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Abstract— A Computational Fluid Dynamics (CFD) model has
been developed to investigate the time evolution of a Helium
plasma discharge at high pressures (from 2 - 8 MPa) and low
electric current (0.35 A), including the interaction between the
plasma and the electromagnetic fields, under Local
Thermodynamic Equilibrium (LTE) assumption. To account for
pressure dependence, novel thermodynamic and transport
properties have been calculated in a wide pressure and
temperature range. The model has been further improved by
considering the effect of plasma-electrode interactions and the
formation of the plasma sheath. High Performance Computing
(HPC) was used to solve the CFD simulation, focusing on reference
cases at 8 MPa and 0.35 A. Numerical results have shown that the
sheath model and updated transport and thermodynamic
properties have a significant impact on the electric potential,
resulting in very good agreement between the simulation and
experimental values.

Index Terms— plasma, arc, reactor, simulation

|. INTRODUCTION

A Computational Fluid Dynamics (CFD) model has been
developed to simulate and investigate a plasma arc discharge.
The model considers Helium gas at the unusual condition of
high pressure (8 MPa), and a low current (0.35 A) applied to the
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cathode. These operating conditions are unique since
investigations are typically performed in the pressure range of
0.01 — 0.1 MPa at high current (= 1 A) [1]. The simulation is
performed using Simcenter STAR-CCM+ version 2021.1 which
is a commercial software, and the modelling approach is based
on Lebouvier et al. [1].

In a view to investigate the effect of high pressure on the
synthesis of hydrocarbons in Fischer-Tropsch application, a
batch reactor with pressure capability of 20 MPa was
developed. Discharges above 0.1 MPa and at low currents (< 1
A) have not been studied as extensively as discharges in the
pressure range of 0.01 — 0.1 MPa and at high current (= 1 A)
[1]. An explanation for this can be the technical and
technological challenges to develop a reactor able to sustain and
maintain a plasma at very high pressures. Therefore, to generate
a discharge at such conditions, it is important to overcome the
constraint of the Paschen law. In addition, the stability of
reactive gases such as syngas requires the addition of an inert
gas like Helium to enable the operation of the reactor to
pressure above 2 MPa. Hence, the model simulates an
experimental-based batch reactor working with Helium gas as
a case study with the Helium considered as a non-reactive
working gas. The purpose of this Simcenter STAR-CCM+ CFD
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model discussed in this study is to extend the findings of
existing literature such as Lebouvier and co-workers by
accounting for the following:

o Electrical characterization of the electrodes in the form of
a sheath model.

e Improved thermodynamic and transport properties for
Helium especially with regards to the specific heat.

e The Net Emission Coefficient (NEC) being specified at
the individual operating pressures instead of a constant
NEC at all pressures in literature. NEC above atmospheric
pressure was previously unavailable in literature and our
study provides new data for the plasma physics
community.

The transport coefficients for Helium at high temperatures
has been previously reported in literature by Murphy [2]. In the
present study, thermodynamic and transport properties was
calculated by using the EquilTheTA tool [3], [4], [5], [6]. [7].
[8] and [9], showing the significant dependence of the heat
capacity and other thermodynamic quantities on temperature
and pressure, improving the data used in the simulation
conditions (pressure from 2 MPa up to 8 MPa and temperature
up to 20000 K). The Net Emission Coefficient (NEC) for pure
Helium was considered for the simulated pressure range [10,
11]. The simulations have been carried out assuming Local
Thermodynamic Equilibrium (LTE).

The model considers the magnetohydrodynamic (MHD)
effects, to include the interaction between the electrically
conducting fluid (in this case a plasma) and electromagnetic
fields, introducing also an electrode sheath model based on the
empirical formula proposed by Rimpler [12]. The electric
potential simulation results are compared against experimental
measurements in the investigated pressure range.

In Section 2, the CFD model has been introduced and fully
described, highlighting the coupling between Maxwell
equations and the continuity, momentum, and energy equations.
In  Section 3, details on the boundary conditions,
thermodynamic and transport properties, the radiation, and the
sheath model have been reported, while in Section 4 the
meshing procedure have been presented. Finally, in Sections 5
and 6 numerical results have been presented and discussed
together in comparison with experimental data.

The outcomes from this research will provide a deeper
understanding of the complex electric field conditions and fluid
dynamic effects which are prevalent in a plasma discharge
especially at pressures greater than 1 MPa. The results could
provide an opportunity for the redesigning of the arc discharge
reactor for potential environmental applications.

