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Abstract

This study investigates the impacts of a nanosecond, repetitively-pulsed discharge on opti-
cal emission and pressure measurements in an ethylene-fueled, dual-mode scramjet combustor.
The experiments were performed in the University of Virginia Supersonic Combustion Facility
(UVASCF). High frame rate (50-100 kHz) spectrally filtered imaging, optical emission spec-
troscopy, and high frequency pressure measurements were synchronously acquired to assess the
improvements induced by the discharge-coupled cavity compared to nominal fuel-lean and low-
temperature cavity flameholding operation. Increased production of relevant excited-state hydro-
carbon combustion radicals (OH*, CH*, and C,*) was observed during discharge actuation across
all test cases in both spectrally filtered images and emission spectra. Spatial distribution of in-
creased emission varied for each combustion radical. The impacts of the discharge were observed
to depend on local fuel availability and were enhanced at lower stagnation temperatures. Spatial
and modal analyses revealed that the discharge instigated forward shifts and an increase in width
of the reaction zone for all interrogated intermediate species. Assessment of CH* temporal dy-
namics in the cavity and cavity shear layer showed that nanosecond discharge actuation increased
CH* production throughout the shear layer with a maximum increase observed at 3.5 us from peak
discharge emission. This study presents new findings on dual-mode scramjet flameholding en-
hancements provided by nanosecond discharges through observation of hydrocarbon combustion

radical production on relevant timescales for plasma-enhanced combustion.
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1. Introduction

The pursuit of developing efficient ramjet and scramjet engines for air-breathing supersonic and
hypersonic flight has long been accompanied by component and system-level challenges that are
driven by physical processes. Dual-mode scramjet engines provide continuous operation capabil-
ities over a larger range of Mach numbers by bridging the ramjet to scramjet transition [1]. Dual-
mode operation is characterized by the existence of a pre-combustion shock train in the scramjet
isolator that introduces an adverse pressure gradient strong enough to reduce the captured flow
Mach number to subsonic speeds [1, 2]. This mode of operation is also commonly accompanied
by development of a thermally-choked throat that reintroduces a supersonic core flow in the pres-
ence of sufficient area relief downstream of the combustor [2]. Theoretically, dual-mode scramjet
engines introduce benefits by improving specific impulse compared to rocket engines within the
atmosphere [3, 4]. Despite this, these systems face multiple practical barriers that are amplified by
the requirement of maintaining operability over a range of altitudes and flight Mach numbers. One
of the most prominent challenges related to this constraint is sustaining combustion in increasingly
high-speed flows that provide an unfavorable environment for fuel and oxidizer mixing, ignition,
and continuous flameholding. Solutions enabling increased fuel-air residence times, or reduced
ignition delay times, are critical to meeting flameholding requirements while also maintaining rea-
sonable efficiency.

The fundamental limitations for flameholding in dual-mode environments are dependent on
many engine and freestream flow properties [1, 2, 5-7]. The Damkohler number [5, 8], a useful

dimensionless parameter for defining flameholding limits, is defined as

) . L
flow residence time m

Da = . — = —, (1)
chemical reaction time 7,

where L is a characteristic length, u is the flow velocity, and t. is a characteristic time. This

expression can be simplified:

t
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where t. 1s the residence time of a fuel-air mixture in the engine and tjg, is the characteristic igni-
tion delay time of the reactant mixture. The Damkohler number illustrates the difficulty of main-
taining a stable flame during high speed flight: for a fixed-geometry dual-mode combustor and fuel
choice, as flight Mach number increases, t..; decreases with marginal changes in tig,. A Damkohler
number less than 1 indicates an environment in which flameholding cannot be sustained. Typical
Mach numbers associated with dual-mode and supersonic combustion environments with hydro-
carbon fuels often yield Damkohler numbers close to 1, which reinforces the need for flameholding
stabilization enhancements in high-speed airbreathing engines [8].

Numerous methods of creating a more favorable environment for ignition and flameholding in
high-speed flows exist. From Equation (2), two primary pathways for improving flameholding are
increasing the fuel-air residence time within the engine or decreasing ignition delay time of the
fuel-air mixture. A number of geometric solutions have been implemented in dual-mode scramjet
flowpaths to increase local fuel-air residence time, radical pooling, and mixing in the flameholding
region, including ramp fuel injectors [9—11], strut-based fuel injectors [12—14], and recessed-wall
cavity flameholders [15]. Cavity flameholders have been characterized at length in dual-mode
scramjet ground tests and offer benefits of increased residence time, increased radical pooling, and
enhanced mixing [16]. Variations in geometric parameters [17, 18] and fuel injection strategies
[19-22] result in significant changes in flameholding characteristics and limitations. Reducing the
ignition delay time of a fuel-air mixture below the fuel-air residence time becomes more challeng-
ing near scramjet takeover Mach numbers as the fuel-air residence time continues to decrease. A
promising solution to the ignition delay and combustion radical production dilemma near ramjet
and scramjet-takeover Mach numbers is actuation of a plasma discharge in the presence of avail-
able fuel-air mixtures within a cavity flameholder. A schematic of major flow processes involved
in a discharge-coupled dual-mode cavity flameholder with a flame stabilized in the cavity shear
layer (CSL) is presented in Figure 1.

Plasma discharges provide additional capabilities of reducing ignition delay times through sev-

eral physical mechanisms. The dominant combustion enhancement mechanisms provided by a
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Fig. 1: Relevant physical processes in a ns discharge-coupled dual-mode cavity flameholder with
upstream fuel injection.

plasma discharge ultimately depends on its electromagnetic characteristics, which vary with dif-
ferent electrode and circuit architectures, and the environment in which the discharge is actuated
[8, 23, 24]. Plasma discharges are broadly divided into two categories based on the extent of
equilibrium between internal energy modes of the gas within the discharge region. These energy
modes can be represented as temperatures, so discharges are commonly referred to as existing in
thermal equilibrium or thermal non-equilibrium states [8, 25]. Thermal equilibrium plasmas have
gas temperatures similar to electronic temperatures and thermal non-equilibrium plasmas have a
significantly higher electronic temperature than the local gas temperature in the discharge region.
A common parameter used to distinguish discharge type and characterization of dominant species
generation is through the reduced electric field strength E/N, where E is the electric field strength
and N is the local gas number density [25, 26]. Plasmas with high E/N (typically greater than 50-
100 Td) and electron temperatures (typically greater than about 3 eV) are dominated by reactions
involving electronic activity, such as dissociation, ionization, and excitation of molecules to higher
energy states resulting from direct electron impact [27]. For this reason, plasmas with large E/N
are desirable for enhancing combustion through electronic and excited-state species generation that
consequently accelerate chain branching reactions responsible for ignition and flame stabilization.

A number of non-equilibrium plasma discharge types have been implemented in reacting and



non-reacting environments at a wide variety of flow speeds to assess utility for combustion and flow
control. Dynamics of rotational and vibrational non-equilibrium have been characterized in lami-
nar flames coupled with pulsed microwave discharges using coherent anti-Stokes Raman scattering
[28]. These pulsed discharges had an estimated E/N between 150-260 Td and resulted in notice-
able increases on vibrational and rotational temperature that peaked at varying time delays. Gliding
arc discharges, which typically exhibit high E/N and moderate local increases in gas temperature,
have been investigated using high-speed chemiluminescence and OH planar laser-induced fluores-
cence (PLIF) for ignition and stabilization of laminar diffusion flames [29] and flame dynamics in
scramjet combustors [30, 31]. Gliding arcs show promising results of reducing combustion mode
transitions during flameholding in high-speed flows. Quasi-direct-current (Q-DC) discharges have
been characterized in scramjet flowpaths in previous studies [32-36] using optical emission spec-
troscopy (OES), high-speed imaging, and pressure measurements, and have been shown to enable
manipulation of the isolator shock train and sustain combustion at very low temperatures when
co-located with a fuel jet. These plasma discharges harbor similarities in their enhancement of
combustion through both thermal and non-thermal pathways, and both exhibit filamentary behav-
ior that is heavily dependent on local flow and fueling conditions. Though these discharge types
offer multiple effective mechanisms for combustion enhancement, in supersonic combustors, it is
desirable to implement discharge types that have lower net power requirements.

