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' CHAPTER 1
i INTRODUCTION
@%, ElSalE5 ne. . :

The activities by the Advanced Research Department of

Edgerton, Germeshausen & Grier, Ine, for the Livermore Laboratory

of Sandia Corporation reported in EG&G Technical Report B-3147,

28 September 1965, have been extended and eieborated. Ways ':ahd means

of »achieving the technical objectives described in the Sandia Corporation

letter of 7 October 1965 have been inves'tigated,. and the following feport

presents the results of these investiga’cions. !

Chapter 2 descrlbes the experimental methods, Chapter 3 descrlbes.

‘the techniques devised for impulsive magnetic field loading of cylmdrlcal

and flat structures Chapter 4 presents selected analyses of the experi-

f mental results, and Chapter 5 contains plans for continued effort

The analyses contained in report B-3147 are included herein

only by reference.
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CHAPTER 2
EXPDRIMENTAL METHODS

The EG&G pulse-power bank has been used throughout this set of

experiments as a source of stored electrical energy. A selection of

load coil_e'was available for generation of high-transient magnetic fields.
" Early experimente were performed with a single-turn beryll_ium.-cepper
: coil 2. 863 inches 1ong and'having an inside diameter of 3,015 inches.

rLater experiments took advantage of the greater magnetic. efflclency of

a closely coupled multiple-turn coil. 2 The beryllium-copper concentrator

used with the latter coil has the same inside dimensions as the single-turn '
coil. A few experiments were performed with a larger single-turn coil
“to accommodate the 7-inch diameter phenolic samples forwarded by Sandia

‘Corporation, This coil, of cast aluminum, has a 10-inch length and a

10-inch inside diameter,

2,1 VOLTAGE AND CURRENT MEASUREMENTS

Measurements of voltage induced across the load coil were made

by two methods. Inltlally, 1000 to 1 attenuation probes were located at

each end of the load coil, and the attenuated signal was displayed through -
a differential amplifier on a Tektronix Type 555 dual-beam oscilloscope

loceted in a shielded room. It was 'fo'un_d that this arrangement resulted

in spuri'eus signal pickup Acquisition of ‘an additional Tektronix Type 507
:hlgh Voltage oscilloscope permitted relocatmg the high-sensitivity portlon,
of the 01rcu1try several feet frorn the load coil. At high bank voltages,
attenuation by a factor of 10 was still required, _but spurious signal pickup

- was satisfactorily avoided.

— —

Meas_ur"e"rﬂerolﬂts of the rate ef change of current in the load coil and

hence of the rate of change of the magnetic field within the coil were made

by measurement of the voltage induced in a small single-turn pmkup loop

orlented on the central plane of the load 0011 in the volume permeated by
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the magnetic field. A loop area as small as 0. 005 lsquare centimneter

- was found to give adequate signal voltage, Loop areas as large as 0,070

square centimeter were used when space permitted. The pickup '.1oop

.signal voltage was typically displayed on the Tekironix Type 555 dual-beam _

oscilloscope. One loop of zero area was fabric'ated to check the signal

‘pickup of the tw1sted leads used to carry the signal to a coaxial cable

outside the 0011 ‘The unwanted signal pickup was found to be. satlsfactomly

negligible.

2.2  HIGH-SPEED PHOTOGRAPHY

For high-speed photography of the behavior of the workpieces

under impulse of a magnetic field transient, use was made of a Kerr

Framing Camera manufactured by Electro-Optical Systems, This camera.

~ and associated electronics provides 6 exposures of the same object with

time delays between exposures variable from 0 to 50 microseconds,

| Available exposure times were 0, 2 and 1. 0 microseconds, The output.

triggers were adjustable in time by observation on a Tektronix Type 545

: oscnlloscope and were recorded photographically to provide the necessary

time correlation between photographs and voltage data. The maxunum

image diameter at the film plane of the Kerr Framing Camera is approx;.-

mately one inch, Accordingly, with 3- inch diameter ob_]ects - an optical

- - 8ystem was chosen that provided a 3 to 1 minification, = A typical optical

arrangement is illustrated in Figure 1. It was sufficiently flexible that
the object focal plane could be adJusted from the central plane of the coil
to the front edge for cases where front- llghtlng was more desirable than
back-lighting., Illumination was prov1ded by a Type 1532—-B Strobolume

Xenon flash lamp, with additional capacitance and inductance to provide

‘about 50 joules stretched over a period of at least 100 mlcroseconds

Because the time of onset of the hght flash 1S uncertaln by 20 to 30

4
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mlcroseconds all experiments were performed with the light flash as

a f1duc1a1 marker The light flash was detected photoelectrically by an-

-EG&G FIDU sensor. The 1atter provided four -trigger outputs to trigger

the pulse power bank, the camera control umt and the oscillos copes
Flgure 2is a block diagram showing a typical trlgger circuit arrangement,

The modified hght source and optical system provided adequate 111um1nat10n

) at the film plane for satlsfactory photography With the 0. 2-microsecond

exposure, use of the diffuser was not possible even with the fastest f11m
avallable Royal-X Panchromatic or Polaroid Type 57, With the I-micro-

second exposure, use of the vellum diffuser was practicable. In addition,

it was sometimes desirable to use the slower Polaroid Type 52 for some

- of the frames. With some of the experimental geometries, it is not

possible to avoid extraneous light from arcing. The extent of this is.

- -unpredictable, and satisfactory photographic records are sometimes not
"obtalned with Polaroid, ' In these cases it is more desirable, although less

convenlent, to use negative sheet film; e, g., Royal-X Panchromatic,

e
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CHAPTER 3

. E@?& o e IMPULSIVE LOADING OF CYLINDRICAL AND
o FLAT STRUCTURES WITH MAGNETIC FIELDS

Initial experiments were conducted with the m_agnetic field loading
uniform over entire cylindrical surfaces, Later experiments were '
directed towards loading 120 degrees of cylindrical surfaces first in a

uniformly radial manner and second, according to a cosine law with the

- maximum loading at the center of the 120-degree secfor_. A few involved .

loading of 'small flat surfaces. Selected results of each type of exp,erinient

are presented below,

3.1 UNIF_ORM LOADING OVER ENTIRE CYLINDER

_ For this purpose the single-turn berylllum copper coil was
-employed across the load plates. Both aluminum and copper cylinders
were swaged. Copper cylinders, 0.008~inch thick, were formed by
.butt-so1dering a copper sheet into a eYIindrical shape. Aluminum
cylinders were cut to length from a 3-inch outside diameter tube with a
0, 0-2'8-inch wall thickness,  The most satisfactory photographic results
'Were achieved with cylinders cu’r to the lsame length as the coil., Typical

results obtained are illustrated in Figure 3. The workpiece was aluminum,

- The bank was fired at 19, 4 kilovolts or approximately 31 kilojoules of

stored energy. The photographs shown were taken at the following times

after the initial voltage excursion: 5, 9.5, and 13,5 microscconds. Between

‘“the first and third photograph the approximate average radius decreased

4

by 3.3 millimeters, indicating an average radial velocity of about 3.9 x 10

o cm/sec. Of interest is the shock wave just visible in the second and third

photographs., The average velocity of the shock wave over that 4-micro-

~ second interval was approximately 1.1 x 105 cm/sec, This implies a

peak velocity for the aluminum wall on the same order of magnitude,’
Precise instantaneous velocity measurements by these techniques are

not possible However, photographs taken at +7 and 48.5 mlcroseconds

together with that at +9, 5 mlcroseeonds (Flgure 3b) indicate that the
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(2) Bank to +5 microseconds

(b} Bank to +9. 5 ,micro.s econds |

{(c) Bank to +12. 5 microseconds

Figure .3. Three sequential views of the alummum workpiece, shown at

_approx1mately full scale, in the process of swaglng Shock
wave is V181b1e in (b) and (c).

10
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average velocity of the wall was approximately 6 x 10 cm/sec. The

average velocity during the period from +9, 5 to +13. 5 mlcroseconds was

down to: 3 X 104 cm/fsec,

Of interest is that at +9. 5 microseconds a high order of.bu'clﬂing

‘has occurred with a spacing between neighbor buckles of approxnnately
- 0. 43 centlrneter The question arises as to what would be the mmultanelty

of 1mpact if a target structure had been located at the radlus reached at

+9.5 mlcroseconds that is, -at the approx1mate time of maximum velocity.

