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BURNING AND DETONATION

Charles A. Forest
Los Alamos National Laboratory
Los Alamos, New Mexico

The effect of confined burning explosive abutting non-
burning explosive in a variety of one-dimensional geometries
has been studied by numerical simulation, demonstrating the
cffects of confinesent, burning ratc, and shock sensitivity.
The model includes porous bed burning, compressible solids
and gases, shock-induced decomposition with pessible transi-
tion to detonation, and constant velocity ignition v ves.
Two-phase flow, gas relative to solid, 13 not allowed.

Beconse the shock sensitivity of an explosive changes
with explosive density and because such experimental data is
rarcly availahle over a range of densities, a method for the
calculation of the density effect on the initial-shock:
pressure, distance-to-detonation (wedge test) measurce of
shock sensitivity is given. The calculation uses the invar-
iance with density of the shock particle velocity as a func-
tion of time to deionation, and the experimental data at

some high density.

S P -

INTRODUCT TON

Some models of the deflagration-to:
detonation transition (DhT) for porons,
solid cxplosives have involved compli-
catad convective combustion models hut
Iavkeo the inclusion of any model of
what is nusunlly called only shock initi-
ation o0 detonation, In these models,
the oconrrence of same rapid pressure
increate to n high pressure by wav of
convecfive combnstion wns taken as suf-
ficient to mark the onset of detonjtion
(1,2, Others have envisioned DIVl to be
marhed b ynitinl convrctlve combustion,
then low-veloclty detenptian (LVD), and
Finally d:tonation (3,4), This study
takes another appronch that employvs n
simple bnralng model but includes o
shuck induced decomposition rate model
derived frow shock initlatlon experi:
ments, whlch allows detonntien to acenr
ns n reactive shockh prowth provess,

This is samewaat slmllar ta the LVD pic
tnre (nlthough heve o rate model is em-
prlayed ta calculate the acceelerating
shock), but is 'n contrast ta the con
vectlve wave pressnre, runaway model .
The shock growth may occeur In the porons

bed itself or in some region of exple-
sive abut to the burning region in which
no convective bhurn may have occurred at
all. Recause the burning is modelaed
separately from the initiation mechanism,
this approach is called simply "burning
and detonatlon.™

Specifically, the model has Tony
distinct featnres: (1) scparate com
pressible equations of state are nsal
for the solid undecomposed exploslve and
for the gascons products wlth pressmre:
temperatore cequllibrinm assumed for mix
tures ol the two; (2! the burn ol expla
sive tnkes place on the sucsface of parv
ticles according to a MM orate and 1
uniformly ignited thronghont or Is ip
nited following an ignition front; (31
no gas flow is allowed relative to the
solld, product gases remain where they
are formed; and (31 shack imduced decom
positlion ol the solid Is wllowed ax 2
mass decomposltion rate process acceler
atlng the shocks initially formed Iy the
burning porons hed, The models nsed lor
each of these feature: and the lImits ol
npplicabillty for ench are disenssed
separately In the following sccetions.
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EQUATIGN OF STATE

The HOM (5) equation of state is
used throughout the calculations with
pressure given as a function of specific
volume (V'), speciiic internal energy (I),
and mass fraction of solid (W), P =
H(V,1,W). 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 Griineisen
expansion off the shock Hugoniot with
temperature calculated by the Walsh and
Christian (6) technique; thus

PoVgalg) =T (1 - 1 (VO)/V + Py(vy) (1)

and
TS(VS,IS)- (IS -IH(VS))/CVS+ T“(Vs) , (2)

where V. = specific volume of solid, lg
- speci?ic internal energy of solid, 1)

specific llugoniot erergy, Tj = lluponiot
temperature.  lor the case of solid only,
Vg =V, I =1, and W = 1. Gas produncts
arce represented by a Beta equation of
state off the BKW (7,8) calculated det-
onsition iscentrope.  Thus,

R Y | = (1 - (v ' (V Y
lg( g g\ ( . I n))/u { g) g)
+ v (3)
aad
(N - - 1.V /e,
PO S A

Ti(vg) ’ (")

where Vo= specific volume of gus, 1, =
specilic internal encrpy of gas, 1) =
specific energy on the isentrope, I’ =
pressure an the isentrope, and T; = tenm-
perature on the isentrope. Fur the case
of pas only, V= 'y 1 = Ig, nmd W o= 1,
Mixture- of gus nnh solid are calenlated
by slmnltincons solution ol the gas aml
solid equat lons for pressure aml temperv-
ature equilibrviwa, assuming ideal parci-
tion of volumes and enerpies., Thus, for
mixtures,

