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BURNING AND DETONATION

Charles A. Forest
Los Alamos National Laboratory

Los Alamos, New Mexico

The effect of cofifincd burning explosive ahuttinC nor,-
burning explosive in a variety of one-dimensional geometric
‘)as been studied by numerical simulation, demonstrating the
effects of confine,;snt, burning rate, and shock sensitivity
The model includes porous hed burning, compressible solids
and gases, shock-indurcd decomposition with pcssihlc transi
tion 10 detonation, and constnnt velocity ignition k VCS.
Two-phase flow, gns relative to soliJ, is not n]]owed.

Bccuusc the shock scnritivity of nn cxp]osivc chnngcs
with explosive density and hrcausr such cxpcrimcntal dnta i
ra]cly availnhlc over n ran~c of densities, a method for th
calculation of the density effect on the initial-shock-
pressurr, dlstnncc-to-dctonnt ion (Kcdgc test) mrasurc of
shock sensitivity is given. “1’hc c:llculntion uscs the inv~lr
l~l’IL-C with density of the shock pnrticlc vclority ns ~1 funl”
ti~n of timL’ tO d~~(’)n:ltioll, :lml the cxpcrirncntnl Lliltil ilt

some high dcnsitym
— — .- —.— .— —.. ._— -.. .— ..-—- —. —- ——.. —-. . ..

IS1’i{(llull”ll(ls hcd itself or in snmc rcxion of cxpllI-
sivc abut to the hurnin~ region in whit-h
nO Ct’Ml\”Ccti\rc bllrll mHy h:l~c OL-C\lrl”CLl :It

011. Hrcausc thr Imrning is modrlcd
srpnratcly f:~m lhc initiation Mcc-h;lnism,
this approncl) is unllul simply “hurninl:
nml dctonntion.”

Spccifirnl]y, the model hus four
distinct fcnturr%: (1) St’p~rilIC k.om
prcssll]]c c(luntions uf stntr nrc Ilscd
for the solid undccuml)oscd CXIIIOSIVV :11111
for the gnsrous prwlucts with prrssuru.
trmprrnturc Cqlll] ihrium ilSSllillL’tl for mix
tllros 01” the twu; (2! t.hc burn ul” cxplt~
sivr tukrs pl:l~.r on the su..f:ll-r 0!’ p;lr
t iclt, s nt.cordin~ 10 n (RI’ll r:ltr nnll 1:.
unlfornlly i~nitcd throu}:hollt or 1:: i}:
nltrd ~ol lowill~ :ln i~nit ion fronl ; [.!)
no gns flow is illlt)h’{’tl rclntivr t{l tllc
S,lll,l, pll,,lllct g:l’il,s rcmnin wllrru lhry
nrc formril ; nnd ( 4 ) shIIL.h i ntlllt rd Jrctlnl
lm~ i t Ion of tllC !+(IIi,l I S :1110k Ctl ii!: :1

muss drcnmpos 1t ion r:ltr prt)t-r+s 11(.~’rlrr
111Ing Ihr sllOL.b.~ inil Inlly f’l)rmrd I:Y 1111’

burn In~ p~)rous I)rd . ‘1’hr modrl s UscLl ~{tr
ench of thr~,c rcnturr:, nml the J Imil$ ol
nl~pli~.nllillty ror CIICII nrr disru~scd
srl!nrntt’ly In the fol lowin}: sr(”tiou~.
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EQUATION OF STATE

The HOM (5) equation of state is
used throughout the calculations with
pressure given as a function of specific
volume (1’), speciiic internal energy (1),
and mass fraction of solid (WJ, P =
H(V,I,IV). Only two phases are allowed,
solid and gas with reacting explo-
sives being represented as some mixture
of undecomposed solid and product gas.
Solids are represented by a Gruncisen
expansion off the shock Hugonior with
temperature calculated by the Walsh and
Christian (6) technique; thus

r5[v5,1s) =r(xs- !,,(v5)l/vs+rl,(r~) (1)

and

where V’. ■ specific volume of solid, Is
= speci?ic internal energy of solid, Ill

specific Ilugoniot er,crgy, Ttl D llu~oniot
tcmpcrnturc, I;or the case of solid only,
\’s = Y, Is = I, andli= 1. Gns produk-ts
arc rC]}rCSCntCLl b)’ il ~Ctn C(lllOtiOn Of
stntr off’ the RN’ (7,R) calculated dct-
onilt ion iscntropc. 1“1)11s,

‘l’}!( \ ,, ,
‘E’ r ‘lP

, ,,.

