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This study examines the mixing and flameholding characteristics of a plasma stabilized planewall supersonic
combustor. Fuel injection, ignition, and flameholding are provided by Plasma Injection Modules (PIMs) installed
inaM = 2, 76.2 x 76.2 mm duct. Two configurations were explored: the first involves a plasma filament
collocated within a single transverse fuel jet, while the second involves combustion stabilization using a series of
three PIMs. Unburned fuel distributions were assessed with acetone planar laser induced fluorescence (PLIF),
where acetone vapor was seeded into the gaseous fuel. PLIF measurements were performed for both streamwise
and spanwise laser sheet orientations. Supporting datasets were collected including schlieren imaging, chemi-
luminescent imaging, and pressure distributions. PIM actuation is found to increase jet penetration, crossflow
expansion, and initiate fuel jet breakup. The average jet cross sectional area is shown to increase by >20% with
the addition of plasma. PLIF imaging at PIM stabilized combustion revealed a significant unburned fuel con-
centration in a local separation region near the PIMs, and identified the minimum plasma pulse duration for

flowfield transition from initial conditions to the combustion pattern.

1. Introduction

Demand for high-speed airbreathing propulsion systems has led to
intense study of the mixing and ignition dynamics of directly injected
fuel in supersonic flows [1,2]. The short residence time in a practical-
length combustor makes sustained combustion challenging as fuel-air
mixing must occur on a molecular level before ignition, and flame
propagation speed is orders of magnitude below the freestream gas ve-
locity. This is especially true at engine startup or after a loss of thrust
event (unstart, blowoff, etc.) where the conditions for autoignition may
not be met. Mechanical devices, such as pylons [3,4] and cavities [5,6],
blockage and shock-wave-based approaches such as transverse jets [7],
and electric discharges [9,10,11], are employed to create subsonic
recirculation zones where increased residence times allow for mixing
and initiation of local combustion zones. The heat release and radical
production in these regions may then initiate bulk combustion in the
core flow.

There are several challenges associated with the design of fuel
injector systems for rapid fuel-air mixing in supersonic flows. Gas
compressibility suppresses turbulence, mixing layer growth rate, eddy
formation, and eddy breakup. This has been shown through reduction of
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the shear layer growth rate with increasing convective Mach number in
several experimental and numerical studies [12,13]. Exothermic re-
actions have been shown to further affect mixing in compressible flows
[14], although to less effect than in subsonic flows. Mixing enhancement
is typically achieved through the introduction of vorticity to interact
with the fuel-air layer, or active excitation of large-scale structures [15].
This includes intrusive changes to combustor geometries [8] (swept
ramps, injector orifice shapes, injection angles etc.), and active methods
such as pulsed jets [16] or acoustic excitation [17] among others.

The flameholding approach of interest for this work includes use of
the plasma injection module (PIM) [11]. This approach combines the
generation of a quasi-DC (Q-DC) plasma with fuel injection to allow for
targeted energy deposition in fuel-air mixing regions [18]. Previous
studies in a plane wall geometry [11,19] showed PIM operation can
provide stable flameholding across a wide range of stagnation pressures
and temperatures, while minimizing total pressure losses once condi-
tions for autoignition are met and the electrical discharge may be turned
off. It is not clear, however, what the specific mechanisms are (mixing
intensification, fuel preconditioning, thermal addition, etc.) that
combine to yield the extension of flameholding limits seen in previous
tests [20]. This study focuses on two key aspects of the PIM system: (1)
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mixing characteristics of the PIM compared to conventional transverse
fuel injection and (2) the fuel pattern at combustion initiation at three-
PIM operation.

Planar laser-induced fluorescence (PLIF) is a commonly used tech-
nique for the study of supersonic reacting and non-reacting flows. While
hydrocarbon combustion contains chemical species that may be probed
for mapping of reaction zones, heat release areas and scalar quantities,
such as gas temperature and number densities, [21,22,23,24], non-
reacting flows typically require the addition of a tracer molecule for
measurements and visualization. Though many tracer candidates have
been explored [25,26], acetone is frequently selected in fuel-air mixing
studies. It may be used both before chemical reactions, to identify fuel-
rich regions, and during combustion to identify unburned fuel areas
where acetone photophysics has not been affected by chemical re-
actions. The popularity of acetone as a tracer is due to its favorable
characteristics: acetone has a broad absorption band for excitation from
the ground state to the first excited singlet state centered around 275
nm, which is accessible by the 4th harmonic of Nd:YAG lasers. It is
characterized by negligible collisional quenching due to a short fluo-
rescence lifetime (for excitation between 260 and 280 nm, t < 2 ns [27]),
and by a reasonable fluorescence yield of around 0.2% [28]. Addition-
ally, it has a high vapor pressure (~0.3 bar at 298 K) for simple seeding
into gas flows. Because of this, acetone has been widely used in subsonic
and supersonic combustion studies [29,30,31]. However, there is also a
factor preventing the use of acetone as a tracer in a cold supersonic flow:
condensation at low static temperature.

The current study applies acetone PLIF to directly visualize the
pattern of gaseous fuel injection into a model scramjet combustor
before, at, and after the application of an electric discharge. This allows
for direct characterization of the plasma impact on fuel-air mixing and
indicates under what conditions the plasma localizes in favorable re-
gions of the injected jet. Data were collected in a plane wall combustor
geometry under varying fuel mass flowrate, plasma power, and flow
parameters. Section 2 describes the experimental facility, acetone PLIF
apparatus and acetone condensation control methods, Section 3 de-
scribes single PIM operation, Section 4 describes the fuel pattern of a
three-PIM system at strong combustion and Sections 5-6 present dis-
cussion and key conclusions of the work.
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2. Experimental approach
2.1. Facility and instrumentation

The supersonic, M = 2, blowdown wind tunnel SBR-50 at the Uni-
versity of Notre Dame was used in this study. In this work the origin for
all indicated distances is at the PIM exit as indicated in Fig. 1. In the
current configuration, the facility simulates a high-speed combustor
with an initial cross section of Az x Ay = 76.2 x 76.2 mm, a total length
from the nozzle exit to the diffuser of Ax = 610 mm, and a 1° expansion
of the top and bottom walls to account for boundary layer growth and
mitigate thermal choking during combustion. In the plenum, electrical
preheating was used to vary stagnation temperature from Ty = 297-550
K, and stagnation pressure from Py = 1-2 bar, providing a steady-state
runtime of t > 0.5 s. The sidewalls of the test section are equipped
with quartz windows for optical observations and a bottom insert with
optical access was used for select runs to obtain top-wall normal images
of plasma/flame structure. Forty-eight pressure ports are distributed
along the top and bottom walls, and a 16-probe stagnation Pitot rake is
located at the end of the test section.

