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Preface to ”Advances in Plasma Diagnostics and

Applications”

Plasma is the fourth state of matter, and is contrasted with the other states: solid, liquid, and

gas. Plasma can exist in various forms due to discharge modes that are created in different ways,

resulting in a wide range of applications. Plasma applications are interdisciplinary research fields

that combine physics, chemistry, biology, and medicine. When plasma comes into contact with

materials, it generates intense UV radiation, reactive species, electrons, and charged particles, all

of which are effective agents against many matters, and their processes are incredibly complex.

However, the plasma parameter space is extensive and ranges from the density of radicals to the

velocity distribution of charged particles, and even rovibrationally excited states or the population

of excited electronics. The aim of this Special Issue is to collect original research and review articles

on the most recent plasma applications and diagnose their processes, to elucidate the characteristics

of plasma and the mechanisms of plasma-induced processes. Potential topics include, but are not

limited to:

Experimental measurement methods and diagnostic tools for the detection of radicals in the gas

and liquid phase;

Modification in materials;

Materials processing (deposition, etching, washing, etc.);

Industrial applications including water purification;

Biomedical/Agricultural/Food processing applications.

Zhitong Chen, Pankaj Attri, and Qiu Wang

Editors
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Special Issue on “Advances in Plasma Diagnostics and
Applications”
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Shenzhen 518000, China
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Plasma is the fourth state of matter, contrasted with the other states: solid, liquid, and
gas. It is the most energetic and abundant state of matter, with as much as 99.9% of the
Universe’s matter composed of plasma. Plasmas can be generated via the combination of
energy-induced fragmentation, ionization, and excitation of atoms and molecules, result-
ing in a vast variety of atomic and molecular species, which can be electrically charged,
energetically excited, highly reactive, or any combination of these states. The basic plasma
parameters are very broad and cover the density of radicals and charged particles; i.e.,
electrons and positive and negative ions are subject to their velocity distribution, even in
rovibrationally excited electronic states.

Since World War II, many different methods for generating plasmas have been de-
veloped. Starting with microwave-driven discharges, a spin-off of radar, in the 1950s, the
generation of radio-frequency came into focus in the 1960s, typically in a parallel-plate
reactor of a capacitively coupled plasma (CCP), and in the 1980s, the separate control
of plasma density and the energy of the ions was the main issue, in terms of discharge,
which can be subsidized as electron cyclotron resonance (ECR) and inductively coupled
plasmas (ICP).

Subsequently, an array of methods for plasma diagnostics was developed. With the
electric probe of Langmuir, only measurements of plasma density and electron temperature
in plasmas through inert gases (argon, nitrogen, oxygen) were feasible. But today, inves-
tigations into all different types of plasmas, irrespective of being inert or aggressive, are
performed. Among them are optical measurements, in particular optical emission spec-
troscopy (OES) and optical absorption spectroscopy, in the infrared, scattering techniques
(such as Rayleigh-, Raman- and Thomson scattering), mass spectrometry, electron param-
agnetic resonance spectroscopy, gas chromatography, and various others. Also, the plasma
itself became a research topic by self-excited electron resonance spectroscopy (SEERS) and
measuring the complex impedance by recording the V(I) characteristics, just to name a few.

Although various mature diagnostic technologies for plasma discharges have been
developed, there are still many challenges. A number of things must be done for full
knowledge and understanding of plasmas, in order to guide without any break. The mea-
surement precision is not only affected by the diagnostic equipment/techniques, but also
the plasma discharge itself. In many applications, direct measurements of the parameters of
interest are still not possible. In addition, the plasma environments in application processes
are unusually complex, and their reactions are still not fully understood. Plasmas bring

Processes 2022, 10, 654. https://doi.org/10.3390/pr10040654 https://www.mdpi.com/journal/processes1
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together many research fields, including statistical physics, atomic/molecular physics,
thermodynamics, electrodynamics, fluid dynamics, heat transfer, electrical engineering,
material, chemical engineering, surface science, physics, chemistry, and more recently,
aerospace, agriculture, foods, environment, energy, catalysis, biology, and medicine.

This Special Issue on “Advances in Plasma Diagnostics and applications” of Processes,
collects original research and review articles on the most recent plasma applications and
the diagnosis of their processes, to elucidate the characteristics of plasma and mechanisms
of plasma-induced processes. Wang et al. introduced the cowl-induced expansion wave,
based on the model with an upper-side expansion wall, and analyzed the oblique deto-
nation wave (ODW) dynamics, employing the reactive Euler equations, with a two-step
induction–reaction kinetic model [1]. The numerical results show that the upstream move-
ment of Mach stem can be re-stabilized for the unstable structure, which suggests a feasible
adjustment method and the corresponding transient phenomena deserve more attention
in future work. Xie and coworkers experimentally investigated the control of ramp shock
wave in Mach 3 supersonic flow, using a two-electrode Spark Jet (SPJ) actuator, through
schlieren images and dynamic pressure measurement results [2]. The ramp pressure is
reduced by a maximum of 79%, compared to the pressure in the base flow field. The control
effect on the ramp shock, in the case of medium ramp distance, is better when the SPJ exit
is located outside the separation zone. Chen et al. characterized the gliding arc plasma,
through periodic discharge, current, voltage, and power waveforms, as well as plasma
topology related to the air flow rate [3]. The extinction performance of the flame was
influenced, deeply, by the static flame instability. Due to the gliding arc plasma adopted,
the lean blowout limit of the swirl flame in pulsating flow mode was significantly reduced
and was found to be better than the limit of the stable flame.

Xu et al. deposited an Fe-based amorphous alloy, reinforced WC-Co-based coating, on
42CrMo steel, using plasma spray welding [4]. The coatings have a full metallurgical bond
in the coating/substrate interface and the powder composition plays an important role in
the micro-structures and properties of the coating. The interface, between the spray welding
layer and matrix, has a large amount of WC, with a gradient distribution from internal to
external in the cross section. The spray welding layer enhances the wear resistance and
hardness of the 42CrMo steel.

Hwang and coworkers successfully synthesized the size-controlled carbon nanoparti-
cles (CNPs), using the Ar +CH4 MHD-PECVD (magnetohydrodynamics-plasma-enhanced
chemical vapor deposition) method continuously [5]. The size of CNPs was proportional
to the gas residence time in the discharges maintained in the electrode’s holes, and the
control range of the mean size was between 25 and 220 nm. They confirmed the deposition
of carbon-related radicals, as the dominant process for nanoparticle growth processes
in plasmas. The radical deposition developed the nucleated nanoparticles during the
discharges’ transport of CNPs, and the time of flight in discharges controlled the size of
the nanoparticles.

Chen, Obenchain, and Wirz developed a single-electrode tiny plasma device to over-
come the drawbacks of conventional plasma jets and investigated its physics and inter-
actions with five subjects (DI water, metal, cardboard, belly, and muscle) [6]. For non-
conductive subjects, reactive oxygen and nitrogen species (RONS) intensity shows very
little change, with distance decreasing from 15 mm to 10 mm, while RONS intensity in-
creases for conductive subjects, with distance decreasing, especially for the muscle. The
center temperature of jet–subjects interaction still remains in the comfortable temperature
range for human beings, after 2 min interaction, for both 10 mm and 15 mm distances, and
there is no damage or burning on the tissues’ surfaces. Varnagiris et al. developed a new
technique, based on the combination of simultaneous non-thermal air plasma treatment
with Mg nanoparticles deposition processes, applying to Mung bean seeds to enhance their
quality [7]. This stimulates new chemical bond formations on the seed’s surface, leading to
a shift in surface characteristics, from hydrophobic to hydrophilic and, in turn, improving
water uptake. They reported around two times better germination after 30 min of the
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plasma treatment, compared to the initial Mung bean seeds. At a more applied level, Attri
and coworkers discussed plasma for agricultural applications, from laboratory to farm [8].
They concluded that the direct plasma treatments, working at low/medium/atmospheric
pressure, and plasma-treated water (PTW) treatments changed the physical and biochem-
ical properties of the seeds, and emphasized doing the real field experiments with the
plasma-treated seeds to make them societally useful. They finally addressed the possibility
of using plasma in the actual agricultural field and the prospects of this technology.

The above papers demonstrate the importance of the area of plasma diagnostics and
applications, ranging from the formulation of fundamental theory to practical applications.
Although the basic principles of plasma in the diagnostics and applications are well under-
stood, the articles address outstanding challenges related to plasma in different areas, in
terms of both applications and diagnostic perspectives, and much remains to be explored
in the future. With the enormous variety and number of applications currently under
development, we feel confident about the longevity and future of this subject.

We thank all the contributors and the Editor-in-Chief, Giancarlo Cravotto, for their
enthusiastic support of this Special Issue, as well as the editorial staff of Processes for
their efforts.

Funding: There is no funding support.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Oblique detonation wave (ODW) reflection on the upper wall leads to a sophisticated wave
complex, whose stability is critical to the application of oblique detonation engines. The unstable
wave complex characterized with a continuous moving Mach stem has been observed, but the
corresponding re-stability adjusting method is still unclear so far. In this study, the cowl-induced
expansion wave based on the model with an upper-side expansion wall is introduced, and the ODW
dynamics have been analyzed using the reactive Euler equations with a two-step induction–reaction
kinetic model. With the addition of a cowl-induced expansion wave, the re-stabilized Mach stem
has been distinguished. This re-stability is determined by the weakened secondary reflection wave
of lower wall, while the final location of Mach stem is not sensitive to the position of the expansion
corner. The re-stabilized ODW structure is also basically irrelevant to the expansion angle, while it
may shift to unstable due to the merging of subsonic zones. Transient phenomena for the unstable
state have been also discussed, clarifying fine wave structures further.

Keywords: oblique detonation; asymmetric; nozzle; reflection

1. Introduction

In the air-breathing propulsion field, the oblique detonation engine (ODE) concept
has attracted more and more attention in recent years [1–4]. The gaseous combination of
electrons, ions, and neutral species produced by the fast chemical reactions of ODE is a
plasma. By utilizing oblique detonation waves (ODWs) triggered by ramps, ODE could
achieve high thermal efficiency and fast heat release. However, the ODWs are usually
complicated, and many studies have been conducted aiming to ascertain the coupling
relation of shock and heat release [5–7]. Based on several previous studies [8–10], the wave
structures and instability are analyzed in depth. Lately, three types of wave structures in
the initiation region are concluded [11,12], depending on different aerodynamic [11,13,14]
and chemical dynamic parameters [12,15]. A semi-theoretical model has been proposed
which could predict the ODW’s main features from the viewpoint of compression wave
convergence, which derives from the heat release inside the supersonic flow [16].

Previous studies [17–20] investigated the ODWs in free space, which means that only
a ramp triggering the wave is introduced, without considering the upper solid boundary
limiting the oblique wave surface extending downstream. Early studies on the ram acceler-
ator (another type of instrument utilizing the ODW) have considered the effects of an upper
solid boundary, e.g., [21,22]. For realistic engine application, the upper wall of the flow
tunnel always induces a wave reflection, and the corresponding wave complex structures
need to be clarified. A systemic study on the ODW reflection before an expansion corner
has been performed to explore the variation of wave structure [23,24]. It is observed that
there are two possible wave complexes, one is featured by a recirculation zone, and the

Processes 2021, 9, 1215. https://doi.org/10.3390/pr9071215 https://www.mdpi.com/journal/processes5
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other is featured by a Mach stem. The wave complex with Mach stem might introduce
a thermal choking, leading to an unstable process, whose mechanism is attributed to the
combination of small post-shock subsonic zones [25].

The cowl-induced expansion has been studied before, e.g., [26–28], but not with
the upper wall-induced expansion collectively. In this study, cowl-induced expansion
is introduced based on the model with only one-side expansion, further approaching
the realistic engine flow. The two-side expansion configuration will actually produce an
asymmetric nozzle, whose performance is key to the engine. It is found out that the cowl-
induced expansion might re-stabilize some unstable ODWs, which should be considered
in the engine design. Detailed wave interactions were analyzed with some transient
phenomena, and effects of expansion corner position and angle are investigated to clarify
the stable and unstable transition mechanism.

2. Numerical Methods

A physical model of the engine and its main computational parameters are shown in
Figure 1. For the simplified combustor–nozzle model (Figure 1a), ODW is first reflected by
the combustor upper wall and then affected by the expanding nozzle. For the correspond-
ing geometric parameters (Figure 1b), this study does not investigate the nozzle effects, but
ascertains how the two-side expansion is different from the one-side one studied before.
Lw and θw′ are the two controlling parameters of the lower-side expansion: Lw represents
the distance between the deflection corner of lower wedge and the wedge tip; θw′ is the
angle of deflection lower wedge. The upper expanding wall is set as follows: Ld is the
distance between the outward point and the original undisturbed ODW surface, and θd is
the outward turning angle. Two other main parameters H and θw, denoting the entrance
inflow height and the wedge angle, are set be fixed.

Figure 1. Schematic of oblique detonation engine (a) and wave complex (b).

Following our previous studies [23–25], the simulation is based on the Euler equations
with a two-step kinetic model [29,30] by introducing two chemical variables: the induction
reaction index ξ and the heat release reaction index λ:

∂(ρξ)

∂t
+

∂(ρuξ)

∂x
+

∂(ρvξ)

∂y
= H(1 − ξ)ρkIexp

[
EI

(
1
Ts

− 1
T

)]
(1)

∂(ρξ)

∂t
+

∂(ρuξ)

∂x
+

∂(ρvξ)

∂y
= H(1 − ξ)ρkIexp

[
EI

(
1
Ts

− 1
T

)]
, (2)

∂(ρλ)

∂t
+

∂(ρuλ)

∂x
+

∂(ρvλ)

∂y
= [1 − H(1 − ξ)]ρ(1 − λ)kRexp

[(
−ER

T

)]
, (3)
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with the Heaviside step function:

H(1 − ξ) =

{
1, ξ ≤ 1,
0, ξ > 1.

(4)

The equation of state includes the effects of heat release which is depended on the
second step index λ:

e =
p

ρ(γ − 1)
+

1
2

(
u2 + v2

)
− λ (5)

The variables p, ρ, u, v, e, and Q are the pressure, density, x-direction velocity, y-
direction velocity, specific total energy, and the amount of chemical heat release, respectively.
All the variables have been non-dimensionlized by reference to the uniform unburned state
as follows:

p =

∼
p
p0

, ρ =

∼
ρ

ρ0
, T =

∼
T
T0

, u =

∼
u√
RT0

, v =

∼
v√
RT0

, (6)

The main chemical parameter used are set to be Q = 25, γ = 1.2, EI = 4.0Ts and
ER = 1.0Ts, where Ts denotes the post-shock temperature of Chapman-Jouguet (C-J) detona-
tion. To complete the kinetic model, the parameters kI and kR are necessary, and kI = −uvn
where uvn is the particle velocity behind the shock front in the shock-fixed frame for the
corresponding C-J detonation, whereby the induction length of the CJ detonation is fixed
to unity, and the parameter kR is set to be 1.0 to control the heat release rate process. These
parameters do not correspond readily to any detailed reactants, but rather a generic model
with modest heat release and activation energy.

The governing equations are solved by the Advection Upstream Splitting Method
(AUSM)-type splitting with a third-order Monotone Upstream-Centered Schemes for
Conservation Laws (MUSCL) approach. The third order Runge-Kutta algorithm [31] is
used as the time-discretization scheme to achieve sufficient resolution for the simulations.
For a higher resolution in capturing oblique shocks, the AUSMPW+ scheme is utilized by
the introduction of a new numerical speed of sound and simplification for AUSMPW. The
mesh scale of dx = 0.2 is used and verified by refining the grids, and the CFL number is 0.8.

The main parameters are listed in Table 1. Based on the parameter values set above,
the typical ODW structures can be obtained with the inflow M0 = 6.5–7.5, which is suitable
for the engine application with high altitude. On the geometric parameters, most are fixed
to be constant, such as H = 150, θw = 25◦ and θd = 45◦, while Lw and θw′ are variable as the
bifurcation parameters to investigate the effects of the lower expansion corner.

Table 1. Simulation parameters used in the following cases.

Q 25

γ 1.2

EI 4.0Ts

ER 1.0Ts

M0 6.5, 7.0, 7.5

θw 25◦

θd 45◦

H 150

3. Results and Discussion

First, the wedge-induced ODWs are simulated in the free space and the upper expan-
sion combustor, respectively. As shown in Figure 2a, the original ODW without upper
wall is a typical structure with a smooth transition from an oblique shock wave (OSW)
to an ODW. When we consider the upper wall, which deflects outward after the original
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surface, a Mach reflection zone arises. Between the Mach stem and the expansion wave,
there is a subsonic zone observed, as shown by white curve in Figure 2b. At the connection
point of the ODW surface and Mach stem, a transverse shock extends downstream and
reflects on the wedge. From the connection point, a slip line extends downstream which
becomes unstable and induces vortex. Moreover, there is an interaction of slip line and
second reflection of the wedge downstream.

Figure 2. ODW temperature fields for M0 =7.0, (a) without upper wall; (b) with upper wall and Ld = 5 (white curve denotes
the sonic line).

Based on the stable wave complex above, an unstable one arises by increasing the
distance between the deflected point and the original ODW surface (Ld) as shown in
Figure 3.

Figure 3. Unstable ODW evolution for M0 =7.0, Ld = 15 at different instants, (a) t = 92; (b) t = 277; (c)
t = 586; (d) t = 893.

8



Processes 2021, 9, 1215

Four sub-frames are plotted to display the evolution of unstable structures. As denoted
by the time instant, the Mach stem is generated at the early stage and then travels upstream
that make a similar wave complex like the above stable case. Nevertheless, the flow field
then is not stationary, leading to the variation of wave locations. The second reflection
of the wedge induced a new subsonic zone and gradually connected the rear boundary
of the subsonic zone which also is extending downstream. The connection leads to the
combination of two subsonic zones, and the wave complex becomes unstable that triggers
the overall thermal choking of flow fields.

To suppress the process of thermal choking and stabilize the ODW surface, the cowl-
induced expansion wave is introduced, which is specified by the corner location (Lw)
and the deflection angle (θw′ ). A series of flow fields are simulated by adjusting Lw in
a decreasing manner with a fixed deflection angle of θw ′ = 0, and we observe there is a
boundary value that can stop the upstream movement of Mach stem. Figure 4 shows the
typical re-stabilized structures corresponding to M0 = 7.0, Ld = 15. As shown in Figure 4a,
when the flow field becomes stable again, the reflection wave happens to act on the
expansion corner, and the corresponding Lw value is about 180. The secondary reflection
wave of the low wall is weakened so that it no longer affects the subsonic zone. By the
effect of cowl-induced expansion wave, the downstream wave complex system becomes
simple, and the heat release mainly occurs near the back of ODW and Mach stem surface.
When the reflection wave acts before the expansion corner, i.e., Lw is set large than 180, an
unstable evolution will still occur despite the existence of the expansion wave.

Figure 4. Re-stabilized ODW structure for M0 =7.0, Ld = 15, Lw = 180 (a) temperature field with white curve denoting the
sonic line; (b) heat release field with pressure contours.

The sensitivity of Lw for the flow field is analyzed by examining the Mach stem
position at the same instant, and the results are shown in Figure 5. Lw is changed in a
range of 160 to 200 with an interval of 5, and the instant is chosen when the Mach stem
was about to lose stability for the first unstable case (Lw = 185). In this study, LM is defined
by the length of the post-stem subsonic zone, starting from the Mach stem to the expansion
corner along the upper wall. With a large Lw, the Mach stem travels upstream and does not
stop due to the thermal choking, so LM approaches infinity for unstable cases. However, it
could be observed that with a Lw small enough, LM approaches about 57, and the length is
not sensitive to Lw. This indicates that the Mach stem position is fixed in the same when
the reflection wave acts after the expansion corner. The introduction of cowl-induced
expansion effectively prevents the occurrence of thermal choking and its location will not
change the stable ODW structure, which is a good thing for the combustor design.

9
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Figure 5. The relation of Lw-LM for M0 =7.0, Ld = 15.

The wave complex stability depends on resolving the triple point and the Mach
stem. Therefore, the resolution studies were performed for the two typical cases of Ld = 5,
Lw = ∞ and Ld = 15, Lw = 180 respectively. The two cases respectively represent the
stability of the upper wall-induced expansion and the cowl-induced expansion, as shown
in Figures 2b and 4. The wave structures on two grid size scales (dx = 0.20 and dx = 0.15)
are compared in Figure 6, and to distinguish the effects of grid resolution for the triple
point and the Mach stem, the, we quantitatively compare the temperature and pressure
along y = 125 in Figure 7.

Figure 6. Temperature contours from different grids (a) M0 =7.0, Ld = 5, Lw = ∞; (b) M0 =7.0, Ld = 15, Lw = 180.

Figure 7. Pressure and temperature along certain lines of above two cases (a) M0 =7.0, Ld = 5, Lw = ∞; (b) M0 =7.0, Ld = 15,
Lw = 180.
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In Figures 6 and 7, the black solid lines show the results for the grid length scale
dx = 0.2, and the dotted lines show those for dx = 0.15. For both cases, the triple point and
the Mach stem positions keep in the same positions, and except for the slight discrepancy
in the vortex position of the downstream slip line, the difference in the overall wave
structure is almost negligible. Considering the vortex rolling should be attributed to the
Kelvin–Helmholtz instability (KHI) of the slip line, this discrepancy does not affect the
overall ODW dynamics. The curve of pressure and temperature in Figure 7 show again
good agreement, therefore, the chosen grid size is sufficient to reveal the global structures
for the purpose of this work.

The unstable ODWs for M0 = 6.5 and M0 = 7.5 are also investigated, and the results
show a similar thermal choking evolution. As shown in Figure 8, the detonation surface at
different time is outlined by the white lines. The Mach stem is first formed by the reflection
of original ODW on upper wall and then moves upstream over time without stopping.
Given Ld = 1 for M0 = 6.5, an unstable process appears, but the corresponding Ld length for
M0 = 7.5 requires to be 30. It can be concluded that the instability characteristics are the
same, though the Ld length at which instability occurs increases with the Mach number.
The moving Mach stem can also be stopped by the adding of cowl-induced expansion, and
Figure 9 shows the typical re-stabilized flow fields of the two Mach numbers. Compared
with the stable ODW in Figure 4, i.e., the case of M0 = 7.0 discussed before, both the aera
and the temperature of subsonic zone increase with the Mach number, but the main flow
features are basically unchanged that the secondary reflection wave of the wall cannot
disturb the upstream subsonic zone.

Figure 8. Unstable ODW evolutions (a) M0 = 6.5, Ld = 1, Lw = ∞; (b) M0 = 7.5, Ld = 30, Lw = ∞.

Figure 9. Re-stabilized ODW structures (a) M0 = 6.5, Ld = 1, Lw = 100; (b) M0 = 7.5, Ld = 30, Lw = 210.

The effect of lower deflection angle (θw’) is examined based on the stable cases of
M0 = 7.0. θw’ is changed in a range of −20◦ to 20◦ with an interval of 5◦, and the unstable
ODW arises again when θw’ increases to 20◦ in Figure 10b. For the stable ODW complex,
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it can be seen from the comparison of Figures 4 and 10a that the secondary reflection
of the lower wall weakens due to the extending of expansion angle. The downstream
wave complex remains fixed, therefore the change of θw’ will not change the Mach stem
position and the corresponding structure. As the lower expansion wall changes upward,
the secondary reflection wave strengthens and deflects upstream. If the wave acts on the
subsonic zone, instability will happen. To analyze the unstable ODW complex, the sonic
lines at different time are shown in Figure 10b. For the unstable ODW complex, as denoted
by the time instant, the early-stage flow field at t = 570 has a similar wave complex like
the steady case of Figure 10a. Nevertheless, the Mach stem then is not stationary, and the
subsonic zone extends downstream. The secondary reflection wave also induces a subsonic
zone and connects with the upper one at t = 1880. The connection leads to the combination
and expanding of two zones, and travels upstream continuously, triggering the unstable
wave complex.

Figure 10. Effects of lower deflection angles for M0 = 7.0, Ld = 15, Lw = 180, (a) θw’ = −20◦; (b) θw’ = 20◦.

As mentioned above in Figure 5, the ODW structure becomes unstable when Lw
increases to 185 with the horizontal deflection wall (θw′ = 0). We try to get the stable ODW
structure of Lw = 185 by expanding θw′ to −30◦ (Figure 11), but the trail does not success
finally. As shown by the flow dynamics in Figure 9, the combination of the two subsonic
zones also happens, so the expanding of expansion angle cannot suppress the process of
thermal choking. From the viewpoint of convergent-divergent flow, these cases could be
explained by the hypothesis of one-dimensional isentropic: the convergence divergence
ratios not yet reach the limit of the thermal choking. Therefore, the unstable evolution is
controlled by the subsonic zone and the behavior of secondary reflection wave.

