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Characteristics of helium DC plasma jets at atmospheric
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Cheng Wang(王城)1,†, Zelong Zhang(张泽龙)1, Haichao Cui(崔海超)1,
Weiluo Xia(夏维珞)2, and Weidong Xia(夏维东)1

1Department of Thermal Science and Energy Engineering, University of Science and Technology of China, Hefei 230027, China
2Hefei Institutes of Physical Science, Chinese Academy of Sciences, Hefei 230031, China

(Received 17 March 2017; revised manuscript received 16 May 2017; published online 10 July 2017)

A novel DC plasma torch with multiple cathodes is developed for generating laminar, transitional and turbulent plasma
jets. The jet’s characteristics, including jet appearance, voltage fluctuation, thermal efficiency, specific enthalpy, and dis-
tributions of temperature, pressure, and velocity, are experimentally investigated. The results show that as the gas flow
rate increases, the plasma jet transforms first from the laminar state to the transitional state and second to the turbulent
state. Compared with the transitional/turbulent jet, the laminar jet possesses not only a better stability and a longer high-
temperature zone but also a higher average/core temperature and a higher specific enthalpy at the nozzle’s outlet. With the
change of jet states from the laminar to the turbulent flow, the core pressure and velocity at the nozzle’s outlet increase,
while the decaying rates of temperature/pressure/velocity along the jet’s axial direction increase sharply. Furthermore, ap-
plications of laminar, transitional and turbulent jets for zirconia spray coating are described. The test results indicate that
the long laminar jet is favorable for the deposition of a high-quality coating because the powder particles injected into the
laminar jet may have better heating and lower kinetic energy.
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1. Introduction
Arc plasma jets at atmospheric pressure have high ap-

plication value and development potential in industry because
of their unique properties such as high temperature, high en-
thalpy, and high-energy intensity.[1–4] Based on the flow con-
dition, the plasma jet is usually classified as a laminar jet, a
transitional jet, or a turbulent jet.[2,5] A long and stable plasma
jet with very low noise is defined as running in the laminar
state. A short and noisy plasma jet with a significant gas en-
trainment phenomenon is identified as a turbulent jet. When
the laminar and the turbulent jet are converted to each other,
the jet length changes rapidly and the resulting flow is classi-
fied as a transitional jet.

A large number of studies have indicated that there are
distinct differences in the plasma parameters for the laminar,
transitional, and turbulent jets, thereby affecting the energy
transport and interaction between the plasma jet and the par-
ticles immersed in the flow. Pan et al.[6–10] conducted a con-
siderable amount of research on the character of the laminar
and turbulent jets. Results showed that compared with the tur-
bulent jet, the high-temperature region of the laminar jet pos-
sesses not only excellent stability but also a greatly reduced
temperature and pressure gradient in the axial direction. By
comparing the laminar and the turbulent jet impinging upon a

flat plate in ambient air, Wang et al.[11–13] determined that a
larger amount of air was entrained into the turbulent jet, which
increased the decaying rates of the plasma parameters in the
turbulent-impinging jet. Thus, the stable laminar jet appears to
be more suitable for remelting, hardening, and processing of
material surfaces.[8,14–17] Recently, Cao et al.[5] investigated
the evolution of the appearance of a plasma jet with different
gas flows and concluded that the transitional jet had a higher
temperature and energy than the laminar jet, which could make
the transitional jet better suited for industrial use; however, this
concept has not been confirmed with sufficient experiments.
In fact, plasma jets applied in the industry are mostly operated
in the turbulent state, because the laminar jet is often gener-
ated within a relatively narrow range of control parameters and
suffers from low thermal efficiency compared to the turbulent
jet.[7,18]

In our recent work, a novel DC plasma torch with multi-
ple cathodes was developed.[19–21] Plasma jets including lam-
inar jets, transitional jets, and turbulent jets were examined
in the experiment but little work has been conducted on the
characteristics of plasma jets. The temperature, pressure, ve-
locity, and fluctuation of the plasma jet are important factors
that may affect material processing. In addition, the features
of the plasma jet for different torch types are usually quite
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different;[18,22] therefore, research on plasma jets generated by
novel plasma torches is needed.

