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Abstract: A gliding arc plasma source designed for high efficient ignition has been studied with
the help of numerical simulation and experiments. A coupled 3D-0D approach has been proposed
to model the gliding arc from ignition (the equilibrium stage) to extinguish (the non—-equilibrium
stage). The model takes the measured discharge morphology, voltage, current, and velocity as inputs,
and has been validated by comparing the calculated temperature with experimental results from an
independent group. The temporal evolution of the temperature as well as active species, and the
effective penetration length of the gliding arc has been studied; the influence of the gliding arc-based
plasma igniter on the ignition delay time of a premixed pentane-air gas has also been theoretically
analyzed.

Keywords: plasma-assisted combustion; gliding arc model; transition from equilibrium to

non—equilibrium

1. Introduction

A gliding arc is a widely used plasma source with features of both equilibrium and non-
equilibrium in temperature and chemistry. It has a relatively high plasma density and power
deposition. In the equilibrium stage, the gliding arc has a high temperature (>5000 K),
primarily because of the thermal effect, to assist ignition and combustion [1]. In the non-
equilibrium stage, the electron temperature is usually higher than 1 eV (1 eV = 11,605 K)
and the gas temperature is generally below 3000 K. The non—equilibrium stage exhibits
a strong chemical effect. Owing to the high electron temperature, many ions, electrons,
and radicals are efficiently produced in the gliding arc. During the equilibrium—to—non-
equilibrium transition, the gas temperature of the gliding arc rapidly decreases [2]. The
transition stage is a watershed between the thermal and chemical effects, and the gliding
arc can be adjusted at different stages to adapt to different circumstances. Gliding arcs
have been widely used for several applications, such as water purification [3,4], surface
modification [5,6], carbon dioxide conversion [7-10], ignition, and combustion [11-18].

Gliding arcs have attracted increasing attention from the ignition and combustion
research communities in recent years. The concepts of “Assisted Combustion from Primary
Holes” and “Assisted Combustion from Dilution Holes” were proposed to extend the
lean blowout limit of combustors of turbo engines [16]. These concepts have also been
used in the development of fuel injectors and pre-combustion chambers to create larger
spray cone angles and smaller mean drop sizes [13] or to break down large molecules into
smaller radicals for detonation engines [11]. A multi-channel gliding arc configuration was
developed to enhance the ignition and combustion of ethylene fuel in scramjet combus-
tors [17]. Several flame kernels were created, and faster flame propagation and shorter
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ignition time were achieved. A rotating gliding arc has also been tested for repeatable
ignition in a scramjet combustor [18]. A gliding arc can accelerate the cracking of methane,
OH generation [19], enhance the chemical effect of combustion, and reduce the ignition
temperature of the fuel [20]. A reverse vortex flow gliding arc can reduce the content of
carbon monoxide and unburned hydrocarbons [21]. Although gliding arcs have several
applications in the field of combustion, great difficulties are encountered in performing
fundamental experimental research because the gas temperature and species density of
different gliding arcs measured in an experiment vary significantly. Enhancing the igniter
performance and optimizing its design are significant challenges.

Numerical simulation is a powerful tool for gaining deeper insights into the char-
acteristics and reaction mechanisms of gliding arc sources. However, modelling gliding
arcs is a challenging task, as the gliding arc usually consists of both the equilibrium and
non—equilibrium processes, and is always coupled closely with turbulent gas dynamics. Pi-
oneering researchers have developed the plasma string model [22] and Elenbaas—Heller [23]
model in the early 1990s neglecting detailed chemical reactions. A two-dimensional model
involving chemical reactions [24-26] was recently developed based on commercial soft-
ware and was successfully used to analyze the gliding arc, with the cost of a very long
computational time. A high-resolution two-dimensional model coupling the equilibrium
gliding arc with turbulent gas dynamics was developed to study the restrike in direct
current gliding arc discharges [27]. A new modeling approach was proposed in recent
papers [8,9], which combined a turbulent gas—flow model, a three-dimensional (3D) plasma
arc model with a particle tracing module, and a quasi-one-dimensional (1D) chemical
kinetics model to study the effect of Ny on CO,-CH, conversion in a gliding arc reactor.
This approach provides a complete view of both the dynamics and kinetics of the gliding
arc plasma, with an affordable calculation time and cost. The combined modeling ap-
proach was designed primarily for a CO; reactor, with the gliding arc successively rotating
inside the chamber operating in an non—equilibrium state, where the equilibrium state
does not play a vital role and is not included. It has to be noted that a gliding arc plasma
used for ignition usually works at a higher power density and shorter timescale, thus the
equilibrium—to-non—equilibrium transition will have to be taken into consideration.

In this paper, we study the evolution of the dynamics and kinetics of a gliding arc
igniter from an equilibrium state to a non—equilibrium state and from re-ignition to extinc-
tion using numerical simulations and experiments. A coupled 3D-0D modeling approach,
coupling a global chemistry model, a 3D gas dynamics model, and experimental data, is
developed to gain deeper insights into the performance and mechanism of gliding arc—
based plasma devices. The rest of this paper is organized as follows: the descriptions of the
experiment, numerical approaches, and validations are given in Section 2. The results and
discussion are presented in Section 3. Finally, the conclusions are summarized in Section 4.

