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@E@Qﬁmﬁ@gﬁm | ' SECTION I
| | '  INTRODUCTION

[ " On.June 16th, 1965, activities were initiated by the Advanced

' Res_earch Department of Edgerton, Germeshausen & Grier, Inc. to per-
{ ' . form impulsive load tests on aluminum "ylinders as specified in a statemer‘ﬂ:
~of work received from the Sandla Corporation, Livermore Laboratory. The
general purpose of the tests was to demonstrate the impulsive load capa-
bilities of pulsed magnetic coils and exploding films, Existing facilities

at EG&G were to be used to demonstrate these capabllltles at a minimum

-of time and cost. The following report presents an accounting of the test

Pty ——
' . i

results as initially prepared for Sandia represe_ﬁtatives during their visit

to EG&G-on the 15th and 16th of August 1965.

i,

Serct_ion II which follows 'provides a discussion of the electrical and
electronic aspects of the tests., Section III preseﬁts the results of analyses
performed to determine failure pre.dictions for the Sandia test cylinders,
and Section IV discusses the various facets of the laboratory experiments

which were conducted,
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IMPULSIVE LOADING OF CYLINDRICAIL. .
STRUCTURES WITH MAGNETIC EIELDS ‘

2.1 INTRODUCTION -

Consider the LRC circuit shown in Figure 2. 1. L(t) is thé.tir_rie—
dependent inductance associated with a cylindrical structure which is
placed inside a single-turn solenoid and sﬁbjected to a time depend'ent
magnétic?—pressure pulse, P(t). The parameters which characterize the

EG&G puls ed power system illustrated in Section IV are:

c = 168 ,uF
'Lext = 45 riancohenries
.2 iy _
3 CV0 = 33 kilojoules for Vo = 20 kV

Both the switeh resistance, RS,' .and the resistances of the solenoid system
and workpiece are corisi-dered to be negligible. The solenoid is shown in’

Figure 2'\2" S . sti’rch

-k
—-—-\Aii;' 4'/2‘

Lit)

'_Rworkpiece |

04 AY

Figure 2.1  Schematic of the L(t), R, C circuit,

I

The thlck -walled solenmd of the radius, R . is assumed to be rigid

whlle the cyhndr1ca1 structure radius, R, (t) can changé in time.

The magnetic field generated in the region between the metal

~-structure and the coil is given by the long solenoid formula



Figure 2.2 Solenoid used with the EG&G pulsed pdwer system,-

o 4r I _ o
B | 107 Gauss (1)
_w.here _ '-_I, is the solenoid current, in amperes
and & is the axial length of the solenoid, in centimeters.

The magnetic pressure, (PM) in dynes/cm”, exerted on the structure

is simply the energy density stored in the magnetic field and is g_iv.en by

}
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P- = .:_B_?_ = ..é.?.r.,_ 2....13
"M 87 104 S
= 27 12 X 10"‘? Atmos (2

One can measure the time-varying current, (), by using a very

-small pick-up loop, of area A-p, as a pick-up probe in the space between

the solenoid and the workpiece.  One has for the voltage, Vp’ induced in

“this loop (ignoring polarity)

_ -3 d
Vp = 10 Ap 3t B
) 8, 4m- d
10 p 10C at I wvolis B (3)
- ) ‘ 2
where A = area of loop, in cm .
~ Solving Equation (3) for I(t) gives
_ 9 4 _
10”2 e
= 22r ; 4
1(t) ey Joat vt (4)
p o

and PM(t) can be obtained directly from this result by using Equation (2).

For the remainder of this report, all distances are measured in centimeters,

all pressures in Atmos or psi are marked, all currents are given in amperes,

all magnetic fields in Gauss and all voltages and potential in'rati_onali_zod

MKS Volts,
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The external driving pressure, P (t) -causes the cylindrical
| structure to be compressed In turn, thls compressien causes the cylinder
-radlus R (t) to vary in time. One would like to design an electrlcal
rneasurement iechnique, similar to a strain gauge, which will allow: one
to follow the circumferential average motion of R (t) as the cyhnder is
compressed 1nward1y (not necessarily in a radlally symmetrical manner
- if buckling ocecurs). To des1gn the technique, one should flrst note that
the load inductance, L(t), is a geometrical quantity whlch depends on the
_. area of space ex1st1ng between the coil and the cyllndrlcal structure and,
therefore, provides a measure of R (t) Equatmg the total magnetic
energy contained in the coil- cylmder interspace to the volume of energy

stored in the 1nductanee L{t), one has

2

1 2 . B . 9 9 7 ' |
3 If'(_t) 1" = vy (RC - Ry) Lx 10 joules - (5)
‘where R‘c - is the solenoid radius, in em.

ertlng the magnetic fleld in terms of the current [from Equatlon {1)],
" one obtams ' '
RPN P -
Lo = T [Rc- RM(t)J nanohenries (6}
If both the load voltage, V(t), across 1(t) and the current I(t},

through the solenoid are measured, then from Faraday s Law one obtains-
. d cen o a9 -
V(t) Ry [ L(t) I()] x 10 volts _ - AT

(polarity ignored), where it should be understood that L(t) must be defined
- by-Equation (6). L(t) can be exposed in terms of the number of magnetic .
flux- llnkages contained in the coil- cylinder 1nterspace area using Equatlons

(8) and (1. . 6
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- Then

. | 9 | [oatr vign
L(t) :'%L [Ri“ R;I(t)] = = (8

X 1(t)

and, expressmg the current, I{t), in terms of the 1nduced Voltage across
the. plck up 1oc)p, Vp Equatlon (4) one hasg _
/ R , [ dtr vier)
. . 2 2 - Q . .
i {Rc RM(t)]- . Ap ren. (9)
| [ att v (tr)
: B

.0

from which RM(t) and RM(’L) (which gives the velocity of the moving cylinder

wall) can, in principle, be obtained. Note that this result is indepencfent

~of the length of the solenoid. The velocity, R (t) can either be positive’

or negative depending on whether or not the cyhnder is bemg compressed
or expanded. The actual experlmental measurement technique for

accurately obtaining V (which gives I(t)) and V(1) (within ~ 1 percent) on

. a common time scale 1s yet to be developed but should be possible,

One can also electrlcally measure the work belng done on the

cyllndrlcal siructure up to a given time, t, by exammlng the expressmn

~ for the flow of energy 1nto the solen01d

t | | t
E®) = [ dt' 1) vaer) = [ a I(t')at—, [L(t') I(t")]
o R N * T
t ot
1 .
_ = Su’ lo %-OJ‘ gt 1° (t')dt, L) joules

B (10)
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The first term in the expression represents the energy stored in

the magnetlc field, The second term, which occurs only because of the

_ presence of the time~ varymg inductance, represents the work done on the

cylindrical structure by the magnetic pressure. The 1nterchange of energy
between the magnetic f1e1d and the workpiece can be rever51ble for small

stralns or 1rrever81b1e for permanent deformatlons

Denotlng the second term .of Equation (10) by W and recognizing

that the inductance, L(t), can be expressed in a completely general manner

$lt)

.1n terms of the magnetic flux &(t), by .{t) = 0 one can write
R 2
wo o= 3 [ oat 1wy atT L(t')
o
1t e e
= -_— 1 ! —
5 At I o ( o >)
o
1t de . dI
R (Ia{.‘taj
o
N S 2w +1v
= 3 J‘ V - ¢
o
ot _ '
= [ aui) Ve - 5 f dt! a-t-,- (¢1)
e
K o 1 o _ o
= Jatrxe) vt -3 LI (11
o , :
__'whe_re r_epeated use has been made of Faraday's Law, V = Edj—gz .
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Then in Equatlon (11}, by replaclng L(t) in terms of I(t) and V(i)

~and usmg Equatlon (8), one obtalns :

A _ o . St R
[ oae 1y vien) -% I [ oat' vit')  joules |
© | - ° 1)