Standard instrumentation includes a 64-channel pressure scanner
(Scanivalve MPS4264, +0.06% Full Scale Output) with an 800 Hz
scanning rate, and a high speed schlieren system, backlit with a high
intensity pulsed diode (Luminus CFT-90-W) with a pulse duration of t =
200 ns. Schlieren images were collected using a Phantom V2512 high
speed camera with a fixed exposure time of 260 ns and framerate of 50
kHz. Spectral filtering was applied using a 450 nm long-pass filter to
prevent plasma-related overexposure of the camera sensor. Fast imaging
of the plasma filament structure was performed using a Photron Fast-
Cam Nova S9 at framerates between 25 and 100 kHz with exposure
times of 4 ps. A schematic of the upper wall of the test section is shown in
Fig. 1a, with conditions and instrument ports labeled. A schematic of
fuel injection in relation to laser sheet forming is shown in Fig. 1b.

The ignition system applied in this work consisted of three PIMs
installed in a planewall configuration with transverse gas injection. A
simplified cross-section drawing of a PIM is shown in Fig. 2 along with a
schematic of PIMs installed into the test section wall. PIM construction
consists of a metal tubular electrode with internal diameter djy; = 3.2
mm fixed in a ceramic insulator. A high voltage is applied to the

Fig. 1. Schematic of the test section where (a) shows a wall normal view of the upper wall with pressure ports and spanwise laser sheet positions and (b) shows the

location of the PIMs and the streamwise laser sheet.
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Fig. 2. (a) Plasma Injection Module (PIM) schematic; (b) 3D schematic of plane wall test section with PIMs.

electrode, which also serves as the fuel injection port, the fuel being
ethylene in the case of three PIMs fueled or an ethylene + methane blend
(64% C2H4, 36% CH4) used in this work for a single PIM fueled. The
wall facing shape of the ceramic is designed to assist in elongating the
filament with the flow and the PIMs are evenly distributed Azpps =
25.4 mm from each other and 12.7 mm from the side walls.

The electrical discharge nature is “arc-in-the-flow,” which is signif-
icantly different than a conventional arc discharge due to strong
coupling of the constricted plasma to the high-speed flowfield [20]. This
discharge is powered by a Direct-Current (DC) power supply and is
characterized by an essential unsteadiness from regular displacement of
the plasma filament in the external flow direction. This leads to the
terminology “Quasi-DC” (Q-DC) discharge. Power supply design allows
for current-stabilized operation with a fixed ballast resistor connected in
series with the PIMs. Probes at the output of the power supply and across
voltage gaps allow for calculation of Q-DC discharge parameters
including plasma power. Average plasma power for this work was in the
range of W = 3-5.4 kW per PIM with typical voltages of U = 500-700 V
and currents of I = 6-8.6A. Plasma filaments display unsteady behavior
due to downstream filament convection leading to a critical length of the
filament being reached, wherein a new filament forms upstream of the
previous one. Gas temperature in the plasma filaments has been
measured by optical emission spectroscopy in the range of 4-6kK [32].

2.2. Acetone PLIF setup

When using acetone as a tracer in reacting flows, three main features
should be taken into account:

1. Pyrolysis: acetone starts pyrolyzing at temperatures >1000 K: the
rate of the pyrolysis reaction increases with increasing temperature
and pressure [33]. The pyrolysis time constant at 1 bar and 1250 K is
about 50 ms [29], which is much longer than residence times in the
combustor for this work.

2. Preferential diffusion: acetone (CH3)2CO has a molecular weight
Mace = 58.08 g/mol while for nitrogen My, = 28.01 g/mol and for
ethylene Mcon4 = 28.05 g/mol. As the diffusivity coefficient varies as
Dx1/+/M, acetone will diffuse slower than the seeded gas. The
magnitude of this effect can be considered through the Damkohler
number, where at small values the chemical reaction occurs after
molecular mixing of the reactants. It was found to be negligible in the
current configuration. Same conclusion is valid for the ethylene-
methane fuel blend (64% C2H4, 36% CH4) used for a single PIM
testing.

3. Heat release: for acetone the enthalpy of combustion is AHpee =
-1.82 M J/mol while for ethylene AcH°cops = -1.40 MJ/mol. The
maximum molar concentration of acetone used in this work is 12%

which would yield up to about a 3.5% difference in AH . This dif-
ference is acceptable for qualitative imaging.

These factors indicate that in small Damkohler number flows where
the residence time and temperature are not high, the effects of pyrolysis
and preferential diffusion will be minimized. Pressure and temperature
dependence of the acetone fluorescence yield must also be considered.
Minimal change in acetone fluorescence is seen across the pressure
differences present in this work, but the change with temperature is
approximately an 8% decrease in the acetone PLIF signal per hundred
Kelvins [34]. Practically, this limits acetone PLIF measurements in a
reacting flowfield to qualitative assessments, as areas of high heat
release correspond to both acetone destruction by combustion, and
signal decrease due to temperature effects and volumetric expansion. As
unburned fuel areas remain at low temperature near fuel injection
(before significant mixing), they are still readily identified. A final
consideration for both reacting and non-reacting acetone PLIF studies is
acetone nucleation due to low static flow temperatures. This is
addressed in Section 2.3. The experimental conditions for this work are
favorable for qualitative acetone PLIF imaging.

