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Abstract: This paper focuses on the determination of and improvement in the energy efficiency of
plasma jets. To achieve this goal, an equivalent electrical model of a discharge reactor was developed,
incorporating variable electrical parameters. The evolution of these parameters was determined by
a mathematical identification method based on the recursive least squares algorithm (RLSA). The
good agreement between the measured currents and those calculated using our electrical circuit, as
well as the significant shapes of the estimated parameters, confirmed the accuracy of the parameter
estimation method. This allowed us to use these parameters to determine the energy delivered to the
reactor and that used during the discharge. This made our reactor controllable at the energy level.
Thus, the ratio between these two energies allowed us to calculate the energy efficiency of plasma jets
at each discharge instant. We also studied the effect of the applied voltage on efficiency. We found
that efficiency was increased from 75% to 90% by increasing the voltage from 6 kV to 8 kV. All the
results found in this work were interpreted and compared with the discharge behavior. This proposed
model will help us to choose the right operating conditions to reach the maximum efficiency.

Keywords: corona discharge; voltage measurement; current measurement; electrical model; discharge
power; delivered power; plasma energy efficiency

1. Introduction

In recent years, non-equilibrium atmospheric pressure plasma jets have been of great
interest because of their many advantages. On the one hand, they have the advantage of
micro-plasma stability at atmospheric pressure, and on the other hand, cold plasma jets
are always created on the same principle: a channel of helium (or another easily ionized
gas such as argon) is created in the ambient air by blowing helium through a tube, called
an injector, which opens into the ambient air. There are several geometric configurations
that create an electric field in the reactor. This field generates a plasma that will propagate
outside and that is guided by the helium channel, which is more easily ionized than air.
Moreover, by interacting with the ambient air, the jets create many reactive species, creating
a chemically rich environment in and around the jet. There are many applications of

plasmas, such as decontamination and biomedical applications [1-5], surface treatment to
clean or deposit thin films [6-8], biomedicine [9-11], and nanomaterial synthesis [12,13].
In 1991, the first plasma jet at atmospheric pressure was developed by Koinuma
et al. [14]. It was composed of a quartz tube with an internal electrode powered by radio
frequency (RF) and an external electrode connected to the ground. Thus, the discharge
Attribution (CC BY) license (https:// ~ gas was a mixture consisting primarily of helium. The addition of small quantities of
creativecommons.org/ licenses /by / gas, such as carbon tetrafluoride, CF4, was intended to etch the silicon compounds and
40/). to aid in the study of its effect on the plasma. During the 2000s, the attention given to
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plasma jets increased with the development of new configurations and a diversification of
their application fields. In 2002, Stoffels et al. [15] presented a new system to generate a
non-thermal micro-plasma at atmospheric pressure. They demonstrated that this plasma,
initiated by RF excitation, is well suited for biomedical applications. In 2005, the team
of M. Laroussi were the first to provide sufficient qualitative and quantitative data to
establish the foundations of the understanding of the phenomena governing plasma jets.
Lu and Laroussi [16] and Forster et al. [17] developed new systems capable of initiating,
respectively, a helium and argon plasma microjet by applying a high-voltage pulsed power
supply with a repetition rate from 1 kHz up to 25 kHz, which is ignited in a capillary
dielectric barrier discharge, thus creating a jet that is several centimeters long. Subsequently,
many works have developed these plasma microjets, each using a particular geometry;
these include Teschke et al. [18], Zhang et al. [19], Walsh et al. [20], Cheng et al. [21], Kim
et al. [22], and Hong et al. [23].

In this work, the focus is on helium plasma jets. This choice of gas and excitation source
has been extensively studied and ensures both reproducible and stable discharge generation,
as well as negligible gas heating, which is essential for biomedical applications. In general,
for all plasma jets, the plasma emerges from the tube where it is generated, forming a
visible jet that extends a few centimeters. Although the plasma jet appears continuous
to the naked eye, it was first demonstrated by Teschke et al. (2005) [18], Lu and Laroussi
(2006) [24], and Sands et al. (2008) [25] that it is actually created by ionization waves
propagating at high speeds, ranging from 10 to 100 km/s, covering several centimeters
in just a few hundred nanoseconds or microseconds. The discharge also propagates as
an ionization wave. Therefore, many features of discharge dynamics are shared across
different jet sources and frequencies.