2. Experimental and Modeling Approaches
2.1. Brief Description of the Experiment

A twin-duct ignition experiment system is built to simulate the engine environment.
The schematic of the experimental system is shown in Figure 1. The two ducts have
different pressures while the igniter was installed in between, thus there will be gas flow
inside the igniter from the high pressure duct to the low pressure one. The working gas is
dry air supplied by an air compressor, dryer, and air tank. Two air flow meters are used to
control the pressure inside the two ducts. A gliding arc power supply developed in our
group is used to generate the arc. A mirror is placed with an angle of 45° to help the ICCD
capturing the morphology of the gliding arc from the top view. The oscilloscope (Tektronix
DPO4104, Tektronix, Inc., Beaverton, OR, USA) and high—speed camera (Phantom V2512,
Phantom, Inc., Wayne, NJ, USA) are triggered simultaneously to record the current and
voltage and to capture the evolution of the gliding arc.

The structure of the twin-duct ignition platform is shown in Figure 2a. A metal
plate separates the upper and lower cavities, with a pressure difference (Ap). A pressure
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difference is created by changing the flow rates of the upper and lower cavities (W; and
Wa, respectively). The cross-sectional size of the lower cavity is set to 34 x 100 mm to
ensure that the diversion hole of the gliding arc igniter is located in the upper cavity.
The angle between the airflow direction of the upper cavity and the diversion hole is
defined as «. The cross-sectional size of the lower cavity is 64 x 100 mm to ensure that the
gliding arc does not come in contact with the lower wall. In the experimental system, a
channel that fits the size of the gliding arc igniter was designed. Two quartz observation
windows are installed in the lower cavity. The front and bottom observation windows are
66 X 165 mm and 75 x 160 mm, respectively. The inner structure of the gliding arc igniter
is illustrated in Figure 2b. The high pressure forces the air to enter the igniter through
the diversion hole. A swirl flow is generated through the swirl hole. The arc generated
between the electrodes is rotated and elongated by the swirling airflow. A complete set
of experimental measurements of the gliding arc igniter is obtained; the details of the
experimental techniques and the obtained results can be found in our previous study [28].
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Figure 1. Characteristics of the gliding arc experiment system.
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Figure 2. (a) The twin-duct ignition platform and (b) the schematic diagram of the gliding arc igniter
structure.
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2.2. The 3D Gas Dynamics Model

The behavior of the gas flow in the igniter can be described using a computational
fluid dynamics (CFD) model. The primary aim of this model is to determine the airflow
velocity in/out of the igniter (that will be used in the global chemistry model). Given the
high-pressure difference between the inlet and the outlet of the igniter (up to 45 Torr, with
a high flow speed of over 100 m/s) and a complex vortex flow in the igniter, a high level
of turbulence is expected in the flow. To reduce the computation time, a computational
fluid dynamics study with a Reynolds-averaged Navier—Stokes (RANS) turbulent model is
conducted to simulate the airflow in the igniter based on COMSOL [29]. The structure of
the experiment used in this model is simplified owing to the extensive domain of the two
cavities, as shown in Figure 2. The transition, inlet, and exhaust components are ignored.
The computational domain includes the igniter and lower cavity of the experimental system,
as shown in Figure 3. Gas velocities under various pressure differences are determined by
solving this model. RANS models are less expensive than directly resolving the Navier—
Stokes turbulent equations.

() o AA

P " Inlet

22 Lower Cavity

/

w

e -— A-A

Figure 3. Computational domain of the 3D gas dynamics model. The inlet, outlet, cathode and anode
are indicated. (a) The front view and (b) the section view.

The Navier—Stokes Equations (1) and (2) for compressible flow used in the turbulence
model are as follows:
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where p is the gas density, u_g> is the gas-flow velocity vector, superscript T denotes trans-
position, p is the gas pressure, y is the dynamic viscosity, yt is the turbulent viscosity of
the fluid, I is the unity tensor, and F is the body force vector. The k — ¢ model was applied,
and two additional transport Equations (3) and (4) with two dependent variables were
introduced in k — e model: turbulent kinetic energy, k, and turbulent dissipation rate, «.

p(@-V)k:V-K;H—?)Vk}%—Pk—ps 3)
k

2
p(ig - V)e=V- [(u - ﬁ;—T)Ve] +Ca P~ Cap @
€

where p is the gas density, I/Tg> is the gas flow velocity vector, and y is the dynamic vis-
cosity. The oy, ¢, C¢1 and Cy are dimensionless model constants (1.0, 1.3, 1.44, and 1.92,
respectively). The other symbols are explained below.
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In Equations (3) and (4), ut represents the turbulent viscosity of the fluid and is

defined as,
k2
HT = PCV? )

where C;, = 0.09 is a dimensionless model constant. The Py is a placeholder for the
following terms:

2 2
po= e (ViR (VR (V)T) <5 (V) ) - ek ©
The boundary conditions used in this model are shown in Table 1.

Table 1. Boundary conditions of the k — ¢ model.

