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ABSTRACT

This paper intensively investigates the inlet pulsation-induced extinction of a premixed swirl flame (PSF) and its
plasma-assisted stabilization using the microsecond repetitively pulsed (MRP) discharge. A well-designed low-
frequency flow pulsation is applied to the air feedline for the mimicking of transient operations/disturbances in
practical engines, which exhibits significant deterioration on the lean blowout (LBO) limit. The MRP discharge is
utilized to improve the stability of perturbed flames. It extends the LBO limit at a proper time delay between the
air flow pulsation and the discharge, with discharge power less than 1% of the combustion power. Further, the
validated large-eddy simulations (LES) and the simultaneous OH planar laser-induced fluorescence/particle
imaging velocimetry (OH-PLIF/PIV) measurements are performed to capture the unsteady evolution of flames
approaching lean blowout. The nonlinear flame response to the flow pulsation quantitatively reveals the phase
difference between the maximum local stretch rates (kmax) and volumetric heat release rates (¢.). A combined
effect of the excessive stretch and the reduction of heat release due to flow pulsation can be used to interpret the
flame extinction. Finally, a novel LES-ZDPlasKin combined approach, which decouples the discharge and com-
bustion processes, is dexterously developed to simulate plasma-assisted combustion behaviors. The reignition
and stabilization due to the plasma effects are well reproduced in the predictive model, pronouncing the
indispensable and synergistic thermal and kinetic effects of the MRP discharge on flame stabilization.

1. Introduction

its frequent occurrences in practical combustors, such as ramjets, af-
terburners, and rocket motors [12-14].

In the development of advanced combustion and propulsion appli-
cations, growing demands for higher power outputs, more flexible
operating ranges, and lower pollutant emissions reinforce widespread
concerns about flame stabilities, which require not only comprehensive
understandings of the underlying mechanisms but also more effective
control strategies [1-5]. Flame stabilities are classified into two cate-
gories: dynamic and static stabilities [6,7]. The dynamic stability
problem related to self-excited thermoacoustic oscillation, usually
resulting from the in-phase high/medium frequency harmonic fluctua-
tions in pressure and heat release rate, was extensively studied [8-10].
Some groundbreaking findings were reviewed in references [3,11].
However, less emphasis has been given to the static instability, i.e., the
blowout caused by the abrupt changes in operating conditions, despite
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The loss of static flame stabilities under transient operations poses a
significant threat to the performance and safety of the combustor.
Taking the aircraft engine as an example, more than half of the aviation
accidents over the past decade have occurred during the flight phases of
descent, approach, and landing [15]. Such operational transients bring
about low-frequency, large-amplitude disturbances in fuel and oxidant
flows, causing severe damage to static flame stabilities and even overall
combustion failures. Cohen et al. designed a unique facility to evaluate
the operability of gas turbine combustors during transient events
[12,16]. Nevertheless, the flame response to such pulsation disturbances
is scarcely reported, which is a primary motivation of this work.

In addition, seeking effective strategies to control the above-
mentioned instability has always been another priority for the
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Fig. 1. Schematics of (a) the pulsed discharge reactor and (b) simultaneous OH-PLIF/PIV system.

combustion community. Passive control strategies for stabilizing pre-
mixed combustion in gas turbines, including control model concepts,
simple time-lag models, and acoustic dampers, were summarized in the
literature [17]. Traditional active control theories and methods
involving perturbing specific combustion parameters such as inlet ve-
locity were reviewed in [4,5,18]. Over the past decade, there has been
high interest in a novel technology of plasma-assisted combustion (PAC)
in the search for effective ways to improve ignition and stabilization
performances [19-32]. Plasma was applied not only to suppress the
thermoacoustic oscillations, but also to extend the blowout limits [30].

More recently, we designed a low-frequency air flow pulsation sys-
tem to trigger static instabilities in premixed swirl flames, and found
that the lean blowout (LBO) limits of perturbed flames were significantly
deteriorated [33]. In this work, the OH planar laser-induced fluores-
cence (OH-PLIF) and CH* chemiluminescence were measured to illus-
trate dynamics of the entire flame approaching blowout. However, due
to the lack of quantification of the instantaneous flow structure, the
temporal variation of localized flame extinction caused by the flow
pulsation remains unknown. Hence, the first purpose of the present
study is to establish simultaneous OH-PLIF and particle imaging veloc-
imetry (PIV) measurement system to visualize the unsteady flame and
flow dynamics near blowout. Furthermore, a numerical model based on
large-eddy simulation (LES) are developed and validated to quantita-
tively analyze the dynamic responses of PSFs to inlet pulsations.

To overcome the flow pulsation, the previous work [33] applied a
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microsecond repetitively pulsed (MRP) discharge to alter the perturbed
swirl flames. Results showed that the LBO limit was extended by the
reignition effect of MRP discharges at a proper time delay between the
discharge and flow pulses. However, the multi-scale nature of plasma-
assisted combustion makes it rather challenging to quantitatively
decouple the complicated effects of MRP discharges on combustion,
particularly for perturbed swirl flames. Thus, based on the validated LES
simulation, the second purpose of this study is to develop a new
approach to decouple the combustion and the discharge processes by
combining the LES model and ZDPlasKin package [34], and further
elucidate different pathways of plasma to enhance combustion in per-
turbed swirl flames.

