a gas temperature increase in the separation zone, leading to increased plasma conductivity, reduction of the plasma power, and subsequent flame extinction/blow-off. This instability is shown to be realized with dominant frequency around 100 Hz which corresponds to a characteristic gasdynamic time of flow separation. Another instability with dominant frequency approximately 1 kHz is likely not associated with plasma application, rather having a thermo-acoustic nature.



Along with fuel ignition, plasma methods can be applied for air-fuel mixing enhancement. One example is the PIM operation where the filamentary discharge was shown to be frozen into a streamwise vortex structure around the fuel injection jet. Other mechanisms discussed include the promotion of gasdynamic instabilities realized at non-collinear gradients of pressure and gas density (Richtmyer–Meshkov) or after strong localized heating. In the last case, a specific 3D jet-type gas movement was observed and caused by a non-symmetric energy deposition and consequent interaction between converging shock waves. Direct measurement proves the air-secondary gas mixing intensification by a short-pulse filamentary discharge in both supersonic and subsonic environments.



The flameholding mode has been observed with the PIM technique over a wide range of fuel injection mass flow rates without application of any mechanical elements. In combination with fuel injection, the plasma generation anchored the flame front through the mechanism of a local separation and strong shock wave generation. The critical importance of the plasma module configuration and combustor geometry, as well as that of key operation parameters such as total discharge power, Wpl > 10 kW, has been demonstrated. However, the lean combustion limit for the PIM configuration is ṁC2H4 > 1 g/s, while for the scheme with upstream plasma it was only ṁC2H4 < 0.4 g/s. The convection of the plasma filaments with a fuel jet becomes significant only at a sufficiently high velocity of the injected fuel, comparable to the core flow speed. This explains why ignition was not observed in lean conditions for the configuration with PIMs installed. It is also important to highlight that the described tests illustrate potential ways to further improve the Plasma-Assisted Combustion method for high-speed conditions, including the use of contoured injector nozzles for supersonic injection and a power supply with a modified voltage–current characteristic.



Further research efforts are needed for a comprehensive understanding of all processes and interactions. They might be focused on fundamentals in the mixing enhancement by plasma, parametric study of the ignition pattern including a mid-range of flow temperature, T = 600–800 K, which of the critical importance for practical systems (low Mach number and dual-mode scramjet). Another direction for engineering study is the plasma technique implementation in the fast close-loop control systems for high-speed combustion apparatuses.
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Figure 1. Qualitative diagram of air breathing corridor with assumed range of altitude and velocity where PAC might be the most effective [2]. 
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Figure 2. The ignition delay time in a CH4:O2:Ar = 3.3:6.7:90 mixture as a function of temperature for (I’–II’) auto-ignition and (I–II) ignition with the electric discharge. The closed symbols correspond to measurements and the open symbols correspond to calculations [3]. Reprinted from [3] with permission from Elsevier. 
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Figure 3. Schlieren photograph of plasma-assisted ignition in a straight duct: M = 2.5; fuel H2, plasma jet N2_50% + O2_50%, electric power 2.99 kW, adapted from [46]. Reprinted from [46] with permission from AIAA. 
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Figure 4. (a) Effects of net input energy with residual H2 combustion heat on the ignition limit for φ = 0.4, [48], reprinted from [48] with permission from AIAA; (b) pressure effect of the plasma torch depending on plasma power (the figure is courtesy of Dr. K. Takita). 






Figure 4. (a) Effects of net input energy with residual H2 combustion heat on the ignition limit for φ = 0.4, [48], reprinted from [48] with permission from AIAA; (b) pressure effect of the plasma torch depending on plasma power (the figure is courtesy of Dr. K. Takita).



[image: Energies 11 01733 g004]







[image: Energies 11 01733 g006 550] 





