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The interaction between a solid copper jet and an electric current pulse is studied.
Copper jets that were created by a shaped-charge device were passed through an elec-
trode configuration consisting of two aluminum plates with a separation distance of
150 mm. The electrodes were connected to a pulsed-power supply delivering a current
pulse with amplitudes up to 250 kA. The current and voltages were measured, providing
data on energy deposition in the jet and electrode contact region, and flash X-ray diag-
nostics were used to depict the jet during and after electrification. The shape of, and the
velocity distributions along, the jet has been used to estimate the correlation between the
Jet mass flow through the electrodes and the electrical energy deposition. On average, 2.8
kJ/g was deposited in the jet and electrode region, which is sufficient to bring the jet up
to the boiling point. A model based on the assumption of a homogenous current flow
through the jet between the electrodes underestimates the energy deposition and the jet
resistance by a factor 5 compared with the experiments, indicating a more complex
current flow through the jet. The experimental results indicate the following mechanism
for the enhancement of jet breakup. When electrified, the natural-formed necks in the jet
are subjected to a higher current density compared with other parts of the jet. The higher
current density results in a stronger heating and a stronger magnetic pinch force. Even-
tually, the jet material in the neck is evaporated and explodes electrically, resulting in a
radial ejection of vaporized jet material. [DOI: 10.1115/1.4002568]

1 Introduction

When a high enough current is forced through a thin conductor,
the conductor will be heated, melted, and eventually evaporated.
If the deposition of electric energy is sufficiently fast, the conduc-
tor will explode electrically. The case is more complex if the
conductor is moving so that new and unheated conductor material
enters the active region where current is conducted. After the cur-
rent interaction, the conductor may particulate and the fragments
may transform into rings or thin disks. In this paper, the experi-
mental results presented by Appelgren et al. [1] are analyzed fur-
ther. In that paper, the disruption of the jet after the passage of the
electrodes was studied, and it was shown that the electrification
accelerated the natural fragmentation of the jet and the jet frag-
ments were disintegrated into smoke rings with minimal penetra-
tion ability. Here, the effects of electrification of the jet between
the electrodes are studied. The radius along the jet and velocity
distribution at a specific time from initiation of an unelectrified jet
from the shaped-charge device has been used in this analysis. The
jet shape is calculated and the jet flow between the electrodes is
correlated with the deposited electric energy in the jet. The heat-
ing, and resistance increase, of the jet is calculated using the cur-
rent action integral representation and the experimentally mea-
sured current. The enhanced fragmentation of the jet due to the
current passing through the jet is studied in the X-ray pictures and
estimations of the instability growth were obtained.

2 Experimental Arrangements

The experimental setup has been presented in detail elsewhere
[1]. A copper jet, created by using a shaped-charge device, is
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passed through an electrode configuration consisting of two 5 mm
thick aluminum plates separated by 150 mm. The electrodes were
connected to a 400 kJ pulsed-power supply (PPS), mainly consist-
ing of a capacitor bank, delivering a current pulse with an ampli-
tude up to 250 kA and a duration of 100 ws [2]. Current and
voltage were measured yielding data on energy deposition in the
jet and electrode contact region and X-ray radiography were used
to depict the jet during and after electrification. Three tests are
used in the analysis here, where the initial energy in the capacitor
bank of the pulsed-power supply was varied. The initial energy
and the times when the X-ray pictures were taken are given in
Table 1.

A typical current trace from an experiment is shown in Fig. 1.
The PPS was charged to 10.6 kV corresponding to 96.3 kJ. The
current rise time (10-90% of peak current) was 16 us, and the
full width at half maximum (FWHM) value was 98 us. The pulse
width was 129 us, measured from the onset of current until it
drops back down to 0 kA. Figure 2 shows the jet 81 us or 86 us
after it has made contact with electrode 2 for three different values
of the capacitor bank energy (0 kJ, 39 kJ, and 96 kJ). The jet
moves from left to right and the shadowed regions on the left hand
side are the positions of the electrodes. The jet disruption clearly
increases with energy and the disruption begins earlier.