In this paper, laminar, transitional, and turbulent jets are
generated with a novel DC plasma torch with multiple cath-
odes under different gas flow rates and input power condi-
tions. A preliminary investigation on the new plasma torch
is made. Changes in the jet’s length and the torch’s voltage
fluctuation, thermal efficiency, and specific enthalpy are ex-
perimentally tested. Temperature, pressure, and velocity of
the plasma jets are measured using a homemade water-cooled
probe. In addition, the use of plasma jets under different states
for the preparation of a zirconia coating is investigated. It is
our hope that this paper may provide basic support for using
the novel plasma torch in practical applications for material
processing.

2. Apparatus and methods
2.1. Experimental apparatus

Figure 1 shows the experimental setup, which is mainly
composed of a novel plasma torch, a DC power source unit,
a gas supply unit, a cooling unit, a measurement system, and
a spray system. The power source unit consists of several in-
dependent DC power supplies with a common anode. Each
power supply uses an IGBT-based source (200 V, 200 A). The
conversion efficiency is more than 90% and the current fluc-
tuation is less than 1%. The gas supply unit provides work-
ing gas to the plasma torch accurately by using controllers for
the gas flow rate. The measurement system includes a camera
and a water-cooled probe. The spray system is composed of a
powder delivery device and a stainless steel substrate.

injection probe

plasma torch

flow rate
meter system

helium gas suppliers

plasma jet

substrate

water-cooled probe

camera

DC power
supply

cooling unit

Fig. 1. Schematic diagram of the experimental setup.

A torch with multiple cathodes, principally the same sys-
tem as described in previous research,[19–21] is used to produce
plasma jets at atmospheric pressure. The longitudinal section
view of the novel DC arc plasma torch is shown in Fig. 2. The

torch is constructed using six multiple tungsten cathodes, a
common copper anode, a chamber, and a glass window. An an-
ode nozzle with a backward-facing step is used. The cathode
spacing can be adjusted simultaneously allowing the electrode
tips to be positioned on a pitch circle varying from approxi-
mately 10 mm–40 mm in diameter. The vertical distance from
the cathode tips to the anode is about 15 mm. The plasma-
forming gas and the window protection gas are introduced sep-
arately and their flow ratio is 1:1. Six independent DC power
supplies are connected to six cathodes. All components of the
plasma torch are directly cooled by the cooling water, so as to
decrease the erosion. The arc is ignited using a high-frequency
and high-voltage generator.

water inlet

water outlet
1 2 3 4 5

water outlet

water inletgas inlet gas inlet

F
3
0 F
1
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Fig. 2. Schematic diagrams of the plasma torch with multiple cathodes. 1:
Anode, 2: insulation piece, 3: cathode, 4: chamber, 5: glass window.

Table 1 shows the range of working conditions. The di-
ameter of the cathode is 5 mm and the diagonal distance be-
tween the cathode tips is 30 mm. The internal diameter of
the anode nozzle and its backward-facing step is 10 mm and
30 mm respectively and the length is 40 mm and 30 mm re-
spectively. Pure helium gas is used as the working gas at a
feeding flow rate of 15 slm–35 slm. The total arc currents of
the six cathodes are in the range of 200 A–300 A, and the input
power is 10 kW–20 kW.

Table 1. Range of working conditions in this paper.

