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We describe experiments on gaseous fuel ignition and flameholding controlled by an electrical discharge in high-
speed airflow. The geometrical configuration does not include any mechanical or physical flameholder. The fuel is
nonpremixed and injected directly into the air crossflow from the combustor bottom wall. A multi-electrode,
nonuniform transversal electrical discharge is excited, also on the bottom wall, between flush-mounted electrodes.
The initial gas temperature is lower than the value for autoignition of hydrogen and ethylene. Results are presented
for a wide range of fuel mass flow rate and discharge power deposited into the flow. This coupling between the
discharge and the flow presents a new type of flameholder over a plane wall for a high-speed combustor.

Nomenclature

mass flow rate

Mach number

gas pressure

gas temperature

discharge power (delivered)

= streamwise location, measured from the location of the
row of electrodes

height above the bottom floor
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Introduction

OME key problems related to supersonic combustion and flame
stabilization are difficult to solve for the practical
implementation of such a technology, especially in the case of
nonoptimal conditions and the use of hydrocarbon fuel. Among them
are global ignition at low temperature and flame stabilization in a
predefined combustor location (which may not be the optimum
location for combustion). Plasma-based methods of combustion
management are now considered promising tools in this field.
Several reviews and important works have been published
recently [1-22]. Based in part on these publications, we believe the
efforts, with few exceptions, can be divided into the following
categories: 1) simulations of nonequilibrium kinetics of combustion;
2) basic experiments on plasma-chemical kinetics; 3) low-speed
flame stabilization experiments employing a nonequilibrium
discharge; 4) application of “plasma torches”; 5) high-speed ignition
and flameholding experiments; and, 6) mixing experiments.
Obviously the list of references does not cover the entire field. The
approach of this work is to devise an experiment of practical interest
for supersonic combustion; it includes the use of supersonic flow, air
mass flow rate up to G, =1 kg/s, a nonpremixed fuel-air
composition, and no physical flameholding devices within the
flowpath.
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Several mechanisms of the effect of plasma on flow structure,
ignition, and combustion processes might be listed as follows: 1) fast
local ohmic heating of the medium; 2) nonequilibrium excitation and
dissociation of air and fuel molecules due to electron collisions and
UV radiation; 3) momentum transfer in electric and magnetic fields;
and, 4) shock/instability generation. In different situations the
significance of each of these can be varied. In some cases an
amplification of the effect due to mutual impact is critically
important, as is observed in this work, where flow-structure control
by electrical discharge and gas excitation work together for ignition
and stabilization of a high-speed flame.

Of course, heating of the medium by the discharge leads to an
increase in the rate of the chemical reactions, not only in the vicinity
of the discharge but also downstream. Furthermore, the discharge
can induce flow separation at sufficiently high levels of power
deposition [23]. In this way one can create a zone with favorable
conditions for combustion with increased residence time, improved
rates of mixing, and increased temperature. This idea was first
published in [23]. Also, fuel-air reaction rates are increased due to
the formation of radicals and atomic species through excitation by
electrons in the electric field and by more complex processes. Thus,
deposition of active particles may also reduce the level of required
external power. Another benefit of this scheme is that local shock
waves, generated by the obstruction imposed by the discharges, can
improve the mixing process and can initiate chemical reactions due
to gas heating at the shock front.

Based on both theoretical and experimental studies, it appears that
nonequilibrium and nonuniform discharge operation modes provide
more flexibility in implementation and, very possibly, higher
performance per unit power or energy. Nonequilibrium power
deposition into the gas leads to the creation of species possessing
higher reactivity in comparison with those found at equilibrium
conditions. Itis important also that the plasma is generated in situ, just
in the place of fuel-oxidizer interaction, to diminish the effect of fast
relaxation and/or mixing with the surrounding air. A possible method
to reduce the power consumption is to treat only a part of the gas
volume with nonuniform plasma. A preferable structure may look
similar to a geometrically adjusted grate; here, a flamefront
propagates the distance between separate plasma filaments faster than
it can be blown out. An additional requirement is that a reasonable
technical solution be a practical one too. The experimental approach
described herein is to design and configure a nonequilibrium, spatially
nonuniform discharge that can be practically implemented.

