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Experiments on Plasma-Assisted
Combustion in a Supersonic Flow:
Optimization of Plasma Position
in Relation to the Fuel Injector

he results of an experimental study of plasma-induced ethylene ignition and
flameholding in a supersonic model combustor are presented in the paper. The

experimental combustor has a cross-section of 72 mm (width) x 60 mm (height)
and length of 600 mm. The fuel is directly injected into the supersonic airflow
through wall orifices. The flow parameters are: Mach number M=2, static pressure

P.=160-250 Torr, stagnation temperature T,=300 K and total air flow rate G

<0.9

air

kg/s. The near-surface quasi-DC electrical discharge is generated by a series of
flush-mounted electrodes, providing an electrical power deposition of W =3-24 kW.
The scope of the experiments includes the characterization of the discharge interact-
ing with the main flow and fuel injection jet, a parametric study of ignition and flame
front dynamics and a comparison of three plasma generation schemes: the first two
examine upstream and downstream locations of plasma generators in relation to the
fuel injectors. The third pattern follows a novel approach of a combined mixing/igni-
tion technique, where the electrical discharge is distributed along the fuel jet, starting
within the fuel injector. The last pattern demonstrates a significant advantage in terms
of the flameholding limit. The experiments are supported by gas temperature and H,0
vapor concentration measurements by Tunable Diode-Laser Absorption Spectroscopy
(TDLAS). The technique studied in this work has weighty potential for high-speed com-
bustion applications, including cold start/restart of scramjet engines and support of the
transition regime in a dual-mode scramjet and during off-design operation.

Introduction

Ignition and stabilization of combustion in supersonic flows at low
and moderate entry total enthalpies is a problem of major fundamen-
tal and applied importance in the development of hypersonic vehicles.
The use of gaseous plasma generated in electrical discharges for the
stabilization of supersonic combustion is one of the most promis-
ing approaches. Compared to a basic scramijet layout, the scheme
with plasma assistance delivers more freedom in the choice of the
geometric configuration, due to the replacement of a mechanical
flameholder with a highly effective electrically driven apparatus. Pro-
spectively, the use of this method could lead to a reduction in total
pressure losses under non-optimal conditions, to the enhancement of
operation stability and, consequently, to expanding the limitations in
scramjet operability.

The concept of Plasma-Induced Ignition and Plasma-Assisted Com-

bustion is considered on the basis of three main ideas: the gas heat-
ing/non-equilibrium excitation by the discharge, fuel-air mixing in-
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tensification and flow structure control in the vicinity of the reaction
zone. Over the years, many studies have been conducted to develop
an alternative plasma-based ignition system that could consistently
and reliably ignite non-stoichiometric mixtures at a wide range of
pressures and temperatures [1-3]. Most plasma technologies rely
on a high energy density electrical discharge to ionize the mixture
and initiate combustion due to a thermal/chemical activation of the
fuel or air/fuel mixture [3-5]. Likewise, the experimental studies were
performed under conditions that are typical for scramjet operation
[6-10]. A basic geometric configuration was used for the duct, which
includes a backward wallstep or contoured cavity. Factually, plasma
is used as an igniter of a combustible mixture in a low-speed zone. At
the same time, previous experiments with this configuration, where
an electric discharge is used with a plane wall arrangement [11-12],
demonstrate the feasibility of plasma application as an effective ig-
niter, mixer and flameholder in a supersonic combustor without the
help of any mechanical obstacles.
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Another pole of the problem is highly non-equilibrium chemical kinet-
ics, which may help to reduce plasma power for the fuel-oxidizer mix-
ture ignition, due to variable selectivity of chemical reaction pathways.
Significant progress in this domain over the last 15 years is apparent
[3-5, 13-15]. It has been shown that a dramatic reduction in the igni-
tion time up to orders of magnitude occurs at premixed conditions,
including a range of gas temperatures that is specifically important for
scramjet technology, 7,=500-900 K. Despite being very promising,
such an approach seems to be of little practicality for high-speed en-
gines with direct fuel injection. Under most conditions, the main limit-
ing factor is rather slow mixing, resulting in a strong fuel/oxidizer ratio
gradient across the combustion chamber. The most challenging issue
in this case is the proper location of a typically non-uniform discharge
in a shear layer between the fuel jet and the surrounding airflow.

