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MACH REFLECTION OF SPHERICAL DETONATION WAVEN

I.. M. Hull
Los Alamos National Labomtory
Los Alamos, NM R7544

When (wo detoniation waves collide. the shape of the wave tront at their miter
section can be used 10 categonze the tlow as regular or immegular reflection, In the
case of regulur reflection. the intersection of the waves forms a cusp. In the cose
of iregular reflection, the cusp is replaced by a leading shock locus that bridges
the incident waves. Many workers have stidied irregular or Mach retlection ol
detonation waves, !4 but most of their experimental work has focused on the inter
action ol plane detonation waves. Reflection of soherical detonation wives has e
ceived less attention. ‘This study also differs from previous work in that the focus
is to measure the relationship between the detonation velocity and the locial wave
curvature for imregular reflection of spherical detonation waves,  Fwo eaplosives
with ditferent detonation properties, PRX 9501 and PRX 9502, are compired.

INTRODUCTION

Recent work in this country amd in the UK indicates
that divergent detonation wave propagation can be de
seribed in tenns of acrelationship between the loval wave
curvature and the loval normal detonation velocity (see
Refs. S 70 In the LS. AL the theory s called Deto
nation Shoek Dymanmes (DSDY. The appheation of DSD
o convergent waves has i loss solul theoreneal toun
dation because the flow behind the convergent wave 18
subsonie amd can thus be mtluenced by disturbances ppop
apated torward to the wive ftone W ntham's8 methed
for treating shock dittiaction m gas dynannes sutlers
tromn the same ditticuliy; nevertheless, it has been sae
vesstul, The results presented here, alonp, with those of
Wzl and Duvis,” show thin the detomanon veloviey s e
Lted to the local wave curvatine i a continuous mamxe
hoam convergent to diverpgear contipurations  Thus o
mity be posable 1o apply wave tiachmg methods, based
on DS o abirary convergent and divergent peome
ties, with suceess siular o that enjoyed by Whitham's
e thexd

When two divergent sphes al detonation wisves col
hde, tepublin wetlecnon s st observed and, subise
quently, wiepulanietlection develops - The Mach stemos
the budpe tha develops between the sphetes, (Herem,
any wepnba tetlecnon e called o Machaetleenon )y The
siddle sinbiwee penerated by the collivion (bipuare s a
sttice of revolution that i tuented becanse ol the
hinte dunensions of the explosive  Pherelore, the mte
sectrm of the sirtace weth a phane tesalts o recond of
the emporal evolution ol the sitice Foodew nibwe |'
cntoe sintdce penciited when twe diverpent spher
waves colhde il the gaaal parameters thar desonbwe

S e non e e e pared on e d e i

as the parinweters that deseribe the expandiog spherical
waves, Lxperimental wiave amval e dataaee mdeled
with analyue funciions o deseribe the wave shape and
propagation for both the converpent and divergemt
witves, We il use metal pline acceelesiinon experimwnt s
and assunwed cquations e state w provide mdependent
measurements of the pressute i the Mach retlection
iegion.

A suntace has iwo prmerpal 1a ln of corvinure. We
have choxen the mean curvituie as the deseriptive pa
ramweter. The sipn ol the mein cuarvatie xois chosen so
that o diverpent wiave has posiive curvatie e mean
curvatuie of we saddie pomnt (6 ach siem) s negative and
appraiiches zene as the sphercs expand and the Mach
stem prows  The data amilvses technigque assumes that
the Doy relanonshup s linear, promanly because this s
the simplest lomm The converpent wave esulis are only
shphtly dependent onthis asampoon The honear eta
tnonship can be witten as

Dbyl ww, th

where IVis the ocal dewnanon veloeny, . the Cdet
onation velovity, vois i coetiwient depen ent on the ex
plostve, and x s the nrean curvature of the detonation
wive,  Forasphencal wive, D diAde, so substitntion
of Fyuaton c1Y amnd imtegranon with iespent i imne pives

1 v
L L B P B I P A M T th
n v

Fopiation 1 oapphies o both comverpent amd diverpem
Hos, but 1 guation " apphies ondy o the sphencaliy ex
Pt woanes



FIGURE 1. MACH REFLECTION OF- SPHERICAL
DETONATION WAVES. DETONATIONS WERLE
INITIATED AT t),' 50 AND WAVFE I'RONT AR
RIVAL RECORDED BY A SMEFAR CAMERA, THE
RECORDS WERE ANALYZLD AND INTERI'O
LATED TO OIYTAIN AN AIPROXIMATION O- 111
SHAPE OF TIHE COMPILIT SURFACT

