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Abstract
A conductive wire can explode by rapidly heating it to vaporization temperature by flowing a
current through it. This process is utilized to generate high-temperature high-density plasmas.
The temperature and pressure distributions at the time of the explosion are not easily measured.
Moreover, the amount of metal vapor from the wire that remains within the arcing area is
unknown. This work presents the whole-process model of a single-wire electrical explosion
from solid-state to plasma formation. For this purpose, the voltage drop and resistance of the
exploding copper wire in solid-state are simulated through a zero-dimensional thermo-electrical
model. Then, compressible Euler equations are implemented with nodal discontinuous
Lagrange shape functions in a one-dimensional model to compute the flow of the generated
copper vapor (due to the wire explosion) in surrounding nitrogen gas. The aim is to calculate the
distributions of pressure, density, velocity, temperature, and mass flow along the cylindrical
shock waves to estimate the arc’s copper/nitrogen mixture ratio in free burning and nozzle
constricted arcs. This mixture ratio is used to calculate the precise percentage of the metal vapor
in the arcing area and to calculate Townsend growth coefficients utilizing to estimate the
streamer breakdown of the mixture. The simulation results show good agreement with the
experimental results in terms of the temporal evolution of the plasma channel boundary, the
shock front speed estimation as well as the arc voltage magnitude numerically calculated
deploying the extracted mixture percentage from this study, manifesting the validity of the
model. It shows that despite the low-pressure studies, the exploding wire method is not suitable
for circuit breakers employing supercritical fluids as the insulation.

Keywords: high-Mach-number flows, shock waves, supercritical fluids, whole-process model,
single-wire electrical explosion, plasma formation
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1. Introduction

An electric explosion of a thin metal wire (characteristic dia-
meter ≈ 20–50 µm) (EEW) [1] constitutes a sharp change
of the conductor state by an intensive energy input that leads
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to lattice destruction, phase transitions, generation of shock
waves (SW) and electromagnetic radiation. The end-products
of the exploding wire process (EWP) are metal vapor and
powders [2]. SWs have a crucial role in heating, ionizing, and
spreading the plasma particles including metal vapor gener-
ated from exploding wire or ablated from electrode contacts
in a hot plasma. EWP is encountered in the fields of particle
beams, high-power lasers, radiation sources, pulsed magnetic
fields, and applications include circuit breakers (CB), segmen-
ted lightning diverter strips for aircraft radomes, disruption
of metallic shaped charge jets, plasma armatures for electro-
magnetic railguns and plasma generators for electrothermal–
chemical guns [3].

A time-transient code for analyzing copper wire explosion
driven by a slow current rise in a pressure vessel filled with
nitrogen is developed. At first, an initial voltage drop over the
copper wire, current, and temperature distribution at the time
of explosion as well as changes in wire resistance are derived.
Data from this ‘first stage’ are then used as the initial condi-
tions of a second stage, in which a simplified one-dimensional
(1D) model for high-Mach-number flows (HMaNF) is adop-
ted. The adopted model describes the expansion speed of the
vaporized wire to estimate the arc’s copper/nitrogen mixture
ratio for different filling pressures and wire diameters. The
effects of the metal wire diameter have been studied by others
experimentally [4] but not through the simulations. In the third
stage, using a three-dimensional (3D) model, the streamer
threshold is estimated based on the calculated copper/nitrogen
mixture.

1.1. Guide to the study

A disadvantage of utilizing EEW in the study of CBs [5],
is injecting an enormous amount of metal vapor into the
electric arc plasma that will affect all the transport proper-
ties needed in the magneto-hydrodynamic (MHD) simulations
of the arc [6]. The radiation as a function of arc temperat-
ure, T, is the most important cooling mechanism of the arc
which is very sensitive to the metal vapor content [7]. Even
small percentages of metal vapor at the arc temperature range
(15 000 K–25 000 K) can significantly affect its radiative level,
the energy balance of the arc, and consequently, its voltage
magnitude [8].

Utilizing the ideal gas equations alone to calculate the
molar ratio of the mixture results in unrealistic estimations that
do not fit with measurements from experiments. This can be
explained by the SW effects as it will disperse the metal vapor
inside the arcing area but the higher filling pressure results in
the lower dispersing ability and therefore, the higher mixture
ratio in the arc column.

A general method for investigating the metal vapor con-
tent in an electrically initiated plasma was presented and veri-
fied by experiments. Other numerical simulations of the initial
plasma formation (PF) in vacuum [9] or underwater [10] are
also available. Still, to the authors’ knowledge, the method for
the calculation of the mixture ratio in high-pressure gases and
supercritical fluids (SCFs) presented in this paper has not been
published by other researchers so far. This method is believed

Figure 1. Schematics of the test circuit at each of three stages; the
high-pressure arcing chamber and flange, and 3D geometry for the
simulation of streamer breakdown inside the cylindrical nozzle.

to be useful for the study of high-pressure plasmas for example
in the study of current interruption in SCF and the simulation
studies of replacing the greenhouse SF6 gas where almost all
environmentally friendly alternatives shall be used in a pres-
sure higher than what SF6 was utilized at.

Figure 1 shows the schematics of the setup including the
high-pressure arcing chamber, the inside connections together
with a 25 µm tick copper wire inside the cylindrical nozzle,
and the 3D geometry for the simulation of streamer break-
down.A pressure vessel of 15.7 liter rated for 500 bar is used as
the arcing chamber. When the knife switch, SD, is closed, the
capacitor, Ccir, is discharged through the inductor, Lcir, which
fed the ignition wire through the cable passing a penetrator
inside the screwed flange (the techniques for this setup are
described in [11]). The return path of the current, i, is through
the metal body of the vessel. An HV probe is utilized to meas-
ure the voltage across the electrodes and a shunt resistor is
used for the current measurement. The exploding wire and the
nozzle are fixed through insulating supports. Then the flange
is screwed to the vessel.

As mentioned in the introduction, the process of the single-
wire electrical explosion (and this paper structure) is divided
into three stages: stage (I) warming; the wire is in the non-
vaporized state, stage (II) HMaNF; the vaporized wire starts
to expand, and stage (III) streamer; the breakdown in the gas
mixture of N2 + Cu vapor occurs. The thermodynamic calcu-
lation is applied before the wire melts completely in stage I.
In stage II, a 1D computational fluid dynamics (CFD) model
comes into play until the instant that voltage collapse occurs.
The temperature, density, and velocity, which are derived from
the CFD calculation, are averaged over the arcing area. These
three stages are not separated and overlap with each other.
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The averaged parameters are taken as the initial conditions
for stage III in which a simplified streamer model based on
the Schumann criterion is applied in 3D to the gas mixture.
Experiments with the same setup as simulated in the model
were carried out, and the voltage drop and current magnitude
across the exploding wire in the test bench were measured.
Moreover, the velocity of the SW is estimated based on the
delay between power (P) and voltage (V) peaks and compared
with the simulation results. Fast imaging was not utilized but
it is available for similar wires in another research [3].