A novel pattern of plasma-fuel interaction is examined in this paper
and is compared to previously tested configurations, where plasma
is generated in the air in front of the fuel injection [11-12, 16]. In the
current scheme, electric discharge is partially located inside of an
injection orifice, chemically pre-processing the fuel and accelerating
the mixing due to the introduction of strong thermal inhomogeneity
into the flow field. The idea exploits the effect of discharge specific
localization in the shear layer with a gradient concentration of two
gases [17]. For future research, such an approach appears to be
quite prospective to promote mixing and flameholding in a supersonic
combustor.

Experimental apparatus and diagnostics

The experiments were performed in a supersonic blow-down wind
tunnel PWT-50H [11 12], the schematic drawing of which is shown
in figure 1. In this configuration, the test section operates as a su-
personic combustor, with the fuel injectors and electrical discharge
generator flush-mounted on a plane wall [18], as shown tentatively
in figure 1b. The combustor cross-section is ¥ x Z = 72 mm (width)
x 60 mm (height), with a length of X = 600 mm. In order to avoid
thermal chocking during fuel ignition, the test section has a 10° ex-
pansion angle downstream of the injectors on the opposite (bottom)
wall to the cross-section of Yx Z =72 mm x 72 mm. The experimental
conditions are as follows: initial Mach number A7=2 ; static pres-
sure P_=160-250 Torr, air mass flow rate G, = 0.6- 0 9 kg/s ; fuel
(ethylene) mass flow rate G_,,,,= 1-8 0/s ; duration of steady-state
aerodynamic operation ¢ < 0.5 s. The PWT-50H high-speed combus-
tion facility test section is equipped with 3 pairs of 100 mm diameter
windows placed in the side walls of the duct for optical access. The
first pair of windows is located near the upstream side of the combus-
tor and provides optical access to the plasma-fuel-flow interaction
area. The second pair of windows is placed downstream, with a 65
mm gap between the two pairs of windows. The third pair of windows
is typically used for TDLAS measurements, as has been done in our
previous work [16]. Instrumentation includes the pressure measuring
system, the schlieren system, a UV/visible optical emission spec-
trometer, current and voltage sensors, a Tunable Diode Laser Absorp-
tion Spectroscopy (TDLAS) apparatus for water vapor temperature/
concentration measurements, a 5-component exhaust flow chemical
analyzer, high-speed cameras and operation sensors.
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- Schematic drawing of the PWT-50H experimental facility.

Figure 1
a) General layout : 1- high pressure tank ; 2 - operation gauges ; 3 - solenoid
valves ; 4 - plenum section ; 5 - honeycomb ; 6 - nozzle ; 7 - test section ;
8 - optical access windows ; 9 - plasma-injector modules ; 10 - high-voltage

power supply ; 11 - fuel ports / discharge connectors ; 12 - fuel tank ; 13 -
diffuser ; 14 - low-pressure tank.

b) Test section wall profile : optical windows are indicated by circles, the
location of the plasma-injection modules is shown by a rectangle in the top
wall of the test section.

Three basic schemes were examined for the injectors and plasma
generator arrangement, as shown in figure 2.

Scheme N° 1
Electrodes located upstream of the fuel injectors. Plasma is gener-
ated mostly in air and then interacts with the injected fuel [12].

Scheme N° 2
Electrodes located downstream from the fuel injectors. An electrical
discharge is generated in non-uniform air-fuel composition [16].

Scheme N° 3
The electrical discharge collocates with the fuel jet [24].

