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Armatures arc the key mechanical component and have significant influence on 

the performance of helical Magnetic Flux Compression Generators (MFCGs). However, 

the detailed understanding of the expansion and interacfron behavior of armatures with 

other key mechanical components has neither been well researched nor systematically 

investigated. The ultimate objective of this dissertation was to systematically investigate 

the detailed behavior of armatures in helical MFCGs by means of Finite Element 

Analysis and experimental verification 

Metallurgical observations on armature samples showed that the microstructural 

evolution of the material during the armature's expansion process is mainly caused by the 

rapid circumferential plastic deformation of the material leading lo formation of axial 

cracks, which first initiate on the expanding armature. 

The chosen material's constitutive model and equation of state, for input into the 

finite element models, were verified via explosive experiments. Material models were 

extensively used to explore the expansion and interaction behavior of armatures in helical 

MFCGs. The following main conclusions were obtained: 

1. There is a serious detonation end effect or "barreling," which might cause an 

additional magnetic flux loss in an improperiy designed helical MFCGs. 

2. The expansion angle of the armature in helical MFCGs varies with post-

detonation time and with axial positions along the armature. If the armature 



expansion angle ia assumed to be constant, its \alue should he the average 

expansion angle measured along the mam axis of the armature. 

3. There is no scaling effect on the expansion angle of the amiature. The expansion 

angle is only a function of ihe densities of the armature and the explosive, and the 

armature's wall thickness ratio. 

4 The requirements for armature's expansion behavior are larger expansion angle. 

small length of detonation end effect and high impact velocity. Based on these 

requirements, aluminum 6061-T6 armature is the best choice followed by a tri-

layer cu-polymer-al design among the five possible armature structures under 

research. 

5. The crowbar's inleraclion with the amiature has a significant local effect on 

armature, resulting in a larger inward spike on the armature surface and 

accentuation of the detonation end effect. 

6. During the armature's impact with the helical wires/insulators, most of the 

insulator material is squeezed out of the contact zone. However, some fragments 

of insulator material can be trapped whhin the contact zone. 

7. The axial shift of the core of the helical wire is not significant and will not resuh 

in contact with the core of its adjacent turn. 

8. The "turn-skipping" phenomenon is mainly governed by the eccentricity of the 

armature with the stator. the armature's wall thickness tolerance, the pitch of the 

helical coils and the armature's expansion angle. The criteria for prevention of 

"tum-skipping" are presented 
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CHAPTER 1 

OBJECTIVES AND RESEARCH ISSUES 

I.I Introduction 

The Department of Defense, in conjunction with AFOSR (Air Force Office of 

Scientific Research) as its contracting Agency, awarded its second Multidisciplinary 

University Research Imtiative (MURI) grant to investigators in the electrical and 

mechanical departments at Texas Tech University in the area of "Explosive-Driven 

Power Generation for Directed-Energy Munitions" in April 1998. This project wilt be 

simply called the MURI project in this dissertation. A two-university consortium 

consisting of Texas Tech University (TTU) and the University of Missouri at Rolla 

(UMR) received this grant. Texas Tech University is the lead institution. Texas A&M 

University was added as a third consortium member in September 1998. 

Due to their high-energy gain and compact geometrical configuration, helical 

Magnetic Flux Compression Generators (MFCGs) have the highest promise as the power 

sources for directed-energy munitions among various MFCGs, such as explosive driven 

magneto-hydro-dynamic generators, explosive-driven piezoelectric and ferro-magnetic 

generators. Helical MFCGs have been chosen as the subject generators in this research in 

order to investigate the spectrum of mechanisms contributing to losses in the efficiency 

of helical MFCGs. 

The two most critical research issues in the MURI project were: 



1. To identify the loss mechanisms in helical MFCGs in order to improve their 

energy conversion efficiency; 

2. To condition (with high efficiency) the typically high current, low vohage 

(lOO's kA. lO's kV) output pulses to the required high voltage, lower current 

pulses (IO"s kA and lOO's kV) for microwave generators. 

The uhimate research objectives in the MURI project were to improve the basic 

understanding of the fundamental processes governing the operation of helical MFCGs, 

and to develop high efficiency power conditioning techniques for matching helical 

MFCGs' output to directed energy generator loads. The basic infonnalion obtained 

should aid in designing future compact, high efficiency power sources for directed energy 

munitions. 

Armatures are key mechanical component in helical MFCGs, which have 

significant influence on the performance and efficiency of helical MFCGs. The research 

in this dissertation, which is a part of the MURI project, focused on the expansion and 

interaction behavior of armatures in helical MFCGs for the purpose of optimizing 

armature design. 

1.2 Development of Magnetic Flux Compression Generators 

Since 1821 when Michael Faraday first demonstrated that a varying electrical 

current field can produce a magnetic field and a varying magnetic field can produce an 

electric current field, the attention of scientists has been devoted more and more to 

electromagnetic phenomena. The generation of high magnetic fields and pulsed powers 



has particularly been favored because of their importance in technical applications and in 

experimental physics. 

The generation of ultrahigh magnetic fields and pulsed powers is based on 

magnetic flux compression principles. MFCGs. which use extremely powerful energy 

sources such as explosives, utilize moving conductors to compress and to force initial 

magnetic fluxes into a smaller volume space resulting in ultrahigh magnetic fields. 

It was believed that P. L. Kapitza was a pioneer in generating ultrahigh magnetic 

fields [1], When he tried to observe and to measure the velocity of alpha particles in the 

Wilson expansion chamber placed in a magnetic field, he realized that it was necessary to 

generate a 100 kG magnetic field within a volume sufficient to contain the chamber. It 

was difficult to obtain such a strong static magnetic field. I le abandoned the traditional 

methods, in which static magnetic fields were generated, and started developing pulse 

methods for generating uitrahigh-pulsed magnetic fields. In 1924. P,L Kapitza proposed 

methods for generating pulsed magnetic fields up to 3 million Gauss. He was well ahead 

of his time, generating up lo 50 T magnetic fields during a few milliseconds in a coil of 1 

mm inner diameter, which was powered b>' a high current lead accumulator |2, 3]. This 

was 10 times as high as the fields generated by the largest electromagnets in his time In 

1927. he succeeded in obtaining a 32 T magnetic field in a 2 cm' solenoid by using a 

flywheel-driven generator with an ingenious gear-switch [4]. 

According to the literature |5, 6], the first use of explosive magnetic flux 

compression techniques occurred at the Los Alamos Laboratory. 1 'SA An un-published 

report summarizing this work was written by Joseph L. Fowler in 1944. He used 



magnetic flux compression principles to measure the implosion of explosive-driven liner 

systems. During his work, the initial magnetic field (a few gauss magnetic field) was 

compressed to a few hundred gauss-magnetic fields. But he did not realize that this could 

lead to a totally new and powerful generator. 

It is widely believed that in 1951, A. D. Sakharov of the Former Soviet Union. 

proposed operational principles for the first MFCG, in which imploding devices were 

used to compress an initial magnetic flux to generate high magnetic lields [7]. The first 

explosive experiment on an MFCG was conducted in USSR early in 1952 by R. Z. 

Lyudaev, E. A. Feoktistova, and G. A. Cirkov [8]. The tested device included: (1) a 

cylindrical high explosive charge with an initiation system to generate cylindrical 

detonation waves. (2) an aluminum liner with a slit along its axis, and (3) a coil, by which 

an initial magnetic field of 35 koe was generated inside the Imer. In explosive 

experiments, the magnetic field of 1 Moe in the cavity with a diameter of 10 mm was 

recorded. Thereby, the feasibility of MFCGs was experimentally demonstrated and 

proved. Experimental results were published in 1966 [9, 10]. 

In 1957,1 P. Terleskill published an article entitled "Production of very strong 

magnetic fields by rapid compression of conducting shells" [11]. In his paper, the 

operational principles of MFCGs were theoretically expressed. Although it was a brief 

note, it was the first paper related to MFCGs in the open Hterature. 

In I960, CM Fowler. W.B. Gam and R.S, Caird published the first extensive 

paper related to MFCGs [5] in the open literature. The high explosive products deformed 

armatures resulting in the compression of the initial magnetic flux obtained from the 



initial field of approximately a hundred thousand gauss. Magnetic fields in the 10-15 

megagauss range were produced and recorded They described in detail theories. 

structures and related techniques of the implosion-l\pe MFCGs. In 1964. R S, Caid, 

W.B. Gain, D. B. Thomson and C. M Fowler published their second extensive paper 

related to MFCGs |12] in the open literature. In their work, the iniplosion-typc MFCG 

was a seamless hollow stainless steel cylinder driven by a ring explosive A coil pair 

supplied by a 90-kJ capacitor bank introduced the initial magnetic field Peak fields of 

1.2 and 4 megagauss were achieved in wt)rking diameters of 8.9 and 3.3 mm, 

respectively. In 1968. J. W. Shearer and his colleagues at the Lawrence Radiation 

Laboratory, Livermore. USA. published another extensive paper on MKCGs in open 

literature [13], In fact, in 1957. they started a large program on MTCGs [6]. The bulk of 

the work was completed in 1963 when the project was finalK terminated ten years later 

after its beginning. They explosively tested a number of MFCGs. and showed how their 

measurement of output currents could be compared with the theoretical calculation and 

numerical simulation. 

The work on MFCGs. published by C. M Fowler, W. B Garn and R. S Caird in 

1960. inspired a number of physicists in different countries to initiate similar 

experiments Among these was the Euratom group at Frascati, Italy, established by J. G. 

Linhart. One of their interests at Frascati was plasma compression. This group started 

from scratch, used commercial explosives and developed all the necessary experimental 

techniques for MFCGs. The laboratory staff at Frascati invited some scientists in high 

magnetic fields, including C. M. Fowler, to work with them for a couple of months to 



investigate MFCGs 114| The first international conference. "Megagauss field generation 

by explosives and related experiments" [15], was held on September 21-23. 1965. in 

Frascati. Italy, sponsored by both the Italian Physical Society and the Laboratoratorio Gas 

lonizzati at Frascati. and was edited by H. Knoepfel and F. Herlach. The first conference 

provided extensive theoretical and experimental information on MFCGs. 

In 1970. H Knoepfel published his world-famous book entitled "Pulsed high 

magnetic fields," which systematically collected and discussed the principles of the 

magnetic flux compression and its applications to high magnetic field generation [6]. 

The latest megagauss conference. "IX* intemational conference on megagauss 

magnetic field generation and related topics." was held on July 7-14, 2002. in 

Moscow/St. Petersburg, Russia. Today, the operational principles of MFCCjs are well-

known Theoretical, numerical, and experimental research on different types of MFCGs 

are covered in a huge public collection. 

1.3 Classification of Magnetic Flux Compression Generators 

There are a number of different magnetic flux compression generators In 

general, magnetic flux compression generators can be roughh divided into two categories 

[6]. The first category includes the energy density generators, in which ultrahigh 

magnetic fields are generated by radial implosion ofa hollow cylindrical conductor. This 

type of generator is used to generate ultrahigh magnetic field. The second category 

includes the current or energy generators, in which the compression volume is usually 



separated from the inductive load. This type of generators is used to produce ultrahigh 

pulse power output. 

The c> lindrical-type of implosion magnetic flux compression generators in the 

first category was proposed by A. D Sakharov in 1951 and first published in open 

literature by C. M. I-owlerand his colleagues [5. 16] in I960 and 1961. Figure 1.1 is a 

schematicof a cylindrical-type of implosion magnetic flux compression generator [17]. 

In this type of MFCCis, initial magnetic field is generated in the bore of cylindrical 

armature (or liner). Explosive surrounds the outside of the armature and is detonated on 

the periphery. Explosion products force the armatures to implode. Imploding armatures 

compress the trapped magnetic fields and convert part of armature's kinetic energy into 

magnetic energy resulting in ultrahigh magnetic fields. 

Figure l.I Schematic of a c_\ lindrical-type of an implosion MGCF [17] 



The majority of MFCGs belong to the second category. MFCGs in the second 

category can mainly be divided into three types. They are helical, bellow and disk 

MFCGs. 

The first helical MFCG. which was detonated at one end. was invested by A. D. 

Sakharov and published by A. D. Sakharov and his colleagues in 1966 [9. 10]. Figure 1.2 

shows a schematic ofa helical magnetic flux compression generator. In helical MFCGs. 

armatures are filled with high explosives and surrounded b\ coaxially located helical 

coils. Explosives are detonated at one end and force armature to rapidly expand in radial 

direction The expanding armature compresses the trapping initial magnetic flux and 

converts part of the armature's kinetic energy into magnetic energy resulting in ultrahigh 

pulse power output in load coil. 

F g e I S hema c ol a he al [ : 



There are several different forms of helical MFCGs with differcm arrangement of 

detonation points and dil'ferem arrangement of the armature's positions 

A helical MFCG with the double-detonation-end was invented and published in 

1968 by J. C. Crawford and his colleagues [19]. This l>pe of generator is similar to the 

typical helical MFCGs except simultaneous detonation at both ends. Figure 1.3 is a 

schematic ofa helical MFCG with double detonation ends. 

CROWBAR SWITCH 

AUJMINUM ARMAruRE 

TERMINATION BARS 

Figure 1.3 Schematic of a helical MFCG with double detonation ends [19] 

Helical magnetic flux compression generators with a simullaneous-line-

detonation were presented in 1986 by C, M. Fowler. R S Caird and B.L Freeman and 

their colleagues [20, 21. 22]. This type of generator differs from typical helical MFCGs 

in that high explosives are initiated simultaneously on explosive's central axis Figure 

I 4 is a schematic of the cross-section ofa helical MFCG with simultaneous-line-

detonation. 



ONE-TURN COIL 

Figure 1.4 Schematic ofa helical MFCG with a simultaneous-line-detonation [53] 

Helical MICXis with multi-armatures were invented by L.N. Plyashkevich, A.I. 

Pavlovskiy R.Z, Lyudaev and their colleagues and published in 1992 and 1996 [23, 24. 

251, In this type of generator, several parallel armatures are inside helical coils. Each 

armature is filled with high explosives and simultaneously detonated. The composite 

piston, which is made from several expanding armatures, compresses the magnetic flux 

resulting in uitrahigh-pulsed power output. Figure 1.5 is a schematic ofa helical 

magnetic flux compression generator with multi-armatures 

The first "bellow" MFCG in the second category was investigated and published 

in 1965 b\ F. Herlach and H. Knoepfel [26]. In this type of generators, moving 

conductors are two parallel plates between which the high explosive is sandwiched. 

Figure 1.6 is a schematic ofa "bellow" MFCG 
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Figure I 5 Schematic ofa helical MFCG with mu I ti-armatures [24] 
a) Front view, b) Side view 

1-lube. 2-helix. 3-high explosive lens, 4-metal ring, 5-longitudinal metal elements 
6-insulator, 7-output cables, 8-load. 9-inilial current capacitor bank 

Figure 1.6 Schematic of a "bellow" MFCG [6] 

The first disk MFCG in the second category was invented by V. Chemyshev and 

his colleagues in 1961 and published in 1984 [27], Figure 1.7 shows a schematic ofa 

disk MFCG. As shown in Figure 1.7, a compression space is formed b\ two current 

conductors: an outer cylindrical and an inner one, made as a series of thin-walled copper 

disks. Adjacent disks are connected in pairs by current conducting cylindrical bridges. 



The spaces under bridges are filled by high explosives. All charges are initiated 

simultaneously. Affected by explosion products, neighboring disks are imploded. 

delivering magnetic flux from compression cavities into a transmission line and load. 

The geometry of magnetic flux compression cavities allows a phase velocity of dynamic 

disk contact that exceeds explosive detonation velocity. 

Figure 1 7 Schematic of a disk MFC(i [28] 
I- metal disks, 2-high explosive. 3- compression cavity, 4-detonators 

Helical MFCGs. in which explosives are detonated at one end, are attracti\ e 

because they represent a means of transuding appreciable amounts of electrical energy in 

inductive loads at a modest size and weight. This type of helical MFCG has been chosen 

as the research objecli\e in MURI project. From now on. this type of helical MFCG will 

be focused on 



1.4 Operational Principles of Helical Magnetic Flux Compression Generators 

Figure 1.8 demonstrates the operational principles of a typical helical MFCG A 

capacitor bank provides a necessary seed current in helical coils, Ihe seed current in 

helical coils produces an initial magnetic field in the MFCG. After the high explosive in 

the generator is detonated, the armature in the generator begins to rapidly expand. First, 

the crowbar will short-out the armature with the helical coils and trap the initial magnetic 

flux in the generator. Next, high explosive products will force the armature to rapidly 

expand outward to short-out successive tums of the helical coils. In this process, the 

chemical energy of the explosive is transformed into kinetic energy of the armature The 

rapidly expanding armature shorts-out successive turns of the helical coils, resulting in 

the compression of the magnetic flux into the load coil. The compression of the magnetic 

flux converts the kinetic energy of the armature into pulsed electrical energy. 

Figure 1.8 Demonstration of operational principles of a MFCG [29] 



The operational principles of a typical MFCG can be clearly expressed and 

demonstrated by a partial differential equation in a lumped equivalent circuit of the 

generator. The lumped equivalent circuit ofa helical MFCG is shown in Figure 1.9. In 

Figure 1.9, L̂ ^ is the generator inductance, which includes the self-inductances of the 

helical coil sections, the mutual inductances between the helical coil sections, and the 

mutual inductances between the helical coils and the armature sections, and excludes 

magnetic flux leakage. L̂ , is a time-function variable during operation of helical MFCG 

L| is the load inductance, which can be treated as a constant during the operation of 

helical MFCG R^ is the armature's efl'ective resistance, which represents the magnetic 

flux loss caused by the expanding armature. RH is the helical coil's effective resistance. 

"1" refers to the circuit current. 

-nzh 

1 

Figure 1.9 The lumped equivalent circuit of a helical MFCG 



The governing equation for the lumped equivalent circuit [30] is: 

-[L(t)l(t l l+R(t)l(t) = ^ + R(t)l(t) = D (1-1) 

at dt 

where L(l) is the total inductance in the circuit, which is equal lo L̂_ + L, : 

<t> = L(t)l{t), is the total magnetic flux in the circuit, 

R(t)is the total resistance in the circuit, which is equal to R^ +R|, In fact, the 

resistance R(t) formally represents the magnetic flux leakage. 

Equation (I -1) can be written in following form: 

L ( t ) ^ = - . ( t , [ R , t , . ^ ] . ,1-2, 

where is usually called as the negative resistance. In order to obtain a net current 
dt 

increase, the absolute value of negative resistance must exceed the total resistance. 

The solution to equation (1-1) is: 

aexp|-jH!)d.|. (1-3) 
) 1 ;ut) J 

l ( t )^L(0)_J 'fR(t) 
1(0) L(t 

where --^ is called the current muhiplication ratio; 
1(0) 

—^ is called the inductive compression ratio; 
L(t) 

t =0 refers to the initial condition. 



During the operation of helical MFCGs. expanding armatures slide along helical 

coils so that L(t) will rapidly decrease to a ^er^ small value with respect to the initial 

L{0). Thus, a very high-pulsed current will be produced in helical MFCGs. 

1.5 Mechanical Components and Their Functions 

A general schematic ofa typical helical MFCCi is shown in Figure 1.2. Ihe 

armature is the key mechanical part. Other mechanical parts affecting the behavior of the 

amiature include the stator (the helical coils and their holder), the crowbar and the end 

plug. 

In typical helical MFC(is. main functions of the armature are the following. 

1. The armature serves as an electrical conductor, which is connected between 

helical coils and load coils lo form a closed circuh. An efficient operation of the 

armature requires armature materials to have a very high conductivity. Copper 

and aluminum are the common materials for armatures. 

2. The armature serves as a medium to convert the internal chemical energy of high 

explosives to the kinetic energy of the armature. High explosive products 

accelerate the armature and force the armature to expand rapidly. In this way. the 

intemal chemical energy of high explosive is changed into the kinetic energy of 

the rapidly expanding armature. Generally, aluminum armatures are preferred for 

this purpose. 

3. The armature is used to trap the initial magnetic flux inside the generator, which 

will be further compressed. Part of the magnetic flux w ill be diffused into surface 
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layer of the armature. But, generally, the magnetic flux in the helical MFCGs w ill 

not penetrate through the armature 

4. The expanding armature impacts with and slide along helical coils, which ser\ es 

as a mechanism for compressing the initial magnetic flux into the load coil in a 

very short time resulting in an uitrahigh-pulsed power output. In this way. part of 

kinetic energy of the armature is converted into electromagnetic energ\ 

The stator in an MFCG is consisted of two parts' helical coils and its helical-coil 

holder (casing). The helical coils, which are charged by the capacitor bank and produce 

the initial magnetic field, will produce a very high magnetic field during the operation of 

helical MFCGs, The helical-coil holder is used to hold the helical coils in position and to 

provide some protection to other parts of MFCGs. 

The crowbar is used to short out the armature and the helical coils after the 

discharge of the capacitor in order to trap the initial magnetic flux. Generally, when the 

current m helical coils during discharging phase is maximum, the contact between the 

crowbar and the armature occurs. The end plug is used to decrease the energy loss during 

the explosion process. 

As described above, the armature has four main functions in helical MFCGs: a 

conductor connected between the helical coils and load coils to form a closed circuit; a 

medium for storing the kinetic energy converted from the chemical energy of the 

explosive: a medium for trapping and compressing the initial magnetic flux into the load 

coil, and a medium to convert part of the kinetic energy into the electromagnetic energy. 

It is obvious that the energy transformation or the pulsed power in helical MFCGs is 



fulfilled via the rapidly expanding armature. Therefore, amiatures can be identified as 

the key component in helical MFCGs. The expansion and interaction behavior of the 

armature with its surrounding components are the main issues to be investigated in this 

dissertation. 

1.6 Po.ssible Magnetic Flux Loss Mechanisms Related to Armatures 

The operational principles of helical magnetic flux compression generators are 

based on "the compression of the magnetic flux.'' Magnetic flux losses are critical issues 

in helical MFCCis Helical MFCGs are not \ery efficient in converting the explosive 

energy into electrical energy, typicalK less than 10% [3. 13. 19]. Four main possible 

magnetic flux loss mechanisms in generators have been identified as follows. 

The first magnetic flux loss mechanism is due to the magnetic field diffusion into 

armatures, which is unavoidable in helical MFCGs. In a helical MFCG. the expanding 

armature compresses the magnetic flux during the operation of the generator and is part 

of a closed circuit, which consists of the armature, helical coils and a load coil. The 

magnetic field will penetrate into a surface layer of the armature, in which the magnetic 

flux will be lost when the armature slides rapidly along the helical coils. This surface 

layer is generalK called the flux skin la\er. The flux skin layers depth is used to 

describe and represent this kind of magnetic flux loss. One method for determining the 

flux skin layer's depth was given by I.E. Cover. O.M. Stuetzer and J. L Johnson [31] as 

following: 



^ * ^ ' " J ^ 1 ' - ' — I (1-4) 
V 2pou I, ' ' 

(1-5) 

where 6(t) is the actual flux skin layer's depth based on the assumption that the current 

would rise exponentially in time as exp — and t is time; 

tf^ is the compression time: 

S is the initial compression spacing, which is the distance from the inner surface 

of the helical coils to the outer surface of armature; 

u is the average radial velocity of the expanding armature; 

a is conductivity of armature materials, 

p is the inductance constant; 

r IS the slope of the decrease in the flux skip layer's depths. 