3 Analysis of Jet Flow Between the Electrodes

3.1 Properties of an Unelectrified Jet. Prior to the electrify-
ing experiments, the properties of an unelectrified jet were deter-
mined for the part of the jet that has a velocity above 2.1 km/s.
Figure 3 shows the jet radius and jet velocity distribution at the
time the tip makes contact with electrode 2 and the current begins
to flow as functions of distance to the cone base of the shaped
charge. With this information, it is possible to calculate the jet
shape at any time before the jet starts to break up into fragments
and, if a constant mass density throughout the jet is assumed, the
jet mass distribution can be obtained. Figure 4 shows a position-
time diagram for the jet with the positions of the electrodes indi-
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Table 1 The initial energy in the PPS and the times when the
X-ray photographs were taken for the three experiments used

in the analysis

Initial energy Electrode X-ray
in the PPS separation times
(kJ) (mm) (us)

0 150 31, 81, 81

39 150 36, 86, 86

96 150 36, 86, 86

cated by the horizontal lines. The jet shapes at five different times
are included in the diagram, illustrating the stretching and accom-
panied reduction in radius. Figure 5 shows the mass as function of
time of a jet passing between two electrodes with 150 mm sepa-
ration distance. Line A is the mass of the part of the jet that has
not made contact with electrode 1. Line B is the mass of the part
of the jet that is between the two electrodes and line C is the mass
of the jet that has passed electrode 2. The jet total mass is given by
line D. The analysis here does not include jet elements with a
velocity lower than 2.1 km/s and hence the mass included in the
analysis will drop as the 2.1 km/s segment moves toward the
second electrode indicated by the dashed part of line B. Figure 6
shows the jet radius at electrodes 1 and 2 are calculated using the
data shown in Fig. 3. Apart from the tip fragment at electrode 2, at
the first 10 us, the jet radius at the electrodes continuously in-
creases with time. This implies that the jet radius along the part of
the jet that is between the electrodes will increase with time.
Hence, the cross-sectional area of the part of the jet that is be-
tween the electrodes will increase in time despite the stretching of
the jet.

3.2 Interaction Between the Jet and the Current Pulse.
Figures 7-9 show the position-time diagram for the jet in the
experiments together with the traces of the measured current, en-
ergy, and power. The position-time diagram is the same for both
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The measured current pulse in the 96 kJ experiment

Fig. 2 X-ray pictures of jet disruption at different initial energy
in the PPS. From top, 96 kJ, 39 kJ, and 0 kJ are stored in the
PPS. The jet moves from left to right and the shadowed areas
on the left hand side are the positions of the electrodes. The
pictures are taken at 86 us after contact is made by the tip with
electrode 2, except for the lower picture taken at 81 us after
contact. The jet tip has moved a distance of 620 mm from the
electrode 2 at time 86 us.
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Fig. 3 The jet radius and jet velocity distribution at the time
the tip makes contact with electrode 2 and the current begins
to flow, as functions of distance to the cone base of the shaped
charge
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Fig. 4 Position-time diagram for the jet used in the experi-
ments. The sloped lines indicate the jet segment velocity for
the tip and rear, given by the numbers in km/s. The jet shape at
five times is shown where the stretching is clearly illustrated.
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Fig. 5 Distribution of the jet mass for jet segments with an
axial velocity above 2.1 km/s. The jet mass before (A), in be-
tween (B), and after (C) the electrodes summing up to the total
mass indicated by line D.
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Fig. 6 The jet radius at electrodes 1 and 2 during its passage
between the electrodes, calculated using the data in Fig. 3