2. Experimental setup
2.1. Swirl burner, flow pulsation, and plasma discharge

Fig. 1a shows a schematic of a premixed swirl burner integrated with
a microsecond repetitively pulsed discharge system. The burner consists
of an 18 mm diameter (d;) injector, an 8 mm diameter (d.) cylindrical
bluff body, and a vane swirler with a blade inclination angle of @ = 45
degrees. The pre-mixture passing through the swirler forms a swirling
flow with a swirl number (Sw) of 0.75, which is determined by the
formula [35]:
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Fig. 2. (a) A schematic of the air flow pulsation generation system; (b) LDV-characterized velocity profiles of non-reacting jet flows under negative and posi-

tive pulsations.
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Fig. 3. Waveforms of (a) the voltage and current, (b) a zoom-in graph, and (c)
temporal power and energy deposition of the MRP discharge.

3
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A 1 mm diameter tungsten pin is connected to a homemade micro-
second pulsed power supply (CMPC-40D) and mounted 20 mm above
the nozzle outlet to serve as the high-voltage electrode. The coaxial bluff
body is grounded. The distance between the pin rim and the bluff body is
around 6 mm for an optimal discharge. In addition to the efficient
generation of MRP discharge, the concise configuration also ensures the
minimal impact on the flame itself, verified by comparing the LBO limits
and flame structures with and without this small-size pin. To avoid
undesirable discharges between the nozzle outlet and the pin, a 5 mm
thick quartz plate on the nozzle outlet serves as an insulator.
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A digital control system is specifically designed to generate low-
frequency flow pulsations from the air pipeline. As shown in Fig. 2a,
the system consists of a pulse delay generator (Stanford Research Sys-
tems, Model DG645) and a fast-acting solenoid valve (MAC35A-ACA)
connected to the mainstream air pipeline. Quasi-rectangle signals
delivered by DG645 control the valve as follows: when the voltage signal
is logical high (pulse-on stage), the valve opens and allows a small
amount of air to leak into the environment, leading to a large-amplitude
flow pulsation. The repetition rate of the flow pulsation is set to 5 Hz,
much lower than the cut-off frequency of the flame as a low-pass filter
[36]. The ratio of the pulse-on duration (tpyise.on) to the disturbance
period (tperiod = 200 ms) is defined as duty cycle (DC): DC = tyuise-on/
tperiod- In the case of negative pulsation, DC is set to 10 %, resulting in air
leakage during the pulse-on period of 20 ms, and thus the equivalence
ratio (¢) is temporally higher. While in the positive pulsation case with
DC of 90 %, a leaner mixture is produced during the pulse-off period of
20 ms. Laser Doppler velocimetry (LDV) measurements are performed to
obtain the velocity profiles of the non-reacting jet flows with negative
and positive pulsations, as illustrated in Fig. 2b. The rise and fall times of
the perturbed inlet velocity are about 5 ms and 2 ms, respectively.

The voltage (V) and current (I) of the MRP discharge are measured by
a high-voltage probe (Tektronix P6015A) and a current monitor (Pear-
son 4100) and simultaneously recorded by an oscilloscope (Tektronix
DP02024B, bandwidth of 200 MHz) at a sample rate of 1 GS/s. Taking
the MRP discharge sustained in the pre-mixture at Q,;; = 20 L/min and
¢ = 0.75 as an example, the voltage and current waveforms within the
time range of 0-100 ps and the zoom-in graph within 0-2 ps are plotted
in Fig. 3a and b, respectively. The peak voltage and the peak current are
7.0 kV and 22.4 A, respectively. The rise time is about 0.35 ps, and the
pulse width without load is 6-8 ps [37]. After the gas breakdown, the
voltage quickly falls to zero and then oscillates. The current wave shows
an attenuated sinusoidal shape and then decays asymptotically to zero
within 40 ps. The oscillations are expected to result from stray capaci-
tance and inductance in the power supply, which dissipate energy in the
circuit. For each pulse, the energy deposition is approximately 11.6 mJ
during the breakdown process within 1 ps, corresponding to an equiv-
alent power of 58 mW for 5 Hz MRP discharges. Compared to the esti-
mated combustion power within the range of 0.34-1.70 kW (provided
that the fuel is completely consumed), the discharge energy can be
negligible.

2.2. Optical measurements

Fig. 1b shows a schematic of the simultaneous OH-PLIF/PIV system.
In the OH-PLIF measurement, a 532 nm laser beam from a frequency-
doubled Nd:YAG laser (Quanta-Ray LAB-170) pumps a dye laser
(Sirah Cobra-Stretch) to generate a 283 nm laser beam with an intensity
of 6 mJ/pulse. The OH-PLIF laser beam, together with a 532 nm PIV
laser beam from a continuous-wave laser (MGL-W, maximum power of
18 W), is overlapped through optical lenses and transformed into a laser
sheet with a thickness of 0.5 mm to illuminate the symmetry plane of the
combustion zone. The fluorescence signals featuring transitions in the
A=t XoII (1,0) band of OH are detected by an intensified charge-
coupled device (ICCD) camera (Princeton PI-MAX IV, 1024 x 1024
pixels) equipped with a 307 + 10 nm optical filter. The PLIF laser is
operated at a repetition rate of 5 Hz, the same as the flow pulsation.

