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ABSTRACT OF THE THESIS 

 

 

Design of Exploding Wire System 

 

 

by 
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Professor Veronica Eliasson, Chair 

 

 Shock focusing can lead to extreme conditions in the region, where the shock 

waves coalesce, called the focal region. These conditions can either be detrimental or 

beneficial, depending on the circumstances. The phenomenon has found applications in 

various industries including biomedical, nuclear and anti-terrorism. However, due to the 

nonlinear nature of shock waves and their interactions, predictions of shock focusing 
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events are far from trivial. A deeper understanding of shock focusing is vital to determine 

how to both mitigate its harmful effects and enhance its applications. This thesis aims to 

provide an experimental technique to study shock-shock interaction and shock focusing 

from multiple synchronized shock waves. The technique utilizes a combination of a 

capacitor bank and a spark gap switch to pass a large amount of current through very 

thin conducting wires. The large current causes the wires to undergo substantial thermal 

changes, leading to their explosion. This results in the generation of shock waves that 

have decaying flow properties behind the shock front. The number and locations of the 

shock waves can be easily varied to study a myriad of cases. The technique, in 

combination with different experimental chambers, provides the flexibility to either 

constrain the shock waves to propagate in only a 2-dimensional space or allow them to 

propagate in the entire 3-dimensional space. Additionally, the technique has a very fast 

turnaround time and allows the user to run up to 30 experiments in a day.  
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CHAPTER I – INTRODUCTION  

 It is known that focusing of shock waves generates extreme conditions in the focal 

region. These extreme conditions can have detrimental effects, but the phenomenon of 

shock focusing has also found various applications. A deeper understanding of the 

phenomenon can benefit several industries including the aerospace, biomedical and 

nuclear industries. 

 The majority of previous experimental studies on shock focusing have been 

performed using constant cross-section area shock tubes [1–8]. Constant cross-section 

area shock tubes only allow the shock waves to propagate in a 2-dimensional space. 

Also, the shock waves that are generated in a constant cross-section area shock tube 

have constant flow properties behind the shock front for an extended period of time while, 

shock waves that are encountered in real world have diminishing properties behind the 

shock front. While researchers have used converging shock tubes [9, 10] to create 3-

dimensional waves, only segments of waves were created instead of a complete 

converging wave. Very few studies on shock-shock interaction or shock focusing have 

used the exploding wire system [11–13]. 

 This thesis describes the development of an exploding wire system to study the 

phenomena of both shock-shock interaction and shock focusing. An exploding wire 

system allows the user to generate and study shock waves with diminishing properties 

behind the shock front. The setup developed also has the advantage of allowing shock 

propagation in either a 2-dimensional or a 3-dimensional space depending on the choice 

of test section by the user. Using this setup, shock waves can be generated from multiple 

sources simultaneously, and the number and locations of these sources can be easily 
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varied. The setup has a very fast turnaround time and the cost of performing each 

experiment is relatively low.  

1.1 Background 

1.1.1 Shock Waves 

 A shock wave is a thin region where a sharp increase is seen in quantities like 

pressure, temperature and particle velocity. A shock wave propagates with speeds 

greater than the speed of sound in that medium, and as it propagates, it dissipates energy 

and loses speed until it is reduced to an ordinary sound wave. The strength of a shock 

wave is measured in terms of its pressure ratio, which is the ratio of peak pressure of the 

shock wave to the ambient pressure. The speed of a shock wave is expressed using a 

dimensionless quantity, the Mach number, which is a common measure of speed in 

aerodynamics. The Mach number is the ratio of the speed of a moving object (in this case, 

the shock wave) to the speed of sound in the fluid. The higher the Mach number of the 

shock wave, the higher its strength.

  

(a) (b) 

Figure 1.1: (a) Time history plot at a point when a shock wave passes through. This profile will be seen 
inside a constant cross-section area shock tube. (b) A 2-dimensional circular shock wave generated using 

the exploding wire system described in this thesis.
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 Shock waves are encountered frequently in the world. For example, a sudden 

interaction between gas chambers at different pressures (a shock tube, cavitation bubble 

collapse, etc.) can create a shock wave. It can also be generated from events like an 

explosion, lightning, objects moving at supersonic speeds, etc. Figure 1.1(a) shows how 

a sharp jump is seen in quantities like pressure, temperature and particle velocity when 

a shock wave passes through a fluid. A cylindrical shock wave generated from the 

explosion of a thin wire is shown in Figure 1.1(b). The wave is centered at the location of 

the wire (where the explosion occurred) and it moves radially outwards, away from the 

explosion. The boundary of the shock wave, where this sharp discontinuity is seen, is 

called a shock front. Based on the flow properties behind the shock front, shock waves 

can be categorized into two different types: 1) Shock wave with constant properties 

behind the shock front, and 2) Shock wave with decaying properties behind the shock 

front. The pressure profiles for these two types of shock waves in space are shown in 

Figure 1.2(a) and Figure 1.2(b) respectively.

  
(a) (b) 

Figure 1.2: (a) Pressure profile in space for shock waves with constant flow properties behind the shock 
front. (b) Pressure profile in space for shock waves with diminishing flow properties behind the shock 

front. (based on concepts described in [14, 15]
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 The first type of shock wave has constant flow properties for an extended period 

of time behind the shock front before they eventually drop to the ambient properties. The 

second type of shock wave, however, has diminishing properties behind the shock front. 

It has a negative phase, where the pressure falls below the ambient pressure, that follows 

the positive phase. The pressure in this negative phase can increase to the ambient 

pressure either gradually or at times, suddenly, leading to another secondary shock wave 

being generated. The first type of shock wave is mostly encountered in a shock tube, 

where the cross-section area is constant, whereas, the second type of shock wave is 

more commonly encountered in real world, where the shock wave is free to expand in 

space.  