W
S

i

Thus, one can obtain the work done by the magnetic pressure on

the cylindrical workpiece simply by measuring both V() , the voltage

across the single-turn solenoid, and I{t), the current in the solenoid, .By ”

means of the above analysis, it has been shown that all of the quantities of

. 1nterest the time- varylng inductance L(t), the Workplece radius RM(t)

and its velocity of motion .RM(t), and the work done on the workp.iece,

Ws(t_), can all be expressed in terms of these two paramefe;‘é. Therr_efore,.
one need measure only the voliage across the solenoid, V{t), and the
corresponding voltage, Vp ‘across the current plck up loop to obtam all

of the pertinent information concerning this problem

2.2 NUMERICAL ESTIMATES

‘To acquire a feeling for the magmtude of magnetlc pressures and

irnpulses available from the EG&G bank, it is interesting to consider an

'approximatlon where the total c1rcu1t inductance, L is essentially constant

w1th tlme

L. = Lext'+ L(t)__

In most cases, L xt is so much greater than L{t}, that the assumption
that L. is c0nstant is quite good, even though L(t) does vary: sornewhat w1th

time. Such an approximation makes an accurate measurement of R (t)

_ v1rtually impossible, but nevertheless, is instructive in obtaining estlmates-

~of the magnetic pressure {mpulse,
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For the general case of an RLC circuit with passwe circuit elemcnts

1t is instructive to review the three classical cases,

2.2.1 Case 1, R2 <-%'— (Underdamped) | 'T.his‘term. characterizes

-a ringing circuit, so called because energy is continuously transported

~ between the capa01tor and the 1nductances at a rate determined by the rmgmg .

frequency
: 2" :
1 R o
w = = - ' - (13)
T LC 4]‘_,2 _ ©
The corresponding solution for the current is
Vo. -at
Il(t_) = T ¢ sinwt : : | (14)
where
o R - . =
The peak current occurs at
I o= Lyl (16)
max a _
‘and is given by - N . '
' : ) : o . -at
peak _ - ~1/C max : :
Il I(tmax) , Vo Y L _e . ' (17)
s =2 4L _ N ' .
2.2.2 Case 2, R°> = (Overd-amped). This term characterizes

C

the overdamped'circuit. The current in this circuit does not exhlblt the

_ oscﬂlatory behavior of a darnped exponential and is given by

I = =2 e_‘at sinh Kt =~ o (18)

10
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 where o .
2 ' : :
2 R 1 ' _ _ _
R b =) R

~This current reaches a maximum value at time -

| _ 1 -1 K | -
| tmax | = R tanh 2 | : : . (20)
which yields n _ o L
Speak R /9 ) ‘max
L Iz(tmax) _ Vo VT € o ST (21)
. 2 _ 4L . ... L
2.2.3 Case 3, R™ = el (Critically Damped). This set of

conditions characterizes the critically damped circuit and denotes .a balance

- between the resistive and reactive components of the total circuit impedance.

'The solution for this case is

Vo -at - ' o
with | |
= 2L _ 1 o =
i -tmax - R a ' ' s (.23)
. ‘and . beak | _Vo 1 _ . _
13_ = I:B(tmax) = 2 r ¢ S (24)

. where

e __ is the base of the Naperian logarithm.

e

‘These three different solutlons are clearly 111ustrated in Figure 2.3 .
whlch is a plot of I(t) versus time for all three cases, Numerlcal values

were obtained by takmg C = 168 uF which corresponds to the capamtance

 of the bank, Vo 20 kV and L = 60 nH, (Smce L = 45 nH, this corresponds

ext

11
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- Figure 2.3 Plots of current vs time for the underdamped, overdamped,
T ~and critically damped [LRC circuit, _ - : '
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io aload inductance of 15 nH and satisfies the c_fi_terion L{t) < Lext') It

was assumed that the swiich resistance could be varied to satisfy the con-

ditions for the three different cases. | a
CASE 1 - R was set equal to_\/gI which is one-half of the '

critical damping résistance ‘The ringing freﬁ;uency for this .case is 36. 6 kHz,

The maximum current of 580, 000 amperes occurs at 4.5 psec, -and the

current reverses polarity at 13.5 psec,

CASE 2 - R was chosen to equal 4 \/ E . which is tw1ce

crltlcal dampmg The maximum current of 228,000 amperes occurs at-

2, 85 usec for this case.

CASE 3 - Here, one must choose R = '2.\/%’, the critically
damped cr_-iter.ibn._ The maximum current of 390, 000 amperes-occurs at

t= 3. 75-_usec.r

One can readily observe from Figure 2. 3 that the maximum peak

current is obtained in the underdamped case.

For the case of a completely undamped circuit, R = 0

h - - Peak oy q/C " (25)
- o 0 L : -

o _' Comparing this undamped value with the peak current for the
critically damped case, one finds o '
| Ipeak‘

B N - (26)
T : .Ipealli _ -

If the'ringihg'circuit wefe completely undamped, one would find a ringing

frequency of 42. 5 kHz and a peak current of 1. 06 megamps,-

13



Thus, the maximum current for the critically damped circuit is a
factor of- e less than the maximum undamped current. The maximum -
magnetic pressure in the crltlcally damped circuit is, accordingly, a

factor of e2. less than the corresponding quantlty for the undamped circuit,

2.3 DETERMINATION OF THE MAGNETIC PRESSURE IMPULSE

A single quantity which provides a good measure of the capability of
the capac1t0r bank system to perform work on the cylmdrleal workplece is

the magnetic pressure impulse, the time- integrated magnetic pressure;

In general, one can write

: | 1 47 2w 2, .
T = 3 (_I_OZ) [ dt 1%t) etmos—psee o (27)

. 0

To properly approach this subject, it is necessary to consider separately

the three different circuit conditions,

2.3.1 Case 1 - Underdamped Circuit, The current for the ringing

circuit has been prev1ously derlved and is given by Equatlon (14) Sub-

stltutmg this quantity in the above expression, one obtalns

.: 2 i
v 0 :
T = 2m 3 ,_%_ : r dt e—_2?11_: Sinzwt :
1000 | ¢ o |
2
= 7r2 _Eo'. Z—"lé{ _"L_z - atmos-usec (28)
504 attw” |

1 1 L%

14
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{‘ - sothat |
. ' 0. 46 _E0 : ‘ o

r = —5—  psi-usec ' (30)
[ _ 4294 _ .
. ' .. “where E = 1 CV2 is the total bank ener . and a = R
(( - 0 2 o : e_ &7 y 2L

R (- 2.3.2 Case 2 - Overdamped Circuit. The cﬁrrent for the over-

( S damped circuit is given by‘ Equation {18). Again, followmg the procedure

Outllned above, one obtalns for the impulse,

——

0.46 E
- ©
—‘f‘féf?\g Ia

which is identical to the expression obtained for the underdamped circuit,

2.3.3 Case 3 - Critically Damped Circuit, Although the current for

O . the crltlcally damped case is linear in time and the resulting integrals are
different, the final expression for the impulse again is the same as was

derived above. - One finds

2
; o : . : : -V : o0 -
S r = 1 5 .-f [
_ B | s04? | _

E .

! V2 _ _

- - T 0 "

= 5 T3 atmos-usec _ . (31)

{: 504 R a ' :
4

- . .
g j -’ ' _Hov_(re_ver, making use of the identity - R2 = 4 I—é- , one again obtains
S | | S 0.46 E_ | . )

£ La

15
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Since the: expressibn for the -magnetic pressure impulse I' is the
sa'me fo'r all three'cases it follows therefore, that this result is mdependent
of the partlcular relatmnshlp satisfied by the circuit elements L, R, and c

and is demvable directly from the differential equation for the current, I(t).