Flow Flow
Plasma Fuel Fuel

Ceramics

—
Plasma
!H'Hv !
= Electrodes

Electrode scheme N° 2

Injection orifices
Pressure /
taps \

Ceramics

Injection orifices

Pressure
taps

Ceramics

Electrode scheme N° 1 HV Electrodes

Figure 2 - Schematic drawing of three basic layouts for the fuel injectors and
electrode arrangement.

a) : 3D view of two insertions used during testing.

b) : the left image is for Scheme N°. 1 and Scheme N°. 2 ; the right image is
for Scheme N°. 3.
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In the first two patterns, the fuel is injected through 5 circular
(d=3.5 mm) orifices all in a row across the span, as shown in figure
2b. The row of injectors is located at 20 mm downstream from the
first row of electrodes and 30 mm upstream from the second one.
The fuel mass flow rate was balanced between the orifices using a
fuel plenum. The duration of the discharge was in the range 70-120
ms; typically it was 100 ms. Fuel injection was started 20 ms after
the discharge initiation. Usually, the fuel injection continued for 10-20
ms after the discharge, in order to observe whether the flame was
held or extinguished. The injection could be organized downstream
or upstream from the discharge zone by switching between two rows
of electrodes. For the third scheme, four injection-ignition modules
(PIM) were installed in the combustor with the same fuel injection and
plasma operation time diagram. The high-voltage electrode (anode) is
integrated into the fuel injector. For this, a metal tube is inserted into
a ceramic injection orifice. The distance between the end of the tube
and the duct wall surface, Z/ < 10 mm, is long enough to ensure
significant impact of the discharge on the fuel flow prior to its injection
into the main airflow.

The custom-made power supply used in these experiments is de-
signed to operate with a steep falling voltage-current characteristic
and individual control of each output channel. Control of output power
is performed by varying the internal resistance of the power supply.
Under typical experimental conditions, the power supply operates in
nearly current-stabilized mode. Voltage across the gap and discharge
current are measured using a Tektronix P6015A high-voltage probe
and Agilent 1146A current probe during the run for each module,
which enables the discharge power coupled to the individual PIM to
be calculated.

The facility is equipped with a NetScanner 9116 static pressure scan-
ner with 16 static pressure sensors, B1 - B16, a stagnation pressure
sensor P, . and a pressure in vacuum tank sensor P, . Schlieren
visualization was used as the main tool to study the dynamlcs of the
flow structure modification during fuel ignition induced by the plasma.
The high-resolution schlieren system uses a high-power pulsed diode
laser (pulse duration =100 ns) and a framing camera (frame rate
of up to 1000 frames per second, Basler A504K). The plasma lumi-
nescence emission spectra were recorded by the Lot-ORIEL spec-
trometer with an Andor CCD camera. The spectral dispersion is 0.035
nm/pixel and the spectral resolution is AA= 0.13 nm . The spectro-
scopic system collects plasma emissions from a cylindrical volume
with a diameter of 10 mm aligned in the Y direction from window to
window. During the operation, the spectrometer records an emission
spectrum every 10 ms.

Near-surface quasi-DC electrical discharge character-
ization in a high-speed flow

Typical photographs of the discharge appearance, taken during op-
eration in Scheme N°.1 and Scheme N°.3, without and with fuel injec-
tion, are presented in figure 3. In Scheme N°.2 the discharge with-
out injection looks very similar to Scheme N°.1. Hydrocarbon fuel
injection leads to a significant increase in the discharge luminescence
in the interaction zones, mostly due to strong CN and C2 molecu-
lar band amplification. The total discharge power in all cases was
W, = 6-24 kw. Both the discharge voltage and current were oscil-
lating because of discharge filament length variations, within a range
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of U =0.7-2 kV and 1,=2-7 A, respectively. Prior to fuel injection,
the dulscharge power was distributed equally between the electrodes.

Characterizing the discharge parameters and dynamics, the descrip-
tion below is focused on Scheme N°. 3. The detailed data for the
discharge in Modes N°.1 and N°.2 are presented in the publications
[12, 16, 18]. At the beginning of the plasma filament development,
a breakdown occurs along the path inside the injector and a short
gap between the injection orifice and a grounded metal wall upstream
from the injector. After this, the filaments are convected by the flow
downstream from the injector, ending at the grounded wall down-
stream from the ceramic inserts, shown in figure 2. After this occurs,
the plasma filaments extend downstream over a distance of up to
100 mm, close to the surface of the ceramic insert. The location of
the filament ends at the grounded wall oscillates at a frequency of
F=10-20 kH=. The filament behavior changes significantly after fuel
injection. Specifically, plasma emission intensity increases and the
plasma filaments move away from the surface

!