The magnetic field diffusion into the annature in helical MFCGs is a \ery 

complicated issue. From equations (1-4) and (1-5), it is clear that the flux skin layer's 

depth is related to the compression spacing S and average radial expansion velocity u. 

The compression spacing is determined by the expansion ratio, which is the irmer radius 

of helical coils divided by the outer radius of armatures. Radial expansion velocity of 

armature is a function of expansion behavior of armatures. In this dissertation, expansion 

behavior of armatures in helical MFCGs will be investigated in details. 



The second magnetic flux loss mechanism is obviously related to the complicated 

phenomena on the contact point between amiatures and helical coils In helical MFCGs. 

armatures impact with and slide along helical coils, which consist of core copper wires 

and its insulating la\ er Generally, it takes the Shockwave to impact w ith the core copper 

wire of helical coils about tens of nanoseconds to transverse the insulating layer 

However, it takes much longer for the insulators to be broken down electrically. 

Furthermore, there is also a time delay for the magnetic flux decaying on Ihe contact 

point. This kind of magnetic flux loss is also unavoidable in helical magnetic flux 

compression generators. 

J.E. Cover, O.M. Stuetzer, and J.L. Johnson [31 j used a simplified bellows-type, 

two-dimensional MFCG to demonstrate the second magnetic flux loss mechanism at the 

contact point, as showoi in Figure 110 In Figure 1.10. a magnetic field H is 

perpendicular to the paper and a current 1 flows in the skin layer of thickness 5 around 

the circuit. Al time t,. the armature impact point, moving with a velocity v. has reached 

the location x. The electrical breakdown point is set backwards by a distance 

e, =vt* (1-6) 

where t * is the time delay of the electrical breakdown at Ihe contact point. 

Thus, the magnetic flux contained in the area, 26,8, is lost. 

An additional delay length, e , , is introduced by the fact that a magnetic field takes 

a finite time t to decay, and commensurable time is needed to change the original 

current path, e, is determined by the following equation: 



Figure l.IO The magnetic flux loss mechanism at the contact point [31] 
A) an illustration of complete generator showing the insulator breakdown location P. 
B) an illustration of magnetic field behind the breakdown point, C) end state at t=tc 

Therefore, at contact point, there is a total delay length e, + e,. They pointed out 

that for "bellows-type" MFCGs. the delay effect might be very small, but for helical 

MFCGs, the total delay length e, +e,might contain many tums of helical coils. There 

are a lot of models to describe the magnetic flux loss at the contact point, which are very 

complicated magnetic field issues and will not be covered in this dissertation. In order to 
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investigate this magnetic flux loss mechanism, interaction behavior of armatures with 

helical coils must be known. In this dissertation, interaction behavior of armamres with 

helical coils will be investigated in details. 

Electrical arcing might cause additional magnetic flux loss near the contact point 

|32|. The air trapped between the expanding armature and helical coils is shocked and 

compressed by the expanding armature resulting in high temperature and pressure, which 

will cause the electrical conductivity of the air to increase. This might cause a voltage 

breakdown near the contact point resulting in an additional magnetic flux loss. This topic 

will not be covered in this dissertation. 

The third magnetic flux loss mechanism is related to the non-uniform or 

asymmetric armature expansion, which could be avoided by an optimum armature 

design. It is obvious that some of the magnetic flux can be lost if an armature "skips" 

any turn of the helical coils. This phenomenon is generally called " 2Tr -clocking" or 

"tum-skipping." This can easily happen if the armature is oul-of-round or slightiy off-

axis, or if the annature expands in an asymmetric manner due to flaws in the armature, 

explosive or detonation position. This issue will also be investigated in this dissertation. 

The fourth magnetic flux loss mechanism is related to the quality of the 

expanding armature, such as armature surface melting, plasma jet formation, cracks, 

surface ripples, etc, which can clearly have very large effects on overall losses For 

example, any crack in the section of the expanding armature where the contact of the 

armature with helical coils does not occur will dramatically cause a magnetic field 

difftision resulting in an additional magnetic flux loss This issue, which should be 



solved m pre-armature design and explosive phase, will not be covered in this 

dissertation. 

Expansion behavior of armatures in helical MFCGs include the radial expansion 

velocity, the expansion angle, the armature deformation, and the detonation end effect. 

Interaction behavior of armatures in helical MFCGs include the sweeping velocity of the 

contact point along the helical axis direction, the effect of crowbar on armature expansion 

behavior, and the collision of the armature with helical core wires/ insulators. The first 

magnetic flux loss mechanism due to the magnetic field difftision is related to the 

expansion behavior (radial expanding velocity) of armatures. The second magnetic flux 

loss mechanism is due to the time delay of the electrical breakdown and magnetic field 

decay at the contact point and is related to both expansion behavior and interaction 

behavior. The third magnetic flux loss mechanism is related to the non-uniform or 

asymmetric armature expansion, which is combination of the expansion and interaction 

behavior of armatures. The fourth magnetic flux loss mechanism is related to the 

expansion behavior (crack or fragmentation) of armatures. In summary, an 

understanding of the expansion and interaction behavior of armatures m helical MFCGs 

is a must for identifying tiie effects of different variables contributing to the overall losses 

in the generators As mentioned before, this is one of the ultimate objectives in the 

MURI project. 



1.7 Previous Research on Armatures 

The earliest research on expansion behavior of explosive-filled metal cylinders, 

which are called armatures in helical MFCGs. was conducted for de^elopmem of 

"bombs" or "explosive-driven metal" for military purposes. 

In 1941, G. I. Taylor presented two equations for determining the expansion angle 

and final velocity ofa metal cylinder at the fragmentation state [33], in which he used the 

incompressible fluid theory to analyze the explosion of a long cylindrical bomb detonated 

at one end. These equations are now called "Taylor's relations" as follows 

*=2® (1-8) 

V„=2tan(^)V„ (1-9) 

where 

0 is the angle between the cylinder's axis and collapsing cylindrical surface, 

which is called expansion angle in helical MFCGs, 

V|j is the cylinder velocity at collapsing cylindrical surface, 

^ is the angle between the normal to the original cylinder's surface and the 

direction of the cylinder's velochy; 

Vpis the detonation velocity. 

According to Taylor's relation (1-8). Ihe cylinder's velocity bisected the angle 

between the normal to the original surface and the normal to the collapsing cylinder's 

surface. Taylor's relation (I-9) provided a way to estimate velocit\ of fragments of 

explosive-charged-cylinders if the expansion angle and detonation velocity were known. 



Later, a number of works [34-38] focused on experimental venfication of the Taylor's 

relations. 

In 1943, R.W. Gumey first proposed a method for estimating velocities of 

cylindrical bombs at their fragmentation phase [39] This method is now called the 

"Gumey method." l.G. Henry [40] in 1970 and J.E. Kennedy [41, 42] extended the 

Gumey method by applying it to many additional geometries. According to Ihe Gurney 

method, the \elocil\ ofa metal c\ linder in a direction normal to its original surface, 

which is called the radial expanding velocity in helical MFCGs, is: 

V 2 E " ir4] (1-10) 

where 

E is the specific energy of explosive. v2E is called the" Gumey velocity"; 

M IS weigh of metal cylinder; 

C is weight of charged-explosive; 

u is final velocity of fragments in normal to onginalsurface of metal cylinder. 

From equations (1-8), (1-9) and (1-10), the expansion angle of a metal cylinder at 

the collapsing state was given by the following equation: 

(M 1V 

3 = 2sin - 2sin 

y2E 
I C 2) 

(1-11) 

In 1970, H. Knoepfel in his famous book [6] stated that the magnetic flux loss due 

to " 27T -clocking" could happen if the expanding armature was not perfectly conical, or 



not perfectly coaxial with respect to the helical coils. The maximum allowable 

eccentricity was determined by Ihe expansion angle and the pitch of helical coils, as 

given in the equation (1-12). 

P 
Aa<-Ian(0) (1-12) 

where Aa is the eccentricity of the armature with helical coils; 

0 is the expansion angle of the armature; 

P is the pitch of helical coils. 

Equation (1-12) just considered eccentricity of the central axes of the perfect 

armature and helical coils, which is mainly related to Ihe assembly tolerance in helical 

MFCGs. This equation implies that when Ihe condition inequation (1-12) is satisfied, 

" 271-clocking" will not occur. In 1986. V.K. Chemyshev and his colleagues presented 

another criteria [43] for the maximum allowable eccentricity as given in equation (1-13) 

The maximum allowable eccentncity in equation (1 -12) is n time higher than that in 

equation (1-13). 

Aa<—tan(e) (1-13) 

2n 

In 1979. Fritz Herlach [3] pointed out that in order to obtain a good energy 

efficiency, each part of the armature should have delivered most of its kinetic energy 

before it collided with the stator, but the speed at impact should still be sufficient to 

assure a good contact. 

In 1979. A.E Binder and T.V Nordstrom [441 studied the effects of initial 

metallurgical microstructures in armatures on the expansion ratio of helical magnetic flux 
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compression generators. In their research. Binder and Nordstrom considered bimetallic 

armatures, consisting of copper outer tube and aluminum inner tube. It was believed that 

aluminum, due to its lowei density, could smooth out the shock wa\ e from the expanding 

explosive, and provided an added wall thickness with less mass than a solid copper tube. 

Two tubes in an armature were assembled with an interference fit Initial microstmcture 

of the copper tubes was altered in a controlled manner by using different forming 

techniques and alloying. Copper tubes were: (I) machined from half-hard copper rod or 

tubing, by which the standard armature was produced; (2) spun from sheet stock, (3) spun 

from oversized tubing; (4) explosively expanded from undersized tubing and (5) 

electroformed on an aluminum cylinder. Their research showed the following. 

• The initial microstmcture of armatures had a significant effect on the 

expansion ratios of armatures. 

• Approximately, a 25% to 50% improvement in the expansion radius prior to 

starting of the breakup had been achieved with using electroformed or spun 

armatures relative to standard armatures machined from drawn tubing. 

In 1979, J.E. Ciover. O.M. Stuetzer, and J.L. Johnson [31] used an equivalent-

lumped circuit to theoreticall> analyze the performance of helical MFCGs. In their 

theoretical analysis, they assumed that expansion angle and radial velocit\ of expanding 

armature were constants. They also assumed that the contact point between the armature 

and helical coils moved with constant axial velocity, while they pointed out that these 

assumptions might not be strictly tme. In their paper, they also mentioned that the 

magnetic flux loss due to the magnetic field difftision was related to radial expansion 



velocity of amiatures. The magnetic flux loss due to the time dela> in electrical 

breakdown and magnetic field decaying at the contact point was related to the radial 

expansion velocity between the armature and helical coils, and the sweeping \elocity of 

the contact point in the axial direction. 

In 1979. M. Jones used numerical methods to study performances of helical 

MFCGs [30], In his study, the expansion angle was assumed to be a constant, which was 

determined from either the high-speed photography or hydro-code predictions. They 

concluded that the increasing expansion angle resulted in an increase in current and 

energy gains. They also noticed that the expansion ratio had no significant effect on 

current and energy gains if the expansion angles were the same. Resuhs are shown in 

Figure 1.11. 

Figure 1.11 Energy gains for various expansion angles and expansion ratios [30] 

In 1989, P.A. Pincosy, D.K. Abe. and J.B. Chase's research [45, 46] pointed out 

that the current gain of helical MFCGs was limited by both non-uniformities in the 

amiature's expansion and the annature-stator misalignment. The non-unifonn armature 

file:///elocity


expansion and the armature-stator misalignment will induce the " 27i-clocking" or "tum-

skipping" to occur, resulting in magnetic flux loss. The "tum-skippmg" phenomenon 

was related to and determined by the expansion angle of the amiature, the pitch of helical 

coils, the wall thickness tolerance of the armature, and the misalignment of armature-

stator. 

In 1989, V.K, Chemyshev, G.I. Volkov. S.V. Pac, A.N. Skobelev, and V.P 

Strekin researched the effect of helical coils' shift along the helical axial direction on the 

performance of helical magnetic flux compression generators |47]. The inter-tum 

bridging and breakdown could be caused by a helical coil turn shift along helical coil 

axial direction. This would drastically reduce the efficiency of the generators 

In 1989, B. Novae, G Serbax. and V. Zoita |48] treated armature materials as an 

incompressible fluid and developed a theoretical model for the description of the 

armature dynamics, such as the expansion and fragmentation of helical magnetic flux 

compression generators. Their result was similar to results obtained by Taylor in 1941 

[33]. 

More recentiy. in 1998. E L Ruden. G.F. Kiuttu. and R.E. Peterkin [49] presented 

their theoretical work for determining the armature temperature rise dunng the operation 

of MFCGs. They concluded that temperature rise in armature materials was caused 

mainly by the adiabatic shock compression and partially by the plastic working. In their 

work, the Steinberg models (the matenal constimtive model and the equation of state) 

were used to descnbe mechanical behavior of armature materials under shock loading. 



Most commonly accepted assumptions on the expansion behavior of armatures 

were the constant expansion angle and the constant radial expansion velocity, which were 

theoretically based on the research conducted on "bombs" or "explosive-driven metals.' 

or some photos of deformed armature outer surfaces in explosi\e experiments However. 

there are two significant differences between armatures in helical MFCGs and cylindrical 

shells used in bombs. First, the detonation end of explosives in armatures is always open 

lo outside air. while explosives in bombs are confined in a close geomelncal 

configuration Second, expansion process or expansion behavior of armatures before the 

armature's fragmentation is desired in helical MFCGs while direct fragmentation is 

desired in bombs. Detailed expansion behavior of armatures (radial expansion velocity. 

expansion angle, armature deformation, fragmentation, and detonation end effect) is quite 

necessary to be fully understood in order to investigate performance of helical magnetic 

flux compression generators. However, few previous researchers have systematically 

focused on this issue. 

The most commonly accepted assumptions on interaction behavior of armatures 

are a constant expansion angle, a constant impact velocity, and a constant sweeping 

velocity at the contact point The constant impact velocity and the constant sweeping 

velocity at the contact point could be determined by the expansion angle and the 

detonation velocity of explosive. Most numerical simulations in the field of helical 

MFCGs were based on above assumptions and focused on electrical analysis. As 

mentioned before, magnetic flux losses in helical MFCGs are tightly related and 

determined b\ interaction behavior of armature, especially collision between the helical 



core wires/ insulation and the armature. The most effective method for investigating the 

interaction behavior of armatures is numerical simulation. In the past, few researches 

have been focused on interaction behavior of annamres in helical Ml CGs. 

In summary, survey of available literature in this field showed that detailed 

understanding of the expansion and interaction behavior of armatures in helical MlCGs 

have not been not well researched, as evidence by each of the available literature on this 

topic. 

1.8 Objectives and Research Issues 

The ultimate research objective of the MURI project was to improve the basic 

understanding of the fundamental processes governing the operation of helical magnetic 

flux compression generators. The basic information obtained should aid in designing 

future compact, high efficiency helical MFCGs. 

Based on the discussion on possible magnetic flux loss mechanism related to the 

armature in section 1.6 and previous research review on armatures in section 1.7. and in 

order to serve the ultimate research objective of the MURI project, the objectives of this 

dissertation were: 

• to observe and analyze microstructure evolution of armature materials during 

armature expansion process, for determining the failure mode to be used in 

finite element analysis and can be further used to predict the initiation of 

cracks in armatures. 



• to investigate expansion and interaction behavior of armatures in order to 

provide detailed understanding and information on expansion and interaction 

behavior of amiatures; 

• to investigate the non-unilorm and asymmetrical interaction behavior of 

armatures due to the assembling and manufacturing tolerances in order to 

prevent " turn skipping" during the operation of helical MFCGs 

In order to reach the above objectives, the following five main research issues 

were considered and investigated in this dissertation. 

1 Microstructure evolution of armature matenal. Any crack in an expanding 

armature, before the armature's ensuing contact with the helical coils, will 

dramatically change the magnetic field configuration and cause a decrease in 

the efficiency of helical MFCGs. Previous research, as mentioned in section 

1.6, has shown that initial microstmcture has a significant effect on expansion 

ratio, which is govemed by the occurrence of cracks in armatures. In this 

dissertation, the microstructure of the armature material samples including 

samples form initial armatures, fragments of armatures, and remains of 

armatures will be observed and analyzed in order to identify the failure mode 

of armatures and predict the crack direction in armatures. 

2. Expansion behavior of armatures. Expansion behavior of armatures in helical 

MFCGs mainly refers to the radial expansion velocity, the expansion angle. 

the armature deformation, and the detonation end effect. As mentioned in 

section 1.6, expansion behavior of armatures is tightly related to magnetic flux 



loss mechanisms due to the magnetic field diffiision and the time delays at the 

contact point. Understanding and detailed information on expansion behavior 

of armatures are also necessary condhions for fiirther investigating "tum-

skipping" phenomenon in helical MFCGs In this dissertation, the fimte 

element analysis and simulation was used as the main tool for investigating 

the expansion behavior of armatures The finite element models were first 

verified by explosive experiments and then utilized to investigate the 

expansion behavior of armatures. The main parameters in this research issue 

were the wall thickness ratio of armatures, and ratio of aluminum/copper 

section m bimetallic armatures. 

3. Scaling effect. Due to their destructive nature, explosive experiments for 

helical MFCGs are single-shot experiments. The actual size of helical 

MFCGs in any experiment will be limited due to limitations on the amount of 

high explosives that can be safely handled. In this research issue, 

experimentally verified fimte element models were employed to investigate 

the effect of "scaling" on expansion behavior of armatures in helical MFCGs 

4. Interaction behavior of armatures Interaction behavior of armatures in helical 

MFCGs includes the sweeping velochy of the contact point along the helical 

axis direction, the effect of the crowbar on armature expansion behavior, and 

the impact between the armature and helical core wires/ insulators 

Experimentally verified finite element models were used to investigate the 

interaction behavior of armatures. 



5- Criteria for prevention of "turn-skipping. As mentioned in section 1.6. the 

magnetic flux loss due to "turn skipping" can dramatically decrease the 

efficiency of helical MFCtis. The "turn skipping" can easily occur due to 

non-uniform and/or asymmetrical expansion and interaction behavior of 

armatures Unlike magnetic flux loss due lo the magnetic field diffusion and 

the lime delays at the contact point, which can not be avoided and mighl be 

reduced to minimum by better understanding the magnetic flux loss 

mechanisms, the magnetic flux loss due to the "turn skipping" could be 

avoided and eliminated by optimum armature design. The "turn skipping" 

phenomenon is govemed by the following parameters' the pitch of helical 

coils, the expansion angle, the eccentricity of annatures and stators. and the 

armature's wall thickness variations. The effect of each parameter and the 

combination of all parameters on "turn skipping" phenomenon will be 

theoretically investigated and analyzed. Corresponding criteria will be 

provided to prevent "turn skipping" phenomenon in helical MFCGs. 



CHAPTER 2 

THEORY 

2.1 Introduction 

Helical Magnetic Flux Compression Generators (MFCGs) use high explosives to 

accelerate armatures, which are used to compress the magnetic flux resulting in 

transferring explosive's chemical energy into electromagnetic energy. One distinct 

characteristic of helical MFCGs is a one-tinic-use generator. Helical MFCGs arc 

generally totally destroyed after their operations. During their design and research 

process of helical MFCGs. explosive-charged experiments on helical MFCGs are also 

one-shot experiments. Any measurement device, sensors, or equipment inside helical 

MFCGs will be destroyed. Therefore, explosive-charged experiments are usually 

expensive. A lot of diagnosis techniques, such as the X-ray technique and the high-speed 

camera technique, have been successfially used in helical MFCGs' design and research to 

record the corresponding images, which reveal a lot of important information about the 

performance and behavior of helical MFCGs during their operations. However, this 

information is just part of the detailed performance and behavior of helical MFCGs. For 

example, high-speed cameras can just record a series of the images of helical MFCGs' 

operations at an interval of 1 microsecond in our explosive-charged experiments. Full 

detailed information cannot be obtained by these diagnosis techniques. Furthermore, 

even though it is not impossible, some information is very difficultly obtained by these 

diagnosis techniques in explosive-charged experiments For examples, detailed 



expansion behavior of armature, detailed hydrodynamic behavior of helical 

wires/insulators during the collision of the armature with helical wires/insulators and so 

on, are very difficultiy obtained Fortunately, powerful computers and numerical 

simulation techniques are available. One of these powerful numerical techniques is the 

Finite Element Analysis (FEA) 

Since computers are invented and powerful computers are available, the finite 

element analysis techniques are fast developed and have been implemented in almost 

every field for exploring and presenting detailed physical behavior of different research 

objects. The finite element analysis and simulation offers several potential advantages 

over experimental methods for studying the detailed physical behavior of research 

objects The finite element analysis and simulation allows a non-intrusive investigation 

of physical behavioral interior points of research objects. For example, no gauges, wires, 

or other instrumentation are required to extract information. There is no limit on the 

explosive-charged amount for implementing the finite element analysis and simulation in 

helical MFCGs' design and research. For the armature design in helical MFCGs, detailed 

physical behavior of the armature, helical wires/insulators, stators. crowbars can be 

obtained. The stress distribution, strain rate, pressure field, temperature filed, velocity 

field, deformation profile can be obtained in the finite element analysis and simulation by 

simply recording results at the required time step in the calculation. Furthermore, the 

finite element analysis and simulation is extremely useful in evaluating the effects of 

various boundary conditions, multi-layer versus monolayer armatures structures, material 

constitutive equations, and other geometrical and material parameters. It is obvious that 



the investigation on these b> the finite element analysis and simulation is much simpler 

than by physical experiments. In general, the finite element analysis and simulation can 

be done in less time and at a lower cost than experimental methods. 

In this chapter, governing equations for finite element methods will be briefly 

discussed in section 2.2. The effects of strain rates on material mechanical properties and 

related experimental techniques will be discussed in section 2 3. In section 2 4. material 

constitutive models for the high strain rate and shock loading will be discussed. The 

equations of state and failure models will be addressed in sections 2.5 and 2.6, 

respectively. Finally, the material models that will be implemented for investigating the 

expansion and interaction behavior of armatures in helical MFCGs will be determined 

and presented in section 2 7. 

2 2 Governing Equations for Finite Element Methods 

The finite element analysis and simulation is extensively used in engineering 

analysis, such as in the analysis of solids, structures, heat transfer and fluids. In fact, we 

can say that the finite element analysis and simulation is useful and employed in virtually 

every field of engineering analysis. However, it is very difficult to quote an exact date of 

invention of the "finite element methods." The roots of the finite element methods can be 

traced back to three separate research groups [50]- applied mathematicians, such as R. 

Courant in 1943 [51]. who proposed breaking a continuous system into triangular 

segments; physicists, such as J. L. Synge in 1957 [52|: and engineers, such as J. H. 



Argyris and S. Kelsey in 1954 [53], The temi "finite element" was first used by R. W 

Cloughin 1960 [54]. 

The essence of a finite element solution of an engineering problem is that a set of 

governing algebraic equations are established and solved. Therefore, it is only through 

the use of the digital computers that this process can be implemented effects ely and 

gives general applicability. The development of finite element methods for the solution 

of practical engineering problems began with the advent of the digital computers In the 

1940s. the first room-size digital computer was invented at University of Pennsylvania, 

which was commissioned by the U S. army to calculate ballistic trajectories during the 

World War II. In the 1950s, analog computers were developed to process more complex 

structural problems. The finite element methods obtained its real impetus from their 

applications in engineerings In the 1950s, a team from Boeing demonstrated that the 

complex surfaces could be analyzed with a matrix of triangular shapes. In the early 

1960s, a small analog computer manufacturer and consultant for the aerospace industr\ in 

Southern California were awarded a contact from NASA to develop a general-purpose 

finite element analysis code. This company, the MacNeal-Schewendler Corporation, 

ensured the growth of commercial finite element analysis codes b> developing what is 

now known as NASTRAN [55]. Now, a lot of commercial and general-purpose finite 

element analysis codes are available, such as ABAQUS, IDEAS, Pro/Engineers, LS-

DAYN, AUTODYN, the last two of which will be exlensi\el\ used in this dissertation. 