Nanosecond repetitively-pulsed discharges typically operate with the largest E/N and electron
temperatures of all known discharge types with notable reductions in required power for operation
[8, 24, 25, 37]. Nanosecond discharges have been demonstrated to have excellent capabilities of
enhancing combustion through generation of excited-state intermediate species and free radicals.
These discharges have been characterized extensively in near-atmospheric pressure air with dif-
ferent electromagnetic characteristics [23, 38—41] and have been studied with diagnostics includ-
ing optical emission spectroscopy, cavity ring-down spectroscopy, two-photon absorption laser-
induced fluorescence (TALIF), PLIF, and high-speed imaging. Regimes of breakdown within the

classification of nanosecond repetitively-pulsed discharges depend on a number of factors, most



importantly local gas composition and pressure, applied voltage, and electrode configuration and
material. The extent of ignition enhancement of nanosecond discharges has also been studied in
both low-speed and high-speed fuel-air mixtures. In low-speed flows, OH concentration dynamics
[42—-44] have been evaluated with respect to ignition success and discharge-flame interactions with
optical diagnostics such as OES and PLIF. Other studies in low-speed reacting flows emphasize
the importance of discharge pulse repetition frequency and pulse energy on inter-pulse coupling
and hydrocarbon fuel-air mixture ignition delay times [45—47], indicating that inter-pulse cou-
pling and ignition delay times are coupled as functions of local flow characteristics and detonation
front propagation. Similar studies on ignition probability and ignition kernel propagation in the
presence of a nanosecond discharge have been carried out in supersonic flows that utilize cavity
flameholders [37, 48, 49]. Despite the plethora of studies that utilize these discharges for ignition
and combustion enhancements, the impacts of pulsed nanosecond discharges on continuous flame-
holding and excited-state species generation has not yet been studied in a dual-mode environment.
This distinction is critical as cavity flameholding limits differ significantly from cavity ignition
limits. Analysis of steady-state flameholding across a range of stagnation enthalpies and equiva-
lence ratios with and without actuation of a pulsed ns discharge is required to assess the impacts
of such a system across a simulated flight envelope.

The overarching goal of the presented work is to examine the effects of continuously-pulsed
nanosecond discharges on flameholding in a dual-mode scramjet combustor coupled with a cavity

flameholder. This goal can be divided into the following objectives:

1. Characterize the oscillatory motion and spectral content of a ns discharge integrated in the

base of a cavity flameholder,

2. Demonstrate that actuation of a ns repetitively-pulsed discharge in a cavity-based dual-mode
scramjet test section increases simple hydrocarbon combustion radical production within a

fuel-lean cavity shear layer-stabilized flame, and

3. Evaluate the impacts of a ns discharge on spatial and temporal flameholding characteristics



in a cavity-based dual-mode scramjet test section.

This paper will first outline the experimental methods, which will encompass the experimental test
facility, the nanosecond discharge system, and the diagnostic hardware and imaging systems. High
speed spectrally filtered imaging, optical emission spectroscopy, and wall static pressure measure-
ments were utilized to characterize ns discharge behavior and evaluate the benefits of discharge
actuation on steady state and near fuel-lean flameout dual-mode operation. The results section
will be divided according to the objectives of the experiments. These objectives represent several
original contributions to the topic of dual-mode flameholding and plasma-assisted flameholding at
continuous timescales. Ns discharge emission oscillations in the presence of an available fuel-air
mixture in a cavity flameholder have not been characterized previously with high-speed filtered
imaging across all of the major hydrocarbon excited-state radical emission bands. The positive
influence of a ns discharge on vital hydrocarbon excited-state species production in a cavity shear
layer-stabilized flame has not been interrogated simultaneously via high-speed filtered imaging
and optical emission spectroscopy prior to these experiments. The longevity of ns discharge im-
pacts on excited-state species production within the shear layer is presented for the first time, and
decomposition of the discharge-flame interactions into dominant spatial modes represents another
significant contribution. Collectively, this paper advances the fundamental understanding of spatial
and temporal interactions of a ns discharge with a scramjet flame, which introduces the potential

for performance improvement driven by these interactions.



2. Experimental Methods

Definitions of the test cases in this study, and their corresponding flow and hardware param-
eters, are summarized in Table 1. All test cases were completed at a steady state equivalence
ratio and are divided according to changes in parameters. Those available for variation included
discharge pulse repetition frequency (PRF), imaging acquisition gate delay, fuel mass flow rate
(T uer), global equivalence ratio (¢), facility stagnation temperature (T), and facility stagnation
pressure (Py). Case 1 explores excited-state species concentration with and without a discharge
present at nominal operating conditions. Case 2 investigates a different global equivalence ratio
at identical facility flow conditions. Case 3 repeats Case 2 at a lower stagnation temperature to
examine discharge effectiveness at lower simulated flight enthalpies. Case 4 provides insight on

the temporal evolution of CH* emission at increasing delays from the onset of the discharge.

Table 1: Overview of test cases.

Case Ns PRF (kHz) Gate Delay (ns) #if,e; (g/5) ¢ Ty (K) Py (kPa)
1 100 5 3.76 0.3 1200 300
2 100 5 2.51 0.2 1200 300
3 100 5 2.78 0.2 1000 300
4 50 5-3000 2.51 0.2 1200 300
Uncertainty (%) - - +0.7 +2.0 0.8 +1.0

2.1. University of Virginia Supersonic Combustion Facility

All experiments described in this work were performed at the University of Virginia Supersonic
Combustion Facility (UVASCEF), which is an electrically-heated, direct-connect combustion tunnel
capable of operating at stagnation temperatures that simulate up to Mach 5 flight enthalpies. The
facility nozzle is contoured to produce a Mach 2.04 inflow to the test section. The nominal operat-
ing air mass flow rate of the facility is 185 + 3.1 g/s. To compare the effects of a ns discharge on
flame stability across the dual-mode operational envelope, some test cases at a reduced stagnation

temperature were conducted. These test cases maintained nominal stagnation pressure because of



operational constraints, which resulted in an increase of the air mass flow rate to a maximum of
203 g/s for a stagnation temperature of 1000 K. Global equivalence ratio was matched to compare
test cases at different stagnation temperatures, so an increase in fuel mass flow rate was required
to achieve the same global equivalence ratio at lower stagnation temperatures.

Figure 2 depicts a schematic of UVASCF with details on optical collection areas. A detailed
explanation of the optical diagnostic setup can be found in Sections 2.4. and 2.5. Instrumentation
and major flowpath features are referenced by the ratio of the distance to the leading edge of the
cavity flameholder to the depth of the cavity (1 x/H = 9.04 mm). The test section begins with the
isolator, which is a straight-walled component with a width of 38.1 mm, a height of 25.4 mm, and
a length of 485 mm. A 2.9-degree divergence begins 53.3 mm upstream of the cavity leading edge.
The cavity flameholder is formed by a 9.04 mm step perpendicular to the diverging wall and a base
parallel to the flow that extends 31 mm downstream of the leading edge. The cavity terminates 53.3
mm downstream of the leading edge after a 22.5-degree closeout ramp. The 2.9-degree divergence
continues until the end of the combustor section 146 mm downstream of the leading edge. Optical
access is provided in this section via two-9.53 mm-thick fused silica windows. The constant area
section is crucial for the development of a thermal throat across a range of global equivalence ratios,
which produces a pre-combustion shock train that is characteristic of dual-mode combustion. The
constant area section terminates 286 mm downstream of the cavity leading edge. The diverging
section begins at this location with a 2.9-degree expansion. Injection of compressed air can occur
at 339 mm downstream of the cavity leading edge if additional backpressure is desired. This
is commonly used for ignition of the flowpath at nominal conditions by injection of hydrogen.
The end of the diverging section marks the end of the test section, where the flow exhausts to
atmospheric pressure conditions 1.04 m downstream of the isolator entrance.

To enable integration of a plasma module into the flowpath, a new cavity flameholder was fab-
ricated for the UVASCEF test section. This cavity flameholder was designed with identical internal
geometry to the cavity flameholder used in Ref. [21], but alteration of instrumentation location was

required to enable plasma module integration. Plasma modules were located 25.3 mm upstream
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Fig. 2: Schematic of test facility and optical collection areas.

and 25.3 mm downstream of the cavity leading edge. The location of the downstream plasma mod-
ule was selected to investigate the effects of the ns discharge on flameholding when implemented
in an environment near the mean location of the flame stabilized in the cavity shear layer (CSL).
The location of the upstream plasma module was selected for its proximity to the fuel supply to
study effects of the ns discharge on relatively fuel-rich local fuel-air mixtures. Initial experiments
at UVASCEF showed that the upstream plasma module had less of an effect on emission intensity
in the CSL than the downstream plasma module, so all results presented in this study will focus on
the downstream plasma module location.

Five sonic, 1.25 mm diameter injection orifices located 43.2 mm upstream of the cavity leading
edge supplied gaseous ethylene fuel to the test section. The transverse locations of these ports
were symmetric about the axial centerline with an offset of 0 mm, 5.1 mm, and 14.2 mm from the
centerline in the transverse direction. The uneven spacing was a result of alterations to the active
cooling channel locations that were required due to mechanical constraints imposed by the plasma
modules. Mass flow controllers (Alicat CODA Coriolis) were used to control the mass flow rate

supplied through these injector ports. The mass flow controllers were operated remotely through
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a microcontroller (Raspberry Pi 4) to enhance input-output capabilities. The axial and transverse
locations of the ethylene injectors are labeled in proximity to the plasma modules in Figure 2. An
orifice located 2.5 mm downstream of the cavity leading edge was used to supply hydrogen to the
cavity for ignition without the ns discharge.