ENPERIMENT AL

The dhiverpem was e detonation seloeiy cmviiime e
Tationship tor PRX 2501 was determined with the ey
penment shown sehemaucally m Fipure ! Twaodetonn
tor boosier systems were placed soas o minate the ex
plosive under two thicknesses ol the test explinive The
atnval tine of the detonanon wave at the observition
stlawee over the center of eac detomaton was reconded
throuph a nple sht wuly the e camera (tbypaee Y
Camera data cotrespondmy o eich wave were ndeled
av i sphere located at sane ity onpin, the sphere
expanded at & comiint velovity onby tor the duration of
the bieahout at the hee s Giwe aosition e data Tiom
e repion duectly over the denmons were it to the
nuxlel equation to deternmne the oy of ciwch wave
When the measuied vdn and e ditferens es ae used o,
wilve Fyuaton ) with 1y X RO mnygt., v 009
mm  Then Fquavon 01 pives the conresomding: values o
1Y vor that we liave two X)) poimts

To detwermine the vinanon of the detonaten velis iy
with the bowal mwean sitha e cmvatne for copvenpent et
onationy, the Much eeties ons ob tan propageating spher
wal e TR YRS [ novaline
ol 1l uldle ki n, 1 the
e ol the two popopal curvaties These poanopal
varbres ane e s erae ol the salios ol ooy atuee of
the mtersetion ol e saddle withothe v, plame g0, sl
e verse of the sadie ol et ol e e o
ol the saddle wub the o plam a0y 06 b e

Wl CHUTVGIUREG Ty SO T dOMIGHeS e esamated mean
Mach stem curvature trom the data. On the other hand,
the velovity or the Mach siem s the rae of mercase o
rm- Theretore, accuraie measorement ot both ry and ry
is necesvary o detemune the Do relationship tor the
COIVETEEnt redion.
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FIGURE 2 DIVERGENT WAVE CHARACTER
1ZATION EXPERIMENT

FIGURE U SMEAR CAMLRA RECORD OF THI
HREAKOUT OF 1T TWO DIVE RGING SPEHT R
ICAL WAVES GENTRATED 1Y T 1EST AN
SEAMBILY SHOWN IN TIGURE 0 CTEAR PAINT
WANS USED TOPROVIDE N SHARP TRNCE  TIME
INUREFASNE S VI'WARD

Test et es unsed fon the converpent wane stivdies e
nipht nenlar o vhders with orwe end out acan anple, with
tespedt to the charge ases caee bipime v Twadetona
tons e phaed on the vy asicary Sy amd e miviaied
simnltaneousiy e el of e detonaeon wase at the
mpled observaton sbace yoeconded theoupeh T Shis
with o siear et b e anpanged paralle o the s
amnwiththe soner im0 N el canwent e ond
veoshown e Livwe Lecmvedd ALl wem o an e
ey e ot the it e o o she s plience,
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FIGURE 1 CTHE GEOMETRY OF ‘THE MACH RI.
FLECTION OF SPHERICAL WAVES
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FIGURE S SHOT GEONEIRY FOR MACIESTEN
IXPIRIMINIS

e arnvatl e data, well away lom the Mo heaem,
At it tothe eguation of 8 sphere cemered @ G voza)
and expanding: as piven by Fgoations | ami ! Areach
st the values ol v aaml 7z e b Tronn the pe
ey Thrietore, the nusde] fumotion for the expanding
wive begomes,

L] 1
i oay )l vy vyt vte ) ., (R)]

the data weten t v, and the pocameter dewsmned by
the it are vgovonz, ikl g Vhe g catlie i Pequation ¢
o tahen 1o be gl The wwe of Fouatons 00 aml o),
cather than o splicie expandmg o the € velooy, et
i ol conres non becnee the cadies of the plege s
Lupe, compared with v N Gived valoe ol « 006 nim
vt o PR 0] e g ane il o e

wardd b PN 90 Ao es e oof the el oof din

curve tibis piven i Figure J The value ol ry lor een
slit iy paven by

' 1 AJ
Ly W@ oXpr vie ). h

‘The comesponding armval lime ol the Mach stematy .- 0
is known Trom the dat: ditferentiation ol this (0 data
gives the normal veloeity ol the Mach siem, DD = din/di.