1.1.2 Shock-Shock Interaction and Shock Focusing 

 When more than one shock wave is present in the medium, these shock waves 

can interact with each other. Shock interaction can also occur when a shock wave reflects 

off a surface and then interacts with itself. Interacting shock waves will reflect off each 

other and can either lead to, what is called, a regular or an irregular reflection. Regular 

reflection only has an incident and reflected shock wave, whereas, irregular reflection has 

an additional wave called the Mach stem. This Mach stem can have peak pressures much 

higher than those at the shock front of any of the interacting shock waves. Due to this 

property of the Mach stem, the transition condition between regular to irregular shock 

reflections is of great interest to the shock wave research community. Extensive research 

studies have been performed on studying this transition condition for 2-dimensional shock 

propagation. Ben-dor’s book [16] published in 2007 summarizes all the major studies 

conducted in this area till that time. However, there are no studies in the open literature 
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on this transition condition for 3-dimensional shock propagation. Figure 1.3 shows a 

sketch of the interaction between two circular shock waves, based on the study conducted 

by Higashino et. al. [12] in 1991. Higashino et. al. performed a set of experiments using 

an exploding wire system to study the interaction between two weak shock waves. Figure 

1.3(a) shows regular reflection between the two shock waves. When the two waves come 

in contact with each other, they reflect back as shown in Figure 1.3(a). However, in case 

of irregular reflection, as shown in Figure 1.3(b), in addition to the incident and reflected 

shock wave, we also see a third wave – the Mach stem. The transition from regular to 

irregular reflection occurs between the two instances shown in the Figure 1.3. 

 

  
(a) (b) 

Figure 1.3: Interaction of two shock waves (a) Regular reflection (b) Irregular reflection (based on results 
from [12]) 

  

 Another phenomenon that is of significant interest to the shock wave research 

community is of shock focusing. Shock focusing occurs when multiple shock waves 

interact with each other in such a way that they all coalesce in the focal region. Figure 1.4 

shows the progression of six shock waves generated at the ends of a regular hexagon. It 

illustrates how they all coalesce towards the centroid of the hexagon and cause shock 

focusing. Shock focusing can also occur with lesser or greater numbers of shock waves. 
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It can occur even when shock waves are not coalescing from all directions symmetrically. 

Figure 1.5 shows some more examples of configurations that can cause shock focusing 

– nine shock waves generated on the circumference of a semi-circle (shock waves not 

coalescing from all directions symmetrically) and three shock waves generated at ends 

of a regular triangle (shock waves coalescing from all directions symmetrically). 

   

Figure 1.4: Shock focusing due to six shock waves simultaneously generated at ends of a hexagon 

   
Figure 1.5: Shock focusing due to nine shock waves generated at circumference of a semi-circle (shock 
waves not coalescing from all directions symmetrically) and due to three shock waves generated at ends 

of a regular triangle (shock waves coalescing from all directions symmetrically) 
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 Shock focusing leads to extreme conditions, with very high temperatures and 

pressures, in the focal region. Temperatures in the range of 13000 – 34000 K have been 

observed at the focal region in some studies using spectroscopic temperature 

measurements [17, 18]. In some instances, these extreme conditions can be harmful. For 

example, superbooms caused by focusing of sonic-booms can lead to startle responses, 

disturbances and annoyance amongst people that encounter superbooms. The sonic-

booms generated by supersonic aircrafts can focus in one region and cause superbooms. 

Superbooms generate higher pressure than other sonic-booms and are more disruptive 

to their surroundings. This focusing can occur due to reflections of the sonic-booms from 

valleys or can also occur from maneuvers of the aircraft itself. Figure 1.6 (modified from 

[19]) shows a simple maneuver of a supersonic aircraft that can cause superbooms. 

Research on understanding the effects of sonic-booms on humans and animals [20, 21] 

convey the importance of avoiding occurrences of or mitigating the effects of superbooms. 

A deeper understanding of the phenomenon of shock focusing can be very useful to this 

end. 

 However, these extreme conditions can also prove to be beneficial. Shock focusing 

has also found many applications in the biomedical, nuclear and anti-terrorism industries. 

In the nuclear energy industry, shock focusing is used in Inertial Confinement Fusion. At 

the National Ignition Facility (NIF) in Livermore, California, USA, converging shock waves 

compress and heat up central fuel to fusion conditions [22]. It also has potential 

applications in the anti-terrorism industry. It can allow us to maximize pressure or impulse 

at the target region while, at the same time, reducing the collateral damage to the 

surrounding areas. 
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Figure 1.6: Shock focusing due to a simple maneuver of a supersonic aircraft (modified from concepts 

described in [19]) 

 

 
Figure 1.7: A schematic diagram describing the working principle of a lithotriptor (described in detail in 

[23]) 

 

 Perhaps one of the most well known applications of shock focusing is lithotripsy. 

Shock wave lithotripsy (SWL) is a technique that pulverizes kidney stones into smaller 
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fragments [24, 25], so that they can be naturally passed by the human body. SWL takes 

advantage of the phenomenon of shock focusing to create extreme conditions at the 

locations where kidney stones are present, while trying to minimize unfavorable 

conditions at locations of other tissues. As the understanding of shock focusing grows, 

the technique can be made more efficient to minimize the harm caused to surrounding 

tissues by the procedure. Figure 1.7 [23] shows how, in a lithotriptor, a shock generated 

inside a water-filled hemi-ellipsoidal reflector focuses the shock waves towards a location 

where the kidney stone is present. 

