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MACH DISC FORMATION IN CYLINDRICAL RECOVERY SYSTEMS™

C. E. Morris, R. G. McQueen end S. P. Marsh

Dynamic Teatlng Division
Los Alamos Hational Laboratory
Los Alamos, New Mexico 87545

Cylindrical recovary syastems have been

used

to shock-load polymers to pressures

exraeding 50 GPa. [n ortder ro determine the pressuras jienarated in thesa recovery
syscems che formatlon of the Mach disc on axls and lts approach to steady 9dcate was
monlcored. Tha relation ol the Mach dtsc diameter to the lateral dimenaion of the
high explosive used to compress the polymer s:mples wus also Lnvestigated.

THTRODUCTION

There has heen an extensive amount of Hugonliot
data ctaken on polymars act Los \lamos. To
{dentlfy the physical processes accurring
along the Hugonlot shock recovery axperimonts
ware done which duplicated thana one-
dimensionel single shock wtacos. The
exporimental geometey in which these alngle
shock states could be -aadlly achievad was (n
the ecylindrienl recovery 9gysteoms initially
plonecred by Riabinin. (1) Thesm cylindrical
capsulos had che addteional featurae that her-
motical'y wealed capsules could be routinely
recoverad 8o that the dismoctrtion products of
the pnlymary could he examinad.

Ia discunsiug Mach dise formacton in cylindri=-
cal gromotry Lt (s foformative to contrant
this flow with Mach atem (ormatlon as a cesult
of colliding plane wavos. In Fig. IA the
reflectlon of cewe cqual strenyth plane shock
waven (g flludtrated. For swmall fmpacc angles
reguliar caflection occurn. States | and 2
denotoe reapectiyv-ly dingle and donble ahock
statun. Abova a eritlianl angla ", (umunlly
of tha order of 43") ach  reflactlon oconen.
This rawnlts tn the reiple=shock conllguration
shown {n Flg. IB. An tn the pravicus axample

ntatas | and ? danoto reapectlvely stupgle and
double thoek atates. The addltlonal  ECeaturn
of the Mach wavyn  noc vaewn In cepular

teflection (n the presence of  the Marh atoem
raglon deaoted aw nrare . The Mach 1tem
raglon 12 a ningla shock atare  whowe laceral

ditmonalona  fncrease linearly with rima.  On
tha Mach wteam avia the tlow (o gae=dimenalon=
al. Oonccquent Iy rlens ahock atatea H{o g

R ml-l—: _u-\—||l||n|‘ Led hy rhe dnitea bt nTu_-u'
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the principal Hugoniot. Pressure gradients,
tf present Ln the Mach stem, are manifested In
curvature of thae Mach stem front. At the
triple potnt where the Mach stem (atate 1),
the Ltnctdent shock (state 1) and the rotlecrted
ahock (sacate 2) all c¢ome together, hy
necensity, a slipline L3 present. The raeglon
of flow abovae the slipline ta the result of a
two shock process, whereas the flow below the
slipline is the result ot a saslnglec shock
procesy (the Mach stem). The pressura must be
the samo on both sldny of the slipline s that
the matortal velocity ta (n general difteront
acrons tha slipline. Th's (s because silngle
and double shock srates at the same prassucy
are art dlffeimnt scrain (entropy) statas.

The hydradynamic flow preswant (n our cylladrl-
cal recnvary dsynrtems s schematically .hown (n
Fig. 1C. A cyllnder of high exploatye
aurroundf{ap our racovery capsulo L8 plann wave
teirtaced. The natura of tha I'low in thene
cylindrtcal systemd dUlf€ers appraciably fronm
rhe wave structure ohderved In the lnteractlon
of plane shock waves oven though superflclally
theuw flows Appear almf lar. Whan the
dlametrically opposite confcal  shock wavos
{nteract regular cuflactfon {a not pountble.
For "normal” aquations of atate a Mach diac
han to form on cxiw. (2,)) TIn annlogy with
the provious dilncunnlor the cogtona 1 and 2