There are two key components of the acetone PLIF system: the
seeding system, and the laser sheet arrangement. Liquid acetone kept at
T = 297 K and monitored using a type-C thermocouple was premixed
with gaseous fuel using a long tubular bubbler to achieve a saturated
concentration of vapor in the carrying gas. The mixture was then routed
to a fuel canister where injection pressure was set. This allowed for
variation of the acetone concentration based on seeder pressure, and
variation of the fuel mass flow rate based on fuel canister pressure. The
mixture was then injected at mass flowrates in the range of m = 0-4 g/s
through the PIMs with a typical acetone concentration of 5-12%.

Acetone excitation was provided by the 4th harmonic of a Quanta-
Ray DCR-4 pulsed Nd:YAG laser (A = 266 nm) with a pulse repetition
frequency of 10 Hz and pulse energy at 266 nm of up to 70 mJ. The
optical arrangement resulting in 4th harmonic generation and sample
sheet forming is shown in Fig. 3. The distance between the laser output
and point of observation varied from approximately 0.5 m to 3 m
depending on the sheet orientation (streamwise vs spanwise).

Two laser sheet orientations were explored, a streamwise sheet
entering through a fused silica window in the vacuum tank and bisecting
the test section along with the central PIM, and a spanwise sheet at three
different downstream locations from the PIMs. In the streamwise
scheme, the long focusing distance (>2.5 m) made traditional two lens
sheet forming arrangements impractical, and the laser sheet was formed
using a plano-convex spherical lens (f = 3 m) with two cylindrical lens (f
=500 mm, f = -100 mm) to create a diverging laser sheet with a height
of approximately h = 40 mm and a thickness of approximately Aw = 2
mm at the PIMs location.

In the spanwise scheme, the laser sheet entered the test section
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Fig. 3. Acetone PLIF system components where (a) shows Nd:YAG laser frequency conversion and laser sheet forming and (b) shows the acetone seeding system.

through the side windows and three downstream locations were
explored, x = 25, 50 and 75 mm downstream of the PIMs, which
correspond to x/diy; = 7.8, 15.6 and 23.4. Short focusing distances in
this arrangement allowed for simple sheet forming using a spherical
plano-convex (f = 500 mm) and cylindrical plano-concave (f = -100
mm) lens arrangement providing a collimated laser sheet with a height
of h = 40 mm and thickness Aw = 600 um at the centerline of the test
section. Imaging of the laser sheet was performed through the vacuum
port window, leading to decreased spatial resolution and signal in the
spanwise images. Non-uniformities of the laser sheet were accounted for
in both schemes by collecting in situ images with a uniform seeding of
acetone in the test section to use for image processing and to assess sheet
characteristics.

Imaging of acetone fluorescence was performed with two different
camera arrangements: (1) a PCO DiCam C1 was applied with an expo-
sure time of 200 ns for the single PIM mixing study, and (2) a Lambert
HiCATT optical relay intensifier with an exposure time of 20 ns was
coupled to a Phantom V2512 high speed camera with an exposure time
of 260 ns for three PIM fuel-air mapping during combustion. The image
acquisition frequency in both arrangements was fixed by the laser sys-
tem at 10 Hz. Timing for the facility was set by two Berkeley Nucleonics
pulse delay generators (Model 577) which coordinated all diagnostics
and tunnel operations. Laser pulse timing was controlled with a
photosensor.

2.3. Acetone condensation control

Acetone condensation at low gas temperatures is a common issue
that can prevent deployment of acetone PLIF for supersonic flow di-
agnostics. The SBR-50 facility provides unique capabilities to apply this
diagnostic technique due to a precise control of stagnation temperature.
A plot of the saturation ratio (S) of acetone with variation of the facility
stagnation temperature is shown in Fig. 4a, where S = 1 dividing un-
saturated and supersaturated acetone is highlighted red. The saturation
ratio is shown for two cases: (1) in front of the bow shock and (2) across
a 20° oblique shock wave: two cases that bound the conditions at jet
injection. Note, the normal shock portion of the bow shock would result
in a more conservative “bounding” of conditions, that the majority of the
flowfield behind the bow shock does not experience. Conditions for
these cases were calculated using isentropic flow relations. Where S>1
homogeneous condensation appears, and where S < 1, homogeneous
condensation cannot occur. This predicted onset region was then vali-
dated using PLIF signal data.

A complementary experimental dataset was collected by varying the
main airflow stagnation temperature in the range of Top = 297-550 K. At
each condition, four PLIF images were collected with subsequent
background subtraction and image normalization to account for the
laser distribution. An average image was then assembled at each T.
Mean pixel values at the jet exit in a Ax x Ay = 6.4 x 4.4 mm region
comprised of 1750pixels were then taken for each case to minimize
flowfield effects when comparing across values. All data were then

Fig. 4. Comparison of (a) the saturation ratio of acetone with variation of Ty and (b) the PLIF signal intensity at the jet exit with variation of Ty.
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normalized to the value at 297 K. Error is estimated to be £10% of the
calculated mean values based on the small image sample size and
sensitivity of the mean value to the jet exit region. Fig. 4b shows the
resulting variation of signal as temperature changes, where the signal
stays constant within the error until at To < 375 K the value drops
suddenly in the corresponding region to predicted condensation onset.
This indicates the effect is due to condensation of acetone in the flow,
where any resulting Mie/Rayleigh scattering signal is minimized by
spectral filtering of the glass camera lenses. For the single PIM mixing
study, a stagnation temperature Ty = 450 K was selected to prevent
homogenous condensation and maximize the PLIF signal. For the three-
PIM combustion study, a stagnation temperature of 297 K was used to
produce stable flameholding with the highest combustion intensity [11].
At intensive combustion significant flow separation produces conditions
that mitigate acetone condensation. At baseline flow cases the signal
remained sufficient to establish the fuel-jet pattern.