2. Voltage drop development on the wire (stage I)

2.1. Electro-thermodynamic calculation

The governing equation for the electrical circuit shown in
figure 1 containing an exploding wire at intermediate frequen-
cies (f < 20 MHz) is derived based on a generalized form
of Kirchhoff’s voltage law as zero-dimensional (0D) model,
where the resistance (Rcir) is variable due to the change in igni-
tion wire resistance, R, but the inductance (Lcir) and capacit-
ance (Ccir) are fixed:

d2i
dt2

+
Rcir
Lcir

· di
dt

+
1

Lcir ·Ccir
· i= 0. (1)

Due to the fast heating, the thermal expansion of the wire
and convection are neglected and heat conduction is merged
in radiation. So, we can write:

Rcir · i2 −
dQrad(T)

dT
dT
dt

mwire

([
CV(T)+ T.

dCV(T)
dT

]
.
dT
dt

−LHmelt.δ (T−Tm (p))−LHvap.δ (T−TV (p)) = 0,
(2)

Rcir = R(T,state)+Rconnectors, (3)

R(T,state) =
Lwire

σ(T).Swire(t)
=

L2wire
mwire(t)

· ρ(T)
σ(T)

. (4)

δ is the Dirac delta function. (1) is solved for current i(t),
and (2) is solved for temperature T(t). Qrad is the radiated
energy from the exploding wire. mwire, Swire, Lwire, σ and
ρ are the mass, cross section, length, electric conductivity
and mass density of the wire, respectively. LHmelt, LHvap,
Tm and Tv are latent heat of melting, latent heat of vaporiz-
ation, melting temperature and evaporation temperature for
copper, respectively. The latter two quantities are assumed to
be pressure (p) dependent. Here, the inductance and capacit-
ance are 43 mH and 4.8 µF. The initial conditions are i(0) =
0, T(0) = 300 and di(0)/dt=−Vcap/Lcir, where Vcap is the
capacitor voltage. The current frequency in the experiment is
about 352 Hz. The skin depth is larger than the radius of the
concerned ignition copper wires, i.e. uniform current distri-
bution was assumed. The calculation starts from a solid-state
without additional estimated or measured parameters. The cir-
cuit equation, equations (1) and (2) are coupled with the elec-
trical resistance of the circuit shown in (3) and (4) including the

connectors, Rconnectors, and the resistance of the ignition copper
wire, R, which is a function of its physical state, temperature
and the remained mass of the wire, mwire(t). The mwire(t) is
calculated through (5) based on the ρ(x,T) from solving Euler
equations in stage II. The latent heat of melting and vaporiza-
tion, as well as the step changes in R at transition points, are
considered in the simulation through thermodynamic calcula-
tion [12].

mwire(t) = 2π ·Lwire ·
ˆ x=D

x=0
xρ(x,T)dx . (5)

Here, i(t),T(t),R(t) and Qrad(t) are functions of time but for
easy writing the time dependency is not shown in the equation
except for the mwire in (5). The other functions used in (2) are
as mentioned here below in equations (6)–(15):

TV (p) =
15850

5.55+ log(pamb+ pMag+ ppreburst)
. (6)

The dependency of melting temperature, Tm (p), to the pres-
sure is weak but the vaporization temperature, TV (p) , is a
function of the surrounding pressure, p, which consists of
three components, the ambient pressure, pamb, magnetic pres-
sure, pMag, and the pre-burst pressure, ppreburst. An estimation
of TV (p) for copper, shown in (6), is based on the method
explained in [13] and the data in [14]:

pMag = 3× 10−14 · J2wire ·D2
wire. (7)

pMag according to [13] has two components, one is magnetic
pinch effect and the other is due to the forces generated when
the liquid expands against its magnetic field. The average of
the twomentioned components is shown in (7). Jwire is the cur-
rent density at pre-burst in A cm−2 and Dwire is the wire dia-
meter in mil just here. Jwire = 5.36× 106 A cm−2 and Dwire =
0.984 mil in this case, which (7) results in 0.834 bar overpres-
sure but ppreburst has an emormous value and is calculated by
solving Euler equations in stage II.

Qrad(T) = radii · mwire(t)
ρ(T)

. (8)

Heat conduction can also be expressed directly as an energy
(loss) source term. So, the equivalent heat conductivity (thctot)
due to radiation is calculated and is merged in the net emis-
sion coefficient (NEC) radiation shown as radii in (8), which
is the NEC eestimation of the radiative cooling in W, through
PLASIMO® code [15], which provides a better estimation
than others [10]. Qrad(T) is in W. Heat capacity at constant
volume, mass density and electrical conductivity of wire in
different physical states are defined through (9)–(15):

CV(T) = CV(T)solid+CV(T)liquid+CV(p,T)gas, (9)

ρ(T) = ρ(T)solid+ ρ(T)liquid+ ρ(p,T)gas, (10)

σ(T) = σ(T)solid+σ(T)liquid+σ(p.T)gas. (11)
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CV(T)solid and CV(T)liquid are defined in [16,17]. Equations
(12) and (13) for ρ(T)solid, and ρ(T)liquid are from [18] and (14)
and (15) for σ(T)solid, and σ(T)liquid are from [12]:

ρ(T)solid = 8985− 0.598 · (T− 293) , (12)

ρ(T)liquid =
(
9077− 8.006× 10−1 ·T

)
, (13)

σ(T)solid = 5.88× 107 − 4.52× 104 · (T− 293) , (14)

σ(T)liquid = 5.26× 106 − 4.0× 103 · (T− 1370) . (15)

PLASIMO® [15] is used to calculate the CV(p,T)gas,
ρ(p,T)gas, and σ(p.T)gas at p. Figure 2(a) shows simulated
V and R considering the NEC, Vsim. with NEC and Rsim. with NEC,
versus measured ones, VMeas. and RMeas.

The brown dots represent the measured current, IMeas. points.
A practical method widely used in power signal processing

especially for protection matters from 90s [19–21] to denoise
signals with low signal to noise ratio (SNR) is discrete wavelet
transform (DWT). Daubechies is themost popular wavelets for
the detection of short duration, fast decaying oscillations [22,
23]. Daubechies-4 DWT (db4) in level 5 is utilized here to
denoise IMeas. points. The result, Idenoised, indicates that most of
the oscillations are not due to noise or low sampling resolution;
rather it is because of the change in R. It is clear from figure
2(a) that the current at the start of the EWP (t = 76 µs) is
abruptly reduced and the simulation confirms this.

Simulations considering radiative cooling show good
agreement with the experiments in the first 76–77µs. Then, the
V, i, and R suddenly change. Changes in wire temperature in
figure 2(b) show the vaporization temperature is considerably
higher (around 4800–5200 K) than the usually known vaporiz-
ation temperature of copper at standard atmosphere (2835 K)
or even at 1.83 atm due to the magnetic preessure effect (3000
K); as the dominant pressure at the outer conducting radius is
the vapor pressure of the material. At high temperatures where
vaporization is significant, the surface of the conductor is sur-
rounded by a non-conducting vapor, and a two-phase ther-
modynamic system is created, where liquid and vapor coexist
[24]. Thus, the vaporization occurs in saturated vapor pres-
sure. Vaporization reduces the conducting part of the melted
wire according to (5) and therefore R, and consequently, V
are increased sharply until the arc plasma is created by the
streamer in the mixture of nitrogen and copper vapor. This
abrupt change in simulated signals in figure 2(a) is evident.
The resistivity for most of the metals increases by a factor of
two when they are melted [13] and this factor for the copper
is about 2.07 [25] which is also clear from (14) and (15). This
abrupt change is utilized to find the melting point from meas-
ured values to verify the calculations. Measurements show the
melting has happened at around 65–75 µs which confirms the
simulation results. Changes in the heat capacity, electrical con-
ductivity, and mass density of 25 µm copper wire surrounded
by 1 bar N2 during the warming stage from solid to the gas
state are shown in figures 2(c) and (d).

