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ABSTRACT 

The anticipated use of electromagnetic pulse (EMP) weapons will be of 

significant importance to future military operations. The importance will be of such 

magnitude that, cunently, countermeasures are being developed to counter anticipated 

countermeasures to these devices. One such counter-ceuntermeasure is the use of a 

transient antenna during EMP weapon operation. This antenna limits the time of 

vulnerabihty for these devices, increasing the probability of success. 

This report focuses on the use of a high velocity metal jet produced by a 

cyUndrical shaped charge with a conical liner. The design of the shaped charge is 

discussed in detail as well as the important factors for producing a jet capable of 

radiation. The metal jet is tested for electrically conductive length over time. It is also 

tested for radiation capabifities as a monepole antenna, operating in the 1 GHz frequency 

regime. 

It is shown that the use of cylindrical shaped charges to generate transient 

antennas is certainly feasible. This was accompUshed by recording the reflected power 

from the transient antenna along with the received power of a dipole antenna, located 

within the explosive testing chamber. The timing associated with the minimum levels of 

reflected power corresponds to the timing of the maximum levels recorded for received 

power. 
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CHAPTER I 

INTRODUCTION 

The technology employed on today's battlefield refies heavily on the use of 

electronics operating in the RE and microwave spectrum. The use of radio detection and 

ranging (RADAR) and communications systems is prevalent in the world's most 

substantial miUtaries. The elimination of such mifitary capabifities would render that 

force vulnerable at several levels of defense. Recently, major advances have been made 

to provide the United States military with the advantage in electronic warfare. One of 

these advances focuses on the use of high voltage, high current electromagnetic pulses 

(EMP) to interrupt or disable enemy electronics. In order to couple the energy created by 

an EMP device into free space, an antenna must be used. The development of such a 

device also requires the consideration of enemy countermeasures and the subsequent 

counter-ceuntermeasures. A counter-ceuntermeasure technique that can be employed 

with EMP devices is the use of a transient antenna as opposed to a static antenna to 

radiate the generated energy. The advantage of a transient antenna lies in its ability to be 

non-existent prior to the time of desired use and then only in existence during the 

duration of weapon operation. The use of such an antenna reduces the susceptibifity of 

EMP devices to counter EMP devices. To be effective, the transient antenna must be 

capable of efficiently radiating the energy during a predetermined and controlled duration 

of time. 



It was proposed by the United States Army Space and Missile Defense Command 

that it may be feasible to generate a transient antenna utilizing high explosives. The 

Center for Pulsed Power and Power Electronics suggested adapting a shaped charge 

device for this puipose. A shaped charge device is capable of creating a high velocity 

metal jet which is in existence for a short amount of time (several microseconds). The 

capability of this metal jet to carry current and radiate electromagnetic energy had to be 

determined. It was desirable to knew if the shaped charge jet was capable of such 

operation and if so, what radiation characteristics were associated with the device. 



CHAPTER n 

TRANSIENT ANTENNA BACKGROUND 

The term transient antenna, used here, refers to an antenna that changes radiation 

characteristics over time. This may be accomplished by varying the dimensions, 

impedance, or conductivity of the antenna or by changing its position with respect to 

other radiating elements. Transient antenna technology is relatively new and has found 

substantial use in mifitary applications. The need for an antenna that changes over time 

can be found in various mifitary systems including, radio detection and ranging and 

numerous electronic warfare devices. 

2.1 Electronic Warfare 

In a report given to President George W. Bush, Congressman Joseph Pitts 

addressed electronic warfare as the key to mifitary superiority in the current age [1]. 

Congressman Pitts also stated that today, "it is not enough to know the enemy," but 

"equally important that the enemy not know you." Electronic warfare refers to the use of 

the electromagnetic spectrum in weapons, countermeasures, and counter-

ceuntermeasures "to learn as much as possible about an adversary's location, leaders, 

capabifities, strategy, and tactics, while at the same time denjdng the enemy such 

information about friendly forces." Much like air superiority, it is advantageous for 

friendly forces to acquire and maintain electromagnetic dominance [2]. Achieving such a 



position requires a multi-layered approach in weapon systems and countermeasures, 

which can be either offensive or defensive, or both. 

2.1.1 Roles of Radar in Electronic Warfare 

Radar technology has been used in both offensive and defensive weapons and is 

of paramount importance to the effectiveness of today's Air Force, Army, Marine, and 

Navy operations. Focusing on the use of electromagnetic radiation and reflection, a radar 

system requires the use of some form of antenna in order to transmit and receive 

effectively. The general operation of radar is to take advantage of the radar cross section 

of enemy vehicles, such as aircraft or naval vessels, which have relatively large physical 

dimensions. In addition to vehicles, antennas themselves possess a specific radar cress 

section which can be detected by enemy radar systems as well. 

When speaking of mifitary vehicles, stealth refers to the ability of the vehicle to 

hide from enemy detection systems, such as sonar (sound navigation and ranging) or 

radar. An element that can be of significant concern to these stealth capabilities, 

depending en the size of the vehicle, is the radar cross section of the antennas en these 

vehicles. An onboard metal antenna with significant radar cross section reduces the 

stealth capabifities. Due to the importance of radar and communication systems, these 

antennas are certainly needed, but only for the duration that transmission and reception is 

taking place. A transient antenna can be used as a solution to this problem by fimiting the 

time at which the antenna is in existence to a predetermined time. Using an antenna of 

this design, the radar cross section of the transient antenna could only be detected when 



in use (several microseconds). Obviously, this capability is more advantageous 

compared with the static antenna design, which allows for possible detection at any time. 

2.1.2 Electromagnetic Pulse Weapons 

The offensive side to radar refers generally to its use on missile systems, which 

use explosives to destroy the physical structure of targets. A truly offensive 

electromagnetic warfare device is one that attacks a target through use of the 

electromagnetic spectrum. After the detonation of a 1.5 megaton nuclear weapon in July 

1962 ever Johnston Island in the Pacific Ocean, it was noted that 800 miles away, Hawaii 

had suffered significant disruptions to telephone and electric services [3]. The nuclear 

weapon was the source of an electromagnetic pulse, which was then and currently is 

capable of destroying any unshielded electronic circuitry. The effects of an EMP can be 

used in numerous appfications on today's battlefield. The destruction of microchips could 

potentially result in complete shutdown of radar systems, aircraft, anti-aircraft systems, 

naval units, and any other systems requiring the use of antennas. Today, the United 

States is committed to a number of arms treaties and weapons bans, which do net allow 

for the use of a nuclear weapon to generate this EMP. Therefore, it is desirable to 

develop a system that can create the EMP without a nuclear detonation. At Texas Tech 

University, such devices are being developed and studied. One approach is to use a 

magnetic flux compression generator (MFCG), which produces a high current, high 

voltage pulse, using a minimal amount of volume for the device. This device could 

potentially be mounted as a warhead for any number of multi-range missiles. With the 



designs of these devices being sought by countries around the worid, including both 

United States allies and fees, countermeasures are also being developed. An EMP device 

used as a warhead could be destroyed by the detonation of an enemy EMP device. This 

can only occur if the EMP device on the warhead uses a static antenna design, assuming 

the circuitry has been property shielded. The EMP must couple into the device in order 

to destroy it. The use of a transient antenna design would reduce the possibility of the 

warhead EMP being destroyed prior to use. It is desirable to design an antenna that is in 

existence for only the amount of time required to radiate the high voltage, high current 

pulse from the MFCG. The antenna must be created quickly, have high radiation 

efficiency, and must be reliable and predictable. 

2.2 Plasma Antennas 

There are several approaches in creating the transient antenna designs to meet the 

desired characteristics for this application, including the use of plasmas and high 

explosives. It has long been known that plasma, ionized gas, can be used as an antenna, 

however, further investigations have not come until recently, because it was believed to 

be impossible to produce long plasma objects with high electron densities (> 10'*' 

cm'^)[4]. Several experiments and investigations have shown that high electron density 

levels are achievable. Numerous investigations around the world have been conducted in 

order to characterize the operation of this class of antennas. Plasma antennas offer 

several advantages for military appfications, having 



1. compactness and cenformability; 

2. rapid configurability for directionality and frequency agility; 

3. low allowance of absolute or out-of-band radar cross section; 

4. low probability of communications interceptions [5]; 

5. very large frequency capabilities, ranging from a fraction of a Hertz to several 

GigaHertz; 

6. practically zero mass; 

7. capacity for instant creation and rapid disappearance [4]. 

2.2.1 Laser Induced 

There are several approaches to creating a plasma antenna (Figure 2.1). Dwyer et 

al. [6] discussed the use of a laser to assist in the ionization of paths up to 25 meters. The 

laser is used to designate the path of the antenna while an electrical discharge is 

employed to create and sustain the plasma. The two discharges seen in Figure 2.1 are 

plasmas that are each following the path of separate, but equally intense laser beams. 

One of the laser beam paths shewn in the figure is through the center of a plastic tube, 

which is used as an insulator. The laser generates a weakly ionized plasma column, 

which is then sustained by the discharge from a Marx generator with a maximum charge 

of 360 kV [6]. Researchers at the Naval Research Laboratory have also observed that 

electric discharges can be guided in abnormal paths through atmosphere to create desired 

antenna geometries through the use of lasers. 



Figure 2.1. Plasma antenna produced by the discharge of a Marx generator [6]. 

2.2.2 Plasma Antennas Using Tube Structures 

Alexeff [7] and Berg [5] both discussed the use of gas-filled glass tubing in order 

to generate plasmas. At AustraUan National University (ANU), a sealed-glass tube 

design, fed by a capacitive coupler was employed. An example of a plasma produced in 

a gas-fiUed tube by the appfication of an RE pulse is shewn in Figure 2.2. When the 

plasma creating voltage is turned off, the antenna effectively disappears. For the ANU 

design, an efficiency of 50% was observed, the radiation patterns were predictable, and 

lew-base-band noise for HF and VHF transmissions was recorded [5]. The glass tube 

design can be very effective in providing the desires previously mentioned. When the 

glass tube is not energized, no plasma exists, therefore the antenna is non-conducting and 

incapable of coupUng an EMP. If the antenna is energized with a low plasma frequency, 

an EMP will simply pass through the plasma without coupfing into the device. Alexeff 

states that these antennas perform as effectively as their metal counterparts for 

frequencies between 100 MHz and 1 GHz, with comparable noise levels as well [7]. 



Figure 2.2. Ionized gas plasma antenna [8]. 

2.2.3 Explosivelv Formed Plasma Antennas 

Another approach to creating plasma is with the use of explosives. Altgilbers et 

al. [9] discussed the possibilities of using an explosive driven plasma jet as an antenna. A 

simple explosive charge design, called a plasma cartridge (Figure 2.3), can be used to 

generate a column of ionized gas. In this design, 1-3 grams of seeded explosive charge, 

which contained Fe, Pb, C, N, K, CI, and O was used to create a plasma. The jet obtained 

a distance of 4 m in l|rs. Due to the high temperatures generated by the explosive 

material, the surrounding gases became ionized, forming a plasma column. Altgilbers et 

al. [9] stated that the plasma generated by the plasma cartridge had a temperature of 3650 

K with an estimated plasma density of 5 x 10̂ ^ cm'̂ . The temperatures required to 

produce these plasmas are a direct result of the specific explosive constituents employed. 

Most fikely, though it is not stated, this plasma cartridge design used potassium 

perchlorate or some other high temperature producing oxidizer. For the fuel in the 

explosive to bum, oxygen is required and the amount provided in the atmosphere is 

minimal compared with oxidizing agents. Typical high explosives contain an oxidizer in 

order to provide an ample amount of oxygen for the fuel, which ensures that all of the 



fuel contributes to the explosive process. The maximum attainable temperature that can 

be achieved is dependent upon the available oxygen for fuel recombination. It has been 

proven that a plasma jet antenna is feasible, but the details of such a design are not yet 

fully understood [9]. 

2a 
2b 

A 

Figure 2.3. Diagram of a plasma cartridge. I- input wires from power source, 2-
connecters, 3- bridgewire, 4- explosives, 5-cartridge housing, 6- lew frequency solenoid, 

7- high frequency solenoid, 8- ferrite inserts, 9- plasma jet, and 10- cyfindrical metal 
casing. [9] 

A similar device was built and tested at the Center for Pulsed Power and Power 

Electronics. This design differed from Altgilbers et al. plasma cartridge in that, it refied 

on the use of C4 as the explosive used to generate the plasma. The pressure of the C4 

was so great that the iron cartridge was destroyed upon detonation, which resulted in 

failure to produce a plasma. It was concluded that, in addition to estabfishing plasma 

producing temperatures, the choice of explosive should be such that the detonation 

pressure is lower than the structural Unfit of the cartridge. Unfortunately, the exact 

explosives constituents used by Altgilbers et al. were not clearly stated in their report. 
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2.3 Shaped Charges as Transient Antennas 

The use of explosives in order to generate transient antennas is net limited to 

plasma designs alone. It has been proposed that the use of a high velocity metal jet 

resulting from a shaped charge explosive design is capable of generating such an antenna. 

Funding was granted to Texas Tech University's Center for Pulsed Power and Power 

Electronics, by the United States Army, in order to determine the feasibility of using 

shaped charges as antennas. 

The shaped charge antenna design, frozen in time, resembles a monepole antenna. 

