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have been =dc of’pressure. particle ve~ooityu and ~ho~k

steels aluminums and oadmium under impaot by HeEO detonation

wvea ~ From these @ta pressure-volume relations are

0,,2to 0.4 megabar8~ The work

as Oerylliumo Ieado carboloyo

is oontiinuingon the~o

have aloo been measuzwdo In addition information

and prcmsure of the detonation wave in Pentoliteo

for

hae

obtained in the region of

nm.torialsand on

the elaatio wave

been obtained on

others suoh

in steel

the shape

This study will be oxtonded to

other exploeive8 such tA8composition E tindbaratolo
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W3SSI.IRE0C(XWRESSK& iXiOCi(AND PARTICLEmV”~OCITY MEASUREWXW!S IN THE

- NEIGHBORHOOD OF ONE-THIRD WXW3iR

INTRODUCTION

On the reoommendati.onof personnel of the theoretical groups. experimental
.

work was initiated for the study of physical properties of materials in the

12pressure range from OQI to S!megabar (10 dyno8/am2)D &2 megabars has been

obtained sta~iotallyat tho Geaphysi,oalLaboratory”but it i.~impraoticublo to do

this here beoause of the elaborate and cumbersome apparatus required and beoausa

the,measurements are aub~eot te uuoertatities resulting from creep distortion~ The

. .
.

.

“%

b

Iogioal extension and one particularly suited to the data here de8ired0 is to make

the measurements dynamically thereby ci?.imi.natingthe need for elaborate pressure

apparatus and inherent oreep unaertai.ntiies~

An opportunity for developing and testing teohnfques and methods suitable

for thiu kind of work mzs afforded by the fk.n?eauof Ships in setting up its

oxperimontal program of underwater explosion damage studies in 1942and 1943.

Four parameters with which we me ooncerned are the pre6sure ~s

~ompre$~ion - AV/Wo tho zero subsoript referring to the initial SIateo mass cm

particlo velooity u~ and shock velocity l). ‘i’hesoquantities are interrelated by

Lhe tia exprcnsione

.

P = pouD
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where PO is ths initial denni~y of,~h~ ~terialo Those tw expre86ion8 may be

derived readily from the 5tf3SU~p~hnS of Ounsc?rv&tionof masa and of momentum.

Thus only two of those four qua.ntikiesneed be measurado It is ulso desirable

to evnl’wte the temperature in the shook wave and the drop in temperature due to

.
ad.iabatioexpansion in order to aid in correlating the Rankine.Hugoniot relations

with isentropio pre6sure-volume relations~

FurtheporeO b some subs~noes the elastiu or ordinmry sound wave

travels fader than the main shook wave even at pressures of the order of ~00

kilobars~ For such material it 3.sdesirable to evaluate equi.vuleatrelations

for this compressionalwav~eu The dynamia yield pointiis known to be higher

Atr statio value but so fur no aoourakememsuree of these ratios havo been

available

The valuen of sound velooity ordinarily given in handbooks are for

thnn

spooimens mheroin the latori.alditnensionaare small aoqarod with the longitudinal

direction along which the wave i8 moving, and aro thns related to ‘bar velocity”

~$Edanotingyo~gOsModtius~ Th. vduesdesiral here arewhioh is VL = \,

tinosefor an ‘iriinite ,modiurn”whichs for an i$otigpio substanee~ aro given by

co = /7c~~ ~D cll denoting OZLOof the two elastic oonatants~ The ratio
.>

(2G/V~, is given by - cr)l[l_~1 2U)(1 i-al 1’2 7)heroa ia Pois80nQs ratzloo

For a = OOQ tlnisratio is 1.122

A~ the amplitude of the shook i8 inoreased it eventfully exceeds the

c.kaotie limit of the

moving with veleoity

modulus of rigidity.
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initially less than Go but Eventually ovortakes Co as the amplitude of the shock

oomtinues to inor-i3e0 For the pressures herein investigated only one front was

observed in the uase of’alumin~o ca~w% ~U~i~OY~ ~d ~~do ~her-8 t- s~ok

fronts were skill Observable in steel and carboloyo

It was originally planned to use the impact froma gun projectile te

initiate the shook vavo in the target. The reasons wore (1)

001 and 00~ megabars could be expected and (2) that the WVe

and oould be made of sufficient duration that no degra&tion

that 6hookJ9betwoon

would be flat +opped

in pressuro wuld

owur a8 it proceeded into tho targeto Simultaneous m6asuremont8 made of

mass vclooity from projectile velooity, shock velokity and pres8ure would thus

yield a unique point on the pressure-volume curve together with a cheek on the
.