Figure 2. (a) Simulated voltage, current, and resistance versus
measured ones, change in (b) T, (c) CV(T), (d) σ(T) and ρ(T) of
25 µm copper wire during warming stage at 1 bar N2 from solid to
gas state.

2.2. Scaled resistance function

It has been known for many years that the instantaneous res-
istance of an exploding wire is not a unique function of the
energy deposited in the wire up to that instant [26]. This ‘res-
istance anomaly’ guides to present a measure named ‘scaled
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Figure 3. Scaled resistance and R−1/2 versus simulated ones in
1 bar for 25 µm copper EEW.

resistance’ which is defined as measured or simulated resist-
ance of wire multiplied by its primary cross-section divided
by its length (it is not the known linear resistivity). Plots of
‘scaled resistance’ versus time give a universal curve, for dif-
ferent wire sizes of the samematerial with similar energy dens-
ities [26]. Another parameter taken as an indication for the start
of EWP is R−1/2. Figure 3 shows measured scaled resistance
and R−1/2 for the explosion of 25 µm copper wire in 1 bar
N2 and its deviation from simulated ones at 76–77 µs where
expansion starts. The peak of scaled resistance is 53 µΩcm
that is in agreement with another study [24].

3. Shock wave expansion, HMaNF (stage II)

Our previous experimental work [27] has shown that even with
different copper ignition wire diameters (25, 40, and 100 µm),
the arcing voltage a few hundredmicroseconds after the explo-
sion is almost equal in all three cases. It should be noted that
delays and magnitudes for the initial voltage peak during the
EWP are different (see e.g. figure 20). Another observation is
seen for 25 µm thick wires, both for different filling pressures
and at the presence of a nozzle with different inner diameters
(see e.g. figure 22): Although the initial voltage peak delays
are the same, the voltage magnitudes during the EWP are dif-
ferent. The abrupt change in the rate of resistance increment is
taken as an indication of a sharp decrease in conducting cross-
section. It means an SW is created that spreads the copper
vapor inside the pressure vessel towards the nozzle wall and
beyond the electrode region.

The following section will investigate this phenomenon by
calculating the percentage of the metal vapor in the arcing
area after the explosion through the simulation of HMaNFs

around EEW where the SW is generated. Previous experi-
mental works have demonstrated that wires remain rather uni-
form lengthwise during the explosion and can be simulated
utilizing 1D simulations [28]. A 1D numerical model for the
experimental setup presented in [27] is generated based on the
equations for HMaNF (Mach number (Ma) > 1) coupled with
the van-der-Waals (vdW) equation and is solved for different
wire diameters and pressures as well as different nozzle dia-
meters.

3.1. High-Mach number flow equations

Flow equations consist of compressible Euler equations (CEE)
for mass, momentum, and energy. In equations (16)–(19), ρ is
themass density, u is the velocity, p is the pressure. x represents
the radial distance from the wire (Dradial) or the distance from
the wire to the nozzle’s inner wall (Rradial) in the simulation
results. γ is the ratio of the specific heats, and ε is the wire
energy density:

∂ρ/∂t+ ∂ (ρu)/∂x= 0, (16)

∂ (ρu)/∂t+ ∂
(
ρu2 + p

)
/∂x= 0, (17)

∂ε/∂t+ ∂ ((ε+ p)u)/∂x= 0, (18)

ε= p/(γ− 1)+
1
2
ρu2. (19)

The vdW equation of state for non-ideal gas, equations
(20)–(25), together with the ideal gas relation equation (16)
are utilized for the nitrogen mixed with copper vapor:

TN2Rconstn=
(
p+ n2a/v2

)
(v− nb) , (20)

a=
m∑
i=1

m∑
j=1

(xi,xj)
√
aiaj, (21)

b=
m∑
i=1

m∑
j=1

(xi,xj)
√
bibj, (22)

aN2 = 0.139& bN2 = 3.913× 10−5, (23)

b=

(
4
3
πr3w+πr2wd

)
NA , (24)

dN2 = 1.0975A0; rw_N2 = 2.25A0. (25)

Here, pressure, p, the absolute temperature, T, the inter-nuclear
distance, d [29] and the vdW radius rw [30], are involved in
(23), respectively. NA is the Avogadro constant, n is the num-
ber of moles. a and b depend on the particular gas and V is
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the volume, a
[
m3.atm
mole2

]
is a measure of the average attraction

between particles, and b
[

m3

mole

]
is the volume excluded by a

mole of particles and is extracted from [29] for N2. Rconst is
the universal constant of gases. The coefficients a and b for
the mixture ofm different gasses can be calculated frommolar
fractions of mixture elements, xi,j according to (24) and (25)
[31];.

c2 = γRconstT. (26)

Here, T and c are temperature and the speed of sound in the
medium, respectively. Equations (27) and (28) show the stored
energy in the capacitor,W in, calculated by capacitor size, Ccir,
and voltage, Vcap, and the wire energy density, ε defined as
injected energy to the exploding wire per its volume, Volwire,

Win =
1
2
CcirV

2
cap, (27)

ε= Vwire · i/Volwire. (28)

The molar mass ratio of the mixture in percent at the time of
the gas breakdown (voltage peak) and PF inside the arcing
area, Xmixture%, is calculated through the Dumas method in
(32) from the calculated density, ρcalc based on flow equations
and the initial densities of elements:

Xmixture% = 100(ρcalc− ρN2)/(ρCu− ρN2) . (29)

The wire diameter affects ρ and ε, and a change in nitrogen
filling pressure affects the initial p and ε in flow equations that
results in a change in the velocity u. Consequently, the size of
the wire and the filling pressure can affect the density distri-
bution. Moreover, the SW will be reflected after crossing the
nozzle’s inner wall and exhausts the gas inside the nozzle tube.
The effects of the nozzle, wire diameter, and filling pressure on
the calculated density, ρcalc, are studied through simulations of
the SWs’ radial expansion.

3.1.1. Effects of wire diameter. The radial distances of the
first and the second SW from the wire at any given time are
simulated to investigate the waves’ expansion like what typ-
ical Schlieren photos may show in general. The simulated
area is 30 mm wide and divided into 3000 mesh elements in
COMSOL® with a size of 10 µm. The time step is 180 ps at
the start, then increased to 700 ps at the end of the simula-
tion. Figure 4 shows the ‘Schlieren-like’ representation of the
simulated velocity and Ma for the explosion of a 25 µm thick
Cu-wire in 1 bar nitrogen exposed to sinusoidal 150 A current
starting at zero. The current during the time of the wire explo-
sion is a lot lower than 150 A, and it varies from 26.3 to 49.8
and 145 A for different wire diameters. An experiment with
a pulse current for a wire explosion in the air was published
elsewhere [32].

