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Abstract:

A numerical model of an electric arc based on Magnetohydrodynamics Theory was
investigated, adjusted and implemented as a user-defined model into ANSYS FLUENT.
The goal of this model was to simultaneously calculate electric and magnetic fields,
which is not possible with built-in ANSYS MHD model. This custom model was then
applied on a problem which described opening of contacts between which an electric arc
was created. The development of the arc was investigated by its temperature field.
A comparison of built-in and presented model was carried out.
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1. Introduction

Magnetohydrodynamics (MHD) is used to describe a flow of electrically conducting
fluids (molten metals, strong electrolytes and plasmas) in the presence of an electro-
magnetic field. In terms of a plasma MHD, certain assumptions are taken into account,
which will be described later in the text. This simplifies the mathematical model, but it
reduces the application range just to non-relativistic flows. Still, plasma phenomena
are quite complex, as they consist of fluid dynamics, thermodynamics, chemical reac-
tions, electromagnetics and sometimes they include the movement of mechanical parts.

Because of these complex mechanisms, many researchers rely on experiments to
investigate the plasma phenomenon. However, it is sometimes difficult to measure
certain parameters such as a gas velocity or a temperature distribution or an induced
magnetic field. It becomes even more complicated when the plasma is enclosed, and
a high-speed camera cannot be used. As these experiments are usually expensive and
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time consuming, it is favourable to use numerical simulations as a complement or even
as an alternative method. With the use of numerical simulations, it is possible to gain
an overview of the process while obtaining quantifiable results. This results in speed-
ing up the designing and optimizing processes, while cutting the costs, as the amount
of prototypes and experiments will decrease [1].

The simulation presented in this work describes an opening of contacts between
which an electric arc is created. This phenomenon is an important part of circuit
breakers, which are used to interrupt fault currents. The opening of contacts leads to
the formation of an electric arc, which then moves along the electrodes towards an
extinguishing area, where the arc is extinguished, and the fault current is finally cut
off. A closer description of a circuit breaker can be found in [1, 2].

Apart from designing and optimizing circuit breakers as a safety feature for pow-
er systems, general applications of MHD can be found in naval technologies. For
example, the US Navy is changing pneumatic and hydraulic devices for electrome-
chanical and also they are replacing traditional weapon systems, which are of chemical
and thermodynamic nature, with directed energy and electric weapons. An example of
such weapon system is an electromagnetic railgun, which uses the electromagnetic
force to accelerate projectiles.

The effects of magnetic fields on electrically conducting fluids can be also used
for a power generation. MHD generator is based on the flow of electrically conducting
gas through a magnetic field, which generates a voltage [3].

Another interesting application of MHD can be found in pumping conducting flu-
ids (either a saltwater, liquid metal, or an ionized gas) by applying an electromagnetic
field. This type of pump can be also used as a propulsion system for spaceships or
military submarines [4].

2. Numerical Model

The modelling of plasmas is a very complex process which combines hydrodynamics,
thermodynamics and electromagnetics and sometimes even a movement of mechanical
parts. There are many different approaches that can be used to describe a plasma phe-
nomenon such as:

* the particle description, which is based on the Lagrangian approach which is
characterized by tracking particle trajectories. The position of every particle is
calculated at every timestep. The Lagrangian approach uses the immediate ap-
plication of Newton's laws of the mechanics for physical bodies. It needs to
account for all types of species that can be present in a plasma (electrons, all
types of ions and neutral particles). From the classical point of view, any parti-
cle can be described by its position vector and velocity vector. However, this
description is only acceptable for mono-atomic gases, as for the particles of
bi-atomic gases, it is necessary to include two additional degrees of freedom for
the orientation of the molecule, and other two for the angular velocity of rota-
tion. Although the particle description is simple, the results are conveniently
obtained only for a small number of particles, as the computational expensive-
ness of the problem increases greatly with the number of particles [5],