At 49, 5 microseconds the radius of the buckled cylmder is rapprommately ’

0. 92 of the 1n1tlal inside radius, Hence, the material contas.ned in an arec

dlstance of 0., 43 centlmeter at +9. 5 microseconds must have been contained

“initially in an arc distance greater in the ratio of 1 16 0, 92, or 0. 47

centimeter. If one approximates the cross section of each buckle by a

triangle, then the base of the triangle is 0. 43 c'entimeter, and the sum of

._the other two sides is 0. 47 centimeter,. The height of the triangle,

' therefofe, is 0. 095 centimeter. At the observed radial velocity of 6 x 10

cm/sec, all points on the interior surface of the buckled cylind'er would

arrive at the radius reached at +9. 5 microseconds within a time interval

. of approximately 1, 5 'microseconds.'

| 3.2 ~ UNIFORM RADIAL LOADING OVER 120 DEGREES

" To 1nvest1gate the behavior of collapsmg structures under conditions

of uniform radial loading over a limited sector of a cylinder, two different

methods were applied, The first was selected for 3-inch diatneter metai

cyhnders supplied by EG&G; the second was devised to accommodate the

-7 inch dlameter phenollc cylinders supplied by Sandia,

3. 2. 1 - Three-inch Dlameter Metal Cylinders. For these

; structures recourse was taken to the dev1ce of selectlng a relatlvely

11



@,ﬁ% E @ﬁ@ e

LoEn

i

.thick-wall aluminum tube and reducing the outside radius over a 120~degree

sector by milling parallel to the axis of the cylinder until the thin wall was.

apprommately one .skin-depth thick at a typical bank frequency under load..

A typical experlmental geometry is shown in Flgure 4, For these experi-
' rnents,, the slngle ~turn load coil was replaced by the multiple-turn coil

- whose 'cbndeptrator dimensions duplicated those of the single-turn coil.

Typical results of the use of this technique are shown in Figure 5. The

' exposures were made at 11, 25, and 35 microseconds after the onset of

-the vOltage excursion. In this example, the pulse power bank was charged.
iip only to 10 kilov‘oits corresponding to 8, 25 kilojoules. Buckling is
discernible in Figure 5a and becomes more serious and somewhat 1rregular '
at later times in Figures 5b and 5c¢. The irregularities in the buckling

‘may' have been due to possible residual irregularities in the milling process,

- The average radial velocity of the thin-walled section has been calculated

to be 1,5 x 104 cm/sec from 0 to +11 mlcroseconds 1.6 x 104 cm/sec

"--from +11 to +25 microseconds, and 1,2 x 10 cm/sec from +25 to +35

microseconds, The thin section commenced shearing prior to +11 micro- .
seconds, developing an arc observable in Figure 5b. The electrical

circuit was probably effectively open by +50 microseconds, although some

-arcing was still observed as late as +64 microseconds,

The folldwing:-experiment was identical in geometry to the preceding

one except that a strip of 0,002-inch thick mylar apprdximately one inch

wide was placed in the central region of the thin-wall sector. Sequential

views of the motion of the thin~wall sector and the mylar are shown in

'Figur_e‘ 6. The times of making»the exposures are identical with .th__ose

_a‘pplyir_ig to Figure 5, | Apparently the natural stiffness of the mylar. resulted

- in it initially being in contact with the aluminum near the long edg'es of the

mylar. The mylar takes on the buckling of the aluminum as it.develops L )'M

and as the aluminum comes into contact with the mylar. The conditions

12



g‘é

%;’i’%

E (58205 wae,

Figure 4.

- — . 3.000" —- g

Typical geometfy for uniform radial loading by magnetic
fields; stock material is an azluminum tube,

13
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- (a) Bank to +11'm_icroseconds
(b) Bank to +25 microseconds ’
o ;
7 (c) Bank to +35 microseconds.
X
H
: _'Figuré 3. Three Sequential views of an élumin_um tube, thin walled over _
a 120-~degree sector, in the process of radial motion,

Y
9

14
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(a) Bank to +11 microseconds

(b) Bank to +25 microseconds

(c) Bank to +35.microsecohds

Figure 6. Three sequential views of an aluminum tube, thin walled over
: -a 120-degree sector, in motion, Thin sheet of mylar is superposed
on the thin aluminum sector, ' S ' :

R
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‘of discharge of the bank were the same, 10 kilovolts, as the preceding

event, The observed average velocities are comparable in the two cases.

3.2.2 Sevén inch Diameter Phenolic Cylinders, The expérienée’

described in Sectlons 3.1 and 3, 2. 1 indicates that good 81mu1tane1ty can -
.be achleved in impulsive radial loadmg over & part of a cylindrical

surface prov1ded that the initial separation of the impacting materials is _
‘small compared to the cylinder radius and provided that the initial thickness
of the flyer' plate is uniform., Accordingly, efforts were undertaken to.

7 load impulsively the phenollc cylinders supplied by Sandla Corporatlon .

As recelved these cylinders were 7 inches OD, 0. 5-inch wall thickness
- and 9 inches long, Five cylinders were supplied, one of which showed a

defect in lamination, The other four appeared in godd initial condition,

To prov1de full 10ad1ng over 120 degrees of the cylinder samples
and zero loading over the remaining 240 degrees the geometry 111ustrated
- in Figure 7 was chosen. The load co:L_l 111u_strated was available from .

other work. Its dimensions, 10 inches square in loﬁgitudinal inside cross-

- section,were convenient for the purpose of providing room for the 240-
degree retaining ring shown. The thickness chos én for the retaining ring
was adequ_afe to avoid radial motion in that sector at the full bank energy.

) The flux concentrators shown were ins erted to minimize the added .

-~ inductances. With the flux concentrators in place, the inductance of this

' ‘geometry was approximately 20 nanohenries, slightly less than half the

internal bank inductance of 43 nanohenries.

Prellmmary dlagnostlc measurements made in this geometry
‘ utlllzed a 9-inch length for the aluminum sheet. Polaroid photographic
- observations throughout the first 100 microseconcﬁs showed some buckling
of the sheet, but barely perceptible motion, Because the impulse given

" by the magnetic pressure is inversely proportional to the square of the’

16
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Phenolic Test Sample -
7-Inch Ouiside Diameter

240° Aluminum Retfainer

Aluminum
Load Coil
{0-Inch

Void to
Accept
Pick-up Probe

Gap Spacers
(Typical 0.055 Inch) }

Clamp Joint
Clamp- Joint

A!ummum
Flux Concentrutors

Aluminum Shee?
0. 011-Tnch Thick

_ Faced with ,
) . _ Phenolic Sheet -
Note: - . '0.024-Inch Thick
- 0.005-Inch Thick Mylor (Aluminum Sheet
Insulation Between Alummum Pieces _ Clamped at Ends -
Not Shown. : intfo 240° Alum:num
| o : Retainer}
) ' o ' .
:F-igure 7.

Low-inductance geometry for 120-degree, 1mpulqw C
loadlng phenolic sheet on the phenolic cylindeér.

17
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length, a significant decrease in the length of the aluminum sheet was
indicated, 3 A length of 2 inches was selected, resultlng in-an impulse |
increase by a factor-of slightly over 20, At this length satlsfactory
results were achieved. Observed average velocities of the alumlnum
sheet (Wlthou‘c phenolic facmg) were about 0, 5 mm/usec over the flrst
twelve mlcroseconds of the impulse, On the basis of these results, the
2-inch length was retained for the alummum sheet. and applled in the

geometry of Flgure 7..

~ The 1n1t1a1 test of phenolic loading on a phenolic test sample was
| 'made with one of the 9-inch long samples supplied. The 2-inch length of
: alumlnum with phenolic facing was orlented centrally with respect to the
~ length of the cylinder. The bank was discharged at 19. 5 kilovolts,
_ correspondlng to a bank energy of 31, 4 kilojoules. The resultant spallati_on,
which is coni'lned to the 1nter10r surface of the cyllnder is 'shown in

Flgure 8

Figure 8. | Interior spallation of the phenolic cylinder impulSi-vely loaded.
R -~ over-a 2-inch length and 120 degrees of exterior s_urfac_e. : '

18
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Polaroid photography over the first 112 microseconds indicates '

“that the spallatlon commenced between 12 and 32 rmcroseconds after the .

: _1n1t1a1 exoursmn of the bank Inspection of the damage indicated that it

had been mlmmlzed by the constraints of - the adgacent unloaded material.

The remaining phenolic cylinders were, therefore cut into 2-inch
1engths so that the full length of the test sample would be impulsively

loaded. - Two examples of these tests are 111ustrated in Flgure 9 The '

' _reglon of 1nterest is the ‘bottom thll"d of the c:entral one of the three cylinders .

evident in the photographs To assist the reader in 1nterpret1ng the

photographs it should be noted that the center of the central cyllnder is

. slightly higher than those of the front and back cylinders. With back-lighting,

its lower surface casts a shadow on the front cylinder. The luminous
material, shown in the later photographs, is hot aluminum from the ends

of the aluminum driver.sheet. - This material escaped-'through the gaps |

-betw een the cylinders.