In the PIV measurement, the flow is seeded with titanium dioxide
particles with a nominal diameter of 0.5 pm, and the PIV images are
recorded by a high-speed camera (Phantom v311, 1024 x 1024 pixels)
at a frame rate of 4200 fps. The 30 x 30 mm field of view yields the
maximum spatial resolution of 29.3 pm per pixel. Multiple passes with
decreasing interrogation window size from 64 x 64 pixels to 24 x 24
pixels are performed for PIV post-processing, ensuring robustness and
accuracy. For simultaneous measurements in perturbed cases, we use
DG645 to synchronize the timings of the flow pulsation, PLIF, and PIV
imaging.
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The uncertainty of the PIV measurement due to thermophoresis is
estimated by calculating the thermophoretic velocity [38]:

vT
urp = —0.51/7 2)

where v is the kinematic viscosity and T is the local temperature. Based
on the CHEMKIN PREMIX code [39], we simulate strained premixed
laminar flames of CHy/air with an equivalence ratio of 0.75 and various
strain rates of 110-680 s ! to calculate the thermophoretic velocity. The
estimated uncertainty ranging from 0.5 to 0.7 cm/s can be negligible for
a lean turbulent premixed flame. Additionally, the uncertainties of PIV
measurements in the weakly ionized flow were discussed in the previous
work [40].

Moreover, a photomultiplier tube (PMT, Hamamatsu CH-253)
equipped with a 430 + 10 nm filter is used to collect the CH* chem-
iluminescence. The PMT is placed far enough from the burner to ensure
that the total emitted chemiluminescence can always be captured,
especially under the perturbed cases where the flame oscillates up and
down above the nozzle outlet. The PMT and the flow pulsation signals
are synchronously recorded at a maximum sample rate of 1.25 MS/s by a
multifunction data acquisition device (NI USB-6356, temporal resolu-
tion of 10 ns).

3. Numerical setupse
3.1. Turbulence and combustion modeling

In LES, the governing equations describing the conservations of
mass, momentum, species, and energy are spatially filtered to remove

the dependence on small-scale structures, therefore yielding the
following LES equations [41]:

‘;—f%:o 3

« 2

where the overbar “-” represents the space-filtered variable and the tilde

“~” represents the density-weighted filtered variable followingf =

of / p, respectively. Here, p denotes density, t time, u; ith velocity
component with i = 1, 2, 3, x; i" Cartesian coordinate, p pressure, 7;
viscous stress tensor, h sensible enthalpy, Yy mass fraction, Dy mixture-
averaged molecular diffusion coefficient, ax thermal diffusion coeffi-
cient, @, and @y, denote the source terms of Kt species and heat from
chemical reactions, respectively. The ideal gas law is applied to close the
set of the governing equations, and Sutherland’s law is used for
modeling the laminar dynamic viscosity [41,42]. The governing equa-
tions are numerically resolved in OpenFOAM, a widely used open-source
computational fluid dynamics toolbox [43].

In the above governing equations, several unclosed terms must be
modeled. The popular Smagorinsky turbulence model is employed to
handle the subgrid-scale (SGS) terms, including Reynolds stresses
(i — ), mass flux (u;Yx — 1;Yx), and enthalpy flux (uh — @h). Be-
sides, the extensively validated Partially-Stirred Reactor (PaSR) subgrid
combustion model, e.g., in [44], is implemented to resolve the filtered
chemical reaction rate (@), which is highly nonlinear due to the
exponential temperature dependence of the chemical reaction rate
following the Arrhenius law. In the PaSR model, each computational cell
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Fig. 4. Schematics of the (a) physical configuration, (b) computational mesh,
and (c) a zoom-in view of the inlet. All dimensions are in millimeters.

Table 1
Settings of boundary conditions in LES.
Momentum Species Energy Pressure
Inlet Unperturbed case: Unperturbed case: Yiye T= p=
u = constant = constant, Y = 1- constant constant
Perturbed case: u = Ytuer; Perturbed case:
u(®) Yruel = Yfuel(t), Yair = 1-
Yruel(8);
Outlet Vu=0 VYr=0 VT=0 p=
constant
Wall 0 VYe=0 VT=0 Vp=0

is split into two different zones: a reacting zone and a non-reacting zone.

The filtered cell reaction rate (@) is calculated by proposing a reactive
volume fraction (y):

Y= Tchem/(rchem + Tmix) (7)
i = o (€]

where 7chem and 7pix denote the chemical reaction time and the mixing
time, respectively. The chemical reaction time can be derived from the
laminar reaction rate, while the mixing time (zmix = Cmix\/V:/€) is
determined by the turbulent kinematic viscosity (v,) and dissipation rate
(¢). The mixing constant (Cpix), usually ranging within 0.001-0.3 in
turbulent combustion, is set to 0.1 in current cases. The skeletal reaction
mechanism used for CHy/air combustion is DRM-19, which is reduced
from GRI-Mech 1.2 and consists of 21 species and 84 reactions [45].

3.2. Physical configuration and computational setup

Fig. 4 shows the physical configuration and the computation mesh.
Blocked by a bluff body, the premixed jet flow of CHy4 and air is injected
into the ambient from an annular inlet, as depicted in the zoom-in view
of Fig. 4c. As shown in Fig. 4b, the domain upstream of the nozzle outlet
(x/de = 0) is constructed based on the swirl burner geometry. After a
thorough domain independence study, we choose a 3D computational
domain with an axial extent of 40 mm and a radial extent of 30 mm as
the downstream domain in the unconfined configuration. Mesh inde-
pendence is checked by testing three different meshes with 0.5, 1.1, and
1.6 million cells. Based on the tradeoff between the computation cost
and numerical accuracy, a structured mesh with a total of 1.1 million
cells is adopted in the present setup. The minimum grid size in reaction
zones is locally refined to 0.5 mm to capture small-scale structures. The
settings of boundary conditions are listed in Table 1. Here, the time-
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dependent boundary conditions of inlet velocity and mixture compo-
nents are given according to the LDV measurements (see Fig. 2b).