In the early experimental [18,24,25] and numerical [26-30] studies on plasma jets, it
was observed that the ionization waves in the jets are very similar to streamers, although
they are guided by the buffer gas channel and are generally referred to as guided streamers.
These ionization waves are transient but much more reproducible than classical streamers
in air and do not involve the complexity of branching. Therefore, the study of plasma jets
represents a unique opportunity, from a fundamental perspective, to better understand the
physics of streamers, from their initiation to their interaction with surfaces.

In recent years, a number of equivalent electrical models have been developed and
used to describe discharge characteristics and system behavior. These include approaches
such as the use of a time-varying resistor, the application of a full diode bridge, or the use
of a Self-Commutated Converter (SCC) in combination with a time-varying resistor [31-33].
Alternatively, some researchers have opted to model the DBD using an electrical circuit
comprising a capacitor to represent the capacitive behavior of the dielectric barrier (Cq4)
and a capacitor for the gas (Cg). In this model, the gas is considered non-conductive as long
as its voltage remains below a certain threshold value (| vgas | < Vth). When breakdown
occurs, the gas is then represented by a constant voltage (Vgas = £Vth). The parameters of
this model, C4, Cg, and Vth, are determined by analyzing experimental waveforms for the
voltage and current flowing through the DBD [34-37].

As part of this research, we have introduced two significant improvements to this
classical model. The first is the addition of a variable resistor to represent the current flow
across the inter-electrode gap, replacing the fixed voltage which varies between £Vth. This
resistor is connected in series with a variable capacitor to describe the behavior inside the
tube. The second modification consists in incorporating an additional circuit to represent
wave propagation outside the discharge tube. One of the main strengths of our approach
lies in the use of time-varying electrical parameters to describe the discharge behavior at
each instant. However, this has resulted in a more complex mathematical model, for which
we use a method of parameter identification and experimental measurements. This method
enables us to estimate the values of the electrical parameters of the proposed circuit, paving
the way for further analysis of the dielectric barrier discharge. An essential element of this
research is the validation of our improved electrical model. This is achieved by comparing
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the experimentally measured current with that calculated by our circuit. The estimated
parameters will be used to ensure the energy balance of the plasma and, more particularly,
for the determination of its energy efficiency. Thus, this study allows us to control the
discharge and to improve the efficiency by changing the operating conditions.

2. Experimental Apparatus

The atmospheric pressure plasma jet (APP]) used in this study uses a dielectric barrier
discharge (DBD) to generate a plasma. The schematic of the DBD plasma jet is presented
in Figure 1. It consists of a quartz tube representing a dielectric barrier discharge. The
length of the tube is about 95 mm, with a wall thickness of 2 mm, while the inner and outer
diameters of the tube are 4 mm and 6 mm, respectively. The DBD plasma jet device is based
on a double-ring structure with two aluminum ring electrodes covering the outer quartz
tube. The width of the aluminum ring is 20 mm, the distance between two electrodes is
10 mm, and the distance between the downstream electrode and the quartz tube nozzle is
5 mm. This information is given in Figure 1a.

(a) (b) (c)
d i“ir,n m He

Tube ——> «

(Quartz) \/7

A
' 20 mm
v
Electrode

4 10 mm

Y (Aluminium)
1 20 mm

S

Figure 1. (a) Schematic of the DBD plasma source. (b) Helium jet device. (c) Photo of the plasma jet.

The assembly (quartz tube + electrodes) forms a DBD-type device, which allows us to
avoid an arc passage. The device is supplied with helium 4.5 in the upper part of the tube,
and the flow rate is controlled by a mass flow meter (Brooks instrument SLA 5800 Series)
calibrated for helium. This device has the advantage of being insensitive to variations in
gas pressure and temperature. The flow meter is controlled by the Brooks instrument 0254
control unit, allowing the gas flow rate to vary from 0 to 15 L/min. In this work, the helium
flow rate is set to 3 L/min. Figure 1a,b shows the schematic of the device, and Figure 1c is
a photograph of the helium plasma jet in operation.

In Figure 1b, the total current iy, is measured across the resistor R;;.s connected to the
ground. This configuration captures both the discharge and capacitive currents generated
within the plasma discharge. The voltage drop across Ry is then used to calculate the
total current flowing through the system.

