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UNDERSTANDING CURVED DETONATION WAVES

Bruce G. Bukiet
Department of Mathematics
New Jersey Institute of Technology
Newark, NJ 07102

and

Klaus S. Lackner and Ralph Menikoff
Los Alamos National Laboratory
Los Alamos, NM 87545

I'he reaction zoue of a detonation wave is very small compared to the hydro-
dynasue length scale for a typical application. Consequently, it i3 impracti-
cal for numerical calenfations to fully resolve the reaction zone. A non-zero
reaction zone width is critical to deseribe enrved detonation waves hecanse
it alfects the wave speed. The curvature effect is the result of an the inter-
action between the rate of energy release and geometric source terms within
the reaction zone. When the reaction zone width is determined by the com-
putational eell size rather than the physical acale, the numeries introduces
an artificial curvature effect which frequently dominates the physical effect
and leads to mesh dependence of sunulations,  Moditied Hugoniot jump
conclitions are derived whirh charactenize the cuevature offect. They ox
press the conservation laws and are not sensitive to the detaled reaction
dyvnamics but instend depend Luly on the reaction zone width, and averages

of pressure and of mass, momentun and energy densities.

INTRODUCTION

I'he reaction zone o3 a detonation wave 18 very
stnall compared to the hydeodynaane length seals for
a tvpreal appheation, Consequently, o 15 tnpracty
cal e numercal calenlations to regolve the reacnion
sone Incontrast to a shock wave, simall changes
the hvinunies of the reaction zone wflect the detonn
tion Shock Hugoniot while the large energy reoease
las a agmticant effect on the subsequent tlow. flere,
wee loens on oieder andimg the detonation pnp oon
ditroms an i necessaey alep to incorporating, the cor
tect detananion dvmanies into hydeodynamie calen
Latens mowhich one cannot aflord te eesolve the re
Scbion cone

Detonation waves may be modeled nsing, the
In planar geotetey, wath
cne reversthle exotherie renction ths leads o

teactive Fuler equations

a laree vlass of yeaction rdes (o the Sel’dovich
vonr Neumann Doeting (4280 model’ v whn e o
detemation wave cotaands of azero wallth shock wane

followed by an extended reaction zone. Lhe ZND
model predicts that the state hehind o steady et

cnation wave 8 determined by the strong, hrowch of
the detonation shock Hugonod equation: imdepen

dent of the renction rate or the reaction sone wildth

Moreover, there s a unique Chapman Jonguesr o 1)
wave with the nununum detonation selocy ol
sanie state behmd the detonanion feont that copre

spotnds Lo an nderdriven detonation Fuethenmeore,
the reactive tlow equntions deternune the e
sone dynamies and with soflicient resolutea
non steady planar Hows with detonation wane oo
he .'ll'l'llr.'lll'l_v l'()ll\p\lll‘ll.

More compheated sdeconation dyname than
predicted by the ZND adel arise when other Teneth
wales are preseat. For o example, when the ok
width i comparable to the reaction zone leneele the
wate bechid the detonatia tront ean hie o the wealk
L b ol the detamation shodck Hugomor - o ek
wielthmay bove acphysical oo or s e oo
jeal unfact due to anitical viscosyon athe



<ip- e quechamseas arodueed by Shock praeing
v rirhans
In e than cne spatial dinenseen, lena
tionowaves aee Subgect ro oan instability mvolving
Honsverse waves within the reactien zone L
vl eenon has been ohserved expernnentally 1oee
g Hef. 1 chpt TV a hinear malvsis of the reae-
tive Euder equations ~iows this instabilny? 3, s e
4lso has been stielied in numerseal ealenfations with
v well resolved rontion zone 7 Both the expert-
tents amd the stmulanions show tha the amplitnde
b e imstabality saturates On o seale large cogn-
peatend 1o hoth the width of the reacrion cone and the
wivebugth of the wmstabuhity, the detonation lront
i well ddefined. Moreover, lieterogeticous explosives
Iave an additional length seale set by the grain size
fn offert, a reacton rate used ma aumerical model
e only account for the instabilities and the inhome-
wetpeites i an average sense and thas s phenomeno-
Lagedd By neglectmg the mstability, the simplified
el of the detonation wave dy nannes allows one 1o
thentify the relevant parameters deseribing the prop-
agarion of the sdetonanion waves, However, the effec-
tive rate law cannet be sunply related to the kineties
of the underlymg chemieal reaction and must be Je-
duieed feom wave propagation data Cuantities wineh
are sensitve ta the detuls of the prenomenological
minlel, such as the Gindure diameter, are not captured
Ly the sumplified tlow equanons.