The Pressure-based Implicit Splitting of Operators (PISO) algorithm
[46] is employed in the OpenFOAM solver to handle the pressur-
e-velocity-density coupling. The temporal, convective, and diffusive
terms are discretized using the second-order Crank Nicolson, second-
order Gauss limited linear, and fourth-order Gauss cubic schemes,
respectively. Good convergence is enforced by setting the maximum
Courant number to 0.40, where the adaptive time step is about 1 x 106
s. It takes over 6000 CPU hours on average for each case to simulate a
physical time of 200 ms.

3.3. LES validation

To validate the LES modeling, we compare the simulated mean axial
velocity (u,™*") and root-mean-square velocity (u,”"™*) of non-reacting

and reacting swirl flows with the experimental results. Numerical and
experimental velocities are obtained from 1000 PIV snapshots and 100
LES snapshots within 1 ms, respectively. For non-reacting swirl flows
with Qi = 20 L/min, axial and radial profiles of u,™**" and u,”™" at
different axial positions (z/de = 0.3, 0.5, 0.8) are shown in Fig. 5. The
peak velocities at various axial positions imply that the flow spreads
radially outward after leaving the burner. Negative axial velocities along
the centerline (Fig. 5a and 6a) indicate the inner recirculation zone (IRZ)
formed by vortex breakdown due to the bluff body [47,48]. The rms
velocities near the bluff body and nozzle outlet are relatively high.
Similarly, for the premixed swirl flame at Q,j; = 20 L/min and ¢ = 0.75
in Fig. 6, the numerical velocity profiles are in reasonable agreement
with the experimental results despite minor discrepancies in the rms
velocities near the bluff body.

The OH contour maps superimposed with the streamlines in Fig. 7
illustrate the unperturbed flow and flame structures. The streamlines



J. Sun et al.

Fuel 328 (2022) 125372

(b) OH-PLIF signals (Arb. Unit)
0.2 0.4 0.6 0.8 1

Fig. 7. Time-averaged OH contours superimposed with streamlines (white lines) in the symmetry plane downstream of the nozzle outlet from (a) LES and (b)

simultaneous OH-PLIF/PIV results.
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Fig. 8. Schematic diagram of the framework coupling the plasma kinetic model in ZDPlasKin and the chemical kinetic model in LES.

show that the annular swirling jet issuing into the ambient forms two
shear layers. One is the inner shear layer (ISL) located between the jet
and the IRZ, and the other is the outer shear layer (ISL) located between
the jet and the outer recirculation zone (ORZ) due to the sudden
expansion geometry [47]. The OH contour maps clearly show that the
conically-shaped swirl flame is stabilized along the ISL. The opening
angle () of the conical flame from LES is approximately 60 degrees,
slightly smaller than the measured opening angle of 63.6 degrees. The
underestimated opening angle indicates faster combustion predicted by
LES, which may be attributed to the non-homogeneity assumption of
PaSR. In LES, part of the flame is attached to the quartz plate due to the
adiabatic setting (see Table 1). Overall, the flow and flame structures are
well reproduced, which means that the LES settings employed are suit-
able for the current flame configuration.

3.4. A decoupled strategy of plasma-assisted combustion simulation

The multi-scale nature of plasma-assisted combustion significantly
increases the cost and difficulty of simulation. Therefore, the current

numerical studies of plasma-assisted combustion are somewhat limited
to zero- and one-dimensional simulations of laminar flames [29,49],
while three-dimensional simulations for plasma-assisted swirl flame are
rather scarce. A skeletal mechanism called Z80 was developed to
simulate microwave-assisted combustion using LES [27]. An LES case
with ozone sub-mechanism was performed to isolate the effects of
plasma-induced species and investigate the altered chemical kinetics
[50,51]. However, few decoupled approaches in LES for plasma-assisted
swirl flame have been proposed yet.

To investigate the stabilization of swirl flame by the MRP discharge,
this work specifically develops a novel strategy for plasma-assisted
combustion simulation, which combines ZDPlasKin for plasma kinetics
calculation and LES for reactive flow modeling. The framework is shown
in Fig. 8. Firstly, a validated model that integrates air plasma kinetics
and the GRI-mech 3.0 mechanism is implemented to study the plasma
kinetics of CHy/air mixture [49]. The cross-sectional coefficients are
collected from multiple databases and literature [52-54]. Based on the
master library and module in ZDPlasKin, discharge conditions and the
cross-sectional data are compiled into the user-defined code. Then, by
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calculating electron transport and rate coefficients, ZDPlasKin resolves
the discharge process and determines the concentration of the plasma-
induced active species in combustion, such as atomic O, which plays
an essential role in fuel oxidation and ignition. Subsequently, the output
of ZDPlasKin will be adopted as specie source terms in LES simulations.
Besides, the heat addition from discharge is also considered using the
plasma-assisted ignition model proposed by Castela et al. [55]. Finally,
LES cases with the addition of plasma-induced heat and specie source
terms can be conducted to study the plasma-assisted flame dynamics.
Details are available in Section 4.4. This decoupled approach not only
provides a framework for 3D plasma-assisted combustion simulations of
complex reactive flows, which are rather challenging in coupled codes,
but also allows for detailed plasma chemistry to be considered without
increasing too much computational cost.