In [24] we have tested the method to improve supersonic
combustor performance, which is based on the generation of


http://dx.doi.org/10.2514/1.38002

290 LEONOV, YARANTSEV, AND CARTER

plasma-induced local unsteady separation. The artificial plasma-
induced zones of the flow separation can be applied instead of
mechanical devices such as a ramp or a cavity, especially under
nonoptimal conditions (e.g., low gas temperature and static pressure)
that will not produce autoignition, or unsteady operational modes of
the combustor. The flame stabilization regimes could occur at a
relatively low level of extra power deposition. In this paper the results
are presented for a wider range of parameters: two fuels—hydrogen,
H,, and ethylene, C,H,—and different air temperatures. Further-
more, the diagnostic methods have been improved significantly over
those previously used by our group.

Test Description

The experimental facility PWT-50H is used for the test of ethylene
and hydrogen ignition and flameholding by an electrical discharge
over a plane wall within a high-speed duct. The facility is a short-
duration blowdown wind tunnel with test section dimensions of
Y x Z =72 x 60 mm. It is equipped with an air heater employing
plasma-assisted combustion of ethylene (50 kW of electrical power
plus up to 650 kW of thermal power due to ethylene combustion). In
the described tests, the stagnation temperature of air was either
T, = 300, 500, or 650 K. A more detailed description of the facility
PWT-50H is presented in [24,25].

Our experiments are characterized by the following parameters:
Mach number of the undisturbed flow M = 1.9-2; static pressure
P, = 100-150 torr; typical airflow rate G, = 0.6-0.9 kg/s;
typical fuel mass flow rate Gy, =0.1-6 g/s; discharge power
Wy = 1-10 kW; and, test duration < 0.5s. The facility is
equipped with pressure transducers (16 points accurate within
10 torr), a schlieren system, a schlieren/streak-camera system for
high-speed line imaging, devices for optical and spectroscopic
observations, current-voltage sensors, etc. The exhaust-gas
concentrations of O,, CO,, NO, CO, and C,H, were also measured
to infer combustion efficiency.

A schematic of the experimental configuration is shown in Fig. 1.
The location of the line of electrodes corresponds to X = 0. An
important aspect of the design is the location for fuel injection.
Previously, two principal fuel injection schemes were tested for a free
plasma mode and for a plasma torch: upstream of the discharge and
downstream of the discharge. The latter scheme demonstrated a
significant benefit and is thus used here. As seen in Fig. 1, the bottom
wall is inclined (@ = 20 deg), starting at X = 50 mm, to mitigate
thermal choking of the duct upon combustion heat release. The final
duct height was at the maximum value for the facility: ¥ = 72 mm.
The top and side walls are simple flat plates; the side walls are
equipped with windows for optical measurements.

The electrical discharge was excited transversally with a scheme
that included electrodes arranged across the duct span in a pattern of
anode—cathode—anode—cathode—anode; the electrodes are embedded
in a refractory ceramic block that provides electrical insulation.
Three different designs were used, with three, five, or seven
electrodes. The power supply possesses a steep falling voltage-
current characteristic with voltage amplitude at zero current (at

Pressure
Flow Cathodes
Tabs Anodes
5550

60 to
Jtop wall

12

Injection

Fig. 1 Experimental schematic of the combustor bottom wall and the
test arrangement.

Cathodes
Anodes

Flow

\ C2H4 injection

Fig. 2 Discharge photographs in a M-2 flow without fuel (top) and with
ethylene injection (bottom) through five orifices. The configuration with
seven electrodes is being used. Exposure time is 30 us.

