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Abstract Shock wave focusing can lead to extreme thermodynamic conditions at the
focal region. However, shock wave focusing is not just a phenomenon that occurs in
laboratory settings, but also in nature, and this topic is therefore of interest to different
disciplines ranging from astronomy to biomedical devices. In this study, experiments of
shock wave focusing are combined with numerical simulations to better understand the
interaction between multiple curved shock fronts. In particular, this study concerns shock
waves with a decay of flow properties behind the shock front and their interaction during
a shock (blast) wave focusing scenario. The experiments are performed using a novel
exploding wire setup that can be tailored to produce either cylindrical shocks (in two
dimensions) or spherical shocks (in three dimensions). The numerical simulations are
performed using geometrical shock dynamics. Results show that the experimental setup
can successfully be used to study shock interaction between multiple shocks coalescing into
each other. The numerical results show that the undertaken approach using geometrical
shock dynamics can closely replicate results obtained solving the full Euler equations of
gas dynamics.

1 Introduction

Experiments featuring shock wave focusing provides a controlled environment in which one
can study effects of high temperatures, high pressures, high densities, or the interaction of
shock waves. Oftentimes, the experimental equipment needed to do so is not prohibitively
expensive so these setups are highly suitable for research laboratories in academia or at
national laboratories. Typically, horizontal shock tubes are used, and oftentimes these
setups feature a constant cross section area such that the conditions behind the shock
front remain constant for an extended period of time. However, if the cross section are is
increased, or if the shock wave exits the shock tube and is allowed to expand radially, the
conditions behind the shock front will decay in an exponential manner. This is also the
case for explosives, intentional or unintentional, that expand into the surrounding media.

When a shock interact with another shock, two scenarios can happen: (1) the shocks
meet and a regular reflection takes place, meaning a two-shock system is developed con-
taining the incident shock(s) and the reflected shock(s); and (2) the shocks meet and
an irregular reflection takes place in which a three-shock system is developed. At this
time, there is the incident shock, the reflected shock and a Mach stem. The transition
criteria from regular to irregular shock wave reflection depends on the shock medium,
the shock Mach numbers, and the geometry of the shock waves. Transition criteria for
two-dimensional shock waves with constant properties behind the shock front have been
developed, and an excellent summary is provided in [1] with newer updates in [2].
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The first experiments on shock wave focusing were performed by Perry and Kantrowitz
[3]. Their experiments were executed in a horizontal shock tube setup featuring a tear-
drop insert at the end of the shock tube. As the shock wave propagated down the shock
tube, it split up into a toroidal shape when encountering the tear-drop insert and then
had no where else to go but to focus onto itself. Optical observations were made, and light
was seen as the shock wave reached the focal region. Since then, many researchers have
studied shock wave focusing, e.g. [4, 5]. An overview of the current body of shock wave
focusing studies, with introductions to the experimental methods used and the results
obtained is presented in [6].

In this study, particular interest was placed upon creating tools that allows for the
the investigation of regular to irregular transition regime of two- and three-dimensional
shock waves.

2 Experimental setup

The current experiments were performed using a newly designed exploding wire system
coupled with an ultra-high-speed camera (Shimadzu HPV-X2) and a z-folded schlieren
setup. The exploding wire setup was designed to pass a controlled amount of energy
through a very thin metal wire to create shock waves of varying strengths in two or three
dimensions. Exploding wire setups are by no means novel in the world of experiments,
but have been used since the late 1700s [7] in a number of different studies. Interestingly,
these types of setups have also been used in the area of shock dynamic studies. Perhaps
most notably are the experiments performed by Ernst Mach on shock reflections in the
late 1870s [8] where he was able to deduce the existence of Mach stems based on the
pattern left behind by the shock waves on sooted plates.