The simulated motion of the main SW, the formation, and
subsequent motion of the secondary shock, as well as the loc-
ation of the contact surface (CS) between the detonation gases

Figure 4. Schlieren-like representation of (a) velocity, and (b)
Mach number in the explosion of 25 µm Cu wire at 1 bar N2.

and the outside atmosphere, are presented in figure 4, shows
similarities with the general shape of the photographs from an
experiment of an EEW in the atmosphere [33].

The time-tagged curves of the shock velocity up to 8 µs
with the envelope of the front velocity (Uw max) over the sim-
ulated domain are shown in figure 5. The location of the CS
and the motion of the shock can be identified from the small
and then huge fluctuations in the velocity curves. The legend
is similar for each case study and is showed one time per case.
The front of an expansion wave propagating into undisturbed
medium travels with the maximum velocity, Uw max. Here, the
Ma and the wave velocity reach 2.5 and 11 000 m s−1, respect-
ively (see figures 4(b) and 5).

Figure 6(a) shows the simulated temperature wave through
the ‘Schlieren-like’ representation and explains that the high-
temperature part of the medium is in the main wave. There-
fore, the temperature gradient is very high at the CS. Figure
6(b) shows the time-tagged curves of the temperature up to
8 µs after the explosion of a 25 µm thick copper wire, i.e.
at the time when streamer breakdown takes place. The res-
ults agree with other studies, see e.g. [34]. The SW signific-
antly contributes to plasma heating and initiation of the elec-
trical arc. Measurements have shown that the warming stage
before expansion depends on wire diameter [27], and radi-
ation plays an important role in such long warming times at
the temperature range of figure 6(b). Figures 7 and 8 show the
distribution of density and pressure in the SW where the pres-
sure in the GPa-range is observed. This pressure explains the
higher vaporization temperature than the boiling point of cop-
per. The average arc radius in free-burning (FB) arcs (i.e.
inside the vessel but without nozzle) for the same geometry
and electrode distances, like what is shown in figure 1, is cal-
culated to be around 7.5 mm through a verified MHD model
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Figure 5. Simulated shock velocity and the envelope of the
wave-front velocity for 25 µm copper wire explosion at 1 bar N2.

[35] in the N2-Cu mixture and is shown here as the arc outer
wall (AOW) in figures 7(a) and 8(a).

The simulated area in the mentioned MHD model was
15 mm but in axisymmetrical coordinates. A current of 145–
150 A with a frequency of 352 Hz is applied and the conduct-
ivity contour of 500 S m−1 which is equal to 6000 K is con-
sidered as the outer wall of the simulated arc.

The exact relationship among the radial distributions of the
density gradient, temperature, and the SW is defined through
the CEE together with vdW named HMaNF equations in (4)–
(14). These relationships could be interpreted in this man-
ner that an abrupt change in the temperature, generates a
pressure gradient, which results in a hot fluid, and creates
a velocity wave inside it. This wave moves the metal vapor
particles, which are heavier than the fluid species. So, the
major amount of the generated metal vapor packed together
at the CS between the first and the second waves and then, in
wave’s front. The CS is the result of the sonic barrier when
transonic speed travels from subsonic to supersonic (Ma > 1).
This pack goes out of the arc zone after 1 µs in this case
and the mixture density in the simulated distance is reduced
from 8900 to less than 2 kg m−3 in 8 µs after the explosion.
Breakdown in gas mixture happens at 94, 160, and 645 µs,
at 1028, 570.4, and 293 V for 25, 40, and 100 µm Cu-EEW
at 1 bar N2.

As was mentioned, the three stages followed by the arc
plasma are not separated and overlap with each other. It means
at the end of the warming stage, the vaporization makes a two-
phase system and affects the boiling temperature of melted
wire. When the streamer happens, the shock wave is traveling
far from the arc core. For instance, figure 8(b) depicts the pre-
burst pressure used in stage I to calculate the wire temperature
is about 6000–7000 bar and the wave temperature at the start
of EWP shown in figure 6(b) shall be equal to the calculated
wire temperature at the start of EWP in stage I (7800 K).

Figure 6. (a) Schlieren-like representation of temperature wave and
(b) time-tagged curves of temperature for 25 µm wire case at 1 bar
N2 (the legend and time-taggings are like figure 5).

Figure 9 compares the Schlieren-like representations for
velocity by the explosion of a 40 µm and a 100 µm thick cop-
per wires exploded at 182 and 530 µs (current source is similar
for both cases but the instantaneous current at the time of the
explosion is different).

EWP starts at 116, and 529 µs, respectively, and it takes 44
and 116 µs for plasma formations. The general form of plots
and so the flow regime is similar. Figure 10 shows time-tagged
curves of (a) shock velocity, (b) density, (c) pressure, and (d)
ρ-u interactions for the first 1 µs in the explosion of 40 µm Cu
wires, at 1 bar N2 and figure 11 shows u, ρ for 100 µm EEW,
respectively.

As is shown in figure 10(d), the velocity is increasing from
the first instance of the explosion, t0, to reach the sonic barrier
and after a reduction in the wave velocity, the second wave
starts to propagate. The speed of the second wave’s front is
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Figure 7. The time-tagged curves of (a) density and (b) pressure
distributions in the explosion of 25 µm Cu wire at 1 bar N2 (the
legend and time-taggings are like figure 5).

decreasing by the time. The density at t0 is in its maximum and
starts to be reduced through spreading by the velocity wave.

The heavy metal particles are accumulating in the wave-
front but when the CS is created it works as a trap for metal
particles, due to lower velocity at this position compared with
the second wave’s front. So, the particle accumulation changes
to become dominant there. This transition happens for the
40 µm EEW at 350–440 ns, but for 25 µm EEW it occurs at
120–180 ns, while for the 100 µm EEW it is at 8.16 µs (see
figure 11(b)) due to different wave velocities.

By increasing the wire diameter while the driving voltage
and circuit elements are fixed, the energy density deposited in
thewire is reduced according to equation (28). If the gas break-
down due to streamer does not occur until the full energy is

Figure 8. Log-Log view of time-tagged curves of (a) density and
(b) pressure distributions of figure 7 (the legend and time-taggings
are like figure 5).

deposited in the wire, the expansion rate of copper vapor will
be more rapid compared to the case where a small fraction
of the energy is deposited before the voltage collapse [36].
Thus, the maximum velocity for a 40 µm thick copper wire
(see figure 10(a)) is 7500 m s−1, while it is only 650 m s−1 for
a 100 µm wire (see figure 11(a)). The comparison for the dis-
tribution of the density and pressure waves between the explo-
sion of 40 µm-Cu wire and 100 µm one is raised from figures
10 and 11(b) and (c). The peak of the mixture density passes
the arc wall after 1.4 µs and 15–18 µs, respectively. By com-
paring figures 10(c) with 8(b), it is observed the high pressure
is generated within a few millimeters of the wire. The initial
SW peak pressure can be increased by slightly reducing the
wire diameter (1 GPa in 1 mm from the wire at 40 ns which is
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Figure 9. Comparison of Schlieren-like representations of shock
velocity in the explosion of (a) 40 µm and (b) 100 µm wire at
1 bar N2.

reduced to 0.6 GPa in 10 mm at 600 ns and 0.02 GPa in 30 mm
at 4 µs in figure 8 (b)).