Principles of finite element methods are based on the conservation of mass, the 

conservation of momentum and the conservation of energy. The basic technique is to 



discrete the system into a lot of small regiments or elements, which are connected by 

nodes in adjacent elements. When a region of space moving with a spatial velocity 

u containing material moving with a material velocity v is considered and if there are no 

chemical processes that would give rise to mass fluxes between different materials, the 

goveming equations for the materials occupying this region of space are consisted of 

following three equations [56]. 

Goveming equation for conservation of mass: 

^ f pdV = c{ p ( u - v ) d S (2-1) 
Ît J/(i)^ Jvnr^ 

Goveming equation for conservation of momentum 

^ f pvdV = <{ pv(u-v)dS-Hc{ a d S + c[ pgdV (2-2) 

Goveming equation for conservation of energy; 

i - f fpe + i v ' l d V = <{ pfe-l--!-vO(u-v)-''S 

dt ^ " > r 2 ) *"" I 2 ) (2-3) 
•l-^^ [A-(c-v)+pg'V + h]dV 

In addition, the following equation holds for the volume V(t) occupied by the 

material: 

4LV(t) = J; u d S . (2-4) 
dt *«" 

The following notation is used in the above equations (2-1) to (2-4); 

iLU)=—(^)+A. (tpu) is Ihe time derivative associated with a velocity u, 
dt dl 

is the inner product; 



V(t) is the volume of space moving w ith velocity u; 

Jv,!,*''" dS is the integral of (p flux through the surface of V(t); 

p is the mass per unit volume (density); 

V is the material velocity; 

a is the stress tensor; 

g is the acceleration of gravity; 

e is the intemal energy per unit mass; 

h is the energy flux. 

In the above goveming equations, if the spatial velocity u is the matenal velocity 

(u - V). then the region of space moves with the material, and the Lagrangian 

formulation of the governing equation is generated [57] If the spatial velocity is zero, 

then the region of space is fixed, and the go\ cming equations take the Eulerian 

formulation [58] The commercial finite element analysis codes can be generally 

classified into two categories: Lagrangian formulation codes and Eulerian formulation 

codes. Both Lagrangian codes and Eulerian codes have their advantages and 

disadvantages. 

Lagrangian codes have several advantages for some problems First, the 

convection terms will disappear from the goveming equations. The convection terms are 

computationally expensive, so Lagrangian codes tend to run faster than Eulerian codes. 

Second, very complex stmctures can be accurately modeled by using arbitrary 

connectivity meshes. So phenomena dependent on material interfaces can be accurately 

modeled because the interfaces can be accurately resolved. Third, complex, history-



dependent material models are easier to be implemented in Lagrangian codes, because 

there is no convention or mixing of history variables, such as the strain or the 

temperature, in the computational solution scheme. However, most Lagrangian codes 

have only one material per element, so that .some additional mies for treating multi-

material elements are needed. If the (low field is not smooth, or has a large amount of 

shear or vorticity. or large deformation, which are the common cases in shock loading or 

high velocity impact conditions, elements could be distorted into nonphysical shapes. 

For example, an element may have a negative volume. In this situation, the accuracy of 

calculation will be reduced and the calculation might be terminated. Generally, 

Lagrangian codes are suitable for simulation on solid materials. 

Eulerian codes have some advantages over Lagrangian codes. For example, 

elements never tangle with each other, so Eulerian codes tend to be more robust than 

Lagrangian codes. Because meshes are fixed m Eulerian codes, better-structured meshes 

and simpler algorithms are possible. As we mentioned above, the convection terms will 

appear in the goveming equations in Euerian codes, which will add more complexity for 

the computation. For example, some additional variables that are not determined by the 

goveming equations such as stress deviators, internal variables, and strain measurements 

must also be convected between elements. Eulerian formulation codes are recommended 

to handle the large deformations and fluid flow problems. 

In an attempt to combine the best features of both Lagrangian and Eulerian 

formulation, while removing some of their disadvantages, various Arbitrary-Lagrangian-

Eulerian (ALE) formulations were developed, such as by Frank and Lazams in 1964 [59] 



and Nob in 1964 [60], An ALE formulation has tremendous flexibility [56], It can treat 

part of the meshes m a Lagrangian fashion (the mesh velocity is equal lo material particle 

velocity), part of the meshes in an Eulerian fashion (the mesh velocity is equal to zero), 

and part of the meshes in an intermediate fashion (arbitrary mesh velocity). Now, 

arbitrary-Lagrangian-Eulerian (ALE) techniques are implemented in most of commercial 

FEA codes. However, ALE formulation is more complex because the ALE formulation 

must contain all the algorithms in both Lagrangian and Eulerian formulations in addition 

to the algorithms that determine when and how to reposition nodes in regions of high 

distortion [61]. 

The main topics in this dissertation do not intend to compile a new finite element 

code. We will use two very popular non-linear hydrodynamic commercial finite element 

codes, LS-DYNA and AUTODYN codes, to conduct the finite element analysis and 

simulations. Thus, the main tasks in order to use these codes for the armature design and 

research in helical MFCGs are to find suitable material models to describe hydrodynamic 

behavior of materials involved in helical MFCGs, 

2 3 High Strain Rates and Related Experimental Techniques 

Material mechanical behavior under dynamic loading, which can be expressed in 

another term "strain rates," are very complex and quite different from those under static 

or quasi-static loading. Different matenal models and expenmental techniques are 

required for describing material mechanical behavior under different strain rates 



Material mechanical behavior under dynamic loading can be divided into different 

regimes or divisions. 

According to structural response times, Corran [62] suggested that dynamic 

events under dynamic loading could be distinguished into three ranges; 

• "Quasi-static range," in which the inertia plays an insignificant part and can 

be neglected. Such events can be analyzed by using static methods. 

• "Stmctural range," in which the inertia plays an important part, but the period 

of response being studied is long compared to the time for elastic waves to 

transverse the stmcture In these problems, the effects of strain rates could be 

neglected. 

• "High-rate range." in which the important response occurs in a period that is 

of the same order or less than the time for elastic waves to traverse the 

structure. In these cases, the effects of strain rates should be considered. 

According to dynamic loading intensities and strain rates, Zukas [63| divided 

material mechanical behavior under dynamic loading into three regimes: 

• "Elastic behavior regime," in which resultant stress is below the material yield 

point. At this situation, both the geometry of the entire stmcture as well as the 

nature of the material play a major role in resisting external forces. 

• "Plastic behavior regime," in which the material is driven into the plastic 

range. The behavior involves large deformations, heating, and often failure of 

the colliding solids through a variety of mechanisms The response tends to 



become highly localized and is more affected by materia! constitutive models 

in the vicinity of load application than the geometry of the total stmcture. 

• "1 lydro-dynamic behavior regime," in which the generated pressures exceed 

the strength of the colliding solids by several orders of magnitude. In this 

case, materials behave locally and hydro-dynamically 

When considering strain rates as a parameter in loading, Lindholm 1641 used 

Figure 2.1 to delineate certain dynamic loading regimes for discussing material 

mechanical behavior under dynamic loading. 
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Figure 2.1 Dynamic aspects of strain rales [64] 

According to strain rates, divisions m Figure 2.1 serve to separate differences in 

the type of tests or load application or strain-stress relationships. A characteristic time 



scale is given also, which corresponds to the time required for producing 1% strain at the 

corresponding strain rate. This gives some indication of the duration of tests and the time 

period over which the measurements must be made. 

The strain rates up to lO' l/s are usually temicd as "Creep." The constant load or 

stress machine can be used to obtain matenal mechanical behavior for "Creep," The 

strain rates from 10"̂  to 10"' l/s are termed as "Quasi-static," in which the hydraulic or 

screw machine can be use to explore material mechanical properties. In "Creep" and 

"Quasi-static," the inertial forces are generally neglected because strain rates are \ery 

small, and the deformation process for considering temperature rise can be treated as an 

"isothermal" process. These two divisions are not our interest in this dissertation because 

the loading in helical MFCGs is related with high strain rates of shock loading. 

In the intermediate strain rate range of from 10"' to 50 l/s. a pneumatic or 

mechanical machine can be used to investigate material mechanical properties. In this 

division, mechamcal resonance within the specimen and the machine must be considered. 

The high strain rates range in Figure 2.1 is from 50 to lO"* l/s, which could be produced 

by the mechanical or explosive impact. In this division, the elastic and elastic-plastic 

wave propagation through the entire loading system including the specimen is essential lo 

proper analysis of the system. Above 10̂  l/s. strain rates are termed as "very high strain 

rates," which can be generated by the light gas gun or explosively driven plate impact. In 

this division, the plane strain conditions rather than the plane stress situation are normally 

used to descnbe the behavior of the specimens. The stress state is then dominantly 

hydrostatic, and measurements are made dunng the passage and reflection of shock 



waves in a plate-type specimen. In the last three divisions, the inertial forces are 

important and the deformation process becomes essentially an adiabatic process rather 

than an isothermal process. 

In the following, the effects of high strain rates (high and very high strain rates as 

shown in Figure 2 1) on matenal mechanical properties and related experimental 

techniques will be reviewed and discussed because the strain rates involved in helical 

MFCGs belong to high strain rates. 

2.3.1 Effects of High Strain Rates on Material Mechanical Properties 

Effects of high strain rates on material mechanical behavior have been extensively 

researched [66. 67]. Mam effects on most materials under high strain rates of loading can 

be summarized as the strain hardening, thermal softening, adiabatic deformation, strain-

rate sensitivity, and fluid-like behavior (hydrodynamic). 

"Strain hardening" describes the phenomenon that material dynamic stress 

increases with increasing strain rate, which is well understood and researched. "Thermal 

softening" refers that material dynamic strength decreases with increasing temperature. 

Kumar and Kumble [681 used the dislocation mechanics to explain strain hardening and 

thermal softening. In the thermally activated region, which is caused by high strain rates 

of loading, the dislocation motion is aided by thermal fluctuations. The dislocations are 

obstmcted at barners and a combination of the thermal agitation and the applied stress 

field is required to activate the dislocations over the obstacles. Al increasing strain rates. 

the time spent by a dislocation waiting at the barrier for a vigorous thermal fluctuation to 



take place, is shortened. Consequently, at increasing strain rates a higher extemal stress 

is needed for the continued motion of the dislocation. With increasing temperatures more 

energy is supplied by thermal agitation and a smaller effective stress is needed lo move 

the dislocation. Thus the yield stress decreases with increasing temperature. 

Another effect of the high strain-rates is that the deformation becomes essentially 

adiabatic rather than isothermal [63, 64|, Most of the work of plastic deformation is 

tumed into the thermal energy. Taylor and Qumney [69] indicated that approximately 

85-95% of the plastic work represented by the area under the stress-strain curve showed 

up as thermal energy, the remainder being stored as the latent energy. This thermal 

energy does not have sufficient time to dissipate during the duration of high strain rates 

of loading. Thus, the deformation becomes an adiabatic deformation 

Materials under high strain rales of loading have different strain-rate sensitivities 

after yielding. According to the strain rate sensitivity, constitutive models for describing 

material behavior under high strain rates of loading can be divided into rate-independent 

models and rate-dependent models [70]. The first strain rate-independent model for 

considering high strain rates of loading was provided by Donnell [71 ]. who built a bi

linear slress-stram relation as the constitutive model for describing material mechanical 

behaviorof a impacted bar under high strain rates. The foundationof the strain rate-

independent theory (or models) was independentiy provided by Karman in 1942 in the 

United States- Taylor in 1942 in England, and Rakhmatulin in 1945 in Russia [72], The 

strain rate-dependent constitutive model was founded by Marlvem in 1951 [73.74]. He 



proposed the following stress-slrain-law to model dynamic behavior of materials under 

high strain rates. 

a = f(E)+ln(l + hi:|,) ,2-5) 

where 

ois the stress; 

f(£)is the stress from aquasi-stalic stress-strain cur\e. 

e is the total strain: 

tp\s the plastic strain rate; 

b is a material constant determined by experiments 

Strain rate-dependent models and rate-independent models might be suitable to 

describe the same material mechanical behavior under high strain rales because they |ust 

look al different aspects of the same phenomenon For example, both strain rate-

dependent models [75, 76] and strain rate-independent models [77, 78] had been used to 

describe the material mechanical behavior of aluminum 6061-T6 under high strain rates. 

For OFHC copper, both strain rate-dependent model [79. 80] and strain rale-independent 

model [66.81 ] were used to describe material mechanical behavior under high strain 

rates. Several popular constitutive models under very high strain rates of loading (shock 

loading) will be discussed in detail and presented in section 2.4 of this chapter. 

When the intensity of the loading is so great, and its duration so shoit. for 

example, under shock loading caused by explosives, that the resultant pressure is several 

orders higher than material yield strength, the material no longer possesses rigidity and 

will behave as a fluid. In this situation, it becomes reasonable to consider the solid as 
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behaving like a compressible fluid descnbed by an equation of state, which is a 

relationship between the pressure, the density, and the temperature or intemal energy. 

Equations of states for different materials have been extensively researched [82-85] 

Several popular equations of slate for materials under very high strain rates of loading 

will be discussed and presented in section 2 5 of this chapter, 

2.3.2 Experimental Techniques for High Strain Rales of Loading 

The common expenmental techniques for studying material mechanical behavior 

under high strain rates (from 50 to 10̂  l/s) of loading are the split Hopkinson pressure 

bar and expanding ring. In these experiments, it is generally assumed that a uniform 

stress condition during plastic deformation of specimens is satisfied. 

The Hopkinson pressure bar derives its name from the early work of Hopkinson 

[86], who, in 1914, published a paper describing the first experiments to quantitatively 

measure the transient stress wave produced by explosive detonation. In 1949. Kolsky 

[87] modified the Hopkinson pressure bar into two pressure bars, which is widely used 

and commonly called as the Split Hopkinson Pressure Bar (SHPB). In an SHPB, the 

specimen is sandwiched between two long bars of high strength material. A striking bar 

is fired into the free end of the incident pressure bar generating a compressive impact 

pulse. Immediately following impact, the resulting shock wave travels along the incident 

bar towards the specimen. Upon reaching the bar-specimen interface, the shock wave is 

partially reflected into the incident bar and partially transmitted through the specimen 

into the transmitting bar. The induced stress in the specimen can be calculated by using 



the recorded reflected and transmitted strain histories on the pressure bars [88, 89]. The 

onginal SHPB is used to explore material mechanical behavior under high strain rates of 

compression loading. The modified SHPB can also be used to investigate material 

mechanic behavior under high strain rates of tension [90] and torsion [91]. 

Another quite different approach to obtaining high strain rates while maintaining 

a uniform stress in the specimen is the dynamic expansion of a thin-walled tube or ring 

by means of the intemal pressure. If the deformation of the tube or nng is maintained in 

a symmetric mode, a uniform state of the hoop tension is established dunng the 

expansion. An eariy experiment of this type was that of Clark and Duwez [92]. They 

employed a tubular specimen filled with a liquid mercury column. A falling weight or 

drop hammer impacted the piston, which in turn applied the compressive loading to the 

mercury column and. thereby produced a radial pressure on the tube. Johnson, Stein, and 

Davis [93] first proposed a method for explosively expanding a thin ring. An explosive 

charge in conjunction with a thick steel ring was used to impart an initial uniform radial 

velocity to the nng. The detonation of the explosives set up a radially expanding shock 

wave in the steel ring. The strong shock front passed into the ring specimen and was 

reflected as a tensile shock wave from the free outer surface of the specimen When this 

reflected wave arrived at the interface of the specimen and the steel core, the specimen 

separated from the core since it had trapped momentum associated with the high stress-

leading portion of the shock wave. The ring specimen was then left in free flight having 

been given an initial velocity dependent upon the shock strength A third technique for 

expanding thin rings was suggested by Niordsen |94| The radial force was generated by 



the discharge ofa high peak cun-ent through the rigidly mounted coil that was coaxial 

with the specimen. The specimen should be good conductor since a poor conductor, such 

as the steel, could be heated excessively by electrical losses. 

2.3.3 Experimental Techniques for Very High Strain Rates of 
Shock Loading 

Investigations in material mechanical behavior under very high strain rates of 

loading (above lO** l/s) were onginally performed for military purposes [95]. Specimens, 

such as armors, were subjected to either projectile impacts or explosive detonations. 

Three expenmental techniques, which are the Taylor bar impact test, explosive plane-

wave generators and guns, are usually used to study material mechanical behavior under 

very high strain rates of shock loading. 

In the Taylorbar impact test named after G I. Taylor [96]. asolidcylinder of the 

material of interest is fired against a rigid target. The defonnation induced in the rod due 

to the impact in the Taylor bar impact test shortens the rod as the radial flow occurs at the 

impact surface. When one-dimensional rigid-plastic analysis is assumed, the fractional 

change in the rod length can be related to the dynamic yield strength. By measuring the 

overall length of the impacted cylinder and the length of the un-deformed (rear) section 

of the projectile, the dynamic yield stress of the material can be calculated. The Taylor 

bar impact test technique offers an apparently simplistic method to ascertain some 

information concerning the dynamic properties of a material. However, this test only 

represents an integrated test rather than a unique experiment with a uniform stress state or 

strain rate. 
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In explosive plane-wave generators that produce a planar detonation front in 

specimens, the specimen is separated from the high energy explosi\c by a metal plate, 

which serves to transmit the shock wave into the specimen. The explosive is arranged 

and detonated in such a manner as to assure that the shock is initiated uniformly over the 

surface. Measurements of the shock wave transit time through a known distance in the 

specimen gives the average shock velocity. This measurement can be made with pin 

contactors on the backside of the driving plate and at points within or on the free surface 

of the specimen Various explosive plane-wave generators have been designed for 

exploring material behavior under very high strain rates of shock loading [97-100] 

Different guns are also usually used to explore material behavior under very high 

strain rate of shock loading. Planar shock waves can be produced simply by using a gun 

to accelerate a flat-nosed projectile that then impacts onto a flat specimen. When 

compared to explosive techniques, guns offer greater control of the shock conditions 

imposed on the specimen, including the shock-pressure magnitude, pulse duration, and 

unloading conditions. Gas guns are very useful for shock-wave experiments up to a lew 

tens of GPa and power guns can produced nearly 100 GPa pressure [101]. Two-stage 

light gas guns are developed to attain much higher impact velocities than those a\ ailable 

with power guns [102, 103], in which the peak velocities in the 7-8 km/s can be routinely 

attained. In electromagnetic guns, projectile acceleration is produced by electromagnetic 

forces [104]. 



2.4 Constitutive Models at High and Very High Strain Rates 
of Shock Loading 

The loading in helical MFCGs is a high and very high strain rate of shock loading 

caused by high explosives. Therefore, the constitutive models at high and \ery high 

strain rates of shock loading are focused in the follow mg discussion. 

There arc a lot of constimtive models for describing material mechanical behavior 

under \ er\ high strain rates of shock loading The Steinberg-Guiana, the Johnson-Cook 

and the Zenlli-Armstrong constitutive models, which are widely implemented in 

numerical simulation under high strain rates of loading by a lot of investigator, are three 

of the most popular constitutive models suitable for very high strain rates of shock 

loading [105. 106. 107]. 

The Stemberg-Guiana constitutive model was developed in 1978 and publicly 

published in 1980 by D. J Steinberg, S. G Cochran, and M. W. Guinan [108, 109. 110]. 

As mentioned before in section 2 3, the yield strength and shear modulus of materials 

increase with an increase in strain rates and decrease with an increase in temperatures due 

to the strain hardening and thermal softening effects of high strain rates, respectively. 

But it does not seem reasonable to expect it to do so without limit. Steinberg, Cochran, 

and Guinan researched the constitutive equations of fourteen metals including aluminum 

6061-T6 and OFHC copper. They assumed that a value of strain rate existed, beyond 

which the strain rate had a minimal effect on yield strength. To check this assumption, 

they examined experimental shock-induced free-surface-velocity-versus -time records. 

The examinations showed that rate-dependent effects appeared to play a major role in 

determining the shape of these shock-wave profiles at stresses ofa few gigapascals. 



However, at stresses approaching 10 gigapascals, such as the situations caused by high 

explosives, the rate-dependent effects became insignificanl and the data could be 

successfully reproduced with a rate-independent model They mentioned that the rapid 

decrease of rate-dependent effects with increasing dynamic stress might be explained by 

the increasing in the temperature with increasing stress. For example, in liquids, rate-

dependent effects, such as viscosity, appeared to decrease exponentially with the 

temperature. They presented a strain rate-independent constitutive model applicable at 

high strain rate, which were verified by a number of shock-wa\e experiments. The 

Steinberg-Guiana constitutive model has received extensive use, especially in helical 

MFCGs' research [49. 107. 111]. The Steinberg-Guiana model is expressed in the 

following: 

r , p 1 [Y„[l+P(ep+E.)] for s < e , 
Y = l + ̂ ^ i - - - - B ( T - 3 0 0 ) X (2-6) 

L 0+1^) J [YMOX for e > e , 

where 

Fis the yield strength; 

£p andi-, are equivalent plastic strain and the initial plastic strain, respectively; 

T is the temperature; 

P is the pressure; 

j^( -=p/p^_]) is the relative compression ratio, pand p^ are the density and the 

initial density, respectively; 

A. B. p. n. Y„ , >•„,, and e^ are material constants. 



The Johnson-Cook conslilutive model was developed in 1983 by G. R Johnson 

and W H,Cook[l l2, 113. 114] This constitutive model, which was pnmarily 

developed and intended for the numerical simulation by computers, is suitable for 

matenals subjected to large strain, v ery high strain rates, and high temperature. Thus, the 

basic form of the model was well suited for computations because it used vanables that 

were readily available in most of the applicable computer codes, 'fhe twelve materials 

considered in their work included OFHC copper, aluminum 6061-T6. The data for the 

material constants were obtained from the torsion test over a wide range of strain rates, 

static tensile tests, dynamic Hopkinson bar tensile tests, and Hopkinson bar tests at 

elevated temperatures. The model and data were evaluated by comparing computational 

results with data from Taylor bar impact tests. The Johnson-Cook constitutive model 

defines the yield stress Y as 

Y = (A + Be;; l\+c loge; l\ -T; ; ' ) (2-7) 

where 

i:, is effective plastic strain; 

t 
z is nomialized effective plastic strain rate, which is equal t o ^ and 

eo= l ( s " ' ) ; 

Cr-T„„.,„) 
T,"' is homologous temperature which is equal tOy-— - ^ ,. 

A. B. C. n and ni are material constants. 



The expression in the first set of brackets in equation (2-7) gives the stress as a 

function of strain when ej, =1 s ' and T;;' =0 (i.e.. for laboratory experiments at room 

temperature). The constant A is the basic yield stress at low strain while B and n 

represent the effect of strain hardening. The expressions in the second and third sets of 

brackets represent the effects of strain rate and temperature, respectively. The 

relationship in the third set of bracket models the thermal softening so that the yield stress 

drops to zero at the melting temperature T,̂ ,̂,. The constants in these expressions vvere 

obtained by Johnson and Cook empirically by means of dynamic Hopkinson bar tensile 

test over a range of temperatures and other tests and checked by calculations of Taylor 

tests of impacting metal cylinders on rigid metal targets which provided strain rate in 

excess of 10' s"' and strain in excess of 2.0. 