—
”—-
—
—
-
-
—
—
—

c)
Figure 3 - Photographs of an electrical discharge in the combustion cham-
ber, with an exposure time of /=100 us (compare to figure 2b for details).
Scheme N°.1: (a) no ethylene injection ; (b) ethylene injection enabled.
Scheme N°.3: (c) no ethylene injection ; (d) ethylene injection enabled.

The typical dynamics of time-resolved discharge power for 4 indi-
vidual modules is shown in figure 4(a). Despite the large magnitude
of the high-frequency oscillations, the time-averaged power values
are quite stable and repeatable from run to run. It is also seen that the
value of the discharge power varies during the run. Fuel injection and
ignition lead to an increase in the discharge power in the central mod-
ules, due to a significant extension of the length of plasma filaments
and the resultant rise of gap voltage, as shown in figure 4(b). At a
certain value of the fuel injection flow rate, the intense heat release
in chemical reactions in the near-centerline zone of the combustor
induces flow separation near the duct corners, which consequently
reduces the length of the lateral plasma filaments, as well as the dis-
charge power in the lateral modules. The discharge power can be
regulated by varying the average output current of the power supply.
It should be noted that the power deposition is not proportional to the
average discharge current, because increasing the current somewhat
reduces the gap voltage. The operation characteristics of individual
PIM modules depend to some extent on whether the adjacent mod-
ules are powered or not, especially for the lateral modules.
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Figure 4 - (a) Discharge power dynamics and distribution among the PIM
modules, calculated from voltage and current measurements. G, =3 g/s ;
averaged current 1,=44. (b) Discharge power in Module N°. 3 vs. fuel
injection flow rate. A low-pass filter is applied to reduce high-frequency
oscillations.

A composite optical emission spectrum of the plasma, obtained by
integrating the emission from the plasma-fuel-flow interaction area,
x=20-30mm, y=0-10 mm, is shown in figure 5. Analysis of the spec-
tra shows that, in the presence of the hydrocarbon fuel, three different
types of species are detected: hydrocarbon/carbon fragments, chemi-
cal reaction products resulting from the interaction of hydrocarbon
plasma and air, and excited air species (mainly N,). The species with
the highest emission intensity include atomic hydrogen, carbon and
oxygen (O atom triplet line at =777 nm outside of the spectral range
of figure 5), hydrogen molecule A, as well as C,, CN, OH and CH
radicals. Neglecting continuum emission, the molecular bands of the
CN radical violet system, CN (B° X — X” ¥ ) and C, Swan bands
contribute up to 50% of the integrated emission intensity. These spec-
tra indicate intense chemical transformations in the flow, including
the generation of active radicals in electronically excited states. The
emission spectra were used to evaluate plasma parameters in a zone
near the base of the fuel injection jet. A second positive system of mo-
lecular nitrogen, N, (C° 1, ,v'=0— B’Tl,,v"=0) band at A=337.1
nm, Was used to infer the rotational-translational temperature in the
plasma [19], 7.= 3000+ 500 K , which is strongly weighted toward
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the peak temperature in the plasma filament. The A atom Balmer se-
ries lines are very intense, with the A, line at .=656.3 nm being the
strongest in this case. Electron density in the plasma was extracted
from the A, spectral line shape [20, 21], since the Stark effect is
the dominant mechanism of line broadening under these conditions.
Electron density near the base of the fuel injection jet is inferred to be
n,=(4.51.0)10" cm?,

) . CN
Log (intensity), au
( ) N2

62 )
ONeC2HB || c2 1

J/)JMLM WLM

Wavelength, nm
200 300 400 500 600 700

104 C

Figure 5 - Survey optical emission spectrum obtained from the ethylene-air-
flow-plasma interaction region. The spectrum incorporates seven overlap-
ping spectra, obtained separately under the same conditions. Discharge
current / ,,=2-44, ethylene injection jet G,y,=0.5-1 g/s from each
module in M=2 airflow, P, =180-220 Torr. Major emission lines and
bands are labeled.

