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PERPENDICULAR EXPLOSIVE DRIVE AND OBLIQUE SHOCKS®*

?.

Neal

Los Alamos Scicentific Laboratory
University of Califor:iia
Los Alamos, lNew Mexico 87545

front by Prandtl-Meyer flow.

lium,

Oklique shocks in various materials driven by Composition B-3,
9404, and TNT with the detonation wave perpendicular to the
interface are investigated with flash radiographic techniques.
The Jetonation nroducts in the rarefaction behind the dezonation
front expand laterally as the explosive-sample interface bends
under shock compression of the sample.
cribed by a polytropic gas equation of state, this expansion is
shown to be adequately described in the vicinity of the detonation
Some new Hugoniot data for antimony
is obtained in the course of the investigation.
of perpencdicular 4rive the compression of the sample is not accom-
plished strictly by strong shocks.
fied by baratol driving alurminum, a case where the bulk sound
speed exceeds the detunation velocity, and by 9404 driving beryl-
a case where it does not.
presented for both these systems.

With the products des-

In gome instances

This circumstance is erempli-

Some experimental results are

INTRODUCTION

A detonating explosive in contact
with a metal plate has been the subject
of extensive inwv 3tigations by many
shock workers (1,2). The case where
the detonation wave is parallel to the
explosive-metal interface has received
far more attention than the case where
1t is oblique. Recently detonation
waves at right 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 reqular 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 radiodyraphs pro-
vide a sort of time history. Behind
the detonation front the products cof
detonation expand laterally as the
metal is compressed. If the compression
occurs as a result of a shock, the metal

interface undergoes an abrupt btend where
it is .ntersected by the detonation vave.
Viewed from a coordinate system moving
at the constant velocity of tne detona-
tion, the flow pattern is that of aan
incoming stream of material turning a
corner. Flow arcund a bend in a charnel
is descilbed 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 in 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 tlre retal-explocive inter-
face that nccurs behind the abrupt berd
due to the shock. 1In 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. Therefure,
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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 pclytropic 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 aad
direction of shocks in matevrials siiock-
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 leadina shock.
Beryllium driven by 9404 is an example
of a combination in which onlv part of
the compression in th2 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 forma“ion
of a full-pressure shock in the netal
in perpendicular drive. Both the
examples mentioned 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 equation-
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 possiess 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 ths moment
that near the interface the region

Sample

Expiosive

)|

Daetonotion front

Explosive
products

Shock

: |
Second shuchk in I
some moleriols

e -

Explosive - Sompie
interfoce

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 stead+w. The ex-
pansion of detonation products into the
region previously occupied by the sarile
can then be described by P! fPrandtl-
Heyer) flow around a sharp correr (3) .
In that case Bernoulli's principle
becomes (4)

dP = -puzc da/\/u2 - Cz (1)

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

¢? « dP/dp and v dv = -dP/o.  (2),{%
For many situations explosives have Leen
adequately described by a CJ (Chapran-
Jouget) detonation and a y-law equatinn
of state (5). The pressure and Jfensi%y
of the e“plosive products are ti2n re-
lated by

. Y
Poe Pogloloey) . (4)
The (J conditions can be expressed as

Py = peDz(y*f), ooy * P Y+ 1) /Y, and

UCJ N CCJ = vY/(Y”’ (5)

where p, is the density of the unreacted
explosive and D is the detonation veloec-
ity. The model for a PM expansion of a
polytropic gas can now he solved using
the CJ conditions as initial conditions
for the flow. The resalt is
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where ¢ is a dimensioniess pressure
giver by

P - PIPCJ. (7]

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

(6)

Since the detonatinn velccity is
constant, the velocity of the fairst
shock in the sample 18 given by

u‘, * D sin f. (8)

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

“p, cos (87-a) » D sin a. (9)
1f, in uddition to the anale 9, the
anygle a can be reasured. this relation:
ship gives an independent determiraticn
of the particle welocity and specifics
a statc on the llunrcoriot. The reosulting
pressure in the sargple is obta:ned from
a Rankine-lugoriot condition (€} which
in this case can Le written as

