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In this paper, a computational model is constructed to investigate the phenomenon of the initial plasma formation and
current transfer in the single-wire electrical explosion in a vacuum. The process of the single-wire electrical explosion is
divided into four stages. Stage I: the wire is in solid state. Stage II: the melting stage. Stage III: the wire melts completely
and the initial plasma forms. Stage IV: the core and corona expand separately. The thermodynamic calculation is applied
before the wire melts completely in stages I and II. In stage III, a one-dimensional magnetohydrodynamics model comes
into play until the instant when the voltage collapse occurs. The temperature, density, and velocity, which are derived from
the magnetohydrodynamics calculation, are averaged over the distribution area. The averaged parameters are taken as the
initial conditions for stage IV in which a simplified magnetohydrodynamics model is applied. A wide-range semi-empirical
equation of state, which is established based on the Thomas—Fermi—Kirzhnits model, is constructed to describe the phase
transition from solid state to plasma state. The initial plasma formation and the phenomenon of current transfer in the
electrical explosion of aluminum wire are investigated using the computational model. Experiments of electrical explosion
of aluminum wires are carried out to verify this model. Simulation results are also compared with experimental results of

the electrical explosion of copper wire.
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1. Introduction

Single-wire electrical explosion has been encountered in
many physical fields, such as material property study under
extreme conditions,!!! dense plasma generation,”) and syn-
thesis of nanopowder.?! A better understanding of the physics
of the single-wire electrical explosion is important for its ef-
fective utilization. In the experiments of the single-wire elec-
trical explosion, a binary structure has been observed, i.e., a
high-density, low-temperature core which exists until late into
the discharge, surrounded by a low-density, high-temperature
corona.*! The core—corona structure is formed due to volt-
age breakdown of the metal vapor. The energy deposition into
the wire terminates or is substantially suppressed at the mo-
ment of the voltage collapse with the current switching from
the core to the conductive plasma.>! The metal wire experi-
ences severe phase transition from solid state to plasma state
in the process of single-wire electrical explosion under the in-
tense action of the pulsed current. A number of experimental
investigations on the exploding wires have been carried out to
study the factors affecting the energy deposition during the re-
sistive stage.!®) The optical diagnostics with high spatial and
temporal resolution are used to investigate the characteristics
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of the exploding products.!”-8] Numerical investigation is an
essential approach to gain in-depth insight into the dynam-
ics of the single-wire electrical explosion. The magnetohy-
drodynamics (MHD) simulation of electrical explosion of alu-
minum (Al) wire has been reported by Sarkisov.[”) An MHD
simulation of fast exploding tungsten wire was presented by
Tkachenko with the metastable state of the liquid metal taken
into consideration.!'% A simplified MHD model has been pro-
posed by Beilis to investigate the shunting discharge of the
electrical explosion of tungsten wire.!'!l Although the simpli-
fied model for electrical explosion of tungsten wire has the
advantage of less calculation, several elements of experimen-
tal data are introduced as empirical parameters. The complete
MHD models are more accurate, however, the algorithm is
complicated and the calculation is time consuming, even for
a one-dimensional MHD model. Therefore, the computational
model with accuracy and amount of calculation taken into con-
sideration is useful and necessary for investigating the specific
phenomena in the single-wire electrical explosion.

In this paper, a computational model is constructed to in-
vestigate the initial plasma formation and the phenomenon of
current switching from the core to corona with “cold start”
conditions. The process of the single-wire electrical explo-
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sion is divided into four stages according to the state of the
wire. A wide-range semi-empirical equation of state based on
the Thomas—Fermi—Kirzhnits (TFK) model is constructed to
describe the phase transition from solid state to plasma state.
The conductivity is calculated by Lee—More—Desjarlais model
combined with non-ideal Saha equation. The simulated results
of the electrical explosion of aluminum wire are presented and
compared with the relevant experimental results, which are
conducted on a current pulse generator. This model is also
verified by the experimental data of the electrical explosion of
copper (Cu) wire.

2. The physical model

The metal wire experiences severe phase transition from
solid state to exploding plasma in the process of single-wire
electrical explosion. Four stages are proposed in this model to
describe the behavior of the exploding wires. The solid wire
and the melting stage correspond to stage I and stage II, re-
spectively. In stages I and II, the thermodynamic calculation is
adopted. After the wire is melted completely, stage III begins
until the moment of the voltage breakdown on the wire sur-
face, during which a one-dimensional MHD model is applied
to describe the behavior of liquid metal and the formation of
the initial metal vapor. Subsequently, the core and corona ex-
pand separately in stage IV, in which the phenomenon of the
current transfer with the development of the corona is calcu-
lated by a simplified MHD model.

