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Ultrahigh-Pressure Nitrogen Arcs Burning
inside Cylindrical Tubes

Fahim Abid, Kaveh Niayesh, Senior Member, IEEE, Nina Stga-Aanensen

Abstract— When the pressure and temperature of a fluid exceed
acritical point, the fluid enters into the supercritical region. In this
region, the physical properties are believed to be in favor of a good
current interruption medium. This study focuses on the arc
voltage characteristics of nitrogen arcs burning inside cylindrical
tubes at different filling pressures: 1 bar, 20 bar, 40 bar, and 80
bar, thus covering the supercritical region. Two different tube
materials have been used in the experiments; alumina and PTFE.
Arc voltages are measured for arcs burning inside tubes of 2, 4, 8,
and 15 mm inner diameters. In addition, free-burning arcs have
been investigated at the same filling pressures. The arc current
was 150 A at 350 Hz throughout the study. The arc voltage is found
to increase with decreasing inner diameter of the tube at
atmospheric pressure. At higher filling pressures (i.e., 20 bar, 40
bar, 80 bar), however, such a simple relationship is not observed.
The arc temperature and radius have been calculated based on the
‘simple theory of free-burning arcs’ and the ‘two-zone ablation arc
model’. The calculated arc radius decreases with increasing gas
pressure. Furthermore, due to increased absorption of radiation
at high filling pressures, ablation is found less significant for
ultrahigh-pressure nitrogen arcs compared to atmospheric
pressure arcs. This is in line with the observations from optical
micrographs of the inner surfaces of the tubes exposed to arcs at
different filling pressures.

Index Terms— Arc voltage, supercritical nitrogen, switchgear,
ultra-high pressure arc, two-zone arc model.

I. INTRODUCTION

N increase of wind farms and mining operations located
far off the coast will increase the need for offshore
substations in the future. Such substations can be put on the
seabed instead of building expensive floaters and platforms [1].
Placing the equipment on the seabed in many cases implies that
it must be protected from water and the high ambient pressure
at the seabed. Conventional switching equipment such as circuit
breakers (vacuum breakers or breakers filled with gases at a few
bars) require expensive solutions for encapsulation and
feedthroughs to protect them from water and high ambient
pressure. A novel concept based on filling the interrupting
chamber with a fluid at the same high pressure as the
surroundings could substantially reduce the cost of the
encapsulations and feedthroughs.
Nitrogen (N>) is a good insulating gas. When the pressure and
temperature of N2 exceed the critical pressure (33.5 bar) and
temperature (126 K), it enters into the supercritical (SC) region
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[2]. Properties such as the density, viscosity, diffusivity,
thermal conductivity, and heat capacity of SC N; are believed
to be in favor of a good interruption medium [3]. However,
electrical discharges inside SC N are not a well-explored field
because of the high pressure needed for the transition into the
SC region. A few works have reported on electrical discharges
inside supercritical fluids in general [4-8]. However, in contrast
to the high energy (normally up to hundreds of kilojoules)
deposited in switching arcs of medium voltage switchgears,
previous studies cover short distance electrical discharges in SC
fluids for energy dissipation in the range of millijoules.

The voltage drop across free-burning nitrogen arcs has been
found to increase with increasing filling pressure without any
abrupt change during the transition from gas to supercritical
state [9]. In gas-filled circuit breakers, the arcs are usually not
free-burning, but constricted by an insulating nozzle or tube. In
contrast to free-burning arcs, a cylindrical tube constricts the
diameter of the arc core based on the tube material and the inner
diameter of the tube. A part of the radiation from the arc core
transparently leaves the tube, while some part is absorbed at the
boundary of the arc. The rest of the radiation reaches the inner
surface of the tube, causing ablation. As the cylinder ablates, a
high-pressure stagnation region is formed at the center of the
tube, which expels the plasma out from both ends of the tube.
Several works have been reported for such tube-constricted arcs
at atmospheric pressure [10-14]. However, little or no work
have been reported for arcs burning inside a tube at a very high
filling pressure.

