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Abstract. In this paper, the effect of filling pressure on the black box arc parameters of nitrogen
arc is reported using Mayr arc model. The arc current is approximately 130 A at 190 Hz. The filling
pressure is varied at absolute pressure of 1, 20, and 40 bar. A phase transition from gas to supercritical
state occurs when the pressure of nitrogen exceeds 33.5 bar at room temperature. To determine the
effect of forced cooling, first, the free-burning arc is studied at different filling pressures. Afterwards, a
self-blast arrangement is used where gas is blown into the arc near current zero. It has been observed
that, without forced gas flow, both the time constant and the cooling power of the arc increase with
the filling pressure. The forced cooling, however, reduces the time constant and further enhances the
cooling power, thus facilitating the current interruption.
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1. Introduction
Offshore substation plays a crucial role in power trans-
mission between offshore installations (e.g., offshore
wind farm, offshore mining) and onshore substations.
Up to date, mainly two different offshore substation de-
signs exist. One is a conventional floater-based design,
where the substation components e.g., switchgear,
transformer etc. are placed on a platform. This de-
sign requires high installation cost, poses significant
challenges in maintenance and is prone to natural
calamities. An alternative design approach is to place
the substation components directly at seabed in a
sealed pressure vessel. The power is fed into the pres-
sure vessel using feedthroughs. Such subsea substation
can be controlled remotely and are free from natural
disasters [1]. One novel concept to the later design is
to gradually fill the pressure vessel with insulating gas
to match the surrounding water pressure as the ves-
sel is lowered to seabed. By reducing the differential
pressure, the complexity of power cable feedthrough
and encapsulations can be reduced.

It is well known that the high gas pressure is asso-
ciated with improved dielectric performance. A phase
transition occurs from gaseous to supercritical (SC)
state if the gas pressure and temperature is increased
beyond the critical point. In SC state, the properties
of gas and liquid coexist. The properties of SC fluid
includes improved heat capacity, enhanced dielectric
strength, no vapor bubbles, good diffusivity, and self-
healing properties [2]. These properties are in line
with an excellent current interruption medium. To
study the effect of SC fluid on current interruption
performance, N2 is chosen. The critical temperature
and pressure are low compared to other insulating
gases, i.e., at 126 K and 33.5 bar respectively. This
means at a sea depth of approximately 335 m, the N2
is in SC state. Furthermore, N2 is an environment

friendly gas with good insulating properties.
Gas circuit breakers for medium voltage applica-

tions are typically filled at 1.3 bar pressure, while
for high voltage (HV) applications the interruption
chamber is typically filled up to 6 bar [3]. Hence, the
arc characteristics and its switching capability up to
several bar filling pressures are well reported in the
literature [3, 4]. However, the arc characteristics at
very high-pressure gas are limited [2, 5, 6]. Recently, a
series of investigations have been carried out to study
the ultrahigh pressure N2 arc and its current interrup-
tion capability [7, 8]. The arc voltage is found to rise
with filling pressure, thus increasing arc energy depo-
sition [5]. As the pressure is increased, the arc radius
reduces [6]. Due to the change in the flow characteris-
tics at high filling pressure and high energy density
of the arc column, the thermal phase of the current
interruption is observed to be the critical phase for
ultrahigh pressure N2 arc.

Arc interaction with electrical networks can be ex-
pressed using black box arc models. The black box
models reported in literature mostly follow well known
Cassie and Mayr formulations [9]. The Cassie’s model
is applicable to high current phase while that by Mayr
applies to low current regime. This paper employs the
Mayr model to investigate how filling pressure influ-
ences the arc parameter near current zero (CZ). First,
the studies are conducted for free-burning arc, i.e., in
the absence of forced cooling. Thereafter, the effect of
forced cooling at high filling pressure is investigated
using a self-blast principle.

2. Experiment setup
The electrical circuit to initiate the arc is shown in Fig-
ure 1. The arc is generated by discharging a charged
capacitor bank, Cbank. It is charged using a diode
rectifier Dch and current limiting resistance, Rch. The
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Figure 1. Test circuit.

Cbank is separated from the grid by switch Sch once it
is charged to the preset level. The Cbank is discharged
through the inductor, L and thin copper wire inside
the arcing chamber by closing the switch SD. The
present charging level of Cbank is kept fixed. This
results in an arc current magnitude of 130 A at a
frequency of 190 Hz. As the arc resistance damps
the oscillation between the capacitor bank Cbank and
inductor L. A change in arc voltage slightly influences
the arc current and duration of current half cycle.
Hence, in this paper, only the first half cycle is inves-
tigated for all cases. The shape of recovery voltage
is controlled by varying the CTRV and RTRV. In this
paper, the steepness of the transient recovery voltage
is varied from 9.8 to 84.8 V/µs.