High-pressure generation further than a few centimeters
from the wire requires decreasing the peak pressure attenu-
ation rate by choosing the optimal discharge related to the wire
size (0.1 GPa in 4.3 mm from wire at 450 ns in figure 10(c))
or increasing the initial stored energy, otherwise low pressure
like what happened in 100 µm EEW will occur. Furthermore,
it confirms other research [10].

3.1.2. Effects of filling pressure. In this section, the explo-
sion of 25 µm-Cu wire in nitrogen at the pressures of 20, 40,
and 80 bar are studied. The molar ratio of the metal vapor in
the mixture is calculated and shown in percentage. Figure 12
shows Schlieren-like representation of the simulation results
of Mach number, and mass flow for the explosion of 25 µm-
Cu wire at 20–80 bar nitrogen. TheMa is reduced from 2.5 to
1.2 by increasing the filling pressure from 1 to 80 bar, while
the maximum temperature is almost the same in all cases (see
figure 13), which indicates a reduction in wave speed while the
maximum mass flow is increased.
Ma Schlieren-like plots show that the position of the CS

and velocity distribution and therefore the flow regime com-
pared with 1 bar simulation have changed. The figures have the
same color scale for a better resolution. Another consequence
is clear from the brightness of Schlieren-like representation
of the mass flow and the white contours of the rate of the
change in density (ρtt= ∂2ρ/∂t2). The increment in pressure

Figure 10. Time-tagged curves of (a) shock velocity and the
envelope of front velocity, (b) density, (c) pressure, and (d) ρ-u
interactions for the first 1 µs in the explosion of 40 µm Cu wire at
1 bar N2.

9



J. Phys. D: Appl. Phys. 54 (2021) 055203 A Kadivar et al

Figure 11. Time-tagged curves of (a) shock velocity and the
envelope of front velocity, (b) density and (c) pressure in the
explosion of 100 µm Cu wire at 1 bar N2.

Figure 12. Schlieren-like representation of Mach number, and mass
flow and ∂2ρ/∂t2contours at 6×1014 kg m−3s−2 for the explosion
of 25 µm copper wire at (a), (b) 20 bar, (c), (d) 40 bar, (e), (f)
80 bar, (g), (h) 100 bar nitrogen with the same scales.
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Figure 12. (Continued).

shifts most of the vaporized material from the CS positioned
between the first and the second wave to the wave’s front and
compressed it there. Therefore, it increases the metal percent-
age in the arcing area. It is validated by calculated molar mass
inside the arcing area shown in figure 15.

Figure 13. Temperature distribution for the explosion of 25 µm
copper wire at (a) 20 bar, (b) 40 bar, and (c) 80 bar nitrogen.

As ρtt contours at 6×1014 kg m−3s−2 shows, 20 bar case
behaves differently from other cases here and even from 1 bar
case. This difference has a practical consequence, which is
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Figure 14. Maximum front velocity for the explosion of 25 µm
copper wire in 20–100 bar nitrogen.

Figure 15. Xmixture% inside the FB arcs at the time of PF for the
explosion of 25 µm Cu wire at 1–100 bar N2.

shown in figures 16(c) and (d) and will be explained in the
discussion.

The change in flow regime and higher thctot of dense gas
make the temperature distribution in figure 13 smoother com-
pared with figure 6. Increasing the filling pressure results in
higher maximum mass flow (here the maximum mass flow is
increased from 5.65 kg s−1 at 20 bar to 7.4 and 8.19 kg s−1 at
80 and 100 bar, respectively), in higher thctot, in higher with-
stand level and in higher mass densities. However, a higher
filling pressure will reduce the wave velocity. Filling pressure
increment will increase wave attenuation rate, too. In these
cases, from 7500 m s−1 to 5000 m s−1 in 90 µs for 1 bar as
shown in the envelope of figure 10(a) versus from 4500 m s−1

to 800 m s−1 in 18 µs for 80 bar nitrogen in figure 14.
Consequently, the total mass flow is reduced by increasing

the pressure to some extent. The simulation shows that a pres-
sure increment from 80 bar to 100 bar is almost ineffective on
the wave speed, although it increases the maximum mass flow
to 9 kg s−1 (see figure 12(h)), which results in total mass flow
increment and therefore, in lower metal content percent than

80 bar (see figure 15). The moment where the voltage peak
changes its slope due to the breakdown is associated with the
PF and from this instant on the metal vapor in the arc area in
non-blasting cases is almost unchanged due to the wall created
by the difference between densities inside and outside the arc
next to it [6]. Thus, this time will be used to calculate the aver-
age of the Xmixture% inside the arc area shown in figure 15 as
the arc metal content up to 100 bar.

3.1.3. Effects of the cylindrical nozzle. Inserting cylindrical
nozzles between electrodes affects the flow equations by chan-
ging the boundary conditions in the study. The length and the
inner diameter of the nozzle as well as its position between the
electrodes are varied parameters in this study.

As shown in figure 1, two-centimeter-long cylindrical
nozzles with internal diameters of 4 mm and 2 mm (OpOp
_4 and 2 in figures 16(c) and (d)) are added in the middle
of the electrodes and the 25 µm-Cu wire explosion in nitro-
gen at the pressures of 20, 40, 80 and 100 bar are sim-
ulated. Four more geometries (shown in figure 16(a)) are
studied to consider the effects of the nozzle’s length and posi-
tion on the molar ratio of the mixture.

As shown in figure 16(a), W(i)O(j)_(k) comes for (i) mm
long nozzle with (k) mm diameter when one end is walled
and the other end is open, and the open end has (j) mm dis-
tance from the electrode. The symmetry in all dimensions res-
ults in the reduction of the 3D model to 2D ones. The phys-
ics of nozzle is strongly symmetric and can be assumed 2D,
with the physical properties having gradients both in the y-
direction (axial) and x-direction (radial). However, a full 2D
model would be expensive in processing time. Another simpli-
fication is applied to decouple the 2D model into two separate
1D models in the ‘x’ and ‘y’ directions without losing accur-
acy based on the superposition rule.When the explosion starts,
SW starts to expand freely before reaching the closed wall of
the nozzle in the middle of its radial expansion route.

According to figure 16(a), the explosion generates waves
Wx1 outside and Wx2 inside the nozzle. When Wx2 reaches
the walls, it is reflected on its tail and then is relieved from
open ends of the tube in ‘y-direction’ perpendicular to the free
waves generated in sections between nozzle and electrodes
and generates another SW in the y-direction named Wy. The
waves’ travel time in x-direction inside the tube is shown in
figure 16(b) and varies from 720 ns to 2 µs depending on the
pressure and the nozzle diameter. Another simulation in the
y-direction with the initial condition obtained from the first
simulation at ttravel starts. The wave Wy starts when Wx1 has
moved away to dtravelled, whereas the metal vapor of the free
end(s) has moved far away from the wire position (centerline)
and the superpositioning rule will be applied on both densities
obtained from x and y directed shocks to calculate the density
of the mixture in the arcing area outside the nozzle. The metal
vapor in themixture is shown in percent in figures 16(c) and (d)
for all six cases studied up to 100 bar. Figure 16(c) illustrates
the consequence of different mass flow behavior at 20 bar in
figure 12(b) that is repeated here for the one-end closed nozzle.
This behavior results in a high level of metal vapor inside the
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Figure 16. (a) Schematic of the one-end closed nozzle, (b) travel
time for SW to reach the inner walls of 2 and 4 mm-diameter
nozzles and return, (c), (d) XCu% inside the arcing area, for nozzle
constricted arcs at the time of PF; 25 µm-Cu EEW at 1–100 bar N2.

arc for the 20 bar cases that is almost equal to 70–80 bar case
studies. Figure 16(d) shows for the pressures lower than 6–
7 bar for cases with both side open nozzle named open-open
(OpOp), the amount of metal vapor is less than 2.4%. Thus,
utilizing the EEW does not affect the CB model so much and
remains still a practical method for the study of the CBs in
ordinary pressure levels while it will not be a proper choice in
the study of CBs utilizing SCF as insulating gas (SCFCB).