The mechanism of plasma interaction with a jet of fuel injected into
the airflow is of major importance for the dynamics of ignition and
flameholding under these conditions. From a comparison of the im-
ages in figure 3¢ and figure 3d, it is apparent that plasma emission,
which serves as an indicator of energy loading by the discharge
(i.e., indicating the presence of both an electric field and discharge
current), essentially follows the fuel jet. The effect of the electrical
current convecting with the flow has been previously observed in
a near-surface transverse filament discharge between two pin elec-
trodes in Mach 2 airflow [18, 22]. In Mach 2.8 airflow, a near-surface
transverse DC discharge filament between two electrodes extended in
the flow direction convected in the boundary layer at a velocity of ap-
proximately 60% of the free stream velocity [23]. A quantitative pre-
diction of the discharge behavior in the fuel injection flow under these
conditions can be obtained using a plasma fluid model, incorporating
equations for electron and ion densities and the Poisson equation
for the electric field, as discussed in detail in [24]. Quantitatively, the
filament shape and discharge current path through the fuel injection
jet, reacting mixing layer and the air flow is controlled by the trade-off
between at least two factors, (i) the maximum value of the effective
ionization coefficient, i.e., the difference between the ionization and
attachment coefficients, a(E£/ N)—n(E/ N), and (i) the maximum
effect of convection by the flow.

Experimental results on Plasma-assisted combustion :
effect of fuel mass flow rate and discharge power

Figure 6 presents typical data for the wall pressure distribution in
the case of Schemes N°.1 and N°. 2, when the electrode system
and fuel injectors are not combined into a single module. The dis-
charge generation without fuel injection slightly affects the pressure
distribution, increasing the pressure in the immediate vicinity of the
electrode system. When the fuel injection is turned on, the pressure
increases slightly in the zone close (downstream) to the injector for
the first scheme and close to the plasma area for the second scheme.
This increase is associated with the fast reactions of fuel partial oxi-
dation by atomic oxygen O. Other reaction branches are related to
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electronically / vibrationally excited nitrogen (N,*) and other active spe-
cies generated in air plasma. In the case of a second scheme, highly
reactive species and radicals, such as /, CH and C,H, are involved in
the initial fast chemical processes as well. The products of these fast
plasma-chemical reactions are accumulated in the associated separa-
tion bubble and then are blown down by a core flow. The main chemical
power release occurs after fuel mixing with core air in the second com-
bustion stage [11], rather than downstream from the place of plasma
generation. In figure 6, this zone is located at x>720 mm. The schlie-
ren image in figure 7a depicts this zone very well ; it is labeled as the
"Flame front". At low plasma power W ,< & kW, the second combus-
tion stage may not be carried out at aIfTwo effects are responsible for
this : (a) insufficient fuel activation by the discharge and (b) insufficient
fuel-air mixing enhanced by the plasma. Numerical modeling [25], in-
cluding plasma-chemical kinetics and mixing processes, indicates that
the second effect may be dominant.

Under “optimal” conditions for Scheme N°. 2, the zone of intensive
chemical reactions moves upstream and stabilizes near the plasma lo-
cation. This regime is seen in figure 6 for an ethylene mass flow rate
Geopg=2.1 g/s . When the flame front is stabilized (during steady-state
flameholding), the combustion process appears to progress slowly in
the axial direction, due to 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 associated oblique shock wave angle in-
creases accordingly. It should be noted that this zone is observed dur-
ing operation in Scheme N°.1 as well; however, the electrical power has
to be rather high for this effect to appear, w,,>20 kW. If Gy, > 3g/s,
the zone of high energy release moves downwards gradually.