I1. COMPUTATIONAL FLUID DYNAMICS (CFD):
COMPUTATIONAL DOMAIN AND MATHEMATICAL MODEL

A two-dimensional view of the computational domain is
shown in Fig. 1. The electrode configuration is pin-to-plane
with 1 mm gap and grounded anode. The reactor is positioned
horizontally with the coordinate system shown in Fig. 1 at the
bottom left-hand side. The plasma arc CFD model is based on
the Eulerian approach with the fluid flow and electromagnetism
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governing equations coupled together for the application The
fluid flow and electromagnetism governing equations have
been taken from the theory section of the Simcenter STAR-
CCM+ user manual, the commercial software that was used for
the numerical simulation [13].

A. Assumptions

The time-dependent mathematical model is based on the
following main assumptions which have been adopted from
Lebouvier et al. [1]:

e The Helium plasma is considered as a single continuous
fluid.

e The plasma was assumed to be at Local Thermodynamic
Equilibrium (LTE).

e The gravitational force is included and acts in the negative
x direction as per the coordinate system in Fig. 1.

The Helium gas flow is laminar. Preliminary calculations
showed that a low Reynolds number (less than 10) can be
expected in the inter-electrode region of the reactor. This
motivated the selection of the laminar flow model for the
simulation.

B. Fluid flow governing equations

The conservation equations for mass, linear momentum, and
energy are given by (1), (2) and (3) respectively.

L +V =0
o TV W)= &)
Where:
p = Density
t = Time
v = Velocity
a(pv)
T+V'(pV®V)=V'C+fg+fL )

For a fluid, the stress tensor (C) is expressed as the sum of
the normal stresses and shear stresses, C = —pl + T, where p
is the pressure, I is the moment of inertia and T is the viscous
stress tensor.

Where:
f, = Gravitational force per volume unit acting on the
Helium gas
f, = Lorentz force per volume unit acting on the
Helium gas
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d(pE
(gt ) V- (V)
=, +f) v+V-(v-0) (3)
—-V-q-5;+0Q
Where:
E = Total energy per unit mass
q = Diffusive heat flux
Sz = Anenergy sink term (i.e., the radiation loss
calculated using the Net Emission Coefficient
(NEC))
Q = Anenergy source term (i.e., the heat generated by

Joule / Ohmic heating)

C. Electromagnetism governing equations

The fluid flow and electromagnetism governing equations
are coupled due to the temperature and pressure dependence of
thermodynamic properties and the electrical conductivity
transport property.

The electromagnetic phenomena must be accounted for in the
simulation because it describes the interaction between
electrically charged particles in terms of electric fields,
magnetic fields, and their mutual interaction. The fundamental
laws that describe the electromagnetic behavior of a fluid are
Maxwell’s equations and the conservation of electric charge.
Maxwell’s equations can be written as:

0B _
E%—VXE—O ()

daD
E_VXH:_] (5)

v-b=p (6)
V'B=0 (7)

Where:

Magnetic flux density
Electric field

Electric flux density
Magnetic field

Electric current density
Charge density

— T Omw

)

e

The conservation of charge within a control volume is given
by the continuity equation:

9pe
V-]+at=0 (8)
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It is worth noting that a magnetohydrodynamics (MHD)
formulation was used. The Simcenter STAR-CCM+ MHD
formulation does not include charge accumulation, so the local
charge density (p,) is always zero.

a. Magnetohydrodynamics (MHD) and the generalized
Ohm’s law

Magnetohydrodynamics (MHD) describes the interaction
between electrically conducting fluids (such as plasma) and
electromagnetic fields. A conducting fluid in relative motion to
a magnetic field induces an electric current density (J.). This
induced electric current density (J;) contributes to the total
electric current density (J). The generalized Ohm’s law is then
given by:

l=O'E+]L=O'(E+VXB) (9)

Where ¢ is the electrical conductivity and v is the flow
velocity of the fluid.

The conducting fluid experiences a body force per unit
volume known as the Lorentz force (f,) and is described by
(10). This Lorentz force will influence the motion of the gas in
the reactor and consequently the velocity field.

fL=]XB (10)

b. Potential formulation of the governing equations

When using the two-way coupled MHD approach, the
Maxwell equations (4) and (7) can be reformulated in terms of
two auxiliary fields, the electric scalar potential (¢,.) and the
magnetic vector potential (A), as shown in in the following:

J0A
E=—V¢e—E+VXB (11)

Reformulating Maxwell’s equations in terms of the
potentials reduces the number of independent equations,
because (4) and (7) become identities. However, the potentials
are not unique. To uniquely define the magnetic vector potential
A, it becomes necessary to prescribe both its curl and
divergence. The divergence of A is defined by the Coulomb
gauge condition, V- A = 0.

