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Abstract. To meet the decarbonization objectives set forth by the European Union, the aerospace
sector is engaged in the development of a novel category of regional hybrid aircraft that integrates
advanced DC technologies alongside conventional systems. This publication presents the proposed direct
current (DC) system of the next-generation hybrid aircraft focusing on one of the protection elements
developed for the kilo-volt DC (KHVDC) network, namely a mechanical contactor. The contactor
design, its key characteristics as well as the chosen numerical model are presented and discussed in
detail. The magnetohydrodynamics (MHD) model, details and focuses on a solution that integrates two
distinct Ansys software packages, Fluent and Electronics Desktop (Maxwell 3D), chosen to enhance the
electric arc modeling in non-linear magnetic environments. The qualitative results obtained from the
numerical model will be discussed against experimental observations.
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1. Introduction
The reduction of Greenhouse Gas (GHG) emissions
and other pollutants is a critical objective for the
aviation industry. Driven by the environmental tar-
gets set forth by the European Union, which must
be integrated into the prospective development of the
aeronautics market, the transition towards a more-
electric aircraft is already underway on some of the
existing airplane models. Nevertheless, to comply
with the -30% net GHG emissions reduction by 2035
imposed by EU, additional measures are required.
The Hybrid Electric Regional Aircraft Distribution
Technologies (HECATE) project [1], part of the Clean
Aviation program, aims to develop certifiable electric
distribution systems and components capable of en-
abling the next step in airplane electrification, namely
the hybrid-electric propulsion for regional airplanes.
The systems and their components must reach TRL5
by the end of 2025 and should allow good scalability
for future development. The chosen electrical archi-
tecture [2], schematically represented in Figure 1, is
developed to work with direct currents (DC) and com-
prises 3 voltage levels: the KHVDC level at 800 V DC
is foreseen for propulsion and distribution, the HVDC
at 540 V DC is reserved for high-power non-propulsive
loads and the LVDC level at 28 V DC will be used to
supply all conventional loads on the plane.

The protection of the KHVDC system is provided by
an integrated solution where several smart electrome-
chanical devices are coordinated to cut-off the current
according to a predefined sequence. The system mon-
itoring and device trigger sequence are ensured by an
integrated electronic control unit. Although the com-
plete layout and components of the KHVDC network
are still under development, short circuit currents
of up to 10 kA are expected to occur in the worst-
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Figure 1. Chosen electrical arhitecture for hybrid-
electric regional airplanes in project HECATE [2]

case scenario. The following sections will present the
contactor design, detail the numerical model and its
assumptions, and discuss the preliminary results of
this research.

2. Contactor design and experimental
setup

The contactor developed for the KHVDC level pro-
tection is presented in a simplified manner in Fig-
ure 2. The architecture of the device was developed
to consider the conditions imposed by a DC switch-off
procedure. In this context, the lack of a current-zero
crossing along with the anticipated high short-circuit
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Figure 2. Inner layout of the contactor design; outer
housing is dismissed for visualization purposes

currents impose significantly shorter switch-off du-
rations, typically on the order of few milliseconds
depending on the specific network configuration [3, 4].
Nevertheless, it is important to note that the contactor
described in this publication is intended for the switch-
off process under nominal voltage, i.e. 800 V DC,and
nominal, i.e. 250 A, or moderately over-current con-
ditions. Each contactor contains two breaking units
designed to interrupt at 400 V DC and each unit has a
double break structure with fixed and mobile arcing
contacts, made from a copper base and silver tips,
and four arcing chambers with ferromagnetic splitter
plates. The contactor case, not shown in Figure 2 for
better visualization of the arcing chambers, has PA66
walls and remains predominantly closed, with the ex-
ception of a minor opening surrounding the trigger
pin.