Ps(vs'ls) - P“(Yg,lr) ()
aml

IS(V\.I\) - TH(VF'IH) ’ (0
whoere

v o- WVﬁ « (1 h')\'R ()
nul

1 - WIH L O W)Iﬂ . (R}

Porovas materlnl is snbject to cam
metien mud porous bed campaction has
reen obsercaed In MOT experiments, The

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-

§ordin§ to the surface regres«icn rate

= CPM with some 1nitial surface-to-
volume (5/V)e ratio. Thus, dW/dt =
- (S/V)e (W)ACPM, where q is an exponent
dependent upon the particle geometry,
l'or sphere-like particles (any particle
having an inscribed cylinder), ¢ = 1/2.
For planar particles (sheets), ¢ = 0.
The K9 term accounts for the change in
surface-to-volume ratio as the particle
burns, although in the calculations this
term is relatively unimportant because
detonation occurs when W is still close
to 1.0. As a brief development of this
form, cxpand the mass burn rate JdM/dt as
follows:

dM/dt = - 6.\ (1)
and then

dN/AE = (S /VO (/80 G gVt (7 O o

where 8§ = surface arca, Vo= volume., and
p o= density, The subscript 0 oindivates
the initial values, Note that We=M/M, -
M/ (pnVe) and that (/i) is very close
to 1.0 for the pressure range of burniag.
Thus

di/de - s/t (n

An approxamation Tor the surface arca
term is (8/Sp) = WY, for some .  lhe
motivation for this is shown by conwi,l
ering sphere-like particles; thas, for
seae A,

§ = Ard .

V- AY/3 0, aad (1)
e : YL SN2

(S750 = (/v w v/ e

where 1o radlus ol the inscribad spherve,
Particnlar examples of sphere like par
ticles uve enbes (A = 24), tetrabelera

(A - 20%0, and spheves (A = dr)y. The
treatment of eviimler Pike paaticles i
similar,

lpnition ix simply the micet of
burning in thi:x madel with me weemmt o
lgnition provesses,  PFoar e problew
fpnition is taken ta he cemplete thronen
out the poons bed replon, while o
atacrs burning commence: tollowing the
spead of noconstant velncity "ignitivn
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front wave. In short, in this model
ignition is the onset of rapid burning.

GAS FLOW

No gas flow through the porous bed
is allowed; the product gases remain
with the solids from which they were
generated. This assumption is reason-
able for cases in which the ignition is
uniform over the porous bed. Fnv the
cases where the ignition front spreads
at constant velocity, the assumption is
somewhat inconsistent because some gas
flow is needed for ignition processes.
llowever, if the fraction of mass in-
volved in ignition is small, then in re-
gard to fluid dynamics the gas flow can
be ignored. The inclusion of gas flow
relative to the solid would, of course,
affect principally the initial stages of
burning where there is a small amount of
pas escaping into the pores; at later
times the flow would bec relatively re-
duced as the gas fills the pores and as
the gas evolution rate excceds the trans-
port rate through the pores. Compaction
ol the porous hed, of course, also limits
gas flow.

SHOCK - INDUCED DECOMIMQSITION

Shock-induced decomposition is cal-
culated by the lForest lire (9,10) reac-
tion rate model (a name coined by a few
enthusiastic users), a cne-step, solid-
to-products decomposition rate culcu-
lated nsing the NON equation of state,
the experimentally determined lig = ¢+
SHP lhigoniot, nnd the wedge test (11,12)
determined graph of distance to detona-
tion (run) versns initial shock pressare
("Y.  The graph of tn {(run) versus tn (1I')
is often n straight Jine, ¢n (run) = a +
h tn (I, and is called the l'op plot for
Alphonse Poapolatn (13). Briefly, the
Forest Fire rate is the explosive decom
position rate necessary behind n planar
slockh wave to accelerate the shock wave
along the time-distance-state space
curvve deternlned by the lop plot and
Migeniot, interpreting the Pop plot as a
shock pressure growth curve.  The rate
al~o depends npon the pressnre gradient
fullowing the shock front; for lastance,
wheve the pressure grndaient §is unknown,
an nccelernting square wore s assumed.
The rate is fit as n functlon of shock
pressure but Is extended to the region
behlmd the shock as o function of loenl
proessure.

