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A key aspect of the operation of conventional non-transferred direct current (dc) plasma torches is the
random motion of the arc inside the nozzle. Various plasma gun designs have been developed to limit the arc
fluctuations without increasing the heat load to the anode wall that results in surface erosion and anode wear.
However, construction of these plasma torches is highly complex, while the conventional dc plasma torch
consists of a small number of elements and is simple to manufacture and maintain. A better understanding
of the behavior of the arc-anode attachment and how it depends on operating conditions may help in the
design and operation of conventional plasma torches so that the fluctuation of the time-voltage, and therefore
the time-enthalpy variation, is as low as possible with a fluctuation frequency adapted to the time charac-
teristic of the powder particles in the plasma jet. This study deals with a three-dimensional (3D) time-
dependent modeling of the arc and plasma generation in such a torch operating under the so-called
“restrike” mode. The latter is characterized by rather large voltage fluctuations, corresponding to a broad
range of conditions used in the manufacturing of plasma coatings. The mathematical model is based on the
simultaneous solution of the conservation equations of mass, momentum, energy, electric current, and elec-
tromagnetic equations. These make it possible to predict the effect of operating parameters of the plasma
torch on the motion of the anode root attachment over the anode surface and the time-evolution of arc voltage
and flow fields in the nozzle.

Keywords electric arc, plasma spraying, plasma torch, 3-D mod-
eling, transient modeling

1. Introduction

The direct current (dc) plasma torch is used predominantly
for plasma spraying of coatings. The conventional torch is char-
acterized by a simple design involving a rod-shape cathode and
a concentric water-cooled anode. The arc strikes from the tip of
the cathode to some point on the anode wall where it attaches in
the form of a high-temperature, low-density gas column cutting
through the cold gas boundary layer that covers the anode wall
(Fig. 1). As observed experimentally (Ref 1-3), the thickness of
this boundary layer, which behaves as an electrically insulating
layer enveloping the arc, controls the operation mode of the
torch and depends on the plasma torch working parameters:
principally, the inner diameter of the exit nozzle, the arc current
intensity, and the plasma gas flow rate. The arc attachment is
perpendicular to the anode surface and is subjected to a pulling
down drag force exerted by the cold flow in the boundary layer
and the Lorentz forces due the self-magnetic fields induced by
the curvature of the current flow. The Lorentz forces may act in

the same or opposite direction as the flow drag force depending
on the curvature of the current lines in the anode arc root. Under
the combined action of these forces, the anode arc attachment
will generally exhibit an axial and rotational movement on the
anode surface. The latter is favored by the symmetry of the torch
design, as no particular point on the anode wall can be said to be,
a priori, preferred for the arc attachment. This rotational motion
is also strongly favored by the vortex injection of the plasma-
forming gas. The axial displacement of the arc root brings about
a variation in the length of the arc column and, therefore, in en-
thalpy input to the gas, while the rotational movement does not
affect the latter. However, rotational displacement results in a
nonsymmetry in the gas flow field and, consequently, inhomo-
geneity in the plasma jet issuing from the plasma torch.

Due to the design of the conventional plasma spray torch and
its mode of operation, there are arc instabilities and it is neces-
sary to control the residence time of the arc at a given location to
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limit the heat load to the anode wall and, thus, its erosion. Vari-
ous construction designs have been proposed in the literature
or by torch manufacturers to reduce arc instabilities and anode
erosion. For example, the axial movement of the arc root can be
drastically reduced by using a segmented nozzle made up of a
stack of several insulated segments and ending at an anode
ring (Ref 4) or by using a very high gas flow that forces the arc
to attach at the end of the nozzle (Ref 5). Both result in an in-
crease in arc length and arc voltage and make it possible to use
lower arc current or pure argon gas. The rotational movement
may be restricted by using multi-arc torches or, as proposed re-
cently by Dzulko et al. (Ref 6), by using a segmented anode
made up of three segments forming a ring where the three arc
roots are fixed. Although the construction of these various
plasma torches and their functioning generally result in a more
stable operating mode and longer anode life span, it requires
more complex elements whose construction and maintenance
involve a substantial initial and operating cost. Therefore, the
study of how to achieve a “steady mode” of torch operation and
an acceptable anode lifetime with conventional dc plasma
torches is still warranted.