Arc current/A 200, 250, 300

Input powder/kW 10–20

Plasma forming and
protection gas

helium gas

Gas flow rate/slm 15–35

Cathode type 2%-wt lanthanum tungsten cathode, rod type, di-
ameter: 6 mm, tip angle: 60◦, cathode number: 6,
diagonal distances between cathode tips: 30 mm

Anode type Red copper, nozzle internal diameter: 10 mm
(40 mm length), backward-facing step diameter:
30 mm (30 mm length)
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2.2. Measurement system

The arc voltage is recorded with a voltage divider and
a 100-kHz wideband data acquisition card. A digital camera
(Canon 5D Mark III) is employed to capture the appearance
of the plasma jet. The jet length is obtained by measurements
from the jet images using a scale.

As shown in Fig. 1, the temperature and mass rate of the
cooling water at the outlet and inlet are measured using two
thermocouples and a flowmeter respectively, thus the thermal
efficiency and the specific enthalpy are calculated by using
Eqs. (1) and (2)

η = (UI − cpm∆T )/UI, (1)

h =UIη/Ggas, (2)

where η is the thermal efficiency of the plasma torch, U and I
are the arc voltage and the arc current, cp, m, and ∆T are the
specific heat, the mass flow, and the temperature difference of
the cooling water respectively, h is the specific enthalpy of the
plasma jet, and Ggas is the gas mass flow.

A homemade water-cooled probe is employed to measure
the core temperature and stagnation pressure of the plasma
jet. Figure 3 depicts a schematic diagram of the measuring
method. The probe is composed of three copper tubes. The
outside surface of the probe is covered with a zirconia ce-
ramic tube to create a thermal insulation layer. The temper-
ature and mass rate of the cooling water at the outlet and inlet,
and the temperature and mass rate of the plasma gas at the cen-
ter hole’s outlet are obtained using several thermocouples and
flowmeters respectively. The temperature of the plasma jet can
be obtained by using Eq. (3).

Ggas(h1 −h2) = cpm∆T, (3)

where Ggas is the plasma gas mass flow, h1 and h2 are the spe-
cific enthalpy of the plasma gas at the probe’s inlet and out-
let, respectively, and cp, m, ∆T are the specific heat, the mass
flow, and the temperature difference of the cooling water re-
spectively. Based on the specific enthalpy of plasma gas at
the probe’s inlet, the temperature of the plasma jet can be ob-
tained.
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40 water
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flowmeter/
pressure
gauge

F
0
.8

F
4

Fig. 3. Schematic diagrams of the water-cooled probe.

The center hole can be used as a pitot tube to measure
the velocity of the plasma jet. The stagnation pressure of the

plasma jet is measured with a pressure gauge, which is in-
stalled at the probe’s outlet. The velocity is usually calculated
with the following equation.

v =
√

2(p− p0)/ρ, (4)

where v is the velocity of the plasma jet, p and p0 are the
stagnation pressure and static pressure of plasma jet. ρ is the
density of the plasma gas at the inlet and is determined by the
temperature of plasma jet. In general, p0 the is equal to one
atmospheric pressure.

2.3. Spray system

The schematic diagram of the spray system is shown in
Fig. 1. In this study, the experiment adopts the method of
using the centeral axis to send the powder because this torch
with multiple cathodes provides a proper space for axially-fed
feedstock particles. The particles are fed through an injec-
tion probe to the arc plasma flame with an appropriate carrier
gas. The inner diameter of the injection probe is 4 mm and the
probe outlet is located at 5 mm above the plane of the cathode
tips. The powder-feeding rate is controlled by a screw-based
powder delivery device (PFD402-FM, TEKNA). A stainless
steel (1Cr18Ni9Ti) plate with the dimension of Φ15×15 mm
is used as the treated substrate. Prior to spray coating, the sub-
strate is rubbed with sandpaper (280 mesh and 600 mesh), thus
increasing the substrate surface roughness, which can help im-
prove the bonding strength of the spray coatings. The mi-
crostructure of zirconia coatings is performed on a Sirion 200
apparatus. The detailed working parameters are listed in Ta-
ble 2.

Table 2. Spraying parameters.