An abbhrevinted analy:sls for Forest
Flre tollows:; mare detniled nccounts are
piven in Refs. 2 and 10, The annlyusas
centers wpon necelerating sharp planar
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shocks wirh the foilowing fluid dynamics
represented in Lagrange mass-time (m,T)
coordinates defined by

x
m 1,;0(t) p (¥, t) dx

and (13)
T =t ,

where xo(t) is the trajectory of some
mass point. In these coordinates the
fluid flow equations are

UT - -Pm ,

Ve = Ug (14)
and

IT - -PYT

Here the subscripts denote partial dif-
ferentintion, the t derivative is the
time derivative at constant mass. Thus,
the reaction rate is W and ovcurs in
the time differentintion of the equation
of state

D= v, 1,%) , (15)
and

Ppo= IV o+ I

. Pt b o (16)

I

It is sufficient to Jdetermine I';, V,,
and It for solution of Wy; the solution
proceeds then by determining those de-
rivatives from differentiation of the
pressure (I and the particle velocity
(1) on the shock line. Let mg{1) be the
masn position of the shoch so that fy -
tollg.  Then,

Foe ding (1), 1) /401 = pgU e 1 (1T)

and

n

I e dU(mg (1), /dT gl L (18

o *
The derivatives 1I' and I are obtained
from the op:plot, Hugeniot, and shack
j'mgr equatlon,

i“ " (I"l?;lil ‘l'(]r'l""l i ﬂ_‘li'l_:m U
and (1
e opgte v 2sin
Yinpllv, then,
LR N ON 1R VI (o)
LS I LA N L V(T L (2

unl
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Fig. 2 - Shock particle velocity vs time to detonation showing the in-
variance of the graph with different densities,

The graph run versus P is the csti-
mated P'op plot, Fig. 1. The graph of
run versus tdet is the slock locus,
IFigs., 3 and 4. In the figures, the
solid lines are calculated using the

Up = F{t) function and Hugoniot from thc
highest (higher) density data. The
roints are wedge test data (12,15).

Note that the l'op plot is constructed,
even at the reference density, {from the
I'article velocity function and is not
the tn (run) = a +« b tn (P) relantion
usually used in least-squarc fits of the
Pop plot.

CALCULATIONS

Five madel calculations made with
the SIN (S) one-dimensional fluid dy-
namics code on VOI' 7 systems examine
the effect of surfaco-to-volume ratio in
the poroas bed burn, the change of shock
sensitivity in the nonburning adjacent
cxplosive, and the effect of cylindrical
convergence and divergence. In Flg. §
Is shown the oxperiment lop plot aud a
calcunlated op plot for VOI 7 at a lower
denslty, usling the l'op plot estimation

Distancs v Delengfien [cm)

w L T rl]"ﬂ T

:

PBX 9404 DATA
Ipe)@a
2,172

s »lg/em®)

T Trrry

TrYrrd

\ 1 1. 111

10} W -
[ /; v ]
- /fl ]
f ]
!
o. ] LA _d 2 lJ_l A L 'y A i i
[+}] 10 10

Time o Detanslion (ue)

Fig. 3 - Calenlated distance to det

cenation for 'BX w404 bascd on the
data at o= 1.84.
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I = PV . (22)

If Pp Is unknown, the case of Pp = 0 is
taken. The solution for W is complete.
In practice, -W /W is fit as a function
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 tkis 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 21so, in part, gives reason to the
concern 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 waves. The compacted region
may well vary in density throughout the
region, which gives, correspondingly, a
varving shock sensitivity. The varying
sensitivity implies that the shock-
induced decomposition rate function is
also dependent upon the local preshock
density at the time that the first shock
passes the point., This observation is
problematic, especially in numerical
methods whercv shocks are spread out,
because some distinction nced then be

00 r— T YT Ty
" ’a 9404 OATA

lp=1.04
Rper?2

PITN DATA

L TLAN, ]

4perTR

8p =100

Gy =1.00

» 1o/

oo Loaaad ) v pnd e
0.0t 000 Q100 "

laiet Shach Presswe lhiber)

Fig. 1 - Cnlculated I'ot plots for PRX
9404 and P'ETN.  The lines are calenlated
from data at the hlghest denzity for
cach explosive.

made between ramp, slow compressive
waves and shock waves.

A brief description of a method to
calculate the Pep-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 fuiction of time
to detonatiun, = F(t), is independent
of initial densxgy for the wedge test
data. The assumption is based on obser-
vation of data displayed in Fig. 2,
whereupon is plotted data for PBX 9404
at two densities and for PETN at four
densities. Also key to the method is
the estimation of the shock Hugoniot
line at a lower density p, from data at
some higher reference density p, 114).