Experimental techniques based on the monitoring of arc volt-
age, sound, or light, have enabled the investigation of arc fluc-
tuations (Ref 7-14) and a better understanding of the way it
depends on the torch geometry and working parameters. Also,
experimental (Ref 15) and numerical works (Ref 16, 17) deal-
ing with the effect of arc fluctuations on particle behavior
and coating formation have shown that a rather stable behavior
is observed, thus, a better-quality coating is achieved (low po-
rosity, low content of nonmelted particles, and high deposition
efficiency) (Ref 18) when the time-evolution of the arc voltage
exhibits a lower amplitude variation and a higher fluctua-
tion frequency. In fact, the latter must be much higher than the
time characteristics of particle heating and acceleration
(Ref 19).

A reliable model that makes it possible to determine the
movement of the anode spot and the time-variation of arc volt-
age, flow patterns, and heat flux to the anode wall may be a
useful tool to correlate the torch parameters and the plasma jet
fluctuations. However, such a model is still a challenge (Ref 20,
21) because it requires a detailed description of the interaction
between the gas flow and the arc and of the nonequilibrium
physics involved in the electrode boundary layers.

In this work, the authors present a time-dependent and three-
dimensional model of arc dynamics that is under development at
this laboratory. It is the same calculation method as that pre-
sented in Ref 16 and 17. However, different boundary conditions
are used on the cathode end and anode wall and for arc breaking
and restriking. Indeed, if the predictions of the previous study
exhibited realistic variations with the operating torch param-
eters, they overestimated the arc voltage by 25% and gas tem-
perature by 16%, bringing about an overestimation of the enthal-
py input to the plasma jet (Ref 17).

In this paper, concentration is on the boundary conditions to
be used to model the arc breakdown and restriking and the effect
of arc current intensity on the thickness of the cold boundary
layer and arc stability; torch operating conditions are used that
make the arc operate in restrike mode, as shown by experimental
observations (Ref 3).

2. Description of the Mathematical Model

2.1 Main Assumptions and Governing Equations

The model developed in this study is based on the following
main assumptions:

• The gas flow inside the plasma torch is 3D, time-dependent,
and laminar.

• The gas is treated as incompressible, as its Mach number
is <0.3.

• Plasma is optically thin and in local thermodynamic equi-
librium (LTE).

• The gas properties are temperature dependent.

Although the assumption of LTE is valid in the arc column, it
is questionable in the electrode boundary layers where notice-
able deviations from thermal and chemical equilibrium may oc-
cur. However, in this work, the objective is to achieve reliable
predictions of the 3D and time-dependent interactions between
the arc and gas flow; the model of the anode zone under devel-
opment will be implemented in a computational fluid dynamics
(CFD) code at a later stage.

On the basis of the foregoing assumptions, the fluid conser-
vation equations and electromagnetic equations are written as
follows:

Mass continuity equation

��

�t
+ div��U� � = 0 (Eq 1)

where � is the gas mass density and U� is the local instantaneous
gas velocity.

Momentum conservation equation

��U�

�t
+ div��U� � U� � = div↔� − gra�d p + j�∧B� + �g� (Eq 2)

where �� is the stress tensor, p the pressure, g� the gravity accelera-
tion, j� the current density vector, and B� the magnetic induction
vector. The term j�∧B� represents the electromagnetic Lorentz
forces acting on the flow. This term is very sensitive to the cur-
vature of the current lines (close to the cathode tip (Maecker
effect) and the anode surface).

Energy conservation equation

��h

�t
+ div�� � h � U� � = div� �

Cp
� gra�d h� + j� � E� + Srad (Eq 3)

where h is the specific enthalpy, � the gas thermal conductivity,
Cp its specific heat, and E� the electric field. Srad stands for
the radiation source term, and j� � E� represents the Joule heating.