The test section was instrumented with a combination of high frequency and low frequency
pressure transducers that were installed at axial locations between the isolator entrance and the
atmospheric exhaust. The location and frequency of axial static wall pressure measurements can
be found in Table 3 in Appendix A. To collect high frequency measurements, pressure transducers
(Omega model PX309, + 0.25% accuracy) were connected to the test section via a short length
(0.5-1 m) of Teflon tubing that was compression bound to a 50 mm-long stainless steel tube with
a small spring. The response time of the high frequency transducers when mounted directly to the
desired measurement plane is < 1 ms, but the dynamic response of the high frequency pressure
measurement system also depends primarily on the length of Teflon tubing between the trans-
ducers and the test section. Using a theoretical model that has been validated with experimental
results for single transducer volume measuring systems [50, 51], the maximum response time for
this system was found to be between 4.3 and 6.7 ms (see Appendix A). This extended response
time does not significantly impact the observed trends in high frequency pressure measurements
during discharge actuation. Analog voltages were converted to a corresponding pressure through
a real-time measurement unit (dSpace MLBX 1302T) at a sampling rate of 1 kHz. Low frequency
measurements were collected at a rate of 50 Hz using a National Instruments NetScanner interface
chassis (model 98RK-1) with five-16 channel scanner modules (model 9816, + 0.05% accuracy)
that interfaced with the test section in a similar way to the high frequency transducers. Wall tem-
perature measurements made with type K thermocouple probes (Omega) helped to monitor the
thermal state of the flowpath. Duplicate x/H transducer locations represent symmetric transverse
offsets from the axial centerline that were required due to alteration in the cavity cooling structure.

This offset is 14.2 mm in all cases.
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2.2. Discharge Generation

All ns discharges in this study were generated using a custom flush-mounted plasma module
with a co-annular plane-to-plane electrode configuration. Figure 3 details the installation of the
plasma module in the cavity base. The electrode assembly consists of a cylindrical tungsten rod,
which acts as the high voltage electrode, that is surrounded by a layer of alumina ceramic for
insulation. A custom high voltage power supply (Magna) and pulse generator (Transient Plasma
Systems) coupled with the plasma module assembly supplied 10 ns full-width at half-maximum
(FWHM), 18 kV peak voltage pulses. Average plasma power was 450 W for discharge pulse
repetition frequencies (PRF) of 50 kHz and 900 W for a PRF of 100 kHz. Ns discharges exhibited
filamentary behavior and produced a short filament between the high voltage electrode and the
copper wall of the combustor, which acted as an electrical ground. Characterization of filament

behavior within the cavity will be discussed in Section 3.1.

e

Pressure Taps

» -
i

Fig. 3: Cavity flameholder detail with plasma module assembly installed.

2.3. Data Acquisition

Multiple measurement techniques were utilized in this study to resolve various spectral and
acoustic characteristics of a CSL-stabilized flame with and without presence of a discharge. A
schematic of the optical setup is displayed in Figure 4. The high-speed filtered imaging setup is
outlined in Section 2.4. These measurements enabled time-resolved exploration of the physical

and modal structures of excited-state species emission within the flame in relation to important
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flowpath features. A photodiode was utilized to monitor total emission intensity in the combustor.
This ensured safe operation of the high-speed imaging hardware (mitigated overexposure from
high-intensity discharge emission) and was used to verify delay of discharge filament generation
relative to the timing pulse responsible for triggering discharge generation. The optical emission
spectroscopy (OES) setup, which provided more precise spectral information than achievable with

the high-speed filtered imaging setup, is covered in Section 2.5.

Waical : #— Photodiode
Filter Wheel — Plane ; F= 100 mum lens
Photron LaVision | UV E
SA-Z HS-IRO | Nikkor 1

QOceanOptics

Spectrometer
T ./ 200 pym fiber
W

Fig. 4: Schematic of optical diagnostic hardware used in the current experiments, including the
high-speed filtered imaging system, the OES setup, and a photodiode.

2.4. High-speed Filtered Imaging

The high-speed filtered imaging configuration in this experiment utilized a Photron Fastcam
(model SA-Z) high-speed CMOS camera coupled with a high-speed UV-sensitive intensifier (LaV-
ision HS-IRO) to acquire filtered images. Bandpass filters for selective visualization of OH* (Ed-
mund Optics 67-280), CH* (Edmund Optics 65-137), and C,* (Edmund Optics 65-154) were
mounted in a motorized filter wheel (Edmund Optics 84-889), which enabled fast transitions across
different test cases. Table 2 lists the center wavelength and FWHM of each filter with the associated
intensifier gain setting corresponding to each wavelength region of interest.

The high-speed intensifier provided capabilities of assigning precise gate delays (as low as 5
ns), which enabled the inspection of emission intensity at precisely set delays from the onset of a ns

discharge. The ns discharge itself emitted light multiple orders of magnitude more intense than the
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Table 2: Center wavelength and bandwidth of bandpass filters.

Emission Band Center Wavelength (nm) FWHM (nm) Intensifier Gain (%)

OH(A-X) 313 +3 10 +£2 45
CH(A-X) 430 + 2 10+2 35
Cy(d-a) 520+ 2 10+2 40

flame at peak intensity. Two actions were taken to ensure safe operation of the intensifier during
discharge actuation. The first was restriction of the intensifier gate width to 5 us for all test cases,
which both reduced the chance of overexposure and enabled sufficient intensifier phosphor screen
offloading (< 3 us decay time to 1%) at an acquisition rate up to 100 kHz. This gate width provided
adequate flame signal for each emission band of interest. The second safeguard was an additional
3.04 us delay from peak discharge intensity set based on the output voltage of the photodiode
during discharge operation. All average high-speed spectrally filtered images presented here were
subtracted by an average background image. In Cases 1-4, the pulsed ns discharge operated at the
designated frequency for one second. The high-speed imaging system acquired images for 100 ms
at a frequency equal to the ns discharge frequency in each test case.

The field of view of this imaging system, which is represented in red in Figure 2, was 544 pixels
in height by 256 pixels in width with an absolute pixel resolution of 192 um. This field of view
enabled visualization of the ns dicharge, the CSL-stabilized flame, and discharge-flame interactions
relative to critical flowpath features. It extended axially from downstream of the ethylene injectors
(x/H = -3.29) to downstream of the cavity closeout ramp (x/H = 8.11) and transversely from below
the base of the cavity to the top flowpath wall.

Eigenvalue decomposition methods, specifically those rooted in the singular value decompo-
sition (SVD), offer significant benefits in analysis of critical data set features. Proper orthogonal
decomposition (POD) and dynamic mode decomposition (DMD) have been employed previously
in analysis and design efforts across a wide variety of disciplines, including turbulent fluid flow
modal analysis [52, 53], optimal sensor placement and model reduction [54-56], and supersonic

combustion mode identification [31, 57, 58]. Application of POD to high-speed filtered image data
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can provide an enhanced understanding of fluctuations in spatial intensity distribution of certain
spectral emission bands of interest within the flameholding region. A more detailed description of

the POD algorithm and its application to high-speed filtered images is provided in Appendix B.

2.5. Optical Emission Spectroscopy

All OES data was gathered using a fiber-coupled spectrometer (Ocean FX-UV-VIS) with sen-
sitivity to wavelengths between 200-850 nm and an optical resolution of 1.5 nm. Light from the
flowpath centerline was re-imaged onto a 200 wm fiber optic cable using a 4f configuration that
utilized a f = 100 mm focal length lens. Light collected by the fiber was then delivered to the
spectrometer. The 4f configuration was constructed with a cage assembly similar to Ref. [59].
The collection area of this system was determined to be 1.10 mm?. The size and position of the
collection areas are shown relative to the cavity flameholder above in Figure 2.

Spectral content collected by the OES system varied with increasing distance from the dis-
charge. Initial OES data collection at different (x,y) locations guided selection of an acquisition
location relative to the discharge for the current study. Average spectra collected at the discharge
and CSL flame locations shown in Figure 2 are plotted in Figure 5. Emission intensity was nor-
malized by the peak emission between both spectra. Near-discharge data at (x,y) = (23.4, -7.1)
mm was taken at a PRF of 10 kHz in previous experiments while CSL flame data at (x,y) = (45.2,
-1.9) mm was taken in the current study at a discharge PRF of 100 kHz. Many discharge-generated
spectral emission bands that have been studied in both atmospheric pressure air and mixed fuel-air
ns discharge environments [33, 35, 38, 41] appear in the near-discharge collection case. Discharge
generated emission such as the NO g, y, and ¢ bands, the O, Schumann-Runge band, the second
positive (N, (C-B)) and first negative (N (B-X)) nitrogen bands, and the CN (B-X) band appear
near the high voltage electrode but not downstream in the CSL-stabilized flame. The CSL flame
location was used for all collected spectra in the current study because of the goal of investigating
effects the discharge had on flameholding rather than the spectral characteristics of the discharge

itself.
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Fig. 5: OES spectra collected at two different (x,y) locations with Case 2 flow conditions during
discharge actuation. "Discharge" spectra were outside of the CSL-stabilized flame while "CSL
Flame" spectra were collected far from the discharge. The elliptical collection area was 1.10 mm?
for both cases.

