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MAGNETOHYDRODYNAMIC MODELING OF DIRECT CURRENT ARC
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Abstract. This paper proposes a magnetohydrodynamic arc model for direct current arc interruption
simulation in a low-voltage switch with a contact bridge design. Arc voltage and current for the
interruption of an initial current and voltage in the 800 V and 800 A range are compared and differences
discussed between the simulation and an experiment. The arc is successfully quenched in the simulation,
but discrepancies between simulation and experiment may be attributable to erosion modeling.
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1. Introduction
Higher battery voltages of up to 800 V are being used
to enable increased power flows to achieve faster charg-
ing times of battery electric vehicles (BEVs) [1]. These
increased voltages and power flows introduce new chal-
lenges for mechanical direct current (DC) switches, as
they must oppose the battery voltage to extinguish the
arc that is created when opening the current-carrying
contacts during a switching operation. The switch
has to drive and maintained the arc voltage above the
battery voltage until the current reaches current zero.
Therefore, in order to design efficient and reliable DC
switches capable of handling the increased power flows
and voltages, a fundamental understanding of DC arcs
is essential [2].

Experimental measurements of relevant parameters
on electric arcs are challenging due to arc core temper-
atures typically exceeding 10 000 K, high local pressure
gradients and arc dynamics. Therefore, spatially and
temporally resolved magnetohydrodynamic (MHD)
arc models offer a promising addition to experimen-
tal investigations and may reduce time and expenses
involved in the development of DC switches [3].

The design principle and functioning of a DC switch
depends on the application and its requirements. Re-
quirements include the voltage level, maximum rated
interruptible current, number of switching cycles, low
operating current losses, size and cost of the switch [4].
Traditional alternating current (AC) switch designs
do not meet the requirements of BEVs, since suitable
switches have to be compact in size and weight, allow
a comparably high number of switching cycles, and
have to be able to interrupt comparably high DC cur-
rents at a rated voltage of 800 V. Designs differing
from typical AC designs are explored in order to meet
these challenges, with one being the so-called contact
bridge design (Figure 1) [5–7].
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Figure 1. Schematic side view of a switch with a
contact bridge design and its key components.

Due to the variety of switch designs and operating
principles, MHD arc simulations must be parameter-
ized and verified for each individual switch design.
Previous works have focused on modeling switching
arcs in AC switches for various switch designs and
function principles [8–10]. The applicability of these
existing parameterizations to a low-voltage switch
with a contact bridge design is still unknown. The
existing literature on contact bridge design models has
focused on individual modeling aspects such as distri-
bution of magnetic field [11], actuator design [12], and
current zero crossing of an AC current [13], without
consideration of arc interruption for DC current.

In this work, an MHD arc model for simulation of
DC current interruption in a low-voltage switch with
a contact bridge design is developed. The interrup-
tion performance of the simulation is evaluated for a
typical operation profile and compared to an experi-
mental result with possible explanations for deviations
between experiment and simulation being discussed.
We present the switch geometry and model setup in
Chapter 2 and explain the method in Chapter 3. In
Chapter 4, we present and discuss the results. Finally,
we give a conclusion in Chapter 5.
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2. Arc model
2.1. Geometry
The geometry consists of two terminal contacts, which
are connected by a contact bridge (Figure 1). When
opening the contacts, the contact bridge moves away
from the terminal contacts igniting two arcs. Per-
manent magnets are located across the contact gap,
thus creating a magnetic field. This magnetic field
is orthogonal to the arcs and drives the arcs out of
the contact gap. The arcing chamber is filled with air
at atmospheric pressure and enclosed in a polyamide
(PA) housing. The geometry is surrounded by an air
box with the dimension 70 mm × 53 mm × 33 mm.