Maxwell’s equations must be solved to calculate the electro-
magnetic field. Simplified equations are used according to the
global neutrality assumption and Ohm’s law approximation as
the current flow induced both by the arc motion and the electro-
magnetic field time-variation are small compared with that in-
duced by the current conduction. The electric field E� and the
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magnetic field B� are determined from the electric potential �
and the vector potential A� through the following set of equations:

div�−� gra�d �� = 0 (Eq 4)

E� = −gra�d � (Eq 5)

�A� = 	0 j� (Eq 6)

j� = �E� (Eq 7)

B� = ro�t A� (Eq 8)

Coupling between the electromagnetic and fluid equations is en-
sured by the dependence of the gas electric conductivity on tem-
perature. The set of governing equations expressed in curvilin-
ear coordinates is solved using the CFD code Saturne V1.1.1
based on the SIMPLEC algorithm (Ref 22) and uses nonstruc-
tured mesh grids.

2.2 Computational Domain and Boundary
Conditions

The computational domain shown in Fig. 2 extends from
the end of the cathode to the exit of the nozzle. The tungsten
cathode [EF] is included in the computational domain as a flat
surface of 1 mm2. Boundary conditions for the flow and electro-
magnetic equations are shown in Table 1.

The plasma-forming gas enters the computational domain at
a uniform temperature (300 K) and a vortex velocity profile. The
latter is inferred from the calculation of the cold gas flow in the
plasma torch, taking into account the entire domain of the arc
chamber from the gas flow injection ring to the nozzle exit.

The heat flux at the anode surface resulting from gas conduc-
tion is spread over the entire surface of the nozzle wall, while the
current flow contribution is located at the arc root attachment. In
the present model, the heat flux transferred to the anode does not
take into account the gas radiation and possible vaporization of
the anode wall. It is hence expressed as:

−
�

Cp

�h

�n�
w

+ j�Ws +
5

2
kBT + Va� = hoverhall�Tw − T
� (Eq 9)

where h is the specific enthalpy, � the gas thermal conductivity,
Cp its specific heat, kB the Boltzmann constant, and T the gas
temperature.

The first term in the left-hand side of Eq 9 corresponds to the
heat transfer due to the gas conduction, while the second term
represents the energy released by the electrons entering the an-
ode material. This term includes the heat transfer due to electron
condensation (Ws), electron enthalpy flow, and anodic fall volt-
age, Va. The electron condensation heat is expressed using the
copper material work function (Ws = 4.65 eV), and the anode fall
is set at 4 V (Ref 23).

The right-hand side of Eq 9 represents the heat flux removed
by the cooling water. In this term, hoverall is the overall heat-
transfer coefficient of the system that involves sequential
conduction through the anode wall and convection to the water.
Tw is the anode surface temperature, and T
 is the bulk tempera-
ture of the cooling fluid. The overall heat-transfer coefficient
corresponds to a turbulent high-pressure flow in a pipe and is
fixed to 0.2 × 105 W m−2 K−1, as this value makes it possible to
obtain a predicted torch thermal efficiency close to the actual
one.

The metallic walls of the anode and cathode are considered as
electric isopotentials. The electric potential is fixed at 0 at the
cathode tip, while the anode potential �0 results from calcula-
tion by postulating that the arc current is constant in the arc col-
umn.

2.3 Arc Breakdown and Restriking

In a plasma spray torch, the arc column is roughly parallel to
the anode surface, and, thus, it may be considered that a cold
boundary layer insulates electrically the arc column from the
anode. Indeed, the electric conductivity of the main plasma-
forming gases used in plasma spraying (argon, hydrogen, and
nitrogen) is characterized by a critical temperature, ∼7000 K,
below which it is close to zero (Fig. 3).

A rather thick cold gas boundary layer (∼1-2 mm) gives rise
to the so-called restrike mode first described by Wutzke and
Pfender (Ref 2). This mode is favored by the use of high gas flow
rates and diatomic plasma gases. In this operation mode, the
“tongue” that forms the current bridge between the main arc col-
umn and the anode wall is pushed forward by the gas flow in the
outer layers of the main arc column until the cold boundary layer
“electrically breaks,” giving rise to a new path for the electric
current and a new point of arc attachment. Thus, the arc voltage
exhibits rather large fluctuations with a high mean value. This
mode corresponds to a large range of plasma operating condi-
tions used for plasma spraying and to those used in this study that
combine high arc current and hydrogen content in the plasma-
forming gas.