.. This canAeasﬂy be demonstrated as is shown below, -

VVS'tartin'g with the differential 'eqﬁation

ot
dI o - | |
Lat— + IR tE gl I(t )dt v (33
o |
~ together with the initial condition
dI _ - - - o
L(a)o“ Voo - Ga

One first differentiates with respect to time, giving

2 | | -
Li-l--+1.=a-‘-il + Lo (35).
at? c

Multiplying each term by I(t) and 1ntegrat1ng over all tlme one
obtains
L J”.'I-dQI- 1 22 o (36)'
Y dt + = J" Idt = 0 -
S .2 c -
dt . : o] -

The second integral in this expression is the quantity of interest

since it is proportional to the irhpuls-e. The first term can easily be

integrated by parts so that one obtains

16
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_O'I _- Igdt_ = LCO]" ( % ) | _dt | R (3'7}_

ThlS last 1ntegra1 can easily be evaluated Returning to Equation _

(35) one now multlphes by g%— and mtegrates The result is

5 S .
dI d I . - dl -
1; O ) '
But . ' | 72 :
© 4 g’ g - _1(5}1_)2 S U (39)
dt dt_z R 2\d o 2 L‘2 '

fr_d-rn the-initial condition, . Equation (34), so that

B A - |

Subst-ituting._this last result in Equation (37), one finally obtains

2
00 o) 2 ' V. . E
92 - . “Fdl = _1_ o _ O
oj. Idt = LC Oj_’ (*) dt C® " ®

Eﬁf’f[{: = _;; A P T .:3/ . - (4:1)

£

‘which leads diféct_ly_to the previoué result; Eqﬁation (32},

0 : w0

T = §1_ J" }32 dt = T 3 f Izdt | atmos-usec.
_ T 504 o _ :
0,46 T o
= ——'é-" EE: pS;—-uSQC
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2.4 PRESSURE AND ENERGY CONSIDERATIONS

- As a final example consmler a critically- damped L{t) RC circuit

whlch contains the EG&G capacitor bank in series with an inductive load

.compmsed of the coil- cylinder ensemble discussed above Crltlcal damping

can be achleved by including a suitable re51stance in the circuit. From

_ Equatlon (24_)_, one has for the critically damped case

peak _ -1 -(_]_ '
13 e_ Vo VL

ext

‘where. L = L + L(t)y

and one can then write for the peak magnetic pressure (using Equation (2)

. . 2
P = .- _].?)_2 = WCVO 1 2
max 87 max 3604 ' 41r2 -9
: [ (nh) +~~—~—(RC RM)] x 10
. 5 , _ ,
dynes/cm _ (.42)

: where L(t) has been expressed in terms of the solenoid-workpiece geometry "
.as was prev1ously shown.in Equation (6). For the small strains of interest

- here, one can use the approximation

it

-._RC_- RM: A -RC_+‘RM = 2R,

so that Equation (42) can be rewritten

o 2, 81TCV2_ .
. Pmax = R -0. SR 7 atmospheres
- : _ ‘ R

| 2 “'m
L Xt(nh) + 45 “‘E—

(43)

18
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For the EG&G bank, one has C = 168 uF, VO = 20 kV, Lext = 45 nH
s0.that o _
_ 5.9 x 10 1
P = : atmospheres
max L . 2Ry :
' 45 +40 —— A o (44)

L

- This peak magnetic pressure occurs at time

. 1/2 -
t = VCL = 4% 10"7 [45 + 40 (——W—M) AJ _ seconds.
max £ o .
(45)
- The maximum energy stored in the magnetic field is given by
E = Lowi?
-max 2 max
_ 2R
4500 A (—-—-—9—1—)
= joules ' - {46)
, ZRM : :
L+ oy

To simulate uniform 1rnpulse loadmg of cylindrical structures one
'requlres that the solenoidal length be at least equal in magnitude fo the
diameter of the cylmdrlcal Structure it can be shown that for the case of
4= 2RM , the Tmaximum varlatlon in the axial magnetic field at 311 points
on the cylmder surface is less’ than 12 percent, @ Typlcal experiments
conducted at the EG&G facility used solen01ds of lengths nearly equal to
the 1n1t1a1 outer dlameter of the Sandia cylinder being tested. A solenoid

7 cm in length was used in conjunction with Sandia Test Cylmders 6 35 cm

 to'7.62 c¢m in dlameter (2 5 to 3.0 1nches)

19
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Choosmg 2R = 4 modifies the expressions for Emax’ Pmax’ an_d

i to read
max

. A ' o
o ' : (47
E . 4500 Tr A joules | ( .)

| ' . 15x 10t 1 ‘

- ' ~ : . - os {4

_ Pmax : £ 1+4A atmos _ (48
4 ~ 2.7 1+ a2 usec (49)

max - o : ' :

One can readily see from Equations (47) and (48) that an increase in

A produces a decrease in the maximum value of the magnetic presgsure,

whereas the converse is true as regards the maximum energy stored in the

magnetic field. This is consistent with the fact that an 1ncrease in A
‘increases the solenoid- workplece interspace volume and thus causes the

magnetic-volume energy density, or pressure, to decrease. On the other
.hand, the. ehergy_whic:h is delivered to the solenoid is very roughly a measure
- of the ratio of the solenoid-workpiece inductance to the total inductance of

the circuit Since the former is linear in A, this ratio increases as the
.solen01d -workpiece spacing is W1dened Typical values of A ranged from

0.08 cm to 0.5 cm for the various experlmental tests conducted From

Equatlons (47, (48) and (49), and correspondlng ranges of values of Emax’
P , and t , respectively, one finds -
‘max’ max’
B~ 333101500 joules
. max : :
P ~ 2000 to 1430 - atmos
max :
t ~ 2.8t03.4 usec

‘max

- 20
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| time: smce in relating the 1nductance to R

2.5  PROPOSED PROGRAM OF STUDY

It has been asserted that much useful and 'significant infbrma_t_ion,

“could be obtained from an experiment involving impulsive loading of a

cyllndrlcal workpiece if one could 31multane0usly measure both the voltage
V(t) across the load and the current, I(t), in the circuit. Ariother sectlon
.of this report discusses tl}e problems in expér_iinental procedure Whlch are
inherent to such an undertaking. Assuming that these measurements can
be achieved without dwelling further on the methods and techniques to be |

used, one must next discuss the manner in wl'nch these experimental results

) are to be analyzed and put to optimum use From the time-history traces

of current and voltage, one can then obtain a) the time-integrated voltage,

b) the rate of change of current, ¢) the time—integrated power;

‘Then, as was prevmusly shown in Equatlon (7), one can directly
obtain the tlme-varylng inductance ' |

t
Joatr vt

- o _
L{t)y = . I(t) . _ . ‘ : (50)

and this quantity can then be related to R (t) the time- dependent boundary

of the cylindrical workplece by

2 ALY 12
c” 2

(51)

._RM(t) = R

This expressmn gives only the average value of R (t) at any given
M in this manner, one tacitly
"assumes that the bucklmg cyllnder always maintains a circular cross-section.

in actuallty, the actlon of the magnetlc preesure pulse w111 distort the cylinder.

21 .



N,

- @% E&j&@? tR4EE.

and the distance of the outer boundary from the cent_e-r at any given instant

of time, W111 differ from position to position, One can photograph the motlon. :
of the cylmder and compare this result with the average value of R (t) given
by Equatlon (51), Of special interest should be a compamson of the actual

and predicted fmal position of the cylinder.

The approximate inward Veloczty of the cylmder can also be determlned

: __.by dlfferentlatlng Equatlon (51)

. L 4 1
Ry = - = = L@ (52)
M g2 At 2 an(y |12
! R -
C. . 2
-4

The time rate of change of" L can eas:tly be obtained from the omgmal :
electrlcal measurements From the expression for the voltage drop across

an 1nductance [ Equation (50)], one has

d 1 dr
a L(t) ET0) [V(E) - L(1) Et—} _
, ¢ :
| _ - -] vy at .
- V(D) o di : g
| _ = LI 7 _ = (B3
I(t) 12(t) dt _

The work done on the struéture, as a function of time, -can also be
determined. -From the expression developed earlier, Equation (11), one
has | ' '
t. ' 1 ot
Joat 1) ven - o [ oar vy (s4)
o _ . : o.