For plasma jet excitation, we used a high-voltage pulse source, whose voltage can be
adjusted in the range of 0-10 kV. The rise and fall time ranges from eighty nanoseconds to
several hundred of nanoseconds, the frequency is adjustable in the range of 1 Hz to 10 kHz,
the duty cycle can vary from 1% to 50%, and the pulse width from 250 ns to 1.75 s. The
power supply is based on the principle of a series chopper. High-voltage DC is delivered by
a Technix SR10-R-300 generator connected to a DEIPVX 4110 series high-voltage chopper,
manufactured by Berkeley Nucleonics Corporation, San Rafael, CA, USA, and controlled
by a low-frequency generator.
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3. Electrical Model

Under the effect of the applied voltage, ionization inside the tube increases, leading to
the generation of a streamer that propagates towards the ambient air through the tube’s
outlet. The length of this streamer progressively grows, allowing for the observation of the
discharge evolution in the plasma jet reactor through three distinct modes: it begins with a
corona discharge, then transitions to a dielectric barrier discharge, and finally results in the
formation of a plasma jet, as indicated in reference [38]. In our study, the plasma jet reactor
consists of a quartz tube, as illustrated in Figure 1, and includes two ring-shaped electrodes.
Although the discharge principle is similar to that in reference [38], the symmetry of the
electrodes limits the discharge evolution to two modes: dielectric barrier discharge followed
by the plasma jet.

At each level of applied voltage, an equivalent electrical model of the discharge can
be established to provide a complete representation of the plasma jet. When the applied
voltage exceeds the breakdown voltage, the front of the electrical channel propagates from
the high-voltage electrode to the grounded electrode, leaving behind charged particles
(electrons, positive ions, negative ions, excited and metastable atoms). The characteristics
of this discharge are similar to those of dielectric barrier discharges due to the symmetry
of the two electrodes and the presence of a dielectric. This promotes the accumulation of
charges on both the internal surface of the quartz tube and within it. Based on the quantity
of charges generated during this discharge, we were able to propose an electrical model for
the dielectric barrier discharge.

Gtube = qdiel + 9dis (1)

Equation (1) expresses the amount of charge in the tube (g4,5.), which corresponds to
the sum of the charges accumulated on the dielectric surface (44;;) and those generated
in the tube’s medium during streamer propagation. The charge quantity is then replaced
by its integral during the discharge in order to obtain the current inside the tube (i;,p.),
as indicated in Equation (2), where i and ig;,; correspond to the current flowing in the
medium and the dielectric current, respectively.

ituhe = idiel + Z'dist (2)

This latter expression of the DBD illustrates an application of Kirchhoff’s first law,
allowing for the proposal of an electrical circuit with two branches. The first branch
represents an equivalent dielectric circuit, acting as a capacitor, while the second branch
corresponds to the equivalent electrical circuit of the streamer propagation from the high-
voltage electrode to the grounded electrode. This streamer propagation phenomenon is
modeled by a variable resistance, representing the formation of the streamer (electrical
channel), in series with a variable capacitance, which reflects the space between the streamer
head (first plate) and the grounded electrode (second plate) [39]. Thus, an equivalent
electrical circuit for the discharge at this voltage level is obtained, as illustrated in Figure 2.

At a certain level of applied voltage, the electric field inside the tube becomes more
intense, strengthening the electrical channel as it moves toward the ambient air, thereby
producing a plasma jet. During this process, a charge is generated outside the reactor, in
addition to that created inside the tube (DBD).

Jtot = Gtube T Gjet 3)

Equation (3) expresses the total amount of charge g;t, which corresponds to the sum
of the charge created inside the quartz tube gy,;, (Equation (1)) and the charge generated
outside the reactor gj,;. The charge quantity was then replaced by its integral during
the discharge, which allowed for the plasma jet discharge current i;,; to be obtained, as
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indicated in Equation (4). In this equation, i, and ij,; represent the currents flowing
through the tube (DBD) and the jet, respectively.

itot = Ipype + ijet 4)
Classical DBD
? .
kot .
i s idis 4
t ldiel
: Rais :
S I — Udis .

w2

Figure 2. Electrical circuit equivalent to the dielectric barrier discharge (DBD).