This paper focuses on the arc voltage characteristics of arcs
burning inside cylindrical tubes at different filling pressures of
N2. The voltage drop for arcs burning in tubes with varied inner
diameters are measured alongside those of free-burning arcs.
The arcs burning inside tube at higher filling pressures are then
compared with arcs burning in air at atmospheric pressure. To
analyze ablation effects further, two different tube materials
have been studied: ablating Polytetrafluoroethylene (PTFE),
and a less-ablating ceramic material (alumina). To qualitatively
evaluate the ablation caused by an arc at high filling pressures
as well as at atmospheric pressure, the inner surface of the tubes
are inspected using an optical microscope. Some of these works
have been presented in a conference report [15].

The experimental setup and procedure are explained in
chapter 11, followed by the experimental results in chapter IlI.
Using well-known semi-analytical arc models, the temperatures
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Fig. 1: The experimental setup. (a) The test circuit showing the charging and discharging part of the circuit. (b) Schematics of the high pressure arcing
chamber and the inside connections. (c) The configuration of the tube with respect to electrodes inside the arcing chamber.

and radii of the arcs are calculated and discussed in chapter V.
Finally, based on the experimental results and discussions, the
conclusions are drawn in chapter V.

Il. EXPERIMENTAL SETUP AND PROCEDURE

The experimental setup is shown schematically in Fig. 1. The
test circuit consists of the charging and discharging sections of
a 4.8 pF high voltage (HV) capacitor, C, shown in Fig. 1(a).
The capacitor is charged to a predefined charging voltage of 15
kV through the diode resistor unit Rc-Dc. Once the capacitor is
charged, the switch Sc is opened to disconnect the charged
capacitor from the grid. Due to the decay of the charged voltage
of the capacitor through internal stray resistance, a 5% error in
the charging voltage is present in the system. When the knife
switch, Sp, is closed, the capacitor is discharged through the
inductor, L, and further through an ignition wire in the arcing
chamber. The ignition wire melts due to adiabatic heating
within 0.1 ms, and the current continues to flow through an arc.

A pressure tank of 15.7-liters rated for 500 bar is used as
arcing chamber, this is shown schematically in Fig. 1(b). Prior
to each test, the pressure vessel is flushed with industrial grade
nitrogen. It is ensured that 99% pure nitrogen is used for all the
experiments conducted, except for atmospheric pressure cases,
where ambient air is used. A 24 kV miniature HV cable is fed
through the pressure tank (the techniques are described in [16]).
The miniature cable is held in position by several insulating
supports. In a previous study on free-burning arcs, it was
reported that the copper vapor did not have a significant effect
on the arc characteristics if the thickness of the ignition wire
was kept less than 100 pm [9]. Hence, a copper wire with a
diameter of 25 um is used to initiate the arc. The ignition wire
is passed through the tube and attached between two identical
copper-tungsten (Cu-W) spherical electrodes of 10 mm
diameter.

The insulating cylindrical tubes with a length of 20 mm and
different inner diameters are held in position by an insulating

TABLE |
TEST CASES AND CONDITIONS.

Tube Current Tube Frequency Filling
material diameter pressure
[Al [mm] [Hz] [bar]
Alumina 150 2,4,8,15 350 1, 20, 40, 80
PTFE 150 2,4,8,15 350 1, 20, 40, 80
Free-burning 150 No tube 350 1, 20, 40, 80

support at a 5 mm distance from the electrodes, as shown in Fig.
1(c). The return path of the current is through the supporting
metal structure and the flange of the pressure tank. An HV
probe is used to measure the voltage across the electrodes and
a shunt resistor is used to measure the current flowing through
the arc.