initiation) of about 5 kV. A short time after initiation, the discharge
has an appearance similar to that shown in Fig. 2 (here, with the 7-
electrode configuration). One can see that the fuel acts to lift the
discharge loops from the tunnel bottom floor (bottom image).
Furthermore, the arc loops are seen to stretch downstream, following
the flow [26]. In general, the loops will elongate, from a direct anode—
cathode path, as the conductive path is convected downstream, and
the maximum length of the loops is governed by the combination of
maximum power supply voltage and interelectrode gap. This
maximum length of the discharge filament and the gas velocity define
the effective frequency of the discharge oscillations. Power release
regulation was realized by the discharge current variation in a range
I, = 1-10 A.If the current is increased by a factor of 10, the voltage
is decreased, but only by a factor of 5, and as a result the power is
increased by about 2 times. Such a method leads to some variation in
the reduced electric field, which may be important for understanding
of some features of the interaction. Note that the reduced electric field
is defined as the electric field divided by the gas number density and
is a key parameter in determining the mean electron energy and the
departure from equilibrium (typically quantified by determining the
degree to which the electron temperature is greater than the gas
temperature). At low current the discharge is unstable, whereas at
high current, electrode erosion is significant. Temperature
measurements based on optical emission spectroscopy of the N,
second-positive system (i.e., C*TI < B3I emission) yield a
rotational temperature of T, = 3500 & 300 K, independent of the
power release from the discharge under conditions of this
experiment. Typical oscillograms of two regimes are shown in Fig. 3.
The instantaneous amplitude of the discharge power can vary by a
factor 2 or more; however, the average power W,,, measured by
integrating the power waveform, does not vary more than £0.2 kW
from one run to the next.

The fuel was injected through five circular (diameter = 3.5 mm)
orifices all in a row across the span and inclined at 25 deg from the
normal in the upstream direction. The row of injectors is 15 mm
downstream from the row of electrodes, just downstream of the
ceramic electrode block; each injector is in line with an electrode in
the configuration that includes five electrodes. The fuel mass flow
rate was balanced between the orifices using a fuel plenum. Fuel
injection was started before the discharge initiation and was switched
off after completion of the discharge. Typically, the fuel injection
continued 10-20 ms after the discharge to observe whether the flame
was held or extinguished.

Experimental Results

A main criterion for the detection of an effect of the discharge is a
rise of the static pressure within the combustion zone. The fuel
ignition and flameholding were obtained experimentally with both
hydrogen and ethylene fueling of the duct. Primary ignition took
place behind the inclination (no separation initially). Subsequently, a
flamefront propagated upstream toward the discharge location and
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Fig. 3 Typical oscillograms for high-voltage and high-current modes of

the discharge operation.

stabilized at a location that depended on fuel mass flow rate and
discharge power. The data below illustrate details of plasma—fuel—
flow interaction: schlieren images are shown in Fig. 4 and pressure
distributions at various hydrogen flow rates are shown in Fig. 5. In
the range of Gy, = 0.4-0.6 g/s, the flame position is sensitive to the
fuel flow rate and discharge power. Two characteristic points were
chosen as the most representative: P3—static pressure just upstream
of the electrodes, and P8—static pressure at the midpoint of the
inclined plane. The graphs in Fig. 6 show the dependence of pressure
on the fuel flow rate and the discharge power. The same data are
presented in Fig. 7 for ethylene at W,; > 4 kW, when the combustion
is detected. It is clearly seen that the ethylene is more difficult to

W=23.4kW, GH2=0.4g/s

Run06, 01.10.07, W=4kW, GH2=0.55g/s RuNn04, 01.10.07, W=4kW, GH2=0.9g/s

Fig. 4 Schlieren pictures in four cases: 1) no combustion (effect of
discharge at W, =6 kW); 2) moderate fuel flow rate and small
discharge power (flamefront located behind inclination); 3) “optimal”
flameholding (no choking, intense combustion); 4) transfer to M <1
mode. For the scale: window diameter is 100 mm.
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Fig. 5 Static pressure distributions for varying hydrogen flow rates at
constant discharge power.

ignite, requiring greater discharge power. Furthermore, it should be
noted that pressure distributions were repeatable, and the end result
thus predictable, not varying by more than 10% from run to run. Of
course, near the power threshold for ignition, conditions were quite
unstable. Instability was also observed at large fuel flow rates, and
accordingly combustion completeness is observed to decrease.