Here, the work is focused on exploring irregular to regular shock wave reflections for
shocks with decaying flow properties behind the shock front. Thus, the experimental setup
was designed to be modular so that future research directions can easily be incorporated
[9] without needing to redesign the experimental system. The experimental setup consists
of four main parts: a charging circuit; a load circuit; a damping circuit; and a triggering
mechanism [10]. The setup was built on top of a cart so that it could be wheeled around
in the laboratory in a convenient manner. The capacitor bank consists of four capacitors
(0.22 µF, General Atomics, Part No. 31160) connected in parallel charged using a DC high-
voltage source (50 kV, Glassman High Voltage Inc., Model No. FJ50N2.4). The damping
circuit consists of three main parts: the same capacitor bank as in the charging circuit,
a switch, and resistors. The resistors (1 kΩ, Pulse Power and Measurement (PPM) Ltd.,
Series 508AS) are connected in series and facilitate a quick capacitor discharge. The load
circuit consists of the capacitor bank, a spark gap switch (10-65 kV, Hofstra Group, Item
No. 3114) and exploding wires placed inside a test section. A Rogowski coil (Pearson
Electronics) connected to the positive side of the exploding wire is used to trigger the
high-speed camera (HPV-X2, 10,000,000 frames per second). The two-dimensional test
section setup is shown in Fig. 1(a), and the three-dimensional test section setup is shown
in Fig. 1(b). All experimental high-speed photography results were obtained through the
utilization of a z-folded schlieren system [11].
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Figure 1: (a) Model of the two-dimensional test section with PMMA windows (inner
test section dimension). The inside gap in between the two PMMA windows is 19 mm.
Each exploding wire is held in place using two circular brass electrodes with a v-shaped
notch. (b) Model of the three-dimensional test section with polycarbonate windows. Each
exploding wire is held using two tower structures that are equipped with circular brass
electrodes that contain a v-shaped notch at the top of the tower.

3 Experimental results

Figure 2 shows four images from a sequence of an expanding shock wave in the two-
dimensional test section. Utilizing the two-dimensional test section and a 0.05-mm diam-
eter nickel chromium wire with a load current of 20 kV, the resulting images are schlieren
photographs taken at a corresponding frame rate of 500,000 frames per second using the
Shimadzu high-speed camera.

(a) t=53 µs (b) t=122 µs (c) t=182 µs (d) t=260 µs

Figure 2: Schlieren photographs taken during an experiment in the two-dimensional test
section. The shock wave is propagating from the right to the left. Photographs are taken
with the electrical PT-55 trigger using 20 kV. The resolution is 400× 250 pixels and the
viewing area is approximately 130 × 80 mm2. Time instant zero is when the camera is
triggered.

Four photographs from a three-dimensional experiment is shown in Figure 3. Two
0.05-mm-diameter nickel chromium wires were exploded at a capacitor charge voltage of
20 kV. The wires were spaced 76 mm (3 in) from one another and the resulting shock
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wave interaction was observed. The schlieren photographs in Figure 3 are taken at a
frame rate of 500,000 frames per second. This experiment validates the ability of the
experimental setup to visualize the regular (two-shock system) to irregular (three-shock
system) interaction of two three-dimensional shock waves.

(a) Regular reflection (b) Regular reflection (c) Irregular reflection (d) Irregular reflection

Figure 3: Schlieren photographs taken during an experiment in the three-dimensional
test section where two exploding wires are exploded at the same time. The resulting
shock waves are propagating from the bottom to the top with the intersection point in
the middle of the photograph. The resolution is 400× 250 pixels and the viewing area is
approximately 130× 80 mm2.

A Matlab script is used to remove optical distortions in the photographs after they
have been recorded. Then, the individual shock fronts are tracked and radius versus time
information is obtained. From this, velocity fits can be calculated for all experiments.
An example of radius versus time plots for four different capacitor voltages (10kV, 13kV,
16kV and 25kV) is shown in Fig. 4. Automation of this process is faster and more accurate
than trying to obtain this data by hand.
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Figure 4: Radius versus time for four different capacitor voltages.

4 Numerical simulations

For this work, the numerical simulations were developed with an end goal of having a
fast code to perform optimization simulations with, thus the choice of Geometrical Shock
Dynamics (GSD) [12, 13]. Here, we present an investigation into the accuracy of the GSD
method used in this work.
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Compared to the Euler simulations of gas dynamics, which solve the equations of
conservation of mass, momentum and energy, that provide a solution to the entire fluid
field, geometrical shock dynamics – as a particle method – only tracks the motion of
the shock front. Therefore, the complexity of the problem is lowered and the simulation
turnaround time is significantly reduced. However, such advantage comes at the expense
of accuracy when blast waves are of interest. A blast wave induces a non-uniform flow
state behind the shock front that leads to the invalidation of the underlying assumption
of the Area-Mach number relation that the shock motion should be independent of the
flow conditions behind the shock front, on which the original GSD theory depends. In
fact, a complete form of GSD was derived by J.P. Best [14], shown in Eqs. (1)-(2) next,

d~x

dt
= a0M~n, (1)
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]
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Here, the post-shock flow effect term, Q1, is incorporated and it models the non-uniformity
behind the shock front. The original Area-Mach number relation is just a special case of
these equations where this post-shock flow term is simply set to zero. Here, M is the Mach
number, A a local area containing the point (x, y), A

′

= dA/dn is the spatial derivative
in the normal direction at that point, a0 is the speed of sound ahead of the shock front,
a is the speed of sound, u is the particle velocity, p is the pressure and ρ is the density
behind the shock front.