Arc current/A 250

Input powder/kW 10–20

Plasma forming
and protection gas

helium gas; gas flow rate: 22.5, 27.5, 32.5 slm

Carrier gas helium gas; Gas flow rate: 1.0 slm

Zirconia size: 20–40 µm; particles feeding rate: 5 g/min

Torch-substrate
distance/cm

20

3. Results and discussion
3.1. Generation of plasma jets

Figure 4 shows window-viewed images of the cathodes
and arc plasma. It is evident that arc discharges take places
between six discrete cathodes and a common anode. There
do not exist several discrete discharge channels in this experi-
mental range although six independent DC power supplies are
respectively connected to each cathode. Between the cathodes
and anode nozzle, the arc plasma presents a relatively uni-
form and stable state, which is referred to as a “diffuse arc”.

085207-3



Chin. Phys. B Vol. 26, No. 8 (2017) 085207

The characteristics and formation mechanism of the diffuse
arc were discussed in Ref. [19]. The diffuse arc converges in
the anode nozzle to form a luminous arc column. Within the
constraints of anode nozzle and proper gas flow, a long laminar
plasma jet can be achieved, as shown in Fig. 5. In our previous
research, it was confirmed that gas component, gas flow rate,
arc currents and anode nozzle diameter were the main factors
affecting the plasma jet’s appearances.[21] In the next sections,
the influence of gas flow rate and arc currents on the jet’s char-
acteristics is investigated.
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→
→
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cathode

anode

cathode

diffuse arc

anode arc root

anode nozzle wall

arc column

anode nozzle wall

Fig. 4. (color online) Typical window-viewed images of the cathodes and
the arc plasma. I = 250 A, 25-slm gas flow rate.

Fig. 5. Appearances of the plasma jet. I = 250 A, 25-slm gas flow rate.

3.2. Jet appearance

Figure 6 shows the plasma jets’ appearance with a gas
flow rate from 20 slm to 32.5 slm at I = 250 A. Typical arc

voltage waves are plotted in Fig. 7. The results indicate that
the plasma jet length first increases and then decreases as the
gas flow rate increases When the gas flow rate ranges from
20 slm to 25 slm, the plasma jet is operated in the laminar
flow with a very low noise. The arc voltage is quite stable, and
the voltage fluctuation is less than 4% (2-V fluctuation). The
plasma jet length increases with the increase in the gas flow
rate, and the maximum length is about 60 cm. With a further
increase in the gas flow rate, the plasma jet length is dramati-
cally reduced, while the jet diameter, arc voltage, and voltage
fluctuation clearly increase. Based on the significant air en-
trainment phenomenon at the outer end, it is inferred that the
plasma jet is changing from the laminar to the turbulent state.
This flow state is usually regarded as a transitional state. When
the gas flow rate increases to 32.5 slm, the plasma jet length
is reduced to less than 15 cm and a high-intensity noise emis-
sion occurs, which indicates the jet is operated in the turbulent
state. The arc voltage is nearly 70 V and is accompanied by an
enhanced fluctuation (more than 18%, 13-V fluctuation). As
the gas flow rate continues to increase, the appearance of the
turbulent jet does not change any further.
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Fig. 6. Appearances of the plasma jets with different gas flow rates.
I = 250 A.
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Fig. 7. (color online) Time-resolved arc voltage wave with different gas
flow rates, I = 250 A.