* the Kinetic description, which is built on the idea of the Boltzmann transport
equation. The Boltzmann equation has been initially established for dilute gases
of neutral molecules, but it can be also used to describe the evolution of plas-
mas, which are determined by electron-molecule and ion-molecule collisions.
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Two main forms of the Boltzmann equation are used for the description of
plasmas. One is collision-less, and the other is collisional which accounts for
collisions between particles. Unlike the particle description, which tracks the
movement of all particles, the kinetic approach uses a statistical approach based
on a particle distribution function:

f(rv,t)drdv, (1)

which represents the number of particles which at the time ¢ have positions in
a space-volume element dr at the magnitude of a position r [m] and velocities
lying within a dv element at the magnitude of a velocity v [ms™']. By integrat-
ing the particle distribution function over a velocity space, it is possible to get
the gas number density. The final form of the Boltzmann equation, which ac-
counts for the electromagnetic force is:

0i+v[fi+—Q(E+VXB)[fi=(ai} @)
ot or m o \ ot )y
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where (ij describes the collision term. Partial derivatives by vectors mean
coll

gradient in the case of r and velocity analogue of gradient in the case of v. The
disadvantage of the Boltzmann equation lies in its inability to solve long-range
Coulomb interactions. This approach is an improvement from the particle ap-
proach as it can be used for larger scale simulations. But still, to define the
position of particles it is necessary to calculate six quantities (one for each
component of the position vector and the velocity vector), which results in a
large set of equations. For this reason, it is useful to consider the plasma as a
fluid consisting of several species [6],

multi-fluid models consider each species present in the gas as an individual flu-
id. This means that the momentum and energy equations are solved separately
for each ion species and electrons. The advantage of the multi-fluid model is in
the simulation of a mass-dependent-asymmetric behaviour. The model also in-
cludes electric fields arising from pressure gradients and an ion
demagnetization across boundary layers. The disadvantage is that these models
are still quite complex, as it is necessary to solve several PDEs, while it is not
always convenient to describe the plasma this precisely [7],

the two-fluid description of plasma is similar to the multi-fluid description. The
main difference is that this approach considers only ions and electrons as sepa-
rate fluids. This approach is very useful for a description of non-equilibrium
phenomena, in which the temperature of electrons is different from the tem-
perature of ions. This non-equilibrium is the result of non-equal collisions. The
collisions between ions and electrons are less effective due to the unbalanced
mass ratio. For this reason, the electrons will keep a higher temperature, while
the ions will keep a lower temperature, so individually, they will thermalize
faster than the whole plasma as a single fluid. Another part of the
non-equilibrium phenomenon is a violation of the quasi-neutrality. The Debye
length is a characteristic distance over which electrostatic potentials are
screened out or attenuated by a redistribution of charged particles. On scales
shorter than the Debye length, microscopic electric fields are non-negligible,
and particles interact by Coulomb forces. This violation of the quasi-neutrality
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is commonly seen near the electrodes, as the particles with the opposite charge
will be accumulated there [8, 9],

* magnetohydrodynamic approach considers a plasma as a single fluid. It is the
extension of fluid dynamics to electrically conducting fluids with the inclusion
of electromagnetic forces. MHD equations describe the evolution of macro-
scopic quantities such as the density, the velocity, the pressure and the magnetic
field. These models are very useful when the exact motion of particles is not of
the interest. The MHD approach considers that the plasma is quasi-neutral,
which means the number of electrons and ions is the same, and so the plasma is
neutral on scales larger than the Debye length. This also implies OLJ =0,
which removes most electrostatic instabilities. The MHD approach also as-
sumes that the plasma is in the thermal equilibrium, which means that the
temperature of electrons is the same as the temperature of heavy particles.
There are few descriptions of MHD based on the form of the magnetic induc-
tion equation. The ideal model neglects the source terms in the magnetic
induction equation and is only applicable when the heat flow is not im-
portant [10]:

a—B—D><(v><B):O. 3)
ot

The Hall model includes the Hall effect, which allows the ions and electrons
move at different velocities:

nq
The resistive model adds the resistive term to the induction equation along with
Joule heating Q;[W m™3] in the energy equation:

%—B—Dx(va):Dx(—ixBJ. (4)
t
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where B is the vector of magnetic flux density [T], ¢ is the time [s], v is the velocity
vector [ms™!], n is the ion number density [m™], g is the electric charge [C], o is the
electrical conductivity [Sm™'] and j is the current density [A m™].