W)
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Both the- magnetic pressure, P (t) and its time-integrated compamon

the magnetic pressure 1mpulse I are easﬂy obtalnable solely from the

current I(t)

2.6 COMPARISON OF SIMPLIFIED THEORY WITH EXPERIMENTAL
RESULTS

Another section of this report -which is concer-néd with Failure

- - Predictions, discusses the various types of bucklmg whlc:h can occur when

the Sandia Test Cyllnders are subjected to short duration pressure pulses
Values are given for the critical stress ylelds of a given cylmder under .
-each of several p0551b1e buckling modes A numerical estimate of the

dynamic stress yleld applied to a given cylinder by the magnetic pressure

““pulse can be obtained by Judlclous use of the above expressions for L(t) “

and'WS(t)_. ‘As a final exercise, the dy_namic-stress yield will be calculated
and the results compared with the corresponding value of the critical stress
for co'n'sistency', _

In the absence of any experimental data, one can 1n1t1a11y make some
'reasonable assumptions concermng the explicit time- -variance of the coil-
_cyhnder inductance, L{t). If one assumes that the cyllnder boundary

R. (t) is uniformly accelerated from rest to some final Veloc1ty, R (t) = vf,
.then one can wrlte ' ‘

L 1,2 _
RM(t) = | _RM(O) -‘2"06 .t N | (55)

e T

| Then, using the relatidnship_b_etween RM(t) and L(t), one has

L) =  Lo+m2 - o (58)
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where L = — [R

" 4.7r2 2 2 '
Ry (@] is the zero time inductance,

R 2 o

e Ry (0 x 10 nanohenries/cm® (57)

and an- additional term proportional to a2t4 has been neglected As was
‘mentioned elsewhere the behavmr of “(“idé determines the work. bemg done

on the cylmder Qne can'write the expression for _WS in the form [ Equation

(10)] )
RS T P d . .
A 3 OJ“ dt It — L) 7 | (58)

The time- derlvatlve of the mductance is easﬂy obtalned from Equation

' 3(56) to glve

W= a [

S
: o

£? 7172(1:)" a - (59)

' Now consider an experiment usmg a Sandla Test Cylinder placed

inside a smgle turn coil connected in series with the EG&G pulsed power
'fac:.llty descrlbed above, Assume, furthermore that the circuit is operated
'~ in the underdamped (rmgmg) condition to supply maximum stress to the -

- cylindrical structure.

For. L < L = 45 nH, one can use the solution for I(t) in a constant

LRC underdamped Cll"cult 1, e,

o Kty = -c-u—% e-‘at_:.  sin @t
L o= ._L" + L,

_'ex*t_ o |
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Using this expression for the cﬂrr_ent, one has, for fthe work_ done on

the cylinder, -

de . o : SR :
woos o =20 p 2B 2t at
s 2.2 . - _
L2 _ .
i ) }_ _aV.c.) _d_ (l S ) S | (60)
8 LZ da 'a a2+ w2 S

h Rewriting a and_' w interms of the circuit elements leads to

'WS-' = -—~—--2- (2L + CR ) R ' : {61)
2R . :
- where again
1 2
E, = 3 CV
o 2 o

"The work done .on the cylinder represents a percentage of-the capac1tor

band- energy E and can also be wmtten in the form
wo= nE (62

where 7 represents the efflClency between energy Stored in the bank and

work done on the workplece
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Equatlng these two expressions for W [Equatlon (61)}, one can obtam
- ‘the efficiency as a function of « Wthh is a measure of the tlme rate of |

: -change of 1nductance accordmg to

n-= o 2L +2CR ). . (63)
2R’

In an actual experiment performed at the EG&G fécility, an aluminum.

' “cylinder of 1mt1a1 radius R (O) * 3,47 cm, and wall thlckness ‘h= 0,63 cm,

was placed in a o011 of inner radius 3. 832 ¢m, and length 7.0 cm, and

connected to the EG&G pulsed power supply

Or_1e has
| Rc = 3.832 em
R (O) = 3.47 cm
p = ' 7.0 cm _
L = 15nH
o
_ = 168 uF
Lext = 45 nH -
L= 1 +1L, = 60 nH
. ext i o. -

The circuit was observed to ring at a frequency of 50 kilohertz which

corresponds to ¢ = 3 14 x. 105 seenl. From Equation (13) mvolvmg w

- and the damping rate a, one finds for the c1rcu1t resistance,

—

R = 0. 003 ohms,

The test cyhnder was- found to have undergone uniform c1rcumferentlal

'-i.plastlc deformation as a result of the application of the magnetlc pressure

pulse, The cylinder radius was compressed from its initial value of 3. 47 cm

.26 ;_



half—cycle Therefore choosing t =

PN

to a flnal value of R (f) = 3.40 cm, This corresponds to a final mductance

of 16 9 nanohenries Wthh represents a change in mductance AL, of 1.5

__nanohenrles This change in inductance can be equated directly to the
‘parameter ¢, | '

From Equation (56), one has _ - | .
’ L ' _ 2 ) ) -
AL = LM -L, = at? (6

Previous analysis of the ringing ¢ircuit revealed thaf nearly all of
the magnetic pressure impulse is supplied to the workpiece durlng the flrst
w = 10 psec, one finds
B . 2
& = 15 henries/sec

and thus, from Equation (63) a corresponding efficiency of

n. = .10 percent,

This value is in excellent agreement with those s-tatements‘ (see S'ectidn

III} which indicate that typlcal eff1c1en01es to be expected with the EG&G

pulsed power fac111ty are of the order of 10 percent,

"With o known one can next solve for the assumed umform acceler‘a-

tion ¢ of the workplece ‘using the relationship

e s R @arx10® (g
an_d'(__)btain
o _ - 8 2
o' = 7,8x10 cmisec
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‘ " The final velocity of the cylinder, Vf , is then given by

’ = ' 1 . . o : - . 6)
Ve o« t _. o R .(66)
and for t = 10 usec, one finds -
o 5 |
v, = 7,8x10° cm/sec

f
In Section III, Failure Predictions, it was concluded from an analyms
of the elastic propertles of the Sandia Test Cylinders that final velocities
should not exceed 750 ft/sec (2. 3x 10 cm[sec) Note that this limiting
| Value is 1ndeed considerably greater than the value of Ve obta,lned 1mmed1ately

above

With vf known, one can now determine the momentum per unit area
of the cylmder and equate this to the impulse I One can then compare this

value with that obtained from the mtegrated time average magnetic pressure,

Therefore, let Pl = mv = phv represent the impulse computed
from momentum considerations where v = 1. 8 X 103 cm/sec as was-
. prev1ously determined, m = ph{p = 2.7 gm/cm ) 1s the cylmder mass

per unit area and h = 0,63 cm is the cyhnder wall- thlckness

One finds |
'l"l‘ = 1.33 x_104'étmos'—usec -2.0x 105 psi-usec
‘Using Equation (5 2), one obtams the impulse dlrectly from the magnetlc
pressure, Denotmg thls quantlty by P
| 0. 45_ E 5 -
L, = ——= ~ 2.0x10° psi-usec  (67)
.2 “L°R/2 _ : : _

oy
{\_ J
o

28



e TN
N i

——e—
' .

