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Abstract A two-dimensional and stationary magnetohy-
drodynamic model of a plasma spray torch operated with
argon is developed to predict the plasma properties in a
steady operating mode. The model couples a submodel of a
refractory cathode and its non-equilibrium boundary layer
to a submodel of the plasma in local thermodynamic
equilibrium in a self-consistent manner. The Navier—Stokes
equations for a laminar and compressible flow are solved in
terms of low and high Mach number numerical approaches.
The results show that the Mach number can reach values
close to one. Simulations are performed for electric cur-
rents of 600 A and 800 A, and gas flow rates of 40, 60, and
80 NLPM. The plasma parameters obtained by the two
approaches differ, and the differences become more pro-
nounced for higher currents and gas flow rates. The arc
voltage, the electric power, and the thermal efficiency from
both the low and high Mach number models of the plasma
agree well with experimental findings for a current of 600
A and a flow rate of 40 NLPM. For higher currents and gas
flow rates, the results of the low and high Mach number
models gradually differ and underline the greater appro-
priateness of the high Mach number model.

Keywords arc—cathode interaction - compressible flow -
LTE plasma - Ma number - magnetohydrodynamic model -
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Introduction

Plasma spray torches are widely spread in industrial
applications concerning the deposition of protective and
functional coatings (Ref 1), and their use is expected to
expand. The need for understanding the arc behavior and
process control led to intensive modeling works over the
course of many years (see e.g., (Ref 2-4) and references
therein).

The models of plasma spray torches are based on a
multiphysics description. They apply in general a set of
magnetohydrodynamic (MHD) equations that connect the
conservation of mass, momentum, and energy of the
plasma treated as a fluid with the electric and magnetic
field. A variety of models comprise a two- and a three-
dimensional consideration, steady-state, and time-depen-
dent conditions, equilibrium and non-equilibrium treatment
of the arc plasma, given distributions of temperature and
current density on the cathode tip or accounting for prop-
erties of the near-electrode regions. Three-dimensional and
time-dependent models enable the description of the
restrike mode of arc attachment on the anode (Ref 2). Non-
equilibrium models account for the interaction of the
plasma with the cold gas and deviations from equilibrium
(thermal and/or chemical) in the arc plasma (Ref 5, 6).

First models unifying the region of the arc plasma and
the electrodes in the same computational domain go back
to the 1990s. In some of them (Ref 7), the current density is
set on the cathode base as the total current over the cross
section area. Such models were presented for direct current
(DC) plasma spray torch (Ref 8, 9) and are currently used
in some modeling works on welding arcs (Ref 10). The
electric coupling of the plasma and the electrode in these
models occurs through an interface. A current density
along the cathode surface is obtained, but achieving a
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proper arc attachment is problematic. An artificial restric-
tion of the current-collecting part of the cathode surface is
needed to obtain a current density distribution concentrated
at the cathode tip, to simulate the thermionic behavior of
the arc root (Ref 11) and to obtain plasma temperatures that
agree with experiments (Ref 12). In other models, a current
density profile (in general Gaussian-like) at the cathode tip
is imposed to match measured data. Therefore, there is no
electrical coupling of the cathode and the plasma, but a
boundary condition is provided for the electric part of the
MHD model. The thermal coupling in the models of both
groups accounts for a heat flux to the cathode including
contributions from ion recombination, thermionic emis-
sion, and black body radiation. However, these models do
not necessarily provide the profiles, which are consistent
with the properties of the boundary layer adjacent to the
electrode. In order to evaluate the appreciable amount of
energy deposited in the cathode boundary layer (Ref 13),
the models have to ensure both electrical and thermal
coupling of the arc plasma and the cathode. Such a cou-
pling, not used yet in a published modeling of DC plasma
spray torches, can be performed in a unidirectional (Ref
4, 14-16) or bidirectional (Ref 17, 18) manner in the
framework of equilibrium or non-equilibrium models.

In-house numerical codes (Ref 5, 8) as well as models
based on open-source software (Ref 6) and commercial
platforms such as ANSYS Fluent (Ref 19, 20) among
others have been developed. The models are being con-
tinuously further developed and utilized to meet certain
requirements for a more realistic physical picture and
understanding of the processes. As an example, a special
attention has been paid recently on the effect of the
boundary conditions for the equation for the magnetic field
on the overall solution (Ref 21) and, respectively, the
properties of a commercial plasma spray torch.

Time-dependent or steady-state solutions can also be
obtained by using the commercial computation platform
COMSOL Multiphysics (Ref 22). This platform provides
the opportunity to combine various physical processes,
such as the transport of particles and energy with electro-
magnetics, as needed for plasma spray modeling and
allows customizing of the governing equations. Further-
more, it offers important features for generating geometries
and computational meshes, a discretization of the system of
partial differential equations using the finite element
method for the space variables, powerful solvers that are
fully parallelized and make use of multicore computing, as
well as a powerful visualization and a post-processing of
the results obtained. Advanced models of electric arcs have
been developed on this platform (Ref 17) and successfully
established as powerful tools capable of predicting the arc
plasma properties.