Wave Wx2 is shown in the velocity plots of figure 17 for
the different pressures and nozzle diameters. The figures have
the same color scale and two vertical white lines shown in
figure 17(a) are 70 000 K, and 140 000 K temperature con-
tours. Arrows show the mass flow direction and horizontal
solid black lines show the area with the reverse mass flow. The
solid white contour shows the border between these two mass
flowswhere ∂ρ/∂t= 106 kgm−3s. The grey parts are the areas
with zero mass flow. The simulation shows OpOp geometries
get almost empty of metal vapor at the time of gas breakdown.

4. Ablation

According to figure 17(a), the temperature reaches 140 000 K
and even higher in the vicinity of the inner wall of the cylinder
in 100 µs. So, the vaporization or the ablation of the polymer
material might happen. The details of polymer decomposition
are too complicated for describing with a single distribution
function as an ablation model, but a widely used simplified
ablation equation for the nozzle can also be applied [37] which
is considered through (33). If ablation is not too strong and the
Mach number is much smaller than one, then (Ma)2 can be
neglected. Here, in the stage II : 1.1≤Mamax ≤ 2.18

ṁ=
δ(T−Tablate) · (Tablate−T)
(hv+ dhPTFE+ 1/2.(Ma)2)

. (30)

The vaporization enthalpy hv that is necessary to produce
gaseous C2F4 at 1000 K is set to 2.6 MJkg−1 [38]. Besides,
the specific heat dhPTFE is taken into account to heat up the
PTFE to the effective ablation temperature of 3500 K [37].
δ is again the Dirac delta function. Moving mesh is coupled
to calculate the sublimated material in this physics. Details
are explained in [6]. The FEM model was verified through
the experimental results already published in [39]. The experi-
mental results show at 1 bar, a total nozzle mass loss of 9.2 mg
was measured after five tests on 50 mm long nozzle with
4 mm diameter. The error of the weighting tool was ±0.5 mg.
Figure 18(a) shows the ablated mass for the arc current of
135 A and 190 Hz forDnz = 2 and 4 mmwith an average abla-
tion rate of 25–30 mg kJ−1, which is in line with the measured
results. Figure 18(b) shows although the gas temperature in
the vicinity of the inner wall is very high but the wall temper-
ature for Dnz = 2 mm, cannot reach temperatures higher than
1000 K in the first microsecond and therefore, ablation starts
from 1300 µs. When the arc current falls below 60–70 A the
nozzle temperature falls below 2400 K and the ablation stops
until the second half cycle which again continues with higher
rate due to higher temperature as a result of pre-warming from
previous half cycle (see figure 18(b)). It should be noted that
Ma≤ 0.3 after the PF.

5. Streamer breakdown (Schumann criterion),
stage III

In section 2.1, it was explained that the current is carried by the
melted wire before it is dispersed in nitrogen by the SW. The
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Figure 17. Schlieren-like representation of temperature and velocity for Wx2 in (a), (b) 1 bar for Dnz = 2 mm, (c), (d) 80 bar for
Dnz = 2 mm, (e), (f) 80 bar for Dnz = 4 mm in the explosion of 25 µm Cu wire inside N2.

Figure 18. (a) The ablated mass of PTFE in the first half cycle for
190 Hz-135 A arc current and Dnz = 2 and 4 mm, and (b) gas
temperature in the vicinity of the inner wall and wall temperature
for Dnz = 2 mm, in the explosion of 25 µm Cu wire inside 3 cm
long PTFE nozzle at 1 bar N2.

reduction of the conducting part of the melted wire by vapor-
ization results in a sharp increment in the wire resistance and
consequently in the voltage drop across the wire (see figure
2(a)). This voltage increment is limited by the breakdown of
the surrounding gas mixture. At high values of pressure mul-
tiplied by electrode distance (p.d), including in high-pressure
non-uniform configuration, the breakdown in gas is mostly of

a streamer type. These streamers can result in the partial or
complete breakdown of the gaseous insulation in non-uniform
field gaps depending upon the field configuration, the type, and
pressure of the gas, the mixture ratio, and the waveform of the
applied voltage. Here the static voltage is applied. The Schu-
mann streamer inception criterion is:

d
∫
0
(α− η) · dx= K= Ln(Nec), (31)

where α and η are the ionization and the attachment coeffi-
cients, respectively, which both depend upon the electric field
intensity and the gas number density or pressure in the gap.
The integral boundary is d, which is the length of electric
field lines between the electrodes. The critical avalanche size
is K, which is for N2 considerably smaller than the generally
accepted value of 18.42 (for the critical number of electrons,
Nec = 108) and shall be estimated based on experimental res-
ults in each interval of a reduced electric field [40, 41]. The
general form for K suggested in [40] is:

K= 5.75− 0.76ln(pd) ; 5x10−2 < pd < 10bar · cm. (32)

The electrical breakdown voltage is calculated by integrating
Townsend growth coefficients (TdGC) of the mixture along
the electric field lines. Figure 1 shows the 3D geometry used
for the simulation of streamer breakdown based on the Schu-
mann criterion for the explosion of 25 µm copper wire inside
the nozzle with both ends open (vaporized wire was dispersed
inside the vessel).

Figure 19 shows simulation results for a gap length of
0.03 cm using equation (32) and the experimental breakdown
voltage for pure N2 at different pressures [42]. Compared with
simulations, the fitted curve to experimental results shows
increasing deviation from the similarity law at high gas pres-
sures and high electric fields, Ebr > 105 V cm−1. The distance
between the electrodes is 3 cm in our study, so according to
equation (29) using K is valid just for 1 bar tests and for higher
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Figure 19. The experimental breakdown voltage for pure N2 at
different pressures versus simulation results.

Figure 20. Integrated TdGC, avalanche, and streamer breakdown
for the explosion of 25 µm Cu wire inside the nozzle at 1 bar N2.

pressures or equivalently higher distances, another model con-
sidering 8–11 reactions including the excitations, ionizations
and attachments shall be solved numerically [43]. Technical
grade (TG) N2 which can have up to 1% oxygen [44] was used
in experiments and considered in simulations due to its small
effects on the attachment coefficients.