P,'Dopzaiuzﬁ’ l-tan(O,-ul/tan @’,JIOI

Herc p_refers to the initial dennity
of the sample raterial. The sarple, in
this discussion, is assured %o have no
strength ard bchave hydrodvyaarically.
If the llugoniot relationship for the
sample material is well known, the
particle wvelocity can be obtained di-
rectly from the shock velocity. lor
many matnrials this relationship 1s
lincar i: the shock elocity-tarticle
velocity represertation and can he ex-
pressed as

( C 8

] '] u 1
81 o KIS ¥ ()

where C_ and § are constants that de-
pend on‘the patticular material. 1In
that case the angle a can be ohitained
from the cquation

tanlo,-ul-
(re)

[adn O,ISo-ll * CO/D]/(SP ces 8,).

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

contained in Eqs. (10) and (12) 1n para-
metric form with #; acting aa the para:
meter. Since pressure is cortinuous
across the cxplosive sample interface,
this reclationship can be comj:ared with
that for the explosive products in ¥j.
(6) to predict the strcrgth and direc-
tion of the shock in the sanmple when the
release iscentrope of the explosive prod-
ucts is also known.

In sarples that undergo phase tran-
sitione upon shock compression a dnubie
shock structure nav occur (7). Trhe e~
locity of the %2cond ahock in the lavo-
ratory frane of reference is

ul! = D sdn 8,. (13)
The mate:ial in front of the second
shock is not at rest. The velccity of
the second shock with respect to the
material in front of it therefore ke
comes

L] . - T \
U‘z utf up’ ced (9, oz). R
If the phase transition is corpletel -

a small fractiorn of the tire characa:cr-
istic for other cvents Lq. (9) 15 re-

placed by
ur’ ces IG,-a: . uF: ces ?ez-ag . e
' s«n a

which can te used in a like mar-er. e

quanrtity u . i3 the par:ciclie veiiciat
associated"with the seccrd shock. Toe
final pressure achieved @3

P = ] [ B e - e
2t0 Jup byt tign S Tu Ly

EXPERJMENTAL METHOD

A flash radioqrarhic =echnique was
erployed! to observe obligue shcecks and
interface deflectiohs for aricus
materials. The experimental arrancerern:.
was similar tc that used by ¥as:, Tzr:i-.
and Curran !8) to prcduce obiiluaue Snccws
in iron &nd by Breed and Venable 20 oo
produce obhiique shocks in antirony anl’
bismuth. 7The explosives Corrosision b=,
9404, TNT and baratol we-c used 18 2he.
study. The explousive vas 1n the sha;e
of a rectanaular paralicvlepijed with a
width of 10 cm in the casc <f Larsatcl
and 6 cm for the others. The {1-cens: "=
in the direction of the radiographic
beam ranqged from 3 cm to 10 cr, corres-
ponding to the thickness of the sarg'e
that could conveniently ke radioaraghed.
These blocks were 1nitiated with a
10-cr:diameter plancwave explosive lerns.
After the detonation had run nine or =uon
cm thn sample was radiog.aphed with the



pulsed hijh:-eneray radioqrajhic facilaty
of this laboratory. The paiicaraphic
techniq:..e has bieen descrile! elacwhere
(10). The detenation veloeity et the
various ex;'losives wag measured using
either a methed 1n which piczoclectric
timing pins are placed alory the snide
of the exf:lodive or a rethn! developed
by layes (11) wh:i:ch detects an Jlec-
trical signal when the Jdetrnazion
Crosses an cxiplesive-expicsive lnter-
face. To generaze there latter sicnals
some of the cxjplosive blosks were built
up out of slabs asserb!cd tcoyether.