4. Results and discussion
4.1. Stability limits

To ensure the consistency of this systematic study, we first performed
illustrative experiments on the LBO limit of flames with air flow pulsa-
tion prior to the numerical analysis of flame dynamics. At atmospheric
pressure (1 atm) and room temperature (298 K), the examined air flow
rate ranges from 5 L/min to 50 L/min, and the corresponding air flow
velocity is 0.4-4.1 m/s, yielding Reynolds number (Re = ujpde/v) of
300-2800, where d. is the equivalent hydraulic diameter. When the
methane content is slowly reduced until flame extinction, the extinction
equivalence ratio (¢ext) can be obtained as the LBO limit. Notably, in the
perturbed cases with flow pulsations, ¢ex: is determined by the time-
averaged flow rate in the whole perturbed period. Through at least
three repetitive operations in each case, we obtain the average as the
data point of LBO limits. Uncertainties of LBO measurements, deter-
mined from standard deviations of repetitive measurements and the
accuracy of the flow meters (2 %), are less than 10 % for all cases.

The LBO limits of flames without MRP discharges are shown in Fig. 9.
Compared to our previous work [33], despite small differences, the
trend of LBO limits with the flow rate and under various pulsations are
the same. Taking a moderate flow rate of Q,;; = 20 L/min as an example,
the extinction equivalence ratio of PSFs without flow pulsations is 0.61.
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Fig. 10. Lean blowout limit diagram of perturbed flames with MRP discharge.

However, for PSFs under the positive and negative air flow pulsations,
the extinction equivalence ratio increases to 0.70 and 0.74, i.e., 15 %
and 21 %, respectively, indicating a severe deterioration of the flame
stability. Moreover, at the same flow rate, ¢y under negative pulsation
is higher than that under positive pulsation, although the equivalence
ratio of the negative pulsation case is temporally higher than the average
value during the 10 % “pulse-on” period.

Furthermore, the effects of MRP discharges on perturbed flames are
investigated under various flow rates. The frequency of the plasma
discharge is set to 5 Hz, which is consistent with that of the flow pul-
sation. The discharge time delay (z4is) between the pulsed discharge and
the flow pulsation in each cycle ranges from 0 ms to 200 ms. As shown in
Fig. 10, for the flame with ¢ext = 0.74, when 74is ranges from 30-130 ms,
¢dext does not decrease and even slightly increases. Prior literature re-
ported that in the pulsed discharge, the shock wave is generated due to
ultrafast heating and the corresponding hydrodynamic effect increases
the wrinkling of the flame front [26,56]. The hydrodynamics of plasma-
induced shockwave and flow pulsation may be responsible for the
accelerated flame extinction [33]. However, when 74;s is within 0-20 ms
or 130-200 ms, a lower ¢ext of 0.64 can be achieved, indicating the
enhanced flame stability by plasma discharge. Specifically, the LBO limit
is extended by up to 14 % at 74is = 150 ms by applying the 5 Hz plasma
discharge. Although the present experiments are mainly carried out with
laminar swirl flames, the extension effect of the MRP discharge on LBO
limits can be improved by increasing the repetition rate [33]. Our pre-
vious work [30] also demonstrated that high-frequency gliding arc
discharge driven by ~7.5 kHz alternating-current power can stabilize
turbulent swirl flames with higher flow rates under air flow pulsations.
Next, the deteriorated flame stability under air flow pulsation and
plasma-assisted stabilization will be intensively studied.

4.2. Visualization of flame extinction under air flow pulsations

Fig. 11 shows the time-sequential OH-PLIF contours with super-
imposed velocity vectors to visualize the flame extinction under low-
frequency flow pulsations. According to the evolution of the high-
intensity OH zones, the flame response to negative pulsation can be
roughly divided into two stages: (i) the OH intensity is firstly enhanced
within 0-30 ms; (ii) then it is weakened and eventually almost extin-
guished. Meanwhile, the overall flow field is disturbed due to the flow
pulsation. When the flame is enhanced, the IRZ is slightly widened. We
further quantitively study the flow non-equilibrium process from the
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Fig. 11. Sequential OH-PLIF images of flames under (a) negative and (b) positive flow pulsations. Vector plots are superimposed where negative axial velocities are
displayed in white. The timing denotes the time delay between the triggering of pulsed flow disturbance and the ICCD camera.

(a) 3.0 , : ; :

2.5 .

PMT signal [V]

0.0 0.2 0.4 0.6 0.8 1.0
Time, 7 [s]

(b) 30 . ' , ;

25F .

20F

PMT signal [V]
O

1.0 1
0.5h
0.0 . !
0.0 0.2 0.4 0.6 0.8 1.0
Time, 7 [s]

Fig. 12. PMT signals of flames under (a) negative and (b) positive flow pulsations.

numerical velocity profiles. Regarding the dynamic response of flame to
the positive pulsation, the trend is opposite: (i) the OH intensity is
weakened within 0-40 ms, indicating a weaker flame; (ii) subsequently,
the weak flame is reignited and eventually sustained over the rest of the
disturbance cycle. This reignition phenomenon can be used to explain
the higher extinction equivalence ratio under positive pulsation. Obvi-
ously, the flame extinction and reignition should be attributed to not
only the variation of the leaner equivalence ratio but also the changed
flow field caused by the low-frequency, high-amplitude flow pulsation.
Flame responses are quantitatively discussed in Section 4.3.

The global heat release rate measurements are also good indicators
for the flame extinction and reignition. After subtracting the background
noise of 0.3 V, the PMT signals of PSFs under both negative and positive
pulsations are depicted in Fig. 12. Generally, the time-dependent PMT
signals are consistent with the OH-PLIF observations. In the post-
pulsation stage, we can clearly observe the extinction for negative pul-
sation and the reignition for positive pulsation, respectively. Hence,
from the results of the sequential OH-PLIF images and the PMT signals, it
can be elucidated that under the same averaged flow rate, the deterio-
ration effects of the negative flow pulsations on the PSFs are more
significant.