The wire is in stage I when it is in solid state. The stage II
is the melting stage which corresponds to the transition from
solid to liquid state. The thermal expansion of the wire is
ignored in stages I and II. The thermodynamic calculation,
which is accurate at least up to the instant when the wire melts
completely, is applied to describe the heating of the metallic
wire. The energy deposition dE within the time duration dr
can be expressed by!!?]

dE = I’Rdt, (1)

where [ is the current, R is the resistance, and R = 4L/ ond?
where o, L, and d are the conductivity, length, and diameter
of the wire, respectively. The dependence of the temperature
rise dT and energy deposition in stages I and II is denoted by

dT = — 2)

where m is the total mass and C is the heat capacity.

Once the wire is melted completely, the wire comes into
stage III. The radial distribution of the density and velocity are
calculated using the following set of one-dimensional MHD
equations under the cylindrical coordinate with one tempera-

ture approximation: 3]
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where p, u, j,, and p are the density, velocity, current density,

and pressure, respectively. By is the magnetic induction which
is derived by the magnetic field diffusion equation
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The temperature rise of the uniform liquid wire is cal-
culated by Eq. (2). The metal vapor expands freely into the
vacuum and the Joule heating is negligible before the voltage
breakdown in the region of the low-density metal vapor.

Equations (3) and (4) are solved explicitly with NND
method.['¥l The magnetic field diffusion equation is back-
wards differenced and solved implicitly with chasing method.
The one-dimensional MHD calculation is carried out until the
instant when the voltage breakdown happens. This point is de-

5] Then, the conductive

termined by the critical temperature.
plasma plays a significant role in the subsequent period of the
discharge.

The main purpose of this paper is to construct a com-
putational model without introducing much experimental and
semi-empirical data for predicting the initial plasma forma-
tion and the phenomenon of current transfer from the wire
core to plasma with a relative accuracy and less calculation.
Therefore, a simplified MHD model is adopted in the follow-
ing stage IV. Beilis proposed several treatments to the MHD
equations to investigate the dynamics of the plasma layer for
exploding pre-heated tungsten wire, which greatly reduced the
computations. ! The initial vapor density was estimated by a
temperature-dependent saturated tungsten vapor in their cal-
culation. The expansion velocity of the tungsten plasma was
derived based on the thermal velocity of the tungsten ions.
The initial corona plasma radius was calculated through the
assumption that the plasma expanded 10 ns with the thermal
velocity before coming into play.

In the present work, the plasma parameters at the end
of stage III are averaged over the computational region.
Those averaged values, e.g., density, velocity, and temper-
ature, are taken as the initial conditions for the following
stage IV. The simplified MHD model is with two tempera-
ture approximation.!'!J In order to deduce the simplified MHD
equations, the momentum conservation equation and the en-
ergy conservation equation are treated by differential opera-
tion combined with Eq. (3) as follows:[11-13]

du du dap
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where e, = 3/2zky Tz /mi + €ion and e; = 3/2kyT; /m;. Eion is the
sum of the ionization potential per unit mass. m; is the mass
of the Al ion. z is the average ionization degree. 7; and T, are
the temperatures of the ion and electron, respectively. k, is the
Boltzmann constant. p. and p; are the pressures released by
electron and ion, and p = p.+ p;. O is the energy exchange be-
tween the electrons and ions. Q = 3meneveiky(Te — T;) /mj, in
which n. and m, are the electron number density and electron
mass respectively, and v; is the collision frequency between
the electron and ion. It is assumed that the expanding velocity
of the plasma increases monotonically with the position » and
the current has a uniform distribution in core and corona. The
magnetic field in stage IV is calculated by Ampere’s circula-
tion theorem.

Thus, equations (6)—(8) can be changed to the following
forms by integration in cylindrical coordinate within the sec-
tion of the corona:!!'!]
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where 1, is the current remaining in the core; R. and R\, are
the radius of corona and core, respectively; N is the number
of ions per unit length of the corona; V is the velocity in the
corona boundary. When the wire reaches stage IV, the one-
dimensional MHD calculation in stage III terminates. From
the numerical and experimental investigation of the single-
wire electrical explosion,[®! it is phenomenologically accept-
able that the core expands with a constant velocity approxi-
mately. Therefore, we assumed that the core expands with a
constant velocity, which is calculated by the one-dimensional
MHD model in stage III.

3. Equation of state and conductivity

In the numerical simulation of the single-wire electrical
explosion, the equation of state and transport coefficients play
a very crucial role in simulating the behavior of the exploding
wires.

