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Abstract: This paper presents the results of testing and optimization of a plasma-assisted combustion
scheme based on a pylon for fuel injection equipped with a plasma actuator. Electrodes were installed
behind the stern of the pylon for the creation of Q-DC discharge with voltage U = 200-2500 V and
current I = 3-7.5 A. The experiments were performed in the PWT-50 supersonic wind tunnel of the
JIHT RAS under the following conditions: Mach number M = 2, static pressure ~200 Torr, stagnation
temperature Ty = 300 K. Gaseous fuel ethylene was used and the fuel mass flow rate was 0.5-4 g/s.
The pylon had a streamlined shape that prevented the formation of a stagnant zone; plasma-assisted
combustion was performed under more difficult conditions compared to plasma-assisted combustion
on a flat wall, where separated flows near the wall are easily formed by discharge. In this work,
two new geometries of pylon equipped with electrodes were proposed and experimentally tested.
A second version providing a longer discharge length demonstrates stable ignition and intense
combustion in a fully discussed fuel mass flow rate. The process of ignition in a supersonic flow
and flame front pulsations was described. A reduction in the energy input in comparison with the
previously considered configurations of plasma-assisted combustion was also demonstrated.

Keywords: plasma-assisted combustion; supersonic combustor; flame stabilization; flame oscillation;
DC discharge; arc discharge; pylon

1. Introduction

Ignition and flame holding in a supersonic airflow is a well-known practical problem
for engineers and researchers other the world [1]. In addition to ignition and combustion, a
significant scope of work is devoted to mixing [2], however, we will not focus on the topic
of mixing in this work. From a wide range of scientific papers devoted to the ramjet and
the scramjet, it is necessary to highlight the main approach to combustion organization
based on cavity-based flameholding [3]. The fundamentally different approach is based
on the use of plasma for the organization of a stable ignition of fuel and a flameholding
in a combustion chamber of a scramjet engine, and it is actively considered in many
research studies [4]. Within the framework of this approach, one of the most well-known
configurations is based on DC electrical discharge located near the wall [5,6]. DC electrical
discharge near a flat wall was successfully used to ignite gaseous and liquid hydrocarbon
fuels at various flow conditions.

In the works devoted to the scramjet, various fuels are considered, including hydro-
gen [7] and ethylene [8,9], as well as liquid fuels—kerosene [10] and JP-10 [11]. For liquid

Copyright: © 2023 by the author.

fuels, ignition approaches using pilot gaseous fuels [12] are considered, as well as options
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for adding aluminum particles to increase the calorific value [11]. Therefore, in general,
studies of the combustion of gaseous fuels remain relevant both for use as an independent
fuel and for the case of use as a pilot fuel for igniting liquid fuel.
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and parameters such as the electron concentration and plasma temperature are being
refined [15-17], as well as the influence of discharge on the flow [18]. In general, the addition
of plasma provides both heating to high temperatures (usually in a DC discharge [17]) and
the formation of active radicals that accelerate the chain reactions of the combustion of
hydrocarbon fuels [19].

In the latest works, there is a tendency to combine known approaches, taking advan-
tage of both. Thus, in the paper [20] research on modes of plasma-stabilized combustion in
a cavity-based M = 2 configuration was performed, where the DC discharge was located
mainly in front of the cavity in the supersonic area. The most recent studies are devoted
to experimental investigation of flameholding in a cavity-based scramjet combustor by a
single [21] or multichannel gliding arc [22], where the discharge was located at the bottom
of the cavity. In paper [23] a fuel mixture formed in a stagnation zone and was then ignited
by a plasma torch located downstream. In all cases, the advantages of DC/arc discharge
were noted.

However, when considering such schemes for organizing supersonic combustion,
the issue of scalability in large combustion chambers arises. To solve the scalability issue,
it is important to organize a fuel supply system and localization of energy input in the
flow core. For this purpose, several investigations were performed with a configuration
in which DC discharge is moved away from the wall by a transverse fuel jet. Combustion
performance [24] and mixing benefits were noted [25].