@ Springer

In the present work, we consider a two-dimensional and
stationary model of a direct current plasma spray torch
developed on the computational platform COMSOL Mul-
tiphysics to describe a steady operating mode. The model
couples both thermally and electrically the arc plasma
column in the state of local thermodynamic equilibrium
(LTE) with the electrodes. We focus on two features. First,
we pay attention to the coupling of the plasma to the
refractory cathode, which allows us to obtain the voltage
drop in the cathode boundary layer and more realistic
profiles of the temperature and the current density on the
cathode surface. These profiles are important to the for-
mation of the arc plasma jet. Second, we focus on the
solution of the plasma flow. The computational platform
provides the opportunity to apply different approaches for
the numerical solution of a compressible laminar plasma
flow in dependence on the flow conditions. These approa-
ches are denoted as “low Mach number” and “high Mach
number” with respect to the ratio of the magnitude of the
fluid velocity to the speed of sound (Ma=lul/a), which is
called the Mach number. Results obtained by the two
approaches are compared in order to explore their appro-
priateness for various flow rates and current values.

The paper is organized as follows. The plasma spray
torch, for which the studies are carried out, is presented in
the “Experimental equipment” section. In the “Computa-
tional method” section, we give a general description of
the model and consider the coupling of the plasma to the
electrodes, and the boundary conditions set in the models
for the low and high Mach number models. Results of the
models and experimental findings are given and discussed
in the “Results and discussion for the LTE plasma” sec-
tion. Concluding remarks are summarized in the “Con-
clusions” section.

Experimental Equipment

The plasma spray torch considered in the present study is
the commercial device Oerlikon Metco FAMB-XL (Ref 23)
(Fig. l1a). This is characterized by a single-cathode and a
single-anode arrangement. The WL10 cathode by Plansee
is made of lanthanated tungsten (Ref 24) and sticks to a
copper holder. The nozzle is cylindrically symmetric and
serves as anode. Its cylindrical fragment is partly made of
tungsten (Fig. 1b). The cathode base and the nozzle are
water-cooled. The gas is fed between the cathode and the
anode. While the attachment at the cathode is well posi-
tioned at the cathode tip and the attachment area extends
with the increase in the electric current, the attachment at
the anode can move in azimuthal and axial directions with
the variation of the flow rate and the electric current to
adjust according to the balance of the Lorenz and the drag
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Fig. 1 (a) A general view of the plasma spray torch and the generated plasma jet. (b) The electrodes of the plasma spray torch

forces. The traces are visible by the tarnished color in
Fig. 1b. The torch is operated in pure argon and mixtures of
argon with hydrogen or nitrogen with typical flow rates of
40 to 80 NLPM and DC current of 600 to 800A.

The stable operation of plasma spray torches is of cen-
tral importance in their design (Ref 25). The control of the
arc current and the gas flow rate is essential for the arc
stability. The latter is mainly related to the stability of the
anode attachment (Ref 26). A steady operation mode
characterized by very low fluctuations of the arc voltage
can be established in operation with pure argon (Ref
25, 26). Admixtures of molecular gases (H,, N») typically
lead to the restrike or takeover modes of the anode
attachment. Furthermore, high flow rates can lead to an
increase in the thickness of the anode boundary layer and
favor stronger voltage fluctuations (Ref 27). In the present
study, a steady operating mode of the torch with a straight
flow and fresh electrodes is considered. The operating
conditions are shown in Fig. 2, where the recorded power,
voltage, current, and flow rate are plotted over a time
interval of 1 hour with a time step of 1 s. The operation
mode was sustained, as the current was held constant by
adjusting the applied voltage. The conditions are a flow
rate of argon (40.0+0.3) NLPM, an electric current of
(599.10+0.15) A, a voltage of (32.3£0.2) V, and an
electric power of (19.20£0.12) kW. The relative low
sampling rate is given by the software of the process
control center and does not allow for fully excluding the
presence of fluctuations with typical times in the mil-
lisecond range as demonstrated by Duan et al. (Ref 26).
However, instabilities of low frequency do not occur. The
operating mode remains steady also at the higher flow rates
and currents. Deviations from the steady values occur
during the start and the end phase of operation, which,
however, are out of scope of the present work. The
stable values of the measured voltage (a relative deviation
of 0.6%) indicate a stable root at the anode in the time
window under consideration. The experiments are

performed with fresh electrodes to prevent instabilities
caused by erosion due to long time of operation.

Computational method

We consider the real inner geometry of the plasma spray
torch FAMB-XL (Oerlikon Metco) (Fig. 1). A schematic of
the computational domain is shown in Fig. 3.

The modeling is aimed to describe the steady operating
mode of the plasma spray torch. The axial symmetry of the
torch arrangement along with the observed stable behavior
of the operating conditions in argon (Fig. 2) offers the
opportunity to set up the model as two-dimensional,
axisymmetric, and stationary. In addition, the plasma bulk
is considered to be at conditions close to LTE. It is known
that deviations from LTE occur in the near-electrode
regions and walls, near the inlet, and to a lesser extent in
the plasma bulk. Most important are the non-equilibrium
near-electrode regions, in particular the cathode region
(Ref 13). The thickness of the near-electrode regions
decreases, and the deviations from LTE in the plasma bulk
progressively decrease with the increase in the arc current.
The assumption of LTE in the present work is justified by
the relative high currents at which the torch is operated.

The modeling of the DC plasma spray torch combines a
steady-state MHD description of LTE arc plasma in
axisymmetric configuration, the current and heat transfer in
the electrodes, and the interaction between the plasma and
the electrodes.

It comprises the cathode, the anode, and the region
between them, where the plasma is generated. The cylin-
drical part of the cathode has a radius of 4.9 mm, and the
rounded cathode tip has a radius of 1.9 mm. The cylindrical
part of the nozzle has an inner radius of 3 mm and a length
of 20 mm. The length of the gas inlet A’B is 5.1 mm.