Two different tube materials are investigated: PTFE and
alumina. The inner diameter, @, is varied from 2 to 4, 8, and 15
mm. Corresponding experiments with free-burning arcs
(without tube) are also carried out. The outer diameter of the
tube, @, is either 15 mm (for the &;= 2, 4, and 8 mm tubes) or
20 mm (for @;= 15 mm tube). After each experiment, the tubes
are carefully examined to ensure that no arc traces are found on
their outer surfaces. The tubes are tested at four different filling
pressures: 1 bar (atmospheric air), 20 bar, 40 bar, and 80 bar.
Each test case is repeated three times. All the test cases are
summarized in Table I.

The inner surfaces of the tubes are investigated by optical
microscopy. After the arcing tests, three types of samples for
both PTFE and alumina are studied using microscopy: without
any arc (reference), after arcing at 1 bar, and after arcing at 80
bar N, for 4 mm inner diameter of the tube. To prepare the
samples, the tubes are cut along the axis and cleaned with a soft
brush to remove the arcing by-products. The microscopy
samples are taken from the middle part of the inner surface of
the tube.
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Fig. 2. Measured arc current and arc voltage waveform for arc burning
inside 2 mm PTFE tube at atmospheric pressure. (a) The current is damped
out due to the arc resistance. (b) First half cycle of the measured arc current
and arc voltage.

I1l. EXPERIMENTAL RESULTS

A typical arcing test with measurements of the arc voltage
and the current for an arc burning inside a 2 mm PTFE tube at
atmospheric pressure is shown in Fig. 2 (a). Due to the arc
resistance, the current damps out with time. It has been reported
that the arc resistance changes with gas pressure [9]. Therefore,
only the first half cycle of the current is considered for further
analysis. The current starts at t = 0, while the arc initiates at
around t = 0.1 ms, when the ignition wire has melted (first
voltage peak), see Fig. 2 (b). Once the arc is initiated, a stable
arc voltage is measured from approximately 0.2 ms until it
collapses before current zero. This paper investigates the arc
voltage characteristics at the peak current of the first half cycle.

A. Arc Voltage Dependency on Inner Diameter of the Tube at
Different Filling Pressures

The arc voltage as a function of the inner diameter of the tube
for different filling pressures is plotted in Fig. 3, together with
the free-burning arc tests. The average arc voltage of the three
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Fig. 3. Arc voltages at the current peak of 150 A at 350 Hz as a function
of inner diameters of the tubes at different filling pressures. (a) Alumina.
(b) PTFE.

tests conducted per test case is plotted with an error bar. Here,
the error bar is the maximum deviation from the average arc
voltage per test case. Fig. 3(a) shows the arc voltages
corresponding to alumina tubes, while the arc voltages inside
the PTFE tubes are plotted in Fig. 3(b). At atmospheric
pressure, the average free-burning arc voltage is found to be
approximately 80 V. As the inner diameter decreases, a gradual
increase of the arc voltage is observed for both alumina and
PTFE tubes at 1 bar. The average arc voltage increases to 187
V for arcs burning inside a 2 mm wide alumina tube, and to 215
V for arcs burning inside a 2 mm wide PTFE tube at
atmospheric pressure.

As the nitrogen filling pressure is increased, the arc voltage
increases too. This is expected based on previous investigations
[9]. The arc voltages measured for arcs burning inside 15 mm
wide tubes are similar to those of corresponding free-burning
arcs. The variation in arc voltage for a given case seems to
increase somewhat with increasing pressure and decreasing
diameter, although the data is limited. The arc voltage
dependency on the tube material is not strong at 20, 40, and 80
bar nitrogen filling pressures.