Two views are shown in Figure 9 -of each of test samples; one
taken at +31 microseconds, the other at +111 microseconds, One of the
test samples was impulsively loaded with the bank discharged at close to
full energy, the other at half the energy of the first, In both cases
Spallat'ton is evident at +31 microseconds. In neither case was Spallatlon

ev1dent in photographs taken at +11 mlcroseconds (not shown),

The complete effects of impulsive loading at full bank energy are

illustrated in before-and-after views in Figure 10, The residual unspalled

but delammated mater1a1 is clearly evident. The spalled residue is not

1nclud ed

19
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(a) 31 kilojoules af

(¢) 15.5 kilojoules at
+31 microseconds

+31 microseconds

(b) 31 kilojoules at : () 15,5 kilojoules at
+111 microsecor_ld-s - +111 microseconds
Figure 9.  Sequential views of spallation "da'mage in phenolic cylinders.
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-Figure 10. Before and after views of spallation and delamination .
' damage of the phenolic cylinder impulsively loaded at
almost full bank energy,

3.3 COSINE LAW LOADING OVER A 120-DEGREE SECTOR

Efforts have been dlrected towards use of transient magnetic field
pressures to achieve loading over seml-cyll_ndrical surfaces that approxi~
mates a plene wave. _As a practieal matter, efforts have been iimi‘ced,
~at least initially, to providing the desired loading over a 120-degree sector
'Wlth the maximum at the center For simultaneity of loading of 1 micro--

, second by the use of Workpleces traveling at 1 x 105 cm/sec, the surface

" of the workplece that strikes the cylindrical target must have the same

“radius as the target with a tolerance of approximately a mllllmeter.. To

provide the desired cosine distribution of loading, no element of the 'moving

cylindrical surface can have a velocity vector different in direction or

- amplitude from any other element. The pressure of the transient magnetic

~field is exerted norrrial_to.the surface of the'workpiece. To meet the

velocity vector criterion requires that the surface of the wori{piece driven

by the magnetic field be flat, With fh_ese constraints in mind, experimental
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discharges have been made with a Variety of materials to determine the

' requlrements for meetlng the criteria satisfactorily, A typ1ca1 experl—

'mental geometry is 111ustrated in Figure 11,

"The so-called "drive Workpiece” shown in Figure 11 is designed
.to'tiran'siate the linear motion of the flat surface driven by the copper

sheet into linear motion of the cylindrical surface towards contact Wi’gh

~ the target cylinder. At the same time, to approximate desired velocities

of impact {(approximately 105_ cm/sec) itg mass must be comparable with.

or Si'gnificantly less than that of the driVing copper sheet. Attempts

' have heen made with two light-weight materials, a foamed plastlc with. a

dens:tty of approximately 0. 1 gram per cubic centlmeter and a fiberglas

honeyco_rn_b with a den51ty of approximately 0.065 gram per cubic

" centimeter. Neither of these materials possess the necessary rigidity

to transmit the required impulse to the cylindrical surfaces. Data

_recently supplied by the manufacturer of honeycomb materials indicates

that the compressive strength 1s inadequate by a factor of at least 10 to

transmit the required pressures. In both cases, deformation of the

- eylindrical surface has taken pia_ce prior to significant acceleration.

Further efforts in this direction have been suspended until more

: profitable avenues of approach appear.

3.4 IMPULSIVE LOADING OF FLAT STRUCTURES WITH
MAGNETIC FIELDS
An experimental geometry very similar to that described in
Section 3.3 was considered to be potentially useful for impulsi{re IOading
of flat structures. If one replaces the annular cylmdrlcal retaining

Segment shown in Figure 11 with a solid cylmdrlcal segment with the flat

" parallel to the flat of the copper driver, then it is, in principle, - possible
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Be-~Cu Concentrator

0.01-Inch
Cu Driver

~ Driven Flyer
/{Various Materials)

Steel Retainer .
0.25-Inch Wall

\Simulated
Target Cylinder

~ Length of All Pieces ~ 3 Tnches

~Note:

Mylar Insulation Between Metal Surfoces
‘Not Shown. :

Figure 11; Typical experimental geometry for cosine law -
' loading of cylindrical surfaces.
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1o _1qa_d _irnpl.ilsively small flat targets supported off the surface of the
_“retainer, ‘The loading would be providéd by flat-flyer plates driven by
' th.e .co'pper i Several such attempf;s were made with both metal and:
' phenollc targets, The results were ambiguous 1n that no satlsfactory
“means was found to protect the target plate from damage after loading

o "m the process of crushmg the materisl; e. g., styrafoam which was

placed between the target plate and the retainer. Further efforts in this .

" direction should be oriented towards an open geometry in whlch the target

sample would be free to slow down in fllght through air over a distance

of some 1nches or feet before its motlon was otherwise arrested. A

' "'sultable open geometry will be described in Chapter 9, Plans for Contlnued |

Effort

_ _2_'4
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. ‘ : ' : CHAPTER 4
fr ANALYSIS AND INTERPRETATION OF

e SNEBRG SOME EXPERIMENTAL RESULTS

Detailed ahalysis and interpretation have been made on one

example of each of three different classes of experiments described in -

' Chapter 3, based on the theory of time-varying LRC circuits. * The

“first of these analyses pertains to the case of a flat copper flyer plate

accelerated towards the flat of a solid cylmdrlcal segment (Sectlon 3.4).

The second pertalns to one attempt to simulate cosine law loading

- (Section 3. 3). The third analysis relates to radial impulsive loading of

a 1imited_sector (approximately 120 degrees) of a phenolic cylinder
(Section 3, 2, 2. | | '

4.1 FLAT COPPER FLYER PLATE

All the impulsive loading tests, involving flat copper flyer plates,
were conducted using a multiple- turn coil and flux concentrator, 2 The
conflguratlon of this assembly introduces considerableadditional inductance
into-the circuit. This serves to decrease both the ringing frequency and
the curren% in the primary or main circuit, However, the multiple-turn
_w1nd1ngs also act as a transformer, and the current in the single-turn
flux concentrator is increased by a factor equal to the turns ratio. Orlglnally, _
it was-thought that this gain in current would more than offset the dis-
advantages incurred by slowmg down the bank, but calculations based on

: emplrlcal evidence have since shown this reasoning to be fallacious.

' _AS discussed in the previous progress report, useful information -
can be obt-ained from. studying accurate cscilloscope traces of the current

through and the voltage across, the workplece ° - The term Workpiece is

e

g of the flux concentr_ator, ‘the flyer plate, and any other metal surfaces _

that ar"_e inserted between the test cylinder and the flux concentrator for

i:h_e purpose of reducing inductance. ‘These oscillo's'cop_e iraces are
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-particularly valuable as .-diagnostic tools when the inductance of the

workpiece predominates over the sum of all other inductances in the

| c-i_i‘c_u'it. Then, any changes in the workpiec:_e inductance that are eff'ect'ed
by the action of the magnetic pressure pulse driving the flyer plate,
_ser-ve. to _.modify éppreciably the current flowing in the circuit. These.

' _chang.e_s can then b_e monitored by the scopes and _compr_are'd with the -

non_t_ime_—v_afyi_ng inductance case. Unfortunately, the EG&G 33—ki10joﬁ1e

bank has an internal inductance of 45 nanohénries, far greater than that

of the typical workpiece. The use of the multiple—turn flux concentrator

- introduces additional inductance in excess of 100 nanchenries into the -

circuit and further reduces the efficacy of the scope traces. In spite of

‘this, useful information has been obtained using these diagnostic techniques, "

4.1, 1 Calibration Tests.  Initially, the problem of accurately

measurmg the current had to be solved, The current is mdlrectly

‘measured by a small pickup loop that 1s placed in the spacmg between

the flux concentrator and the flyer plate. This loop measures the induced

voltage, which is produced by a-time-varying magnetic field, according

- to Faraday's Law. From Ampere's Law this magnetic field is directly
: pro’po’ftional to the current in the circuit, and one can theoretically

: correlate ihe.measured loop vol.tage Vp , to the actual current, I,

In practlce one can relate Vp to the time rate of change of current,

- dI/dt only if the inductance of the pickup loop is accurately known. An

accurate determlnatlon of the loop inductance from its geometry is most

difficult to obtain, ésp'eciAally when the loop area is small. The inductance,

& measure of the magnetic flux that passes through the _loop, is critically

dependent on the orientation of the loop with respect to the direction of the

' magnetic field lines, in addition to the loop area. For solenoids of finite
| _ length the magnetic field 11nes do not lie wholly along the solenc)ldal axis

| :.as is generally assumed, and the: exact orientation of the loop is not easﬂy

determined. . -
26
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. One can 'circ_ur'nven.t this difficulty by a convenient strategem.

The voltage across an 1nduct1ve c1rcu1t element contalmng negllglbly E

small resistance is

= - . - : : - (1

vo= L = | o ( )

The _ratio-of the voltages across two such inductive elemenis.in a
series cn:'cult is merely the ratic of the two inductances. Thus, if the

capamtor bank is operated at sufflclently low energy so that the ﬂyer

_plate does not move and the w_orkplece inductance remains constan’_c, then

-VL = LW dl/dt

for the voltage across the workpiece,

vV, = L, dla
for the loop voltage, and
VL - I R
v, T T (2)

for the ratio of inductances where L is the workpiece inductance
Then, if the workpiece 1nductance is known one can determine the loop

inductance simply from the voltage traces,

'Before each t'est . the pickup .loc')p was calibrated in this manner,

In this particular experlment the bank was flI‘St operated at 1.1 kilovolts,
. and traces of VL and Vp were obtained, These traces are shown in

'Figures 12 and 13, Note that the two voltages are almost exactly in phase :

indicating that the resistive voltage IR drop across the workplece 1s
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negligible compared with the inductive voltage Lde/_dt. Both traces

exhibit a ringing period of 35.8 microseconds, Comparison of the ratio

-of the voltages at successive maxima yields

i= | SRS .
CAtt=0 v 14.0 .
(After one half-cycle ve o 13.8
After one full-cycle v = 13.9 .

