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CONSTITUTIVE MODELING OF WEAK AND STRONG SHOCK-INITIATION OF 
POROUS EXPLOSIVES 

L. S. Bennett 
Los Alamos National Laboratory 

Los Alamos, NM 87545 
~~ 

A continuum based reactive bum model for shocked loaded high explosives 
has been developed that uses heterogeneous distribution of pore collapse 
energy to one or more of the constituents (a hot spot) as an ignition source, 
represents constituents with independent equations of state and has multiple 
competing and sequential chemical reactions. Reaction propagates from the 
hot spot to the remainder of the material through either a pressure or 
temperature dependence or heat transfer through a Nm layer. The reaction 
may be quenched by heat transfer or shock release if it is not rapid enough. 

INTRODUCTION 

Reactive bum models of high explosive 
(HE) initiation and detonation allow continuum 
based calculations in hydrocodes that capture 
finer details than program bum algorithms. 
Including simplified or reduced kinetics 
schemes and modeling the multi-phase flow of 
the reactant and product mixture, allows the 
following details to be modeled: 
1) transient build up from weak shock- 

initiation to detonation, 
2) detonation slowing or quenching due to 

divergent flows (corner turning), 
3) detonation front curvature due to 

interactions with boundaries, 
4) and the relatively slow release of energy 

before detonation breakout. 
The xoid-&ert-reactive (VIR) model,2 
previously applied to condensed-phase 
reactions in powder mixtures, has been rebuilt 
to do all of these for heterogeneous explosives. 

HE is often a composite of explosive grains 
and polymer binders that are pressed to a high 
fraction of the theoretical maximum density 
(TMD) of the mixture. The difference between 
the actual density and the TMD leaves some 
fraction of the composite occupied with gas that 
resides in either interstitial or inter-granular 
pores and cracks. It is desirable to the press the 
HE as close to TMD as possible to obtain the 
highest energy density; however, some residual 
porosity is helpful to achieve desired initiation 
characteristics. Experiments have shown that 

explosives that contain a small fraction of pores 
are more sensitive to shock-initiation than those 
that do 
thought to be the result of “hot spots” which 
form due to the presence of the pores. 

Conceptual mechanisms for the formation of 
hot spots are varied and reflect the explosive 
initiation regime of interest to those postulating 
them. The current model focuses on shock- 
initiation of the explosive where the partial or 
complete collapse of the pores is a likely 
mechanism. As a pore collapses, materials 
immediately surrounding it wi l l  plastically flow 
into the pore space and compress the gas. In 
tum, the hot gas will transfer heat back to the 
solid material! These two effects wil l  increase 
the internal energy the material immediately 
surrounding the pore.’ The softer (more ductile) 
binder material wil l  probably deform more than 
the explosive grains, thus absorbing more of 
this energy. Instead of modeling these 
mechanisms, a simpler estimate of the energy 
that the pore collapse represents and 
heterogeneously distribution of this to a fraction 
of the material approximately equivalent in 
volume to the pore will be used here.2 

The current VIR model has been 
constructed to represent composite HE by 
subdividing each computational cell in a 
hydrocode scheme to represent: 
a) hot spots due to pores in the reactants, 
b) the remaining “cold” reactants, 
c) and the product material, 

This increased sensitivity is 



as illustrated in Figure 1. This division allows 
the hot spot material to be treated in a 
thermodynamically consistent manor and 
separates the hot product gases from the 
reactants while maintaining a computationally 
simple system. The three subsystems are 

assumed to be in mechamcal equilibrium, but 
thermally separate, Pa = Pb = P, and 
T, f Tb f T, . Heat transfer, dQx = Mdq,, where 
x = a, b, c, is allowed between the subsystems 
due to their temperature differences. 

Void I 

FORMULATION 

FIGURE 1. SIMPLIFIED REPRESENTATION OF 
COMPOSITE HE WiTH ILLUSTRATION OF HOT 
SPOT FORMATION AROUND PORE. SCHEMATIC 
OF THREE SUBSYSTEMS REPRESENTING THIS 
IN THE VIR MODELWITH VOID COLAPSE 
ENERGY DEPOSITED IN SUBSYSTEM (A). 