Figure 8 exhibits the plasma jet length with different gas
flow rates and arc currents. It is evident that the jet length
has a similar changing trend under different arc currents but

085207-4



Chin. Phys. B Vol. 26, No. 8 (2017) 085207

the increasing arc currents are advantageous for improving the
jet length and provide a relatively wide range of the gas flow
rate for the generation of the long laminar jet. In addition,
figure 8 indicates that a critical Reynolds number exists at
which the plasma jet transforms from the laminar to the tur-
bulent state. The Reynolds number is directly proportional to
the mass flow but inversely proportional to the flow’s viscos-
ity. For the plasma jet, the increase in the arc current can re-
sult in an increase in gas temperature at a given gas flow rate.
Since the viscosity of the helium gas exhibits a monotonically
increasing function of temperature during 10000 K–15000 K,
higher arc currents should have a greater critical gas flow rate
while the critical Reynolds number remains unchanged. The
average temperature measured in Subsection 3.3 is used to cal-
culate the Reynolds number. The estimated critical Reynolds
number is about 25, which is much lower than the one operated
in argon ambient gas.[10] However, using the Reynolds num-
ber calculated in a conventional manner may not be a sufficient
criterion for flow transition in this study because the plasma
flow is relatively complicated. Factors such as the transport
coefficient of the working gas, arc root behaviors, and torch
structure can strongly affect the jet’s appearance.[10] Thus, the
critical Reynolds number shown in this paper may be only suit-
able for a range of the testing parameters.
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Fig. 8. (color online) Variation of the plasma jet flow state and jet length
with different gas flow rates and arc currents.

3.3. Thermal efficiency and specific enthalpy

Figures 9 and 10 show that both arc voltage/arc power and
thermal efficiency increase monotonically with the increase in
the gas flow rate but decrease with the increase in the arc cur-
rents. Although the plasma jets’ appearance displays a dra-
matic change when the jet flow transforms from the laminar
flow to the turbulent flow, the arc voltage and thermal effi-
ciency retain a smooth change trend. The maximum ther-
mal efficiency can approach 50% while the minimum value
is less than 25%. The torch’s thermal efficiency is close to
the efficiency of multi-electrode plasma torches with a seg-

mented anode structure[7,18,23] but lower than the efficiency of
conventional two-electrode plasma torches without any inter-
electrode inserts.[22] In our opinion, the torch construction is
the main factor affecting the thermal efficiency. As described
in previous research,[19–21] due to the existence of multiple
cathodes, the arc plasma between the electrodes appears as a
large area diffuse state, which would enhance the heat transfer
from the arc plasma to the anode’s inner surface. Thus, the
thermal efficiency is not sufficiently high.
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Fig. 9. (color online) Variation of the arc voltage and arc power with dif-
ferent gas flow rates and arc currents.
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Fig. 10. (color online) Variation of the thermal efficiency with different
gas flow rates and arc currents.

The specific enthalpy of the plasma jet at different work-
ing parameters is shown in Fig. 11. The specific enthalpy in-
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creases with the increase in the arc currents but decreases with
the rise of the gas flow rate. This variation can be ascribed to
two factors. Firstly, the rise of arc currents increases the gas
temperature of the plasma jet, so that the specific enthalpy is
improved. Secondly, the total enthalpy of the plasma jet in-
creases with the increase in the gas flow rate because of the
increasing arc power and thermal efficiency. However, the in-
creasing gas flow rate surpasses the effect of the total enthalpy
on the specific enthalpy. Based on Eqs. (2), the specific en-
thalpy is negatively correlated with the gas flow rate. The
changing trend of the specific enthalpy with changes in the
gas flow rate is somewhat different from the results described
in previous research.[7,22] This difference is mainly related to
the type of working gas and the torch’s structure.
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Fig. 11. (color online) Variation of the specific enthalpy with different gas
flow rates and arc currents.

3.4. Temperature, pressure, and velocity

The average temperature and core temperature at the noz-
zle’s outlet are plotted in Fig. 12. To lessen the effect of the
probe on the plasma jet, the measurement point is just 5 mm
in front of the nozzle’s outlet. The average temperature is ob-
tained from the specific enthalpy, and the core temperature is
calculated by using Eq. (3). Both types of temperatures exhibit
an increase with the increase of the arc currents. The core tem-
perature increases from 16730 K at I = 200 A to 19330 K at
I = 300 A with a 15-slm gas flow rate. In accordance with the
changing trend of specific enthalpy, the average temperature
and core temperature decrease gradually with the rise of the
gas flow rate. For example, with I = 250 A, the core temper-
ature decreases from 17910 K to 16020 K as the gas flow rate
increases from 15 slm to 35 slm.

