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The effect of high explosive sensitization by means of heterogeneous inclusions is
widely known and used in many applications. For example, glass microballoons (GMB)
are used to sensitize emulsion explosives. GMB are also used to studf the effect of hete-
rogeneity size and concentration on detonation performance of gelled nitromethane-
GMB mixtures [1,2]. The main advantage of such heterogeneous explosives is that their
microstructure is much more precisely controlled than that of porous solid explosives.
We thus are conducting a detailed program of investigations of detonation ormance
and shock sensitivity on model nitromethane-GMB mixtures, hoping that this approach
will shed light on detonation reaction mechanism in heterogeneous explosives.

Here, we first describe a model of detonation reaction zone in heterogeneous GMB-
sensitized explosives based on the assumption that the heat release rate can be represen-
ted as the product of normal burning (or regression) rate and specific surface of burning
fronts diverging from the GMB surface. llzhe origin and evolution of these burning
fronts is described, taking into account the process of GMB deformation, dynamics of
the glass and nitromethane heating due to viscous dissipation and heat conduction in
and around the GMBs [3]. We then use our model to calculate the charge diameter
effect and the critical detonation diameter in GMB sensitized liquid explosives accor-
ding to the Detonation Shock Dynamics theory [4,5]. We finally compare our numerical
results with the experimental data for nitromethane-GMB mixtures and show that the
proposed model of reaction zone can be used for ¢ uantitativegr predicting the charge
diameter and confinement effects on GMB-sensitized explosive detonation.

DESCRIPTION OF THE REACTION ZONE MODEL

We consider a steady axisymmetric detonation wave traveling at a constant velocity
D in a cylindrical confined charge of heterogeneous liquid explosive. The explosive is a
mixture of nitromethane gelled by a small amount of PMMA and uniformly distributed
monosized GMBs. Based on the %ND model [6], the detonation wave is considered as a
leading shock wave with a subsequent reaction zone. Due to the charge diameter effect,
the detonation front is curved and the detonation performance depends on the confine-
ment parameters. The reaction zone flow is described using the multi-phase flow theogy
7] Tlgree phases are considered: the GMBs (subscript 1), the gelled nitromethane (2)
and the reaction products (3). We make the assumptions that the three phases have the
same particle velocity and that the condensed explosive, the GMB glass shell and the
reaction products have the same pressure P different from the GMB void pressure P,,. In
a shock-fixed reference frame, the governing equations then are :
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Egs.(1,2,3) are the continuity equation and the axial and radial components of the
momentum equations for the three-phase mixture, Eqs.(4,5) and (6,7) express conserva-
tion of mass and energy of nitromethane and reaction products respectively, z is the dis-
tance from the shock front along the charge axis, r is the radial coordinate, - and u, are
the axial and radial components of particle velocity, ¢, p,, V;=1/p, and ¢; are the volume
fraction, the thermodynamic density, the specific volume and the internal ene rgy of
each phase (i=1,2,3, the effective GMB density p, is defined below), I, and ¢, are the rates
of inter-phase mass and energy exchange due to burning, py and I’, are the mixture
density and pressure:

3
pr=2.0p, B =9,F+(1-9,)P (8,9)
=i

¢ , void volume traction, P, = P,, (a, / a)3 and P, are the current and initial pressu-
re in the void, a and a, are the current and initial void radii, y is the polytropic index of
the gas filling the void. There is a relationship between ¢ , and the GMB volume frac-
tion ¢ 1 which reads'as ¢ 1-¢ , (g / a)> where g is the external GMB radius. We comple-
ment these macro-level equations by studying the GMB deformation behind the shock
front in order to find the evolution of GMB radii and ignition time To this end, we
consider the spherical micro-cell [3] which initially consists of three spherical layers : a
void inside the GMB, a thin glass shell and a layer of nitromethane adjacent to the GMB.
After the reaction ignition, a forth layer of gaseous reaction products is formed between
the glass and the nitromethane. This layer is separated from the condensed explosive by
an infinitely thin burning front propagating outward from the GMB. Initial radii of the
cell are first obtained from the GMB size and concentration in the mixture. Because of
the high glass viscosity, the GMB deformation in the shocked explosive then follows a
spherically symmetric viscous regime [3]. The energy dissipated during the GMB defor-
mation is predominantly released in the glass layer. A thin layer of nitromethane adja-
cent to GMB is mainly heated by heat conduction from the glass and, finally, nitrome-
thane is ignited at the glass-nitromethane contact surface. The ignition delay is defined
as the time for which the heat release rate due to the chemical reaction becomes «infini-
tely» fast. After ignition, the chemical reaction proceeds in a surface burning mode,
with infinitely thin combustion zone, from the GMB surface through the nitromethane
layer. We assume that the burning rate follows an empirical burning law, with pressure
and initial temperature dependencies taken into account:

U, = BP" exp[B (T, - T,)] (10)

B, v and Brare the burning law parameters estimated from independent experimen-
tal data on burning of nitromethane under near-detonation conditions, To=293 K is the
reference temperature. Furthermore, the bulk decomposition rate of mitromethane
behind the shock front is expressed as the product of the normal regression rate Up and
the specific burning surface Sf. Hence, one finds for the rates of mass inter-phase
exchange in Eqs.(4-7):

L +1.=0 prior to ignition : [, =0,13=0 (11)
2r e after ignition  : I;=p, U, S

We com cfute S by assuming that the spherical hot spots burn in two stages, a progres-

sive one and a digressive one. Simple geometrical considerations show that, during the
first stage, the burning front radius r = g (1 +5/¢,)!/* so that Syincreases at first as rg,ie

S, =4nng*(1+6,/6,)" (12)
m=¢, /(4_ng3) the GMB number per unit volume of the mixture. Consequently, at the

instant of ignition, S; equals the specific surface of collapsing GMB which differs from
the initial specific surface of heterogeneities in the nitromethane-GMB mixture



A, = 4ng2in, = 36, / ¢,.Once neighboring burning fronts have coalesced, the burn-out
of residuals proceeds with their specific surface digressively dropping to zero at the end
of the prowss

S, =8, )10,/ ®,).1" (13)

(S ) and (¢2) are the specific burning surface and nitromethane volume fraction at the
instant of coalescence of diverging flame fronts which takes place when (¢;). =7 / 6
For the rate ot energy exchange in Egs.(4-7) one has €, = g5 before ignition and

=0 &, =(/),/0,Xe + PV —e, = P1) (14)

after ignition The sy stem of governing equations is closed with the normalizing condition:

3

24, =1

i=
and the equations ot state of nitromethane and its reaction products. We used HOM
equations of state [8] but moditied temperature of nitromethane following reference [9].

APPLICATION OF THE MODEL TO ANALYZE THE CHARGE DIAMETER
EFFECT AND CRITICAL DETONATION DIAMETER FOR GMB-SENSITIZED
EXPLOSIVES

The calculation of the detonation velocity in a finite-diameter charge requires to
take into account the influence of the explosive confinement on the detonation front
shape. A fully two-dimensional treatment of this problem is quite complicated and, ins-
tead, we used a simpler approach, the so-called Detonation Shock Dynamics (DSD)
theory [4,5] This theory leads to the use ot quasi-one-dimensional, steady state (Q1DSS)
balance equations tor describing the reactive tow sustaining the curved shock front, if
the thickness of the one dimensional plane detonation reaction zone is much smaller
than the shock mean radius of curvature The main result of this theory is that the deto-
nation veloaty component D normal to the detonation front is a unique function of the
shock mean curvature K at any pomt on the shock tront. The Di(K) relation can be used
to obtain the shape ot the steady cylindrically symmetric detonation front propa%J ting
at a constant velocity D owing to the tollowing set of geometrical identities and boun-
dary conditions [4]

Dy = Dsin(P3) (B the angle the shock locus makes with the charge axis)

ilgz__K_—c.os(B)/r af_z= 1 (16)
dr sin(B) dr tan(B)