A wide-range semi-empirical equation of state, consisting
of three terms, i.e., the cold term, the thermal contributions of
electrons and ions, is constructed. For the cold term, the poly-
nomial expression!!® is adopted. Thomas—Fermi (TF) model

is widely used in the equation of state computations. However,
TF model yields a very high pressure in the region of sub-
solid density at low temperature. In order to describe the be-
havior of the condensed state, Kirzhnits introduced the quan-
tum and exchange corrections into the TF model to reduce the
pressure released by electrons, leading to the Thomas—Fermi—
Kirzhnits (TFK) model.l'”) The TFK model makes it possi-
ble to describe the phase transition from solid state to plasma
state to be approximated. Thus, the TFK model is applied to
calculate the thermal contribution of electrons. The thermal
contribution of ions is derived from a kind of quasi-harmonic
model.!"8! The pressure of Al generated by the semi-empirical
equation of state is shown in Fig. 1. The dashed line illustrates
the trajectory of the pressure from the degenerate state to the

ideal gas state in the process of electrical explosion of Al wire.
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Fig. 1. The pressure of Al as a function of density at different tempera-
tures.

The conductivity is determined by the Lee—More—
Desjarlais model.['®?°1 The ionization equilibrium is cal-
culated by non-ideal Saha equation which is derived by
the ideal free energy with the non-ideal effects taken into
consideration.*! The Coulomb interaction between charged
particles, e.g., electron—electron, electron—ion, and ion—ion,
are calculated by Padé approximation.*? The hard-sphere
model is used to describe the excluded volume effect induced
by the high density. The polarization contribution from the
interaction between the atoms and charged particles is also
added to the non-ideal effects in the regime of partially ion-
ized plasma. (>
It is convenient to apply the semi-empirical equation of

state and the conductivity model for other metal materials.
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4. Simulation results and comparison with ex-
perimental data

A set of experiments are conducted on a pulsed current
generator to verify the model discussed above. The electri-
cal schematic diagram of the experimental setup is presented
in Fig. 2. C, = 17 nF is the primary energy-storage capaci-
tor and Cs = 150 pF is the secondary energy-storage capaci-
tor. A self-breakdown nitrogen-charged switch S is adopted in
the secondary discharge circuit. It is convenient to control the
breakdown voltage by adjusting the nitrogen pressure. PT is a
pulse transformer with a ratio of 1:4. H is a hydrogen thyratron
which is controlled by a trigger module. A negative discharg-
ing current is delivered to the load when H is switched on. The
experimental setup can be operated to generate the pulsed cur-
rent with magnitude of ~ 1 kA and rising rate of 80-170 A/ns.
The current flowing through the wire and the voltage across
the anode and cathode are measured with Rogowski coil and
resistive divider, respectively.

S p—
PT trigger
H
load| Cs =
(@ —
high
voltage|
source
=G

Fig. 2. The electrical schematic diagram of the experimental setup.

The typical experimental waveforms of the voltage and
current for the electrical explosion of 20-um-diameter, 2-cm-
long Al wire are shown in Fig. 3. The inner pressure of S and
the voltage of C,, are charged to 4 atm and 16 kV, respectively.
The simulated voltage waveform, which is calculated by the
computational model with the experimental current waveform
as the input parameter, is presented for comparison.

It can be seen from Fig. 3 that the simulated voltage fits
the experimental data relatively well. The maximum of the
simulated voltage is somewhat lower than the experimental re-
sult. The poor contact between the wire end and the electrodes
leading to an increase in resistance should be responsible for
this discrepancy.

As described above, in stage III, the density, temperature,
and velocity are solved by the one-dimensional MHD model.
Those parameters are averaged over the core and corona re-
gions. Then, the averaged values are taken as the input pa-
rameters for stage I'V. For instance, the density distribution at
the end of stage III and the averaged density used in stage
IV are shown in Fig. 4. If the density is lower than 1% of
the density of the core in the axis, the region is recognized as

corona. The radius of the initial corona plasma is 30 pm which
is three times the initial wire radius. The number of ions per
unit length of the corona N; = 4 x 10> m~!. The expanding
velocity of the plasma for the initial conditions of stage IV is
3.7 km/s with the temperature 7; = T, = 4500 K. The thermal
expansion velocity of the core is about 1 km/s at this moment.

U/kV
I/kA

=== U (simulation)
—50 L L L L
15 20 25 30 35 40

t/ns

Fig. 3. The typical waveforms of the current and voltage for the electri-
cal explosion of 20-um-diameter, 2-cm-long Al wire.
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Fig. 4. (color online) The density distribution calculated by stage IIT
and the averaged value for stage IV.

The simplified MHD calculation in stage I'V is carried out
based on the results from the stage III. The evolution of the ve-
locity in the corona boundary and the temperatures of electron
and ion are shown in Fig. 5. One can see that the maximum
temperatures are about 45 eV and 22 eV for electron and ion,
respectively.