The combined model of the plasma spray torch consists
of two parts: a submodel of the LTE plasma with the nozzle
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Fig. 2 Recorded operation conditions of the plasma spray torch

momentum, and energy of the gas flow and the Maxwell
equations for the electromagnetic field in their well-

node established form for arc plasma (Ref 20) and plasma torch
modeling (Ref 3, 4, 21). The plasma generated in the torch

arc plasma is assumed to behave like a fluid in the state of local
— 3z thermodynamic equilibrium and optically thin. The flow is

S laminar and compressible. Operation in argon is considered

F for the present study. The governing equations are written

as follows:

B

e Mass continuity
Fig. 3 A schematic view of the torch geometry and the computational

domain V- (pu) =0 (Eq 1)
e Momentum conservation

and a submodel of the cathode with the non-equilibrium pu-Vu= V- (-pl+1)+Fy (Eq 2)
cathode boundary layer, which provides boundary condi- )

tions for the first submodel. These submodels and their ~° ERErgy conservation

coupling are considered below. pC,NT =V - (kVT)+Q;+ 0. + 0, — O, (Eq 3)

e Current continuity and Ohm’s law
V.j=0,j=0(E+uxB) (Eq 4)

Governing equations of the MHD model

The MHD two-dimensional axisymmetric model involves

. . . e Maxwell equation
the Navier—Stokes equations for the conservation of mass, q
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V x (VX A) = iy (Eq 5)

These equations contain the following notations in the
order of their appearance: nabla operator (V), mass density
(p), velocity of the fluid (u), gas pressure (p), identity
matrix (), stress tensor for Newtonian fluid (1), Lorentz
force (Fp), specific heat at constant pressure (C,), gas
temperature (7), thermal conductivity (x), Joule heating
(Q)), heating due to transport of electron enthalpy (Q,),
pressure work (Q,), radiative losses (Q,), electric current
density (j), electrical conductivity (o), electric field (E),
self-induced magnetic field (B = V x A), the permeability
of free space (}p), and magnetic vector potential (A).

The Navier—Stokes equations 1-3 and the electromag-
netic equations 4-5 are coupled to each other through the
Lorentz force (F;=j x B), the Joule heating (Q,=j - E), the
transport of electron enthalpy Q, = 52%3 J VT, and the
induced current density (cu x B). Here, kp denotes the
Boltzmann constant and e is the elementary charge. We
notice that the term Q, is taken into account in the LTE
plasma bulk, where by definition 7=T,, i.e., an overesti-
mation of the temperature gradient due to steeper gradient
of the temperature of heavy species (7) than that of the
electron temperature (7,) does not occur.

Although both the low and high Mach number approa-
ches consider Eq 1-5, their solution procedures are partly
different. In the low Mach number approach, the laminar
flow interface of COMSOL Multiphysics (Ref 22) employs
Eq 1 and 2 and is applied for compressible flow at Mach
numbers typically below 0.3 to compute the velocity and
pressure. The fluid density does not depend on pressure but
on temperature. Equation 1 and 2 is coupled with Eq 3 to 5.
The high Mach number approach employs the high Mach
number flow interface of COMSOL Multiphysics (Ref 22)
that combines the heat transfer Eq 3 with the laminar flow
Eq 1| and 2. The use of this interface enables a two-way
coupling between the flow and the heat equations so that
the same definition of density is used, which can therefore
be a function of both pressure and temperature. The cou-
pling with Equation 4 and 5 is the same as in the low Mach
number model.

Notice that a reference pressure of 1 atm (101.325 kPa)
is considered for the solution of the fluid equations. The
equilibrium thermodynamic and transport properties of
argon are considered as functions of the absolute pressure
and the temperature and are prepared as look- up tables.
The calculated data for a pressure of 1 atm is benchmarked
against published data by A. B. Murphy (Ref 28, 29) and
data obtained with the T&T tool by B. Pateyron (Ref 30).
The radiative losses are considered in terms of the net
emission coefficient with data by Menart and Malik (Ref
31). Since the range of absolute pressure is limited between

1 and 1.5 atm, the net emission coefficient is linearly scaled
up for a pressure higher than 1 atm.

Heat and Current Transfer in the Electrodes

The equations of heat and current transfer in the electrodes
are solved for the temperature 7, and the electric potential
o, in the solid bodies of the electrodes, i.e.,

=V (kVTy) =j; - E; (Eq 6)

(Eq 7)
where K, and o, represent, respectively, the temperature-
dependent thermal and electrical conductivity of the elec-

trode materials (Ref 32-36), j, is the current density, E =
—V ;s is the electric field.

\% 'js = 07 js = _O-SVQDX

Arc—electrode Interaction

Deviations from LTE conditions occur in thin regions
between the core plasma and the electrodes, which have to
ensure the current transfer. In particular, the cathode region
is of central importance where a large amount of energy is
deposited (Ref 13). A consistent coupling of the solutions
of Eq 1-5 (MHD model) and Eq 6-7 (cathode and its
boundary layer) provides a self-consistent solution for the
plasma spray torch avoiding empirical input.

A schematic of a unidirectional coupling between the
cathode and the LTE plasma is shown in Fig. 4. The
coupling is realized as follows.