The deterrinatinz of the detonazion
velocity was enly a muinor snurce of un-
certainty 1n thesv experimenis. The
major source of error occureed in the
determinaticn of the varioun argles., A
line drawina of °he e3vential leatures
in an actuai rasioarayh i akown in Fig.
2. The line OA :2 the de‘cnation wave.
For all the explosives radiographed the
wvave was planar, rarallel to the refer-
ence foil, and ;ergendicular tu the
interface. The lifne 1} reprosenis the
first shock in tihe sarmple and %he line
OC represcents 2he 1ntorface. hoth of
these lirnes were slichtly curved, cor-
responding tn the decay nf the shock as
it wmoved into slhe¢ sarm)le. All ancics
vere daterrined :n the lirmit wlhere tle
lines iaterscc: po:int 0. Ia analyzing
these radiosrajha the assurpticrn 18
made that 17 ke radioaraph were takern
at sore differern: tire, the flow jpat-
tern in the region of the vertex C

SIETEIUN

Eeplotive —l‘
Arr
Caplosive
produc's
C
- = = = -~ -~
Plene Weve
Gengreter

FIG. 2 - Line drawing of urincipal
features in a radiofqrapn. “hc shocks
are indicated by heavy solid lines.

would be the same. Thia assurption has
keen shown to Lo val:d within the reso-
lution of the radiographs 79,12).

The sample materials uysed are
listed in Table !. The deasities r«fer
to thosa of the sarp-lues uked i *Lis an-
vestigation. The cnelsicients fur thle
Huqoniot relationship 1h ¥g. (11) are
presented alorag wath the jiressure ran:iae
from which data for the fits were takeln
(1)). Since antirony exhiibits a phase
change under shock ciyrj.reasien, the
pressure range for that it wag restrici-
ad to a region where no doukle wave
structure iz jresent and the Nugonsos
aprears lincar. Tho (1 Iar uraniys
does not include any vers low Lreszire
data hecause thosn skocks 12 aranlur are
not sharrly refired. e all Lue ome oo
stance, haowewer, the pressurec ranuge
covers that attained {a jerpeondisulag
drive by Compasition I.- 7', 3494, anl 7.

COMPOSITION B-), %9404, ard ST

The explcaives Jo=prpition h-t,
9404, and TNT ware usel %o enurate
nbligue waves 1 varicug 3ar]les in
ortler to study the rxpandion 2 Lle wn-
tlosive 'rrduseis tehind Lle de=zrat.-n
Zront. The resilts of the investiio-.,
of Ceepositinon D-) 4re jrescnted =
Table 2. ke cxplosive s :
=eatx had a denziny A l.T1%s, L
dhe legtrnatien wveleciny var et .o
to be 7.915°.7) kx> 'w., Therg wvaiie:n
ajrece well with cxlier imlejpenlent foae
sromonts at this laloratogs il . [ .
five different motals which werFe abv L 1o
sarples are liz%ed o urder 0f Lnerc -
ina interface deflectinn. Lo f.0r°
celumn lises the meagured waties 10 e
angle ® alon; wish ittgo zianziap! el
tion. The shock velneity, wawun jo:
sure, and interface Jefiegein, tn tia
immediately RuzCewtlng cnlurLs wWerse
culated from & wich the uge -9 the o
qgroence l'ugnniots. lext g vace < f o T or
the explosive producty wan gche wh- ol
permitted the ¥ cexpannicn lescrire) o
Fq. (6) to match the [reszure arel devi.--
tion of the mrotal. A welghte! avera o
of the values nf y determincd by this
procedurae ig miven at the heliae oo <.oa
colurn. The ilata for the sarjles i3
also preseated 1n i), ° i1n “he rer T
soentation of Lresaure and arnle nf iter-
face doflection. The curves fer the
five different retals are sclutioar ¢
Egs. (10) and (l12) from the 1ecferesno
Hugoniot. The daza, of courae, iic ::.
these curves. T7The behavior of the ~ive
for 2024-alurinum is tyjrical nf post
materials. The other curves anain :onier-
sect zfero Adeflection whern their ahnee
velacitien arec equal to the detonat:cn
velocity. These prcssures arc off scale