For many applications, burn models are used
to vond the computatonal expense of resolving the
~tall spatial and tine seale within the reaction zone.
Sinelar to a shock captaring algortthm, icburn model
v a detonation wave an artificial width whaeh
Foa o good wodel as i few cells. With ernde reso-
Itien, even well designed and physically morivined
cate cquations will aa best deteriorate to such eaptur-
g algorthms Fuethermore, momualti-dimensional
~tttthations great caee must be taken ta avord hav
g, the effective reaction ete introduce an artificial
tran aerse instabilines on the seale of the miesh. Ty
toally this smeothiong w achieved with satlicient uu
te ek dissipation

Poyrunmed burn s a particularly sunpde
te-del e whieh s detonation wave i propagated in
tantple spatial dimensions using & Huyvgens wae
ot with the planar CJ detonation veleens
Hathet than explicnly teacking the wave, beband the
wove Leont the eqpuation of state i switched from the
teactant to the rov ton produets Fhe conerrent
cuetey pelease e vaes the pressure and drives 1he
wave  One gumeneal itliendte with this el s
that the reac e tont and the hydrody nanme from
oy wrparate be arse they are aot calenlated oY
coteastenthy o Swehoov medel learly ot adegoare
Lo e ndiiven dete satien waves and as we wall b
cnee clies et sty deserthe mmlor doenaennld
sl

Aot stk expeniment preaades 0o 2ead s
anple o L angertant mubn imenseonal Sl 0
propaciting iclonihon wines that s nal 1 Ll |
for i the 28D model or programmed bare Tu o
rate ek the <teady stade conststs of aenarve e
nation wine propagiating U a veloeiry lower than the
mininum platiar CFdetonation veloeiry The chooge
i the detonarun velocriy s cinsed by the ter e
non withan the reaction zone betweey the geciperne
sottree term {ue 1o the curvature of the etonatiom
front and the souree term for enerey release o
the chemieal reaction. An analysis of aocurvet b
vnation wave simws that the detonation veloos -
an underdriven -Iivc.-rH.inﬁ wave (5 a function of the
mean front curvature.™ 7 Fo tiest order the ol
is proportional to the product of the reactya 7one
width and the front curvature, The Pact that ydern
onation wave fails to propagate when this rano s
stll small enphasizes the importance of the carva-
tnre #fect. In addinon to the curvature effecr, the
(alure radins also depends on 2-D ansrabalites el
mhonogenerties in the explosive.

For munenieal ealeulations, buen mondels e
unportant for both imtiation and propagaton o det
onation waves  Here we focus entirely on wivve propa
gatwon. In this case, the burn model plays arole sin
lar to artficial viseosity for non-reactive shock waves
It gives the detonation wave an atficial thickness
determuned by the cell size rather than the [hys
eal length scale of the reaction zone. Because A ihe
artificial reaction zone width, one expects earyatiee
effects in numenieal sunulations. However, the ornifi
cial curvature eoffect may hive the wrong tunereedal
form and w quantitatively inaceurate Sinee te nu
mereal width of the detonation front s properional
to the eoll size, the artaficial enrvature offecr o
catuse of mesh size and mesh orwentation dependens e
of the results of numenical computations

An exanple of this rommon numencal cdeon s
ween i the calealation of a riate stick experinent
Hef 10 usmg a buen model wamlar to Fogest | e ©!
I'he steady state detonation veloety o a e teen
of tube rhins appronches the experimental e s
finer meshes are used, Rel' 10, Fig 7 e ey ned
from theory, the detanation veloeaity inereases v the
reaction zone Wilth deceeases with asiafler e e
A very fine taesh, i thas case 005 mn, e oo,
obtam good agreement with the experanent Lar
thermore, sulliveent resolntion wan not avalabde 1o
verdy comveryence with mesh resobition AU e o
preae ol vees Jugh resolution, the model will 10 clue
the reactionr 2ote awed then the computaten ol
converee to the curvatnee «let wineh corre ot
ter the reaction rnte wsed e the somulation