BOLSIG+ [45] with LAPLACE database [46] is used to
calculate the TdGC at different mixture ratios of nitrogen/-
copper vapor obtained from OpOp_2 and OpOp_4 curves in
figures 16(c) and (d). Figure 20 shows the unitless indicator
of integrated TdGC, electron avalanche, and streamer break-
down for the explosion of 25 µm Cu wire inside the nozzle at
1 bar nitrogen. The arrows are proportional to the avalanche
electron number density. Integrated TdGC across the nozzle
tunnel is shown as a colored surface on the cathode. Although
the nozzle increases the electric field between the electrodes,
it also works as a barrier for most of the electrons. Still, the
electron density on the shortest route which arrives faster to
the other electrode through the nozzle makes the streamer.

It is observed that discharges start at lower voltages than
expected due to ultraviolet (UV) radiation and the explod-
ing shocks which may have ionized the nitrogen [47]. The
average external field that was necessary to sustain the steady
growth of a streamer in N2, Es in the experiment, is almost
independent of gap length and field inhomogeneity. In TG-N2,
Es = 1.5 kV cm−1 at 1 atm is considered. The value of Es is
very sensitive to the attachment. If N2 is heated to 1000 K,
electrons are liberated from negative ions and Es falls to
0.4 kV cm−1. The necessary field also increases as the humid-
ity is raised [44].

6. Discussion

6.1. The arc metal content for different wire sizes

The calculations are compared with experiments using 25,
40, and 100 µm copper wires surrounded by 1 bar N2 (see
details in [27]). Figure 21 depicts the measured values of V, P
(voltage multiplied by current), and R (voltage divided by cur-
rent) for 20 µm EEW with a sampling rate of 1.25 Msamples
per second, 40 µm and 100 µm EEW with a sampling rate of
500 Msamples per second in the logarithmic scale. In contrast
to the well-known pulse with dwell (current pause), a single
electrical pulse is produced [48], which is usual for relatively
low resistive metals like copper [49] although it is also pos-
sible to have a current pause with 25 µm EEW, (for instance
see figure 4 in [50]). The heating process changes to an explo-
sion after 76, 116, and 529 µs from the current injection cor-
responding to 25, 40, and 100 µm, respectively, which results
in the change of the voltage slope. Here, the PF occurs 8, 44,
and 116 µs after the explosion, t0. These three intervals were
simulated in section 3.1.1.

It is explained in [26] through synchronous imaging and
assuming a constant wave speed, small changes in T and at
the absence of restriking, that the time of melting completion
and explosion as well as the time of the voltage maximum can
be estimated with low accuracy through the small oscillation
in the I (see figure 21(b)). The average wave velocity, Ūw, is
estimated from wire radius, rwire, delay between the peaks of
V and P, ∆t, and the peak of the R, Rpeak, which are extracted
from figure 21, and Lcir, according to (33) [1]:

Ūw = rwire ·Rpeak/(2 ·∆t ·Lcir). (33)

The Rpeak and ∆t are 54.1 Ω/1.7 µs, 11.48 Ω/1 µs, and
2.02Ω/3.75 µs, for 25, 40 and 100 µm thick Cu wires, respect-
ively. This resistance anomaly was already reported for a tiny
gold wire in the air [26] and underwater aluminum wire [51]
through the circuit parameter tuning but we report on the first
observation of the interaction between the nozzle, the pressure
and the metal content of arcs. The expansion velocities at t0
and at the time of the PF, i.e. when the voltage peak changes its
slope are numerically simulated at about 11 000/3746 m s−1,
7300/2900 m s−1, and 630/360 m s−1 (see figures 5, 10(a) and
11(a)) while the average velocity is estimated as 4630 m s−1,
2670m s−1, and 313m s−1 through (36). Figures 22(a) and (b)
show NEC and electrical conductivity (σ) while figures 22(c)
and (d) show heat capacity (cp) and thctot for N2 and N2-Cu
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Figure 21. Voltage, power, resistance, current for (a) 25, 40 and
100 µm, (b) 25 µm, (c) 40 µm, and (d) 100 µm Cu EEW at 1 bar N2

in FB.

vapor mixture with different mixing ratios up to 25 000 K
at 1 and 80 bar, all calculated in PLASIMO. NEC is calcu-
lated for the sphere radius Rp = 0.5 mm at 1 bar and 0.05 mm
at 80 bar, which can be considered as an average radius of
the hottest regions. NEC is almost independent of pressure
while the σ is highly dependent. From the Dumas method in
equation (29), the calculated amount of copper inside the arc

at the time of PF, i.e. 84, 182, and 530 µs after current injec-
tion are 1.29%, 2.83%, and 2.24%, respectively, for 25, 40,
and 100 µm Cu EEW. As is clear from figure 22, these small
amounts of metal vapor have a considerable influence on σ and
the NEC but a negligible effect on the cp and especially thctot
at 1 bar [52]. From figure 22(b), adding 0.43% Cu increases
σ from 1 to 100 S m−1 at 5 000 K at 1 bar while adding
more copper vapor up to 3.27% just changes σ to 150 S m−1.
But adding 18%–41% copper vapor to N2 at 80 bar and 5
000 K increases the σ from 0.1 to 20 S m−1. Despite the dif-
ference in the wire diameters, the metal content at the time
of PF is almost equal in three case studies that result in sim-
ilar σ and NEC much different from pure cases and this could
explain the arc voltage equalities despite few differences in
metal vapor content. Another crucial parameter for the MHD
simulation is viscosity (η). As shown in figure 22(e), η is
more sensitive to pressure than to the metal vapor content.
These transport properties in addition to ρ for the exact mix-
ture ratio from this study are calculated through PLASIMO
code and used in MHD tools in a recursive method that res-
ulted in an accurate voltage simulation [6, 35], which points
in the direction that the calculated mixture ratio is realistic.
The arrows in figure 21 show that, as the filling pressure is
increased, the extremums of cp and thctot are reduced while
the peak of η is increased, and all shift towards the high tem-
perature. The arc temperature just near current zero (CZ) is
less than 4 000 K. The thermal interruption capability of a gas
is dependent on ρCp as a factor. the ρCppeak produces a cor-
responding peak in turbulent thermal conductivity, which res-
ults in a broad radial T-profile and a large arc radius [53]. For
optimum thermal interruption performance, the ρCp should
be as large as possible at temperatures below the ‘Tconducting’
(around 4000–5000 K) and as small as possible at higher tem-
peratures [54]. Figure 22(f) shows that ρCp in 40 bar for
4000 K≤ T≤ 4500 K, is equal to the ρCp for 80 bar while
its η is smaller. The legend for the 1–40 bar in figure 22(f) is
like figures 22(d) and (e).

6.2. Experimental appraisal of SW expansion time, t0

The energy density, ε, for 25 µm case was 2.09 J mg−1 while
it was 1.18 J mg−1 and 0.0074 mJ mg−1 for 40 and 100 µm
EEW, which meets the slow explosion criteria [2]. Figure 23
depicts the measured voltages between 75 and 82 µs for 25 µm
copper EEW explosion at 1, 20, and 80 bar filling pressures.
It shows the start of EWP at 76–77 µs which is in line with
simulated results of figure 3. It shows that the start of EWP,
t0, is independent of pressure and nozzle effect but depends
on the wire diameter and ε, the energy density of the wire. It
also confirms that conduction and convection are negligible for
the heating model, as all voltages before the start of expansion
have the same value during the heating stage at different filling
pressures and therefore different conduction and convection.