Figure 11. Unstable ODW for M0 =7.0, Ld = 15, Lw = 185.
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4. Conclusions

The wave dynamic features and the unstability rules of the cowl-induced expansion
for the ODW reflection before expansion corner are investigated in this study. For the ODW
reflection of only upper-side expansion, a Mach stem and the corresponding subsonic zone
are produced, and the unstable mode of the wave complex has been observed. By the
introduction of cowl-induced expansion, the numerical results show that the upstream
movement of Mach stem can be re-stabilized for the unstable structure. The critical value
of Lw is found, which is determined by the secondary reflection wave of the lower wall,
while the position of stable Mach stem is not sensitive to it. By adjusting the degree of
the cowl-induced expansion angle, the re-stabilized ODW shifts to unstable mode due
to the influence of secondary reflection wave. However, the structure characteristics of
re-stabilized ODW and the unstable process are not related with expansion angle. The
unstable structures bring challenges to the application of ODW-based engines, but the
numerical results suggest a feasible adjustment method and the corresponding transient
phenomena deserve more attention in future work.
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Abstract: The control of a shock wave produced by a ramp (ramp shock) in Ma3 supersonic flow using
a two-electrode SparkJet (SPJ) actuator in a single-pulse mode is studied experimentally. Except for
schlieren images of the interaction process of SPJ with the flow field, a dynamic pressure measurement
method is also used in the analysis of shock wave control. In a typical experimental case, under the
control of single-pulsed SPJ, the characteristic of ramp shock changes from “short-term local upstream
motion” in the initial stage to “long-term whole downstream motion” in the later stage. The angle
and position of the ramp shock changes significantly in the whole control process. In addition,
the dynamic pressure measurement result shows that the ramp pressure is reduced by a maximum
of 79% compared to that in the base flow field, which indicates that the ramp shock is significantly
weakened by SPJ. The effects of some parameters on the control effect of SPJ on the ramp shock are
investigated and analyzed in detail. The increase in discharge capacitance helps to improve the
control effect of SPJ on the ramp shock. However, the control effect of the SPJ actuator with medium
exit diameter is better than that with a too small or too large one. In addition, when the SPJ exit is
located in the separation zone and outside, the change in the ramp shock shows significant differences,
but the control effect in the case of medium ramp distance is better when the SPJ exit is located outside
the separation zone.

Keywords: SparkJet actuator; shock wave control; supersonic flow; schlieren images; dynamic
pressure measurement

1. Introduction

Gas discharge plasma technology has been developing rapidly and applied in many fields by
researchers including medicine, material science, food science, aerospace science and so on in recent
years. Its application in aerospace is very promising, mainly involving deicing [1–3], engine ignition
and combustion [4,5], flow control [6–9] and so on. Plasma flow control refers to a method to apply
effective disturbance to the flow field through the movement of plasma or the pressure, temperature,
etc., changes due to plasma under the action of electromagnetic field force or gas discharge. It has
wide application prospects in improving vehicles/engine aerodynamic characteristics, of which shock
wave control is an important part.

Shock wave is a unique aerodynamic phenomenon in the era of supersonic flight. Effective control
of the shock wave can improve the performance of supersonic flight in many aspects, such as reducing
drag and heat, reducing the sonic boom of vehicle, generating thrust vector and regulating the capture
flow rate and total pressure loss of ram inlet and so on. In order to control shock waves, researchers
have adopted various passive/active flow control methods. The gas discharge plasma control method is

Processes 2020, 8, 1679; doi:10.3390/pr8121679 www.mdpi.com/journal/processes
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a new kind of active flow control technology developed rapidly in recent years. It has many advantages,
such as no moving parts or fluid supply device, fast response, wide working frequency band, etc.
The SparkJet (SPJ) actuator, also called plasma synthetic jet actuator, is a new kind of plasma flow
control method proposed by Grossman in 2003 [10]. It has very simple structures composed of an
insulated cavity with a small exit and a pair of electrodes. A high voltage is applied between the
two electrodes for the breakdown of cavity gas, and the gas in the small, insulated cavity is rapidly
heated and pressurized. As a result, high-temperature, high-speed SPJ and a strong compression
wave (also called “precursor shock” or “blast wave”) [11,12] are formed at the exit of SPJ actuator
(SPJ exit), which can then be used for flow control. The authors have studied the characterization
of SPJ in quiescent air [12]. For a typical SPJ, schlieren image results showed that SPJ took on a
typical mushroom shaped jet structure and gradually became a fully developed continuous turbulence.
A strong blast shock wave and some weak reflected waves are formed in front of SPJ. Through
calculation, with input energy of about 10.5 J, the velocity of “blast shock wave” is maintained at about
350 m/s, that is, the local sound velocity, so the blast shock wave is actually a strong compression
wave propagating at the sound velocity. While the velocity of SPJ tends to decrease with multiple
peaks over time, of which the peak velocity is about 300 m/s [12]. After SPJ is ejected, SPJ actuator
will aspirate the air in the environment to prepare for the next discharge. The whole process takes
only a few hundred microseconds. The SPJ actuator has been a hot research topic in plasma flow
control field for the past 17 years [13–18]. On the one hand, the researchers conducted a detailed
parametric study of SPJ actuator [19–23]. On the other hand, a large number of studies focused on
the working characteristic [24–26], efficiency improvement [27,28] and structure optimization [29–31]
of SPJ actuator. In addition, SPJ actuator has also been used for aerodynamic control [32,33], mixing
enhancement [34] and separation control [35–38].

At present, the SPJ actuator has been preliminarily applied in supersonic flow field shock wave
control. Cybyk et al. [39] proved that PSJ can penetrate the boundary layer of the supersonic flow
field (Ma = 3) through numerical simulation, which causes the transition of the transverse main flow
boundary layer. This is the first time to verify the control authority of PSJ actuator in supersonic flow.
Phase-locked schlieren imaging was used by Narayanaswamy et al. [40] to estimate the strength of PSJ
in Mach 3 transverse flow, and the penetration distance measured is 1.5 boundary-layer thicknesses.
In his later publications, he used SPJ to control shock wave boundary layer disturbance and achieved
good results [41,42]. Wang et al. [43] studied how the transverse SPJ interacted with the shock induced
by the 24◦ ramp in a supersonic flow with Mach number 2. The schlieren images showed that the shock
was significantly modified by SPJ with an upstream motion and a reduced angle. Huang et al. [44]
found that a shock-on-shock interaction occurred when the SPJ shock intersected with the shock
induced by a 20◦ compression ramp in Mach 2 flow. Research by Zhou et al. [45,46] proved that SPJ
can significantly weaken the ramp shock both in supersonic and hypersonic flow.

Overall, in the current study of shock wave control using SPJ, schlieren images are mainly used
for qualitative observation of the change in the controlled shock. Although to a certain extent, this
method can explain the attenuation of the shock wave, but it is relatively rough and lacking in a more
credible and quantitative conclusion. In addition, detailed parameter studies of shock wave control
using SPJ are also lacking. Therefore, in this paper, the control of shock wave produced by a ramp
(ramp shock) in Ma3 supersonic flow using a single-pulsed SPJ actuator is studied experimentally
both using schlieren images and dynamic pressure measurement method. The effects of different
parameters on the control effect of SPJ on the shock wave are also studied.

2. Experimental Setup

2.1. Supersonic Wind Tunnel

This experiment was carried out in KD-2 supersonic wind tunnel of National University of Defense
Technology. As shown in Figure 1, the wind tunnel mainly composites of transition section, stable
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section, nozzle, experimental section, expansion section and vacuum tank. The experimental section
measures 200 mm (width) × 200 mm (height) × 400 mm (length) and has large optical windows for
flow visualization in all four directions. The experimental results show that the experimental section
has a good laminar flow. In detail, the maximum fluctuation error of the transient velocity is less than
1%, and the absolute error of the nozzle outlet Mach number distribution is less than 2%. The basic
flow parameters in the experimental section in this experiment are shown in Table 1. [47].

Figure 1. Schematic diagram of KD-2 supersonic wind tunnel.

Table 1. Flow parameters in the experimental section.

Parameters Value Unit

Mach number 3 -
Velocity 622.5 m/s

Sound velocity 207.5 m/s
Total temperature 300 K
Static temperature 107.1 K

Total pressure 101 kPa
Static pressure 2.8 kPa

Density 0.0983 kg/m3

Viscosity coefficient 7.43 × 10−6 Ns/m2

Unit Reynolds number 7.49 × 106 1/m
Running time >20 s

2.2. Experimental Model

The experimental model for shock wave control using transverse SPJ is shown in Figure 2a.
The center plate was installed in the experimental section by the four brackets and was calibrated
with a level meter during installation. The ramp was installed on the center plate to generate ramp
shock. The width and height of the ramp are, respectively, 15 and 20 mm. Angle of the ramp shown
in Figure 2a is 60◦, and the ramp distance (the distance between SPJ exit and the root of the ramp)
is 50 mm. A pressure measuring hole is on the ramp surface at a height of 15 mm from the center
plate and is connected with the dynamic pressure sensor. The SPJ actuator was installed under the
center plate and was mounted by a fixed seat. The structure of SPJ actuator is shown in Figure 2b.
The discharge cavity is cylindrical, with radius and height of 5.4 and 10.8 mm, respectively, and the
volume is 1000 mm3. The cover plate can be tightly connected with the actuator mounting hole on the
center plate. The cover plate and the actuator shell were fixed and sealed by silicone rubber to form a
discharge cavity. Two tungsten electrodes were inserted into the discharge cavity for gas breakdown.
In order to avoid leakage of electricity, an actuator sleeve was added outside the actuator shell to
form the electrode–conductor connection groove, which was filled with insulating sealant. The agreed
coordinate system in the experiment is shown in Figure 2, the coordinate system origin is located at the
center of SPJ exit. When the actuator was in operation, a capacitor was connected in parallel at both
ends to speed up discharge. The voltage used for discharge came from a high-voltage pulse power
supply, which can supply voltage up to 10 kV.
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(a) (b) 

Figure 2. Schematic diagram of experimental model; (a) experimental model installation; (b) SparkJet
(SPJ) actuator section view.

2.3. Measurement System

The voltage was measured using a high-voltage probe (Tektronix P6015A, 75 MHz, 0–20 kV).
The voltage signals were recorded by an oscilloscope (Tektronix DPO3014, 100 MHz, 2.5 Gs/s).

The pressure change in the supersonic flow field ramp wall under the control of SparkJet is
extremely fast, and the time is very short, so the pressure needs to be measured by a dynamic pressure
sensor with high response frequency. In this experiment, kulite XTL-190, with range of 170 kPa
(absolute pressure) and the inherent frequency of 240 kHz, was adopted. The kulite sensor is very
small, so it is easier to be mounted into the ramp. In addition, the kulite sensor has high sensitivity
and can measure dynamic pressure and static pressure of the flow field at the same time.

Interaction processes between SPJ and ramp shock were acquired using high-speed schlieren
imaging. A standard Z-type schlieren setup was used in this experiment. The frame rate of the camera
was set to 50 kHz, so the time interval between two images is 20 μs.

2.4. Experimental Cases Set

Case1 is the reference case, with discharge capacitance of 640 nF, SPJ actuator exit diameter of
5 mm, ramp distance of 50 mm and ramp angle of 60◦. To study the effects of different parameters
on the control of ramp shock using SPJ actuator, 10 cases are set as shown in Table 2. Case1, case2
and case3 are set for comparing the effect of discharge capacitance. Case4, case5 and case6 are set for
comparing the effect of actuator exit diameter. Case1, case5, case7, case8, case9 and case10 are set for
comparing the effect of ramp distance. Any other parameters that are not listed in Table 2 are the same
in all the 10 cases, for example the volume of the discharge cavity remains 1000 mm3. The SPJ actuator
operation was in a single-pulse mode in all the 10 cases in this paper.
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Table 2. Experimental cases set.

Parameters Discharge Capacitance Exit Diameter Ramp Distance Ramp Angle

Case1 640 nF 5 mm 50 mm 60◦
Case2 320 nF 5 mm 50 mm 60◦
Case3 80 nF 5 mm 50 mm 60◦
Case4 640 nF 1.5 mm 75 mm 90◦
Case5 640 nF 5 mm 75 mm 90◦
Case6 640 nF 11 mm 75 mm 90◦
Case7 640 nF 5 mm 15 mm 90◦
Case8 640 nF 5 mm 30 mm 60◦
Case9 640 nF 5 mm 70 mm 60◦
Case10 640 nF 5 mm 90 mm 60◦

3. Experimental Results

3.1. Shock Wave Attenuation and Elimination Characteristics

Figure 3 shows the interaction process between SPJ and the supersonic crossflow near the ramp
in case1 during a single-pulse operation using schlieren images. At 0 μs, the discharge in the cavity
begins, but SPJ is not produced yet, so it can be regarded as the base flow field. Because of the existence
of center plate leading edge and the gap between the wind tunnel and the optical windows, two
weak Mach waves are produced in the experimental section. Laminar flow field separates at the ramp
root, with a separation zone and a weak separation shock upstream the ramp [47]. The ramp angle
is greater than the critical compression angle in Ma3 supersonic flow, so a detached shock wave is
formed upstream of the ramp, which is called ramp shock and regarded as the control object of SPJ in
this paper. For the convenience of comparison, the position of ramp shock in the base flow field is
marked with white dotted lines in Figure 3.

At 20 μs, due to the rapid heating effect in the discharge cavity, SPJ is ejected from the SPJ exit and
begins to interact with the supersonic crossflow. At the same time, a weak ellipse-shaped compression
wave called “SPJ shock” in this paper is formed upstream the SPJ. From 20 to 80 μs, SPJ and SPJ shock
expands further in the flow and normal direction, but faster in the flow direction. From 80 to 120 μs,
SPJ shock interacts with ramp shock and part of SPJ shock goes through ramp shock, but there is no
obvious change for the ramp shock. The part of SPJ shock downstream the ramp shock is too weak to
be seen after 140 μs. Then from 120 to 160 μs, SPJ begins to interact with ramp shock. With control of
SPJ and SPJ shock, ramp shock is first characterized by “short-term local upstream motion”. During
this period of time, the effect of high-temperature SPJ is dominant. The local flow temperature and
sound velocity rise due to the heating of the high-temperature SPJ, resulting in the “blocking effect”,
which is equivalent to expanding the shape of the ramp. Therefore, the ramp shock moves upstream
under the blocking effect. However, as the high-temperature SPJ quickly moves downstream, it cannot
exert further effects on the ramp shock. At 140 μs, the upstream motion of the ramp shock is the most
significant, and then at 160 μs, the ramp shock quickly recovers roughly to the position in the base
flow field.

Then from 200 to 1220 μs, ramp shock is characterized by “long-term whole downstream motion”.
The reasons may be explained as follows. On the one hand, the increase in the height of the SPJ
shock causes stronger and wider disturbance to the ramp shock; on the other hand, it may be caused
by the oscillation of the position of the ramp shock after the “short-term local upstream motion”
in the previous stage. Although the ramp shock moves downstream as a whole finally, there is a
process that the downstream-moving part gradually expands from the near-wall part to the far-wall
part. For example, at 200 and 240 μs, the downstream-moving part is located below 53 and 64.5 mm,
respectively, from the center plate wall. After 340 μs, the ramp shock in the whole observation area
moves downstream. At 420 μs, the angle of the tail of the ramp shock reaches the minimum value
(about 26.4◦), which can be considered that the “long-term whole downstream motion” of the ramp
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shock reaches the maximum. Then, the ramp shock begins to recover gradually towards the position
in the base flow field, but the recovery speed is very slow and gradually decelerates. Taking the angle
of the tail of the ramp shock as a reference, as shown in Figure 4, the average recovery speed in the
early stage (420–700 μs) is about 0.75◦ per 100 μs, and in the later stage (700–1220 μs) is about 0.29◦ per
100 μs. At 1220 μs, the ramp shock basically returns to the base flow state, which is the end of a control
cycle of SPJ actuator.

 
Figure 3. Interaction process between SPJ and the supersonic crossflow near the ramp in case1.
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Figure 4. Change curve of the ramp shock tail angle with time during the recovery process.

Schlieren imaging is the main measurement method in the fields of shock wave control using
SPJ. However, the disadvantage is obvious that only a few qualitative analysis data can be obtained.
Therefore, high-frequency dynamic pressure sensor is adopted in this paper to try to measure the
pressure on the ramp wall after the ramp shock, so as to prove that the ramp shock is weakened by SPJ
and analyze its degree of weakening.

Change curves of discharge voltage and ramp wall pressure with time measured in case1 are
shown in Figure 5. In the base flow field, the pressure of the ramp wall (the position of the pressure
measuring hole) fluctuates around 30 kPa (the base pressure Pb in Figure 5), but the fluctuation range
is relatively small. The voltage at both ends of the discharge capacitor is approximately zero before
charging begins. About 350 μs before the start of the discharge (at t = −350 μs), the discharge capacitor
begins to charge, and the voltage at both ends of the capacitor increases continuously. At 0 μs, the
voltage at both ends of the capacitor reaches the breakdown voltage (about 1.91 kV), and the discharge
begins. Therefore, the energy input into the discharge cavity is approximately 1.17 J. Since the time
scale of discharge is much smaller than the time scale of pressure change, it is difficult to identify
the voltage waveform under the time scale of the x-coordinate in Figure 5. Actually, the voltage
waveform oscillates up and down and decays with time. After a period of response time (Δtd ≈75 μs),
the ramp wall pressure began to be greatly disturbed. The ramp wall pressure first rises for a short
time, as shown in Figure 5, and the pressure at the peak is about 36 kPa. The appearance of the small
pressure peak at 75 μs may be caused by the impacting of SPJ shock. Then, the ramp wall pressure
begins to drop. After about 370 μs (Δtp ≈ 370 μs), the ramp wall pressure reaches its minimum at
about 6.3 kPa. After that, the ramp wall pressure starts to recover. Compared with the pressure drop
process, the speed of the pressure recovery process is slightly slower. It takes a total of about 880 μs
from initial response time t1 to pressure recovery time t2, that is, Δta ≈ 880 μs. Dynamic pressure
measurement results show that, although there will be a brief pressure rise, on the whole, the ramp
pressure decreases obviously under control of SPJ and SPJ shock. The minimum pressure is reduced
by a maximum of 79% compared to the base pressure, which indicates that the strength of the ramp
shock is significantly weakened.
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Figure 5. Change curves of discharge voltage and ramp wall pressure with time in case1.

3.2. Effect of Discharge Capacitance

Comparison of flow field evolution process with different discharge capacitance (case1, case2 and
case3) is shown in Figure 6. The larger the discharge capacitance is, the more energy is injected into the
discharge cavity and the higher the pressure rise in the discharge cavity is. Therefore, as we can see
from Figure 6, the larger the discharge capacitance is, the stronger the intensity of SPJ and SPJ shock
is. At 40 μs after discharge, the angle of SPJ shock in case1, case2 and case3 are 56.1, 46.3◦ and 36.9◦,
respectively. In addition, the larger the discharge capacitance is, the higher temperature and lower
density SPJ will be formed, resulting in a higher density gradient and clearer display in the schlieren
images. For example, at 80 μs, large scale vortex structure formed by SPJ can be clearly observed in
case1, but it is difficult to be observed in case2 and case3. Velocity of SPJ and SPJ shock both in the
flow direction and the normal direction increase with discharge capacitance. At 420, 500 and 520 μs,
respectively, in case1, case2 and case3, the angles of ramp shock tail reach the minimum value at 26.4,
27.3 and 28.1◦. From the measurement of ramp pressure, as shown in Figure 7, it can be concluded
that the increase in discharge capacitance can increase the degree of ramp pressure reduction, that
is, enhance the control effect of SPJ on ramp shock. The minimum ramp wall pressure values are 6.3,
12.8 and 18.7 kPa in case1, case2 and case3, respectively, which are 79.0, 57.3 and 37.7% lower than the
base pressure.
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Figure 6. Comparison of the flow field evolution process with different discharge capacitance:
(a) case1—640 nF, (b) case2—320 nF and (c) case3—80 nF.

 
Figure 7. Change curves of ramp pressure with different discharge capacitances.

3.3. Effect of Exit Diameter

Comparison of flow field evolution process with different exit diameter (case4—1.5 mm,
case5—5 mm and case6—11 mm) is shown in Figure 8. By comparing the flow field at 40 and
80 μs, it can be seen that the larger the exit diameter of SPJ actuator is, the stronger the SPJ shock
generated is, and the faster the SPJ shock moves. For example, at 40 μs, the SPJ shock angle in case4,
case5 and case6 is 45, 49 and 52.5◦, respectively. For case6, in addition to the relatively strong SPJ shock,
a weak separation oblique shock is generated upstream the SPJ exit. The angle of the oblique shock is
about 22◦, which is close to (slightly greater than) the interference shock angle (21.5◦) generated by the
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uneven wall surface in Ma3 flow. While in case5, the separation oblique shock is very weak, and in
case4, it cannot be observed.

Figure 8. Comparison of the flow field evolution process with different exit diameters: (a) case4—
1.5 mm, (b) case5—5 mm, (c) case6—11 mm.

As shown in Figure 9, the minimum ramp wall pressures in case4, case5 and case6 are 12.6, 6.4
and 9.7 kPa, respectively, which are 59.7, 79.5 and 69% lower than the base pressure (31.3 kPa for the
90◦ ramp). The results show that when the exit diameter increases from 5 to 11 mm, the effect of shock
weakening will decrease. Analysis from schlieren images shows that that the 11 mm diameter actuator
produces SPJ with higher mass flow, which has a relatively strong blocking effect on the flow field.
As shown in Figure 8c, at 180 and 220 μs, a strong shock is generated in front of the ramp due to the
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blocking effect, which is just in front of the pressure measurement hole. Therefore, to a certain extent,
the effect of the shock weakening is reduced.

 
Figure 9. Change curves of ramp pressure with different exit diameter.

For the time scale, the larger the diameter of SPJ exit is, the earlier the control effect and the
maximum effect are generated, but also the earlier they end. Therefore, it can be considered that the
“phase” of the control effect is advanced along with the increase in exit diameter. It can be seen from
change curves in Figure 9 that the larger the exit diameter is, the earlier the moment of the “pressure
peak”, the moment of the pressure minimum and the moment of the pressure recovery appear. From
schlieren images in Figure 8, we can see that for case5 and case6, the ramp shock is lifted and partly
eliminated at 160 μs. However, for case4, it is not until 180 μs when the ramp shock begins to show
minor changes, and 220 μs when the ramp shock is lifted and partly eliminated. A similar rule appears
in the moment of minimum ramp shock tail angle, of which the moments are, respectively, 560, 440
and 340 μs in case4, case5 and case6.

3.4. Effect of Ramp Distance

Characteristics of the SPJ actuator and the changes in the ramp shock are significantly different
when the SPJ exit is located in the separation zone and outside. Therefore, a comparison is made
between the two situations in case7 and case5 first. The electromagnetic interference due to the
discharge is too strong to measure the change in ramp wall pressure when SPJ actuator is in the
separation zone in case7. Therefore, comparison is done through schlieren images in Figure 10.
The ramp angle in the two cases is 90◦.

When the SPJ exit is located in the separation zone in case7, the initial pressure in the actuator
cavity is higher than that outside the separation zone in case5 due to the decrease in flow velocity and
the increase in flow pressure. As a result, the breakdown voltage increases from about 1.9 kV in case5
to about 3.4 kV in case7. As shown in Figure 10a, at 20 μs, the discharge arc is ejected out of SPJ exit
due to the low velocity and rotational flow in the separation zone. The time scale is also significantly
affected by the separation zone. For case7, the ramp shock is significantly changed at 40 μs, and the
maximum change in the ramp shock tail angle appears at 200 μs. However, for case5, the SPJ and SPJ
shock are still in the development stage before 140 μs and the maximum change in the ramp shock tail
angle appears at 440 μs.
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Figure 10. Comparison of the flow field evolution process when SPJ exit is in the separation zone and
outside: (a) case7—in the separation zone, (b) case5—outside the separation zone.

In the initial stage, the control effect in the separation zone is similar to that outside the separation
zone. As shown in Figure 10a at 40 μs and Figure 10b at 180 μs, the ramp shock root is lifted and partly
eliminated under the control of the high-temperature SPJ. However, there are also some differences.
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The SPJ shock in case7 is directly fused with the ramp shock and the pressure disturbance of SPJ shock
on ramp shock is applied from the downstream of ramp shock, which spreads along the flow direction
and normal direction (equally important). The effect is similar to that of an opposing jet. Instead, when
SPJ exit is outside the separation zone in case5, the pressure disturbance of the SPJ shock on the ramp
shock is applied from the upstream of ramp shock, and the disturbance gradually spreads along the
flow direction and normal direction, mainly in the flow direction.

Therefore, affected by the initial stage, effects of SPJ and SPJ shock on the ramp shock in the later
stage are very different. In case7, as shown in Figure 10a, at 80, 160 and 200 μs, SPJ shock and the
ramp shock merge and are lifted. As the disturbance expands in the normal direction, a lifted part of
the ramp shock gradually expands, at the same time, the angle of the shock tail gradually increases.
At 200 μs, the ramp shock in the observed area is completely lifted, and the angle of the shock tail
reaches its maximum value of 32◦. After that, the ramp shock gradually recovers, and the angle of the
ramp shock tail gradually decreases. At 720 μs, the ramp shock basically returns to the base flow field
position. In case5, similar to case1 described in Section 3.1, the ramp shock first goes through a process
of “short-term local upstream motion”, as shown in Figure 10b at 180 μs. After that, the ramp shock is
mainly represented by “long-term whole downstream motion”, as shown in Figure 10b at 240, 300 and
440 μs. At 880 μs, the ramp shock basically returns to the base flow field position.

When the SPJ exit is outside the separation zone, with the change in the ramp distance, the control
effect is similar, but the degree is different. Figure 11 shows the comparison of the flow field evolution
process under the control of SPJ of SPJ shock when the SPJ exit is located outside the separation zone at
different ramp distances. Ramp angles in these cases are 60◦. Ramp distances in case8, case1, case9
and case10 are, respectively, 30, 50, 70, 90 mm.