\u mmproved veraon of  pregranne o o
whoh acoonnt bor the cnpsatonre effect oy gy ey
divven shnvermg detonatem wave ¢ knesn v bt
aaton Sheck dvamies PPV 0 can e el
aane, o Hoveens hike constinetiem e wha bole
b wave speed sca b ion o froat et o




vhhnon, the <tate belind the detonation wave s
Yot oo sl esrvatiure and s determined by ntesr
the tho st steady ODES for the detonatom w e
e Phe algorithm depends on the decong line
Lo e prepeagateon ieom the fow belund This -
eeperty oy of i underdnven detonanon wave il
o poant wathn the eeaenion
st Thos the bvaration shock Ay names e
cthen s honted v agpting noderdriven divereing,
detc e waves el s not appropriate for either
averdrven detonat o waves or converging, Jdetona-
tion waves. Care must he taken to set the state be
bl the front o such o way that the hydrodynanue
fromt anel reactive "ront o the detonation wave prope-
agtte m lock-stepe s may entail small violatons
of the the conservation eguations.

IS 4 e e o

The from tracking algorithm'™ s a8 method
which s capable ol accounting for the dynames of
both an wiederdriven and o strong detonation wae
without resolving the reaction zone.  The anals e
helavior of a propagating detonation wave is charae
terized by the curvatare dependent detanation wave
cueve ' For acgiven rate law the wave curve can be
cbitaied by inteeranng the gt steady ODES Tor
the detomation wave profile In conteast to the planar
ciase for acurved detonation front the wiave curve e
pends on the reaction zone dynamies Consequentiy,
there are corrections 1o the Hugomot jump relatons
proportioual to the Tront curviture  Fhe curvature
corrections on the Hugomaot jump conditions uaply
that the flux mand ont of a shaep front would not
becaual  \ resalved reaction 2zone ean accommodate
this Hux dilference either by aceunmlating the con
rved quantities within s volunie or by equalizing,
the mtegrated flux by a correspondiug differenie
the front and back surface area Beeause the cura
ture changes <lowly the elfect on overall conservintion
v el and bessomgoortant than getting, the frong s
AR orrel

In this papeer we determine the modified puap
vhations umder the assumption that the roaction
sore s st steady The correction terms are joo
porticnal b the product of the front curvatuee el
ternes unvolving m few volume averaged quantite,
within the reaction zone Using these quantitye, as
el parunetem, the curvature dependene:
the wave vurve may be determined by - olvine ol
b seprations rather than «olving QDU Lo e
wave proble  Uang the elevant mtegral quantite
captiress the ot physiead etlects whnle oo
my, the veertante s mherent meoa detaled peactpn
e el

PLANAR DETONATIONS

Planar deronatiom waves oy be o el 20 e
oo powetive Daler equations whieh repeesent 14 e cog
servattar ol Foss, aeomentum and cnersy A R oarth
copatien s ribos tie progress of the henne e

1 n trhine piovee ot the pesenon 2one T vy
teon Uorm the quations are

" + Gt <) i

(T {pu” hl‘)r =), <

ipdy, (& PV =0 ra

e\ + puld), o R Vs

where g, Foand POVOE N are the thaed sy
pacrele velocny, apecdic imternal eterey ithetml «
chemueal) sl pressure, Vo= 1/p s the specili vl
nwme, & = fu’ + F s the specific total enerey. A~ the
s fraction ol the reaction products and Rit 5\
in the specifiec reaction rate.