2.1. Fluid Dynamics
Fluid dynamics are described by Navier-Stokes equations which consist of mass, mo-
mentum and energy conservation equations [11]:

* mass equation:

9% =
> +00pv) =0, 7

where p is the density [kgm™];
* momentum equation:
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@miﬂmv)=DEGI7Dvi)-Dp+pg+S,-, (8)
where v; is the velocity in the i-direction, # is the dynamic viscosity [Pas], p is the
pressure [Pa], g is the gravitational acceleration [ms™2] and S; describes another source
terms. Even though the gravitational force is usually much smaller compared to the
other forces acting on laboratory plasmas, it was still considered in the simulation as if
it does not increase the complexity of the problem considerably.

* energy equation:

P

0(pH) o A
” +D|]pHv)—D[EC—DH]+Sj, )

where H is the enthalpy [J], A is the thermal conductivity [Wm™K™], C, is the specific
heat [Jkg™'K™!] and S; describes another source terms.
Equation of state is described by ideal gas law:

pV =nRT , (10)

where V is the volume [m?], n is the number of moles of gas [mol], R is the ideal gas
constant [Jmol™'K™'Jand T is the absolute temperature [K].

2.2. Electromagnetics
Maxwell equations in their general form can be described as [12]:

oxg=-98 (11)

ot
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£
Om=0, (14)

where E is the vector of electric intensity [V m™], c is the speed of light [ms™'] and o
is the permeability of the free space [Hm™]. These equations impose two different
source terms into the momentum equation and that is the Lorentz force Fispecific):

Fl(specific) :jXB » (15)

and the electrostatic force Fe(specific):
Fe(specific) = ler ’ (16)

where p. is the charge density [Cm™].

These equations can be simplified and adjusted into a form, which is more suita-
ble for numerical simulations. For most plasma phenomena, it is possible to reduce the
analysis to non-relativistic velocities. With the use of a time 7 and a length scale /o, it
possible to make estimates of the orders of magnitudes for different terms. First, the
magnitude of the electric field is approximated as E = v B and the magnitude of current
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density is approximated as foj=B/lo and then the influence of the displacement
current in Eq. (12) can be investigated [12]:

E B

—26—~v——< |EI><B|~—. (17)
ot I 0

This means that the time-dependent term can be neglected and Eq. (12) can be
rewritten as:

OxB = 14yj . (18)

The assumption of non-relativistic velocities also brings a simplification into
forces acting on the electrically conductive fluid (Eq. (15) and Eq. (16)):

2 p2
pe|E|:v_B_<<|jx3|=B_. (19)
c* ol 7

This means that the Lorentz force is considerably larger, and so the electrostatic
acceleration (Eq. (16)) can be neglected. The relation between the electric current
density and the electric field and the magnetic field can be described by the Ohm’s law
for moving conducting media:

J —E+yxB. (20)
ag

After these simplifications, resistive MHD equations (without the energy equa-
tion) are described as [13]:

(pv‘)mtﬂpv,) Or0v;)-0p+pg+jxB, @1
0B B ( jj
—-Ox@wxB)=0x| -= |, 22)
ot g
OB =0, (23)
j=0(E+vxB). (24)

The term O X[—ij in Eq. (22) can be described through the magnetic flux den-
g

Oty

a vector calculus identity: 00 x (—EI XB) =0 (—EI Di) +0%B . After the application of

sity by applying Eq. (18) as: DX(—LD XB], which is then adjusted by using

Eq. (23), the dissipative term can be described as:

O x[—i] =L g, (25)
o) Oy
Instead of the magnetic flux density, a magnetic potential vector can be used for
the description of the magnetic field. This transforms the Eq. (22) into the form of the
general transport equation. The magnetic flux density is defined as a curl of the vector
potential A [Vsm™][13, 14]:
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B=[xA. (26)
By applying Eq. (25) and Eq. (26), Eq. (22) is changed into:
Dxa_A:Dx(vXDXA)+LD2(DXA). 27)
ot Ol

After using a vector calculus identity: DZ(EI ><A) = DX(EIZA), it is possible to

“uncurl” the equation, which results in:

a—A:v><(E|><A)+L|:|2A+E|qp, (28)
ot ol

where ¢ is an arbitrary scalar quantity. By using another vector calculus identity:
v X(EI XA) = I:I(v DA) —A(v ), and fixing the gauge by selecting the value of gradi-

entto: O@= —(v D4) , the equation is changed into:

A _vm)a+—Lra. (29)
ot Ol

3. Simulation and Results

A simulation concerning a contact opening was investigated. Simulations were carried
out in ANSYS FLUENT, which is a commercially available CFD (Computational
fluid dynamics) software that uses a finite volume method for calculating PDEs (Par-
tial differential equations).