.
consistency of the da+ao

A 6n/417smooth.=boregun was supplied but the aealinG

projectiles designed for us did not fvnotion satisfuotorily~

bands on the

Leakage Of gase8

past the projeotilo tripped the electronic cirouits prematurely. It is not

difficult ta design adequate seals and several such designs were submitted to

reem~ersof the ordmnee groupO Pending their deoision on which to use work

was begun with H~E~ using lense8 to obtain plainsBUVC8 in conjunction with flat

disco of

quiukly.

. supp~iad

R+fWe:>

.

pontoliteo Pentolite was used becatisoit could be obtained easily and

FTx -=2 was considered more desirable but the cakes of this material

to ua had 6urfaces which were too irreguler and too wedg-shaped to be

The data presented herein were all obtained in thi~ ~nne~O

The shock wave in the target resulting from impaot by the detonation
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by a deoay which is more or leas exponaa%ial in formo This unloading wave. moving

more rapidly than the shock front$ is continually whittling do~m tho pealspressurm

filConsequence it is necessary tm meafmre the p&rameters as & fLulOtionof thicknes6

of the matcrialo in addition repeat moasuremen’csare neces~ary to reduoe un=

certainties arising from unavoidable stat~stioal fluutuationso

l?rossureis determined by means of probes made from x-out tourmaline

tii6c60.The calibration oonstant of

of’these %egkso was determined from

advantageous to make liheaecryfjtals

the cwystals, for the geometry and conditions

mousurementx of u and D in steel~ It i8

thin. Ours are thickera about Ot,~mm. than

.
.

.

.

de8ired butithis choice was diutated by practiual considerations of exietant,

constructional I.imit+ationsoSeveral reverbcw~tions are required for equili~rium

to be attained between target and crystal and therefore a uaoful oryritalIafe of

about 00~ vsee is requireda If the crystal booomes shorted before thi6 t$me a

aorroction faator must be applied fox’the aooufhio misnmtoh of crystal and ttarget~

This factor can be expressed very olosely by 2P + (p+l/plD1~ “1 aubsoripta

1 and 2

in Figo

crystal

referring te oryst~l and t6rge%0 respectively.

Osoillograph record8 of elastic and shock waves through steel are shown

10

FWek velooity is determined from (a) the transit time between twe

platoeo (b] the tranriittime between a aerle8 of eleotrioal contaotore

6et into the tar~et9 and (o) from the arrival times of the shock wave at the

front and back surfaoea of the targets by means of’externally placed eleatrioal

uontactorso The Iask method is no% a~ acauratie as the i’ir~ttwo’and is used

therefore only as Q rough cheek moasurernento The first n\8th0dmay be il~ustrated
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oscillograph records and a plot of the data obt~ined therefrom in Figs* 2 and ~

respectively, made on an aluminum platm

Partiole or ma88 voloeity of the

externally plaoed electrical COXAhO%Or8c

tree surface velocity and hence of u +@

sol~ndvelocity ~nd given by .Jap/dds.
2

material was ascortziinedby ENEU18of

The measure obtained is that of the

where @ =
J

C@/@j O being the

Atia i’reosurface the pres8ure wavo ifi

reflected back ints the material as an cquivalont tension wavo,j The unloading.

expansion ocv3ur8along an isentrc)pi~S2 which is different from that of the original

entropy 6tate0 For”weak shocks “thedifference is negligible but for very strong

shocks S2 my Me in the Ilquidus or e~en gaseous regiono In oonsequeme u i-@

may become much larger tkzn the ordinarily aeeumed approximation 2u0

It iiiessential to complete the measurements of thi8 motion before

reverbera’tionsiGan ocour in the target p~a’b~ 0therw3.8eone obtains a measure

not of u but of the momentum tran8fer from explosive to target~ Tn oonsequencteo

tor our measurement89 about eight contractorsare spaced in an interval not mare

than 2 or ~ mm distant from the baak surfaoe of the plate. For the very thin

p~.atese~en closer S@iO~IJ~ is desired and tiha resolutions are’being ahzarpenod

-4‘fhopositions of the contactor points are measured to 10 cm and are coaked

with a aon-conduotor to prevent prb-oontact conducticm by ionized gase80 Time

resolution obtained in these records is reproducible to about a millimieroseoond~

An osoillograph record obtained from a l~2>inch oadmium plate is
.

shown in FigO ho A plot of the data obtained from this plate is given in

l?igO5.
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inte uonsidewation the fact ‘thatthe wave from

oonYexo Each probe must also be plaoed in the

the lenses 5.snot flat but slightly

target such that it lies in a

oorliaalregion unperturbed by rarefaction waves from the sides of the targe% and

from the

targets.