Even though the jet produced is not a perfect cyfinder, as discussed later, the model for an 

ideal monepole can be used to predict the results. In the same way, two shaped charges 

placed back to back resemble a dipole antenna. In fact, the metal jets can be arranged in 

several different configurations in order to produce several different antenna designs. For 

new, discussion will be fimited to the shaped charge jet as a monopole. Discussion of the 

dipole antenna design can be used to understand the monepole characteristics. Stutzman 

and Thiele [10] presented a straightforward approach to predict and analyze the 

characteristics of a dipole and monepole design. 

-7- m 

2 

Figure 2.4. Electric field (left) and current distribution (right) 
for a short dipole antenna [10]. 
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Figure 2.4 shows the basic dipole design, the currents flowing in the radiating 

elements and the electric field that is produced. Notice that the current traveling in the 

transmission line is in the opposite direction on the separate conductors, while the current 

in the radiating elements is traveling in the same direction en the z-axis. The direction of 

the current flow in the radiating elements gives rise to the electric field shewn in Figure 

2.4. If the radiating elements are short (Az < 10?i) and the current gees to zero at the 

terminations, the current distribution along the entire dipole length will resemble a 

triangular shape, shewn in Figure 2.4 [10]. For radiating elements of a quarter 

wavelength, the current distribution will resemble a half circle. The far-field pattern 

(Figure 2.5) for a half-wave dipole can be calculated using the equations: 

cos 
f{0) = 

7t 
v2 

•cos {e) 

s\xC\e) 

g{e) = ^v^{G), 

(2.1) 

(2.2) 

cos 
F{d) = g{e\j{e) = ^xxv{e\ 

7t •COS {e) 

in-{e) sin 

COS - •ces(^) 

F{e) = 
sin (^) 

(2.3) 
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F(6) 

240 300 

270 

Figure 2.5. Field pattern for a dipole antenna. 

where g(d) is the element factor,/(^j is the normalized pattern factor, F(d) is the field 

pattern. The directivity (D) of an antenna refers to the abiUty of an antenna to 

concentrate energy in a specific direction compared to ether directions [10]. The 

directivity of an antenna can be calculated the beam solid angle (QA) and the equation: 

D 
Q7 

(2.4) 

2KK 

Q^ = ^^F{d,(ff • sm{d)de • d^. 
0 0 

2MK 
%K 

a ^ = Jj(sin(^))'-sin(^)-^^-J0 = — 
0 0 

D = 7 ^ = 1.5. 
('^7t\ 

\ ^ J 

(2.5) 
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The gain (G) of the antenna is an expression used to account for the losses on the antenna 

itself [10]. The radiation efficiency (Cr) is characterized by the radiation resistance (Rr) 

and the ohmic resistance (Roimm) of the antennas. The input resistance of the antenna is 

given by RA. All of these values can be calculated using the following equations. 

(2.6) 

(2.7) 

(2.8) 

^ , (2.9) 
\ A J 

RoHn,c=^Rs, (2-10) 

where a is the radius of the radiating element and L is its length. The surface resistance 

of the antenna is given by: 

G 

^r 

RA 

K 

= e,-

RA 

= R, 

dipole 

D, 

, 

1 D 
ohmic ' 

= 80 TT' 

"•=^2: 
^LtL (2.11) 

where a is the conductivity of the antenna material, ̂  is its permeabifity, and oi is the 

frequency used. The monopole antenna design simply replaces one of the dipole 
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radiating elements with a ground plane. The ground plane can be used to minimize the 

length of the corresponding dipole antenna required in the z-directien. Typical uses of 

monopole antennas are on cars, cell phones, and radio towers. The ground plane prevents 

the radiation of the antenna from travefing below the x-axis beyond the ground plane and 

is instead reflected in accordance with Snell's Law to the area above the x-axis. Tracing 

the reflected ray back through the ground plane reveals the location of what is called the 

image of the antenna [10]. The image serves as a second radiating element, essentially 

creating a dipole. If the ground plane is of infinite area and a perfect conductor, the 

image will produce the same amount of power as if it were a real element. In reality, this 

is net possible, and the reflection coefficient must be taken into account to determine the 

contributions from the image. The current in the image is given by: 

/ =r , , • / , ,, (2.12) 
linage V element' ^ ' 

Ty{e) = - V = . (2.13) 
£j-cos{e)+ ^e;-sin~{e) 

£.:=£,-j-^. (2.14) 

The equations for the directivity (Dmono) and radiation resistance (Rmono) of a 

monopole are: 

D =2D (2.15) 
mono dipole ' 
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K.mono=\-K.i.,„.,.^ (2 .16) 

^,.,.,„., = 4 0 . ; r - . (2.17) 

Frii's ti'ansmission formula (equation 2.18) can be used to predict the amount of 

power acquired at the receiving antenna. P, and G, are the power and gain of the 

transmitting antenna, respectively, and Pr and Or are the power and gain of the receiving 

antenna, respectively. The wavelength, associated with the frequency used, is denoted by 

A and the distance between the transmitter and receiver is R. 

P. = P.-^r^^ (2.18) 
[An: • R)-

These approximations wiU allow for characterization of the antenna radiation 

properties. How closely the actual jet resembles the properties of a monopole wiU 

depend en several design parameters employed in the shaped charges used to generate 

that jet. 
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CHAPTER m 

SHAPED CHARGE HISTORY 

In the past, the term shaped charge has been defined as an explosive charge with 

a fined or unlined cavity or indentation generally at the end opposing the point of 

detonation; however, mere recently it refers primarily to the lined cavity versions alone. 

The term cavity effect is more general referring to both lined and unfined cavities within 

any explosive charge. The unlined cavity effect is also referred to as the hollow charge 

principle, as well as the Munroe effect in the United States and Britain and the Neumann 

effect in Germany. Aflat charge, refers to an explosive charge having no hollow cavity 

[II. 12, 13]. A cross-section of each of these charges is shown in Figure 3.1. 

Ejqtloshre 

(a) (b) <c) 

Figure 3.1. Various explosive charges (a)FIat Charge, (b) Unfined Cavity Charge, 
and (c) Lined Cavity Charge 
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3.1 A Brief Historv of Shaped Charges 

The eai-fiest reference to the hollow charge principle comes from 1792, when a 

miner, Franz von Baader supposedly noted this effect in a paper published the same year. 

It has been stated that mining engineers, who frequently used explosives, were the first to 

recognize the potential of hollow charge devices. They have been credited with knowing 

for almost two centuries that the introduction of a hollow cavity in an explosive allows 

for concentration of the force in one direction and in a relatively small area [13]. Even 

though this was known early on, the first official demonstration of the effect wasn't 

performed until 1883, by a man named von Foerster. Beth von Baader and von Foerster 

reafized that depressions or cuts made into the explosives could be used to produce a 

mirror image in a metal if detonated against it [11]. Today, this technique is referred to 

as explosive engraving (Figure 3.2). 

Figure 3.2. Coins explosively engraved on aluminum [14]. 

Charles E. Monroe, who also noted the capabifities of these devices for explosive 

engraving, described the unfined cavity effect in 1888 and used it to print symbols in 

18 



metal plates. He also discovered that the addition of the cavity resulted in a deeper 

penetration into the metal plates. Monroe built a device that used these principles using a 

tin can sunounded by sticks of dynamite, which was used to blast a hole in a metal safe. 

In 1910, M. Neumann independently rediscovered this effect in Germany and 

demonsfrated that a cylinder with 247 g of explosive and a conical cavity produced 

greater penetration than a solid cylinder (flat charge) of explosive weighing 310 g [11]. 

These designs were crude and far from the quality seen in the weapons of today. 

The technique was well known, but the details of how to optimize these devices would 

net be discovered for sometime. Cook states that among American shaped-charge 

investigators, verbal reports discussed the possibility that the Germans may have 

developed the first fined-cavity charges for weaponry as early as World War I. However, 

no official documentation can be found to support this. It was not until World War n that 

the development of shaped charges accelerated significantiy [12]. 

World War n served as a catalyst for the development of weaponry that employed 

the fined cavity effect. The war saw the widespread use of the tank and ether vehicles, 

which focused en the use of thick metal armor for protection. In addition, by this time, 

all the major countries participating in the war had developed the submarine. The 

effectiveness of some submarine torpedoes refied on their capabifity to puncture the outer 

walls of ships. Obviously, the need for more effective armor piercing weapons became a 

common desire for the World War n combatants. Having discovered that the addition of 

a metal liner to a hollow charge cavity made it possible to perforate metal, concrete, and 

other materials, the development of this technology was of great importance. During that 
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time, two major contributors to the development of the shaped charge concept, Thomanek 

and Mohaupt, independently perfected this concept transforming the basic concepts into 

effective military weapons. Thomanek patented weapon-related systems, such as hollow 

charges, impact fuse systems, explosive initiation systems, shoulder-fired weapons, and 

small-caliber hand-held weapons. Thomanek ultimately claimed the discovery of shaped 

charges on February 4, 1938. Mohaupt also developed several practical military weapons 

including rifle grenades, artillery projectiles, and mortars. Demonstration of these 

devices and his understanding of the shaped charge concept to the British resulted in 

shaped charge development programs in the United Kingdom. Later in the war, the 

French government authorized the release of Mohaupt's information to the United States. 

Substantial development of the technology ensued in the U.S. development programs. 

Across the Paciflc Ocean, considerable development was achieved in Japanese programs, 

which were based en acquired German technology. The Japanese, in addition to their 

own research, investigated the designs of captured U.S. and U.K. munitions [11]. By the 

end of World War H, all of the major combatants of the war had developed effective 

shaped charge concepts, which resulted in the development of various shaped charge 

weapons. 

After World War H, several programs continued in the United States to further 

investigate the details of the shaped charge concept. Companies and organizations that 

have participated in the further development of shaped charge technology include the Du 

Pent Company, the Hunter Manufacturing Company, the Doblins Manufacturing, the 

Hercules Powder Company, the Atlas Power Company, and the Coming Glass Company, 
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Eastern Laboratory and Division 8, National Defense Research Committee and the 

Carnegie Institute of Technology (CIT) [11]. Since then, studies have been undertaken to 

further develop the shaped charge concept within commercial and industrial companies, 

academia, national laboratories, and the military. 

3.2 Appfications of Shaped Charges 

Today, there are numerous applications for shaped charges. These devices have 

been used extensively and, in the past, primarily for military purposes. During World 

War n, several anti-tank weapons were developed, such as the United States' high 

explosive anti-tank (HEAT) weapon and the German Panzerfaust (Figure 3.3). As 

previously stated, the advantage of these types of weapons, over regular ordinance, was 

that the force of the explosive could be focused into a small area. In addition, the 

effectiveness of the explosive was not dependent upon the speed of the projectile; 

therefore, the range of the target was net a fimiting factor in penetration depth. The 

weapon had approximately the same effect on the target whether it was guided into the 

target at a high velocity or simply set against the target. 

Faustpatrone 30 klein irtesj. of V PotapQV 

4 

Figure 3.3. Picture of Panzerfaust (top) and HEAT (bottom) Round [15, 16]. 
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Shaped chai-ges have been used in torpedo designs, in order to penetrate the hull 

of a ship more effectively. More recently, shaped charge designs have been used to 

detonate landmines that remain in war-tern countries [17]. There are numerous other 

mifitary appfications for the shaped charge currently in use and seme still in 

development. 

The most extensive use today is in the oil and gas industry where these charges 

are used to open up rock around drilled wells in order to increase oil flow [18]. In 1945, 

Well Explosives Company (Welex) used shaped charge technology to perforate oil and 

gas wells, which had previously required the imprecise technique of simply dropping 

rutre-glycerin down the hole [19, 20]. The devices used by the oil industry typically use 

several shaped charges, fired simultaneously, each having small amounts of explosive, in 

order to avoid significant damage to the well casing (Figure 3.4). Numerous shaped 

charge designs can be used to perform many specific tasks in the oil industry. 

Figure 3.4. Depiction of well-perforating device [21]. 
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As previously mentioned, the cavity effect can be employed as an engraving 

technique, called explosive engraving. It can also be used for explosion welding, 

explosion cladding and explosive combining of metal parts. Metals that are 

metallurgically incompatible can be bonded by using a combination of both metals for 

the liner in the shaped charge. This is commonly used in cases where it is desirable to 

add a corrosion resistance barrier to a valuable metal part, such as in desafinatien plants 

and chemical vessels [11]. 

After a steel mill furnace has been in operation for sometime, a large piece of 

soUdified iron, called a salamander, plugs the flew of molten steel. A shaped charge 

design, called a jet-tapper, is used to clear the plug, restoring the fumace to full operation. 

This process is called furnace tapping or salamander tapping [11, 12]. 

Shaped charges also have appfications in civil engineering, where controlled 

explosions are required for the decomnussioning of buildings and other structures. They 

are also used for cratering (earth moving), boulder breaking, breaking logjams, ice jams, 

timber cutting [II], post-hole drilfing, large-diameter drilfing, and bore-hole drilfing [13]. 

There are many appfications for shaped charges, only a few of which have been 

mentioned here. As will be discussed in detail later, the applications for shaped charges 

continue to increase. 
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3.3 Shaped Charge Operation 

Numerous designs that employ the shaped charge concept have been developed 

over the years. Two common designs are planar charges and cyfindrical charges (Figure 

3.5). By far the most common of aU is the cylindrical charge. 

Figure 3.5. Planar charge (left) and a cress section of a cyfindrical charge (right). 

