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SPHERICAL DETONATION WAVES
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FIGURE 1. MACH REFLECTION OF SITERICAL,
DETONATION WAVES. DIFTONATIONS WERE
INFFIATED AT 1D, 5000 AND WAVE FRONT AR
RIVAL RECORDED 1LY A SMEFAR CAMERA, 1HE
RECORDS WERE ANALYZED AND INTERI'O
LATED TO OICVAIN AN ATTROXIMATION OF- 1111
SHATE OF T CONPYEIT SURPALUT
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FIGURE & DIVERGENT WAVE CHARACITR
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FIGURE S, SHUE GEONIE FRY FOR MAUTE ST
EXIPERIMENIS
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The comesponding amval tivoe ul the Mach stemat y - 1)
is knwn b the data: defTerenianon ol tis Oy, datk
gives the nommal velociiv il the Much siemn, 1) = ain/dt.
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was used o select the munher ol data painis ta be in-
viuded in the curve i 1w r dita for PRX D501 are in
the approximaie interval 4 <+ 27 immand tor 13X 9502
in the approximate interval Y <1, <3 nun, ‘Thus we ure
approaching the region where the radius af curvatore uf
the wave frunt is cumparable to the reactum zane
thicknesx (the distance from the feading shovk ta the
sonic Jocus), @ region ol guestionable applicability of
DSD. ‘The theoretical hasis o1 DS and the applicabitity
of Eguation (1) are dependent on the candition that the
inverse of the wave curvature is much greater than the
reaclion zane thickness.
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FIGURE 7. 1ATA AND CERVE EEF USED 1D
PIND T ORIGIN OF PEHE SPHERICALLY 15X
FFANDINL AR OF FHE DETONATION WAV
FORTHE RECORD STWWN IN FIGURE
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wave frunt detines the stein width, Figure 10 shows the
Mach siend widhih data as a function af position g, 1The
estimated Mach stein widih w complews the information
necessary w caleutaw the inleraction angle u fromircos a
= yo - w Isce Vigure 4), By this calculution, we show
that the measurements are for interuction augles thal vary
fromahout 70" 075" tor both PRX 9501 and PRX 95412
Althaugh we have made measuremienis over o limited
range of inieraction angle, the Mach stem dimensions de-
tected are initially only slightly larger then the reaction
zone thickness and they are ohserved until ncarly plane
wave conditinns are achieved. Over the measured rnge,
the growih waie ab the Maoch siem ix appruxnnately con-
siant.  From the lincar 1 shawn in Fagure 10, the
grawth angle tor X 9SO is ¢ 207 and for PHX
USO2, x = 7.7 Extrnpulming the linear relationship o w
= ) allaws the estimation ol the criticn] angle (the value
ug. 8t which i irregutar retlectiun st appears). Vor
PIX 9501 1 - 56, amd fir PRX DS02 e - 67, "This

extrapulution is expevied 1o nverestnuate the critical angle
hlrcnusc af the nepleeted varintion of e growth raie of
the siem,
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FILIIIRE K 1IATA AND CPRVE I TO TR
CENTER SEPT MACH STEM REFEGION OF 1l
RECORD SHHOMWN IN FIGURE o PHE ADIUS
VALUE OICTAINED IS 164 o

In the tetieeiamer «mgoe Hash gap IRUECH st a
Lo ek atuanamu plare o placed oo topood 2 nght
virenlat  vhimder of exphinave, alonp with a eve ul
Lawerte® un whin b a gagos v lnoed amd golished * e
plate sface i ated wath an agpon g, and the
Wit ol apeac canpen s abgoed guaatiel withodwe oe e
Tined! by e ddenmitions and e pap When aduck wave
aveave e etal ak ndetbaee, e ditee eetlesnveay ool
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the suniace 18 reduced. This is recanded by ihe siear
camera as redacad exposure ou the 1im. e nwetal plate
arnves at the Liede surbaee ad caeses the mpped e e
fNash, and the subsequent siuck induced w Lucie causes
the Lueite i becorae upague.  This is recorded an the
smear camera ax o thin line of bright light. Vrom the
known pap depth and time difference, we enfentare the
avenrge treessarlace veleity ol ihe alcmman plate.