Figure 11. Comparison of the flow field evolution process when SPJ exit is outside the separation zone
at different ramp distances: (a) case10—90 mm, (b) case9—70 mm, (c) case1—50 mm, (d) case8—30 mm.
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The SPJ shock generated in case9 and case10 is similar. However, in case1 and case8, due to
that it is closer to the separation zone with higher static pressure, the breakdown voltage and the
discharge energy increases, SPJ shock is strengthened along with the decrease in ramp distance. Then,
change curves of ramp pressure in the four cases are compared in Figure 12. The minimum ramp
wall pressures are 14.1, 6.3, 13.1 and 14.6 kPa in case8, case1, case9, case10, respectively, which are
reduced by 53.0, 79.0, 56.3 and 51.3% compared to the base pressure, respectively. When the ramp
distance increases from 50 to 90 mm, intensity of SPJ and SPJ shock weakens during the long-distance
movement, which will weaken the control effect on the ramp shock. However, when the ramp distance
decreases from 50 to 30 mm, control effect is also weakened. The reason may be similar to that in case6,
namely a new strong shock is produced upstream the ramp, as shown in Figure 11d, at 140 μs, which
increases the ramp wall pressure.

 
Figure 12. Change curves of ramp pressure with different ramp distances.

From the perspective of the time scale, the smaller the ramp distance is, the faster the control effect
appears. The lifting effect of the ramp shocks in case8, case1, case9 and case10 reaches the maximum at
140, 180, 220 and 240 μs, respectively, and the reduction in the angle of the ramp shock tail reaches the
minimum at 400, 420, 460 and 500 μs, respectively, as shown in Figure 11. However, change curves of
ramp pressure in Figure 12 show that, in terms of the duration of control effect, it is still the longest
when the ramp distance is 50 mm. The analysis suggests that this may be because the control effect is
weak when the ramp distance is relatively longer, so it attenuates quickly.

4. Conclusions

In this paper, control of ramp shock wave in Ma3 supersonic flow using two-electrode SparkJet (SPJ)
actuator is investigated experimentally by using schlieren images and dynamic pressure measurement
results. The main conclusions are as follows:

1. Under control of SPJ and SPJ shock, not only the angle and position of the ramp shock are changed,
but also the intensity is weakened. The measurement results of the ramp wall pressure show
that the ramp pressure is reduced by a maximum of 79% compared to the pressure in the base
flow field.

2. Ten experimental cases are set for investigating and analyzing the effects of some parameters
including discharge capacitance, exit diameter and ramp distance on the control effect of SPJ on
the ramp shock in detail. The increase in discharge capacitance helps to improve the control effect
of SPJ on the ramp shock. However, the control effect of SPJ actuator with medium exit diameter
is better than that with too small or too large one. In addition, when the SPJ exit is located in the
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separation zone and outside, the change in the ramp shock shows significant differences, but the
control effect on the ramp shock in the case of medium ramp distance is better when the SPJ exit
is located outside the separation zone.
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Abstract: Based on an experimental system involving a pulsating airflow burner and gliding arc
generator, the characteristics of gliding arc plasma at different flow rates and its control effect on the
static instability of the swirl flame have been studied. The current, voltage, and power wave forms,
as well as the simultaneous evolution of plasma topology, were measured to reveal the discharge
characteristics of the gliding arc. A bandpass filter was used to capture the chemiluminescence of
CH in the flame, and pressure at the burner outlet was acquired to investigate the static instability.
Experimental results showed that there were two different discharge types in gliding arc plasma.
With the low flow rate, the glow type discharge was sustained and the current was nearly a
sine wave with hundreds of milliamperes of amplitude. With the high flow rate, the spark type
discharge appeared and spikes which approached almost 1 ampere in 1 μs were found in the
current waveform. The lean blowout limits increased when the flame mode changed from stable
to pulsating, and decreased significantly after applying the gliding arc plasma. In pulsating flow
mode, the measured pressure indicated that static instability was generated at the frequency of 10 Hz,
and the images of flame with plasma showed that the plasma may have acted as the ignition source
which injected the heat into the flame.

Keywords: gliding arc plasma; discharge characteristics; swirl flame; static instability control

1. Introduction

With the development of the aviation industry and the improvement of environmental
awareness, exhaust emission standards for NOx, CO, and other contaminants are becoming stricter.
Thus, lean premixed combustion technology has been widely adopted in aircraft engine combustion
chambers to reduce NOx [1]. However, the instability of premixed flame is severer than that of
non-premixed flame. When the aircraft is maneuvering in flight, the air inflow of the combustor may
suddenly fluctuate, and the transient equivalence ratio may sharply fall below the lean blowout limit,
resulting in flame extinguishment and a threat to flight safety. Consequently, it is crucial to control the
instability of the lean premixed flame to improve the reliability of aero-engine combustion chambers.

Adopting swirl flow is the general method for improving flame stability [2]. The swirl flow
can generate a recirculation zone which makes the hot burned gas flow back to the bottom of the
flame and ignite the fresh air. According to previous research, flame instability can be classified into
dynamic instability and static instability [3]. Dynamic instability usually refers to combustion-driven
oscillations which involve thermoacoustic coupling and fuel/air wave coupling, while static instability
is considered to be related to flame blowout [4]. For example, when the aircraft takes off or lands,
the air flowing through the engine will probably be fluctuant, and the flame in the combustor may be
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extinguished transiently. Then, the thermal energy generated by the combustor will be reduced, causing
a decline in the rotational speeds of the turbine and compressor, and the air absorbed by compressor
will be reduced accordingly. The reduced air inflow will increase the equivalence ratio and the flame
will be reignited. Thus, the flame will go into a cycle of extinguishment and re-ignition, and static
instability will be generated. In 1878, Rayleigh proposed a theoretical model of oscillation combustion
relating to the interaction of acoustic instability and thermodynamics, which was later summarized
as the Rayleigh Criterion. According to the criterion, combustion oscillation usually occurs when
the phase difference between the pressure wave and heat release is less than 90◦ [5]. Based on this
research result, more researchers focused on predicting combustion oscillation and developed flame
transfer function methods to calculate the resonant frequencies of flame oscillation [6]. Controlling
flame instability and then reducing the lean blowout limits was another issue that researchers focused
on. The geometry of combustor was the primary parameter that was optimized to achieve the best
extinction performance [7]. Then, other passive methods to control the thermoacoustic instability of
flame were summarized [8]. Recently, the plasma control method has attracted the attention of many
researchers. As a kind of high-temperature and reactive material, plasma has played an important
role in assisting combustion [9]. Some researchers applied plasma to supersonic combustion [10,11],
turbulent premixed flames [12], and counterflow diffusion flames [13–15], and found that plasma
had a good effect in ignition and controlling instability. Moreover, many types of discharge methods,
such as gliding arc discharges [16,17], nanosecond pulsed discharges [18], microwave discharges [19],
and radio frequency discharges [20], proved helpful to combustion.

As non-equilibrium plasma, the gliding arc can produce reactive species in atmospheric pressure
easily [21,22] and can be widely used in assisting combustion. The main species generated by the gliding
arc contain NO*, N2*, and OH*, and their spatial distributions are quite different [23]. The characteristics
of gliding arc plasma and its applications have been investigated by many researchers, but there are
few reports applying it in flame instability control.

In this paper, an experimental system was designed whereby the swirl flame was excited by
pulsating airflow, and the gliding arc plasma was arranged at the burner outlet so the gas could blow
gliding arc out from the electrodes and the swirl flame could interact directly with the gliding arc
plasma. The characteristics of the gliding arc, as well as its control effect on the static instability of
premixed swirl flame, were investigated experimentally in the research, and an extension of lean
blowout limits for the methane–air flame was observed. Specifically, the evolution process of plasma
topology in one discharge period was captured firstly, and the voltage, current, and power waveforms
were recorded simultaneously, which provided a theoretical basis for controlling the flame static
instability by plasma. Then, the lean blowout limits of swirl flame in stable flow mode, pulsating flow
mode, and pulsating flow mode with gliding arc plasma were measured, leading to the conclusion
that the extinction performance of pulsating flame coupled with plasma was better than that of the
pulsating flame or stable flame. Finally, the relationships between pressure and heat release rate of the
pulsating flame were measured to explore the mechanism of the static instability.

2. Experimental Facility

Figure 1 shows a schematic of experimental system, including the pulsating air flow generator,
multi-swirl burner, gliding arc plasma power supply, and other measuring devices.

2.1. Pulsating Air Flow Generator

A schematic diagram of the pulsating air flow generator is shown in Figure 2.
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Figure 1. A schematic of the experimental system.

 
  

(a) (b) 

Figure 2. The working progress of pulsating air flow generator (a) in pulsating flow mode, and (b) in
stable flow mode.

The air from high pressure tank firstly went into the mass flow controller (MFC), in which the air
flow rate could be exactly controlled. Then it was divided into the main flow and the bypass flow.
The main flow entered the multi-burner and was mixed with CH4 to form the swirl flame. The bypass
air was injected to the atmosphere without combustion. The flux of the bypass flow was controlled by
a solenoid valve. When the solenoid valve was opened completely, the flux of the bypass flow was up
to 40% of the total air, which meant only 60% of the air went into the burner as oxidant. When the
valve was closed, 100% air could pass through the main route and the equivalence ratio (represented
by variable ϕ), calculated as Formula (1), was lower than with the opened solenoid valve:
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In Formula (1),
.

mCH4 represents the CH4 mass flow rate, and
.

VCH4 represents the CH4 volume
flow rate. Similarly, the

.
mair represents the air mass flow rate and the

.
Vair represents the air volume

flow rate. The value of
.

VCH4 and
.

Vair was recorded by MFCs. The subscript stoic refers to the ratio of
CH4: air in the stoichiometric condition, and the subscript SLM (standard liters per minute) is the unit
of

.
VCH4 or

.
Vair. It should be noted that the ϕ here was calculated from the air and CH4 bottles without

consideration of the entrained air from surroundings.
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The variation of ϕ was determined by the solenoid valve. The ϕ increased when the solenoid
valve was closed, while it decreased when the valve was opened. The solenoid valve was controlled
by a UNI-TREND UTG2025A signal generator, which output a square wave with the period of 100 ms
and amplitude of 0~24 V. When the voltage reached 24 V, the solenoid valve was opened, and the
bypass flow (40% of the total air) went into the atmosphere; the remaining flow (60% of the total air)
was provided to the burner. When the voltage reached 0 V, the solenoid valve was closed, and 100% of
the air flow went through the main route. Thus, the pulsating flow was generated to create an unstable
combustion, which was defined as the pulsating flow mode (Figure 2a).

In stable flow mode the signal generator was shut down, meaning that the solenoid valve was
closed permanently and the flame was kept steady with 100% of the total air, as shown in Figure 2b.

The ϕ constantly changed in pulsating flow mode, but in stable flow mode the ϕ kept steady, so it
was difficult to compare the flame extinction between the two modes. In this experiment, the operating
condition of pulsating air flow was regarded as being the same as that of stable air flow when the
integral of the mass flow rate in pulsating flow mode with one period was equal to the integral of
the flow rate in stable flow mode (Formula (2)). Then, the average air flow rate which was provided

into the burner in the pulsating flow mode (represented by (
.

Vair)pulsating) equaled that in the stable

flow mode (represented by (
.

Vair)stable), even if the instantaneous flow rates in pulsating ((
.

Vair)pulsating)

and stable ((
.

Vair)stable) modes were not comparable, as shown in Figure 3. Similarly, the average of ϕ
(represented by ϕ) was calculated as per Formula (3). The response time of the solenoid valve was
2 ms, which could be ignored compared with the 100-ms pulsating period.
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Figure 3. Air flow rates in different modes.

2.2. The Multi-Burner and Arrangement of Electrodes

The multi-burner consisted of an upper cover plate, three stainless pipe bodies with inner
diameters of 20 mm, three swirlers, and ceramic tubes implanted with tungsten electrodes, as shown
in Figure 4.
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Figure 4. The multi-burner and electrodes.

The tungsten electrode was connected to the high voltage output of gliding arc power supply,
while the upper cover plate of the burner was grounded as the cathode. The discharge gap between
the top of tungsten electrode and the edge of the burner outlet was 10 mm. When the voltage between
the electrode and the cover plate was higher than the breakdown voltage, the discharge occurred and
the arc plasma filament was generated. Then the plasma filament was blown out by swirl flow to form
the rotational gliding arc.

The strength of the gas swirl was reflected by the swirl number (Sw), which was calculated as
Formula (4) and was defined in [24]:

Sw =
2
3

tanα
1− (Rin/Rex)

3

1− (Rin/Rex)
2 (4)

where α is the angle between swirler vane and axis of pipe body, Rex is the external diameter of swirler,
and Rin is the inner diameter of the swirler. Usually a stable recirculation zone can be generated when
Sw is higher than 0.6 (known as strong swirl). The recirculation zone disappeared when Sw approached
0.4 (known as weak swirl) and the flame remained stable because of the shear of the vortex [25].
Three different angles of swirler vanes (30◦, 45◦, and 60◦) were used in the experiment, and the
corresponding swirl numbers were: Sw(30◦) = 0.449, Sw(45◦) = 0.778, Sw(60◦) = 1.347, respectively.
The extinction performances of both strong and weak swirl were tested in the experiment.

2.3. The Gliding Arc Plasma Power Supply and Measurements

The gliding arc plasma was generated by a low-temperature plasma power supply (CTP2000K).
The waveform was a modulated sine wave, and the output voltage varied from 0 to 30 kV. The air and
methane came from the compressed tanks, and were controlled by D08-1 mass flow controllers (MFCs).
The pressure of the intake flow was no more than 0.3 MPa, and the measurement range of the MFC
was 0–200 SLM, with ±2% full scale (F.S.) accuracy and 1–4 s response times.

The current and voltage were measured simultaneously using a Tektronix TCP0030A current
probe (120 MHz bandwidth and 0–30 A range) and a P6015A high voltage probe, and were then
recorded by the MDO3024 oscilloscope.

The pressure was captured by ICP® PCB pressure sensor with sampling frequency of 1 kHz.
The rise time was shorter than 1.0 μsec and non-linearity within 1.0% F.S.
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The evolution of CH luminescence in pulsating flame and the stretch of the gliding arc plasma
were imaged using a Phantom v251112 high-speed camera equipped with a f/1.8 Nikon zoom lens;
a bandpass filter (centered at 430 nm, with a 10-nm full width at half maxima) was also adopted.

3. Results and Discussion

3.1. Characteristics of Gliding arc Plasma Discharge in Stable Flow Mode

Many studies have confirmed that the air flow rates have a great influence on gliding arc
plasma [26,27]. In this experiment, the current, voltage, and power waveforms were measured with
different flow rates. At the same time, the images of gliding arc plasma topology were recorded
simultaneously. During the test process, the supply of CH4 was cut off, and the pulsating air flow
generator was in stable flow mode, which meant the combustor operated in stable cold flow conditions.

The characteristics of gliding arc plasma with two specific air flow rates ((
.

Vair)stable = 30SLM,

(
.

Vair)stable = 120SLM) were analyzed specifically and different discharge types were investigated.
The ta was defined as the moment that a new arc was generated, while the tb was defined as the

moment that this new arc broke up. When (
.

Vair)stable = 30SLM it could be seen that the triangle-shaped
voltage waves of gliding arc plasma appeared approximately periodically (Figure 5). The evolution
of gliding arc topology captured by high speed camera is presented in Figure 6. At moment ta

(ta = 18.533 ms) the former arc began to extinguish and a new arc formed. Meanwhile, the voltage
amplitude decreased from 6.8 kV to 2 kV and the initial arc discharge power was then only 200 W.
As the arc elongated gradually and was blown out of the combustor by the swirl airflow (Figure 6),
the amplitudes of voltage and power increased, but the current amplitude basically remained in
the order of hundreds of milliamperes (Figure 5b). With the increase in arc length, the power for
maintaining the arc channel also increased. Once it exceeded threshold of power supply, the arc
broke up and the plasma filament was extinguished, as shown in the image at moment tb in Figure 6.
The peak voltage was about 4.5 kV at moment tb, and then decreased sharply. Instead of the arc plasma,
which disappeared, a new arc was generated in another position randomly because of the swirl flow.
As the process was repeated periodically, the gliding arc discharge was maintained.

  
(a) (b) 

Figure 5. (a) Voltage, current, and power waveforms of the gliding arc discharge when average
flow rate in stable mode was 30SLM. (b) Zoomed-in view voltage, current, and power waveforms
(from t = 0.0183 s to t = 0.0265 s).
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Figure 6. Simultaneous images of gliding arc topologies captured by a high-speed camera (sample rate:
30,000 fps, exposure time: 29.23 μs) and two pictures taken using a regular digital camera when average
flow rate in stable mode was 30SLM.

Figures 5 and 6 illustrate that the period time of gliding arc from formation to fracture was 7 ms in

approximately (
.

Vair)stable = 30SLM air flow, and the voltage waveform in the experiment was similar
that in [28].

The ta was defined as the moment that a new arc was generated, the tb was defined as the
moment that the peak current happened, and the tc was defined as the moment that this new
arc broke up. The characteristics of discharge in higher flow rate are illustrated in Figure 7.

When (
.

Vair)stable = 120SLM, the period of arc plasma discharge was significantly shortened, and the

form of the arc also differed greatly from the arc in (
.

Vair)stable = 30SLM. Similarly, the evolution
of gliding arc topology is presented in Figure 8. As shown in Figures 7b and 8, a new arc was
generated at moment ta and the voltage amplitude was close to 2 kV. Then the amplitude of voltage
increased from ta to tc and the plasma filament elongated simultaneously. This new arc extinguished
eventually at moment tc, at which the voltage reached 8.4 kV and was almost two times higher

than that in (
.

Vair)stable = 30SLM conditions. The peak of transient discharge power at moment tc

in (
.

Vair)stable = 120SLM was larger than that in (
.

Vair)stable = 30SLM as well. The discharge process

was maintained at 1.2 ms, a shorter period than that in (
.

Vair)stable = 30SLM, indicating that the
discharge period decreased as the air flow rate increased. In particular, at moment tb the emission of
plasma filament suddenly became much brighter, coupled with the obviously transient current peak
that was up to 1.1 A in 1 μs. The phenomenon was very different from the ordinary discharge and
was denominated as a spark-type discharge. Correspondingly, the ordinary discharge, which was
characterized by a long duration and an amplitude of hundreds of milliamperes in the currents (like the
currents in Figure 5a), was recognized as a glow-type discharge. The experimental result was in
accordance with [27,29].

From the discussion, the characteristics of gliding arc discharges in low flow rate and high flow
rate can be summarized with respect to:

(1) The amplitudes of voltages in discharge processes. In high flow rate conditions, the voltage
reached over 5 kV when the former arc broke up and the new arc formed, higher than the voltage
found in the low flow rate conditions (about 4 kV). The amplitude of transient power with a high flow
rate was also larger than that with a low flow rate.
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(2) The periods of discharge processes. The period of gliding arc from forming to extinguishing
was about less than 1 ms in high flow rate, while the period in low flow rate was approximately 7 ms.
The period of discharge processes decreased as the flow rate increased.

(3) The discharge types. With the low flow rate, the discharge always maintained the glow type
discharge and no current peak formed. However, with a high flow rate, another discharge type known
as the spark-type began to appear, which generated many current peaks. When the flow rate increased,
the possibility of conversion from glow type to spark type increased as well.

(a) (b) 

Figure 7. (a) Voltage, current, and power waveforms of the gliding arc discharge when average
flow rate in stable mode was 120SLM. (b) Zoomed-in view voltage, current, and power waveforms
(from t = 0.0108 s to t = 0.0124 s).

Figure 8. Simultaneous images of gliding arc topologies captured by a high-speed camera when
average flow rate in stable mode was 120SLM (sample rate: 30,000 fps, exposure time: 29.23 μs).

Figure 9 analyzes the variation of average power of the gliding arc discharge with different
.

Vair
values in stable and pulsating flow mode. It was found that with the increase in air flow rate the
average power decreased slightly. The average power in Figure 9b was slightly lower than that in
Figure 9a, but the two curves were similar, indicating that compared with the flow rate, the flow mode
seemed to have little influence on discharge. Together with Figures 5 and 7, it could be concluded

that although the peak of transient power in the (
.

Vair)stable = 120SLM condition was larger than that

in the (
.

Vair)stable = 30SLM condition, the average power was smaller. The reason was probably that
the discharge period time decreased as the air flow rate increased, so the high transient power in
high flow rate could not be maintained for a long time and quickly decreased, and the average power
decreased accordingly.
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(a)  (b) 

air stableV SLM air pulsatingV SLM

Figure 9. (a) The average power in stable flow mode; (b) The average power in pulsating flow mode.

3.2. The Influence of Static Instability on the Lean Blowout Limits of Swirl Flame

In the experiment, the lean blowout limits of swirl flame were detected. The average equivalence

ratios (represented byϕ) of blowout were measured in different flow modes, different
.

Vair, and different
swirl numbers (represented by Sw). Then these measured average equivalence ratios were connected
to form the lean blowout limits.

Figure 10 shows the lean blowout limits of swirl flames in different flow mode conditions.

When the Sw and flow modes were fixed and the
.

Vair increased, the ϕ of blowout increased as
well, which indicated that the extinction performance of swirl flame deteriorated as the air flow
rate increased.

 

 

(a) (b) 

air stableV SLM

ϕ

air pulsatingV SLM

ϕ

Figure 10. (a) The lean blowout limits in stable flow mode; (b) The lean blowout limits in pulsating
flow mode.

With the flow mode unchanged, when the Sw increased from 0.449 to 1.347, the lean blowout
limit gradually increased correspondingly. In other words, the lean blowout limit worsened as the Sw
increased, similar to [25].

When the Sw was fixed and the flow mode changed from stable flow to pulsating flow, the static
flame instability was generated, and the lean blowout limits became higher than in stable flow mode.
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With three different Sw from 0.449 to 1.347, the relative increase in equivalence ratio (represented
by (Δϕ)relative) in pulsating flow mode was calculated by Formula (5), and is depicted in Figure 11.

(Δϕ)relative =
ϕpulsating −ϕstable

ϕstable
(5)

airV SLM

relativeϕΔ

Figure 11. The relative increases in equivalence ratio when the flow mode changed from stable
to pulsating.

In Figure 11, compared with stable mode, the blowout equivalence ratios in pulsating mode
increased relatively by about 20–50%, indicating that the inlet flow oscillation had a negative influence
on extinction performance of swirl flame. In addition, no rules could be determined from the variation

of (Δϕ)relative with the increases in Sw or
.

Vair. It seemed that the relative increase in equivalence ratio
was mainly related to the change of flow modes.

3.3. The Improvement of Lean Blow-Out Limits with Gliding Arc Plasma

Previous experiments [30] found that the flame was extinguished temporarily and then relighted
by the burned gas when the equivalence ratio approached lean blowout limits. If the equivalence
ratio was to decrease further, unburned gas would not be reignited and the flame would be
completely extinguished.

Fortunately, arc plasma can act as an additional heat source, which is believed to be helpful for the
re-ignition process. The lean blowout limits of swirl flame in pulsating flow with gilding arc plasma
(defined as the plasma-pulsating flow mode) were measured and are shown in Figure 12.

Compared with Figure 10b, the lean blowout limit in Figure 12 reduced significantly with the
use of gliding arc plasma, and the relative decreases in ϕ (represented by (Δϕ)relative) were calculated
using Formula (6) in order to better reflect the advantage of the gliding arc plasma. The (Δϕ)relative is
depicted in Figure 13.

(Δϕ)relative =
ϕplasma−pulsating −ϕpulsating

ϕpulsating
(6)

In Figure 13 the negative value shows that the blowout equivalence ratio in plasma-pulsating
flow mode was lower than that in pulsating flow mode. The lean blowout limit generated by the
inflow oscillation was expanded by more than 40% with gliding arc plasma. Interestingly, unlike in

Figure 11, the trend of the (Δϕ)relative is obvious with the increase in
.

Vair in Figure 13. When the
.

Vair

42



Processes 2020, 8, 684

rose, the (Δϕ)relative decreased, indicating that the effect of the plasma with the high flow rate was
weaker than it was with the low flow rate. Figure 9 shows that the average power of the gliding arc in
high flow rate was smaller than that in low flow rate, so it is reasonable that the effect of the plasma
was weakened in high flow rate.

air pulsatingV SLM

ϕ

Figure 12. The lean blowout limits in plasma-pulsating flow mode.

airV SLM

relativeϕΔ

Figure 13. The relative decreases in equivalence ratio when gliding arc plasma was applied to the
pulsating flame.

As to why the lean blowout limit could be extended by plasma, one of the reasons could be that
the plasma continuously transformed the electric energy into the heat, injected heat into the flame
region, and impaired the blowing effect of pulsating airflow on flame heat so the lean blowout limit
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of pulsating swirl flame was greatly extended. The explanation needs to be confirmed through the
dynamic analysis of swirl flame in pulsating flow with plasma.

3.4. Dynamic Analysis of Swirl Flame in Pulsating Flow with Plasma

The pressure in burner outlet was measured and the frequency was calculated in pulsating flow
mode, as shown in Figure 14. It can be seen from the pressure curve that the combustion oscillation of
swirl flame was excited by the inlet air pulsation, and the main frequency was about 10 Hz. As reported
in [4], the frequency of static instability is usually below 30 Hz. It is thus believed that the pulsating
flow mode in this experiment showed typical static instability.

Figure 14. The time signal and frequency signal of flame pressure when (
.

Vair)pulsating = 120SLM.

The extinction of the swirling flame was a dynamic process consisting of flame front fracture,
partial extinction, re-ignition caused by high temperature residual gas, and global extinction [31].
The change of the flow velocity generated by the pulsating air damaged the recirculation zone of swirl
flame, causing flame front breaking, combustion instability, and extinction [32].

The dynamic processes of re-ignition and extinction of swirl flames in pulsating air flow mode
and plasma-pulsating flow mode are were illustrated in Figure 15. The working conditions include

(
.