This leads us to conclude that the plasma jet discharge current i;,; is the sum of
the currents flowing through the tube i},;, and through the jet ij;, in accordance with
Kirchhoff’s first law. We can thus propose an electrical circuit consisting of two parallel
branches: the first represents the equivalent electrical model of the discharge inside the tube,
similar to that of the dielectric barrier discharge (DBD) (Figure 2), while the second branch
corresponds to the equivalent circuit of the plasma jet. Since the plasma jet forms a few
centimeters from the tube’s outlet through the ionization phenomenon, its behavior is akin
to that of streamer propagation, which allows it to be modeled by a variable resistance in
series with a variable capacitance. Finally, the equivalent circuit for the plasma jet discharge
is illustrated in Figure 3.

Classical DBD
Plasma jet
oot _ : ;
. iet Mis Iat’l Y
: Rais . Bais
ol L E'Cd:t:l I : Utis

Gt 2

7zl

SRR

Figure 3. Electrical circuit equivalent to the plasma jet.
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From the electrical circuit (Figure 3), we can deduce the appropriate mathematical
equations of the discharge. Using Kirchhoft’s first law, the total current is written in the
following form (Equation (5)):

itot = idiel + Tdis + Ljet ®)
igier: dielectric current (Equation (6)), with Cj ;e being the known dielectric capacitance.

. dUy;
Idiel = CdielTIS (6)
igis: streamer discharge current (Equation (7)). From Figure 2 and Kirchhoff’s second

law, the discharge current can be deduced as follows:

- —qdis__ Uais
igis = =% — + 5— (7)
s CuisRais Rais
The plasma jet current, ij, is given by the following expression:
. _qjet Udis
i = (8)
fet RisCais Ris
By substituting Equation (5) with Equations (6)-(8), we obtain
, dUgis . —qais  Uais  —Gjet  Uais
itot = Cyi e )
ot et dt RisCais R gis RisCais R gis
By simplifying Equation (9), we obtain
. dUdis (qdis + qjet) Zudis
itot = Cygj - + (10)
ot il dt RisCuis R gis
Further simplifying Equation (10), we obtain
T. T.
oo dUa (fo igisdt + [y ljetdf) 2 a
= Cyinl —
ol el g RyisCais Ryis
By simplifying Equation (11), we obtain
T/, .
du.: Tgic +1i0)dt 22U
itor = Caiol dis fO ( dis ]et) + dis (12)

dt RyisCuais Ryis

By replacing the sum of the two currents i;s + ije; according to the circuit in Figure 3,
we obtain Equation (13):

T,. .
- dUys o (ot — lgier)dt  2Ugyq

=C;: - 13
Ltot diel at RuiCuie + Ry (13)

The next step will be devoted to the determination of the capacitance Cy;s(f) and the
resistance Ryjs(t) from the mathematical equation of the electrical model (Equation (13)),
using the experimental data (current (i) and voltage (Uy;s)) and the identification method
based on the recursive least squares method.

4. Recursive Least Squares Method

The recursive least squares (RLS) method is an effective approach for estimating the
optimal parameters Ry;s(f) and Cyjs(t) of a model based on experimental data. Unlike
simple least squares minimization, which processes the entire dataset simultaneously to
provide a static estimate, the RLS method allows for real-time dynamic adaptation. At
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each iteration, it updates the parameter estimates by incorporating new measurements,
gradually reducing the sum of the squared differences between the experimental output and
the model’s predicted output [40-43]. This iterative approach is particularly beneficial in
systems where conditions can change rapidly, as it ensures that the model remains relevant
in the face of such fluctuations. Additionally, the RLS method requires less memory, as it
retains only the essential information needed for parameter updates, without the need to
store all past data. In the context of this study, the application of the RLS method improves
the accuracy of the proposed circuit model while adapting to variations observed in the
experimental outputs. The mathematical equation (Equation (13)) to be solved for this
method is presented in matrix form (Equation (14)), facilitating iterative calculations.

irof — Cdiel% — Rdg(l:dis Ri's] lfOT(itotu;sidiel)dt] (14)
We define the following expressions:
Y = ijor — Cdiel% (15)
Oy = [ e e } (16)
PN = [foT(itot — igier ) dt udis} 17)
where iz, is calculated according to Equation (6). Then,
Y = OnpnT (18)

fn: parameter vector to be estimated;
¢N: measurement vector.

