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SHARP SHOCK MODEL FOR PROPAGATING DETONATION WAVES

Divee BUKIET aud Ralph MENIKOFF

Lo~ Alamos National Laboratory, Theoreticai Division. Los Alamos. New Mexieo ~To44

Recent analyses of the reactive Euler equations have led to an understanding of the effect of cgsiee oy
an aelerdnven deronation wave  This advanee can be incorporated wto an improved sharp shoek moded for

Propagating detonation waves inhydrodynanse caleulations. We illustrate the model with rwe sanpie exan
pes timeadependent propagation of a diverging detonation wave in 1 D. and the steady 2D propaearnon of

4leronation wave ina rate snick. Ineorporating this model mto a2 D front traching code 1+ disen waed

I INTRODUCTION

In numenical sunnlations of most explosive appli-
cations it s inprisctical to resolve the reaction zone
of a detonanon wave A Sharp shock model or peo-
gramned burn, i wluch an qmderdriven detonc tion 13
simply propagated with the CJ detonation veloeity, 15
often usedd his simple model s useful but neglects
an tmportant property of detonaton waves  Naunely,
the velocuy of adhiveraing Jdetonation wave and the
pressige beliued the front are lower than the corre
ponding vadves for a planar CJ detonntion wave

Revent vpalyses!

" of the teactive Fuler equa
ot v e ged tao an atderstanding of the correction
serms fon the wane speed and ate vacabies hehind
“heowave cansed by the oarvature af tpe detonation
ront Lhese adsnnees iy be icorporated mto an
anpicved sharp shock model which accounts for frone
avature whea noprgating a detonation wave  That
il susttng anderdnyven detonation was es decouple
o e low beelind v the basis for programmed burn
tad the anproved pusdel, detonation sheek dvoamies ©
[ he shiarp shoek modes 8 weil suited 0 a front tiack
S cente anee i mxplioithy ndhes nte secennt the dgs
rtieaty ol the vaniabies across a wive Front rinek
ng has the advantage that ot can Aceonant for woves
o ehitied s atehig up to and strengthemng *he et
b wave  This oo i the coerdninen - ase aned

poprant for cony et detone ton Winves

~

2. THE THEORY OF DIVERGING DETONATIONS
An awymprotie analysis of a diverging detona

tion wave! -4

in an explosive deseribed by the rene
tuve Euler equations.” shows that when the reaction
sone length iy small compared to the rnding of carva.
rure of the front, then to leading order the reaction
sone 1» quast-steady and may be meodeled by nosystem
of ODEas. The How 1 the reaction zone of an under
dnven detonation wave 18 transote. The profile of rhe
reaction zone 18 determined by the trajectory of the
ODEs through & critical saddle pomnt.' ** This s the
natural analog of & planar CJ detonation to divering
weometry In perticular, this analyas deternnes the
detonation velooity Dix) aned the state vaniables at
the end of the reaction zone an a funcuon of the mean
curvature of the detonation front a

For a reaction rate of the form

n - (1 W) fistate vaniablesy I - [ o
"o r-r

where \ n the reaction progress sapable with v 0
corresponding to r=actants nid V1 to reaction peod
uete, Iawcthe temperatare with Iorhe rempegatae
helow whieh the reaction rate s tahen vo be o anad @
18 the order of the penction, the ending order cansa
tate cottes Non to the doronation veloors has e tonm

Dy apa laghier order e 01

| I D,
Doy an" v o o

Y :l|Al||R s hat o 1 !

where [0 ax the plaia CJ detonntion selooty id

the a s are constants PParts of these teanit s sege

fonnd independently 1w lones U Seewaer e el



and Damamme.? The lras ing order vorrections to
pressure, velocity, and density are found 1o have rhe
~ame form as the defonation wave speed correcerion.
For a general equation of state (EQS) and rate
law, the system of ODEs has 1o be solved nnmen
cally by way of & shooung algorithm. When & iv anf
rciently small at the critical pomnr v = | and the
end of the reaction zone may be approxunated by the
~oniic point. Other numerical caleulations with this
svitem of ODEs show that above a enitieal curvature
~ > Ko there 18 no tragectory passing throngh the enir
il somie point. This corresponds te. the falure of a