1.1.3 Previous Studies 

 Shock focusing is a rather small area of study that falls under the much broader 

topic of fluid mechanics. The research that has been done on this topic has involved 

experimental, analytical and numerical simulations. Figure 1.8 (modified from [26]) shows 

a timeline for some of the studies performed on shock focusing. Guderley [27], in 1942, 

initiated the research area in theoretical investigations of shock focusing by deriving a 

solution for cylindrically and spherically converging shock waves. His study predicted that 

the strength of a shock wave varied inversely with a power of the surface area, which 

meant that the pressures and temperatures in the focal region will be extreme. 

 Perry and Kantrowitz [7], in 1951, developed a novel experimental approach to 

generate and study converging shock waves. They used a constant cross-section area 

shock tube and a teardrop insert in the rear part of the shock tube, which transformed 

planar shock waves into converging cylindrical shock waves. Their research fueled a lot 

of experimental and analytical studies on shock wave focusing. The majority of 

subsequent experimental studies were performed on converging shock waves using 
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similar setups to study stability of converging shock waves and illuminations produced 

due to the phenomenon, see for example references [2–6]. But, the study of shock 

focusing using a constant cross-section area shock tube has its limitations. It only allows 

the study to be performed in a 2-dimensional setting. While using a converging shock 

tube produces a 3-dimensional cylindrical or spherical shock, it only produces a sector, 

not the entire wave. It also has the focal region relatively close to the cold walls of the 

shock tube, preventing attainment of high temperatures. Also, the shock waves generated 

in a shock tube are different from those that are most frequently encountered in the real 

world. Shock waves inside a constant cross-section area shock tube have constant 

properties behind the shock front, whereas, most of the shock waves encountered in the 

real world have diminishing properties behind the shock front. 

 In order to duplicate real world conditions, experimental studies in a 3-dimensional 

setting on shock waves with diminishing properties behind the shock front are necessary. 

While exploding wire systems generate shock waves with diminishing properties behind 

the shock front, very few researchers have used the exploding wire system to generate 

and study shock waves [12, 13]. While Hosseini and Takayama [13] in 2004 performed 

such a study, their setup had some limitations too. They generated a spherical shock 

wave at the center of a spherical test chamber by explosions of silver azide pellets. The 

shock wave would reflect off the spherical test chamber and converge to the center. This 

experimental setup has several disadvantages. The strength of the converging shock 

wave was much lower than the strength of the initial shock wave that was created at the 

center of the test section. This is because a lot of energy was lost as the shock traveled 

before it reached the boundary of the test section and then reflected off the surface. The 
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symmetry of the blast wave was disturbed due to the presence of product gases at the 

center of the chamber. Also, the temperatures in the focal region were affected by the 

initial outgoing shock wave and thus, the effect of shock focusing on temperatures at focal 

regions could not be isolated. Also, since the focal region was located at the same place 

where the initial explosion occurred, the viewing area was obstructed by product gases 

or initial saturation of light due to the explosion. 

 This project was aimed at developing an experimental setup to study shock 

focusing and shock interaction, while addressing the limitations of other setups discussed 

above. The following sections describe the objectives for this project and the outline of 

this thesis. 

1.2 Objectives 

 After considering various experimental setups used in previous studies, their 

advantages and disadvantages, the following objectives for design of an exploding wire 

system were laid out. The goals and the perceived applications of the setup were also a 

major factor in deciding these objectives. 

 An experimental setup was to be designed that would allow the study of both 

shock-shock interaction and shock focusing with the following capabilities: 

1. The setup should be able to generate multiple simultaneous shock waves with 

diminishing properties behind the shock front, which are more commonly 

encountered in the real world. 

2. The setup should provide such flexibility that the number and locations of shock 

waves can be easily varied. 
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3. The setup should allow the study to be carried out in both a 2-dimensional and 

a 3-dimensional setting. 

4. There should be no obstacles present in the focal region or any other region of 

observation. 

5. The setup should have a fast turnaround time allowing users to run 10 to 15 

experiments in a day. 

 

1.3 Outline 

 The organization of this thesis is as follows: 

• Design of experimental setup 

Chapter 2 of this thesis describes how the experimental setup was designed to 

meet all the objectives. The chapter also mentions some of the challenges that 

were faced while designing the setup and how they were overcome. It mentions 

how the tests are performed and briefly describes the visualization technique used 

in experiments. The chapter also mentions some alternate designs that can be 

used to either get similar or better results than those obtained using the current 

setup. 

• Capabilities and results 

Chapter 3 discusses the capabilities of the exploding wire system developed 

during the course of this thesis. It shows some preliminary results obtained from 

tests performed using the system that serve as evidence of the capabilities of the 

system. 
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Figure 1.8: Timeline of relevant shock focusing research. Blue lines – shock waves with constant 
properties behind shock front; red lines – shock waves with diminishing properties behind shock front; 

solid line – 2-dimensional study; dashed line – 3-dimensional study. Only first author is shown. (modified 
from [26])  
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CHAPTER 2 – EXPERIMENTAL SETUP 

2.1 Working Principle 

 The exploding wire system is used in a wide variety of applications. It has been 

used as a high-intensity light source for high-speed photography [28], or as a detonator 

for nuclear bombs [29], or to study plasma [30], or as in this case to study blast waves 

[12, 13]. The construction of the exploding wire system may be a little different for each 

application, but the underlying principle is the same. When a large amount of current 

passes through a thin conducting wire, the wire heats up leading to its vaporization. The 

vaporization causes the air around the wire to conduct current which leads to the 

formation of an electric arc. The arc produces a bright flash of light and turns the metal 

vapor into plasma. The plasma is allowed to expand, and a shockwave is generated. 