other probes~ Calculated angles were verified empirically for steel

.
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A. The data on physical properties of me.terialsare tabulated for aluminum.

cadmium. steel and tuballoyo 88 f0110w8:

(1) Surfaoe velocity as a funotion of thicknes8 of ma’kerid through which

the sheck wave has traveledo The values in general represent the mean of several

tests in whioh ca6e mean square deviations are listedo These deviation are no+

necessarily error8 of measurement but include also 8tatistioal fluctuations suoh

as might arise from variations in the plane wave lensesO in khe pentolite oakes

(as nonparallelism of surfaoes. imperfeat surfaoes), in variable distortion Of

photographic em@sionaO in possible damage to targets during transportation. TWO

and sometimes three oscillographio reoords are obtained in sach testO A least

.

w

&

square value of slope 5s obtained from each reaord (ace Figso ~05)Q

given in

A plot of surface veloaity as a funatip of thickne8#ifor aluminum is

Fig. ~.

If the elastio mve is observable similar records are ootained for it.

(2) Mean values of the shock velocaityover the thickne8u interwal indioated~

In general the chmge in shook veloaity over the thickness range here investigated

3s so small tha% DO serious attempt ha6 yet been made to measure its vtariationo

with the exception of’aluminum for which the effect ehould be most markedO These

values have been obtiaincdin the various ways just described (see Fit:so19 29 3)0

The observed veloaity of the elastic wave for steel is listed. It is

not known whether the differences indicated for oold rolled (1020) and SAE4340

have a real signifiaanae.

(~) Pressure in the shock wave (and the elastiu wave for steel) at one——
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(i) aficomputed from u a*

(ii) as measured with the crystal probes using steel as a.calibration

meiiium (see FigO 1)0

The oomputed values (i] will tend to be slightly high at,1025fland low

at 0.2cjrrowing to the faot that the value of D used will correspond to a somewhat

higher pressure for the first and lower for

(4)

in Fig. 60

Pres8ure veraua ooinpressionO

In addition to the tabulations

B. “ExDlosive8

Somo of these data may be utilized in

the seoond~

a plot of’these relations is also given

as illustrated by FigO ~. in this figure free

plotted as a function of thickness of material

studying detonation of explosives,

surfaoe velocity of aluminum ia

through vvhiohthe shockwave he.s

traversed. The very high peak in the detmationfront. about ($10kilobars (kb)

in aluminum and corresponding to 470 kb in pentolite, i8 extremely narrow sinoo

it has been completely degraded in aoving through a quarter inoh of aluminum. The

relatively slow decay in the reminder of the shook wave is illustrated by the

marked discontinuity in slopeo !l!hepressure at 0025” is about 292 kb. corresponding

to an ILEo pressure of 2* kb. The latter figure is the peak pressure one would

aalculate for the detonation w~ve assuming the ratio of heat capaoitieu to be

three. Thie is the value ordinarily assumed as peak pressure in the detonation wawe

ninco the high narrow peak is aot usually observedO

It would seem probable also that this high narrow front oould amount for

oertain abnormal span effe rved in thin plateso
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) Y =7.1650 2=294x
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J

y; thickness inches

x: velooity~ km/aeOo

Shook Wave Velooity

Mean value through 1.25 tiche~~ Toho ICm/seo

Weighted means of three tests (ace Fig. 3):

(i) Initial

(it) At 10 mm

(iii)At 20 Mnl

Mean value through

704.8& 017

thiokness 70385~00~2

thickness 702g~oll

25 mm path ?4

Shook pressure

Through 0025N material

T“wough 1.25° material
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. Crystal Probe8 and their Aa80ciated Cirouit80 f’hinz-cut ciroular

dlsos mde from tourmdine orystals are usod”ixltneaauringthe pressure amplitude

in the shmk waveo Velocity of this motion is also obtained from the transit tines

between tmu crystals placed one in front of the other and offsot

in front does not perturb the one in baoko

The amplitudo of the shock is given by p = Q/lU+,where Q

so that the one

io the chargo

developed K the %alibratior:constadff and A the area of the plate,>

The off’ootivearea A is somewhat unoertainbecauso of porturbaMon@ from

the insulated regiou~ In o~nsequen~e the value KA was obtained from steel

targets under oondi%iona identioal

The basio circuit used ina

with those for the other targetso

conjunction with the tournaliriaorystals

w

.