[he state belind A stewdy <tate detonation
wave 1xdetermined by the Hugomot yump relateens
.’!lllll - I”' =, n

Hptw 1) M -0y

Dptw - Oy (how -0V PUY S

wheee J(f] < fo - fi 18 the jump across the detonac
tion wave trom the ahead state (N -y tohe Lehind
state (X . 1), denoted by the subserpts 0 el |
rl-\lu'l‘ll\.'l‘l_v It follows that the detonanen seloeaty
1) 15 wiven by

L dN?

wlen uy - 1)

ll'[ - l'p,/(‘q \;' (Y]

For o given ahead state, these aleebr, i vqua
tions have a one parameter Banuly of <olution. The
C'J state corresponds 1o the mimimmm detonatien e
loeaty  The solutions with 22 - Py are called oy,
detonations and those with 72« Py weak bitona
trions In the ZND model, the strong brane b e
sponds tooverdeven detonation waves and tie weeak
Leanch represents mphysical solutions

Lhe wave curve formed by the ninon of aone
detonations plus the composite waves o o
A U detonation followed by a rarelaction oo Lol
wanve can be wued o define the dypamn s vy
Aaate o cdetonation wave usig the foont e ke,
methoal ' Pl repeesents a aell copnastont v ten
sion of prowpammed haen that ecapplu abde voobeal
uelerdeny en and overdriven detopanon wae . 1w
ever b correspoteda to the Tinmt of an imbote o
e vate ar zera width reaction zone
the curvature effect 1y abent
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FIGURE 1. Thelocusin the 2V plane of detonation
wave final states. Converging ard diverging geometry are
represented by the wolid lines. he dotted line is the pla-
nar case. he Raylewh line through the planar € state
is shown as a dashed hine. Planar €1 state is shown with
open circle and underdnven diverging wave with solid
cirele Vhe tmtial state s P =1 and V' =1,

CURVED DETONATION WAVE CURVE

In conirast (o a phnar detonation wave, n non-
reto reaction zone width has an important effect on
the dynmes of a curved detonation wave, In order
1o madef the reaction 2one we introduce the natn.
ral conrdinate frame formed by the detonation front
aned the stream lines. Within a local stream tube,
the reachive Faler equations reduce to the reactive
duet equations

(pAhy b (pu), =0, ()
(phmye 4 (p Ay PV]Y P00 ()
p A, e VD, -0 (1
(p4N) + (p.tud), cpAR L

1 he rross sectionad aren of the stream tube s\,
the coordiaate in the stream dicection s 2 and the

streatn veloety iwu, In the ot that the diameter of

the <tream tube shrnks to zero, the only geometne
term that the reaction zone dynamaes depends onoan
the mean tront convatnre, & (dA/dr)7 A

AV hens thie apatad and time seales of the eae
tior zome are snaalter than thosxe of the hydeadynanne
How au the reactien prochueta, acdetouation wave «an
b approxaimated voquast steady with the reaction
s equihibeatiny, ahihateally to changes e the
How behnad the wave  The quase steady appoosans
fret teduees the ot of PDEs Faw (0 12 100
antem of ODEFs whnch represent the generalizatom
b the phvnar eguatioms tor the pscien 2one prehle

to el le the curvanure offect to leading oo e o thie
produce of the reaction zone width and the cuevature
ol the front,

For oo wiven &, these ODEs can be psed 10 -
ternone ihe quasi-steady detonation waes. Lol
luatrate the curvature etfect, g, | shows the loens
of final states 1 the PV plane of quasi-stemdy -
oniation waves for the simple example caleulated i
Ret. 16, The planar case corresponds to the standard
detonation shock Hugoniot which is Jdeteereiied on
tirely from the equation of state by the nsual jump
conditions Fis. (5 7). As a consequence of the non-
zero reaction zone width, neither a converzing nor
diverging detonation wave satisty the standard jamp
conditions.  Moreover, there 18 a qualitative ditler-
ence betwee the detonation locus for the converging
and divergiug case. The diverging detonation locus
has an isolated point which corresponds to an un.
derdriven detonation wave. This is a consequence of
the structure of the ODEs becace only the diverging
cawe has a eritical point within the physieal region,
0 < A< L. Converging geometry forces a detonation
into the overdriven regime.