B =900 at r=0 (the charge axis), B =p ¢ at r=re =d/2 (the edge of the charge)

Here, r and z are the radial and longitudinal shock coordinates, K is the known
function of D and B is found by reversing the function Dn(K). The second boundary
condition at r=re defines a unique value of detonation velocity for a given charge dia-
meter 2r,. The angle B, between the shock locus and the flow axis at the charge edge is
defined by solving the interaction problem between the detonation wave and the char-
ge confinement With known value of B, one can integrate Eq.(16) with various detona-
tion velocities D) thereby detining the (D) relationship between the charge diameter
and the detonation velocity. When the charge diameter is decreased, the detonation
velocity decreases and the curvature radius increases due to the enhancement of lateral
energy losses In this approach, the existence ot a critical detonation diameter is due to
the impossibility ot detonation propagation when the tront curvature exceeds some
threshold value This means that the Dn(K) curve must exhibit a particular point with
infinite slope According to [5], the calculation of the diameter effect must be based on
the upper branch ot this curve The latter starts at a value of Dn equal to the CJ plane
detonation velocity, which correspond to the zero curvature point and terminates at the
particular pomt with intimite slope, which corresponds to the maximum possible value
of front curvature [his teature ot the Dn(K) relation imphies that the resulting depen-
dence Dod) has also a threshold pomt at some critical value of the charge diameter
below which a steady detonation propagation is no longer possible.

Thus, to analyze the charge diameter effect in a GMB-sensitized explosive, one first
needs to detine the Din(K) dependence. This can be achiceved by noticing that the gover-
ning equations along the flow central streamline reduces to the quasi-one dimensional
ones because ot the tollowing symmetry conditions:

u, =0; 0u, [0z=0} lin(}(u, /ry=(Bu, /0r)au forallz>0 17)
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The shock curvature K enters the problem owing to the fundamental DSD approxi-
mation [4]:
(Bu, / 8r)aus = (Ou, / Or)shock = (D —u_)/ Ra (18)

Ra = 2/K is the shock radius of curvature on the charge axis where D=Dn. The
Dn(K) is then obtained by means of a shooting method- The Q1DSS equations are inte-
grated for fixed values of D to find the corresponding values of K for which the integral
curves goes through a saddle type point (the sonic locus). The shock front flow parame-
ters at z=0 are found from the traditional jump conditions assuming that GMBs are not
deformed at the shock front. Finally, to integrate Eq.(16) at a given D, we also need the
angle B e which, gencrally, depends on the detonation velocity and on the material pro-

erties of the confinement and the explosive and also on the nature ot the interaction

etween the detonation front and the confinement (regular refraction, refraction with
rarefaction wave, irregular refraction with formation of Mach configuration, unsteady
interaction with a shock wave propagating in the confinement ahead ot the detonation
front). For the explosive under consideration, and due to the wide ranges of initial den-
sity and detonation velocity caused by variations of GMB concentration and charge dia-
meter, all the aforementioned regimes of interaction are realized This s why the pro-
blem of correct definition of B, is very complicated. To simplify the analysis and the
data interpretation, we use three typical constant values for e (regardless the GMB
concentration and detonation velocity) which would roughlv represent an uncased
charge (B,=50°) mild plastic (8, =73°) and strong metal confinement (B, =85°). Also, it
is useful to obtain an approximate relationship between der, the shock front curvature
radius at r=0 and the B, valuc accounting for the confinement properties. Expanding the
right hand side of Eq.(f6) in the limit sin () = 1 we arrive after integration at:

d, ~2R, cos(B.,) (19)

where Ry, is the threshold curvature radius at the peculiar pont of the D(R) dependen-
ce. This approximate formula agrees fairly well with the results of the numerical inte-
gration of Eq.(16) and shows that the critical detonation diameter 1s proportional to the
threshold curvature radius. Thus, d,, depends on the chemical reaction rate through and
Ry, on the confinement properties through the angle B,