2.2 Electrical Components and Circuits 

 Discharge from high voltage capacitors allow us to supply a large pulse of current 

through the exploding wires and a spark gap switch can be used to control the instant 

when the pulse will pass through the exploding wires. Figure 2.1 shows the electrical 

circuit diagram of the exploding wire system developed during the course of this thesis. It 

consists of three sub-circuits: charging circuit for the capacitors, discharging circuit for the 

capacitors, and the load circuit. Figures 2.2, 2.3 and 2.4 show the charging, discharging 

and the load circuits. 

 The charging circuit has the following components: a capacitor bank, a high 

voltage power supply, a switch and resistors. The capacitor bank consists of four high 

voltage capacitors of 0.22 microfarad capacitance from General Atomics (Part No. 31160 
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[31]) connected in parallel. A high voltage DC power supply with a capacity of 50kV from 

Glassman High Voltage Inc. (Model No. FJ50N2.4 [32]) was used as the power source. 

A 2-way relay switch from Ross Engineering (Model No. E40-DT-60 [33]) served as the 

switch in the setup while two 10 megaohm resistors (R3 and R4) from Vishay Dale 

Electronics Inc. (Part No. BFW10M0LF08 [34]), connected in parallel, provided resistance 

to the flow of current in the charging circuit. The switch in this charging circuit (switch 1) 

is a normally open switch, which means it remains in the ‘off’ or ‘open’ position unless 

external power is supplied to it. This ensures that, when the experiment is not running, 

the charging circuit remains open and capacitors do not get accidently charged. To 

charge the capacitors, the high voltage power supply must be connected to a power outlet 

(standard US power outlet that supplies a voltage of 110 volts at a frequency of 60 Hz) 

and the switch 1 should be moved to the ‘on’ or ‘close’ position. This allows current to 

pass through the circuit shown in Figure 2.2(b) and charge the capacitors to a desired 

voltage. The high voltage power supply can be configured to the voltage to which the user 

wants to charge the capacitors. The maximum amount of current flowing out of the power 

supply can also be controlled. The resistors are also provided to control the amount of 

current flowing in the circuit. It allows the capacitors to slowly charge to the maximum 

provided voltage. The resistors, capacitors and the high-voltage switch are chosen such 

that they would be compatible with their placement in the circuit. This means that each 

component should be rated for a maximum voltage and power greater than the respective 

voltage and power that the component is expected to encounter during the experiment. 

 The discharging circuit, as seen in Figure 2.3(b), consists of the capacitor bank, a 

switch and resistors. The switch in this circuit (switch 2) is the same type of 2-way relay 
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switch from Ross Engineering [33] that was used in the charging circuit while two 1 

kiloohm resistors (R1 and R2) by Pulse Power and Measurement (PPM) Ltd. (Series 

508AS [35]) connected in series provided resistance to the flow of current in the circuit. 

The switch in this discharging circuit (switch 2) is a normally closed switch, which means 

it remains in the ‘on’ or ‘closed’ position unless external power is supplied to it. This 

ensures that, when the experiment is not running, both the terminals of the capacitors are 

grounded for the safety of people using the space around the setup. The resistors in the 

discharging circuit (R1 and R2) facilitate quick capacitor discharge. All the components 

of the circuit (resistors, high voltage switch, capacitors) are chosen such that they would 

be compatible with their placement in the circuit. 

 

Figure 2.1: Circuit diagram of the exploding wire system 
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(a) 

 

(b) 

 

Figure 2.2: (a) Location of the charging circuit (highlighted) (b) Charging circuit diagram of the exploding 
wire system 
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(a) 

 

(b) 

 

Figure 2.3: (a) Location of the discharging circuit (highlighted) (b) Discharging circuit diagram of the 

exploding wire system 
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(a) 

 

(b) 
 

Figure 2.4: (a) Location of the discharging circuit (highlighted) (b) Discharging circuit diagram of the 
exploding wire system 
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 Figure 2.4(b) shows the load circuit and it consists of the capacitor bank, a spark 

gap switch and the exploding wires placed inside the blast chamber. Different materials 

and sizes of exploding wires can be used to perform the experiment as per the user’s 

choice. A Nickel Chromium (Ni80/Cr20) wire of 0.05mm diameter [36] was used in the set 

of preliminary experiments discussed in Chapter 3 of this thesis. The connections from 

the spark gap switch to the exploding wires were made using a flexible coax cable from 

Pasternack Enterprises Inc. [37]. The coaxial cable (or coax) has an inner conductor that 

is surrounded by an insulating tube. This tube is further surrounded by a conducting mesh 

in a tubular fashion. It then has an insulating outer jacket over this mesh. So, the cable 

has two conductors separated by an insulator. The inner conductor is connected to the 

spark gap switch and the outer mesh is connected to the ground (or negative) terminal of 

the capacitor bank. When the spark gap switch allows flow of current through it, the inner 

conductor will be connected to the positive terminal of the capacitor bank. The two ends 

of the exploding wires can be attached to these two conductors in the coaxial cable to 

complete the circuit. 