Normalized pressure, P/P_ 0

“ Ethyléne injection
2.04 /3 flow rate g/s

Scheme N°2
bl T R
21 _ee
6.4 —a-
Scheme N°1
1.3 -=—
Flow —e—
Dis -°—

Distance, mm

100 0 100 200 300 400
Figure 6 - Normalized wall pressure P/P,, distribution during plasma-assisted
combustion for Scheme N°.1 and Scheme N°.2. Total discharge power
w,=9-12 kW. The caption numbers indicate an ethylene mass flow rate
G, in g/s; points labeled “Flow” were obtained without fuel injection, with
the discharge turned off; points labeled “Dis” were obtained without fuel
injection, with the discharge turned on.

Flame Front

A series of experiments was performed on ethylene ignition and
flameholding by means of the electrical discharge collocated to the
fuel injection jet, described above as Scheme N°. 3. The following
test parameters have been varied : (1) fuel injection flow rate, within a
range of G, = I — 8 g/s ; and (2) discharge time-averaged current
(i.e., discharge power). First of all, it has been determined that ignition
and flameholding are observed over a much wider range of param-
eters compared to the previously tested configurations for Schemes
N°.1 and N°. 2, with the electric discharge located both upstream and
downstream from the fuel injection port.

Typical schlieren images for Scheme N°. 3 are shown in figure 7(b),
illustrating the flow structure during combustion. When the discharge
is enabled, the location of the plasma filament near the injection ori-
fice becomes visible due to oblique shock generation. The oblique
shock wave interacts with an expansion wave generated by angle step
expansion of the bottom test section wall (see figure 7b) and then with
a compression wave generated there when the flow velocity vector
is reversed. Flow separation near the side wall at the PIM location is
also evident. A further increase in the fuel mass flow rate would result
in the separation zone moving upstream, thus increasing the oblique
shock wave angle and eventually leading to thermal chocking of the
duct.

The other side of the electrical discharge effect on combustion is
the enhancement of air-fuel mixing in high-speed flows. Both direct
and indirect plasma-flow interaction mechanisms are responsible for
this effect. First, plasma-based heating generated in the flow acts as
a “gradual” obstacle, generating a vortex flow similar to a Karman
vortex trail. An additional, direct, plasma effect is caused by strong
modulation of the power deposition in the electric discharge, which
results, depending on the discharge location, in boundary or shear
layer tripping. As seen in figure 4a, the instantaneous discharge pow-
er modulation is up to ~50% of the average power value; the frequen-
cy of the modulation is 10-20 kHz. An indirect mixing enhancement
mechanism is carried out through the Richtmyer-Meshkov instability,
appearing in flows with non-collinear density and pressure gradi-
ents. This leads to the formation of deterministic vortex-dominated
and, subsequently, small-scale stochastic perturbations resulting in
turbulent mixing [25-26]. Two regions of the flow field, labeled as
A and B in figure 7b, are of particular interest. In region A, shock
waves caused by the test section wall imperfections and originating
upstream from the field of view interact with the fuel jet with a high
density gradient, caused by plasma-induced non-uniform heating. In
region B, the shock wave is caused by the wall wedge and is ampli-
fied by a strong shock coming from the PIMs. At the beginning of the
PIM operation, this shock impacts the heated near-wall fuel jets, thus
enhancing the mixing processes.

Figure 7 - Composite schlieren image illustrating the flow structure in the test section. It consists of a pair of images taken through two different windows during
different runs, combined into one. Black areas show the contour of combustor walls; the electrode positions and point of fuel injection are indicated. The extent
of the wedge-like combustion zone between the two windows is interpolated in gray. (a) Scheme N°. 1 : ethylene injection mass flow rate G, = 1.3 g/s. (b)

Scheme N°. 3 : ethylene injection mass flow rate G..

C2H4
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Figure 8 - Normalized pressure P/P, profiles along the combustor vs. fuel mass flow rate : Scheme N°. 3, total discharge power W= 16-18 kW. Compare to

figure 6 for Schemes N°. 1 and N°. 2.

