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PERPENDICULAR EXPLOSIVE DRIVE AND OBLIQUE SHOCKS?*

7.

Neal

Los Alamos Scientific Laboratory
University of Califoriia
Los Alamos, New Mexico 87545

front by Prandtl-Meyer flow.

Oblique shocks in various materials driven by Composition B-3,
9404, and TNT with the detonation wave perpendicular to the
interface are investigated with flash radiograghic techniques.
The Jetonation nroducts in the rarefaction behind the detonation
front expand laterally as the explosive-sample interface bends
under shock compression of the sample.
cribed by a polytropic gas equatiorn of state, this expansion is
shown to be adequately described in the vicinity of the detonation
Some new Hugoniot data for antimony
1s obtained in the course of the investigation.
of perpencdicular drive the compression of the sample is not accom-
plished strictly by strong shocks.
fied by baratol driving aluminum, a case where the bulk sound
speed exceeds the detunation velocity, and by 9404 driving beryl-
lium, a case where it does not.
presented for both these systems.

With the products des-

In gsome instances

This circumstance is exempli-

Some experimental results are

INTRODUCTION

A detonating explosive in contact
with a metal plate has been the subject
of extensive inv 3jtigations by many
shock workers (1,2). The case where
the detonation wave is parallel to the
explosive-metal interface has receiverd
far more attention than the case where
i1t is oblique. Recently detonation
waves at riqght angles to the interface
have been investigated at this labora-
tory by means of radiographic tech-
nigues. Perpendicular drive, as it is
termed, has been used to determine
Hugoniot data, observe phase changes,
and drive reqgular and Mach reflection
experiments. It is useful in experi-
mer.ts of thesv types because the waves
Jn the metal plates are driven continu-
ally and steadily and radioJyraphs pro-
vide a sort of time history. Behind
the detonation front the products of
detonation expand laterally as the
metal is compressed. If the compression
occurs as a result of a shock, the metal

interface undergoes an abrupt kend where

it is .ntersected by the detonation wave.

Viewed from a coordinate system moving
at the constant velocity of tne detona-
tion, the flow pattern is that of an
incoming stream of material turning a
corner. Flow arcund a bend in a charnel
is desci_bed by a Prandtl-Mever expan-
sion if the flow states before and after
the bend are constant states. Althougr
the front of the detonation wave car be
considered a constant state 1n this
context, the flow behind cannot because
of the rarefaction that follows the
detonation front. The effects of this
rarefaction are exhibited in the gradual
curvature of tre metal-explocive inter-
face that nccurs behind the abrupt berd
due to the shock. In addition, the
finite size of experimental assemblies
used to investigate perpendicular drive
often precludes the flow patterns in the
metal being time independent in regions
far from the detonation front.

*Work perfeormed under the auspices of the Energy Research and Development

Adminiscration.

Therefore,



the first objective of this report will
be to investigate the explosives Compo-
sition B-3, 9404 and TNT to see if the
Prandtl-Meyer expansion can reasonably
describe the flow cf detonation products
behind a detonation front followed by a
rarefaction. For the purpose of making
this comparison the detonation products
will be described by a polytropic gas
equation of state. If such a flow
model proves adequate, a simple analyt-
ical method will henceforward be avail-
able for predicting the strength aaid
direction of shocks in materials shock-
compressed by perpendicular drive with
these explosives., A different material
flow pattern occurs in perpendicular
drive when the bulk sound speed of the
material exceeds the detonation veloc-
ity. A shock cannot form in the metal
because it trys to run ahead of the
detonation, becomes unsupported and
hence decays. The case of the explo-
sive baratol driving aluminum is a well
known example. Even if the bulk sound
speed is less than the detonation
velocity, there is no assurance that
there is a solution to the flow equa-
tions in which the final compression is
achieved solely by the leading shock.
Beryllium driven by 9404 is an examrle
of a combination in which onlv part of
the compression in tha metal is accom-
plished through a strong shock. Thus,
a bulk sound speed smaller than the
detonation velocity is a necessary but
not sufficient condition for formation
of a full-pressure shock in the metal
in perpendicular drive. Both the
examples mentinned are being investi-
gated, especially with regard to the
shocks and pressures transmitted into a
second adjacent metal plate. Scme
experimental results for these flow
situations will also be presented.