Boundary Boundary Condition Comments
Wall LTg> 1=0 With 7 the unity vector normal to the walls
Outlet P ="po With pg the pressure at the outlet (1 atm)
Inlet p="pr With pj the pressure at the inlet (1 atm + 45 Torr)

2.3. The Global Chemistry Model

The global chemistry model is built on the basis of the Zero-Dimensional Plasma
Kinetics solver (ZDPlasKin) [30], the aim is to model the temporal evolution of species and
temperature in the gliding arc taking into consideration the equilibrium-to-non—equilibrium
transition. The following assumptions were made:

(i) The distribution of the species density and gas temperature in the gliding arc are
quasi—uniform.

(ii) The gliding arc was treated as a solid circular tube to model the heat exchange
between the arc and the air during arc movement.

The aforementioned two assumptions allow us to use a global chemistry model to
simulate the main features of the gliding arc. The species density Equation (7) and gas
energy Equation (8) were solved as follows:

dIN; Jmax
[gl] =) Qi(t) i=1... imax 7
j=1

where N; is the species density of i and the source terms Q;; correspond to the contributions
from different processes.

Ngus dTgas
y—1 dt

where P, is the energy growth rate attributed to the elastic electron-neutral collisions
calculated using a Boltzmann equation solver (BOLSIG+) [31], N, is the electron density,
P15t Ne is joule heat due to the electron current corresponding to elastic electron-neutral
collisions, and Qs is a source item, including the heat conversion Q_o;version, influence of
the gliding arc growth on the temperature Qg oy, power heat Qpower, and reaction heat
Qreaction- In different phrases, Qs has different formulations.

The chemistry mechanism is the key features for this global chemistry model. The
chemistry mechanism used in this model is developed from the mechanism proposed
in Ref. [32] to describe the spark discharge transition from a non-equilibrium state to a
thermal equilibrium state. Then, the following additional reactions are added:

= PelastNe + erc (8)

(i) Oy electron attachment reactions

(i) O~ and O, electron-impact detachment and associative detachment reactions
(iii) Ion-ion recombination of O~ and O, with positive species

(iv) Electron impact excitation of O, molecule
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(v) Oz(alAg) and O» (bliér) quenching reactions with neutral species.

The gliding arc can be divided into three stages: the highly ionized stage, the transition
stage, and the non—equilibrium stage, which repsond to gliding arc reignition moment,
propagation moment and near quenching moment, respectively. The critical inputs of
Equations (7) and (8), electron temperature T,, reduced electron field E/ N, and source term
Qsre are treated in different ways for the three stages.

(i) The highly ionized stage. This stage corresponds to the moment that the gliding
arc forms or restrikes. At this moment, the gliding arc has the highest temperature and
current, and can be considered as a highly ionized channel with chemical and temperature
equilibrium. The electron energy distribution function (EEDF) follows a simple Maxwellian
one. The gliding arc in the highly ionized stage exists only a few microseconds and locates
in a very limited region, thus does not strongly affect the effects of ignition and combustion,
but nevertheless triggers the discharge and provides initial conditions (species density and
gas temperature) for the following stages.

In this work, we focus on a gliding arc restrike near the outlet of the igniter. The
electron temperature was fixed as 2 eV, while the gas temperature was estimated according
to the electrical conductivity:

Vare = nrgrcLurc )
Ugyc
E = 10
Layc (10)
P
= — 11
77 VarcE? (an

where P is the gliding arc power, E is the electric field of the gliding arc, Uy, is the voltage
between the cathode and anode measured during the experiment, ¢ is the conductivity
of the gliding arc, and V. is the gliding arc volume. The 7, and L, are the length
and radius of the gliding arc, respectively, which are measured using photographs of
the evolution of the gliding arc in the experimental process using Image]J software. The
detailed method is described in the end of Section 2.3. Subsequently, given the relationship
between electrical conductivity and temperature from the Gas Discharge Plasma Database
(GPLAS) [33], we determine the gas temperature of the restrike gliding arc. After the highly
ionized stage sustained for 9 us, the species density reaches stability. Then, the program
will automatically enter the next stage.

(ii) The transition stage. This stage corresponds to the time period the gliding arc
transits from chemical equilibrium to non—equilibrium when the arc elongates. The EEDF
still follows the Maxwellian distribution, the electron temperature is equal to the gas tem-
perature. The source term for gas heating Qsrc = Qpower + Qconvection + Qgrowtn includes the
power heating term, heat convection term and a correction term taking into consideration
the growth of the gliding arc. When the gas temperature drops below 4000 K and the
electron density decreases below 1.5 x 10'® cm ™3, we consider the gliding arc to be in the
non—equilibrium state.

(iii) The non—equilibrium stage. In this stage, the electron density decreases below
1.5 x 10" em~3 and the collision is less frequent, the EEDF is calculated by solving the
Boltzmann equation with the help of BOLSIG+ [31]. The reduced electric field as an input
is calculated according to the following formulas:

E 1 P
=)= = 12
(N> Nor \| Vare - 0 (12)
o= ye~ne-e (13)
Ntot

where ny,; is the total density of the gliding arc, V. is the gliding arc volume, P is the
gliding arc power, ¢ is the conductivity of the gliding arc, y, is the electron mobility
calculated using BOLSIG+ [31], 1, is the electron density, and e is the electron charge. The
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initial gas temperature is consistently set from the transition stage. The source term for gas
energy equation Qsrc = Qyeaction + Qeonvection + Qgrowtn 18 set, which includes the reaction
heat, heat convection of the gliding arc with air, and the influence of the gliding arc growth
on temperature.