 The spark gap switch used in the load circuit was developed by Hofstra Group 

(Item No. 3114 [38]) designed for a Voltage difference of 10-65 kV. The spark gap switch 

essentially acts like a normally closed switch in the load circuit. It only allows conduction 

in one of the two following instances: 1) when a high voltage trigger pulse is sent to it or 

2) when the pressure inside the spark gap switch is lowered. Figure 2.5 show a pressure 

vs. voltage plot for the spark gap switch (from manufacturer’s datasheet [39]). The state 

of the spark gap switch right before the experiment is kept between the operating and the 

self-breakdown plots as shown in Figure 2.5. When an external high voltage trigger pulse 
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is supplied to the spark gap switch, its voltage difference increases and the state of the 

spark gap switch goes beyond the conducting plot at the same pressure. Or if the 

pressure inside the spark gap switch is reduced, the state of the spark gap switch goes 

below the conducting plot at the same voltage. The spark gap switch can be triggered 

using either of the two ways. For example, it can be seen from the plot that for a voltage 

difference of 30 kV, the pressure inside the spark gap switch should be more than 214350 

Pa (16.38 psi above atmospheric pressure) for the spark gap switch to hold. And to trigger 

the spark gap switch, either an external high voltage pulse can be supplied to it or 

pressure inside the switch could be reduced to a value less than 214350 Pa (16.38 psi 

above atmospheric pressure). In this study, an external high voltage pulse generator was 

used to trigger the switch. 

 

Figure 2.5: Pressure vs Voltage plot for the spark gap (modified from manufacturer datasheet [39]) 
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 All the components highlighted in Figure 2.6 are required for the functioning of the 

spark gap. A model PT-55 pulser/trigger generator manufactured by Pacific Atlantic 

Electronics [40] was used as the high voltage pulse generator. This trigger generator took 

two inputs: a high voltage DC power supply and a smaller trigger generator based on 

which the high voltage pulse was triggered. Another DC power supply from Glassman 

High Voltage Inc. (Model No. FJ10P12 [41]), with a capacity of 10kV, was used as the 

DC power supply input. Whereas, a solid-state trigger generator developed by University 

of California San Diego’s (UC San Diego) High Energy Density Physics (HEDP) group 

was used as the smaller trigger generator. This trigger generator produced a pulse of 

300V amplitude, 200 nanosecond width and a maximum 10 nanosecond rise time. A 

model PT-003 solid state generator by Pacific Atlantic Electronics [42] which is specifically 

designed to trigger model PT-55 high voltage trigger generator [40] can also be used as 

the smaller trigger generator. Unfortunately, Pacific Atlantic Electronics have stopped 

manufacturing both these trigger generators and other components or methods discussed 

in section 2.6 of this thesis might have to be employed to achieve similar results. A 150 

ohm resistor (R5) from Ohmite [43], two 100 megaohm resistors (R6 and R7) from Ohmite 

[44] and a 850 picofarad capacitor (C1) from TDK Corporation [45] were used as shown 

in Figure 2.6 as per the requirements from the manufacturer of the spark gap switch. 

 Now, to run the experiment, the capacitor bank should first be charged to the 

required voltage and then the spark gap should be triggered. As the high current pulse 

passes through the thin wires inside the blast chamber, the wires will explode resulting in 

the generation of blast waves. This event of the generation and propagation of blast 

waves can be captured and studied using a high-speed camera and schlieren flow 
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visualization techniques briefly discussed in section 2.5 of this thesis. A high-speed 

camera from Shimadzu Corporation [46] with a video recording capability of up to 10 

million frames per second was used in this study. However, the entire event takes place 

in a very short time and the time window that can be recorded using the high-speed 

camera is limited by its storage capacity. So, a very precise and accurate method to 

determine when to start recording is required. This is done using the Rogowski coil and 

an oscilloscope. A Rogowski coil is used to measure the high current pulses and can 

easily respond to fast changing currents. A coil by Pearson Electronics [47] was used to 

measure current through the wires. The signal from the coil is recorded using an 

oscilloscope and it is used as a trigger for the high-speed camera to start recording. 

 

 

Figure 2.6: Components required for the functioning of the spark gap 
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 Figures 2.7, 2.8 and 2.9 show the placements of all the components discussed in 

this section. The exploding wire system was built on an aluminum plate with wheels 

attached to it so that the setup can be moved around easily. The outer frame is created 

using aluminum struts and sheets and this cart acts as the ground (or negative) terminal 

for the capacitor bank. This terminal is always connected to ground as is seen in the 

circuit diagram in Figure 2.2. Figure 2.7 shows the placement of four capacitors, two high 

voltage switches and the high voltage trigger generator. The capacitors are placed such 

that their positive terminals are facing inwards (towards each other) so that they can all 

be connected to each other. The negative terminals of these capacitors are connected to 

the metallic (aluminum) cart as shown in Figure 2.8. Figure 2.8 also shows the placement 

of the spark gap switch and the Rogowski coil inside the cart. Figure 2.9 shows the 

progressive timeline of placement of all the components. 

2.3 Blast Chambers 

 Two types of blast chambers were constructed. One that allowed propagation of 

shock waves in a 2-dimensional space and another one that allowed propagation of shock 

waves in a 3-dimensional space. Figures 2.10 and 2.11 describe the 2-dimensional setup 

while Figures 2.12 and 2.13 describe the 3-dimensional setup of the blast chambers. 

 The 2-dimensional blast chamber is a rectangular box that is 558.8 mm (22 in) 

high, 558.8 mm (22 in) wide and 50.8 mm (2 in) thick as shown in Figure 2.10. The side 

walls are made out of transparent Polymethyl methacrylate (PMMA) sheets. These sheets 

have a space of 22.23 mm (0.875 in) between them and the exploding wires are located 

in this space. Each exploding wire is held in place using two circular brass electrodes with 

a ‘V’ shaped notch. The PMMA sheets have circular holes in them to fit these electrodes. 
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Figure 2.7: Placement of capacitors, high voltage switches and high voltage trigger generator 

 

 

Figure 2.8: Placement of spark gap switch, Rogowski coil and connection of negative terminal of 
capacitor to cart
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 2.9: Timeline of placement of components (a) Capacitors; (b) High voltage switches and high 
voltage trigger generator; (c) Electrode connecting positive terminals of all capacitors; (d) Spark gap 

switch and Rogowski coil; (e) All components inside the cart; (f) Finished cart. 