PERPENDICULAR DRIVE

In order to understand how egquation-
of-state and flow measurements are ob-
tained from perpendicular drive it is
appropriate to consider the fluil dyna-
mics of the situation depicted in Fig.
1. A detonation wave is proceeding at
a right angle with respect to the inter-
face between the explosive and some
sample. Not all explosives possess the
property that the detonation front re-
mains relatively planar and at right
angles to the interface in the immediate
vicinity of the interface. The analysis
here will be restricted to those that
do. The interface has deflected at an
angle a as a resvlt of shock ccmpression
of the sample. The explosive ahead of
the detonation front is, of course, un-
reacted. Let us assume for the moment
that near the interface the region

Sample

Expiosive

)|

Detonation front

Expiosive
products

Shock

: |
Second shuck in I
some mafteriols

e -

Explosive - Sampis
intarface

FIG. 1 - Schematic of perpendicular
drive. The heavy solid lines represent
shocks and the small double arrows
indicate their direction of propagation.

behind the detonation front is a con-
stant state in which the flow stream-
lines are parallel and steady. The ex-
pansion of detonation products into the
region previously occupied by the sar:ile
can then be described by PM ‘Prandtl-
Meyer) flow around a sharp correr (3).
In that case Bernoulli's principle
becomes (4)

ar + -pulc da/\/uz X (1)

where P is the pressure and ¢ is the
density of the detonation wroducts. The
sound speed C and the velocit’ along the
streamlin=, v, are related to the pres-
sure and density by

¢+ dP/dp and v dv = -dP/o.

{2y, 1

For many situations explosives have Leen
adequately described by a CJ (Chapman-
Jouget) detonation and a y-law equatinon
of state (5). The pressure and fensi%y
of the erplosive products are tlen re-
lated by

= Y
P = PCJ(D/DCJJ . (4)
The (J conditions can be expressed as

PCJ = pe02(7+l), Pey * pe(y*li/y, and

UCJ = CCJ = Dy/(y+1) (5)

where 0, is the density of the unreacted
explosive and D is the detonation velcc-
ity. The model for a PM expansicn of a
polytropic gas can now he solved using
the CJ conditions as initial conditions
for the flow. The resalt is



'5; v _V’;::_H,_p(v-llh)/
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where ¢ is a dimensioniess pressure
giver. by

P P/P.y. (7

Thus if the value of y and the detona-
tion velocity are known, the deflection
of the explosive-sarple intcrface can
be related directly to the pressurc at
that interface.

(6]

Since the detonation velceity is
constant, the velocity of the farst
shock in the sample 18 given by

P .
dyy D 4in fy. (8

If there is only one shock in the sample
the interface deflection and particle
velocity behind the shock are related
through the expressicn

up’ cos (8)-a) = D ain a. (9)
1f, in uddition to the anale 9, the
anyle a can be reasured, this relation-
ship gives an independent determiraticn
of the particle velocity and specifics
a statc on the liucorniot. The rcsulting
pressure in the sargle is obta:ned from
a Rankine-Mugorniot condition (€! which
in this case can Le writtern as

P,'Dovzainzﬁ' T-tan{@,-a}/tas 0,,JIO|

Here p_ refers to the initial denaity
of the sample raterial. The sarple, in
this discussion, is assured to have no
strength arnd bchave hydrodynarically.
If the lugoniot relationship fcr the
sample matcerial is well krnown, the
particle velocity can be obtained di-
rectly from the shock velocity. For
many matnrials this relationshijp 1s
linear i1 the shock velocity-tarticle
velocity representation and can he ex-
pressed as

{

-C(‘OS (',,

!

4] ] up,
where C_ and § are constants that de-
pend on‘the patticular material, 1In
that case the angle a can be obtained
from the cquation

tanto,-al-
(12)

[84in 0’(50-11 + CO/D]/(SP (I-X) o,l.