A 15.7 litre pressure vessel is used as the arcing
chamber. The arc burns between the arcing contacts,
i.e., between pin and ring electrode pair. The arc is ini-
tiated by melting of a thin copper ignition wire. First,
the free-burning arc is investigated in the absence of
forced cooling, as shown schematically in Figure 2(a).
The electrode gap is kept constant at 50 mm for both
the arcing configurations. A self-blast arrangement
is utilized to create gas flow into the arc near CZ.
In this arrangement, the arc is confined into PTFE
nozzle of 4 mm diameter with vents in the middle, see
Figure 2(b). On the other side of the ring electrode,
a heating volume is attached. The ablated gas during
high current phase is stored in the heating volume.
Once the arc current is low, a back-flow of cold gas
occurs from the heating volume to the vent of the
nozzle. This backflow of gas cools the arc near CZ.

A HV probe is used to measure the arc voltage
across the electrodes while the current is measured
using a current shunt. The current shunt is placed
at the HV side of the arcing contact on a floating
potential. The measured data is transferred to the
control room using optical fiber link and is stored in
a digital oscilloscope.

3. Black box arc model
A black box arc model is a mathematical model that
takes its essential characteristics without explicitly
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Figure 2. Arc configurations. (a) Free-burning ar-
rangement, (b) Self-blast arrangement, (c) Cross sec-
tional view of the vent for self-blast arrangement.

modeling the complex physical processes happening
in electric arc. It determines the development of
arc conductance over time in the form of differential
equation. The model is based on the balance between
the stored thermal energy in the arc and the cooling of
the arc. Two of the most commonly used arc models
are Cassie and Mayr arc models. The Mayr arc model
is applied for the low-current region close to CZ while
the Cassie arc model is applicable to model the high-
current region. Often, combined Cassie-Mayr models
or modified Mayr models are used to model both
the high and low current regions [10]. Nonetheless,
Mayr arc model alone is not suitable to study high
current arc (i.e., more than several tens of amperes).
In Mayr formulations of arc model, the arc radius are
assumed to be constant while the temperature of the
arc changes. Mayr model is suitable for low current
arc, hence, it is used to model current interruption
process. The mathematical expression can be written
as

1
g

dg

dt
= 1

τ

(
Uarc.Iarc

Po

)
− 1

τ
(1)

where the time is defined as t, arc conductance as
g, arc voltage as Uarc, arc current as Iarc, τ as time
constant and Po represents the arc cooling power.
Although Mayr model is used to study the arc near
CZ, due to the presence of noise at very low current,
current less than 1 A is not considered. Hence, in this
paper, the Mayr arc model is applied for arc current
of 10 A and up to 1 A just before CZ.

3.1. Parameter calculation method
First, the high frequency noise from the measured
arc voltage and current is removed using first order
Savitzky-Golay filter, see Figure 3(a). Afterwards, the
arc conductance, g is calculated from the filtered arc
voltage and current measurements. As can be seen
from Figure 3(a), the conductance, g oscillates as a
function of time. This is expected as the effective
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(a)

(b)

Figure 3. Calculation of arc parameters from mea-
surement of arc voltage and current. (a) Arc voltage,
current and conductance. (b) Scatter plot and linear
regression line.

length of the arc changes over time due to elongation
and bending in a three dimensional space. However,
in Mayr arc model the arc column is modelled as
a cylinder with constant diameter, and hence, the
elongation and bending of the arc is not taken into
consideration. As such, the conductance, g(t) is fitted
to a straight line to calculate the time derivative of
the conductance, dg/dt.

(
1
g

dg

dt

)
= 1

τPo
(Uarc.Iarc) − 1

τ
(2)

Equation (1) can be written as equation (2). The
left hand side of equation (2) is scatter plotted as a
function of the product of arc voltage and current
for any specific time, as shown in Figure 3(b). Equa-
tion (2) is an equation of a straight line. The intersect-
ing point between the Y-axis and the linear regression
line of the scatter plot is the reciprocal of the time con-
stant. Once the time constant is known, the cooling
power can be calculated from the slope of the linear
regression line, as can be seen from equation (2).

(a)

(b)

Figure 4. Typical measurement of arc voltage and
current at various filling pressures. (a) Free-burning
arc, (b) self-blast arrangement.