To optimize the displacement of the electric arc
and minimize the total commutation time, a very
important feature of this design is the integration
of permanent magnets positioned around the arcing
contacts and along the arc runners, as shown in Fig-
ure 2. All permanent magnets are positioned inside
the contactor case to protect them from the thermal
stress generated by the electric arc. The preliminary
analysis of the magnetic field distribution within the
arcing chamber revealed significant spatial variability,
as illustrated in Figure 3. The regions proximal to the
contactor case walls, where the permanent magnets
are located, exhibit a magnetic field strength ranging
from 200 mT to 240 mT. In contrast, the central re-
gions show a reduction in magnetic field strength to
approximately 120 mT.

The experimental setup designed for the contactor
testing consists of a sealed chamber used to test the
contactor interruption process and arcing conditions
at different altitudes, an external circuit to generate
the test currents, several measurement devices, and
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Figure 3. Top view of the magnetic field distribution
created by the permanent magnets (PM) inside the
arcing chamber on a xy-plane situated 1mm above the
mobile contact

a specialized circuit for controlling the device under
test and the measurement trigger sequence.

3. Numerical model
As described in section 2, within the context of this
particular application, an accurate representation of
the magnetic field computation is imperative. While
magnetic field effects are incorporated into numer-
ous magnetohydrodynamic (MHD) numerical models,
the majority of these models often simplify this con-
sideration. Simplifications are performed by either
assuming a uniform magnetic field throughout the
computational domain [5] or adopting simplified ma-
terial parameters for ferromagnetic parts present in
the computational domain. Only a limited number
of numerical models, e.g. [6], consider a dedicated
solver for the computation of the electromagnetic field
distribution.

The numerical model developed to facilitate the con-
tactor research within the HECATE project addresses
this challenge by connecting and transferring data be-
tween two dedicated solvers developed by Ansys Inc.
The first solver, handling the fluid-dynamics compo-
nent is represented by Fluent, a well-established and
robust finite volume solver utilized for the simulation
of electric arc phenomena. The second computational
solver is represented by Maxwell 3D, part of the Ansys
Electronics Desktop suite. This finite element solver
is used to calculate the electromagnetic aspects for
this MHD problem. The communication and the data
transfer between the two solvers is managed by the
Ansys Coupling interface, a general purpose package
developed by Ansys for coupling independent physics
solvers into multiphysics simulations.

To optimize computational time, the contactor ge-
ometry was adapted for numerical modeling by elimi-
nating or reconfiguring specific elements considered to
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Figure 4. Numerical model domains and boundary
conditions for Fluent and Maxwell

have a minimal impact on the overall flow dynamics
of the electric arc. Additionally, given that the two
arcing chambers depicted in Figure 2 are linked by
a single narrow opening, assumed to have a minimal
impact on flow dynamics within the arcing volume,
the initial phase of the modeling process focused only
on modeling a single arcing chamber along with its as-
sociated components. The final geometry used for the
numerical modeling discussed in this paper is depicted
in Figure 4.

The subsequent sections will detail the setup se-
lected for each solver. However, prior to this, some
general remarks concerning this model will be given:

□ As the model is solved using two distinct software
environments, it was mandatory to adapt several
geometry elements and the boundary conditions to
align with the requirements of each solver. This
implies that not all physical elements described in
Figure 4 need to be included in the problem defi-
nition of both solvers. Only the domain of interest
where the data transfer occurs, i.e. the Fluid do-
main in Figure 4 has to be present for both solvers;

□ The configuration of the model’s physics, particu-
larly within the Fluent setup, is maintained at a
moderate level. This decision is attributed to the
focus on the solvers coupling and the subsequent
increase in complexity that this coupling introduces;

□ The model presented in this publication is valid
only for ground-level conditions, i.e. the pressure
outside the device is considered to be atmospheric
pressure.