ANSYS FLUENT also includes an MHD add-on module which describes the in-
fluence of the electromagnetic field on the fluid flow. This module provides two
alternatives for calculating the current density which is featured in the source term in
Navier-Stokes equations. First option uses an electric potential ¢ [V]:

Jj=-og¢. (30)

In this method, it is possible to select either a current density or an electric poten-
tial as a boundary condition.
An alternative option uses the magnetic flux density:

Jj= L OxB. 3D
Ho

This method only uses magnetic flux density boundary conditions, which means
it is not usable for a plasma simulation, as it is impossible to define the electric field
through the boundary conditions. In conclusion, the built-in MHD model is unable to
calculate electric and magnetic fields simultaneously.

ANSYS FLUENT offers a possibility to import new custom models through
UDSs (User defined scalars) and UDFs (User defined functions). A UDS is a new
quantity for which a general transport equation is solved:

o(,9)

=5 +0vpp-rOg)=S,. (32)



354 M. Macék, P. Vyroubal and J. Maxa

9(p9)

ot
diffusion term and Sy describes a source term, ¢ is an universal scalar quantity and I is
the diffusion coefficient.

A UDF is a code based on C/C++ language which is used to adjust or to enhance
FLUENTS standard features. The code can be imported either through an inbuilt com-
piler or through Microsoft Visual Studio which can be linked to FLUENT. UDFs are
used to customise terms in the transport equation for UDSs, boundary conditions,
material properties, the initialisation of solutions or to adjust existing models. For
every purpose, there is a pre-defined UDF, which consists of a header starting with
a DEFINE term, which is followed by the application of the function and only the
body is defined by the user. The advantage of the MHD model is that it can be defined
by transport equations of the electric potential and the magnetic vector potential,
which were described in the text earlier. As a UDS only describes a scalar quantity,
whereas the magnetic vector potential is a vector quantity, it was necessary to create
an individual UDS for every component of the magnetic vector potential. In total, four
UDS equations, one for the electric potential and three for the magnetic vector poten-
tial, were added and solved directly by FLUENT. The magnetic flux density, the
electric intensity and the electric current density were calculated from the directly
solved quantities. A UDF called DEFINE_SOURCE was used to describe the source
terms in transport equations. The function DEFINE_PROPERTY was used to describe
material  properties. = The movement of contacts was defined by
DEFINE_CG_MOTION.

where is the unsteady term, U} p@ is the convective term, [ Eﬂ—l’[lgo) is the

3.1. Custom Model

Eq. (29) was used to derive the equations of the vector potential, while Eq. (34) de-
scribes the electric field through the electric potential. This set of equations was
imported into FLUENT:

dA.
ﬁ+|:|vai)—LD2A,- =0, (33)
ot Ol
Oo0¢) =0, (34)
with the relation of the dissipative term to the current density being:
1 )
— DA ==, (35)
Oty

where A; is the component of magnetic vector potential in the i-direction and ji is the
component of current density in the i-direction which was described by Eq. (24).

Apart from definitions of the magnetic vector potential and the electric potential,
additional source terms describing the effects of the electromagnetic field on the mo-
mentum and the energy equation were implemented. The momentum equation source
terms consisted of components of the Lorentz force. As for the energy equation, source
terms describing the Joule heating and the radiation based on the net emission coeffi-
cient were implemented. The values of the net emission coefficient (NEC) en were
obtained from [15]. The parameters of the plasma such as the density, the thermal
conductivity, the viscosity, the specific heat and the electrical conductivity were ob-
tained from [16].
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3.2. Assumptions

To simplify the solution, certain assumptions were made:

* the plasma was considered to be in a local thermodynamic equilibrium (LTE),
which is usually used for modelling of thermal plasmas at atmospheric or high-
er pressures due to high number densities of species, which results in a strong
collisional coupling for the energy exchange between electrons and heavy par-
ticles. The result of this assumption is a possibility to use one temperature for
the description of fluid,

» similar to papers [1, 2], the arc ignition is not included in the simulation and the
calculation start with a constant temperature distribution and a small gap be-
tween contacts,

* vapours from electrodes and chemical reactions were not taken into account, as
the main goal was to implement the MHD model.