6.3. Interruption performance; nozzle-pressure effects

As is shown in figure 16(c) at pressures between 20 and 80 bar,
the copper content of the arc initiated by the ignition wire, is
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Figure 22. (a) NEC, (b) electrical conductivity, (c) heat capacity,
(d) total heat conductivity of N2 and N2-Cu at 1 and 80 bar, (e)
viscosity, and (f) ρ.cp of N2-Cu at 1, 20, 40 and 80 bar.

between 2% and 45%, and the effect of nozzles on the mixture
ratio is not negligible. So, the commonly usedmethod of utiliz-
ing EEW in the model CBs instead of contact separation does
not apply to SCFCB and complex actuator design, complicated

Figure 22. (continued).

Figure 23. Measured voltages between 75 and 82 µs for 25 µm Cu
EEW.

simulation, and measuring methods [22, 55] due to the arc
elongation in a dense medium [56] is required for an accur-
ate study.

For instance, the current interruption performance at 20 bar
for the tube constricted arrangements with 4 mm inner
diameter, is observed to be worse than that at 1 bar, whereas
40 bar shows the best performance in the proposed N2 CB
model [50]. Compared with FB arcs, at higher pressures
(5–30 bar), 3 cm nozzle length with 2 mm inner diameter in
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both wall-open (W30O20_2) and open-open (OpOp_2) cases
result in higher metal vapor. The 2 cm and 3 cm nozzle with
4 mm diameter in wall-open (W20O5_4 and W30O20_4) and
open-open (OpOP_4) arrangements all result in a lower metal
vapor content. The pressure at which these extremums hap-
pen can shift with a change in the nozzle’s geometry. For
W20O5_4 the metal vapor has a local maximum at 20 bar and
a local minimum at 40 bar. As it is shown in figures 22(d)–(f),
thctot increases with p after 13 000 K, while decreases for tem-
peratures less than 8 000 K in both 20 and 40 bar cases. So,
cooling is almost the same for these two cases while the metal
content of 20 bar case is higher than 40 bar case for W20O5_4
which besides the mass flow (see figure 12(b)). This obser-
vation and ρCp for 4000 K≤ T≤ 4500 K in addition to the
expansion speed, which is discussed here, can explain inter-
ruption failure at 20 bar and good performance at 40 bar.

Another effect of a narrower nozzle from figures 17(b), (d),
and (f) is increasing T and changing its distribution inside the
nozzle. Figure 24(a) shows the measured voltages for 25 µm
copper EEW at 1–80 bar N2 in FB and inside the nozzle. The
legend is the same as figure 24(b).

The advantages/disadvantages of using nozzle tubes for the
arc ignited by the EEW are clear from figure 16(c). Besides
the arc constricting effect and guiding the cooling flow dur-
ing the current interruption, it results in evacuating or stock-
ing the metal vapor according to simulations, which are con-
firmed here with measured values. The arc ignition in a real
circuit breaker is because of contact separation which res-
ults in ablated materials from contacts and the nozzle. The
effects of the nozzle on the distribution of these materials were
already studied through the ablationmodel and particle tracing
in [6].

By comparing the voltages at 80 bar pressure for nozzles
with 2 mm and 4 mm diameters with these voltages at 20 bar
pressure for the same nozzle sizes before the breakdown
(figure 23) and after that (figure 24(a)), the measured voltages
before the breakdown from figure 23 shows V80bar, Nz.2mm

is higher than V80bar, Nz.4mm but V20bar, Nz.2mm is lower than
V20bar, Nz.4mm. After the explosion, from figure 24(a), the
voltage in the narrower nozzle at 80 bar pressure is lower due
to a higher metal content as it was explained in figure 16(c).
From figure 12(b) themass flow of themetal vapor even for FB
arc cases is different from other studies’ pressures. Although
the temperature-dependent thctot of the nitrogen at arc temper-
ature near CZ (lower than 4000 K) decreases with increasing
filling pressure, it is seen from figure 24(b) that the expansion
speed is reduced at 20 bar while it is increased at higher
pressures and it will be maximum at 40 bar for 4 mm inner
diameter of the nozzle.

These three parameters of metal content, mass flow, and the
expansion speed at 20 and 40 bar may explain that the reason
for the failure in our tests with 20 bar is a high amount of metal
vapor while the metal content of nozzle constricted cases is
minimum at 40 bar. Although CZ happens almost after 2 ms,
it should be noted that the gas flow inside the arc is as slow
as 3.6–40 m s−1 after the PF and mostly in the reverse dir-
ection towards the arc. Moreover, the arc has a wall due to
the difference between inner and outer pressure, and therefore

Figure 24. (a) Measured voltages, and (b) measured R−1/2 at
1–80 bar in FB and inside the nozzle explosion for 25 µm copper
EEW.

it can be concluded that the metal content in the arc remains
rather high [6].

7. Conclusion

During the explosion of copper wires at a temperature range
of tens of kiloKelvin radiation, the vaporization temperature is
considerably higher than the boiling as the vaporization occurs
in saturated vapor pressure.

The expansion wave speed has a crucial role in dispersing
the metal vapor of EEW and it is related to energy density
injected into the wire. Observations from conducting experi-
ments have shown that the arcing voltage a few hundredmicro-
seconds after the explosion of the different wire diameters (25,
40, and 100 µm) is almost equal. In contrast, the initial voltage
peak delays and magnitudes during the EWP are different due
to differences in wire’s energy density, and therefore, the wave
speeds.
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The time of explosion for EEW of similar diameters,
in contrast to the expansion wave speed, is independent
of filling pressure or presence/size of the nozzle, and just
depends on energy density. Therefore, the initial voltage peak
delays are similar while the magnitudes during the EWP are
different.

The choice of wire and power supply parameters should
be based on the radial position where high pressure is
required in utilizing EEW for other usages than circuit break-
ers.

Although increasing the insulating gas pressure inside the
model circuit breaker results in a higher maximum of mass
flow, higher thermal conductance and higher withstand level
as well as higher density as a factor of the convection but will
reduce the wave velocity as another factor.

The nozzle affects the plasma in different ways: it res-
ults in a reduction of metal vapor content of an arc initiated
by an exploding wire (advantage) if the optimum geometry
(length and diameter) is selected but in general, it increases
the arc temperature and changes the arc temperature distribu-
tion inside the nozzle (disadvantage).

There is a trade-off between the advantages/disadvantages
of using a nozzle in the design of the model SCFCBs. Depend-
ing on the pressure and geometry, having a nozzle may fail in
the recovery process as it increases T and the ablated copper
from contacts cannot be easily dispersed in the dense SCF.
From the current interruption point of view, there is probably
no way around having a nozzle; hence the optimized geometry
for the design pressure shall be numerically calculated through
MHD simulations. Despite the low-pressure model CBs
(p < 7 bar), the EEW is not a proper method for the study of
SCFCBs due to stucking up the metal vapor in arcing area.

The gaseous discharges after wire explosion start at lower
voltages than expected in a gas with the same temperature and
metal content, due to UV radiation from the explosion and the
exploding shocks which may have enough energy to ionize the
gas in the expansion stage.
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