3.1. Fluid domains setup
The hydrodynamic solution of the numerical model
is computed using Ansys Fluent, where, in addition
to the gas flow dynamics, the model also solves for
the energy transport. The system of equations in-
cludes the influence of the Lorentz force (FL), the
Joule heating (Pj), the radiation losses (qrad) and is
characterized by the following system of equations:
□ Mass conservation:

∂ρ

∂t
+ ∇⃗ · (ρv⃗) = 0 (1)

□ Momentum conservation:
∂ρv⃗

∂t
+ ∇⃗ · (ρv⃗ · v⃗) = ∇⃗ · (η∇⃗v⃗) − ∇⃗p + FL (2)

□ Energy conservation:
∂ρH

∂t
+∇⃗·(ρHv⃗) = ∂p

∂t
+∇⃗·

(
λ

cp
∇⃗H

)
+PJ −qrad (3)

In the presented approach, the Lorentz force and Joule
heating values, present in the momentum and energy
equations, are imported from the electromagnetic so-
lution via the Ansys System Coupling, as described in
subsection. 3.3. The Fluent solution includes beside
the Fluid computational domain also the electric con-
tacts, the splitter plate system, and the arc runners
as solid domains; however, the heat transfer from the
fluid to these solid domains is currently constrained.
The Fluid domain from Figure 4 is modeled as air
with its viscosity, thermal conductivity and electric
conductivity varying as a function of temperature and
pressure [7], specific heat set as a function of temper-
ature for atmospheric pressure and the density set
by the ideal-gas equation. The Fluid domain is en-
closed by walls and includes a single outlet where an
atmospheric boundary condition with a temperature
of 300 K is imposed. The radiation losses, qrad in (3),
are treated using the net emission coefficients (NEC)
method with values according to [8] for a radius of
0.1 mm as a function of temperature for atmospheric
pressure. The arc initialization is achieved by patch-
ing a cylindrical region of radius 0.5 mm, located at
the center of the stationary and mobile contacts, with
a temperature of 10 000 K.

3.2. Electromagnetic domains setup
The electromagnetic solution of the model is com-
puted by the Ansys Electronics Desktop Maxwell 3D
magnetostatic solver that solves the following Maxwell
equations [9]:

∇ × H⃗ = J⃗ (4)
∇ · B⃗ = 0 (5)

with the constitutive material relationship:

B⃗ = µ0(H⃗ + M⃗) = µ0µrH⃗ + µ0M⃗p (6)

where H⃗ represents the magnetic field strength, B⃗ the
magnetic flux density, J⃗ the current density, M⃗ the
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permanent magnetization and µ0 and µr the vacuum
and relative permeability. The resulting electromag-
netic force generated on a current carrying conductor
in a magnetic field is computed using (7), while the
Joule heating are computed using (8).

F⃗L =
∫

V ol

J⃗ × B⃗ dV (7)

PJ =
∫

V

(E⃗ · J⃗) dV (8)

In Maxwell, the Conductive Fluid domain from Fig-
ure 4 overlaps, from a geometric point of view, with
the Air domain defined in Fluent and is considered a
static fluid with spatially dependent electric conduc-
tivity defined according to the values received from
Fluent through the Ansys System Coupling. The in-
put current, in this case 200 A due to the initial project
requirements, is set on the outer edge of the fixed con-
tact while the current output is set on the outer edge of
the mobile contact. The conductive path, required for
the model initialization, is closed through a conductive
cylinder positioned between the stationary and mobile
contacts. The permanent magnets are characterized
by a magnetic coercivity of 820 000 A m−1, whereas
the ferromagnetic splitter plates consider a nonlinear
magnetic permeability set according to a predefined
B-H curve provided by the manufacturer. The entire
model is enclosed by a vacuum region, not represented
in Figure 4, used exclusively for the electromagnetic
field calculations.

3.3. System coupling setup
The integration of the two solvers is facilitated by
Ansys System Coupling, a general-purpose interface
designed to connect two or more physics solvers within
a multiphysics analysis. In this specific case, it en-
ables the exchange of heat losses and Lorentz forces,
computed by Maxwell, and electric conductivity and
temperature, computed by Fluent as described in Ta-
ble 1. The data coupling takes place within the Fluid
region, including the arc ignition region.