Re = p;jd (14)
C
P =2t (15)
4/5
N, =03+ 0GRZE Dy + ( Re )5/8 (16)
u — .

[1 + (0-4/Pr)2/3} 1/4 282000

h= st\ (17)
Ah(Tygas — Tog)
Qconvection = 771V— (18)
arc

Here, the source term (Q,eaction, Qeonvections Qgrowths Qpower) used in the transition and
non—equilibrium stage will be illustrated as follows. Heat convection of the gliding arc
with air Q ppvection can be calculated using Equations (14)—(18), d is the gliding arc diameter,
p is the gliding arc density, u is the viscosity coefficient, C, is the specific heat at constant
pressure, A is the thermal conductivity, and Tggs is the gliding arc temperature. The physical
parameters of the plasma (i, p, C, A) are obtained from the GPLAS [33]. The R, P;, and N,
are the Reynolds, Prandtl, and Nusselt numbers, respectively. The Tj, is the background
gas temperature of 300 K in this model, and #; is the efficiency of heat convection, with a
value of 0.45, which is adjusted together with 7, according to the gas temperature measured
in the experiment [34]. The air velocity v at the position of the gliding arc is calculated as
follows: firstly, we use the 3D gas dynamics model described in Section 2.2 to calculate the
air velocity at different positions. Secondly, the position of the gliding arc is determined
using a high-speed camera at different times. We then determine the air velocity v at the
position of the gliding arc with the evolution of time. Finally, the peer volume of heat
convection is calculated using Equation (18).

The influence of the gliding arc growth on temperature Qg,n can be explained as
follows: we assume a gliding arc without energy injection and energy loss, with an interval
of At. The gliding arc energy per volume at time ¢ is &; = 3kT}; thus, the total energy of the
gliding arc at time f would be E; = rrr?Le; = mr?L * %th. When the gliding arc increases

AL at time t + At, the gliding arc energy per volume is €, o; = = LJfAL %th =

E
mr2(L+AL)
%thJr At; therefore, the influence of the gliding arc growth on temperature can be described
as Tyipr = ﬁ T;, which will be used to correct the temperature at every time step.

jmax

Qreaction = Z ié‘sj : Rj 19)
j=1

The reaction heat Q,4ction can be calculated using Equation (19), where 1 is the specific gas
heat ratio, R; is the reaction rate, and d¢; is the enthalpy change of the reaction.

Pheat = WZPexp/Varc (20)

The influence of power heat Qpower can be calculated using Equation (20), where Pey) is
the experimental power and 7, is the power heat efficiency (0.2 in this model). The power
heat efficiency affects the time at which the gliding arc is sustained in the equilibrium
state. The higher the heat efficiency, the longer the equilibrium stage is maintained. We
can measure the gliding arc temperature in the experiment and subsequently adjust the
efficiency to match the transition time with the experimental time. However, the transition
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was not captured in our experiment due to the lack of time-resolved measurements of the
gliding arc temperature. So the two efficiencies (11, 772) were just adjusted to match the gas
temperature in the non-equilibrium stage measured in the experiment [34].

Finally, the method of extracting the gliding arc length from the gliding arc picture
captured in an experiment is illustrated as follows: we place a ruler near the igniter outlet
and determine the length of one pixel /,;,; = 400 um using Image] software. The boundary
grey value of the gliding arc is the arithmetic mean of the maximum grey value of the
gliding arc area and the minimum grey value of the non-gliding arc area. Multiple positions
are selected to measure the average radius. The Image] software is used to calculate the
area of the gliding arc, and the length of the gliding arc is then calculated using the area
divided by two times the radius.

2.4. The Coupling Strategy

The basic logic of the proposed coupled 3D-0D approach is to use easy—to—obtain
experimental data, including power, arc length and air velocity (or an igniter structure) as
inputs, to reconstruct the temporal evolution of the species density and gas temperature of
the gliding arc ejected out of the igniter, from re-ignition to extinction, from the equilibrium
stage to the non-equilibrium stage. To achieve this goal, we combine the experimental data
with a CFD model and a global chemistry model, the coupling strategy and the exchange
of the data flow are shown in detail in Figure 4.

Experiment The global chemistry model

-

Oscilloscope Input Stage
Power source = P 5
b P =Vg4..0E Tgas=5,700K N
| » U Te =20,000K High ionized stage

2

[ =t Te=Tgas .
== Length(L) Phoat = 12 * P’,V”:!:ransmon stage
‘ J »Radius(R)
4 Volume(V ;) ‘!’

High-speed
Camera

[ Tgas

E/N Non-equilibrium stage]

~

Gas temperature
Species density

s sucre 3 CET

Figure 4. Combined schematic of the experimental system and the global chemistry model.
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As shown in Figure 4, in the highly ionized stage, we use Equation (11) to calculate the
electric conductivity of the restrike arc and use the relationship between electric conductiv-
ity and temperature to estimate the restriking arc temperature. In the transition stage, the
power heat is calculated using Equation (20). In the non—equilibrium stage, the reduced
electric field is calculated using Equation (12). In both the transition and non—equilibrium
stages, the heat convection of a gliding arc with air is calculated using Equations (14)—(18).