When (11) is substituted into (9), Ohm’s law can be written
in terms of the electric scalar and magnetic vector potentials as:

0A
J=—-0Vp—o5-+] (13)



This article has been accepted for publication in IEEE Transactions on Plasma Science. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/TPS.2022.3193348

MANUSCRIPT ID NUMBER: TPS14471

Electromagnetics in conducting fluids

For fields that vary with time, the magnetic and electric fields
are mutually coupled. The displacement and conduction
currents associated with the electric field contribute to the
magnetic field as per (5). The formulation considers low-
frequency electromagnetic fields in conducting fluids, where
the conduction currents are several orders of magnitude greater

than the displacement currents, i.e., ]23—':. Neglecting the
displacement currents reduces (5) to Ampere’s law:

1
Vx—B=]
Ho

(14)

Where u, is the magnetic permeability and describes the
behavior of the fluid in response to a magnetic field. The
magnetic permeability also describes the constitutive relation
between the magnetic field (H) and magnetic flux density (B).

B = uoH (15)

The constitutive relation in (15) can be used because the
simulation does not include any ferromagnetic materials.

Additionally for conducting fluids, the divergence of the
electric current density J is zero because there is no charge
accumulation, and (8) reduces to:

V=0 (16)

(12), (13) and (15) can be substituted into (14) and (16) to
form the following:

1 0A
Vx—VxA+a—t=—aV¢+]L

Ho d A7)

0A
—V-(6V¢)=V-<a§)+ V- (18)

(17) and (18) describe the response of a conducting fluid to
low-frequency electromagnetic fields. These are a set of
mutually coupled equations with two unknown fields, A and ¢,
which are solved using two separate solvers.

C. Joule heating

Joule heating (also referred to as Ohmic heating) describes
the relationship between electric currents and temperature
changes in conducting materials. It is an important principle in
plasma simulations since the arc is ignited by the Ohmic heating
generated in the conductive region. Joule’s law states that the
heat source per unit volume (Q) due to an electric current
density (J) is given by

© 2022 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.

1. SIMULATION SETUP

The model outlined above is applied to describe an arc type
discharge. Local Chemical Equilibrium (LCE) can be assumed
because the plasma reactions occur at a time scale which is
much lower than the one considered for the arc dynamics,
allowing to define the thermodynamic and transport properties
of the plasma as a function of temperature and pressure. The
assumption of Local Thermodynamic Equilibrium (LTE) also
applies which states that the electron temperature is equal to the
heavy species gas temperature. The electrons can remain in
thermal equilibrium with the gas temperature due to collisions
at the considered pressure and density. The plasma interacts
with cold gas streams, and other phenomena such as thermionic
emission can occur at the cathode. In these regions, the
assumption of LTE is not more valid and due to non-
equilibrium effects, the electron temperature is far from the gas
temperature.

The electrode and plasma regions have been defined
individually as three-dimensional substances. In fact, although
the geometry is inherently two dimensional — axisymmetric, the
physics is not due to the off-axis gravity.

A coupled solver is used to solve the fluid flow and
electromagnetism  equations in a coupled manner,
simultaneously as a vector of equations. The velocity field is
obtained from the momentum equation, the pressure is
determined from the conservation of mass equation and the
density is evaluated from the equation of state.

The time step is set to 0.25 ps for the first 2 ms of the
simulation to ensure the stability of the simulation and
discharge. Thereafter the time step is set to 1 us up to a physical
time of 50 ms. This time step is much lower than the typical
value of 5Sps used for plasma modelling [14, 15]. A lower time
step was used to ensure convergence of the simulation.

The Reynolds numbers will remain low in the reactor and
therefore the flow will remain in the laminar viscous regime.

The electrode material is defined as being copper and the
electrical conductivity is specified as 5.96x107 S/m. Although
copper is a non-refractory material unlike tungsten, which is
commonly used in arc welding applications, the work function
of both materials is very close (copper being 4.46 eV and
tungsten 4.5 eV) and a simulation using both materials present
a result of (+ 1 K and +1 V) for the temperature and electric
potential respectively.

A. Boundary conditions

Correct specification of the boundary conditions is vital in
achieving accurate results. All boundaries have been defined as
walls. A wall boundary represents an impermeable surface
which confines the solid (electrodes) and fluid (Helium plasma)
regions. The cathode and anode boundaries are defined by AB
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and CD respectively as shown in Fig. 1. The electrode magnetic
field boundary conditions are imposed far from the arc and
therefore do not have an artificial influence on the Lorentz
force.

The boundary conditions for the simulation are given in
Table I. The electrode and Helium boundary conditions are
explained more specifically in the following sub sections.

a. Electrode boundary conditions

The cathode boundary AB satisfies the Neumann boundary
condition, which defines the component of the electric scalar
potential gradient (V¢,) orthogonal to the boundary. The
cathode boundary condition has been defined by specifying the
total electric current (1) through AB.

The anode electric potential boundary CD satisfies the
Dirichlet boundary conditions. The electric scalar potential
(¢.) is specified at CD.

The cathode and anode walls electric potential boundaries are
considered insulators and, consequently, the total electric
current through the boundary is set to zero.