The Zerilli-Armstrong constitutive model was developed in 1986 by F. J. Zerilli 

and R. W. Armstrong [115, 116, 117. 118]. Zerilli and Armstrong proposed a 

sophisticated constitutive model, which was based on the dislocation dynamics. The 

effects of the strain hardening and thermal softening (based on thermal activation 

analysis) had been incorporated into the formulation. The effect of grain size has also 

been included. The Zenlli-Armstrong constitutive model had a relatively simple 

expression and should be applicable to wide ranges of fee (face centered cubic) materials 

A relation for iron had also been developed and was also applicable to other bcc (body 

centered cubic) materials. An important point made by Zerilli and Armstrong was that 

each material stmcture type (fee, bcc, hep) would have its own constitutive behavior, 

dependent on the dislocation charactenstics for the particular stmcture. For example, a 
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stronger dependence of the plastic yield stress on the temperature and sliain rate existed 

for bcc metals as compared with fee metals. Their formulation attempted to model these 

ditfereiices. The Zerilli-Armstrong constitutive model had different equation for fee and 

bcc metals. 

The equation for Ihe yield stress of fee metals is: 

^ ^ ' ^ ' ^ • + y ^ + C,V^exp(-C,T + C,Tloge;,) (2-8) 

The equation for the yield stress of bcc metals is: 

Y - A G + -^- + C,exp(-C;r + CjTlogE:;.)+C5(c,)" ,2-9) 

w here 

ACT is an thermal stress componenl related lo the original microstruclure of the 

material; 

^ is average grain size; 

Epis the effective plaslic strain; 

e' is the normalized effective plastic strain rate: 

T is temperature (degree K|. 

C| . C . C j . C j .C's - [̂  and n are material constants. 

In the Armstrong-Zen Hi constitutive model, for fee materials, a parabolic strain 

hardening law coupled with the temperature and rate-dependent term was assumed, while 

for materials of bcc structure strain hardening was assumed to be temperature and strain 

rate-independent The constants for the Armsirong-ZerilM constitutive model were 



obtained from the tensile test and torsion test data at various strain rates and 

temperatures. 

The Sleinberg-Quiana, the Johnson-Cook and the Zerilli-Armstrong constitutive 

models arc all widely used in numerical simulation for material behavior under high and 

very high strain rates of loading. Both the Steinberg-Guiana and the Johnson are semi-

empirical constitutive models, which are mainly based on experimental data. However, 

the Zerilli-Armstrong constitutive model is more physically based because it is based on 

dislocation dynamics. 

2.5 Equations of State 

As mentioned before, when very high strain rates of intensive shock loading are 

applied on materials, the resultant pressure in materials is usually several orders higher 

than their yield strength. Thus, materials behave like a fluid. In this case, the equation of 

state, which is the relationship between the hydrostatic pressure, the local density (or 

specific volume) and local specific energy (or temperature), must be used to describe 

material behavior. When material strength is negligible such as gas. plastic or polymers. 

the equation of state is solely used to describe material behavior. When material strength 

should be considered such as metals, both the equation of state and the material 

constitutive model are used for describing matenal behavior. 

An equation of state is measured experimentally by using static and shock wave 

techniques. In static experiments, the pressure on the sample is generated by squeezing 

it between pistons of diamond in a diamond-anvil cell (DAC) and the volume is 



measured by x-ray diffraction The maximum static pressure achieved so far is about 5 

Mbar at 300 K 1119]. The compression ranges are up to 0 3, In shock experiments, the 

maximum pressure depends on the shock wave generator used. Chemical explosive and 

light gas guns achieve the pressures up to 10 Mbar with accompanying temperatures of 

- 10000 K 1120]. I ligh-powcr lasers have been used up to 750 Mbar [121]. 

The equation of state can be expressed in a lot of diflerent forms. In below, 

several general and wide-used equations of state will be discussed and presented. 

2 5.1 The Mie-Gruneisen Equation of State and the Hugoniot 
Equation of State 

Very high strain rates of shock loading will produce shock waves, which are the 

ubiquitous results of matter moving at velocities faster than the speed at which adjacent 

material can move out of the way. The propagation ofa shock wave can be described by 

the conservation of mass, momentum, and energy across a shock front, which is usually 

called "the jump conditions." The three jump conditions are shown in the following: 

P, - P , =Po =p„(u, - u J U - u J (2-11) 

E , - E „ = * ? ^ ^ ( V , - V , ) ^ l ( u , - u J ^ (2-12) 

where V ,U, u. P and E are specific volume, shock wave velocity, material particle 

velocity, shock pressure, and intemal energy per unit mass. The subscnpts 0 and 1 refer 

to the state in front of and behind the shock front, respectively. 



Under shock loading, solid materials behave like a liquid, in which the equation 

of state can be expressed in terms of specific internal energy as a function of pressure and 

specific volume E{P. V) A commonly used equation of state for solid materials is the 

Mie-Gruneisen equation of state as below: 

E(P,V)-E,(V) + X*^:A1X1) ,2,,3) 
r(V) 

vv here 

E(P,V)is the specific intemal energy of the shocked material; 

E,_ (V) IS the specific intemal energy on some reference isotherm; 

P̂ , (V) gives the known pressure dependence on the reference curve; 

r(V)is the Gmneisen parameter, which in general is a function of specific 

volume (or density). 

The Mie-Gruneisen equation of states can be expressed by linear equation of 

state, in which there is a linear relationship between pressure and density (or volume). 

However, the Mie-Gmneisen is generally expressed by polynomial equation of state, in 

which pressure is the polynomial function of density or volume. 

Including the equation of state (2-13) with the three jump conditions (2-10, 2-11. 

2-12) gives four equations with five variables: P, V, E. U. and u Thus, there is only one 

independent variable, and a curve is defined in a five-dimensional variable space. This 

curve is usually called as the "Rankine-Hugoniot curve." The Rankme-Hugoniot curve is 

generally represented in two-dimensional plane. The most useful representations of the 

Rankine-Hugoniot curve are the P-V, P-u and U-u planes. The above Rankine-Hugoniot 
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curves are usually called as the "Hugoniot equation of state." A technical report from the 

Los Alamos National Laboratory [ 122] provided the Hugoniot equations of state for a lot 

of materials including metals and polymers. 

2.5 2 The Tillotson Equation of State and the Puff Equation of State 

The Tillotson equation of state, which was developed in 1962 by J H. Tillotson 

[123], was derived to provide an accurate description of the material behaviorof metallic 

elements over the very wide range of pressure and density in hypervelocity impact 

phenomena. The Tillotson equation of state describes not only normal density material 

and Its conditions after shock, but also its expansion and change of phases in cases where 

the shock energy has been sufficient to melt or vaporize materials. The pressure range in 

this equation of stale can be so wide that the low pressure regime is defined as from 0 to 

10 Mbar, and high pressure regime from 10 to about 1000 Mbar. 

The Tillotson equation of slate has different forms in four pressure regions [124]. 

For Region I (p > 0), the pressure P, is given by: 

P, - a + — rip^e + Ap + Bp' . (2-14) 

I raj 
For Region II (p < 0,e > e J , the pressure P, is given by 

a + — r|P(.'-' +Ap. (2-15) 



For Region III ( M < 0,e; > e > e,), the pressure P, is given bv 

For Region IV (p < O.e > e;), the pressure P, is given by 

P, =arip„e + ^ ^ - l ^ + A|iei'' e ' " (2-17) 

where 

e^and e is the initial and simultaneous specific internal energy, 

ê  is sublimation energy; 

63 ^ ê  + ke,, and k is a experimentally-determined material constant; 

e, is the vaporization energy at zero pressure determined; 

p^and p are material initial density and simultaneous density; 

p . . . 

ri = - ^ IS compression ratio; 

p - Ti - 1 is relative compression ratio. 

13(1 IS a function of density and specific intemal energy and defined as 

do = I + ^ 

X is a function of density and defined as x - 1 — 
r 

a, b. A, a and Pare material constants. 



The Puff equation of state was constructed to cover the behavior of materials from 

cold shocked regions to hot and highly expanded regions. The Puff equation of state, 

which was first used in the PUFF/KO hydro-code [125, 126], was based on a Mie-

Gruneisen equation of state but with a variable Gruneisen Gamma F . Like the Tillotson 

equation of state, the (P, V) plane in the Pufl'equation of slate was divided into separate 

regions according to whether the material was compressed or expanded, and if expanded 

whether the energy was less than or greater than the sublimation energy. 1 he Puff 

equation of state had three different equations for different pressure regimes [124]. 

For Region I (n > 0). the pressure P, is given by: 

P, =(A,fi + A , p - + A , | a ' ( l - - ^ ] + rpe . (2-18) 

In this equation, pP = p„l „ 

For Region II (n < 0,e > e,), the pressure P. is given by: 

P , = ( T , M . T , M ' ( l - a j . (2-19) 

For Region III (n < O.e > e^), the pressure P, is given by; 

p, =p[H + ( r , -H) i i ' e -e^<l-exp N- 12-20) 

In this equation. N = —-Ve^ 
Po 

In above equations. A,. A,, A,, T,, T, and H are material constants. The rest 

notations are the same as these in Tillotson equation of state. 



2.5.3 The Sesame Equation of State 

The Sesame equations of state are an extensive library of tables of thermodynamic 

properties developed and maintained by the Equation of State and Opacity Group of the 

Theoretical Division of Los Alamos National Laboratory in the USA [ 127, 128, 129] 

The library currently contains data for about 70 materials including metals, minerals, 

polymers and mixtures. Most of the tables have data lor very wide ranges of density and 

energy, and are typically used for applications where these wide ranges are required, for 

example when materials undergo phase changes. 

2.5.4 The Steinberg Equation of State 

When D.J. Steinberg and his coworkers in 1978 developed the Steinberg-Guiana 

constitutive model suitable for high strain rates of shock loading, they also provided the 

corresponding equation of slate, which can be called as the Steinberg equation of state. 

The Steinberg equation of stale is a form of the Mie-Gruneisen equation of state. 

Steinberg in 1996 provided parameters of the Steinberg equations of state for 56 

materials including metals, plastics and polymers [ 130] The Steinberg equation of state 

is given as below: 

p = I 2 + {y^+a^)E forM>0 (2-17-1) 

[i-(.,M).-..^--..,^Vi, 

P = p,Cifi + (r„+afi)E f o r / /<0 (2-17-2) 



where 

po and p are the original density and the instantaneous density respectively, 

p=p/po-l.is the relative compression ratio; 

E is the energy per initial volume; 

Yo is the Gruneisen gamma, a material constant; 

C(|. SI. S: , Ss and a are material constants. 

2.5.5 The Gamma Law Equation of state for ideal gas 

In helical MFCGs, a specific gas or the air is sandwiched between the armature 

and the stator. In order to explore the behavior of the shocked gas or air, an equation of 

stale must be used to relate the pressure, density and energy The Gamma law equation 

of stale, which, m fact, is the simplest form of the Mie-Gruneisen equation of state, is 

usually to model the shocked gas or air. The gamma law equation of slate is given as 

[131]: 

P = {y-l)pE/p„ (2-22) 

where 

y is the ratio of the specific heat: 

P is the absolute pressure of the gas or air; 

Pf, and p are the initial and current density of the gas; 

E is the initial intemal energy. 



2.5.6 The JWL Equation of State for High Explosives 

The JWL (Jones-Willkins-Lee) equation of state for high explosives is an 

empirical equation of state. Us development follows an earlier equation proposed by 

Jones and Miller [132] and an equation developed by Willkins [133]. Lee and his 

coworkers finally modified and provided this equation of state for high explosives [134), 

Therefore, the equation of state is called as the Jones-Wilkins-Lee (JWL) equation. The 

JWL equation is given in follow. 

P = A(I-——)e''*''^ +B(I -)e "'" + — (2-23) 
R,V R,V V 

where 

P is the pressure; 

V is the volume of detonation products divided by volume of un-detonatcd high 

explosives; 

E is the detonation energy per unit volume, 

A, B. Ri- R2 and w are the material constants. 

The parameters of the JWL equation of state for most of high explosive are 

available [135]. 

2.6 Computational Failure Models 

The most serious limitation to the extensive use of computational techniques 

anses not from their cost or complexity but from the inadequacy of the models describing 

material failure [56]. Under high strain rates of loading (dynamic loading), failure can 



occur by a variety of mechanisms dependent on the material constitution and the state of 

stress, temperature, rates ol loading, and number of other variables. The methods and 

results of quasi-static fracture studies are of little use in situations involving high strain 

rates of loading. 

Computational failure models for impact loading situations were in detail 

discussed in a review article by Seaman in 1975 [136], Expenmental observations lead 

to the following conclusions about the general features of material failures 

• A range of damage is possible; there is no instantaneous )ump from the 

undamaged to the fully separated material. 

• Damage grows as a function of time and the applied stress. Hence, a single 

field variable of continuum mechanics (stress, strain, plastic work, etc.) at any 

time carmot be expected to characterize the dynamic fracture process. At least 

some time-integral quanthy must be used to represent the dynamic strength. 

Of course, if the intensity of Ihe applied load is so severe that the damage 

occurs in negligibly short time, reasonable resuhs may be expected from 

instantaneous failure criteria. 

• As the level of damage increases, the material is weakened and its stiffness 

reduced. This changes the character of the wave propagation through the 

material. Ideally, this should be accounted for in computational procedures 

• Even incipient damage levels are important since voids or cracks, ahhough 

they may be difficultly to be observed, may senously weaken a stmcture. 



The greatest uncertainty in code computations comes in the description of 

material failure [137], Hence, failure models for codes tend to be quite simple for two 

reasons: (I) since material failure will be incorrectly modeled, it should be done as 

simply and cheaply as possible, and (2) the material characterization required is kept to a 

minimum. 

Simple, empirical failure models of varying degrees of complexity exist Some 

have been applied successfully in high-velocity impact calculations. In general, failure 

criteria and models are of an ad-hoc nature, lacking a micro-mechanical basis to 

comprehensively treat problems involving brittle, ductile, and shear failure. Different 

criteria apply for different impact conditions, and there are at present no guidelines for 

analysis for selecting an appropriate failure criterion under different conditions. For lack 

of any substantive theoretical guidance, most computations are performed with simplest 

available failure criteria. These generally require the least amount of material 

characterization and are easily implemented in computer codes 

Three groups of failure models are commonly used, for example in AUTODYN 

code |124|, to provide the most suitable forms of failure criterion for different types of 

materials. They are the bulk failure, directional failure and cumulative damage (Johnson-

Holmquist damage model). In the bulk failure model, material behavior are considered in 

an overall manner and allow for the failure when some predefined flow variables reaches 

a critical value. The directional failure can be used to model failure initiation, which is 

directionally dependent. The cumulative damage model has been developed to describe 



the macroscopic inelastic behavior of materials such as ceramics and concrete where the 

strength of the material can be significantly impaired by cmshing. 

The bulk failure model among above three groups of failure models is extensively 

implemented in computational calculation. In the bulk failure model, the bulk 

strain/ultimate strain/effective plastic strain failure models are widely used for material 

behavior under very high strain rates of shock loading. In this failure model, if the 

effective plastic strain in the material element exceeds the ultimate bulk strain limit, the 

failure occurs in this element. 

2.7 Summaries 

The finite element analysis and simulation is extremely useful and a necessary 

tool for the armature design and research in helical magnetic flux compression 

generators. The loading in helical magnetic flux generators is caused by explosives and 

is a very high strain rate of shock loading. Therefore, in helical MFCGs. material 

behavior must be described by both material constitutive models and equations of state, 

or just by the equation of state. Any of the Steinberg-Guiana. the Johnson-Cook and the 

Zerilli-Armstrong constitutive models can be used to conduct the computational 

calculation for helical MFCGs' design and research. Any of equations of states 

mentioned in section 2 5 can be implemented for helical MFCGs' design and research. In 

this dissertation, the Steinberg-Guiana constitutive model and the Steinberg equation of 

state, which are simply totally called the Steinberg model, are chosen lo model any 

metallic materials involved in our helical MFCGs' design and research. There are two 



main reasons for this decision. First, only the Steinberg model includes both the 

constitutive model and the equation of state. A huge collection of data for different 

materials is publicly available. Second, several previous investigators in the field of 

helical magnetic flux compression generators had used the Steinberg model. 

The gas or air trapped or sandwiched between the armature and the stator is 

treated as an ideal gas and modeled by the (iamma equation of state. The high 

explosive will be modeled by the JWL equation of state. 



CHAPTER 3 

THE MICROSTRUCTURAL EVOLUTION OF ARMATURE MATERIALS 

3.1 Introduction 

The magnetic flux loss is a critical issue that has significant influences on Ihe 

efficiency and perfonnancc of helical Magnetic Flux Compression Generators (MFCGs). 

A metal cylindrical armature in helical Mi CGs filled with high explosives is used as a 

conductor to form a circuit with the surrounding helical coils and the load coils. Dunng 

the operation of helical MFCGs. the expanding amiature moves continuously outwards to 

short successive helical coils, and to compress and force the magnetic flux into the load 

coils resulting in an ultra-high pulsed power in the load coils. Before it contacts with the 

helical coils, any crack in the expanding armature, which is subjected to explosive shock 

loading, will dramatically change the magnetic field configuration and induces an 

additional magnetic flux loss resulting in the low efficiency and performance of helical 

MFCGs. Therefore, the knowledge of fragment or crack mechanisms and their micro

stmctural evolution during the armature expanding process is quite necessary. 

In this chapter, the metallurgical examinations on different samples from the 

deformed armatures was conducted to investigate the microstmctural evolution during the 

armature expanding process, in order to understand the fragment or crack mechanisms of 

armatures and provide a suitable failure mode for armatures in finite element analysis and 

simulation in helical MFCXjs. In the MURI-II project, aluminum 606I-T6 has been 

chosen as the main material to fabricate armatures Therefore, the microstructural 



evolution of aluminum 6061-T6 armatures is focused in this chapter. In section 3,2. 

explosive experiment setup and results will be descnbed and explained. In section 3.3. 

metallurgical examination on different samples will be presented. The section 3.4 will 

discuss the metallurgical examination resuhs. The conclusions will be drawn. 

3.2 Results From Explosive Experiments 

Axial 152.4 mm long, 38,1 mm in ouler diameter with 3.175 mm wall thickness 

was the geometry configuration of the armature specimens in explosive experiments. 

The cylinder amiatures was just half filled by a cylinder-shaped high explosive Comp C-

4 in order to obtain the remains of the armature after explosion Detonation of the 

explosive was started at one end. Two groups of explosive experiments were conducted. 

In the first group of experiments, the explosive experiments were conducted by utilizing a 

wood-lined detonation chamber in order to catch the armature fragments for subsequent 

metallurgical observation. In the second group of experiments, the expanding process of 

the armatures was recorded by a conventional rotating mirror camera, which captured a 

sequence of 26 images covering a time interval of 50 microseconds. Figure 3.1 shows 

the remains of the armatures after the explosive experiments and some collected 

fragments. Figure 3.2 is one picture of the recorded expanding armature outer surface in 

the explosive experiments. Figure 3.3 is the enlarged local picture of the deformed 

aluminum 606I-T6 armature in the expanding section in order to show cleariy the stripes 

on the expanding armature ouler surface 
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Figure 3.1 Remains and fragments of the aluminum 6061-T6 armatures 

The deformed .scttHin I he expanding section 
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Figure 3.2 Deformed aluminum 6061-T6 armature and the deformed section 



Figure 3.3 Enlarged local picture of aluminum 6061 -16 armature in the expanding 
section 

3.3 Metallurgical Examinations on Samples From Armatures 

During the armature expanding process, every element of the material in the 

armature specimens will undergo four distinct microstmcture stages. They are the initial 

stage, the deformed stage, and the expanding stage and the fragmenting stage. The 

material in the initial stage refers the material status before explosion The material at the 

deformed stage means the material around the interface between the deformed section 

and the un-deformed section as shown in Figure 3.2. The material al the fragment stage 

means the material status of the fragment. The material in the expanding stage refers the 

material in the armature expanding process without any cracks or fragments, as shown in 

Figure 3 2. The matenal status or material microstrucmre evolution in this stage are 

critical important for the proper armature design m helical MFCGs because the armature 



contacts with the helical coils and works at this stage. However, it is obvious that the 

samples for representing the expanding stage cannot be obtained. But the metallurgical 

observations on the samples at the defonned stage and fragment stage could provide 

some clues to estimate the microstructure changes at the expanding stage. 

The samples for metallurgical examinations were obtained from the initial 

material section, the defonned petals in the remains of the amiature specimens and the 

fragments For each stage, two samples in the longitudinal (axial) direction and 

transverse (circumferential) direction were examined. For aluminum 6061-T6 samples. 

the Keller's etchant (2 mL hydrofluoric acid. 3 mL hydrochloric acid, 5 mL nitric acid 

and 190 distilled water) was used to etch the samples [138], in the following pictures, 

"Longitudinal " represents the armature axial direction and "Transverse" the armature 

circumferential direction. Figures 3.4 and 3.5 are the microstructures of the aluminum 

6061-T6 armature at the longitudinal and transverse direction in the initial stage. 

respectively. Figures 3.6 and 3.7 show the microstructures of the aluminum 6061-T6 

armature materials at the longitudinal and transverse direction in the deformed stage, 

respectively. The samples for these two pictures were obtained from the remains of the 

armature after explosion. Figures 3.8 and 3.9 are the microstmcture of the fragments at 

the longitudinal and transverse direction, respectively. 
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Figure .i.4 Microstructure in the longitudinal direction of the initial section for aluminum 
6061-T6 armatures 
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Figure 3.5 Microstructure in the trans\erse direction of the initial section in aluminum 
6061-T6 armatures 



Figure 3.6 Microstmcture in the longitudinal direction of the deformed section in 
aluminum 6061-'l'6 annatures 
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Figure 3,7 Microstmcture in the transverse direction of the deformed section in 
aluminum 6061-T6 armatures 



Figure 3.8 Microstructure in the fragment of the longitudinal direction in aluminum 
606I-T6 armatures 

Figure 3.9 Microstmcture in the fragment of transverse direction in aluminum 6061-T6 
armatures 



3.4 Discussions and Conclusions 

The microstmctures of the aluminum 6061-T6 armature materials in the initial 

stage as shown in Figures 3 4 and 3.5 are essentially identical indicating the grain 

stmcture to be equiaxed. In the deformed stage, it is evident thai the grain structures in 

the longitudinal section are significantly elongated due to the serious plastic deformation 

as shown in Figure 3.6, while the grain stmctures in the transverse section are almost 

intact as shown in Figure 3.7. At the beginning of armature material expansion, there is 

always an interface or transition where the material microstructures are changed from the 

initial state to the deformed state due to the explosion shock loading. The microstructure 

examinations of the materials indicate that the grain structures arc mainly elongated in 

the longitudinal section in the deformed stage. 