2.2. Governing equations
An MHD approach with the assumption of local ther-
modynamic equilibrium is used to model the thermal
plasma with turbulence being accounted for by the re-
alizable two-layer k-ϵ model. Therefore, the equation
of mass is considered as follows:

∂ρ

∂t
+ ∇ · (ρv̄) = Sm,PA (1)

with ρ representing the gas density, v̄ the mean veloc-
ity and Sm,PA the polymer ablation mass source term.
The momentum equations are represented by:

∂ (ρv̄)
∂t

+ ∇ · (ρv̄ ⊗ v̄) = ∇ · (p̄modI)

+ ∇ ·
(
T̄ + T̄RANS

)
+ fL (2)

with the modified mean pressure p̄mod = p̄ + 2
3 ρk,

where p̄ is the mean pressure and k the turbulent
kinetic energy. Furthermore, I is the identity tensor,
T̄ the mean viscous stress tensor, T̄RANS the stress
tensor and fL the Lorentz force density. The energy
equation is:

∇ ·
[
ρĒv̄ + p̄modv̄ −

(
T̄ + T̄RANS

)
v̄ + q̄

]
+ ∂ρĒ

∂t
= Sj + Se,PA − ∇ · qrad (3)

with the mean total energy Ē, the mean and radiative
heat fluxes q̄ and qrad and the source terms for the
Joule heating Sj and polymer ablation Se,PA. The
transport equation for the kinetic energy is:

∂(ρk)
∂t

+ ∇ · (ρkv̄) = ∇ ·
[(

η + ηt

σk

)
∇ · k

]
+ Pk − ρ (ε − ε0) (4)

with the dynamic and turbulent eddy viscosity η and
ηt. Finally, the transport equation for the turbulent
dissipation rate ε is:

∂(ρε)
∂t

+ ∇ · (ρεv̄) = ∇ ·
[(

η + ηt

σε

)
∇ · ε

]
+ 1

Te
Ce1Pε − Ce2f2ρ

(
ε

Te
− ε0

T0

)
(5)

Band λl (nm) λu (nm)
1 33.3 85.3
2 85.3 91.2
3 91.2 102
4 102 160.5
5 160.5 194.5
6 194.5 324.8
7 324.8 10 000

Table 1. Band limits.

with the k-ϵ model turbulence value ε0, coefficients
σε, σk, Ce1, and Ce2, production terms Pε, and Pk,
damping function f2, specific and large-eddy time
scale T0 and Te.

The equations are coupled with the equation for the
electric scalar potential ϕ and the equations for the
magnetic vector potential A via the temperature and
pressure dependent electrical conductivity σ, Lorentz
force fL = J × B and Joule heating Sj = J · E with
J = −σ∇ϕ being the electric current density, E =
−∇ϕ − ∂A

∂t the electric field, and B = ∇ × A the
magnetic field. The electric potential equation is:

−∇ · (σ∇ϕ) = ∇(σ ∂A
∂t

) + ∇ · Jex (6)

with Jex = Jbc +∇× 1
µ Br accounting for external elec-

tric current density sources which are electric current
densities defined as boundary condition Jbc (see sec-
tion 2.3) and from the permanent magnets with Br rep-
resenting the permanent magnet remanent magnetic
flux density and µ = µrµ0 the magnetic permeabil-
ity dependent on the vacuum magnetic permeability
µ0 and the relative magnetic permeability µr. The
magnetic vector potential equation is as follows:

∇ × 1
µ

∇ × A + σ
∂A
∂t

= −σ∇ϕ + Jex. (7)

Radiation is modeled spatially and spectrally in-
dependent. The radiative heat flux is solved by the
discrete ordinate method and the spectral part is sim-
plified using mean absorption coefficients that are
calculated for seven bands (see Table 1) using the
Planck mean [14]. The band limits are derived using
the method from [15].

Polymer ablation is modeled as in [9, 15]. The
ablation mass source term is:

Sm,PA = qwAw

Vc∆heff,PA
(8)

with qw being the net radiative wall heat flux, Aw
the face area of the cell, and Vc the volume of the
cell where the source term is applied. The sum of
the bonding energies of PA is used for estimating the
effective ablation enthalpy ∆heff,PA = 12.5 MJ kg−1

[15, 16]. The energy source term is calculated from the
PA enthalpy difference of the solid and vaporized PA at
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Figure 2. Equivalent electric circuit diagram.

the local pressure p and their respective temperatures
Tsolid,PA and Tvapor,PA:

Se,PA = Sm,PA(hPA (p, Tvapor,PA)
− hPA (p, Tsolid,PA)) (9)

The source terms are applied to the boundary layer
in the air at the interface to the PA housing. The
propagation of the PA vapor is modeled with the
transport equation for the mass fraction ϕPA:

∂

∂t
(ρϕPA) + ∇ · (ρϕPAv̄) = ∇ · jPA + Sm,PA (10)

Contact erosion is neglected due to numerical sta-
bility reasons.