Vair)pulsating = 120SLM, Sw = 1.347,ϕ = 1.34. In Figure 15a, when the transient air flow rate decreased
(from t = 10 ms to t = 60 ms), the flame volume and brightness increased continuously, with both
reaching a maximum at t = 60 ms. As the transient flow rate increased gradually from t = 60 ms
to t = 100 ms, the flame firstly broke, and then the burned gas left the burner outlet. At t = 100 ms
no more swirl flame at the burner outlet could be observed. Compared with Figure 15a, the main
difference in Figure 15b was that the swirl flame existed around the gliding arc plasma throughout the
whole pulsating period. It can be concluded that the gliding arc plasma acted as an ignition source
which made the swirl flame stabilize at the burner outlet.

Generally, the chemiluminescence of radicals like CH, OH, and CH2O is related to the reaction
intensity and heat release rate of the flame [33–35]. For example, CH2O is the symbol of the preheat
region, OH represents the high-temperature region [34], and CH is regarded as the indicator of the
flame front [35]. According to previous research [36–38], CH could better reflect the local or global
heat release rate. In the experiment, the high-speed camera with bandpass filter was used to capture
the instantaneous structure of CH radical, which could reveal the distribution of heat release rate in
both pulsating flow mode and plasma-pulsating flow mode, as shown in Figure 16.
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The dynamic processes of CH distribution are shown in Figure 16a,b. The transient flow rate
gradually increased during the first 50 ms. As the valve was closed, it decreased in the following
50 ms. It can be seen that the CH mainly concentrated on the top of swirl flame, in accordance with [39].
Within the first 60 ms, there was little difference between Figure 16a,b. However, the CH in Figure 16b
was significantly stronger than that in Figure 16a after t = 50 ms. The comparison showed that plasma
has a positive effect on the heat release rate, which may be one of the reasons why the lean blowout
limit was extended with gliding arc plasma.

 

 
Figure 15. (a) The dynamic process of swirl flame in pulsating air flow mode; (b) the dynamic process
of swirl flame in plasma-pulsating flow mode (sample rate: 30,000 fps, exposure time: 29.23 μs).

 

 

Figure 16. (a) The dynamic process of CH distribution in pulsating air flow mode; (b) The dynamic
process of CH distribution in plasma-pulsating air flow mode (sample rate: 1000 fps, exposure
time: 1 ms).

4. Conclusions

The characteristics of gliding arc, as well as its control effect on static instability of premixed swirl
flame, were investigated experimentally, and the main conclusions can be summarized as follows:

(1) The gliding arc plasma was characterized by periodic discharge, and its current, voltage,
and power waveforms as well as plasma topology were related to the air flow rate. In the low flow rate,
the discharge kept the glow type discharge and no current peaks formed. As the flow rate increased,
another discharge type named the spark type began to appear, with many current peaks. When the
flow rate increased, the period of gliding arc discharge and the average power decreased, while the
amplitude of the voltage wave and the peak of instantaneous discharge power increased.

(2) The extinction performance of the flame was influenced deeply by the static flame instability.
When the flow mode changed from stable flow to pulsating flow, static flame instability was generated,
and the lean blowout limit became higher than in stable flow mode. Apart from the static instability,
swirl number also influenced the extinction performance, as the lean blowout limit increased as the
swirl number increased.

(3) As the gliding arc plasma was adopted, the lean blowout limit of swirl flame in pulsating flow
mode was significantly reduced and was found to be better than the limit of the stable flame. It seemed
that when the air flow rate increased, the beneficial effect of the plasma was weakened.
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(4) In contrast to the flame dynamic process in pulsating flow mode, the flame existed throughout
the whole pulsating period with gliding arc plasma. Thus, it seemed that the gliding arc plasma acted
as an ignition source in pulsating mode, which made the swirl flame stabilize at the burner outlet.
The CH distribution showed that plasma had a positive effect on the heat release rate, which may be
one of the reasons why the lean blowout limit was extended with gliding arc plasma.

In the experiment the discharge characteristics of gliding arc in different swirling flow rates were
studied mainly based on the current, voltage, power waveforms, and plasma topology, but other
parameters of the gliding arc, such as translational, rotational, and vibrational parameters as well as
electron temperatures and the reduced electric field were not researched. Future works should be
focused on the measurements of plasma parameters in order to provide a better understanding of the
mechanism of plasma assisted-combustion. In addition, the species of the gliding arc plasma in swirl
flame also need to be investigated.
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Abstract: Plasma spray welding, as one of the material surface strengthening techniques, has the
advantages of low alloy material consumption, high mechanical properties and good coating com-
pactness. Here, the Co alloy, WC and Fe-based amorphous alloy composite coating is prepared by the
plasma spray welding method, and the coating characteristics are investigated. The results indicate
that the coatings have a full metallurgical bond in the coating/substrate interface, and the powder
composition influences the microstructures and properties of the coating. The hardness of coatings
increases with the mass fraction of the Fe-based amorphous alloy. The spray welding layer has a
much higher wear resistance compared with the carbon steel, and the Fe-20 exhibits a superior wear
resistance when compared to others. The results indicate that the amorphous alloy powders are an
effective additive to prepare the coating by plasma spray welding for improving the wear resistance
of the coating.

Keywords: plasma spray welding; WC-Co coating; Fe-based amorphous alloy; microstructure
and properties

1. Introduction

The rapid development of the industry has led to increasingly higher requirements for
the performance and service life of various mechanical parts [1–3]. Wear and corrosion are
the prime reasons for material failure during use, which seriously affect the performance
quality and service life of mechanical products [4–7]. Therefore, improving the wear resis-
tance of the material surface is of great significance to reduce costs and save resources [8,9].
In order to improve the service life of structural steel in harsh environments, the plasma
spray welding is an effective method to modify and strengthen the surface of the steel to
form a new alloy coating to improve the wear and corrosion resistance of the material and
reduce the production cost [10–13].

In the plasma spray welding technique, suitable alloy powders are selected according
to the actual conditions and requirements of surface properties [14–16]. A spray welding
layer of cobalt-based alloy has an excellent high temperature impact wear resistance and
outstanding high temperature oxidative stability [17,18]. By optimizing the plasma spray
welding process parameters, the quality of the spray welding layer has been improved,
and different methods were proposed to reduce the spray welding layer cracks [19–22]. By
adding different materials to the alloy powder to make composite materials, the structure
and performance of the plasma spray welding layer are improved [23,24]. Especially in
the aspects of hardness, wear resistance, corrosion resistance and oxidation resistance, the
spray welding layer has achieved excellent results [25,26].
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Numerous studies have shown that a transition metal-based amorphous alloy can be
used directly as alloy powder or added to a nickel base, cobalt base, iron base and other
self-fluxing alloyed powders owing to the high melting point, high hardness and good
abrasive resistance. For example, Fe45Cr16Mo18C18B5 amorphous coatings were deposited
on the mild substrate by plasma spraying, and their corrosion in 3.5 wt.% NaCl solution
was compared with those of the substrate and 316 stainless steel. The obtained results
imply that the coating has a promising prospect for industrial applications [27]. Moreover,
it has been reported that a WC-CoCr/35 wt.% amorphous Fe-based alloy composite coating
was prepared by high velocity oxygen fuel spray, and, in comparison with the WC-CoCr
coating, the WC-CoCr/35 wt.% amorphous Fe-based alloy composite coating exhibits
excellent thermal stability and better corrosion resistance [28].

In this work, WC, Co and Fe-based alloy composite powders are selected to prepare
a reinforced coating on the surface of 42CrMo steel using the plasma spray welding
method. The Co-based amorphous alloy had excellent physicochemical properties, and the
mechanical performance under high-temperature conditions was excellent [22,29]. The WC
coating compounded with Co element has a high hardness value in a certain temperature
range. At the same time, its impact resistance and toughness are very good, and the
porosity of the coating is low, and it is combined with the substrate’s high strength [3,30,31].
The influence and mechanism of the added Fe-based amorphous powder amount on
the microstructure and properties of the spray welding layer are discussed. The results
clearly show that the hardness of coatings increases with the mass fraction of the Fe-based
amorphous alloy. The spray welding layer has a much higher wear resistance compared
with the carbon steel, and the Fe-20 exhibits a superior wear resistance when compared
to others.

2. Materials and Methods

2.1. Experimental Materials

42CrMo steel was adopted as the base material of plasma spray welding, and the
42CrMo chemical composition is shown in Table 1. WC (53–90 μm, 99.9 wt.%), Co alloy
(53–165 μm) and Fe-based amorphous alloy (16–54 μm) are all products by Aidun Alloy
Material Co., Ltd., Suzhou, China, and their chemical compositions are shown in Table 1.

Table 1. Chemical composition (wt.%) of the raw material.

Powder C Si Mn Cr Mo Ni P S W B Fe Co

42CrMo 0.45 0.37 0.8 1.2 0.25 0.03 0.03 0.03 – – rest –
Co-Based Alloy 3.2 1.0 1.0 26.0 – 22.5 – – 5.0 – 3.0 rest

Fe-Based Amorphous Alloy 1.7 1.8 – 4.0 – 7.5 – – – 3.0 rest –

2.2. Experimental Methods

Firstly, Co alloy, WC and Fe-based amorphous alloy powders are mixed with ball-
milling in a certain ratio (20%WC + Co + 5%Fe, 20%WC + Co + 10%Fe, 20%WC + Co +
15%Fe and 20%WC + Co + 20%Fe marked as Fe-5, Fe-10, Fe-15 and Fe-20). Secondly, the
42CrMo steel was cut into a sample of 30 × 50 × 10 mm using a wire cutting machine.
Before plasma spray welding, the sample was polished with coarse sandpaper to remove
the oxide layer and adjust the roughness, and then cleaned ultrasonically for 30 min in
a bath of acetone to remove the rust, organic and fatty contaminants. Finally, a plasma
spray welding was used on the 42CrMo steel surface to prepare the plasma welding layer,
and the layer was about 23 × 35 mm. The spray welding layer was arc-shaped and the
thickness about 2.7 mm. The technological parameters of the plasma spray welding are
shown in Table 2.
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Table 2. The plasma spray welding parameters.

Delivering
Powder Gas Flow

Rate (mL/min)

Plasma Gas
Flow Rate
(mL/min)

Feeding
Voltage (V)

Standoff
Distance (mm)

Powder Delivery
Amount (g/min)

Current (A)
Bead Diameter

(mm)

400 300 20 10 20 125 2

2.3. Detection and Analysis

Microstructure observations and a chemical analysis of the plasma spray welding layer
were carried out by a field-emission scanning electron microscope (SEM, S-3000N, Hitachi,
Tokyo, Japan) equipped with an energy-dispersive X-ray spectrometer (EDS). The phase
composition of the sample was analyzed by the X-ray diffraction (XRD, D8 ADVANCE,
BRUKER, Karlsruhe, Germany) and the parameters were set as follows: D/Max 2500PC,
Cu Kα radiation, λ = 0.15418 nm, scan rate is 4◦/min. Furthermore, the micro hardness of
the sample was tested by adopting a micro-sclerometer (MH-3, Minks Testing Equipment
Co., Ltd., Xi’an, China) for 10 s, with an applied load of 500g, and the test parameters were
determined according to the composition of the material, the uniformity of the structure,
the size and the surface roughness [32]. The wear resistance of the sample was tested
by adopting an abrasive wear testing machine (ML-100, Jingcheng Testing Technology
Co., Ltd., Jinan, China), with an applied load of 10 N. The stroke was 121.0 m and wear
materials 600#SiC waterproof abrasive paper were used [33].

3. Result and Discussion

The results of the XRD analysis of the 20%WC + Co spray welding layer with different
contents of Fe-based amorphous alloy are shown in Figure 1. It was found that the
spray welding layer is mainly composed of carbides such as WC, Cr,Fe,Ni,Co(W,C) and
(Cr,Fe,Ni,Co)3W3C, as well as the alloy phase of Cr, Fe, Ni and Co. Cr,Fe,Ni,Co(W,C)
is an fcc solid solution of W and C in the metal lattice with a larger lattice parameter,
whereas (Cr,Fe,Ni,Co)3W3C is a metastable sub-stoichiometric ternary carbide called η-
phase (M6C, where M = metal). Since the Cr, Fe and Co elements have a strong affinity with
the C element, they could form carbides easily. The carbides have both a high hardness
and excellent wear resistance and can be used as a hard phase supporting matrix, which
can greatly improve the hardness and wear resistance of the spray welding layer [34].
Figure 1b shows the XRD analysis results of Fe-20. Compared to Fe-5, a much harder
phase was formed on the surface of the substrate. This can be attributed to the fact that
an increase of the Fe content would generate a harder phase in the spray welding process,
which is conducive to comprehensively improving the hardness, wear resistance and other
mechanical properties of the spray-welding layer.

Figure 1. XRD patterns of the coatings with different Fe-based amorphous alloy contents. (a) 5%, (b) 20%.
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The typical surface morphology of the coatings with a different Fe-based amorphous
alloy content are characterized by SEM, as shown in Figure 2. The Fe-based amorphous
alloy content of 5% is shown in Figure 2a, where it can be clearly seen that the white phase is
the carbide phase, which is the main existing style of carbide particles in the spray welding
layer, and the dark gray phase is mainly the matrix solid solution phase. As shown in
Figure 2, the white carbide phase mainly exists in the form of regular dendrites in the spray
welding layer. As the Fe-based amorphous alloy content increases, the number and size of
dendritic solidification structures also increase, as shown in Figure 2b. It is worth noting
that few WC particles are observed in the coating surface, which is due to the different
melting points and densities of WC and the metal phase during the rapid cooling rate in
the plasma spray welding process. The WC melting point, which is the highest compared
to that of the metal phase, is about 2870 ◦C. During the process of coating formation, the
metal phase is melted into liquid owing to the higher hot plasma energy, while the WC
powder is hard to melt. Then, the WC powder with a high density would sink down
inward because of gravity. In order to confirm the main phase in the coating surface, the
elemental composition of the surface of the spray welding layer was analyzed, and the
results of points 1–4 are shown in Table 3. It can be clearly seen that points 1 and 3 have the
same elements, including C, Si, Cr, Fe, Co, W and Ni. And so do points 2 and 4, compared
with points 1 and 3, which lack the Si element. The results indicate that the white area’s
chemical component in the dendritic crystal is composed of WC and that the dendritic
crystal is mainly composed of (Cr,Fe,Ni,Co)3W3C, while the matrix’s solid solution phase
is mainly composed of Cr,Fe,Co,Ni(C). Moreover, it was found that the Fe, Cr, Ni and Co
elements in the carbide phase are significantly less than that in the matrix, while the W
elements in the carbide phase are more numerous than that in the matrix.

Figure 2. Surface SEM images of different coatings: (a) Fe-5 and (b) Fe-20.

Table 3. Chemical composition (at %) of the surface of the spray welding layer.

C Si Cr Fe Co W Ni

1 16.96 1.76 15.69 7.73 21.22 25.56 11.08
2 15.07 – 22.42 8.98 36.09 2.21 15.23
3 19.21 2.93 14.94 9.59 20.79 22.96 9.58
4 17.74 – 19.7 10.61 35.15 2.05 14.75

Figure 3 shows the SEM of the cross-section of the samples’ spray welding layer. The
result shows that the coating has a dense microstructure and the thermal plasma beam
can ensure metallurgical bonding between the coating and the 42CrMo steel. As shown
in Figure 3a,e, it was found that the WC particles are not evenly distributed. There are
few WC particles in the surface zone of coating, while the WC particles are concentrated
in the fusion zone nearing the steel surface. The microstructures of the surface zone are
shown in Figure 3b,f. It is clear that most of the carbide phases are dendritic structures,

52



Processes 2021, 9, 6

some of which are irregular in shape and distributed among the dendritic structures.
Figure 3c,g show the microstructures of the middle zone. Compared with the surface
zone, the irregular WC particles in the middle zone increase and the carbide phases with
dendritic structure decrease. Figure 3d,h shows the structure of the fusion zone. It can be
clearly seen that there are plenty of WC particles with a surrounded dendritic structure.
This is due to the plasma spray welding process. The melting point of WC is too high, and
the WC exists in a semi-melted form in the liquid metal. The semi-melted WC particles
can be used as nucleation particles in the liquid phase solidification process to promote
non-uniform nucleation, causing the local segregation of alloy components and promoting
the growth of nucleation particles in the form of dendrites during the solidification of
the liquid phase metal [35]. In a certain crystal grain range, the hardness decreases with
the increase of WC crystal grains. This is due to the small size effect of fine grain WC,
large surface energy, effective flow for liquid phase diffusion during the spray welding
process, uniform grain growth and high densification, which improves the mechanical
properties [36,37]. As shown in Figure 3c,d, it was found that the crystal grain of WC is
bigger than tin Figure 3g,h indicating that the properties of Fe-20 are superior to those of
Fe-5.When the grains have an uneven distribution and an irregular growth, the mechanical
properties of the coating are reduced. It can be seen that the grains’ uneven distribution
in Fe-5 and Fe-20 affect the performance of the coating. Besides, the shape of the carbide
phase is significantly different from the difference in local alloy composition carbides and
temperature gradient. Furthermore, the EDS analysis results of the middle zone in Fe-20
are shown in Figure 3i–l. It is obvious that the W elements are mainly distributed in the
WC phase and the carbide phase, while the Fe, Cr, Ni and Co elements in the matrix are
more numerous than the carbide phase. Several points are selected to further explore the
chemical composition in the fusion zone, and the results of the electronic probe are shown
in Table 4. It was found that point 1 only contains the C and W elements, indicating that
the place of the point is WC. Points 2 and 3 contain the same elements, including C, Si, Cr,
Fe, Co, W and Ni. It is confirmed that the WC particles are surrounded by a carbide phase
with a dendritic structure. However, the distribution of elements in the carbide phase
is quite different at different positions. The carbide phase near the WC phase has more
W elements than those away from the WC phase. The reason is that, during the plasma
spray welding process, WC gradually melts and releases W elements which would induce
a high concentration of W around the WC particles, while these W elements would form a
(Cr,Fe,Ni,Co)3W3C phase. In addition, the results of EDS component analysis show that
the Fe content in point 3 is significantly higher than that in point 2. This is because the
melting of the sub-matrix will cause the elements in the matrix to enter the molten pool.
As a result, the Fe content is much higher, while the other elements in the fusion zone
are diluted.
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Figure 3. SEM images of (a–d) the cross-section of the Fe-5 coating, (e–h) SEM images of the cross-
section of the Fe-20 coating and (i–l) EDS images of the middle zone in the Fe-20 coating.

Table 4. Chemical composition (at %) of the points in the fusion zone.

C Si Cr Fe Co W Ni

1 45.62 – – – – 54.38 –
2 17.31 2.03 14.24 8.29 19.4 28.52 10.21
3 15.25 1.26 12.02 26.59 18.71 17.69 8.48

The influence of the contents of Fe-based amorphous alloys on the binding quality,
microhardness and wear resistance property of the spray welding layer was further studied.
Figure 4 shows the binding quality of the coating to the substrate. It can be seen that when
the Fe-based amorphous alloy content is 20%, the spray welding layer can be well combined
with the substrate, and when the Fe-based amorphous alloy content is relatively lower,
the spray welding layer cannot form an excellent cladding with the substrate. When the
content of the Fe-based amorphous alloy is 5%, the spray welding current is relatively too
large to meet the requirement of the spray welding, so that the spray welding layer cannot
be well fused with the substrate, resulting in spray welding defects. The microhardness
distribution ranging from substrate to coating is shown in Figure 5a. It can be clearly seen
that the hardness of the 42CrMo steel substrate is about 320 HV and the hardness of the
spray welding layer is about 650–750 HV. The microhardness of the coating is about two
times higher than that of the substrate for each coating. The microhardness of the spray
welding layer fluctuates slowly, which may be caused by the difference in the size and
quantity distribution of the hard phase. It was found that the hardness gradient in the
bonding domain is large, which is a typical characteristic of the hardness distribution of
the spray welding layer. This is the result of the sprayed liquid alloy and the matrix, which
diffuse and penetrate each other, and the C element in the alloy power plays a solid solution
strengthening effect [38,39]. Besides, as the content of Fe-based amorphous alloys increases,
the microhardness of the spray welding layer increases, and has a great relationship with
the microstructure. The increase of the carbide phase in the spray welding layer and the
distribution lead to an increase in the hardness of the spray welding layer [40–42].
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Figure 4. The different contents of the Fe-based amorphous alloy of the binding quality to the
substrate (a) Fe-5 (b) Fe-10 (c) Fe-15 (d) Fe-20.

Figure 5. The influence of the Fe-based amorphous alloy content on the mechanical properties of the plasma spray welding
layer: (a) microhardness and (b) wear mass loss.

Wear mass loss is an important factor in characterizing the wear resistance of a
material. The results of the wear mass loss are shown in Figure 5b. The wear mass loss of
the spray welding layer of Fe-5, Fe-10 and Fe-15 is more than that of Fe-20. The smaller
the wear loss rate, the better the wear resistance of the spray welding layer. When the
amount of the Fe-based amorphous alloy added is 20%, the spray welding layer has better
wear resistance. When the amount of the Fe-based amorphous alloy added is 5–15%, the
microhardness and wear resistance are reduced. This is because when a small amount
of Fe-based amorphous alloy is added, it can only play a solid solution strengthening
effect [33,43]. Additionally, as shown in Figure 4b, the wear mass loss of the following
three frictions and wear experiments is relatively balanced, while the wear mass loss of the
first time is relatively high. This is because the surface is the outermost in the first wear
experiment, which has a lower degree of bonding than the inside.

To further explore the influence of different Fe-based amorphous alloys on the wear
resistance of the spray welding layer, frication and wear experiments were carried out on
the samples. The morphologies of the worn surfaces of the coatings are shown in Figure 6.
Figure 6a–c shows the SEM images of Fe-5, Fe-10 and Fe-15. Deep furrows and scratches
are clearly visible on the sample surface, caused by the splashing and agglomeration of
Fe-based amorphous alloys. The powder fails to effectively bond with the matrix when it
is melted, resulting in a decrease in the Fe-based amorphous alloys content in the spray
welding layer and an increase in the austenite phase content. The spray welding layer
becomes soft, causing the furrows to deepen. Figure 6d shows the wear morphology of
the Fe-20 spray welding layer. Fewer scratches and spalling pits were found, and there are
almost no deep furrows in the spray welding layer’s wear scars. Meanwhile, more hard
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phases are scattered in the spray welding layer. The structure is small and uniform, and
the hardness and toughness reach a good level. Therefore, the spray welding layer has a
better wear resistance.

Figure 6. The morphologies of worn coatings: (a) Fe-5, (b) Fe-10, (c) Fe-15 and (d) Fe-20.

4. Conclusions

In summary, Fe-based amorphous alloy reinforced WC-Co-based coating was pre-
pared on 42CrMo steel by plasma spray welding. The results indicate that the coatings
have a full metallurgical bond in coating/substrate interface and the powder composition
influences the microstructures and properties of the coating. The main components of the
coating are WC, Cr,Fe,Ni,Co(W,C), (Cr,Fe,Ni,Co)3W3C and the alloy phase of Cr, Fe, Ni
and Co. Experimental result shows that the interface between the spray welding layer and
matrix has a large amount of WC, and there is a gradient distribution of WC from internal
to external in the cross section. The spray welding layer would enhance the hardness and
wear resistance of the 42CrMo steel. The hardness of the coatings increased with the mass
fraction of the Fe-based amorphous alloy. The spray welding layer has a much higher wear
resistance compared with the carbon steel, and Fe-20 exhibits a superior wear resistance
when compared to others.
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Abstract: As the application of nanotechnology increases continuously, the need for controlled
size nanoparticles also increases. Therefore, in this work, we discussed the growth mechanism of
carbon nanoparticles generated in Ar+CH4 multi-hollow discharge plasmas. Using the plasmas,
we succeeded in continuous generation of hydrogenated amorphous carbon nanoparticles with
controlled size (25–220 nm) by the gas flow. Among the nanoparticle growth processes in plasmas,
we confirmed the deposition of carbon-related radicals was the dominant process for the method.
The size of nanoparticles was proportional to the gas residence time in holes of the discharge electrode.
The radical deposition developed the nucleated nanoparticles during their transport in discharges,
and the time of flight in discharges controlled the size of nanoparticles.

Keywords: plasma chemical vapor deposition; carbon nanoparticle; coagulation; optical emis-
sion spectroscopy

1. Introduction

Carbon nanoparticles (CNPs) have attracted tremendous attention for their various ap-
plications, such as electrical conductivity improvement of polymer, lubrication applications,
cancer cell treatments, bioimaging diagnostics [1–3]. Therefore, it is essential to develop a
simple method to control the size and structure of CNPs [4–7]. The solution process is a
conventional method of producing CNPs, but this method has limitations like impurity,
unexpected agglomeration, and low throughput due to the multistage process [8–11].

The plasma process plays a promising role because it is a dry process using low
pressure resulting from reducing impurity and avoid agglomeration or coagulation due
to the charge of CNPs. However, the traditional plasma process has a problem regarding
throughput due to pulsed discharges for size control [12–14]. Traditional plasma process
has the discharge off period to wait for pumping out the particles from the gas phase,
resulting in lower throughput.

To date, we have successfully synthesized Si NPs and CNPs by using multi-hollow
discharge plasma chemical vapor deposition (MHDPCVD), which can be produced con-
tinuously by employing fast gas flow [15–23]. In this method, the gas flow direction is
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uniform in the plasma region, and NPs are nucleated and grown in plasma. The nucleated
NPs were transported toward the outside of the plasmas by viscous gas force. That results
in stopped growth outside of the plasma, which helped in the continuous production of
size-controlled NPs.

