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Convergence of shock waves between conical and parabolic boundaries
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Convergence of shock waves, generated by underwater electrical explosions of cylindrical wire
arrays, between either parabolic or conical bounding walls is investigated. A high-current pulse
with a peak of ~550kA and rise time of ~300ns was applied for the wire array explosion. Strong
self-emission from an optical fiber placed at the origin of the implosion was used for estimating the
time of flight of the shock wave. 2D hydrodynamic simulations coupled with the equations of state
of water and copper showed that the pressure obtained in the vicinity of the implosion is ~7 times
higher in the case of parabolic walls. However, comparison with a spherical wire array explosion
showed that the pressure in the implosion vicinity in that case is higher than the pressure in the cur-
rent experiment with parabolic bounding walls because of strong shock wave reflections from the
walls. It is shown that this drawback of the bounding walls can be significantly minimized by opti-
mization of the wire array geometry. Published by AIP Publishing.

[http://dx.doi.org/10.1063/1.4959115]

I. INTRODUCTION

Research of extreme states of matter is important both to
basic research and for different applications.'™ These
extreme states of matter can be obtained using z-pinch, high
power lasers, heavy ion beams, and chemical explosives.”™®
However, these methods require high amounts of stored
energy (>10°J), expensive systems, and large facilities.
Recent experimental and numerical research’ showed that
the convergence of a cylindrical shock wave (SW) propagat-
ing in water between rigid walls results in pressures of up to
8 GPa at a distance of ~400 um from the convergence axis
when a pulse current using a generator with stored energy of
only ~3.6KkJ is applied. In this study, the SWs were gener-
ated by underwater electrical explosions of cylindrical wire
arrays and propagated between either parabolic or conical
shaped walls (see Fig. 1). Application of parabolic shaped
boundary walls can lead to a faster decrease in the area of
the imploding SW front as compared with a spherical SW
implosion resulting in higher pressure behind the SW’s front.
This approach, i.e., super-spherical implosion, was suggested
and studied both analytically and experimentally in earlier
research by Chester'® and Mdivnishvili er al.'' in order to
show that the SW implosion in a super-spherical geometry
results in higher thermodynamic parameters of the material
in the vicinity of implosion. In Ref. 11, the SW was gener-
ated in air by a 20 us duration electrical discharge having
toroidal form with a main radius of 50 mm and faster implo-
sion of the SW was obtained in the super-spherical geometry
than in the case of the cylindrical one.

Our study’s main purpose was to verify that a higher
pressure can be obtained in the implosion vicinity with the
same amount of stored energy only by changing the shape of
the bounding walls. Another purpose was to obtain higher
pressure values in the implosion vicinity as compared with
that obtained with spherical wire array explosions,'* which
have also attracted great interest in the research of SW.'?
Indeed, it was shown that the pressure in the implosion
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vicinity is more than 2-fold higher with parabolic walls than
with conical walls, because of the faster decrease in the sur-
face area of the SW (S ox R}y, for parabolic walls and
S o Ry, for conical walls) as it propagates, resulting in a
faster increase in its energy density. It was also found that
the pressure behind the SW front is higher than in the case of
the SW generated by a spherical array explosion, but only
for distances >400 um with respect to the origin. However,
at closer distances, the convergence of the SW generated by
spherical array results in higher pressure because the SWs
are strongly reflected from the parabolic walls.

In this paper, we present the results of similar experi-
ments performed with a generator having a higher stored
energy, shorter rise time of the current pulse, and higher
peak current. Using a 2D hydrodynamic simulation,'® the
pressure was calculated at a closer distance to the origin,
~50 um, and further analysis of the SW reflections from the
walls was conducted; different wire array geometries were
also simulated in order to reduce these SW reflections.

Il. EXPERIMENTAL SETUP

The underwater electrical explosions were performed
using a high-current generator (stored energy of ~5.4klJ, rise
time of ~300ns, and peak current of ~550kA). The current
pulse was applied to a 30 mm diameter cylindrical Cu wire
array consisting of 60 wires 40 mm in length and 90 um in
diameter. The radius of the wires was chosen to obtain an
aperiodic discharge such that most of the stored energy is
delivered to them during the explosion. Bounding stainless
steel walls (with either conical or parabolic form) were
placed in Delrin holders inside the array (see Fig. 1) with a
minimal radial distance of 4 mm between the wires and
walls. The Delrin holders were used to avoid electrical
breakdowns between the high voltage and ground electrodes
and the bounding walls. An optical fiber was inserted along
the axis through the center of the walls (Fig. 1(a)). When the
SW arrived at the fiber, strong self-emission of the fiber was
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generated and recorded by a Hamamatsu photomultiplier
tube (PMT). The discharge current and voltage were mea-
sured by two B-dot and D-dot probes, respectively.

lll. EXPERIMENTAL RESULTS

The recorded signals from the B-dot and D-dot probes
were integrated and the inductive voltage was subtracted
from the total voltage measurement to obtain the resistive
voltage Vg = V1 — Ving, with a load inductance of ~10 nH.
Typical waveforms of the current and resistive voltage and
the calculated power and energy are presented in Fig. 2.