The cathode and anode magnetic vector potential boundary
condition sets the tangential component of the magnetic vector
potential (A;gngene) to zero whilst leaving the normal
component free. Finally, the electrode boundary conditions
have been summarized in Table II.

b. Helium boundary conditions

The entire Helium boundary is considered as a wall. The no-
slip shear stress condition has been specified. For a no-slip wall,
the fluid moves at the same velocity as the wall, i.e., the fluid
velocity relative to the wall velocity is zero. The tangential
velocity is specified as being fixed, therefore v,y = 0, where
Vwan 1S the wall fluid velocity. In this case the wall static

pressure (Dstacicwarr ) 1S Z€ro.

The computation of the wall fluid temperature depends on
the thermal specification of the wall. The thermal specification
for the Helium wall boundary has been specified as adiabatic
(i.e., heat transfer is not permitted across the boundary). Static
temperature, density and total enthalpy at the wall are
extrapolated (ext) from the interior of the domain and equal to

_ mext
Tstatic,wall - Tstatic

— qext
Pstatic,wall = Pstatic (20)

— pyext
Htotal,wall - Hwall

The adiabatic condition can be specified because an energy
sink using the NEC has been defined. A steady state of the
plasma can then be achieved due to the energy balance between
the input energy (Ohmic heating) and output energy (NEC).

The Helium wall boundaries are defined as being insulators.
The magnetic vector potential boundaries set the tangential
component of the magnetic vector potential (Amngem) to zero
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whilst leaving the normal component free. Finally, the Helium
boundary conditions have been summarized in Table IlI.

c. Thermodynamic and transport properties

Thermodynamic properties (i.e., enthalpy (H), density (p)
and specific heat (C,) and transport coefficients (i.e., dynamic
viscosity (u), electrical conductivity (o), and thermal
conductivity (1)) of plasmas are important input data to achieve
accurate CFD results. In this instance it is possible to carry out
the modelling assuming LCE by defining the plasma with two
independent state variables such as pressure and temperature
[4]. Gupta et al. [16] made the same assumption of LCE to
obtain thermodynamic and transport properties for equilibrium
air up to 30 000 K.

The EquilTheTA tool [3], [4] was used in this study to update
the thermodynamic and transport properties, especially the
specific heat capacity, in the high pressure (up to 8 MPa) and
high temperature (up 20000 K) ranges to improve the accuracy
of numerical results. EquilTheTA is based on an approach
which consists in solving one equilibrium equation at a time [5],
[61, [7], [8], [9], [17], and calculates chemical equilibrium,
thermodynamic properties and transport coefficients starting
from recent and accurate databases of atomic and molecular
energy levels and collision integrals.

The thermodynamic properties of enthalpy (Fig. 2) and
specific heat at constant pressure (Fig. 3) are mainly affected by
the population of the excited levels and ion concentration. Due
to the very large energy of the first Helium excited state (~ 20
eV), the molar enthalpy is given by 1.5 RT and the molar
specific heat is 2.5 R, which is valid up to T ~ 12000 K. The
enthalpy and specific heat do not depend on the pressure for this
temperature range. R is the gas constant and T is the
temperature.

For higher temperatures, the population of excited states and
of ions becomes appreciable and these quantities grow. The
thermodynamic properties then depend on pressure due to
variation of the ionization degree and the cutoff for the energy
levels (higher the pressure, lower the ionization degree and
higher the cutoff). This behavior can also be observed on the
density profile (Fig. 4).

Regarding the transport properties, the electrical
conductivity (Fig. 5) is governed by the electron density
becoming appreciable when it becomes large enough. For T <
12000 K, the thermal conductivity (Fig. 6), related to the
enthalpy, is mainly given by the translational contribution. The
internal, reactive, and free electron contributions become
appreciable at higher temperatures.

On the other hand, the dynamic viscosity (Fig. 7) is
determined by the heavy particle density because electrons do
not contribute. Therefore, the variation of the dynamic viscosity
with the pressure is observed only at high temperature (T >
16000 K).
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d. Electrical conductivity constraint and the initial hot
channel

When modelling the electric currents in conducting
materials, the electrical conductivity (o) defines the
relationship between the electric current density (J) and the
electric field (E) according to Ohm’s law. In plasma arc
simulations, the Ohmic Heating energy model heats the plasma.
However, modelling an electric current through an electrically
insulating gas at room temperature causes numerical instability
due to the large scale of Ohmic heating and a low initial
electrical conductivity.

To overcome this obstacle, an artificial electrical
conductivity (AEC) channel in the Helium region was defined.
This channel allowed for the electrical conductivity to be
artificially raised by specifying a minimum electrical
conductivity which allowed for the ignition of an electrical arc.
The current flowing through this artificial channel heats up the
gas so that the gas conductivity soon exceeds the artificial
minimum conductivity. Such approaches to ignite the arc have
also been used by Bernardi et al. [17], Chine [18], [19] and
Fuchs et al. [20].