~teady detonation wave 1o propagate, see ref

3. APPLICATIONS OF SHARP SHOCK MODEL

[n the sharp shock maodel the reartion rone 1y not
resolved and the detonation wave 13 treated as A dis-
continuity. The theory in see. 2 1 effect determines
the jump conditions for an underdniven diverging et
onation wave. We have applied the sharp shock model
to two examples. In the first example n sphenically
expanding detonation wave i calculated using the
Random Choice Methoad (RCM )" 'Y Thas ustrates
how numencal methoda which use Riemann solvers
for Hows with shocks may be adapted for detonanon
waves uming the wave curve determined from the the
ory of the previous section  In the seeend =xample
the strady state detonation wave in a rate stick ex
veniment e caleulated by solving an ODE. This illus-
'intes how a 2 D detonauon wave in propagated using
the wave speed at rach point (romn the local curvature
of the front. The procedures in these examples form
the hasin for incorporating the sharp shock model in a
e dependent 2-D numerical algonthin «uch as from
racking

31 Spheneally Diverging Detonation Wave

It Lina been shown'® that ROM used for 1D el
Jdvnamicn can be adapted for caleuiations with diverg
‘g detonation waves  In RCM the state vanables of a
Hind are represented an piecewine constant over & gred
hlowk At each e step, the wases hetween adjncent
“rile are resolved by solving & irmanng prohlem The

clution to the iemann probdens s detergnned from

the panr of wave corves wirth maral ~tares from ala
cent eeils. Thas Riemanu solution s ssed oot
g the stares ro the nexr nme step Soater terms
due to geariett v are taken o acconn? by operator
splitring Y I rhos evind ) Shoek winves are [NRTUNTE!
teetly sherp with no ~mearing,

The ROM van be ased for any diseontimnons wie e
if the wive curve can be specified. Tle sharp <hock
mnde] s the speaitication of a wave rueve for adeto
nation wave: the detonaton veloeity and the cvare
the end of the reaction zone For an nnderdrren e
nnation only one pomt on the wave curve s neededd
[lius s the annlog of the planne CJ detonanon How
over,n diverging geometry the wive curve depe ods on
the radins (front curvature) as well as the miaal state

lus method hins heen used oo model an expen
ment performed by Venable at the Los Aliunos PHER
MEX facmlity in which a spheneally divering deto
nation in Comp-B was radiographied  This provides
data for the density profile of the Tavlor wave helond
the detonation.!Y Caleulations of this experiment e
heen deseribed ! uang wave carves deternuned by e
theory 1 see 2 Each calenlation corresponded +na
mondel for the explosve consisting of a HONM FOS
an Arvhemus oate lnw with a differen order of rea
tion Because of the exponentinl vl of the teaction
with this rate law. the end of the retion sone wis
taken ta correspond to the <onie pont - Fhe srare w
the end of the teaction sone o finetion of & was e
to the form shown i equation 20\ companison of
denuity profiles for numencal sxpetusents and tadin
g1 aphic data are shown n Fig 1 along wirl the com
puted planar result VoA neteases, the Jhape of =he
denmty protile more dosely appoovimetes the dnta

The uneertaimty of the onve wad senaitivary ot the
theory suggests that the wave cugve for an andes
dinven doverging detonntion be detepmmed eggane e
Phin v especinlly nnporrant tes Beteingepeans expin
aves becanse hot spots due toanloanogenstes oo
the 1ate lnw giving tise 'o Lge e ertamtie.

12 Modehing the Hate Stk Fapernene

\rate <tich s bong oy Treoni o e ot o

e o rvandded by accontineg wandl Lo e ol e
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Fig 1| Calculated and experimental Taylor wave
density profiles for the explosmive Comp-B. The up-
permont curve is the calculated plane wave protfile.
Thus 18 followed by curves representing a spherically
»xpanding Comp-B explosion at a radius of approx-
inntely 6.4 em. The lowest curve s the calculated
protile where 8 = 1/2 followed by profiles in which & =
[.& =7 and 8 = 4, reapecuively. Tlie curved labelled
PHERMEX s the experiuental result.

the radial and axial coordinates, and R the charge
tulins. [l stendy state the detonation front has the
forms Zir.t) = Zo(r) + at where 7 38 the detonation
veloeity 10 the amal dirertion. For a eyhindrically sym-
weteie 2 D surface the sum of the principle curvataren
N