The cyfindrical charge is used in many of the devices previously mentioned, 

including the bazooka and torpedo. Within the basic cylindrical design, many variations 

can be made which will be discussed later. A cylindrical shaped charge is built from 

three main parts, the finer, the casing, and the explosive fill. The casing is designed to 

hold a specific mass of explosive material and can affect the velocity gradient of the jet. 

The hollow cavity is created at one end of the explosive and is covered by a Uner 

material, most commonly a metal. In describing the operation of the shaped charge, the 

following will focus primarily on the operation of cyfindrical charges with conical liners. 

The detonator, which is placed at the opposite end of the explosive from the Uner, 

creates a detonation wave that propagates toward the apex of the cone. The speed of this 

detonation wave depends on the type of explosive used. Typically, a high explosive. 
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such as C4, is employed to create a detonation wave velocity of approximately 8 km/s. 

The pressure exerted by the explosive collapses the conical liner on its axis creating a 

high velocity jet of liner material, depicted in Figure 3.6. 
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Figure 3.6. CoUapse of conical Uner and jet formation [I I]. 

The jet can be analyzed as two separate parts, the neck and the jet head or tip. In 

order to understand the formation of these parts, it is necessary to discuss the mass of the 

metal to the mass of explosive ratio, denoted by M/C. This ratio is a major factor in 

determining the velocities associated with the jet, which will be discussed later. To 

determine the M/C ratio, the geometry of the explosive and metal must be considered. 
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For example, consider a metal tube filled with explosive. The total mass of the metal that 

contains the explosive is compared to the mass of that explosive. Note that any two 

sections of the tube having the same length will possess the same amount of metal and 

explosive mass. If one of those sections is halved, the mass of the metal and the mass of 

the explosive will both be halved as well. Therefore, the M/C ratio is independent of the 

length of each section. The metal and explosive geometries in a shaped charge are that of 

a hollow cone surrounded by explosive, which is incased by a cyUnder. UnUke a tube of 

explosive, the M/C ratio for this geometry depends on the length of the section analyzed. 

This results from the fact that the M/C ratio increases from the apex of the Uner to its 

base. For this reason, the liner and surrounding explosive are divided into sections or 

elements and the M/C ratio is determined for each element. In general, the smaller the 

M/C ratio, the larger the final velocity of that element will be. The M/C ratio of the metal 

Uner is smallest at the apex of the cone and increases toward the base. Therefore, it 

would appear that the material at the apex of the liner would achieve the maximum 

velocity of the jet. Upon Uner collapse significant colUsiens between Uner elements occur 

along the axis of the up to 30 to 40% of the cone height away from the apex, which will 

be referred to as the tip point [II]. The velocity distribution for the elements along the 

cone wall is shown in Figure 3.7. 
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Figure 3.7. Typical velocity distribution for shaped charge Uners [II]. 

These colUsions dramatically reduce the achievable velocities of these elements. 

The effects of the celUsions are most prominent on the apex of the Uner and are reduced 

until the tip point is reached. At the tip point, the collisions of the jet no longer affect the 

final jet velocities. Therefore, successive elements between the apex and the tip point 

have a greater velocity than that of the previous element. The first element to be ejected 

from the shaped charge is that corresponding to the apex, which is the element that wiU 

have the slowest velocity of all the elements between the apex and the tip point. 

Therefore, a buildup of material results from higher velocity elements running into the 

slower moving elements that were ejected previously [11]. This resuUs in a buildup of 

metal referred to as the jet head (Figure 3.8), which has a typically velocity of 6 to 10 

km/s [22]. 
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Figure 3.8. Jet configuration. 

Between the tip point and the liner base, the final velocity of those elements is no 

longer affected by collisions. Therefore, the calculations resulting from the determined 

M/C ratio of those elements need not be adjusted. Due to the fact that the M/C ratio of 

Uner elements will increase from the tip point to the liner base, the element corresponding 

to the tip point will achieve the greatest velocity of any finer element. Each successive 

element to follow will have a slower final velocity. This gives rise to a velocity gradient 

along the jet, which causes considerable necking between the jet head and the rest of the 

jet. For these reasons, the portion of the jet that follows the jet head is referred to as the 

neck and has a typical velocity of 1 to 3 km/s [22]. The neck represents the majority of 

the jet length observed and is obviously created by the liner portion between the tip point 

and the base of the cone. 

During the liner collapse process, not all of the finer material is allocated to 

formation of the jet. The finer is partitioned into the jet and a mass referred to as 

the slug, which has a typical velocity of 0.5 to 2 km/s [22]. This partitioning, shewn in 

Figure 3.9, is dependent upon the collapse angle, which is a factor of the apex half angle. 

The closer the collapse angle is to 90°, the more evenly divided the mass of the Uner will 
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be between the jet and slug. The equations to determine these masses will be discussed 

in the next section. 
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Figure 3.9. Slug and jet formation due to liner partitioning [I I, 13]. 

3.4 Liner Velecitv Calculations 

It is advantageous to utilize several approximations in order to characterize the jet 

speed and operation numerically. To determine the velocity imparted to the Uner material 

from the explosive, the Gumey Velocity is first calculated. As with any approximation, 

assumptions apply to the Gumey Method. It is assumed that: 

1. All of the chenucal energy stored in the explosive is converted to the kinetic 

energy of the Uner after detonation and to the expansion of explosive products. 

2. The expansion of the explosive products is uniform and constant with respect to 

density [11]. 
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The Gumey Method, based upon the conservation of momentum, is employed to 

determine the final velocity of the metal. The momentum supplied by the explosive is 

equal to the combined momentum of the liner material and the explosive products. 

According to Walters and Zukas [11], the accuracy of the Gurney Method is within 10% 

of experimental data. This method focuses on the M/C ratio, previously discussed. For a 

simple single-plate design (Figure 3.10) where the explosive is in contact with all of one 

side of a metal plate, the Gumey Velocity can be defined as: 

V,=42E 
( M^ -1 

1-̂ 2 
C 

(3.1) 

Metal (M) 

EJ9losive(C)=:::: 

Figure 3.10. Single-plate analysis 

For a two-plate design (Figure 3.11), or flat sandwich, where the thickness of both 

metal plates is equal, the equation becomes: 

V,=42E ^M 1 
2 — + -

C 3 
(3.2) 
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Figure 3.11. Flat sandwich analysis. 

For a cylinder of any length (Figure 3.12), such as the casing for a cylindrical 

shaped charge, the Gumey Velocity is defined as: 

V^=42E (3.3) 

r •Explosive (C) 

Metal (M) 

Figure 3.12. Cylinder analysis. 

For a spherical geometry (Figure 3.13): 

V,=42E — + -
\C 5 J 

(3.4) 
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Metal 

Figure 3.13. Sphere analysis. (Cross-section shown) 

Table 3.1. Gurney constant values for selected explosives 

Explosive 

Composition C4 

Composition B 

TNT 

Cast PentoUte 50/50 

V2I (km/s) 

2.176 

2.35 

2.039 

2.301 

The value yflE is referred to as the Gumey constant, which differs between explosives. 

Walters and Zukas [II] stated that Kennedy [23] provided an easy approximation for 

determining the Gumey Energy for explosives not listed in Table 3.1: 

E = 0.1H,, (3.5) 

where Hd is the heat of detonation for the explosive. The Gumey equations previously 

mentioned are simple and cannot be appUed to conical Uner geometiies. For diat reason. 
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several Gumey velocity approximations have been derived which have been used in 

shaped charge analyses and are discussed in detail by Walters and Zukas [11]. One such 

approximation discussed is that developed by Chou and FUs [24]: 

V=42E 

+ 5—-1-1 
C 

(3.6) 

As previously discussed, in order to accurately determine the jet velocities, the 

M/C ratio must be calculated on an element basis. For calculations, the liner is divided 

into equal-length elements in which case the mass of the liner and the mass of the 

explosive between the Uner and the casing for that element is ascertained. A larger 

number of elements results in a smaller length for each element and subsequently mere 

accurate results for each element. If the dimensions of the Uner have been previously 

determined, an equation can be determined that characterizes the M/C ratio as a function 

of distance away from the cone tip. This equation, along with equation 3.6, will yield an 

approximation for the Gumey velocity gradient along the jet. 
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Figure 3.14. Geometry of Liner Collapse 

After the Gumey Velocity is approximated, it can be used to determine important 

values such as the flew (V), colUsion (Vj), and collapse (VQ) velocities depicted in Figure 

3.14. Theories developed to calculate these values have been propose by Birkeff et al. 

[13] and Pugh et al. (PER) [25]. The difference between these two theories is that the 

Birkeff et al. Theory assumes that Uner elements all maintain a constant collapse 

velocity, while the PER Theory takes into account the empirically observed transient 

collapse velocity. The following discussion will be primarily of the PER Theory as 

presented by Walters and Zukas [II]. The collapse velocity (VQ) is the speed at which the 

Uner moves toward the axis of the cone (point D to point B) and can be determined using 

the Gumey Method. Equation 3.6, given by Chou and FUs [24], is the approximate 

collapse velocity for shaped charge Uners. The flow velocity refers to the movement of 

the Uner from point D to point A and is approximated by: 
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where 

^ _ VQ • COS(Qr + S) 

^"- sin(/?) ' (3.7) 

sin(^) = - ^ , (3 8) 

P = a + 28. (3.9) 

where VD is the detonation velocity, a is the apex half angle, /? is the collapse angle, and 8 

is the Taylor Angle. The movement of the liner en the axis of the cone away from the 

colUsion point, between points A and B, is termed the colUsion velocity and is 

approximated by: 

_ V o C O S ( y g - Q f - J ) 
collision . , r>\ • (3.10) 

s in (p) 

Due to the symmetry of the shaped charge liner, the contributions of flew and 

collapse velocity do not affect the movement of the jet off axis, given that the explosive 

fill is consistent on all sides of the cone and the detonation is initiated on the cone axis. 

Therefore, propagation of the jet is in the direction of the coUisien velocity which is 

along the cone axis. AU three of these velocities, the collapse, flow, and colUsion 

velocities, shown in Figure 3.15, are related by the equation: 
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Figure 3.15. Relationship between coUapse, colUsion, and flow velocities. 

Observation of the vectors and angles in Figure 3.14 reveals the jet and slug 

velocities. 

Kiug = K) • sec 
'fi^ 
V2y 

Sin a h arcsin 
2 

/ V ^ 

2D 
(3.12) 

\^LJJJ 

V^,w=K)-csc 
f n\ f 

•cos 
v2y 

P 
a h arcsin 

2 v2Dy 
(3.13) 

It is also important to determine what percentage of the Uner mass is partitioned into the 

jet and the slug. In this situation, the law of conservation of mass applies and the 

resulting equations, given by Birkeff et al. [12], are: 
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' " , w = - - ' " ( l - c o s ( ^ ) ) , (3 14) 

'"./„, = - ' " ( l + cos(^)), (3.15^ 

where m is the initial mass of the liner. Given a constant Uner mass, variation of the jet 

mass can be accompUshed by varying the collapse angle (Ji). The collapse angle can be 

varied by changing either the initial apex angle of the cone, the detonation velocity, or the 

Uner to explosive mass ratio [II, 13]. 

3.5 Penetration 

Since most shaped charges are used for penetration of materials such as metal, 

concrete, and rock, the depth of the penetration is a gauge to measure the effectiveness of 

the design. The penetration of a metal jet into a target can be likened to the effect of 

firing a jet of water from a fire hose into dirt. The target performs Uke a fluid, due to the 

high pressure (several megabars) at the interface between the jet and the target, which is 

well beyond the elastic Umit for most materials. The material at the front of the jet is 

forced in a direction opposite to the force of the jet in an erosion-like process (Figure 

3.16). The erosion of the target continues until the all of the jet material is used up [22]. 

Penetration of a target is dependent upon several factors that are of importance in 

designing a jet to be used as an antenna. Those factors include standoff, particulatien, 

and jet coherency. 
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Figure 3.16. Depiction of target erosion [22]. 

3.6 Standoff 

To increase the penefration depth of the device, many have employed the tactic of 

placing the shaped charge at a stand off distance away from the target (Figure 3.17). The 

standoff distance is measured from the edge of the conical liner base to the closest edge 

of the target. The effects of stand off can be tremendous. Increasing the standoff 

distance increases the penetration depth of the jet until the optimal standoff distance is 

achieved. At that point, the effectiveness of the standoff distance is maximized. Beyond 

that point, the penetration depth begins to decrease with increasing standoff distance. At 

short standoff distances, the jet is net fuUy formed and has not yet stretched to the 

maximum jet length. At long standoff distances, the jet begins to breakup, or particulate, 

and the resulting particles begin to migrate off the axis of the jet [22]. This results in a 

dispersion of the jet force upon a larger area on the target, therefore, decreasing the 

pressure at the interface. The optimum standoff distance is the length of the jet at about 

the time of initial particulatien. 
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Figure 3.17. Standoff [22]. 

3.7 Jet Particulatien 

Over time, the jet begins to follow a phenomenon observed in jets of water, 

referred to as particulatien (Figure 3.18). As the jet propagates, the Uner material 

particulates into several smaller pieces along the axis of the jet. It is assumed that 

particulatien first occurs between the neck and the head of the jet. At the interface 

between these two parts, a considerable velocity gradient (several km/s difference) exists 

and eventually, the head pulls away from the neck. 