Whl’1”1’ \’} - Spcc
spec il”iC intern;
sprcil ’i(. cllcr~y
p~(.!;slll.rdll tllc
IICI.;III]l.(* 011 lIIC

I i’ II - T#’,,1,,) ,S!.’s (())

Who:”(’
v - w’:, + (1 Ii)\’x ,7,

1111!1

l-h’],, 4 (1 h’)1
1! ‘

(H)
..

representation of the solid in the HOM
equation of state does allow compaction
and so simulates this important feature
of the porous bed behavior.

POROUS BED BURN

The porous explosive is burned ac-

i
o~ding to the s urface regrcs’jicn rate

Cl) with some Initial surfacc-to-
volume (S/V)O ratio. Thus, dK/dt u
-[s/l’),(lf)L-lcPn, where q is an exponent
dcpcnc!cnt upon the particle gcomctr}.
For sphere-like particles (an)’ partlclc
having an inscribcrl cylinder), q = 1/2,
For planar particles (sheets], q = O.
The Wq term accounts for the chan~c in
surface-~o-volume ratio as the particle
burns, althou~h in t]lc calculations t]lis
term is relatively unimportant hecausc
detonation occurs when W is still close
to 1.0. As a brief dc-:clopmcnt of this
form, expand the mass burn rate dN/Jt ilS

follows:

:dhl/Llt - .!il.. (!))

iind then
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front wave.” In short, in this model
ignition is the onset of rapid burning.

GAS FLCW

No gas flow through the porous bed
is alloh”ecl; the pro.luct gases remain
with the solids from which they were
generated. This assumption is reason-
able for cases in which the ignition is
uniform over tkle porous bed. F,.T the
cases where the ignition front spreads
at constant velocity, the assuml~tion is
somewhat inconsistent because some gas
flow is needed for ignition processes.
Ilowever, if the fraction of mass in-
volved in ignition is small, then in re-
gard to fluid dynamics the gas flow can
bc ignored. Thu inclusion of gas flow
relative to the solid h’ould , of course,
affect principally the initial stages of
burning where there is a small amount of
gas escaping into the pores; at later
times the flow would bc relatively re-
dllccd as the gas fills the pores and as
tllc gns evolution rate excccds the trans-
port rate through the pores. Compaction
of the porous bed, of course, also limits
gas flow,

SII(M:K INDU[:I:D DI:CONI’OS1-I’1ON

shocks wi*h the foilowing fluid dynamics
represented in Lagrange mass-tiine (m,l) .
coordinates defined by

~

x

m- Xo(t)
p(x’,t) dx’

(14)

and (13)
T-t,

where xo(t) is the trajectory of some
mass point. In these coordinates the
fluid flok’ equations arc

LIT ■ -Pm ,

.,
‘T m Urn

and

IT ■ -PVT .

Here the subscripts denote partial dif-
ferentiation, the r dcrivati~:e is the
time derivative at constant mriss. Thus ,
the reaction rate is lfT and occurs in
the time diffcrcntiritiol~ o f the equation
of State

1’ - ll(\’, I;li) , (15)

and

PT - “r~l + ‘lI]T + ll~(l\T .
(16]

lt is surficicnt to dctcrminc 1’1 , \“l ,
and IT for s~lutlon or ~T i th~ Soltltio]l
prouccds then by determining thosr LIc-
rivnt ivcs from diffcrcntint ion of the
prCSSUl”C (]’) iII’Idtht’ l)~rtiC]fJ VClr)L”it~

(II) cIn tll~~ shock line. Lrt m$(l) Ilc the
mtiss position of thr shock. S0 tllilt t?ls-

(lo[l~. “rhCn ,

i“ = dl’(lns(l),~)/dl - Oo[lsl’nl + 1’1 (l-)

nn[l

i’1- dll(nls(l),l)/dl m 00[1%1111,+ [11 . (INI

“1’IIvdcrivut ivcs i“ Jncl ; arc ohtaincd
frnm tllc Pop-plot, Ilukcniol , :Ind shock
jlltlll) cIlll:Illnn,

i’ -- 11!’ d rll’1 - *II’ II
11 rllil “Cll - J- 1~1111 s

n III!

; . (1,)(, I lsll)rl .

}’inlillv. tlloll,

1, - r’ - I’,)ll%l’m ,1

\’., - Iln, - (n + 1;,)/(1),,11s) ,

111)11

(1!1)

(,!())

(:1)

s
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Fig. 2 - Shock particle velocity vs time to detonation showing the in-
variance of the graph h’jth dirfcrcnt densities,

The Srnph run versus P is the esti-
mated Pop plot, Fig. 1. The graph of
run versus tdct is the slouk locus,
Figs. 3 and 4. In the figures, the
solid lines arc calculated usjng the
Up - l:(t) function and }lug~niot from the
highest (higher) density data. The
points nrc wedge test data (12,1S).
Mtc that the Pop plot is constructed,
even nt the rcfcrcncc density, from the
particle velocity function and is not
the rn (run] = a + h fn (P) rclntion
usually used in least-squnrc fits of the
Pop plot.