The gradual increase in arc voltage with decreasing tube
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Fig. 4. Optical micrographs of the inner surface of 4 mm diameter tubes. (a) PTFE new (no arc). (b) PTFE, after arc at atmospheric pressure.
(c) PTFE, after arc at 80 bar filling pressure. (d) Alumina new (no arc). () Alumina, after arc at atmospheric pressure. (f) Alumina, after arc

at 80 bar filling pressure.

inner diameter that was observed for arcs at 1 bar pressure is
not evident for higher pressures. At a nitrogen filling pressure
of 20 bar, the arc voltage (approximately 300 V) seems to be
more or less independent of both tube inner diameter and tube
material. At 40, and 80 bar nitrogen, the maximum arc voltage
is observed not for the smallest inner diameter of the tubes, but
rather for 4 or 8 mm tube inner diameters.

B. Optical Microscopy of the Inner Surface of the Tube

Fig. 4 shows the optical micrographs of the investigated inner
surfaces of tubes with 4 mm inner diameter before and after
arcing. At atmospheric pressure, carbonization and scar marks
are visible in the PTFE tube, (Fig. 4(b)). The presence of
carbonization marks after arcing at atmospheric pressure could
be due to the presence of O, and CO; in air. The ablation traces
are significantly less visible in the PTFE tubes after arcing in
80 bar nitrogen, (Fig. 4(c)). When the arc burns inside alumina
tubes at atmospheric pressure (Fig. 4(e)), the surface is changed
compared to new alumina (Fig. 4(d)). On the other hand, when
the filling pressure is increased to 80 bar, almost no arc traces
are observed in the alumina tubes, as shown in Fig. 4(f). Both
of the materials show reduced ablation traces at 80 bar nitrogen
in contrast to atmospheric air.

1V. MODEL AND DISCUSSIONS

A. Free-burning Arc

The free-burning arc properties can be calculated based on
Lowke’s analytical model of free-burning arcs to estimate the
effect of constriction due to the filling pressure [17]. The model
is validated by comparing the calculated and the measured arc

voltages. The peak arc current in this paper is 150 A, which is
considered as a high-current arc. According to Lowke’s model,
the temperature at the arc center can be determined by the
energy balance equation

1> 4AmnkT LU
oAz A ’
where | is the arc current, o is the electrical conductivity, A is
the arc cross-sectional area, T is the temperature of the arc, k is
the thermal conductivity, and U is the net radiation emission.

The arc core is assumed to be a blackbody radiator and the net
radiation emission can be expressed as

2BT*

)

U= €, (2
where B is the Stefan-Boltzmann constant, r is the arc radius,
and € is a parameter which characterizes the radiation
mechanism inside the arc [12]. The parameter € depends on the
pressure and the arc radius and can be written as

e =1—-exp[-y(pr)°°], ®)

where p is the pressure. The y is a constant and has been
considered equal to a value 0.025 by Niemeyer for a range of
plastic materials [18]. However, for free-burning arcs in air, the
constant y is lower than 0.025. In this paper it is assumed to be
0.007 at atmospheric pressure and 0.023 at 80 bar based on the
data for arcs burning in air [18].

The equations that define the arc radius and the electric field
in the free-burning arc are taken directly from the expressions
for high current arcs deduced by Lowke [17]:
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Fig. 5. Calculated parameters of free-burning arcs as a function of filling
pressure for arc current of 150 A (a) Calculated arc temperature and
radius. (b) Measured and calculated arc voltage.

3

1 2
zZ~\z I8
r=111 () —, @
ha (ufop)8
and
1
E =026 (%)2 I3, p)7 . (®)

Here, z is the distance from the cathode, h is the enthalpy of
the arc core, u is the permeability, J, is the current density at
the cathode, p is the density, and E is the electric field. Solving
equation (1-5) iteratively together with the material data of
nitrogen enable calculation of the arc temperature, radius, and
the electric field. In some cases, due to scarcity of high pressure
material data for nitrogen at high temperature, thermodynamic
and transport properties of high pressure air are used [19-21].
From the calculated electric field, the arc voltage can then be
estimated by assuming a fixed electrode voltage drop of 17 V
for all filling pressures, based on previous works [9], [22].