TASLE 1

REFEREKCE HUGONIOTS

’-——"‘,'J :Q.‘ ] F.l—l (2N243 58 Ty Ph [H ]
o, (ng/w?) 1.0me | 1.es | 2.785 | s.63 0.9 [11.3+ |1s.m1
c, (xa/s) 2.388 | noos| s.32a | 1572 | 1912 | 2,027 | 2.500
s, 1.920] 1119 1332 | 1.995 | 1.se0 | 1.e72 | 1.513
P roage (Gra)| 2ep<20 | 0 P89 | 0-p-19m | 16-P-39 | 6--148 | nepe200 | 21craan
TADLE 2
PERPENDICULAR DRIVE BY COMPOSITION B-2
. (a..)ﬂ:ﬂ"u-m Piva) & demd 1 v |3 (cen) u (ke/w) | PeGPaY
v | 22,650 37 ] vooenm0er | 2o ria ] aiaselnn [ 2user 0 | 2,090 00 | 0366t oas | 11t )
cul 36,0010 | 4.656:.016 | 20.6* .5 101006 | 260 .00 2.99:.17 | 049 027 | 20,5011

P ] 21.08% 1012 L3002V 179 T 3.mar 10 00,790 10 ] ). AR 11 | 0.5617.016 | 1B.1° .3
Al] 96.72%16 | A 01720121 17.8" 2] 2.27.0)

Sh | 23.44%.2Y ] ). 140,009 | 16,6 3| 5.35.1¢C

JL_ H:iFhlcd Vea

2.70*,0) | &,22°.20 | 0.957%.Nel ] 17,7 .8

ﬂlg.ﬁlf.ﬂ! $.370.% 07797006 ] 14,7 .2

2.69" s '--naluredldlrerll? H

for Fig. ). The dashed curve descriles
the P¥ eoxparzinn of the exilesive gred:
ucts. The final ~alue of y iells a 72
pressurc of 27.4:.3 iFa. This acrces
with the pressire determinaed rorm jaa:
nar pla-e pusk technigues (14). The
pressurc. invegtigatec in these clligue
expansions, “ruever, were narilally :on
the range «f "5-70% ¢f the (S .rerssure.
These resulix car aieg” he compared
directly with thesc ~° Pivara, ct al.
(12) who investirated the rirefacticn
behind the detonaticn front dowa o
vpressures of rouchly 4% o the CJ rres-
sure and foun2 :: coul.!l Le apprexarated
quite well Ly a Tayler wave., A tit tce
their data with a 7' law nguatien of
state produced a CJ pressure of 29.9:.4
GPa.

In order to provide a check on our
nmasuring teckricgues, the interfacc de-
flection was also deterrined ‘rom the
radiographs. The resulrs for the reas-
ured value nf the angle a and the sub-
sequent ceterminations of *he Rarticle
velocity and shock pressure are listed
in the last threce -olumns o: Table J.
The good agrecrent of tiese independ-
ently deterrined pressures with these
obtaincd frorm the reasured shcock veloc-
ity with the aid of the reference

Neaoriot i1ndi-ates a cood der’ cf sc.!:
conristercy ;n the reasuriny rethods.
The resuit for antamony was, & Jact.
used 1n he deterrinaticr of the reflor-
ence Fugoniot saince cdaza 1% that Lres-
sure refifte 18 rather scarce.