3. Single-PIM mixing results

A dataset was first collected to characterize the effect of plasma
impact on the penetration and expansion of a transverse fuel jet. Fuel
injection was only provided through the central PIM, and an ethylene-
methane fuel blend (64% CyH4, 36% CHy, used to simulate the reac-
tivity of cracked JP-7 [35]) was applied. Lower reactivity of the fuel and
single PIM actuation prevented strong combustion modes from devel-
oping in the test section and producing significant flowfield changes. By
limiting the effects of heat release due to combustion, the effect of
plasma impact on the fuel jet was explored.

Transverse gas penetration depth into a supersonic flow is primarily
dependent on the momentum flux ratio (J).

S U M
UL VePoME,

@

where the subscripts oo, j represent freestream and injected jet
quantities respectively [7,36,37]. Three different momentum ratios
were selected, J = 0.75, 1.2 and 2.1, through variation of the facility
stagnation pressure and fuel injection pressure. Acetone concentration
was fixed at 5% across this series. Distances in presented figures are non-
dimensionalized by the PIM injector diameter, djy;j, to allow comparison
with prior works.

3.1. Single PIM baseline and plasma modified flowfield characterization

Measurement of the pressure distribution and schlieren imaging
were performed at test conditions with baseline flow, fuel injection, and
fueling with plasma actuation. Fig. 5 shows schlieren images collected at
fuel injection cases with and without plasma actuation. Without plasma
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actuation the shock wave related to fuel injection and the shear layer
resulting from the transverse injection into supersonic flow are seen. The
strong bow shock originates at the injection point, inducing the flow
separation zone just upstream of the PIM location. The large density
gradient at the jet exit produces the visible dark region. A barrel shock
structure at injection is visible and a significant amount of fluid pene-
trates between the upstream edge of the barrel shock and the bow shock,
as observed in previous studies [31]. When the electric discharge is
actuated on, the plasma filament is seen to locate in the injected jet,
intensifying density gradients near the jet boundary and increasing jet
penetration depth, see Section 3.2. Breakdown occurs at the down-
stream edge of the PIM port, causing the plasma filament to locate
downstream of the barrel shock and interact with the counter-rotating
vortex pair generated in the jet [18]. This behavior generates the heli-
cal shape of the plasma filament.

Static pressure distributions along the top wall and stagnation
pressure distributions at the end of the test section are presented in Fig. 6
at baseline flow, fueling and fueling with plasma. The largest pressure
increase is seen in the case of fueling with plasma, where plasma gen-
eration leads to electrical heat release in the jet. This heating causes the
formation of a subsonic zone which acts as a virtual obstacle that in-
creases oblique shock strength and causes the downstream reflection
seen at x/diyj ~78. This effect is similarly seen in stagnation pressure
rake data in Fig. 6b, with the result that the boundary layer on the top
wall is more developed, as indicated by the stagnation pressure decrease
near the top wall.

3.2. Streamwise single PIM fuel pattern

Acetone PLIF imaging was performed with the streamwise laser sheet
arranged along the centerline of the test section (z/diy; = 0) to visualize
differences in the fuel distribution with and without plasma actuation.
The outer boundary of the jet was identified by scanning images starting
in the core flow at y/diyj = 9 and progressing in the negative y-direction
until 5 times the average background value was reached. Radiative
lifetimes for the main transitions responsible for optical emission from
the plasma are on the order T,q = 10'6-10'85, while some decay in
current at plasma off slightly extends this time. To prevent plasma
related saturation of PLIF images due to the disparate intensity scales,
yet still capture plasma’s impact on the flowfield, images at plasma cases
were collected at tgelay = 10-30 ps after a 10 ms duration plasma pulse
was actuated off. Some variation in this timing was due to the laser-
timing jitter. A non-transparent mask was placed parallel to the top
wall to crop fluorescence from ceramic PIM components.

Fig. 7 shows a false color image comparison of processed PLIF images
for cases of jet injection with and without plasma actuation. In Fig. 7a
and b, single-shot images are shown, and in Fig. 7c,d average images are
shown composed of 6 single-shot images. In the images, the intensity

Fig. 5. Single schlieren images where (a) shows a single PIM fueling case before plasma and (b) shows a single PIM operating in fuel.
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Fig. 6. Single PIM operation pressure distributions (a) shows the static pressure distribution on the top wall at three cases and (b) shows the total pressure dis-
tribution at the end of the test section at three cases.

Fig. 7. False color streamwise images of an acetone seeded ethylene-methane fuel jet at a momentum flux ratio of J = 1.1 where (a) and (b) show single shot images
of the jet before plasma and 10 ps after extended plasma impact respectively with edge finding processing and (c) and (d) show averaged images of the jet before and
10-30 ps after plasma impact respectively.

scale is adjusted as Iqj = C*Iig, Where Iyyg is the original signal ac- shock, as observed in schlieren imaging, is also seen in PLIF images
quired by the camera, C = 2 and y = 2/3. In Fig. 7a, the jet structure is before plasma actuation. In Fig. 7b, acquired 10 ps after termination of
seen before plasma impact, where high shear in the fuel-air mixing layer plasma actuation, some significant structural differences are visible.
causes rollup and the downstream development of large-scale coherent Post-luminescence from the plasma filament informs its position without
structures. A significant portion of fluid bypassing upstream of the barrel image saturation. A dark region downstream of the plasma filament

Fig. 8. Plasma effect on injected jet where (a) is the PLIF signal intensity distribution averaged over the region downstream of plasma, x/ diy; = 10-15 mm and (b)
shows a comparison of cumulative jet area in plasma vs. no plasma cases at each momentum flux ratio.
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location indicates a lower concentration of acetone, this is due primarily
to dissociation of acetone from plasma impact in the region and a
volumetric expansion of the jet at plasma heating. The amount of fuel
bypassing the barrel shock and passing upstream between the bow shock
and barrel shock has decreased due to modification of the barrel shock
structure, see Section 5 for details. Finally, greater jet penetration at the
outer boundary is seen, especially as the jet develops further down-
stream. This difference in downstream jet penetration and structure was
assessed for the images shown in Fig. 7 by averaging the intensity of
each image at x/djy; = 19-25. The result is shown in Fig. 8a, where both
the increase in downstream jet penetration and the decrease in near-wall
signal due to plasma impact are highlighted. In Fig. 7c, an average image
is shown in the no plasma case, composed of 6 single-shot images. This
image shows uniform downstream development of the jet and highlights
the significant portion of fluid passing between the upstream portion of
the barrel shock and the bow shock. In Fig. 7d an average image is
shown composed of images collected between tgelay = 10-30 us after
extended plasma impact. Similar features are generally observed as
described from the single-shot image in Fig. 7b. However, there is now a
more significant portion of fuel passing between the upstream portion of
the barrel shock and bow shock. This is due to the fact that in images
collected at longer delays some portion of the plasma effect has con-
vected downstream.