@ﬁ%? E &?é{@ N

- of shorter lengths,

Note that T and I‘ which were calculated usmg Wldely dlver81fled

methods are in excellent agreement with each other,

5 o _
Taking I' = 2 x 10 psi-usec,. and assuming that the impulse acts

’ov_er 10 usec, one has for the dynamic yield stress applied to the cylinder

:_PM = ._20,00_0 ps;__

 This value is below the 58, 000 psi threshold requ.ired for excitation of any |

of the high order inelastic buckling modes for a cylinder with a/h = 5,5

as shown in Figure 2, 3 in the section on Failure Predictions, - In the actual
experiment performed, the aluminum cylinder did-not buckle but suffered
ﬁniform_plastie deformation, as elsewhere mentioned, thus supporting the
contention that the impul.se-was of insufficient magnitude to excite any of
the high order inelastic buckling modes. Since the impulse is'inversely
proportional to the square of the length, the dynamic yield stress supplied

by the EG&G capacitor bank can be increased by using cylindrical structures

(1)

Reference on page 19 is: o
Sﬁyder, A.W., Fields of Finite Cylindrical Coils, _Sylﬁania Electr'enic |
Systems, Applie_d'Resea_rch Laberatory, Waltham, Massachusetts.
Research Report No. 436 (to be published). |

e T e
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@’3 TE. | FAILURE PREDICTIONS FOR

SANDIA TEST CYLINDERS :

3.1 | GENERAL

B :This Section presents the resulls of some approximate analyses
which seek to establish the types of failure as well as the pressures and

e'nergy- levels r'equired to produce failure in the Sandia test cylinders.

" The analysis is approx1rnate the results obtained are meant to be used

only as guldes for designing experiments and for interpreting test data

3.2 TYPES OF FAILURE

’i‘heré mare essentially. two basic types of failufe whi.ch may occur m
cylinders subjected to external pre'ssure, the first of which is fajlure by
uniform circumferential plastic deformation. The second is failure due to
‘buckling. Buckhng may be purely elastlc may occur between the propor-
_tlonal 11rn1t and yield point, or may occur melastlcally after considerable
post-yield, plastic deformatlon In the latter case, the failure must be
viewed as a combined failure in which significant uniform, inelastic

deformation is followed by inelastic buckling.

3.2.1 Uniform Plastic Deformation. The first and, as will be

subsequently shown, predominant mode of failure for the Sandia A cylinders is

by mearis of uniform circumferential plastic deformation (see Figure 3. 1).

This type of failure, rather than. the buckling type, will occur if the
critical buckling stress of the cylinder in a probable buckling mode is
greater than or equal to the dynamic yield siress. Section 3. 2, 2 provides

a more detalled dlscussmn of the posmblhty of buckling and the type of

' bucklmg (elast ¢ or plastic) which might oceur,

3.2.2 Flastic and_I_nelastic Buckling, © A buckling faihire

(elastic or inelastic) can occur in any one of ''m" modes as shown in

- Figure 3. 2.
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Figure 3.1 = Uniform circumferential plastic deformation.

The nature of the loading constramts determines the particular
ey . order of buckllng mode obtained. For short duration pulse- type pressures,
the constraints are such that buckling in the lower modes is precluded. On
- the basis of expemmental magnetic forming data, 1t seems unlikely that

buckling will occur in modes correSpondlng ton < 8.

n=6 . . etfe.

Figure 3. 2  Buckling modes,

T
s
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For the purpose of discussing buckling phenomena, the stress-strain
_ curve of 6061 T-6 Aluminum will be idealized as shown in Figure 3.3. To
f_. o ~allow for dynamic strain-rate effects, the usual propoftional limit yieId and

(1) The value of the

- ultimate stress values have been multiplied by 1. 6.
E ~tangent modulus, Et , in the inelastic range has been approximated from

~ stress-strain data for Aluminum 6061 T-6.

Inelastic or Plastic Ronge

. . B -]
| o ' - E;® 0.07 x 10° psi
L o : ' 67 Ksi

__ 2 \Dynamic Yield = 59 Ksl

\ = _

' T Pynamic Prop Limit = 5i Ksi

i I b
' : 0.12

Strain, €
Figure 3.3 Idealized stress-strain curve of Aluminum 6061 T-6.
- For short tubes, in which the ends are held circular but not otherwise
constrained, Roark'gives the following approicimate formula for computing

(2) - : .

the first mode buckling stress,

R == I

e _ where

O is the critical buckling stress;

~ E is the elastic modulus,

¥ 1is Poisson's ratio,

33
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- h is the thickness,

is the radius of the tube,

il

L is f_he length between supports.

_ By analogy with results for long tubes given by Tlmoshenko the higher

3
mode crltlcal stresses can be approximated by Equation (3. 2) below. )

e B
! 2) (%) (3. 2)
-V - )

s 20

2, 4, 8, etc.

where n -

Equations (3.1) and (3. 2) are valid for determining the critical
. stresses ﬁp to the proportional limit., FElastic buckling in the nth mode
may occur if the crltlcal stress for that mode is Iess than the proportional

Yimit.

Beyond the proportlonal limit, the buckling stresses can be computed

from Equation (3. 2), if the elastic modulus is replaced by the tangent
' modulus E (3 "1.) It is important to note that in the plastic range, Our and
Et are spec1fled. Hence, for given values of r/4 and h/r, plastic or
inelastic buckling will occur only for those values of n which satisfy _

Equatlon (3. 2)

A, as a function of radlus T (radms/thmkness) for various modes, n, l*oz',

- simplicity, the stress in the inelastic range beyond the vield point has been

: assumsd always to be equal to the yleld stress. The % ratios for the

TCst Cylmde,r's A, of. thlcknesses h = 1/16 inch, 1/8 inch and 1/4- 1nch

are mdlcaied in the flgure

34 -

F—igure-S 4is a plot of the critical stresses for Sandia Test Cylinders -
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o strain of 12 percent is reached in Aluminum 6061 T-6.

| y @%E@éﬁ@ o,

From the data shown it 1s apparent that elastic buckling could

only occur in the 1/16~inch cyllnder in the mode n= 2, Bucklmg between

_ the proportional limit and the yield stress mlght occur in the 1/8 1nch

: and 1/16 inch thick cyhnders 1n the n = 4 mode, and in the 1/8-inech and

1/4 1nch thlck cylinders in the n= 2 mode However, since, as already

noted the loadlng constraints aré such as to. preclude buckling in modes

.. lower than approximately n = 8, it is unllkely th—at-buckhng will occur in

any of the cylinders below the yield stress. The data in Flgure 3.4 also
1ndlcates that inelastic or plastic buckling could occur after s1gn1f1cant

plastic deformatlon in the 1/16- inch cylinder in the n = 10 mode in the

" 1/8- inch cyllnder in the n = 6 mode, and in the 1/4- 1nch eyhnder in the

n = 2 mode, From the foregomg results, it appears 11kely that failure

in all cylinders will involve significant uniform plastic deformation with _

some p0881b111ty of plastic, higher- mode buckllng in-the-1/8-inch-and-

1/16- inch thick eylinders.

" 3.3 ENERGIES AND PRESSURES TO PRODUCE FAILURE

The failure of all Sandia "A" cylinders has been shown to involve -
significant uniform, c1rournferent1a1 plastic deformatlon For the purpose

of predicting the mput energles and pressures requlred to produce failure,

it will be assumed that uniform c1rcumferentlal plastic deformation is the

~ sole deformation and failure mode. End restraint effects will be neglected.

To simplify the failure-anal'yses without signifioant loss of accuracy,

the materlal charac:terlstlcs will be approxunated by that of a rigid-plastic .

- material as shown in FlgureB 5. Failurewillbeassumed to occur When a

0331 Energy Requlred to Produce Fallure ' The energy B

"rrequlred to produce failure is equal to the stored energy. requlred to produce
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-Figure 35 | Rigid ‘plastic material characteri_sti_cs‘_.'

a 12 percent strain plus ény kinetic energy possessed by the specimen-

when that failure strain is obtained. The failure energy per unit volume,

-V-V--, “ is fhus, :
Vv W L _
' —_ = T+ 0. - _ o .
3 /2y 77 + 0.12 oy (3.3)
where _
| . | . 4 s the material density,
| frf . is the radial velocity at time of failure,
Oy. is the yield stress,
V - is the strained volume.