The next exy’ "-:ve 1avestigated was
9404. Its densi- as 1.645:.002 Mg -~
ard its detonata- #leciTy was 9.BRVe, .1
km/s. These val:..: are irn gco? a:srec-
rent with these -tuoted by Fury, et al.
(18). 1In addition to the fivc metals
usedd previously, PUMA (poliyrethy! recttl-
acrylate) was included as a sargle in
order tn exarire laracr 1=:erface de-
flections. The results fer 2474 are
presuvnted in Table 1, The fcrmat, ex-
cept for the last tweo cxperiments whicsh
will be discussed in arother soc%ion, 1s
the same as for Table 2. 7The data is
also depicted in Tlig. 4. The ave.aged
value o y ccrresponds to a CJ pressure
of 36.3:.4 GPa, This value of vy is
slightly hicher than the range 2.03-0.%°7
reprorted from expansion methods and <l
aguarium technigque (1€)}. The inclusicen
af PMMA as a sarple permitted the pres-
surc exarmined in the expansion to be uvx-
tended from roughly 70% of the CJ pree:
sure down to approxirately l0t. The
lower pressure PMMA experiment, however,



TABLE )

PERPENDICULAR DRIVE BY 9404

Presswre (GPe)

0 (dex)” [U_ (kw/s) [P (GPa) [a (den) Y a (dag)*Ju_ (km/w) [P (GPa)
v 20.88:.17 | 3.1362.024 | 24.821.2] 2.59%.10] 2.99:.15
Cu | 32.632.29| 4.745+.032 | 23.521.1] 3.15%.12] 2.98:.15
1) 19.582.2:| 2.5492.035 | 20.921.0] 3.93:2.1%3) 3.072.16
Al | 49.972.08] ¢.7382.008 | 19.92 .1| 4.872.02] 2.952.02] 4.822,21] 1.0462.062 | 19.721.2
sb | 22.032,18)] 3.3012.026 | 19.1¢ .4] 5.42°.08] 2.914.07) 5.574.18 ] 0.891%.027 | 19.7¢ .6
e | 37.072,22] 5.305°.027 | 11.2* .2{10.40%.09)] 2.92:.04
Weighted Menq ETSZ?TEZ S-measured directly
Al 48.002.36 [ 6.5402.037 | 16.62 .6 10 =m Be Inserc | 4.56:.31] 0.964:.060 | 17.621.1
sb | 21.78+.15] 3.2652.021} 18.5% .4 3 mm Be Inserc |5.36%.32| 0.857:.050 | 18.7:1.1

- Fu
t 2 3 4 9

@ - Angle of Interface DeMection (dag)

FI1G. 3 - Perpendicular drive by Compo-
sition B-3. The solid lines are the
oblique solutinns obtalnet! from tne
refaerence ilugoniots. The cotted lines
cover ranges into which the reference
llugoniots have bteen extrapolated. The
dashed line is the Prandtl:l‘eyer expan:
sion of detonation products described
by a polytropic gas equation.

did not seriously alter the final value
of v.

A /L/1 / P,

o - Angie of Intarfoce Deflectan (deg)

Prasswre (GPe)

FIG. 4 - Perpendicular drive by 9404.
The solid lines are oblique shock solu-
tions obtained from the reference
Hugoniots. 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
Huamniot., €fince the independent pres-
sure meas3urerent correlated well with
that obtained from the reference
Hugoniot, antimony was also examined to
provide an additlonal state point for
use in catablishing its reference
Hugonijot.

The final cxplosive 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)* Y (kn/s) | P (GPs)
U |24.272.25| 2.891£.027 | 14.0:1.1 | 1.962.14 |3.102.28
Cu {19.822.32 | 4.4392.030 | 13.32 .9 ]2.222.12 |3.162.2)
Al | 65,492,451 6.278:£.022 | 12.52 .3]2.712.02 |3.192.09 | 2.872.13 | 0.7512.033 | 13.12.6
Pb | 22.29¢.33 | 2.6172.037 | 11.9* .9 ] 3.152.19 |3.182.26
Helph:ed Mean| 3.1€2.15 '-nelluredAE}rectly

Pressure (GPo)

]

! H 3 [)

¢ - Amgle of Interfoce 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
pPressure range into which the reference
llugoniot has been extrapolated. The
dashed line is the Prandtl-Meyer expan-
slon of detonation products described by
a polytropic gas cquatior of state.