Let the pressure P bv the independ-
ent variable at the shock front. Solve
for V from

P o= PL(V) - GV, (23)

where

Pjp(V) = Hugonict pressure at reference
density P

v - F(Vl -\

G(V') =

- I / - )

2V - TV, - V)
\‘1 - l/n1 ,
Vo = 1/ey
and
= (rimecisen constant. Then
L

Uy = Ly, - V) ()

aml

Ug = V(1 (v, - V)] (23]

Solve time to detonation, tyet, frem

U, = F(tgey) (251

Finally, after a sufficient tahle of
{(taegs Vg Is formed, inteprate nnmer-

ically
t
run -jf det Ut
u
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L

Distance to Defonation (cm)

1 | I W N N
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100
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Fig. 4 - Calcnlated distance to detonation vs time to detonation for

PITN based on the data at p = 1.75,

mcthod mentioned earlier, In Fig. 6 are
shown the porous bed burn decomposition
rates and the lForest l'ire shock-induced
decomposition rates. The probhlem geom-
ctries and material regions arc shown in
¥ig. 7. Probhlem geometries I and II are
planar; problem geomotries Ill and IV
are cylindricai, with the cylindrical
nxis at the left. Input constants are
listed in Ref. 10,

The first two calculations, Figs,
8 and 9, show the change in behavior
with a small change in (S/V)e in the
porous bed burn and utilize problom
geometry I (Fi}. 7). In Fig. B, the
pressure wave from the uniformly burn-
ing hed is sufficient to Induce a shock
transition te detonation in the solid
VO 7. In Fig., 9 the pressure wave is
not sufficlient to Induce a deconatlon,

The third calculation nses problem
geometry 11 (Flg. 10), which Is simllar
to problem geometry 1 Imt includes a
1-cm vegion of lower density VOI' 7. The
lower denslity reglon, o = 1.72 g/em’,
Is more shoci sensitlive ard has a higher

shock-Induced decompositlion rate, Flg. b,

The porous hed has (S/V), = 75 em'!, the
same (S5/V)e that resulted In a fallure
to detonnte In tha previoas problem. In
this case, however, the Increasced reac
tion in the py, = 1.72 Forest Flie reglou

T T 1T 1§ 17T 7rTrT T
B voe 7 B
S POP - PLOTe ﬂ
ok poLB _
- 4
/-[l-rlmnl

10 ! po1T2 "

Diatonce To Oetonolion (cm)

0l : —i. PR GO A |

000 oo
Prassure (Mbor)

Fig. 5 - Distance to detonatlon as a
function of inltlal shock pressure. The
experimental line 's from lLos Alinmos
wedge test data (150). The ¢ =1.72 line
Is calculated nsing the oo = 1.1 datac,
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00 =

LR AR |

Fig, 6 - Forest Fire and porous bed burn
decomposition rates. The two curves

fe = 1,91 and pp = 1.72 arc Torest Fire
rates based on the Pop plot of Fig. §,
The porons bhed burn rates arue the ini-
tinl ¥ = 1 rates.
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Fip. 7 - I'roblem geometrices for VOV 7
burning and detonat'lon,

baosts the shock wave growth enough to
cause detonatlon to occur farther along
into the noxt high-denslty VOI' 7 rogion.
Note that detanation Jd1ld not occur in
the low denslty regica, but the presence
ol thar regziom was sulficient to alter
the outcome.

The fourth cajeulatioa s again
slmilar to the flrst problem but the

PESERg WSS FRCTISY

alr
Y FIR
Porems bed

{

Fig. 8 - SIN calculation for a 1-D plane

in problem gecometry I with (S/V)es = 100
cm.

geometry has heen changed to one-dimen-
sional, cylindricul, problem geometry
111, In Flg. 11 the porous bed has
(S/VV)y = 75, again the case that falled
in planar gecometry. llowever, in this
instance, the inward runiing shock pres-
sure is increased by cylindrical conver-
gence and n transition to detonation
OCCNTs,

The fifth calculation is alsoe in
cylindrical geometry, probhlem peometry
IV, In Flg., 12, the burning region is
at the center of the cylinder and has
{8/V)e = 106 ¢cm'', This (S/V)s was suf-
ficient to inducc detonation in the
planar case; Mut due to the cylindrical
Jdivergence of the wave, no detonatlon
ocCurs,

In othber calenlational studies,
this burning to-detonation model and the
two-dimensionnl lLagrangian hydrodynamic
code 2Dl. (16) have hecn used to investl-
patc the detonatlon of s solid Erupel-
lant grain from shocks induced by a burn-
Ing porous bed (i7) and to calculate the
burning and detonation in sn all:-DPETN
hot-wirc assembly (1R).
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CONCLUSIONS

The model 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
be ut a distance from the burning region.
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