The calculated arc temperature and radius for free-burning

arcs at different filling pressures are plotted in Fig. 5(a). It can
be seen that the free-burning arc radius decreases from
approximately 4 mm for atmospheric pressure arcs to
approximately 1.5 mm and 1.35 mm for arcs burning at 20 bar
and 80 bar filling pressures, respectively. The calculated arc
temperature for free-burning arcs at different pressure levels
lies in the range of 9,000-12,000 K. The temperature in the arc
increases when the pressure rises from 1 bar to 20 bar mainly
due to constriction. The slight decrease in temperature for 40
bar and 80 bar is due to the increased radiative cooling of the
arc [17]. The calculated arc voltages for free-burning arcs, at
different filling pressures are in good agreement with the
measured values and are plotted in Fig. 5(b).

B. Tube-constricted Arc

Ablation controlled arcs at atmospheric pressure have been
studied in the past [11-13]. The contraction factor which is the
ratio of the cross sectional area of the arc and the tube is
calculated based on the analytical expression described in the
works of Kovitya [23]:

é _ 1= fpcac
O (E-a=E)pt-hoa+ - P

Here, A is the arc cross sectional area, Q is the cross sectional
area of the tube, h is the enthalpy of the arc, a is the speed of
sound, p is the mass density, and f is the parameter determining
the part of radiation causing ablation. The subscript ¢ denotes
the properties in the vapor region, while without subscript
denotes the arc core. The value of f lies in the range of O to 1
and can ideally be determined from the measured mass loss of
the tube due to ablation. The mass losses in these cases are
believed to be extremely small and were not measured. In this
paper, f is chosen in such a way that the calculated arc voltage
matches the measured arc voltage. The steady state solution of
the two zone model is determined for an arc current of 150 A.
Conservation of mass, momentum, and energy along with
Ohm’s law is used to calculate the arc temperature and radius
of the tube-constricted arc [23]. As the arc voltage dependency
on tube material was not found to be strong at high filling
pressures, only the alumina was considered for the tube-
constricted arcs. The two-zone arc model is not valid when the
tube diameter is very large compared to the free-burning arc
diameter. Hence, only 2 mm, 4 mm, and 8 mm tube inner
diameters are considered here. The equations along with the
material dependent data of electrical conductivity, density,
enthalpy, sonic velocity are solved iteratively [19], [21], [24].

Due to the constriction of the tube, the arc radius decreases
and the temperature in the core increases. Fig. 6 shows the
calculated arc temperature and radius for the arcs burning inside
alumina tube as a function of filling pressure. The free-burning
arc radius at atmospheric pressure was previously calculated to
be approximately 4 mm with an arc core temperature of
approximately 9,000 K. At atmospheric pressure, the tube
constricts the arc and subsequently the arc temperature
increases up to approximately 19,000 K. An increase in arc
temperature generally results in a higher electrical conductivity.

(6)
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Fig. 6. Calculated arc temperature and radius for arc current of 150 A
burning inside different diameter of alumina tube as a function of filling
pressures. (a) Arc temperature. (b) Arc radius.

However, due to the tube-constriction at atmospheric pressure,
the arc area is reduced. Hence, the arc voltage increases as the
tube diameter decreases when the arc burns in atmospheric
pressure.

At higher filling pressures (i.e., 20 bar, 40 bar, and 80 bar),
the effect of the tube inner diameter on the arc radius and
temperature is not as strong as at atmospheric pressure. The
filling pressure alone constricts the arc when the pressure is
increased, as was seen for the free-burning arcs (see Fig. 5(a)).
As a result, the effect of the tube constriction is less significant
at higher filling pressures. The arc temperature remains almost
constant around 14,000 K for filling pressures above 20 bar
irrespective of the tube diameters. The arc radius decreases
slightly with filling pressure, while the effect of tube diameter
is not strong when the gas pressure is above 20 bar.