The microstmctures in the fragments are elongated along the axial and 

circumferential direction as shown in Figures 3.8 and 3.9 The comparison of the 

microstructures in Figures 3.6 and 3,8 indicates that during the armamre expanding 

process, the grain stmctures are elongated a little bh along the axial direction, but the 

mechanical fibering in the axial direction at the defonned stage and the fragment stage is 

almost the same. However, the microstmctures of the fragments in Figure 3 9 in 

comparison with Figure 3.7 indicate that the gram stmctures are seriously elongated in 

the circumferencial direction. These views show that during the expanding stage, the 

changes in microstmctures of the armatures are mainly the elongation of the grain 

stmctures in the circumferential direction. During the amiature expanding process, the 

explosive shock wave pressure induces mainly the circumferential stress in the armature 



[37, 139, I40|, This circumferential stress causes the elongation ofthe gram stmctures in 

the circumferential direction. A series of high-speed recorded photos ofthe expanding 

armature in the explosive experiments showed that during armature expanding process, 

the displacement ofa marked point in the armature was mainly in the radial direction 

The metallurgical observations are consistent with the armature explosive expenments. 

The elongation of grain structures in the circumferential direction during the amiature 

expanding process is mainly caused by the radial expansion. The comparison ofthe 

microstmctures in Figures 3.8 and 3.9 also shows that the elongation ofthe grain 

stmcture along the circumferential direction is more serious that that in the axial 

direction The main features ofthe microstructures in Figure 3.6 to 3 9 are consistent 

with those caused by rapid plastic deformation [141], Therefore, the mechanical fibering 

during the armature expanding process is mainly caused by the rapid plastic deformation. 

The microstmctures in Figures 3.6 to 3.9 also indicate that the slip is more homogeneous 

at the fragment stage. This phenomenon was observed by the previous researches |44. 

140, 142]. Therefore, the microstmcture examinations on the aluminum 6061-T6 

expanding armature indicate that the first crack could be the longitudinal crack during the 

expanding process. 

From the remains ofthe aluminum 6061-T6 armatures as shown in Figure 3.1. the 

armature was defonned and cracked in the longitudinal direction, from Figure 3.2. there 

are some visible stripes on the surface ofthe expanding armature. Figure 3.3 is the 

enlarged local picture ofthe stripes on the surface ofthe expanding armature. These 

stripes are in the longitudinal direction, which also imply that a longitudinal crack could 



be first initialed during the expanding process. The conclusion about the possible crack 

direction from the metallurgical observations is consistent with the conclusion from 

evidence in the explosive experiments. 

Based on our research, following conclusions regarding fragment or crack 

mechanisms and their micro-structural changes dunng the armature expanding process in 

helical MFCGs can be drawn. 

1. The microstructural evolutions or changes during the armature expanding process 

are mainly caused by the rapid plastic deformation. 

2 In the deformed stage, the microstmctures ofthe armature in helical MFCGs are 

first seriously elongated along the axial direction while the microstmctures in the 

transverse section almost remain intact. The elongation of microstructures in the 

axial direction is almost finished in the deformed stage. Then, in the armature 

expanding process, the microstmctures are seriously elongated in the 

circumference while the elongation of microstructure in the axial direction is 

slight. At this stage, the microstmcture is squashed in the radial direction. 

3. The crack along the axial direction can be first initiated on the expanding 

armature, 

4. This research work suggests that the microstructures ofthe armature materials in 

the circumferential direction should be paid more attention to and improved in 

order to obtain the high expanding performance of the armature. 

5. Based on the metallurgical examinations, the bulk failure model can be used as 

the failure mode in finite element analysis for armatures in helical MFCGs. 



CHAPTER 4 

EXPANSION BEHAVIOR OF ARMATURES 

4.1 Introduction 

The armature in helical MFCGs is one ofthe key parts, which has four ftinctions 

as mentioned in section I 5 During the operation of helical MFCtis. the expanding 

armature moves continuously outwards to short successive helical coils (stator), and to 

compress and to force the magnetic flux into the load coil. The energv transmission from 

the explosive chemical energy, to the kinetic energy ofthe armature and finally lo the 

electromagnetic energy is finished during the armature expanding process. Thus, the 

performance and efficiency of helical MFCGs highly depends on the expansion behavior 

of armatures. Expansion behavior of armatures in helical MFCGs mainly include the 

expanding velocity, the expansion angle, the armature deformation, and the detonation 

end effect, as explained in section 1.6. 

The objective of this chapter focuses on the fimte element analysis and simulation 

on expansion behavior of armatures in helical MFCGs. The commercial LS-DYNA code 

will be used to conduct the numerical simulation in this chapter. In section 4 2, finite 

element models for this numerical simulation will be described in detail. The finite 

element models will be verified by explosive experiments ofthe armature, which will be 

in section 4.3. Section 4 4 will investigate the expansion behavior of monolayer 

armatures by using the finite element models that have been experimentally verified. In 

section 4,5, the relationship between the wall thickness ratio ofthe amiature and the 



expansion angle, and the length ofthe detonation end effect will be presented. The 

expansion behavior of multi-layer amiatures, which include bi-metallic armatures and 

inple-layer armatures, will be investigated in section 4.6. The summaries will be 

presented in section 4 7. 

4 1 Finite Element Models 

Because expansion behavior of armatures are focused in this chapter, finite 

element models will just consist ofthe armature, the explosive and the stator. 

Furthermore, the stator will be just an imaginative cylinder, which will not be involved in 

the finite element analysis and simulation The real stator, which consists ofthe 

aluminum case, the copper wires/insulators, will be considered in Chapter 5. 

According to the MURI-II project, armatures could be made from OFHC copper, 

or aluminum 6061-T6. or combination of aluminum 6061-T6 and OFHC copper (bi

metallic armature), or combination of aluminum 6061-T6, a polymer and OFHC copper 

(triple-layer armatures). The high explosive Comp-4 is always used. 

The Steinberg model will be used to describe behavior of armature materials, as 

mentioned in section 2.4 and section 2.5. In helical MFCGs, amiatures are subjected to 

very high strain rates of shock loading. For OFHC copper and aluminum 6061-T6. the 

Steinberg constitutive model and equation of state will be used. The mechanical strength 

ofthe polymer is much smaller than those of OFHC copper and aluminum 6061-T6. It 

can be neglected under the shock loading. Thus, only the Steinberg equation of state will 

be used to describe its behavior during the armature expanding process. 



The Steinberg constitutive model is repeated here: 

Yjl + [i(Ep+£,)]" for 
-B(T-300) (2-6) 

The Steinberg equation of state is: 

P.c-;,p[l + ( l - ^ ) M - ^ p = ] 
—-——, ^— + (y„ +b|a)pnE for p > 0 

[1-(S, - l ) p - S , -̂  - S , - ^ (2-21) 
"M + l (p + 1) 

PiiCoP + (yo +bp)h for p < 0 

The parameters ofthe Steinberg models for OFHC copper, aluminum 6061-T6 

and the polymers (Lexan and Telfon) can be retrieved from reference [130] and are listed 

in Table 4.1. In Table 4.1. the unit for pressure is Mbar, cm for length, ps for time and 

gram for mass. 

Ihe Jones-Wilkins-lee (JWL) equation of state is used to describe the high 

explosive explosion of Comp C-4. as mentioned in section 2-5. The JWL equation of 

state is repeated here: 

The parameters ofthe JWL equation of stale for Comp C-4 can be retrieved from 

reference [135], and are listed in Table 4.2. In Table 4.2, unit for pressure is Mbar. cm 

for length, gram for mass, ps for time and Mbar-cmVcm' for specific energy E,, V^ 

is the explosive detonation velocity. In numerical simulation, a lighting time for each 



element of explosives is determined by dividing the distance from the detonation poim t-

the center ofthe element by the detonation velocity. 

Table 4.1 Parameters for the Steinberg model of OFHC copper, aluminum 6061-
T6. Lexan and Telfon 

OFHC copper 
A 

2.83 

Po 
8.93 

B 

3.77x10"' 

Co 
0.394 

P 
36 

S, 

1.489 

n 

0.45 

Sj 
1 0 

Y„ 
1.2x10"' 

s, 
0 

Y 
'Mas 

6.4x10"' 

To 
2.02 

e, 
0 

b 

0 47 
Aluminum 6061-T6 

A 

652 

Po 
2.703 

B 

6.16x10"' 

Co 
0.524 

P 
125 

S, 

1.40 

n 

, 0.10 

s, 
0 

Yo 

2.9x10"' 

s, 
0 

Y„„ 1 s, 
6.8x10"' 

Vo 
1.97 

0 
b 

0.48 
Lexen 

P. c„ 
1.196 1 0.1933 

S, 

3.49 
Sj 

-8.2 
Sj 
9.6 

To 
0 61 

b 

0 
Telfon 

Po 
2.15 

c„ 
0.168 

S| 
1.123 

Sj 
3.983 

s, 
-5.797 

To 
0.59 

b 

0 

Table 4.2 Parameters for the JWL equation of state for Comp C-4 

Po 1 E, 
1.601 1 0.090 

R, 
4.5 

R, 
1.4 

A 

6.0977 

B 

0.1295 

(1) 

0 25 

V|, 

0.8193 

The most complicated techniques for hydrodynamic simulation are to deal with 

the interactions among parts. When two parts are contacted, generally, one part will be 

assigned as the master part and another the slave part. Two parts will slide on each other 

when they are detected on contact. The mIes for the master or slave parts are that the 

mater part can penetrate into the slave part and the slave part is not allowed to penetrate 
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into the master part. The principles for detertnining the master or slave part are: (1) w hen 

a gas or fluid contacts with solid materials, the gas or fluid should be chosen as the slave 

part; and (2) when two solid materials contact, the materia! with a high mechanical 

strength or high material density will be chosen as the master part. LS-DYNA code 

provides a lot of different ways to treat the interactions between disjoint parts. In our 

finite element models, there are two kinds of interactions: the explosive with the solid 

material, the solid material with another solid material For the first type of interactions. 

the explosive is chosen as a slave part. In LS-DYNA code, a special technique for 

dealing with this interaction is to use sliding-only technique, which is termed as the 

keyword ••Contact_sliding-onlyjenalty" [143]. For the second type of interactions, such 

as OFHC copper with aluminum 606I-T6, OFHC copper or aluminum 606I-T6 with 

polymers, the surface-to-surface techniques have been tested to be a good technique for 

our simulation. The keyword for this in LS-DYNA is ••Contact_surfaceJo_surface" 

[143]. 

The element type as in the most hydrodynamic codes is generally brick element 

type. In our finite element models, all materials will be discreted by brick elements. Due 

to axial symmetry ofthe armature filled with the high explosive, only a quarter ofthe 

armature and high explosive is necessary to be modeled. 

4.3 Experimental Verifications of Finite Element Models 

In the explosive experiments on armatures, armatures were monolayer armatures 

(aluminum 6061-T6 or OFHC copper) and half filled with high explosive Comp-4. The 



outer diameter, wall thickness and length of armatures were 38.1 mm. 3.175 mm and 

152.4 mm, respectively. The armatures were supported at one end by a wood block, and 

the detonation was in another end. Both ends were open to air. The explosive 

experimental set-up for aluminum 606I-T6 armature is shown in Figure 4 1 For OFHC 

copper armatures, the same experimental set-up was used. In this way, the deformed 

armature outer surfaces during explosion could be recorded by a high-speed camera 

Figure 4 1 Explosive experimental set-up for explosive experiments 

In the explosive experiments, a conventional rotating mirror camera had been 

used to capture a sequence of 26 images covering a time interval of 50 microseconds. 

The exposure time of each image was about 0.9 microseconds, the time between two 

successive images was 2 microseconds, set by the framing speed of 0.5 mega-frames per 

second 



Figures 4.2 to 4,7 are images ofthe recorded OFHC copper armature outer 

surfaces in explosive experiments. Figure 4.2 is the original shape ofthe OFHC copper 

armature Figures 4.3 to 4.7 are images at the post-detonation 7,9, 11, 13, and 15 

microseconds, respectively. Figure 4.8 is an image of aluminum 6061-T6 armature at the 

post-detonation 10 microseconds. 

Figure 4.2 Original shape of OFHC copper armature 



Figure 4.3 Deformed OFHC copper armature at posl-detonalion time of 7 |as 

Figure 4.4 Deformed OFHC copper amiature at post-delonation time of 9 |is 



Figure 4.5 Deformed OFHC copper armature at post-detonation time of 11 ps 

Figure 4.6 Deformed OFHC copper armature at post-detonation time of 13 \is 



Figure 4.7 Deformed OFHC copper armature at post-detonation time of 15 ps 

Figure 4 8 Deformed aluminum 6061-T6 armature at post-detonation lime of 10 \is 



I he LS-DYNA code is used to conduct the finite element analysis and numerical 

simulation. The 8-node solid element (brick element) is used lo discrete the armature and 

the explosive. The purpose ofthe following simulation model is to verify the finite 

element models. The simulation model will just include the armature and the explosive. 

Infonnation obtained from the explosive experiments is the deformed outer surface and 

the average expansion angle of armatures. These available data from the explosive 

experiments will be used to verify the Unite element models by comparing with the 

deformed armature outer surfaces and the average expansion angle from the numerical 

simulation. The schematics of simulation models are shown in Figures 4.9 and 4.10. For 

OFHC copper armature, Ihe deformed armature outer surface at the post-detonation 11 ps 

from the numerical simulation is shown in Figure 4.11. The defomied outer surface of 

aluminum 6061-T6 armature from the numerical simulation is shown in Figure 4.12. 

The comparisons of deformed armature outer surfaces for OFHC copper armature 

at the post-detonation 7, 9, 11, 13. and 15 psare shown in Figures 4 13 to 4,17. 

respectively. The comparison ofthe deformed aluminum 6061-T6 armature outer surface 

is shown in Figure 4.18. In Figures 4.13 to 4.18. the legend "FEM" refer the result by 

using the finite element method, and the legend "EXP" the results form explosive 

experiments The comparison between the armature outer surfaces from explosive 

experiments and the finite element simulation results indicates that they are in good 

agreement with each other. 
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Figure 4.9 FE mesh of explosive and armature 

Figure 4.10 Schematic of the finite element simulation model 



Figure 4.11 OFHC copper armature's outer surface at post-detonalion time of 7 ps 

Figure 4.12 Aluminum 6061-T6 armature's outer surface al post-detonation time 
of lOps 
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Figure 4 13 Comparison ofthe outer surfaces of deformed OFHC copper armature 
at post-detonation time of 7 ps 
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Figure 4.14 Comparison ofthe ouler surfaces of deformed OFHC copper armature 
at posl-detonalion time of 9 ps 
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Figure 4 15 Comparison ofthe ouler surfaces of deformed OFHC copper armature 
at post-detonation time of 11 ps 
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Figure 4,16 Comparison ofthe outer surfaces of deformed OFHC copper armature 
at post-detonation time of 13 |is 
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Figure 4.17 Comparison of the outer surfaces of deformed OFHC copper armature 
at post-delonation time of 15 ps 
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Figure 4,18 Comparison of the ouler surfaces of deformed aluminum 6061-T6 
armature at post-delonation time of 7 \is 



In order to measure the average expansion angle ofthe deformed armature outer 

surfaces, the least square method is used to conduct the linear regression for the deformed 

outer surfaces ofthe armatures obtained from numerical simulation and explosive 

experiments. The average expansion angles ofthe deformed OFHC copper armature 

obtained from the explosive experiments at the post-detonation times 7, 9. 11. and 13 

microseconds are 6.52, 6.64. 6.31. and 6.80 degree, respectively. The average expansion 

angle ofthe deformed armature is 6 57 degree The average expansion angle ofthe 

deformed armature obtained from the numerical simulation is 6 35 degree. The relative 

error for the expansion angle ofthe OFHC copper armamre is less than 3.35 %. The 

average expansion angle ofthe aluminum 606I-T6 armature from the explosive 

experiment is 13.4 degree. The average expansion angle ofthe aluminum 6061-T6 

armature from the numerical simulation is 13,55 degree. The relative error ofthe 

simulation results is just I 1%. The comparisons between the expansion angles from the 

numerical simulation and explosive experiments show that they are in good agreement. 

The comparisons on the deformed armature ouler surfaces and the expansion angles 

between the numerical simulation and the explosive experiments prove that the finite 

element models described in section 4 2 can provide the high accurate numerical 

simulation for the expanding armamres in helical MFCGs. 

4.4 Expansion Behavior of Mono-Layer Armatures 

The experimentally verified finite element models described in section 4 2 and 

section 4.3 are now used to explore the expansion behavior of monolayer armatures. 



In the following first simulation, the armature is made from aluminum 6061-T6 or 

OFHC copper only, which has dimensions as 38 1 mm in outer diameter. 3.175 mm in 

wall thickness and 152.4 mm in length. The armature is fully filled with high explosive 

Comp C-4 The detonation point is on one end. Because expansion behaviors of 

armatures are focused now, the interactions between the annature with the stator. the 

helical wires and the crowbar are not included in this chapter, which will be discussed in 

detail in Chapter 5. For simplicily. when the outer surface ofthe deformed armature 

reaches the value 32.0 mm in radial direction, which is the inner radius ofthe helical 

wire, the contact between the armature and the helical wire is assumed lo happen. The 

meshes and schematic ofthe finite element simulation models are the same as shown in 

Figure 4.9 and Figure 4.10, except the fully filled explosive in the armatures 

Figure 4.19 is one recorded photo for an aluminum 6061-T6 armature in the 

explosive experiments. Figure 4.20 is a defonned aluminum 6061-T6 armature outer 

surface at the post-detonation time 18 ps from the finite element simulation. The 

explosive experiments and finite element simulations cleariy suggest that there is a 

serious detonation end effect, which results in the "bell shape" armature outer surface. In 

helical MFCGs, the detonation end is always open to air. When the explosive is 

detonated, a time is required to build up the pressure in the armature due to the free end, 

resulting in the detonation end effect. This section ofthe armature is not fully expanded. 

If helical coils are not designed correctly, the helical coils in the left side ofthe top point 

in the "bell shape" section as shown in Figure 4.20. will contact with the armature later 

than the contact between the top ofthe "bell shape" section ofthe armature. If this 



happens, the magnetic flux trapped in helical coils in the left side ofthe top point will be 

lost, resuhing in a huge magnetic flux loss. Thus designers of helical MFCGs must be 

aware ofthe detonation end effect. The first few tums ofthe helical coils should be out 

ofthe detonation end effect section. 

The detonation end effect can be measured and controlled by the length ofthe 

detonation end effect, which is defined as the distance in armature axial direction 

between the detonation point to the top point ofthe "bell shape" section, when the top 

point reach the value 32.0 mm in the armature radial direction The length ofthe 

detonation end effect is denoted as Li,. Let p be the ratio ofthe length ofthe detonation 

end effect to the outer radius ofthe armature r^. P is simply called as detonation end 

effect ratio Thus, we have: 

P = ^ . (4-1) 

r̂  

In this simulation, the length ofthe detonation end effect is 10.68 mm. The 

detonation end effect ratio is 0.561. 



Figure 4 19 Detonation end effect from an explosive experiment 
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Figure 4.20 Detonafion end effect from a numerical simulation at post-detonation time of 
18|js 



The expansion angle ofthe armature, which is referred as the angle between the 

deformed armature surface and the armature axis, is one ofthe most important parameters 

in helical MFCGs" design. The expansion angle is generally assumed to be a constant 

during performance of helical MFCGs. However, strictly speaking, the expansion angle 

is not a constant Figure 4.21 is an enlarged section of the deformed armature surface, 

which clearly shows that the top line ofthe deformed armature outer surface is not a 

straight line, but a curve. Figure 4 22 shows the variation ofthe expansion angle ofthe 

same segment ofthe annature versus the post-detonation time. The results indicate that 

expansion angle increases with the post-detonation lime, but it approaches a steady value. 

Figure 4.23 shows the variation in the armature expansion angle along the armature. In 

Figure 4.23, the dotted line is the deformed armature outer surface and the solid line is 

the expansion angle at corresponding points ofthe deformed armature outer surface. The 

resuhs indicate that the deformed armature outer surface is not exactly a straight line 

because the expansion angles change at different axial positions ofthe armature and with 

post-detonation time. But. the assumption that the armature has a constant expansion 

angle has the advantage of simplifying theoretical analyses. In this research, the concept 

"the constant expansion angle" is used for future theoretical analyses We will use the 

average expansion angle along the deformed armature to represent the expansion angle of 

tiie armature. The average expansion angle in this simulation is 13.55 degree. 
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•igure 4.21 Enlarged "Area A" in Figure 4.20 
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Figure 4.22 Expansion angle ofa segment in the armature versus the post-detonation 
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Figure 4 23 Variation ofthe armature expansion angle whh axial position (solid line) and 
the deformed armature's outer surface (dotted line) 

Figure 4.24 shows the radial and axial displacement of a point on the expanding 

armature outer surface at the armature axial position 61.25 mm. When this point contacts 

with the stator at post-detonalion time 17.20 |as, the axial displacement is 2.736 mm. 

Figure 4.25 shows the radial and axial velocity ofthe same point On contacting with the 

stator. the radial and axial velocities are 2.27 km/s and 0.372 km/s, respectively. These 

suggest that the axial velocity and the axial displacement are relative small compared 

with the radial velocity and the radial displacement, respectively. 

Figure 4.26 shows the armature thickness at the post-detonation time 15.60 ps. 

At the contacting point with the stator. Ihe armature wall thickness is reduced from its 

original value 3.175 mm to 1.61 mm. The final wall thickness isjust half of the original 



wall thickness. In fact, when the compression ratio (the stator radius divided by the 

armature outer radius) is known, it is very easy to calculate the final wall thickness if the 

density ofthe armature is assumed to be a constant during expansion process This 

feature will help to relieve the effect ofthe wall thickness tolerance on expansion 

behavior of armatures, which will be discussed in Chapter 6 
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Figure 4.24 The radial and axial displacements of a point on armature's outer surface at 
the axial position of 61.25 mm and post-detonation time of 17.20 ^s 



5 7.5 10 12.5 15 17.5 

Posl-detonation time (^s) 

Figure 4.25 The radial and axial velocities ofa point on armature's outer surface at the 
axial position of 61.25 mm and post-detonation time of 17.20 ps 
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Figure 4.26 Wall-thickness ofthe aluminum 6061-T6 armature at post-detonation time of 
15.60 ns 



Two parameters of interest in helical MFCGs" design are the length ofthe 

detonation end effect and the expansion angle, which have significant influence in the 

performance of helical MFCGs. In the following simulations, the outer radius ofthe 

armatures and inner radius of stator are kept the same. The armatures, which are made 

from aluminum 6061-T6 or OFHC copper only, have 152 4 mm in length and are fully 

filled with explosive Comp C-4 detonated at one end In order to explore these two 

parameters, the wall thickness of armatures will be changed. We define the wall 

thickness ratio as the wall thickness ofthe armature, W, divided by the outer radius ofthe 

armature, r^, detonate a . 

W 
a = — (4-2) 

r̂  

The wall thickness ratios will change from 0.(14 to 0.20, which are the common 

range of wall thickness ratios in the general helical MFCGs. A group of finite element 

simulations with wall thickness ratio 0.04, 0.08, 0 12. 0.16 and 0.20 will be conducted. 

The finite element simulation models are the same as above. Table 4.3 shows the 

detonation end effect ratios with different wall thickness ratios. Table 4,4 lists the 

simulation results ofthe expansion angle with different wall thickness ratios. Figure 4.27 

shows the relationship between the detonation end effect ratios and the wall thickness 

ratios. The relationship between the expansion angles and the wall thickness ratios is 

depicted in Figure 4.28. In Figures 4.27 and 4 28, the "solid square" legend represents 

values for OFHC copper and the "solid dot" legend for aluminum 6061-T6. The solid 



lines are obtained by the least square method. It is found that tiiere are good linear 

relationships between the detonation end effect ratio and expansion angle with wall 

thickness ratio. From Figures 4 27 and 4.28, the following equations can be obtained. 

