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Abstract.
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The technologies of spark gaps involve two distinct types of current: an impulse current that
simulates a lightning strike and a follow current resulting from the persistence of the arc after the
impulse. This study shows the behavior of the electric arc with 8/20 nus impulse current followed by a
200 A follow current, using both experiments and numerical tools. The geometry includes a pre-chamber,
a main chamber (without separators), and an open outlet. We developed a three-dimensional (3D)
numerical model to simulate the arc movement. This model is based on the assumption of local
thermodynamic equilibrium (LTE) and operates under unsteady conditions. In our experiments, we
use high-speed camera recordings and electrical measurements. A good agreement is observed between
the numerical model and the experimental measurements, both in terms of arc shape and arc voltage

values.
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1. Introduction

The increasing integration of electronic components
into electrical systems has significantly heightened
their sensitivity to overvoltages. To ensure effec-
tive protection of low-voltage equipment against such
surges, surge protective devices (SPDs) are commonly
used. One of the key components that ensures the
effectiveness of these devices is the use of nonlinear
elements such as spark gaps. The role of the spark
gap is to provide galvanic isolation in the absence
of overvoltage, and to offer a conductive path to dis-
charge excess energy to ground when an overvoltage
occurs [1].

The spark gap consists of two electrodes separated
by a small gap, ensuring galvanic isolation. One elec-
trode is electrically connected to the phase to be
protected, while the other is connected to the ground.
When an overvoltage occurs, an electric arc is triggered
between the two electrodes, creating a low-resistance
conductive path. This channel temporarily short-
circuits the phase to ground, allowing excess energy
to safely be dissipated. After the lightning impulse
has passed, the spark gap must return to its insulating
state. However, the electric arc does not extinguish
immediately, and a current continues to flow through
the gap. This current, known as the "follow current',
must be interrupted to prevent upstream protection
devices from activating, which would otherwise dis-
connect the power supply system.

Over the years, various systems have been developed
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to limit this follow current [1-6]. In this study, we
focus on a spark gap prototype that integrates an
arc-splitting chamber [2, 4-6]. In order to effectively
limit the current in such a device, the arc must move
from its ignition zone to the chamber, where it can be
segmented. It is therefore essential to investigate the
physical phenomena that can influence this movement.
However, the arc-splitting process itself will not be
addressed in this work.

Additionally, two types of current are generally used
when testing SPDs: an impulse current, representing
the lightning strike, and a follow current, which per-
sists after the impulse. According to standards [7],
several impulse waveforms can be applied, such as
8/20ns, 10/350 s, or 10/1 000 ps. The first number
refers to the rise time of the impulse to its peak, while
the second corresponds to the time for the current to
decay to half of its peak value. The duration of the
follow current depends on the timing of the impulse
relative to the mains voltage.

There are already previous studies focusing on air
spark gaps equipped with arc-interruption chambers,
subjected to different types of current impulses. No-
tably, the work of Ait-Amar [2] used a 10/350 ps,
14.5kA impulse wave coupled to a 255V — 50Hz
network. Both theoretical and experimental inves-
tigations were carried out. The theoretical study,
conducted at LTE, was based on the magnetohydrody-
namic (MHD) method without any specific treatment
in the regions near the electrodes. On the experi-
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mental side, voltage and current measurements were
taken, along with high-speed camera recordings. This
work mainly focused on the interruption capability of
the device. Ait-Amar compared surge protection tech-
nologies using spark gaps with arc-splitting chambers
to those using varistors. It was shown that compo-
nents protected by varistor-based surge arresters are
subjected to higher stresses due to a residual voltage
that remains high for several milliseconds after the
impulse.

One may also mention the work of Schneider [8],
who used an 8/20ps, 5kA impulse wave, without
follow current. The main objective was to validate
the model by comparison with experimental results.
The shapes and temporal positions of the arc observed
by high-speed camera, as well as the voltage curves,
were compared between the model and the experiment.
The results showed good agreement between the two.
The authors also emphasized the importance of mesh
refinement to accurately represent the flow velocity,
as well as the significant influence of plasma radiation
data on hydrodynamic phenomena.

Our study proposes to investigate a simplified model
of a spark gap equipped with an arc-splitting cham-
ber (without separators), using an 8/20ps current
impulse followed by a follow current. We will study
the transition between the impulse current and the
follow current in order to assess its influence on the arc
movement in a spark gap prototype we have designed.
The objective is to compare the results obtained by
our model with the experimental measurements, in
order to validate it.

In this context, we will first present the numerical
model and the geometric used. Next, we will describe
the experimental setup. Finally, we will compare the
results obtained from the simulation and experiment.

2. Model configuration

The work is dedicated to the design of a functional
surge arrester prototype. Through the model, it is
possible to access values of temperature, pressure, arc
voltage, as well as other physical quantities. It also
allows for the analysis of arc movement and all related
phenomena.