Tab. I Source terms

Equation Source term
X-momentum J sz —J,B,
Y-momentum JxB. = Jj.B,
Z-momentum JyBy—J.By

E . 1.
netey Joule heating: — ]2
g
Radiation: —47&y

3.3. Geometry

A simplified 3D geometry which consists of two metal contacts separated by an air
region was used. The diameter of contacts was set to 10 mm and the initial distance
between contacts was set to 0.1 mm. For a simplification, the geometry of contacts
was not considered as it does not affect the solution noticeably.

ANSYS

R17.1
Academic

Contact 1

Air region

Y

Contact 2 | .

0.000 5.000 10.000 {mrm)
]

2,500 7.500

Fig. 1 Simplified 3D geometry



356 M. Macék, P. Vyroubal and J. Maxa

3.4. Solver Settings and Boundary Conditions

A pressure-based solver was used. The type of flow was set to laminar because of
assumed low velocity of the fluid. A boundary condition of uniform current density of
250 000 Am™2 was imposed on the horizontal (top) wall of the Contact 2 and the
boundary condition of a zero electric potential was imposed on the horizontal (bottom)
wall of the Contact 1. Side walls of contacts were set as insulating walls. The thermal
boundary condition of zero heat flux was set to contact walls. This boundary condition
ensured that no heat would leave the system through contact walls which helped with
keeping a temperature and, as a result, a high electrical conductivity near the contacts.
The high electrical conductivity is necessary to maintain the connection of the arc with
the contact. Outer walls of the air region were set as a pressure outlet with a defined
constant atmospheric pressure. The temperature of the backflow was set to 300 K, so
the temperature in the region would not increase constantly. Simulations were carried
out as transient with a timestep of 1 ps. For the pressure-velocity coupling, a coupled
method was used, as it helped with the stability of the solver and opened the option to
select the Courant number, which was set to one. A second-order upwind method was
used for spatial discretization.

Tab. 2 Boundary conditions

Boundary Thermal Electric Motion Vect01.' po-
tential
or _ =0V = I ms”! =
Top contact o 0 ¢ = vy =1ms A=0
or , ; - -1
Bottom contact I =0 j=250000 Am™2| vy, =~lms A=0
n
Walls of the airlp oo 7 =300k| 92 =0 L
region on on

4. Results

A comparison of the built-in and the presented model was carried out. Without any
adjustments, it would not be possible to properly carry out a simulation with the
built-in model, as the radiation plays an important part in plasma phenomena, and so
the radiation model had to be added. The main difference between these models was
that the presented model accounted for the effects of magnetic field on the plasma
through the Lorentz force. The results from these simulations were comparable, as the
arc temperature stabilized at approximately 13 500-14 000 K, which lasted till the
breakdown of the arc. The arc broke down at slightly similar times (2.4 ms for the
presented model and around 2.5 ms for the built-in model). In the custom model, it
was possible to see a slight decline of temperature which was caused by a slightly
larger movement of the arc. The temperature evolutions at the centre of the arc are
shown in Figs 2, 3.

Next figures display the temperature distribution of the arc calculated by the pre-
sented custom model. As the transient behaviour of the arc calculated by the built-in
and the presented model was similar, only the results from the presented model are
shown here. The only significant difference was in bending of the arc (see Fig. 6). In
the built-in model, the arc bent to the other side. Figs 4, 5 and 6 show a sharp transi-
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tion of the temperature at the edge of the plasma column while only a slight variation
is visible inside the column.

Temperature evolution
16000

14000
12000
10000

8000

6000

Temperature (K)

4000
2000
0 0.0005 0.001 0.0015 0.002 0.0025 0.003 0.0035
Time (s)
Fig. 2 Temperature evolution of the built-in MHD model
Temperature evolution

16000
14000
12000
10000

8000

Temperature (K)
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0 0.0005 0.001 0.0015 0.002 0.0025 0.003
Time (s)

Fig. 3 Temperature evolution of the custom MHD model
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Fig. 4 Temperature distribution at time t = 0.0006 s
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Temperature [K]

Fig. 5 Temperature distribution at time t = 0.002 s

Temperature [K]