Gensity of 1.635:.002 yq/m3 and a deton-
ation velocity of 6.90:.01 km/s which ia
again in agrcement with mcasurements by
others (17). The results are listed 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 perpendis-
ular drive by TNT complicates the deter-
mination of 7. An independent determin-

ation of the pressure was acain made for
2024-aluminum to confirm there was ncth-
ing unusual in the flow near the intcer-
section of the shock and detonation
waves. The tinal value of Y corresponrds
to a CJ pressure of 18.6¢2.7 GPa which
agrees with values of 19-20 GPa found by
others /16). The pressure range inrves-
tigated in the TNT exparnsion extended
over about 65-75% of the CJ pressure.
This range is narrower than that ccvercd
for the other two explosives.

The results for vy obtairec by i1his
techa‘que compare favorably with valuces
determined hy methoris that ¢ not 1=clive
the assumptions associated with a i
expansion. Thus the Prarcdt!-l'ever cxuran-
sion provides a useful descr:ution cf
perpendicular drive for the exglosives
Composition B-3, 9404, and Tu7T in the
immediate vicinity of the intersecticn
of the oblique shock with the detcraz:cn
wave., This occurs in spite ~f the fact
that the region bechind the detonaticen
wave is a rarefa-tion and not a constant
state.

ISENTROPIC COMPRESSION WITE PERPENDIC-
I'"CAR DRIVE

The propertics of all the sarrle
materials discussed thus far have per-
mitted full-pressure shock scluticre
with the explosives used. In other
words, in the plane of shock pressure
and angle of irterface defleztion the
curve of physically possible soluticns
obtained from a reference Hugoniot for a
material has intersected the cvutve cf
physically possible solutions tor the TM
expansion of the detonation products.
Both these solution curves, of course,
come from a model in which the interiace
undergoes an abrupt bend. There arec, how-
ever, materials and explosives for which
this does not ocrur. These Eituations
can be divided into two categories. The
simplesrt is that in which the bulk sound



spced excner  the detonation velocity.
Typical o°xamples are afforcded by the
baratol-alurminur cembination, where the
bulk sound sneed e¢xceeds 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 %Wright (18)
asing streak cameras. In these circum-
stances compression by a single shock

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

no full-pressure shcock solution even
though the bulk sound specd is less than
the detonation velocity. An exarple of
this combination discussed below is 9404
and beryllium where the bulk sound speed
is 91% of the detonation velocity.

A few radicgraphic experiments were
perforred to cxarine both these cftects.
Th'. perpendicular drive of beryllium 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 dctonation veloc-
ity produces a skhock pressure of conly
11.3 GPa, far below the CJ pressure for
9404. A 2024-aluminum sample was [laced
next to a 10-mm-thick slab of berylliun
in order %o obsere the effect of the
pressure gpulse transmitted through the
beryllium A line drawirna of the prin-
cipal inf.rration content of the radio-
graph is |resented 1n Fig. 6. An im-
portant .actor to keep in mind when ex-
amining the aluriaurm ir such ar experi-
ment is the nurker of times an accoustic
pulse has been akle to travel across
the beryllium slab by the time the
radiograph is taken. The bulk sound
speed in beryllium shock-connressed to
a pressurc of 11.) GPa can be estimated
from the Mie-Grurcisen egquation of
state (4) to be akout B.8 km/s. Since
the detonation has run about 10 crm,
acoustic information has been able to
cross the beryllium about 10 times. If
this number is tco small, the nmaterial
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. UlNear
the 9404 this shock parallecls the det-
onation front. 7This 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. lear the
aluminum interface the shock appcars to
have bent and is no longer parallel to
the detonation front. A shock is clear-
ly discernible in the aluminum and its
interface exhibit# a bend and displuce-