AOps 

44ps 

/ ^ s 

Figure 3.18. Separate radiograph snapshots shewing 
particulatien of the jet over time [11]. 
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After this initial particulatien, the rest of the jet begins to breakup and if 

uninterrupted, will particulate completely. Characterization of the time before 

particulatien, or breakup time, is of great importance to shaped charge designers. As 

previously mentioned, the optimal standoff distance depends en this value. Several 

models have been presented that offer insight into the mechanisms that affect the initial 

particulatien time. A few of these will be discussed here as presented by Walters and 

Zukas [11]. Hirsch [26, 27] proposed the formula: 

h=p-, (3.16) 

where tt, is the breakup (or particulatien) time, ro is the initial jet radius, and Vp/is the 

velocity of the metal. Pfeffer [28] presented a formula, which takes into account the 

initial strain rate of the metal and the shock velocity. This formula is 

t -h± + 4S.5-^, (3.17) 
' ri Co 

where rj is the strain rate, ro is the initial jet radius, and Co is the shock velocity in the jet. 

For the case where visco-plastic effects dominate, Haugstad and DuUum [29] proposed: 
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a n 
(3.18) 

where /S is a constant, /< is viscosity; a is the quasi-static yield stress, and tj again is the 

strain rate. According to Walters and Zukas [11], the model that provides the best 

correlation ever a wide variety of experiments is the Chou-Elis model [24] (Figure 3.19), 

which is: 

h = c„ 
3.75-0.125^?^-^ + 

C, 

Cp Ho • '"o 

where 

Cp-

Y=yield strength 

po=density 

ro=initial jet radius 

Tio=initial strain rate. 

(3.19) 
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Figure 3.19. Chou-FUs model [24]. 

Based en equation 3.19, the breakup time of the jet can be increased by 

1. increasing the jet radius, 

2. decreasing the jet stretching rate, 

3. decreasing the jet strength, 

4. increasing the jet density, 

5. increasing the dynanuc ductility [II]. 

Even though this equation fits several experimental results, all of the factors and 

their effects associated with jet breakup are net yet known. Cooper [22] suggested that, 

in addition to the jet stretching, high oscillatory stress are to blame for lecaUzed stress 

points along the jet. These oscillatory stresses are caused by the rapid return of jet 

material from a plastic state in the high-pressure collision region to an elastic state as it 

forms the jet. 
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3.8 Jet Coherencv 

Another concern that can have a dramatic effect on the penetration depth of a 

shaped charge is jet coherency (Figure 3.20). This refers to the coherency of the jet in the 

radial direction, which occurs symmetrically about the jet axis. A so-called coherent jet 

is one that has very little deviation away from that axis. Similar to particulatien, a non

coherent jet is one that results in breakup into smaller particles. The particles are off-

axis, therefore, spreading the force of the jet to a larger area. 

(a) 

.^.d ^ 
' • « • *-^-^ (b) 

Figure 3.20. Jet coherency. From [II] courtesy of Du Pent, 
(a) 40 degree apex angle (b) 20 degree apex angle. 

According to Walters and Zukas [11], Chou et al. stated the feUowing as criteria 

to characterize the state of coherency for a shaped charge jet. 

1. K the colUsion velocity is less than the liner material buUc speed of sound, a 

soUd coherent jet will always form. 

2. If the colUsion velocity is greater than the liner material buUc speed of sound, 

but the collapse angle (fi) is greater than the critical angle Ô c), a non-coherent 

jet will form. 
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3. If the collision velocity is greater than the liner material bulk speed of sound 

and the collapse angle is less than the critical angle, no jet will form at all. 

From these statements, only a subsonic collision velocity is desirable in designing a 

shaped charge to have the maximum possible penetration capability. Cooper [22], on the 

other hand, suggested that the flow velocity, and net the collision velocity, is the critical 

parameter. It is suggested that if the flow velocity is less than the buUc speed of sound for 

the Uner material, then the following rules apply. 

1. If the collapse angle is at a minimum (5-10 degrees), the jet will net be 

coherent. 

2. If the collapse angle is between 25 and 50 degrees, a coherent rod-shaped jet 

will result. 

3. If the collapse angle is greater than seme angle jimax, no jet wiU be formed. 

3.9 Shaped Charge Design Considerations 

As previously stated, a basic cyUndrical shaped charge design is comprised of 

three main parts, the Uner, casing, and explosive fill (Figure 3.21). By far, the most 

important of these three is the liner. Numerous materials have been used for the Uner, but 

most commonly a metal, such as copper or aluminum, is chosen. A liner material can be 

chosen using four criteria proposed by Walters and Zukas [11]: 

1. High melt temperature, 

2. High density, 

3. High bulk speed of sound. 
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4. Good elongation, fine grain stmcture. 

Detonator 

Casins; 

Liner 

Figure 3.21. Basic shaped charge design. 

The geometry of the Uner is also of importance in determining the metal jet 

characteristics. A conical Uner has critical parameters in the apex angle, the thickness, 

and the base diameter. The apex angle dictates the collapse angle p, which determines 

the partitioning of the mass between the jet and slug. The mass of the jet dramaticaUy 

affects the jet propagation velocity. The apex angle should be chosen in order to meet the 

criteria previously discussed that guarantees jet coherency. Jet coherency does not rely 

on the apex angle alone, ether factors including the M/C ratio and the explosive 

detonation velocity also factor in. The M/C ratio can be varied in the design of the Uner 

thickness. The thickness of the Uner can be varied to aUow for more mass to be aUecated 

to the jet without varying the apex angle. Again, the addition of mere mass wiU resuU in 

a slower jet velocity due to the conservation of momentum. Cooper [22] suggested an 

optimal liner thickness to be calculated using the equation: 
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. . , 0.4.CD 
thickness,,,^.^ = , (3 20) 

r liner 

where CD is the outer diameter of the liner and />/,„eris the density of the liner material in 

(glcm^). According to Walters and Zukas [11], the Uner thickness should fall between 1 

and 4% of the base diameter, which refers to the outer diameter of the cone base. The jet 

length increases proportionally with the increase of the base diameter, given that all other 

\ariables are kept constant. 

The body that contains the explosive and the hollow cavity is referred to as the 

casing. The casing dimensions need to be such that the explosive pressure is 

concentrated on the Uner and not on the sides of the shaped charge. Walters and Zukas 

[11] suggested that the casing walls be no thicker than O.I CD for steel. It has been 

observed, from the testing at Texas Tech University, that a sufficient casing wall 

thickness is determined by equating the total mass of the casing to twice the mass of the 

Uner. Therefore, it is more advantageous to use a mere dense material given that the total 

mass, and not volume, is the determining factor. The explosive fill determines the length 

of the casing. 

The length of the explosive fill is referred to as the charge length. The explosive 

between the detonator and the apex of the cone is referred to as the charge head. Similar 

to the charge length, the diameter of the explosive fiU is referred to as the charge 

diameter, which is equal to or larger than the base diameter for the liner. The amount of 

explosive fill between the detonator and the liner wiU determine whether or not the 
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detonation wave is spherical or planar when it reaches the apex of the cone. A planar 

wave will allow for the liner to collapse uniformly, while a spherical wave will cause 

disruptions in the jet formation and ultimately in penetration capability. A planar wave 

can be achieved by adding sufficient charge head length to the design. Cooper [22] 

suggested a charge length, the distance from the base of the cone to the detonator, of 1.7 

CD, while Walters and Zukas [11] suggested that 1.5 CD is excessive and I CD is ample. 

The only negative to adding charge length is that it increases the overall volume and mass 

of the device, which may net be advantageous depending on the application. 

While these suggestions and the use of the models previously mentioned will 

derive a more effective shaped charge. Cooper [22] suggested an optimal design and 

provided a few mles of thumb for determining the dimensions of each part (Figure 3.22). 

Detonator 
- Well 

i.^—1.1D^>^-^'->' 

Figure 3.22. Cooper's shaped charge [22] 
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CHAPTER IV 

EXPERIMENTAL SETUP 

4.1 Shaped Charge Design 

The ultimate goal of our shaped charge design was to produce a metal jet capable 

of radiating electromagnetic energy effectively into free space. It was determined that the 

frequency range for operation would be around 1 GHz, thus a jet length of 75 mm 

(quarter wavelength) was required. The jet had to be capable of carrying current the 

entire distance required. Therefore, the shaped charge had to be designed so that the jet 

did net particulate or become non-coherent before it reached 75 mm in length. 

The materials used to build the shaped charge device were the first items to 

ascertain. Composition-C4 was the explosive chosen primarily because of its availabiUty 

at our labs. A few important characteristics for C4 are listed in Table 4.1. The decision 

for the Uner material was copper, which is frequently used in shaped charge design 

because it possesses several of the desired qualities (Table 4.2) for Uners as stated by 

Walters and Zukas. For initial shaped charge testing, the casing was made of aluminum. 

Table 4.1. Composition C4 characteristics 

Detonation Velocity 

Density 

Gumey Constant 

8 km/s 

1.8g/cm^ 

2.391 km/s 
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Table 4.2. Important liner values for various metals. 

Material 

Density (g/cm') 

Yield Strength (MPa) 

BuUc Speed of Sound (km/s) 

Melt Temperature (C) 

Copper 

8.96 

105 

3.952 

1082 

Lead 

11.35 

123 

2.03 

327 

Aluminum (6061) 

1.3 

82 

5.10 

587 

Once the materials were determined, the geometry of the metal liner was 

estabUshed by employing the simple theory given by Birkeff et al., which assumes a 

constant collapse velocity for the entire Uner. The two parameters that can be changed 

independent of each other in order to optimize the design for specific results are the metal 

to explosive mass ratio (M/C) and the apex half angle (a) of the cone. For initial 

calculations, these values can be chosen arbitrarily and then adjusted as needed later. 

Though arbitrary, selection of an apex angle half angle that falls around 21°, suggested by 

Cooper, is advantageous. For initial selection of the apex half angle, the machining 

capabiUties were a major factor in our design and an angle of 30° was chosen based on 

available tool geometries. It was concluded that the adjustment of the M/C ratio would 

provide enough flexibiUty in producing the desired jet length. Similar to the apex angle, 

an initial value for the M/C ratio must be determined arbitrarily. The Unfits of the Gumey 

Method for shaped charges designs, with reference to the M/C ratio, must be determined 

empirically. However, a range for the M/C ratio that is well within the Unfits of ether 

geometries is 0.2 to 5 [I I]. It was concluded that an M/C ratio of 1 would be used, which 
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was determined by observation of the calculated results in MathCAD, found in Appendix 

C. Variation of the M/C ratio was the primary factor in determining the Gumey, jet, 

collision, and flow velocities, which were required to meet specific criteria. These 

velocities had to be Umited to speeds slower than the buÛ  speed of sound for copper 

(3.962 km/s), the Uner material. As previously stated, the Mach ratio at which these 

velocities travel is of great importance in determining the coherency of the jet. A 

coherent jet wiU resuU if the Mach ratio for the colUsion velocity is less than one, with 

non-coherency resulting otherwise. Using this M/C ratio, the velocities and critical 

angles were calculated using equations 3.6 through 3.13. These values are shown in 

Table 4.3. 

Table 4.3. Velocity and angles calculated for M/C of 1 and an apex half angle of 30°. 

Gumey Velocity (VQ) 

Taylor Angle (8) 

Collapse Angle (P) 

Flow Velocity (Vfiow) 

ColUsion Velocity (Vcoiiision) 

Jet Velocity (Vjet) 

Slug Velocity (Vsiug) 

1.31 km/s 

9.422° 

48.44° 

1.344 km/s 

1.176 km/s 

3.06 km/s 

372.26 m/s 

The Mach number for each velocity was calculated with a comparison to the bulk 

speed of sound of copper. Based on the criteria presented by Walters and Zukas, it is 
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only necessary for the collision velocity to fall below Mach I, however, this shaped 

charge design was made so that no velocity would exceed that value in order to ensure 

sufficient jet coherency. 

Table 4.4. Mach number for liner velocities. 

Velocity 

Flow 

ColUsion 

Jet 

Slug 

Mach Number 

0.34 

0.434 

0.774 

0.094 

For a non-particulated jet length of 75 mm, a jet traveUng at 3.06 x 10 m/s must 

have a breakup time exceeding that of 24.5 [is. The value for the strain rate of the 

material, as stated by Walters and Zukas [11], was observed by Chou and Carleone [30] 

to be on the order of 10^ Knowing the value for the nunimum breakup time, jet velocity, 

the strain rate, yield strength, and density of copper, equation 3.19 was employed to 

ascertain the approximate jet radius. 
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Table 4.5. Values used to determine the jet radius required. 

Minimum Breakup Time Required 

Strain Rate 

Yield Strength 

Radius of Jet 

24.5 [is 

10' 1/s 

105 MPa 

0.426 mm 

Previous shaped charge designs have assumed for volume calculation purposes 

that the jet is a perfect cylinder for the time prior to particulatien. As mentioned earlier, a 

substantial portion of the liner material will become the jet head, which is does not factor 

into the length of the jet. In addition, the volume of the portion of the jet that connects 

the base of the Uner to the jet is not accounted for in the perfect cyUnder approximation. 

This approximation alone will not provide accurate resuUs; therefore, an approximation 

for the unaccounted portions of the jet must be included. The volume of the jet head and 

the widest portion of the jet near the base of the cone can be approximated by calculating 

the volume of a sphere with a radius 10 times greater than the calculated jet radius. This 

value, which will be referred to as the volume factor (}-), was determined through use of 

existing data. 
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Figure 4.1. Liner partitioning. 