For OFHC copper, the length ofthe detonation end effect and expansion angle 

can be expressed by equations (4-.'i) and (4-4) 

LD =6,8629W + 0.2l89r^ (mm) (4-3) 

W 
e-15.85-54.679— (degree) (4-4) 

r̂  

For aluminum 6061-T6, the length ofthe detonation end effect and expansion 

angle can be expressed by equations (4-5) and (4-6). 

LD =1.719W + 0.22639r^ (mm) (4-5) 

W 

9 = 24,248-60.763— (degree) (4-6) 

r,̂  

According lo Tables 4,3 and 4 4 and Figurc-s 4.27 and 4 28. the detonation end 

effect ratio increases with wall thickness ratio. The expansion angle decreases with wall 

thickness ratio. In helical MFCGs' design, we hope that amiatures have a small length of 

detonation end effect and a large expansion angle It is obvious that aluminum 6061-T6 

armature is better than OFHC copper armature when expansion behavior of armature are 

focused. 



Table 4.3 Detonation end effect ratios at different wall thickness ratios 

Wall thickness ratio 

004 
0.08 
0.12 
0.16 
1/6 

0.20 

The detonation end effect ratio 

OFHC copper 
0560 
0.715 
0.960 
1.36 
1 38 
1.6 

Aluminum 6061-T6 
0.320 
0.401 
0.480 
0.561 
0,562 
0.577 

Table 4.4 Expansion angle at different wall thickness ratios 

Wall thickness ratio 

0.04 
0.08 
0.12 
0.16 
1/6 

0.20 

The expansion angle 

OFHC copper 
14 88 
1047 
8.75 
6.65 
635 
608 

Aluminum 606I-T6 
22.58 
18.90 
16.62 
14.08 
13.55 
13.17 
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Figure 4.27 Detonation end effect ratio versus wall thickness rado 
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Figure 4.28 Expansion angle versus wall thickness ratio 

4 5 Scaling Effect 

For safety purposes, the limited amount of explosives is allowed to be used 

resulting in small size helical MFCGs in actual explosive experiments In this section, 

the investigation on the effect of scaling on the expansion angle of armatures in helical 

MFCGs will be conducted 

In helical MFCGs. the geometrical parameters ofthe cylindrical armature are the 

outer diameter, D^ , the inner diameter, D,, and the length L. The inner diameter ofthe 

armature can then be expressed in terms ofthe wall thickness ratio, as follows: 

D, -D^ ( l - a ) . (4-7) 

The theoretical analysis of scaling effect problem can be derived from the theory 

for estimating the explosive-driven metal's velocity. Gumey (1943) [39] originally 
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proposed this simple technique in predicting the expansion behavior of cylindrical bomb 

casings during detonation. Kennedy (1970) [41) extended the technique by applying it to 

some additional geometries. For the case ofa cylinder, the Gurney equation [144] is: 

where V is the final velocity ofthe metal in a direction normal to the armature surface. 

V2£ is called as the Gumey velocitv ofthe explosive, while E is the specilic energv of 

the explosive. The parameter V2£ can be approximated using the following equation: 

yflE = ^-^ (4-9) 

3 

where V„ is the detonation velocity of the explosive. This estimation is usually within 

7% of that observed in experiments. 

In equation (4-8), M i.s the mass ofthe cylinder, while C represents the mass of 

the explosive For the analysis of a cylindrical armature, the mass ofthe cylinder, M, and 

the mass ofthe explosive, C, can be represented in terms of their geometrical and 

densities as follows: 

M = p ^ - D i ( 2 a - a ^ ) L (4-10) 

C = p,^Di(l-^a)^L. 

M p,(2a-fl-) 
C "p , {\-af ' 



by: 

Substituting equations (4-9) and (4-12) into equation (4-8) yields: 

The non-dimensional equation for the expansion angle 9 ofthe armature is given 

(4-13) 

21' 
: 2sin'^ Upj2a^u_l^n ' 

6 ( p , (1 - " ) - • 2 J 

When the wall thickness ratio and densities of armature materials and explosives 

are known, the expansion angle can be calculated and determined by equation (4-14). 

For example, the properties of OFHC copper, aluminum 6061-T6 and high explosive C -4 

\cm J 

''„ =8 193 

= 2 703 

(s) 

If the dimensions ofthe armature are: 

D . =38.l(mm) D, =3l75(mm) L = 152 4(mm) a = - , 

then the expansion angles for copper and aluminum annatures from the Gumey 

equation (4-14) are: 

e,,,_ , ,=1177° 0,,.., .,=1720° 



The above Gurney estimations ofthe armature expansion angles are somewhat 

different than those obtained from the explosive experiments and our finite element 

simulations. I he expansion angle for OFHC copper armatures in explosive experiments 

is 6.57", while numerical simulation resuhs yields an armature expansion angle of 6.35 " 

The expansion angle for aluminum annatures in explosive experiments is 13 4(1", while 

numerical simulation results yielded an armature expansion angle of 13.55". Both the 

experimental and the numerical results indicate that the expansion angles from the 

Gumey equation are consistently greater than those obtained experimentally or via 

numerical simulations. The discrepancy between the results obtained through the Gurney 

equation (4-14) and those obtained in our research could be attributed to the Gumey 

equation's assumption ofa completely confined explosive, which is not necessarily the 

case in helical MFCCJs 

Equation (4-14) suggests that the expansion angle is only a fianction of armature 

and explosive densities, and the armature's wall thickness ratio. Therefore, it could be 

concluded that the expansion angle is independent ofthe scaling factor If we use the 

same armamre material and same explosive, the expansion angle of different size 

armatures with the same wall thickness ratio, will be the same The finite element 

analysis will be used to exanimate this conclusion 

In the following simulation, the finite element models, which have been verified 

by explosive experiments, are the same as mentioned in section 4 2 and section 4 3. 

Utilizing the established finite element models, two groups of numerical experiments are 

conducted. In the first group, different size armatures having the same wall thickness 



ratio are considered as shown in Table 4.5. The results of numerical experiments for the 

first group of simulations are shown in Table 4.6. In Table 4.6, the scaling factor is the 

geometry dimension ratio ofthe armatures with respect to the armature with D„ 38.1 

mm. I), 31.75 mm and L 152.4mm e,„.„„„ is the expansion angle from the numerical 

experiments and O,,,,,,,,, is the expansion angle from equation (4-14) The data shown in 

Table 4.6 prove that the armature expansion angle is independent ofthe scaling factor. 

Table 4 5 Armature geometry for the first group of simulations 

(mm) 
38 1 
45 
63 

76 2 

(mm) 
31 75 
37.5 
52.5 
63.5 

IV 
(mm) 

3.175 
3.75 
5.25 
6.35 

L 
(mm) 

152 4 
ISO 
252 

304.8 

Table 4.6 Effect of scaling on the expansion angle of aluminum armatures 

DA 
(mm) 
38.1 
45 
63 
76.2 

D, 
(mm) 
31.75 
37.5 
52.5 
63.5 

W 
(mm) 

3.175 
3.75 
5.25 
6.35 

L 
(mm) 

1524 
180 
252 
304.8 

ii^lW / D„ 

1/6 

Scaling 
factor 

1 
1.18 
1.653 
2 

(l,„ _̂ , 

13 55 
13 76 
13.53 
13.63 

e,;.„, 

1720 

The second group of numerical experiments is conducted on 6061-T6 armatures 

with different wall thickness ratios The finite element models and armature dimension 

are the same as conducted in section 4 4 The pertinent information ofthe armature 

geometry for the second group of numerical experiments is shown in Table 4.7. The 



results of numerical experiments for the second group of simulations are shown in Table 

4.8 and depicted in Figure 4.29 by the solid line. 

Table 4.7 Armature geometry for the second group of simulations 

(mm) 
33 073 

34 511 

36.080 

37.800 

38.1 

39.688 

D, 

(mm) 
31.75 

31.75 

31.75 

31 75 

31.75 

31 75 

W 
(mm) 

0.661 

1.380 

2.165 

3.024 

3 175 

3.969 

1. 

(mm) 

152 4 

152 4 

152 4 

152 4 

152 4 

152.4 

Table 4 8 Expansion angle for aluminum armatures with varying wall thickness ratios 

A, 
(mm) 
33 073 

34 511 

36.080 

37.800 

38.1 

39.688 

(mm) 
31.75 

31.75 

31.75 

31 75 

31.75 

31.75 

IT 
(mm) 

0.661 

1.380 

2 165 

3.024 

3.175 

3.969 

L 

(mm) 

152.4 

152.4 

152.4 

152 4 

152.4 

152 4 

u = 2IC/D„ 

0.04 

0.08 

0.12 

0.16 

0 167 

0.20 

0,,,,,„„: 

22.58 

18.90 

16.62 

14.08 

13.55 

13 17 

e,,.„,„ 

23.98 

21.39 

19.27 

17 47 

17.20 

15.91 

Results shown in Tables 4 6 and 4.8 suggest that the Gurney equation does not 

provide an accurate prediction ofthe armature expansion angle in helical MFCGs. 

However, as expected, both the Gumey equation and the numerical experiments agree in 

the increasing trend ofthe armature expansion angle as the wall thickness ratio ofthe 

armature decrease. 
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Figure 4.29 Comparison ofthe expansion angle of aluminum 6061-T6 armatures 
obtained from the finite element simulation and the Gumey equation 

The Gumey equation, as presented in equation |4-I4). should be modified in order 

to provide a closer approximation ofthe armature expansion angle in helical MFCGs. 

The following equation for aluminum 6061-T6 armature is a modified Gurney equation 

that is in a better agreement with our experimental and numerical experimental results 

= Exp{A + /?a)(X,„„„, - 2Exp{A + Ba)sin-
6[p , (1-^)^ 2 

(4-15) 

where the coefficient A and B can be determined by using the least square method to 

closely match the numerical experimental results. 

For the aluminum 6061-T6 armatures charged with C-4 high explosive, the 

following values for coefficient A and B in the modified Gumey equation (4-15). provide 

a better estimation of the armature expansion angle: 



fi = - 0 98421. 

Hence, the modified Gumey equation for determining the expansion angle of aluminu 

6061-T6 armature charged with C-4 explosive is given by. 

0„ = 2&p(- 0,03676 - 0 9842 [aUin' i fP ) {lii-ir) ]_ 

SIP, {l-af *2 (4-16) 

Table 4.9 shows the comparison of armature expansion angles as obtained by 

numerical experiments. 0,.„„„„„, the modified Gumey equation (4-16). 0,, . and the 

Gume\' equation (4-14). (),.„„,., 

Now. the expansion angle of aluminum 6061-T6 armatures charged with 

explosive Comp C-4 can be determined by either equation (4-16) or (4-6) for the M1 Ti

ll project. 

Table 4 9 Comparison of 9y„.„„,„,. 6„ and 0,,„„„., 

a = 2ir/D„ 
0.04 
0.08 
0.12 
0.16 
0.167 
0.20 

6 «..„„.„/ 

22.58 
18.90 
16 62 
14.08 
13.55 
13 17 

0„(Eq. 11) 

22 2'' 
19 06 
16.51 
14 39 
14.07 
12 60 

9„.„,, (Eq. 9) 
23.98 
21.39 
19.27 
1747 
17 20 
15.91 

4.6 Expansion Behavior of Multi-layer Armatures 

As we have discussed in section 4,4. if expansion behavior of same dimension 

and structure armature are focused, the aluminum 606I-T6 armature is better than OFHC 



copper armature because the expansion angle of OFHC copper is too small (6.35 degree). 

A much smaller expansion angle ofthe copper armature is due to its higher density 

compared with the density of aluminum The density of OFHC copper is 8930 Kg per 

cubic meters. The density of aluminum 6061-T6 isjust 2073 kg per cubic meters A 

smaller expansion angle implies a much longer time for compressing the magnetic Hux. 

resulting in lower performance of helical MFCGs 

One function ofthe armature as discussed in section 1.5 is to serve as a conductor 

during operation of helical MFCGs. Therefore, higher conductivity of armature materials 

is required. For aluminum 6061-T6 material, ilsconductivitv is 39.2x10'' . The 
^Qm; 

electrical conductivity of OFHC copper is 63.3 x 10'' . So, the electrical 

conductivity of aluminum 6061-T6 is juts 61% ofthe OFHC copper's conductivity, 

fhree different multi-layer armatures, in which the OFHC copper is the outer layer, have 

been chose by the MURl-Il project. Their expansion behavior will be explored in this 

section. 

Three multi-layer armatures have the same outer radius 19.05 mm and length 

152.4 mm. They are fully filled with high explosive Comp C-4. The amiature structures 

in wall thickness are following: 

• I mm OFHC copper and 2.175 mm aluminum 6061-T6 in the wall thickness; 

• 2 mm OFHC copper and 1 175 mm aluminum 6061-T6 in the wall thickness: 

. 1 mm OFHC copper, 1 mm polymer (Flexane 80) and 1.175 mm aluminum 

6061-T6 in the wall thickness. 
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In the triple-layer armature, the density of polymer (Flexane 80) is in the range of 

1043-1176 Kg per cubic meters. The polymer was made on site hv mixing the Flexane 

80 liquid with the corresponding additive. It can be made as sot̂  as latex or as hard as a 

golf ball core. 

The same finite element simulation models discussed in section 4.2 are used for 

exploring the expansion behavior of these armatures. Due lo the manufacturing process 

ofthe polymer (Flexane 80) in the third amiature, it is very difficult to find their 

mechanical properties under shock loading. We assume that this polymer (Flexane 80) 

has similar behavior as Lexan (polycarbonate) or Tellon. Thus, the polymer behavior 

under the shock loading will be modeled only by the Steinberg equation of state as 

discussed in section 4 2 

The simulation results are listed in Table 4.10. If the expansion behavior of 

armatures arc focused, from Table 4 10, the monolayer aluminum 606I-T6 armature is 

the best among five possible armatures. Among the three multi-armatures, the triple-

layer armature might have the best expansion behavior if the polymer manufacturing 

process could make sure that the polymer will have a uniform density because a n un-

uniform density in the polymer layer cylinder will cause un-uniform expansion ofthe 

armatures. 



Tabic 4,10 Expansion behavior of different armatures 

Armatures 

3 175 mm copper in wall 
thickness 
1 mm copper and 2.175 mm 
aluminum in wall thickness 
2 mm copper and 1.175 mm 
aluminum in wall thickness 
1 mm copper, 1 mm 
polymer and 1.175 
mm aluminum in 
wall thickness 

1 cnon 

Lexan 

3,175 mm aluminum in wall 
thickness 

Length ofthe 
detonation end 
effect (mm) 
26.3 

175 

18.75 

17.5 

17.5 

10.70 

Expansion 
angle (degree) 

6 35 

11.95 

10.28 

12.13 

12 49 

13.55 

Radial velocity 
(km/s) 

1,05 

1,87 

1.65 

1 88 

1 94 

2,27 

Another group of simulations is focused on bi-metallic armatures, in which the 

inner and outer radius are fixed as 15.875 and 19.05 mm, while the thickness of OFHC 

copper will be changed. In these bi-metallic armatures, outer layer is made from OFHC 

copper and inner layer from aluminum 6061-T6. The same finite element models are 

used. The expansion angles ofthe bi-metallic armatures are listed in Table 4.11 and 

depicted in Figure 4.30 In Figure 4.30. the "diamond" legend refers expansion angels 

from the simulation and the solid line is obtained by the lease square method. The 

horizontal axis is the percentage of OFHC copper's thickness, which is thickness of 

OFHC copper divided by total wall thickness 3.175 mm. From Table 4.11 and Figure 

4 30. the expansion angle ofthe bimetallic armature decreases as the percentage of 

OFHC copper in thickness increases, which is expected. There is a good linear 

relationship between the expansion angles and the percentage of OFHC copper's 



thickness in the bi-metallic armatures filled with high explosive Comp-4. If R .̂ is used to 

represent the percentage of OFHC copper in thickness, the expansion angles ofthe 

bimetal armature charged with high explosive Comp-4 can be determined by equation (4-

17). 

0 = I4.O53-O,O68Rc (4-17) 

Table 4 11 Expansion angles of bimetallic armatures with different percentages of 
OFHC copper 

OFHC copper 
thickness (mm) 

Expansion 
angles 

0 

13.55 

0.5 

13 06 

1 

11.95 

15 

11.02 

2 

10.28 

24 

9.3 

3.175 

6.35 

26 50 75 

percentage of copper in thickness 

Figure 4.30 Expansion angle versus percentage of OFHC copper in thickness 



4.7 Summaries 

Finite element models, which were discussed in section 4.2. have been verified bv 

the explosive experiments and can be successfully used to explore the expansion behav lor 

of annatures in helical Ml CGs For OFHC copper and aluminum 6061-T6, the Steinberg 

models including the Steinberg material constitutive model and the Steinberg equation of 

state are used. For high explosives, the Jones-Wilkins-Lee (JWL) equation of state is 

used. The polymer in the triple-layer armatures is modeled onl> bv the Steinberg 

equation of state because its mechanical strengths are negligible under shock loading 

caused by high explosives. 

During armature expansion process in helical MFCGs. the radial expanding 

velocity ofthe armature is much higher than the axial velocity. The axial velocity and 

displacement ofthe armature are very small, which can be negligible for simplification of 

theoretical analysis. 

The expansion angle of armatures is. strictiy speaking, not a constant. It varies 

with the post-detonation lime and with the axial position along the armatures. However, 

h is suitably assumed lor the theoretical analysis that the expansion angle ofthe armature 

is constant. But its value should be the average expansion angle of an armature along the 

armature axis. 

It is clear that there is a serious detonation end effect for each armature because 

the detonation end is always open to air in helical MI'CGs. Designers of helical MFCGs 

should be aware ofthe detonatu>n end effect. The first helical wire should be away from 

the detonation end effect section. Otherwise, an additional magnetic flux loss could 



happen due to the improper armature designs. The equations and tables for determining 

detonation end effect lengths were provided in section 4 4 for the OFHC copper and 

aluminum 6061-T6 armatures fully filled with high explosive Comp C-4. 

The theoretical analysis and finite element simulation prove that there ib not 

scaling effect for armatures with respect to the expansion angle ofthe armatures The 

expansion angle of armatures is only a function of the amiature and explosive densities, 

and the armature wall thickness ratio. The equations and tables for determining 

expansion angles were presented in sections 4.4 and 4.5 for the OFHC copper and 

aluminum 6061-T6 armatures filled by high explosive Comp C-4. Our research also 

suggests that the expansion angle from the Gumey equation is a little larger than values 

obtained from the explosive experiments and the finite element simulation. The possible 

reason is that Gurney equation was originally developed for bombs in which explosive 

was confined by the armatures or shells, while this is not the case in helical MFCGs 

because the detonation end is always open to air. 

A total of five different amiatures (mono-layer armatures and multi-layer 

armatures) listed in Table 4.10 were studied in section 4.6. When expansion behaviors of 

the armatures are focused, the aluminum 6061-T6 armature is best among the five 

possible armatures When the outer layer of armatures is required to be OFHC copper 

materials for the purpose of high conductivity, the triple-layer armature among three 

multi-layer armatures might have the best expansion behavior if the polymer 

manufacturing process could promise that the polymer has a unifomi density. 



CHAPTER 5 

INTERACTION BEHAVIOR OF ARMATURES 

5.1 Introduction 

Figure 5,1 is the template helical MFCG in the MURI-II project, which has 16 

tums of 12 AWG copper helical coils with an inner diameter of 64,0 mm and a pitch of 

3.048 mm. The brass crowbar (input plane) in the template helical MFCG is a circular 

plate (crowbar nng) with a thickness of 0 2 mm. which is attached on one end ofthe 

stator. The first turn ofthe helical coils is offset 8 mm with respect to one end ofthe 

stator. The 6061-T6 aluminum armature has aouter diameter of 38.1 mm and a wall 

thickness of 3.175 mm. The armature and the stator are separated by a Lexan cylinder 

with a wall thickness of 6 mm. The armature is stepped outward 16,5 mm with respect lo 

one end ofthe stator The detonation is inserted into the explosive along the armature 

axis bv 12.5 mm The total length ofthe armature is 203 mm. but oniv a partial length of 

the armamre (125 mm) is filled with the high explosive Comp C-4. and the rest ofthe 

space is filled by a solid 6061-T6-aluminum end plug. 

This chapter is focused on interactions ofthe armature with other components in 

the template MFCG in the MURI-II project. The four main interactions are the 

interaction ofthe armature with the air or gas trapped between the armature and the 

stator: the interaction ofthe armature with the magnetic field; the interaction ofthe 

armature with the crowbar and the interaction ofthe annature with the stator. 
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Figure 5.1 Template of helical MFCG in the MURI-II project. 
(a) the template helical MFCG, (b) the schematic ofthe template helical MFCG 



The finite element analysis and simulation shows tiiat the interaction ofthe 

armature with the trapped air or gas is negligible when expansion behavior of armatures 

are focused. It is obvious that expanding armatures driven by shock loading will 

significantly compress the trapped air or gas resulting in temperature and pressure 

increases in the trapped air or gas. This topic will be not included in this dissertation, 

because it is studied by another group in the MURI-II project. 

As discussed in section 1 4, the operational principles of helical MFCGs is lo use 

an armature to compress the magnetic flux There is an interaction between the armature 

and the magnetic field. This topic will be not covered in this dissertation for two reasons. 

First, the interaction between the armature and the magnetic field is mainly a topic in 

electrical engineering and physics. The main topics involved in this dissertation are 

tightly related with mechanical engineering Second, the interaction ofthe armature with 

the magnetic field is only significant in large helical MFCGs according to previous 

literature [6] In the MURI-11 project, the template helical MFCGs are small. Thus, this 

interaction will be neglected in this dissertation. 

In this chapter, section 4 2 will discuss the interaction between the armature and 

the crowbar. The interaction ofthe armature with the stator including copper 

wires/insulators will be divided into two sections. The interaction ofthe armature with 

stator will be presented in section 4.3, in which the movement ofthe sweepingpoint or 

the sliding point between the armature and the stator along the axial direction is focused 

on. The hydrodynamic behavior of the helical copper wire and its insulator at the contact 



point between the armature and the stator will be explored in detail in section 5 4 

Section 5.5 will be the summaries. 

5.2 I he Interaction ofthe Armature with the Crowbar 

The crowbar in the template helical MFCG is a circular plate with an inner radius 

of 25 mm. an outer radius of 38 mm and a thickness of 0.2 mm. It is fixed on one end of 

the stator in the armature axial position 16,1 mm. The crowbar is made from brass. Due 

to availability of parameters for material models, the material constitutive equation and 

the equation of stale of OFHC copper are use to describe the crowbar behavior. In this 

section, the interaction ofthe armature with the crowbar is focused on. The finite 

element analysis and simulation will just include three components: the high explosive 

Comp C-4. the aluminum 6061-16 armature and the OFHC copper crowbar. The 

armature has an outer radius of 19.05 mm, a wall thickness of 3 175 mm and a length of 

152 4 mm. and fully filled with the high explosive. The schematic of finite element 

simulation model is shown in Figure 5.2. Figure 5.3 shows the meshes ofthe finite 

element simulation model. 