electrified and unelectrified jets since it is assumed that the elec-
trification of the jet has no influence on the axial velocity of the
jet. The diagonal lines marked by numbers indicate the paths of jet
parts with the velocity given by the number (in km/s). The elec-
trode positions are marked by horizontal lines. The parts of the jet
with a velocity between 5.0 km/s and 7.3 km/s were between the
electrodes at the time of triggering. The current pulse from the
96 kJ experiment is included in Fig. 7 and shows that the current
pulse length is sufficiently long to affect a large portion of the jet.
Figure 8 includes the estimated energy deposition as function of
time. The energy stored in the PPS was 96 kJ and when the
2.1 km/s fragment leaves electrode 2 more than 87 kJ has been
deposited in the jet or electrodes region. The mass of the portion
of the jet with velocity higher than 2.1 km/s is 30.5 g according to
Fig. 5, and hence the average specific energy deposition is
2.8 kJ/g. To heat copper with a temperature of 300 K to the boil-
ing point requires about 1.3 kJ/g and about 6 kJ/g to vaporize it.
Hence, in this example about 30% of the jet mass has been evapo-
rated on average assuming that all of the energy is deposited in the
jet. The load power is shown in Fig. 9, indicating a peak power of
1.5 GW. The part of the jet with a velocity between 7.3 km/s and
6.6 km/s has been subjected to a low power during its time be-
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Fig. 7 Position-time diagram for the jet with the current pulse.
The vertical dashed lines marked X-ray A and X-ray B marks the
times (36 us and 86 us) when the X-ray pictures were taken.
At time 36 us, the part with velocity between 3 km/s and
4.7 km/s is between the electrodes and at time 86 us, the part
with velocity between 1.9 km/s and 3 km/s is between the
electrodes.
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Fig. 8 Same position-time diagram as in Fig. 7 but with the
deposited energy. Almost all energy has been deposited in the
jet and electrode region by the time the rear part of the jet
leaves the electrode region.

tween the electrodes compared with the rest of the jet and may
explain the low radial velocity of this part of the jet [1], compare
with Fig. 2.

3.3 Jet Resistance and Heating of the Jet. The jet resistance
of the 39 kJ and 96 kJ experiments is shown in Fig. 10. The
resistance in the 96 kJ experiment is between 20 m{) and 25 m{)
throughout the pulse while in the 39 kJ experiment, the resistance
is initially about the same as in the 96 kJ but increases to about
40 m{) half way into the pulse. The measured resistances include
both that of the jet and the contact points at the electrodes. The
heating and resistance increase of electrically exploded metal con-
ductors is most complex once the wire has melted and begun to
disintegrate. To investigate the validity of simple heating models,
the heating and resistance of the jet is calculated using the mea-
sured current passing through it and the estimated jet flow be-
tween the electrodes. For such a calculation, the current action
integral method is used. By dividing the jet into small segments
and calculate the current action integral [3] for each segment the
time it is in between the electrodes, a temperature profile along the
jet can be obtained. At given values of the action integral, the
temperature reaches the melting and the vaporization tempera-
tures. The resistance of the cylinder increases as a function of the
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Fig. 9 Same position-time diagram as in Fig. 7 but with the
power deposition in the jet. Note the low power up to the time
the 6.6 km/s fragment leaves the electrode region, which may
explain the low radial dispersion velocity of the tip.
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Fig. 10 The measured resistance of the jets in the 39 kJ and
96 kJ experiments

action integral and take into account the different phases and
transformations. In this analysis, the action integral values for
copper obtained by Tucker and Toth [3] is used. The jet is as-
sumed to have an initial temperature of 1000 K, reducing the
required current action integral values to reach melting and the
vaporization temperatures. It is assumed that the current flows
homogeneously through a jet segment as soon as it enters the
electrode region and disappear as soon as it leaves the electrode
region. The current in the 96 kJ experiment is used as input in the
calculation. The calculated resistance of the part of the jet that is
between the electrodes is shown in Fig. 11 together with the en-
ergy deposition. The peak resistance value is 4.4 m{) and drops
of as the radius of the segments entering the electrode region
increases, as shown in Fig. 6. The resistance value is a factor 5
lower compared with the experimental data, Fig. 10, and results in
a much lower energy deposition.

3.4 Instability Growth. A shaped-charge jet naturally breaks
up into fragments due to inherent instabilities of the jet itself.
When an electric current passes through a jet, compressive mag-
netic forces will act on the jet and then enhance the natural radial
variations and accelerate the break up of the jet. Figure 12 shows
the axial velocity versus fragment number for the 39 kJ and 96 kJ
experiment together with data for nonelectrified jet. The axial ve-
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Fig. 11 The calculated resistance of the part of the jet that is

between the electrodes and the energy deposited in the jet. The
rise in resistance in the first 20 us is due to heating. The re-
sistance then drops due to the larger conducting area of the jet
parts entering the electrode region and also due to decreasing
current. The energy deposition is much lower than measured in
the experiments.
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Fig. 12 The axial velocity for individual fragments in the 39 kJ
(diamonds), 96 kJ (circles), and for an unelectrified jet
(squares). The axial velocity as function of fragment number is
similar for the electrified and unelectrified jets and this shows
that electrified jets break up into the same number of fragments
and with similar velocity distribution as the unelectrified jet.