.

is given in Fig. ~~

1% may bo shown that

of the oable and that if Cl =

length and V. the velmity of

ifR1 is mado equal to the sux’geimpedanoo ~

~Voo where R is the cable resistance per unit

propagation then reflections are virtually

el-iminatedat the receiving end of the linee Indeed the value of Cl for short

lengths of cable is not a’be.11critical~ and may very by a faotor of ~ from

the computed value without serious offoot~ It my be shown further that if

‘2C2 = RIC1@ then an e~n~f. placed in series with Cpwi31 be remcd.vedwith
.

negligible di8torkion at tho osoillosoQpsO

1) The design cnd utilization of these piezoeloctrio crystal and eleotrio oontactor
circuits were developed elsowhore and desoribed in various Bureau of Ships memoranda
(1942-4.4)and in Progress Report for 1942!.43on Underwater Explosion Testso ‘rho
modifiaationa mado neoes6ary for this work have been aoncerned primarily with
increasing the time rosolutiono
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Tho analysis upon whioh the above circuit is

UNCLASSIFIED

based was tested empirioal~.y
.

as 8hown,in Figo 10o The crystal capaoity is neglected

justifiable since the crystal ce.paoityC3 is less than

-6
whereas C2 is about 00~ x 30 0 S i8 a meroury 8witoh8

in this test whioh is

-600005X 10 farad8

whioh providecirapid and

reliable completion of the cirouito Cband T furnish an auxiliary pulse to

start the smeepo The line to the sweep oircuit trip must be shorter them the

.

main transmission line in order that the signal will not arrive

until the time base is well under wayo The 8qu&re voltage 8tep

S appears on the osoillosoopo with a rise tima of about 0.05 PS

general appearance of the

noticed at A in tho above

oondenser and resistor in

ha~evero in praoticeo

transmitted step is shown in

skotoh can bo

aerieso This

cornpensa%edby

refinement was

Fig. Ilo

shunting

at the oecilloseope

thus produoed at

or lesso Tho

The disorepanoy

R9 with a smal%

The basio oirouit ofFigO $lwas modified to that shown in J?igo12. Tho

latter provideE means for attenuating the signal received and in addition inoludeu

a device for calibrating the crystal cirouit~ This is obtained by impressing a

known aharge Q. upon the systemo The attenuator and calibrator switohe~ aro “

ganged together so that the attenuation and calibration are autonuiticallyad~usted

by merely setting to the chargo anticipated.

Velocl.tymeasuremwxts. Measurements are also obtai~od from transit tfmea

between a series of appropriately spaced contaotorso In this nzanncwsurface

.

.

velocities have been obtained from

from internally ple.codcontaotors~

whioh can handle eight probes~

“::***:*
. . .

exbornally plaoed contaokors and shock welocj.ties

TWO cirouits have been constructed each of’
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The eight external oontacters u~ed to measure the veloaity of tho bauk
.

surfaoa of tho target woro sot in a ci.roleono.half inch in diamoter~ The points

of the oontaotors were ao arranged that %hey lay on a double hel.ixjin this way

any aasymetrioa~ variation of 8urfaoo volooity aoros8 the Izalf=inohoirole would

result in random variation from a wnooth displacement-time ourveo instead of the

regular deviation8 whioh might ba expooted if a single helix t;ereusedo The target

waa grounded eleotrioallyowhilo aaoh contaotor was charged to a potential of

about 45 vollx+by meanm of a batteryc Target and oontaotors were oonneated by

leads about 18” in length to a massive steel c$ylinderowhi~h housed the elcotricd

equipment neoessary to prodwe the desired signals and which oould be buried near

.
.

the target. The cirouit used appears in Figc 130 It will be evident upon oxamina.

ti.onof this diagram that. when any contact is Olosedg a small pulse of brief

duration will be impressed on the ooaxial cableo It will alao bo noted that the

mtiing network is so designed as to terminato”the oable approximately in it8

surge impedance of about 75 OIUWO

Difforont combinations {A and B) of resistaruaeaand opacities were

A n

.

f

.

‘1 330

lia 100

R
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The steepness of the pulse ia limited by the riso time of the saope

amplifier and by the stray shunt capacitances ad inductances between the eon.

tac%or Oircui%sa ‘lhelatter is being eliminated by a smnewhat different aircuit

arrangement now being investigatod~ Some progress ka~ also boon made in deer-sing

the rise tine of the amplifiers supplied to u60

Design of Crystal Probe8—.