The model we developed is based on the magneto-
hydrodynamics (MHD) approach, which couples the
equations of fluid mechanics (mass, momentum, and
energy conservation) with the electromagnetic equa-
tions. For numerical resolution, we use the commercial
Ansys Fluent 2 023 software [9], which is based on the
finite volume method (FVM). It allows for the devel-
opment of User-Defined Functions (UDFs) to integrate
thermodynamic, transport, and radiative properties
as functions of temperature and pressure [10]. These
properties were obtained from internal calculations
carried out by the team. The properties used are
those of air.

Source terms in the conservation equations, such as
the Lorentz force (in the momentum equation), Joule

heating, and radiative losses (in the energy equation),
are also integrated using these UDFs.

Initial assumptions and geometry have been defined.
The following paragraphs will present the details.

2.1. Hypotheses

The plasma is modeled under the assumption of lo-
cal thermodynamic equilibrium (LTE), which allows
the use of only one energy equation to represent the
temperature of the medium. The flow is assumed to
be laminar, and the fluid is simulated in a transient
three-dimensional (3D) configuration. According to
experimental results we assume that the vapours ero-
sion is weak. So a pure Air medium is considered for
the calculation of the plasma properties. The radia-
tion will be taken into account using the net emission
coefficient [11] calculated with a sphere radius of 5 mm.

A specific treatment was applied to the regions
near the electrodes. These areas exhibit significant
voltage drops and may also deviate from the equilib-
rium assumption. However, since LTE is assumed
within the plasma medium, explicitly modeling a non-
equilibrium zone would be a particularly demanding
task. To overcome this difficulty, we implemented a
resistivity model based on the work of Lindmayer [12].
This method consists in imposing an effective conduc-
tivity in the regions near the electrodes, defined by
the following equation:
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where J is the current density, Ay the sheath thickness
(0.1mm), and AU a voltage drop derived from experi-
mental measurements performed on copper separators
as a function of the current density [12]. This method
allows for the inclusion of an additional voltage drop
when current passes through the material, in addition
to that of the arc column.

Regarding the use of an 8/20ps current impulse,
the strong current variation over a short period of
time led us to reassess the Ohm’s law equation used
in the model. The generalized form of Ohm’s law is
as follows:
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pressure, % %‘z : electron inertia, o: electrical con-
.

ductivity, B: magnetic field, n.: electron density, e:
electron charge, m, electron mass.

The goal is to compare each term in this expression
with the resistive term. The results showed that all
terms were negligible for a current amplitude of 5 kA,
in the context of an 8/20 us wave. However, beyond
5kA, the term related to the Hall effect becomes non-
negligible and may need to be considered. Ultimately,
all terms are negligible compared to the resistive term;
thus, only this term and the electric field E remain in
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equation 2. We retain the simplified form of Ohm’s
law, as seen in the work of [6, 8, 10]:

J=0E (3)

The conservation equations and electromagnetic
equations used are widely documented in the literature
[10, 13-16], and will therefore not be detailed in this
article.

Finally, arc initiation is not modeled as a dielectric
breakdown. Instead, it is modeled as a “fuse wire”
type ignition, that is, an initially defined channel with
high electrical conductivity. In our case, an arbitrary
temperature of 15kK at atmospheric pressure was
imposed to initiate the conductive channel, allowing
for sufficient electrical conductivity (o ~ 8.156 S/m)
to sustain the discharge.

2.2. Geometry

It includes an ignition zone with an inter-electrode dis-
tance of 1 mm, as well as a chamber not yet equipped
with separators, with a height of 10 mm. The width
of the device is 7.5 mm, with an electrode thickness of
2mm. The electrodes are arranged in such a way that
they gradually open as they extend toward the cham-
ber. The radius of curvature of the lower electrode
is 8 mm, while that of the upper electrode is 15 mm.
The area between the ignition zone and the chamber
will be referred to as the pre-chamber. The device
opens into an outlet, while the rear side is completely
closed. The geometry configuration is illustrated in
figure 1.

Open outlet

Figure 1. Geometry studied.

A mesh was constructed using hexahedral elements
merged with a few tetrahedral. This mesh consists
of approximately 850 000 cells, with a maximum cell
size of 0.2mm. According to Lowke and Tanaka [17],
0.1mm layer was defined to represent the voltage
drops caused by the anodic and cathodic sheaths.

To inject current into the electrodes, we applied
a boundary condition with uniform current density
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(J=1/S) on the rear surface of the lower electrode
(In), and a zero electric potential on the upper one.
The current introduced into the model comes directly
from experimental measurements.

We will now present the experimental setup we
built, as well as the measuring instruments used.