To improve the penetration and mixing of a transverse fuel jet to the supersonic airflow,
some geometrical models are discussed, including a pylon, installed in front of the jet [26].
Using a pylon makes it possible to organize plasma-assisted combustion in any location
in the cross-section of the combustion chamber. Attempts to use a pylon for discharge
organization and fuel supply look reasonable [27]. However, the design of a pylon for
plasma-assisted combustion should be simple and concise. In our previous work, the
development and testing of a new geometry of pylon were presented [28,29], and in this
current paper, we present an extended description of the testing and modification of that
pylon. This work aims to answer the following questions: Is one discharge loop in the flow
without mechanical stabilizers enough to organize stable plasma-assisted combustion? Is
plasma-assisted combustion possible in free flow (not near the wall)? Does the process of
ignition and stabilization of the flame somehow change in the case of the location of the
discharge far from the walls? Indeed, in this case, the discharge cannot create separation
zones near the wall, in which combustion then occurs.

2. Experimental Setup and Diagnostics

The experimental investigation was performed on a blowdown supersonic wind tunnel
IADT-50 at the Joint Institute for High Temperatures of the Russian Academy of Sciences [5].
The experimental setup consists of a high-pressure tank separated by four electromagnetic
valves from a low-pressure part. The latter consists of a plenum with a honeycomb, supersonic
nozzle with Mach number M = 2, a test section, and a receiver. The receiver is pumped down
to 50 Torr before each launch of IADT-50. The start-up phase of the tunnel lasted about 150 ms,
and the steady phase lasted 300 ms, including ~100 ms for the fuel supply and discharge
operations. The parameters of the airflow at the entrance to the test section were: flow velocity
~ 500 m/s, static pressure 200 Torr, stagnation temperature 300 K, and dry air mass flow rate
1.2 kg/s. Inlet pressure stability was about 7% due to the gradual emptying of the pressure
tank. Dry air in the high-pressure tank was prepared using a commercial air dryer Remeza
RFD 61. The test section has an initial cross-section of 60 x 70 mm, expanding in the middle
area to 70 x 70 mm, and a length of 600 mm (see Figure 1). The test section is equipped with
3 pairs of optical windows 100 mm.
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Figure 1. Test section with pylon installed.

The following diagnostics were implemented in the experiment: high-speed video
recording, high-speed Schlieren visualization; and measurement of current and voltage
of the discharge, and registration of static pressure distribution on the channel walls
(16 points, 2.5 ms per time point by NetScanner 9116 connected using 40 cm length tubules
and 2 channels of fast Kulite XT-140 connected using 3 cm length tubules).

A preliminary study of several models of geometry was performed. The first geometry
had short electrodes and fuel injection in the stern [28]. In the second model, the stern
was narrowed to prevent separation flow and the electrodes were lengthened to provide a
stable formation of a long discharge loop [29]. For the third model, the fuel injectors were
moved to the side walls of the pylon to improve mixing. It is this third version of the pylon
(height 26 mm and thickness 6 mm) that is discussed in this paper. It was installed in the
first third of the test section and is visible through the first pair of windows. Fuel (ethylene
C,Hy,) is injected through the four holes @2 mm, two per each side wall of the pylon. Each
through-hole forming a pair of outlets is connected by a thin channel of the same diameter
to the connection point of a fuel supply hose of a larger diameter (see Figure 1). The fuel
mass flow rate (MFR) was varied in the range of 0.5-4 g/s. The pylon has two electrodes
with an interelectrode distance of ~5 mm, installed at the trailing edge for the creation of a
Q-DC discharge.

Two versions of the pylon with different electrode schemes studied in this work are
presented in Figure 2: ver.a with straight electrodes and ver.b with elongated electrodes
bent at the end (based on the configuration from [30]). In the latter case, by reducing the
minimum distance between the electrodes, the breakdown of the discharge is facilitated.
However, after the breakdown, the discharge is blown to the ends of the electrodes, and
the increased distance between them provides a longer discharge loop [30]. Previously,
we assumed that, in supersonic flow, due to the high flow rate and low rate of chemical
reactions, it is important to increase the interaction time between the discharge and the
air-fuel mixture, so it is important to increase the discharge length [31].