NZ + 10, Z/r )1 +10.2)N
~- U Al P A U t 3
n+@,2)8

I'he axial velocity of & pmnt on the front depends on

alr) =

Yoth the siope 3,2 and the oo al wave speed  This

vads to the equation for the shape of the front
v os DIl v 14 b

Fquatians (31 and (41 are spavalent to a second order
ODE for Zir) It solution depends on the bousdary
cneition at the confining wall

e leading vingulanty at the boundary s the

vave pattern oonsiating of anomeoming shock i rhe

wall
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Fig. 2. Sketch of wave patterns, at houndary:
\. Strongly confined case; B Weakly contined case,

s0lulon AOQe

rarefaction

Fig. 3. Sketch of shork pulars for degenerate diffrac.
tnion node:k A Transmussion aode; B Anomalous re-
Hlection node,

unreacted high sxplosive (HE) overtuking the HE wall
contart and gGving rise to an outgoing transmifted
shoek i the wall. There are 1w enses 1o consider,
see Fig 2. In the ternunology of front reacking'® the
wave pattern: are degenerate diffrnetion nodes. The
strongly confined case corresponds to a transmission
node, no reft<cted wave. The weakly contined case cor
tesponds to an anomalons reflection node, sone shock
with reflected rarefaction Prandtl Mever fan P The
wnve patters: 5 determined by A shock polar analy
siv,see Fig 30 The shoek polars depend on the wave
speedd vl he shoek Hugomiots for the anreacted
HFE anel the widl  The wrterseetion of the <dioek polars
then deternnnes the shock <trength and the caiming
angle # av a function of 0 Finaldly, from the mnss flos

equntion throngh an obhgne shock we find

D0 In

Comer tnd! 1y

]

where v APV v the squaae of the e low

threngh the HE shim k. g 0 the vntind HE deany P



is pressure, and V is specitic volume. L1 the weakly
confined case the detonation wave is determined by
the sonic point on the unreacted HE shock polar.
Because the boundary conditions for the Jdetona-
tion front are the slopes J,Z( R) at the wall from the
shock polar analysis and 3. 2(0) = 0 on rhe axis, the
second order ODE is an eigenvalue problem. Vary-
ing R and solving the eigenvalue problem determines
the diameter effect, i.e., # as a function of R. The ra-
dius at failure Ry is determined by the condition that
x(=Ry) = ra. A solution to the rigenvalue problem
for the detonation front dues not exist for < Ry.
From experimental rate stick data of the axial
detonation velocity and the shape of the detonation
front, D{x) and x. may be empirically Jdetermined us-
ing equations (3) and (4) independent of the need for
assumptions on the EOS of HE reactants or products,
or the reaction rate. Further detmls of this mudel for

the rate stick experiment are presented elsewhere, ' 1?

4+ FRONT TRACKING ALGORITHM

The sharp shock model treats a detonation wave
ns a discontinuity. Consequently, 1t 18 well cunted to
the front tracking algonthm for gas dynanucs.'® ¢
Fronts such as shocks and contacts are superunposed
on a mesh {or the smooth How using double valued
state varables to account for discontinnous waves.
[he states along the front serve as boundary condi-
tiona for the smooth low within connecied intenor
tegions. A front s propagated by solving a Riemann
problem to determine the local wave speed at each
poant - Compared to other numerical algonthnw, front
tracking yields a higher degree of a curacy for a uiven
inenh resolution.

Front tracking is a general algonithm for problems
with discontinutien. The physieal informaton whieh
lracr.bes the subgrel structure needed to propagaee
o discentinuty e found in the wave curve  [teaction
rone analymis, which has bewen prrfnrluﬂl for an un
detdnven detonation, determines the wave curve The
new feature s that the wave curve depepids oo the o
‘Al erurvature s well an the ahend <tate o general

the teaction zone analvais v adso newded Yo s over

dover detonation wave, Tias would then adiow the
front tracking algorithn to he used fi; borl converg
ing and diverging detonanion waves, The anelerlviug
phiysical approximanion that allows the -harp <ok
mode] ra e used i front rracking i~ hat the peeron

ZONE 1S il sleRdy.
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