Numerical analysis of flame dynamics under air flow pulsations.

A quantitative LES analysis is further performed to reveal the

dynamics of perturbed flames. Note that, we employ time-varying
boundary conditions of inlet velocity and equivalence ratio in LES ac-
cording to the LDV-calibrated flow pulsations (see Fig. 2). For negative
and positive cases, the time-averaged air flow rates are 20 L/min and the
time-averaged equivalence ratios are 0.75.

To obtain a comprehensive insight into the unsteady extinction
process, both the flow- and the chemical-nonequilibrium processes
under flow pulsations should be analyzed. Flame stretch rate (x), the
inverse of which is a good representation of the characteristic flow time
(zf1ow) [571, is utilized to interpret the sudden change in the flow field
caused by flow pulsations. It can be calculated from the following for-
mula [41]:

ou;  Ou; on;

—nin— + — —SL
! jﬁxj 6x,~ 6x,~

)

K = K + Kerv =

where «; is the hydrodynamic strain rate, and xcyy is the flame curva-
ture, s, is the flame speed. In a weakly wrinkled flame, the flame cur-
vature is much smaller than the hydrodynamics strain rate, allowing us
to ignore the flame curvature term when evaluating the flame stretch
rate [58]. The hydrodynamic strain rate term can be readily calculated
from the numerical three-dimensional velocity profiles. In addition to
the flame stretch rate, the extensively used parameter, volumetric heat
release rate (q.), is extracted to illustrate the chemistry-nonequilibrium
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process. Besides, the local equivalence ratio is also essential to flame
blowout, which directly affects the chemical reaction rates and the flame
speed [59]. In premixed combustion, the equivalence ratio at the nozzle
outlet (¢oy) is suitable for describing the pre-mixture entering the
combustion zone.

Fig. 13 shows a combined plot of equivalence ratio at nozzle outlet
(¢hour), maximum local stretch rates (kmax), and volumetric heat release

rate, with the inlet velocity (uj,) as a reference for transient operation.
Fig. 14 shows the contour maps of the local stretch rate and OH mass
fraction. When applying the negative pulsation, ¢y first increases and
then returns to the initial value until the next disturbance cycle. How-
ever, the responses of §. and kmax are much more complicated. Firstly, g,
and kmax decrease simultaneously with uj, at t = 0 ms. Subsequently,
kmax and g, recover at t = 20 ms and fluctuates within 20-60 ms. In fact,
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Fig. 15. (a) The initial conditions and (b) the calculated molar fractions of the plasma-induced radicals in ZDPlasKin. A vertical dotted line in Fig. 15b indicates the

end of the discharge.

The OH contour at 30 ms presents the slightly enhanced combustion due
to the increased ¢o,. However, after t = 60 ms, kyax increases and
reaches a plateau of ~3200 s~ much higher than the initial level of
~2400 57!, while g, drops dramatically to zero at around t = 80 ms, at
this moment the flame is locally extinguished (see Fig. 14a). Contours in
Fig. 14 also show that the high strain rate mainly distributes in ISL and
along the flame boundary, and the global blowout eventually occurs at t
= 80 ms. It suggests that the flow pulsation results in a higher stretch
rate through the intense velocity gradient, and thus leads to a greater
likelihood of flame extinction. The nonlinear response, especially the
continuous increment of the local stretch rate during the post-pulse
stage of the negative flow pulsation, should be attributed to the move-
ment of the perturbed flame [60]. Moreover, it can be deduced that the
combination of time-dependent variations of the maximum local stretch
rate and heat release rate is a good marker of flame extinction and
reignition.

Moreover, there is a time delay of 17.5 ms between the turning points
of the local stretch rate/volumetric heat release rate and the equivalence
ratio. Here, we define a convective time (zcony) as the time required for
the pre-mixture to propagate from the nozzle inlet (x/d. = —2) to outlet
(x/d. = 0). It can be calculated by the following formula:

/L(l/uz) dz

where u, is the local axial velocity and L is the axial distance between the
nozzle inlet and outlet. The convective time of 18.0 ms is close to the
time delay of 17.5 ms. It indicates that the convection process is the
main cause of the time delay between the local stretch rate/volumetric
heat release rate and the equivalence ratio upstream of the flame root.

The flame response under positive pulsation is significantly different.
As seen in Fig. 13b, first, kmax significantly increases and . decreases.
The OH contour in Fig. 14b also indicates that the flame is locally
extinguished. However, at the post-pulse stage, the equivalence ratio
recovers to an initially high level. The sufficient fuel supply before a
complete flame quenching leads to second turning points of elevated
kmax and decreasing ¢.. Consequently, the flame reignition is observed at
t = 80 ms. The reignition phenomena can explain the discernible dif-
ference between the LBO limits under the negative and positive flow
pulsations, which is also validated by the sequential OH-PLIF images in
Fig. 11.

(10)

Teonv =

10

4.3. Plasma-assisted stabilization under air flow pulsations

As described in Section 3.4, we attempt to incorporate the plasma
effects to interpret the role of the MRP discharge in the weak flame. To
account for the thermal effect, a heat source term is modeled according
to a model for plasma-assisted ignition [55]. It was reported that when
the reduced electric field (E/N) is within 100-400 Td, approximately 90
% of the total discharge energy goes into the population of vibrational
(35 %) and electronic (55 %) of N2 molecules, which is eventually used
for specie dissociation (mainly atomic oxygen) and gas heating [55,61].
In this case, E/N mainly ranges from 0 to 160 Td, and the fraction of the
discharge energy deposition used for ultrafast gas heating can be
roughly estimated to be 20 % [61]. Regarding the kinetic effects, by
resolving the plasma kinetics in the reactive flow, concentrations of
plasma-induced radicals from ZDPlasKin outputs can be retrieved as the
source terms in LES. When the flame is nearly distinguished, the fresh
unburnt mixture of methane and air is intensively entrained in the inner
recirculation zone. In addition, preliminary tests confirmed that the hot
products of H,O and CO; have minor impacts on the ZDPlasKin output.
Therefore, at this moment, this work calculates the plasma chemistry in
a mixture of methane and air.