Source Target Variable
1. Fluent Maxwell Electric Conductivity (σ)
2. Fluent Maxwell Temperature (T)
3. Maxwell Fluent Lorentz Force (FL)
4. Maxwell Fluent Heat Rate (PJ)

Table 1. Ansys System Coupling data transfer

An effective data transfer between the two solvers
requires a relatively good overlap between the mesh
defined in Fluent and Maxwell. It is important to
consider this aspect because, in this case, two distinct
mesh types will be generated. The Fluent mesh is
defined prior to the computation and remains static
throughout the entire solving process. Conversely, the
Maxwell mesh is initialized with user defined values

that are used to generate an initial mesh that under-
goes local refinement during the solving process. For
the case analyzed in this publication, in Fluent was
defined a tetrahedral mesh with approximately 700000
elements and different degrees of refinement for the
areas where higher gradients were expected, e.g. arc
ignition, splitter plates surroundings. The mesh set
in Maxwell has an initial number of approximately
80000 elements and to reach convergence will usually
perform a 3 step refinement increasing the mesh den-
sity up to approximately 160000 elements. With these
settings, a mapping of more than 94 % is achieved for
the data sent from Fluent to Maxwell and above 99 %
for the data sent from Maxwell to Fluent.

The model was solved in transient mode with a
total duration of 1.5 ms using a variable time step for
numerical stability reasons. All computations were
performed on an HPC cluster using 48 to 64 cores for
Fluent and 4 to 8 cores for Maxwell.

4. Results
The results presented in this publication should be
considered primarily qualitative for two main reasons.
One reason relates to the experimental program that
is conducted using a fully developed prototype that
does not allow a good separation of effects or, in some
cases, specialized observations. The second reason
relates to the simulation model that, as mentioned
in section 3, has a moderate complexity and remains
under development, requiring the implementation and
refinement of certain physical effects, e.g. radiation
modeling or electrode movement, before conducting a
proper qualitative comparison with the experimental
data.

4.1. Experimental results
The experiments performed by our project partners
from Safran Electric and Power, within a pressur-
ized chamber demonstrate a reliable arc quenching
procedure at different altitudes up to 16.7 km. The
arc quenching duration is ≈ 1.5 ms at ground level,
≈ 2.5 ms at 13.7 km (45 kft), and ≈ 2.8 ms at 16.7 km
(55 kft). According to the preliminary analysis of
the experimental results, we have observed four main
phases of the arc development from its inception to
its quenching. The stages were defined as:
□ Phase 1: represents the formation of the arc column

in the time interval starting from the initial onset
of the arc to the formation of a fully developed arc
column;

□ Phase 2: defined as the contact phase, denotes the
time interval when the arc is accelerated from its
initial position up to the time when it reaches the
outer edge of the mobile contact;

□ Phase 3: defined as the expansion phase, represents
the time interval when the arc elongates and moves
from the edge of the mobile contact onto the arc
runner;
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□ Phase 4: or the splitter phase, defined by the time
interval when the arc enters the splitter plate system
until its quenching.

For the experiments at ground level, representative
for the comparison with the numerical model, initial
observations suggest that the arc exhibits a static
behavior during Phase 1 that has a duration of ≈
0.5 ms. Conversely, upon the establishment of the
arc column and the initiation of Phase 2, the arc
exhibits an extreme acceleration that moves the arc
almost to the edge of the contact within ≈ 0.09 ms
to ≈ 0.12 ms followed by a deceleration period up to
≈ 0.2 ms when the Phase 2 ends. Phase 3, with a
duration of ≈ 0.5 ms, is characterized by a certain
delay in the arc displacement before moving on the
arc runner. During the final phase, with a duration of
≈ 0.3 ms, the arc presents an efficient propagation and
interaction with the splitter plate system, resulting
in an effective quenching. Nonetheless, the results
presented herein should not be considered definitive,
as they are subject to additional enhancements that
are foreseen in the experimental program.