Investigating the impact of the pulsed discharge on local flame behavior required precise align-
ment of trigger signals for facility subsystems and data collection. Nanosecond discharge genera-
tion, high-speed spectrally filtered imaging, optical emission spectroscopy, and wall static pressure
measurements (50 Hz and 1 kHz) were controlled via trigger signals dependent on the test case
type. Event and data collection sequences were initiated by a pulse delay generator (Berkeley Nu-
cleionics Corp., Model 565). Three different channels generated command signals for discharge
generation, high-speed imaging system exposure, and OES and pressure data acquisition, respec-
tively. All three channels operated in burst mode. The repetition frequencies of all discharge
generation and data collection events were synchronized through the internal time period of the
pulse delay generator and verified using a digital oscilloscope (Tektronix Model MSO22). The
discharge inter-pulse time was 10 us for a PRF of 100 kHz and 20 us for a PRF of 50 kHz, and
the length of the pulse train was one second in all test cases. High-speed filtered imaging began
100 ms after the start of the test sequence to allow for the discharge system to reach steady state

operation. The high-speed imaging system then acquired images for 100 ms with a nominal 3.04
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us delay from peak discharge emission. Peak discharge emission was characterized by photodiode
voltage. Additional delays up to 6.04 us were assigned for Case 4 tests, which examined the effects
of the discharge on the flame at different delays from peak emission. Trigger pulses for all other
subsystems, including high frequency pressure (1 kHz), low frequency pressure (50 Hz), and OES
measurements (512 Hz), were generated by sending a trigger from the pulse delay generator to an-
other programmable pulse delay generator (Labsmith LC880) to facilitate synchronous acquisition

at lower rates.
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3. Results

The following sections are divided according to contributions towards the objectives of this
study. Discharge emission characterization will be discussed Section 3.1. Discharge impacts on
CSL-stabilized flame emission intensity will be addressed in Section 3.2. The spatio-temporal
characterization of these impacts will be outlined in Section 3.3. Additional discussion on tem-
poral discharge effects is provided in Appendix C. Additional data on flameholding operability
enhancements via pulsed ns discharge, including impacts on lean blow-oftf (LBO) and ignition, can

be found in Appendix D and Appendix E.

3.1. Discharge Characterization

Understanding the interaction of the discharge with the available reactant mixture in the cavity
and CSL requires an understanding of filament motion within this region. Discharge filament
length was calculated by iterating image columns in the +y direction over a rectangular region of
interest that spanned from the cavity base to half of the cavity depth to find the furthest upstream
and downstream pixels above a threshold representative of typical discharge emission intensities.
A description of discharge filament length over time imaged through the C,* filter is shown in
Figure 6. RMS filament length was found to be 4.16 mm, and frequent oscillations are observed.
To better understand mechanisms for axial filament extension, a probability distribution function
of upstream and downstream filament extension was constructed and is plotted in Figure 7 with the
furthest upstream high intensity emission shown in red and the furthest downstream high intensity
emission shown in blue. The high intensity discharge emission is most frequently bounded 1 mm
upstream of and 1.8 mm downstream of the high voltage electrode. Large oscillations of the most
upstream filament location are less frequent than large oscillations of the most downstream filament
point, which is evident from the bimodal nature of the downstream probability distribution. This
bimodal distribution, coupled with the oscillatory filament length shown in Figure 6, suggests that
the downstream anchoring location of the filament is influenced by the conditions near the start

of the cavity closeout ramp. Similar trends of oscillatory filament length and anchoring locations
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were observed for other bands of interest.
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Fig. 6: Axial oscillation of the discharge filament length. RMS filament length, determined by
subtracting the downstream and upstream-most filament intensity pixel locations, was found to be
4.16 mm. The filament was imaged in the presence of fuel at ¢ = 0.3 with the C,* filter.
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Fig. 7: Probability distribution function of filament leading and trailing edge anchoring locations.
The bimodal downstream probability distribution indicates that the filament anchoring location is
affected by locally oscillatory conditions in the primary recirculation zone.

Perhaps the most important filament behavior to detail is the depth of penetration into the

cavity flameholder towards the CSL. Doing so would ensure that any observed increase in excited-
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state species emission intensity can be attributed to an increased rate of combustion reactions
rather than broadband emission from the discharge. Figure 8 displays heat maps of the most
probable regions of maximum high-intensity emission penetration into the cavity for all filters in
Case 1 conditions. These heat maps were generated using the same region of interest as Figures
6 and 7 but instead iterating image rows in the -x direction from the top edge to the bottom edge.
Counts in this figure are plotted on a log scale. The first important result from these plots is
that the high intensity discharge emission is most frequently anchored close to the cavity base.
This region never extends into the typical CSL-stabilized flame region with infrequent extension
to y = -5.6 mm or less for all interrogated bands. Each of these plots also recovers the bimodal
nature of the filament extension for each band of interest, with a significant number of maximum
penetration depths occurring both just ahead of the high voltage electrode at an x-location of 25.3
mm (greater than 1000 occurrences) as well as closer to the start of the cavity closeout ramp
(100’s to 1000 occurrences). It is important to recognize that the discussion of axial and transverse
filament motion in the previous paragraphs pertain to a gate delay of 3.04 us and that the behavior
of the filament at peak intensity has not been characterized in this configuration. All of these
observations provide confirmation that differences in excited-state species production in the CSL-
stabilized flame that arise during discharge actuation can be attributed to combustion reactions
rather than broadband discharge emission in this configuration. Effects of discharge filament spatial

distribution on spatial and temporal flameholding characteristics is reported in Section 3.3.

3.2. Fuel-lean Flameholding Enhancements

Identification of flameholding characteristics with and without a discharge present at nominal
flow conditions provides an initial comparison the effects of the discharge on radical production
in the flame stabilization region. Figure 9 depicts average and standard deviation filtered images
using each of the filters listed in Table 2 for Case 1 without discharge actuation. Intensities of
OH*, CH*, and C,* are highest in the CSL as evident from the average images. OH* intensity

and fluctuations in intensity are more prevalent in the CSL and less prevalent in proximity to the
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Fig. 8: Heat map of maximum filament cavity penetration locations with each filter during Case 1.
A coordinate of (0,0) mm corresponds to the cavity leading edge. Filament penetration increases
slightly with global equivalence ratio but remains isolated from the typical CSL flame stabilization
location. The high voltage electrode is centered at (x,y) = (25.3, -10.3) mm. Counts are plotted on
a log scale.

closeout ramp. C,* exhibits fluctuations in intensity that are concentrated more heavily in the shear
layer and near the cavity closeout ramp than downstream of the cavity. CH* intensity fluctuations,
similar to OH*, are significant within the shear layer and extend downstream of the cavity. Fueling
above the lean limit of approximately ¢ = 0.14 in this UVASCF configuration produces a flame
that remains anchored in the CSL. Infrequent combustion stabilization mode shifts into the fuel
jet wake upstream of the cavity leading edge occur and increase in frequency as equivalence ratio
increases. At or below ¢ = 0.3, stabilization in the shear layer is dominant.

Direct comparison of filtered images with and without a ns discharge reveals intermediate
species emission intensity and distribution are both affected in the presence of a discharge in the
base of the cavity flameholder. Figure 10 depicts OH*, CH*, and C,* filtered images correspond-
ing to Case 1 with discharge actuation. The top row contains average images while the bottom row
represents the difference of discharge on and off images at equivalent flow conditions. The inten-
sity of each excited-state reactant increases in the presence of the discharge, but the distribution of

this increased intensity varies. Differences in OH* and CH* intensity are most notable in the CSL,
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Fig. 9: Case 1, 100 kHz chemiluminescence, without discharge. (Top) average images; (bottom)
standard deviation images. Image sets that utilized different filters were taken at different intensifier
gains.

and both represent a forward shift in anchoring location and an increase in width of the reaction
zone. The effect of the discharge on C,* production is visibly further downstream, including down-
stream of the cavity closeout ramp. This influence was also noticeable on the anchoring point. All
three subtracted average images indicate an increased emission intensity in the CSL and a flame
that is being stabilized deeper into the cavity. For the remainder of the high-speed imaging results
presented here, OH* will be omitted due to its similarity in spatial distribution of intensity changes
to CH* and its larger region of spectral overlap with plasma-dominant excited-state species than
CH* [33, 35].