The reduced electric field strength (E/N) is estimated from the
measured voltage and simplified to a damped sinusoidal waveform, as
shown in Fig. 15a. Taking the typical case of T= 1500 K and ¢ = 0.75 as
an example, simulated concentrations of the main active radicals are
shown in Fig. 15b. During discharge, the mole fractions of active radicals
increase through the dominating electron impact reactions. After then,
the radical production and consumption reach a balance due to decay
and recombination between the excited species and positive ions [49].
The oscillation of E/N after breakdown has relatively little impact on the
species concentrations. Since the species concentrations quickly accu-
mulate and saturate within several microseconds and the time step in
LES is in the order of 1 ps, the saturated concentrations can be reason-
ably supplied into the LES simulation.

4.4. Plasma-induced species modeling

The plasma-induced source terms depend on the local temperature
and mixture composition, which are time-varying and spatially non-
uniform. However, due to the limitation of ZDPlasKin as a zero-
dimensional computation and the lack of interface between ZDPlasKin
and LES, the ZDPlasKin output and the corresponding LES source terms
cannot be directly updated in real-time. Therefore, we first implement
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Table 2
A list of the fitting coefficients and determination of coefficients.
al b[K™] CIl d K] R
o) 1.71 x 731 x10°% 845 x —3.69 x 0.9922
1072 1073 1077
OH 4.04 x —6.18 x 9.18 x10™* 859 x 1077 0.9053
1073 1077
CHs 8.86 x —5.28 x 6.06 x 107> 7.59 x 1077 0.9991
107 1077
CH,0 5.92 x —9.23 x —3.83 x 1.63x 1077 0.9977
1074 1078 107
CH;0  6.19 x 9.95 x 1078 —2.60 x 9.26 x 1078 0.9995
107° 1074

various initial conditions to obtain a collection of ZDPlasKin outputs.
Subsequently, the relationship between ZDPlasKin outputs and inde-
pendent variables (T and ¢) is established as X}, (T, ¢). X,; denotes the
molar fraction of the i plasma-induced species. The plasma-induced
source terms can be modeled at each LES timestep, avoiding computa-
tionally expensive iterations between the ZDPlasKin and LES. In this
way, decoupling between ZDPlasKin and LES can be achieved.

We first conduct a sensitivity analysis on all species in the DRM-19
mechanism to determine which ones are critical to the combustion.
The main target during the analysis is the laminar flame speed (sy) at
conditions of 1 atm and 300 K. The dependence of the laminar flame
speed on the species addition are shown in Fig. 16. Note that for each
species, X),; varies from 0 % up to 200 % of a reference value X, ; o,
subtracted from a typical ZDPlasKin output (T = 1500 K and ¢ = 0.75).
Here, we just show the species that results in over + 5 % modification in
laminar flame speed, i.e., O, OH, CHs, CH>0, and CH3O radicals. Note
that, the decrement of the laminar flame speed under OH addition
should be attributed to the change in net reaction rate of H + Oy —» H +
OH, which is the most influential reaction of laminar flame speed. It can
be also seen from Fig. 15b that molar fractions of these radicals are
relatively high, especially the O atom. It is mainly due to the electron
impact dissociation of Os (e.g., O3 + € —» O + O + e), collisions of
electronically excited nitrogen with O (e.g., N2(A32) + 09— N2(X12) +
O + 0), and recombination of electron and positive ions (e.g. e + 03 >
O + 0) [49,62]. Some studies also reported that the dominant active
specie in plasma discharge is atomic oxygen, which initiates and ac-
celerates the chain-branching reactions, thus plays a critical role in the
kinetic enhancement [62]. CHz, CH50, and CH30 were identified as key
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Fig. 17. Variations of the maximum local stretch rate and heat release rate in
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species in CHy/air flames [63]. Conclusively, these main active radicals
produced through plasma kinetics should be considered in the LES
simulation.

Then, we test a case matrix consisting of two independent variables
(T and ¢) in ZDPlasKin, where T ranges from 1000 K to 3000 K with an
interval of 100 K and ¢ ranges from 0.6 to 1.0 with an interval of 0.05.
Subsequently, we adopt the following formula as the fitting function of
the simulated results (see the contours in Appendix):

Xpyi(T7¢):a,’+biXT+CiX¢+di><¢><T (12)
where a, b, ¢, and d denote the fitting coefficients, subscript i is the index
of the species. The determination of coefficient R? close to 1 indicates a
satisfying fitting. All the fitting coefficients are listed in Table 2.
Conclusively, the relationship between the plasma-induced species and
the local temperature and reactant is established.

4.5. Numerical analysis in plasma-assisted combustion

In LES case, taking the following case as an example: the flame is
extinguished early at t = 60 ms under negative flow pulsations, then the
MRP discharge is numerically applied at t = 150 ms, the moment when
the plasma enhancement effects are distinguished (see Section 4.1).
Then, we set up a cylindrical topological structure with a size of D x H =
1 x 6 mm as the source region (see the inner graph of Fig. 17), which is
estimated from the emission image of the MRP discharge. Three cases
are simulated: (1) adding only the heat source term; (2) adding only the
specie source term; (3) adding both the heat and specie source terms.