A + B + ... 

Assuming that the subsystems are in local 
thermodynamic equilibrium (LTE), Pxj = P, and 
Txj = T,, wi l l  allow each subsystem (x) to 
contain multiple constituents j such as binder, 
explosive and products, and allows multiple 
competing or sequential chemical reactions. 
Each constituent may be represented by an 
independent equation of state @OS) of any 
form desired. Currently, six EOS are supported: 
1) an ideal gas, 2) a Mie-Gruneisen linear U,-u,, 
3) a Mie-Gruneisen second-order polynomial 
Us-up, 4) a Birch-MumaghanY6 5 )  a Bennett- 
Tanaka-Hone' (BTH) and 6 )  a Jones-Wilkjns- 
Lee7 (JWL). Currently there are three 
competing sets of sequential reactions, as 
shown in Figure 2, but this may be extended 

FIGURE 2. SIX COMPEXEING (1 AND 2,3  
AND 4,5 AND 6 )  AND SEQUENTIAL 
CHEMICAL REACTIONS. 



This model simultaneously replaces the 
solution of the conservation of energy and the 
EOS of the explosive in a hydrocode with a set 
of equations describing the reacting HE. This is 
achieved by assuming that the internal energy, 
volume and mass, U, V and M, respectively, of 
a computational cell are the sum of those for the 
pore and three subsystems, 

u = u, + U b  + u,, (1) 
v = va + vb + vc + v p w ,  (2) 

M =Ma + Mb + M,. (3) 
and 

The mass of the initial gas contained in the 
pores is assumed negligible in comparison to 
that of the reactants and products. The internal 
energy of subsystem (a), Ua, wiU contain 
“solid” effects like the heat transfer, shock 
compression, energy added by reaction, and 
enthalpy of moving mass into the subsystem 
plus the energy of the pore collapse, 

where q(Pshock> is the total mass fraction of 
subsystem (a). Thus, the constituents in 
subsystem (a) represent the hot spot material. 
The conservation of energy equation including 
heat transfer and an irreversible shock is, 

(5) 
where q is the artificial viscosity. Eq. (5) can be 
reduced to a function of subsystem pressure and 
temperature by assuming ideal mixing, 

ua = u a  (solid) + upr&(Pshock), (4) 

dua (solid) = dQa - (P + q)dVa, 

n 

Vx = C M X j v x j  , 
j=l 

n 

u, = CM,E, , (7) 
j=l 

and thermodynamically defining the specific 
internal energy and volume of each constituent 
as functions of pressure and temperature, 
Exj(Px, T3 and Vxj(Px, T3. The derivatives of the 
specific volume and internal energy are, 

V xj dTx - -dPx , dvxj =- C v i r x j  

PT* P T i  
and 

where the definitions of i) PT = -v El, 
ii) ps = -Vz), ap , iii) r = v%), ap and 

iv) C ,  = T =Iv 2s = E), dE (isothermal and 

isentropic bulk moduli, Gruneisen parameter 
and constant volume specific heat, respectively) 
are applied. Inserting Eqs. (8) and (9) in the 
derivatives of Eqs. (6) and (7) gives, 

and 

M + 4 , , p . ,  - p x c v x ~ x b x ,  (11) 
P T x  

where the mass fraction of constituent j in 
subsystem (x) is defined as c x j  = MxPMxj = 
Mx,/Mx and the mixture des, 

The change in mass of a constituent, dMxj, 
may be expressed as the sum of ‘internal, i,’ 
and ‘external, e,’ effects,8 

(12) 
The ‘internal’ mass transfer is the movement of 
mass from one constituent to another, i.e. 
chemical reaction, and the ‘external’ mass 
transfer is the movement of constituent mass in 
and out of the subsystem. The enthalpy released 
(or absorbed) by chemical reaction k of extent 
& in subsystem (x), AHxLo, can be equated to 
the specific internal energy and volume 
‘internal’ mass transport terms, 

dMxj = diMxj + d,Mxj. 