Figure 13 shows the average velocity and core velocity of
the plasma jet at the nozzle’s outlet. The average velocity is
estimated by the average gas density and gas flow rate, and the
core velocity is obtained by Eq. (4). The results indicate that
both the average velocity and the core velocity increase with
the rise of the gas flow rate and the arc currents, although the

temperature descends with the increase in the gas flow rate.
The maximum core velocity in the range of experiments is
1300 m/s (about March 0.2). The growth of the inlet velocity
is the main driving force that causes the increase in the jet’s
velocity.
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Fig. 12. (color online) Plasma jet’s temperature at the nozzle’s outlet with
different gas flow rates and arc currents.
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Fig. 13. (color online) Plasma jet’s velocity at the nozzle’s outlet with
different gas flow rates and arc currents.

Figures 14–16 show the distribution of temperature, gage
pressure, and core velocity along the jet axial direction un-
der different jet states for the plasma jets. Figure 14 indi-
cates all the temperatures have a clear downward trend along
the axial directions, but the declining rate is clearly differ-
ent. For the laminar jet, the temperature gradient is about
60 K/mm; for the transitional jet, the temperature gradient is
nearly 90 K/mm and the temperature gradient is more than
110 K/mm for the turbulent jet. The gage pressure and core
velocity also decrease with the increase in axial distance, as
exhibited in Figs. 15 and 16. It is found that the gage pres-
sure and core velocity are much lower for the laminar jet than
for the transitional/turbulent jet at the nozzle outlet. With the
change of jet states from the laminar flow to the turbulent
flow, the decaying rates of gage pressure and velocity increase
sharply. At 85 mm, the core velocity of the transitional and
turbulent jets is even lower than for the laminar jet. Compared
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with the laminar jet, more intensive air entrainment occurring
in the transitional/turbulent jet because of the enhanced turbu-
lence intensity. The energy dissipation of plasma jet increases
rapidly, which can result in a fast attenuation of jet velocity
and gage pressure.
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Fig. 14. (color online) Plasma jet’s temperature distribution along axial
direction. I = 250 A.
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Fig. 15. (color online) Plasma jet’s gage pressure distribution along axial
direction. I = 250 A.
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Fig. 16. (color online) Plasma jet’s core velocity distribution along axial
direction. I = 250 A.

3.5. Preparation of zirconia coating

As mentioned above, the laminar, transitional, and tur-
bulent jets have their own special features, which are mainly

embodied in the torch’s thermal efficiency, plasma jet’s stabil-
ity, length, temperature, etc. These characteristics have great
influence on the energy transfer and interaction between the
plasma jet and the particles, thus affecting the controllability
of the process when the plasma jet is used for spraying. In this
section, applications of the torch for the preparation of zirco-
nia coating are tested under different conditions of jet flow.
The arc currents are 250 A and the gas flow rate is in the range
of 22.5 slm–32.5 slm, so that the plasma jet can be operated
in the laminar, transitional, and turbulent state respectively. It
is necessary to state that because the powder particles are in-
jected directly into the arc area, the appearance of plasma jet
is affected negatively, as shown in Fig. 17. Compared with
the plasma jet without powder injection (Fig. 6), the length
of plasma jet with powder injection is shorter. However, the
steady state of laminar plasma jet can be kept in the experi-
mental conditions presented in Fig. 17.

Fig. 17. (color online) Typical appearance of the plasma jet with powder-
feeding rate of 5 g/min. I = 250 A, 22.5 slm gas flow rate.