All equations are solved for finite volumes except
the magnetic vector potential which is solved for finite
elements. The electric current density and magnetic
field are interpolated between the tetrahedral mesh
for the finite elements and the polyhedral mesh for
the finite volumes via the method of least squares.

2.3. Boundary and initial conditions
For the DC switch investigated in this paper, only the
initial current and the system voltage are specified
as boundary conditions, with the aim of investigating
arc interruption behavior of the switch. To calculate
the arc model input current corresponding to the
model arc voltage at each time step, the arc model is
coupled with an electric circuit model. The coupling
is achieved by passing the arc voltage of the arc model
varc as input parameter to the electric circuit model
and the current of the system is in the electric circuit
model as input parameter to the arc model. The
current is set as external electric current density flux
in the electric potential equation at one electrode in
the arc model, while the other electrode serves as
reference potential with the eletric potential being
set to 0 V. Since the current-voltage-characteristic of
a switching arc is essentially ohmic [17], the arc is
represented by a resistor with the resistance rarc = varc

is
in the electric circuit model. The circuit is completed
by a voltage source representing the system voltage Vs,
the electrical system inductance Ls and resistance Rs
(Figure 2). After the initialization of the arc model,
the arc voltage typically exhibits a steep voltage slope
due to the numerical equations stabilizing. This is
a consequence of the model’s initialization process
and does not reflect the behavior of physical arcs.

Therefore, the MHD arc model and electric circuit
model are only coupled once the model arc voltage
has stabilized after a number of time steps.

The current density-dependent voltage characteris-
tic from [8] is used for implementing the fall voltage:

Vfall = caJA + cbJA
2

cc + JA
2 (11)

The characteristic curve depends on the electric cur-
rent density JA at the interface between electrode and
plasma and the coefficients ca = 3×108, cc = 1.1×1014

and cb with cb = 5 at the anode and cb = 10 at the
cathode [8]. The characteristic curve is implemented
at the electrode-plasma interfaces.

Contact motion is implemented via morphing and
remeshing. The mesh is morphed until either the cell
volume or cell quality falls below a defined threshold
which triggers a remeshing. Additionally, the mesh
is remeshed at least every 300 time steps to ensure
a generally high mesh quality. Contact bridge open-
ing velocity is 1 m s−1, based on the experimental
measurements.

The arc formation with its transition from molten
metal bridge to metal vapor arc is out of scope for this
paper. However, the transition from a metal vapor
arc to a gas arc occurs at around 0.01 mm to 1 mm
contact distance depending on the contact material
and ionization energy of the gas atoms [18]. Therefore,
the initial contact gap distance is set to 0.1 mm with
the initial contact gap being filled with copper vapor to
represent the metal vapor arc. The transport equation
for the copper vapor propagation is analogue to the
PA vapor propagation (see (10)).

The thermodynamic and transport properties of air-
PA-copper mixture are modeled dependent on temper-
ature, pressure, copper mass fraction, and PA mass
fraction with the data from [19].

The arc is initialized with a temperature profile [20]
that is applied to a channel between the electrodes.
The temperature profile has a core temperature of
15 000 K, with the temperature decreasing to 300 K
ambient temperature in radial direction. The time
step size is 1 µs.

The model is setup in the software framework Sim-
center STAR-CCM+.

3. Method
The simulated arc behavior is investigated using a
typical operation profile for a BEV with a source volt-
age in the range of 800 V and an initial current in the
range of 800 A. Arc voltage varc and current iarc of
the simulation are compared to those of an exemplary
experiment using the same operation profile. To eval-
uate and discuss the arc behavior in the simulation,
the mean pressure in the arc chamber pacm is visu-
alized alongside the arc core location in the contact
gap. Mean pressure and arc core location are not
determined in the experiment.
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Figure 3. Experimental and simulation arc voltage varc
(top) and current iarc (center) over time normalized for
the source voltage and inital current of the operation
profile. Simulation mean pressure in arc chamber pacm
over time (bottom).

To determine the arc core location in the center
plane of the contact gap, the point of maximum cur-
rent density is used. For visualization purposes, the
plane is divided into 50 equally sized regions in each di-
mension, and the number of maximum current density
points in each region is counted for each arc, respec-
tively. Since each point counted corresponds to one
time step, this also visualizes the cumulated total arc
time at each location.