locity as function of fragment number is similar for the electrified
and unelectrified jets and this shows that electrified jets break up
into the same number of fragments and with similar velocity dis-
tribution as the unelectrified jet. This indicates that the current
interaction indeed enhances natural fragmentation. The velocity
difference between two adjacent fragments is about 90 m/s on
average, although with a large spread (standard deviation of
30 m/s). The velocity distribution of the jet, see Fig. 3, is used to
find the approximate number of incipient fragments that is be-
tween the electrodes at times 36 us and 86 us by dividing the
jet, excluding the tip fragment, into parts with a velocity differ-
ence of 90 m/s. At time 36 us about 19 incipient fragments is
between electrodes, while at time 86 wus, the corresponding num-
ber is about 12. The lengths of these incipient fragments or, in
other words, the distance between two neighboring necks of the
part between the electrodes is about 8 mm at time 36 us, whereas
at time 86 ws, it is about 12 mm. Figure 13 shows the X-ray
picture of parts of the jet that is between the electrodes in experi-
ments at time 31 wus with energy O kJ and at time 36 us for
energies 39 kJ and 96 kJ. With the aid of the position-time dia-
gram in Fig. 7, it can be seen that at time 36 us, the part with
axial velocity 4.7 km/s is about to exit and the part with axial
velocity 3.0 km/s has just entered the electrode region. Figure 14

i

Fig. 13 The jet between the electrodes in experiments with
energies of 0 kJ, 39 kJ, and 96 kJ stored in the capacitors. The
0 kJ experiment is depicted at time 31 us and the 39 kJ and
96 kJ experiments are depicted at time 36 us. The jet radius is
scaled X3. The white spots are markers for measurements.
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Fig. 14 The jet between the electrodes in experiments with
energies of 0 kd, 39 kJd, and 96 kJ stored in the capacitors. The
0 kJ experiment is depicted at time 81 us and the 39 kJ and
96 kJ experiments are depicted at time 86 us. The jet radius is
scaled X3. In the 96 kJ experiment, the jet has begun to disin-
tegrate, indicated by the arrows. The white spots are markers
for measurements.

shows corresponding situation at times 81 us (0 kJ) and 86 us
(39 kJ and 96 kJ). The part with axial velocity 3.0 km/s is about to
exit and the part with axial velocity 1.9 km/s has just entered the
electrode region at time 86 us. Note however that the X-ray pic-
tures do not view all of the jet due to shadows from the electrodes.
The white spots in the X-ray pictures are markers for measure-
ments. Although the jet has been subjected to a relatively high
current, the radial variation is barely visible at time 31/36 us. At
time 86 ws, the radial variation is strong in the electrified jets and
in the 96 kJ experiment, the jet is broken at two places (black
arrows).

The X-ray pictures were digitally processed and the jet diam-
eter along the jet was extracted. A second-order polynomial

d(z2)=A(z—2)*+B(z—2) + C (1)

was fitted to the extracted diameter to obtain a mean diameter
along the jet, where z is the position along the jet between the
electrodes and z( is about 0.27 m from the cone base. In order to
quantify the instability growth, another second-order polynomial

Ad(z) =D(z-zp)* +E(z—z9) + F (2)

is fitted to the absolute value of the difference between the ex-
tracted diameter and the average diameter. This gives an estimate
of the deviation 6 from the average diameter. Figure 15 shows the
extracted diameter along the jet for the 39 kJ experiments at time
86 us, together with the mean diameter d(z), solid line, and the
mean diameter plus and minus the deviation d(z) = Ad(z), dashed
lines. The vertical dash-dotted lines correspond to the position of
the white markers in Fig. 14. Figure 16 shows the difference be-
tween the extracted diameter and the mean diameter, together with
the mean deviation for the 39 kJ experiment at time 86 us. Figure
17 shows the same traces for the unelectrified jet at time 81 wus.
The deviation from the mean diameter indicates no significant
growth of the instabilities and provides a reference for the “natu-
ral” deviation of about 0.1 mm on average. The values of the
constants in the fitted polynomials are given in Table 2. The 0 kJ
experiment is depicted 5 us earlier than the 39 kJ and 86 kJ
experiments, during which the jet moves between 10 mm and
15 mm but has a small effect on the jet diameter. Figures 18 and
19 shows the mean diameter and the deviation for all three experi-
ments at times 31/36 us and 81/86 us. At time 31/36 us, the
deviation is not significantly different but at 81/86 us, the devia-
tion is significantly larger for the electrified jets. The calculated
diameter, using the radius and velocity distribution of Fig. 3, is
included in the graphs (fat solid line). A growth velocity of the
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Fig. 15 The jet diameter along the jet in the 39 kJ experiments
at 86 us, extracted from Fig. 14. The solid, fat line is a second-
order polynomial fitted to the diameter to obtain the mean di-
ameter of the jet and the dashed lines are the mean diameter
plus and minus the deviation shown in Fig. 16. The vertical
dash-dotted lines mark the position of the white reference
markers in Fig. 14.