NPs synthesis by the MHDPCVD method undergoes parametric tests such as de-
pendence on gas pressure, gas flow rate, and gas composition, which are the external
parameters [15–24]. Using the MHDPCVD, crystalline Si nanoparticles of 2 nm in size with
0.5 nm in size dispersion were produced for nanocrystalline amorphous silicon films for
the third generation solar cells [15–21]. We employed two MHDPCVD sources to produce
size-controlled Si nanoparticles and to cover nitrogen on the particles. The surface-modified
nanoparticles showed multi-exciton generation, which is necessary to increase solar cells’
efficiency [18]. We recently used MHDPCVD to produce carbon nanoparticles [23–25]
and confirmed that pressure played an important role in size control [23]. These studies
revealed the essential parameters for the size control, while the growth mechanism was
unclear. Hence, in this study, we measured the CNPs size dependence on the gas flow rate
(FR) and discussed the growth mechanism of nanoparticles produced by the MHDPCVD
method.

2. Materials and Methods

Figure 1 illustrates a schematic diagram of the MHDPCVD reactor [23,24]. Powered and
grounded electrodes have 8 holes of 5 mm diameter. The powered electrode of 5 mm in
thickness was a sandwich between two grounded electrodes of 1 mm in thickness. The gap
between the powered and grounded electrode was 2 mm, and the total length of a hole
was 11 mm. Ar and CH4 gases were introduced from the chamber’s left side, passed
through the holes, and later evacuated by the pump system. The FR ratio of Ar and
CH4 was 6:1. The total FR was controlled in a range of 10–120 sccm. During this process,
gas pressure was kept at 266 Pa. The substrate holder was set at 100 mm apart from the
electrode in the downstream region, and it was grounded. The powered electrode was
connected to a 60 MHz radio frequency (rf) power supply through an impedance match-
ing box. The discharge power and discharge period were 40 W and 90 min, respectively,
and corresponding discharge and self-bias voltages were 230 and 80 V, respectively.

Figure 1. Multi-hollow discharge plasma.

The CNPs generated in the discharges were collected by using mesh grids for a
transmission electron microscope (TEM) and Si substrates for a Raman spectroscopy.
The size and structure of CNPs were measured with TEM (JEOL, JEM-2010) and Raman
spectroscope (Jasco, NRS3000; λ = 532 nm), respectively. Optical emission from plasmas
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discharges (all eight holes) was monitored by spectroscope (Ocean Optics, USB2000+)
equipped with a collimating lens.

3. Results and Discussion

Figure 2a–d show the TEM images of CNPs as an FR parameter. With increasing FR,
the mean size of CNPs decreased from approximately 220 nm at FR = 10 sccm to 25 nm
at FR = 120 sccm. For FR = 10 sccm (Figure 2a) and FR = 20 sccm (Figure 2b), the CNPs
deposit sparsely, while they deposit densely for FR = 50 sccm (Figure 2c) and FR = 120 sccm
(Figure 2d). Additionally, the number of deposited CNPs increased with increasing FR.
This shows the flux of CNPs increases with the increase in FR. Above 50 sccm, the de-
posited CNPs were stacked, then the absolute number of the deposited CNPs were unclear.
Thus, we have evaluated the probability distribution of the CNPs for each FR.

 

Figure 2. TEM images of carbon nanoparticles produced for (a) FR = 10 sccm, (b) FR = 20 sccm,
(c) FR = 50 sccm, and (d) FR = 120 sccm. Insets in (a) and (b) show their high magnification
TEM images.

Figure 3 shows the size distribution of the deposited CNPs obtained from TEM images
where dp is the CNP size (diameter). The deposited nanoparticles were stacked for FR
above 50 sccm. Thus, we estimated the probability of CNPs deposited on the mesh grid.
Two group sizes were produced for FR = 10 sccm; (1) smaller group size has a size range
between 20 and 90 nm, and (2) larger group size has a range between 170 and 250 nm.
For FR = 20 sccm, two peaks at 60 and 150 nm were detected, but these peaks overlap and
form one size group with a wide range between 30–200 nm. At the same time, one group
size was obtained for FR above 50 sccm. Therefore, as the FR increases from 50 to 120 sccm,
the peak size gradually shifts toward a smaller size from 45 to 20 nm, respectively. The size
dispersion became narrower for higher FR from 50 and 120 sccm.
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Figure 3. The size distribution of CNPs as a parameter of FR where n is the number of measured CNPs.

From the size distribution in Figure 3, we plotted a dependence of dp on FR, as shown
in Figure 4. At FR below 20 sccm, the larger-sized nanoparticles seem to be separated from
the smaller size group and grow in a monodisperse way. Similar growth behavior was
observed for Si nanoparticles in silane plasmas in the earlier study [26]. Considering the
larger size of CNPs at FR = 10 sccm, the dp decreases monotonically with increasing FR.

 

d

FR
Figure 4. Dependence of dp on FR. Error bar shows the standard deviation.

To obtain the structure of the CNPs, we have measured the XRD and Raman spectra of
CNPs deposited at FR = 50 sccm. Figures 5 and 6 show the XRD and Raman spectra, respectively.
A broad peak in the XRD spectrum appears around 2θ = 20◦ and corresponds to the hydro-
genated amorphous carbon (a-C:H) [27]. Figure 6 shows a Raman spectrum of nanoparticles
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deposited on the Si substrates at 50 sccm FR. Raman spectra clearly show the separated
D (1350 cm−1), and G (1580 cm−1) bands. The area intensity ratio of D/G band was
around 1.8; this indicates the structure of the CNPs were polymer like a-C:H [25,28–30].
Similar spectra were also observed at other FRs.

θ 

Figure 5. XRD spectrum of CNPs for FR = 50 sccm.

−

Figure 6. Raman spectrum of CNPs for FR = 50 sccm.

For the nanoparticle growth in the conventional CCP, the discharge duration is an
essential factor. The size of nanoparticles increasing with an increase in CCP discharge
duration [31]. The discharge duration was related to the period, which is the sum of the
nucleation time and subsequent nucleated nanoparticles’ growth time. Continuous dis-
charges sustained in holes and a low-density plasma penetrated the holes due to high
working pressure of 266 Pa. The generated CNPs were transported inside the holes by
the gas flow. The growth time of CNPs in the plasmas correlates with the gas residence
time in holes. The gas residence time τres of holes corresponds to discharge duration in
the conventional CCP. In this study, gas residence time was calculated from FR. For the
CNP, growth involves two growth processes like the coagulation of CNPs during transport
toward substrates and radical deposition on CNPs.

For the coagulation, CNPs are grown by the collision between two CNPs, as the
volume of CNPs after the collision is the sum of two CNPs volume (before the collision).
The size dp1 and number density np1 of CNPs after the collision are expressed by dp1 = 2

1
3 dp0

and np1 = np0 − 1, respectively, where dp0 and np0 are the size and density of CNPs before
the collision. To figure out the effects of the coagulation of CNPs, we examined the CNPs
deposition at three positions in the transport region. Figure 7 shows the dependence of
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the size and surface density of deposited CNPs on the position L far from the electrode.
For L = 100, 120, and 140 mm, the size is irrelevant to the position. The area density
monotonically decreases with increasing L.

d

μ

L

Figure 7. Dependence of the size and surface density of deposited CNPs on the position L far from
the electrode for FR = 100 sccm. Error bar shows the standard deviation.

Previously, it was reported that the flux of CNPs proportionally increases with increas-
ing the solid angle in the multi-hollow discharge plasma CVD method [24]. The solid angle
is the main factor of decreased area density, see Figure 7. The results of the size and the area
density indicate that the coagulation of CNPs was negligible. For the radical deposition,
the growth rate Gr of CNP expressed as equation 1

Gr =
ddp

dt
= 2DRr, (1)

where dp is the size (diameter) of CNPs and DRr is the deposition rate of radicals on CNPs.
If we assume the sticking probability of radicals on CNPs is unity and carbon atoms are
responsible for the mass of CNPs, the Gr is given by

Gr =
ddp

dt
=

2
ρ

mCnrvthr, (2)

where ρ is the mass density of CNPs, mC the mass of a carbon atom (2.00 × 10−26 kg),
nr the number density of the radicals in plasmas, and vthr the thermal velocity of the
radicals. The size and density of CNPs affect the radical density. The loss of radicals to
the chamber wall is dominant if their size and density are low, while the loss to CNPs is
prevalent if their size and density are high. The loss mode is determined by the coupling
parameter Γ of CNPs in plasmas [32], given by the following equation.

Γ =
1
6

d2
pn

5
3
p D3

w, (3)

where Dw is the characteristic length of the reactor. For the Γ >> 1, the coupling among
CNPs through radicals is strong, results in the deceased radical density with the time after
the nucleation of CNPs. If the coupling is weak, the wall loss of radicals is dominant,
resulting in no radical density change with the time. Further, to detect the Γ value, the np
was deduced from the result in Figure 7.

Figure 7 shows the number of deposited CNPs per μm2 during the deposition time
of 60 min. The flux of the CNPs can be calculated if the sticking probability of CNPs
is unity. Considering the solid angle, the flux at the end of the holes deduced to be
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1.30 × 1011 cm−2s−1. Raman results show that the structure of CNPs was polymer-like
carbon, and the mass density of the CNPs was assumed 1.6 g/cm3. If the temperature
of CNPs equal to that of the electrode (433 K), the np was 1.20 × 109 cm−3, and dp was
25 nm, as shown in Figure 6. Dw (Dw = 2.5 mm) assumed as the radius of hole, then Γ
was 6.78 at the end of the discharge region. In the discharge region, the size of CNPs
was smaller than 25 nm, and Γ value should be less than one. It suggests that the loss of
radicals through the wall was predominant, which results in a constant rate of radical loss.
To discuss the generation of the radicals, we have measured emission spectra in plasma.
We measured two Ar I emission intensities at 425.9 nm I425.9 and 750.4 nm I750.4 with upper-
level excitation energy of 14.7 eV (3p1) and 13.5 eV (2p1), respectively. These emission
processes have little effect on quenching and radiation trapping. The upper excitation
level has small cross sections for electron-impact excitation from metastable states [33,34].
The FR dependence of an emission intensity ratio I425.9/I750.4, shown in Figure 8.
The ratio indicates the information of the high energy tail of the electron energy distribution,
which relates to the radical generation.

 
Figure 8. Dependence of I425.9/I750.4 on FR.

Although the ratio is irrelevant to FR, as shown in Figure 8, the discharge voltage for
each FR condition is almost the same, suggesting the electron density was irrelevant to
the FR. These results indicate that the generation rate of radicals is unrelated to the FR.

In the steady state, the nr is proportional to the density of CH4 because the electron
density and the loss rate of the radicals can be assumed to be constant based on the
above discussion. Integrating Equation (2), the following formula gives the CNP size.

dp =
2
ρ

kmCnCH4vthrt, (4)

where k is the ratio of generation rate and loss rate of radicals in the steady state, nCH4
the density of CH4, and t the interaction time of CNPs and radicals. The k value is related
to the depletion rate of the CH4 molecules. In the current study, CNPs were nucleated
in the discharge generated in the holes of the electrode. They grew in the discharge,
transport with the gas flow, and growth was stopped outside the holes. We assumed that
the growth of CNPs starts when the CH4 molecules enter into the holes where plasmas
were generated. Thus, dp was assumed to be equal to zero at t = 0, and the growth of CNPs
stops at t = τres. Figure 8 shows the dependence of dp on τres, based on FR dependence,
together with the results reported earlier [23]. Considering the larger size of CNPs for
FR = 10 sccm, the size of CNPs linearly increases with increasing the τres. In this study,
nCH4 and vthr was 6.36 × 1021 m−3 and 8.24 × 102 m/s, respectively. The calculated value
using Equation (4) as a parameter of k and the experimental results were well fitted for
k = 0.035 (Figure 9). For the conventional CCP, the depletion rate of CH4 was about 3% for
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1.33 Pa pure CH4 gas and 0.15 W/cm2 in discharge power density [35]. The depletion rate
monotonically increases with CH4 pressure.

Figure 9. Dependence of dp on τres. Open circles indicate the results reported earlier [23]. Lines were
obtained by Equation (4). Error bar shows the standard deviation.

For the MHDPCVD, the discharge power density was 6.4 W/cm2, much higher than
the conventional plasma CVD (above-mentioned), and the partial pressure of CH4 was
38 Pa. The radical loss to CNPs was small but cannot be ignored as it affects the Γ value.
Thus, the fitted value of k is reasonable. Based on our results, the CNP in MHDPCVD was
grown by the deposition of carbon-related radicals.

4. Conclusions

Through this work, we succeeded in synthesizing the size controlled CNPs using
the Ar +CH4 MHDPCVD method continuously. The control range of the mean size was
from 25 to 220 nm. We observed that size was proportional to the gas residence time
in the discharges maintained in the electrode’s holes. We theoretically confirmed that
CNPs were grown by the deposition of radicals during the discharges’ transport of CNPs,
and CNPs move through gas flow in the discharges. The duration of the CNP transport in
the discharge corresponds to the gas residence time. Therefore, the CNP size control using
the MHDPVCD is a type of time of flight size control.
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Abstract: Conventional plasma jets for biomedical applications tend to have several drawbacks,
such as high voltages, high gas delivery, large plasma probe volume, and the formation of discharge
within the organ. Therefore, it is challenging to employ these jets inside a living organism’s body.
Thus, we developed a single-electrode tiny plasma jet and evaluated its use for clinical biomedical
applications. We investigated the effect of voltage input and flow rate on the jet length and studied
the physical parameters of the plasma jet, including discharge voltage, average gas and subject
temperature, and optical emissions via spectroscopy (OES). The interactions between the tiny plasma
jet and five subjects (de-ionized (DI) water, metal, cardboard, pork belly, and pork muscle) were
studied at distances of 10 mm and 15 mm from the jet nozzle. The results showed that the tiny plasma
jet caused no damage or burning of tissues, and the ROS/RNS (reactive oxygen/nitrogen species)
intensity increased when the distance was lowered from 15 mm to 10 mm. These initial observations
establish the tiny plasma jet device as a potentially useful tool in clinical biomedical applications.

Keywords: cold atmospheric plasma; tiny plasma jet; biomedical applications

1. Introduction

Plasma is the fourth state of matter (solid, liquid, gas, and plasma), which is the most
energetic and abundant state of matter, comprising over 99% of the universe’s matter [1].
What makes the plasma unique is its gaseous combination of electrons, ions, and neutral
species in both fundamental and excited states [2]. The properties of plasma change depend-
ing on the source and amount of energy supplied, and plasma is divided into thermal and
non-thermal plasma according to the Maxwell–Boltzmann thermodynamic equilibrium [3].
Depending on the required application, there are a wide variety of plasmas generated
under different conditions. Recently, cold atmospheric plasma devices (CAP) operating at
atmospheric pressure and room temperature have exhibited great potential for biomedical
applications [4–6]. Laroussi demonstrated that plasma generated at atmospheric pressure
is a very effective sterilization agent in 1996 [7]. Isbary et al. proposed a first prospective
randomized controlled trial to decrease bacterial load using CAP on chronic wounds in pa-
tients [8]. Pan et al. developed a novel method of tooth whitening employing CAP driven
by direct current in atmospheric pressure air [9]. Chen et al. demonstrated a synergism
between CAP and ICB (immune checkpoint blockade) integrated with microneedles to
provide a platform technique for the treatment of cancer and other diseases in a minimally
invasive manner [10]. More and more manuscripts have been published about CAP on
sterilization/disinfection, wound healing, blood coagulation, oral health, cancer therapy,
and other applications [11–17]. The efficiency of CAP for biomedical applications mainly
relies on its many components, such as reactive nitrogen species (RNS) and reactive oxygen
species (ROS) [18–20].

One of the aims of plasma biomedicine is to utilize CAP inside a living organism’s body.
The conventional form of CAP is not applicable for such in vivo biomedical applications,
especially cancer therapy, due to major drawbacks, including high voltages, plasma jet
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volume, reactive species delivery, and the discharge formation within the organ [21].
To mitigate these problems, we developed a single-electrode tiny plasma jet device for
biomedical applications. We then examined how different subjects, including deionized
(DI) water, metal, cardboard, and tissue, affected the tiny plasma jet during jet-subject
interaction processes.

2. Experimental Section

The single-electrode tiny plasma jet device (Figure 1) was developed at UCLA. It
consisted of a powered needle electrode connected to a high voltage transformer, all
contained within a 3D-printed polylactic acid (PLA) housing (TAZ 6 from LulzBot, Fargo,
ND, USA). The electrode was powered by a tabletop DC power supply (1901B, B&K
Precision, Yorba Linda, CA, USA) at 8, 10, and 12 V. The DC-to-AC converter was built
at UCLA, and a Chirk Industry transformer (RU3222, Chirk Industry, Taiwan) was used
to step-up the voltage by 25× at a nominal frequency of 30 kHz. The input power of the
tiny plasma jet was between 6 and 12 W. The plastic (polycarbonate) nozzle had an inner
diameter of 1.5 mm and a wall thickness of 0.5 mm. Helium (He, ultra-high purity) was
employed as feeding gas. The discharge voltage for the plasma jet was measured using a
high voltage probe and oscilloscope.

 

Figure 1. Schematic representation of the single electrode plasma jet device.

A fiber-coupled optical spectrometer (LR1, ASEQ Instruments, Vancouver, BC, Canada),
with a range of wavelength 300–1000 nm, was employed to detect CAP-generated ROS and
RNS (such as nitric oxide (NO), nitrogen cation (N2

+), atomic oxygen (O), and hydroxyl
radicals (•OH)). The optical probe was placed at a radial distance of 10 mm from the center
of the nozzle. Data were collected with an integration time of 600 ms. All subjects but DI
water were placed on non-conductive medical-grade plastic for treatment. DI water was
placed within a standard plastic 6-cell culture plate.

Thermal measurements of the plasma jet alone and interacting with subjects were
made with a long-wavelength infrared camera A655sc, FLIR Systems, Wilsonville, OR, USA)
from a distance of approximately 15 cm diagonally above the subject; the relative position
of the camera to the jet and subject remained consistent for all tests. Frame sequences for
each time point consisted of a multi-second exposure recorded using Research IR 4.40 with
individual frames extracted as needed after recording. A linear scale manually configured
from 10 ◦C to 40 ◦C was selected for all images to allow for a sufficient dynamic range.
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Low-magnification optical images of tissue surfaces were made using a BW500 Digital
Microscope. Other optical images were taken via digital SLR (D850, Nikon Corporation,
Tokyo, Japan) using constant shutter speed, aperture, film speed, and relative position for
all images.

3. Results and Discussion

Figure 2a shows the image of the single-electrode tiny plasma jet with a length of
approximately 2.5 cm well collimated along the entire length. The thermal effects of the tiny
plasma jet on its environment and subjects were measured via thermal camera (Figure 2b).
The average gas temperature of the tiny plasma jet is around 25 ◦C, which is approximately
equal to that of the local environment. Figure 2c shows the discharge voltage of the tiny
plasma jet at 10 V input voltage and 3.02 L/min He flow rate. The peak-peak discharge
voltage is approximately 6.88 kV with a frequency near 20 kHz. The electrode operates with
sufficiently high frequency and voltage power to generate a strong electric field, resulting in
the formation of the elongated plasma streamer by ionizing the surrounding gas atoms [22].
The magnitude of the current is in milliamperes. Figure 2d shows the optical emission
spectra of the tiny plasma jet. The identification of emission lines and bands was performed
according to reference [23]. •OH (hydroxyl radical) is present at 309 nm. The He bands
are assigned at 588, 668, and 705 nm. The wavelength of 337, 376, and 381 nm could be
indicative of the low-intensity N2 second-positive system (C3Πu-B3Πg). Moreover, their
magnitudes are at most a few thousandths of the highest peak N2

+ (391 nm), while 358 and
428 nm are also N2

+. The composition of the tiny plasma jet is thus similar to conventional
plasma jets [24,25].

 

Figure 2. (a) Image of the tiny plasma jet and (b) thermal measurement of the vicinity of the tiny plasma jet. (c,d) represent
the discharge voltage and optical emission spectrum of tiny plasma jet with input voltage at 10 V and He flow rate at
3.02 L/min, respectively.

Figure 3 shows the effect of input voltage and flow rate on the tiny plasma jet. In
Figure 3a, the length of the plasma jet decreases when the flow rate increases at constant
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input voltage, while the length of the tiny plasma jet increases when the input voltage
increases at a constant flow rate. We investigated the longest tiny plasma jet for each input
voltage and found that the flow rate for the longest jet is 3.21 L/min for 8 V, 3.02 L/min for
10 V, and 2.51 L/min for 12 V, respectively. Comparing the three longest plasma jets, input
voltage plays a major role in affecting the length of the tiny plasma jet. As expected, the
flow rate has almost no effect on the peak-peak discharge voltage in Figure 3c; the longest
jets for each input have been marked in an ellipse. The authors also pointed out that input
voltage plays a significant effect on the length of the plasma plume, among other factors,
including flow rate and the diameter of the nozzle exit [26]. The upstream region discharge
affects the stability and length of the downstream plasma jet [27]. We used the tiny plasma
jet at 10 V input voltage and 3.02 L/min for the following measurements.

 

Figure 3. (a) The effect of flow rate (1.21 L/min, 4.39 L/min, and 8.54 L/min) and input voltage (8 V, 10 V, and 12 V) on
the length of the tiny plasma jet. (b) The longest tiny plasma jet for 8 V, 10 V, and 12 V input. (c) The peak-peak discharge
voltage for the tiny plasma jet at a different He flow rate. Scale bar: 5 mm.

Water is the main component of many living things, exemplified by blood being
primarily composed of water [28]. Therefore, it is necessary to study the effect of water
on the tiny plasma jet for future biomedical applications. In addition, the conductivity
of subjects cannot be controlled during the use of the tiny plasma jet for the treatment of
diseases. Here, we selected an aluminum cutout and length of cardboard as conductive
and non-conductive subjects, respectively. Figure 4a shows images of the tiny plasma jet
interacting with DI water, metal, and cardboard at 10 mm and 15 mm distances. Compared
with the tiny plasma alone, the peak-peak discharge voltages of the jet interacting with DI
water, metal, and cardboard decrease slightly at the 15 mm distance, while the peak-peak
discharge voltage decreases more for each one at 10 mm distance compared with 15 mm.
From a 15 mm distance to 10 mm, plasma intensity increases, especially for DI water and
metal, becoming visibly brighter. Figure 4b shows the optical emission spectra of the tiny
plasma jet interacting with DI water, metal, and cardboard at 10 mm and 15 mm distances.
At a 15 mm distance, the ROS/RNS intensity of the tiny plasma jet interacting with DI water,
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metal, and cardboard only varies slightly when compared with the tiny plasma jet operating
without a subject. From 15 mm to 10 mm, the ROS/RNS intensity increases slightly for
jet-cardboard interaction, around 50% for jet-metal interaction, and approximately 200%
for jet-DI water interaction, respectively. This change in optical emissions spectrometry
(OES) intensity for DI water and metal, but not cardboard, implies a change in the plasma
plume characteristics when certain subjects are placed nearer to the nozzle opening, likely
related to the electrical conductivity of the subjects. While DI water is non-conductive itself,
it becomes conductive after plasma treatment [29]. Thus, DI water and metal as conductive
subjects result in higher plasma intensity than the cardboard as a non-conductive subject.
Plasma interacting with DI water will generate ROS/RNS, such as hydrogen peroxide,
nitrite, and other species, in the water to form a plasma solution. In our previous papers,
we indicated that the concentration of ROS/RNS depends on the discharge voltage/current,
types of feeding gas, feeding gas flow rate, water volume, and other parameters [3,19,25,29].
For the same parameters, the concentration of ROS/RNS in water exhibits time-dependent
behavior. In addition, the pH of the plasma solution will increase with the increasing
time of plasma-water interaction [14]. Interaction between the tiny plasma jet and the
metal surface may bias the surface positively and, in addition to standard fluid motion,
cause the discharge to spread out horizontally along the metal’s surface further than with
other materials. At the interaction between the plasma jet and DI water, the pressure from
the plasma flow creates a small pocket in the water’s surface, potentially modifying the
local airflow to reduce the dispersion of reactive species along the surface; along with the
tendency of jet/water interactions to increase reactive species generation, this discharge
counterflow may help to increase species density near the emission tip. This may explain
why the OES intensity of the jet interacting with DI water is measured as higher than when
interacting with metal. Gerling et al. indicated that the distance between the electrode
and the ground is significant in generating different plasma behaviors, with a “pre-bullet”
being generated at a 15 mm gap but no “pre-bullet” at 10 mm [30]. Since we’re using a
single electrode in this situation, the subject might be considered a floating electrode and,
for the 15 mm gap, what we might be seeing is the incomplete discharge for the pre-bullet,
resulting in the decreased OES intensities. Nastuta et al. tested atmospheric pressure at the
plasma jet-living tissue interface at 5 mm and 15 mm and found similar drops in intensity
for subjects [31].

Figure 5a shows images of the tiny plasma jet interacting with pork belly and muscle
at 10 mm and 15 mm distance. From 15 mm to 10 mm, the plasma intensity at both subjects
increase, and the OES results in Figure 5b also confirm this. Comparing OES results for
belly and muscle at 15 mm distance with the tiny plasma jet alone, there is minimal change
in ROS/RNS intensity, while ROS/RNS intensity largely increases when the distance is
reduced from 15 mm to 10 mm. In addition, ROS/RNS intensity of jet-muscle interaction
increases more than jet-belly interaction at the 10 mm distance. Figure 5c shows high-
resolution images of pork belly and muscle before and after 2 min tiny plasma treatment at
10 mm and 15 mm distance. There is no damage or burning on belly and muscle surfaces
after 2 min treatment at 10 mm and 15 mm. We tried to reduce the distance and increase
other inputs to see the effect on biological tissues. The results show no damage to tissues.
The reason might be that lower input power is too low to damage tissues. Figure 6 exhibits
thermal images of the tiny plasma jet interacting with five subjects after 2 min at 10 mm
and 15 mm. For cardboard and DI water, the center temperatures of the interacting area
decrease from 15 mm to 10 mm; however, the variations are small (0.6 ◦C and 0.5 ◦C,
respectively) and may be considered noise. Due to jet flow, indentations form on the water
surface at both distances, which may partly explain why ROS/RNS intensities are higher
than with other subjects. For metal, belly, and muscle, the center temperature after 2 min
interaction increases when the distance is changed from 15 mm to 10 mm (increases of
2.2 ◦C, 3.0 ◦C, and 6.6 ◦C, respectively), but it still remains at a comfortable temperature for
human beings. The belly and muscle samples, in particular, begin at significantly cooler
temperatures, and the interaction with the gas alone from the jet would be expected to
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increase the temperature of the target area to room temperature, as can be seen in the
larger outer thermal “rings” in Figure 6, which are near-universal in size and temperature
between non-liquid subjects; the more relevant interaction with the plasma discharge for
the belly and muscle samples can be identified by the central thermal hotspots. Thus, the
tiny plasma jet should be an ideal and safe tool for in vivo biomedical applications.