In figure 8, pressure distributions measured along the test section
are plotted vs. the fuel mass flow rate. At high enough values of the
discharge power and fuel injection mass flow rate, a significant in-
crease is observed in the wall pressure over a wide range of fuel
flow rates. In lean mixtures, ignition is detected downstream, as far
as x>250 mm from the location of the plasmayairflow/fuel injection
interaction region (this is not visible in the schlieren images). As the
fuel injection flow rate is increased, the flame front moves forward
and gradually occupies the entire combustor downstream from the in-
jector location. Operating at a fuel mass flow rate above G, ~ 6 g/s
may lead to thermal chocking in this combustor geometry. Increasing
the duct expansion angle may resolve this problem

Data on TDLAS measurements

The DLAS measurements were performed in typical operation modes :
M=2, P =150 Torr ; the plasma power was W =10-16 kW, the
ethylene mass flow rate was “optimal” for each operation scheme:
G,,,,=1.3-1.6 g/s for Scheme N°. 1, G_,,,,=1.8-2.1 g/s for Scheme
N°. 2 and G,,,=2-2.5 g/s for Scheme N°. 3. The data on the Z-
distribution (cross-flow) of the gas temperature in one of the cross-
sections x=730 mm are shown in figure 9. The spectral interval of
a single diode laser (DL) scan was about 0.9 cm-". Four absorption
lines fall within the interval. Depending on the temperature of the
probing zone, the relative intensities of the lines vary significantly.
The algorithm for the data processing and evolving the parameters
of the probed gas flow are described in a previous publication [27].
Each point in the figure was obtained during an individual run of the
facility. The values of the temperature inferred from both slopes co-
incide reasonably well. The accuracy of the measurements could be
estimated at A7=+ 30K . Note, the measured temperature is line-
averaged on the DL beam pass from wall to wall. In the case of a
non-homogeneous distribution of the gas parameters in the reacting
zone, a contribution of each individual area is weighted in accordance
with the water vapor concentration. This turns the estimation of the
maximal gas temperature values into a non-trivial problem.
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The result of the measurements indicates a substantial difference in
a maximal temperature value and a hot zone thickness depending on
the plasma-flow-fuel interaction scheme applied. In the case of up-
stream plasma generation, the reaction zone is thin compared to that
in Schemes N°. 2 and N°. 3. The maximal value of the Y-averaged gas
temperature has been observed to be also much lower in this case.
The distribution patterns are different as well. Scheme N°. 3, where
plasma collocates with the fuel injection jet, demonstrates the high-
est gas temperature amplitude and a rather thick hot zone in the Y
direction. A qualitatively similar result was obtained for a water vapor
concentration distribution measured by TDLAS.

Averaged temperature, K

800 TDLAS data
for X= 130 mm
i —m— SCH1
_._
.\\ SCH2
600 — SCH3
400 | \
\\-\.
200 T T T T T T T T T T
0 5 10 15 20 25

Distance from wall, mm

Figure 9 - Temperature of the water vapor distribution cross-flow, measured
by TDLAS in a cross-section at x=130 mm from the point of fuel injection.
Comparison of the three schemes.
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Discussion
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Figure 10 - Comparison of the pressure data depending on the fuel mass
flow rate, obtained for the configuration with discharge generation upstream
from the fuel injector, downstream from the fuel injector and for a collocated
scheme. The flow parameters (M=2, P =150-200Torr) and discharge
power (W, =12-18 k) are similar in all cases ; the axial location .Y is mea-
sured from the fuel injection cross-section. (a) location of the measuring
points in proximity of the fuel injector x=40-50 mm; (b) in the downstream
zone x=175-190 mm.

Figure 10 shows a striking difference between the performance of the
three schemes applied for plasma-based ignition and flameholding :
the previously used schemes with plasma generation upstream [12]
and downstream from the fuel injection port [16] and the last scheme
with collocated plasma generation and fuel injection, combined into a
single unit [24]. The Scheme N°. 1 exhibits a more effective ignition
under fuel-lean conditions, i.e., at low fuel flow rates. However, the
last configuration, Scheme N°. 3, shows a much better performance
under fuel-rich conditions, where Scheme N°.1 is limited to partial
oxidation with a fairly insignificant increase in the pressure. The lean
combustion limit for the last configuration is G, >1 g/s, while for
the previous Scheme N°. 1 it was G

C2H4

o =04 g/s.