In order to calculate the geometry of the liner, it was divided into two separate 

sections, the portion that becomes the jet and the portion that becomes the slug (Figure 

4.1). It was assumed that the thickness (t) of the jet portion of the Uner material would be 

equal to the radius of the jet. Using the total volume of the jet, the thickness (0, and the 

predetermined apex half angle, the volume of the jet portion of the liner was determined. 

Given the volume of the jet-portion of the liner, its mass was calculated and then used to 

conclude the total Uner mass and the slug mass. The partitioning of the Uner mass is 

determined by the collapse angle P, which is known. Therefore, the total Uner mass and 

the slug mass were ascertained through use of equations 3.14 and 3.15. Using the slug 

mass, the volume of the slug-portion of the Uner was determined. The geometry of the 

slug-portion of the cone was realized through recognition that the inner radius of the slug 

portion is equal to the outer radius of the jet portion. Knowing the inner radius of the 

slug portion of the Uner, the total volume of that portion, and the apex half angle, the 

outer radius of the slug portion was ascertained. Combination of the two Uner portions 
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yielded the final geometry of the liner. The mass of each section calculated is listed in 

Table 4.6. The final Uner dimensions are shewn in Figure 4.2 and these values Usted in 

Table 4.7. 

Table 4.6. Mass values calculated. 

Mass of the Jet 

Mass of the Slug 

Total Mass of the Liner 

3.84 g 

18.64 g 

22.48 g 

charge 

Figure 4.2. Liner dimensions. 
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Table 4.7. Calculated liner dimensions. 

Dimension 

l-'ctiarge 

L'inner 

HI 

H2 

ttotal 

Length (mm) 

29.8 

25.2 

21.8 

25.9 

2.35 

After determination of the finer geometry, the explosive fill volume was 

calculated. The mass of the explosive was calculated using the M/C ratio and the mass of 

the Uner. The density of C4 and the mass of the explosive revealed the volume that was 

needed for the explosive fill. The volume referred to here is that which is enclosed by the 

Uner and the casing. Once again, the explosive that is between the liner tip and the 

detonator is referred to as the charge head, which was determined to be 20 mm in length, 

in order provide sufficient length to achieve the desired wave propagation. Using the 

diameter (Dcharge) and the volume of the explosive, the radius (Re) of the explosive 

surrounding the Uner was determined. The explosive fill values are Usted in Table 4.8. 
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Table 4.8. Explosive fill dimensions and values. 

Mass of Explosive 

Volume of Explosive 

Base Radius of Explosive Fill 

22.47 g 

12.49 cm^ 

15.19 mm 

The last major geometry ascertained was the casing wall thickness. Initially, the 

thickness was simply chosen to be 10% of the outer cone diameter, however, greater 

results were observed after changing the thickness so that the mass of the casing was 

equal to twice the cone mass. Prior to radiation testing of the device, testing, which will 

be discussed in detail later, was performed using an alununum casing. However, during 

the radiation testing, the material of the casing was changed to PVC in order to avoid any 

interference caused by the aluminum. The casing thickness, for both PVC and aluminum, 

was calculated using the volume that yields twice the Uner mass and the length of the 

explosive head plus the largest cone height. The total explosive mass, device mass, and 

device volume for an aluminum casing are Usted in Table 4.9. 

Table 4.9. Explosive mass and total device values. 

Explosive Mass 

Device Mass 

Device Volume 

40.37 g 

126.39 g 

93.76 cm" 
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in Assembly of the charge was designed to be straightforward and is shown 

Figure 4.3. The Uner was simply screwed down into the casing en one end, leaving the 

otiier end open. From the open end, the explosive was packed tightly into the cavity, 

ensuring diat no voids existed between the explosive and the Uner. Once the explosive 

cavity had been filled, a detonator, surrounded by a support structure was glued in place 

on axis with the cone. 

-J ti:=fl 

Detonator Support Casing Liner Screws 

Figure 4.3. Shaped charge assembly. 

The full MathCAD worksheet used to determine the shaped charge dimensions 

and mass values can be found in Appendix C. Figures 4.4 and 4.5 shew the AutoCAD 

drawings of the geometries built for testing, and Figure 4.6 shows the actual device used. 

On the Uner, a 4 mm thick ring was added in order to provide room for screw holes to 

assemble the piece with the casing. This addition did not affect the results previously 
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calculated because it was expected that the temfination of the explosive would cause the 

liner to bend and break at that point. 

29 .68 

Figure 4.4. AutoCAD drawing of copper liner. 

OJ 

Units: nun 
29.6 

Screw-
Tap 

4S 

Figure 4.5. AutoCAD drawing of aluminum casing. 
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Figure 4.6. Side picture (above) and top picture (below) 
of actual shaped charge built. 

4.2 Explosive Setup and Optical Diagnostics 

All of the tests requiring the use of explosives were performed in an explosive 

chamber located at the Pulsed Power Lab's East FaciUty. The chamber had an inner and 

outer diameter of approximately 1.19 m and 1.22 m, respectively, and therefore a wall 

thickness of about 16 mm. Within the chamber, wooden planks separated the outer wall 

from a 25.4 mm inner wall. Located in the middle of the chamber were three pert holes 

(two on either side and one on top), which could be equipped to allow for optical 

diagnostics or x-rays. The explosive chamber was capable handling about 300 grams of 

explosive. 
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To detonate the shaped chaige device, an explosive bridgewire (EBW) detonator 

acquired from Risi-USA was employed. The detonator required a pulse of 500 V and 

180 A in 1 ̂ is in order to ignite the bridgewire. To supply this pulse, a firing unit 

utiUzing a KN6B Krytron switch that had low 50 ns jitter and a lew 0.5 [is delay time, 

was used. Alternatively, a detonator pulser using Silicon Power Thyristers was designed 

and built which had less noise and lower jitter (discussed in detail in Appendix B). A 

Stanford delay generator was employed to synchronize the timing of events in order to 

acquire images and data at predetermined times. 

The first question to be answered was whether or not this shaped charge design 

produced a coherent jet of 75 mm in length. Optical diagnostics (Figure 4.7) were 

employed to answer this question and also to allow for approximate calculation of the jet 

velocity. In order to calculate the jet velocity, a camera with high speed temporal 

resolution was needed. A high-speed rotating nfirror camera, produced by Beckman & 

Whitley was used. The mirror could attain 17,000 revolutions per second and could 

acquire up to 4,000,000 frames per second. Relay lenses, placed en a 90 degree arc, were 

used to generate 25 separate frames on a standard 35-mm roll of perforated film. The 

camera was placed outside of the explosive chamber in a dark room and separated from 

the explosive by a 25.4 mm thick Lexan window. The shaped charge was mounted en a 

wooden board inside the chamber that placed it approximately in the center of the 

chamber. 
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Figure 4.7. Optical diagnostics setup. 

Due to the nature of the explosive design, the self illumination within the chamber 

was capable of overexposing the fiUn used in the rotating camera to the point where the 

jet could not be seen at all. To reduce the effect of self illumination, a 10.2 cm x 10.2 cm 

x .3175 cm steel optical shield was attached directly to the shaped charge cone and was 

shaped so that the shaped charge body was net visible to the camera. A hole was cut in 

the center of the shield so that it would not interfere with the formation of the metal jet. 
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Hlmniiiation Sliield 

Flaslilamps 

Figure 4.8. Depiction of metal used for shielding explosive illumination. 

Another issue with the rotating camera was the inability of the shutter to close in 

the time frame required to prevent overexposure. The mirror continued to rotate in the 

camera and painted overlapping images onto the film until the shutter closed. The shutter 

required approximately 1.5 ms of time to close while one revolution of the mirror was 

only 400 [rs, which allowed for several revolutions of overexposure. During testing, the 

closing process was initiated during the explosive event so that it would reduce some of 

the overexposure. However, the overexposure reduction from this technique was not 

enough. In order to concentrate the majority of exposure to the desired time frame, a 

pulsed Ughting design as buiU. XENON flash lamps were placed below the Lexan 

window and tilted so that upon illumination, the Ught would be reflected toward the 

camera. A half-cyUnder reflector was placed around the flash lamps in order to focus the 

majority of the Ught produced onto the target. The flashlamps were driven by a pulse 

forming network (PFN), designed and built by Lucas McLane [31], which provided a 
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specific pulsed length and rise time. The pulse forming network was designed to 

generate a 150 îs pulse length with an 8% rise time. A 1000 V, 800 A pulse was 

delivered to the anode of the flashlamps, which required a 10 kV pulse for triggering. 

The flashlamps had a maximum energy per shot of 5 joules, however, due to the fact that 

in each shot, all of the flashlamps were destroyed, approximately 100 Joules was supplied 

in order to achieve substantially more iUumination intensity. A schematic of the PFN is 

shewn in Figure 4.9 and the pulse it produces is shewn in Figure 4.10. 
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Figure 4.9. PSpice model of PFN. 

1 :kv 

800V 

s 40(:i\' 

ov 

-40iJ\ ' 

XT — 

Os lOOus 200us 301 iiK 4(«Ju.s 500us 
Time 

Figure 4.10. Pspice plot of pulse generated by PFN. 
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A control unit was designed and built by John Walter to control the time 

sequencing for the camera based en the detonation time. Shutter opening and closing 

could be initiated at specific times, the rotation period for the mirror could be varied, and 

several other events, which required precise timing, could be managed. 

In addition to the rotating mirror camera, an intensified-charge-ceupled device 

(ICCD) camera was used as well. The ICCD was placed so that it too could focus in on 

the target through the Lexan window. The ICCD provided greater spatial resolution, but 

was limited to capturing only one image. During each of the tests, the image was taken 

40 |rs after detonation and the exposure time was 40 ns. 

In order to determine the particulatien characteristics of the shaped charge, x-ray 

images were generated using an Titan Systems Corp. X-ray pulser, model 43733A, which 

used a 300 kV Marx bank to generate the pulses. The X-ray tube was mounted on top of 

the explosive chamber and separated from the target by 5 mm of aluminum and 

approximately 0.635 m of air. X-ray film was placed undemeath the target in a casing 

that was protected by a quarter inch aluminum plate. The x-rays were used primarily 

because the particulatien of the jet could not be seen by the ICCD and rotating mirror 

cameras, due to intense illumination surrounding the jet, which may have been the result 

of ionized gas. Due to the fact that only one shot could be taken during the test, the exact 

particulatien time could not be determined. However, the time range during which the 

initial particulatien occurred could be determined. 
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4.3 Conductivity Test Setup 

In order to determine the maximum length at which the jet maintained 

conductivity, a simple test was designed. The design utilizes the structure of the jet in 

order to retrieve this data. Aluminum foils were placed 25.4 mm apart for 203.2 mm 

along a board and held in place by pair wise dowel reds. Each foil was electrically 

connected to each of the ether foils, which were grounded. The metal Uner of the shaped 

charge was charged to 9 V by a battery. Upon detonation, it was expected that the jet 

created would possess a jet head that was significantly larger that the rest of the jet. It 

was predicted that contact between the jet head and the first foil, would record a short 

circuit on the scope. The hole created by the jet head was assumed to be large enough that 

the jet following close behind would not make contact with the foil. The shorting of the 

circuit would continue at each successive foil until the jet lost conductivity from base to 

tip. Each short recorded would reveal 25.4 mm of conductive jet length. Obviously, the 

exact length, again, could not be determined, however, it was only necessary to determine 

whether or not the jet could achieve 75 mm of conductive length. The PSpice simulation 

of the test setup is shown in Figure 4.11. 
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Figure 4.11. PSpice model of conductivity test. 
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Figure 4.12. PSpice simulation of conductivity test. 

Each set of switches shown represents the contact between the jet tip and the foil 

and predicted loss of that contact some time later. Opposed to the actual design, the 

PSpice simulation only represents three aluminum foils. The results of the simulation, 

shown in Figure 4.12, were as expected for the simple design. A depiction of the actual 
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setup is shown in Figure 4.13. An aluminum foil thickness of 20 \im was used and the 

foils were interconnected simply by metal to metal contact (i.e., no soldering 

employed). 

was 
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Figure 4.13. Conductivity test setup. 

4.4 Mockup Design 

To test the capabiUties of the shaped charge as an antenna, a setup was designed 

which recorded the transmitted and reflected power of the metal jet. In order to test the 

setup without the use of explosives, a mockup design of the shaped charge jet was built. 

An approximation of the dimensions of the actual jet were obtained from the ICCD 

optical diagnostics and used to create the mockup stmcture. Figure 4.14 shews the 

mockup stmcture, which was composed of the jet head, the neck and the base. 
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Figure 4.14. Mockup stmcture 

A brass all-thread red was used to simulate the neck of the jet, which screwed into 

the copper base that simulated the basic connection between the liner screws and the 

metal jet. Screwed on to the tip of the brass rod was a copper cyUnder, which served as 

the jet head and could be removed if desired. The test setup is shown in Figure 4.15. 
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Figure 4.15. Radiation test setup. 

68 



The mockup was placed in the position of the transient antenna in order to 

detemiine the expected response. A Hewlett Packard synthesized signal generator, model 

8660c, was used to generate a 1 mW, 1-GHz signal. To switch that power into an 

amplifier, a Minicircuits microwave switch, model ZMSW-1 111, having a 100 fis on-

time was placed in Une with the source. Once switched, the signal was ampUfied 28-dB 

by a Minicircuits ZHL-42W ampUfier. The signal was then passed through the Midisco 

M3C9525 circulator, which transferred the signal to the nearest clockwise terminal, in 

this case, the mockup. A Midisco 52335 DC-block separated the circulator from the 

transmitting antenna in order to protect the circuitry from large power reflections. A 

portion of the signal was then radiated from the mockup to a receiving antenna that was 

built in the lab, which was placed 30 cm away from the mockup. 