The relationship of interface deflection
to shock pressure in the sanple is

contained in Eqs. (10) and (12) i1n para-
metric form with 2, acting as the para-
meter. Since pressure is continuous
across the explosive-sample interface,
this relationship can be corj:ared with
that for the explosive products in Fq.
(6) to predict the strcngth and direc-
tion of the shock in the sample when the
release iscntrope of the explosive prod-
ucts is also known.

In sarples that undergo phase tran-
sitions upon shock compression a dauble
shock structuare mav occur (7). The ve-
locity of the <2cond ahock i1n the labo-
ratory franec of reference is

Ulz = D sdn 8,. {13}
The mate:iai in front of the secord
shock is not a% rest. The velccicy nf
the second shock with respect to the
material in front of it thereforc be-
cores

Upz * Upe
If the phase transition is corplete: :@-

a small fraction of the tire charac:cr-
istic for other cevents Lg. (9) 1s re-

- T B
up, cos (e, 02). N

placed by
u,y coe 1&,-al ¢ ugp ceos (€y-al = _—
' s«n a

which can te used in a like marrner. e

quantity « .. i35 %he parcicle veizciz
associated"with the scccnd shock. The
final pressurc achicved .3

P:'or uF'LJ’.ur:“a: _Y-u,._7 C&’ . Ta

TXFERJMENTAL METHOD

A flash radioqrarhic =echnigue was
erprloye! to ohserve oblicue shecks and
interface deflect:ons for varicus
materials. The experimental arranuerent
was similar tc that used by Xasz, Tzri-,
and Curran {8) teo prcduce obiliusue sSnccas
in iron and by Breed and Venable 20 oo
produce obhliique shocks in antirony arnl
bismuth. 7The explosives Corrogition b=,
9404, TNT and baratol werc used 15n =h:o.
study. The explosive vas 1n the sha;o
of a rectanaular paralicleps;ed with a
width of 10 c¢m in the casc <f Laraecl
and 6 cm for the others. The direns: o
in the direction of the radiographic
beam ranqed from 3 cm to 10 cm, corres-
ponding to the thickness of the sargple
that could convenicntly ke radiogravhed.
These blocks were 1nitiated with a
10-cm=-diameter planewave explosive lcerns.
After the dectonation had run nine or =uon
cm thn sample was radiog.aphed with the



pulsed hijh-energy radioqrajphic facilaty
of this laboratory. The ralicaraphic
techriqgie has bieen descriled elacvhere
(10). The detcnavion velerity et the
various exjilosives wag measurcd using
either a methed in which piczoclectrice
timing pins aic placed alorng the nide
of the exploaive or a rethn! develoned
by Hayes (ll) wh:ich dezects an lec-
trical signal when the detrnnation
CrOSE€8 an ex,.loslVe-eXpicRiye 1nter-
face. To gennrate these latter sacnals
some of the explosive blocks were built
up out of slabs asserblcd tcycther.

The deterrinatirn of the detonation
velocity was enly a munor snurce of un-
certainty in thesv experirentis., The
major source of eorror occureed in the
determinaticr of the varioun argles. A
line dravwina of zke esxsential feazures
in an actual radioaraph is akown in Fig.
2. The line OA :3 tha deZconation wave.
For all the explosives radiographed the
wvave was planar, varallel to the refer-
ence foil, and ;eryondicular tu the
interface. The line 3 represents the
first shock in tie sarple and the line
OC represents :he interface. hkoth of
these lires were slizhtly curved, cor-
responding tn the lecay n? the shock as
it woved into zh¢ samjle. All ancies
vere daterrined 1n the lirmiz where tle
lines intersecc: point 0. Ia analyzing
these radicgra; ks the assurpticr 18
made that 17 zke radioqraph were takern
at sore Jdifferent tirme, the flow pat-
tern in the reg:orn of the vertex C

Eeplotive —l a
A
Caplosive
products
C
- - = = -~ -~
Plene Weve
Generater

FIG. 2 - Line drawing of Jrincipal
features in a radioqgrapn. “he shocks
are indicated by heavy solid lipes.

would be the same. Thia assurption has
been shown to Lo val:d within the reso-
lution of the radioyraphs ‘9,12).