The implementation of the recursive least squares (RLS) method is described as follows.
Gain Ky is calculated using Equation (19):

Kn = P (A + 0 Pyagn) (19)

where Py_1 is the previous adaptation gain, ¢ is the measurement vector, and A is the
forgetting factor. Next, the prediction error ¢, which represents the difference between the
actual measured output i; and the predicted output, is computed using Equation (20):

¢ = (ig — pnON-1) (20)

The parameter vector 8, which is to be estimated, is then updated using Equation (21):

On = On—1 + Pn_1¢ne (21)
Finally, adaptation gain Py is updated according to Equation (22):

_1

P
N=A

(Pn-1— Kng"Py 1) 22)

Programming the recursive least squares algorithm calculates the parameter vector
O, using the measured data vectors (Y and ¢y), as well as initializations of the matrices P,
fn, and A. Figure 4a presents the current (i;;) and voltage (Uy;s) measurements during the
discharge. The current peak observed on the left comes from a strong increase in voltage,
and the one on the right indicates a strong drop in voltage. The peak that interests us is
the middle one, because it represents the discharge current (total current), in this case the
voltage regime takes a continuous regime. We observe that the discharge current increases
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during the propagation of the ionization wave from the high voltage electrode to the ground
electrode in 60 ns. This is explained by the electron avalanche which produces a charge
quantity at the high voltage electrode. Also, another charge quantity occurs inside the tube
during the propagation of the electrons/ions dipole from the high voltage electrode to the
ground electrode when the electric field created by the space charges is superior to the one
applied. Consequently, the discharge current increases. When the ionization wave links the
two electrodes, it disappears, due to the discharge relaxation. This phase is characterized
by the atomic de-excitation, the attachment phenomenon, and the evacuation of the charges
created in the first phase. Therefore, the current decreases, as seen in Figure 4b.

T T T T T 1 T T I“

300+ N
< 2004 6 2 | o
£ (4 < 250+ (b) z
£ 1004 & E g |
g 2 £ E 6 E |
z 2 =1 E 200+ g
] s £ S |
3 04 -0 3 >
= T 2 1s0- i
¥ 2 5 | 3 r4 3
£ 100 22 z
2 -4 § | 100+ 2
a K : :
S 2200 PR L5
" -7 504

=300 4 -8

VR S . S A v s ’ 0 40 80 120 160 200 240 28-00
-500 <250 0 250 500 750 1000 1250 1500 §
Time (ns) § Time (ns)

Figure 4. (a) Variation in voltage and discharge current with helium flow of 3 L/min, applied voltage
of 8 kV, frequency of 1 kHz, and pulse width of 1 ps at atmospheric pressure, and (b) zoomed-in view
of the discharge process.

In the following section, we will determine the electrical parameters of the proposed
circuit based on the discharge current shown in Figure 4b, the voltage measured during the
discharge, and the dielectric current.

5. Results and Discussion
5.1. Estimated Parameters

The resistance and capacitance of the electrical circuit at each discharge instant are
determined from the estimated parameter vector 0y, using Equation (16) and the known
value of the dielectric capacitance. Figure 5 shows a significant form of estimated resistance.
Before the discharge, the resistance has an infinite value due to the insulation of the tube
interior, according to Ohm’s law. The propagation of the electrical channel from the high
voltage electrode by the ionization phenomenon causes an increase in the electron density
in the medium, which leads to an increase in the discharge current during 50 nanoseconds
(Figure 4b). This increase in discharge current imposes a rapid drop in resistance to its
minimum of 0.1 mega-ohm. Then, the resistance curve increases to a value of 0.1 mega-ohm
due to the decrease in the discharge current in the medium (Figure 4b), which is due to
the discharge relaxation. The evolution of this estimated resistance is similar to that of the
electrical circuit equivalent to the corona discharge reactor [39] due to the same mechanism
of discharge creation in both reactors.
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Figure 5. Estimated resistance variation with helium flow of 3 L/min, applied voltage of 8 kV,
frequency of 1 kHz, and pulse width of 1 us at atmospheric pressure.

Figure 6 shows a significant form of the estimated capacity curve. At the beginning
of the discharge, the capacitance takes a low value (Equation (23)) due to the insulation
of the medium (the inside of the tube). When the electric channel propagates from the
high-voltage electrode, a quantity of charges accumulates in the space due to the ionization
phenomenon, which imposes an increase in the capacity to its maximum according to
the relation (24). Then, the capacitance curve decreases due to atomic de-excitation, the
attachment phenomenon, and the progressive evacuation of charges, thus reducing the
amount of charges and the estimated capacitance (Figure 6).