Much research has been done since the original work of
Paschen in 1889 (Ref 25) that has become known as Paschen’s
Law, to develop a greater understanding of the mechanisms of
electric arc breakdown. Paschen’s Law reflects the Townsend
breakdown mechanism in gases, that is, a cascading of second-
ary electrons emitted by collisions in the gap. It states essentially
that the breakdown characteristics of a gap are a function (gen-
erally not linear) of the product of the gas pressure and the gap
length, usually written as the breakdown voltage V = f (pd),
where p is the pressure and d is the gap distance. However, many
factors affect the breakdown of a gap, such as radiation, gas tem-
perature, and surface irregularities.

Fig. 2 Calculation domain
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In this work, the breakdown process is modeled as follows
(Fig. 4):

• The thickness � of the boundary layer that covers the anode
surface is defined by an electric conductivity lower than 150
�m−1. The latter roughly corresponds to a temperature of
7000 K.

• The electric field between the edge of the arc column and
the anode wall, ��0 − VA) � �, is calculated in the whole
boundary layer and compared with a critical field Ec, under
which no breakdown process can occur.

• When this value is reached at a given location, a short cir-
cuit represented by a new arc attachment at the nozzle wall
is initiated, while the previous arc attachment is extin-
guished. This process occurs generally within 1 µs (Ref
26).

A simple model is used for the ignition of the new arc root
attachment. It consists of imposing an 8000 K gas column that
connects the arc column to the anode wall, at the location where
the electric field was found to be greater than Ec. If several lo-
cations satisfy the breakdown condition, the location corre-
sponding to the maximum of the quantity ��0 − VA) � � is
chosen. Also, the electrical potential at the anode wall is modi-
fied over 30 calculation time steps and set to the potential
reached just before breakdown.

3. Results and Discussion

The calculations are performed with a plasma torch of 7 mm
nozzle diameter and a high gas flow rate (60 slm) and a
high hydrogen content (25%) in the plasma-forming gas, so
as to favor the arc restrike mode. Two sets of operating con-
ditions (Table 2) that differ in arc current intensity are consid-
ered.

3.1 Arc Ignition and Gas Flow Expansion inside
the Torch Nozzle

After numerical simulation of arc ignition by imposing a
8000 K gas column of 1 mm thick connecting the tip of the cath-
ode to the anode wall, both arc current and gas flow rate are
linearly increased up to the nominal values during 400 calcula-
tion time steps (1 time step = 10−7 s). Figure 5 shows an example
of the development of the arc inside the nozzle, from the first
instant when the arc is ignited by the hot gas column (Fig. 5a), up
to the instant where the first breakdown occurs (Fig. 5d).

The broadening of the arc column, mainly due to thermal
effects (Joule heating, heat diffusion), and its stretching by drag
forces exerted by the gas flow are clearly observed (Fig. 5); also,
the rotational motion of the arc root on the anode wall principally
controlled by the vortex injection of the plasma-forming gas
and, to a slight extent, by the Lorentz forces acting on the arc
root.

Table 1 Boundary conditions for the flow equations and the electromagnetic equations

Enthalpy
h, J/kg

Velocity
V, m s−1

Pressure
p, Pa

Electrical potential
�, V

Magnetic potential
A, Wb m−1

[AF], [DE] Inflow h = h0 Vortex profile
�p

�n
= 0

��

�n
= 0

�A

�n
= 0

[EF] Cathode End h(3200 K) V = 0
�p

�n
= 0 � = 0

�A

�n
= 0

[BC] Outflow
�h

�n
= 0

�vz

�n
=

�vn

�n
= 0 p = p0

��

�n
= 0 A(n) = A(n−1)

[AB], [DC] Anode wall Eq 9 V = 0
�p

�n
= 0 � = �(n)

�A

�n
= 0

n, current time step

Fig. 3 Temperature dependence of the electric conductivity of Ar-H2
(25% vol) gas mixture (Ref 24) Fig. 4 Schematic description of the arc restrike location
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3.2 Time-Evolution of Arc Voltage and Gas
Characteristics at Torch Exit