The ulderdriven diverging Jetonation wave 1y
determined by solving an egreivalue like problem for
the separatrix, the trajectory through the critical
point, by using a sheoting algorithm ' This leads
to a sonic point within the reaction zone. As 4 eon
sequence, an underdriven Jdetonation wiave deconples
from the flow behind. ‘This is the basis for detonanion
shoek dynamics.® It uses the relation between the
detonation veloeity and the front curvature. /J(n),
to propugate an underariven detonation wine  For
the same exaunple as i Fig, 1, the munimnm Jetona
tion velocity aw a function of curvature s ~hown
g, 2. Increasing curvature deerepses the devonanion
velocity in diverging geometry while mereasiig it an
converging geometry, Phough the minmuo detana
tion velocaity Joms up continuously hetween the oy
verang and convering case, using detonation shock
<|y||;un|(‘.1 In ronverging geoinetry woull cae nn
meriweal problems sinee acoustic waves fronn belund
the detonation would canse the reswetive fromt and the
hydrady namie front to separate i a sl tanner
to what oreurs with progeunmed burn

From the results in Figs ) oand 2 whieh e
been derved from the reactive Fuler equation. s
clear that the Hugomot jump conditions, Fos o0 0)
are uot zatislied for o corved detonation wave with
non zero width, o particalar, the state belimd the
underdriven detonation wave hies above the 1ohagh
Bine i the 17UV diagram of Fog 10 Baeed thi
Fa. (9 would imply that the detonation vy e
fngher than the planar C1 veloeity N
Laig, 2 hows that aloas lower

1t Il"-'\

he Jbvonnues of the detonation e 0l
fected by the iieraciion of the gerotietre song e oy
with the rate of chemneal enetgy release T o
be e by comparigg the locus of the <one ot
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FIGURE 2. ['he nnderdriven detonation wave speed

versus curvature,
cises are shown.

Both the converging and diverging

of underdriven diverging waves in the P2 V' plane
partametnized by the curvature with the locus of pla-
nar CJ states coreesponding to a partially burned
Hugoniot patametnized by A From Fig. 3 it s clear
that the family of partially burned planar €'J states
14 a bad approximation for the sonic atates in an
underdriven diverging detonation wiave even though
they too can be cliaracterized by their value of A
Unlike the planar detonation Hugoniot which s de
ternuned from the equation of state alone, the cnrved
detonation Hugomot depends on some aspects of the
renction dy natnies and can not be derived solely from
the equation of state  This shows that the introdue.
tion of A new length seale, even (if small compared
to the mesh size, can significantly modify the large
NI'.'IlI‘ ”1 "W
In a tracking abyorithin the question arises
whether the end state of an wnderdoven detouation
should be the some pont or the Tully bhurned state
Pivure 3 shows that the loer of sonie pomts and
es for the underdriven diverging detonation Al
et overlap However, the end staten ars displaced
lo lower pressures an cian be seen from the itferenee
e the ened pomts of the two lines. Phe end pomnts
coreespoid to the saane front curvature

MODIFIED JUNMDP CONDITIONS

Lhe cueved detonation shock Hugomot mast e

veenstine Lo the uneertaamties i the reaction ente af

it to be weeful tor propaganng detonntion wives
Here we e the conservation laws to denive pump
cotdhitones that acconnt for the width of the detona
tow wave and wse only integral qpantities wathim tne
e o Zone Wy deternuming, these integral quann
Hes capireally Trong wane propagation sxpeonents

25

i1 1T 1
20 —~ -
15 -]
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10 ‘ -
5 A
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\%
FIGURE 3. Compurison of the loci of underdriven

diverging detonation waves and partially buran planar
detonation waves. Diverging waves are parametiized by
front curvature and planar waves by burn [raction. Dot-
ted line 18 locus of partially burnt some points. Dashed
line is Rayleigh line through planar '] state. Solud hine
is locus of sonic points of diverging detonations. The eir.
cles define the locus of states at the end of the reaction
Jone,

we expect to capture the important wave properties
in v manner that s insensitive to the detaled reae
tion dynamies.