3. Experimental setup

The experimental measurements consist of obtaining
quantities that allow us to validate our model. The
measurements carried out in this work mainly rely
on high-speed camera imaging to capture the move-
ment of the arc. Electrical measurements are also
performed to compare the arc voltage value obtained
by the model with that measured experimentally. The
measurements were carried out on the same experi-
mental setup.

The experimental setup was made using 3D printing
to manufacture the casing (ABS material). It consists
of two compartments designed to fit together. Two
copper electrodes were machined independently from
the casing to allow for easy replacement. A space was
arranged on the lateral side to insert a glass window
enabling visualization of the inside of the device. The
experimental setup and the measurement circuit are

shown in figure 2.
lec
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Figure 2. Measurement circuit.

The measurement circuit includes an EMC 2015 (1)
generator (from HILO-TEST company) capable of de-
livering either an 8/20 ps current pulse (Imax = 23 kA)
or a 10/1000ps current pulse (Imax = 200 A). In our
case, we used the 8/20 s pulse at 8kA—4kV. A gas
discharge tube (GDT) (2) is placed in series with the
pulse generator to protect it in case of malfunction.
We present here a schematic diagram. In practice,
surge arresters were installed to protect the network,
although they are not shown in this diagram. The
different Pearson current probes (4) and (5) (Pear-
son current monitor model 101), which can measure
up to 50 kA, measure respectively the surge current
(Isurge) and the network current (Inetwork). For volt-
age measurements, a TT-ST 9010 voltage probe (6)
was used, offering a measurement range from -7 000 V
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to +7000V with a frequency of 100 MHz and an ac-
curacy of +2 %. The +2 % accuracy refers to the
measurement error: for example, for a voltage of 60V
measured by the probe, it corresponds to an error of
1.2V.

To capture the arc movement, a Phantom Miro
LAB310 high-speed camera equipped with a macro
lens of 24-85 mm focal length was used. The aperture
can be adjusted between f/2.8 and £/22. The cam-
era can reach a maximum resolution of 1280x800 at
3200 fps. The resolution used in our measurements
was 256x128 to achieve a frame rate of 77000 fps.
This choice was made after several tests to balance
resolution and frame rate. We concluded that this
is the minimum resolution that can be used to avoid
overly pixelated images while still allowing observation
of the arc at the pulse’s peak amplitude, half-decay,
and pulse end. Due to the high brightness of the arc,
an attenuation filter of 1x1 000 was used.

Finally, the circuit is coupled with a mains power
supply (3) of 255 Vac at 50 Hz frequency and a short-
circuit current limited to 200 A. The generator is
equipped with a system that can synchronize the
two power supplies and trigger shots from 0° to 360 °
of the current cycle. We configured the circuit so
that the 8/20 ps current impulse is always applied at
the peak of the positive half-cycle (90 ° phase angle).
Thus, each shot reproduces the same current wave-
form. The experimentally measured currents can be
seen in figure 3.
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Figure 3. Currents from experimental measurements.

The current pulse can be seen lasting for 50 s, with
the current reaching its peak amplitude around 10 ps.
Additionally, a current flows simultaneously with the
pulse, lasting for 5ms with an amplitude of 200 A,
which is the follow current. Now, we will present and
discuss the results obtained.

4. Results and discussion

Figures 4 and 5 present a comparison between the
results obtained from the numerical model and those
from the experimental measurements.

Experiment

t=220ps

Figure 4. Comparison between the results obtained
from the model (iso-temperature 10kK) and the ex-
periment (high-speed camera) with a current pulse +
follow current — part 1.

The contours represent iso-temperature 10 kK. This
contour level in the figures is compared with a certain
level brightness of the video images. The comparison
between the model and the experiment is not made at
the same times but rather based on shape similarities
at different times. At this temperature the electrical
plasma conductivity is enought to assume a current
path. So even if different physical effects may cause
similar brightness we assume that this iso-temperature
gives an indirect representation of arc plasma shape.

The first image shows the propagation of the arc at
the moment when the current pulse reaches its peak
(t = 10ps). Based on experimental observations, it is
noted that the light emitted by the arc is extremely
intense, making it difficult to precisely distinguish
the area actually occupied by the electric arc. The
images show a bright flash that fills the entire rear
part of the device, including the 1 mm inter-electrode
gap (ignition zone). In contrast, with the numerical
model, we were able to generate iso-temperature 10 kK,
allowing us to identify the cells where the temperature
is high enough to correspond to the presence of the
arc. We assumed that this contour represents the
volume effectively occupied by the arc plasma. This
view revealed that the arc does not fully occupy the
rear part of the device. Naturally, it is pushed forward
toward the pre-chamber due to pressure forces and
magnetic forces.