The electrical conductivity (o) for Helium at 8 MPa shows
that ¢ < 1 S/m when T < 9200 K. Therefore, the flow of
electric current is not guaranteed by using LTE near the cooled
anode wall. The use of an AEC overcomes this problem. The
AEC channel is defined as a cylinder with a diameter of 0.2 mm
and length of 3 mm and is positioned in the inter-electrode
region. A local cylindrical coordinate system was created to
assist with the AEC definition using a field function. This
function states that ¢ = 1 S/m in the AEC channel and
4.766x10-20 S/m elsewhere in the computational domain.

The arc is further stabilized during the initial iterations by
specifying an initial hot channel (IHC) as an initial condition
for the Helium region. Initial conditions specify the initial field
data for the simulation. The IHC was created using the same
procedure as the AEC channel. The IHC is positioned between
the electrodes and has a length of 1 mm. A field function was
used to define the initial temperature which states that T =
15300 K (corresponds to ¢ = 847.48 S/m) in the IHC and 300
K (o0 = 4.766x10-20 S/m) elsewhere in the computational
domain.

e. Radiation losses

Thermal radiation can be defined as electromagnetic
radiation emitted by matter in a state of thermal excitation [21].
Radiation transfer is the main mechanism of ensuring energy
balance within a plasma arc [22]. The importance of thermal
radiation in modelling physical problems increases with a raise
in temperature. When temperatures are typically in the
thousands of degrees Kelvin, the role of thermal radiation is
primarily one of transmitting energy. When considering
thermal radiation in a physical problem, the radiative properties
of the matter must be known.

Exact calculations of radiation properties are very complex
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and time consuming, so it is desirable to account for radiation
losses in an approximate manner. Net Emission Coefficients
(NEC) are widely used in CFD simulations and are based on the
assumption of Local Thermodynamic Equilibrium [23]. The
use of NEC allows the simulation to pre-compute the energy
balance within the arc among emitted, self-absorbed, and
radiated energy. Therefore, it provides an estimation of the net
radiation lost by the arc, by assuming a simple shape and
current-dependent size for the arc.

Lowke [24] found that the approximation of arc temperature
profiles using the Net Emission Coefficient (NEC) vyields
central arc temperatures and electric field strengths for a given
arc to be accurate to 10%. The computational time for the
approximate calculations was found to be more than an order of
magnitude less compared to the calculation in which the
radiation transfer was treated exactly. Billoux et al. [25] and
Bartlova et al. [22] have shown in their work that the NEC is a
good approximation to use in numerical modelling in order to
characterize the radiation losses in hot regions while taking into
consideration the absorption.

The data for the Helium NEC values used in the simulation
are provided at 2, 4, 6 and 8 MPa in Fig. 8 [10]. The isothermal
plasma sphere radius (R,) is considered to be 1 mm, since this
is the expected order of magnitude of the diameter of the
simulated arc. The radiation losses using the NEC are
accounted for by specifying an energy sink for the Helium gas.

f. Electrical characterization of the electrodes

Yokomizu et al. [26] performed experimental analysis to
determine the electrode sheath voltages for Helium arcs up to a
pressure of 0.1 MPa with AC currents between 330 A and 550
A. Electrodes made of iron, copper and titanium were used in
the reactor. The inter-electrode gaps ranged between 0.2 and 3
mm. It was found that the electrode sheath voltages were
independent of the electrode material.

Mentel et al. [27] used a model lamp to support modelling of
the electrodes in high intensity discharge lamps. The
investigation considered electrodes made from pure and
modified tungsten. The investigations were performed in a
current range between 1 — 10 A. The electrodes were operated
in Argon or Xenon in a pressure range between 0.1 — 1 MPa.

Mentel et al. [27] stated that the current transfer between the
cathode and the lamp plasma is much more complicated than
that between the anode and the plasma. A power source is
contained within a thin sheath in front of the cathode together
with an electron current to the plasma column. This ion current
balances the insufficient electron emission to the cathode. The
power supply to the cathode by ions is the main reason for the
cathode voltage drop.

Roth [28] and Fulcheri et al. [29] showed that an arc
discharge can be split into three main domains: the near-cathode
zone, the positive arc column and the near-anode zone as shown
in Fig. 9. In the positive arc column, the density of the negative
charges is equal to that of the positive charges, whereas in the
border zones (near-cathode and near-anode zones), these two
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densities can strongly differ. The plasma increasingly deviates
from equilibrium conditions closer to the near-cathode and
near-anode zones. The result is a strong difference in electrical
behaviour between these zones. Fig. 9 shows the axial variation
of the voltage drop varies quasi-linearly in the positive arc
column while it is strongly non-linear in the near electrode
zones.