2.5. Base Case Validation
2.5.1. The Chemistry Mechanism

The composition of species in equilibrium air discharge in temperature range from
300 K to 10,000 K with constant volume process is calculated to test the chemistry mecha-
nism. Its initial composition of the mixture is air (21% O, and 79% N») at the atmospheric
pressure and a temperature of 300 K. Electron temperature is equal to gas temperature
to calculate the equilibrium composition of air in different temperature. We compute a
sufficiently long time (>1 s) to reach equilibrium state. The mole fraction of the species
in the equilibrium state is shown in Figure 5. The dot is calculated using this mechanism,
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and the solid line is calculated by Minesi et al. [32]. The mole fraction is very close to that
reported by Minesi et al. [32], which ensures the accuracy of the chemical mechanism and
program code.

(@ . - . . . (b) ' ' '

30 30

T T
® N2 this work
® N this work

N
S
1

= 02 thiswork |
® O thiswork |
4 NO this work
—— 03 Minesi
——O Minesi
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Mole fraction, %
N
s
1

Mole fraction, %
>
1
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04 o a’e 0 00000000
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0 2,000 4,000 6,000 8,000 10,000 0 2,000 4,000 6,000 8,000 10,000
Gas temperature, K Gas temperature, K

Figure 5. Equilibrium composition of the synthetic air as a function of the temperature in a constant
volume process. (a) Comparison of O,, O, NO mole fractions, (b) Comparison of N and N mole
fractions.

2.5.2. The Outlet Temperature

Temperature is one of the outputs of the global chemistry model and can be used for
direct validation. An experimental measurement of the gliding arc temperature is con-
ducted in similar conditions in a previous publication [34]. The temperature of the gliding
arc 10 mm from the igniter exit under different inlet-outlet pressure differences is measured
using a thermocouple with a measurement time no more than 20 s, as shown in Figure 6b.
This temperature is a stable gliding arc temperature over a long time (several s) but not
a transient temperature. The temperature of the global chemistry model is a transient
temperature in specific time. We compare the transient temperature calculated using the
global chemistry model with the stable temperature measured using the thermocouple.
It should be noted that the authors of [35] compare the temperature of a radio frequency
atmospheric plasma measured using a thermocouple and the emission spectroscopy of OH
and Argon, respectively, and find that the thermocouple is accurate and suitable for plasma
temperature measurement.

In order to allow the transient temperature of the model to become close to the stable
one, we selected the time that the gliding arc was stably generated from the igniter. As
shown in Figure 7a, there are multiple atypical and unstable re-ignitions in the middle
of the gliding arc before 5 ms and typical and stable re-ignitions at the igniter exit after
5 ms. So the voltage, current and the evolution photographs of the gliding arc captured
in our experiment from 6.15 ms to 7.35 ms with the pressure difference of 45 Torr were
inputted into the global chemistry model. Partial photographs of the gliding arc are used
to get the length and radius of the gliding arc shown in Figure 7b. The simulation time
at other pressures is selected with the same principle of 45 Torr. The voltage and current
data are provided in the Supplementary Materials. The initial conditions of the coupled
3D-0D model are shown in Table 2. We use the global chemistry model to calculate the
gliding arc temperature evolution at various pressure differences shown in Figure 6a. The
temperature of the gliding arc 10 mm from the igniter exit is indicated by the green circle.
The temperature of the gliding arc calculated using this global chemistry model is very close
to the experimental one, with an error ranging from 50 K to 110 K as shown in Figure 6b.
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Figure 7. The voltage—current profile (a) measured by an oscilloscope and the evolution photographs
of the gliding arc (b) captured by a high-speed camera in our experiment with the pressure difference

of 45 Torr.

Table 2. Initial conditions of the coupled 3D-0D model.

Model Variable Case I Case II Case III
The 3D gas Inlet gage pressure 45 Torr 60 Torr 75 Torr
dynamics model Outlet gage pressure 0 Torr 0 Torr 0 Torr
Gas temperature 5700 K 5100 K 5220 K
The elobal Mole fraction of Ny 0.79 0.79 0.79
c & Mole fraction of O, 0.21 0.21 0.21
chemistry model .
Power From experiment
Air velocity From the 3D gas dynamics model

3. Results and Discussion

3.1. The Structure of the Flow infout of the Gliding Arc Igniter

As shown in Figure 8, the airflow of the igniter and the lower cavity is calculated
using the k — e model when the pressure difference is 45 Torr. The position of the maximum



Processes 2023, 11, 873

11 of 21

velocity of over 100 m/s is near the inlet of the igniter. The maximum value of 30 m/s in
the legend on the left side of the figure is artificially set to make the velocity field at the
exit more obvious. The swirling flow field generated in the igniter is illustrated on the
right-hand side of the figure. We use the velocity of the outlet center of the igniter as the
input for the global chemistry model, which is pointed out in the figure.

Velocity, m/s
30 Velocity, m/s
100
25 50
20 20
o é l‘l.) 1"3 20 25 Sb 35
H Distance from the iginter exit, mm
4 ta the iginter exit, 10
LA
5]
________ > >
0 — 0.5

Figure 8. Air velocity of the igniter and the lower cavity with a pressure difference of 45 Torr. The
slice view of the igniter is shown on the left and the streamline diagram is shown on the right.