 

 



27 
 

Hence, for every wire, one brass electrode will be placed in a circular opening in each of 

the two PMMA sheets. The exploding wires rest on these electrodes as shown in Figure 

2.11. Attaching fishing weights at the two ends of the exploding wires allows the wires to 

remain taut during the course of the experiment. The two brass electrodes for each wire 

(one inside each PMMA sheet) are connected to the two opposite terminals of the 

capacitors using the coaxial cable, thereby completing the circuit. Every other connection 

in the circuit is designed for the high voltage except the exploding wires, ensuring that the 

explosion will occur inside the blast chamber. After the explosion, since the space 

between the two PMMA sheet is very small, the shock waves are constrained to 

propagate in a 2-dimensional space only, leading to a 2-dimensional shock wave being 

generated. The propagation or interaction of these shock waves can be observed through 

the PMMA sheets using the shock flow visualization technique discussed in section 2.4 

of this thesis. The number and locations of the exploding wires can be easily changed by 

changing the pattern of holes in the PMMA sheets without adding significant cost to the 

project.  

 The 3-dimensional blast chamber is a box of width 914.4 mm (36 in), height 473.71 

mm (18.65 in) and depth 381 mm (15 in) as shown in Figure 2.10. The figure shows one 

configuration of exploding wires that can be achieved. The 3-dimensional blast chamber 

allows the shock waves to propagate in all three directions. The walls of the blast chamber 

are made using transparent PMMA sheets. A wire holder assembly is used to hold the 

exploding wires in place. The assembly is made by resting the brass electrodes (with a 

‘V’ shaped notch) inside a cutout in 80/20 struts [48]. The cutouts are just big enough to 

fit the brass electrodes in them as shown in Figure 2.11. Two 80/20 struts with the 
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electrodes are placed close to each other and the thin exploding wires are allowed to rest 

on the electrodes. The two electrodes are connected to different terminals of the 

capacitors using the coaxial cable, thereby completing the circuit. These two 80/20 struts 

along with the electrodes and an exploding wire constitute a mini-assembly required to 

hold one exploding wire in place. Multiple such mini-assemblies with different heights can 

be placed at different locations inside the 3-dimensinoal blast chamber to study a myriad 

of configurations for shock-shock interaction and shock focusing in a 3-dimensional 

setting. 

 
 

Figure 2.10: Top view and front view of the 2-dimensional blast chamber 
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(a) (b) 

 
 

(c) (d) 

 

Figure 2.11: (a) Computer model of the 2-dimensional blast chamber; (b) View of the brass electrodes 
holding the exploding wires; (c) Photograph of the 2-dimensional blast chamber; (d) Photograph of the 

brass electrodes holding the exploding wires. 
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Figure 2.12: Top view, front view and side view of the 3-dimensional blast chamber 

 

2.4 Visualization System 

 The propagation of blast waves in the blast chambers is observed using a schlieren 

flow visualization system. A schlieren flow visualization system relies on the fact that light 

rays deviate from their path when they encounter inhomogeneity in the fluid. Shock waves 

create inhomogeneous zones in the fluid due to a sharp spike in the density of certain 

regions of the fluid as a shock wave passes through it. Collimated light is passed through 

the blast chamber (where the shock wave is expected to be present at the time of the 
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experiment) and then these rays are collected using a concave mirror. The concave mirror 

focuses the light to its focal point, where a knife edge is placed to cut off the portion of 

the light that has deviated from its original path. This leads to localized darkening of areas 

where a shock wave is present. The rest of the light is captured using a high-speed 

camera to see the flow of the shock wave. Figure 2.14 shows the schematic diagram of 

the schlieren flow visualization system used in this study. 

 

 
(a) (b) 

  
(c) (d) 

 

Figure 2.13: (a) Computer model of the 3-dimensional blast chamber; (b) View of the wire holder 
assembly; (c) Photograph of the 3-dimensional blast chamber; (d) Photograph of the wire holder 

assembly 
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 A point source of light (L) is kept at the focal point of a concave mirror (CM1). As 

the light is emitted from the source, collimated rays of light are reflected from the concave 

mirror towards a flat mirror (FM1). This flat mirror then reflects these parallel rays of light 

through the test section (TS) onto another flat mirror (FM2). Any inhomogeneity in the test 

section will lead to deviation in the light path now and those rays of light will no longer be 

parallel to other unaltered rays. They are reflected by the second flat mirror onto another 

concave mirror (CM2) which focusses all the unaltered rays onto its focal point. The 

deflected rays of light will pass through a point slightly away from the focal point. A small 

flat mirror (SM) is kept close to the focal point of the concave mirror. The light reflected 

from this mirror is then passed through two lenses (L1 and L2) before it enters the camera 

(C). A knife edge (K) is kept at any focal point in the path of light after it has passed 

through the test section thus allowing it to cut out partially cut out the incoming rays of 

lights. Depending on which direction the light rays deflected, either more or less amount 

of light from those regions will be blocked out by the knife edge and this will lead to darker 

or brighter areas in the image at the locations of shock waves or other areas with density 

changes. Book by Settles, published in 2001, discusses the techniques of schlieren and 

shadowgraph in detail [49]. 