The receiving antenna was a half-wave dipole (Figure 4.16), which was made 

from rigid coax and was tuned to the desired resonant frequency through use of a Hewlett 

Packard 8719C network analyzer. A dipole antenna, due to its geometry, is a balanced 

radiating element. The coaxial cable connected to that antenna is unbalanced due to 

current flow on the outer side of the outer conductor. In order to balance the coaxial feed 

Une, a quarter-wave sleeve balun was employed for each of the dipoles used during 

testing. 
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Figure 4.16. Dipole antenna with sleeve balun. 

A Hewlett Packard diode detector, model 8474b, was used to convert the power 

received into a voUage signal, which was then recorded en a Hewlett Packard 54616b 

oscilloscope. Net all of the power sent to the transmitting antenna, the mockup, was 

radiated into space. That portion of the power was reflected back to the circulator again 

transferring the signal to the nearest clockwise position. The signal was attenuated by 

lO-dB in order to protect the system from any unexpectedly high reflections. Another HP 

diode detector and the HP oscilloscope recorded the reflected power in the same way as 

the transmitted power. 

Power may also be dissipated at the transmitting antenna in the form of heat due 

to the ohmic resistance of the mockup. During the actual explosive radiation test, the 

resistance of the jet will increase due to the increase in temperature. The increase in the 

jet resistance will result in increased heat dissipation; however, the calculated losses due 

to this effect remain minimal. Observation of the actual received power with comparison 

to the expected received power for ideal conditions will yield an understanding of the 

losses incurred during the explosive process. 
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The design of the shaped charge could be made to minimize or even eliminate the 

presence of the jet head. To determine the effects of the jet head, the mockup was tested 

at several frequencies with both the copper cylinder attached and removed. Another 

concem that was tested with mockup was the ground plane design. The shaped charge jet 

was going to be used as a monopole, which required the use of a ground plane in order to 

take advantage of image theory. Given that the jet was created on the axis of the 

explosive device, no room was provided for the ground plane undemeath the antenna. 

The only option was to design a ground plane with a hole cut into its center with a 

diameter close to that of the inner liner diameter. With the use of the mockup, various 

hole diameters could be tested along with various ground plane placements. After the 

radiation properties of the mockup had been characterized and an optimal ground plane 

design (Figure 4.17) had been determined, the radiation test setup was relocated to be 

used with the shaped charges in the explosive chamber. 
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Figure 4.17. Depiction of ground plane location. 
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4.5 Shaped Charge Radiation Test 

The radiation test setup used during the shaped charge radiation testing had a few 

changes from the mockup radiation test. As previously mentioned, radiation testing was 

performed in a metal chamber. Using the chamber was unavoidable due to the dangers 

associated with testing high explosive devices. Radiation within this cavity was certainly 

different than if no chamber existed. In addition, to protect the experimenters from the 

explosive hazard, the microwave source and the scopes were placed approximately 10 m 

away from the rest of the test setup. Attenuation due to the length of the RG-58 coaxial 

cable, which is quite lossy at I GHz, resulted in a reduced transmission power. In order 

to accommodate for this issue, the output power from the microwave source was 

increased to approximately 1.5 mW. After the signal from the source traveled the 10 m 

of RG-58 coax, the desired power of approximately 1 mW was supplied to the ampUfier. 

The location of the shaped charge in reference to the receiving antenna was the same as 

in the mockup test. The receiving antenna and the shaped charge were sealed inside the 

chamber and were connected to the system via feed-throughs. Introduction of the feed-

throughs could possibly result in extraneous less of the power prior to transmission and 

again after reception. The shaped charge radiation setup is shown in Figure 4.18. 
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Figure 4.18. Physical arrangement of radiation test. 
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CHAPTER V 

RESULTS AND CONCLUSIONS 

5.1 Optical Diagnostics 

The pictures acquired from the rotating mirror camera were used to generate an 

animation of the jet formation. An analysis of the frame to frame change in the jet length 

was performed in order to determine the jet velocity. The camera position was 

approximately perpendicular to the axis of jet propagation and the distances within the 

chamber were referenced to the shaped charge diameter seen in the pictures. It was 

determined that the velocity of the jet tip was approximately 3.9 km/s. It was evident 

from the pictures that a substantial jet head was being created during the explosive 

process; however, the exact size could net be determined due to the limited spatial 

resolution of the rotating camera. The ICCD camera, having greater spatial resolution 

capabiUties, was used to determine the jet dimensions. These dimensions were later used 

to design a mockup stmcture for non-explosive radiation testing. The real stmcture of the 

metal jet can be seen in Figure 5.1. Using the picture acquired by the ICCD camera, the 

average velocity was once again determined to be on the order of 3.9 km/s, based on the 

calculated 13.5 fis delay time between detonation and the time at which the jet tip is in 

the plane of the Uner base. The length of the jet shown in Figure 5.1 is approximately 

103 mm. 

74 



Figure 5.1 (Top) Shaped charge prior to and (Bottom) 40 îs after detonation. 

5.2 Cenductivitv Test 

From the optical diagnostics, it was clear that the shaped charge design was 

capable of producing the metal jet that was intended. In order to characterize the 

conductive capabiUties of this jet, the aluminum foil conductivity test was employed. 

The pictures acquired from the ICCD camera revealed that the jet head was 

approximately 5 times larger in radius than the rest of the jet. In order for the metal foil 

conductivity test to be successful, it was imperative that the jet head be substantially 

larger than the jet in order to prevent the jet from making multiple contacts with the same 

foil. Optical diagnostics were used to capture the jet propagating through the metal foils 

(Figure 5.2). 
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Figure 5.2. (Top) Metal foils prior to and (Bottom) 40 îs after detonation. 

The measurements recorded on the scope are shown in Figure 5.3. The times at 

which the jet head made contact with the aluminum foils can be clearly observed at three 

different times (approximately 20 \is, 26.5 \is, and 33 \is). Contact between the jet head 

and an aluminum foil is represented en the plot by a voltage drop to zero. The jet head 

was determined to be approximately 8 mm long, only half of which makes contact with 

foil over a period of about 5 ^s. It was clear from this measurement that electrical 

contact was made with the 3rd foil, which was 76 mm away from the shaped charge base. 

Therefore, it was concluded that the metal jet created by this shaped charge design was 

capable of achieving a conductive length of at least the required I GHz quarter 

wavelength. 
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5 us/div 

Figure 5.3. Voltage potential between shaped charge Uner and metal foils. Detonation 
occurs at 5[AS. 

The conductivity test was used to characterize the timing of events. The 

conductivity test revealed that the jet reached a length of 25.4 mm at approximately 20 |xs 

after the detonation of the explosive bridgewire. Prior to this test, it was determined that 

the time required for the jet to reach the base of the Uner was approximately 13.5 [xs. 

Therefore, the time required for the jet to travel 25.4 mm from the base of the Uner to the 

first aluminum foil was about 6.5 jis, yielding an average jet velocity of 3.9 km/s. At 

approximately 26.5 \is, the jet tip made contact with the second foil, which was 25.4 mm 

away from the first foil. Another 6.5 \xs were required for the jet to make contact with 

the third foil, concluding that the jet propagated at a velocity of 3.9 km/s. At 

approximately 55 and 60 fis, the plot reveals two more contacts between the shaped 

charge base and the metal foils. Currenfly the most realistic theory that explains this 
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occurrence involves the metal shielding used to restrict self illumination of the explosive 

from overexposing the optical data. Since the shielding was held down by the same 

screws that were electrically charged to 9 V, the shield could possibly have been launch 

toward the metal foils at a relatively slow velocity while still maintaining contact with the 

9 V supply. To support this theory, a second conductivity test was performed in which 

die first two foils were removed. It was believed that the metal shield propagated at 

angle off axis such that it could only make contact with the first two foils. During this 

conductivity test, after contact was lost between the 3rd and 4th foil, no other short 

circuits were recorded. From this evidence, it was concluded that the 55 and 60 fis events 

observed during the first test were a result of contact through means other than the metal 

jet. 

The Birkeff et al. approach was used to design the shaped charge due to its 

simpUcity. The discrepancy between the jet velocity calculated by the Birkoff et al. 

theory (3.06 km/s) and the measured jet velocity (3.9km/s) can be attributed to the fact 

that this theory dees not take into account the velocity gradient along the jet. In order to 

obtain a more accurate value for the maximum jet velocity, the M/C ratio was calculated 

on an element basis rather than the whole mass of the cone compared to the whole mass 

of the explosive. Recall that the maximum jet velocity occurs for the Uner element at the 

tip point, which was approximately 40% of the cone height away from the apex. Using 

the calculations given by the PER theory, the velocity of the jet tip was calculated to be 

3.8 km/s, which is very close to the measured value. These values and the velocity 

gradient along the jet were calculated in MathCAD (Appendix B). To determine the 
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transient Gumey Velocity, the liner and explosive surrounding the Uner were divided into 

segments. The M/C ratio and subsequenfly the Gurney Velocity were calculated for each 

individual segment. As previously stated, the smaller the size of each segment, the more 

accurate the final resuU. The Uner was divided into 10̂  segments, which made the width 

of each segment used for calculation only 21.7 nm. The results of this calculation are 

shown in Figure 5.4. Shown is the velocity gradient along the jet and the change in the 

collapse angle (P) from the tip point to the base. The plots are described by the segment 

number, with the first segment being the one closest to the Uner base and the segment 

numbered 10^ being the segment closest to the liner tip. The Uner segment corresponding 

to the tip point is numbered 0.6 x 10 .̂ 
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Figure 5.4. Velocity gradient along the jet (left) and 
change in the Uner collapse angle (right). 
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5.3 Mockup Test 

Once it was determined that the jet could achieve 75 mm of conductive length, it 

was important to ascertain the ability of the jet to radiate electromagnetic energy. The 

initial radiation testing was performed with the use of the mockup design, which 

simulated the jet stmcture. The mockup was used to determine the effects of various 

ground plane placements which was necessary in order to invoke the image theory 

capabiUties of the monepole. Given that the area directiy below the metal jet of the 

shaped charge was occupied by the explosive material, a soUd ground plane could net be 

used. Instead, a ground plane with a 29.5 mm diameter hole cut out of it was used during 

testing. Given that the shaped charges had aUeady been designed, there existed only two 

possible places to mount the ground plane. Placement of the ground plane had to be 

either between the Uner and the casing or wedged between the detonator support stmcture 

and the shaped charge casing. Mockup testing confirmed the prediction that the antenna 

would perform greater if the ground plane was closer to the real radiating element. 

Friis Transmission Formula was used to predict the value of the received power 

collected by the dipole, the assumption that the mockup design was an ideal monepole 

was used in the calculations. The assumed resonant length of the dipole was 75 mm and 

the radius of the simulated jet neck was 1.58 mm. The dipole antennas used were made 

of copper wire 75 mm in length for each element and had a radius of 0.5 mm. The 

following values were calculated for the antennas: 
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Table 5.1. Antenna calculations for the mockup and dipole designs. 

Antenna 

Directivity 

Radiation Resistance (ohms) 

Ohmic Resistance (ohms) 

Radiation efficiency 

Gain of the Antenna 

Mockup 

3.28 

24.67 

0.062 

0.997 

3.272 

Dipole 

1.64 

49.34 

0.197 

0.992 

1.627 

Given that the transmitted power was ideally I W, the frequency used was 1 GHz, 

and the distance between the antennas was known to be 30 cm, the amount of power 

received could be determined. From equation 2.18: 

' ' (ATtR)' ' 

P̂  = 33 • mW . 

Therefore, in the ideal case, the receiving antenna should collect 33 mW of power if I W 

of power is successfully radiated into free space by the shaped charge antenna. 

Previously, it was assumed that the resonant length of the shaped charge would be 75 mm 

based on known antenna characteristics. Given that the shaped charge jet did not 

represent an ideal monopole exactly, it was expected that the actual resonant length 
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would be sUghtly different. In order to determine the resonant length of the mockup 

design, various lengths of the jet neck were used to produce received and reflected power 

plots. These plots, acquired from the mockup tests, are shown in Figure 5.5. 

0 20 40 60 80 100 120 
Rod length [mm] 

(a) 

20 40 60 80 100 120 
Rod length [mm] 

(b) 

Figure 5.5. Mockup test results: (a) power reflected back to the circulator and (b) power 
received by the dipole. 
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It is obvious from observation of these plots that the resonant length of the 

mockup design was approximately 82 mm when energized by a 1 GHz microwave 

source. From the plots, it can be determined that the minimum power reflected was 350 

mW and therefore, 650 mW of power was radiated into free space. Of that 650 mW, the 

recei\ ing dipole antenna, having a resonant length associated with 1 GHz, collected 14 

mW. Once again using Friis Transmission Formula, only this time with a transmitted 

power of 0.65 W, the expected reception value was 21 mW. Further analysis of the 

shaped charge antenna characteristics and its deviation from a typical monopole stmcture, 

would pro\ ide an explanation for the discrepancy seen here. Given that the mockup 

stmcture only simulated the shaped charge design, the exact values of transmitted and 

received power during the explosive process could not be determined. 