B fiodt

U

Co (23)
Co: pre-discharge capacity;

ip: pre-discharge current;

ug: pre-discharge voltage.

(24)

320 ——————
280 -
—~ 240 i
200 -
160 -

120 B
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=]

>
1

1

0 ol T L T T T T T T T T T M
0 40 80 120 160 200 240 280
Time (ns)

Figure 6. Estimated capacitance variation with helium flow of 3 L/min, applied voltage of 8 kV,
frequency of 1 kHz, and pulse width of 1 us at atmospheric pressure.

Thus, the final estimated capacitance and resistance curves of the proposed electrical
model accurately explain the behavior of the plasma jet. These results closely resemble
the electrical parameters corresponding to corona discharge [39,44], highlighting a similar



Plasma 2024, 7

835

mechanism of non-thermal plasma generation in both reactors. This similarity supports
the choice of the electrical model parameters for the plasma jet. The good alignment
between the measured and calculated currents, as shown in Figure 7, affirms the reliability
of the parameter estimation method, while the distinct patterns in the resistance and
capacitance curves support the relevance of the proposed model. As a result, the resistance
and capacitance of the proposed model can be effectively used in future studies to further
analyze the electrical discharge of the plasma jet.

250 T T T T T T T T T T T T
Measured current

Calculated current

200+

Current (mA)
2
1

-

(=3

o
1

50

0 v T d T d T v T v T v T
0 40 80 120 160 200 240 280
Time (ns)

Figure 7. Comparison between measured and calculated current by estimated parameters with
helium flow of 3 L/min, applied voltage of 8 kV, frequency of 1 kHz, and pulse width of 1 ps at
atmospheric pressure.

5.2. Electrical Study of the Plasma Jet Reactor

The determination of the plasma jet energy efficiency by direct calculations is compli-
cated, due to several phenomena that happen during the discharge. The proposed electrical
circuit, equivalent to the plasma jet discharge, was carried out to perform an electrical
study of the discharge. The estimated parameters of the proposed model will be used to
calculate the discharge power and the power delivered to the reactor. The latter powers
will be used to determine the energy efficiency.

5.2.1. Delivered Power

The power injected into the plasma jet reactor is calculated by multiplying the voltage

Uis and the circuit current i, calculated using the electrical parameters of the proposed
model, as shown in relation (28).

Paer = Ugis ical (25)

Figure 8 shows the power delivered to the plasma jet reactor. This power increase
during 50 ns creates an electron avalanche by accelerating the seed electrons inside the
quartz tube. In addition, this power forces the electrons/ions dipole, formed near the
high voltage electrode, to propagate towards the ground electrode. The ionization wave
arrives at this last electrode when the maximum power reaches 1.65 kW. Then, it decreases
to relax the discharge to avoid the thermal plasma. Thus, the discharge disappears, and
the electrical field regains its initial geometrical shape. At this point, the formation and
propagation of new discharges become feasible. The evolution of the power delivered to the
plasma jet reactor is similar to that of the corona discharge, except that the maximum power
delivered to the latter reactor reaches only 0.4 kW [44]. This difference is due to the nature,
volume, and dynamic of the gas, as well as the type of configuration and characteristics of
the pulsed power supply.



Plasma 2024, 7

836

2.0 ——1—————

o - -
© N o
1 1 1
1 1

Delivered power (kW)

o
IS
1

0.0 E T E T E T E T E T g T 8
0 40 80 120 160 200 240 280
time (ns)

Figure 8. Variation in delivered power with helium flow of 3 L/min, applied voltage of 8 kV,
frequency of 1 kHz, and pulse width of 1 us at atmospheric pressure.

5.2.2. Discharge Power

The discharge power represents the power used during the generation of the ionization
phenomenon,; it is difficult to determine it by a direct method. In the electrical circuit above
(Figure 3), the power lost due to the Joule effect represents the power used during the
discharge, which makes it possible to determine the discharge power by using the resistance
of the proposed electrical model, as shown in Equation (26).

Pais = Rais I, (26)

Pjjs: discharge power;
IR, resistive current;
Ryjs: estimated resistance.