(a) (b)

Figure 2. Principal view of the pylon, equipped with fuel injectors and a plasma module: (a) Vera—
straight electrodes; (b) Ver.b—angled ends of the electrodes (image after tests).
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The discharge was powered from a voltage source with an open-circuit voltage of
~5 kV, and the circuit current was varied from 1 to 8 A using a ballast resistance. The power
input to the discharge was 3-5 kW (compared to 10-18 kW in previous works [5]).

3. Results
3.1. Experiments with Pylon Ver.a

The first series of experiments were performed with the geometry presented in
Figure 2a. With a ballast resistance of 1000 (), the current in the discharge was 3.2 A,
the average voltage was 1000 V, and the average power was 3.2 kW. These parameters var-
ied within 15% depending on fuel consumption. Analysis of the static pressure distribution
shows that stable ignition of ethylene was obtained in this configuration (see Figure 3).
A slight pressure increase without discharge and combustion at the 120 mm point was
caused by bow shock reflection initiated by the pylon, and also slight pressure increase at
the end of the test section was caused by oblique shock from the end of the expansion part
seen through the second pair of windows. An increase in pressure, indicating combustion,
was observed by the sensors in the downstream part of the test section which was up to
450 Torr in the region X = 400-500 mm and was approximately the same for different fuel
mass flow rates (in comparison with an inlet static pressure of 200 Torr).
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Figure 3. Static pressure distribution for pylon ver.a in the case of ballast resistance of (a) 750 and
1 kQ; and (b) 500 Q2. The pylon is located between 50 and 80 mm, and the ends of the electrodes are
located at 110 mm.

Reducing the ballast resistance to 750 () led to an increase in power to 3.4 kW (current
4.7 A, voltage 725 V). According to the distribution of static pressure, the combustion
intensity increased only for low fuel flow rates of 0.5-1 g/s, at which the pressure along the
channel increased; the high-pressure zone moved closer to the pylon; and the maximum
pressure increased up to 500 Torr (see Figure 3).
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It is important to note that the discharge has a significantly higher power in the case
without a fuel supply. At a ballast resistance of 500 (), the discharge has a long length and
high total discharge resistance without the fuel supply and combustion, which results in a
voltage of 655V, a current of 7.2 A, and a power of 4.7 kW. In the case of active combustion
at MFRs of 0.5-1.5 g/s, the discharge parameters were the following: power 3.6 kW, current
7.5 A, and voltage 480 V), and this option led to an even greater displacement of the
combustion zone upstream, an increase in the maximum pressure to 550 Torr (Figure 3), as
well as the appearance of oscillations of the flame front. The fluctuations in the combustion
zone also affect the discharge length (see Figure 4a,b) and voltage: the voltage fluctuated in
the range of 200 to 800 V, and the low-frequency component of the pulsations was ~330 Hz
(Figure 5). Intensive combustion at flow rates of 1.75—4 g/s was not observed—only in the
downstream part of the test section was a pressure rise to 450 Torr detected as in the case
of 1000 (2 and 750 Q). Of the noted shortcomings of this version of the pylon, one can also
note a rare breakdown of the discharge on the pylon body along the electrode insulation,
as it is shown in Figure 4c.

(b)

Figure 4. Schlieren visualization of ethylene combustion when testing pylon ver.a: (a,b) Current

7.5 A, visible variable discharge length; (c) Breakdown on the pylon body.
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Figure 5. Oscillogram of discharge voltage during flame pulsations.