Another noteworthy observation from the post-
experiment contact analysis indicated that the arcing
contacts exhibited regions with significantly higher
erosion relative to their adjacent areas. This behavior
is illustrated in Figure 5 where two distinct post-arcing
structures are visible. The first structure, delineated
in red, exhibits a contact surface area with significant
material erosion. In contrast, the second region, de-
lineated in blue, presents evidence of arc or plasma
interaction with significantly less material erosion.
These areas, positioned towards the contactor case
wall, represent regions of direct and indirect interac-
tion between the arc and the electrical contact. It
can be inferred that during the contact phase, follow-
ing its formation, the arc moves towards the contact
edge under the influence of the electromagnetic forces.
Towards the end of this phase and the beginning of
the expansion phase, the arc presents a stagnation pe-
riod causing high material erosion of the contacts and
imposing substantial thermal stress upon all nearby
components.

4.2. Simulation results
The simulation results, presented in the following,
focus mainly on the Phase 2 up to the point where
the arc column elongation starts at the beginning of
Phase 3, as defined in section 4.1. The intention is
to provide, from a simulation perspective, theoretical
explanations for the dynamics of the arc movement
and the experimentally observed contact erosion.

In Figure 6 the simulation results for two differ-
ent time steps considered relevant for the interpreta-
tion of the experimental observations are presented.
The images mark the arc position by plotting the
10 000 K (orange) and the 7000 K (green) temperature
isotherms along with the flow velocity vectors (blue)
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Figure 5. Contact erosion due to arcing in experiments
conducted with a real contactor

and the pressure wave formed by the arc expansion
(grey).

The arc is initialized at a central location between
the two open contacts as illustrated in Figure 6a by
the dotted circle and lines. Due to the initial contact
separation, the arc channel expands rapidly and gen-
erates a pressure wave in both positive and negative
x-directions. As a consequence of the arc initialization
and the fast column expansion, the electromagnetic
forces induced by the permanent magnets will exert,
almost instantly, a significant force that accelerates
the arc column in the positive x-direction. For this
specific case, given a contact distance of 1.7 mm, the
mean electromagnetic force exerted on the arc column
is approximately 130 mN. Under these conditions, the
arc will present at first an strong acceleration, that
moves its column close to the contact edge within
70 µs, a time interval with ≈ 30 % lower than the one
observed in the experiments. Within this time inter-
val, the arc remains relatively well centered between
the contacts and its forward acceleration is sustained
by both the electromagnetic forces and the fluid dy-
namics, i.e. the majority of the fluid velocity vectors
are oriented in the positive x-direction.

Subsequent to this stage, the pressure wave, having
propagated to the rear of the splitter plate system,
initiates a reverse flow directed towards the arc col-
umn. As it increases, this reverse flow counteracts
the electromagnetic forces, resulting in a deceleration
of the arc column’s movement. A secondary effect
created by the fluid dynamics relates to the displace-
ment of the arc column towards the outer wall of the
arcing chamber as the flow propagates towards the
lower pressure regions, e.g. outlet and left hand side
of the arcing chamber. In the near wall region, the arc
column will be subjected to higher magnetic forces,
see Figure 3, that will enhance the electromagnetic
force in the negative y-direction. According to our
observations, these cumulative effects will modify the
force distribution on the arc column, resulting in a
stagnation period for the arc at contact edge. In the
numerical model up to ≈ 150 µs that, most likely, is
responsible for the higher material erosion.
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Figure 6. Up and side view of the arc position, fluid
velocity vectors and pressure wave inside the arcing
chamber at different time steps

5. Conclusions
In this publication, we have conducted an analysis of
both experimental and numerical findings related to
the development of a contactor used for the protection
of the KHVDC system for hybrid regional aircraft.
The experimental program demonstrated the capabil-
ity of the contactor to interrupt nominal currents at
varying altitudes but it also revealed significant ma-
terial erosion and increased thermal loads in specific
regions of the device. The numerical model used the
multiphysics capabilities of the Ansys suite to create
a bidirectional coupling between the fluid-dynamic

and electromagnetic solvers over the domains of inter-
est improving the treatment of non-linear magnetic
field distribution for the presented contactor. The
model showed the effect of the hydro-dynamic and
electromagnetic force distribution on the arc column
dynamics and explained in a qualitative manner the
experimental observations. These results are relevant
for the future development of this contactor that will
take place by enhancing both the experimental and
numerical model in a coupled manner.
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