COMPUTATION RESULTS AND DISCUSSION

The input parameters of the model are hsted in Table 1 in our previous work [3].
The constants v=1 and B=0.02 cm/(us Mbar) in the burning law (13) are interred from
experimental data [10]. The temperature coetficient By 1s estimated in a traditional way
by Br = E (2RT ))where E, R and T3 are the activation energy, the universal gas constant
and the reaction products temperature at the ignition time respectively. The effective
glass viscosity was chosen arbitrarily (u1=100 Pa.s), because its effect on the critical
detonation diameter is weak if pl is much greater than the gelled nitromethane viscosi-
ty (2 Pa.s) but still lower than about 5x10° Pa.s when the viscous deformation of GMB
becomes so slow that heat conduction precludes formation of hot spots during GMB
deformation [3]. We studied the effect of GMB size (do), weight concentration (x) and
shell thickness (ho), burning rate parameters (B and Bp)and glass viscosity (pl). For
example, Fig. 1 shows the effect of x (%) on a dependence of the detonation velocity D
upon the axial radius of curvature of the shock, R,, with d;=43.2 um. Each curve has a
limiting particular point, and the threshold curvature radius Rth corresponding to this
point decreases as x is increased. The results of computations also show that Ry, ~d
and Ry, ~1/B. The effect of Bris more complicated because even little changes in b
produce large changes in the shape of the D(1/Ra ) curves. the higher 7 the smaller is
Ry, and the detonation velocity deficit. An increase in the glass viscosity from nl=100
Pa.s to 104 Pa.s and in ho from base value 0.52 pm to 3 um results in a relatively weak
effect of pl and ho on the D(1/R,) and Ry, dependencies However, further increase in
pl and ho enhances the GMB blocking effect and suppresses their sensitization effect
[3]. The detonation reaction time m¢y at a relatively high detonation velocity ranges from
0.5 to 1 ps for all mixtures studim{ and increases to a few psec as D decreases. In all
cases, the detonation reaction zone thickness is significantly smaller than the shock
front curvature radius. The unburnt explosive fraction increases as the detonation velo-
city decreases and reaches a value of about 50% at the detonation propagation limit.

Fi 2 shows the charge diameter effect on D calculated for 43.2 um GMBs and plas-
tic confinement. The effect o?confinement is qualitatively illustrated in fig.3 where one can
see that the transition from an uncased charge to a plastic and, especially, to a steel confine-
ment results in a significant decrease of slope of dependence D(1/d) and up to 6-fold
decrease in the critical charge diameter. These trends agree with experimental data [1,2].



Figure 4 compares computation re sults for nitromethane-GMB mixtures with expe- | H.D.P. - 1995
rimental data m a plane der - 1L P 4/ d,? at the same d ,=43.2 pm, 74.4 pm and 102 ym and |

x (ranging trom 0 3" to 5%) as in experiments [1 2] ( Lp is the GMB spacing). The
straight solid line represents an example of an empirical linear correlation between der
and L3 / d°, holding tor many GMB-sensitized liquid and emulsion explosives [3]. In
the partuulm case of itromethane, this correlation reads:

dep= 040440015 wl.,,f/d(r) —0) 464+ 0 00832(dp/d 10)=0.464+50/As (20)

q)lu i~ the mitial GNMB volume traction,  der and As are measured in mm, and Lp |
and d, i pm Broken hines v hig 4 correspond to the critical diameters calculated at
fixed (Q.Mli stze Note, that the GMB volume traction ¢lo decreases along these lines as
the parameter 10 d 2 mareases or the GMB specific surface As decreases. Figure 4
shows that the calculated crntical detonation diameters and effect of GMB size do are in
reasonabic agreement with the experiments The computations also show that der ~Rth
~1/B so that dar s inversely proportional to the Lht‘lnlLdl wactlon rate, in agreement
with [T1]. However, as a whole, - - -
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CONCLUSIONS

A model was deve lnpg 'd to desceribe the detonation reaction zone in GMB-sensiti-
zed hiquad explosives The heat release rate was defined as the product of the normal 69
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Figure 4. Comparison of calculated critical detonation diameters (solig poinzzs') with experimental ones shwn
by similar open points in a plane d,- p °
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