3.2. Transition from Equilibrium to Non—Equilibrium

The gas temperature and species density of the gliding arc in the situation of the inlet-
outlet pressure difference reaching 45 Torr, are calculated using this global chemistry model.
The gliding arc reignites close to the igniter outlet, and the gliding arc then transitions from
a chemical equilibrium state to a non—equilibrium state. As shown in Figure 9a, the gliding
arc temperature drops sharply from 5700 K to 4500 K during the transition. The excited
species O and O; are extinguished and many ground state O atoms were generated. The
electron density decreases from 10'® cm~3 to 10'* cm =3 and the degree of ionization is
reduced greatly. The distance in Figure 9a represents the distance between the head of the
gliding arc and the anode at this moment captured using a high-speed camera.

A source rate analysis of the gas temperature is conducted to determine the reason for
the transition from equilibrium to non—equilibrium. As shown in Figure 10a, the total heat
loss fluctuates and is negative most of the time. This is mainly because the convective heat
transfer loss is greater than the power heat from the power supply. Thus, the temperature of
gliding arc decreases quickly from 5700 K, and the gliding arc then transitions from kinetic
equilibrium to non—equilibrium. Joule heat and the effect of gliding arc growth slightly
influence the gliding arc transition. It indicates that the equilibrium between convective
heat transfer and power heat decide the transition moment. Since convective heat transfer
actually depends on the air flow speed, this lays a theoretical foundation for the control
of the transition time by controlling the air flow velocity/gliding arc ignition pressure
difference between the inside and outside of the igniter, so as to realize the switching
control of gliding arc heat effect (temperature) and chemical effect (active species density).
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Figure 9. Evolution of (a) gas temperature and species density, and (b) O, (c) Oy (a1 Ag) ,and (d) O(lD)
density sensitivity analysis. The distance in photograph (a) represents the distance between the head
of the gliding arc and the anode at this moment captured by a high-speed camera.
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Figure 10. (a) Source rate analysis of the gas temperature and (b) the changes of EEDF during the
transition.

During the transition, the EEDF should be changed from the Maxwellian distribution
to another. We assume that the EEDF in the transition stage follows the Maxwellian
distribution and cannot capture the changes in EEDF in the transition stage. Only when
the gas temperature is less than 4000 K and the electron density is less than 1.5 x 10!°> cm 3
can it enter the non—equilibrium stage, then the EEDF changes according to Boltzmann
equation. Therefore, we compare the EEDF in the transition stage with that in the non-
equilibrium stage, as shown in Figure 10b. The Maxwellian distribution has a higher EEDF
value at a low electron energy level (<1.0 eV) than the EEDF in the non—equilibrium stage.



Processes 2023, 11, 873

13 of 21

However, at a higher electron energy level (1.0-2.5 eV), the EEDF in the non—equilibrium
stage has a higher value than the Maxwellian distribution. We found that the EEDF in the
non—equilibrium stage had a positive correlation with the reduced electric field. The larger
the reduced electric field, the larger the EEDF at the high electron energy level (>1.0 eV).
Owing to the power supply with alternating current, the reduced electric field and EEDF
changed correspondingly.

We compare the changes of species density at times 0.1 ms and 1.05 ms compared
to the highly ionized stage, as shown in Figure 11. The relative multiples of increase or
decrease are calculated using Equation (21) or Equation (22), where 7, is the species density
after transition and n,, is the species density in the highly ionized stage. In the initial
non—equilibrium stage at 0.1 ms, we find that species density of O™, electron, 0(18), and
O, (alAg) decrease sharply by over two orders of magnitude, whereas species density of
O3 and O; increase dramatically by over four orders of magnitude. Compared with the
period at 0.1 ms, more Os is generated during the non—equilibrium stage at 1.05 ms.

Q; = Ma — Neq 1)

Neg

Neq — Mg

Qu= (22)

Ng

0, Oy (a'Ag) and O('D) are the critical species for starting chemical chain. So species
source rate analysis for those three species is conducted, as shown in Figure 9b-d. In tran-
sition stage, owing to high gliding arc temperature, O atoms achieve dynamic equilibrium
through reactions (23) and (24) and the density sustains in 5 x 10" em 3.

NO+N < N, + O (23)

O('D)+0+0+0 (24)

O, (a' Ag) is generated mainly through electron impact excitation reaction (25), and in
transition stage, is quenched through quenching reaction (26) by collision with NO.

e+0r = e+0, (alAg) (25)

0, (a1Ag) +NO — 0, + NO (26)

In the condition of low electron temperature and high gas temperature, species density
of O('D) is under relative low level and sustain in dynamic equilibrium through the
reactions (27)—(29) by collision with NO, O and electron, respectively.

O('D) +NO < O +NO 27)
O('D)+0+ 0+0 (28)
O('D) +e<+ O+e (29)

In conclusion, the transition of the gliding arc from equilibrium to non—equilibrium
occur because the convective heat loss is larger than the power heat from the power supply.
During the transition, many excited species extinguish and generat a large amount of O,
05, and O3 and release considerable heat.
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Figure 11. The changes in species density at times (a) 0.1 ms and (b) 1.05 ms compared with the
highly ionized stage.