From the experimental results, as the filling pressure was
increased, the relationship between the arc voltage and tube
diameter was not as straightforward as for the atmospheric
pressure arcs. As the arc is constricted due to the filling
pressure, the radiation emission coefficient increases [25]. For
not optically thin plasmas with a radius of 1 mm at 15,000 K,

the net emission coefficient becomes approximately 10 times
larger when the pressure is increased from 1 bar to 100 bar [25].
However, the increase in filling pressure also accounts for a
larger number of molecules outside the arc core, resulting in
higher absorption rates of the radiated energy. As a result, the
absorption coefficient increases with the filling pressure. The
absorption coefficient becomes approximately 100 times larger
when the filling pressure is increased from 1 bar to 100 bar at
an arc temperature of 15,000 K [25]. This clearly demonstrates
the dominant effect of absorption over radiation at high filling
pressures. A similar dominance of absorption coefficient over
net radiation emission coefficient at elevated pressures has also
been reported for hydrogen arcs burning at 20 bar gas pressure
[26]. Likewise, a significant reduction of ablation in metal by a
laser due to increased pressure of the surrounding gases has
been reported in the literature [27]. This agrees with the optical
micrographs, where less scar marks were observed at the inner
surfaces of the tubes at 80 bar, compared to atmospheric
pressure.

For arcs burning in a 2 mm diameter tube, the measured arc
voltages were lower than those in 8 mm tube diameters at 40
bar and 80 bar filling pressures. The viscosity could play a vital
role in these cases. The fluid flow resistance inside a tube is
linearly proportional to viscosity and inversely proportional to
the power of four of the tube radius in case of a laminar flow.
The type of flow occurred inside the tube is beyond the scope
of this study. Nevertheless, the viscosity of air plasma increases
approximately 15 times at the calculated arc temperatures when
the filling pressure of the air is increased from 1 bar to 80 bar
[20]. Consequently, for tubes with inner diameter of 2 mm at 40
and 80 bar filling pressures, a highly conductive plasma may
fill the tube due to high flow resistance, which can play a pivotal
role to increase the conductivity of the arc channel.

To summarize, the arc radii and temperatures were calculated
using Lowke’s theory of free-burning arcs. The arc is
constricted by increasing gas pressure. The arc radius and the
temperature for the arcs burning inside alumina tubes with 2, 4,
and 8 mm inner diameters were then calculated for different
filling pressures based on the two-zone arc model. The effect of
tube constriction is apparent at 1 bar ambient pressure.
However, the effect of tube inner diameter (2, 4, 8 mm) on the
arc temperature and radius are found less significant at high
filling pressures (i.e., 20 bar, 40 bar, and 80 bar). The increased
absorption of arc energy by the gas surrounding the arc core
reduces the radiation reaching the inner surface of the tube at
high filling pressures, which is also consistent with the
observation from optical micrographs. Finally, for the tubes
with 2 mm inner diameter at gas pressures of 40, and 80 bar, the
effect of viscosity could play a crucial role in the reduced arc
voltage.

V. CONCLUSION

Nitrogen arcs burning inside cylindrical tubes of alumina and
PTFE have been investigated experimentally by means of arc
voltage measurements at different filling pressures, including
supercritical region. Moreover, optical microscopy has been
used to qualitatively investigate the level of ablation. Based on
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the experimental results and calculated arc parameters, the
following conclusions have been drawn:
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At atmospheric pressure, the arc voltage increases
with decreasing inner diameter of the tube, as
expected.

The measured arc voltage at high filling pressures
inside a tube does not have a simple relationship with
the inner diameter of the tube. The filling pressure
constricts the arc channel, which limits the interaction
of the arc core with the tube.

The optical micrographs show reduced ablation traces
in a 4 mm wide tube at 80 bar compared to the 1 bar
ambient pressure arcs. The increase in the absorption
of radiation by the gas surrounding the arc core at very
high pressure reduces the ablation. As a result,
ablation may become less significant for ultrahigh-
pressure nitrogen arcs in contrast to the atmospheric
pressure arcs.
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