The sample materials used are
listed in Table !. The denasities refoer
to thoso of he sarm)lesx uke:d in °lis n-
vestigation. The cnelficients fur tie
Huqoniot relationship 1n ¥y, {(11) are
prosented along waith the pressure ranie
Zrom which data for the tits vere take:n
(1)). Since antirony exh:bils a phase
change under shock corj.recasien, the
pressure range for that fit was restrici-
ad to a region where no doukble wave
structure i present and thoe fHusonaos
apfrears lincar. The (1% farp uraniys
does not include any very low pressare
data hecause thosn skocks 1n uraniyr are
not sharnly defired. In all lue onme -
stance, haowewer, The pressusrc rande
covers that attained in jerpondirsul a:
drive by Compasirion -7, 3494, and 7.

COMPOSITION D=3, %9404, ard T=7T

The explcaives Jo=prpition h-!,
9404, and TNT ware used %o jenurate
nbligue waves 15 varicug sar)les in
aorder to study the expandicn - Lhe wo-
vlosive predycss beohind Lle fetzsat. o
Zront. The resiles of the nvestii ..
6f Corpositinn D-) are jrescnied o
Table 2. Jhe cxplosive in tlese eyioni-
=entx had a denziny A2 1.7y 150 .
The detonaticn velociiy ¥as feness .o
to be 7.915+,71 #x'w. Thexag vailce:
ajrce well with cxlier inlejenieont o

sromonts at thix labcrazturye ).l .
five diffcrent metals whizh e i
sarples are lizted o 2rdey of -

inag interface deflectinn,
celurn lises ke meagurcet =
angle % alear; with iic 2%an
tion. The shock welncaitly, 3 :
sure, ard irterface dedlectyion in tia
immadiately rusceedinv colurng were o l-
culated from & with the use =7 2he 7.0-
qronce ugoniors. 'iexi a4 vaaue - f v 0o
the explosive §rolucty wad c:che Wi b
permitted the ¥ cxpansinn lescrite)
Fg. (6) to match the {reasure and el =
tion of the rotal. A weilghte! avera e

of the values nf y determincd by this
procedure i Miven at the hetuar i o'
colurn. The data for the sarjles i1

almo prescated 15 I'ig. 1 17 vhe re)rc-
sentation of Lresauve and arale nf L ter-
face doflection. The curves for the

five different retals are scluiionr ¢
Egs. (10) and (12) from the referen- v
Hugoniot. The data, of courac, iiec :o:.
these curves. The behavior o! the ~:ive
for 2024-alurinum ia tyjical nf pose
materials. The other cutves analp .nter-
sect zero Adeflection when their ahooe
velocitien are equal to the detonat:cn
velocity. These pressures arc off scale




TABLE 1

REFEREKCE HUGON]OTS

T s | se [areanze] o cu " ¢ ]
o, (ng/e’) 1.0m6 | 1.es | 2.788 | e.es 8.9 |11+ |1s.nn
c, (hale) 2.588 | n.o0s| s.328 | 1.572 | 1912 | 2,027 | 2.503
s, 1s20| 1aae| 1332 | 1,995 | 1500 | 1472 | 1.513
P-veage (cPa)| 2er<20 | 0-P-89 | 0-r-19m | 16-P-39 | 0-p-148 | 0epe200 | 21eraan

TABLE 2

PERPENDICULAR DRIVE BY COMPOSITION B-?

0 (den) l U‘(klll) Pt a (deg)

T —%
Y a2 (der) En‘hnlu) piCPaY

U | 22.65°.37 ] Y.0GA". 047 | 20.n" 7,17 2,450.21
Cu] )6,0)". 14} 4.696°.016 ] 20.6° .3 ).Nn1".0¢
] 21,0500 82 30027 17.9° 7] Y.Rer. 10
Al] 56.72°16 | A.6172.012]17.8 2] =.27.03

sh | 23,4482 ).14%°,629 | 16,86 .| 5.&90.1C

JL_ H:&Fhlld Vean| 2.69- s ‘-weasured directly |

2.762.)1 | 2,49%.]0 | 0,366,015 ] 21.1° .J
2.63°.9R | 2,997,117 ] 0.49V.027 | 20.5%1.1
2.79°.11 | ).A8z,11 | 06,5617 .016 | 18.1° .5 |