deviation can be estimated using the velocity distribution along
the jet. The average growth velocity G of the deviation & for a
point i on the jet is calculated for the 86 us case in the 39 kJ
experiment using

Gi=_= — : (3)

where &,;, is the minimum deviation at the axial position z,
(marked by the circle in Fig. 19) and v, is the velocity of the point
i. Figure 20 shows the growth velocity of the deviation along part
of the jet (the part between the circle and the square in Fig. 19)
together with the axial velocity of the jet for the 39 kJ experiment
at time 86 wus. The growth rate increases along the jet and reaches
a velocity of the order of 10 m/s and the acceleration is thus of the
order of 103 m/s?.
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Fig. 16 The deviation from the mean diameter of the jet in the
39 kJ experiments at 86 us. The solid, fat line is the second-
order polynomial fitted to the deviation from the mean diameter
and indicates a clear growth of the instability from 0.07 mm to
0.5 mm.
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Fig. 17 The deviation from the mean diameter of the jet in the
0 kJ experiments at 81 us. The solid, fat line is the second-
order polynomial fitted to the deviation from the mean diameter
and indicates no growth of the instability and provides a refer-
ence for the natural deviation. Note that this reference level is
around 0.1 mm all along the jet while in the 39 kJ experiment,
the deviation grows from approximately this value. Note that
the 0 kJ experiment is depicted at 5 us earlier than the 39 kJ
experiment in which the jet moves between 10 mm and 15 mm.

4 Discussion

In the 96 kJ experiment, the average energy deposition in the jet
was 2.8 kJ/g, which is sufficient to bring the jet to the boiling
point and evaporate about one third of the jet. This assumes that
losses are small in the contact between the jet and electrodes and
that no current paths parallel to the jet exists. An attempt was
made to calculate the energy deposition and jet resistance using
the jet flow information and the experimental current but yielded
about five times lower energy deposition and jet resistance than
observed in the experiments. The heating of the jet is a complex
process and, as was found by Taylor [4-6] and Appelgren et al.
[7] in experiments with electrically exploded copper conductors,
the resistance was significantly higher than could be attributed to
simple heating. To explain the high resistance measured in his
exploding wires experiments, Taylor suggested the existence of an
electrically insulating boundary layer around condensed fragments
of the wire. Other possible explanations include the fact that the
calculation does not include resistive losses in the electrodes or in
the contact between the electrodes and the jet. Neglecting the
finite magnetic field diffusion time may also be a source of error,
but calculations using a 2D hydrocode [8] indicate that the current
flows relatively homogeneously soon after reaching the flat top of
the pulse and that the temperature does not vary significantly in
the radial direction. There is also the possibility that the current
path is longer than what is given by the electrode distance, i.e., the
current path is dragged out of the electrode region and the return
path of the current to the electrode is provided by an arc. The
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Fig. 18 Plot of the mean diameter along the jets at time

31/36 us for the 0 kJ, 39 kJ, and 96 kJ experiments together

with the diameter deviation from the mean diameter. At this

time, the deviations are not significantly different and a normal

deviation is about 0.1 mm.

higher resistance in the 39 kJ experiment compared with the 96 kJ
experiment for part of the pulse may be explained by a longer
current path. Another possible source of losses, not taken into
account in the modeling, is the mechanisms associated with the
radial acceleration of jet material. The energy for this radial ex-
pansion of the jet must come from the electric heating of the jet.