Figure 6 shows the time-evolution of the predicted arc volt-
age for the operating condition 1. The critical electrical field is
fixed at 0.5 × 105 V/m. It can be seen that the increase of the
voltage ramps up to a peak value before decreasing rapidly. This

cyclic arc behavior is characteristic of the restrike mode: the
slope of the ramps indicates the rate at which the arc is stretched
and lengthened by the flow

The arc lengthening is limited by an electrical breakdown
through the cold gas boundary layer. Each breakdown is associ-
ated with a negative drop of the voltage �V. In the case shown in
Fig. 6, the voltage drop was found to be ∼40 V. The peak occurs
at intervals of ∼130 µs, i.e., at an average frequency, f, of ∼7.5
kHz, while the actual arc frequency is ∼5 kHz under the same
experimental conditions. The predicted time-average torch volt-
age, V, is found to be ∼65 V, very close to the actual voltage of
60 V. It should be noted that the cathode and anode voltage falls
are not involved in the calculated arc voltage because no specific
models are considered for the electrode zones in this study.

The variations in the length and width of the arc column in the
anode nozzle give rise to the time variation of the maximum
gas temperature and velocity at the nozzle exit, as illustrated in
Fig. 7. These fluctuations are in unison with the voltage fluctua-

Table 2 Plasma torch parameters

Parameter

Condition

1 2

Plasma-forming gas (slm) Ar-H2 (45:15)
Gas mass flow rate (g/s) 1.25
Arc current intensity (A) 600 400

Fig. 5 Condition 1: ignition of the arc followed by the plasma flow
expansion inside the torch nozzle (7000 K isotherm colored by the elec-
tric potential); in (d), a new arc root appears because the breakdown
criterion has been satisfied.

Fig. 6 Condition 1: time evolution of predicted arc voltage

Fig. 7 Condition 1: (a) time evolution of the axial gas velocity and
(b) temperature on torch axis at nozzle exit
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tion that reflects the variation in arc column length. The maxi-
mum plasma flow temperature at the exit nozzle is 14,200 K,
while the maximum plasma jet velocity, Vmax, is 1550 m/s. As
expected, the plasma jet velocity fluctuations (�U/U = 0.37) are
larger than those encountered for the temperature (�T/T = 0.21).
At temperature ranges between 9000 and 12,000 K, heat is
stored in the gas species in the form of ionization energy that acts
as a thermal inertia wheel and dampens the plasma temperature
variation (Ref 24).

3.3 Effect of Arc Current on Cold Gas Boundary
Thickness and Arc Frequency

Two simulations are carried out with the sets of operating
conditions listed in Table 2. They use the same gas flow rate of
45 slm Ar and 15 slm H2 but differ in arc current intensity of 400
and 600 A.

The results of Table 3 show that an increase in the arc current
leads to the following observations:

• A decrease in the arc root spot size Sspot, delimited by the
7000 K isotherm, due to a rise in the electromagnetic forces
that constrict the arc root. However, the predicted size is
larger by an order of magnitude than the experimental value
in the order of 1 mm2 (Ref 14).

• A broader expansion of the arc column due to a more sig-
nificant Joule heating and thus, a slight decrease in the cold
gas boundary layer thickness �mean. The latter is still in good
agreement with experimental values determined by Duan
and Heberlein (Ref 1), satisfying the minimum thickness
required for arc operation in restrike mode.

• A thinner cold gas boundary layer facilitating the arc break-
ing and leading to a lower amplitude of arc voltage fluctua-
tion and, consequently, a higher arc fluctuation frequency.
The latter agrees rather well with the actual voltage fluctua-
tion usually ranging between 1 and 10 kHz for these oper-
ating conditions.

• A higher maximum gas velocity at the torch exit due to the
higher enthalpy input to the gas and increase in Joule heat-
ing effect that acts on the gas expansion.

• A slight increase of the maximum temperature close to the
anode surface in the connecting arc column as energy is
essentially used to ionize the gas in this range of tempera-
ture. In addition, the thermal efficiency of the torch is about
55% and decreases slightly for a larger anodic spot.