CAI,(:IJI.ATIONS

I:ivc mndcl cnlculatjons mndc with
the SIN (5] one-dimensional fluid tly-
numi~.s code on VOll 7 systems exnminc
the cfl_cct of surfnco-to-volume rutio in
the poru,ls hcd burn, the chnn~c of shock
scnsitlvlty in the nonhurnlng ndJaccnt
cxplnsivc, and the effect of cylindricu]
convcrgcncc and divcrgenl-c. In l:lx. S
Is shown the Experiment Pop plot 31:J a

culculntcd Pop plot for VtlP 7 nt n lower
dcnslty, using the 1’op plot cst imntion

011
al

, 1 , I # r , Ii , r v 1 f

mn S404MTA
Ip 9 I.ad
Ep .1.72

c (s/cmBl .

/

/,,/’”
,/;,/ .

#f/

La.

#/

IQ

!1
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I = -PVT .
T

(22)

If Pm is unknown, the case of Pm : 0 is
taken. The solution for W. is complete.
In practice, -WT/W .s fit as a fun;tion
of shock pressure.

The shock sensitivity of a solid
explosive is greatly influenced by its
initial density; with lower density the
sensitivity is greater and this change
is apparent from the pop plots, Fig. 1.
This property is often used in the de-
sign of explosive devices to adjust the
sensitivity of explosive components and
it 21s0, in part, give~ reason to the
conce~n to make uniform density charges.
In the case of porous beds in DDT situ-
ations, the initial burn products can
compact the porous bed with nonshock
pressure h’aves. The compacted region
may well vary in density throughout the
region, which gives, correspondingly, a
varying shock sensitivity. The varyinE
sensitivity implies that the sllock-
induced decomposition rate function is
also dependent upon the local preshock
density nt the time that the first shock
passes the point. This observation is
prohlemntic, cspecinlly in numerical
methods where shocks are spread out,
because some distinction nred then bc

II d M04MT4
1,.I.M ‘“-1
R,.1.?l

RTMMm

.-LuuJ.11-l_LuLA_L.LLuM
d am

Fig. I - (::llcullltcd I’ot ~llnls l“nr 1’11S
g404 nn,l l’l~lN. Thr 1 inos nrr rnlcul:lt~(l
frnm dnls fit thr l]l~llrst LIen:;iiy for
Cnch @xpJoslVc.

made between ramp, slow compressive
waves and shock waves.

A brief description of a method to
calculate the Pop-plot change with den-
sity is given here; a more detailed ac-
count is found in Ref. 10. The method
centers on the assumption that shock
particle velocity as a fulction of time
to detonatitin, U

“!
= F(t), is independent

of initial densl y for the wedge test
data. The assumption is based on obser-
vation of data displi~yed in Fig. 2,
whereupon is plotted data for PBX 94c4
at two densities and for PETN at four
tiensities. Also key to the method js
the estimation of the shock Hugoniot
line at a lower density plfrom data at
some higher reference density PI (14).

Let the pressure P bc the independ-
ent vnriable at the shock front. Solve
for V from

P - P}i(v) . (-l(r) , [23]

where

Pll(\’) = Hu~~ni@t pressure at reference

density PI,

:y . r(~l - y-,

G(v) - . ...—

2V - r(v2 - v) ‘

\’~ ■ I/Pl ,

\12 - l/P2 ,

and

Y, = (;riinciscn constnn! . Then

[1
P

M II’(V2 - vjl$ :2.1)

nn~l

Us = v2[P/(\’2 - V!j ,$ ~:’1)

Snlvr time to detonation, t~rt, (Ium

II]) - I’(tdct) . (:5)

I’innlly, n~ter n sllffil-irlll I.<IIIIc t>!”
(1(11.1 , 11s) 1S formed, int CI!l !tt 1’ MI IIIIL’1”

ic;llly

f
‘(let1’1111- Ilsllt .

[1
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03 1.0
The to Wonotbml (#Y)

I 0.0

Fie. 4 - Calculated distance to detonation vs time to detonation for
P1:y\ IJascd on the datn nt p ■ 1,’5.

method mentioned earlier. in Fig. 6 arc
shown the porous bcd hur~ dccompositioil
rntcs and tha Forest I:irc shork-induced
decomposition rntcs. The prohlcm gcom-
ctrles and mnlurial rc~ions arc shown in
!:ig. 7. Prohlcm geometries I nnJ 11 arc
planar; prol~lcm gcomotrics 111 and 11’
are cylindrical, hith the cylindrical
nxis nt the left. Input constants nrc
listed in Ref. 10.