6 

k=l =$diMxj j=1 [Exj + (P+ ~ x j ] ~ )  

Inserting Eq. (12) into Eqs. (10) and (1 l), 



redefining the ‘internal’ portion with Eq. (13) 
and inserting into Eq. (5) for the “solid” 
contribution to subsystem (a) yields, 

The pore collapse energy deposited into 
subsystem (a) will be the difference between 
the shock energy of the porous material and that 
of the same material as a solid, bw = Eporous - 
Emlid, as shown in Figure 3. The dynamic pore 
collapse process is described by a P-a modelg 
with the distention ratio, a = v/Vs&d, as a 
polynomial function of shock pressure, P*d, 

1 a0 P e P.‘ 
N 

1 P,’ e P 
where, a, is the initial distention ratio, Pee is the 
elastic strength and P,’ is the crush-up pressure 
of the porous material. Use of this P-a model 
allows scenarios where the incident shock, 
Psh&(l)y does not fully collapse the pores and a 
later shock, Pshodc(2), is required to complete the 
process, as shown in Figure 3(b). The specific 
internal energy jump condition can be applied 
to the porous and solid material, 

~ous-Eoo = 1/2(Pshoc1x+po)(voo- vporous), (16) 
Esolid - E, = 1/2Pstmck+ Po)(V,- Vsolid), (17) 

where the subscripts 00 and os denote initial 
porous and solid HE properties, respectively. 
Subtracting Eq. (17) from (16) gives, 

EporouJ - = 1 / 2 ( P ~  + Po)(voo - vas) 
-1/2(?shock + po)(vpr~~~us - Vsolid). (18) 

Taking the partial derivative of E(P,T) with- 
respect-to specific volume at constant entropy, 
applying previous thermodynamic definitions, 
rearranging, and discretizing between the final 
state and a reference state, R, will yield,2 

E-E, =(v-v,[%-P] R . (19) 

Using the solid and porous conditions as the 

I solid porous 

I 

vsolid vporous vos voo 

I solid porous 

specific volume, v 

VsoIia(2) Vporou~(2) Vos voo 
specific volume, v 

FIGURE 3. (A) SINGLE SHOCK THROUGH 
A POROUS AND SOLID MATERIAL. (B) 
DOUBLE SHOCK THROUGH THESE 
MATERIALS WHERE THE FIRST SHOCK 
DOES NOT FULLY CRUSH THE PORES. 

reference and final states, respectively, allows 
Eq. (19) to be substituted into Eq. (18) and 
rearranged to give, 

solid 

For the scenario depicted in Figure 3(b) the 
pore collapse process is irreversible so pores 
cannot regenerate during release waves; 
however, the pressure can decay from Psh&(l) to 
P’s,,d(l) between the incident and second shock. 
The two shocks-to-pore collapse structure may 
be extended to three or more shocks at the cost 
of more cell variables. To handle the scenarios 
depicted in Figure 3(b), Eq. (20) can be 
expressed in two steps, related to the pore 



collapse energy in subsystem (a) through the 
computational cell mass and put in terms of the 
distention ratios to give, 

- x Pshock(1) + Po )Mv aB (a0 - a(,) 1 
x (PShodK(1) + Po) U P  - 

1 +  [% - 'shock( 1) ] 
(21) d i d  

, x (pshock(2) + PShock(*) )Mv 0!4 (a,,, - am 1 
r% (pshock(Z) + piock(l) ) 1+ 

[+-p&ock(zl] solid 

The temperature in subsystem (a) wil l  be the 
sum of the contributions from Eq. (5 )  and the 
pore collapse energy, Ta= Ta(S0lid) + Taw,,). The 
pore collapse temperature is found from, 

Similar work modifying the JTF reactive bum 
model' has shown that the hot spot mass 
fraction will have the form, 

where qo and q1 are constants. In Eq. (23) the 
(G-1) term accounts for the effects of initial 
porosity and the [e*-11 term represents hot spot 
size increase with initial shock pressure? 