Figure 18 gives the scanning electron microscope (SEM)
surface views of zirconia coatings prepared using the laminar,
transitional, and turbulent jets respectively. It is evident that
the overall uniformity of the coating is better when sprayed
with the laminar jet than with the transitional or turbulent jet.
An evident feature of the coatings is that more discrete and
small particles are attached to the coating’s surface with the
change of jet states from the laminar flow to the turbulent flow.
Figure 18(a) shows that the zirconia particles have been com-
pletely melted for the plasma spraying using the laminar jet.
The coating’s surface is rather smooth. For the transitional
jet, several strip-shape particles appear on the coating’s sur-
face as exhibited in Fig. 18(b), which indicates a splashing
phenomenon occurs when the particle droplets impact the sub-
strate. For the turbulent jet, both the splashing structure and
some partially molten powder particles exist on the coating’s
surface, as indicated by the arrows in Fig. 18(c).

In general, the impact velocity of the droplets and the
molten state of the ceramic powder particles on the substrate
are the key factors that affect the properties of the coating.[24]

As described in Subsections 3.2–3.4, the temperature of the
laminar jet is higher than that of the transitional and turbulent
jets. In addition, the long laminar jet provides sufficient resi-
dence time for the particles in the plasma plumes. Therefore,
a more efficient energy transfer occurs between the plasma jet
and the powder particles, which is beneficial for the melting
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of the powder particles. Moreover, because of the small ve-
locity of the laminar jet, the particles injected into the laminar
jet have a lower kinetic energy than those in the transitional
and turbulent jets. The lower kinetic energy can limit splash-
ing of the particle droplets. This explains the increased splash-
ing phenomenon that occurs with the transitional and turbulent
jets. Thus, the characteristics of the long laminar jet may be
favorable for the deposition of a highquality coating during the
spraying procedure.

(a)

(b)

splashing
structure

partially molten
powder particles

WD

(c)

 mm

WD  mm

WD  mm

Fig. 18. (a) SEM views of the zirconia coating surface prepared in the
laminar jet, (b) in transitional jet, and (c) in turbulent jet.

4. Conclusions
In this study, the characteristics of helium plasma jets

generated in a DC plasma torch with multiple cathodes are

experimentally investigated. The jet parameters, including
length, voltage fluctuation, thermal efficiency, specific en-
thalpy, temperature, etc., are measured. Furthermore, the ap-
plications of the device for the preparation of zirconia coatings
are tested under different flow states of the plasma jet. The fol-
lowing conclusions are drawn from this study:

(i) As the gas flow rate increases, the plasma jet trans-
forms from the laminar state to the transitional state and then
to the turbulent state. Compared with the transitional/turbulent
jets, the laminar jet has better stability and a longer high-
temperature zone. The increasing arc currents not only help
to improve the jet’s length but also help to increase the critical
flow rate for the generation of a laminar jet.

(ii) The arc voltage and thermal efficiency increase with
the addition of the gas flow rate. On the other hand, the spe-
cific enthalpy decreases with the increase in the gas flow rate.
It is inferred that the increase in the gas flow rate surpasses the
effect of the total enthalpy on the specific enthalpy.

(iii) As the gas flow rate increases, the core temperature
at the nozzle’s outlet decreases but the core velocity increases
significantly. Additionally, with the change of jet states from
the laminar flow to the turbulent flow, the decaying rates of the
jet’s temperature, gage pressure, and velocity increase rapidly
along the jet’s axial direction. This phenomenon is thought
to stem from the intensified air entrainment in the transitional
/turbulent jet.

(iv) By using the central axis to send the powder, the zir-
conia coating is prepared under different flow states of the
plasma jet. The results indicate that the long laminar jet is
favorable for the deposition of a high-quality coating during
the spraying procedure. It is concluded that the powder parti-
cles in the laminar jet may provide lower kinetic energy and
better heating. These two factors can limit the splashing of
particle droplets and ensure the effective melting of the pow-
der particles.
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