4. Results and discussion
The arc ignition in simulation and experiment occurs
at 0 ms. The initial arc voltage in the simulation is
twice as much as the arc voltage of the experiment
(Figure 3). The difference can be attributed to the
initial contact gap and the constant bridge opening
velocity in the simulation, as opposed to the experi-
ment where contacts start closed and the bridge must
first accelerate. This results in a larger contact gap
in the simulation compared to the experiment until
approximately 1 ms, leading to a higher arc voltage.

At approximately 1.5 ms, the experimental arc volt-
age increases rapidly. At this point in time the arcs
are moved out of the contact gap, elongating and
thus increasing the arc voltage. However, once the
arc voltage is higher than the breakdown voltage of
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Figure 4. Top view of arc chamber with the total arc
core time at location in the center plane of the contact
gap. The terminal contacts above the center plane
are indicated by the black dash circles and the contact
bridge below the center plane is indicated by the black
dash rectangle.

the contact gap, the arcs reignites in the contact gap
as indicated by a steep decrease in experimental arc
voltage sometimes by as much as 50 % e.g. at approx-
imately 1.9 ms. From this arc voltage decrease in the
experiment, we can approximate that the arcs elon-
gate at least twice the length of the contact distance
as can be seen in arc recordings in similar geometries
[11, 21, 22]. This arc behavior is not observed in
the arc simulation. When the arcs are moved out of
the contact gap in the simulation at approximately
1.5 ms, no significant increase in arc voltage is dis-
cernible. This is possibly due to a—compared to the
experiment—shorter elongation of the arcs. This is
illustrated by the heat map of the arc locations in the
center plane of the contact gap (Figure 4). While the
arcs move to the edge of the contacts, as is expected
due to the Lorentz forces of the permanent magnets
and the magnetic field of the other respective arc,
the distance of the arc cores to the contacts is small
compared to the overall distance to the housings wall.

The arc elongation increases the overall mean arc
voltage. Hence, the experimental arc current is de-
creased to 40 % of the initial current by 2 ms, whereas
the simulated arc current is only decreased to 70 % by
that time. A possible explanation for the insufficient
elongation of the arcs in the simulation is the absence
of contact erosion in the simulation. Contact vapor
strongly increases emission from the arc core [23], thus
arc movement might be increased. Furthermore, the
velocity of the contact vapor due to erosion processes
[24] might also further increase arc movement and
thus arc elongation.

During the arcing time, the arc influence leads to
polymer ablation from the housing walls and contact
erosion. This conversion of solid to gaseous material
leads to a continues pressure rise in the arc cham-
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ber, thus decreasing electrical conductivity and sub-
sequently an increase in arc voltage. Furthermore,
the PA and contact vapor alter the plasma composi-
tion. PA contains hydrogen that is released during
the ablation process. Hydrogen, having a compara-
tively high thermal conductivity, facilitates faster heat
distribution in the arc chamber and extracts energy
from the arc core, aiding in arc quenching [25, 26].
This effect is enhanced by the contact metal vapor
increasing radiation emission from the arc core, thus
further extracting energy from the arc core [23]. The
cumulative effect of these processes can be observed
in the increasing mean arc voltage over time in the
experiment. The simulation arc voltage also exhibits
this effect, albeit at a slower rate. Again, the expla-
nation of this discrepancy may lie in the absence of
erosion and its influences in the arc model. Another
contributing factor might be the lower elongation of
the simulation arcs and thus greater distance to the
polymer housing walls compared to the experimental
arcs, which might lead to lower ablation rates in the
simulation compared to the experiment. However, an
overall increase in pressure can be observed (Figure 3).

In the experiment, the processes described lead to
a decreasing current with current zero being reached
at approximately 2.75 ms. Due to the overall slower
increase in simulation arc voltage, the time to reach
current zero in the simulation is with approximately
6.8 ms higher compared to the experiment.

5. Conclusion
The proposed MHD arc model for a low-voltage switch
with contact bridge design is able to successfully
quench a DC fault current of a typical operational
profile in the 800 V and 800 A range. However, the
current interruption time is higher by a factor of 2.5
compared to the experiment. Overall, the simulation
shows promising results. However, further insights are
needed regarding the insufficient arc elongation of the
simulation. Future development of the model aims to
include contact erosion, which is currently considered
the most influential phenomenon that explains the
discrepancy between simulation and experiment.
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