] 'Fr__o_m Equati_o_n (3. 3), the failure energy per unit length of s'peci_men is

2

_'f’o-' 21'rr.O .hQ {1/_2}/.’(‘1_. _0'12-_03( - (3. 4)
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. wher_é'_ ‘
'r'é is the initial radius,
' ho ~ is the initial thickness,
_'Lo is the initial loaded length.

An inspection of Equatioﬂ (3. 4)'shqws that the value of the energy =
| required to produce failui-;e depends on the radial velocity at the time of
.failure, and it would seem that the values of W/-LO which produce failure

are unbounded. This, however, is not so. The value of r. cannot be less

than zero nor more than a critical radial velocity which, :ccor_ding' to data
given in Reference 5, is in the vicinity of 750 ft/sec. " If it is assumed
thatrthe velocity of circumferential deformation cannot exceed the sonic
velocity in the plastic range, 'wh'ere E., ~0.07 x 106, it.shquld be noted
that the limiting radial velocity is about 220 ft/sec. For the purpose of 7
'-e-StabliShing-,bounds on the required failure energy, it will be assumed

that 0 < ff = 750 ft/sec.

The two values of f*f , when used in cohjunction with Equations
- (3.3) or (3. 4), determine upper and lower bounds for the required failure
energy, If it is further assumed that only. 7.5 percént of the inpuf energy
is effectively used to deform the specimen, the upper and lower bounds of

the input energy, per unit length of specimen, to produce failure are

~ Upper Bound: ' %V- 250, 000 h0 joules
o '

Lower Bound: 100,000 h_ joules.
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3.3.2 Pressure and Impulse to Produce Failure. The duration

l o of loading,. t m’ is sufficiently short, compared to the cylinder's reSponSe
("1"' - tlme to consider the loading as an impulse which imparts a uniform 1n1tlal

("- _ S pulse is shown in Figure 3 6 and the 1oaded cylinder is shown in Figure 3, 7.
{ Pm
i K
=
&
a
| £
) : o ' Time |
} - | | Figure 3.6 Assumed magnetic pressure loading pulse.

Figure 3.7 Pulse loaded cylinder."

\‘“\// .
e
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‘The relation between the 1mpulse characteristics p and tm and the initial .

radial velocity is found from

o
[ Pat = [ Mav = My
o _ : o
.0 N
P27r L t =  2xpr 4 h yr
m 0. 0o m 0 o o o
.Which leads to,
| p D .
YT RS @)
Yoo
where
f-o is the initial radial velocity
_pm__éndrtm | are impulse parameters.

Followmg this 1n1t1a1 momentum transfer, uniform. c1rcumferent1al
deformatlon proceeds. .Assuming a perfectly plastic material, the
deformation is retarded by the constant yield or plastic re51stance of the
cylinder. The equatlon describing this motlon is |
(3. 6)

s . Uy
IR

o
'

o I%Q '

* For 51mp11c1ty and without significant loss of accuracy, it has been assumed
that the initial radius, Ty does not change appreciably (< 12 percent) during
. the deformation process. Note that Equatlon (3. 6) with the initial condition, |

: r (t= o) = f’o is analogous to the equation of a body rlslng agalnst gravity,

‘The relatlon between the initial .and final veloc1t1es can thug bhe wrltten as

. 40
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Ar, ©
1"2 = I‘f .+ 2 'r—i: ‘—y"
o} r, Y
: , ' Ar L ' . ,
roo= ’%/f'2+2——i X (3.7)
o : f r v .
o , _
where |
| Ar,  is the radial deformation at failure,
Combining Equations (3, 6} and (3, 7),"and noting that the strain at
Ar _ , o
failure = —;—f = 0.12 which results in the following relation for the
o

impulse per unit area, P, tm , to produce failure

Bt = vh e X (3. 8)

As in the case of the work required to produce failure, the impulse
per unit area to produce failure depends upon the radial velocity at the time
of failure. Again, upper and lower bounds on P, b, can be established by

considering the limiting cases; r.= 0, and r = 750 ft/sec. These valu.és

f f

- of f'f yield the following upper and lower bounds for Py tm

- lb-sec
Upper bqund, P tm = 3 ho — 5

_ in
Lower bound: p_ t = 2h ll_);s_ce_g

- m m o .
. : in-
where
h ' = initial material thickness, inches.

O
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Further for pulse duratlons of the order of 25 microseconds, the upper

and lower bounds on the pressure requlred to produce fallure are:

12 x 104 ho 1b/in’2

Uppér bound: 'pm

Lower bound: p_ 7.8 x 107 h_ 1b/in’

3.4 SUMMARY OF RESULTS

Using the equations that have been developed in the'preceding
sections, upper and lower bounds for the ‘work and the pressure requlred

to produce failure in the 1/16-~inch, 1/8 -inch and 1/4 inch thick Test

Cyhnders A have been calculated Th_ese data are summarized in Table 3. 1.

. It should again be noted: that the tabulated input work assumes a

7.5 percent efficiency between the work that is effectlve in deformmg the

" specimen and that stored in the capacitor bank: and that the pressure,

P, is based on a pulse duratlon of 25 microseconds.

A qualltatlve comparison of the data in Table 1 with the limited

experlmental data that have been obtained indicates that there is general

' agreement between the predicted and experlmental 1nput work requlrements

‘but that the predicted pressure range is somewhat low.

3.5 RECOMMENDATIONS FOR FUTURE EFFORTS

On the basis of the analytlcal work that has been performed, the

followmg recommendatlons for additional study and investigation are made.

a. The cylinders tested to date have had r/h (radius/

‘thickness) < 24, These cyllnders are not representatlve of full-scale

£

) _cylmdrlcal structures where r/h > 106\- and they are not susceptible to

\\
buckllng failures. Accordmgly, it would be desirable to perform impulse
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tests on model cylinders with r/h > 100 where elastic and 1ne1ast1c bucklmg

.would be the probable failure modes

b The experlmental work should be extended to include
the case of unsymmetrleally loaded c¢ylinders with a range of r/h values

Simple. analytlcal models should be developed to estimate the loading

' parameters required to produce fallure

c. In addition to the work, pressure, etc,, requlred to

produce failure, the. detalls of the deformatlon process are of. oon51derab1e

'1nterest These details include the time hlstory of the deformation process,

the 1oad1ng parameters which just 1n1t1ate yleldlng ete, Experlmental

‘techniques which will permit the deformatlon process to be exammed in

detail should be studled and dev1sed
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IMPULSIVE LOAD TES FS

The general purpose of the inipulsive load tests on aluminum -

cylinders was to de.monstr'ate_the impulsive load capabilities. of pulsed.

- magnetic fields and exploding films, These tests and the results are

‘explained below.