The same finite element models as presented and discussed in section 4-2 are 

used. Figure 5.4 shows the deformed armature outer surface at the post-detonation time 

12.0 ps for the armature system with a crowbar. For the purpose of comparison, the 

deformed armature ouler surface al the post-detonation time 12.0 ps for the armaUire 

system without a crowbar is shown m Figure 5.5. The comparison ofthe deformed outer 

surfaces of these two annatures is depicted in Figure 5 6 From Figure 5.6, it is obvious 



that the crowbar has a significant influence in the armature expansion behavior although 

the thickness ofthe crowbar isjust 0,2 mm. As it is expected, such influence in the 

armature expansion behavior isjust in a local area near the crowbar position because this 

is the case under shock loading. Research suggests that the first helical wire should be 

off this section, in which there is a significant influence on the armature expansion 

behavior 

The Explosive _ 

Figure 5,2 Schematic of finite element models for the inleraclion ofthe armature with 
the crowbar 

Figure 5.3 Schematic of FE mesh for the interaction of amiature with crowbar 
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Figure 5 4 Armature deformed outer surface al post-detonation time of 12.0 ps (crowbar 

present) 
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U« 
Figure 5.5 Armature deformed outer surface t post-detonation time of 12.0 ^s (without 

crowbar) 



Axial position (mm) 

Figure 5,6 Comparison ofthe deformed armature outer surfaces at post-detonation time 
of 12.0 |is with and whhout crowbar 

5 3 The Interaction ofthe Armature with the Stator 

The template helical MFCG in the MURl-ll projected is depicted in Figure 5.1 

and described in section 5.1 In this section, the interaction ofthe armature with the 

stalor is focused on in order to explore the sweeping velocity, which is the velocity of the 

contact point between the armature and the helical coils along the stalor axis direction. 

Because the sweeping velocity is focused on, it is reasonably assumed that the stator in 

the template generator, including the aluminum cv linder and the copper wires/insulators, 

can be simplified as an aluminum stator. Six parts are included in the finite element 

models as shown in Figure 5,7. They are the high explosive Comp C-4, the solid 6061-

T6-aluminum end plug, the 6061-T6 aluminum armature, the lexen cylinder, the OFHC 

copper crowbar and the aluminum 6061-T6 stator. The aluminum 6061-T6 stator has an 



inner radius of 31,75 mm and an outer radius of 44,45 mm. Because ofthe axial 

symmctrv of these parts in the template generator, a quarter ofthe template generator is 

used to represent the template generator as shown in Figure 5.8. 
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Figure 5.7 Schematic of simplified template of helical MFCG 

Figure 5.8 Schematic ofthe finite element simulation models 



The explosive experiments have been done to measure the sweeping velocity lor 

the template helical MFCG. The explosive experimental set-up is shown in Figure 5,9. 

Figure 5.9 Explosive experimental set up 

According to the explosive experiments, the average sweeping velocities between 

the stator axial positions 22, 32. 44. and 65 mm are 11.11, 10,27, and 9.19 km/sec, 

respectively According to the finite element analysis and simulation results, the average 

sliding velocity between the corresponding points are 10 64, 9,62. and 8.71 km/sec. 

respectively. The comparison ofthe Finite Element Analysis (FEA) results with the 

explosive experiment results on the sweeping velocity in the template generator is shown 

in Table 5 I. The relative errors between the numerical and experimental sweeping 

velocities are less that 5%. These conclusions verify the finite element models described 

in section 4,2 again. Thus, the finite element simulation can provide the high accurate 

simulation results about the sweeping velocity in the template generator. 



Table 5.1 Comparison ofthe sweeping velocities 

The stator axial 
positions (mm) 

22 and 32 
32 and 44 
44 and 65 

The sweeping velocity 
Experiment results 

(km/sec) 
11.11 
10 27 
9.19 

FEA results 
(kin/sec) 

10.75 
9.84 
8.75 

Relative error (%) 

3.24 
4.19 
4.78 

The sweeping velocity ofthe armature along the stator in the template generator 

from the finite element simulation is depicted m Figure 5.10. This figure shows that the 

sweeping velocity decreases during the operation ofthe template generator. It is noticed 

that the sweeping velocity is much larger than the explosive detonation velocity (8,2 

km/sec). 

0 5 10 15 20 25 30 35 40 45 50 55 60 65 

Copper wire position along the stator (mm) 

Figure 5.10 Sweeping velocity from the finite element simulation 

Both finite element analysis and explosive experimental results show that the 

sweeping velocity ofthe armature along the stator in the template generator is much 



higher than the explosive detonation velocity As we have discussed in section 4 4, one 

of common assumptions in the field of helical MFCGs' research is that the expansion 

angle ofthe armature is a constant. If the expansion angle ofthe armature were constant. 

the sweepingvelocity ofthe armature along the stator in a helical MFCG should be equal 

to the explosive detonation velocity. Our finite element analysis could help to explain 

this conflicting phenomenon. Figure 5.11 is a deformed armature outer surface in the 

template generator from finite element analysis. In Figure 5,11. the downward spike is 

caused by the crowbar. The "bell shape" section is caused by the detonation end effect as 

discussed in section 4.4, In helical MFCGs, the detonation end is always open to air. At 

the beginning of explosion, most ofthe explosive energy at the detonation end is lost due 

to open to air. While the explosive continuously explodes and the pressure is gradually 

built up at the detonation end ofthe armature, the "bell shape'' ofthe detonation end 

effect on the expansion behavior ofthe amiature is formed. This causes the smaller 

expansion angle near or in the "bell shape" section, resulting in that the sweeping 

velocity is higher than the explosive detonation velocity at the beginning ofthe operation 

of helical MFCCis. If the expansion angle were zero, the sweeping velocity would be 

infinite-

Because ofthe detonation end eflect. the expansion angle ofthe armature is not 

constant at the beginning ofthe operation ofa helical MFCG. From Figure 5.11, the 

deformed armature section close to the detonation end effect has a smaller expansion 

angle than those far away the detonation end effect. This explains that sweepingvelocity 

decreases during the operation of a helical MFCG. The further finite element analysis 



and simulation on a much longer armature case (300 mm) shows that the expansion angle 

ofthe armature section far away from the detonation end effect is approximately constant 

and the sweepingvelocity ofthe armature along the stator is close to the explosive 

detonation velocity 

Because the performance and efficiency of an MFCG primarily depends on the 

uniform expansion and interaction behav lor ofthe armature during the operation of 

helical MFCGs, designers should be aware ofthe detonation end effect and the influence 

ofthe crowbar on expansion behavior ofthe armature. 

25 50 75 100 125 150 

The axial position along the armature (mm) 

Figure 5.11 Defonned outer surface of armature in the template generator at post-
detonation time of 10.04 \is 

5 4 The Hydrodynamic Behavior ofthe Helical Wire/Insulator al Contact Points 

5.4.1 Finite Element Simulation Models 

In this section, the mleraction ofthe armature with the helical wires (conductors)/ 

insulators in the template helical MFCG in ihe MURI-II project is focused on to explore 
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and present the detailed physical behavior ofthe helical copper wires (conductors) 

/insulators during the collision between the aluminum 6061-T6 armature and the helical 

wires/insulators For this purpose, the template helical MFCG can be simplified into the 

structure that only consists ofthe high explosive, the aluminum 606I-T6 armature, and 

the core copper conductors/insulators and the aluminum 6061-T6 stator (casing). The 

aluminum 6061-T6 armature has an irmer radius of 15.875 mm. an outer radius of 19.05 

mm outer radius and a length of 152.4 mm. The high explosive Comp C-4 is fully filled 

in the armature. The detonation point is offset 12.5 mm in the armature axial direction 

The outer and inner radii of aluminum 6061-T6 stalor are 36,624 and 41.1 mm. 

respectively, fhe left end ofthe stator is offset 16.5 mm with respect to the left end of 

the armature in the armature axial direction. The length ofthe slalor is 65 mm The 

helical wire is Essex 12 AWG. The specifications of Essex 12 AWG are: 

• solid copper conductor with a diameter of 2.032 mm; 

• PVC insulator with a layer thickness of 0 381 mm; 

• nylon jacket with a layer thickness of0,l27 mm; 

• a total diameter of 3.046 mm. 

The pilch ofthe helical coils is 3.046 mm. Sixteen turns ofthe helical coils are wound 

directiy inside the stator. The mid-radius ofthe helical coils is 35.1 mm. The inner 

radius ofthe helical wire is 31.75 mm The first turn ofthe helical coil is offset 24 5 mm 

with respect to the left end ofthe armature in the armature axial direction. The length of 

the helical coils is about 48.7 mm. For simplicity, the helical wires/insulators are 

simplified as sixteen turns ofthe parallel circular wires/insulators, and two layers of tiie 
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insulators in Essex 12 AWG are simplified as one layer of an insulator The schematics 

ofthe simplified helical MFCG and the simulation models are shown in Figures 5.12 and 

5.13. respectively. 

AUTODVN-2D V4 1 trom Century Dynamcs Material Location 

void I 

04 

INSULATOR I 

AL 6061-15 

CU-OFhC 

XLE-50 COLLUSION SIMULATION OF VwlRE/INSULATOR 

Figure 5,12 Simplified helical MFCG 
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Figure 5.13 Schematic of simulation models 



Because the commercial finite element code LS-DYNA cannot keep the failed 

elements during simulation, another commercial finite element code AUT0DYN-2D. 

which has the ability to remain the failure elements in the finite element analysis and 

simulation, is used to conduct the numerical simulation for exploring the physical 

behavior ofthe helical wires/insulators on the contact point between the armature and the 

helical w ires/insulators. The insulator can be modeled by the Vonmises material 

constitutive equation and Ihe Hugoniot equation of state. The mechanical properties of 

polyethylene, which are commonly used and suitable to describe a general polymer under 

shock loading, are available inside the AUT0DYN-2D's material library and are used lo 

describe the behavior ofthe insulator in the helical coils in this dissertation. The 

parameters from the reference [122] are shown in Figure 5.14 I he ultimate strain is 0.5. 

The failure mode for the insulator is the bulk failure mode. When the instantaneous 

plastic strain in any element ofthe insulator reaches 1.0, the element will be erased. The 

material models for OFHC copper, aluminum 6061-T6 and high explosive Comp C-4 are 

the same as mentioned in section 4,2. In the AUT0DYN-2D code, there is a requirement 

for a gap size between two contact surfaces. The gap size must be greater than a tenth of 

the dimension ofthe smallest surface element and less than half of this value. The gap 

size in this simulation is set to 0.03 mm The schematic of finite element simulation 

models is shown in Figure 5.15. 
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Figure 5.14 PE parameters for the constitutive equation and the equation of state 
of the insulator 
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Figure 5.15 Finite element mesh ofthe simulation models 

139 



5.4 2 Detail Physical Behavior ofthe Helical Wires/Insulators 

Two methods are used to check whether the contacts between the armature and 

the insulator and between the armature and the conductor (copper core wire) happen. 

For the contact between the armature and the insulator, we can use the velocitv 

field lo determine whether the contact happens. Figure 5.16 is used to demonstrate how 

to determine the contact between the armature and the insulator. From Figure 5.16, a 

point in the insulator layer has some very small velocity, which means that the contact 

between the armature and the insulator has happened. 

For the contact between the armature and the conductor, the velocity field or the 

pressure field cannot be used to determine whether the contact between the armature and 

the conductor happens or not. because the shock wave has reached the conductor before 

the contact ofthe armature with the conductor. We assume that when the insulator layer 

between the armature and the conductor has failed and fragmented, the contact between 

the armature and the conductor happens. Figure 5,17 is used to demonstrate how to 

detemiine whether the contact between the armature and the conductor happens. 
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Figure 5.16 Demonstration of the contact between the armature and wire 
insulation 
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Figure 5.17 Demonstration ofthe contact between the armature and wire core 



There are 16 turns ofthe conductors and the insulators. Wc chose the simulations 

on the first and second tums ofthe conductor and the insulator to explore and to presem 

the detail physical behavior ofthe insulators and the conductors during the collision 

process. Then, the difference between behavior for the rest of tums. if there is any, will 

also be presented and demonstrated 

Figures 5.18 to 5.21 arc used to show the contacts between the armature and the 

insulator #1 and #2. In Figures 5,18 to 5.21. two outer annular circles are the insulator U1 

and #2 Figure 5.18 shows that the insulator UI is not impacted by the armature because 

the velocity field ofthe insulator is zero. In Figure 5,19. the insulator #1 is impacted by 

the armature. So the contact between tiie armature and the insulator #1 happens al post-

detonation time 11.48 ps. In the same way. Figures 5.20 and 5.21 show that the contact 

between the armature and the insulator #2 does not happen at post-detonation time 11.69 

ps, and does happen at post-detonation time 11,70 \is 

Figures 5.22 to 5.25 show the contacts between the armature and the conductor #1 

and #2. In Figures 5 22 to 5.25. the two inside circles are the conductor #1 and #2. In 

Figure 5.22. the insulator # I is severely deformed due lo the collision between the 

annature and the insulator #1, but the insulator layer ofthe insulator #1 between the 

armature and the conductor #1 is not totally fragmented and failed. Thus the contact 

between the armature and the conductor # I does not happen yet at the post-detonation 

time 11.88 ps. In Figure 5.23. the insulator layer ofthe insulator # I between the 

armature and the conductor #1 is totally fragmented and failed. Therefore, we assume 

that the contact between the armature and the conductor # I happens at the post-



detonation time 11.89 ps. In the same way. from Figures 5.24 and 5,25, we can find that 

the contact between the armature and the conductor #2 happens at post-detonalion time 

12.17 ns. 

Figures 5.26 to 5.32 show the deformation process ofthe insulator #1 and #2 

during the collision process from the contact to fragmenting. Figures 5.33 to 5.39 show 

velocity fields during the same process as described in Figures 5.26 to 5.32. These 

figures can be used to show the movement ofthe insulator material From these two 

groups of figures, observations and descriptions of detail physical behavior ofthe 

insulator #1 and #2. and the conductor #1 and #2 between the armature and the core 

copper wires/insulators can be made as following 

1, After the impact between the armature and the insulator, the insulator is 

locally deformed at contact point between the armature and the insulator. 

Even the contact between the armature and its surrounding conductor 

happens, the top section ofthe insulator is still un-disturbed and un-deformed 

as shown in Figures 5,30 to 5.32, and Figures 5.37 to 5,39. 

2 During this process, the insulator is forced to move along the surface of its 

surrounding conductor When the insulator between the armature and the 

conductor IS fragmented and failed, most ofthe insulator matenal has been 

squeezed out ofthe contacting zone. However, some fragmented insulator 

materials are embedded between the armature and the conductor as shown in 

Figures 5 32, and 5.40 



3. When the contact between the armature and the conductor #1 happens, the 

armature has impacted wiUi the insulator #2 and #3 as shown in Figure 5.30. 

This is different from that on the turn #8 and the turn #14 as shown in Figures 

5.41 and 5.42, in which they just impact with the adjacent insulators. In 

Figure 5.41, the first outer circle is the insulator #8. In Figure 5.42, the first 

outer circle is the insulator #14. 

4. The insulator layer in different tums will have different fragmentation zones. 

For examples, the fragmentation zone ofthe insulator layer in the turn #1 as 

shown in Figure 5.30 is different from that in the turn #8 as shown in Figure 

5.41. 
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Figure 5.18 Velocity field at post-detonation time of 11.47 ps 
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Figure 5.19 Velocity field at post-detonation time of 11.48 ps 
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Figure 5.20 Velocity field at post-detonation time of 11.69 ps 
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Figure 5.21 Velocity field at post-detonation time of 11.70 ps 
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Figure 5.22 Material positions at post-detonation time of 11.88 ps 
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Figure 5 23 Material positions at posl-detonation time of 11.89 ps 
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Figure 5,24 Material positions at post-detonation timeof 12.16 us 
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Figure 5.25 Material positions at post-detonation time of 1217 ps 
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Figure 5 26 Deformation of wire insulation in turns #1 and #2 at post-detonation time of 
10.91 ps 
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Figure 5.27 Deformation of wire insulation in tums #1 and #2 at post-delonation time of 
11.00 |js 
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Figure 5.28 Deformation of wire insulation in turns #1 and #2 at post-detonation time of 
11,09 us 



AUTODYH-2D Version 41 13 Century Dynamics Incorporated 

T = 1 127E-02 

r- c -.r, r^ J- '*'-^'?° COLLISION SIMULATION OF VW1RE> INSULATOR 

Hgure 5.29 Deformation of wire insulation in tums #1 and #2 at post-detonation time of 
11.27 ps 
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Figure 5,30 Deformation of wire insulation in tums #1 and #2 at post-detonation lime of 
11.37ps 
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Figure 5.31 Deformation of wire insulation in tums U\ and t42 al post-delonation lime of 
11,41 ps 
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Figure 5 32 Deformation of wire insulation in tums #1 and #2 at post-detonation lime of 
11,48 ns 
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Figure 5.33 Velocity field of wire insulation in tums #1 and #2 at post-detonation time 
of 10.91 MS 
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Figure 5.34 Velocity field of wire insulation in turns #1 and #2 at post-detonation time 
of 11.00 MS 
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Figure 5.35 Velocity field of wire insulation in turns #1 and #2 at post-detonation time 
of l l .09ps 
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Figure 5.36 Velocity field of wire insulation in tums #1 and #2 at post-detonation time 
of l l .27ps 
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Figure 5.37 Velocity field of wire insulation in tums #1 and #2 at post-detonation time 
of l l .37ps 
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Figure 5.38 Velocity field of wire insulation in tums #1 and#2atpost-detonationtime 
of l l .41ps 



AUTODYN-2D Version 41 13 Century Dynamic; Incorporated 

• • . , . CYCLE 10980 
• ' • . . _ ^ T-1.148E-02 

XLE-50 COLLISION SIMULATION OF WIRE I INSULATOR 

Figure 5.39 Velocity field of wire insulation in turns #1 and U2 at post-detonation time 
of 11.48 ps 
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Figure 5,40 Material positions of all 16 tums of core/insulation at post-detonation time 
of 15 54 ps 
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Figure 5,41 Fragmentation of insulator #8 al post-detonation time of 12.91 ps 
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Figure 5 42 Fragmentation of insulator #14 at post-detonation time of 14.82 |is 
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5.4,3 The Time for Breaking Down the Insulators 

The methods described in section 5.4.2 are used to determine the time ofthe 

contact between the armature and the rest ofthe insulators and conductors. The time of 

the contact between the armature, the insulators and the conductors is presented in Table 

5.2 and depicted in Figure 5 43 In Table 5,2 and Figure 5.43, the post-detonation time is 

the time ofthe contact between the armature, the insulators and the conductors. Figure 

5.44 shows the time required to break down the insulator sandwiched between the 

armature and the core copper wire The time required for breaking down the insulator 

has a slight variation with an average of 0.45 ps. Figure 5,45 shows the time for the 

armature to sweep the two adjacent insulators and the two adjacent conductors. Figures 

54.3 to 5 45 clearly indicate that the physical behavior of the different insulator turns and 

the different conductor turns during the collision ofthe armature with the insulators and 

the conductors are not identical. These imply that the interaction behavior between the 

armature and the helical wires/insulators are not uniform. 

Table 5.2 Post-detonalion Ume of contact between the armature, the insulator and 
the wire core 

Turn number 
Insulator 
Conductor 
Turn number 
Insulator 
Conductor 
Turn number 
Insulator 
Conductor 
Turn number 
Insulator 
Conductor 

Tum#l 
10.92 ns 
11.37 ns 
Turn #5 
11.70 ns 
12.17 ns 
Turn #9 
12.77 MS 

13.18 ns 
Turn #13 
14.02 ns 
14.44 ns 

Tum#2 
11.09 ns 
11.48 ns 
Tum#6 
11.94 ns 
12.44 ns 
Turn #10 
13.06 ns 
13.52 ns 
Turn #14 
14.34 ns 
14.82 ns 

Turn #3 
11.27 ns 
11.69 ns 
Turn #7 
12.20 ns 
12.66 ns 
Turn #11 
13.38 ns 
13.86 ns 
Turn #15 
14.68 ns 
15.10 ns 

Turn #4 
11.48 ns 
11.89 ns 
Turn #8 
12.48 ns 
12.91 ns 
Turn #12 
13.69 ns 
14.24 ns 
Turn #16 
15.02 ns 
15,54 ns 
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Figure 5 43 The post-delonation time required for establishing contact between the 
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Figure 5.44 Time required for breaking down the insulators 
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Figure 5 45 Time required for the armature to sweep through two adjacent insulation 
tums and two adjacent wire cores 

5-4 4 Axial Shift ofthe Conductor Wires 

From above simulations, we know that the deformation ofthe insulators and the 

conductors are mainly local defonnation. When the contact between the armature and the 

conductors happens, the conductor is not totally deformed. The two important issues 

concerned for helical MFCGs in the MURI-II project are whether the deformed core 

copper wire will break the insulator to contact the adjacent conductor and what is the 

axial shift ofthe conductor turn when the contact between the armature and the 

conductors happens. We assume that the axial displacement (axial shift) ofthe center of 

tiie conductor can be used to represent the whole cross-section ofthe conductors. Figure 

5.46 shows the axial shift ofthe total 16 conductor tums at the time on contact between 



the armature and the conductors. From Figure 5.50, the axial shift of the conductors 

increases as the conductor number increases. The maximum axial shift ofthe conductors 

is 0.066 mm, which isjust 13 percent of the thickness of the insulator layer. Figures 

5.23, 5.24. 5,25, 5,30, 5.31, 5.32, 5.41, and 5.42 all clearly show that the deformed core 

copper wire does not break down the insulator to contact the adjacent core copper wire. 

Therefore, the axial shift of the conductor wires can be neglected. 

10 

Turn number # 

Figure 5.46 Axial shift of wire core as a result of contact between the armature and the 

5 5 Summaries 

The interaction behavior ofthe armature with the crowbar, the stator and the 

helical wires/msulalors for the template helical MFCG in the MURJ-II project have been 

explored in detail and presented in this chapter. 



In the template helical MFCCi in the MURI-11 project, the circular crowbar isjust 

a circular plate with a thickness of 0,2 mm. However, it has a significant inftuence on 

expansion ofthe amiature. Due lo the inleraclion ofthe armature with the crowbar, there 

is a big downwards spike section in the deformed armature ouler surface, which might 

cause an additional magnetic llux loss if the first few tums ofthe helical coils are in or 

near the downwards spike section due to an improper helical MFCG design. 

The measured sweeping velocities in the template helical MFGC in the MURI-II 

project from explosive experiments and from finite element simulation indicate that the 

expansion angle ofthe armature during the operation ofthe template helical MFCG is, 

strictly speaking, not a constant. The sweepingvelocities are larger than the explosive 

detonation \elocity and decreases as the post-delonation time increases, which is mainly 

caused by the detonation end effect. Comparison ofthe measured sweepingvelocities 

from the explosive experiment with these from the finite element simulation has a good 

agreement and thus proves again experimentally that finite element models presented m 

section 4 2 are suitable for exploring expansion and interaction behavior of armatures for 

helical MFCGs 

The hydrodynamic behavior ofthe helical wires/insulators are explored in detail 

and presented m section 5 4 After the impact between the armature and the insulator, the 

insulator is locally deformed at the contact point due to shock loading. During this 

process, the insulator is forced to move along the surface of its surrounding conductor 

When the insulator between the armature and the conductor is fragmented and failed, 

most of insulator materials has been squeezed out ofthe contacting zone. However, 

file:///elocity


remains of some fragmented insulator materials are still embedded between the armature 

and the conductor. It is also noticed that hydrodynamic behavior ofthe insulators in 

different tums are not totally identical because insulator la\ers in different tums have 

different fragmentation zones. The breakdown time for the insulators on each tum. 

which is the time for the armature to fragment the insulator resulting in contacting with 

the core conductor, have a small variation with an average time of 0.45 ps. The finite 

element simulation also shows Ihat there is some axial shift (axial displacement) ofthe 

helical turns. However, the maximum axial displacement on the core conductors on 

contact with armature isjust 13 percent of the thickness ol the insulators. The finite 

element analysis and simulation clearly prove that the deformed core copper conductor 

does not break down the adjacent insulator to contact the adjacent core copper conductor. 