3.2. Experiments with Pylon Ver.b

Changing the geometry of electrodes affects the discharge behavior. Pylon ver.b fea-
tures elongated electrodes with curved ends (see Figure 2b). The Q-DC discharge operation
was accompanied by periodic re-breakdown of the discharge taking place between the
electrodes or between the parts of the discharge filament. Since the discharge has a falling
voltage-current characteristic [17], an increase in the current leads to a decrease in spe-
cific voltage and an increase in the length of the discharge—a longer length is needed to
achieve the re-breakdown voltage. A certain voltage is required to initiate a breakdown
and re-breakdown, the value of which depends on the interelectrode gap. An increase in
the interelectrode distance leads to an increase in the discharge length [30], complicating
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the initial breakdown, however. The curved electrodes allow this problem to be solved,
providing a low initial breakdown voltage and a longer length due to a larger interelectrode
distance at the ends. Changing the geometry of the electrodes (from ver.a to ver.b) at the
same values of ballast resistance led to a significant increase in the length and the voltage
of the discharge and hence the power input, but the discharge current decreased due to
an increase in the length of the plasma loop (see Table 1). It is important to note that the
average values are given because the discharge current and voltage fluctuate strongly; due
to the considerable length of the discharge, the plasma resistance is comparable to the
ballast resistance.

Table 1. Typical electrical characteristics of the discharge in the flow behind the pylon without fuel supply.

Rpa, Average Current, A Average Current, A
(Ver.a, No Fuel) (Ver.b, No Fuel)
1000 3.20 270
750 475 .96
500 7.20 5.50

Typical oscillograms of current and voltage for a pylon ver.b without fuel with resis-
tance 500 () are shown in Figure 6 in comparison with ver.a. A regular increase in voltage
caused by an elongation of the discharge is clearly visible, which also leads to a decrease in
the current. Then, a re-breakdown process occurs (see Figure 6a), which leads to a signif-
icant voltage drop, and then the process is repeated (this is explained further in [32,33]).
The difference between ver.a and ver.b is clearly visible—ver.b has a significantly higher
maximal and average voltage, but results in current pulsations of significant amplitude. In
both cases, the re-breakdown does not have a dedicated frequency, but statistical analysis
allows us to estimate a frequency range of 6 to 25 kHz. However, when fuel is supplied, the
characteristics of the discharge change: the length and voltage decrease, and the frequency
of breakdowns increases, as shown in Figure 7.

(a)

Ivera 20

(b)

Discharge voltage, V
Discharge current, A

: . , . .
44.0 44.5 45.0 45.5 46.0
Time, ms

Figure 6. Re-breakdown process visualization (0, 5, and 15 ps) (a); Oscillograms of voltage and
current of Q-DC discharge without fuel at 500 Q) (b).
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Figure 7. Statistical data about discharge voltage and re-breakdown period for ver.b configuration.

For the pylon ver.b configuration, the following combustion regimes were obtained.
At 1000 Q, good combustion was observed at an ethylene flow rate of about 1 g/s, as
indicated by an increase in pressure being observed immediately behind the pylon. At
higher flow rates, an increase in pressure was recorded only in the zone far from the pylon,
as is shown in Figure 8. At a resistance of 750 Ohm, active combustion in the area behind
the pylon was observed for all the considered flow rates in the range from 0.5 to 4 g/s;
however, there was practically no dependence of the pressure in the combustion chamber
on the flow rate—the best pressure rise was obtained at flow rates of 1-1.5 g/s.

== Flow

=&~ Flow & Disch
—a—1g/s
—o—4g/s

—=& 1g/sat1kQ

—e 4g/sat1kQ

200

250

300 350 400 500

X coordinate along test section, mm

== Flow
=&=Flow & Disch
—t—0.5 g/s
-m=-1.5g/s
—a—2g/s
—4+—3gfs

—e—4g/s

200

250

300 350

X coordinate along test section, mm

Figure 8. Static pressure distribution for pylon ver.b in the case of ballast resistance of (a) 750 and
1 k(); and (b) 500 ). The pylon is located between 50 and 80 mm, and the ends of the electrodes are
located at 120 mm.
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A typical flow structure without fuel and during combustion is shown using Schlieren
visualization in Figure 9. High-speed Schlieren visualization obtained by Photron NOVA
59 is presented in the Supplementary Materials—5000 fps and exposure 100 ns by IR laser
slowed down to 30 fps. It can be seen that, between the turbulent zone of combustion (the
movement of combustion products) and the bottom wall, a supersonic flow is preserved,
i.e., the combustion chamber operates in scramjet mode.