Understanding the impacts of a ns discharge on fuel-lean flameholding requires additional
classification at lower equivalence ratios closer to the fuel-lean flameholding limits. Figure 11 dis-
plays a similar series of filtered images to Figure 10 but corresponds to Case 2. In each case, the
effects of the discharge on intensity are less significant in Case 2 compared to Case 1. Differences
also exist in spatial species distribution from the higher global equivalence ratio. Increased CH*
intensity compared to the flame-only condition is localized near the cavity closeout ramp as com-
pared to the forward portion of the reaction zone in the higher equivalence ratio case. The overall

affected area of each intermediate excited-state reactant is reduced at the lower global equivalence
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Fig. 10: Case 1, 100 kHz chemiluminescence, with discharge. (Top) average images; (bottom)
subtracted average images (flame with discharge minus flame only).

ratio. The affected perimeter outside of the discharge broadband emission region, which is visi-
ble in pink and white at the base of the cavity in the subtracted average images, also appears to
decrease compared to the higher equivalence ratio case. From this, it is evident that the effects
of local equivalence ratio in the cavity has an impact on increased reactivity provided by the dis-
charge. Comparisons of the region of intense emission that surround the discharge in Figures 10
and 11, as well as the distribution of transverse filament extension in Figure 8, also indicate that
higher local equivalence ratios result in increased filament elongation in the transverse direction.
The localization of enhanced CH* emission near the cavity closeout ramp is influenced by the ex-
tension of the filament in the axial direction and therefore enhanced interaction with fuel entrained
in the primary recirculation zone. Increased C,* emission is observed to occur in the center of the
CSL but was found to be less prominent compared to the increased emission observed at a higher
equivalence ratio.

Case 3, which corresponds to the same global equivalence ratio but a lower T, than Case 2,
further explores the impact of local equivalence ratio on discharge effectiveness. The series of
images corresponding to Case 3 in Figure 12 show an increased reaction zone width compared to a
discharge off case under the same conditions for both CH* and C,*. In both average and subtracted

average images, a change in discharge-flame interaction and flame anchoring is observed. Two
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Fig. 11: Case 2, 100 kHz chemiluminescence, with discharge. (Top) average images; (bottom)
subtracted average images (flame with discharge minus flame only).

important conclusions can be drawn from Case 3. The first is that the ns discharge was found to
have a greater relative impact on flame anchoring and excited-state species production at lower
To. This trend is made clear by comparing the high global equivalence ratio images (Case 1) with
the low global equivalence ratio images at lower T (Case 3). The relative intensity difference
from discharge on versus discharge off for CH* and C,* is similar between the two cases despite
Case 3 operating with both a lower global equivalence ratio and a lower total fuel flow rate. The
second finding is that discharge effectiveness on flameholding is significantly impacted by local
equivalence ratio and fuel entrainment. This is evident in comparing the low equivalence ratios of
Case 2 and Case 3: despite the stagnation temperature difference, the observed intensity difference
is greater in Case 3 in the presence of a higher fuel flow rate than Case 2.

Isocontours that portray a summary of discharge effects on CH* and C,* distribution are pre-
sented in Figure 13 for Cases 1-3. Pale solid lines represent cases with a discharge while opaque
dashed lines represent cases without a discharge. All red colors represent a relative 50% maximum
flame intensity threshold while blue colors represent a 10% threshold for Cases 1 and 2 and a 20%
threshold Case 3. These isolines confirm the critical trends observed in Figures 10-12. With ample
fuel availability in the CSL and recirculating in the cavity, the discharge has an effect on excited-

state species production presenting as a forward shift in flame anchoring, an increase in reaction
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Fig. 12: Case 3, 100 kHz chemiluminescence, with discharge. (Top) average images; (bottom)
subtracted average images (flame with discharge minus flame only).

zone width, and an increase in emission intensity in the center of the shear layer. The effects are

more prevalent at higher fuel flow rates and at lower temperatures.
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Fig. 13: Isolines of CH* and C,* emission intensity across Cases 1, 2, and 3. For Cases 1 and 2,
blue hues represent 10% of the maximum measured intensity. For Case 3, blue hues represent 20%
of the maximum measured intensity. All red isolines represent a 50% intensity threshold.

Collection of more precise spectral content was completed using the OES setup during Cases
1, 2, and 3. Spectra gathered across these test cases are displayed in Figure 14. Each data set was
averaged over 60 scans, background subtracted, and normalized by the maximum CH* peak across

all test cases. An increase in emission intensity near the cavity closeout ramp is observed for OH*,
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CH*, and C,* with the fiber-coupled spectrometer in all spectra corresponding to Cases 1 and 2.
Increased emission is observed in all relevant bands in Case 3 but is most significant in the OH*
band. These relationships corroborate the trends visualized with the high-speed filtered images
given the collection area provided in Figure 2. It should also be noted that discharge-dominant
species are not visible in any case with the discharge. Discharge actuation did increase emission
of the CN(B-X) band in the CSL; this band, however, typically appears outside of the discharge

filament and in the flameholding region with this discharge configuration.
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Fig. 14: Measured emission spectra across Cases 1, 2, and 3. (Top) full spectra; (bottom) spectra
focused on OH*, CH*, and C,* bands. An increase in emission of flame-dominant species is
evident for each band during discharge operation.

The influence of ns discharges on combustor pressure is also of interest for dual-mode engine
development. Figure 15 plots averaged wall pressure measurements normalized by the facility
nozzle exit pressure at each T, for ¢ = 0.2. Each data set combines low and high frequency mea-
surements that were acquired synchronously. Solid lines represent flameholding conditions during

discharge actuation, while flame-only conditions are represented by dashed lines. Across all test
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cases, for a given stagnation temperature, there were no significant impacts of the cavity discharge
on combustor pressure. An increase in combustor pressure is observed over a facility stagnation
temperature decrease while ¢ is held constant during Case 3. The shock train leading edge loca-
tion can be estimated visually with the sharp increase in normalized wall pressure upstream of the
cavity leading edge. Both low temperature conditions result in a shock train leading edge position
that is slightly further upstream than the high temperature conditions. This is a result of decreasing
the ratio of stagnation temperatures before and after heat release due to combustion, which in turn

increases the pressure upstream of the heat release.
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Fig. 15: Cases 2 and 3 normalized wall pressure. Ns discharge actuation (dotted lines) showed
minimal effects on combustor pressure.

3.3. Spatial and Temporal Species Evolution

Previous discussions of ns discharge effects on CSL-stabilized flameholding have been re-
stricted to minimized intensifier gate delays that provided safe exposure conditions. Examining
flame emission intensity at different time delays from the ns discharge would offer insight on the
longevity and spatial development of the improved radical species production. Figure 16 displays a
series of average CH* chemiluminescence images corresponding to Case 4. The images in Figure

16 were processed by subtracting the average image corresponding to each intensifier gate delay
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from the flame only average image at the same conditions. From this series of images, a time
history of discharge effects on the CSL-stabilized flame is developed. It is important to note that
each of the intensifier gate delays listed here is an additional delay from the nominal gate delay
in other test cases, which was set to 3.04 us after the time at which the peak discharge emission
occurred. At additional delays of 50 and 100 ns, the increased intensity is located within the CSL
flame region nearest the discharge filament, indicating that the discharge provides the CSL with
additional excited state CH radicals. This supply of radicals is far from the high intensity filament
yet is still coupled with the filament. By 250 ns, a region of increased intensity propagates along
the combustor wall downstream towards the closeout ramp and the start of the divergence while
remaining anchored to the discharge region. For the next 250 ns, this region moves upstream and
into the center of the CSL. At further increased gate delays, the region of increased intensity once
again propagates downstream but continues to decrease in magnitude for the rest of the sampled
gate delays. Additional gate delays of 5.04 and 6.04 us were omitted but showed little effects
similar to a 4.54 us gate delay. The increase in CH* emission in the shear layer from time delays
between 3.29 - 4.04 us after peak discharge emission shows that the discharge provides a stream
of electronically excited radicals that increases CSL stabilized flame intensity over a large spatial
region.

Improvements in excited state radical production can also be investigated by examining shot-
to-shot spatial fluctuations in chemiluminescence intensity. Comparisons of contributions to dual-
mode flameholding spatial modes between discharge on and off cases were made for Cases 1-3
by employing POD on the time series filtered images. POD analyses were executed with a 72
mm X 26.9 mm region of interest that encompassed primary regions of flame oscillations in the
CSL to reduce required computation. An intensity threshold was applied to generate a mask for
the ns discharge region. This mitigated saturation of the dominant spatial modes by the high
intensity emission near the high voltage electrode and focused the spatial mode results on the CSL
flameholding impacts. The lowest-order spatial POD modes from filtered chemiluminescence data

contribute most significantly to overall spatial fluctuation of excited-state species emission in the
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Fig. 16: Case 4, 50 kHz CH* chemiluminescence subtracted average images at different intensifier
gate delays. Each average image was subtracted from an average CH* image of the flame.

flameholding region. Each presented POD mode was normalized independently of the other modes
and reconstructed into a representative image scaled identically to other modes. Red and blue
regions represent spatial correlations and anti-correlations [53] of chemiluminescence intensity in
the flameholding region. Regardless of phase, colors near either end of the scale represent regions
of larger amplitude oscillations of a given spatial POD mode.