4.1 MAGNETIC FIELD TESTS

4.1,1 Preparation,

| 4 1.1, 1 Test Specimens. -Five cylmdrlcal test

.specimens of each of the three types specified on Sandia's drawings

K38317 and K38330 were fabricated for testmg Gluing the phenolic sleeves _

to the aluminum cylinders was performed at EG&G's Bedford Potting

‘ -Laboratory, followmg tests to determine the umformlty of the glue joints,

The resulting test specimens were readied for the 1mpulswe load tests :

after initial dry runs with extra samples.
4.1.1.2 Magnetic Impulse Testing Facility,
a. Capacitor Bank. A 33-kilojoule, 20-kilovoli

capacitor bank with an internal inductance of 45 x' 10‘9 henries, resulting

‘in a short circuit ringing frequency of 60 kilocycles, was activated and
: cheéked- ouf- see Figure 4, 1, The bank, part of EG&G's capital equlpment o

" _had been used extenswely for. magnetlc metal forming investigations prior

to the present tests. The application described here represents a logleal
extension of the existing facility and the information already obtained from
its operation. '

b. Pulsed Magnet Coils, A major requirement

- for the tests was the use:of 2 pulsed magnet coil that was capable of sus-

taining the large electrical and mechanical impulses delivered by the 33- .

kzlogoule bank. A previously develoPed multiple turn coil of relatively high

| eff1c1ency was recondltloned and modlfled to accept the flux concentrator

w1th the prOper dimensions for the test spec1mens see Flgure 4. 'In
45 N '
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: addition a single-turn berilium copper coil of idéntical dimensions to -
those of the flux concentrator was fabricated so that it could be mounted
{ L dlrectly to the collector plate of the capacitor bank, This single-turn coil,

although of lower magnetic efficiency, was capable of delivering pulses -

——na -

-with a shorter duration than the multiturn unit. In addition, the simplicity
of the single turn construction pérmitted a more accurate analysiis of the
I _ B circuit in comparison to the more complex analysis of the multlple furn
) coil with its associated couplmg problems
i - R ) ' c. Explodmg Wire Fuse Norrmal operatioh
of the capacitor bank w1th the inductive pulsed magnet resulted in a damped
} S oscillatory dlscharge_ Because it was anticipated that the multiple -
- - oSoill_ations Would be undesirable for analysis purposes, an-exploding
‘wire attachment as shown in Figure 4. 2 was devised to act as a fuse in
series, w1th the pulsed magnet in order to shut the current. off after-the
- : : first half cycle. Because the insertion of such a device adds inductance
______ to the discharge circuit, the tests with the fuse were made with the higher
efficiency multiple turn coil and flux concentrator in order to generate
impulses of an acceptable magmtude on the test spec1mens
- d. Instrumentatlon ~ After experimenting
- with a Varlety of measurlng techniques 1nc1ud1ng current-measuring toroids,
._ Rogowski loops, and high-voltage probes, instrumentation was limited to
'l direct measurement.of the voltage waveform at the flux concentrator.:‘ The
L - wavefofms were recorded by a Polaroid camera mounted on a Tektronix
” 507 oscilloscope.. The "507", with its elimination of vertical amplifiers,
, o allowed the. recordmg of the signal with a minimum of pickup caused by

- the hlgh tran51ent dE/dt and dl/dt fields.

f o : 4.1, 2 Test Procedure.

T ©4.1)2.1 Bare Aluminum Shells.
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K38317-1: 0, 06b=inch wall
K38317-2: 0. 125-inch _Wall
K38317-3: 0. 25-inch wall

' Each of the, three inch OD cylinders listed above were sub;ected
in succession, to the uniform radial impulses generated by the multiturn
~pulsed magnet with the capac1tor bank at full energy. Multiple runs were

- made with smgle and osc111atory impulses on the five sets of cyhnders
Permanent deformatlon was accomplished on cylinders with the 0., 065 and
0. 125-inch thlck walls. The waveshapes of the voltages taken at the flux
concentrator were compared by means of multiple exposures to the wave-
shape obtained using the 0, 25-inch wall tube, which showed no permanent
deformatlon see Figure 4. 3. The deformation of the cylinders was
measured and recorded. The previously deformed cylinders were then
relnserted in the pulsed magnet, and the voltage waveforms recorded with

~ the capacitor bank discharged at low energy to avoid further deformation
of the cylindefs. The resulting waveshapes were used to analyze the
increase in vbltage caused by the deformation on the original high-energy

discharges.

Finally, a solid cylin&er was fabricated with th'e' same OD as the
_specified test sample. Comparison, by‘ means'-of double exposure .of the'
- voltage waveforms of the 0, 25-inch wall shell with the solid cylmder
' Waveform indicated elastic deforrnatlon of the 0. 25-inch wall shell followmg

.'the peak of the current pulse see Flgure 4. 4.
4. 1. 2.2 Phenolic Aluminum Shells,

-K38.3.29¥1_: 0. 125~inch phenolic/0. 065-inch aluminum wall
- K38329-2: 0. 125-inch phenolic/0. 125-inch aluminum wall
K38329-3: 0. 125-inch phenolic/0. 250-inch aluminum wall
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Sweep Speed 10 usec/div . Sensitivity 500 V/div .

(Largest voltage oscillation is 0, 065-inch wall thickness and
smallest voltage oscillation is 0. 25-inch wall thickness)

a. Ringing Impulse

Sweep Speed 5 pusec/div ' Sensitivity 500 V/div

oo o - (Largest voltage oscillation is 0. 065-inch wall thickness and
- o smallest voltage oscillation is 0. 25-inch wall thickness)
: ‘l . .' ' . b, - Single Impulse
v
Figure 4.3  Voltage vs time at flux concentrator with 3-inch OD

N - cylinders of 0.065, 0.125 and 0, 25-inch wall thickness,
., : - ' Cap_a_c_itqr-'bank- discharged at 20 kv and 163 uE.
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Sweep Sp.eed 5 usec/div Sensitivity 250 V/div

Figure 4.4  Voltage versus time at flux concenirator with 3-inch
OD cylinders. Largest voltage osetillation is 0, 065-inch
wall thickness and smallest oscillation is solid cylinder.

Figure 4.5 Deformed phenolic/aluminum cylinder,

51
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Although uniform radidl impulse_s were applied to the 0. 065 and

| 0 125-inch aluminum wall tubes listed above, deformatlon was only observed
~onthe 0.065~inch aluminum wal’l tube, Since thls was antlclpated because o
- of the poor coupling caused by the slpace taken up by the phenolic wall tube,
'tests were carrled no further than obtaining two samples of the minimum

wall thlckness 0. 065 aluminum tube, (one sample shown in Figure 4. 5)

4. 1. 3 Test Results, - Initial conditions before imp__ulsive loading.

are as follows:

Flux Concentrator

'Cylinder_ (Shell)

Figure 4.6 Diagram of initial conditions of cylinder and flux concentrator.

'Rl’ Inner radius of flux concentrator: 3.831 cm =

' L.,  Length of flux concentrator: 7.000 cm

Vl’ - Volume inside flux concentrator with no
. workpiece: 323 cm3' o

R-z’ -~ Outer radius of all undeformed workpieces: 3.802 cm

V2, Volume inside flux concentrator with undeformed

' workpiece: 4,70 cm3 _

o Vi/_Vz,  Ratio of volume with no workpiecje_ to volume

with workpiece: 69:1
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/By Ratio of voltage measured at concentrator with no

workpiece to voltage on concentrator with undeformed -

workpiece: 7:1

~Final condltlons after impulse loadlng are as follows and as shown

in Table 4.1 and Figure 4, K

R;, OQuter radius of deformed workpiece:
R,- R;,' Radial deformation N
V;/Vz, Ratio of volufne inside concentrator with deformed
- workpiece to volume inside concentrator with
undeformed workpiece.
__ E;/EZ’ Ratio.of voltage at concentrator with deforming
| workpiece to voltage at concentrator with undeformed
workpiece
E;/Ez, Ratio of voltage at concentrator with undeformed
- workpiece: |

4.2 EXPLODING FILM TESTS

Five assemblies of a thin aluminum foil sandwiched within a cylindrical
-phenollc assembly Wthh is, in turn, glued over an aluminum cylinder in
accordance with Sandia drawing K-38329 were prepared The purpose of

this test was to determine the extent of the final deformatlon caused in the

inner aluminum cylinder. The deformatlon was caused by .exploding the

thin alummum f011 by means of electrlcal energy obtained from a capac1tor

bank
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A% b, Deformed 0. 065-inch w impulse.