The first two calculations, Figs.
R llnd !), show the chnngc in bchnvior
with u smnll change in (S/V)e in the
porous hcJ burn and utilize problom
geometry 1 (l:i . 7).
prcsrurc h’avc ?rom tl,~~n!i;~;m!j X;II-
ing I)cIJ is sufflcicn!. to Induce a shock
trnnsltion tc dotonntlon in the solid
V(ll’ 7, In I:ig. 9 the prcssurp wnvc is
not sufficient to Jnciuce n Jcconatlon,

The third culcuJation uses problem
gcornctry 11 (l’lg. 10), which Is simllnr
to prohlum Rcomotrv 1 Ilut incl’.llles n
l-cm ?egion of lower Jcnsity VOI’ 7. The
lower denslt’

i
rcglon, II@ = 1.72 R/cm’,

Is more shoe sensltlvc ard has n hlghcr
Shock-llldllce{l docomposit ion rntc, I:IK, (I.
The porous hod hns (S/Vi,, = ?5 cm”’, 1110
snmr (S/V)O thn~ resulted in n fnilurc
to dctonntc In LI13 prcvio.ls prnblcm. 1n
thi,: rnso, howcvor, the Inrrcm%rd rcnc
tioll in tile p, = 1.72 I;orr%t I:lic rrgluu

8.(

1.(

o.
n

1 , , I
-o(no o mo

Fig. 5 - I)istanrc to drtonnfinn us :1
function nf iillll:ll khol”k prcssurr. “111(’
cxprrlmrntnl 1 inc ‘* from 1.0s ,\lnmI~I.
Wellgc trst (Intn (15]. Ihc is, P 1 .-: Iinv
is Cnll.ulatd U5111E tllc 1,, . l.!~l llil[ll.
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I

m- -)

Fig. b - Forest Fire and porous bcd burn
dccomrrosition rates. The two curvms
P~ = l.gl and on = 1.72 arc Forest JirC
rutcs hascd on the Pop plot of l:igm 5.
The norolls hcd burn rates IIT1: tho ini-
tiill-W = 1 rates.

1.11 PI,ASI

Inlmhlrm t;enmrtry I

AIR

I
~l[IMlk[l)I \oP - (1.1111 10II 7 Il.-J) AI. IIHINIIM

,! I’m: ,.m Itl cm
I

I cm : cm
Inrv. t Itrr Parou. Real

IIR AllWlhllM
1 tm : ,-

I’i}:. ; - Prohlcm geomctrlc~ for VOP 7
Imrlling and dctonat!on,

q____

Fig. 8 - SIN calculation for a 1-D plane
in prohlcm geometry I with (S/V)S = 1O(I
cm.

geometry has hccn changed to onc-dimen-
sionul, cylindrictil , problem geometry
111. in Fig. 11 the porous bed has
(s/\’)Q - 75, ugwin the case that fnilcd
in plan:lr geometry, Ilowcver, in this
instnncc, the inward runuing shock pres-
sure is incrcascwl by cylindrical convcr-
~cncc iInd n transition to detonation
occnrs.

“1’hr fifth calculation is also in
cylindrical geometry, prohlam p.eometry
Ivc In 1:1~. 12, the burning region is
at the ccntcr of the cylinder and has
[s/VIB - 100 cm-’. This (S/V)E was suf-
ficient to induce detonation in the
pl[innr C.ISC; I,llt duc to the cylhlricnl
divrrgon~’c or the wnvc, no dctonntion
orcur:;.

In other cnlculationml studies,
this burning to-dctonntion model mild the
two-dlrncnsionnl I,agrangian hydrodynamic
~-ullc 21)1, (16) have hccn used to investl-
~atc the rlctonntlmn of ● solid

[
repel -

lnnt grnin from shocks induced y a burn-
ing porous hcd [17) and to calculate the
hurniufi mild detonation in ● 811-PIYI’N
hotwirc nsscmhly (lR].

7
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,

!mi~._J
a
iiD-11

!
Fig. !l - SIN calculation for a 1-D plane
in problem geometry I with (S/l”)O = 75/cm.

I“lfzm 10 - S1S cnlculnt ion for a l-l)
plnnc in pr0171em Reomctry II with (S/i”).

* 75/cm.

I’ig. 11 - S1S calculation ford ]-n cylinder

in problem gcometr\” 111 with (S/\”)O = ‘j/cr:.

m
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CONCLUSIONS

The model

Forest

calculations indicate that
there is some turning rate in a porous
bed of explosive that is sufficient to
cause shock-induced detonation in an ad-
jacent region of explosive which itself
is not burning. The burning rate neces-
sary to induce the detonation is depend-
ent upon shock sensitivity, geometry, and
confinement . These features are expected
to be important to modeling DDT in porous
beds where initial product gases compact
part of the porous bed, giving a region
of varying shock sensitivity. Also, the
transition from shock to detonation may
he at a distance from the burning region.
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