P
_ VL '
After threehalf-cycles v ° 13.5
p

' These four ratios are in agreement to within less than four percent.

~ Choosing the average value,

L= Y )
_ - The load inductance -can be o_bt'ained directly {rom simple geo-
metrical considerations. From t:onservatio_n_t_)f energy r_"eq_uirements_,

one-'éan show that this inductance is5'

A

L= 4r B2 g gy

A 4

where A 'a ~ is the cross-sectional area in square centimeters of the

in_sulating"ga'p between the inner wall of the flux concentrator and the_

“nearest metal surfaces of the wof_kpi.ece, and 4 is the length of the work- -

‘plece in centimeters.

29
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The test sample consisted of an aluminum cylinder, originally

2. 947 inches in diameter and cut flat on one side to a transverse dimension

of 1, 975 inches, Surrounding the aluminum sample was a strip of coppef

10 mils in thicknesls uniformly separate'd from the curved portion of the
aluminum by 2 mils of mylar and then bent into a flat section parallel to

the flat of the alumlnum and separated from it by a dlstance of 0,625 1nch.-

A cross sectional view of the entire workplece is shown in Flgure 14.

 The area of the 1nsu1at1ng gap is

A RE - rx 292 2 5 316 R em? (s
gap c 2r f -

where R is the inner radius of the single~turn flux concentrator, b is

the radlus of the curved copper section and R, is the 'pe'rp'endicular

f

dlstance of the flat copper ﬂyer plate from the center of the system. The

curved section extends over 4. 92 radians of arc.

From Equation (5) the inductance of the workpiece becomes

L, = F GR?-2.46b”-2.316R) nH e
and for - |
.' '_-Rc = 1.5075 inches = 3,829 centimeters
b = 1,4855inches = 3.773 centimeters
Rf = 1.127 inches = 2,864 centimeters
L = 2 853 inches = 7. 247 centimeters
A = 4 42 square centimeters and ‘I, = 7.7 nanohenries.
gap - _ o w . _

T'h'u's', from. Equation (3) the loop inductance becomes
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- Figure 14.

Flat :Copper Plate

Cross-sectional view of wor kplec,e -- flat COpper E
flyer plate experlrnent - '
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L = === 0.56 nH ,

This value of Lp is the calibration factor that enables one to
c_lireétly convert the measured 1oop Voltage,' V_p,; to the actual time-rate o
of change of c_lirrent. Once di/dt has been so determined, the actual’

current is obtained by numerical integration methods,

Additional useful informartionr is deri.vable from the calibration test.
'Th-e period and pfofile of the voliage traces enable one to calculate the
bank-ringing ffeqﬁency and darriping rate. As stated previously, fhe bank
is opérated at low voltages (approximately one kilovolt) during the |
calibration test so as not to deform the flyer plate and thué change the
workp_iecé indu.ctance. Then for a constant LRC circuit, one has for

the current in a ringing circuit

.= 1 e'-'at sinwt
0 . .
d -at . : ,
Vv = La{— o e 2 (wecoswt - a sinwt) (7)
-~ where a ‘is the damping rate in inverse seconds and w = 2rf is the:

. angular frequency.

It V1 represents the voltage at time t, and V2 the corresponding

value at a time t2 exactly one period later, then from Equation (7) ,

V2_ '
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“where T is the time of one period,

Calculatmg the ratio V /Vz from either of the two voltage traces

' leads to an average value of

e
\£

= 3.15
and, thus; for 1= :35. 8 microseconds
| a = 3. 2 X 104 sec— .
| The:angﬁlar—ringing f?equency is ob_teined directly from the .period

w = -‘3; = 175x10° sec”! .
- With w and .a both known, the total indu'ctance of the circ“uit can be

readily determined. The angular frequency of a ringing LRC circuit is

related to the mrcult elements by

2 L2 | . (9)

Solving this 1ast result for the total circuit inductance, 1., one

“obtains for C = 168 ulF

1. = 187 nanohenries

whlch supports the earher assertion that the inductance of the workpiece

(7 7 nanohenries) comprlses but a small fraction of the total 1nductance

~of ‘the __cmcult.

4,1, 2 Defermin-ation of the Current and Magnetic Pressure

Impulse, TDuring the actual experiment, the flat copper fly_ér plate,
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" is a measure of dI/dt, leads the load voltage v

set into motion by the action of the magnetic pressure pulse, traversed

~the intervening space and struck the aluminum test piece, 'leatring a slight

: indéntation in the aluminum surface. This motion was photographed with

a Kerr Cell camera havmg an 1nterframe time of 20 microseconds, The

. resultant photographs were closely examined and revea}.ed an estlmated

maximum average velocity of 2, 6 x 104 cm/sec.

The two- appropriate.voltage traces are shown in Figures 15 and 186,

'_ Note that in contrast with the traces obtained for the calibration test, the

two voltages are no longer in phase, The fact that the loop voltage, which

1’ suggests that the latter

~ has acquired a resistive component as the pickup loop-is designed to detect

only the induced voltage created by the time- varylng magnetlc field. Even

: through the workpiece is itself a low-resistance element (appro:urnately

0. 3 milliochm), the cur_r_eqnts flowing in the coil are great enough to produce

a resistive (IR} voltage drop comparable in magnitude with the inductive

. voltage L A Values of V Vp, and dI/dt are listed in Table 1.

w dt L’ _
The most_imp_ortant pararr:let.er than can be ascertained by such an
énalysis' is the time-integrated magnetic pressure. This magnetic
pressure Impulse is a remarkably reliable indicator of the maximum

velomty achleved by the flyer plate. Additionally, its time history

illustrates the: chronology of the impulsive loading.

The magnetic pressure impulse is derivable from the cufreht, which :

in turn is obtained from dI/dt by numerical integration. Values of current,

.+ I, are listed in Table 2 below and are plotted in Figure 17. The maximum
current of 820 kiloatnps_ occurs at 7. 5 microseconds. These values agr'ee

 quite well with the theoretical results for a constant LRC circuit, . The

maximum.current in such a circuit iS-given by Equation (10).,5
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TABLE 1, VALUES RECORDED FROM VOLTAGE TRACES --

FLAT COPPER FLYER PLATE EXP_ERIMENT

time VL vy '.5%
{(usec) (kV). (volts) .(u :ﬁc |
0 1.81 120,8 220
1.0 1.70 116, 6 212
2.0 1.48 99,3 181
3.0 1. 38 68. 5 125
4.0 1. 26 44,2 80
5.0 1.13 30. 6 56
6.0 0. 96 15.5 28
7.0 0. 74 5.4 10
8.0 0. 46 7.2 -13
9.0 0.12 -24.8 -45
10. 0 -0.24 -39. 4 -12
11.0 -0. 53 -48. 2 -88
12.0 -0.79 -52.8 -96
13.0 -1.05 -56. 3 -102
14,0 -1. 21 -64, 3 S -117
15.0 -1.39 . -63. 2 115
16.0 “1.48 60,1 -109
17.0 -1, 50 -56. 6 -103
18.0. -1, 48 52,0 -95
19,0 ~1.43 47,0 -85
20. 0 -1.36 -42,0 -6
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Current, Megamperes

=0.2 . - \

-0.4

0.8

06

0.4

0.2

0 4 8 W2 6 20 - 24

Time, Microsaconds

Figure 17.  Current through workpiece -- flat copper
- flyer plate experiment. '
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1 = 2V $ etlmax ~(10)
Smax o L _ : o :
'Wheré. ' -
t . = = tan 1 e (11)
max _ a
and the factor of two appe_aring.ih Equation (10) represents the turns ratio
of the windings, ' '
: 5 1
Solving Equations (10) and (11) where w= 1.75 x 10" sec 1-,
a= 3 2x10° sec™!, V= 19.4kV, L= 187 nH, and C = 168 uF,
one obtaing t - = 7,9 usec and I = 890 kA.
. - max. .. max o
TABLE 2, CURRENT THROUGH THE WORKPIECE
time B | time I
Clused) | (kA) | (used) [ (kA)
0 0 11 629
1 220 12 537
2 414" 13 438
3 573 14 328
4 67t | 15 | 211
5 . 739 16 | 99
6 781 |17 -8
7 800 | - 18 -107
8 797 19 | -197 |
9 768 . 20 =277
10 709 | | | SR R
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The magnetic field associated with this current gives rise to a
magﬁetic-preséure that is everywhere normally incident to the copper in"
the workpiece and of magnitude '

P o= 2 1%x107° bars . - - (12)

L.‘Z

The magnetic pressure is plotted in Figure 18, The peak magnetic

pre_s_sur_.e of 0. 77 kilobar is achieved after 7.5 microseconds.

_Numerical integration of the magnetic pressure yields the afore-
- mentioned impulse, which is plotted in Figure 19, Note that scant

additional loading occurs after 14 microseconds.