In the last experiments with Scheme N°.3, increasing the ethylene
flow rate results in a more pronounced pressure rise (i.e., in more in-
tense combustion), which was not the case for the previously tested
Configuration N°. 1. To interpret this difference, two key points need
to be made: (1) in Scheme N°. 1, the discharge was sustained in air,
while in this scheme it is sustained in the fuel (inside the injection
orifice), as well as in the fuel-air mixture; and (2) the flow structure
in this Configuration N°. 3 is significantly different. Specifically, the
near-surface quasi-DC discharge used in Scheme N°.1 produces a
“closed” flow separation zone (a separation bubble) downstream
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from the discharge, with high concentrations of chemically active
species, such as atomic oxygen (O) and electronically/vibrationally
excited nitrogen (N,*). The fuel, after being injected into this zone,
has a sufficiently long residence time to mix with plasma-activated
air and ignite. After ignition, the volume of this zone increases and
forms an extended subsonic flow zone without obvious reattachment
downstream. A further increase in the fuel mass flow rate results in
extremely fuel-rich conditions in the separation zone, with subsequent
flame extinction/blow-off. Under these conditions, the residual pres-
sure increase indicates a partial oxidation of fuel by active species
generated by the discharge. In contrast to this pattern, in Scheme
N°. 3 the discharge is localized along the fuel injection jet, which gen-
erates reactive species and radicals, such as H, CH, C,H,, efc...,
by electron impact and enhances mixing by convecting the unstable
plasma filament with the injection jet. Based on these results, it ap-
pears that filament convection with the flow becomes significant only
at a sufficiently high fuel injection speed, comparable with the main
airflow velocity. This explains why ignition is not observed under fuel-
lean conditions (see figure 10).

Conclusions

The paper discusses the experimental results on plasma-assisted su-
personic combustion and flameholding recently obtained at the high-
speed combustion facility PWT-50H, using flush-mounted discharge
modules. The use of this method may potentially lead to a reduc-
tion in the total pressure losses when operating the combustor un-
der non-optimal conditions, enhancement of operation stability and,
consequently, the expansion of the air-breathing corridor of the sc-
ramjet operation range. The concept of plasma-assisted combustion
includes not only accelerating ignition, but also mixing enhancement
when operating under non-premixed conditions and flame stabiliza-
tion (flameholding). This paper presents experimental results showing
a significant performance enhancement based on plasma-flow inter-
action physical mechanisms, which were not understood previously.

The comparison of previously used schemes with the upstream and
downstream generation of plasma in relation to the place of fuel injec-
tion and the novel scheme of a combined electric discharge/fuel in-
jection module, with the high-voltage electrode placed inside the fuel
injection orifice, is depicted in this work. In the last scheme, referred
to as Scheme Ne. 3, after breakdown is achieved, the discharge cur-
rent path follows the fuel injection jet due to convective entrainment
of the plasma by the flow. The axial part of the plasma filament is
localized inside the fuel-air mixing layer. The plasma filaments are
extended by the fuel injection flow, penetrate into the main airflow and
end far downstream, which is critically important for fuel-air mixing
acceleration.

Stable flameholding has been observed over a wide range of fuel in-
jection mass flow rates. The critical importance of the plasma module
and combustor geometry, as well as that of key operation parameters
such as total discharge power, w.> 10 kW and fuel mass flow rate
G, 1g/s, has been demonstrated. It is also important that these
experiments illustrate possible ways for further improvement of this
technique, including the use of contoured injector orifices for super-
sonic injection and a power supply with a modified voltage-current
characteristic. Finally, the new scheme demonstrates a significant
advantage in terms of flameholding limits, compared to previously
tested configurations [l
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