3.3. Extinction of the Non—Equilibrium Gliding Arc

According to the model calculation results shown in Figure 12, under the condition of
45 Torr pressure difference, the gliding arc will complete the equilibrium-non—equilibrium
transition at about 2 mm from the exit, enter the non-equilibrium phase, and evolve to
complete the non-equilibrium stage at 56 mm from the outlet, then the gliding arc will
enter the extinguishment stage.
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Figure 12. The density evolution of plasma species contaning the oxygen element in the non-
equilibrium and extinguishment stages. The structure schematic of the gliding arc is shown in the
figure. The distance represents the distance between the head of the gliding arc and the anode at this
moment captured using a high-speed camera. (A), Non—equilibrium stage, (B) Extinguishment stage.

The non—-equilibrium stage is marked by the A interval as shown in Figure 12, the
gas temperature decreases gradually from 4500 K to 1735 K, and the electron temperature
is maintained at 14,000 & 6000 K as shown in Figure 12. Many excited species, such as

o('s), Oo('D), O, (alAg), and O, (blzg), are produced effectively in non-equilibrium
stage, owing to the high electron temperature (up to 14,000 K). As the plasma power supply
is an alternating current, the reduced electric field and electron energy change accordingly.
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O atoms decrease slowly to 10" cm 3. The density of O('D), O, (alAy) ( ) and

Oj3 sustain in 1013—1014 cm 3 with a relative high level, but the den51ty of O('S) is lower
than 10'2 cm 2 and fluctuates significantly.

Compared to the transition stage, since the gliding arc spends more time in the non-
equilibrium stage, the critical species O, O(lD), O, (a1 Ag) in this stage are more important
in ignition and plasma assisted combustion, so the source rate analysis of the species
in the non—equilibrium stage is conducted, as shown in Figure 13. The details of the
source rate analysis from 0.6 ms to 0.7 ms are presented on the right-hand side of the
figure. In the source rate analysis of O atoms shown in Figure 13a, unlike the transi-
tion stage, which mainly maintains the balance of forward and reverse reactions through
reactions (23) and (24), in the non—equilibrium gliding arc with relatively high electron
temperature, O atoms are activated by electron collision excitation reaction (29) and
reaction (30), and are generated through forward reaction of (27), thus maintaining the
density dynamic balance between O and O(!D).

oz(blzg) 10 OZ+O(1D) (30)

Similar to the transition stage, in the non-equilibrium stage, O (a' Ag) is produced
primarily through the electron impact excitation reaction (25), and is quenched through the
quenching reaction (26) by collision with NO. O('D) is produced primarily through electron
impact excitation reaction (31) and quenching reaction (30), and is quenched through the
quenching reaction (27).

e+0—e+0('D) (31)

From the source rate analysis of the gas temperature and reaction heat shown in
Figure 14, the gas temperature is primarily determined by reaction heat and convective
heat transfer, but joule heat and effect of gliding arc growth have little influence. Along
with the decrease in gas temperature, the convective heat transfer loss becomes smaller.
Reaction heat fluctuates with power supply. The total heat loss fluctuates and is negative
most of the time, so the gas temperature decreases constantly. As shown in Figure 14, the
source rate analysis in the exothermic reaction section indicates that the gliding arc mainly
occurs through O atom compound reaction (32) and reaction (27) between O('D) and NO
to release heat.

O+0+Np; -0+ N> (32)

Source rate analysis in the exothermic reaction part indicates that, in the early non—
equilibrium stage with high gas temperature, the gliding arc mainly occurs through
reactions (33) and (34) to absorb heat. In the late non—equilibrium stage, gas temperature
decreases to 2000-2500K, and the gliding arc is mainly through reaction (30) to absorb heat.

N, +0 — NO + N (33)

O +NO — O('D) + NO (34)

With the further decrease in the gas temperature and electron temperature, the gliding arc
conductivity decreases sharply, and the gliding arc finally enters the extinction stage marked
by the B interval. In this stage, the gas temperature drops sharply from 1800 K to 500 K,
and the number of excited species decreases significantly. This is because a new gliding
arc is formed at the exit of the igniter and no energy is applied to the old gliding arc. The
density of O decreases from 10”7 em =3 t0 1016 cm—3 through reactions (32) and (35)-(37),
and then generates a large number of O,. O elements exist mainly in species of O and O;.
O3 density remains unchanged with a value of 101 cm 3.

0+ 0 +NO — 0, + NO (35)
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Figure 13. Source rate analysis of species (a) O, (b) O, (b1 Ag) ,and (c) O('D) in the non-equilibrium

stage.
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Figure 14. Source rate analysis of (a,b) reaction heat and (c) the gas temperature in the non-
equilibrium stage.

3.4. A Test Case of Gliding Arc-Assisted Ignition

To analyze the influence of the different stages on pentane combustion, we extract the
density and temperature of the species at different positions that the head of the gliding
arc reach. We use the mechanism [36] to study gliding arc-assisted pentane combustion,
which has been validated with experiment. The species density and gas temperature are
obtained from Chemkin to calculate the ignition delay time. The ignition delay time is
calculated under the assumption that the plasma species at any position of the gliding arc
are fully premixed with the fuel. The ignition delay time with the plasma consider the
excited species and atoms produced by the gliding arc. The ignition delay time without
plasma does not consider the excited species and atoms but considers the influence of gas
temperature on pentane combustion.