Figure 9. Schlieren visualization of the flow during the operation of the discharge (top) and during
plasma-assisted combustion (bottom).

With a ballast resistance of 500 (), the most favorable ethylene combustion regime was
obtained, the pressure for all fuel consumption rose to more than 400 Torr immediately
after the pylon, and reached 600 Torr by the end of the section (see Figure 8). For the
considered fuel mass flow rate, there was a tendency for an increase in the pressure in
the combustion chamber with an increase in fuel consumption. At the same time, at a
maximum fuel mass flow rate of 4 g/s, a short-term blocking of the channel was observed,
and, in most cases, combustion was accompanied by fluctuations in pressure and flame
front position, which also led to fluctuations in the discharge parameters, as shown in the
oscillograms in Figure 10. The oscillogram shows that, at the beginning of the experiment,
the discharge has a high voltage (high length), which leads to a slight decrease in the
current and significant pulsation amplitudes of both quantities. Starting from 0.02 s, the
discharge operates already in the air—fuel mixture formed behind the pylon, which leads
to a decrease in the discharge voltage. Then, ignition occurs starting from 0.03 s, and the
flame front comes into the region of operation of the discharge, which results in pulsations
of pressure, discharge length, and voltage.
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Figure 10. Oscillogram of the current and voltage of the discharge, as well as the pressure in the
region of the flame front.

3.3. Dynamics of Ignition and Motion of the Flame Front

For some of these experiments, the author had access to high-speed video recording
by Phantom VEO 410 color camera with a 200 pus exposure and a frame rate of 5 kHz, which
made it possible to obtain important new data on ignition dynamics and flame oscillations.
When the discharge is turned on in airflow, the discharge has a characteristic color due
to the glow of molecular nitrogen N2*. When fuel is supplied, the color of the discharge
changes, and a greenish-bluish glow is observed in the wake of the discharge, which is
characteristic of the glow of CN molecules. This zone is closed by an area with a bluer color,
after which the glow is practically absent (Figure 11). A comparison of high-speed shooting
data and pressure made it possible to establish that, in the greenish-bluish glow region,
there is practically no pressure rise, and only with the arrival of the blue region to the
sensor zone is a pressure rise observed due to intense heat release. Thus, the dynamics of
ignition and stabilization of the flame front in the case of 500 () turned out to be as follows:
after fuel is supplied to the discharge zone, the so-called cold flame is formed in the wake
of the discharge, and it takes some time (~1-2 ms) to ignite the first volumes of the mixture
treated with plasma. However, these volumes are carried downstream by the flow; ignition
(transition to a hot flame) occurs in the third window or downstream, after which the flame
front begins to move upstream at a speed of ~100 m/s (relative to the channel), or with an
absolute speed (taking into account the supersonic flow with an initial speed of 500 m/s)
about 400-600 m/s, i.e., the deflagration mode of flame propagation through the mixture
treated with plasma is realized (see Figure 12 or Supplementary Materials Video S2). The
boundary between the cold flame and the zone of intense heat release was also fixed
using Schlieren visualization (see Figure 13). It is assumed that here fast deflagration or
deflagration to detonation transition takes place. Hot air—-fuel mixture processed by plasma
is flowing down. The speed of the mixture is high, but due to the temperature of the
plasma, the Mach number is lower (the expected value is 0.8-1.2). Under such conditions,
a fast deflagration takes place after ignition (transition from cold to hot flame for some
portion of the mixture) and the flame front moves upstream. A detailed study of this effect
is beyond the scope of this article. After the arrival of the flame front to the discharge zone
the position of the flame front pulsates with frequencies of 70-400 Hz, depending on the
experimental conditions.
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Figure 11. Visualization of the experiment using Phantom VEO 410, top image—discharge into
supersonic airflow and bottom image—combustion: 1—plasma region, 2—«cold» flame, 3—hot flame.