The three lowest-order spatial POD modes for Case 1 are illustrated in Figures 17 and 18 for
each of the intermediate species of interest with no discharge actuation and with discharge actua-
tion, respectively. Rows denote flameholding spatial mode shapes while columns indicate excited-
state intermediate species. The lowest-order mode for each combustion radical without discharge
actuation closely resembles the expected flame shape seen in Figure 9, indicating that production
of OH*, CH*, and C,* is dominant in the CSL but varies significantly in amplitude throughout
this region across the acquisition window. The second spatial POD mode reveals a pattern that is

similar for each of the excited-state intermediate species: oscillations occur from the freestream
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side of the CSL to the cavity closeout side of the flame stabilization region. For each of the first two
mode shapes in Figure 17 (from left to right), a reduction in protrusion of significant oscillations
into the freestream is evident. Mode 3 shows a significant upstream to downstream oscillation
perpendicular to the freestream for OH*. The third mode shapes for CH* and C,*, however, indi-
cate that these oscillations in chemiluminescence intensities are more significantly impacted by the
presence of the primary recirculation zone [19] and its interaction with the CSL. Analyses of the
three lowest order spatial modes detail important interactions between the freestream, CSL, and
cavity recirculation regions that influence oscillations in chemiluminescence intensity for various
intermediate species.

Construction of spatial POD modes during discharge actuation provides a method for assess-
ing changes in intensity oscillations for each of the radical species of interest compared to cases
without discharge actuation. Figure 18 displays the same spatial POD modes as Figure 17 with
discharge actuation. For each of the intermediate species of interest, zones of intensity fluctuations
observed in the lowest order mode are pulled slightly upstream and towards the base of the cavity.
In each case, the production of excited-state species in the CSL is correlated with the production of
excited-state species closer to the base of the cavity and the electrode. The most significant change
in spatial distribution of intensity fluctuations is observed in mode 3 for all intermediate species.
Comparing Figure 18 with Figure 17, regions of oscillation associated with exchange of excited-
state species between the primary recirculation region and the CSL are pulled upstream and into the
cavity flameholder more significantly during discharge actuation. Regions of OH* intensity fluctu-
ations represent the largest change of the three intermediate species for mode 3, displaying a shift
from CSL-freestream exchange to cavity recirculation-CSL exchange with increased penetration
into the freestream near the same axial location as the discharge. This change is also observed for
the other two excited-state radicals in mode 3, but is less significant than the observed change for
OH*. Similar to mode 1, discharge actuation is correlated with these changes in spatial distribution
of intensity fluctuations. The singular values corresponding to the top ten spatial POD modes of

Case 1 are provided in Appendix B. Aside from the lowest order mode for C,*, discharge opera-
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tion had minimal effects on total chemiluminescence intensity fluctuations. Discharge operation,
however, did have an observed effect on spatial distribution of the lowest order modes as shown
in Figure 18. POD analysis of other conditions revealed similar trends to average filtered images
targeting each excited state radical: the discharge was shown to have less of an effect on spatial
flameholding modes at leaner conditions at high temperatures (Case 2) and a slightly larger effect
on spatial flameholding modes at lower temperatures (Case 3). Further discussion on these trends
can be found in Appendix B. Overall, at Case 1 conditions, POD analyses showed that the dis-
charge had a significant effect on spatial distribution of intensity fluctuations, and therefore flame
stabilization, within the cavity and the CSL-stabilized reaction zone. Though discharge operation
had insignificant effects on axial pressure distributions, coupled results of spectrally-filtered im-
ages, OES spectra, temporal discharge and discharge-flame evolution, and POD analyses indicate
that discharge actuation had positive impacts on overall flame intensity and flame stabilization

during dual-mode operation.
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Fig. 17: First 3 POD modes of 100 kHz chemiluminescence without discharge actuation corre-
sponding to Case 1. (Top) mode 1; (middle) mode 2; (bottom) mode 3.
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Fig. 18: First 3 POD modes of 100 kHz chemiluminescence with discharge actuation corresponding

to Case 1. (Top) mode 1; (middle) mode 2; (bottom) mode 3.

4. Conclusion

Experiments at the University of Virginia Supersonic Combustion Facility (UVASCF) exam-

ined the impacts of continuously-pulsed ns plasma discharges on dual-mode scramjet flamehold-

ing. This study aimed to characterize discharge filament behavior within the cavity flameholder,

evaluate improved excited-state species production in the fuel-lean cavity shear layer-stabilized

flame during discharge actuation, and explore the physical mechanisms through which the dis-

charge impacted the flame via modal and temporal analyses. All objectives of the study were

achieved here, and the major findings of this study are:

1. High speed images showed that the length and anchoring points of the ns discharge oscillated

significantly over the course of a single time series and had a bimodal axial distribution near

the closeout ramp. Protrusion of high-intensity emission was examined with all filters and

was found to be far from the shear layer, which isolated the observed improvement in excited

state radical production within the shear layer from discharge emission itself.

2. Across all test cases, enhanced production of OH*, CH*, and C,* was observed in the cav-

ity shear layer stabilized flame when the ns discharge was actuated. The impact of the ns

discharge was found to be more profound on observed relative intensity at higher fuel flow
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rates at a given temperature and at lower temperatures for the same equivalence ratio. These
results indicate that ns discharges have the capability to improve flameholding over a range

of dual-mode scramjet operating conditions.

3. Spatio-temporal CH* evolution, examined through CH* filtered imaging of steady state
flameholding with a discharge, confirmed that discharge actuation influenced an increase
in CH* concentration throughout the shear layer that differs over a range of times after a ns
pulse. Analysis of lowest order spatial chemiluminescence POD modes showed that the dis-
charge forced a spatial shift in the dominant oscillations of the cavity shear layer stabilized
flame. Both of these results further support the conclusion that ns discharges can provide

noticeable improvements to flameholding in a fuel-lean, dual-mode scramjet.

Future investigations could further support the findings of this study. Exploration of discharge
effects at stagnation temperatures as low as the low-temperature flameholding limit (about 700
K), at higher global equivalence ratios, and at different discharge PRFs would provide additional
information on flameholding enhancements that could be offered over a larger range of operating
conditions. Additional variation of targeted species and gate delays from peak discharge emission
would further improve understanding of temporal discharge-flame interactions for other important
intermediate species. The experiments presented in this paper enhance fundamental understanding
of flameholding improvements via pulsed ns discharge actuation using hydrocarbon combustion
radical emission as a benchmark. Variations in magnitude and distribution of increased emission
intensity in the flame indicate that discharge actuation is beneficial to dual-mode flameholding over
arange of operating conditions. Observed modification of spatial flameholding modes and tempo-
ral species distribution offers new fundamental knowledge that could guide selective flameholding

improvements by species of interest.
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Appendix A: Pressure Measurements

Table 3 indicates the axial location and sampling frequencies of the static wall pressure mea-
surements in all test cases. High frequency (1 kHz) pressure measurement locations were chosen
due to proximity to the ns discharge locations and expected shock train leading edge locations
relative to the cavity leading edge across a range of global equivalence ratios. The high frequency
measurements taken downstream of the cavity leading edge were crucial to both LBO test sequence
initiation and data collection.

Table 3: List of pressure taps and normalized axial locations.

Rate(Hz) x/H Rate(Hz) x/H Rate(Hz) x/H Rate(Hz) x/H
1000 -58.84 1000 -23.45 1000 4.95 50 26.92

50 -57.58 50 -21.62 1000 5.74 50 28.32
50 -52.52 1000 -20.64 1000 6.82 50 29.73
50 -51.17 1000 -16.73 50 7.8 50 31.13
50 -49.71 1000 -12.58 50 8.28 50 35.69
50 -48.31 1000 -9.14 50 9.2 50 36.81
50 -46.95 50 -7.49 50 9.2 50 37.71
50 -45.86 1000 -6.26 50 10.03 50 38.22
50 -44.85 1000 -5.65 50 10.03 50 39.63
1000 -43.67 50 -5.13 1000 11.03 50 41.03
50 -41.99 1000 -3.04 50 11.03 50 42.29
1000 -40.61 50 -3.04 50 12.01 50 43.55
1000 -36.79 1000 -2.04 50 12.01 50 45.25
50 -35.67 50 -2.04 50 13.41 50 46.85
50 -33.59 1000 0.91 50 15.02 50 48.06
50 -32.01 50 0.91 50 16.74 50 49.18
1000 -30.47 1000 3.59 50 18.01 50 51.42
50 -28.64 50 3.59 50 22.71 50 51.99
50 -26.81 50 4.44 50 24.11 50 52.7
50 -25.16 1000 4.44 50 25.51 50 54.66

It is important to understand that the dynamic response of the high frequency pressure measur-
ing system can influence synchronization of measurements with events occurring in the combustor.
The response time of the transducer model used for high frequency measurements is cited as < 1
ms. This is the response time of the transducer if it was directly mounted to the test section. The
additional response time required with various lengths of Teflon tubing must also be considered. A
theoretical model for isentropically-expanding single transducer volume pressure measuring sys-

tems from Ref. [51] was applied at two Teflon tube lengths to calculate the dynamic response
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of the combined system. Thermodynamic properties of air and dimensions of the measurement

system are listed in Table 4.

Table 4: Thermodynamic (air) and measurement system properties applied to the referenced model.