To better assess PIM behavior on mixing enhancement, outer profiles
were assembled and averaged for cases with and without plasma impact
at each momentum flux ratio. The cumulative jet area was then calcu-
lated by numerically integrating under each average profile. Fig. 8b
shows the cumulative jet area at each J with and without the plasma
effect. In the immediate area of the PIM injectors, x/diyj < 5, a
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significant difference is not apparent between the two cases; however, at
x/dipj > 10 when the jet is more developed, separation between the cases
starts to occur. At x/dj;j = 25, a jet area increase due to improved
penetration of ~ 10% is seen across all momentum flux ratios.

3.3. Spanwise single PIM fuel pattern

Streamwise acetone PLIF imaging of the jet allows for determination
of the penetration characteristics at plasma impact, but it does not
provide a complete view of the mixing characteristics as the overall
fuel-air interaction surface may also be affected by spanwise expansion
of the jet. To capture this effect, spanwise acetone PLIF imaging was
performed at matching momentum flux ratios and stagnation conditions
to the streamwise data presented in Section 3.2. Fig. 9 shows averaged
false-color processed PLIF images collected at two momentum flux ra-
tios, each with and without plasma actuation. Images shown represent
the average of 28 images at each condition and are located at x/djy; =
23.4 downstream of the PIMs. In Fig. 9a and ¢ showing the baseline case,
a circular structure with a uniform intensity is seen, indicating a uniform
expansion of the jet. In Fig. 9b and d, post luminescence from the plasma
obscures the PLIF signal in the center of the jet, but a more expanded less
consistent outer structure is seen at both momentum flux ratios. This
larger cross-sectional area includes both the deeper cross flow pene-
tration seen in streamwise imaging, but also spanwise expansion of the
jet. A comparison between average areas calculated at low and high
momentum flux ratio and two spanwise positions is shown in Table 1.
Jet cross-sectional areas were calculated from averaged PLIF images by
counting pixels with 5 times the background intensity. In all cases
plasma impact is considered to significantly increase the cross-sectional

Fig. 9. Comparison of averaged PLIF images collected x/dj,; = 23.4 downstream of PIMs where (a) J = 0.75 no plasma, (b) J = 0.75 with plasma, (c) J = 2.1 no

plasma, and (d) J = 2.1 with plasma.
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Table 1
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Averaged jet cross sectional areas for J = 0.75 and 2.1 at x/di,; = 7.8 and 23.4, with and without plasma.

Cross Sectional x/ dinj = 7.8 x/ dinj = 7.8 Percent x/dip; = 23.4 Baseline x/dipj = 23.4 With Plasma Percent Difference
Area Comparison Baseline With Plasma Difference

J=0.75 94 mm? 124 mm? 27% 186 mm? 230 mm? 21%

J=21 279 mm? 346 mm?> 21% 324 mm? 413 mm? 24%

area of the jet.

While average spanwise PLIF images show an enhancement of
fuel-air mixing due to improved expansion and penetration of the jet,
they miss an important effect visible in single-shot spanwise images, jet
breakup. Fig. 10 shows representative single-shot PLIF images collected
with and without plasma impact. Note that bright dots in the image are
resulted from an electronic noise at high intensifier gain. While the jet
structure retains a nearly circular shape in single-shot images without
plasma impact, Fig. 10a, with plasma impact highly unstable behavior is
observed along with a pocketed PLIF signal, Fig. 10b and c. As signal
decrease due to dissociation and expansion from plasma is contained
closer to the wall (see Fig. 7b), and this signal decrease is observed out to
the jet boundary in Fig. 10b, this indicates jet breakup is occurring. This
behavior is beneficial for mixing as it increases fuel-air interaction
surfaces and entrains oxidizer into rich regions at the jet core. This
behavior also indicates that the averaged cross-sectional area compari-
sons in Table 1 may underestimate the influence and potential benefit of
plasma on mixing enhancement. This will be further discussed in Section
5.

4. Three PIM fuel pattern at combustion

For this dataset all three PIMs were activated and ethylene fuel was
seeded with acetone vapors. All runs were performed at a single set of
stagnation conditions, To = 297 K, Py = 1.7 bar, and the fueling rate was
fixed at m = 3.75 g/s with a cumulative momentum flux ratio of 0.6. The
establishment and extinction of the strong combustion pattern was
investigated by varying the plasma duration and image delay after
plasma. Complementary pressure, schlieren, chemiluminescent imaging
and electrical datasets were acquired in addition to acetone PLIF
imaging.

4.1. Baseline and combustion mode characterization

Fig. 11 shows single-shot schlieren images collected at two different
delay times after plasma actuation. In Fig. 11a, a partial oxidation mode
is shown where three PIMs are actuated but flowfield transition to the
combustion pattern has not yet occurred. Intense density gradients due
to hot plasma filament interaction with the jet produces a shallow
combustion wedge with a corresponding strong oblique shock. In
Fig. 11b, transition to strong combustion has now taken place. The

Fig. 10. Spanwise PLIF images collected at x/di;j = 23.4 downstream of PIMs at J = 2.1 where (a) shows a single shot baseline image and (b) and (c) show

representative single-shot images of jet breakup after plasma impact.
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Fig. 11. Schlieren data with 3 PIMs operating where (a) shows a partial oxidation mode and (b) shows strong combustion.

combustion wedge protrudes deeper into the coreflow, upstream sepa-
ration in front of the PIMs has increased, and a normal shock sits around
x/dinj ~ 14, producing a strong bottom wall separation region and
corresponding shock.