Conservation of linear momentum allows one to relate this impulse
directly to the ve?locity of the flyer plate, ‘Once instabilities in the metal
occur, momentum is not conserved, and this rélatiohship is no longer
" ., | 'va_lid.. 'Prior to the onset of inst-abilit-ies, one can eqﬁate the impulse to

the momentum per unit area of the flyer plate. Thus,

I' = impulse = mv o {13)
where m = ph is the mass -pef unit area of the flyer and where h is the
thickness of the co_pper; The Kerr Cell photographs show no in_s’;abilifies

 prior to 20 microseconds, Choosing t = 20 microseconds, one finds "

~ from Figure 19

— L2 6,74 millibar-sec
- 6. 74 x 103 dyne-zsec .
em”
N . o s . . ; = I *]_‘ 2 ) . . . i
8 ) . Since m= 2.25x 10 © gm/cm”, one obtains from Equation (13)
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Figure 18.
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Time , Microseconds

‘Magnetic pressure incident on flyer plate -- . .

flat copper flyer plate experiment.
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Magnetic Pressure Impulse, Millibar~seconds

Figure 19.

e 12
Time, Microseconds

Magnetic pressure impulse -- £

flyer plate experiment,
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= v, = 3x104 cm/sec

s _
which is in excellent agreement with the value of 2.6 %10 estimated

" from the photographs

4, 1 3 Determlnatlon of the Time- Varylng Inductance. It is

also possﬂole to obtain the detailed t1rne history of the flyer-plate mot1on
if the flyer is the only section of the Workplece that moves under the
‘action of the magnetic pressure pulse, If the position of the flyer is the.
only varlable then using Equatlon (6) the workplece 1nductance can be

'wrltten in the followmg form:

LW = F(Rf) . : (.14)

-Differentiating both sides of Equation (14),

dL

_ dF . : |
dtw Toar e (15)

or, more explicitly, from Equation (6)

-, |
— 7 x2.316 v, . (16)

dat £ . f

The ﬁegative- sign appears because the motion is inward in the

direction‘ of increasing inductance. Thus, the velocity of the flyer plate

can be dlrectly related to the tlme rate of change of the workpiece

o 1nductance This latter quantity can be calculated from the voltage traces.

The voltage across a c1rcu1t element having a time-varying 1nductance

Lw and an internal resistance RL

.42
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VL T oom (LD +IR, . | o an.

Solving Equation (17) for the indﬁct‘arice,
L = 1 [ v @) - ROI(t'))dtt =
' I o L 1 '

. = . - l I} ) .. ) .
whe#e ¢ = [ (V_L_ IR ) dt' is an integrated voitage.

0
‘The time derivative of Lv& is obtained dir.eetiy_ from Equation (18);

dL, 'V, -1IR S _ -
W L L _ o dl g . (19)

dt I 2 dt

These two results illustrate the significance of measuring VL and -

: dI/dt for all the pertinent quantltles needed to obtain L and its time

~ derivative are contained in the two voltage traces.

_The resistance of the Workpiece can easily be computed. The

flux concentrator, because of its large metallic cross section, possesses

the minimal skin-depth resistance. Since the 'skin—depth of 20 mils is

twice the thickness of the copper in the workpiece, the resmtance of the

flux concentrator is one-half the resistance of the copper. The resistance

of the flat copper sectl_on is 0. 04 milliohm, while the curved copper section,
becau_se of its greater current-path length, has a resistance of 0, 16
milliohm, Thus, the total resistance of the copper is 0. 2 mllllohm and

the res:.stance of the entire workplece is, accordingly, 0.3 millichm.

'Choo_sing __RL = 0. 3 milliohm, 'one can readily determine VL - IR,'

perform-'th-enecessary integration, and evaluate Lw . Values of the

- time-varying inductance are plotted in Figure 20, Over the first 20
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microseconds L more than doubles its initial value of 7. 7 nanohenries.
The inductance does not change appreciably until the third microsecond

and then 1ncreases by an average of 0. 45 nanohenry over each successive

 microsecond.

dL
W
dt

Values of are listed below in Table 3. The maximum(.Val‘ue

of 0,57 nH/usec occurs near the time of maximum current. This time

_ fate ‘of_chsnge of inductance is directly related to the vélocity of the ﬂyer"

plate if, and only if, the flat copper section alone moves under the action
of the magnetic pressure. Unfortunately, the Kerr camera photographs
showed motion on the part of the curved copper section,and an examination

of the workpiece after completion of the test confirmed this observation.

Thér;efore, ‘-the radius of the curved section is also a variable,and

Equations (14) and (15) are not true for this case. Future experiments-

will be designed so that only the flyer plate |s set into motion during the

test,and the velocity time profile of the flyer can then be obtained directly

from the time~varying inductance.

4,1.4 Efficiency of the System.  The efficiency of the capacitor-

bank system, in doing work on the flyer plate, is of prime concern,

'Clearly, only that portion of the bank energy that is stored in the 1nductance

“of the workpiece is available for such a purpose. The maximum value of

this inductively stored énergy is

E = 1 L 12
) .2 T wmax
Since_LW is a small fraction of the total circuit inductance,
variations in LW do not g'reatly perturb the current in the circuit. Thus,

one can approximate the actual conditions by a constant LRC circuif. The

. expression for the maximum stored energy can then be written for the
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TABLE 3, TIME RATE OF CHANGE OF INDUCTANCE

time dL
(usec) dt.
0 0.00
1 0. 00
2 0. 00
3 0. 35
4 0.55
5 0.53
6 0. 57
7 0.49
8 0,44
9 - 0.47
10 0. 50
11 0,51
12 0.50
13 0. 48
14 0.54
15 0,54
16 0. 45
17 0. 40
18 0. 35
19 0. 33
20 0. 28

* dL
~odt
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general case of a series circuit containing a 1oad inductance Lw and a

total circuit 1nductance L

max n Lw a -1 w ' o . .
exp |-2—tan "= }E - {20)
s : L W a o

o
H]

‘where. n is the turns ratio of the windings, and Eo = %CV(‘? is the bank

energy.

- If all of this stored énergy goes into moving the flyer plate, then

the niaximurh efficiency of the system is

a Lw | a, -lw ‘ | |
max T €xp (-2 otan -{;) . - (21

For the actual experiment, LW = 10 nanchenries at the time of

=3
1l

current maximum, L ~'189 nanohenries and n = 2. One th'u_s' obtains for:

' the maximum efficiency

Mo = 11.5 ,pgrcent

The efficiency of such a system will always be low because of the .

_ relatlvely large bank inductance of 45 nanohenries.

One can also detefmine the actual work done on moving the copper.
The work necessary to change the inductance of the work_piece is-4
dL

o w oz -
W, = 20]-&,—1 dtt . o (22).

~ Again performlng the 1ntegrat10n numerically, _one obtalns after

: 20 mlcroseconds

1

A

g 1.4 Kilojoules.

a1



4.2 SIMULATED COSINE. LAW LOADING
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Since the total bank energy is 31, 4 kilojoules at 10, 4 kllovolts

thls represents an actual efflelency of only 4 5 percent

It should be noted, however that the flyer plate (mass 3,84 grams)
movmg with a veloc1ty of 3.3 x 104 cm/sec has a kinetic energy of only
0. 21 klloJoule The kinetic energy required to achieve a final veloc1ty of -

105 cm/seo 1s not beyond the realm of capability of the present system,

In an attempt to su‘nulate cosine 1aw loadmg, the 'ex‘perimental'

geometry shown in Flgure 11 was chosen. ~ Although photographlc ev1dence

.18 clear that these attempts were not successful, a detailed ana1y51s has

been made of the electrical data as a gulde to future efforts. - It, of course,
relates only to the motion of the copper workplece and not to that of the .

dielectric materials. In the case here analyzed, the copper flat shown in.

‘Figure 11 was 1.5 1nches w1de Under the magnetic field pressure, it

drove a plece of hexcel 0. 375 inch thick at the center. The cylindrical

_sur_face whose radius of curvature was 1. 8125 inches, was faced with a

phenollc sheet 0.03125 inch thick. Otherwise the workplece was as shown

in Flgure 11.

4. 2.1 Calibration Tests. A oallbratlon test, similar to that

'descrlbed in the preceding section, was conducted prior to the actual.
-'experlment The two voltage traces are displayed in Figures 21 and 22
- The ratio of these two in-phase voltages was found to have an average

: value of 11 3. _'Therefore from Equatlon (2)

e

' Lp' - 11.3

48 i



E‘f@&ﬁ lixim-.

Juswtaedxe Surpeol sursod -- sfejroa doog 1593 uoTFRIqITED

Sy
R %

1

' (UOTSTAIP .Hmm mvﬂoo.mmo,aoﬁ.ﬂ ot mﬂoﬂm...g..hw Jed g1[0A (G)

juowitasdxs Suipeoy sUrsod -- mm..mﬁ.o? peOT 1893 UOTIRIQITBD  ‘3E aand1g

e
U e
L . o 3

‘(uotsTATp Jad m@noo_mmonoﬁﬁ 01 _Ho..nm..g.% zod 53704 G)

i, .vq.;l%fr,,...!f,-.-_.,

49




@‘%E Erl3 we.

The workp1ece inductance is determined from the area of the -

-1nsu1at1ng gap between the inner surface of the flux. concentrator and the

_ nearest rnetal surfaces One finds for the conflguratlon shown in Flgure 11

.= 5,50 S
Agap - om

- From Equation (3) one then obtains for 4= 6, 99 centimeters (2,75 inches): .