Property Value Units
Density 1.204  kgm™
Temperature 288 K
Speed of sound 340.2 m s~
Dynamic viscosity 17.88 uPa s

Isobaric specific heat 1006 Jkg!'K™!
Ratio of specific heats 1.40

Thermal conductivity ~ 0.025 Wm! K™!
Teflon tube inner diameter 1.346 mm

Transducer volume 742 mm?

Figures 19 and 20 display the calculated dynamic response of the pressure measurement sys-
tem at a tube length L, = 0.5 m and 1.0 m, respectively. The left column displays the amplitude
ratio and phase lag of the pressure measuring system, while the right column displays the response
time of the combined system. As expected, with an increased tube length, the amplitude ratio
of pressure oscillations at the transducer volume to pressure oscillations at test section decreases.
Resonance peaks of the amplitude response are translated to lower relative frequencies at longer
tube lengths. These trends follow those presented in Refs. [50, 51] for variations in tube length.
The response time of the combined system increases with tube length, with a theoretical maximum
response time of approximately 6.7 ms at a tube length L, = 1.0 m compared to 4.3 ms with L,
= 0.5 m. This added time delay, though important to recognize, does not represent a statistically
significant response on the high frequency pressure data presented in this study as high frequency
pressure measurements were taken for the entire duration of discharge actuation (1-2 s). Uncer-
tainties in experimental thermodynamic and physical quantities also yield statistically insignificant
amounts of added or reduced time delay, with an independent temperature increase to 500 K and
variations of sensor volume +400 mm? resulting in +1 ms of time delay variations. In experiments
with goals of fast system response and correlation of multiple instantaneous measurements, such

as active control experiments, accurate characterization of thermodynamic and physical properties
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that affect the response time of the pressure measuring system becomes more significant.
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Fig. 19: Calculated theoretical dynamic response of the high frequency pressure measurement
system with L, = 0.5 m of Teflon tubing between the test section and the transducer.
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Fig. 20: Calculated theoretical dynamic response of the high frequency pressure measurement
system with L, = 1.0 m of Teflon tubing between the test section and the transducer.

41



42

Appendix B: Proper Orthogonal Decomposition

The POD algorithm shares many similarities with the SVD algorithm. Given the large number
of pixels in the region of interest (52,500) and number of time steps (10,000) in each set of images
for the current study, the method of snapshots [53, 60] was employed to reduce load of storage
and computational time during post-processing. To begin, filtered images are first reshaped and

arranged into 1D arrays that represent intensities of all pixels at a given timestep:

I(l’l) 1(1’2) “ e I(l’m)

1(271) .
I, = ) . ) =1, = L L ... Lg| 3)
»I(m,]) e e I(m,m)_

where n represents the n* timestep and m represents a pixel index for the imaging system with
a pixel resolution of m X m. All n-1D arrays are then arranged in order to form 2D matrix that

represents the entire series of high-speed filtered images:

1(1,1) 1(2,1) cee I(n,l)
1(1’2)
I= ; “)
»I(],mZ) e e I(n,mz)A

such that all n-1D arrays representing one timestep are arranged column-wise from beginning
to end of data acquisition. The next step, which ensures that fluctuations in chemiluminescence
intensity are captured, subtracts the reshaped mean chemiluminescence intensity array from each
column of the 2D array in Eq. (4):

I'=1-1I,, (5)

Once the mean image (array) has been removed from the intensity matrix, intensity variance can
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be examined through generation of a correlation matrix by normalizing the covariance intensity
matrix by the number of timesteps in the dataset:

1
C,=-Ir". (6)
n

With the correlation matrix representing intensity fluctuations across the data acquisition window,

an eigenvalue problem can be solved to generate the temporal modes:

C/®, = 1,0, (7

where 1, and ®, represent eigenvalues and eigenvectors of the intensity correlation matrix, re-
spectively. Here, the eigenvectors represent the temporal modes of chemiluminescence intensity
fluctuations. Eigenvalues and eigenvectors are then reordered from largest to smallest eigenval-
ues. Sorting the eigenvalues and eigenvectors in this way allows for analysis of the dominant
modes, which are the modes associated with the largest singular values and thus the modes that
are most responsible for fluctuations in chemiluminescence intensity. In order to generate spatial
modes, given that the method of snapshots presents a number of modes equivalent to the number

of timesteps, the mean-subtracted intensity matrix is projected onto the temporal modes:

o, =I"T0,. (8)

Here, @, contains all of the temporal modes and @, are the spatial coefficients, which can be
normalized at each timestep to generate the spatial modes. These spatial modes are then reshaped

into an image whose size matches the dimensions of the original image:

¢S(1,l) ¢S(|,1) ¢S(2,1) s ¢s(1,m)
(Ds — ¢5<L2) — (Ds _ ¢S(1,2) (9)
_¢S(l,m2)_ _¢S(m,l) o e “ e ¢S(m,m)_
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Scaled images that represent spatial modes, which are arranged in decreasing order by their singu-
lar value contributions, are useful in determining which fluctuations in excited-state species pro-
duction have the largest impact on flame oscillations throughout the flameholding region. These
images are also useful in determining directionality of these fluctuations as the covariance of pixel
intensity values is utilized to develop the correlation matrix. POD analyses of high-speed filtered
image datasets with and without discharge actuation are compared in Section 3.3. Samples of cal-
culated singular values associated with the ten lowest order modes, which represent the relative
impact of a given spatial mode on overall chemiluminescence intensity fluctuations, are plotted in

Figure 21 for Case 1.
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Fig. 21: Top ten singular values of each POD analysis for Case 1.

Much like the observed reduction of discharge effectiveness on flameholding with lower fuel
availability presented in Figures 11 and 13 (Case 2), minimal differences exist between spatial
distribution of intensity fluctuations with and without discharge actuation. Exploring spatial in-
tensity fluctuations for these conditions, however, is beneficial for understanding how interactions
between production of excited-state species in the cavity recirculation region and the CSL change
at different fuel flow rates. A comparison of the three lowest order spatial POD modes correspond-
ing to Case 2 with and without discharge actuation is presented in Figure 22. Notable variations
in intensity fluctuations at a lower equivalence ratio include a reduction in oscillation region area

and extension towards the freestream (mode 1), introduction of a larger region of anti-correlation
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near the closeout ramp for CH* (mode 1), and a splitting of correlated intensity fluctuations near
the CSL in both the axial and transverse direction (mode 3). All variations from Case 1 can be
attributed to the reduction of heat release from combustion in the shear layer, which, for similar
cavity geometries, is accompanied by increased velocity gradients normal to the freestream flow

and a lower impingement point of the CSL on the closeout ramp [19].
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Fig. 22: First 3 POD modes of 100 kHz chemiluminescence with and without discharge actuation
corresponding to Case 2. (Top) mode 1; (middle) mode 2; (bottom) mode 3.

Exploring spatial intensity fluctuation modes at lower temperatures provides an additional met-
ric of comparison for discharge effects. Figure 23 shows the lowest-order POD modes during
flameholding with and without discharge actuation at conditions corresponding to Case 3. Com-
paring the lowest order modes at a low temperature with those at the same equivalence ratios at a
higher temperature shows many similarities. The most notable change between discharge on and
off cases is a forward shift in C,* intensity fluctuations. The lowest order mode shape for both
species maintains the same shape across the temperature difference, indicating that the CSL is still

responsible for major intensity fluctuations at lower temperatures.
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Fig. 23: First 3 POD modes of 100 kHz chemiluminescence with and without discharge actuation
corresponding to Case 3. (Top) mode 1; (middle) mode 2; (bottom) mode 3.
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Appendix C: Temporal Variation of Discharge Flameholding Enhancements

The spatio-temporal evolution of the discharge effects on CH* intensity in the CSL can be
assessed more quantitatively by considering total counts at each case. Total contribution of the dis-
charge to CH* intensity in the flame, normalized by the maximum difference between discharge
on and off flameholding conditions across different gate delays, is plotted in Figure 24. For each
gate delay, total counts of pixels that were below a specified threshold, dictated by intensity in the
discharge region, were summed and normalized by the maximum total count value across all gate
delays. A significant peak exists at a delay of 500 ns from the nominal gate delay. This peak is
preceded by oscillations in total intensity differences. Figure 16, as well as the subtracted CH*
image in Figure 11, show that the increase in CH* production begins near the closeout ramp and
propagates upstream and towards the freestream. The overall area of influence on CH* intensity
also increases with this shift towards a 500 ns gate delay. Two additional gate delays (2000 and
3000 ns) are included in this plot to show that after the peak intensity difference at 500 ns, the inten-
sity difference generally decreases. Additional data points beyond a total 6.04 us delay from peak
discharge emission would further support this conclusion. Figure 25 displays a timing diagram of
gate delay variation for clarity.