The discharge voltage (U) is expressed as the sum of the
positive arc column voltage drop (U.omumn), Near-cathode
(Unear—cathode) and near-anode VOItage dl’OpS (Unear—anode)

U= Ucolumn + Unear—cathode + Unear—anode

(21)

In most instances the near-cathode voltage drop is larger than
the near-anode voltage drop. The total characteristic length of
the near-electrode zones will vary between 0.1 and 1 mm
depending on the gas nature and pressure. A higher pressure
typically reduces the thickness of the near-electrode zone. The
thickness is independent of the inter-electrode gap whereas the
arc column length depends on this gap.

The following empirical formula proposed by Rimpler [12]
was used to define the near-cathode and near-anode voltage
drop

al)| + blJI¢

B0 ==y

(22)

in which coefficients a, b, ¢, d are defined in Table IV [12].
The values are graphically represented in Fig. 10. The
coefficients are for a gas at atmospheric pressure and were used
in this modelling due to a lack of experimental data for the
specific conditions being investigated.

An interface is specified between the solid (electrodes) and
fluid (Helium plasma) regions during the simulation setup. This
interface allows for simulation quantities (i.e., mass,
momentum, energy, electromagnetism, etc.) to pass from one
region to another. A coupled solver is used to solve the fluid
flow and electromagnetism equations in a coupled manner,
simultaneously as a vector of equations. The sheath model for
both cathode and anode are defined at their respective
interfaces. The Rumpler empirical formula is then used to
specify the relationship between the voltage and electrical
resistance at the interface between the electrodes and Helium
plasma. The temperature inside the solid electrodes is not
solved in this CFD model.

IVV. MESH STUDY

The construction of the volume mesh has a direct influence
on the accuracy of the fluid flow and energy calculation, as well
as the rate of convergence. The mesh has been designed to
achieve adequate resolution in regions where spatial gradients
are high. For this reason, the mesh is refined in the inter-
electrode gap since this is the physical space where the plasma
arc is initially ignited.

© 2022 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.

The volume mesh was generated using polyhedral cells
which had a cell base size of 0.1 mm. The prism layer mesh
model was used in conjunction with the polyhedral cells to
generate orthogonal prismatic cells next to wall surfaces and
boundaries. The prism layers are necessary to improve the
accuracy of the flow simulation since they can capture viscous
and thermal gradients close to the wall. The ability to resolve
near wall flow accurately is critical in determining the forces
and heat transfer on walls, as well as flow features such as
separation, which in turn affects the pressure drop.

The prism layers consisted of two layers with a total
thickness corresponding to 10% of the cell base size. A
volumetric control in the form of a cylinder was used in the
inter-electrode gap to achieve a smaller cell base size in this
region. The cylinder was created with a diameter of 2 mm and
length of 1 mm. The volumetric control contained a cell size
corresponding to 10% of the base size. The generated mesh can
be viewed in Fig. 11.

A mesh sensitivity analysis was performed to ensure that the
results are independent of the mesh. High Performance
Computing (HPC) was used to solve the CFD simulation. HPC
is necessary in the analysis of the plasma arc simulation as it
allows the problem to be investigated within a realistic time
scale [30]. All simulations were performed on the Lengau
cluster located at South Africa’s Centre for High Performance
Computing (CHPC) on ten virtual nodes, each with 24 cores
running 24 message passing interfaces (MPI) processes.

V. RESULTS

The results obtained from the plasma arc simulation is
presented in this section.

A. Validation and verification

The simulation results have been validated against
experimental measurements. The experimental electrical
characterization was conducted in a tip-to-plane electrode
configuration in a reactor chamber with capability of up to 20
MPa. The reactor is equipped with a K-type thermocouple to
measure the temperature in the reactor and a water-cooling
jacket. The reactor is powered by a Technix high voltage power
supply, which is current controlled and set at an ignition voltage
of 9 kV. The operating current is set on the power supply unit
and can be measured using a Chauvin hall effect current clamp,
while the voltage can be measure using an Elditest 30-kV high
voltage probe, connected to the Wave Jet 3540A digital
oscilloscope via BNC connect cables from the current and
voltage probes. The helium gas is filled into the reactor from
the helium baseline 5.0 cylinder to achieve the operating
pressure. The helium gas cylinder was purchased from Afrox,
with a minimum purity of 99.999%.