Pressure distributions across the top wall of the test section also
illustrate differences in combustion mode. In Fig. 12a, pressure distri-
butions at three cases are shown: baseline flow, three PIM fueling, and
three PIM fueling after extended (t > 10 ms) plasma actuation. The last
case, where a significant and extended pressure rise is seen downstream
of the PIMs, is termed strong combustion due to this effect on the
flowfield. The high heat release from chemical reactions initiated and
sustained by plasma interaction causes flow separation and the forma-
tion of a subsonic “combustion wedge” which acts as a virtual obstacle in
the flowfield leading to modification of the stagnation pressure distri-
bution. In Fig. 12b, the stagnation pressure measured at the end of the
test section decreases near the top wall with combustion and increases
near the bottom wall. While the strong combustion wedge on the top
wall produces this redistribution of pressure, numerical integration
across pitot-rake pressures produces a constant area under the curve.

Development of the strong combustion pattern presented in Fig. 12
at the fueling + plasma case requires both the proper initial flowfield
and PIM conditions (fueling, plasma power, stagnation conditions, etc.)
and some time for plasma elongation and interaction with the fuel jet.
After plasma is actuated on, and before flowfield transition to a strong
combustion mode, partial oxidation of the fuel jet produces weak heat
release in a downstream reaction zone. When heat release in the
downstream zone becomes sufficient, flow separation occurs and rapidly
moves upstream to stabilize at the PIM locations. More details on the

mechanism of flowfield transition and resulting instabilities are pre-
sented in [32,20].

High-speed color images were collected of the plasma and flame
pattern, where the purple in images is caused from the second positive
system of nitrogen (C31'[u — B3Hg), and the blue is due to chemical re-
actions in fuel producing emission from CN* B%t - x*c) and CH*
(A%2A — X?IT) among others. Fig. 13a and b show spanwise images
collected through the vacuum port window illustrating differences in
plasma filament structure before and after the transition to strong
combustion. In Fig. 13a, plasma filament path lengths do not extend
much in the z-direction and filaments do not penetrate very far into the
core flow, but rather remain located within the fuel jets. In Fig. 13b, the
strong combustion wedge has formed, and this produces a significant
separation region resulting in greater filament penetration in the y-di-
rection. An upstream portion of the filaments locate within the fuel jet,
but downstream tail portions are in a lean environment, as seen by the
change in color.

Similar conclusions are produced from wall normal chemilumines-
cent imaging of the two combustion modes, as shown in Fig. 13c,d.
Before strong combustion occurs, elongated filaments, located largely in
the fuel jets, produce contained streamwise chemiluminescent reaction
zones downstream. When flow transition occurs, plasma filaments
become trapped in the separation bubble, and fuel in this separation
bubble produces a dispersed downstream flame pattern.

4.2. Fuel pattern at combustion

The fuel pattern in the separation region formed near the PIMs with

Fig. 12. Three PIM operation pressure distributions (a) shows the static pressure distribution on the top wall at three cases and (b) shows the total pressure dis-

tribution at the end of the test section at three cases.
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Fig. 13. Enhanced color images of the three PIM plasma pattern where (a)(c) show partial oxidation and (b)(d) show strong combustion. The images brightness is

enhanced at x/diyj > 22 (c) and x/djy; > 20 (d).

strong combustion was mapped using acetone PLIF images collected at
different delay times after the electrical discharge was turned off. Short
intensifier gating was arranged, texp = 20 ns, so flame luminescence was
discriminated to the level of the image background. This way PLIF im-
ages of the fuel distribution could be collected during combustion. Raw
images were normalized by laser sheet characterization images collected
at uniform acetone seeding without flow, and image processing was

performed to extract the area occupied by fuel in each image. This was
done by using a gaussian filter with 6 = 3 to reduce photon shot noise
then summing over pixels exceeding 5 times the image background.
Images were collected at two cases: (1) at varying image delay time after
a fixed plasma pulse duration of 10 ms and strong combustion, and (2) at
a fixed image delay time after plasma was terminated with a varying
plasma pulse duration. These two cases were evaluated to assess the time

Fig. 14. Acetone PLIF results at 3 PIM combustion tests where (a) shows baseline fueling with no plasma, (b) shows 100 ps after strong combustion, (c) shows the
occupied fuel area at varying delays after a 10 ms plasma pulse and (d) shows the occupied fuel area 150 ps after plasma at varying plasma duration.

10
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for the flowfield to return to the baseline fueling case and to determine
the plasma pulse duration to transition the flowfield to strong combus-
tion. In Fig. 14a and b acetone PLIF images are presented collected at a
spanwise laser sheet position of x/dj,; = 15.6 at baseline flow and 80 us
after extended (tpyie = 10 ms) plasma impact. At baseline conditions
with fuel injection but no plasma (see Fig. 14a) three distinct jets are
visible with relatively small penetration into the flow. In Fig. 14b,
collected after sustained plasma impact has transitioned the flowfield, a
high concentration of fuel is seen widely distributed in the spanwise
direction and penetrating deep into the core flow. This indicates that,
with strong combustion, over-fueling occurs in the separation bubble
due to its localization over the PIM fueling ports and reduced turnover
time. As time after plasma-off increases, this separation region decays
back to baseline flow because heat release from chemical reactions is
insufficient to sustain this flow separation without energy addition from
plasma. The time of this decay is shown in Fig. 14c, where at about 500
us after plasma is terminated, the fuel area is near the baseline case.