As shown in Figure 15, the initial temperature decreases with the increase in distance,
and the ignition delay time increases with the increasing in distance. In the non-equilibrium
stage, the ignition delay time with plasma ranges from 4.0 x 10~ s to 3.0 x 107® s whereas
that without plasma ranges from 2.6 x 107 s to 3.3 x 10~° s. Overall, the ignition delay time
with plasma was reduced by 82-90% compared to the ignition delay time without plasma.
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Figure 15. Pentane ignition delay time of the gliding arc in different positions.

In the extinguishment stage, pentane combustion without plasma can successfully
ignite before 60 mm, whereas that with plasma can successfully ignite before 69 mm. This
indicates that the plasma can shorten the fuel ignition temperature and that the effective
arc penetration lengths of 30 and 40 mm are determined based on the thermal and chemical
effects of plasma, respectively. At 60 mm, the ignition delay time with plasma is 0.5%
of that without plasma. This suggests that the chemical effect plays a significant role in
pentane combustion at 1100 K.

We analyze the reaction path of pentane combustion with and without plasma at
60 mm. As shown in Figure 16, the overall rate of production of combustion with plasma is
four orders of magnitude higher than that of combustion without plasma. The consumption
pathway does not show any significant changes.
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EE
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+0 14.7%
+OH 10.9%, +H9.3%
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Figure 16. Fuel consumption and subsequent pathways based on the rate of production analysis
when the conversion of pentane is 50%. The left photograph represents combustion without plasma,
and the right photograph represents combustion with plasma.
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We compare the species density and gas temperature when pentane conversion is 50%,
as shown in Figure 17. The gas temperature with plasma is 100 K higher than that without
plasma, which demonstrates that plasma exerts a thermal effect to enhance combustion.
The mole fractions of H, O, and OH with plasma are far larger than those without plasma
because the gliding arc produces many O atoms. The O atoms can accelerate pentane
splitting through H abstraction to produce CsHj; and OH. Subsequently, CsHj1 can be
split into small molecules (CoHs, C3Hg . ..). These small molecules can react with O to
produce H and RCHO. Thus, pentane combustion with plasma generates more H, O, and
OH atoms, which accelerates pentane splitting. This demonstrates that plasma exerts a
chemical effect to enhance combustion.
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Figure 17. Species density and temperature comparison between combustion with plasma and that
without plasma when pentane conversion is 50%.

4. Conclusions

A self-consistent model, coupling the global chemistry model, the 3D gas dynamics
model, and experimental data, is developed to obtain a deeper insight into the performance
and mechanism of gliding arc-based plasma devices. This model just considers the experi-
mental power supply and the length and structure of the gliding arc device as inputs and
can output the gliding arc species density and temperature. Moreover, the model has been
validated with the experimental gliding arc temperature [34]. With less computation cost
and easy—to—obtain experimental data, the model can not only quickly predict the species
density and temperature of the gliding arc in an igniter, but also can be applied to more
general gliding arc devices (e.g., an arc touch for nitrogen fixation).

During the transition, the gas temperature decreases sharply from 5700 K to 4500 K.
The energy deposited by the power source cannot compensate for the convective heat
transfer loss, causing the decrease in gas temperature and the occurrence of gliding arc
transition. Joule heat and effect of gliding arc growth take a little influence on gliding arc
transition, and the equilibrium between convective heat transfer and power heat decide the
transition. Owing to high gliding arc temperature, O atoms achieve dynamic equilibrium
through reactions (23) and (24) and the density sustains in 5 x 107 cm 3. O, (alAg) is
quenched through quenching reaction (26) by collision with NO. Species density of O('D) is
under relative low level and sustain in dynamic equilibrium through the reactions (27)—(29)
by collision with NO, O and electron, respectively.

In non—-equilibrium stage, the gas temperature decreases gradually from 4500 K to
1735 K, and the electron temperature is maintained at 14,000 =+ 6000 K. The gas temperature
is primarily determined by reaction heat and convective heat transfer, but joule heat and
effect of gliding arc growth have little influence. Source rate analysis indicates that the glid-
ing arc is mainly through O atom compound reaction (32) and reaction (27) between O(!D)
and NO to release heat. O atoms are activated by electron collision excitation reaction (29)
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and reaction (30), and are generated through forward reaction of (27), thus maintaining the
density dynamic balance between O and O(!D). Similar to the transition stage, O, (alAg)
is produced primarily through the electron impact excitation reaction (25), and is quenched
through the quenching reaction (26) by collision with NO. O(!D) is produced primar-
ily through electron impact excitation reaction (31) and quenching reaction (30), and is
quenched through the quenching reaction (27) with NO.

Effective arc penetration lengths of 30 mm and 40 mm are determined based on the
thermal and chemical effects of the gliding arc, respectively. In the non—-equilibrium stage,
the ignition delay time with plasma was reduced by 82-90% compared to the ignition delay
time without plasma. The overall rate of production of combustion with plasma is four
orders of magnitude larger than that of combustion without plasma. O atoms produced in
the gliding arc can accelerate the pentane and fuel fragment splitting to generate H and
OH atoms, then those atoms further accelerate fuel fragment splitting, which demonstrates
the chemical effect of the gliding arc.
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