The analysis of experimental data has shown that the total power
W, deposited is a principal parameter. At the same time, there is
some apparent influence of the power density and of the departure
from equilibrium. The influence of power density was revealed by
the number of electrodes switched on (recall that there are
configurations with 3, 5, and 7 electrodes). Reducing the number of
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Fig. 6 Static pressure vs hydrogen flow rate at various discharge
powers (3.4-5.6 kW). Top: upstream of the discharge location (P3).
Bottom: at the wedge midpoint (P8).
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Fig. 7 Static pressure vs ethylene flow rate at various discharge powers
(4-5.6 kW) upstream of the discharge location (P3) and at the wedge
midpoint (P8).
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Fig. 8 Scheme of schlieren-streak visualization.

electrodes to 3 led to some decrease in the power threshold of
ignition. However, the penalty of reducing the number of electrodes
is that the flame appears to be more 3-D in character (i.e., less uniform
across the duct). One interesting result with hydrogen fueling is that
the performance, based on the pressure rise (Fig. 6), using W, =
3.4 kW is somewhat better than that with W, = 4 kW. Although the
reasons for this are not fully clear, one observation that can be made is
that the reduced electric field, and thus the departure from
equilibrium, is higher with the lower power discharge. With regard to

Discharge start

Interaction start

Flamefront

R19 Ethylene, G=2.7g/s, W=5.TkW

Ethylene Fueling

Fig. 9 Samples of schlieren-streak records (2-D images of downstream distance x time) for fueling with hydrogen and ethylene. In the case of hydrogen
fueling (left), G = 0.33 g/s and W,, = 4.8 kW; in the case of ethylene fuel‘illfg (right), G = 2.7 g/s and W;,; = 5.7 kW. Arrows point to the flamefront

position.
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Fig. 10 Dependence of flow velocity within the combustion zone on fuel
mass flow rate.

combustion efficiency, this was estimated by the pressure rise and
corroborated by chemical analysis of exhaust gases. For both
hydrogen and ethylene fueling, combustion efficiency was 70%
under optimal conditions. Also, in spite of the “area relief” provided
by the inclined bottom wall, thermal choking is observed in the case
of hydrogen fueling at Gy, > 1 g/s.

The next important items are the observation of the flamefront
position and measurements of the gas velocity in the combustion
zone. These measurements were made by means of the schlieren-
streak technique. A schematic of measurements is shown in Fig. 8.
Here, a thin laser sheet crosses the flow just above the bottom wall
(Y =2 mm) and is affected by density irregularities. The resulting
laser sheet intensity pattern is recorded by a fast line scan camera at a
frequency of 50 kHz. This technique allows one to obtain a real-time
picture of a flow behavior, and a 2-D image of downstream distance
and time is created.

Samples of such records are shown in Fig. 9 for hydrogen and
ethylene fueling. In the case of ethylene fueling, the luminosity from
the discharge increases dramatically, as is seen in Fig. 9 (right), as the
fuel and discharge interact. A similar behavior for the flamefront is
observed for both hydrogen and ethylene. Ignition occurs several
centimeters downstream of the discharge row, and the flamefront
appears to move upstream with a velocity that depends on electrical
power deposited within the flow and the fuel mass flow rate. After the
discharge is switched off, the flame is blown out, as there is no longer
a flameholding mechanism. This too can be seen in Fig. 9: near the
bottom of both images, subsequent to the discharge switching off, a
dark region is seen to be moving rapidly downstream out of the field
of view. This method allows one to estimate the physical velocity of
the gas as well. The result is shown in Fig. 10. Here, it is seen that the
gas flow is subsonic within the region of intense combustion.

The energetic threshold measured for ignition and flameholding
by the discharge in this case can be compared with that when
employing a cavity and a backward-facing wall step [24,25]. The
statistically averaged results are shown in Table 1. In the latter cases,
the discharge was configured such that the anode—cathode pair is
located with one electrode just upstream and the other just
downstream of the step, and this configuration forces the discharge
into the cavity (and otherwise it would remain in the shear layer). It
can be seen that comparable power levels are required for
flameholding with the wall step or on the plane wall. We consider this
as a positive result for a practical implementation of this approach of
flameholding on a plane wall.