5.4 Radiation Test 

After the general radiation properties of the setup and the mockup were 

determined, tests were performed in order to ascertain the radiation capabiUties of the 

shaped charge jet. All of these experiments were performed in the steel explosive 

chamber; therefore, the microwave measurements presented here are qualitative, 

especially as far as the received power is concemed. The radiation pattem and wave 

propagation were greatly affected by the surrounding "radiation cavity." Nevertheless, 

the total radiated power, which was reflected power subfracted from the ampUfier's 

output power, had quantitative characteristics since it was expected that the metal 

chamber would not make much of a difference. If the values were affected at all, it was 
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due to re-coupled fields from reflections within the chamber that produced a greater 

perceived reflected power value. 

5.4.1 Radiation Test at 1 GHz with 1.95 mm Liner Thickness 

The initial radiation tests were performed using a 1 GHz source and the original 

shaped charge design previously discussed. The plots for received and reflected power 

are shown in Figure 5.6. 

40 50 
Time [jis] 

40 50 
Time |n6] 

Figure 5.6. Reflected (top) and received (bottom) power for 
I GHz, 1.95 mm Uner thickness test. 
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At approximately 33 jrs, the receiving dipole begins to acquire a signal from 

shaped charge; however, the reflected power from the shaped does not drop significantly 

at the corresponding time. There is a minor dip in the reflected power at 36 jis, which 

does correspond to the time at which the first instance of radiation is at a maximum. At 

around 42.5 [.is, the second instance of radiation starts to occur. Unlike the first instance 

of radiation, the reflected power from the shaped charge is quite significant during the 

times at which a significant portion of power is recorded by the dipole. The abmpt less 

of power at the dipole at approximately 53 |j.s corresponds directiy the abmpt change in 

reflected power at the same time. Particulatien, which was previously discussed, was 

expected to play a major role in the radiation capabilities of the shaped charge jet. 

Although the exact effect can not be determined without further testing, it was assumed 

that the abmpt changes in radiated and received power were due to abmpt losses of 

particulates as the jet propagated. The potential loss of particulates would reduce the 

electrically continuous length of the antenna, therefore changing the resonant frequency 

of the antenna to a higher frequency. Obviously, since the receiving antenna was mned 

to the source frequency, the power received would be affected as well. 

The causes of the events shewn in these plots can only be discussed through 

speculation, only a more rigorous and penetrating test could provide a more accurate 

understanding. Even though these events could not be known for certain, the test was 

deemed a success. From the plots, it is clearly shown that the reflected power dropped to 

10% for approximately 5 ^s while the reflected power was as high as 4 mW. 
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X4.2 Radiation Test at 915 MHz with 1.95 mm Liner Thirknp^Q 

The first test revealed that the transient antenna could radiate at a frequency of 1 

GHz. It was desirable to determine if the antenna was capable of operation at any other 

frequency, simply to support the proof of concept. A test was performed using the same 

shaped charge design as in the 1 GHz test; however, the frequency of the source was 

lowered to 915 MHz. The resuUs of this test are shown in Figure 5.7. 
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Figure 5.7. Reflected (top) and received (bottom) power 
for 915 MHz, 1.95 mm liner thickness test. 

The first instance of radiation begins at approximately 30 [is and ends at about 34 

[IS. This event is consistent on both the reflection and reception plots. The value 

received was up to 4 mW and the reflected value was less than 10% of the input power. 
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Again, as with the 1 GHz test, a second instance of radiation occurs later during the test. 

During this test, a drop in reflected power and a rise in received power begin at 

approximately 70 [is and end at about 77.5 [is. This does not coincide with the 

conductivity test previously discussed. Based en that test, loss of contact along the entire 

jet occurs at about 50 [is after detonation. Therefore an event of transmission occurring 

at 70 [IS is unexpected. Another inconsistency discovered during this test was that the 

first instance of radiation occurs 4 [is earUer than in 1 GHz test. The 915 MHz signal 

requires a quarter-wavelength of 82 mm, which is 7 mm longer than that required by a 1 

GHz signal. The 82 mm jet lengdi should not occur until a later time with reference to 

detonation. Even though these events can not be explained, the goal of this test was still 

successful by demonstrating that radiation can occur en the same device at different 

wavelengths. 

5.4.3 Radiation Test at 915 MHz with 4.05 mm Liner Thickness 

It was also desirable to see hew the increase of the Uner thickness affected the 

radiation capabiUties. Therefore, a test was performed using a 915 MHz source with a 

shaped charge having a Uner thickness of 4.05 mm. Based on the evident increase of 

metal mass as compared with the explosive mass, it was predicted that the jet velocity 

would be substantially slower and not achieve sufficient jet length until much later 

compared with the previous tests. The results are shown in Figure 5.8. 

87 



1.0-

0.8 

^ 0J6-

| 0 . 4 -

02-

0.0-

"It 1 >..,^\ \ 

\ 

tr^': 

m 
-

30 40 50 CO 70 80 
Time [us] 

30 40 so 60 70 80 
Time [us] 

Figure 5.8. Reflected (top) and received (bottom) power 
for 915 MHz, 4.05 mm Uner thickness test. 

The measurements recorded during this test confirmed the prediction that the first 

instance of radiation would not occur until much later. Based on the calculations 

performed in MathCAD, the maximum velocity of the tip point for a cone of twice the 

thickness was approximately 2.37 km/s. The first change in reflected power occurs at 

approximately 52 [is, while the first change in received power does not occur until about 

57.5 [IS. The received power has a maximum on the same order as the previous tests and 

the reflected power drops almost to 10% during the time of radiation. 
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5.4.4 Conclusions from Radiation Tests 

Due to the conesponding changes in reflected and received power with relation to 

time, it can be concluded that transmission of energy from the transient antenna to the 

dipole was successful. The maximum value received by the dipole in each test 

(approximately 4 mW) was much less than the measured value of 14 mW for the 

mockup. A couple of possibilities exist that may explain these apparent losses. Recall 

that the radiation tests were performed within a closed, steel explosives chamber. 

Considerable reflections occurred inside the chamber, which gave rise to substantial 

multipathing effects. The placement of the receiving dipole antenna could certainly have 

been on or near a null created by these effects. This would significantiy reduce the power 

received by that antenna. Another possibiUty was considered after observation of Figure 

5.1 revealed a cloud of what is commonly agreed to be liner material following the jet 

head. That cloud may be the source of considerable signal attenuation that results in the 

loss of power transmitted to the dipole. 

5.5 Conclusions 

From the results presented here, it can be concluded that the use of a cylindrical 

shaped charge device as a transient antenna is certainly feasible. To the knowledge of the 

research group, this project is the first to successfully transmit energy using a shaped 

charge jet as a transient antenna. The tests revealed an apparent power dissipation of up 

to 90% over a duration of 5 [is for the I GHz frequency regime. It is not known exactly 

how much of that dissipated power is divided between heat and radiation; however. 
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preliminary calculations suggest that ohmic losses are minimal and radiation efficiency is 

close to 100%. Similar results were discovered in the 915 MHz thin wall and thick wall 

tests. Each of the tests revealed comparable values for the maximum power received by 

the dipole antennas. The \'elecities recorded are in agreement with the MathCAD 

calculated \ elocities tiiat considered the transient M/C ratio along the liner. The ICCD 

and rotating camera, as well as the conductivity setup revealed an approximate jet 

velocity of 3.9 km/s. 

The effective use of a shaped charge as a transient antenna greatly depends en the 

abiUty of the design to Umit particulatien and off-axis breakup. These two factors dictate 

the maximum length that can be achieved by the design and the path taken by the current. 

The coherency of the jet determines the current path, which is a major contributing factor 

to the resulting polarization and the subsequent field pattem of the antenna. 

Given that the apex angle value affects all of the critical velocities, the 

particulatien event, and coherency status of the jet, future research should focus primarily 

en the dependence of success on this parameter. The details of radiation characteristics 

should be examined with regard to varying apex angles. It should be sought to hold off 

particulatien and maintain jet coherency for longer times. Longer conductive lengths will 

allow for more flexibiUty in operation frequency. While the calculations described 

previously provide a close approximation to the measure values, a mere accurate 

approach should be used in order to predict the operation of the antenna precisely. 

Walters and Zukas [II] describe the use of several programs to predict the velocities 

along the jet as well as the particulatien events. These programs, as well as some military 
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shaped charge software, include BASC, HEMP, and SCID. Use of these programs will 

allow for optimization of the shaped chaige design and its radiation characteristics. 
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APPENDIX A 

2.4 kV DETONATOR PULSER 

A.l Parts List 

2- Silicon Power Thyristors (SCR) (SMCT TA65N14A10), Thin Pak 
2- Maida Varistors (D69ZOV102RA220) 
1- NTE519 Silicon Diode, Ultra Fast Switch 
2- American Microsemicenductor Inc. High Voltage Diodes (HVUF5000) 
2- Fairchild Dual Non-Retriggerable Monostable Multivibrator (74VHC221A) 
4- NTE159 SiUcon PNP Transistor 
4- C & D Technologies DC-DC Converter (NKE 1205s) 
1- Pice Electronics High Voltage DC-DC converter (12VV3) 
1- SR Components 12 V 1.5 A AC Adapter (DDU120150) 
2- NTE3087 Optoisolators 
1- Computer Components, Uic. High Voltage Relay (HV1B07PI2) 
I- Fairchild Dual Master-Slave J-K Hip-Flop (DM7476) 
1- Potter & Bmmfield Relay (T77S1D3-05) 
I- Corcom RH Power Line Filter (3EC1) 
I- 12 V Voltage Regulator 
I- 5 V Voltage Regulator 
1- Adjustable Voltage Regulator (LM317T) 
I- 500 Q Potentiometer 
1- I kD Potentiometer 
9- 1.28 kQ. 1/4 W Resistor 
3- 100 Q. 1/4 W Resistor 
2- 120 kD 1/4 W Resistor 
2- 10 kn 1/4 Resistor 
1- 80 Q 1/4 W Resistor 
3-2.15 MQ 2 W Resistor 
1- 1 GQ High Voltage Resistor 
2- 22 MQ 1 W Resistor 
3- 100 nF Capacitor 
2- 100 [iF Capacitor 
I-Push Button Switch 
2- I2V Lamps (Red and Blue) 
2- Coaxial Bulkheads 
1- Reynolds High Voltage BuUdiead (RI 1677792) 
I-Radio Shack Digital Panel Meter (910-4054) 
I- Rogowski Coil designed and buiU by Juan Carlos Hernandez of the Pulsed Power Lab 
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Figure A.L Pictures of the detonator pulser. Circuit (Top) and front panel (Bottom) 

A.2 Features 

1. Maximum Charging Voltage of 2400 V. 
2. Maximum Current Output for a 0.8 Q load through 40 m of coax is 600 A. 
3. Adjustable Charging VoUage from 500 V to 2400 V. 
4. High VoUage Dump initiated by system ham off. 
5. Capacitor charging prohibited after firing. User reset required for further charging. 
6. Low noise 
7. Digital Display of Voltage in kV. 
8. di/dt monitor 
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Figure A.2. Block diagram of detonator pulser circuitry. 

A.3 User Operation 

To use this detonator pulser, the ON/OFF switch must be closed as well as the 

HV/Stop Charging switch. The blue light indicates that power is suppUed to all parts of 

the circuitry with exception to the high veUage side. When the HV/Stop Charging switch 

is closed, the red Ught will not come on initially. In order to supply voltage to the HV 

side, the reset pushbutton must be closed by the user. After the system is reset, the red 

Ught will tum on, indicating that voltage is suppUed to the high voUage side of the 

circuitry and charging of the capacitor will begin. Use the potentiometer on the far right 

of the panel to adjust the voUage on the capacitor. Once the capacitor is fully charged to 

the desired voltage, the SCRs will close following a 5 V trigger input. That trigger input 
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will also trigger the safety circuit which will tum off the voltage supplied to the HV side 

of the circuit. At that time, the red light will tum off to indicate that no voltage is en that 

side of the circuit. To charge the capacitor again, the user must push the reset button. If 

the capacitor charge needs to be dumped, simply tum off the power to the system and 

wait about 5 seconds. 