Therefore, the axial shift ofthe helical turns can be neglected. 



CHAPTER 6 

DKSIGN CRITERIA FOR PREVENTING THE "TURN-SKIPPING' 

6 I Introduction 

The performance of helical Magnetic Flux Compression Generators (MFCGs) is 

significantly limited both by non-uniformities in armatures and by the armature-stator 

misalignment, which will cause the contact between the armature and the helical coils lo 

jump one turn part to another, resulting in a huge magnetic flux loss. This phenomenon 

is called the "tum-skipping" as described in section 1.6. 

The phenomenon "tum-skipping" is mainly govemed by the manufacturing and 

assembling tolerances and two parameters. The two tolerances are the eccentricity 

tolerance of the armature with the stator and the armature wall thickness tolerance. The 

two parameters are the pitch ofthe helical tum and the expansion angle of armatures. 

In this chapter, criteria for preventing the "lum-skipping" are explored and 

presented. The criterion for controlling the maximum allowable eccentricity tolerance of 

the armature with the stator will be discussed in section 6.2. In section 6 3. the maximum 

allowable wall thickness tolerance ofthe armature is discussed. The combination of both 

the eccentricity and the wall thickness tolerances will be discussed in section 6 4 

Finally, summaries will be presented in section 6,5, 



6.2. The Eccentricity Tolerances 

When an armature and a stator are exactly coaxial and the armature expansion is 

uniform, there isjust one and only one simultaneous contact point between the armature 

and the helical coils. During the operation of helical MFCGs. the only one contact point 

moves along the helical coils to compress the magnetic flux into the load coils resulting 

in an ultra-high pulsed power. Howe\cr. in reality, the eccentricity ofthe armature with 

the stator due to the manufacturing and assembling processes always exists, which can 

result in the "tum-skipping," 

There are three criteria or equations for controlling the eccentricity tolerances in 

previous literatures, in which the armature and the stator are assumed to be perfect and 

the eccentricity ofthe armature with the slalor is only caused by the assembling process. 

In 1970. Heinz Knoepfel presented the first equation for detennining the maximum 

allowable eccentricity tolerances of armatures with stators [6]. The maximum allowable 

eccentricity tolerance is given in equation (6-1). 

Aa = - t a n e (6-1) 

2 

Where. Aa is the maximum allowable eccentricity tolerance, P is the pitch ofthe 

helical coils and 9 is the expansion angle of armatures. 

Another two equations for the maximum allowable eccentricity tolerances are 

given by equation (6-2) \4} \ and (6-3) [46], 

Aa = — t a n e (6-2) 



Aa ^ — tan 0 
4 

(6-3) 

The maximum allowable eccentricity tolerances obtained from the above three 

equations are quite different. However, all three equations suggest that the maximum 

allowable eccentricity tolerance is independent ofthe armature and the stator radius, and 

only governed by the expansion angle and the pitch ofthe helical coils. A larger pitch 

and a larger expansion angle are helpful to prevent the "tum skipping." 

According to the schematic of armature and stator shown in Figure 6.1. the 

maximum allowable eccentricity tolerances can be derived. In Figure 6,1. I'H 'S the inner 

radius ofthe helical wire (stator) 

Figure 6.1 Schematic ofthe armature and the stator 



The expansion angle is assumed to be a constant. Due to the perfect annature 

assumption, the armature expansion is uniform. Thus, the following equation is satisfied. 

, „ r., - Aa rM + Aa 

OB OB + P/2 ' ' 

Rewriting equation (6-4) yields: 

Replacing OB in equation (6-4) by equation (6-5), we can obtain equation (6-3), 

P 
A a - - t a n e (6-3) 

4 

When the maximum eccentricity is larger than the allowable value determined in 

equation (6-3), the contact point will jump a half-lum ahead and the magnetic flux 

trapped between the two contact points will be lost. 

In order to verify which ofthe equations (6-1), (6-2) and (6-3) is suitable for 

determining the maximum allowable eccentricity tolerance, the following mathematic 

approach can be used. In figure 6.1, C is a contact point between the armature and helical 

wire. The coordinate X-Z plane system is showTi, The equation (6-6) can be used to 

describe any point ofthe helical wire. 

X - r „ c o s | — z ] (6-6) 

As the helical coils have a constant radius r„, the coordinate values of X and Z in 

equation (6-6) will has a unique corresponding point in the helical wire. The radius of 

expansion armature is given by equation (6-7), 



'A =(fH -Aa)+Xtane (6-7) 

There is an interaction line between the expanded armature and the stator ci Imder 

inner surface. The point in the interaction line satisfies equation (6-8) 

1,',-X- = r ; - ( X - A a ) ' (6-8) 

Replacing r^ in equation (6-8) by equation (6-7) yields the mathemanc equation 

ofthe interaction line 

( ' r „ -Aa ' l , „ (Ztan)' 

The cross point between the two curves govemed by equations (6-6) and (6-9) 

will be another contact point between the expanded armature and the helical coils. For 

example, the pitch and the expansion angle ofthe template helical MFCG in the MURI-II 

project is 3.046 mm and 13.55 degree, respectively. Three maximum allowable 

eccentricity tolerances from equations (6-1). (6-2), and (6-3) can be obtained. They are 

0.3670. 0.1168. and 0.1835 mm, respectively. The curves of equations (6-6) and (6-9) 

with these three different eccentricity tolerances are depicted in Figure 6.2. From Figure 

6,2, the eccentricity from equation (6-1) will cause three simultaneous contact points 

between the armature and the helical coils and the contact points will jump more than a 

half helical tum. The eccentricity from equation (6-2) will assure that there is not "tum-

skipping." The eccentricity from equation (6-3) will also cause three simultaneous 

contact points between Ihe armaturcand the helical coils and contact points will just jump 

a half tum as expected. Based on the above analysis, the criterion for eccentricity from 



equation (6-1) is too loose and from equation (6-2) too strict. The criterion for 

eccentricity from equation (6-3) is reasonable and will be used in this research 
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Figure 6.2 Comparison of three criteria for maximum eccentricity tolerances 

For aluminum 6061-T6 armatures in helical MFCGs in the MURI-II project, if the 

pitch ofthe helical coils is fixed to be 3.046 mm, the maximum allowable eccentricity of 

the armature with the stator is: 

5W = - tanO) = ^ ^ tan(l 3.55) = 0.1835 (mm). 
4 4 

(6-10) 

The maximum allowable eccentricity tolerance at different armature wall 

thickness ratios can be determined by equation (6-3). The relationship between the 

expansion angle and the armature wall thickness ratio can be calculated by equation (4-6) 

or by Table 4,4, The eccentricity tolerances in this case are shown in Figure 6.3. 
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Figure 6.3 Eccentncity tolerances versus aluminum 6061-T6 armature wall thickness 
ratio at a pitch of 3.046 mm 

6 3 The Armature Wall Thickness Tolerances 

The second tolerance goveming "tum-skipping" phenomenon is the armature wall 

thickness tolerance. Now. we assume that the eccentricity ofthe armature with the stator 

is zero and the armature wall thickness tolerance is 5W. We also assume that the inner 

surface ofthe armature is a perfect cylinder. Thus, the armature has a uniform expansion 

and the expansion angle is a constant. In this case, the worst condition is shown in Figure 

6.4. Compared with Figure 6 1, the armature wall thickness tolerance 5W is equivalent 

8W 
to an eccentricity tolerance . Therefore, the criterion for the maximum allowable 

cos(9) 

wall thickness tolerance is: 

6W P ,„ 
- - tan(0) 

cos(e) 4 



Rewrifing above equation yields: 

5W = -sin(e) 
4 (6-12) 
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Figure 6.4 Schematic ofthe worst armature wall thickness variation 

The criterion for the maximum allowable wall thickness tolerances from equation 

(6-12) shows that the maximum allowable wall thickness ratio is govemed by the 

expansion angle and the pitch of the helical coils. A larger pitch and a larger expansion 

angle are helpful to prevent "tum skipping." 

For aluminum 6061-T6 armatures in the MURI-II project, if the pitch ofthe 

helical wire is fixed as 3.046 mm, the maximum allowable wall thickness tolerance will 

be: 

fiW - -sin(e) = ^-^sin(l3.55) = 0,1784 (mm) 
4 4 

(6-13) 



In the similar way as in section 6.2, the relationship between the maximum 

allowable wall thickness tolerances versus the armature wall thickness ratio can be 

obtained as shown in Figure 6.5. 
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Figure 6.5 Wall thickness tolerance versus aluminum 606I-T6 armature wall thickness 
ratio at a pitch of 3,046 mm 

6,4 The Combination ofthe Eccentricity and the Wall Thickness Tolerances 

When both the eccentricity and wall thickness tolerances are considered, the worst 

condition is shown in Figure 6.6. In this condition, the maximum eccentricity and wall 

thickness tolerances are controlled by equation (6-14), 

5W P 

cos(0) 4 
-tan(e) (6-14) 



Figure 6.6 Combination of eccentricity and wall thickness tolerances 

6,5 Summaries 

The criteria for the maximum allowable eccentricity only, the maximum 

allowable wall thickness tolerance only and both the eccentricity and the wall thickness 

tolerances are described by equations (6-3), (6-12) and (6-14). respectively. These 

criteria indicates that the phenomenon "tum-skipping" is mainly govemed by the 

eccentricity ofthe armature with the stator, the armature wall thickness tolerance, and the 

pitch and the armature expansion angle. The maximum allowable eccentricity and the 

wall thickness tolerances are proportional to the pilch ofthe helical coils and the armature 

expansion angle. They are independent ofthe stator radius, which is caused by the 

assumption ofa constant armature expansion angle. 



CHAPTER 7 

DISCUSSIONS AND CONCLUSIONS 

Armatures are the key mechanical component having significant influence on the 

performance and efficiency of helical Magnetic Flux Compression Generators (MFCGs). 

However, prior to this research, detailed understanding ofthe expansion and interaction 

behavior of armatures in helical MFCGs had not been investigated in a systematical 

fashion. As part ofthe MURI-II project, the focus of this research was to systematically 

explore the microstructure evolution of armature materials, the expansion behavior of 

armatures, the mleraclions of armatures with other components, and the criteria for 

prevention of "tum-skipping" phenomenon often encountered in helical MFCGs The 

above tasks are consistent with the first research objective in the MURI-II project, which 

was to improve the basic understanding ofthe fundamental processes goveming the 

operation of helical magnetic flux compression generators. 

In helical MFCGs. the high explosive is used to accelerate the armature in order 

lo compress the magnetic flux into the load coil resulting in the transfer of explosive 

chemical energy into electromagnetic energy. One ofthe distinct characteristics of 

helical MFCGs is that it is a one-time-use generator. Helical MFCGs are generally 

completely destroyed after their operation. Experiments conducted as part of this 

research, also were one-shot experiments due to usage of high explosive in the 

experiments. Thus, any unprotected measurement device, sensor or equipment inside 

helical MFCGs was destroyed. Therefore, explosive-charged experiments are usually 



expensive. Furthermore, mosl of diagnostic techniques, such as X-ray techniques and 

high-speed camera techniques have their limits in providing detailed hydrodynamic 

behavior of armatures in helical MFCCis, The finite element analysis (FEA) technique 

has been efficiently implemented in almost every engineering field for exploring and 

understanding detailed physical behavior of various components. The finite element 

analysis and simulation olTers several potential advantages over experimental methods 

for smdying physical behavior of components as discussed in section 2.1 In general, the 

finite element analysis and simulation in design and research of helical MFCGs can be 

done in less time and al lower cost when compared to explosive experiments. An 

experimentally verified FE models were extensively utilized to investigate and to provide 

the detailed information regarding the hydrodynamic behavior of key mechanical 

components, including the armature, the crowbar, the stalor, and the helical wire core/ 

insulation of helical MFCGs in the MURI-II project. 

The following conclusions are drawn by this dissertation. 

7.1 Matenal Models for Finite Element Analysis and Simulation of 
Materials under Explosive Shock Loading 

The loading in helical MFCGs is at ultra-high strain rates of shock loading created 

by high explosives. Material behavior in helical MFCGs must be described by both the 

material constitutive model and the equation of slate for copper and aluminum or only by 

the equation of state for polymer and insulation. The Steinberg-Guiana constimtive 

model and the Steinberg equation of state were used to describe the hydrodynamic 

behavior of the armature's materials: OFHC copper and aluminum 6061-T6. The 



behavior of high explosive C-4 was modeled by the JWL (Jones-W illkins-Lee) equation 

of state. These material models for the finite element analysis and simulation ofthe 

expansion and interaction behavior of armatures were verified by explosive experiments 

as discussed in sections 4 3 and 5.3. I he polymer materials used in helical MFCGs were 

only modeled by the Steinberg equation of state because their mechanical strengths are 

quite negligible under explosive shock loading. 

7 2 Microstructural Evolution of Armature Material 

During the operation of helical MFCGs, any crack in a segment ofthe expanding 

armature before its contact with the helical coils, will dramatically change the magnetic 

field configuration and cause a greal loss in magnetic flux, resulting in low efficiency and 

performance of helical MFCGs. During the armature expansion process, every element 

ofthe material in the armature specimen will undergo four distinct microstructural stages: 

the initial stage, the deformed stage, the expanding stage and the fragmentation stage. 

Information regarding microstmctural evolution of an expanding armature is quite 

important in designing helical MFCGs, Unfortunately it is impossible lo obtain physical 

samples from the "expanding stage" during an explosive experiment. In this research, 

microstmcftiral observations ofthe samples at "deformed stage" and "fragmentation 

stage" were used to provide some clues for estimating the microstmctural changes 

occurring at the "expanding stage," 



Based on the results obtained through this research, the following conclusions can 

be made regarding microstructural change of fragmentation and cracking during the 

armature expanding process. 

1 The microstmctural evolution or changes during the armature expanding 

process are mainly caused by the rapid plastic deformation ofthe armatures. 

2. In the "deformed stage", the microstructure ofthe armature in helical MFCGs 

is initially severely elongated along the axial direction while the 

microstmcmre in the transverse section almost remains intact. The elongation 

of microstmcture in the axial direction is almost complete in the deformed 

stage. Once, in the expanding phase, the armature microstructure is severely 

elongated in the circumferential direction while the elongation of 

microstructure in the axial direction is slight At this stage, the microstructure 

IS compressed in the radial direction 

3. Formation of axial crack is first initialed in the expanding phase. This 

conclusion is consistent whh the evidences of explosive experiments, 

4. Based on above metallurgical observations, the bulk failure model was used as 

the failure mode m the finite element analysis and simulation of armature 

behavior in helical MFCGs. 

7.3 Expansion Behavior of Armatures 

During tiie operation of helical MFCGs, the expanding armature moves 

continuously outwards to short successive tums ofthe helical coils (stator), and to 



compress and force the magnetic flux into the load coil. The energy transmission from 

the explosive chemical energy, to the kinetic energy ofthe armature and finally lo the 

electromagnetic energy is completed during the armature's expansion process. Thus, the 

performance and efficiency of helical MFCGs highly is dependant on the expansion 

behavior of amiatures 

The following conclusions were made from the infonnation obtained through this 

research. 

1, During the armature's expansion process, the radial expansion velocity of the 

armature is much higher than its axial velocity In fact, the axial velocity and 

displacement ofthe armature are very small, and can be neglected for 

simplifying the analysis. 

2 The expansion angle of armatures in helical MFCGs is, strictly speaking, not a 

constant. It varies with the post-detonation time and with the axial position in 

the armature. However, in order to simply the theoretical analysis of armature 

behavior, it is widely accepted to assume a constant magnitude for the 

armature's expansion angle. Should such an assumption be made, it is 

recommended that an average expansion angle (along the length ofthe 

armature) be calculated, 

3 Due to the open-end design feature of armatures, there is a severe "end effect" 

where the armature's expansion angles does not follow the rest ofthe 

armature and significant "ban-eling" is observed. In order to remedy this 

problem, the first few turns ofthe helical coils should be away from the 



section where the detonation end is observed. Otherwise, a huge magnetic 

flux loss could occur due to improper armature design. Equations (4-3) and 

(4-5) present a convenient way for determining the length ofthe section 

containing the "end effect" for aluminum 6061-T6 and OFHC copper 

armatures charged with explosive C-4 

7.4 Scaling Effect 

For safety purposes as well as experimental facility limitations, a limited amount 

of explosive was to be used resulting in the design and constmction ofa small size helical 

MFCGs for employment in explosive experiments. The following conclusions can be 

made regarding the "scaling effect" on the expansion angle ofthe armature. 

1. Both theoretical analysis and finite element simulations prove that there is no 

scaling effect for armatures with respect to the expansion angle ofthe 

armatures 

2. The expansion angle of an armature is only a function ofthe armature's 

density, the explosive's density, and the armature's wall thickness ratio. The 

sections 4,4 and 4 5 present newly developed equations and tables for 

determining the average expansion angle in OFHC copper and aluminum 

6061-T6 armatures charged by high explosive Comp C-4. 

3. The expansion angle obtained from the Gumey equation in equation (4-14) is 

much larger than values obtained from the explosive experiments and tiie 

finite element simulations. The reason for this discrepancy is that the Gumey 



equation was originally developed for trcatmem of bombs in which explosives 

are confined by the bomb's shells, while this is not the case in helical MFCGs 

because the detonation end is always open to air. 

7,5 Mono-Layer vs. Multi-Layer Amiatures 

A total of five different armatures (two mono-layer amiatures and three different 

multi-layer armatures) with the same armature wall thickness and outer radius were 

studied. We had the following conclusions: 

1 When the expansion behavior ofthe armatures is of primary concern, 

aluminum 6061-T6 armature is the best among five possible annatures 

researched in this study. 

2. When the outer layer ofthe armature is required or preferred to be of the 

OFHC copper material for achieving high conductivity, the tri-layer armature 

consisting of copper outer layer, aluminum inner layer separated by a polymer 

intermediate layer, shows the best expansion behavior, 

7 6 Interaction Behavior ofthe Armamre with the Crowbar 

The function ofthe crowbar in helical MFCGs is to short out the armature and the 

helical coil after the discharge ofthe capacitor in order to trap the initial magnetic flux. 

Generally, the contact between the crowbar and the armature occurs when the current in 

the helical coil reaches a maximum value during discharging phase. In the template of 

helical MFCG employed in the MURI-11 project, the crowbar is a circular plate whh a 



thickness 0.2 mm. The following conclusions can be made regarding the interaction 

behavior ofthe armature and the crowbar: 

1, The crowbar has a significant effect on the armature's expansion behavior 

although the thickness ofthe crowbar isjust 0.2 mm. This interaction causes 

a large inward spike section in the deformed armature outer surface, which 

might cause an additional magnetic flux loss if the first few mms ofthe helical 

coils are in or near the inward spike area. 

2. The influence of the crowbar in annature expansion hcha\ ior is only 

observable in the local area near the crowbar position, 

7.7 Interaction Behavior ofthe Armature with the Stator 

During the operation ofa helical MFCG, the expanding armature shorts out and 

slides continuously along the helical coils, thereby forcing and compressing the magnetic 

flux into the load coils. The sweeping velocity ofthe armature along the helical coils has 

a direct and significant influence on the performance and efficiency of helical MFCGs, 

Explosive experiments conducted on the template of helical MFCG in the MURI-II 

project revealed that the observed sweeping velocities were not a constant and were much 

larger than the explosive detonation velocity. The following conclusions can be made 

regarding the interaction behavior ofthe armature with the stator in the template helical 

MFCG: 



1 The finite element models presented in this research can provide highly 

accurate insight regarding the manitude and nature ofthe sweeping velocity in 

the template generator, 

2. The sweeping velocity in the template helical MFCG decreased during the 

operation ofthe generator having a higher magnitude than the detonation 

velocity, which is mainly caused b\ the detonation end effect in the armature, 

3- The finite element analysis results also showed that the sweeping velocity of 

the armature section far away from the detonation end effect is close lo the 

explosive detonafion velocity. 

7.8 Hydrody namic Behavior of the Helical Wires at the Armature 

Impact Points 

The physical behavior of the contact point between the armature and the helical 

wire core/insulation in a helical MFCG involves very complicated electrical and 

mechanical issues. The detailed description of the phenomena or behavior at the contact 

point can help improve the basic understanding ofthe fundamental processes goveming 

the operation of helical MFCGs, From the mechanical engineering viewpoint, the 

hydrodynamic behavior ofthe helical wire core/insulation in the template MFCG ofthe 

MURl-Il project were investigated. The following conclusions can be made as a resuh of 

information obtained through this research, 

1. Upon the impact between the armature and the insulation, the insulation 

material is locally deformed around the contact point. Even when contact 

between the armature and its surrounding wire core occurs, the section ofthe 
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insulation that is diametrically opposite to the contact point is still in an un

disturbed and un-deformed state. 

2. During the impact phase ofthe armature with the helical wire core/insulation, 

the insulation material is forced to move along the surface of its surrounding 

wire core. When the insulation material separating the armature from the wire 

core is fragmented, most ofthe insulation material is shortly squeezed out of 

the contact zone. However, some ofthe fragmented insulation material is still 

trapped between the armature and the wire core. 

3. The insulation/wire core behavior at different turns ofthe helical tum is not 

totally identical because the exact location ofthe fragmentation point ofthe 

insulation layer is different from one tum to tiie next. 

4. The breakdown time ofthe insulation at each turn, which is the time required 

for the armature to fragment the insulation resulting in contacting with the 

wire core, has a small variation from one tum to the next with an average time 

of 0.45 us. 

5. The defonned wire core does not break through the adjacent insulation to 

contact the adjacent wire core, 

6. There is a small axial shift (axial displacement) of the helical tums. However, 

the maximum axial displacement ofthe wire core at the contact point with the 

armature isjust 13 percent ofthe wire insulation for the template generator 

considered in this research. Therefore, the axial shift of die helical tums can 

be considered to be negligible 



7 9 Criteria for Prevention of "Turn-Skipping" 

The magnetic flux loss due to the "tum skipping" phenomenon can dramatically 

decrease the efficiency of helical MFCGs, The "tum skipping" behavior can easily occur 

due to a non-uniform and asymmetrical expansion behavior of the armature The effect 

of each parameter and combination of all parameters on the "turn skipping" phenomenon 

was be theoretically investigated and analyzed. The following conclusion are made 

regarding the criteria for prevention of "tum skipping" phenomenon in helical MFCGs' 

1. The criterion for maximum allowable eccentricity tolerance ofthe armature 

with respect to the stator is given by equation (6-3) 

2. The criterion for maximum allowable wall thickness tolerance ofthe armature 

is expressed by equation (6-12). 

3. The criterion for combined maximum allowable eccentricity and wall 

thickness tolerances is described by equation (6-14). 

4. The "turn-skipping" phenomenon in helical MFCGs is mainly govemed by 

the magnitude ofthe eccentricity ofthe armature with respect to the stator. the 

armature wall thickness tolerances, pitch ofthe helical coils and the armature 

expansion angle. The maximum allowable eccentricity tolerance and the 

maximum allowable wall thickness tolerance ofthe armature are proportional 

to the pitch ofthe helical coils and the armature expansion angle. The above 

tolerances are independent ofthe stator radius, due to the assumption ofa 

constant armature expansion angle 
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