The conservation of energy equation for 
subsystem (b) and (c) and its manipulation are 
the same as Eq. (5 )  giving, 

Taw)  = UpoJ(TGa)* (22) 

w ? ~ ~  = rl, (a, - W - 11 : n = (Pshodr 1% O 3 )  

j=1 

j=1 

for subsystem (c). 

Given that the heat transfer and mass 
transport rates are defined, a system of three 
equations, Eqs. (14), (24) and (25), now exists 
for the four unknowns, @a, dT., dTt, and dTc. 
The forth equation necessary for a closed 
solution is drawn from the derivative of the 
distention ratio, =V/(Va + vb + V,), 

Fl, 

Inserting the derivative of Eq. (15) for da as a 
function of ma, into Eq. (25) yields the term, 

N --(P:-py-'(va N +vb +vc) 

in 

2 ( d i M b j  j=l +deMbj)Vbj + 

dV 2 (diMcj + deMcj)v, - - = 
k l  a 

Eq. (27) is a restatement of the continuity 
equation and serves to guarantee that the 
specific volumes (calculated with Pa and Ta, Tb, 
and T,, in the constituent EOS) wil l  sum on a 
mass fraction basis to equal the total specific 
volume of the computational cell. In a 
hydrocode, the change in the total specific 



volume of the cell, dV, is calculated by the 
conservation of mass and momentum equations. 

The overall solution method is to solve the 
conservation of mass and momentum equations 
for new values of density and particle velocity 
for a computational cell. The changes in 
pressure and subsystem temperatures are then 
calculated from a simultaneous solution of Eqs. 
(14), (24), (25) and (27). Numerical integration 
is performed with a forth-order Runge-Kutta 
method to achieve a high-order solution so a 
relatively coarse computational mesh may be 
employed. The phenomenological relations and 
EOS are updated at every step of the Runge- 
Kutta solution to achieve a stiffer solution. 
When the reaction time step, AtrePa, is smaller 
than the hydrodynamic time step, Ath*, it 
limits the finite difference step in time, At. 

PHENOMENOLOGICAL RELATIONS 

For the products to reside in subsystem (c), 
the reactants must first ‘externally’ mass 
transport from subsystem (a) and/or (b) to 
subsystem (c) and then instantaneously react. 
This sequence accounts for the enthalpy of 
moving material from subsystem (a) and/or (b) 
to subsystem (c) and deposits the heat of 
reaction in the products. Thus, the ‘external’ 
mass transport rates really control the rates of 
reaction so their kinetics will be those of the 
chemical reaction. The ‘external’ mass 
transport rate wi l l  be defined by equations such 
as the Arrhenius rate law, 

or rate laws based on an exponential, m, of 
subsystem temperature, T,, 

(l-w,)T;. (29) 
dt 

The heat transfer between the subsystems is 
the only place in which the initial grajn and 
pore sizes and morphology are taken into 
account. This model is not designed with the 
resolution necessary to calculate temperature 
profiles, but the bulk effect of heat transfer can 
be included with Newtonian heat transfer, 

where A, is the surface area and ht is the heat 
transfer coefficient. The initial number of pores 
and grains in each computational cell can be 
calculated for a given size and morphology. 
The number of spherical or cubic grains is 
calculated from their volume compared to the 
cell volume, Vd, 

No.Grn.= ,or N o . G m . = y  va ,(31) 

respectively, and the number of Spherical or 
cubic pores can be found from the pore volume, 

X Haor& ~orpra in  

NoPr.= v,dq -‘I, or NoPr.= -‘I, (32) %% & 
respectively. Here rm and rp are the initial 
spherical radius or cube side-length. The 
numbers of grains and pores in each cell are 
used as a multiplying factor for the surface area. 
For example, in a spherical pore bum scenario, 
heat is conducted from the hot products to a 
thin film of hot reactants, subsystems (c) and 
(a), respectively, as shown in Figure 4, & is, 

and 4 is the lesser of, &,I = WrC and ha) = Wra, 

I 3 1  

and k, is the coefficient of conduction. 