Figure 4. (a) Images of the tiny plasma jet interacting with deionized (DI) water, metal, and cardboard at 10 mm and
15 mm distance. (b) The effect of interacting processes between jets and subjects (DI water, metal, and cardboard) on optical
emission spectra of tiny plasma jets.

Cold plasma has received considerable attention for its potential biomedical appli-
cations, including blood coagulation, wound healing, sterilization/inactivation, skin re-
generation, oral health, and cancer therapy [4,32,33]. The efficiency of plasma for biomed-
ical applications mainly relies on the ROS/RNS generated in it [34,35]. As shown in
Figures 2d, 4b and 5b, the tiny plasma jet is an ideal ROS/RNS source, and ROS/RNS
intensity increases when the plasma jet is used nearer to tissues and conductive materials.
This single-electrode tiny plasma jet without the major drawbacks of conventional plasma
jet (high voltage, high flow rate, reactive species delivery, plasma jet volume, and discharge
formation in the organ) will have more potential biomedical applications, especially for
in vivo clinical applications. For example, plasma disinfects bacteria in the oral cavity, such
as Enterococcus faecalis and Candida albicans [36,37]. This reliable and user-friendly tiny
plasma jet could be directed manually to target a root canal for disinfection. A tiny plasma
jet is also an ideal tool when applied inside a living body, especially for cancer therapy.
We take a glioblastoma, for example, which is a highly malignant aggressive neoplasm
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with rapid growth and resistance to all current therapies [38,39]. Our previous results have
shown that plasma is effective at preventing glioblastoma growth in the mouse brain [40].
The tiny plasma jet, with a low flow rate and limited discharge voltage, can be generated
in closer proximity to the organ, safely delivering ROS/RNS across the blood-brain barrier
to the tumor. Overall, the tiny plasma jet is useful and should be considered in clinical
medical applications. A further understanding of the precise underlying mechanisms will
provide the ‘best’ combination when employed as a treatment strategy.

Figure 5. (a) Images of tiny plasma jet interacting with pork belly and muscle at 10 mm and 15 mm distance. (b) The effect
of interacting processes between jets and pork (belly and muscle) on optical emission spectra of tiny plasma jets. (c) The
surface images of pork (belly and muscle) after jet-pork interactions for control (0 min), 10 mm (2 min), and 15 mm (2 min).
Tissue surface measurements were made using a BW500 Digital Microscope to examine the surface of each sample. Scale
bar: 1 mm.
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Figure 6. Thermal measurement of the tiny plasma jet interacting with cardboard, metal, DI water, belly, and muscle for
2 min at 10 mm and 15 mm distances. The temperature marked below each image is the center temperature of a tiny plasma
jet interacting with subjects.

4. Conclusions

In summary, we developed a single-electrode tiny plasma device and investigated its
physics and interactions with five subjects (DI water, metal, cardboard, belly, and muscle)
at 10 mm and 15 mm. For non-conductive subjects, ROS/RNS intensity shows very little
change when the distance is decreased from 15 mm to 10 mm, while ROS/RNS intensity
increases for conductive subjects with distance decreasing from 15 mm to 10 mm, especially
for the muscle. For five subjects, the center temperature of jet-subjects interaction still
remains in the comfortable temperature range for human beings after 2 min interaction for
both 10 mm and 15 mm distances. High-resolution images of belly and pork after 2 min
tiny plasma treatment show no damage or burning on tissues’ surfaces. The results of this
study are preliminary research for employing the tiny plasma jet in clinical biomedical
applications in the future.
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Abstract: A novel method based on the combination of simultaneous cold plasma treatment with
Mg nanoparticles deposition, applied to Mung bean seeds by improving their quality, is presented.
The SRIM simulation reveals that only the very top layer of the seeds surface can be altered by
the plasma. The experimental analysis indicates surface composition changes with a polar groups
formation. These groups initiate the shift of surface characteristics from hydrophobic to hydrophilic.
The chemical bond analysis shows the formation of MgO and Mg(OH)2 compounds, which acts as
a positive factor for seeds germination and growth. The germination experiments showed a 70%
outcome with an average of 73.9 mm sprouts length after 30 min of plasma treatment compared to
the initial seeds (40% outcome and 71.3 mm sprouts length).

Keywords: germination; Mg deposition; non-thermal plasma; plasma treatment; surface modification

1. Introduction

Mung beans are an important crop widely cultivated across Asia and some parts of America [1].
According to the IMARC group (market forecasters), the global market of Mung beans reached
an amount of 3.4 million tons in 2019 where India is a leader with 60% of the total production.
The Mung beans have gained their popularity as edible sprouts due to the numerous health benefits
and their high nutritional value, which include proteins, fibers, vitamins, minerals, antioxidants,
and phytoestrogens [2,3]. Since the demand of sprouts is still increasing, the crop yield and rate of
seeds germination should increase, respectively.

However, some factors and an insufficient germination of seeds could lead to a reduction
in the production yield of Mung bean sprouts. The main causes of the low germination of
plant seeds are usually connected to genetic factors, the quality of the seeds surface and soil
contamination with microorganisms, as well as the lack of moisture or macronutrients [4,5]. Moreover,
adverse environmental conditions can negatively affect the germination.

The conventional methods used to enhance the germination rate are fertilization and increased
irrigation but it still faces economic and environmental issues [4,6]. The agrochemicals used for yield
improvement might be hazardous for the human health [7]. Moreover, current consumers are interested
in less chemically treated food products. Alternatively, genetic engineering, seeds sterilization with
sodium chlorite, treatment with acids, antibiotics, hot water, or additional macro elements can be
employed for better germination [1,8,9]. However, these processes are considered complex, expensive,
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not always efficient, and sometimes even harmful. Therefore, eco-friendly and non-hazardous
alternative methods are desired.

It is noted that seed germination begins with a water uptake, which induces biochemical
processes [5,10]. The absorption of the water rate is influenced by environmental and plant seed
surface properties (morphological and chemical state). Although increased surface wettability and
water uptake are necessary, they are not sufficient conditions for better germination.

Recently, the treatment of plant seeds surface using non-thermal plasma is one of the emerging
technologies in the agriculture, which can breakdown seed dormancy, control water absorption,
kill bacteria, or positively stimulate germination and growth [11]. Consequently, it gets more and
more attention in China, which uses plasma treating seed technologies commercialized by Russia [12].
However, the existing devices still need many improvements.

The non-thermal plasma consisting of ions, electrons, excited atoms, radicals, molecules, and UV
radiation can modify the surface from several up to tenths of nanometers [13]. During the non-thermal
plasma treatment, plant seeds undergo only a very low stress via plasma activation and are kept intact.
Due to such characteristics, the plasma can induce a mild surface etching (via ions bombardment)
or even enrich the seeds surface with oxygen containing functional groups [5]. These groups can
significantly increase the surface wettability, which has a very positive effect on seeds metabolism
and germination, as well as surface permeability for nutrients [3,7]. Another positive effect of plasma
modification is the sterilization of the seeds surface and elimination of unwanted microbes [1,14,15].
Moreover, the non-thermal plasma is suitable for heat sensitive surfaces, as well as being a fast and
environmental-friendly (without any hazardous chemicals) method, which provides a uniform and
non-destructive surface treatment of plant seeds [7,16]. It is demonstrated that various treatment
parameters can accelerate germination, increase sprout growth, plant height, weight or root growth,
decontaminate the seed surface, or improve the survivability [17]. However, the process mechanism
can still be investigated in more detail.

Among different common gases (such as Ar, He, N, O2), very promising results are shown after
the exposure of seeds to the atmospheric air plasma where enhanced germination and seedling vigor
were observed [17–20]. In the air plasma, reactive nitrogen and oxygen species are generated (RONS
and ROS, respectively). Furthermore, the air plasma consists of predominant excited oxygen (O2*) and
nitrogen (N2*) molecules, atomic nitrogen (N) and oxygen (O), superoxide anions (O2

−), and some
radicals such as, H2O+, OH−, and OH* [21,22]. The reactive oxygen and nitrogen species have a huge
impact on seeds activation in the plasma [8,23].

Nevertheless, the impact of micro nutrients on seeds germination should not be forgotten.
Magnesium plays an important role in plants as a regulator of biochemical functions and can have
a positive impact on seeds germination, as well as plant growth [24]. It activates enzymes and is
an essential element in the photosynthesis process. Moreover, it is a very important nutrient for
human health [24,25]. S. Shinde et al. synthesized magnesium hydroxide (Mg(OH)2) nanoparticles and
investigated their influence on the germination of Zea mays [26]. The authors found a significant increase
in seeds germination and growth (i.e., enhanced shoot height and root length). Another research group
demonstrated that magnesium oxide nanoparticles also improved the green gram (V. radiata) seeds
germination performance [27]. Generally, the plasma treatment of plants and seeds as well as the usage
of additional nutrients are separate approaches and studies for an increment of germination efficiency.
Magnesium is one of the most important elements for the healthy growth of plants and one of the most
limiting macronutrients in agriculture [26,28].

This study focused on the theoretical and experimental analysis of Mung bean seeds surface
modifications, by an implanted gaseous species from the plasma and nanoparticles, which arrive from
magnesium cathodes used during the cold plasma treatment. The oxygen and nitrogen implantation
could promote beans germination and initial growth. Moreover, magnesium nano clusters could act
as nano fertilizers, which improve the plant nutrition level during growth. Basically, magnesium
salts are used as fertilizers in order to increase their concentration in soil. Here, we show an original
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approach attaching magnesium nanoparticles directly to the seeds. Specifically, we investigate the
influence of the treatment on the chemical state characteristics of the seeds surface, the change in the
elemental composition, as well as germination by applying various surface analysis techniques. In this
study, we demonstrate that a combination of simultaneous non-thermal plasma treatment with Mg
nanoparticles deposition on the surface have a significant potential for improving the outcome of
seeds germination.

2. Experimental Details

2.1. Plasma Treatment

During the plasma treatment, the Mung bean seeds were placed in a vacuum chamber on metal
mesh between two Mg electrodes (produced by KJLC, Clairton, PA, USA 99.9% purity). The principle
scheme of the plasma treatment as well as the image of the real plasma treatment process is shown in
Figure 1. The two electrodes and metal mesh between them was used in order to ensure a homogeneous
treatment process for all the seeds surface. The direct current power source (20 W) was used for plasma
generation, while air was used as a working gas. The pressure of 10 Pa was kept constant during
the plasma treatment process (gas flow was maintained around 30 mL/min). The distance between
each Mg electrode and metal mesh was 4 cm. Mung bean seeds were treated in plasma for 10, 30, 60,
and 90 min.

Figure 1. Experimental setup of seeds plasma treatment.

2.2. Plasma Treatment Process Simulations

The air-plasma ion penetration into the Mung bean seeds was evaluated by using SRIM—a free
available Monte Carlo simulation code with a full name: Stopping and Range of Ions in Materials.
SRIM is the most widespread simulation code mainly used for calculations of sputtering and its
application areas. The SRIM software is based on the TRIM code (TRansport of Ions in Matter),
which uses Biersack’s magic formula and the ZBL (Ziegler-Biersack-Littmark) universal interaction
potential for its calculations [29,30].

2.3. Characterization

The surface wettability was evaluated by water contact angle (WCA) measurements, which were
performed immediately (in less than 5 min) after the plasma treatment process. The laboratory made
equipment with a camera and PC computer was used for high resolution pictures of the water drop on
the seeds surface. Deionized water was syringed on the surface of the seeds and the pictures were taken
during the next 3 s. Three seeds were used for each measurement and averaged values were calculated.
The surface elemental composition and chemical bond analysis of the plasma treated Mung bean seeds
were analyzed by an X-ray photoelectron spectroscope (XPS, PHI 5000 Versaprobe, Chanhassen, MN,
USA). During the XPS analysis, the monochromated 1486.6 eV Al radiation, 25 W beam power, 100 μm
beam size, and 45◦ were used. The Multipak software and NIST Standard Reference Database were
used for the XPS spectra processing and analysis. The elemental mapping of Mung bean seeds was
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done using a scanning electron microscope (Hitachi S-3400N, Tokyo, Japan) equipped with energy
dispersive X-ray spectroscopy (EDS, Bruker Quad 5040, Berlin, Germany).

2.4. Germination

The germination rate is presented as a percentage by indicating the proportion of germinated and
total number of Mung bean seeds, which were seeding for 7 days at room temperature (the temperature
was kept between 21–23 ◦C during the whole germination process) with 12 h light and 12 h dark.
Twenty Mung bean seeds of each group (initial, 10, 30, 60, and 90 min of the plasma treatment) were
used for the germination experiments. The humidity was set between 60–70%. The calculation of the
germination rate is presented by the following equation:

Germination rate (%) =

(
Number o f germinated seeds

Total number o f seeds

)
× 100 % (1)

3. Results and Discussion

3.1. Simulation Results

During the SRIM simulation, some assumptions were taken into account, therefore, the real
penetration depth might vary by several nanometers. First, it was assumed that the surface of the Mung
bean seeds consists of carbon only. The elemental analysis experiments, which are presented below,
revealed that the surface of the Mung bean seeds consist of carbon (more than 80%) and some other
elements: O, Si, and Ca. This result was observed by analyzing a very thin surface layer, which was
up to 10 nm. Moreover, it is known that the carbon concentration could even increase to a very top
layer due to the adventitious carbon [31]. Therefore, the simulation was performed by approaching
the plasma ions that penetrate through the carbon layer of the analyzed seeds and using the density
of carbon during the simulation. Second, nitrogen is a main component of air, which was used for
the plasma treatment. Therefore, the simulation was simplified by taking into account nitrogen as an
ion source. Finally, the calculated air plasma as well as the Mg ion energy, which are required for the
simulation, were about 0.1–0.2 keV.

Figure 2 shows the simulation results of the air-plasma and Mg ions penetration in to the Mung
bean seeds. The results show that the air-plasma ions penetrated into approximately 3 nm depth
of the Mung bean seeds, while the highest concentration of plasma ions penetration was fixed at a
2 nm depth. This means that only a very top layer of the seeds surface is altered during the plasma
treatment and such a method does not make any changes on the seeds bulk. However, a majority
of the researchers claimed that the plasma ion penetration depth into the various seeds is up to
10 nm [10,32,33]. This disparity between the calculated results and the ion penetration depth provided
by other authors could be related to several approaches. First, a majority of the other authors used
the term “up to 10 nm” without any ion penetration depth calculations, while it is widely known
that the plasma can influence only the “very top layer” of the treated material. Up to our knowledge,
there are no articles that indicate a particular penetration depth of cold plasma ions into the seed.
Moreover, the existing ion penetration depth models into other materials used different plasma
parameters including ion flux, temperature, plasma composition, etc. Therefore, it is hard to evaluate
the real difference between our suggested model and the penetration depth results presented by the
other authors.

Moreover, our suggested model revealed that the deposited Mg nanoparticles could penetrate
into 1–2 nm of the Mung bean surface (Figure 2b). The result that air-plasma ions can penetrate deeper
than Mg is reasonable, while both air-plasma and Mg ions have a similar energy during the plasma
treatment and air-plasma ions have a lower diameter, determining an easier penetration process.
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Figure 2. Simulation results of (a) air-plasma and (b) Mg ions penetration in to the Mung bean seeds:
Visualization of ions distribution.

The air plasma consists of a variety of different particles and radicals (electrons, neutral, particles,
excited atoms, molecules), as well as UV irradiation. Therefore, it is well known that the gas plasma
can result in various effects upon the treated surface including cleaning or alteration of the surface.
Many processes can occur during the interaction of air plasma with the seeds surface: The removal
of surface contamination, the formation of an altered layer by the implantation of magnesium ions
and active ions from air plasma near the surface, the adsorption of magnesium atoms on the surface,
the formation of polar molecule groups on the surface which promote surface wettability, the changes
in the surface topography on the nanoscale, etc. [8,34]. Under certain conditions, magnesium particles
from the used electrodes are sputtered by ions existing in the air plasma. The sputtered magnesium
with enough energy is deposited on the seeds surface and oxidized by an active oxygen species in the
air plasma (Figure 3).

Figure 3. The scheme of the plasma treatment process with Mg nanoclusters deposition on the
seed surface.

3.2. Experimental Results

An elemental analysis of the very top layer of initial and plasma-treated Mung bean seeds was
performed by XPS measurement (Figure 4). The surface of the initial seeds consists of carbon (80.5 at%),
oxygen (15.3 at%), nitrogen (2.0 at%) and a small amount of trace elements (2.2 at%). The clear changes
of the Mung bean seeds surface elemental composition were observed after the plasma treatment.
The amount of carbon decreased approximately two times even after 10 min of the plasma treatment
(43.7 at%). A longer treatment time invoked the reduction of carbon which varied from 24 to 34.7 at%.
On the contrary, the increment of oxygen was observed after the first 10 min of the plasma treatment
up to 42.3 at%. Such an amount of oxygen remained relatively stable despite a longer treatment time.
Similar tendencies were observed by estimating the amount of nitrogen, in which the concentration
slightly increased after the plasma treatment and varied in a narrow range (from 2.4 to 3.6 at%).
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Figure 4. XPS survey spectra of initial- and plasma-treated Mung bean seeds.

These results are determined by the native characteristics of the plasma, while two main processes
(known as plasma cleaning and free radical sites formation) complement each other during the plasma
treatment. The plasma cleaning initiates the removal of organic contaminants, as well as an adventitious
carbon from the surface of the sample. Such a process can be related to the carbon amount reduction,
as well as the oxygen promotion during the plasma treatment. Meanwhile, the formation of free radical
sites usually improves the free surface energy and induces a re-orientation with new chemical bonds
formation (see Figure 5) [35–38].

Figure 5. XPS fitting results of C1s and Mg1s peaks.

One of the main aims of this work was to form Mg nanoclusters on the surface of Mung bean seeds
during the plasma treatment. The analysis showed that 2.9 at% of Mg was observed even after 10 min of
the plasma treatment. Moreover, the concentration of Mg increased with a longer plasma treatment time
and reached 19.0 at% after 90 min of the plasma treatment. This result confirms that Mg nanoparticles
were deposited on the surface of Mung bean seeds during the plasma treatment. The small amount of
trace elements (Si, Ca), which is a component of the seed sheath, was observed by analyzing all types
of seeds. The small increase of Si and Ca elements after the plasma treatment compared to the initial
seeds concentration might be related to the plasma cleaning process, where organic contaminants are
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removed and a more certain elemental composition of seed sheath could be observed. The detailed
results of the Mung bean surface elemental composition before and after the plasma treatment are
presented in Table 1.

Table 1. Concentrations of elemental composition (up to 10 nm) before and after the plasma treatment.

Samples
Concentration, at%

C O Mg N Si, Ca

Untreated 80.5 15.3 - 2.0 2.2
10 min treated 43.7 42.3 2.9 3.6 7.5
30 min treated 42 43.6 5.6 3.0 5.8
60 min treated 34.7 45.4 10.1 2.8 7.0
90 min treated 28.8 41.9 19.0 3.5 6.7

The chemical bond analysis of Mung bean surface chemical elements was performed by XPS
measurement. Figure 5 shows the C1s and Mg1s peaks fitting results of the initial and plasma-treated
(30 and 60 min) Mung bean seeds. The analysis of the Mg1s peak showed two types of chemical bonds,
MgO and Mg(OH)2, with binding energies at 1304.5 and 1302.3 eV, respectively, which match well with
the theoretical values [39]. The ratio between MgO and Mg(OH)2 remains relatively stable (roughly
1:1) and Mg does not form any other bond despite a longer treatment time.

It should be mentioned that the analysis of the O1s peak confirmed the MgO and Mg(OH)2

chemical bond formation with a similar area ratio as in the Mg1s spectra. Moreover, two additional
chemical bonds were found (C-O and C=O). These chemical bonds were identified in detail by
analyzing the C1s spectra. Nevertheless, any relevant information was found by analyzing the O1s
spectra. Therefore, the fitting results of the O1s peak are not presented as a figure.

The results of carbon peak (C1s) deconvolution revealed that it consists of three components:
C-C, C-O, and C=O at binding energies of 284.8, 286.1, and 288.3 eV, respectively. It is important
to mention that the chemical bond C-C covers the majority of the C1s peak area by analyzing the
initial seeds (76.0% of the area). However, this value decreased until 51.5% of the area after 90 min
of the plasma treatment, while the total amount of C-O and C=O chemical bonds increased with
each longer treatment time. It is known that carbon chains (C-C bond) are recognized as non-polar
groups, which are responsible for surface hydrophobicity. Meanwhile, the higher amount of polar
groups (C-O and C=O) increase the surface tension and induce its hydrophilicity [40]. These results
revealed that the plasma treatment invoked a reduction of non-polar groups on the seeds surface and
increased its energy. Hence, the surface energy increment determined the formation of strongly polar
functional groups on the seeds surface [41,42]. The polar/non-polar groups ratio and chemical bonds
concentrations of the C1s peak are presented in Table 2.

Table 2. Concentrations of polar/non-polar groups.

Samples
C1s, area %

Polar/Non-Polar Groups Ratio
C-C C-O C=O

Initial 76.0 17.7 6.3 0.32
10 min 71.1 24.3 4.6 0.40
30 min 60.8 25.7 13.5 0.64
60 min 55.0 37.6 7.4 0.82
90 min 51.5 30.6 17.9 0.94

The water contact angle measurement is a simple technique which is used for a qualitative
evaluation of surface wettability. The WCA measurement was performed after each plasma treatment
time, as well as for the initial Mung bean seeds. The significant reduction of WCA was observed
by comparing initial and any other plasma-treated seeds. The WCA value for the initial seed was
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about 96◦. This value decreased until approximately 38◦ after 1 min and 24◦ after 5 min. A further
analysis revealed that the value of WCA remained relatively stable (about 15◦) after 10 min of plasma
treatment, while the ratio of polar/non-polar groups increased with a longer treatment time (Figure 6).
Such an obvious reduction of WCA determined clear changes of the seeds surface. The surface
conversion from hydrophobic to hydrophilic indicated the increment of free surface energy [40]. This,
in turn, determined a better water absorption into the seed. G. de Groot et al. used the cold plasma
treatment for cotton seed germination improvement [8]. They showed that the cold plasma treatment
invoked the seeds surface hydrophilicity and improved water absorption. Moreover, they showed
that the enlarged water absorption, compared to the initial seed, was directly related to a better seed
germination. The similar germination tendencies were observed by other authors as well, when the
plasma treatment encouraged the seeds surface hydrophilicity, which is directly related to a better
germination process [10,43,44].

Figure 6. Water contact angle (WCA) and polar/non-polar groups ratio (P/n-P) dependence on the
plasma treatment time.

The Mung bean germination experiments were performed with the seeds before and after the
plasma treatment process. First, the initial seeds showed approximately 40% germination (Figure 7a).
The increment of the germination process was observed after 10 and 30 min of the plasma treatment
(50% and 70% germination, respectively). However, a longer treatment time determined a total
reduction of the germination process (10% and 0% after 60 and 90 min of the plasma treatment,
respectively). The results of the sprouts length average values with the standard deviation (SD) are
shown in Figure 7a. The measurements revealed that the longest sprouts were observed after 30 min of
the plasma treatment with the average values of 73.9 mm (SD—23.0). Meanwhile, the length of the
initial and 10-min plasma-treated Mung bean sprouts were fixed at 71.3 mm (SD—22.8) and 65.2 mm
(SD 11.3), respectively.

We speculate that 30 min of the plasma treatment leads to formation of the most suitable number
of polar groups and, in turn, an enhanced water absorption, which is directly related to the seeds
germination process. On the other hand, a longer treatment time (60 and 90 min) inhibits the germination
process by initiating a too intensive polar groups formation (more than 0.6 of polar/non-polar groups
ratio) and invokes an even higher water absorption through the surface sheath, as well as induces
harmful stress in the seeds surface.

Magnesium plays an important role as a cationic macronutrient, which is a component of the
chlorophyll molecule and participates in the activation of photosynthetic enzymes [24]. The deficiency
of magnesium limits the photosynthesis process and leads to deprivation of carbohydrates in roots,
seeds, and tubers [24,45].
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Figure 7. Mung bean germination: (a) Germination percentage with sprouts length averages and
(b) real sprouts images of initial and plasma-treated seeds. Black vertical lines in (a)—errors presented
as standard deviation.

Furthermore, the plasma treatment also helps improve the activity of numerous plant enzymes
including seedling germination enzymes, which impact the overall metabolism of the plant and
increase its growth [46]. On the other hand, the plasma treatment has a positive influence on the
regulation of water uptake balance and physiological metabolic processes by modulating the activity
of antioxidant enzymes [47,48].