Asoembly details of the oryfltalprobes within the target are shown in

Figs. X:-and ~~0 InFig~ tithe crytdxil plata (C). together with ananvill (A)

in oontact with its rear surface~ are first installed in tho cylinder (S). A and

S are of the same mtmi%l as the targeto Cylinder T and di6@ W of!Figo 15

aro of bakelitoO T is u8ed to insure that.A is ocntorod in S prior t@ insertion
&

of insuL3tion0 ThcIanvil is insulated from the cylinder by a mixture of finely

ground aluminum oxide and a silicon re8inc This mixture i6 foroed inte tho

annular cavity between A and S under pressureo All parts are very carefully

fitted and assembled. After a8semb~y the and of the cylinder and crywbal are

lapped smooth before being prossod into firm contaot with the tnrget. The target
.

and aylinder are connected to the outw coaduator (shield) of a coaxial cable~ The

anvil io connboked to the inmx conriuotor of the cablo via a resistance-capaoity

netwurk as described elsewherc~

.

.

.

UBJCIASSIFlif



..-

● 0 ● * ● *e.:.::OO ● ●.:
● ● *mm

● ● *e ● : ● **
● e*e ● .** ● mo

● s ● ● 00 9** ● 0

● 0 .’@: ●:0 ● 00 CO* ● *
● * ● 0
● oaem ●: s
● a ● 0: :
● * :0

● 0 ●0: 8:0 ● ●:0 s

.&-,=

.

●

●

.

● ☛ ● m. ● . . b . . .
.* 99.8 ●

:: ● ● 0● 00:0 ●: ●
● * :0

9* ●.: 9:* ●0: ● *9 ● *

● ● ● ☛☛ ● 9*
:* *.*.*.* 9

●
● ●°:

● 0e*m*m ●
● ● ● ***

d::o: ● **
● m ● ● bee ● *



., ..-.’.’.”. .-.-. ...W-,.. -. .,.. . . . . . . . --””.<, .,, .

-—
‘*A....’..,’

e’.->’ .: .::..,
. . ...’. :.. -.. .

. . . . .

. .

● m 9**
● 00 ●°0 :
● O*Oe*
●,-9, ● ●@Qo 0.0:
● m– ● 00

-; *,. T : *. ‘~,—oio‘
●...fm.m’m’● 6*’ **’*“b

b ,: :. :
● -9*●: ●

● ●:0 ● ●:0

● O6°0●
● 99
●9*
● 00:9,9.

.!.- ,.:
*O*’”● *
●
● 0 ::
● ● m
● ● 9

● 00 ● O

b-.

.T c.-....a
-.
~;. ..T
.?,,.

,,

.—.,“;.,-. P
,.

,,

..
.

$.:
!= ..

*.- a

—

,’
.

.. . . .

-.

,
,,

.-. —-. .-, g—7----
. . . .>-

——

y:!.; .: .
,-,-, .,’ -,

:.+=. . . . . .

~—---— .._> - -..—..

i““
.-—-:-—.—e-’

.,. “’:3isE23i%-s2’:i$%&&$&,- “’”, - -._....-’ :i;!F?&F?&:$..—. .——.---.. . . ,.,
. ...”–. .

.

.-

,,. ,-—-

?. .$.$
,.

E ‘:” ----
-— ——.‘---,. . .
—
-—- @iw*z; ~~.....,+,
. ——-—u—. = .——:. . . . ..— —— ._ .._ _ .—. .

.—

. .
.:

—. 1_..m-=~~.,..-*-% , .,
------

T_ - ---- .

-..

... . ..-
A&-2

. . . . .

--
-q --e,T7

,,,

4.
●

.,,$ .

---
.——–– ——...–. >. .-— .—-. .— .- —;

.

of shook-wave throughFigs 1. Oeqillograph reoorda profile after moving

(a) 0.25’ (b) 1.2SW of SAE 4340 steel. (1) is cross talk from (a);

(2) is the synchronizing time pip for the *O records\ (3) is tho
.

●lastio-wnve front~and (4) iS tho main ohock fronto Total sweep length

is 10 microsecond-o Elastio pressure is 15*7 kb; peak shock preswro in

(b) in 225 kbj daatio velocity in 5.85 WSOO I and shook velodty im

5910 kmlmao. (Oacill~tlam ~q spqk fy~y: rororboratlons in orystal
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~~g~ 2~ (laoillograph rooords
af timo pips obtainod from intornmlly

plaood ●lootrioti oontaotora inan aluminum target for obtalnin&shook

wlooity am a funotim of thioknesa of aatoriale
The firmt and la8t

oontaotors~.num.ly(1) amd’(14)t ooouron both rooordse
Total #wOOp

timo is 4 miorosoomdc. Total path traw.1.dis 2~g om~ Th. o~~aito I
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Fig. 4. Oaoillograph record of external contractorswith 1.2SW
.

cadmium targote Total swoop time 1s 2 microseoonde. Total pin
t

spread is 2 mfllimetors. A plot of the data from this record is

given in Fig. 5.
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