The self-emission from the optical fiber for both bound-
ing wall geometries is presented in Fig. 3. The time-of-flight
(TOF) of the SW was taken as the time delay between the
beginning of the decrease in the discharge current (# ~ 300 ns)
and the appearance of the strong self-emission of the optical
fiber. For each bounding wall geometry, four shots were exe-
cuted. The TOF of the SW for the conical and parabolic cases
are 6.85*=0.003 us and 6.46 = 0.045 us, respectively. This
gives a time difference of ~400ns, which is substantial taking
into account that the same amount of energy was initially
stored in the pulse generator in these experiments. These TOF
data were compared with the results of 2D hydrodynamic
simulations.

IV. HYDRODYNAMIC SIMULATION

The pressure in the vicinity of the SW implosion was
calculated using 2D hydrodynamic simulations (for detailed
description see Ref. 14) based on mass, energy, and momen-
tum conservation laws coupled with the equations of state
(EOS) of water and copper.'> The only input in these simula-
tions is the energy deposition calculated using the recorded
discharge current and resistive voltage waveforms. This
energy was multiplied by a fitting parameter (<1) to obtain
an energy delivery to the converging water flow of ~10% of
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FIG. 1. (a) Cylindrical wire array with
conical walls and fiber placed at the
axis of the system, before the explo-
sion. (b) Parabolic walls setup after the
explosion of wire array.

the total energy initially stored in the pulse generator.'®
There are two main differences between the algorithm
described in Ref. 14 and that used in this study: in the present
modeling, the symmetry is around the X-axis instead of
along the Z-axis (see Fig. 4), as considered in Ref. 14. In
addition, instead of the wire explosion modelled in Ref. 14,
an electrical explosion of a cylindrical shell having mass
equal to the total mass of individual wires was considered.
Because of the absence of EOS data for the Delrin material
used to hold the bounding walls, it was replaced in the
simulation by water because of their similar density
(pw=1 g/cm3 and ppeyin = 1.4 g/cm3). In fact, the slightly
higher density of Delrin is in some sense compensated by the
fact that the stainless steel bounding walls are not completely
rigid, as they were considered to be in the simulation.

Typical snapshots of the simulated pressure distribution
at t=>5 us (here t =0 is the time corresponding the beginning
of the discharge current) are shown in Fig. 4 for both geome-
tries of the bounding walls. Different colors represent differ-
ent pressure values in the range of blue=10"Pa and
red=10"Pa. One can see that at this time of implosion the
SW converging between parabolic walls already propagates
a larger radial distance than that between conical walls. This
means also a larger pressure behind the front SW for the
case of the parabolic walls. One can also see strong reflec-
tions of the SW from the walls; this issue will be addressed
in Sec. V.

The temporal evolution of the pressure for both cases of
the SW implosion at a radial distance of ~25 um from the
origin is shown in Fig. 5. One can see that the maximal val-
ues of pressure of ~11GPa and ~80GPa are obtained at
feonical = 7.17 s and fparapotic = 6.76 s, respectively, which
is in excellent agreement with the experimental results, i.e.,
teonical = 7.15 s and  fparapotic = 6.76 us. Here, t=0 is the
beginning of the discharge current. The maximal pressure
for the parabolic case is 7.2 times higher than for the conical
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FIG. 2. (a) Current and resistive volt-
age waveforms. (b) Calculated power
and energy.
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FIG. 3. Self-emission of the optical fiber recorded by the PMT.

case. This result agrees with those described in Ref. 9 and
shows clearly that using the same amount of stored energy,
one can achieve significantly higher pressure, temperature,
and density of water in the vicinity of implosion of the SW
converging between parabolic bounding walls. The latter is
explained by the faster decrease in the SW’s front surface
area between parabolic walls, which in turn leads to a faster
increase in the SW’s energy density, and therefore also to an
increase in the water parameters behind the SW front in the
vicinity of implosion.