The minimum plasma duration needed to transition the flow pattern
to a strong combustion mode was similarly evaluated. A series of images
was collected at the same delay time after plasma, tgelay = 150 ps, but at
plasma durations t,yse = 2-9 ms. The fuel area was then calculated. In
Fig. 14d it is seen that a plasma pulse duration tyyse = 0-6.5 ms is
insufficient to transition the flowfield, and between 6.5 ms and 8 ms
pulse duration there is a sharp gradient in the occupied fuel area that
corresponds to the rapid upstream movement of the separation region.
At the described operational parameters, a minimum plasma pulse
duration of tpyse = 8 ms is required for ignition of the fuel air mixture,
upstream movement of the separation bubble, and fuel distribution
within that separated region.

5. Discussion

Single-PIM test results demonstrated that plasma actuation produced
a distinct mixing pattern with reduced PLIF signal measured from the
plasma-occupying or post-plasma regions. Enhanced mixing is deter-
mined from the improved penetration and expansion of the jet, as well as
the fuel jet breakup. There are several mechanisms, listed below, which
might be responsible for producing these changes which favor com-
bustion intensification. All of them result from the intense localized gas
heating within the plasma filaments. Both direct and indirect mecha-
nisms of plasma-flow interaction are responsible for improvements to jet
expansion and mixing.

(1) Volumetric expansion of the gas heated by plasma impact leads to
an on-average increase in the fuel jet cross-section. Assuming isobaric
conditions, the volumetric expansion could be simply estimated as
follows:

AV, AT, W,
V; - T, _c,,orh,ng

(2)

where V; is the volume associated with the heating (near-wall jet
section corresponding to a low PLIF signal), and m' is the gas flow rate
through this section. Such an estimate produces AT, 40K as the average
heating across the jet cross-section, leading to a ~ 14% difference in the
static temperature in the area. As the plasma mainly locates within the
fuel jet, expansion of the fuel jet increases fuel-air interaction surfaces.
Comparing this value to the average volumetric expansion measured by
PLIF and indicated in Table 1 indicates that this mechanism is a leading
cause of substantial mixing enhancement, but alone is not responsible.

(2) As a result of plasma-based energy deposition, flow structures at
different scales are modified, from small-scale structures near the fuel-
jet nozzle to major shock structures. This occurs due to the localized
nature of the gas heating, which has a similar effect as a solid obstacle in
the flow, increasing the pressure in front of it. This effect is insignificant
with single-PIM operation, see Fig. 5. However, with three PIMs as
shown in Fig. 11, plasma heating and additional energy release from
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chemical reactions lead to amplification of the bow shock wave, which
shifts the reflected shock wave upstream and, in turn, affects the com-
bustion zone. A more sophisticated mechanism is also realized in a su-
personic flow: at strong non-homogeneous thermal energy deposition,
the sonic velocity in this zone exceeds the flow velocity in the sur-
rounding area, leading to the generation of a subsonic flow zone within
the supersonic one. This causes a significant pressure redistribution in
the flowfield [38] affecting the flow structure on both micro- and macro-
scales. Specifically, the jet and surrounding features, such as the barrel
shock at the jet exit, are modified due to the formation of a subsonic
plasma channel anchored through the shock structure, coupling the jet-
exit conditions to the flowfield.

Modification of the barrel shock structure at plasma impact might be
an important mechanism for mixing enhancement. Fig. 15 shows dif-
ferences in the barrel shock structure due to plasma impact, where at
plasma actuation the barrel shock is shorter, wider, and more lifted in
the flow. Previous studies [39,7] on transverse injection into supersonic
flows have indicated that the development of large-scale coherent
vortices may be highly sensitive to oscillations in the Mach disk, and the
main path of injected gas oscillates between the Mach disk and the
upstream surface of the barrel shock. In the latter case, high velocity
fluid interacts at the jet boundary with the cross flow, generating high
shear and large-scale vortices. Changes to the barrel shock structure due
to plasma actuation require more detailed study of the flow coupling
plasma provides and the impact this has on the downstream develop-
ment of the injected jet.

(3) Thermal cracking/molecular dissociation of the fuel-acetone-air
mixture due to plasma impact readily explains the decreased PLIF
signal in the plasma region, observed in Fig. 7. This also increases the gas
pressure due to increased number density P =) ,N; e kT; which aids
with expansion. Preconditioning of the fuel, e.g., via dissociation due to
thermal non-equilibrium processes, is an additional benefit for
combustion.

(4) Excitation of flow instabilities and generation of extra vorticity
are indirect mechanisms of mixing enhancement. The first is realized
through the Richtmyer-Meshkov instability [40,41], occurring in flows
with non-collinear gradients of gas density and pressure. This leads to
formation of deterministic vortex-dominated flows, and subsequently, to
small-scale stochastic perturbations resulting in accelerated interfacial
stretching and turbulent kinematic mixing. Gas diffusion finalizes mix-
ing on the molecular level.

The dynamics of vorticity, , can be described by taking the curl of
the Navier-Stokes momentum equation yielding:

Dw/Dt = —w(V-V)+1/p*(Vp x VP) + (0-V)V + 1 /Re-(V*w) +V x B
3

where the terms on the right describe 1) expansion, 2) baroclinic
torque, 3) vortex stretching, 4) viscous diffusion, and 5) external body
forces. The baroclinic term is an essential source of “new” vorticity and
is the most important for the further consideration. To briefly estimate
the magnitude of the baroclinic term, a basic scheme could be consid-
ered characterized by wall injection of gaseous fuel into a compressible
flow with an electrical discharge along the fuel jet. In the area located
near the fuel jet nozzle, a pressure gradient is generated due to the
interaction of the main flow and the transverse jet. Near the wall, where
the plasma situates inside of the fuel jet, a gas density gradient is
generated by gradual electrical energy deposition along the fuel jet. This
effect is amplified by molecular dissociation of the fuel. The thermal
effect on gas density can be expressed by deriving the equation of state,

_peP _ ueP 1 JT P ou

P=Rer P~ TR T % "ReT 0x

_ ueP 1 op 1 oT

“Rereu Wt T )

where p is the molar mass, R is the universal gas constant, and U is
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Fig. 15. Acetone PLIF images of a single PIM ethylene-methane fuel jet at J = 2.1 illustrating barrel shock differences where (a) shows a jet before plasma and (b)

shows a jet after plasma impact.

the gas velocity. Temperature dynamics, &, can be estimated using the

plasma power Wp; deposition and fuel mass flow rate rv.

al_ ‘/V/)/.U
0t cpempel

(5)

For typical experimental conditions, Wy = 3-5 kW; U = 500 m/s; ni
= 4 g/s; L = 2-5 cm, the temperature growth is & ~ 107X, Following the
suggestions above, the baroclinic term can be estimated to be as high as
Dw/Dt = 1/p*(Vp x VP) ~ 108 —10°1/s?, which might effectively act
on a typical time scale of 7 ~ 10" s.