Suppose the detonation wave speed s lowly
varying in tune and that the reaction zone o guasi
steady. This motivates the assumption that to lead
g order (1) can be neglecued, and the stave van
ables depend on £ - Dt Under these assumption, -
tegeating Bqs. (9 11) through the reaction zone from
ro (the end of the reacnion) to g (the anbarned
« te) leads to the equations for miass, inomentum
and energy tluxes through the reaction sone'”

JAp(u -] e {pyD Ay 0018

Hputu I e AP awe((pa) D ()0 0 b h
Tptw  INE 4 Wl pauw(pSYDA, 0l

£ the renction zone lenvth, aned

the average quantthies within the renction zone ae
defined by

* m tl’.‘n x® / " Vilr P
(ﬁ‘u'Au / Addr pu

LN}

() W = / A1

where w - r

() 4y / Ade



In denving these couatiens we have nsed the appros-
Huation
A eV = wox constant

Previousiy, we had approxunated the integrals
s e average of the end points’ which s o quivalent
to e teapezoidal enle. For example, the mass i the
peinction Zone 15 alven by

/ J.rp.\ = ':-"I'-'-\'i +P|-'ll)" [l +_()(",'.')] .

However, the coeflicient of the error s proportional
to Wl pfdr? Since the end points plra) and pory)
are almost constant. the shape of the profile canses
Fpfde? to erease as wogets small. Tns, the ap-
proximation does not give the leading order corree-
tion to the jump conditions,

Suppose the average densities are known. Then
we can express the Huxes throngh the reaction zone
by the following modilied jump equations

J [p( n-- “)]

wielpyQiy - DY+ ()] . (1R

Ipugn 1) + P
wRwlpyg (g - DY+ P R (pu)D - ()] . (17)

HpEin - 1) +ul] -
SR [ &

M+ + (pYD) ., (18)
where we have uses the approximation
I TR -~ ll'll."/ll.l' =nu g .

Fhe right hand side of the lux equations 18
propartional 1o the dimensionless quantity s which
in positive for o diverging wave and negative for a
converging, wave  For wwe = (0, they reduce to the
planar punp conditions, Egqe, (5 7). 'he modified
Jap equations sse the siame approximation and are
vlid to the same order as the quasi-steady ODEs
for the reaction zone profile discussed i the previ
can section Equations (16 1R) represent the leading
apder correctiom to the Hugoniot Jump relations that
accannts for the mteraction hetween the geonetrie
wiree tertns from the front cuevature and the rare
it which chenncal energy i released  For ow fiaed
le-mt curvatire g, as the reaction rate imereases 1he
teantion zone lenagth decreases  Consequentls the
cotteshion teris to the punp relations decrease il
e e the curvature etfect dimpishes, Tn a nmnen
calsimulation with acapturing algorthim, deereasing
the coll size has the same offect

Lhe coreectieon tenms have a physiesl imterpre
tationn Phe fivst term o the oglt hand ale o
e (16 1Y vomiects the outgonny, mtegrated Hus for
the change 1w orone wottonal area of the atteam tabae
threngh the peaction sone The term proportienal *o

L Fop 01T pepresents o transverse neene st
transfer witlhim the reaction zone he terie pe por
vional ta the pecduer o the detonation veloeny
the wverage Jdensities represent the erease o the
tatal of the conserved quantines within the peaction
2o as the rds of curviaure of the frone and henee
the volume of the reaction zone increases. Tloough
the sum of these corrections s frame ndependent,
their pelative magnitudes are not. For o rate stick, n
is natural to use the frame in which the reaction zone
is stationary  In thiy case. the wave speed vanmishes
and the conserved (quantiies within the reacron zone
are fime independent. For an expanding detonanon
wave the natutzl frame is the one in which the onem
'~ at rest, Io ts frame the increase of the reaenon
zune volume 15 a significant term.

T'he modified jump relations depend o tive
parameters: the reaction zone width and the vol-
ume averages over the reaction 2one of the prossure
and of the mass, momentam and eneegy densities.
Once these parameters have heen determined exper.
imentally s a function of wave strength, the curva-
ture effect can be determined by solving aleebraie
wiquations. Rather than requinng a detailed undes-
standing of the reaction zone dyonamics this proce-
Jdure would use a small number of integral quanti-
tiew. [t therefore provides the framework for asimple
phenomenological deseription of wave propagation of
curved detonations

We have checked the plausibility of this wlea
with the sitnple model explosive used  the presious
section as follows:

I The reaction zone length and the average den
sitien are calenlated for a planar detonanon;

2. For agiven x the qu si-steady ODEs are solved
to determune the end state of the detonation
shock Hugomot;

J T'he modified juap conditions are tested using
the eud states from (2) and the mtegeal quan
tites from (1) with the corresponding Jdetona
tion veloenry.