Figure 12. Dynamics of the flame front after ignition for 500 () case.
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Figure 13. The transition between «cold» and hot flame (the area is shown by an arrow) obtained by
Schlieren visualization in the second window.

With a fixed current limiting mode, a lower oscillation frequency corresponds to a
higher fuel consumption. Oscillations occur similarly to the mechanism described in [34]:
the flame front reaches the plasma region, burning out the already formed mixture and
reducing the length (power) of the discharge. Because both elements of maintaining
combustion (the presence of a mixture and the discharge power) decreased, the flame
weakens and is blown down by the flow. This leads to the production of a new volume
of the mixture and the restoration of the discharge length and power. Thereafter the
flame front again reaches the plasma region and the process is repeated. The resulting
oscillation frequencies are presented in Table 2. In the case of 750 (), the oscillations had an
insignificant amplitude, compared with the variant with the maximum current at 500 Q).

Table 2. Frequency (Hz) of flame front oscillations.

Fuel MER (g/s)
0.5 0.75 1 1.5 2 3 4
Case
750 Ohm - - 256 204 96 83 70
500 Ohm - 400 345 313 294 182 188

4. Conclusions

In this work, a new geometry of pylon equipped with long electrodes was proposed,
experimentally tested, and optimized. The modes of operation were also described.

It has been shown that one long loop could ignite fuel in supersonic flow and provide
flameholding in conditions without flow separation, but it must be long and powerful
enough (~40 mm long loop (~80 mm plasma filament) with 4 kW power during combustion).
At the same time, a significant reduction in power requirements was achieved relative to
previous configurations: 3-5 kW instead of 10-18 kW used in other schemes [5,20]; the
obtained pressure distribution is the same or better than that obtained previously. The
increase in pressure is facilitated by improved mixing due to the remoteness of fuel injection
from the walls of the channel. It is also important to note that the power impact to discharge
is much lower than release during the complete combustion of 1 g/s of ethylene (48 kW).

Stabilization of the flame front was performed in the flow away from the wall to
prevent or reduce the near-wall separation zone, and the pylon was made in a streamlined
shape and did not have a stabilizing effect. Thus, this work shows the ability of plasma to
ignite a mixture in a supersonic flow in the most difficult conditions without other flame
stabilizers and could be used as an emergency tool for the start/restart of a scramjet engine.
It is noteworthy that the spatiotemporal visualization of the ignition delay in the case of
plasma-assisted combustion in a supersonic flow presented in the paper was obtained for
the first time. However, it is important to note that the ignition delay time is 1-2 ms, and
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during this time the mixture flows downstream a considerable distance. Further research
may be aimed at reducing the ignition delay time.

It was shown that in the presented configuration, ignition occurs at a considerable
distance from the pylon, close to the exit from the combustion chamber; and, depending on
the pylon version (or discharge configuration), the position of the flame front stabilization
could be located in the downstream part of the channel, or the area near discharge. For the
latter configuration (ver.b) with 500 () ballast resistance, the flame front moves upstream to
the discharge region along the mixed volume of the air-fuel mixture treated with plasma.
This allows us to speak about the possibility of creating short combustion chambers. To
reduce the fluctuations in the flame front in subsequent studies, we can investigate the use
of a discharge with controlled power.

The proposed configuration allows the scaling of the combustion chamber by deliv-
ering fuel and discharge to the core of the flow in comparison to the classical chamber
with a cavity. In addition, such a solution could be used to design less thermally loaded
combustion chambers, when the flow near the wall will remain cold.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/aerospace10030204/s1, Video S1: Schlieren visualization of plasma-
assisted combustion, Video S2: High-speed video of ignition and flameholding by discharge.
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