2.5 Challenges 

 Careful considerations had to be made while designing the setup due to the very 

high voltage in use. For example, proper grounding of the cart at all times had to be 

ensured for the safety of the users and other personnel around the setup. Also, the large 

amount of current passing through the wires can generate electromagnetic radiations in 

space around the experimental setup. These radiations can potentially damage electronic 
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equipment. The entire setup was built inside a metallic box (cart), that acted as a Faraday 

cage, thus minimizing the electromagnetic radiations coming out of the cart. Also, 

Faraday cages using metal wire meshes were built for sensitive equipment like the high-

speed camera to further ensure safety against damage from electromagnetic radiations.  

 The setup had to be built such that it would be able to work at a maximum voltage 

of 40 kV. This required all the electrodes and equipment in the setup to be placed such 

that no sparks will be produced. The dielectric strength of air is 3 kV/mm (76.2 kV/in) [50]. 

Hence, the minimum distance between positively and negatively charged electrodes had 

to be more than 13.3 mm (0.52 in). Failure to do this can result in generation of sparks 

which are a major fire hazard. 

 

 

Figure 2.14: Schematic diagram of a schlieren flow visualization system (Image made by Ms. Christina 
Scafidi from Veronica Eliasson’s research group at UC San Diego) 
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2.6 Alternate methods 

 This section discusses some modifications or alternate methods that could be used 

in the setup to get similar or better results compared to those obtained using this setup. 

One simple alternative that could be used is to trigger the camera using the high voltage 

trigger generator instead of the Rogowski coil. This can be especially important if the 

signal from the Rogowski coil reaches the camera with a large delay due to the electrical 

setup. This might lead to the camera being triggered so late that the blast propagation 

event cannot be captured at all. This was not required in the current setup because the 

signal from the Rogowski coil provided enough time margin to trigger the camera in time. 

The high-speed camera used in this setup also allowed us to set a negative delay to the 

trigger. This means that it was capable of recording events that occurred before the signal 

reached the camera. Triggering the camera using the signal from the trigger generator 

also allows the user to not use a Rogowski coil in the system. But, in that case, studying 

how the strength of the shock wave varied with the energy supplied to the exploding wires 

could be difficult since it would be difficult to find measure the current passing through the 

coaxial cables without the Rogowski coil. A decision should be taken by the user 

depending on the availability of funds and the scope of the study. 

 Another modification that could be made in the setup is to use an air flow valve 

instead of the high voltage trigger generator. As mentioned in section 2.2 of this thesis, 

the spark gap switch can be triggered to conduct by either a high voltage pulse provided 

to it or by a decrease in the pressure inside the spark gap switch. Using the second 

method might require a vacuum chamber to be able to run the setup at smaller voltages 
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(say 10 kV). The user is recommended to perform a cost analysis based on the scope of 

the study to decide the most suitable alternative. 

 Another modification that could be considered while designing the setup is to use 

a solid state trigger generator instead of using three components to trigger the spark gap 

switch. In the current setup, the high voltage trigger generator requires an external high 

voltage power supply and another smaller trigger generator to work. These three different 

items can be replaced by a single solid state trigger generator which can generate a high 

voltage pulse without any additional equipment. A cost analysis for the two options is 

recommended to decide which one is more suitable. 

 Another alternative that should be considered is to use a single high voltage 3-way 

switch instead of using two high voltage 1-way switches for the two sub-circuits shown in 

Figures 2.2 and 2.3. Depending on the available space to place these items and a cost 

analysis between the two options, a decision can be made by the user as to which option 

is more suitable. 

 Chapter 2, in part is currently being prepared for submission for publication of the 

material. Lakhani, Elesh; Mellor, William; Valenzuela-Ahumada, Julio; Eliasson, 

Veronica. The thesis author was the principle investigator and author of this material.
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CHAPTER III – Results  

 The system developed has capacitors that can store a total energy of up to 704 J. 

The energy released from the capacitor has in this thesis been used to explode a single 

wire, two wires or three wires. To compare, the energy required to melt a 1 mm long pure 

copper wire of 0.05 mm diameter is approximately 0.0036 Joules and that to evaporate it 

is 0.083 J. These energies are calculated using the latent heat of melting and the latent 

heat of vaporization values for copper. They only show the energy required to convert 

copper from one state of matter to another at the same temperature. Even though not all 

the energy stored in the capacitor will be utilized to vaporize the wire and generate shock 

wave, since some of it may be lost into overcoming the resistance in the circuit, the system 

still can utilize a large amount of energy to generate shock waves. 

 The system allows the user a lot of flexibility. The user can easily vary the number 

and locations of shock waves to be generated and can also choose between a 2-

dimensional or 3-dimensional shock propagation. The shock waves generated have 

diminishing properties behind the shock front as opposed to constant properties observed 

in a shock tube. The setup has a very fast turnaround time allowing the user to run up to 

30 experiments in a day. Also, each run of the experiment only requires the exploding 

wires to be replaced and it is inexpensive to run multiple experiments. 

 This section includes results obtained from the exploding wire system. These 

results only serve as a proof of concept for all the capabilities of the exploding wire system 

that were the objectives of this thesis project. 
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3.1 Shock propagation in 2-dimensional setting 

 The design of the blast chamber used for studying 2-dimensional shock is 

explained in section 2.3 of this thesis. It can be seen that the number of shock waves and 

the locations of their initiation can be easily varied. 

 Figure 3.1 shows pictures that were obtained when a single shock wave was 

generated in the setup. Each frame had a 1000 ns exposure time. The capacitors were 

charged to 20 kV and Nickel Chromium (Ni80/Cr20) wire of 0.05 mm diameter was used 

for this experiment. Only one of the three wires was used in this experiment to generate 

a shock wave while the other two were short circuited using a thick metal conductor. So, 

the energy of the capacitor was divided into three parts for this experiment. 