L = 10,4 nH
and hen.ce,- -
Lp' = i3 °© 0.972.3 nH |

is the proper calibration factor.

From the Voltage traces the length of one period was measured

to be 35.9 microseconds, which corresponds to an angular ringing frequency

of 1 75 % 105 sec

-1

4.2.2 Determination of the Current and Magnetic Pressure

'_Inipuls-e , Kerr Cell photographs, taken during the actual test, indicated

that the copper portion of the flyer plate had moved through the lower -

dens1ty hexcel, rather than the entire structure, havmg been unlformly

‘accelerated toward the test cylinder,

The two voltage traces are shown in Figures 23 and 24, The initial

- load Voltage provmles an alternate method of determmlng the workplece

" inductance prior to deformation. At t = 0, the ratio of the load voltage

to the total bank voltage, V , must equal the ratlo of twice the workplece

~ inductance to the total 1nductance of the circuit; i, e;
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VL(t=0)_ ) ZLW_ o ' (23)
VD - 1. ' : S _

: where. the factor of two again represents the turns ratio of the w1nd1ngs

The bank was again dlscharged at 19. 4 kllovolts and the initial value of

" the load voltage was observed to be 2. 10 kilovoits,

The total c1rcu1t 1nductance is 180 nanohenries, as determmed from

'the callbratlon test. One, thus obtains, for the 1nductance of the workplece
' Lw = 10. 3 nanohenries whlch agrees quite well with the value of 10, 4 '

- nanohenrles calculated from the area of the insulation gap

Values of load voltages and dI/dt are listed in Table 4. Again,

~ one can readily observe that these two voltages are no 1onger in phase

the latter again leading the former. This agaln suggests the presence of
a resistive IR voltage drop, whlch cannot be neglected with respect to the

inductive or reactive voltage, L ~dI/dt,

The current is obtained from dI/dt by numerical integration and.

is plotted in Figure 25. The current has a maximum value of 710 kiloamps,

which agaln occurs at 7.5 mlcroseconds These values agree closely
‘with the current in a constant LRC circuit havmg equlvalent circuit

parameters.

The magnetlc pressure 1s again simply determined from the current .

by the relatlonshlp

P = EE 12x10 -8 bars (24)
.2 | |

' ‘and has a max1mum value of 0, 64 kllobar at the tlme of current max1mum

The magnetlc pressure is plotted in Figure 26, The magn_etlc pressure

impulse is then obtained by numerical integration and is plotted as a function _

5 2
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" TABLE 4, VALUES RECORDED FROM VOLTAGE TRACES --
COSINE LOADING EXPERIMENT
. : dr-
| time - | VL &
(usec) (kV) ( KA )
o usec
0. 2. 10 196
1° 1.95 180
2 1,66 146
3 1.47 99
4 1.38 76
57 1,21 38
6 1.06 29
7 0.87 3
8 0. 64 -17
9 0. 35 -32
10 0.04 -55
11 - -0, 28 -68 .-
12 -0.63 -4
13 -0, 94 -85
14 -1, 24 -89
15 -1.46 -92
16 -1.59 -93
17 -1. 62 -92
18 ~1.58 - -88
: 19 -1,54 -83
' 20 -1.45 = -71
21 - -1.33 -62
22 S -1.19 -52
23 -1.04 -39
24 - -0.87 -24
25 -0, 68 -9
26 -0, 45 7
27 -0, 24 18
28 -0.02 29
. 29 +0, 21 44.
30 0. 44 55
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0.8
0.6~
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a 0.2 -
£
S
.
L
=
3 \
-0.2
-0.4
-0.6 : - : .
0 6 12 I8 24 30 36
' Time, Microseconds- o
Figure 25, Current through workpiece -- cosine loading expérimt_—:r_lt.

54



0.6

Mognet Pressure, Ki!ob;&rs
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0.8

0.4

, Fig_ure'.26.

16 24 32 - 40
Time, Microseconds '

‘Magnetic pressure incident on flyer plate --

cosine loading experiment.
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scrlptlon -

_- after one cycle, the v.elb_city.from E_qtation (25) bécor_nes : : S

4

-
£
o

. - ]
v .

L

of time in Figure 27, This plot also illusirates the shape of the loading

- curve. Note that 1itt1e.additional loadihg occurs after 30 mi'croseconds

Agaln in the absence of bucklmg or other 1nstab111t1es appllcatlon
‘of the conservatlon of momentum allows one to relate the magnetlc '

pressure impulse to the velocity:of the flyer plate accordlng to the pre- B

The mass per unit area is comprised of three terms:

= -+
m pchc thH + pphp : (25)

where p and h are the respective densities and thicknesses of the three
materials: copper, hexcel, and phenolic. The center of mass of the

hexcel is located along its center line at a dlstance of 0.57 centlrneter

_(0 22 inch) from its outer boundary Thus, hH = 1,14 centlmeters.
" For . _ | . = 8.95 gm-/cmB,
pH =  0.065 g-m/c.mB, '
_ pp- = 1,35 gm/cm3,
h o= 2, 54 x 10"2 cm,
hH = 1.14 cm, and
h = 7,94x10"% cm,
p -
T L o : 2
m = . 0,373 gm/cm” .

3 dyne-sec
2.

Since the magnetic pressure impulse has a value of 7. 4 x 10 L
cm B
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M:dgn_efic Pressure Tmpulse, Millibor ~seconds

:

0 8 - 16 - 24 32 40 48.
' ~ Time, Microseconds - -

- Figure 27. Magnetic pressure impulse - cosine loading experiment.
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the steel test cylinder, - B L ' | U T

v, = L ="'2x104cm/sec.
m .

4,2.3  Determination of the Time- -Varying Inductance, © The

1nductance L (t) and its time derivative are both determmed in the '
‘Tnanner descrlbed in Section 4.1, 3. The inductance is sifnply' the ratio-

of the integ_rated voltage, &, to-the current, I, All of the information

‘needed is contained in the two voltage traces, except the workpiece

‘resistance, R . The resistan¢e of the flux concentrator was previously

L

. calculated to be 0,1 milliohm The 240-degree curved copper sect'i'on' has

& resistance of O 3 milllohm whlle the resistance of the copper flyer
plate is .0, 1 mllllohm The total re51stance of the workpiece is, therefore

0.5 milliohm, With RL known, the inductance is again

e fmpa
W I -
o : _ _

(26) -

k:J
:

| If one does not subtract the resistive voltage IR drop from the

- measured value of VL , the resulting integrated voltage will not be in

phase with the current. Then, at some point in time the inductance, as
calculated from Equation (26), will have a negative value, which is cl_e_arly
impossible from a'physical ifiewpoint. '
- Values of the time- varylng inductance are plotted in Flgure 28. A
dL,

dtw of 1.3 milliohms (nH/psec) occurs between 6 and 14

maximum

~microseconds. Once again, the time rate of change of L cannot be -

" related to the veloc1ty of the flyer plate because the curved section of

copper is also observed to move during the course of the experiment. In

fact, the magnetic pressures produced are sufficient to even slightly deform

o
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4.2.4 Efficiency of the System. The max1mum theoretlcal

._eff1c1ency of the system is computed in the same manner as in Section 4 1.4,

This eff1c1ency represents the fractlon of the total bank energy that

can be stored in the magnetlc field of the workplece The 1nductance of

| the workpiece is 12. 5 nanohenries at the time of current maximum, whereas
' ~ the total c1rcu1t inductance is 192 nanohenries at that time, For the Same: -
- damping rate and angular frequency determined in Sectlon 4,1, one finds

n__ .= 13 percent

max

A direct calculation of the work done in changlng the 1nductance of

the workplece by evaluatlng the integral

: 1 ot dLW g
.= [ —— T
'Ws ' 2 r dt! Idt
yields a value of
| W_ = 2, 2kilojoules,

S

Since the total bank energy is 31 4 kllOJouleS at - 19.4 kllovolts thls

represents an actual eff1c1ency of 7 percent,

On the other hand, the klnetlc energy of the flyer plate, moving at

- avelocity of 2 x 104 cm/see is much. less than 2. 2 kilojoules.  As was
___prev1ously shown, the complete flyer plate (copper, hexcel, and phenollc)

has a per umt area mass of 0, 37 gm/cm2 and therefore a total mass of

10.0 grams since it contalns an average surface area of 27 square

'centlmeters The kinetic energy of the flyer is 51mp1y

K = .-;-vaz_ = 2x10” ergs = 200 joules
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which represents only a small fraction of Ws. Again, the kinetic energy

N 5 _
- associated with a flyer plate velocity of 10° cm/sec does not lie far beyond

- the capability of the present syste'm. -

4.3 LARGE DIAMETER PHENOLIC FLYER PLATES .

The experiments of this category are described in Section 3. 2. 2,

As a preliminary to the following detailed analysis of the results of one

of these experiments, it is interesting to note the limitations of the existing
bank in attempting to provide impulsive loading over sectors of large
cylinders. For the 7-inch OD, ‘9-inch long phenoli'c test cylinder,

the maximum pressure attainaple is approximately 0, 06 kilobar, one

- order of magnitude less than that achieved earlier in shorter geometries,

Advantage was quickly taken,” therefore, of the inverse square relationship

. between pressure and flyer'—plat'e length to achieve significant pressures

with a 2-inch long flyer plate. Further improvements in geometry, to be

discussed in Chapter 5, are expected to give even greater effects. The

following analysis pertains to flyer plate and test sample length of 2 inches

in the géometry of Figuré 1.