denotao the Ataren hohind the conleally
convargent  {ncldent shock and conlecally
divavgunl  reflacind shock. State '} dennten
the tach dine rogion of the MNlow. In contrant
to the plane wave  cuane after the Mach wave
flow hocomens aroady the diameter of  the Mach
dine  remainn consrant.  Alwo tha velo ity of
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cthe Mach disec 13 equal to the detonatlun
velocity of che explosive independent of the
contaents of the recovery capsula- This rather
dramactic result deserves some furcher
elaborarion. Since the detonacion veloeclity of
tha explosive (3 the characteristic velocicy
cf the uxperimentc, failure of the Mach disc co
travel at tnis velocity will resulc 1ian modifi-
cation of rhe tlow such cthat the Mach disc
(MD) velocity comes into coinciuence with the
detonation velocity. For example Lf tha MD
velocley lags behind che detonatlon velocity
the 1incident conlenl 4dhock wave will be
incllned mora ctoward the axis resulting ln a
bulldup of pressure In the MD and the
resultant {ncrease in its valocity.
Converdely, 1f cthe MD rravels faster than the
detonacion velocity ultimately the pressure in
the MD will decreaye due to the divergent na-
ture of cthia cype of flow. This will result
Ln the 3slowing do'm of tae MD to bring Lt into
colncidence vith the detonatlon velocity.
Thuesa statements charactecize the fundamental
nature of Mach wave farmation in cylindrical
recovery 3ystems. Howvever, some Imporcanc
questions still nweed to be addressed. The
purpose of thia paper s to determine how long
{t takes to achfeva 2teady state condi{tions tn
these rocuvery Sys:ams. Another laporrant
consideracton In acnlaving well characterized
recovercy exper.qeats Ls how can the
expurimental georwtry be mada such that the
entira sample cavity 14 subjected to a uniform
8tTuBN Stadle. One way to do this (s to varv
rhe amount of high expiosivae and the capaule
geometry 930 that the entirc swmple cavity la
compressad by the Mach dime. [f the FEO5 of
the sample (1 known tho pressure and compren-
slon of the sample can be readtly calculated.

EXTHRIMENT

The Mach dilae  experimenr Ln Flg. ? ¥ ]
reprrsnntative of the experimants which wi,l
ba diacunsed in this roporr. Componition =4
{s the explosive uaed to compress the cylin-
drical capuuleon. 1t 1w of putty-like consia-
tency amd  can be readlly tamped (nto varioun
axperinontal  gematelou. Tha oxplonive ¥
taltlated hy a planc wave lans and theve tu a
25 mm tan betore the detonatlion wave (ntaracts

with the capaulne. Thin {m done ra vumurs a
strnl, dotonatton wave han baen formed, Thin
tntttal  houndary condltion 14 uned (n all our
Mach  wave wxpoarimentn. The rxperimental
capimlo In Fltg. 2 conntata of o anrfes of

pol/methylmothacrylita (PMMAY O dlaea apaced
0.1 mm apart.  Theas dlacn are ponitfoned o a
atool tube (I8 mm OD, 25 mm I which  safimu-
Iatan  the walla of the crecovery capaule.
Arpn, (or  xonon)  gam {nm {tntrodoent  {nto
th oo Ol mm o gaps to provide an o optdeal roenr |
af tha Mach waye arrtval at  aach  flash  gap.
The progreaston  of the Mach wave [n revorvded
by & tweop camera laokting down the aris ot tha
cylindeteal  ecapuulo  throough a0 allt plara,
Thin vxpertmental tochnlque wan (nftially uved
by Adaduroy  (4) at al. to charactorize thoegr
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Figure 2. Mach wive expertmencal ammembly.
Swvaap camera record skows progress
of Mach wave along the composita
cylinder.

recovary sy«dtens. The photugraphic record for
this oxperiment ls presented {n Fig. 2. From
the houndary cond{t{ons of Lhia exporiment wa
would expect an  Lnftlal plana  shock to he
transmitzed fnto the PMMA cylindar ac A
pressure  consf{ntent 2ith the (mpedance-match
gclution with Comp. C~4. This Lnltlal plana
shock wave would tvavel at 4 valoclty of about
6 km/n. Since  tha  detonatton veloctty of
Comp. C=4 {« B.0 km's the ovtaide edges will
tead the central porrion of tha Mach wave.
The lMach wave «ill coatinue to changa sahape