 Multiple shock waves can also be generated to study shock interaction or shock 

focusing in 2-dimensional setting.
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(a) (b) t = 64 μsec 

  
(c) t = 88 μsec (d) t = 112 μsec 

  
(e) t = 136 μsec (f) t = 160 μsec 

  
(g) t = 184 μsec (h) t = 208 μsec 

Figure 3.1: (a) Photographs of a grid with a spacing of 10 mm (for scaling) (b)-(h) Schlieren photographs 
of a single shock wave propagating in the 2-dimensional blast chamber taken using a Shimadzu 

HyperVision HPV-X2. Capacitor voltage: 20kV, Recording at 500,000 frames per second
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3.2 Shock-shock Interaction and Shock Focusing in 3-dimensional setting 

 The design of the blast chamber used for studying 3-dimensional shock is 

explained in section 2.3 of this thesis. The number of shock waves and the locations of 

their initiation can be easily varied by modifying the assembly of the wire-holder. 

 Figures 3.3 shows pictures of an experiment on shock interaction between two 

shock waves propagating in 3-dimensional space. Each frame had an exposure time of 

200ns. The approximate locations of the observation area for this experiment is shown in 

Figure 3.2. The capacitors were charged to 20 kV and Nickel Chromium (Ni80/Cr20) wires 

of 0.05 mm diameter were used for this experiment. Only two of the three wires were used 

in this experiment to generate a shock waves while the third wire was short circuited using 

a thick metal conductor. So, only two-third the amount of total energy stored inside the 

capacitors was used in this experiment. These experiments allow the user to study the 

transition conditions between regular and irregular reflection of shock waves in a 3-

dimensional setting. 

 

Figure 3.2: Location of the observation area for two shock waves in 3-dimensional setting 
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(a) (b) t = 122 μsec 

  
(c) t = 146 μsec (d) t =170 μsec 

  
(e) t = 194 μsec (f) t = 218 μsec 

  
(g) t = 242 μsec (h) t = 266 μsec 

Figure 3.3: (a) Photographs of a grid with a spacing of 10 mm (for scaling) (b)-(h) Schlieren photographs 
of two shock waves propagating in the 3-dimensional blast chamber taken using a Shimadzu HyperVision 

HPV-X2. Capacitor voltage: 20kV, Recording at 500,000 frames per second. Transition from regular to 
irregular reflection can be seen in (d). 
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 Figure 3.5 shows results of transformation of a shock wave from an ellipsoidal 

wave to a spherical one. Each frame had a 300 ns exposure time. In this experiment, the 

exploding wire is parallel to the plane of observation (as opposed to previous experiments 

where the wire was perpendicular to the plane of observation), leading to an elliptical 

shock wave being seen. Figure 3.4 shows the front view and side view of the shock wave 

generated due to the explosion and the observation area for this experiment. The 

experiment was performed with similar conditions as earlier experiments. The capacitors 

were charged to 20 kV and Nickel Chromium (Ni80/Cr20) wire of 0.05 mm diameter was 

used for this experiment. Only one of the three wires was used to generate a shock wave 

while the other two wires were short circuited using a thick metal conductor. 

 

Figure 3.4: Front view, side view and the location of the observation area for an ellipsoidal shock wave
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(a) (b) t = 78.47 μsec 

  
(c) t = 110.39 μsec (d) t = 126.35 μsec 

  
(e) t = 142.31 μsec (f) t = 158.27 μsec 

  
(g) t = 174.23 μsec (h) t = 190.19 μsec 

Figure 3.5: (a) Photographs of a grid with a spacing of 10 mm (for scaling) (b)-(h) Schlieren photographs 
of a single shock waves propagating in the 3-dimensional blast chamber taken using a Shimadzu 

HyperVision HPV-X2. Capacitor voltage: 20kV, Recording at 750,000 frames per second. 
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 It can be seen that the ellipsoidal shock slowly transforms into a spherical shock. 

This type of experiment will allow one to study the conditions when the ellipsoidal shock 

complete converts to a spherical one. 

 Figure 3.7 shows results of a shock focusing event occurring due to three 

simultaneous shock waves generated at ends of a triangle. Figure 3.6 shows the 

approximate positions of shock initiation and the focusing region. 

 

Figure 3.6: Observation area and focusing region for 3 simultaneous shock waves 

 

 The capacitors were charged to 20 kV and Nickel Chromium (Ni80/Cr20) wires of 

0.05 mm diameter were used for this experiment. All three wires connected to the 

capacitors were used in this experiment. This result has only been included to show that 

the setup is capable of performing studies on shock focusing in a 3-dimensional setting.
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(a) t = 52 μsec (b) t = 76 μsec 

  
(c) t = 100 μsec (d) t = 124 μsec 

Figure 3.7: (a)-(d) Schlieren photographs of three shock waves propagating in the 3-dimensional blast 
chamber taken using a Shimadzu HyperVision HPV-X2. Capacitor voltage: 20kV, Recording at 500,000 

frames per second. 

 
 

 The experimental setup can be used to perform studies on shock interaction using 

multiple sources of shock waves generated simultaneously. It can be used to study shock 

focusing using 3 simultaneously generated shock waves. It allows for both 2D and 3D 

shock wave propagation and can run up to 25 experiments in a day. Each experiment 

requires very little preparation and does not require significant expenditure. 

[51][52][53][54][55][56][57][58][59][60][61][62][63][64] 
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