"nao.
I
e ““'"P-—- .
a .
L& Rl =
08 | ]
. aw .
" wo.
1
i‘ Ao
.
=2
1. PEX 9510, 11 - NN o T
. POX S0 10 . *"ul- . I
tam)
T
! : . ! . . i .
L} " ' . . ' -
LRI

FIGURE 9 FHE DETONATION VELOUTTY

CURVATITRE REFLATIONSIHITY DR OITIIX 950
VI DN CIRECLES S AND PIHX N0 1T SO
CIRCT P THE IEACK SOUARE IS A BYX g
POINT TAKEN FROAM REFERENUE 1Y

PIGERE Tu PEIE NACTE SEEN Wil v
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Figure 11 reproduces records obtinmed w retlectnce
change Lash pag expemnenis. Vhe alisence w i cusp i
the retlectance schange ieice w Figare §Ea uulicates e
repular ar Mach retlecijon, The presence ar a cusp in
Vigure 1 1b indicates regular reflection, Dips wwand ear-
lier timw at the center fine ol the flash wce iply that
preater veloetry is iddweed in the plaie by higher pressune
in the interactiun region, We assumed thid the panicle
veluety al the alumitnam is pnc-hadf the measured free-
wrfice veloeity and thiag the iree surtice veloeity veeus
hiscets the original surface normal and the shock front
normal, T find the detnalnin wave pressure, the prex-
sure und particle velocity 11 the explosive proonets and
aluminum are shock matched (assuming the products
fullaw the JWI, equanon of stiate). A curve fitting piro-
cednre similir to the imitistreak weehnigue oullined above
in nged wi find the interiction angle o,

FIGIURE 1Y
P EFCTANUE CHANGE D ASTHGAR EXPERD
MENTS IN CIN OSHE e NCTREEGET AR DR AACT
IR A L TR S A I N I B (N A F AN |
INCEEASES T IW ARD

RIEUCORIVOIEAINELY FROM RE



ANALYSIS

‘The daia are best discussed in the context of an anal-
ysis. The most basic analysis is W approximate the flow
as the intersection af iwo plane waves that are tingents w
the spheres. FFlow is separated inla regians iy the det-
nation and shock waves, the Mow in eoch region s as.
sunied 10 e cne-dimensional, and all waves are assumed
1 fullow 1he upprupriate jump conditions. This is the
classical shock pular theory of gai dynamies, a toul
found usciul over the decades and still in use woday, 1113
The quasi-siewdy assumption now encompasses the ef
fects ol interaction anple variation with yme,

Figure 12 represemis e geomietry of the classical
Mack retlectiun analysis, The plane uf syinwtry nl the
calliding spherical waves is represented as a perfectly
rigid wall. Figure 12 shaws the Mach sieni as a siraight
line. 1lowever. other nssumptions can be made abow
the shape of the Mach stem and the resulting trajeciory of
the triple puint. The triple point fullows a path that
mukes an angle x with the wall. In b stein that grows,
the velneity of the point I? is given hy

\.I" Il,cm.'(n zlcusri. 1) esela rihin x| (0

In general. x is variabie s the parlt can have curvatire,
Additionally. for interacting sphenes, i s varinble.
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FIGURE 1Y MAUTT REETTCTION D A 1T AN
WAVE PROM A RIGIDIPWATL oA AHORNORY
COORTIENATS o UCODRUEN VRS AP ACHTED
1o

The system uf equatioms is clused by requiring the
fluw velocity in regions 3 and 4 1 be parallel and the
pressures in regions 3 and 1 o be equal, Regiuns and
4 are separated by o contaet diseontinuity (slip siream);
the velwities differ. bt the pressures are equal,

QOur experimenual observation is that the Mach stems
are curved. they prow, and they are normal w the plane
of symmetry. ‘Thus the flow is a least iwo-dimensional
in the regian henind the stem and the “iriple puint™ may
degencrate inta u region of interaciion between the inci-
dent detonation and the reflected eisturhance, In general,
the mie of grawth ul the Mach ste.n will not be constant,
On the other hand, our dom (Figire 10) shaw that the
grawth rate is fairly constant aver the inerval ubserved.
Because the ubserved stems are earved, we alsu expect
that the strghi-stem assumplion will averpredict the
growth mte. “Therefore, we compare aur pressure dista
the results af the shock palar analysis using both the
straight-stiem assumption and the constant grawth rate
(measured) axzuniption. Vrom Fjgure 12, if the prawth
mte and interaction angle are both speeitied, the pressure
behind the stem is easily catentuted fromn the jump condi-
tions,