2.70°.0) | 4,22°.20 | 0,957%.Nel ] 17,7 .8

2.617,08 15,377 %% ] 0,779,006 ] 16,47 .2

for Fig. ). The dashed curve descriles
the P¥ eoxparz:ion of the exilesive pred-
ucts. The final *alue of y vields a 2
pressurc of 27.4:.5% “lFa., This aarces
with the preasire determined Irorm pla-
nar pla-e-puak technigues (14). The
pressurc. investisatec in these clligue
expansions, hWruwever, were noriclally oo
the range of %5-70% -f the (2 [ ressure.
These resulx car alen be compare?
directl]ly wisk these ~° Pivarad, et al.
{12) who investi~ated the rarefacticr
behind the detonaticn !ront down 2o
pressures of rouchly 45%' ¢ the ¢J rres-
sure and founz .t coull Le approeximated
quite well L a Tayler wave. & lit te
their data with a 1-law rquat:on of
state produced a CI pressurc of 29.9:.4
GPa.

In order to provide a check on our
nmasuring teckricues, the interfacc de-
flection was alsn deterrined Jrorn the
radiographs. The resulrs for the reas-
ured value nf the angle a and the sub-
sequont cCeterminations of *he particle
velocity and shock pressurec are listed
in the last three -olumns o! Table &.
The good agrecrment of tihese (ndepend-
ently deterrined yressures with these
obtaincd from the reasured shcck velec-
ity with the a1l of the reference

Heaorniot 1ndicates a cood cder’ cf sell-
conristency :r the reasuriny ~ethods.
The resultr for antamcny was., -a facet,
used i1n the deterrinaticr of the refer-
ence {‘ugoniot sifrce caid in that [res-
sure reqime 18 rather scarce.

The next ex;'-"~:ve i1nvestigated w1
9404. Its denei- a8 1.E45:.002 Mg -~
ard its detonava- ~lecLiey was 9.B8B%:, .0
km/s. These val:...: are iR gcod a:rgec-
rene with these 1vuated by Fury, et al.
(18). In addition to the I.vc rmetals
used previously, PUMA (polyrmethyl retl-
acrylate) was included as 4 sargle i
order tn exarine laraer 1nterface de-
flections. The results fer 2474 are
prasvnted in Table 1., The fcrmat, ex-
cept for the last tweo cxperiments which
will be discussed in arother soction, 1s
the same as for Table 2. The cdata is
also depicted in lig. 4. The ave.aged
value o y ccrresponds to a CO pressure
of 36.3:.4 GPa. This value of vy is
slightly hicher than the range 2.03-2_%7
reported from expansion methods and thwe
aguarium technigue (16}, he inclusaan
af PMMA as a sarple permitted the pres-
sure examined in the expansion to be ox-
tended from roughly 70% of the CJ pres-
sure down to approxirately l0t. The
lower pressure FPMMA experiment, however,



TABLE )

PERPENDICULAR DRIVE BY 9404

0 (dex)” [U_ (kw/s) [P (GPa) [a (den) Y a (deg)* [u_ (kn/s) [P (GPa)
U 20.882,17 ] 3.136+.004 | 24,8%1.2] 2.59°.10] 2.99:.15
Cu 32.634,2% ) 4,745,032 | 23.521.1] J.1%2.12]) 2.98:.15
4] 19.582.24] 2.649:.035 | 20.9:1.0] 3.93=.15] 13.07:.16
Al 49.972.08] €.738=.008{ 19.92 .1| 4.872.02)] 2.95:.02] 4.82:,2 1.046%,062 | 19.721.2
Sb 22.03%,18] 3,3012.026 | 19.1*% .4) 5.42*.08) 2.912.07) 5.572.18] 0.891¢.027 } 19.7¢ .6
PMMA | 37.072,22] 5.305°.027 ] 11.2* .2]10.40%,09) 2.92:.04
Weighted Nen? ;T;Z:TGZ S-mpasured directly
Al 48.00%,.36 | 6.5402.037 | 1A.62 .6 10 & Be Insert | 4.56:.31] 0.964¢.060 | 17.621.1
b 21.782.15] 3.2652.021) 18.5: .4 Jem 1? Insert $.36+.32| 0.857¢.050 | 18,7*1.1

Presswre (GPo)

FIG.

sition D=1,

3 4

—
3

@ - Angle of Intertace Deflection (dag)

3 - Perpendicular drive by Compo-
The solid lines are the

oblique solutinns obtained from tne

reference lugoniots.