Fig. 6 Temperature distribution at time t = 0.0025 s

The investigation of the magnetic field was focused on the effects and not on the
time evolution, so the results are shown only for one timestep in which the distance
between the contacts was 5 mm. Fig. 8 shows components of the magnetic flux density
which represents the circulation of the magnetic field. The results correspond with
Maxwell equations and Eq. (18) and Eq. (26). Inside the plasma arc, there was a very
small magnetic flux density, which then increased in the outward direction. The max-
imum value of the magnetic flux density has been reached at the edge of the plasma
column. The horizontal distribution was not uniform, as the value of magnetic flux
density (12.189 uT) near the electrodes was higher than the value in the centre
(5.037 uT). The slight movement of the arc did not seem to significantly affect the
magnetic field.

5. Discussion

This study investigated numerical modelling of thermal plasmas based on MHD.
A model for non-relativistic velocities was derived from the Maxwell equations. The
magnetic induction equation was then transformed to a vector potential form which is
more suitable for numerical simulations, as it has a form of the transport equation and
a simple definition of its source terms. For the temperatures higher than approximately
5000 K, it is necessary to include a radiation model as the radiation becomes an im-
portant part in energy distribution. The most common model used in plasma
simulations is a model based on NEC.
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B[uT]
12.189
9.142
6.094
3.047

0.000

Fig. 7 The magnitude of the magnetic flux density in 3D (left side)
and in a 2D cut (right side) which is situated in the middle between the contacts

Bx [uT] Bz [uT]
4.602 4.790
4.091 4.280
3580 3.770
3.069 3.259
2.558 2.749
2.047 21239
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-1.019 1.333
-1:530 138
-2.041 2883
2552 X
3064 3374
35575 3864
-4.086 2504
-4.597 -4.905
-5:108 .

Fig. 8 Components of the magnetic flux density in the x direction (left side)
and in the z direction (right side)

Early versions of simulations applied a lower current density which resulted in
a lower temperature of the electric arc. In those cases, the arc temperature was around
5000 K, which was the reason of a completely symmetric arc, as the Lorentz force
was negligible, and the material properties of the fluid did not vary considerably. The
current density was then increased so the whole phenomenon could be captured.

Even in the present case, the arc was symmetrical during low temperatures. As
soon as the mentioned temperature of approximately 5 000 K has been surpassed, there
was a sudden change in the shape of the arc, as the material properties changed signif-
icantly, and the arc started to display a stochastic nature. The solution converged as
expected, nevertheless this change in the shape of the arc should still be examined
further.

With the increasing distance between the contacts, the arc started to bend into
a certain direction. The bending was most likely the result of boundary conditions at
the walls of the air region. As the gas expanded in the arc, the pressure outlet ensured
a flow out of the region and so the arc bent in the direction of the flow. The possible
solution to this problem is to change the boundary condition from a pressure outlet to
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a wall with constant temperature. Also, a small vent should be created, so the pressure
inside the region wouldn’t increase constantly.

In this case, the Lorentz force does not affect the movement of the arc signifi-
cantly. To properly see the differences between these models, it would be necessary to
change the geometry to allow a larger movement of the arc, increase the current densi-
ty or use an alternating current with high frequency. This means that in a case of a low
velocity of the plasma or a low current density, it is not always necessary to resolve
the magnetic field, as the field will not affect the accuracy of the results. From the
simulations it is possible to conclude that the custom MHD model resembles the
built-in model. While the simulations showed promising results, it would be beneficial
to compare the results with real experiments, which could lead to possible adjust-
ments. Still, the model can be used as a base for the next research in plasma dynamics
or generally for magnetohydrodynamic simulations.

The description of electromagnetic field used in MHD might be also useful for
coupled simulations in electron microscopy. As these phenomena occur in a vacuum,
the electromagnetic field cannot affect any flow, but these equations can be used for
modelling electromagnetic coils directly in FLUENT by defining a current density
condition inside solid regions of coils. This means, that there would be no need for
exporting the magnetic field data from MAXWELL to FLUENT. A second application
might be found in directly investigating electromagnetic fields created by electrons. As
electrons are charged particles, they create an electric field and by their movement
they also create a magnetic field. This means it would be possible to investigate the
effects of these fields on electrons and investigate induced fields in surroundings.
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