FIGURE 6 A MULTISITT SMEAR CAMERA
RI CORD OF SPHERICATL. DETONA TON WAV IN
ITRACTION IN PRX os0]l 1IN INCREFASES
UI'WARD

Lhe wonval e ddata in the saddle cepon debines the
shape of the Mach stemand allows the esimanon ot the
Mach sem vadins of cirvatie 1, Maech sten dati e it
o the equation of a citcke lving i the v o plane (a0 the
nopinal direcion of the Afach vemy The cemter of e
o he vomeving m the 1 diesion atthe velony Tor tha
particular sht, and the radins of the code o
Theveloe, the nwslel coguaton we e wodetemune v e

' . .
tvyovey b oy o,

where sbata o be it ate 1 1y amld the pavameters ae
vodon ek 1. rpote that thes e ditferent onem tun i the
mes e dia we v he pesalvot this cms e iy o
vl b b v i peentom g s gadenm nt




was used o select the number ol data points o be in-
cluded in the curve fit. The r data for PRX 9501 ore in
the approgimaie inferval 4 <27 mmand for I'"BX 9502
in the approximaic interval 9 «<r, <3 mn. ‘Thus we are
approaching the region where the radius of curvature of
the wave fronl is comparable to the reacthion zone
thickness (the distance from the leading shock o the
sonic lovus), a region of yuestionable applicability of
DSD. ‘The theoretical hasis of DSI and the applicability
of Equation (1) are dependent on the condition that the
inverse of the wave curvature is much greater than the
reaction zone thickness.
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FIGURL 7. ILATA AND CURVE FIT USED TO
IIND ‘THEE ORIGIN O THIE SPHERICALLY 1EX
PANDING PART OF THE DETONATION WAVE
FOR THE RECORD SHOWN IN FIGURI 6

The mean cimvatuee, v 122 (1A 144), van now
be calculated and the IX0) relationship plotted (see
Fipwe 9 Resalts fin PIX 9507 ainddicate that. to within
i pooed approamiation over the measmed range, the 1))
1elatonship s contimuous and linean for beth w0 md v
« 0 The oo reluonship ton PRX 952 is linean in the
converpent (epion evaluied heie Stope v (m PHX
OM)? 1n lrpge, in companson with that ol PRX U801
Ihe PRX 9D D) relntonship ton x = Qi nonhinem ¥
The dimta trom Bzl and Davis™s suudv? amd this sundy
patch together  the s ) telationshap appears o/ con
tmuous m both dope aid napmticde senons e O Thew
relauons can now be used with adetonanon trom ik
mp ouime (see Referemwe 1) 0 predict wave protsles
fow lusth converpent sl divenrent waves

Progetly delined, thwe Mach siem wadth s e tians
vers disinner from the plane o svimneny o e postton
oof the anterses ton of the e sdent deoopation aul the dis
thane e e llecied mio the oo s The posation of the
vetlie ted ehistiba e s et vecdily avalable Toom mnval
e daa Thepetore, we hoose o ascanme tha the
aea et pos o od the ad o i peant ot the Loadimee

=} ’

wave front detines the stem width, Ligure 10 shows the
Mach stem widih daia as a function ol position ry, The
estimated Mach stem width w compleies the information
necessary (o calvulate the interaction angle u from reos a
= yo - w tsee Figure 4). By this calculution, we show
that the measurements are for interaction angles that vary
from abhout 70" 1075 {or both PRX 9501 and PBX 902,
Although we have made measuremients over a limited
range of intcraction angle, the Mach stem dimensions de-
tected are initially only slightly larger then the reaction
zone thickness anl they are ohserved until nearly plane
wave conditions are achieved. Over the measured range,
the growth rate ol the Moch stem is approxmately con-
stamt. l'rom the lincar 1t shown in Figure 10, the
growth angle for PRX 9501 is x 247 amd for PRX

92, x = 7.4 LExtrupolating the linear relationship to w
= () allows the estimation of the critical angle (the value
g, 81 which mn irregular reflection lirst uppears). For
PBX 9501 w - 567, arxd fin PDX 9502 g - 637, 'This

extrapolution is expevied (o overesunuie the critical angle
hlrcnusc of the neglected varintion of the growth rate of
the stem.
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FIGURLE. &8 DATA AND CURVIE FH 1O THE
CENTER ST MACH STEM REFGION OF TTHE
RECORD SHOWN IN FIGUREF o THT KADIUS
VALLIL ONTAINED IS T4 mum