The dotted lines

cover ranges into which the reference

Hugoniots have kecn extrapolated.

The

dashed line is thke Prandtl-l‘eyer expan-
sion of detonation products described
by a polytropic gas equation.

did not seriously alter the final value

of v.

(3024)

; ///

® - Angie of Intarface Deflectian (deg)

Pretswre (GPe)

FIG. 4 - Perpendicular drive by 9404.
The solid lines are oblique shock solu-
tions obtained from the reference
Huaoniota. The dashed line is the
Prandtl-Meyer expansion of detcnaticn
prodicts describer’ by a polytrogic yas
equation of state.

In the series of experiments with
9404 only 2024-aluminum was examined tc
obtain directly the state on the
Huaqmniot, fince the independent pres-
sure measurerent correlated well with
that obtained from the reference
Hugonjiot, antimony was also examined to
provide an additlonal state point for
use in ecstablishing its reference
Hugonijot.

The final explosive whose expansion
was investigated was TNT. It had a




TABLE 4

PERPENDICULAR DRIVE BY TNT

0 (deg)* U. (km/8) P (GPa) a (deg) Y a (deg)* up (kn/s) P (GPa)
U |24./74.25) 2.891¢,027 | 14.0:1.1 | 1.962,.14 |3,10:,28
Cu | 39.822,32 | 4.419:.030 | 13,3« ,9 | 2,22¢,12 |3.16%.23
Al | 65,692,451 6.278£.022 | 12.5% .3 2.712.02 [3.192£,092.87¢.13 | 0.7512.033 | 13.1:.6
Pb | 22.29+.33 | 2.617+.037 | 11.9* .9 ] 3.152.19 |J.18%.26
Helphted Mean|3.1£4+.15 '-nelluredAE}rectly

Pressurs (GPo)

]

[} 2 3 4

¢ - Amgle of interface Defigction (deg)

FIG. 5 - Perpendicular drive by TNT.

The solid lines are the oblique shock
solutions obtained from the reference
Hugoniots. The dotted line covers a
precssure range into which the reference
Hugoniot has been extrapolated. The
dashed line is the Prandtl-Meyer expan-
sion of detonation products described by
a polytropic gas equatior of state.

Gensity of 1.635:.002 yq/m3 and a deton-
ation velocity of 6.90+.01 km/s which ia
again in agreement with mcasurements by
others (17). The results are lifted in
Table 4 and also presented in Fig. 5,
The metal antimony was not included in
this investigation because the double
wave structure expected under perpendiec-
ular drive by TNT complicates the deter-
mination of Y. An independent deternin-

ation of the pressure was acain made for
2024-aluminum to confirm there was noth-
ing unusual in the flow near the inter-
section of the shock and detonation
waves. The tinal value of Yy correspords
to a CJ pressure of 18.6:.7 GPa which
agrees with values of 19-20 GPa found by
others (16). The pressure range ir-ves-
tigated in the TNT exparnsion extended
over about 65-75t of the CJ pressure.
This range ig8 narrower than that ccvercd
for the otrer two explosives.

The results for vy obtained by :his
techinlque compare favorably with valucs
determined hy methoris that ¢ not i1n-clive
the assumptions associated with a i
expansion. Thus the Prardtl-l‘ever ecxran-
sion provides a useful descr:iution cf
pPerpendicular drive for the explosives
Composition B-3, 9404, and ~%NT in the
immediate vicinity of the intersecticn
of the oblique shock with the detcrat:icn
wave. This occurs in spite ~f the fact
that the region behind the detonation
wave is a rarefa-tion and not a constant
state.