Trigger 
100 

1 2k 1.2k< 

r 
5̂V 

To HV DC/DC 

•12v 
Q 

Relay 

Adjustable 
Voltage 
Regulator 

l O O n 

Figure A.3. PSpice schematic of safety circuit (top board) 

A.4 Safetv Circuit 

The safety circuit (Figure A.3) refers to the circuitry that controls the voltage 

supplied to tUe HV side of the circuit. It is used primarily to prevent undesired charging 

of the capacitor, which would pose a hazard for the user. The voltage suppUed to the HV 
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side of the circuit is controlled through two switches, the HV/Stop Charging switch and a 

relay. The relay is control by a JK Flip Flop, which holds the relay open until the reset 

pushbutton is activated. Upon closing of the HV/Stop Charging switch and reset, 12 V is 

supplied to the adjustable voltage regulator. The value of the voltage output from the 

adjustable voltage regulator is controlled by the 1-kQ potentiometer on the front panel 

and a 500-Q potentiometer en the board. The 500-Q potentiometer is used to set the Umit 

for the maximum output voltage from the regulator, while the l-kQ. potentiometer is used 

to adjust the voltage within the limits. The voltage from that regulator is input to the low 

voltage side of the HV DC/DC converter. If 12 V is suppUed, the HV DC/DC converter 

will output 3000 V. The 500-Q potentiometer is used to limit the output voUage from the 

regulator to approximately 9.5 V, which Umits the HV output to about 2400 V. 

so 
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[ 
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- 1 2k 

1 
J 

SCR Gate 

SCR Cathode 

SCR Gate 1 
SCR Cathode 

Figure A.4. PSpice schematic of trigger circuitry 
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A.5 Trigger Circuit 

The trigger circuit (Figure A.4) is used to tum the SCRs en at a desired time. Due 

to the fact that two SCRs are used and that the voltage at the cathode of each is different, 

identical but isolated trigger circuits are used for each SCR. A 5.1 V Zener diode is 

across the input terminals to the trigger circuit in order to prevent damage from pulses 

exceeding tiiat Umit. The input is isolated from the rest of the circuit by an optoisolator, 

which inverts the signal on the output. That signal is fed to a multivibrator, which 

generates a 10 second re-inverted pulse supplied to the base of a pnp transistor. The 

collector of that transistor is connected to -5 V through a 1.2 kQ resistor and the emitter 

is tied high to 5 V. The gate of the SCR is connected directly to the collector of that 

transistor. At the time the 10 second pulse from the multivibrator is supplied to the base 

of the transistor, the collector of the transistor changes from -5 V to 5 V. The SCR is 

closed upon receiving a 5 V pulse at the gate. 

As previously stated, two trigger circuits are used (one for each SCR). The need 

for this results from the fact that at maximum charge, the voUage at the cathode of SCR 1 

is 1200 V and the voltage at the cathode of SCR 2 is 0 V. Therefore, in order to generate 

a 5 V pulse between the gate and cathode or each SCR, two isolated circuits were 

required. During charging, the ground for the trigger circuit corresponding to SCR 1 is 

floating at the voltage on the cathode of that SCR. Thus, at maximum charge, the entire 

trigger circuit for SCR I is operating with voltages from 1195 V to 1205 V. 

100 



SCRl v--. 

SCR 2 

lOOnH 

, ' 10nH 

1 
- r -lOn 

MOV 

10nH 

40n I 22M 

HV Diode 

;?MOV 
I" 

HV Diode 

Coax 
{ (L. 

• 1 0 k 

T 

IMeg 

Charging Resistor 

K 2.7uH 

— 1u 

1 

r 

24nov- -•-

HV DC/DC 

8 '•' Detonator 

Figure A.5. PSpice schematic of charging circuit. 

A.6 Charging Circuit 

The charging circuitry (Figure A.5) allows for a 1 [iF capacitor to be cUarged to 

the user-defined voltage. At maximum charge, a leakage current of approximately 350 

[AA flows through the detonator. This current is low enough that the explosive bridgewire 

will not ignite. Upon trigger input, the SCRs close and the energy stored in that capacitor 

is dumped into the detonator via a transmission line. Across eacU SCR is a 22-MQ 

resistor, wUich allows for even distribution of charge across both SCRs. A 40 nF 

capacitor and 5-Q resistor, in series, are also placed across each SCR. The trigger pulses 
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suppUed to each gate do not tum on the SCRs at exactiy the same time due to varying 

time delays. If one of the SCRs is turned en early, then the charging voltage will appear 

across the SCR that is still in the OFF state. Given that the maximum forward voltage for 

these SCRs is 1400V, this event could destroy that switch. In order to delay the total 

voUage from appearing across that SCR, the capacitor and resistor are used. During 

discharge, the 1 [iF capacitor is negatively charged and produces a reverse current back to 

the SCRs. If this current navels back through the SCRs, the devices will tum off and 

acquire a reverse voltage exceeding the rated limit. Two diodes are implemented to 

provide a path for this current. One of the diodes is placed directly across the terminals 

of the capacitor in order to reduce the inductance in the connection between the two 

components. This allows for the diode to react faster in draining the current from the 

capacitor. 
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APPENDIX B 

CALCULATIONS FOR DETERMINING THE JET VELOCITY GRADIENT 

Variable velocity jet. 
Declare the liner thickness and the outer diameter cone diameter 
- this assumes that the outer liner diameter is equal to the] 
inner casing diameter. 

liner thickness := 1-95 mm base diameter := 29.6 mm 

C „ := 2..^91 10^ — 
* s 

a := 30deg 

|i ;= 1 P copper 

base diameter 

•o - , 

t i : - To - ' 1 

..̂  „ km 
D := 8 p e := 

s 

:= 8.9 ^ 
3 

cm 

liner thickness 
' 1 •— 

cos ( 30 deg ) 

tan (30 deg ) 

= 1.8 
gm 

3 
cm 

t i = 2.252 mm 

fi 

""^ ' tan (30 deg ) 

Viine := " " T o ' • h - -n r f h ; Vii„e = 2.296 cm 

miine •" ^line ' P copper 

miine = 20.436 gm 

Calculation for the remaing portion of the liner 

Breakup the cone into n pieces... then perform M/C ratio 
calculations on each piece 

n := 1000000 

rn := 0 ro2 := t i ho = 21.734 mm 

Vfrusl := T ^ h2 l"-^ • ' o" + ^02""+ To '•o2 j 
3 

3 
Vfrusl = 5.859 cm 

Vfrus2 -1 ^ ( -
:= — 71 h2 I n 

"5 ^ 
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^frus2 = -̂  -584 cm '̂  

Vfrusl - Vft.us2 = 2.273 cm'' 

^nohead '•= Vi:,.jj5i - Vfj.yj,2 

"inh := Vnohead • P copper Vnohe^j = 2.275 cm"* 

mnh = 20.251 gm total mass of liner without head 

segment low and high, Inner and outer radii calculation 

, . h-> 
hfi (Y ) := — Y height of each segment 

n 

rfi(Y) := hfi(Y) tan (30deg 

Thigh (y) := To - ff 1 (Y + 1) Thigh (n - 1) = 2.252 mm 

How (Y) := To - Tfi (Y) riow (n - 1) = 2.252 mm 

'•high2 (Y) := Ti - rfi (Y -I- l) rhigh2 (n - 1) = 0mm 

^low: 2 (y) := n - rfi(Y) riow2 (n - 1) = 1.255 x 10 mm 

Frustrum volume claculation per segment 

Vfi(Y) •= - ^ LHOW (Y)"" + Thigh (y)" + riow (Y) Thigh ( Y ) J • ((hflCy) - hfl(Y - 0 ) ) 

Vc := n TQ' —^ 

Vg = 1.496 X 10 ^ c m ^ 

Vepart (Y) := Vc - Vfi (Y) 

- 11 3 
Vepart ( D = 3.804 x 10 cm 

depart (Y) := Vepart (Y) P e explosive mass per segment 
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segment volume calculation 

Ri(y ) 

R2(y) 

riow ( y ) ' + Thigh (y)" + Tjow ( Y ) Thigh (y) 

rhigh2 (y)" + Tiow2 (y)" + Thigh2 (y) riow2 (Y) 

Vf(Y):=-^ K . ( h f i ( Y ) - h f i ( Y - 0 ) ( R i ( Y ) - R 2 ( y ) ) 

(Y ) := m\Ky) := p copper VfCy) 

V : = 1 

Variable M/C ratio 

miCy) 
u(y) := 

mepart (Y) 

liner volume comparison calculation to verify the validity of Vf 

Voliijier := X < - 0 

vol <r- 0 

for x e 0.. (n - 1) 

vol <r- Vf(x) -I- vol 

return vol 

f; 
^oliiaer = 2.275 cm' fVnohead = 2-275 cm' 

Vo(y) := Cj 
4 U ( Y ) -I- 5 U(Y) + 1 

N2 

J 

eq(3.6) 

8O(Y) := 
Vo(n - 1 - Y) 

:= asm D 
eq(3.8) 
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P(Y) := 2 5o(y) + a 

Vjet(Y):=Vo(Y).cscfPM 

eq(.3.9) 

cos a.5„W-£Mj eq(3.13) 

4000 

Viet(0.6n) - 3.833 x lo"̂  - maximum achievable jet 
s speed — jet tip 

P(0.6n) = 43.799 deg collapse angle for the tip point element 

106 



APPENDIX C 

CALCULATIONS FOR DETERMINING THE SHAPED CHARGE DIMENSIONS 

a := 30deg D 

H:= 1 

Gurney Velocity 

km em gm 
— p , : = 1 . 8 ^ p^^pp^^ : = 8 . 9 ^ 

cm" cm 

3 m 
C_ := 2.,39110 — 

S s 

V o : = C , 

V 4|a' -H 5n -H \) 
eq(3.6) 

3 m 
Vo= 1.31 x 10 — 

s 

Calculation of angles 

5Q := asin 
V, 0 

p : - 2 - 5 Q - H a 

eq(3.8) 

eq(3.9) 

5o = 9.422 deg 

|J =48.844 deg 

Velocities 

VQCOS (a -I- 6Q) 

f̂low -

collision ' 

Vflow '•' Collision 

sin(p) 

Vocos(p - a - 5 o ) 

sin (P) 

eq(3.7) 

eq(3.10) 

3 m 
= 3.06 X 10 — 

Vjet ••= VO"'̂  [ T ] - ^ ° ^ [ « + SO - I ] eq(3.13) 

Vslug •=%^^'^ 7 

/ 
sin 

P 
a + ?>r\ eq(3.12) 

Vflow = 1-344 X I O ' ^ 

3 m 
V „. . = 1.716 X 10 — 
* collision s 

3 m 
W-, = 3.06 X 10 -

Vslug =372.258-^ 

Breakup Time 

Het 

% • = 

= 75mm 

^ e t 

Vjet 

tj, = 2.451 X 10 s 
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• := ( l05 10^)l n o : = 110" - Y := U 0 5 1 0 jPa 
s 

copper 

C = 108.617 — 
'^ s 

h = (3.75) - . 1 2 5 — — ^ + 
nn T, 0 '0 

eq(3.19) 

15 1 / V 
- - - . ( 2 . 3 3 - 8 . t b n o ) 

P 

" 0 
TQ = 0.426 mm 

V ^ : = l ; r . ( l 0 . 5 r o ) ' 

Voljgt := rQ-Jt Ljjej + V^ Voljgj = 0.432 cm" 

" i j - = V o l j e t P copper 

VolLl •= Voljet 

?-i 

m liner 
( l - cos ( p ) ) 

^ s : = T - ' " l i n e r • ( ! + cos ( p ) ) 

eq(3.14) 

eq(3.15) 

m- = 3.842 gm 

miiner = 22-477 gm 

mg = 18.635 gm 

X := tan (30deg ) y := cos (30deg ) 

X = 0.577 

t - r . 0 

~ 3 X 
Tl -

f t ^ 
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-3-7lt" 2 4 3 
-3 71 t -I- 3 6 - 7 i t V o l n - . \ y 

outer 6 J t t 
r . = 12.946 mm 'outer 

t-) := rg cos (30deg ) 

" înner •" "^outer ~ '2 dinner = 12-577 mm 

D inner • "'"^inner Dinner = 25.154 mm 

D outer - ~ '^outer 
Douter = 25-892 mm 

Vol slug 
copper 

Volslug = 2-094 cm-

VO1L2 ••= Volslug 

I '•outer "*" 7 J ~ ('outer ) 
-11 
~ 3 X 

^slug W e r •7 t+3-x-VolL2) - ' ^ 'outer 

tslug = 1-713 nmi 

•"c •" '^outer '*' 
^slug 

._ slug + . f = 2.347 mm 
'total •' „ 2 'total 

r = 14.924 nun 

'total = 2.347 mm 

'"liner ^ ^^_ i ine i^ 22.477 gm 

mg 
Volg := — 

Volg = 12.487 cm' 
r . = 12.946 nun 'outer 
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VoL 
Re:= 

— - T T 

3 tan ( a ) 

Rg = 15.187 mm casing radius 

r̂ , = 14.924 mm 

charge - '^'^e 

^charge = 30-374 mm 

tan ( a ) 
= 25.849 nun 

casing wall tliicl<ness 

"^liner = 22.477 gm 

Palum --1-3 ^ 
cm" 

-'"liner 
casing -~ 

P alum 

V - = It-casing "• 

'inner 
" l • -

[(.= 

Vcasing = 34.58 cm" 

•) 2 

c ) *̂ casing 

"casing '•= 20mm + Hj 

'^device -
7t-H 

n-H 

casing 
casing ' casing "'' '^"casing 'c 

"•device =22.049 mm •"device - Tc = 7.125 mm 
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ttotal = 2.347 mm C),-harge = 30..374 mm 0 ^ ^ ^ ^ = 25.154 ra«| 

H i : = inner 
H j = 21.784 mm 

H ^ := — Ho = 25.849 mm 

H jj := 4nmi + 11^ H j j = 29.849 mm 

H -)j := 4nmi -f H i H2t = 25.784 mm 

"cas ing := 20mm -H H j "casing = 41-784 mm 

^^^ support '•= 20 mm 

" t o t a l • l-* '̂ support •*" "cas ing " to ta l "̂  61.784 mm 

Vol device •" ^'""device ' " total Vol device =94 .363 cm' 

Vexp - -•'^•'c " l Vexp = 10-162 cm-

' "exp •= V e x p - P e + ""e '"exp = 40.768 gm 

Vdet •= n - r c ^ ^ O m m 

m det •" det ' P alum 

'"total •= " 'exp + 3miijjgj. + m^^^ "»total = 126.391 gm 
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