The current rising rate exerts strong influence on the state
of the core. The rising rate of the experimental current of about
150 A/ns, which is relatively fast, makes the metal wire expe-
rience severe overheated state. The current begins to switch
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from the wire core to the plasma at the instant of the voltage
breakdown. The evolution of the current flowing through the
core and corona plasma and the temperature of the core are
shown in Fig. 6.

50 150
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g :
o~
& =
20 60 =~
10 30
0] 0
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Fig. 5. Simulated results of the velocity in the corona boundary and
temperatures of the electron and ion.
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Fig. 6. The evolution of the current flowing through the core and corona
and temperature of the core.

It can be seen from Fig. 6 that the current begins to switch
from the core to the corona at the instant 7. Almost all the cur-
rent switches to the corona plasma within 4 ns. The tempera-
ture of the core begins to decrease at the point of the voltage
breakdown. From Fig. 3 one can estimate the conductivity of
the wire 6 = 2 x 10° S‘m~! at the instant 7. The tempera-
ture, which is derived by Lee—-More—Desjarlais conductivity
model with the conductivity ¢ =2 x 10° S-m~! at the density
of p =2.7 g/lem?, is 8000 K. It is very close to the critical
temperature of Al.

In Ref. [5], special electrodes were designed to investi-
gate the phenomenon of current transfer in the electrical ex-
plosion of Cu wire. The cathode consists of two stacked plates
that were separated by insulation. The upper plate has a 740-
pm-diameter hole lined with a 130 um insulator. It was sup-
posed that the current flowing through the core was collected

by the lower plate of the cathode. A 25-pum-diameter, 3-cm-
long Cu wire was driven by the experimental setup. We also
conducted simulation with the same experimental current con-
figuration to validate this model. The comparison of the sim-
ulated voltage and experimental result is shown in Fig. 7. The
simulated voltage is in reasonably good agreement with the
experimental measurement.

25

U (experiment)

— — =U (simulation)

U/kV

0 20 40 60 80 100 120
t/ns

Fig. 7. The comparison of the simulated voltage with the experimental
voltage for electrical explosion of Cu wire.

Simulations are carried out with and without an artificial
hole in the cathode. The experimental and simulated results
of the current redistribution are shown in Fig. 8. The exper-
imental results indicate that the current flowing through the
core begins to decrease at the instant #, ~ 73 ns which delays
about 10 ns compared with the instant of voltage breakdown
shown in Fig. 7. The simulation result without the cathode
hole taken into consideration shows that the current begins to
switch to plasma at the instant #; ~ 61 ns. This result is very
close to the instant of voltage collapse in the experiment. It
should be noted that the current measured in the lower plate
is in fact the current flowing within the hole with the radius
of 370 um.B! Therefore, part of the current flowing through
the corona plasma is included in the measurement, resulting in
the current switching to the plasma earlier in simulation than
that in the experiments. It can be seen from Fig. 8 that the
simulated current switches from core to plasma at #3 =~ 90 ns
with the hole configuration taken into consideration. Actu-
ally, it is very difficult to make sure that the wire is perfectly
centered in the hole in the experimental operation. Therefore,
this might be responsible for the result of 73 > ;. If the wire
was close to the edge of the hole, the plasma just needed to
travel 130 um to contact with the upper cathode plate. The
average expanding velocity of the plasma can be estimated by
V ~ 370 um/29 ns= 12.8 um/ns, which fits well with the ex-
perimental expanding velocity of 14 pm/ns.
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Fig. 8. The experimental and simulation results of the current transfer
from the core to corona.

5. Conclusion

In this paper, the initial plasma formation and the phe-
nomenon of the current switching from the wire core to the
surrounding corona plasma in the electrical explosion of Al
and Cu wires are investigated. The process of the single-wire
electrical explosion is divided into four stages. The thermody-
namic calculation is applied in stages I and II before the wire
melts completely. The distribution of the density, velocity, and
temperature are calculated by a one-dimensional MHD model
in stage III up to the instant of voltage breakdown. Those re-
sults are averaged within the regions of the core and corona,
providing the initial conditions for the following stage IV, in
which a simplified MHD model is adopted. A wide-range
semi-empirical equation of state is constructed based on the
TFK model to describe the phase transition of the wire from
solid state to plasma state.

The simulation results of the plasma formation induced
by the voltage breakdown are in good agreement with experi-
mental data in exploding Al wire. The process of the current
transfer from core to the corona plasma for Cu wire coincides
reasonably well with corresponding experimental data as well.
Besides, the evolution of the temperature for electron and ion
and the expanding velocity in the corona boundary can be ob-
tained by the proposed model. In general, the model provides

an efficient approach to investigate the plasma formation and
current transfer of the single-wire electrical explosion in vac-
uum with acceptable accuracy. In the future work, much en-
deavor will be devoted to construct the two-dimensional com-
putational model for investigating the morphology of the ex-
ploding products.
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