ISENTROPIC COMPRESSION WITE PERPENDIC-
I"VAR DRIVE

The properties of all the sarrle
materials discussed thus far have per-
mitted full-pressyre shock scluticrne
with the explosives used. In other
werds, in the plane of shock pressure
and angle of interface defleztion the
curve of physically possible soluticns
obtained from a reference Hugoniot for a
material has intersected the curve cf
physically possible solutions tor the ™M
expansion of the detonation products.
Both these solution curves, of course,
come from a model in which the interface
undergoes an abrupt bend. There are, how-
ever, materials and explosives for which
this does not occur. These situations
can be divided into two categories. The
simplert is that in which the bulk sound



spced exceer  the detonation velocity.
Typical oxamples are afforded by the
baratol-alurinumr combination, where the
bulk sound steed cxceeds the detonation
velocity by about 10%, and the TNT-
beryllium combination, where it exce.ds
by about 15%. The former system has
been examined by Eden and %right (18)
asing streak cameras. 1In these circum-
stances compression by a single shock

is incompatible with the hydrodyramie
flow conditions and such compression 1s
not observed. The other category con-
sists of materials for which there is

no full-pressure shock solution even
though the bulk sournd sperd is less than
the detonation velocity. An exarple of
this cormbination cdiscussed beclow is 9404
and beryllium where the bulk sound speed
is 914 of the detonation velocity.

A few radicgraphic experiments were
perforred to exarine both these effects.
Th'. perpendicular drive of bervllium by
9104 will be Jdiscussed first. The flow
solution for beryllium is indicated in
Fig. 4. It does not intersect the PM
expansion because a shock velocity in
beryllium equal to the detonation veloc-
ity produces a stock pressure of cnly
11.3 GPa, far below the CJ presaure for
9404. A 2024-aluminum sample was placed
next to a l0-mm-thick slab of berylliun
in order %o observe the effect of the
pressurc gulse transmitted through the
beryllium A line drawing of the prin-
cipal infirration content of the radio-
graph is |resented 1n Fig. 6. An im-
portant .actor to kcep in rind when ex-
amining the alurminum ir such ar exferi-
ment is the nurker of times an accoustic
pulse has been aktle to travel across
the beryllium slab by the time the
radiograph is taken. The bulk sound
speed in beryllium shock-connressed to
a pressure of 11.) GPa canr be estimated
from the Mie-Griincisen equaticn of
state (4) to be akout 8.8 km/s. Since
the detonation has run about 10 cm,
acoustic information has been able to
cross the beryllium about 10 times, If
this number is too small, the material
flow in the alurinum may not yet be in-
dependent of the tire when the radio-
graph is taken. In the beryllium a
density discontinuity is visible. YNear
the 9404 this cshock parallels the det-
onation front. This would correspond
to the shock pressure of 11.3 GPa men-
tioned previously. The beryllium-
explosive interface, though disglaced,
does not have the abrupt bend characac-
teristic of an obligue shock. MNear the
aluminum interface the shock appcars to
have bent and is no longer parallel to
the detonation front. A shock is clear-
ly duscernible in the aluminum and its
interface exhibity a bend and displuce-

Fy) Be 9404
—od IOMmm r.—
1
Sy// Daetonolion
Producis

Planewave Lenc

FIG. 6 - Line drawing of principal
features in a radiograph. The shocks
a & indicated by heavy solid jires and
the small double rrows indicate the
direction of prop~gation.