V. DISCUSSION

The results of recent experiments of the underwater
electrical explosion of spherical wire arrays and numerical
simulations considering SW uniform implosion'? showed

2.5

[cm]
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that pressure values up to 10'*Pa can be achieved in the
vicinity (r <5 pum) of the implosion origin. To draw a com-
parison with the results of the present research, a 1D numeri-
cal simulation for a spherical implosion was performed with
the energy density deposition corresponding to the current
experiment. In this simulation, the same total mass of the
wires was considered and the radius of the spherical array
was taken such that the surface area was the same as in the
case of the cylindrical wire array. In addition, the energy
input in the 1D simulation was adjusted by a fitting parame-
ter to obtain ~10% energy deposition into the water flow,
and the average value of the pressure was calculated in the
cell closest to the origin having a typical size of 110 um.
Here, let us note that in the case of the 2D simulation of the
converging SW between parabolic walls, the size of the tri-
angular cells was significantly smaller, resulting in ~25 cells
within the same volume occupied by the cell of 110 um used
in the 1D simulation of the spherical implosion. The calcu-
lated average pressure in the case of the spherical implosion
was ~130 GPa, which is ~60% higher than the average pres-
sure obtained in 2D simulations for SW implosion between
parabolic walls. This result can be explained by strong SW
reflections from the walls (see Fig. 4). Earlier research!*!”
has shown that an SW propagating in water without bound-
aries can self-align azimuthal non-uniformities of its front.
This non-uniformity can be caused, for instance, by a slightly
different initial radial positions of the array’s wires. The uni-
formity of the SW, which does not occur in the case of the
SW propagating between bounding walls because of reflec-
tions, is important'® for the symmetric compression of water
in the vicinity of implosion and, consequently, for the gener-
ation of high values of pressure, temperature, and density.

To verify this suggestion, a 2D simulation with the same
algorithm was performed for the case of a cylindrical wire

FIG. 4. Snapshots of the pressure dis-
tribution in the case of (a) conical
walls and (b) parabolic walls at
t=15 us. The colors represent different
pressure values, with blue being 10°Pa
and red 10°Pa.
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array electrical explosion and generated SW implosion with-
out bounding walls. The area in Fig. 4 is in fact a triangular
mesh, with each triangle containing the values of tempera-
ture, pressure, and energy density. In the case of the SW
propagating without reflections, these values should be
approximately the same along the SW front. However, when
the SW is reflected from the bounding walls, these values
will be not the same along the X-axis for a constant distance
from the origin. Scatter plots of the pressure of each triangle
in the mesh versus the distance from the origin for the case
of cylindrical SW convergence without and with bounding
parabolic walls are shown in Fig. 6. Here, each point repre-
sents a value of pressure in each triangle at a certain distance
from the origin of the SW implosion. One can see that in the
cylindrical array case without walls, the values of the pres-
sure at the same distance from the origin are close to each
other. However, in the case of the SW convergence between
bounding parabolic walls, the pressure values are scattered
significantly for the same distance from the origin. This
illustrates the non-uniformity of the generated SW front due
to the SW reflections from the walls. The red solid line in
Fig. 6 represents the approximate profile of the SW without
the reflections.

In order to decrease the effect of the SW reflections
from the walls one can consider adjusting the wire array
geometry in order to generate a converging SW, the front of
which is perpendicular in the vicinity of the wall to its sur-
face. 2D simulations were performed for several different
wire array geometries and the same total mass of the wires.
The results of these simulations showed that indeed adjusting
the wire array geometry allows one to increase significantly
the pressure in the vicinity of the SW implosion. In Fig. 7(a)
one can see the modified geometry of the wire array, which

results in an average pressure of ~105GPa in the volume
with a radius of ~50 um [see Fig. 7(a)]. This pressure is
~30% larger than that obtained with a cylindrical wire array
explosion with parabolic bounding walls, but remains 30%
smaller than in the spherical case.

VIi. SUMMARY

The results of experiments with sub-microsecond time-
scale underwater electrical explosions of wire arrays and of
numerical simulations showed that, using the same initially
stored energy in the pulse generator, one can achieve signifi-
cantly higher pressure values in the vicinity of the implosion
of the SW generated by this explosion and propagating
between parabolic bounding walls as opposed to conical
walls. However, numerical simulations showed that the val-
ues of pressure with parabolic bounding walls, even with
modifications of the wire array geometry, are still lower than
in the case of a spherical wire array explosion. The reason
for the smaller pressure is unavoidable strong SW reflections
from the bounding walls. The latter should be considered a
serious drawback in the approach where super-spherical SW
implosion is applied, and the bounding walls and wire array
geometry should be carefully profiled to minimize this effect
in order to achieve pressure in the vicinity of the SW conver-
gence comparable with or even larger than that in the spheri-
cal geometry.
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