Note that the threshold for flameholding with this configuration
does not decrease (improve) as the stagnation temperature 7
increases from 300 to 650 K, contrary to expectation. The
experimental data were analyzed in two cases, constant pressure and
constant density, with a similar result. The same effect was found for
the wall step configuration and discussed in [25]. Based on results of
computational fluid dynamics simulation, the explanation of that
behavior was the significant modification of the flow structure in the
separation zone and acceleration of the gas exchange within the
flameholding region. In the case of the plane wall, a similar idea is
taken as a working hypothesis: an increase of the temperature leads to
an increase in the gas speed and to a reduction in residence time
within the separation zone. So, two main mechanisms can impact the
process of ignition and flameholding as the temperature is increased:
1) an acceleration of chemical reactions and 2) a shortening of the
residence time. In the range of 7y = 300-650 K, the second process
appears dominant here. Finally, one would expect that with further
heating of the air, as the autoignition temperature is approached, the
plasma power required for ignition and flameholding would
decrease; this effect is a key point for further study.

Itis seen in Table 1 that a power of several kilowatts is required for
ignition and flameholding under our conditions. However, this level
is small compared with a typical flow enthalpy of H = (2-4) x
10° W and a thermal power release due to combustion of
P = (0.2-2) x 10° W. At the same time, a further optimization of a
plasma generator may reduce the required power.

Conclusions

We have studied the effects of a transversal discharge on
flameholding in a M-2 flow along a plane wall. The main physical
effects observed of the plasma on the flowfield are that it heats the
gas, generating high concentrations of radicals in the process, and
that it modifies the flowfield, potentially inducing separation. The
maximum effect at minimal power deposition can be realized with
in situ plasma generation, nonequilibrium composition, and a
nonuniform discharge structure. Such an approach has been
demonstrated in different geometrical configurations (i.e., with a
backward-facing step or cavity); however, here the focus was on
affecting the flow over a plane wall in a supersonic flow.

Ignition and flameholding were realized for hydrogen and
ethylene fueling on a plane wall by using a transversal electrical
discharge at relatively low power deposition (2-3% of flow
enthalpy). The power threshold for a hydrogen flameholding was
measured to be Wy <3 kW. The combustion completeness was
estimated to be reasonably high, 70%, with both hydrogen and
ethylene fuels under optimal conditions. Thermal choking of the duct
was observed at Gy, > 1 g/s, in spite of the fact that the duct design
included an inclined wall for area relief.

The ignition effect of the gas discharge was compared for different
levels of discharge power, power density, and reduced electrical field
(characterizing the departure from equilibrium for the discharge).
Here it was found that the effectiveness of the flameholding is
determined primarily by the power deposition and secondarily by the
power density. In this experiment the effect of reduced electrical field
was not a critically important factor. The power threshold for
flameholding with ethylene fueling was measured to be W), > 4 kW.
In comparison with hydrogen fueling, a main difference with
ethylene fueling was that thermal choking was not observed, even at
the maximum discharge power of W, = 5.6 kW. Furthermore, the

Table 1 Power threshold of plasma-induced ignition and flameholding of hydrogen (H,) and ethylene
(C,H,) in M = 2 flow at stagnation temperatures from 300 to 650 K.

Threshold for ignition/flameholding C,Hy C,H, C,H,

(Ty =300 K) (Ty =300 K) (Ty =500 K) (Ty = 650 K)
Ignition in cavity and behind wall step 2.5kW 4 kW e
Flameholding in shear layer over wall step <3 kW 3.5kW ~5 kW ~10 kW
Flameholding over plane wall <3 kW 4.5 kW >5 kW >8 kW
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completeness of the ethylene combustion decreased with increased
fuel mass flow rate.

The position of the flamefront was visualized by a schlieren-streak
technique. At a constant fuel flow rate, the flamefront can be
controlled by the discharge power in accordance with a qualitative
law: higher power = shorter distance between the point of the fuel
injection and the flamefront. Another important feature is that
“no discharge = no combustion” at all conditions/fuels tested.
Moreover, switching off the discharge promptly leads to flame
extinction.
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