Prior to the simulations, the non-equilibrium boundary
layer (BL) between the cathode and the plasma is consid-
ered, which comprises a region of space charge adjacent to
the cathode, a pre-sheath (ionization layer and a layer of
thermal relaxation). This layer is thin and not included in
the computational domain, but its properties are taken into
account applying the model by Benilov et al. (Ref 37).
According to this model, the space charge sheath is treated
as collisionless for ions and electrons. The current carriers
are electrons emitted from the cathode due to field-en-
hanced thermionic emission, and counter-diffusing elec-
trons and ions from the plasma. The ions are assumed to
reach the Bohm velocity at the sheath edge and to
recombine at the cathode surface. The balance of energy
and electric current density are solved for various (7,
U) values given the pressure, the work function of the
cathode material, and a pre-calculated plasma composition
for given temperatures of heavy particles and electrons at a
given pressure. The properties of the non-equilibrium
boundary layer such as temperature of heavy particles and
electrons, species number densities, current density, volt-
age drops over the space charge sheath and pre-sheath,
density of energy fluxes are used to express the heat flux to
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Fig. 4 Schematics of the
thermal and electric coupling of
the cathode and the LTE bulk

plasma )
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Fig. 5 The transfer functions: (a) g.(T,,, U) and (b) j, (T, U) ob-
tained for W-La cathode (the work function 2.7 eV, the Richardson
constant 0.08¢ 10° A/(m?K?) (Ref 38)

the cathode surface g. and the normal current density at the
cathode surface j,, . as functions of the surface temperature
of the cathode T,, and the voltage drop in the boundary
layer U. These are the so-called transfer functions, which
are supplied to the combined model as two-dimensional
arrays j,, (T, U) and q.(T,,, U). The transfer functions are
shown in Fig. 5 for values of the temperature of the cathode
surface between 1000 and 4000 K and the voltage drop in
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the cathode boundary layer between 6 and 10 V. A more
complete data set can be found in the database (Ref 38).

As a first part of the combined model, the current and
heat transfer in the cathode are solved according to the
method of nonlinear surface heating (Ref 40, 41).
According to this method, the transfer functions j,, .(7,,, U)
and ¢.(T,,, U) are set as boundary conditions to Eq 6 and 7
at the edge to the LTE plasma (I A’ in Fig. 3). Additionally,
cooling of the solid due to black body radiation (a term
e(T)ospT,* with &(7) being the temperature-dependent
emissivity of tungsten (Ref 32) and oz being the Stefan—
Boltzmann constant) is taken into account. Emission and
absorption of plasma radiation are not considered in the
energy balance of the cathode. On the base of the cathode
(AA’), a temperature of 300 K (the cathode is water-
cooled) and zero potential are set. The computation starts
with an initial guess of the values 7,, and U (e.g., 2000 K
and 11 V, respectively) for which the corresponding values
of j, . and q. are read from the lookup tables. The solution
of Eq 6 and 7 provides the current density and the tem-
perature in the cathode. Additionally, a global equation is
formulated as

/jw,c'(Tvva U)dS -1 = O (Eq 8)

S

and solved iteratively along with Eq 6 and 7, until the
target current I collected on the cathode is reached. The
solution provides the value of the voltage drop in the
cathode boundary layer U, which is considered constant
along the cathode surface, the distributions of the temper-
ature and the normal current density (j,) on the cathode
surface, as well as the electron temperature (7,) in the non-
equilibrium boundary layer adjacent to the cathode. These
quantities are used as boundary conditions for the MHD
submodel in the next step.

The electric and thermal coupling of the cathode and the
LTE bulk plasma considered so far is unidirectional. A
bidirectional coupling as realized in Ref 17 and 18 could
return values for the electric potential obtained along the
edge IA’ from the MHD model to the first submodel as
indicated by the dash line in Fig. 4. In this case, the voltage
drop in the boundary layer would not be constant along the
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edge and the distributions of current density and tempera-
ture along the cathode could change. A more diffuse arc
attachment on the cathode would reduce the maximum
current density and temperature and affect the predicted
flow velocity close to the cathode. A bidirectional coupling
is not applied in the present model of the plasma spray
torch and will be followed in future works.

Results from the submodel of the cathode and its
boundary layer are presented in Fig. 6 and 7. Figure 6
shows the predicted voltage drop in the cathode boundary
layer for current between 100 and 800 A. The results show
that the voltage drop gradually drops from about 16 V at a
current value of 100 A down to about 8§ V at a current of
800 A. Given a total arc voltage of about 32 V (800 A, 40
NLPM), the voltage drop in the cathode boundary layer
represents a substantial part of the total value. This shows
the need for the submodel of the cathode and its boundary
layer.

Figure 7 shows the distributions of (a) the temperature
T, (b) the normal current density j,, on the cathode sur-
face, and (c) the electron temperature in the boundary layer
T, as a function of the distance along the cathode surface.
This distance is measured along the line IA’ (see Fig. 3)
starting from the center I of the cathode tip and moving
toward its base A’. The results are shown for currents of
300, 600, and 800 A. The values 600 and 800 A are typical
for the operation of the plasma spray torch. Notice that the
extent of the flat parts of the distributions is about 1 mm.
Toward the cathode base, the values progressively decrease
before the end of the conical part of the cathode. Electric
current is collected even in the periphery of the cathode.
The cathode temperature (Fig 7a), the current density (Fig
7b) in the center of the cathode tip, and the electron tem-
perature at the center of the edge to the LTE bulk plasma
(Fig 7c) are highest for a current value of 300 A. The
values decrease with the increase in the total current.
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Fig. 6 Voltage drop in the cathode boundary layer as a function of
the arc current

Considering a distance of 1 mm from the center of the
cathode tip along the cathode surface, the corresponding
area of the cathode surface collects about 90%, 46%, and
30% of the total current for, respectively, 300, 600, and 800
A. Hence, the attachment area increases with the increase
in the current. The decrease in the current density with the
increase in the total current corresponds to a decrease in the
voltage drop in the boundary layer (Fig. 6) and the heat flux
qc (Fig. 5). As a result, the temperature at the center of the
cathode decreases. The lesser power in the boundary layer
leads to lower electron temperature at the edge to the LTE
plasma.