Al Be 9404
_.-ommr.—
11
Sy// Datonolion
Producit

Plonewavs Lene

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

-ent simrilar to that found when i: wns
ir direct cortact with the 9303, The
restele; for the aluminum are l:stesd as
the bottor ¢? Table . The iressuve -
the aluminur 13 cult A3% of hat Jount
when the beryl!iuvm was ret iresen:. "o~
call, however, that oblijuc sheacks 17
alurinum are slightly curveld and 1n 2
absence of tre beryllium o sarilar £.o-
uvaticn wculd be observed 1f the |.res-
sure of the shcek 1 cn fror =he (:te:-
face where corj:ared tc the ! ressure oo
thc interface. This decav in shock
pregsure arises simply frem the face
that the shocks as well ac tha lesonhn:-
tion waves iu these systers are 721l-
lowed by rarefactions, Thus the ob-
served decrecase across the hervlliur .-
ertirely reasonable.
f¢ce was also insgected tc provide an
independent determination «f the shocrk
pressure in the aluminum. This acain
correlates well with the prussure detur-
rined from the reference llugocniot anac
confirms the alurinum has been ccrpresiced
Ly a sinqle shock. fince 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 vnssible to
treat the beryllium-9404 interface as a
flow of explosive produc:s arourd a
gradual bend and confirm this pressure
from the expansion of the explosive
preducts. The absence of a sharp bend
corplicates the determination of the
interface angle in the region immediately
bel:ind the detonation front but a



Neal,

reasonable estirmate 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. u4ince the
radius of curvature for the bend 1n thas
interface appears sraller than other
characteristic ienqths in the experirent,
the expansion around a sharp corner de-
plicted in Fig. 4 can be used to c¢stimate
the pressure in the explosive nroducts.
This pressure, which is also the pres-
sure in the berylliur, is !6:]1 GPa. o
other shocks are discernible ir the
beryllium. Thus kelind the sheck indi-
cated in Fig. € the keryl.iur has .een
compresscd by sore reans cother than a
strong shock. Because of the dvramic
nature of this syster tais latter cor-
pression must, like shock compressicn,
be adiabatic. if the process inwvolves
several shocks too wecak to be discerned
indivicdually, the ccrpression would be-
gin to approxirate an isentrcp:c precess.
Ag such siynals becore multitudincus and
diminish in strength the proucess tends,
in fact, to becore strictly 1sentropic.

A second experirent was performed
using a J-rr-xlab of beryllium aréd an
antimony sarmple. A ¢hinner slab of
beryllium was chcasen to imj:rove assur-
ance that th: flow gattern near the
inlerfaces is tire independent. The
antimony was chosen bevause it exhitits
a sluggish phase transition at 8-9 (pa,
just below the shock pressure that ap-
peared to be presernt in the berylliur.,
It was hoped that anything too unusual
in the beryllium cerpression might be
manifested as a docuble shock wave
structure in the antimony. These re-
sults arc also listed in Table ). The
pre3sure in the antirony was also
slightly less than that in the avsence
of the beryllium. The antimony, in fact,
behaved quite norra'iv and the result
for its shock compression was used in
its reference Ilugoniot. It appears from
these two experirents that although the
compression in the beryllium is not de-
scribed by a single strong shock, the
flow solution becomes pinned near the
interface and the material on the other
side contains its normal oblique shock.

The case of baratol and 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 biock 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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F2G. 7 - Radiograph of baratoi driving
2074 alumirum. The bararol, or the
richt, was assertled frcr slabs. Thre
alurminum contains tantalur foils whicx
initially were equally sraced and par-
allel to the t~p reference fcil.

slabs. The Jdetonation frornt dves not
curl back at the aluminur interface acs
it does with raterials whose bul% soum<
speeds are slower than the detcratio-
velocity. This effect 1s more easil:
seen in the work cf{ Eden and Vright.

The point of interest here is that rc
shock is discernible in the a.urmirurm,
The foils, however, are cisplaze? ancd
have moved clcser together indicating
compression. The aluminum=-baratol 1nzer-
face has also been displaced. It cdoes
not bend sharply at the detonation wa‘¢c,
however, in accordance with the comrres-
sion not coming from a single shock. &
recent investigation with antirony o=
the other sice of a thin alurinum slak
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 isentropic.
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