Figure 6. The OH PLIF images overlapped with a typical schlieren image of the same flow condition: (a) without plasma; (b) in the presence of the plasma [87], (the figure is courtesy of Dr. Hyungrok Do). 
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Figure 7. Schematics of the PWT-50H test section. The location of the plasma-injection modules is shown by a rectangle in the top wall. 
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Figure 8. (a) Schematic drawing of two basic layouts for the fuel injectors and electrode arrangement; (b) 3D view of ceramic insertion used during testing. 
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Figure 9. Composite optical emission spectrum obtained from the ethylene-airflow-plasma interaction region. Major emission lines and bands are labeled. Reprinted from [28] with permission from Elsevier. 
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Figure 10. Normalized pressure distribution, scheme 1 vs. scheme 2: (a) along the test section at variation of fuel mass flow rate; (b) at two locations vs. fuel mass flow rate. For (a) the legend “Flow” means “no fuel/no plasma” case, “Dis” means “no fuel/plasma on” case. 
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Figure 11. Schlieren image illustrating the flow structure in the test section at combustion, scheme 1, ṁC2H4 = 1.3 g/s. 
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Figure 12. Geometrical configuration of the SBR-50 test section. 
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Figure 13. (a) Schematics of fuel injector and electrode arrangement; (b) photo of PIMs in the test section. 
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Figure 14. Typical wall pressure distributions for three cases: (a) strong combustion; (b) weak combustion; (c) partial fuel oxidation. 
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Figure 15. Images of the combustion zone for two cases: (a) strong combustion; (b) partial fuel oxidation. Flow is from left to right. 
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Figure 16. (a) FastCam frame showing the discharge morphology; (b) 3D reconstruction of the plasma filament shape. Reprinted from [110] with permission from authors. 
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Figure 17. Schlieren image of the interaction zone: plasma on–fuel on [109]. 
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Figure 18. Pressure increase vs. fuel mass flow rate for three PIMs scheme: x = 200 mm. 
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Figure 19. Mach number distribution over the test section of SBR-50 at plasma-assisted combustion: P0 = 1.8 bar, T0 = 290 K, ṁC2H4 = 5.4 g/s, Wpl = 13.6 kW. 
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Figure 20. Result of simulation [124]: Richtmyer–Meshkov instability intensification by pulse-periodic heat source: (a) no heat source; (b) heat source on at x = 13 cm, y = 13 cm. Reprinted from [124] with permission from authors. 
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Figure 21. Phase-averaged streamwise planar images demonstrating effect of excitation azimuthal mode on LSS development for (a) baseline; (b) axisymmetric; (c) helical; and (d) flapping forcing modes [128]. Reprinted from [127] with permission from AIAA. 
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Figure 22. High speed imaging of interaction of electrical discharge with the external magnetic field of B = 0.05 T in air flow of 10 m/s (frame rate is 1.2 kHz); the external electrode is the cathode, current I = 1 A. Reprinted from [136] with permission from authors. 
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Figure 23. Schlieren images of gasdynamic instabilities developed due to pulse discharge generation in ambient air. (a) Time delay t ≈ 1 µs; (b) time delay t = 100 µs; (c) time delay t = 1 ms. “SW”—position of shock wave; “DCh”—interface of residual thermal cavity expanded after the electrical discharge. 
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Figure 24. Density distribution at jet generation. 3D RANS simulation [139], gray scale in kg/m3, symmetry plane: (a) 50 μs; (b) 500 μs; (1) main jet from the external bend; (2) main jet from the central bend, and (3) fast disturbance from the central bend. Experiment (schlieren images): (c) 40 μs; (d) 540 μs. 
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Figure 25. Test on the mixing efficiency measurement: (a) experimental arrangement of the PBF measurements in high-speed flow; (b) spectra of the probe plasma in M = 2 flow at main discharge switched on and off. 
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Figure 26. 2D dynamics of pressure distribution over upper wall at (a) ignition and (b) flame extinction. 
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Figure 27. (a) Discharge power and wall pressure traces during combustion instability, ṁC2H4 = 5.9 g/s; low-pass cutoff filter is applied; (b) 2D dynamics of pressure distribution, time is counted from plasma on. 
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Figure 28. Discharge images at (a) weak combustion case and at (b) strong combustion with separation. Flow is from left to right. Exposure 1 µs, frame x-length is about 120 mm. 
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Figure 29. Diagram illustrating a feedback loop of combustion instability development. Small vertical arrows show an increase (up) or reduction (down) of parameter values. Larger inclined arrows show the sequence of processes involved. 
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Figure 30. Data on fast pressure measurements (Kulite™ sensors): (a) time series; (b) time-resolved traces; (c) tpectra of pressure oscillations. 
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Table 1. Brief characterization of electric discharges used for PAC and flow control [67].
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	Discharge Type
	Typ. Power
	Benefits
	Disadvantages
	Refs.





	Longitudinal surface arc, DC
	1–10 kW
	High temperature
	Location in boundary layer, electrodes erosion, low efficiency
	[69,70,71]



	Transverse Near-Surface Quasi-DC
	1–30 kW
	Mixing, long time of interaction, high temperature
	Electrodes erosion, low volume of treatment
	[31,69]



	Glow discharge
	0.1–1 kW, continuous
	Large volume, effective in radicals generation
	Operation at low density
	[72,73]



	Volumetric arc
	1–10 kW
	High temperature, long time of interaction
	High level of required power
	[59,60]



	Plasma torch
	1–30 kW
	High temperature, fuel through plasma
	Plasma inside the torch device, low efficiency
	[1,40,41,45,47,51]



	RF filamentary
	0.1–1 kW
	High speed of penetration, mixing, single-electrode
	Low power deposition, unpredictable position
	[52,53,54,55]



	Microwave
	1–10 kW

0.1–10 J/pulse
	Initiator or electrodeless, high efficiency in radicals generation
	Complex equipment, large breakdown threshold at high pressure, sensitive to flow
	[18,52,56,58]



	DBD/Corona
	1 W/cm2
	Effective in radicals generation
	Location in near-surface layer, low density of energy deposition
	[34,74,75]



	Nanosecond pulse discharge
	0.01–1 J/pulse
	Effective in radicals generation, high-speed of penetration
	Low-pressure application for homogeneous appearance
	[12,14,68,76]



	Short-pulse long spark
	1–100 J/pulse
	High density of energy deposition, effective mixing
	Short time of interaction, high-voltage
	[77,78]



	Laser spark
	Wide range
	High density of energy deposition.
	Small volume of interaction, low energetic efficiency of lasers
	[79,80,81,82]
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