The method of nonlinear surface heating has been
considered as inapplicable to the arc—anode interaction
(Ref 42). Usual practice in considering the arc—anode
interaction in LTE models of the core plasma is to apply a
heat flux to the anode, which is given by the condensation
of electrons (Ref 43, 44), i.e., g,= ljld,. Here, it is assumed
that the ion current density is negligible so that the electron
current density equals the total one. @, is the work function
of the anode material. Recent work (Ref 42) has presented
results of unified modeling of the anode region of electric
arcs in argon among other gases under atmospheric and
higher pressure. It has been suggested that the heat flux to
the anode can be considered as independent of the anode
temperature and can be expressed as the product of the
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Fig. 7 Distributions along the cathode surface for current values of
300 A, 600 A and 800 A: (a) cathode temperature T,, (b) current
density j,,., and (c) electron temperature in the cathode boundary
layer
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current density and “anode heating voltage.” Its value has
been evaluated as U, =6.1 V for arcs in atmospheric
pressure argon over a wide range of values of the current
density. This value exceeds that of ¢, and will lead to
higher values of ¢g,. In the present work, we apply the latter
result and consider ¢, = |jlUy, which gives an upper limit of
the anode heating. In addition, a cooling of the anode due
to black body radiation is taken into account. Therefore, the
additional heat flux to the anode reads

qy' = qa — e(T)oss T (Eq 9)

Since no model of the anode boundary layer (like that
for the cathode) is applied so far, the current transfer to the
anode is enabled by setting a low limit of the electrical
conductivity (100 S/m) in the vicinity of the anode. Such
simplified treatment has been suggested by V. Nemchinsky
(Ref 45) in a model of arc re-attachment on the anode.

We notice that due to the two-dimensionality and the
axial symmetry of the model, the arc attachment on the
electrodes, in particular the attachment on the anode,
spreads on effectively larger surface than in the real three-
dimensional geometry. While in the real case the attach-
ment can occur as a localized spot, the axisymmetric
solution imposes a band around the axis. Therefore, the
thermal load on the anode rather represents its low limit.

Boundary Conditions

Some of the boundary conditions have been already con-
sidered in the previous part that is concerned with the arc—
electrode interaction. The boundary conditions applied to
solve the set of governing Eq 1-5 are summarized in
Table 1.

The Navier—Stokes equations for a laminar and com-
pressible fluid (1)-(3) are solved in the frameworks of the
two numerical approaches (in terms of stabilization and
boundary conditions) that are implemented in COMSOL
Multiphysics. They are abbreviated as “Low Ma” and

“High Ma” in Table 1. For details, the reader may turn to
the corresponding documentation (Ref 22) and the original
literature used by the developers (Ref 46-49). According to
developers’ information, the stabilization and boundary
conditions for the compressible formulation for the laminar
flow interface are not designed for handling Mach numbers
higher than approximately 0.3. Therefore, the boundary
conditions at the inlet boundary (A’B ) for the two
approaches are different. While in the high Mach number
model three values (pou, Mag, and Tog,) are set
(Table 1), a mass flow rate (1) and temperature (7,) are set
in the low Mach number model. In order to ensure that the
same mass flow rate is considered in both models, the
values of pg . and Mag are adjusted.

The gas flow rate measured in the experiments is given
in units of “NLPM,” where “N” stands for normal tem-
perature (293.15 K) and pressure (101.325 kPa) (Ref 50).
The corresponding mass rate of argon is set on the inlet
(A’B) for the low Mach number model.

The high Mach number approach assumes that the fluid
behaves like an ideal gas in order to formulate consistent
inlet and outlet boundary conditions (Ref 47). The flow
conditions are monitored on the boundary. Since the flow
properties are coupled, a characteristics-based inlet is
considered. On the inlet A’B, the pressure, the Mach
number, and the temperature are defined, from which the
density is calculated based on the ideal gas law.

Pressure at infinity is set for the outlet (HG) in both
cases. A non-slip boundary condition is applied along the
cathode surface (A’I) and the nozzle surface (BG).

A temperature of 300 K is set on the inlet (A’B) for both
cases. The profile of the electron temperature Te obtained
from the solution of the submodel of the cathode and its
boundary layer is set along the cathode surface (A’I). A
boundary heat flux qzdd (Eq 9) is set on the anode surface
(BG) additionally to the conductive heat flux occurring
between the plasma and the anode. A forced convective
cooling (geomy = M(T,, — T) with a heat loss coefficient

Table 1 The boundary

conditions utilized in the model 52323;’3] M 2) & ) &) Remark
of the plasma spray torch
A’B Dostar=1.38 atm Ma, To5tar=300K nej=0 nxA=0 HighMa
A’B m =1.189x107 kg/s To =300 K nej=0 nxA=0 LowMa
BB’ —neg=0 nej=0 nxA=0 Both
B’CDEF Geonv V=0 nxA=0 Both
FG —neg=0 nej=0 nxA=0 Both
GH p=1 atm .. —neqg=0 nej=0 nxA=0 Both
A’l u=0 T.(s) Jwl(s) Both
BG u=0 g Both

Remarks: The subscript “stat” denotes a static parameter. The mass rate value corresponds to a flow rate of

40 NLPM.
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Fig. 8 The temperature field from the low and the high Mach number
models. Current 600 A, gas flow rate of argon 40 NLPM

h=10* W/(m’K) (Ref 51) and 7,,,,=500 K is applied for the
water-cooled outer surface of the nozzle (B’CDEF). Zero
heat flux is set on the boundaries BB’, FG, and GH.