=ent sirilar to that found when iz wis
irn direct corntact with the 93193, The
resules for the alurminum are listed as
the bottor ¢? Table 3. The pressuve o
the aluminur 138 cnly 435 of <haz ‘ount
when the beryllivm was reot iresenz, o=
call, however, that oblijuc shecks i
alurinum are slightly curvel and 1n i
absence of tre beryllium o sirilar roo-
uvaticn wculd be observed 1f the jres-
sure of the shcck 1 cn fror slhe [nte:r-
face wherc corjrared tc the ! ressure -
the interface. This decav in shock
pregsere arisens simply frem the fae:
that the shacks as well ac th.e leson:-
tion waves :in these systers are Icl-
lowed by rareiactions, <Thus thce okb-
served decrcasc across the herv!iiur -
ertirely reasonable. The aluminur intoer
fece was also inspected tc provide an
independent determination of the shock
pressure in the alurminum. This acain
correlates well with the pressure detuor-
rined from the reference flugqcocniot anac
confirms the alurinum has been ccrpresicd
bty a sinqle shock. §Since pressure is
continuous across interfaces the pres-
sure in the beryllium near the alurinur
must have achieved at least 16.6 GPa too.
In principal it shnuld be vessible to
trcat the beryllium=9404 interface as a
flow of explosive produc:sS around a
gradual bend and confirm this pressure
from the expansion of the explosive
prcducts. The absence of a sharp bend
corplicates the determination of the
interface angle in the region immediately
bel:ind the detonation front but a
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rcasonable estimate is 7.1¢.5°, As the
radius of curvature for a gradual bend
approaches zero. Tle solution for the
stream {low approaches that for ctream
flow around a sharp corner. 4ince the
radius of curvature for the bend 1n thas
interfac2 appears sraller than other
characteristic lenqthe in the experirent,
the expansion around a sharp corner de-
picted in Fig. 4 can be used to estimate
the pressure in the cxplosive rproducts.
This pressure, which is 1lso the pres-
sure in the berylliur, is 1621 GPa. %o
other shocks are discernible ir the
beryllium. Thus bkehind the sheck indi-
cated in Fig. € the reryliiur has :een
compresscd by sore rcans cther than a
strong shock. Because of the dvramic
nature of this syster tnis latter cor-
pression must, like shock compressicn,
be adiabatic. if the process involves
several shocks too weax to be discerned
individually, the ccrpression would be-
gin to approxirate an isentrcp:c precess.
Ag such siynals Etecore multitudincus ard
diminish in strength the process tends,
in fact, to becore strictly isentropic.

A second experirent was performed
using a J-mr-xlab of beryllium aréd an
antimony sample. A thinner slab of
beryllium was chcsen to imjrove assur-
ance that tho flow gpattern near the
interfaces is tire independent. The
antimony was chosen because it exhitits
a sluggish phase transition at 8-9 (Pa,
just below the shock pressure that ap-
peared to be present in the berylliurm,
It was hoped that anything too unusual
in the beryllium cerpression might be
manjifested as a dcuble shock wave
structure in the antimony. These re-
sults arc also listed in Table 3. The
pre3surc in the antirmony was also
slightly less than that in the aosence
of the beryllium. The antimony, in fact,
behaved quite normaliy and the result
for its shock compression was used in
its reference Hugoniot. It appears from
these two experirents that althouqgh the
compression in the beryllium is not de-
scribed by a single strong shock, the
flow solution becomes pianed near the
interface and the material on the other
slde contains its normal oblique shock.

The case of baratol arnd aluminum
was also briefly investigated. The
radiograph of the c¢xreriment is present-
ed in Fig. 7. The aluminum contained
0.013-mm-thick tantalum foils to provide
radiographic contrast. These foils were
initially parallel and all but the top
reference foil were spaced 6.36 mm apart.
The baratol block was constructed of
25.4 mm slabs. In the radiograph the
detonation wave almost coincides with
the interface between the last two
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FIG. 7 - Radiogragh of Lbarato:i drivinc
2024 alumirum. The baratol, or the
richt, was assertled frcr slaks. The
aluminurm contains <antalur foils which
initially were equally spaced and war-
allel to the trp reference fcil.

slabs. The Jdetonation front dves not
curl kack at the alurminur interface as
it does with materials whase bulk sourn”
speeds are slower than the detcratio-
velocity. This effect 13 more easily
seen in the work cf Eden and Wright.

The point of interest here is that nc
shock is discernible in the a.uarirum,
The foils, however, are cisplaczed anc
have moved clcser together indicating
compressior.. The aluminum-baratol in:er-
face has also been displaced. It cdoes
not bend sharply at the detonation wave,
however, in accordance with the compres-
sion not coming from a single shock. A
recent investigation withk antirony on
the other sicde of a thin alurinum slat
indicates that the proper shock apoears
in the antimony. Thus, except for par-
tiil shock compression seen in 9404-
driven beryllium, the two systems apvear
similar. The aluminum in Fig. 7 has
also been compressed by a process which
is approximately or strictly isentiopic.
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