Natural vorticity (generated without plasma due to the flow — fuel jet
interaction) and plasma-induced vorticity affect the plasma filament
flowpath by forming the plasma filament shape and moving the plasma
towards the core flow. A previous study of the plasma filament structure
with PIM actuation [18] showed significant influence of the counter-
rotating vortex pair generated by the injected fuel-jet on the filament
breakdown path. Plasma coupling to vortical structures in the flow and
high volumetric expansion of the plasma, in turn, leads to kinematic
displacement of flow in these structures, producing vorticity. The highly
oscillatory nature of the PIM system introduces high-frequency sources
of these turbulent channels into the developing gas stream, leading to jet
breakup. Additionally, previous studies demonstrated strong turbulence
developed from the cooling of post discharge gas channels [20].

In the case of turbulent combustion, the effective flame propagation
velocity increases significantly due to an important role convection
plays in energy/molecular species transport from the heat release region
to the undisturbed flammable mixture. In contemporary combustion
chambers including those of turbojets, ramjets, and scramjets, com-
bustion starts in partially mixed flow where the fuel/oxidant ratio varies
significantly across the working volume. In this diffusive combustion
mode, combustion and mixing can develop simultaneously affecting
each other [42,43]. The molecular level of mixing through collisions is
provided by conventional molecular diffusion. However, molecular
diffusion is very slow when compared to the available mixing time,
which is limited by residence time in the combustion zone. The char-
acteristic thickness of such a layer may be estimated by = /Dt, where D
and t are the diffusion coefficient and time of interaction, respectively.
Mechanisms of natural or artificial interfacial stretching accelerate the
mixing process [44] and reduce length scales over which combustion
occurs.

Acetone PLIF imaging of the fuel distribution after PIM stabilized
combustion revealed a significant fuel redistribution occurring in the
separation region located at the fuel injection ports, the decay of this
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separation region, and the minimum plasma pulse duration to initiate
flowfield transition from partial oxidation to strong combustion. The
sequence of flowfield transition and resulting dynamic instabilities at
plasma actuation is presented in more detail in [32] but is briefly out-
lined as follows: (1) plasma stimulated reactions initiate combustion
downstream of the PIM arrangement in fuel-rich areas inducing flow
separation, (2) the separation zone moves upstream and reaches the
PIMs, (3) the separation zone traps the plasma filaments and injected
fuel, leading to a decrease in plasma power and equivalence ratio over
the ignition limit, (4) this produces a decrease in chemical power,
decreased separation zone size and partial restoration of the baseline
flow before the cycle repeats [20]. The current PLIF measurements
demonstrate the role over-fueling in the separation zone, and plasma-
induced ignition and flow structure establishment have in the process
of the dynamic instability in the combustor. Plasma-induced ignition
and flowfield transition is particularly dominant as this process takes the
longest time. This insight is important to develop methods to mitigate
the onset of this combustion instability, which may require a redistri-
bution of the electrical discharge in the combustor.

6. Conclusions

This work examined the mixing and flameholding characteristics of a
plasma-stimulated model supersonic combustor. The technique
employed couples a filamentary Q-DC electrical discharge to the fuel
injection port in a so-called Plasma Injection Module or PIM, providing
plasma localization within the fuel-air mixing layer. Acetone PLIF
visualization was applied in this study along with multipoint static and
Pitot pressure measurements, plasma characterization, schlieren imag-
ing, and high-speed imaging. PLIF images were acquired at both
streamwise and spanwise laser sheet orientations, and acetone was
seeded into the gaseous fuel stream as a tracer. Two main configurations
were explored: (1) a single PIM for studying mixing and (2) a three-PIM
configuration for studying flameholding.

In the mixing study (employing a single PIM), the plasma was found
to increase penetration, expansion, and breakup of the fuel-jet. On-
average, volumetric expansion of the fuel jet is well explained by ther-
mal addition from the plasma; however, fuel jet breakup is caused by the
development of shear layer instabilities and the generation/amplifica-
tion of vortical gasdynamic structures concomitant with the fuel jet and
filamentary plasma.

In the flameholding study (employing three PIMs), the PLIF tech-
nique was applied to study the dynamics of the reaction zone formation
and extinction. It was found that under the conditions of the current test,
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the time to establish the combustion pattern corresponds to the forma-
tion of a flow separation zone behind the PIMs, and takes tpyise ~ 8 ms.
The gas pressure in this separation zone significantly increases due to
chemical reactions. However, PLIF data indicates the concentration of
unburned fuel in the plasma-supported separation zone remains high.
Details of the chemical processes in the vicinity of the PIMs still need to
be clarified. After the electric discharge is turned off, restoration of the
initial flow pattern occurs in tgelay < 1 ms.

The current study, including acetone PLIF imaging, reveals impor-
tant details regarding plasma-based supersonic mixing and flame-
holding, such as fuel-jet breakup and ignition dynamics. It was
performed in a plane wall geometry with direct transverse fuel injection
and without mechanical flameholding elements. Practical implementa-
tion of such a geometry could deliver additional benefits due to potential
reduction of pressure losses. Investigation of additional details is un-
derway, requiring multiple species detection and quantification, and
development of active control schemes to suppress combustion in-
stabilities produced in the combustor.
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