The explosive is assumed o fullow the JW1.L eqna-
tiom nl siite, Figrere 1.3 slmws the pressare prduced by
the wave interietione for both regatar :uxt Mach retlection
us a lunenion ol imernetion angle. Por low values al’ o,
regular retfeetion veenrs. As the erimeal angle ne s ap
proached, the pressure mercases. When Mach reflection
first appears, the pressune gaps discaniioaously o very
high valuex, As i hecomes larper in the Mach reflectkn
reginw, the piressire deercases i eventwatly approach
es the CJ value. Mach sievs wear the entical aaple
wouhl he the swze vl the wactnn ame i satler, 1oy
the classical theory, which assuines u jmug fram the im
tind state 1 ihe fully detonniet slaie, ay i apply.

Fur reputar reflection tg 0, 0y OL e pressane
valentated o the tenry nad the e o the RCTG
expernnents agee weasaebly well  Fon A hoodtiectum,
pressure calentaned trn the teory isane the stiegin
senr ussimpmnn s aipheaatly pocans tan the daia
fiomnihe RCFG expemuients, Use ol e weasired vitle
ul g, wineh tiaees the weasied Mach ste velieinly,
s the calentato e apicement with e gnessine
aweasmed wthe RUTG experanems The valaes ol
citentated from the Sinnghe stew assmgadnm ane s
eraldy farper thine e wessied valoes s iesidin
uverpredicinm nl the phase velaeny slaup the poe ol
svarnetry, mul sealsws averpeediens the peessine befil
the \irin

CONCLUNION

The b show that, evee the wrasuesd mieval, e
etitnm vty s cotinnkms hometiog o Vinvaiine
for vvmverpear how, e sguie ol the gaeseiee ol sl
Howe beluad the Al siem e Dius astamnstups juo
valed bev tlos sl vogobnped wabe than of Retewemee 9
allew the cabe nbacon ol = overreent amd duegeent dene
il wan e pivunsimeon we PN OSHE ad PR 94,



lull, 97

using DSD wave wrackers. Comparisons of such calcu.
lations with experimenis are required 10 determine the
extent of applicability of DSD to convergent detonation
waves,

P (GPa)

e — e . .

FIGURE 13, PRESSURIL BEHIND TTIE REFLECT-
1D WAVE AS A FUNCTION OIF INTERACTION
ANGLE. T OPEN CIRCLES INDICATL: I'BX
2507 AND T OPEN SQUARIES INDICATTE PRX
US02. IHE BLACK SQUARLS INDICA'TT TN
PRESSURLE CALCULAYED WITH TTIE MEA-
SURED GROWTIT ANGLE AND TE IWACK
DOTS INDICATE T PRESSURE MEASURED
WITH TTIE RCTG TECHNIQUE, ROTH FOR PRX
9501

‘The clas:ical shock pular (heary fails 1 accurately
replicate the parameters of the flow when the straight
Mach siem avsumption was used. but use af the mea:
sured stem growth rate brings the theory inta agreeinent
with the experiment. ‘Therefure, the onalylic Ircaumem
requires proper handling of the curved- stein growih raie
dynamics.  Eguation (1) used with Whithan's wietlox]
suppesis o nonlinear diffusive Mach «omgrial g
cess.” Vor application w spherical wave interactions, the
process (nast be cunvaluied with the time-depedent
hourklary cunditiun intnxhienl by the spherically ex
panling wave, ‘This nxxleling appiruach seems valid amd
i n current wwpic of our research,

Huth the claasical shock polar theory and the yse of
DS wave trackers are expected tu be apphicaliie when
the features such as the Mach stem width amd the itverse
of the surfuce enrvatuie are relatively large, compared
wilh thie cenctint zame thickuess, e stindy if the Huw
where the featares of interest are suafler than the negeton
sme thickuess rewins anpuiten! by this sindv - Revea
cromgm sunafanoos ' by Siewaed sigytest ten ethee
o caulipgaamons Gombea o eas ivaannes nay e
cir eanieely withi the armetam zone a0 span icanas e
ek LK ANge
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