unti1l  the presqure in the Mach inc ¥ ]
com Latoent “ith tie principal Hugoniot
peesanre at thita  shince  veloctey. Thia {=x

exactly whit [a nhuerved Ln this record. The
mlir  plate  through unteh thila  eecord was
ohauvirved  wxtended over the Comp. U=4 no tLhae
the broaak onr ol the detination wave at  the
PMMA  haaen  plara could ba  recordod. It in
apparent from thase tracem rhat the plane wave
lLana  was  pnor  ponltlsned  aquarely  on thin
amnemil v, Alao hecanne tha dertonacion
velocrtity  of the axplonive it tha wdges of the
amnamhi lags the central reglon, curvature tn
tha rrvaced la preevent. Thin  enrvature {a
relared to thn fintte wtdth of the reaction
aone (o rhin HE,

[t 2 avident from tha recovd (n Flg. 2 that
the pproaen to ateady atate of the Mach  wave
cean Lo detorminad from Soch the ahape of thae
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Figure 3. Swecep camera record of M ch wave
format!ou Iin a steel tube (38mm OD,
25mm I[D) £illed with CCL,.

Mach wave ard also the approach of the Mach
wave velocity to the detonation velocity of
Comp. C=4. However, 1t 1s difiticult to
determine from this record the diameter of tha
Mach disc since the change 1{n curvature be-
twaan the Mach disc and the wings of the Mach
wave |31 not discontinuous, By replaclng the
PMMA column in Fig. > with carbontettachlortide
(CC1,) the lateral sxtent of the Mach disc can
be easilly determined since CCl, -adiates
profupely vhen shocked. CCLA has the added
attraction that {ts shock-impedance i{s very
elose to PMMA, 3o thesm two materizls can be
used topether without Lnjectlng substantial
hydrondynam{c parturbations {n the (flow. A
racord of a4 Mach vave traveling through a CCl,
column Ln a supporting steal tuba {s shown (n
Fig. 1. The Mach wave bufldup [a clearly
evident {n this record. To record tha steady
atate shuape of the Mach wave a 18 mm high PMMA
cylinder Ls placed at the hottom of the steel
tubu, Upon lmpact of the Mach wava with the
PMMA cylindnr the radlation {8 quenched. From
the known detonatlon valocity of Comp. (=4 and
the wricloy speed of the aweep canera the
actual shape of the Mach wave can  bhe
calculated.

An  experimental ansembly  which  combiaes
effectively the radlatfon property of CCL,
with the quenching proparty nf DPMA wns
accomplidhed by numponding PMMA  discwe In a
CClh column., From the known wpacing of the
PMMA  dlacy  the ahnek veloclty in €Cl, can be

determined and from the vadiatlon outpur of

Flgure 4,  Swaep camera racord of  Mach  wave
formatfon in a compontte cylinder
conniaetng of a4 hraun  tuhe  (S1mm
0D, A4Bmm (D) and a PMMA tubn (4lnm
oD,  MWmm  ID) filled with ael,.
PHMA  disct area  pomitloned In the
(f(fl,. to record progrewn of the Mach
vave,
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Figure 5. Variatrion of the Mach disc veloclty
Uyp along the cylindrical axis for
the experimental aszemblles dJde=-
scribed {n Figi. 2 and 4.

CCl, the Mach disc dlameter can be mwasurad.
A photographic record for this experiment s
shown {n Flg. 4. In this experiment the
composite cylindrical capsule consisted of a
brass outer tube Slmm OD and 4Bmm ID. PMMA
rings (48mm OD, 18mm ID) supported l.5mm thick
TMMA dfisca aleng the cylinder. An tha Mach
vave progregsad down che cylinder, the
radiation turne off upon !mpact with the PMMA
discy and then turnd on again when the Mach
wave recmerges tnte  GCl,. As with che
pravious avsembly a 5lmm high PMMA disc at the
lare of the cylinder racorded the final sready
stara ahape of the Mach wave.