_4.3.1 Calibration Tests. The dl/dt data was gained from a

' - square pickup loop oriented in the central plane of the coil as indicated

in Figure 7, The load voltage was measured al points as close as pr_acticable

- to the inside ends of the coil air gap.

The calibration tests were again conducted at a low voltage (0.8

| 'k_ilovolt). Examination of the two vb_ltage traces, Figures 29 and 30,

revealed a shorter period, and incfeased fr‘equ'ency, due to the absence

of the added inductance of the multiple-turn coil, The period was measured

~ to be 20.8 microseconds, considerably less than the 36—microSecond

~ periods obtaind with the multiple-turn. coil. This 20. 8-microsecond period
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5 ,
corresponds to an angular rlngmg frequency of 3 x 10 sec (47. 8

' 'kllohertz)

The inductance of the workpiece. cannot be determined in the-

straight-forward manner prev1ously used. As the flyer plate does not

" extend over the entire 10-inch length of the flux concentrator the area

of the insulation gap is not the same for any cro_ss section._ The indu-ctance

~ can be simply 'obtained by dividing the workpiece into five equal two-inch ‘

lengths the middle section contalnmg the flyer plate, and then computmg
the inductance of each section. The inductance of the entire workpiece is.

then the sum of these five 1nductances in parallel

The minimum 1nductance that can be achieved w1th a given workpiece

-is limited by the skin depth of the time- Varylng currents and fields in the

_ metal that comprlses the workpiece. Slnce the flux concentrator and the

flyer plate are made of alumlnum the minimum effective physical separation

- between the two is twice the skin depth in aluminum at the circuit frequency,

Decreasing the separation beyond this distance will not measurably change

the induct’ancel

- The skin depth in aluminum at 47, 8 kilohertz is 15.5 mlls which

is greater than the distance between adjacent metal surfaces of the work—

piece, Thus in calculatlng the inductance of a given sectlon of the

.workplece bear in mind that when computing the insulation gap area,

“the minimum ef_fectlve physical separ_atlon_ls 31 mils.

The cross-sectional view of the two- 1nch sectlon of workpiece

contalnlng the flyer plate is shown in Figure 31.

The inductance of thls section is
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| Figure 3 1. o

T et

Cross-sectional view of center section of workpiece --
~large diameter phenolic flyer plate experiment,
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where ay is the outer radius of both the 240-degree section and of the~

' outermost insert between the flux concentrator and flyer plate, 32 is the

outer radius of the insert adjécént to the flyer plate, s2 is the cross- _

sectional area of the square hole, and A is the minimum separation of

7 twice the skin depth.

The term a, in Equation (27) contains an additional factor-of two

to include the leakage inductance between the two inserts.

Oné finds for 2y = 12, 880 centimeters, a2 = 10,950 centimeters,_r

Rf = 9,032 centimeters, 52 = 0. 953 square centimeter, andrz\f 7.88 x

10 7 centimeter, .
L = 30.5 nH

o .
Each of the other four sections has a much larger inductance

because of the absence of the flyer plate and the correspondingly increased

' a':r*e_a;of the air gap. Denoting the inductance of any one of these sections

by Ly, _
_ 4q 4 T 2 '
Ll, 7 (@ra A +oma A +g a.) (28)
g where a, = 9.045 C_ent_irneters is the inner radius of the innermost ins-e_rt.

3

One finds the L, = 235.2nanohenries,

The parallel combination of these 5 inductances (L(; and 4 equal
inductances LI)- thus constitutes the inductance of the workpiec'e.
1
— L,
4 lLo
1

= +
"4 1__L-o

L =

w (29)_

and for the values of Lo and L. computed above, Lwi‘—‘ -20. 0 nanohenries,.

1
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The workpiece inductance can also be obtained from the ringing"
frequency and the damping rate. The latter guantity can be calculated
from either of the two voltage traces by taking the ratio of voltages of

. L : o 4 -
successive peaks., This process leads to a valueof a = 6x 10 sec 1.

- The total circuit inductance, -L; is then related to these .t'wo

‘parameters by

L = ——21——— = 65 nanohenries
Clw +a") '
and finally, subtracting the bank inductance, LB , from this value,
I, = I -L_ = 20 nanohenries,

w B

| which agrees with the result computed above,

With LW' known, the inductance of the pickup loop is again

computed from the following:

" Examination of the twd voltage traces revealed an average
voltage ratio of 36,7, Thus, Lp " 357 =" 0. 55 nanohenry is the proper
- calibration factor. S -

'4.3.2 'Determination of the Current and Magnetic Pressure

Impulse, - During the actual experiment, the bank was discharged at a

~voltage of 18. 4 kilovolts, '-Photographs taken with the Kerr Cell camera -

- during another, nearly identical, test without the test sample present |

. 4 :
revealed an average maximum velocity of 5 x 10" c¢m/sec for the flyer

plate.
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The appropriate voltage traces are displayed in Figures 32
and 33. The initial value of VL provides still- another method of determining

the workpiece inductance At t = 0, the entlre bank voltage is distributed

'between the two 1nductances in the circuit. The ratlo of L to the total

~circuit inductance, L, ‘must equal the ratio of V att= 0 to_the bank

L
voltage, V_, since ' = S o
v e () N
. e ! t= 0 ) -
and R . | , D - -
v . t=0 = 1 (& . | (30)
L : w \ dt i= 0

The load voltage has an initial value of 5. 80 kilévolts, and one

again obtains the same value: 'Lw = 20 nanohenries,

- Values of V 'Vp, and dI/dt are listed below in Table 5. The
1nductance of the workplece with the elimination of the rnultlple -turn
coil, now repreSents a greater proportion of the total circuit inductance

than in the previous cases, thus accounting for the increased magnitude

" of the load voltage.

Note the considerdble phase difference between the two voltages.

| After one period, dI/dt leads VL by a full 4 mi.cros-econds, which implies

‘the presence of a rather large resistive Voltage'c;jmponent. This is not’

surprising as the several return current paths present in the workpicce

account for a relativ-ely high resistance of 2. 8 milliohms. ({(In either of

~the two previous examples; R, was not grea{er than 0. 5 milliohm. )

The current is again obtained from dI/dt by numorlcal mtegratlon

and is plotted in Figure 34. The maximum current of 700 klloamps occurb

. ‘at approx1mate1y 4.5 mlcroseconds
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TABLE 5, VALUESRECORDEDI@mmaVOLTAGEIﬂACES—-'
- B LARGEIHAMETERPHENOLHZFLYERPLATE
EXPERHWENT
,'tinﬁle | VL - Vp . g%
. e : kA
Ausec) (kV) (volts) Tsec
0 5. 80 143 2.55
1.0 5.15 127 2. 27
2.0 4,85 98 1.75
- 3.0 4.15 66 1.18
. 4.0 3.45 26 0,46
5.0 2, 40 -9 -0,15
6.0 0. 80 -39 -0, 70 -
7.0 -0. 85 ~62 -1,11
8.0 -2.75 . -90 - =1.61
9.0 -4,35 -103 -1.83
o~ - 10.0 -5,00 -100 -1.79
11,0 -4, 80 -4 -1. 32
12,0 -4.35. -62 - -1, 11
13.0 -3. 65 -43 -0, 77
14.0 -2.70 -23 -0, 41
15.0 -1. 65 -1 -0,02
16.0° -0. 70 27 0. 48
17.0- - 0,35 40 0.7t
18.0 1. 25 50 0.89
19.0 2,00 53 0. 95
20,0 2,75 50 0. 89
21.0 3. 40 40 0,71
22,0 3.55 - 28 0. 50
- 23.0 3. 55 20 0. 36
24, 0 3,45 - 13 0. 23
25,0 3.25 8 0.14
26.0 2.85 - 2 0. 04
27,0 2. 35 -3 -0.05
28.0 1. 80 -8 -0.14
Y
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0.72

0.60 ~ .

,0!48

- 0.36 4+

0.24.

-Current, Megom peres
5
~N
)

o a4 8 2 16 20 24 28
' Time, Microseconds ' o
Figure 34 Current through workpiece -- large diameter

phenolic flyer plate experiment.
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 The shorter 2—inch'1ength_of-the flyer plate results in a peak

- magnetic pressure in excess of one kilobar (1. 18'kilbbars), which is

_illustrated in Figure 35. Previous peak pressures did not exceed 0,7 .

kilobar,

The values of the rnagnetlc pressure impulse are also correspondlngly N

hlgher The impulse is plotted as a function of time in Flgure 36. . Note
that more than 90 percent of the total 1oad1ng has occurred during the flrst

18 microseconds,

Again, one can obtain the flyer-plate velocity by equating the impulse

to the momentum per unit area of the flyer plate The mass per unit area.

of the flyer plate is

pAhA+ ppﬁhp _ . (31)

where the subscripts A and p denote aluminum and. phenelic, respectively,

The flyer plate consisted of a 24-mil th_icknessl- of phenolic backed .