In the 1etlectamee chanpe ash pgap (RCG) test, a
S thack alunmum plate s placed on top of a npht
circular cvhder of explinnve, alonp with a piece of
Lawrte®™ m owhiehoa gap s s hined aid polished © e
plate sntace eath an arpon Lunp, and the
shit o a anear canwena s alipgoed parallel watliie hine de
tinedd by abe detomatton s and the pap - When i shoek wave
v at e netal an iter e, e ditfoese ietlec vy ol

1 ne v reertered b b toracs e e, 4
dut atde Mopwans A Cn



the sunace is reduced. This is recordad by the smwar
vamera a8 reducad exposure on the ilm. The nwetal plate
arnnves at the FLncite surlace amd causes the impped ar 1o
fNash, and the subsequent shock induced in Luene causes
the Lucite 1w become opagque.  This is recorded on the
smear cianwera as 4 thin line of bright light, I'rom the
known pap depth and time difference. we calculate the
average tree-surtace velocity o the alummum ple.
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FIGURTE © FHE DETONATION VELOCITY
CURVATURD RELATIONSHIP FOR T'IIX 950
CVHIE OPEN CIRCLES) AND PRX 9502 ¢ 171 SOLID
CIRCLEN)  THE BEACK SOUARE IS A PRX 00
POINT TAKEN FROM REFFFRENCE 1A

PIGURT 100 THE NENCTE STEN. WIEDTTE AN
PENC ™ o IS e L on o g
FIND S GINE S THH G HOMW T NSGET o Tl
LI

Fipure 11 repricduces reconds obtaimed i retlectance
change fLash pap expenments. The absence o i cusp i
the retlectance -change e n Figure JLa maicates i
repular or Mach retlection. The presence of a cusp in
Figure 11h indicates regular reflection. Dips wowand car-
lier time at the center line of the flash trce imply that
greater velocity is induced in the plate by higher pressure
in the interacon region.  We assumed that the panicle
velacity of the aluminum is one-hall’ the measured free-
surface velocity and that the tree surfice velocity vector
hiscels the original surface normal and the shock front
normal. To find the detonation wave pressure. the prex-
sure und particle velocity ot the explosive proosucts and
aluminum are shock matched (assuming the products
follow the JWL, equation of state). A curve -itting pro-
cedure similar to the nmlistreak wechnigue outlined above
is used 1o find the interiction angle o.

RI CORD OBTAINFD TROM RE
FI FCOTANCE CHHANGE FLASH GAP XPEERI

MENTS IN PRX 9SO C VO IRPLGET AR OR MACH
FEEPLC IOy ale REG b D AR P Ty TN
INCELASES VI ARD



ANALYSIS

‘The data are best discussed in the context of an anal-
ysis. The most basic analysis is W approximate the flow
ax the intersection of two plane waves that are ngents to
the spheres. FFlow is sepamated into regions by the deto-
nation and shock waves, the ow in eoch region 15 as-
sunmied 1o he one-dimensional. and all waves are assumed
1 follow the uppropriate jump conditions. This is the
classical shock polar theory of gas dynamics, a wol
found uselul over the decades and still in use today, 1113
The quasi-stedy assumption now encompasses the ef
fects ol ineraction angle variation with ume.

Figure 12 represents the gevmerry of the classical
Mach reflection analysis. The plane of symmweiry of the
colliding spherical waves ix represented as a perfectly
rigid wall. Figure 12 shows the Mach stem as a stroight
line. llowever, other pssumpiions can be made aboul
the shape of the Mach stem and the resulting irajeciory of
the triple point. The triple point follows a path that
mukes an angle x with the wall. In b siem that grows,
the velucity of the point I is given by

\'Il, D, esela z)msli' D eseta yiin . (&

In general. x is variable and the path can have curvaire,
Additionally. for inleracting spheres, o 1s varinhle.
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FIGURE 1Y MACH REFTTCTION o A 11 ANI
WAVE FROM A RIGIDWATL 1 ABORNORY
COORDINALES db COORDINATES ANTTACHED
lop

oy '

The system of equations is closed by requiring the
flow velocity in regions 3 and 4 10 be parallel and the
pressures in regions 3 and 4 1o be equal. Regions V and
4 are separated by a contaet diseondinuity (slip stream);
the velacities differ, but the pressurex are equal.