There are at least two ways of expressing the post-shock flow effect term in a complete
GSD system. One way is to expand the Q1-term as an infinite series leading to a new
GSD system consisting of infinite coupled ordinary differential equations that can be
truncated at any level to achieve a certain order of completeness. If a 1st-order complete
system is solved by a 3rd-order accurate TVD Runge-Kutta method, only a negligible
improvement over the original GSD can be observed independent of initial blast strength.

The other way is to explicitly express Q1 as a function of d ~M

dt
, which is nevertheless one

of the unknowns pursued in the GSD system. Another method is to input an existing

analytical solution to a single blast propagation for d ~M

dt
. Then, a complete form of Q1 can

be computed and the problem is closed with a system of two coupled ordinary differential
equations as in Eqs. (1)-(2).

5 Numerical simulation results

Figure 5 shows a comparison of an M-R plot obtained from an analytical result, the
original GSD, and a modified GSD. Here, it is clear that the modified GSD achieved a
very good agreement with the analytical solution.

The reason for the success of the modified GSD in simulating the blast propagation
was investigated by recording the evolution of Q1. It turned out that, as shown in Fig. 6,
the modified GSD is able to compute a more accurate Q1 than the 1st-order complete GSD
when compared to the Euler simulation that is used as a reference. A conclusion about
the impact of the post-shock flow effect term in GSD can be made: the completeness of
Q1 determines the accuracy of GSD on blast propagation. If Q1 is not fully expressed,
some information about the interaction between the blast front and flow behind it is
missing that results in the loss of accuracy; however, once Q1 can be calculated based on



2878 32nd International Symposium on Shock Waves (ISSW32)

100 150 200 250 300

R (mm)

1.2

1.4

1.6

1.8

M Analytical

Original GSD

Modified GSD

Figure 5: Comparisons of M-R plots of modified GSD, original GSD and the analytical
result from [17]

a complete form, the non-uniformity state behind the blast can be correctly accounted
for by GSD.

15 20 25 30 35 40

R (mm)

-2.5

-2

-1.5

-1

-0.5

0

Q
1
 (

g
/m

m
/

s3
)

10
-5

Q1 from Euler

Q1 from Modified GSD

Q1 from 1st order complete GSD

Figure 6: Evolution of the post-shock flow term Q1 from the modified GSD method.

Several scenarios were then investigated using modified GSD. The simulations were
initialized with a successive shock front that represents the combined geometry of multiple
blast waves at the transition from regular to irregular reflection. Such transition condition
was determined by an analytical model [15] that communicates the sonic criteria [16] to the
analytical solution to blast propagation [17] by a straightforward geometry interpretation.
The growth and attenuation of Mach stems generated by the interaction of two adjacent
blasts were recorded and a good agreement with the Euler simulation was observed.

6 Conclusions

The conclusions can be summarized as follows:

• The novel modular design of the experimental setup and its different test sec-
tions successfully allowed for the creation of multiple cylindrical shocks or spherical
shocks, which have decaying properties behind the shock front.
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• The experimental setup also allows for the study of regular to irregular reflection of
cylindrical or spherical shock waves using high-speed photography.

• Geometrical shock dynamics can be used to model an expanding shock wave in two
dimensions featuring a decay of properties behind the shock front if the post-shock
term is incorporated into the solver. Here, a two-dimensional code was developed
in C++, which relies on a third order Runge-Kutta system and mesh regularization
procedure.

• Different methods to initialize the post-shock flow term were investigated in this
work, and results show that this term really matters for the results to be accurate
if the flow behind the shock front is not at a constant state for an extended period
of time.

• One method to obtain the post-shock term is to use a lookup table in which data –
obtained either through detailed simulations (e.g. Euler simulations) or experiments
– for the post-shock flow properties are tabulated to be used at each time step.

Future work include a systematic experimental study to find the point in time and
space when regular reflection transitions into irregular reflection for cylindrical and spher-
ical shock waves. Furthermore, the two-dimensional geometric shock dynamics code is
being extended to three dimensions.
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