~with an ll-mil thickness of alu-minum The fhlckness of aluminum was

chosen so as to provide maximum acceleration of the flyer plate for a

‘given magnetic pressure, From Newton s Second Law, the acceleration

~of the flyer plate produced by the magnetlc pressure is

a = P/M : {32)

~where m ‘is a’gain the mass per unit area of the flyer plate,

_The magnetlc field lines, which are 1n1t1ally located at the outer 7
boundary of the aluminum part of the flyer penetrate the metal over. a

~ distance determined by the skin depth § If hA is the thickness of

' _-alummum, the fraction of the total fiel.d, B, which _pehetrates completely
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through the aluminum, is given approximately by e_hA/(S. As the

magnetic pressure is proportional to B2 the magnetlc field still contamed

w1th1n the alumlnum gives rise to a pressure o
' .9 A ' - ‘
P = P\l1-e°75 ). (33

Equatlon (31) glves the mass per unlt area. For hp =

6.1 x10 -2 cm (24 mlls)

.

m = .2.7hA'+ 8.23x10"2”gm/cm2 (34)

and then, -substituting the results of Equations (33) and (34) in (32),

P \1-e 6./
0

a = = - . (39
2,7h +8,23x10

Diff-e-rentiating this last result with respect to hA and setting the

- derivative to'zero, one can then solve for the thlckness hA whlch max1mlzes

the acceleratlon The result of interest is

where | h
X = 2 —é
X ¥
The solutlon of this transcendental equation yields x = 1, 35, and
' hence hA X; = 10. 5 mils, thereby dlctatmg the cho:Lce of an 11-mil

thlckness of alummum
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| 2
-The 1mpulse has a’ magmtude of 8.7 x 103 dyne—sec/cm after _

o . 30 mlcroseconds For a mass of 0, 157 g:r_n/cmz,

= 5.6x 104"cn1/sec

<!
Bhﬁ_'

only a factor of two less than the desired value of 105 cm/sec.

However, since the initial separation between the flyer plate and
the test sample was only 55 mils (0. 128 centimeter) the flyer plate.
traversed this dlstance in a time shorter than 30 mlcroseconds and con-

..'sequently struck the test sample before it had been accelerated to the
maximum . obtamable velocn:y Assurmng that the veloc:1ty as a functlon
Cof time can be approximately obtained from the time. history of the 1mpulse,

' ~one obta.lns the values 1lsted in Table 6 below, "

() B |
TABLE 6, - FLYER-PLATE VELOCITY -
. v
time £
{ Sec) mm 3
H usec
N 1 0.016
2 0. 044
3 0,088
4 0.135
5 . 0. 210
6 0.303
7 0.352
8 ©0.373
9 0. 386
10 0.391
11 0,394
12 0,395
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The distance, moved by the flyer plate accelerated from rest, is

d o= [ovdtnaer . (3)

This distance is obtamed from the velocity by numerlcal 1ntegra-
 tion. One finds that after 8 mlcroseconds the flyer plate has moved a
total distance of 0, 13 centimeter, Whlch was the initial separatlon between
the flyer plate and the test cyhndcr Thus, from the values in Table G,

~one can conclude that the flyer plate achleved a velocity of 3.7x 104 cm/sec

,'Just prior to 1mpact

4,3.3  Determination of the Time~Varying Inductance Unlike

. the preceding experlments this workpiece was de31gned so that only the.

| flyer plate was set into motion by the action of the magnetlc pressure,

- Therefore, -as was prevlously mentloned, it is then theoretically possiblé '
1o relate the time rate of change of the workpiece inductance directly to

fhe ﬂyer-—'plate velocity, In practice, other complications are present here

- that greatly reduce the effectiveness of this method, As the flyer plate _
and the inner aluminum insert are 1n1t1a11y separated by 5 mils, which is
consu:lerably less than two skin depths, the motion of the flyer plate will
not be reflected in a significant change in L until this separation has

: 1ncreased to 31 mils, Furthermore addltlonal motion of the ﬂyer plate

~ produces very small changes in L W' When the flyer plate has struck the
test cyllnder it has moved a dlstance of 55 mils from its initial position,

This increases the inductance of the middle sectlon of the workpiece, L

-4+ by only 3,7 nanohenrles from its initial value of 30.5 nanohenrles and, in

turn, changes the entlre workplece inductance by only 1. 7 nanohenries
from its initial value of 20 nanohenrles - In order to determine the veloc1ty—

tlme proflle from such small changes in L ,' it would be necessary to

76



. f:_:\ /}

. with R.. = 2.8 milliohms.
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compute LW to much greater a’ccﬁracy.than can presenily be achieved,

: The._ti‘me—varying inductance was determined in the usual manner:
ot -1 dt!
(_VL IRL)

LW - I I
o

L _
Values of__LW are listed in Table 7 below. Note that there is no

' 'apprecia'ble change in inductance over the first three microseconds. One

'7c_:an reliably predict that during this time interval, the sepafaﬁon between

flyer plate and insert was still much less than 31 mils. The values in .

_ Table_ 6 seem to indicate that the flyer plate struck the cylinder after

approximately 8 or 9 microseconds, which substantiates the result of

Section 4. 3. 2.

TABLE 17. VARIATION OF WORKPIECE INDUCTANCE

WITH TIME
. time L

(usec) (nH)
0 19.9
1 - 19.9
2 20.0
3 20, 2
4 20, 8
.5 21,2
6 21. 4
7 - 21.86
8 21.8
9 21. 8
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4.3.4 Efficiency of the System. The maximum theoretical

B efficiency, which represents the fraction of the totai bahk energy that is

stored in the magnetic field of the workplece and is thus available to

- perform work on the ﬂyer plate is

L |
e W e (ca Byl @)  se)
'nmax = T exp ( Zwtan .- a) .. : | (38) .

For w = 3x 10.5 secnl. and a = 6x 104 secnl', . .equals
K i : . ‘max

| 19, 3 percent.

It is not possible to determine the actual work done on the flyer

plate by evaluating the integral

dL. -

= Lo w 2.,
W 5 J g at | - (39)

| bécause, ‘as was discussed above, the motion of the flyer plate is not

always associated with a change in inductance of the workpiece.

The actual kinetic energy of the moving flyer plate can be estimated,
however -The flyer plate has a mass per unit area of 0, 157 gram per
square centimeter, a_Surfaoe area of 95.8 square centimeters, and hence
a total mass of 15-"grams The kinetic energy, at a veloc1ty of 3.7Tx 104

cm/sec (as determined previously),

K = .;_va = 1.1 kilojoules.

As the total bank energy, E_, is 31.4 kilojoules, this kinetic

energy represents an actual efficiency ofn.= :EIS = 3.5 percent.
: o

The major portlon of the energy stored in the magnetic field of

the coil assembly is d1$Slpated in Joule heatlng, since the actual effJ.ciency . B
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o/
- is less than one-fifth of the maximum attainable value, The Workpiece.
€ . canbe ré-—_designed sd as to reduce the number of return current paths
| and .si.multa;ﬁeouély_ decrease the ‘workp.iec.e 'res_i_stanc:_e.__ This will be
j_&iscussed-in Chapt_er o, - '
J

19



CHAPTER 5
PLANS FOR CONTINUED EFFORT

From the previous work reported here and in Reference 2, it

~ has been determined that the existing EG&G 33—kilojoule Pulse Power

“Bank can be used to meet some of the techhnical objectives of this project.’

It can provide impulsive magnetic field loading over flat surfaces and
selected sectors of cylmdrlcal surfaces with certain restrlchons . The

objectlve of achieving flyer-plate velocities on the order of 10 centimeters -

~ per second can be achieved only if the length of the flyer plate is restricted

to about 2 inches., The required impulse can be achieved only with careful

attention to minimizing the inductance and resistance added to the system

by the wofkpiece. Good simultaneity of impact can be realized in

. cylindrical geometry only if the distance of travel before impact is

.limited to 2 or 3 percent of the initial radius.

To satisfy these r'estrlctlons a new load coil has been fabricated;

see Flgure 317, The inside radius of the cylindrical sector is 3.1 inches.

- The lengths of all pieces are 6 inches. The assembly has been demgned
- to accommodate cylmdrlcal test samples of approximately 6-inch outside

" diameter. Aluminum flyer plates of selected lengths will be clamped, as

shown in Figure 37. Test samples of the same length will be mounted off

| the flyer plate at a suitable distance by small spacers at each end of the

120- degree sector. The Spacer thickness chosen will depend upon the

results of velocity data obtained from hlgh speed photography of the

.flyer plate motlon in the absence of a test sample,

Initial impulsive loading tests will involve the impact of 0, 010-inch’

~aluminum flyer plates on 6-inch OD aluminum cylinders, both having a

 2-inch length, For the initial tests, alummum tubing with wall thlckness es

~of 0.049, 0.083, 0, 125 and 0, 250 inches have been procured.
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