Fig. 12 shows the simulated electric potential from this study
and the results from Lebouvier et al. [1] being compared with
experimental results (10% uncertainties as shown by the error
bars). The simulated electric potential measurements were
obtained at the cathode tip. The results from this study are in
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closer agreement with the experimental values when compared
with the results from Lebouvier et al. [1]. It can be observed
that as the pressure increases, the results from this study
underestimated the electric potential when compared to the
experimental results. Differences arise due to the empirical
sheath model which is not yet fully ideal and results in a
deviation from the experimental electric potential. Benilov [31]
has stated that the existence of LTE even in the region of plasma
near the cathode in a low current high-pressure arc is far from
certain. Therefore, the slight difference between our simulation
and the experimental data probably arise due to non-
equilibrium effects since this deviation from LTE in the sheath
region could be strong at low-current and impact on the electric
potential at the higher pressure. Furthermore, the Rumpler
empirical formula is defined for a gas at atmospheric pressure
but was used in this study for the entire pressure range due to
the lack of an empirical formula at high pressure.

The electric potential results from this study are larger than
that from Lebouvier et al. [1] for the entire pressure range. The
improved thermodynamic and transport properties from the
EquilTheTA tool, the NEC being specified at the individual
operating pressures, and the definition of the electrode sheath
model, is responsible for the increased electric potential
calculation.

B. The arc temperature and electric potential evolution

Fig. 13 shows the arc temperature evolution for the 8 MPa
simulation. The high temperature region of the discharge
extends from the cathode tip to the anode at a physical time of
2 ms. The cathode arc root remains attached to the cathode tip,
whereas the anode arc root begins to slide along the anode after
a physical time of 15 ms. Since the Helium density varies with
temperature, the gravity vector acts on the density and induces
a natural convection flow to the top of the reactor, which causes
the bending of the arc. The arc shape after 50 ms is a result of
the combined effects of the Lorentz force, gravity force and
convection.

A representation of the entire electric potential domain and
the evolution of the electric potential at the cathode tip for the
8 MPa simulation is shown in Fig. 14. The electric potential
evolution shows that the value initially drops to a value of circa
-270 V. Then the potential stabilizes at a value of -143 V. The
electric potential is influenced by the Helium gas temperature
increase, which causes a higher electrical conductivity. Fig. 15
shows the variation of the electric potential in the inter-
electrode region at 8 MPa. A linear electric potential drop is
observed.

C. Velocity fields in the reactor

Preliminary calculations revealed that a low Reynolds
number (less than 10) can be expected in the inter-electrode
region of the reactor. This motivated the selection of the laminar
flow model for the simulation. The evolution of the velocity
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field in the reactor at 8 MPa is shown in Fig. 16.

Since a batch reactor is being investigated, the convective
motion of the gas is fully dependent on natural convection. This
implies a low velocity magnitude and a long time for the flow
to be fully established. At a physical time of 2 ms, the maximum
velocity region is located at the cathode tip. At 15 ms, the
motion of the gas begins to move towards the top of the reactor.
At a physical time of 15 ms, the gas reaches a maximum
velocity magnitude of 1.27 m/s and the gas moves fully towards
the top of the reactor. As the gas moves upwards it mixes with
the cooler surrounding gas in the reactor, the gas temperature
then lowers, and the gas moves towards the bottom and sides of
the reactor as a result of the convection effect.

D. Electric current density

The electric current density magnitude (|J|) at a physical
time of 50 ms for the 8 MPa simulation is given in Fig. 17. A
maximum value of 2.99x107 A/m2 is calculated by the
simulation. The method proposed by Selvan et al. [32] has been
used to determine the arc core radius from the electric current
density. A line probe was used to extract the electric current
density in the x direction at the center of the inter-electrode gap,
and the values have been plotted in Fig. 18. The arc diameter is
defined as the distance between the two points where the
electric current density reaches 10% of the maximum values.
Using this approach, the arc core radius was estimated to be
0.163 mm. This arc core radius estimation compares well with
the value shown by Rohani et al. [33] which was between 0.15
and 0.16 mm. The estimated arc core radius of 0.163 mm agrees
with the isothermal plasma sphere radius (R,= 1 mm) order of
magnitude chosen for the NEC computation.

VI. DISCUSSION

The improvement with respect to the Lebouvier et al. [1]
model is represented by the electrical characterization of the
electrodes in the form a sheath model, the improved
thermodynamic and [29] transport properties from the
EquilTheTA tool, and the NEC being specified at the individual
operating pressures. Although the electric potential at the
cathode tip from this study is 38% greater than Lebouvier et al.
[1], the value is still 14% lower than experimental data at 8
MPa.

The coefficients used in the empirical formula proposed by
Rumpler [12] were calculated for a gas at atmospheric pressure.
Therefore, further improvement could be obtained by refining
the sheath model inputs at high pressure to calculate more
accurate cathode electric potential. Benilov [31, 34] presented
a review on the consideration of electrode interaction in arc
discharges at high pressure. However, data for voltage drop
near the electrodes at high pressure and low current are rarely
measured and reported in literature.

The arc temperature evolution shows the arc sliding motion
along the anode and bending motion towards the top of the
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reactor at a physical time of 50 ms. The natural convection flow
towards the top of the reactor is evident and represents the
reason of the arc bending.