The surface morphology views of Mung beans before and after the plasma treatment are shown
in Figure 8. By comparing the initial and plasma-treated Mung beans surface, the results revealed that
its structure remained relatively stable and does not form any obvious changes after 10 and 30 min of
the plasma treatment (Figure 8b,c). Nevertheless, a clear evidence of surface morphology changes was
observed after 60 and 90 min of the plasma treatment, which contains small and significant cracks
(see the red dots in Figure 8d,e). It was assumed that the extensive plasma treatment could influence
the appearance of cracks by composing surface stress. These cracks might act as a water uptake center
itself and inhibit the seeds germination at higher treatment times, as seen in Figure 7.

Figure 8. Morphology views of Mung beans: (a) Initial, (b) 10 min, (c) 30 min, (d) 60 min, (e) 90 min of
the plasma treatment. Red dots—appeared cracks.

Moreover, as observed from the XPS elemental composition results, the amount of Mg increased
with the longer treatment time (5.6 at% after 30 min and 19.0 at% after 90 min of the plasma treatment).
The results of Mg elemental mapping after 30, 60, and 90 min of the plasma treatment are shown in
Figure 9. The elemental mapping results showed that the Mg nanoparticles (red dots) distributed
randomly on the seeds surface after 30 min of the plasma treatment and the highest part of the seeds
surface remained uncovered by the Mg nanoparticles. The different results were observed after 60 and
90 min of the plasma treatment. The significant higher surface area was covered by Mg nanoparticles
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with a clear evidence of Mg clusters formation after 90 min of the plasma treatment. Presumably,
the formation of enlarged Mg clusters might have a negative influence on the Mung bean seeds
germination process, which act as a physical barrier. Nevertheless, further investigations of Mg, as well
as the influence of other minerals on seeds germination and growth, are required.

Figure 9. Elemental mapping results of Mg nanoparticles distribution on Mung bean seeds surface
after 30, 60 and 90 min of the plasma treatment.

4. Conclusions

In this study, a new technique based on the combination of simultaneous non-thermal air plasma
treatment with Mg nanoparticles deposition processes were applied to Mung bean seeds by enhancing
their quality. This method revealed an original approach in order to increase the macronutrients level
on the seeds, which could be controlled during the plasma treatment process. The simulation of the
plasma treatment process showed that ions can penetrate into approximately 3 nm depth of Mung
bean seeds, while Mg ions can penetrate into a 3 nm depth. The two processes known as plasma
cleaning and free radical sites formation invoked composition changes on the seeds surface during
the plasma treatment with the reduction of carbon and increment of oxygen components, as well as
Mg nanoparticles deposition. This stimulates new chemical bonds formation on the seeds surface.
The formation of polar chemical bonds (C-O and C=O) lead to the shift of surface characteristics
from hydrophobic to hydrophilic and, in turn, improve water uptake. Meanwhile, the deposited Mg
nanoparticles formed MgO and Mg(OH)2 compounds, which can help in plant growth promotion.
Finally, the experiments showed that almost a two times better germination (70% outcome with a
73.9 mm average sprouts length) was observed after 30 min of the plasma treatment compared to the
initial Mung bean seeds (40% outcome with a 71.3 mm average sprouts length).
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Abstract: In recent years, non-thermal plasma (NTP) application in agriculture is rapidly increasing.
Many published articles and reviews in the literature are focus on the post-harvest use of plasma in
agriculture. However, the pre-harvest application of plasma still in its early stage. Therefore, in this
review, we covered the effect of NTP and plasma-treated water (PTW) on seed germination and
growth enhancement. Further, we will discuss the change in biochemical analysis, e.g., the variation in
phytohormones, phytochemicals, and antioxidant levels of seeds after treatment with NTP and PTW.
Lastly, we will address the possibility of using plasma in the actual agriculture field and prospects of
this technology.

Keywords: non-thermal plasma; plasma agriculture; seed germination; growth enhancement

1. Introduction

Plants regularly undergo a multitude of stresses, e.g., scarcity of water, waterlogging, toxicity,
high salinity, and extreme temperatures. These stresses result in less yield of crops. Countries such
as India, Australia, China, USA, South America, Central Asia, and Africa are significant producers
of food crops and are facing droughts at regular intervals. To enhance seed germination and growth
under the changing environment, techniques such as chemical, physical, and biological treatments
are developing [1–4]. However, in the framework of seed technology, the physical invigoration
treatments in seeds can result in the change of seed morphology, gene expression, and protein level [5].
These physical changes can result in increased germination and growth enhancement. The physical
methods for pre-sowing seed treatments are magnetic fields, electromagnetic waves, ionizing radiations,
ultrasounds, non-thermal plasma, etc., as shown in Figure 1. In this review, we will discuss the role of
non-thermal plasma (NTP) in stimulating germination and growth in plant seeds.

NTP has received considerable attention in recent years due to its increasing applications in
medicine, sterilization, agriculture, etc., as displayed in Figure 2 [6–26]. NTP discharges generate the
reactive charged species such as electrons and ions, and neutral species, and emit ultraviolet radiation,
and electric fields. The plasma generated reactive oxygen and nitrogen species (RONS) and change
in solution properties pH, electrical conductivity, and oxidation-reduction potential. These solutions
affect the rate of seed germination, enhancement in plant growth, and well as an increase in agricultural
yields. NTP applications in agriculture possess advantages over conventional treatments such as
short treatment time, easily accessible, and low temperature during operations. Moreover, NTP can be
used to treat seeds and crops without damaging them. The use of different feeding gases can alter the
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plasma chemistry that leads to an increase in variation of seed coating technology in comparison to
traditional methods [8].

Figure 1. Schematic representation of various physical methods used for seed treatment.

Figure 2. Schematic representation of non–thermal plasma (NTP) applications.

Generally, plasma applications in agriculture classified as preharvest and post-harvest. The use of
NTP in post-harvest processes such as food preservation and food processing are discussed briefly in
previously published reviews, as demonstrated in Figure 3 [27–32] On the other hand, limited reviews
are available for the NTP use in preharvest [33–36]. NTP technology is used in preharvest at different
levels like sterilization of seeds, improving seed germination, reducing pathogen invasion in soil,
etc. Although in this review, we will focus on the role of NTP generated at variable pressure ranges
on seed germination and seedling growth. In addition, we will also discuss the possible impact of
plasma-treated water (PTW) (also known as the plasma-activated water (PAW)) on seed germination
and plant growth. At last, we will discuss the probable mechanism of NTP and PTW treatment in
plasma agriculture and the prospects of this technology in the real scenario.
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Figure 3. Role of plasma in preharvest and post-harvest processes.

This review aims to discuss the current status of plasma treatment in the pre-harvest stage
and its possible mechanism. Additionally, explore the possibilities of using plasma in the actual
agriculture field.

2. Effect of NTP at Low/Medium (≈6.7 × 10−2 to 53,328 Pa) Pressure on Seed Germination and
Growth Enhancement

The NTP treatment applied at low or medium pressure, to treat various seed for the different time
intervals, in the presence of different types of feeding gases as described in Table 1.

Table 1. Enhanced seed germination and growth due to low/medium/atmospheric pressure plasma
and plasma-treated water treatment, as reported in the literature.

Seeds Plasma Type Results Reference

Radish sprouts Low-pressure plasma (100 Pa)

Radish sprouts growth increases with O2 plasma
treatment, while no effect was observed for seed
germination. In contrast, no effect on the average

length of sprouts for N2 Low-pressure plasma.

[37]

Radish sprouts Low-pressure plasma (40 Pa) Growth enhancement. [38]

Radish sprouts Scalar dielectric-barrier
discharge (DBD) plasma Growth enhancement. [39]

Radish sprouts Scalar DBD plasma The average seedling length was 250% longer than the
control samples. [40]

Radish sprouts Scalar DBD plasma
Enhanced plant growth for O2, Air and NO (10%) +N2

feeding gases plasma. While no significant growth
enhancement for He, N2, and Ar gases plasma.

[41]

Radish sprouts Plasma jet The total mass and average lengths of radish sprouts
increased. [42]

Radish Surface discharge plasma No effect on the germination dynamics but the length
of root and sprout increased. [43]

Chili pepper Plasma jet Enhanced seed germination. [44]

Arabidopsis thaliana Low-pressure plasma
(20–80 Pa)

Lengths of the leaves and stems of Arabidopsis
increased ≈1.5 times over the control. [45]

Arabidopsis thaliana Scalar DBD plasma Enhanced growth, shorter harvest, and increased
total weight. [46]

Wheat Medium pressure glow
discharge plasma (≈1333 Pa)

Increased growth activity and dry
matter accumulation. [47]

Wheat Low-pressure plasma Plasma treatment increased the grain and spike yield. [48]

Wheat Low-pressure plasma Enhanced seed germination rate. [49]

Wheat Low-pressure plasma (150 Pa) Improved germination potential, germination rate. [50]

Wheat Surface discharge plasma Little effect on the germination rate while a substantial
impact on growth parameters. [51]

Wheat DBD plasma Improved the germination and seedling growth. [52]

Wheat DBD plasma
The germination rate, germination potential,

germination index, and vigor index increased after
plasma treatment.

[53]
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Table 1. Cont.

Seeds Plasma Type Results Reference

Wheat DBD plasma
The germination rate, germination potential, root

length, and shoot length of the wheat
seedlings increased.

[54]

Wheat Plasma jet Increased dry weight after plasma treatment. [55]

Wheat Low-pressure plasma (140 Pa) Germination acceleration was inhibited on first day
after plasma treatment. [6]

Sunflower Scalar DBD plasma Adverse effects on germination kinetics. [56]

Sunflower Streamer like plasma Growth enhancement and increased dry weight. [57]

Sunflower DBD plasma The distribution of sprouts length and the dry weight
increased after plasma treatment. [58]

Soybean Low-pressure plasma (150 Pa) Germination and vigor indices significantly increased
after plasma treatment. [59]

Soybean DBD plasma Total fresh weight increased by 1.2-fold for
DBD plasma [60]

Pea
Diffuse coplanar surface

barrier discharge (DCSBD)
plasma

Increased in germination percentage and
growth parameters. [61]

Pea and Zucchini FSG plasma (a semi-automatic
device) system.

Germination of Pea and Zucchini increased after
plasma treatment. [62]

Mung bean Microplasma array plasma.
Germination index increased for Air and O2 plasma,
and no significant difference observed for He or N2

plasma compared to control.
[63]

Beans Low-pressure plasma
(6.7 × 10−2 Pa)

The final germination percentage of seeds was not
affected by plasma treatment. However, the rate of

germination was improved for the
plasma-treated samples.

[64]

Artichoke Low-pressure plasma (1.8 Pa) Improved the germination rate and seedling growth. [65]

Ajwain Low-pressure plasma (9.9 Pa) Improved seed germination percentage and
germination index. [66]

Poppy Plasonic AR-550-M Enhanced seed germination [67]

Oilseed rape Low-pressure plasma (150 Pa) Improved germination rate and seedling growth. [68]

Hemp
Gliding arc and downstream

microwave devices
(low-pressure, 140 Pa)

Gliding arc treatment increased the length of seedlings,
seedling accretion, and weight of seedling, while
downstream microwave plasma treatment had an

inhibiting effect.

[69]

Garlic seed bulbs Low-pressure plasma
(15–60 Pa) Increased dried bulb mass after plasma treatment. [70]

Sweet basil Low-pressure plasma (40 Pa) Increased germination and seedling vigor after
plasma treatment. [71]

Black gram Medium pressure DBD plasma
(≈53,328 Pa) Enhanced seed germination rate and seedling growth. [72]

Tomato Coaxial DBD reactor plasma The root-to-shoot ratio (R/S) ratio increased
significantly for plasma-treated samples. [73]

Pumpkin Plasma jet Plasma jets accelerated the germination of
pumpkin seeds. [74]

Brassica napus DBD plasma No significant difference in seed germination. [75]

Andrographis paniculata DBD plasma Increased seed germination. [76]

Fenugreek Plasma jet. Enhanced seed germination rate. [77]

Mulungu Plasma jet Enhanced seed germination rate. [78]

Hybanthus calceolaria Plasma jet Enhanced seed germination rate. [79]

Nasturtium DBD plasma Enhanced seed germination for short
plasma treatment. [80]

Thuringian Mallow GlidArc reactor Enhanced seed germination. [81]

Cucumber and Pepper DCSBD plasma Improved germination observed for both seeds. [82]

Spinach
High voltage nanosecond
pulsed plasma and micro

DBD plasma.

Germination and dry weight of seedlings increased
after both plasma treatment. [83]

Barley Surface DBD plasma Accelerated the early growth of sprouts and enhance
bioactive phytochemicals in the sprouts. [84]

Barley Low-pressure plasma (≈26 Pa) No effect of plasma treatment. [7]
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Table 1. Cont.

Seeds Plasma Type Results Reference

Oat Low-pressure plasma (≈13 Pa) Quantity of germination seeds increased by 27% after
plasma treatment than control on 5th day. [7]

Oat Low-pressure plasma (140 Pa) No significant difference in rate of germination. [6]

Black Pine DCSBD plasma The germination index increased for short
treatment time. [85]

Basil Volume DBD plasma Increased overall germination rate. [86]

Black Gram PTW Increased cumulative germination and vigor index. [87]

Radish sprout PTW Increased growth of sprouts. [88]

Radish PTW Enhanced seeds germination rate and the
seedling growth. [89]

Soybeans PTW Enhanced seeds germination. [90]

Mung bean PTW No significant difference in growth rate. [91]

Zinnia annual PTW Increased germinability and growth of flowers of
Zinnia annual. [92]

Chinese Cabbage PTW Increased dried weight of the plant. [93]

Lentils PTW Enhanced seeds germination as compared with
commercial fertilizer. [94]

Tomato PTW Enhanced shoot and root length. [95]

Rapeseed PTW Significant improvement in germination rate and
seedling vigor. [96]

Low/medium-pressure plasma used to treat the seeds of radish sprouts, wheat, ajwain, black gram,
poppy, oilseed rape, garlic, sweet basil, and bean. Radish Sprouts (Raphanus sativus) seeds were
treated by low-pressure radiofrequency (RF) plasma at 100 Pa pressure with O2 and N2 as feed gases.
The discharge power and frequency were 50 W and 13.56 MHz, respectively, see Figure 4a [37].

 
Figure 4. (a) Schematic diagram of the low-temperature plasma reactor and (b) Radish sprouts
cultivated with and without O2 plasma irradiation. Reproduced from reference [37], Copyright (2012)
The Japan Society of Applied Physics.

No effect on the seed germination was reported for O2 and N2 low-pressure plasma treatment.
However, the average length of sprouts was 60% higher for O2 low-pressure plasma as compared to
the control sample, as indicated in Figure 4b. In contrast, no change was observed for N2 low-pressure
plasma [37]. Hayashi et al. studied the effect of inductively coupled RF plasma on the radish sprouts
seeds. RF plasma worked at 13.56 MHz frequency, 40 Pa pressure in the presence of ambient air for
20 min, with an input power of 50 W. Enhancement in radish sprouts growth observed in their study [38].
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In another study, Arabidopsis thaliana and Raphanus sativus seeds were treated with O2 low-pressure
plasma with RF power at power 60 W, 20–80 Pa pressure, and 13.56 MHz frequency. The length of
Raphanus sativus varied with changes in the pressure, although at pressure 20 Pa maximum length was
obtained. Whereas, plasma treatment on Arabidopsis thaliana seeds results in increased length of stems
by 1.5 times and area of leaves by 2 times as compared with control (without plasma treatment) [45].

Wheat is an essential strategic crop; therefore, many researchers used NTP to treat the wheat
seeds. The wheat seeds (Triticum aestivum) treated by glow discharge plasma with a mixture of air/O2

gases at ≈1333 Pa pressure and 3–5 kHz frequency for 3–9 min. They observed that 6 min treatment
of glow discharge plasma could result in 95–100% seed germination and a 20% increase in wheat
yield [47]. In a very recent study, RF plasma reactor operated at 13.56 MHz frequency in the air for
180 s used to treat the same wheat seeds (Triticum spp.). They found that after plasma treatment, the
grain and spike yield was enhanced to 58 and 75%, respectively, compared to control in the presence
of haze stress [48]. Iqbal et al. treated the wheat (Galaxy-2013) seeds with Ar low-pressure plasma
at variable voltages (600–850 V). They observed that the germination rate was 57–60% higher with
changing the voltage from 600 to 850 V as compared to control [49]. Another group used the same
wheat seeds (Triticum spp.) and treated with He plasma for 15 s at 150 Pa pressure and 3 × 109

MHz frequency with 60–100 W variable power. The plasma treatment at 80 W showed 6 and 6.7%,
improvement in seed germination potential and germination rate, respectively, as compared to control.
Additionally, the plant height, root length, and fresh weight increased to 20.3, 9, and 21.8%, respectively,
at the seedling stage. At the same time, the wheat yield was increased to 5.89% with respect to
control [50]. Šerá et al. showed that wheat germination acceleration was inhibited on the first day after
treatment with Plasonic AR-550-M at power 500 W and pressure 140 Pa, whereas no significant effect
observed for Oat caryopses treatment [6]. On the other hand, Dubinov et al. revealed 27% increase in
the quantity of germination of Oat seeds treated with glow discharge plasma at pressure ≈13 Pa with
respect to reference seeds [7].

Bormashenko et al. used the inductive air plasma discharge to treat beans (Phaseolus vulgaris L.)
seeds for 2 min at 10 MHz frequency, 6.7 × 10−2 Pa pressure, and 20 W power. No significant change in
germination percentage was observed between plasma-treated sample and control, although speed of
germination was faster for plasma-treated samples than control [64]. In a sperate study, a commercial
computer-controlled plasma device (HD-2N) treated the soybean (Glycine max) seeds. HD-2N plasma
device works at a frequency of 13.56 MHz and pressure of 150 Pa with variable powers from 60 to 120
W. The improvement in the seed germination and seedling growth obtained at 80 W power. Shoot
length, shoot dry weight, root length, and root dry weight increased by 13.77, 21.95, 21.42, and 27.51%,
respectively, after plasma treatment with respect to control [59].

Hosseini et al. treated the artichoke seeds (Cynara cardunculus var. scolymus L.) with capacitively
coupled RF plasma at a working pressure of 1.8 Pa with the power of 10 W. Authors showed that
length of root increased by 28.5 and 50% after 10 and 15 min plasma treatment, respectively. The dry
weight of roots was increased by 13 and 53% after 10 and 15 min plasma treatment, respectively [65].
Gholami et al. treated the ajwain seeds by RF capacitively coupled plasma at a frequency of 13.56 MHz
and pressure of 9.9 Pa for 2 min at variable power. Ajwain seeds treated at 50 W power plasma showed
11.1, and 1.22% increase in germination percentage and germination index, respectively. At the same
condition, root length was increased by 34% as compared to control. However, root length increments
were 2 and 10% at powers of 80 and 100 W, respectively. The authors concluded that the germination
percentage and germination index values decreased when power was more than 50 W [66].

Poppy seeds (Papaver somniferum) treated with 2.45 GHz microwave power source with a
magnetron input of 500 W (Plasonic AR-550-M) at different time intervals. The seed germination rate
on the fifth day was a maximum of 104 and 102% for 3 and 5 min plasma treatment, respectively,
as compared to reference samples [67]. Ling et al. showed that oilseed rape (Brassica napus L.) seeds
treated for 15 s with He-plasma at 13.56 MHz frequency, 100 W power, and 150 Pa pressure results in the
improved germination rate of Zhongshuang 7 and Zhongshuang 11 by 6.25 and 4.44%, respectively [68].
Sera et al. investigated the effect of low-pressure plasma on Hemp (Cannabis sativa L.) seeds. They used
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2.45 GHz microwave power source with a magnetron input of 500 W at a pressure of 140 Pa in the
presence of O2 and Ar gases. The authors observed the inhibitory effect of plasma treatment on all
tested hemp cultivars [69].

Recently, garlic seed bulbs (Ptujski spomladanski) treated with O2 low-pressure RF plasma
at 15–60 Pa pressure for 60 s. The authors noticed increased dried bulb mass by 11% at 15 Pa
pressure. Additionally, treatment at 30 and 45 Pa pressure exhibit little increase in dry bulb mass.
Further, an increase in pressure (60 Pa) results in decreased dried bulb mass [70]. Another recent study
by Singh et al. showed the increased in germination percent of sweet basil (Ocimum basilicum L.) seeds
when treated with RF plasma at 13.56 MHz frequency, 40 Pa pressure with variable power 30–270 W in
the mixture of O2 (80%) and Ar (20%) gases. The germination percentage increased by 16.3 and 20.5%
than control at power 90 and 150 W, respectively [71].

In a very recent study, DBD plasma working at a pressure of ≈53,328 Pa with 45 W power at
the applied voltage of 5 kV and frequency of 4.5 kHz used to treat black gram (Vigna mungo) seeds.
After plasma treatment, the rate of seed germination and seedling growth was increased by 13.67 and
37.13%, respectively, as compared to control [72].

3. Effect of NTP at Atmospheric Pressure on Seed Germination and Growth Enhancement

Recently reported work reveals the increasing use of atmospheric pressure non-thermal plasma
(AP-NTP) than low–temperature plasma to treat the seeds. This increase was due to the difference in
the treatment cost of both devices as well as the user-friendly operation of atmospheric pressure plasma
devices (easily operated). The various seeds, such as radish sprouts, wheat, sunflower, pea, bean, maize,
rice, pumpkin, cucumber, pepper, barley, spinach, basil, black pine, etc., were treated by AP-NTP.
It was showed that scalar dielectric-barrier discharge (DBD) treated the Raphanus sativus, Oryza sativa,
Arabidopsis Thaliana, Plumeria, and Zinnia seeds at 9.2 kV discharge voltage and 0.2 A discharge current
and 1.49 W/cm2 of discharge power density. The growth enhancement was 250, 80, 60, 30, and 20% for
Raphanus sativus, Oryza sativa, Arabidopsis Thaliana, Plumeria, and Zinnia, respectively, after scalar DBD
treatment [39,97]. Similar scalar DBD used to treat Arabidopsis thaliana seeds see Figure 5a, which results
in accelerated growth, shorter harvest time, increased total seed weight, and increased seed number,
as shown in Figure 5b [46]. Further, Kitazaki et al. also used the same scalar DBD plasma to analyze the
growth of radish sprouts (Raphanus sativus L.) using combinatorial analysis. Authors observed 250%
growth enhancement when seeds were placed at x = 5 and y = 3 mm [40]. In a separate study, this scalar
DBD treated the radish sprouts (Raphanus sativus) seeds for 3 min in the presence of different feed gases
like He, Ar, N2, Air, O2, and NO (10%) + N2. For He, N2, and Ar feeding gases, plasma treatment
showed a limited influence on plant growth; however, for O2, Air and NO (10%) +N2 gases plasma
had significant on growth enhancement [41].

Hayashi et al. treated the seeds of radish sprouts (Raphanus sativus var. longipinnatus) with plasma
torch for 60 min. Plasma device with O2 and air feeding gas had a frequency of 12 kHz with a varied
applied voltage of 7–10 kV. The total length (stem and root length) increased by 1.6 times for O2-plasma
and 1.2 times for air-plasma treatment than control (without plasma treatment) [98]. In another study,
the radish sprouts seeds (Raphanus sativus) treated with an Ar-plasma jet. Plasma treatment at 140 W
power results in increased total mass by 9–12% and increased average length by 3 cm in comparison
with untreated seeds [42]. In a separate study, surface discharge plasma treatment of radish sprouts
(Raphanus sativus) seeds for 20 min results in no change in the germination dynamics. The surface
discharge plasma operated in AC mode with the sinusoidal voltage of 15 kV at 50 Hz frequency with
an average power of 2.7 W. However, root and sprout lengths were increased by 11 and 10%, and root
and sprout weight were increased to 30 and 15%, respectively, after plasma treatment [43].

Substantial the effect of plasma treatment on wheat seeds studied by both low-pressure plasma and
atmospheric pressure plasma. Dobrin et al. treated the wheat seeds (Triticum aestivum L.) with surface
discharge plasma with airflow of 1 L/min had a sinusoidal voltage of 15 kV at 50 Hz frequency with an
average power of 2.7 W for 15 min. The plasma treatment had a small effect on the germination rate, but at
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the same time, plasma treatment showed a pivotal impact on growth parameters. The root-to-shoot
(R/S) ratio was higher for treated samples than untreated samples [51]. Meng et al. treated the wheat
seeds (Xiaoyan 22) with DBD plasma had discharge voltage 0–50 kV and frequency of 50 Hz with
different working gases like Air, N2, Ar, and O2. After plasma treatment, germination potential
increased to 24, 28, and 35.5% for Air, N2, and Ar feeding gases plasma, respectively, as compared
to control [52].

Figure 5. (a) Schematic depiction of scalable dielectric barrier discharge plasma device (b) Average
stem length for plants as a function of time with and without plasma treatment. Reproduced from
reference [46], Copyright (2016) The Japan Society of Applied Physics.

Li, et al. used the Air-DBD (1.50 W discharge power and 13.0 kV discharge voltage) to treat the
wheat seed (Xiaoyan 22) for 7 min. The authors observed that the germination rate, germination potential,
germination index, and vigor index were increased by 9.1, 26.7, 16.9, and 46.9%, respectively [53].
Further, the same group studied the adverse effects of drought stress on wheat seed (Xiaoyan 22)
germination and seedling growth in the presence of the DBD as mentioned earlier. The germination
potential and germination rate were increased to 27.2 and 27.6%, respectively, after plasma treatment.
Additionally, root and shoot length increased after DBD treatment [54]. Recently, Lotfy et al. used the
N2-plasma jet at discharge voltage and discharge current of 2.6 kV and 38.1 mA, respectively, to treat
wheat seeds (Giza 168). The N2-plasma jet treatment for 4 min results in 54.3% higher mean dry weight
than control samples [55].