Our experimenual ohservation is that the Mach stems
are curved, they grow, and they are normal 1o the plane
of symmetry. Thus the flow is at least iwo-dimensional
in the region henind the stem and the “iriple poim™ may
degencrate into a region of interaciton between the inci-
dent detonation and the reflected visturhance, In general,
the rte of growih of the Mach sten will no be constant.
On the other hand, vur data (Figure 1) show that the
growth rate ix fairly constant over the interval observed.
Necause the observed stems are curved, we also expect
that the strpht-stem assumption will overpredict the
growth mte. Therefore, we compare our pressure dista to
the results of the shock polar analysis using both the
straight-stem assumption and the constant growth rate
(measured) assumption. 'rom Figure 12, if the prowth
mte aml interaction angle are both specitied. the pressure
behind the stem is casily caleulated from the jump condi-
Lions.

The explosive is assumed 1o follow the JWLL eaua-
tiom ot state. Figure 13 shows the pressure prnduced by
the wave interwction for hoth repgular ad Mach reflection
as a lunction of interaetion angle. For low values of o,
repular retlection ocenrs. As the erineal anple a¢ s ap
proached, the pressure increises. When Mach retlection
first appears, the pressune umps discontinuously (o very
high valuex. As v becomes lurper in the Mach reflectkm
repin, the pressure decreases aixd eventually approach
es the C) value.  Mach stems pear the entical angle
wanild b the size of the 1eactuon z7one on snaller. Thus
the classical theory, which assumes a jump trom the im
tinl state 1o the fully detonmied staie, may ol apply.

For regular retlection (¢ 0, 0y O, the pressure
calculated fiom the theory and the data fom the RCLG
expenments apree icasonably well Fon A hoeetlecuion,
pressure caleulated from the theory usine the stringhi
stem assumption s sipmiticintly prearen than the data
from the RCEG expenmienis, Uise of the measuned villue
ol g, which tiees the measited Mach stiem veloeity,
hngs the caleulaton ino agreement with the pressee
measued in the RCLG expenments The values of
cileulated from the strupht stem assumption e consd
crably larper than the measied vahies iy tesolis i
overprediciion of the phase velocity alonp the plane ol
syimimetry, and so alw overprethens the presure belund
the slem

CONCLUSION

The datn show that, over the measmed micival, e
detonation velog ity 18 contimeous functm of cuvatige
ton converpent How, i spite of the presenee of subsoni
How behusd the Mach siem Dhie Disoselationsaps pro
vided by tlny study combimed with that of Reterence 9
allow the caloulation of converpent i diverpent deio
milon wave propatation m PRX 9501 and PJRX 950,



Null, 97

using DSD wave mackers. Comparisons of such calcu-
lations with experimenis are required to determine the
extent of applicability of DSD 1o convergent detonation
waves.

P (GPa)

T e —

in -3 B H) ) ) L] i n
ni)

FIGURLE 13, PRESSURE BEHIND TIE REFLECT-
D WAVE AS A FUNCTION O INTERACTION
ANGLE. THE OPEN CIRCLES INDICATE I'BX
250§ AND TIIE OPEN SQUARES INDICATE PRX
9S02. ITIE BLACK SQUARES INDICATE ‘TTIIEE
PRESSURLE CALCULATED WITH THI. MIEA.
SURED GROWTII ANGLEE AND THE BLACK
DOTS INDICATE THE PRESSURE MEASURED
WITH TTIE RCHEG TECHNIQUE, BOTI FOR PBX
9501

‘The clastical shock polar theory fails 10 accurately
replicate the parameters of the Mow when the sirnight
Mach sicm avsumption was used, but use of the mea:
sured stem growth rate brings the theory inlo agreement
with the experiment. ‘Thercfore, the analytic (reaiment
requires proper handling of the curved. siem growih rate
dynamics. Eguation (1) used with Whitham's methed
suppests o nonlincar diffusive Mach wiom provwth o
cess.” For application 0 spherical wave interactions, the
process must be convoluted with the time-dependem
hourklary condition intnxducnd by the spherically ex
panding wave. ‘This nxxicling approach scems valid amd
i cument wpic of our research,

Hoth the claasical shock polar theory and the yse of
DSD) wave trackers are expected (o be apphicable when
the features such as the Mach stem width amd the inverse
uof the surfuce curvataie are relatively lurge, comparrd
with the reaction zone thickness, The stidy of the Hlow
where the features of interest are sialler than the repeton
sone thickness renmainy unproded by this sindy - Recent
computer sSimulations! by Siewant supgest thar setlee
non conligurations Emdean hom pas dvnames may o
vur entuely within the remwetion zone or span across the
1% TN Aose
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