Fig. 17 shows variations of the maximum local stretch rate and heat
release rate in cases 1, 2, and 3. Overall, the addition of plasma-induced
heat or radicals alone in case 1 and case 2 hardly affects the flame
extinction, while case 3 observes the flame reignition (see Fig. 18). Here,
it must be addressed that there are two key requirements for ignition:
one is high temperature to initiate the chain-branching reactions and the
other is the radical production chain-branching reactions faster than the
chain-termination reactions [20]. It can be deduced from the numerical
results that adding heat (case 1) or radical (case 2) alone cannot meet the
requirement of ignition of the unburnt reactant, making little difference
on the chain chemical reactions. Therefore, when turning the plasma on,
the volumetric heat release rate and the stretch rate are seldom influ-
enced, indicating a failure of flame reignition. Besides, the small incre-
ment of local stretch rate in case 1 can be explained by the altered local
gas density and velocity due to the heat addition.

In case 3, as soon as the plasma is activated at t = 150 ms, the heat
release rate is exponentially increased. Apparently, it results from



J. Sun et al.

B

0 15
7 [mm]

3030 -I5
r [mm]

15 30-30

180 ms 190 ms
(\w/) | (/)
0 0 15

Fuel 328 (2022) 125372

160 ms

P

Q
4
N

30 -30

-15
7 [mm]

-15 0 15 30

r [mm]

Fig. 18. Sequential OH contour maps of the flame under negative air flow pulsation for case 3.

ignition, which is an exothermic, chain-branching reaction process for
fuel oxidation. Meanwhile, the maximum local stretch rate decreases
from 3000 s™! to 2500 s}, close to the value of unperturbed flames. It
indicates that in the reignited reaction zone, the local temperature rise
caused by the enhanced chemical reactions smooths the velocity
gradient. The reignition phenomenon of perturbed PSF with the assis-
tance of the MRP discharge is well predicted by the simulation.
Furthermore, it can be concluded from the comparative simulations that
the thermal and kinetic effects of the MRP discharge play indispensable
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roles in improving flame stabilization.

On the one hand, the energy supply from plasma leads to a significant
temperature increase, for example, the local temperature exceeds 2400
K at the onset of plasma activation. Following the exponential temper-
ature dependence in Arrhenius’s law, the chemical reactions are
dramatically accelerated and the chain-branching process is initiated.
On the other hand, plasma-induced additives produce heat from the
accelerated chain branching reactions, such as O + Hy — H + OH, to
enhance the thermal effect [20]. Conclusively, the thermal and kinetic
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Fig. Al1. Molar fractions of (a) O, (b) OH, (c) CHs, (d) CH5O, and (e) CH30 radicals produced in plasma kinetic processes.
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effects of the MRP discharge work in a synergistic manner, fulfilling the
two key requirements for ignition and ultimately leading to flame
reignition. More importantly, it also shows that the current design of the
MRP discharge with combined thermal-kinetic enhancement pathways
is suitable for flame stabilization.

5. Conclusion

This study systematically investigates the effects of low-frequency
flow pulsations and microsecond repetitively pulsed discharges on
flame extinction and stabilization characteristics. As reported in the
previous work [33], in the absence of plasma discharge, the negative
and positive flow pulsations significantly deteriorate the LBO limit of
PSF by 21 % and 15 %, respectively.

In this work, the validated LES simulation and simultaneous OH-
PLIF/PIV measurement are performed to identify swirl flame struc-
tures and resolve dynamic flame evolution. In the presence of air flow
pulsation, excessive stretch rates (~33 % increment) due to the abrupt
change in flow structures are revealed, causing the local flame extinction
in the inner shear layer. Meanwhile, the relationship between the
maximum local flame stretch rate, the maximum local heat release rate,
and the local equivalence ratio is established to quantitatively analyze
the unsteady flame extinction under air flow pulsations. When the
increment of the local stretch rate and the decrement of the heat release
rate are in phase, extinction of perturbed flames is observed. Otherwise,
the flame will be reignited. The intrinsic convective time delay between
the variations of the stretch rate/heat release rate and equivalence ratio
is divulged, which is determined by the convective process of the flow
pulsation in the pipeline. Further, it is concluded that the combination of
time-dependent variations of the maximum local stretch rate and volu-
metric heat release rate can be used as a good indicator of flame
extinction.

Implementing plasma discharge can extend the LBO limit by up to
14 % at the discharge time delay within 0-20 ms and 130-200 ms. The
second contribution of this work is the development of a decoupled
simulation approach for the discharge and combustion processes to
investigate the underlying mechanism of plasma-assisted stabilization.
This approach integrates the plasma chemistry derived from ZDPlaskin
and plasma-induced heat source term into the LES simulation to address
the kinetic and thermal effects, respectively. It not only significantly
simplifies the simulation of the plasma-assisted combustion (in terms of
the computational cost), but also incorporates plasma effects rationally
and comprehensively. Through the comparative cases, the numerical
study well predicts the plasma-assisted reignition phenomenon of per-
turbed PSF, further demonstrating the indispensability of the thermal
and kinetic effects of the MRP discharge in improving flame stability.
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Appendix

Fig. A1 shows the molar fractions of (a) O, (b) OH, (c) CHs, (d) CH-0,
and (e) CH3O radicals produced in plasma kinetic processes. Original
data and the fitting data are represented by the points and contour
surface. Contours are colored by fitting residuals.
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