The radiative lifetime of the CH(A-X) transition has been characterized at length using multi-
ple measurement techniques. Experiments that cite the lowest uncertainties (one to three percent)
have employed high frequency deflection using electron beams [61, 62] and laser induced fluo-
rescence of inert gases [63] to measure this radiative lifetime to be between 535-545 ns. Spatial
evolution of improved CH* production displayed in Figure 16 suggested that this was due to in-
creased availability of radicals and excited state reactants at the base of the cavity, which provided
a pathway to exchange radicals with the shear layer. The directional bias of enhanced CH* pro-
duction at early delays near the closeout ramp also follows the downstream bias of the filament at a
3.045 ps delay shown in Figure 7. As the time delay increased beyond a total 3.54 us, the extent of
influence on emission in the shear layer continually decreases on relevant timescales to the CH(A-

X) radiative lifetime. This suggests that after this time delay, increased production of excited state
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Fig. 24: Case 4, difference between normalized 50 kHz CH* chemiluminescence without a dis-
charge and with a discharge inspected at different intensifier gate delays. Each average image was
subtracted from an average CH* image of the flame. An intensifier gate delay of O ns corresponds
to the nominal delay from peak discharge emission, which was assigned to be 3.04 us.
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Fig. 25: Timing diagram depicting gate delays for each test case. Cases 1, 2, and 3 operated
the discharge and high-speed imaging system at 100 kHz (10 ps inter-pulse time), while Case 4
operated the discharge and high-speed imaging system at 50 kHz (20 us inter-pulse time). Nominal
delay from peak discharge emission was 3.04 us.

radicals by the discharge is primarily decoupled from the CSL stabilized flame. The area of high

intensity discharge emission also decreases over this time period and continues to decrease beyond
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6 us, which suggests that the supply of excited state radicals to the CSL is dependent on availabil-
ity of these additional species provided by the discharge filament near the cavity base. The time
range from 0-3 s, which was not examined in filtered images in this study, has previously been ex-
perimentally assessed using OES, cavity ring-down spectroscopy, and intensified filtered imaging
[41, 43]. This time range has been found to be largely dominated by elementary electronic pro-
cesses such as impact excitation of N, molecules, O, molecules, and O atoms [8, 24, 25, 43] on the
scale of 10 < ¢ < 1000 ns, which proceed to collisional quenching of these excited state species to
enhance O atom, fuel fragment, and radical species production on larger timescales [64, 65]. Other
studies have used CH PLIF to examine temporal dynamics of the CH(C-X) band [66] and suggest

that equivalence ratio plays a strong role on decay in fluorescence near a ns discharge streamer.
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Appendix D: Fuel-lean Blow-off Extension

Evaluation of LBO characteristics of cavity-based ns-discharge coupled dual-mode combus-
tors provides potential implications on operability enhancement. Lean blow-off (LBO) test cases
carried out in this study varied ethylene equivalence ratio over time during the data acquisition win-
dow. LBO tests were initialized by the start of a fuel flow rate ramp-down. This was accomplished
by modifying the program used to command fuel mass flow rates to allow for a step reduction in
fuel flow rate over a specified number of divisions with a set delay. A sample of a LBO fueling
sequence is plotted in Figure 26. LBO test cases began with a fuel mass flow rate of ¢ = 0.17 and

reduced fuel flow rate commands to 0 g/s at evenly spaced delays of 750 ms.
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Fig. 26: Ethylene mass flow rate during a LBO test case.

LBO data collection triggers were identical to the baseline test cases apart from the initializa-
tion procedure. Figure 27 describes trigger signal and data acquisition sequences for both baseline
(steady state ¢) and LBO test cases. During LBO test cases, the pulse delay generator was set to be
triggered externally via the real-time measurement unit according to the measured pressure near
the end of the cavity closeout ramp rather than manually. Trigger pressures were assigned to ex-
plore discharge utility for near LBO flameholding and local cavity reignition following LBO onset.

Once the trigger pressure was reached, a start pulse was sent from the real-time measurement unit
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to the pulse delay generator. After this start pulse was received, data collection sequences were

identical to baseline test cases. The ns pulse train was actuated for two seconds during LBO test

cases.
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Fig. 27: Signal flow diagram of hardware activation and data acquisition triggers.

High-frequency pressure measurements vary significantly during LBO events according to lo-

cal flowpath geometry and rate of change of global equivalence ratio. With a fixed rate of change

in global equivalence ratio, sharp reductions in pressure offer a reasonable approximation of LBO

time relative to the start of a test sequence. Trends in normalized pressure measurements at differ-

ent x/H locations during an LBO event are presented in Figure 28. The most significant pressure

reduction rate was observed to occur at x/H locations of 0.91, 5.74, and 6.82 at a time of 1610 ms

from the start of the test sequence. The largest rate of pressure reduction occurred consistently at

an x/H location of 6.82 for LBO tests with no discharge present. This axial location was therefore
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determined to be suitable for detection of LBO onset. Pressure measured at x/H = 6.82 was then
used to begin synchronized discharge actuation and high-speed image acquisition. From repeated
LBO tests without a discharge present, representative pressure thresholds selected for conditions

prior to and after LBO onset were selected to be 75.8 kPa and 65.5 kPa, respectively.
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Fig. 28: Normalized pressure near the onset of a LBO event without discharge actuation. Pressure
is normalized by the average facility nozzle exit pressure. Each line represents a different x/H
location of measurement during the same test case. An x/H location of 6.82, just downstream of
the cavity closeout, had the largest rate of change in pressure among all transducer locations.

Using these pressures as triggers to begin discharge actuation and data collection, three LBO
events were averaged for each case with and without discharge actuation. Averaged pressure mea-
surements for each event with and without the discharge were compared by subtracting the average
without discharge actuation from the average with discharge actuation. Subtracted average con-
tours over the combustor region are plotted in Figure 29 with discharge actuation after and before
LBO onset on the left and right, respectively. Mean start times for discharge actuation were 242
ms and 1610 ms from the start of data collection for the before and after LBO onset cases, respec-
tively. Corresponding standard deviations were 27.5 ms and 12.5 ms. When ns discharge actuation
began prior to LBO, a noticeable difference in pressure retention is observed compared to LBO
without a ns discharge. This extension of pressure retention, and thus the fuel-lean flameholding
limit, is evident in the orange and red region downstream of the cavity closeout ramp (x/H > 6.82).
Discharge actuation after LBO onset showed less effectiveness compared to the before-LBO ac-

tuation case, but a positive effect was still observed downstream of the closeout ramp after LBO
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onset. The improved combustor pressure retention with discharge actuation before an LBO event
presents another utility of integrating a pulsed discharge system into a dual-mode combustor. An
example of this utility may be locally increasing combustor pressure and maintaining a flame when
local combustor equivalence ratio falls due to reduced fuel entrainment and mixing caused by non-
uniform inflow. Future efforts in LBO comparisons with and without discharge actuation would
ideally employ a longer, more continuous reduction in fuel mass flow rate than shown in Figure 26

and discharge actuation over a much longer time period (10s of seconds).
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Fig. 29: Subtracted average (with discharge - without discharge) contour plots of 1 kHz pressure
measurements over time downstream of the cavity leading edge. (Left) discharge actuation before
LBO onset; (right) discharge actuation after LBO onset. Pressures were normalized by the average
facility nozzle exit pressure across all LBO events. Discharge actuation prior to LBO showed
increased pressure retention compared to discharge actuation after LBO onset.
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Appendix E: Ignition via Pulsed Nanosecond Discharge

Assessing extension of ignition capabilities relative to nominal UVASCF operation provides
additional information on overall discharge utility. For ignition tests, ns discharge PRF was set
to 50 or 100 kHz while flow stagnation temperature and air throttle actuation varied. Ignition
success of the discharge is compared to backpressured ignition via hydrogen injection in Table
5. Variable parameters in discharge ignition attempts included stagnation temperature, discharge
PREF, and added backpressure. For all ignition attempts with the discharge, fuel mass flow rate was
held constant at 3.76 g/s. A designation of "AT" indicates a successful ignition attempt with added
backpressure through air throttle actuation but no ignition without added backpressure. Discharge-
assisted ignition, as expected, outperforms the conventional method of ignition by injection of
hydrogen combined with added backpressure. Ignition was successful as low as 700 K with back-
pressure and as low as 1000 K without backpressure at a discharge PRF of 100 kHz. At a discharge
PRF of 50 kHz with the same energy per pulse (a lower average power), ignition was only achieved
at a stagnation temperature of 1200 K, indicating that the probability of ignition increases with an
increase in PRF to 100 kHz. Previous works that have investigated scramjet cavity ignition via
a repetitively-pulsed discharge [37] have noted that the increase of ignition probability with in-
creased PRF can be attributed to an increased energy efficiency for ignition through enhanced
inter-pulse coupling.

Table 5: Ignition success at different stagnation temperatures with an ethylene mass flow rate of
3.76 g/s (AT = successful ignition with air throttle, Yes = successful ignition, No = no ignition,
“-“=not tested).

Ty (K) 100 kHz Discharge 50 kHz Discharge Hydrogen Pilot (x/H = 0.28)

700 AT - -
800 AT - -
900 - No -
1000 Yes No -
1100 Yes No -
1200 Yes Yes AT
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