For Eq 4, a normal current density j,(s) is set along the
cathode surface (A’I), which is obtained from the solution
of the submodel of the cathode and its boundary layer. The
anode is grounded. (The electric potential is set to zero on
(B’CDEF).) The other boundaries are electrically insulated.

For Eq 5, “null flux” boundary condition is set for the
vector potential. It has been reported in Ref 52 that the
vector potential formulation for the calculation of the
magnetic field implemented in COMSOL Multiphysics
applying the finite elements approach and the gauge fixing
for “null flux” and “null value” are in a perfect agreement
with the analytical solution for test cases. We notice that
the calculation of the magnetic field is performed in the
entire computational domain (B’FHA) including the cath-
ode, accounting for the current flowing in the cathode as it
is done in Ref 21.

Results and Discussion for the LTE Plasma

Results are obtained for the operation of the torch in argon
with currents of 600 and 800 A and flow rates of 40, 60,
and 80 NLPM. The calculations are performed for the low
and the high Mach number cases. The two-dimensional and
axis-symmetric computational domain is considered with
about 23500 mesh elements. The typical computational
time to reach a converged solution on a computer with two
sockets and a total of 16 cores at 3.3 GHz is about 5 min.
The data that support the results of this study are openly
available in INPTDAT (Ref 39).

Figure 8, 9, 10, and 11 shows the two-dimensional
distributions of, respectively, the predicted temperature,
velocity fields, current density, and electric potential
obtained with the low and the high Mach number approa-
ches for a current of 600 A and a flow rate of 40 NLPM.
The temperature field in the inner space of the plasma torch
is plotted by five isotherms with an interval of 5000 K
(Fig. 8). In both the low and high Mach number models, the

High Ma

Velocity, m/s
1000 1500 2000 2500

Cathode

Z, mm

]

Fig. 9 The velocity field from the low and the high Mach number
models (the working conditions are the same as in Fig. 8)

6
High Ma Current density

44 105 090 075 060 045 030 0.5 000 10°A/m?

24 L
g
g 04
-

2 L

44 L

6 Low Ma

15 20 25 30 35 40 45

z, mm

Fig. 10 The current density from the low and the high Mach number
models (the working conditions are the same as in Fig. 8)

High Ma

Electric potential, V

mm

Low Ma

15 20 25 30 35 40 45
z, mm

Fig. 11 The electric potential from the low and the high Mach
number models (the working conditions are the same as in Fig. 8)

plasma temperature reaches a peak value of about 26400 K
on the torch axis in the vicinity of the cathode tip, where
the current density and the Joule heating are the highest.
The temperature gradually decreases toward the outlet. In
the high Mach number model, the axial extent of the iso-
therms is only a bit larger for temperatures of 20000 K and
above. But the 15000 K isotherm ends 2 mm before the
outlet in the low Mach case, while the corresponding iso-
therm in the high Mach number case reaches the outlet.

Differences are more pronounced in the corresponding
velocity fields (Fig. 9). Maximum velocity in the low Mach
number model of about 2340 m/s is reached at the axial
distance of about 30 mm, while in the high Mach number
model a value of about 2500 m/s is obtained at the axial
distance z=32 mm. In both models, the contour at 1500 m/s
extends beyond the outlet. However, a velocity of 2000 m/s
at the outlet is obtained in the high Mach number model,
while the contour at 2000 m/s ends at the axial distance of
about 35 mm in the low Mach number model.
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Constrained by the non-slip flow condition and the
cooling effect on the anode, the results for the temperature
and velocity obtained with both approaches are quite
similar in the vicinity of the nozzle wall.

The current density of the order of 10% A/m? is obtained
in the vicinity of the cathode tip by both models (Fig. 10) in
accordance with the distribution of the current density
along the cathode (Fig. 7) set as a boundary condition for
the MHD model. The contours of equal current density are
only slightly more extended toward the outlet in the low
Mach number model. The arc attachment at the nozzle wall
is similar to a maximum current density of about 4x10°
A/m? obtained in both models. The contours of the electric
potential (Fig. 11) in both models look like similar up to
z~32 mm that in turn indicates close values of the gra-
dients, i.e., similar values of the electric field. The gradient
of the electric potential is slightly lower toward the outlet
in the low Mach number model.

Figure 12 shows the predicted velocity (a), the speed of
sound (b), and the Mach number (c) along the torch axis for
both models. The results in Fig. 12 show less deviations of
the velocity and Mach number from the two models in the
upstream region but a larger discrepancy in the speed of
sound. In the downstream region, the predicted values of
the speed of sound are very close in both models, but the
velocity and Mach number from the high Mach number
model are well above those predicted by the low Mach
number model. We notice that the Mach number exceeds

3000

| velocity, m/s
2000 +

- — e—

1000

5000

4000 —

3000

1.0 A
0.8
0.6 4

0.4 7] Low Ma
0270 — — HighMa
0‘0 1 I I 1 1 I

0.000 0.005 0.010 0.015 0.020 0.025 0.030

Distance away from cathode tip, m
Fig. 12 Axial distribution of (a) velocity, (b) speed of sound, (c) Ma

number from different models (the working conditions are the same
as in Fig. 8)

@ Springer

the limit of 0.3, up to which the low Mach number
approach is considered as justified.