Uhe results of this test are shownm Frg §Fand
tor the diverging and converging cases respectively
\s o dhimensionless ineasure of the erear we e the
eft haod sidey  (rght hand sided] of Fags ot 1w
divided by the lux into the detonation feont 1oan
the figures we see that the sreor s COfeane ) nnnld
hited by mmmenieal roundofl eetors Beeapae the
quant siendy approsination s only salid G fieg or
der i w1t g conastent. with the avenrwey o e
pperoxamation to ouse the solume averages ol aneed
trom the planar wave for small values of a0 Ty ellen
thas hows that the curved detanation wave an Le
deternnped as a pertichatn o m of the planar detona
ton wave with the cue detonation apeed
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FIGURE 4. Frror of mudikied jump conditions for

diverging waves.  ~olid, dashed and dotted lines are
nmass, momentum and energy Hux respectively, ek
and thin hnes correspond to detonation velocities of ap-
proximately ¢ 5 and 200+ respectively.

SUMMARY

In urder for a4 sunulation of the reactive flow
cquations to predict the behavior of an explosive,
nwnerical algorithm must aceurately propagate det-
onation waves, As with a non-reactive material the
Jdonunant wave behavior of an explosive s deter-
nined by its equation of state. However, i con-
trast to a shock wave, the width of a detonation wayve
ot be negleeted. This gives rige to a significant
correction to the propagation of a detonation wave
hnown as the curvinure effect. The numerical width
of a detopation wave moeopturing algorithms wives
rise tao an artificial curvature effect. which resufis in
amesh dependenee of numerieal simulations.

Analysis of the dynanies of the reaction zone
hias led to an anderstanaing that the curvatore offeer
15 due to the inweraction between geometrie souree
terms fromn the curvature of the detonation feont il
the rate at which energy 18 released by the chenn
cal reaction ™ ? Underdriven detonation waves e
conple from the flow behind and the wiave front
can be coreeetly propagated with detonntion shock
Dnannes Y Hlowever, the state behind the fron
st be carefnlly chosen such that the reactive front
ma the hyvdrodyuamie front are propaged consis
tently

We are studvinyg auntlied approach that —an
B vmedd witlhy a ot tracking, algontiom to prop
wate hoth widerdeiven and overdriven detonation
wives: Phesab gred stroeiace Creaction zone dyvnam
) needed vo preapaate adetonation wave can e
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FIGURE s. Frror ol modified jump condivons for

converging waves.  Solid, dashed and Jdocted lines are
mass, momentum and energy Hux recnectively, ek
and thin lines correspond to detouation velocities of ap-
proximately 1.y and 2. respectiveiv.

characterized analytically by the curvature depen-
deat detonation shock Hugoniot. Given an equation
of state and a reaction rate law, the curved doto-
nation shock Hugonot can be deternuned by ate
gratng the ODFEs for the quasi-steady reaction 2one
- rolile,

Namerical caleulations use effective rate Laws
which averages over complicated and frequently i
completely nnderstood chemistry, and over lengrh
seales associted with material heterogencities aned
trinsverse wave stabilities. At present, o s uon
possible 1o derive an averaged renction rate Irom -
croscopie chemieal data Tt as therefore necessary to
ase macroscopie data, sueh aw a Pop Plot or the fron
curveture and detonation velocity oo rate stick.
ot ler to emypineally detenine the effeetive rate faw
Heeanse of the diflienlty of determiming, the fune
tional forpn of arate law, we have identified tegral
quantities which completely determine the coarvature
effect on wave propagation.

Caonstramts on the curvaturee etfeet from the
conservintion laws can be expressed  as meehibed
Hugomot jump eelations. The reaction zone v
s enters e jump eelations only through the reae
tou zone wiedth el average vahies of pressaee and of
the mass, momentmm and energy densities At Leas
for o ample rade Law and equation of <tate we have
“hown that the corved devonaterm shock Thigeonie
e b abaned from Che moditied pump o ondioons
A perturbotion of i planar detonation
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