4. Results
A sample measurement of the arc voltage and current
for arc burning in various filling pressures at two differ-
ent arc configurations are plotted in Figure 4. It can
be seen that the arc voltage increases with the filling
pressure for both configurations. The arc voltages
are higher in self-blast arrangement in comparison
to free burning arc. Because of the high arc voltage,
the current amplitude reduces and time duration for
half cycle increases slightly, as seen in Figure 4(a) and
Figure 4(b). In the self-blast arrangement, the arc
voltage increases just before CZ crossing indicating
an extinction peak. In the free-burning arrangement,
no such extinction peak is observed.

4.1. Mayr model
The average time constant of the arc with an error bar
as a function of filling pressure for both configurations
are plotted in Figure 5. Here the error bar represents
the maximum and minimum value of the calculated
time constant for any specific filling pressure. The
time constant of the arc increases with the filling pres-
sure for free-burning arc, as shown in Figure 5(a).
The average time constant in free-burning arrange-
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(a)

(b)

Figure 5. Effect of filling pressure on time constant of
the arc. (a) Free-burning arc, (b) self-blast arrange-
ment.

ment is approximately 33 µs, 86 µs, and 122 µs at 1 bar,
20 bar and 40 bar, respectively. The forced cooling
reduces the time constant of the arc when compared
to the free-burning arc, as shown in Figure 5(b). In
the self-blast arrangement, the average time constant
of the arc is found highest at 20 bar filling pressure,
i.e., 24 µs whereas the lowest average time constant of
approximately 11 µs is found at 1 bar filling pressure.

The calculated average cooling power of the arc
as a function of filling pressure is plotted with an
error bar in Figure 6. Here the error bar represents
the maximum and minimum value of the calculated
cooling power for any specific filling pressure. It can
be seen that the cooling power of the arc increases
with the filling pressure for both free-burning and self-
blast arrangement. In free burning arc, the average
cooling power is found to be approximately 600 W at
1 bar, as illustrated in Figure 6(a) . The cooling power
increases to 2800 W and 5200 W at 20 bar and 40 bar
filling pressures, respectively. The cooling power of
the arc increases significantly under the influence of
forced cooling. In the self-blast arrangement, the
average calculated cooling power is approximately
3000 W, 7000 W, and 11000 W at 1 bar, 20 bar and

(a)

(b)

Figure 6. Effect of filling pressure on cooling power of
the arc. (a) Free-burning arc, (b) self-blast arrange-
ment.

40 bar filling pressures respectively.

4.2. Current interruption performance
The number of successful current interruption among
the tests performed at different filling pressures are
listed in Table 1. For free-burning arrangement, the
arc fails to interrupt in every first natural CZ irrespec-
tive of filling pressures. Under the influence of forced
cooling, the 40 bar yields highest interruptions at first
CZ, i.e., 20 interruptions out of 30 tests. The current
interruption is observed to be lowest at 20 bar filling
pressure, i.e., 9 interruptions out of 30 experiments.

The arc temperature varies at different filling pres-
sures for different arc configurations. Furthermore,
the material property of the gas changes with the
filling pressure. If the temperature of the arc near CZ
is such that the thermal conductivity is low, then the
cooling will be affected. Moreover, a high pressure is
associated with higher viscosity which may shift the
flow characteristics from turbulent to more laminar
flow. It is observed that the cooling power of the arc
increases with the filling pressure. The calculated aver-
age time constant of the arc in self-blast arrangement
is observed to be highest in 20 bar, see Figure 5(b).
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Pressure [bar] Free-burning Self-blast
1 0/30 16/30
20 0/30 9/30
40 0/30 20/30

Table 1. Rate of successful arc interruption as a func-
tion of filling pressure.

A higher time constant of the arc is often associated
with reduced interruption capability. As such, the
reduced thermal conductivity and change in flow char-
acteristics resulting in relatively high time constant
may adversely affect the interruption performance at
20 bar for the tested nozzle arrangement.

5. Conclusions
Effect of filling pressure on the black box arc parame-
ters for nitrogen arc is investigated in this paper. Two
different arc configurations are studied: free-burning
arc (without forced cooling) and using a self-blast
arrangement (with forced cooling). To investigate the
arc behaviour at low current, Mayr arc model is used.
On the basis of the results, following conclusions have
been drawn:

1. The cooling power of the arc increases with
the filling pressure in both the free-burning and self-
blast arc arrangements. The forced gas flow further
improves the cooling power.

2. The time constant of the arc typically increases
with the filling pressure in both the configurations.
The forced gas flow from self-blast arrangement re-
duces the time constant.
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