The results in Fig. 12 indicate that the discrepancy may
originate from the values of the pressure and density, by
which the speed of sound is expressed: a = (y X plp)°?,
where vy is the ratio of specific heats, p is the absolute
pressure, and p is the mass density. Figure 13 shows the
plasma density and the calculated gauge pressure (the
pressure in excess of the atmospheric pressure).

For the sake of completeness of the analysis, the axial
distribution of the temperature is further shown in Fig. 14.
We notice that in the low Mach number model the mass
density is taken as a temperature-dependent interpolation
function, while in the high Mach number model the density
is obtained from the ideal gas law (p = M, p/RT). It exceeds
that in the low Mach number model for axial distances
from the cathode tip of about 7 mm but becomes lower
toward the outlet. This corresponds to the higher temper-
ature predicted by the high Mach number for axial dis-
tances from the cathode tip beyond 10 mm. A larger
discrepancy between the predictions of both models is
obtained in the gauge pressure, which is the main reason
for the discrepancy in the values of the speed of sound in
Fig. 12(b). The velocity is determined from the momentum
equation (see Eq 2) with the pressure gradient on the right-
hand side. The results in Fig. 13 show for distances beyond
approximately 8 mm almost no pressure gradient in the
high Mach number case, while the pressure gradient is
larger in the low Mach number case. This in turn leads to a
very weak decrease in the velocity in the high Mach
number case and a well-pronounced decrease in the low
Mach number case. Despite the differences in the axial
distributions of the velocity, pressure, and density reported
above, the axial distributions of the temperature and in
particular those of the magnitude of current density
(Fig. 14), the electric field (Fig. 15a), and potential

0.035 60000
Low Ma
- - -High Ma

0.030 - 50000

. [+
e, 0.0254 gauge pressure 40000 ~
§D density %
=4 - 30000
>3 0.020 ]
= a
2 o
5} +20000 £0
A 0.015 1 &
- 10000
0.010
____________ 1o
0.005

0.000  0.005  0.010 0.015 0.020 0.025 0.030

Distance away from cathode tip, m

Fig. 13 Axial distribution of density and gauge pressure from
different models (the working conditions are the same as in Fig. 8)
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(Fig. 15b) obtained by both models are quite similar. Small
differences appear close to the cathode tip. This means that
the electromagnetic part is slightly influenced by the dif-
ferent approaches applied for the solution of the fluid part
of the physical problem close to the cathode tip. Here, the
course of the electric potential and the electric field for the
low Mach number model and the high Mach number model
split from each other. The resolved image of the axial
distribution of the electric potential (Fig. 15b) shows values
at the cathode tip of —25.5 V and —26 V from the high and
the low Mach number, respectively. This results in a dif-
ference of 0.5 V (only 2%) in the voltage drop over the
plasma bulk.

30000 10°

Low Ma .

28000 - - - -HighMa 110

o 7
26000 - 10°
10 £
ﬁ 24000 - 2
Ei {0 &
£ 22000 current density 5
2, 410" 2
§ 20000 g
= 3 10° =
18000 - temperature R &)

1102

16000 110

14000 : T T T T T 10°

0.000  0.005 0010 0.015 0020 0.025 0.030

Distance away from cathode tip, m

Fig. 14 Axial distribution of temperature and current density from
different models (the working conditions are the same as in Fig. 8)

The self-consistent coupling of the LTE arc plasma to
the cathode and its boundary layer in the present work is of
significant importance for the predictive capability of the
model of the plasma spray torch. The models’ predictions
of the arc voltage for various electric currents and gas flow
rates are compared with experimental findings in Fig. 16.
Given a voltage drop in the cathode boundary layer of
roughly 8 V, the predicted voltage would be far below the
measured values if the contribution of the boundary layer
has not been taken into account. That is why the approach
combining the LTE plasma with the cathode and its
boundary layer can be considered as the state of the art in
arc plasma modeling (Ref 53). For a flow rate of 40 NLPM
and a current of 600 A, the predictions of both models are
very close to each other as the predictions of the high Mach
number model are closer to the experimental values. The
predicted arc voltage by the high Mach number model
remains closer to the experiment for a current of 600 A
with the increase in the gas flow rate up to 80 NLPM.
However, for a current of 800 A and flow rates of 40 and 60
NLPM, the arc voltage from the low Mach number model
is a bit closer to the measured values. For a flow rate of 80
NLPM and an arc current of 800 A, the predicted arc
voltage by the high Mach number model is closer to the
experiment. As it can be expected, the results from both
models progressively differ from each other with the
increase in the arc current and the gas flow rate, since these
are conditions leading to higher Mach numbers.