The convection effects can be observed in the velocity field
evolution. The Helium gas is subjected to natural convection
resulting in a low velocity magnitude with the gas moving
towards the top of the reactor.

A validated CFD result of the plasma arc discharge has been
obtained by comparing the results of this study against
experimental measurements. The model was developed
assuming Local Thermodynamic Equilibrium (LTE), therefore
a thermal plasma was modelled. Non-thermal effects could be
included in future developments when the plasma chemistry is
considered for gases such as air and oxygen.

VIl. CONCLUSIONS

The aim of this paper was to validate our numerical model
developed using Simcenter STAR-CCM+ version 2021.1 with
respect to the experimental results, which was previously
generated from our research group. The results were presented
at operating pressures of 2, 4, 6, and 8 MPa, with more focus on
the plasma behavior at 8 MPa. To try and improve our model in
comparison to a previous study in literature, the
thermodynamics and transport properties were upgraded using
the EquilTheTA tool to better estimate the effects of high
pressures. Thereafter, the model considered the effect of
electrode interactions by taking into account the sheath model
which is not considered in a previous study in literature [1].

Hence, this study show that the differences between our
modelling approach in comparison to the previous study in
literature by Lebouvier et al. [1] has a significant improvement
on electric potential. Finally, our study highlights the
importance of thermodynamic properties and transport
coefficients deviation at higher pressure and temperatures
greater than 10000 K, and the contribution of the sheath model.
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Fig. 1. A two-dimensional view of the high pressure plasma
reactor.

Enthalpy (H) - Helium
1.6E+08

1 4E+08
1.2E+08
Z10E+08
= —2MPa
! BOEH07
z 4 MPa
4 ! ' | ] e 6 MPa
E 6.0E+07 8 MPa
4.0E+07
20E+07

0.0E+00
0 5000 10000 15000 20000
Temperature - T (K)

Fig. 2. Enthalpy of Helium at high pressure as a function of
temperature.
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Fig. 3. Specific heat (at constant pressure) of Helium at high
pressure as a function of temperature.
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Fig. 4. Density of Helium at high pressure as a function of
temperature.
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Fig. 5. Electrical conductivity of Helium at high pressure as a
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Electric potential: comparison between simulation and experiment
o 200
! E :9 g § i E : ¢ Experiment
2 = i E i'E : 5’ g ! w > —e— Simulation: this study - cathode tip
] § g \E g : g% § 180 |- ®—Simulation- Lebouvier etal. [1]
g e At K
P E B = Conate
L g B | 160 Cathode tip
Elec Near-cathode zane Pasitive arc colurmn Near-anode zone <
polentie =140 |
z
2120
Canoie £ 100
s
Direction 80
Fig. 9. The representation of an arc discharge and the axial o
variation of the voltage drop for each zone. Derived from ! 2 3 4 5 6 7 8
Fulcheri et al. [29] and Roth [28]. Pressure - p (MPa)
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Fig. 11. The generated volume mesh with a total of 1 763 280
cells.

© 2022 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.



This article has been accepted for publication in IEEE Transactions on Plasma Science. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/TPS.2022.3193348

13
MANUSCRIPT ID NUMBER: TPS14471

Electric potential evolution — 8 MPa

Velocity field evolution — 8 MPa
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TABLE I11. HELIUM WALL BOUNDARY CONDITIONS

Method

Electric potential specification (¢) Insulator

Magnetic vector potential (A) Aiangene = 0 Wh/im

Shear stress specification No-slip
Tangential velocity specification Fixed
Thermal specification Adiabatic

Fig. 18. The arc diameter estimated from a plot of the electric
current density in the middle of the inter-electrode gap as a
function of the x axis direction.

X. TABLES
TABLE |. BOUNDARY CONDITIONS FOR THE MODEL

Parameter Units Walls Cathode Anode
\4 m/s 0 0 0
T K o _ ar_ ar_
on on on
Electrodynamics [=0A I =-0.35A =0V
op op op
Pa —= —= ——=
p on 0 on 0 on 0
aAtangent aAtangent
Atangent Whb/m 0 on on
=0 =0

TABLE Il. ELECTRODE BOUNDARY CONDITIONS

Electric potential | Tangential magnetic
specification vector potential
(Atangent)
Cathode _
boundary AB I1=-035A 0 Wb/m
Cathode wall Insulator 0 Wb/m
boundary
Anode
boundary ¢, =0V 0 Wb/m
CD
Anode wall Insulator 0 Wb/m
boundary
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TABLE IV. COEFFICIENTS FOR NEAR-CATHODE AND NEAR
ANODE VOLTAGE DROP EQUATION

Coefficient Anode Cathode
a 3.0E8 3.0E8
b 5.0 10

c 1.1E14 1.1E14
d 2.0 2.0
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