3.4 Particle Acceleration and Heating

For powder particles, the plasma spraying process can be di-
vided in two sequential stages, namely, penetration into the
plasma flow and heating and acceleration up to the substrate. In
fact, the particle trajectory and, consequently, its thermal and
kinematic history in the plasma flow are essentially conditioned
by the injection conditions and the gas flow fields at the instant
when particles are injected into the gas, as it can be observed in
Fig. 8. The latter shows the trajectories, in the y-z plane, of 25 µm
alumina particles injected in to the plasma jet at different instants
of the arc fluctuation period but with the same injection condi-
tions: particles are located on the axis of the injector, and they
leave the injector with an axial velocity of 20 m/s.

Under the conditions of the study, the way the trajectory is
affected by flow fluctuations depends essentially on the particle
momentum with respect to the instantaneous momentum of the
gas at the point where the particle penetrates the jet flow. The
width of the particle spray jet, on impact at the substrate, is
∼3.5 mm for 25 µm particles but is as large as 6.6 mm for 10 µm
particles.

Fluctuation of the particle spray jet in the plasma flow will be
limited by a decrease in the fluctuation amplitude of the plasma
jet momentum. The latter depends both on gas velocity and tem-
perature. When the torch operates in restrike mode, a “stable”
treatment of the particles injected in the plasma jet requires that
the reference characteristic time of the arc fluctuation is much
lower than the reference characteristic time of the heating of par-
ticles.

Because the powders used in plasma spraying have a particle
size distribution, some of them will be always affected by the arc
fluctuation whatever the arc fluctuation frequency is. Therefore,
it seems more efficient to act on the voltage fluctuation ampli-
tude than on arc fluctuation frequency. Both are linked and are
mainly governed by the thickness and the stability of the colder
gas layer surrounding the plasma column. The thicker this layer,
the higher the voltage jump and the lower the characteristic fre-
quency. However, the latter must be high enough to prevent, or
at least, to limit the anode erosion.

The issue is to find spraying conditions that ensure a stable
thermal treatment of particles and the required particle param-
eters at impact to achieve a coating with reliable and reproduc-
ible properties. A reliable model of the transient conversion of
the electrical energy into “plasma energy” inside the torch,
linked with a model of plasma jet and particles outside the torch,
makes it possible to investigate the effect of torch geometry,
operating conditions for gas and particle injection, and, thus, to
determine the conditions that result in a stable and optimized
treatment of particles.

Table 3 Effect of working parameters on plasma flow
characteristics at the exit nozzle(a)

I, A
Sspot,
mm2 �mean, mm �V/V f, kHz Vmax output, m/s

400 19 1.8 0.57 5 1270
600 10 1.6 0.46 7.5 1550

(a) Torch nozzle diameter, 7 mm; total gas flow rate, 60 slm

Fig. 8 Condition 1: trajectories of 25 µm particles injected at differ-
ent instants of the fluctuation period with an injection velocity of 20 m/s
(y-z plane)
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4. Conclusions

In this paper, a 3D, time-dependent model of the electric arc
behavior inside a plasma spray torch operating under the so-
called “restrike” mode has been presented. The model is based
on simultaneous solution of the fluid flow and electromagnetic
equations and uses the electric potential and magnetic vector
potential to calculate the electric and magnetic fields.

The main conclusions drawn from the current study are the
following:

• The model realistically predicts arc behavior and voltage
fluctuation when the arc operates in the restrike mode; it
also gives a realistic projection of the effect of the arc cur-
rent variation on the arc behavior.

• It yields calculated values of cold gas boundary layer thick-
ness, arc voltage, gas temperature, and torch thermal effi-
ciency close to the experimental values.

• The model, at this stage of development, makes it possible
to study the effect of the torch geometry and operating pa-
rameters on arc stability; i.e., arc frequency and variation in
instantaneous voltage amplitude, when the arc operates in
restrike mode.

However, the model still overestimates the size of the arc attach-
ment at the anode wall. Implementation of a non-LTE model of
the anode region, under development, should help to overcome
these issues.
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