Sunflower seeds and sprouts are in high demand due to its application in food industries, biofuels,
cosmetics, and lubricants. Therefore, researchers are using plasma to enhance the productivity of
sunflowers. Sunflower (Helianthus annuus) seeds treated with scalar DBD for 7 and 11 min at a discharge
voltage of 9.2 kV, and the current of 0.2 A, due to plasma treatment the adverse effect on germination
kinetics was observed. Although root length was increased by 44%, and the weight of seedlings and
leaves were increased by 16 and 15%, respectively. Moreover, DBD plasma treatment for 11 min did not
affect root length and sprout weight. However, DBD treatment results increased leaf weight and leaf
number by 15 and 10%, respectively, with respect to control. In addition, no effect on the stem length of
sunflower seedlings was observed [56]. Matra et al. treated the same sunflower (Helianthus annuus L.)
seeds with NTP had average discharge voltage and current of 7.451 kV and 0.073 mA, respectively,
with Ar: O2 feeding gases. After plasma treatment, the dry weight was 1.79 times heavier, and the
average shoot length was 2.69 times higher, than control [57]. A recent study showed the DBD treatment
effect on sunflower (Helianthus annuus) seeds for 120 s at 90 W power, which results in the enhancement
in sunflower seed germination [58].

Diffuse coplanar surface barrier discharge (DCSBD) used to treat the Pea (Pisum sativum)
seeds with 14 kHz frequency, 10 kV sinusoidal voltage, 370 W input energy, and 2.3 W cm−2 of
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average power density. After the DCSBD plasma treatment for 120 s, the total percentage of seed
germination significantly increased to 95%, whereas the germination percentage was 77.5% for control.
Similarly, the length of the shoot and root, as well as dry seedling weight also increased as compared
to control samples after DCSBD treatment [61]. Khatami and Ahmadinia, treated pea seeds for 30 and
60 s with a plasma device (self-made FSG plasma (a semi-automatic device)) system with an applied
voltage of 15 kV and air gas flow of 5 L/min. After 30 and 60-s plasma treatment, 80 and 74% of seeds,
respectively, were germinated, although, in the control sample, only 40% seeds were germinated,
after 14 days [62].

Zhou et al. used a micro-plasma array with an AC frequency of 9.0 kHz to treat Mung bean seeds in
aqueous media in the presence of different feed gases such as Air, O2, N2, and He. The authors observed
that seed germination and growth of mung bean were dependent on the feed gases and treatment
time. Air micro-plasma array treatment improved the seed germination rate and seedling growth in
comparison to other feeding gases plasma (O2, N2, and He) treatment. Air and O2 micro-plasma array
treatments substantially improved the germination index by 58.3% and 41.7%, respectively, whereas no
significant difference observed for He or N2 plasma as compared to control [63]. Pérez-Pizá et al.
treated the soybean seeds with DBD plasma with AC power supply (0–25 kV) operating at 50 Hz
with N2 or O2 as carrying gases. N2 and O2 plasma treatment for 3- and 2-min results in 1.2-fold
incremented in total fresh weight than control, and the full length of soybean plant increased to 4–10%
after plasma treatment [60].

Zahoranová et al. used DCSBD plasma (operated at 14 kHz frequency, 20 kV (peak-to-peak)
sinusoidal high voltage, and 80 W cm−3 power density with an input power of 400 W) to treat maize
(Zea mays L.; cv. Ronaldinio) seeds. After 60- and 120-s plasma treatment, no significant difference in
germination was noted in comparison to untreated maize seeds. However, for 300 s of DCSBD treatment,
the germination rate was decreased to 7%. However, the vigor index increased by 23% for 60-s plasma
treatment compared to control [99]. Further, rice (Oryza sativa) seeds were treated with hybrid cold
plasma (HCP) (high voltage of 14 kVpp, 700 Hz frequency, and 4.8 W power (Matsushita Electronic
components)), working in Ar gas. The final germination was 98% for plasma-treated rice seeds,
whereas 90% for control. However, seedling length remains the same for both non-treated and treated
rice seeds [100]. Amnuaysin et al. treated the rice (Oryza sativa L.) seeds with Air-DBD operated at
5.5 kHz frequency for 60 s. The germination rate was 92.67% after plasma treatment, while 85% for
control. Additionally, the vigor index, germination rate, seedling growth, fresh weight (root and shoot),
and dry weight (root and shoot) showed improvement after plasma treatment [101].

Tomato seeds (Lycopersicon esculentum) hybrid Belle F1 treated with a coaxial DBD reactor with
air as a working gas had a flow rate of 15 L/min with 50 Hz frequency and 1.43 W discharge
power. They noted a 77% germination rate for 5 min DBD treatment while 68% for the control.
Although 5 min DBD exposure results in three times increase of average root length than control seeds.
Additionally, the root-to-shoot ratio (R/S) for control seeds was 0.51, whereas for 5- and 30-min plasma
treatment, it was 0.87 and 0.73, respectively [73]. Pumpkin (Cucurbita pepo) treated with plasma jet
with a high voltage pulsed DC system operated with pulse amplitude 8 kV, pulse frequency 6 kHz,
pulse width 1 μs, and pulse rise and fall time ~70 ns. After the treatment, seed germination, and seed
growth was enhanced [74]. Schnabel et al. showed that Brassica napus L. seeds treated with DBD
had a frequency of 5.7 kHz and showed no significant change in seed germination than control.
However, 10 min DBD treatment results in increased germination percentage by 3 and 13% after 24
and 48 h, respectively, compared with control seeds [75].

Andrographis paniculata seeds treated with DBD plasma at 4250 V for 10 s and 5950 V for 20-s results
in enhanced seed germination [76]. Fenugreek (Trigonella foenum-graecum) seeds treated with Ar-plasma
jet (applied voltage 16 kV and an applied frequency of 24 kHz). After plasma treatment, the seed
germination rate improved by 7 and 4 times with and without an accelerating grounded electrode,
respectively [77]. Mulungu (Erythrina velutina) seeds treated with He-DBD at 10 kV applied voltage,
750 Hz frequency, and 150 W power for different time intervals. At 60 s He-DBD treatment, the seed
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germination rate was 5% higher than control [78]. Hybanthus calceolaria seeds treated with He-plasma jet
working at 8.1 kV discharge voltage, 720 Hz frequency for 1 min showed an increase in seed germination
by 3.5 times than untreated seeds [79]. Molina et al. treated the Nasturtium seeds (Tropaeolum majus L.)
with He-DBD plasma for 10- and 30-s results in increased germination to 68.3 and 61.7%, respectively,
as compared with control seeds under drought conditions. However, more extended plasma treatment
results in decreased germination efficiency [80]. Thuringian Mallow (Lavatera thuringiaca) seeds treated
with GlidArc reactor with dry nitrogen as working gas at 50 Hz discharge frequency, 680 V applied
root mean square (RMS) voltage, 33 mA RMS current and 40 W of mean power. The germination was
60% for both 2- and 5-min plasma treated seeds, while 36.25% for control seeds [81]. In another study,
pre-treatment of hemp with Gliding arc working at 50 Hz power frequency at a flow rate of 10 L/min
of humid air, resulted in increased length of seedlings, seedling accretion, and weight of seedling [69].

Cucumber (Cucumis sativus) and Pepper (Capsicum annuum) seeds treated with DCSBD plasma in
ambient air, had 15 kHz frequency, and 400 W input power. After the DCSBD treatment, the germination
percentage for both cucumber and pepper increased for short plasma treatment time, while decreased
for more prolonged plasma exposure [82]. Mitra et al. treated the Cicer arietinum L. seeds with surface
micro-discharge (SMD) plasma in ambient air had a power density of 10 mW/cm2. After 1 min SMD
treatment, the seed germination was 89.2% improved, and the mean germination time also decreased
to 2.7 days than control [102]. In another study, high voltage nanosecond pulsed plasma (NPP) and
micro DBD plasma used to treat the Spinach (Spinacia oleracea) seeds. NPP plasma had 6 kV and
0.7 kA of discharge voltage and current, respectively, with 0.3 J per one-shot pulse discharge energy.
Whereas, micro DBD plasma had 6 kV, 14 mA, and 22 kHz of discharge voltage, current, and frequency,
respectively, with Air and N2 working gases. The authors observed that seeds treated with NPP
showed 75–80% increased germination with one or five shots in comparison to 60% for untreated
seeds. Whereas the germination decreases for ten shots of NPP. Seedlings growth and dry weight were
increased after Air DBD treatment, while no substantial changes observed after N2 DBD treatment [83].

Very recently, barley (Hordeum vulgare), chili pepper (Capsicum), black pine (Pinus nigra), and basil
(Ocimum basilicum) seeds treated with different types of plasma [44,84–86]. Song et al. treated the
barley (Hordeum vulgare L.) seeds with surface dielectric barrier discharge (SDBD) plasma operated
at 14.4 kHz driving frequency, 8 kV peak-to-peak voltage, and 51.7 W average power. The 6-min
plasma exposure increased the fresh weight of whole barley seedlings by 137.5% [84]. Chili pepper
seeds treated with Ar-plasma for 15 s with a high voltage DC pulse operated at different powers.
Seed germination was 86.53, 100, 95.51, and 94.23% at 0.41, 0.48, 0.55, and 0.61 W power, respectively,
whereas control was 24.35%. The seed germination percentage was highest at 0.48 W [44]. Black Pine
(Pinus nigra) seeds treated with DCSBD plasma for 1–60 s with an input power of 400 W for each
treatment period. The highest germination index was for 3 s and the smallest for 60 s of plasma
treatment [85]. Basil (Ocimum basilicum) seeds treated with volume DBD in humid air, resulted in the
rapid germination rate for 1 and 3 min DBD treatment as compared to control [86].

4. Effect of Plasma Treated Water on Seed Germination and Growth Enhancement

In the last few decades, plasma-treated water (PTW) showed the potential application in the
agriculture and food industry [103–106]. The plasma exposer to water results in the production of
different reactive oxygen and nitrogen species (RONS); therefore, PTW has a mixture of different RONS,
mainly those that have a long lifetime, e.g., H2O2, NO2

−, NO3
−, etc. In this review, we will discuss the

influence of PTW on the germination and growth of plants.
Gram (Vigna mungo) seeds treated with H2O-O2 discharge plasma generated PTW. H2O-O2

discharge plasma worked with high voltage (3–6 kV, 3–10 kHz) power supply. The PTW produced
from H2O-O2 discharge plasma for 3, 6, 9, 12, and 15 min, revealed the significant improvement
in seedling growth of black gram seeds was observed after PTW treatment as compared to control.
PTW generated by 6 min plasma treatment showed the foremost cumulative germination, while 3 min
plasma treatment produced PTW showed the higher vigor index. Seeds treated with PTW created after
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3-, 6- and 9-min plasma treatment showed longer shoot and root as compared to untreated samples.
Additionally, PTW produced after plasma treatment for 12 min displayed the highest dry weights of
shoots among other PTW treated samples [87].

Sarinont et al. showed that PTW generated by scalable DBD device using various gases like
Air, O2, N2, He, and Ar used to treat the Radish sprouts (Raphanus sativus L.) seeds with discharge
frequency of 14 kHz. The power was 5.85, 4.51, 3.54, 8.95, and 9.64 W for air, O2, N2, He, and Ar
working gases, respectively. The PTW kept for 1 h and 1 day after scalable DBD treatment at room
temperature to minimize the effect of short-lived reactive species. The PTW kept for 1 h produced
from Air, O2, He, N2, and Ar plasmas showed 1.62-, 1. 38-, 1.13-, 1.12-, and 1.04-times increased
in seedling length of sprouts as compared to control. Although one day kept PTW produced from
Air, O2, He, N2, and Ar plasmas showed 1.52, 1.28, 1.13, 1.10, and 1.08 times increased length of
sprouts, respectively, more than control [88]. In another study, Sivachandiran and Khacef treated the
Radish sprouts (Raphanus sativus L.) seeds with PTW created from double dielectric barrier discharge
reactors (DBD) for 15- and 30-min treatment. The PTW generated from the double DBD discharge
plasma (high voltage pulsed power supply (40 kV, 1 kHz)) showed enhance seeds germination rate
and seedling growth. The PTW produced from 15- to 30-min plasma treatment had 60 and 100%
germination rate as compared to control (40%). They also noticed that PTW produce from 15- to 30-min
plasma treatment after three days had an average seedling length of 5 mm and 15 mm, respectively [89].

Soybeans (Glycine max) seeds were treated with PTW obtained from NTP in Air at voltage 80 kV
and a frequency of 50 Hz in AC. The soybean seed germination was enhanced by PTW treatment in
comparison with untreated seeds [90]. Very recently, Mung bean seeds treated with PTW produced
at atmospheric pressure in specially designed two electrochemical cells using HV-DC power supply.
The plasma discharged with circulating water for 3 h. No significant difference was observed on the
growth rate of mung bean sprouts for control and cathodic electrochemical cell water. However, the
growth rate was significantly lower for anodic electrochemical cell water as compared to control [91].

Zinnia annual (Zinnia elegance) seeds treated with PTW produced from underwater electric front
type discharged for 5 min, operated at a voltage not more than 1.5 kV, and discharge current was
50–70 mA. Germinability rate increased by 50%, and plant roots rose to 1.5- to 2-fold as compared to
the control after PTW treatment [92]. Brassica rapa var. perviridis seeds treated with PTW generated
by underwater discharge with a repetition rate of 250 pps had a peak voltage of 30 kV using pulsed
power generator for 10- and 20-min. The authors noticed that the dry weight of the plant increased to
3.9 and 6.6 times, additionally, leaf length increased to 2.1 and 2.5 times after PTW treatment generated
by plasma for 10- and 20-min, respectively, as compared to control [93]. Zhang et al. treated the Lentils
seeds with PTW created with He-APPJ, showed 80% germination rates, and for control was 30%.
Additionally, they also noticed the higher stem elongation rates and final stem lengths in PTW treated
samples than commercial fertilizer (control) [94].

Recently, Adhikari et al. treated the Tomato (Solanum lycopersicum L.) seeds with PTW generated
from the plasma jet. The frequency, current, and applied voltage of the plasma jet discharge were
83.5 kHz, 70.39 mA, and 0.66 kV, respectively. PTW generated from plasma jet for 15- and 30-min
treatment showed better morphological growth compared to control seedlings. More PTW produced
at 15- and 30-min plasma jet treatment showed higher shoot and root length, but there is no significant
change observed for the PTW generated after 60 min plasma treatment [95]. In another recent study on
Rapeseed (Brassica napus) seeds showed a significant improvement in germination rate and seedling
vigor as compared with control when treated with PTW produced with Ar and O2 feed gases [96].

5. Patents Related to Seed Germination and Seed Growth Using Low-Pressure/Medium-Pressure/
Atmospheric-Pressure Plasma

A few dozen patents using discharge plasma for plant seed to induce seed-activity have
been taken out according to PATENTSCOPE by WIPO [107]. Typically, one of those is direct
irradiation. Masaru et al. unveil direct radiation of the atmospheric-pressure plasma jet operated at
50,662–202,650 Pa pressure on rice (Oryza sativa L.) seeds, which results in growth improvement [108].
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The working gas was Ar or inert gas; the plasma density was 1 × 1014–1 × 1017 /cm3, and the
plasma temperature was 1000–2500 K. According to the Masaru group, the preferable value of
multiplication of plasma density with irradiation time was 6 × 1016–2 × 1017 s/cm3 for a positive effect.
Additionally, Hayashi et al. showed the improved method for the growth of radish (Raphanus Sativus L.)
by plasma irradiation to dry seeds [109]. The DBD type plasma generated in stainless chamber
ϕ200 mm × 450 mm at 80 Pa. The feeding gas was O2, the frequency and power of the plasma source
were 13.56 MHz and 50 W, respectively, and the exposure time was 60 min. The whole stem and root
length, and cotyledon width of seedling with the plasma irradiation were 167 mm, 70 mm, 97 mm,
and 10.6 mm, and those of control was 120 mm, 41 mm, 79 mm, and 9.5 mm, respectively. They revealed
that not only the stem and root length but also the amount of endogenous thiol increased with
plasma-irradiation time by changing water vapor pressure from 30 to 270 Pa. Konstantinovich et al.
combined the exposure of low-pressure plasma and activated water containing anolyte and catholyte.
Low-pressure plasma worked at 0.01–0.1 W/cm3 and ≈26–150 Pa under inert gas, oxygen, nitrogen,
or a mixture of oxygen and nitrogen environment at 20–40 ◦C for 10–45 s. The authors reduced the seed
germination period of radish, pea, beet, cabbage, tomato, barley, lentils, pumpkin, corn, wheat, etc.,
by 2–4 days [110]. Another group used plasma at 184–188 W for 8–10 s, rested for 4–5 s, 103–107 W for
13–15 s, rested for 2–3 s, and 264–270 W for 11–13 s for black bean seeds; they observed the acceleration in
the seed germination after plasma treatment [111]. Shi et al. used plasma seed at 51–53 W for 150–170 s,
141–145 W for 90–110 s, and 77–79 W for 190–210 s twice for dry pumpkin seeds, and at this treatment
condition, the seed germination process was promoted [112]. Guo et al. used an atmospheric–pressure
DBD plasma generated with a frequency of 3–4 kHz and a voltage of 4–7 kV to treat dry peony seed
for 40–60 s [113]. Another research group irradiated the wheat seeds with low-pressure plasma with
He as the working gas at a power of 1–500 W for 15–20 s. The highest germination rate of 12.72%
observed at 80 W plasma power and irradiated for 18 s [114]. Chengdong et al. found that irradiation
of an atmospheric-pressure DBD plasma generated at a frequency of 2.5–3.5 kHz and a voltage of
3.5–4.5 kV for 65–85 s to Chinese rosewood (Dalbergia odorifera T. Chen) seeds preceding soaked in the
distillate of wood for several h, resulted in improved seed germination and subsequent growth [115].
Later, a group of researchers treated the peony seed by atmospheric–pressure DBD plasma with a
frequency of 3–5 kHz and a voltage of 5–7 kV for 50–60 s, showed the improvement in germination [116].
On the other hand, Li et al. observed the increased seed viability and the crop yield by 6.5% after
maturation compared to the control after plasma treatment working at 220 ± 22 V with a frequency
of 50 Hz and a power of 55 W or less [117]. The reviewed patents emphasize the positive effects of
plasma treatment on the improved seed germination.

6. Probable Mechanism and Future Perspectives

Overall research outputs by several research groups showed that the germination rate and growth
of seedling had increased with direct plasma treatment (low/medium/atmospheric pressure plasma) or
through PTW treatment. In this review, we discussed the probable mechanism of enhanced germination
rate and growth of the seedling as well (as shown in Figure 6) as the possibility of genetic mutation in
seeds observed by various research groups around the world. Hayashi et al. revealed active oxygen
species produced from O2-low pressure plasma-activated the genes in Arabidopsis thaliana seeds that
were responsible for the cell elongation proteins. Moreover, in the second generation, these genes are not
activated; this concluded that there was no genetic mutation in the seeds [45]. Further, the enhanced
germination rate and growth of seedling mechanism were discussed below and in Figure 6.

Volin et al. showed that plasma treatment in different feeding gases could alter germination
time [8]. Treatment of seeds in the presence of carbon tetrafluoride delays the germination of two pea
cultivars (Pisu sativum cv. Little Marvel, P. sativum cv. Alaska) and radish (Raphanus sativus). At the
same time, plasma treatment in the presence of cyclohexane can significantly accelerate the germination
percentage of soybean [8]. Hence, the different feeding gas alters the plasma chemistry that provides
alternatives for seed coating [8].
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Figure 6. Possible mechanism in plasma agriculture.

Sarinont, et al. revealed an increase in chlorophyll and carotenoid concentration in Radish sprouts
seeds after scalar DBD treatment [118]. Saberi et al. showed improvement in the photosynthesis rate,
stomatal conductance, and chlorophyll content in low-pressure plasma-treated wheat seeds [48]. Ji et al.
showed an increased level of chlorophyll and total polyphenols contents in spinach seedlings after air
DBD treatment [83]. In a very recent report, Sajib et al. showed the increased chlorophyll content in
black grams seeds after PTW treatment [87].

Phytohormones played an essential role in plant growth. Zukiene et al. showed increased/decreased
gibberellin (GA)/abscisic acid (ABA) ratio that results in positive or negative effects on germination
and/or seedling growth of sunflower seeds after treatment with scalar DBD [56]. Whereas Stolárik, et al.
observed the changes in catabolites, conjugates and endogenous hormones (auxins and cytokinins)
of pea seedlings after treatment with DCSBD plasma [61]. In another study, Degutyte-Fomins et al.
showed a decrease and increase in ABA and GA contents in radish sprouts, respectively, after DBD
treatment [119]. Ji et al. observed an elevated level of GA3 hormone in spinach seedlings after
NPP treatment [83].

On the other hand, Li et al. showed an elevated level of proline, soluble sugar contents, and
osmotic-adjustment products after DBD treatment on wheat seeds [53]. Another study showed that
low-pressure plasma treatment on the soybean seeds results in increased protein and soluble sugar
content [59]. Whereas, Ling et al. observed the elevated level of soluble sugar and protein contents,
whereas reduction in malondialdehyde content after low-pressure plasma treatment on oilseed rape
seeds [68]. Similarly, Guo et al. observed improvement in proline and soluble sugar contents and
decreased the malondialdehyde content in wheat seeds treated with DBD [54].

Hosseini et al. showed improved seed’s water uptake in artichoke seeds after low-pressure
N2 plasma treatment [65]. Meng et al. showed that DBD treatment on wheat seeds results in
an improvement in the capacity for water absorption and activation of several physiological
reactions [52]. Bormashenko et al. showed that low-pressure plasma treatment noticeably increased
the water imbibition in bean seeds through the testa, it is independent of the micropyle effect [64].
Alves Junior et al. observed the change in hydrophilicity and water absorption of Mulungu seeds
after plasma jet treatment [78]. Volkov et al. showed that pumpkin seeds treated with plasma jet
showed structural deformations of seeds such as surface defects, and hydrophilic pores that results
in enhanced water uptake [74]. Fadhlalmawla et al. reported that Fenugreek seeds treatment with
cold atmospheric pressure plasma jet showed increased water imbibition and absorption that was due
to etching on seed coat surfaces [77]. Additionally, Li et al. showed that improvement in the water
absorption capacity of wheat seed after DBD treatment is due to the etching effect [53]. Saberi et al.
demonstrated the improved tolerance of wheat plants against the haze and increased relative water
content after low-pressure treatment [48].

Further, it was showed that the production of reduction-type thiol compound changed in radish
sprout seeds after treated with plasma torch; these thiol compounds were responsible for growth
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regulation mechanisms in plants [98]. Hayashi et al. mention that thiol content in seeds with plasma
irradiation may be associated with plant growth. Moreover, the redox properties of plasma irradiation
as a function of water vapor pressure results in the variation of cysteine peak values at 2587 cm−1

(thiol group; –S–S–) and 520 cm−1 (disulfide bond; –SH) using Fourier transform infrared spectroscopy
(FTIR). The increased amount of thiol is due to the reduction of cystine by active hydrogen. The increased
cysteic acid was due to oxidative modification of cysteine during plasma irradiation [109]. Very recently,
Song, et al. demonstrated the enhanced contents of the primary metabolites, especially the free amino
acids and soluble sugars, as well as secondary metabolites like phytochemicals, e.g., saponarin, GABA,
and policosanols in barley seeds after treated with SDBD plasma [84].

Other observations in plasma treated seeds by different authors such as Kyzek et al. noticed the
DNA damage in Pea seeds due to DCSBD plasma treatment [120]. Wang et al. observed the etching
in cotton seeds after DBD treatment [121]. Whereas Adhikari et al. found the elevated expression
of pathogenesis-related (PR) gene and defense hormones in tomato seeds treated with PTW [95].
Hosseini et al. and Tong et al. observed the increase in catalase activity after DBD and low-pressure
treatment [65,76]. Additionally, Li et al. showed increased activities of superoxide dismutase and
peroxidase [53]. In a very recent study, Koga et al. noticed that different seed coat color of radish
sprouts responds differently to the scalar DBD treatment. Hence, pigments in the seed coat play a vital
role in plasma treatment [122].

All the above studies showed that plasma treatment and PTW treatment had a positive effect on
seeds; it improves the germination percentage, seedling growth, and yield. Although these results are
laboratory-based; hence, the real field study will be more helpful, which can open new prospects in
farming. Ahn et al. conducted the actual field experiments [123]. Authors treated the yellow dent corn
hybrid seeds with different types of plasma-like low-pressure RF plasma, microwave-driven plasma
(atmospheric pressure), and DBD plasma (atmospheric pressure). Corn seeds treated by low-pressure
RF (13.56 MHz) plasma at ≈13.3 Pa with N2 as process gas. Separately, corn seeds treated with a
microwave atmospheric plasma jet with 500 W microwave power. DBD plasma with He as feed gas
treated the corn seeds with a high voltage of 15 kV at 35 kHz. The yield obtained for low-pressure
RF was relatively higher than other plasma systems but not as high as the control. The authors
concluded that there was no statistically significant difference in the yield found between the control
and plasma treatment [123].

7. Conclusions

In this review, we concluded that the direct plasma treatments working at low/medium/atmospheric
pressure and PTW treatments could change the physical and biochemical properties of seeds.
These changes result in the enhancement of seed germination and seedling growth. However, it was
imperative to do the real field experiments with the plasma-treated seeds to make it useful to society.
Otherwise, plasma agriculture will be limited to the research articles and will not be of value to society.
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plasma generated in GlidArc reactor on Lavatera thuringiaca L. seeds’ germination. Plasma Process. Polym.
2018, 15, 1700064. [CrossRef]

82. Štěpánová, V.; Slavíček, P.; Kelar, J.; Prášil, J.; Smékal, M.; Stupavská, M.; Jurmanová, J.; Černák, M.
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