Further data for comparison are presented in Table 2.
The electric power is computed as the product of the
electric current (/) and discharge voltage Uy, i.e., P,=U, L
The thermal efficiency from the experiment is obtained as

Fig. 15 Axial distribution of 12000 5
electric potential and electric Low Ma Low Ma
field from different models (the = w = Tigh Ma - - -HighMa
working conditions are the same 10000 - g 0 1
as in Fig‘ 8) 12000
8000 - IlSDO" > '5 -

E

=3 - -

> ; 110004 .g 1

= 60004 | & g -107 § )

L.i § 10500 8- Tg' 2541 //’

£ gas{ 1

8 4000 - 100001 g § -

E —_— = sl

000 002 004 006 = -20 7 )
2000 7 Distance from the cathode tip, mm E -26.04
=25 4 000 002 004  0.06
0 Distance from the cathode tip, mm
I 1 1 _30 I I T
0.00 0.01 0.02 0.03 0.00 0.01 0.02 0.03

(a)  Distance from the cathode tip, m

(b) Distance from the cathode tip, m
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n :% x 100% where Q denotes the power lost for

cooling the electrodes. Its value is evaluated from mea-
surements of the temperature of the cooling water. The
predicted thermal efficiency is computed by the expression

p-h-uzds
n= ]; Pa

the axial velocity, and the integration is performed over the
area S of the outlet. The good agreement of the mean
measured and the predicted voltage from both models
results in a good agreement of the corresponding power
values. The predicted thermal efficiency by the high Mach
number model agrees well with the experimental one. The
experimental and predicted values are between about 50%
and 60% and are typical for operating conditions under
consideration for conventional plasma spray torches (Ref
25). The low Mach number model predicts a thermal
efficiency in agreement with the experiment for a current of
600 A and a flow rate of 40 NLPM. At higher flow rates,
however, the low Mach number model underestimates the

x 100% where h denotes the enthalpy, u, is

50
Experiment
A 600A & 800A
Model
—— LowMa :=:I: HighMa

454

600 A

Arc voltage, V
oy
(=}
1

354

30 T T T T T
40 50 60 70 80

Working gas flow rate, NLPM

Fig. 16 Arc voltage values obtained in experiments (symbols) and
modeling (lines). Triangles and diamonds correspond to an electric
current of, respectively, 600 A and 800 A. Solid and dash lines
represent the results of the low and high Mach number models for
current values of 600 A and 800 A

thermal efficiency mainly due to the lower velocity pre-
dicted at the torch outlet (Fig. 12a).

Measurements inside the plasma spray torch considered
in this work are not available at the current stage. There-
fore, modeling predictions achievable in short time and
over a broad range of operating conditions are advanta-
geous for gaining an insight of the plasma parameters. The
results of this study show that the high Mach number
model is a promising candidate. Notice that the computa-
tional effort and robustness related to both models are quite
similar on the computational platform COMSOL Multi-
physics. This can be not the case on other computational
platforms so that low Mach number models can be pre-
ferred to general compressible flow solvers.

Conclusions

In DC plasma spray torches operated at current values of
several hundred Amperes, the velocity of the generated
plasma jet can approach the speed of sound, i.e., Mach
numbers close to one can be reached. Under such condi-
tions, the description of the fluid flow can affect the
models’ predictions. In this work, a two-dimensional and
stationary model of an LTE plasma has been coupled in a
self-consistent way to the cathode and its boundary layer.
The model is limited to the steady operating mode of the
spray plasma torch. Both the low and high Mach number
approaches for the description of a laminar and com-
pressible flow have been implemented in the magnetohy-
drodynamic model of the plasma spray torch. The analysis
of the results can be summarized as follows.

In general, the predicted pressure, plasma temperature,
velocity, and electric potential differ to some extent.

e The maximum temperature value reached at a distance
of about 2 mm from the cathode tip in the high Mach
number model is slightly lower than that from the low
Mach number model. Toward the outlet (distances from

Table 2 Experimental and

predicted power (Pd) and ¢ [II\I[I;I;M] 40 60 80 Remark
thermal efficiency (n) for PykWl  m (%] PakWl  n[%  PakW] 7 [%]
various operating conditions
600 19.20 £0.12 49.5 23.0+0.2 60.3 25.0+0.6 60.4 Experiment
20.40 48.6 24.10 474 27.5 434 Low Ma
20.10 56.9 23.40 64.98 26.1 63.7 High Ma
800 26.0£0.3 53.8 30.0+0.5 57.6 33.0£0.9 61.2 Experiment
25.3 46.3 30.4 44.9 34.5 40.9 Low Ma
25.1 53.6 29.7 60.6 335 61.0 High Ma

Notations: —p— flow rate, I—electric current.
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the cathode tip larger than 10 mm), the high Mach
number model predicts higher temperatures, but the
difference is still below 4%.

e The findings from the two approaches deviate stronger
in the spatial velocity profiles.

Here, the high Mach number model predicts an axial
profile that is by far more elongated than that from
the low Mach number model.

e The larger discrepancy between the predictions of both
models obtained in the gauge pressure results in
different values of the speed of sound and hence in
the predicted velocity.

e The predicted voltage drop over the arc column is only
a bit lower in the high Mach number model. The
difference in the models’ predictions increases with the
increase in the flow rate, but it does not exceed 5%. The
arc voltage obtained as the total of the voltage drop
over the arc column and the voltage drop in the cathode
boundary layer is in good agreement with experimental
findings. The agreement is better with the voltage over
the arc column obtained by the high Mach number
model for higher flow rates and arc currents.

e The thermal efficiency computed by the high Mach
number model agrees very well with the experimental
one. The low Mach number model predicts a thermal
efficiency in agreement with the experiment for a
current of 600 A and a flow rate of 40 NLPM. At higher
flow rates, however, the low Mach number model tends
to underestimate the thermal efficiency.

e The results of both models show that the voltage drop
in the cathode boundary layer is a substantial part of the
arc voltage and that the self-consistent coupling of the
cathode and LTE plasma submodels is advantageous in
the modeling of plasma spray torches.
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