Figure 9 shows the evolution of the discharge power. It increases to a value of 1.65 kW
at the same time as the propagation of the discharge towards the ground electrode. It can
be seen that the creation of the plasma jet by the ionization phenomenon in the ambient
air uses a power up to 1.65 kW; then, it starts to decrease when the discharge reaches the
second electrode due to the decrease in the ionization phenomenon. This period of the
discharge corresponds to the atomic de-excitation, the attachment phenomenon, and the
gradual evacuation of the charges. The evolution of the discharge power is similar to that
of corona discharge [44].
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Figure 9. Variation in discharge power with helium flow of 3 L/min, applied voltage of 8 kV,
frequency of 1 kHz, and pulse width of 1 us at atmospheric pressure.
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5.2.3. Plasma Energy Efficiency

Plasma energy efficiency is calculated by the ratio between the discharge power
and the power delivered to the plasma jet reactor (Equation (27)). The energy efficiency
increases during 50 ns due to the propagation of the discharge to the ground electrode by
the ionization phenomenon. When the channels reach the second electrode, the efficiency
becomes maximum at nearly 90%, and then it decreases due to the discharge relaxation
phenomenon (Figure 10).

Py
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Figure 10. Variation in plasma energy efficiency with helium flow of 3 L/min, applied voltage of
8 kV, frequency of 1 kHz, and pulse width of 1 ps at atmospheric pressure.

5.3. Effect of the Applied Voltage

This part is devoted to the effect of the applied voltage (from 6 kV to 8 kV) on the
electrical parameters of the proposed model, the discharge power, and the plasma jet
energy efficiency.

The applied voltage increase induces a multiplication of the number of electrons
created by the electron avalanche and the ionization and photoionization phenomena
during the discharge propagation towards the ground electrode due to the increase in
the electrical field in the medium. The discharge current inside the quartz tube is thus
increased, as shown in Figure 11a. After reaching the maximum value of the current for a
given applied voltage, it decreases in the second phase of the curve, due to the relaxation of
the discharge. The large amount of charge created in the first phase prolongs the duration
of the atomic de-excitation, the attachment phenomenon, and the progressive evacuation
of charges at high applied voltage. Thus, the discharge current slowly decreases from 6 kV
to 8 kV during the passage.

Figure 11b shows the resistance evolution estimated for different applied voltages. It is
seen that the resistance reaches a very fast minimum value due to the rapid increase in the
discharge current at its maximum (Figure 11a) when passing from a voltage of 6 kV to 8 kV
(according to Ohm's law). In addition, its minimum value decreases due to the increase in
the maximum current. In the relaxation phase, the resistance returns very quickly to its
initial state when the voltage is increased due to a slow decrease in the discharge current as
explained above (according to Ohm’s law). At high applied voltages, a large amount of
charge is generated inside the quartz tube due to a strong ionization phenomenon, resulting
in a large capacitance (Figure 11c).
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Figure 11. Effect of applied voltage on discharge current (a), resistance (b), capacitance (c), discharge
power (d), and plasma energy efficiency (e) with helium flow rate of 3 L/min, frequency of 1 kHz,
and pulse width of 1 us at atmospheric pressure.

The discharge power increases from 0.4 kW to 1.6 kW as the applied voltage increases
(Figure 11d). This is due to a strong ionization phenomenon for high applied voltage as
explained above, which consumes more power to generate non-thermal plasma. Increasing

the power improves the plasma energy efficiency form 75% up to 90% (Figure 11e).
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6. Conclusions

This study presents an electrical model of a plasma jet reactor, aiming to improve
energy efficiency through precise parameter estimation. Using the recursive least squares
(RLS) method, we developed an equivalent electrical circuit to characterize the plasma
discharge. The close alignment between the experimentally measured current and the
calculated current, as well as the distinct evolution of the estimated electrical parameters,
underscores the effectiveness of our parameter estimation method. By applying this model,
we were able to determine the energy delivered to the reactor and the energy consumed
during discharge, leading to an understanding of plasma jet energy efficiency.

Our findings reveal that the energy efficiency of the plasma jet can be significantly
improved by increasing the applied voltage, with efficiency values rising from 75% to 90%
when the voltage is increased from 6 kV to 8 kV. This model thus enables control over the
reactor’s energy performance, providing a basis for optimizing operating conditions to
achieve maximum efficiency.

In future work, priority will be given to validating this model with independent data,
aiming to further reinforce its applicability. This step will fully assess the model’s predictive
capabilities beyond the current experimental setup, facilitating continued advancements in
energy-efficient plasma technologies.
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