There are several mechanisms suggested for the disruption of
jets that interacts with a current pulse. The effect of the magneto-
hydrodynamic instabilities on stretching metal jets was investi-
gated analytically by Littlefield using perturbation analysis
[9-11]. His conclusion was that the current significantly increases
the instabilities and reduces the time for break up of the jet into
fragments. By analyzing the radiographs of the jet between the
electrodes in our experiments it could be concluded that the cur-
rent indeed enhances the natural fragmentation of the jet and that
the fragmentation increases for higher amount of deposited elec-
tric energy. Analysis of the radiographs also shows that the rate at
which the jet neck diameter is reduced is of the order of 10 m/s.

It has been suggested that the magnetic forces compressing the
necks are responsible for the formation of the disks that are ob-
served some time after the electrification [12]. The disks would,
according to the suggested model, be formed by jet material that is
forced away from the neck into the large diameter part fragments,
eventually forming the thin disks, and numerical calculations
show that this type of material flow is possible [13]. However, in
the experiments by Appelgren et al. [1], the velocity of the ex-
panding rings is of the order of 100 m/s, i.e., one order of mag-
nitude faster than the growth rate of the instabilities. In the radio-
graphs of the electrode region in the 96 kJ experiment, the jet is
observed to break up, implying an electrical explosion. Electrical
explosions of conductors can eject material at a velocity of several
hundred m/s [7]. Hence, the disruption mechanism in these ex-

Table 2 Values of the constants in the Eqgs. (1) and (2)

Values of the constants of the polynomials

Experiment A B C D E F
(kJ) (X107 (x107%) (X107%) (x107%)

0at31 us 9.72 —9.38 3.17 23.8 —2.64 0.115
39 at 36 us —46.8 —0.461 3.00 7.36 —0.0641 0.0522
96 at 36 us —53.1 —3.56 3.34 8.56 —0.695 0.0981
0 at 81 us -10.6 —11.4 4.29 10.5 —0.983 0.102
39 at 86 us 59.0 —18.3 4.36 24.0 —0.266 0.0708
96 at 86 us —53.1 —3.56 3.34 40.6 —1.66 0.122
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Fig. 19 Plot of the mean diameter along the jets at time
81/86 us for the 0 kJ, 39 kJ, and 96 kJ experiments together
with the diameter deviation from the mean diameter. At this
time, the effect of electric energy on deviations is strong. The
circle and the square marks the interval of the jet used to cal-
culated the growth velocity in Fig. 20.

periments is thought to be a combination of instability growth due
to magnetic forces and electrical explosions due to ohmic heating.
These two effects reinforce each other as the magnetic forces
acting in the necks reduce the conducting area and enhance the
energy deposition. The heated material looses strength and can be
reduced further until the current density and temperature result in
an electrical explosion of the neck. Similar conclusions were re-
ported by Mayseless et al. [14] who performed experiments on
and numerical simulations of exploding rods with necks.

The suggested mechanism is based on a few experiments with
one type of shaped-charge device and with a single experimental
setup and should be supported by more experiments with other
experimental settings and jet characteristics.

Deviation growth rate (m/s)
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Fig. 20 Plot of the deviation growth velocity along the jet at
time 86 us for the 39 kJ experiments together with the jet ve-
locity. The velocity reaches about 10 m/s toward the end of the
interaction, indicating an acceleration of the order of 105 m/s2.

Journal of Applied Mechanics

5 Conclusions

The interaction between a solid copper jet and electrical current
pulse as the jet passes between two electrodes was studied. The
shape of, and the velocity distributions along, the jet has been
used to estimate the correlation between the jet mass flow through
the electrodes and the electrical energy deposition. On average,
2.8 kJ/g was deposited in the jet and electrode region, which is
sufficient to bring the jet up to the boiling point but not to the
point of vaporization. A model based on the assumption of a ho-
mogenous current flow through the jet between the electrodes un-
derestimates the energy deposition and the jet resistance by a fac-
tor 5 compared with the experiments, indicating a more complex
current flow through the jet.

The experimental results indicate the following mechanism for
the enhancement of jet breakup. When electrified, the natural-
formed necks in the jet are subjected to a higher current density
compared with other parts of the jet. The higher current density
results in a stronger heating and a stronger magnetic pinch force.
Eventually, the jet material in the neck is evaporated and explodes
electrically, resulting in a radial ejection of vaporized jet material.
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