Figure 4.7 Deformed cylinders after impulse loading.
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- ~eapacitor (3. 75 microfarads at 40 kv) is discharged into the exploding foil

@%!&? Brlne

- Five tests were performed and produced negative results. In all

cases the foﬂ did not explode homogeneously and the damage to the cyllndrlcal

| assemblles was hmlted to locahzed damage to the outer phenolic tube

Flve new assembhes have been prepared and will be tested in ‘the

| near future. These new assemblies are a significant departure from the

previous assemblies, and the results of the tests will be described in the
next progress report. Emphasis has been placed on obtaining a homogeﬁeous

discharge in the foi,l.

4.2.1 - Prepdratien.

4.2,1.1 The Cylindfieal Structure. . The structure con-

-sisted of a:1/8-inch thick aluminuni tube, 11 inches long, and havmg a

4'-inch outside diametef A 1/8 -inch phenolic tube is telescoped and glued

to the outside diameter of the aluminum tube., On the outside diameter of-

" the phenolic tube, an alummum film of approximately 1 microinch is

vacuum deposﬁed and another 1/8-inch phenolic tube is telescoped and

glued to the outside diameter of the a_lumlnum fllm

anee of these assemblies had a fully symmetrlcal (360. degrees)

alumlnum film coatlng while the other two had a film coatmg over half

- the mrcumference (180 degrees).

The alumlnum tube and the aluminum foil are connected electrlcally

at the end of the tube, thus making a low-inductance explodlng foil 1oad

"The two ends of the alummum tubing are covered with two 1/2-inch
thlck alumlnum plugs that are held in place by a half-inch threaded r‘od :

through the axis of the assembly -

4.2.1.2 The Electrical Circuit, A three thousand Jjoule’

" load through a high-current switch, The shorted ringing frequency. of the

26
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‘complete system is 0, 33 megacycle (75 x 10_9 Hen_ry),

- The selection of the custom built compacitor and the overall coaxial geometry

'make_possible the high ringing frequency of the system.

4.2 1.3 Diagnostic Equipment.’

~a. Load Curreht A four~turn coijl is inserted

in the coax1al space between the capac1tor and the spark gap. By means

of a 20-microsecond time constant RC network the pick-up coil signal,

:dlldt is integrated, and the resulting trace, i, is dlsplayed on a Tektronics

scope. Thls 51gna1 can be used to calculate the energy deposited in the-

' explodmg foil.

b, Voltage Measuréinent A resistive voltage

divider is used to measure the residual potential in the capacitor after the

dlscharge has taken place This residual potential can be used to correct

. the energy calculatlon in paragraph 4, 2. 1. 3a,

c. The 6-Frame Kerr Cell Camera, An
independently pulsed 1ight source is u.sed to back-light the aluminum-phenolic
assembly. An 8-inch diameter lens collimates the beam from the light
source to the Kerr Cell lens, The Kefr Cell Camera was used to record
the debris motion of the explodlng outer phenolic tube and to give a measure-

ment of the shock wave. The shook—wave front film record can be used to

_calculate'the shock velocity. The frames of the Kerr Cell can be spaced

from 1. 2 up to 50 microseconds apart. The Kerr Cell eXpoeure time is

' approximately 0.25 micros’econd'

o = 2=d. ' The Time Sequence. The operator trlggers
the external back-light source. Some of this back light falls on a photo cell
which trlggers the experiment as well as the dlagnostlc equipment with

appropriate delays for each. The event and the first Kerr Cell frame are

~ delayed until the external light source reaches peak intensity with the event

‘preceding the first Kerr Cell frame by one microsecond, This corresponds

to the first peak current pulse.'
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4.2 2 The Experiment.

4, 2 2:1  Test 1, ThlS test assembly had a 360-degree

aluminum foil of one microinch thlckness The phenollc tube contalmng

“the eXplosmn was 1/8-inch thick.. The dlscharge on this shot followed a
‘single path of the lightning- stroke variety on the 51de facmg the Kerr Cell
- Camera. Infact, frames 2 and 6 of Figure 4.8 distinctly show this path,
-Upon Vlsual examination of the e'xplodlng foil assembly, it was found that
most of the aluminum foil was unmarked except along the path of the dlscharge
_Also the outer phenolic tube broke up in clean large pleces except along the

: dlscharge path where the carbonized debris was granular, Along the |
-discharge path, the aluminum tube was pressed in an oblong cross- sectlon

by only O 015 inch, The 51gnal from the current pickup was extremely

small 1ndlcat1ng that the foil behaved res1st1vely It is estlmated that the _

- 'explodlng foil had a resistance of approx1mately 5 X 102 ohms along the

discharge path for at least the first 15 microseconds, The lack of dlscharge :

homogemety is tentatlvely attributed- to the rmxmg of the glue w1th the

alumlnum film and the total lack of air space in the region of the explosion.

" -Figure 4, 8 Kerr Cell.camera record of the exploding assembly._
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 Another interesting observation is the'lack of damage done to the inner

'oylindrical structure (aluminum and phenolic tube) while the outer phenolic

tube 'was completely blown off, In the past a fully contained smgle path
- discharge at the same input energy level deformed a brass tube of similar
{ “ 7 L _dimensmns by approximately 1/2~1nch buckling. The reason for the different

- amount of damage done in the two situations is being investigated

[ B Most of the effort at the present time is devoted to obtaining a

[ o o B homogeneous dlscharge usmg an experimental assembly.

- 4.2.2,2 The “Experirnental Assembly” This experimental

~ test assembly conslsts of a solid aluminum cylinder covered w1th ten layers

LA 7

of 0. 010-inch mylar. The alun_unum exploding foil wa_s secured on the

surface of the mylar with scotch tape. For various shots, the number of

layers of mylar used to contain the exploding foil were varied, - Through
i D ._ these tests, it was found that two layers of 0.010-inch mylar resulted in
a reasonably homogeneous explosion of the foil. For this reason, the
outer phenolic tubes of the original exploding foil assemblies were turned
down to a 0._020—inch thickness, |
\ " ' | 4.3, 2.3 rTests 2, 3, 4, and 5. Two of the ass.emb.lies_ .
“ | “had a full circumferential exploding foil While the other two had the exploding

&_, S - foil for only 180 degrees of the tube circumference.

fo o All four of these discharges were also non—homogeneous The

= _ discharge again occurred through a single line path. - The Kerr Cell Camera
' } "7 indicates that the thin outer phenolic tube broke up in the first 2 to 3
microseconds, thus permittlng ionization of the air along the discharge

| “path, Indeed, the current traces indicated a peak value of about 105 amps.

- No damage or deformatlon was observed on the alummum phenohc mner

- assembly.




4.2.3 Conclusions: In the past our ability to homogeneously

explode a cyllndrlcal f011 of appromrnately one microinch w1th apprommately

- 4 to 5-inch diameter and 10 to 20 inches long was based on the gaseous
-space between the exploding foil and the outer cylindrical wall, When this ..

- space was properly chosen, it would result in a critically damped discharge

with the microinch foil acting like the plasma material. For the dimensions

used and the 3000 joules of energy available, this space was typically 0.015

to 0. 050 inch, Whlch was large enough to lower the peak pressure generated_

by the discharge. For this reason, this approach could not be used- dlrectly o
-'.m the present experlment Instead the approach used in the present

E ..assembly had the explodlng f011 completely imbedded inside the two phenohc

tubes by means of glue Such an assembly would produce high pressures-

in the first mlcrosecond and become an ideal tool for the study of energy

deposnlon 1n the internal layers of the materials and geometries selected

Af the dlscharge could be made homogeneous, The non- homogemety observed
in the five shots reduces considerably the value of this approach, We are
presently 1nvest1gat1ng methods for obtaining the requlred homogeneous '

| discharge. One approach being followed is to increase the thickneéss of

the foil and at the same time reduce the foil area to maintain a'reasonably

high energy per unit volume ratio. Should this approach be fruitful, it will
be necessary to increase the stored energy on the capacitor bank in order

-to homogeneously explo‘de foils of the desired area.
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