As the current decreases, the arc size also shrinks, as
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Figure 5. Comparison between the results obtained
from the model (iso-temperature 10kK) and the ex-
periment (high-speed camera) with a current pulse +
follow current — part 2.

seen at t = 25 ps. Thus, the most heated areas during
the impulse are located in the pre-chamber, making
it a favorable location for arc re-ignition. These re-
gions retain a high temperature, and therefore a high
electrical conductivity, facilitating current flow. This
is observed at t = 60 ps, where the arc is still present
and located at the entrance of the pre-chamber.

This positioning of the arc is a crucial factor, be-
cause if re-ignition occurs in the inter-electrode region
(ignition zone), it would delay its movement: the arc
would then have to travel a longer distance to reach
the chamber. On the other hand, if re-ignition takes
place in the pre-chamber, access to the chamber will
be faster.

Subsequently, between t = 90 us and t = 800 ps, the
arc moves and stretches toward the chamber, still un-
der the effect of pressure and magnetic forces. Due to
the geometry of the device, the curved part of the arc
column heats a portion of the upper electrode. This
phenomenon is visible at t = 390 ps in the model and
at t = 610 ps in the experiment. This localized heat-
ing leads to the formation of a new arc root (model:
t = 600 us, experiment: t = 800 us), causing a step-
wise movement of the arc. Finally, between t = 1ms
and t = 1.8 ms, the arc continues to move inside the
chamber, gradually stretching with an overall uniform
motion.

By comparing the shape of the arc observed in the
model and in the experiment, we can see that they are
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similar. Indeed, there is preheating during the current
pulse, the arc positioning in the pre-chamber at the
end of the pulse, followed by its movement toward
the chamber, and finally a fairly uniform movement
inside the chamber. However, a slight time lag is
observed regarding the arc displacement during the
follow current phase. The model leads the experiment
by approximately +200 ps.

This lag could be explained by the experimental
conditions. The experimental setup consists of two
interlocking compartments, with gaps designed to
hold the electrodes and a side window. This setup
may potentially cause air leaks, influencing the arc’s
behavior. In contrast, in the numerical model, the
geometry is considered perfectly sealed. During the
current pulse the arc behavior seems to be driven
mainly by the pressure forces (t < 50ns), then the
Lorentz forces act to push the arc to the chamber.

Model
(case 1)

Model without j*B
(case 2)

t=390 ps

Figure 6. Influence of magnetic forces on arc movement.

To verify this physical point, we compared two more
cases to observe the influence of the Lorentz forces.
figure 6 shows the comparison between a model that
accounts for both the pressure force and the magnetic
force (case 1), and a model that considers only the
pressure force (case 2). It is observed that, during the
rise of the current impulse (t = 5pus, t = 10pus), the
shape and movement of the electric arc remain similar
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in both cases. A slight difference appears when the
current starts to decrease, at times t =25 ps and t =
60 us. When the follow current takes over, in case 1,
the arc continues its movement toward the chamber,
whereas in case 2, it remains fixed in place (t = 390 ps,
t = 1.05ms).

Even if during the impulse current the pre heating
of the chamber is similar in both case, without Lorentz
forces the pressure is not enough then to follow to
push the arc in the geometry. Applying or not the
Lorentz forces during the impulse current leads to the
same behavior showing the weak effect of the Lorentz
forces. On contrary during the follow current these
forces are essential and without their application the
arc keeps to the ignition zone.
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Figure 7. Comparison of the voltage obtained from the
model and the experiment.

Figure 7 presents a comparison between the voltage
obtained from the numerical model and that from
the experimental measurements. The experimental
curve corresponds to the average of three voltage
measurements. To account for data variability, an en-
velope was constructed based on the bounds "Average
+ 2Sigma", where Sigma represents the standard devi-
ation of the measurements. This representation makes
it possible to visualize how well the model results fall
within the range of variation of the experimental data.
Regarding the arc voltage, the results obtained by
the model fall within the experimental envelope. A
voltage of about 40V is observed up to 700 ps, which
gradually increases as the arc stretches, reaching a
value between 45V and 50 V once the arc is inside the
chamber.

5. Conclusion

We have used a three-dimensional model able to rep-
resent the behavior of an electric arc during the tran-
sition from 8/20 s pulse to the 200 A follow current.
The arc transition phases are characterized by a pre-
heating of the pre-chamber during the current impulse,
followed by the establishment of an electric arc that
remains ignited at the end of the impulse. The arc

then elongates as it moves toward the chamber, where
it eventually propagates by jumping.

It has been shown that the pressure force is more
influential than the magnetic force during the current
impulse, while conversely, the magnetic force becomes
predominant during the follow current.

Observations of the behavior, trend, and value of the
arc voltage show that the model is in good agreement
with the experimental results. With a view toward a
potential study of arc splitting, the model is able to
reproduce the voltage rise due to arc elongation, as
well as restrike phenomena.
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