The variatinn of the Mach disc velocity alone
the cylindrical axis (ar *the anperimental
recordmn glven Ln Fig. 2 and 4 {8 mhown In
Flg. 5. In ethis flgure L (s the diatance
traveled by the Mach disc along the cylinder
and . I3 tha outside radiug of the composite
eylindrical enpruln (thts ta ulao the (nside
radlus  of the !lE), For thene two experimentw
the flow {2 ownent{ally ateady nutate nftar the
Mach Jd{ae has traveled a dintanca equal to two
capsuln diametara. The radlation record (n
Fig, 3 can nlan ba analyzod te determline whea
ateady tare wau reached. Thin  record  alaen
Ladleaten  an aspect ratlo (L/7c)) of 2 1y
requirad hetore the Mach flow bocomes  ateady.
It has been obanrved that Cor slnple caprulon
oade of a4 nlugla matarial steady wtate can  he
achioved Ffor ampact rvatlos of the order ot
unity.

The nther volatfonablp we want to watabliah {a
the varlarton of the Mach dise dlaneter when

the lateral extenr of the IF . varioed. Four
shotm  wore f{rmi wich the COl, capnule goore-
try deserthed  In Fig. 1. The Comp « 4
thickuenn  exprosand  In normalized unita or

capsula Jdlametorg (Ar”F/Rrr) wan  varied Trom
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Figure 6. Vartacion of the Mach dlsc radius
fyp @ith HE chickness Ar”, for the
uxperimental assembliey Eescribed
{fn Flzs. J and &.

0.3 to 4. With trls variacion In HE thickness

the Mach disc radius ryp expreaded In  normal-
1zed wunirs (r,p/r.) varied from 0.07 to 0.27.
Results of these experiments are 4hown In Fig.
6. It L3 evi{dent from thly Eigure that after
a normallzed HE thlckness (ArHE/rC) of about U
i{s reached the ¥ach disc diameter changes very

liccle with addlcional high-explonive. To
{lluntrate the effect  of how relattive
shock-{mpedances of the romponerty of the

the diameter of the Mach disc
one shot was tired with the radiating dample
befng bromoform (CHBr3) rather than (CCl,.
Bromafnrm has a factor of 2 greater {mpaedance
thac €Cl,. Consequently a better {mpedance
march wich the outer yteel tubing {s achlev .
This chaage [n shock ‘mpedance resulted 1n
almost 4 Factor of two [nerease (n the Mach
dlae Jiameree for the same nxploslve system.
This {Llescrates the dramatic role that  the

capaule affect

relative shock Lmpedances of  the component
parts play n fafluencing the hydrodyvnamic
flow, The other daturm polnt Iln Fig. h also

{llustraten this polnt. Thae exper'mental syu-

temn for  thiz datum polat {4 described in the
Fig. 4 caption. For the mont parc the
compauier eylinder constated mainly ot €CL,

— -d Y ma——ny =&
t - !

Figure 7. Sweop  camery pecord  of  the Mach
dloe traveling dova  the contiral

portim  of a compontre cylinder
connisting of ) atar] tube

(5L am 0D, 2% mn 1) and  a hraws

tuhe (2% mm O, 2% mm D) in

wileh  PMMA dtsow with (lash gaps

wnre fnaarted.

and PMMA, cerials with aimilar
shock-{mpedances. This compositae capsule had
a subatantially larger Mach dise for a given
HE geometry than the stez1-CCl, capsules.

For the experiments so far described in this
report the Mach disc region occupled at most
50% of the total capsule diameter. Ideally in
a shock vecovery experiment {t is desirable to
shock-load the entire cample to the sama
stress state. 1In capsule gecmetries where we
have wuduccessfully accomplished thic goal, che
gample cavity was 107 to 257 of the total
capsule diameter. In Fig. 7 is a sweep camera
record where a Mach didc occupled the entire
sample cavity. In this erperiment the capsule
consisted of a steel tube (51 mm 0D, 25 ma ID)

in which a brass tube (25 mm OD, 12.5 mm ID)
was Inserted. Ingside the brass tube a aeries
of PMMA discs were placed which had a rla.h

gap between each disc to record the Mach wave
profile. Thk's was the only geometry we tested
where the Mach disc region exhihited no cucva-
tute. This implies the pressure gradients [n
the !tach disc region are very small. Scaled

down versloni of thls assemhly have heen used
to successtully racover hermetically s<aled
capsules of several polymers shocked to

pressures excceding 50 GPa.
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