FIGURE 4. SCHEMATIC OF SPHERICAL 
PORE BURNING IN THE VIR MODEL. 



CALCULATION 

As an example of the calculations that can 
be performed using this model, data on the 
weak shock initiation of die pressed PBX 
9501" will be analyzed. S.A. Sheffield, R.L. 
Gustavsen and R.R. Alcon of DX-1 at Los 
Alamos National Laboratory gathered this data 
using set of embedded Vorthman particle 
velocity gauges." The gauge set was arranged 
along an angular cut in the HE to position the 
stirrups at a range of depths, as shown in Figure 
5. The sample was glued back together, placed 
in a uniform magnetic field and impacted with a 
gun driven sabot and sapphire flyer plate. In 
experiment #1144, an 11.013-mm thick flyer, 
driven at 0.816 km/s, was employed to generate 
a single shock wave in a 1.837 g/cc PBX 9501 
sample. The shock wave induced a particle 
velocity in the HE and gauge elements. In turn, 
the motion of a gauge element through the 
magnetic field induced a current proportional to 
the particle velocity that was measured with- 
respect-to time. The particle velocities for a 
series of gauges recorded for this experiment 
are shown as solid lines in Figure 6. The 
particle velocity increases behind the shock 
fronts is the result of chemical reaction. The 
rate of pariicle velocity increase, peak 
magnitude reached and the rate that the peak 
overtakes the shock front from one gage to the 
next are all  functions of the kinetics, mixture 
behavior and EOS of the constituents. 

Vorthman M M V  Gauge 

H E  Target 

Projectile Flyer 
FIGURE 5.  VORTHMANN MULTIPLE 
MAGNETIC GAUGE EXPERIMENT. 

W go. 15 
h 
.fl 3 0.10 
9 

0.00 
0.0 0.5 1.0 1.5 

Tim(psec) 
FIGURE 6. EXERIMENTAL, VORTHMAN 
GAUGE DATA FOR SHOT #1144 AND 
NUMERICAL VIR MODEL RESULTS, 
SHOWN AS SOLID AND DASHED LINES, 
RESPECTIVELY. FROM LEFT TO RIGHT 
THE GAUGES ARE AT DEPTHS OF 0.00, 
0.907, 1.411, 1.901,2.420,2.890,3.408,3.876, 
4.398,4.863 AND 5.385 MILLIh4ETERS. 

Analysis of this data was performed in one 
dimension with a 0.05-mm square mesh using 
the VIR model installed in the hydrocode 
DYNA2D12. For simplicity, only one 
constituent represented the composite HE as 
reactants and another as products. A linear Us- 
up EOS was used for the sapphire with po = 
3.966 dcc, Co= 1.075 cm/pec, and S = 0.0. A 
BTH EOS was applied to the inert PBX 9501" 
with po = 1.860 gkc, pm = 0.1976 Mar, pm' = 
4.9624, r = 0.734, C, = 1.575 kJ/kg-K and k = 
4.54~10'~ J/pec-cm-"C. A JWL with po = 1.84 
~ C C ,  A = 8.524 Mbar, B = 0.1802 Mar ,  R1= 
4.6, R2 = 1.3, O= 0.38, Ea = 0.06 Mbar-CC/g, 
C, = 0.888 kJ/kg-K and k = 4.54~10-~ J/pec-  
cm-OC was used for the product gases.' The best 
data fit, shown as dashed lines in Figure 6, was 
obtained with the following pore collapse and 
reaction parameters and no heat transfer: 
1) ~ - a  model, m. (IS), parameters: P,*= 0.0 

GPa, P,*= 0.2 GPa, N = 2.0 and a,, = 
1.01252 [TMD = 1.860 g/ccI19, 

2) hot spot mass fraction, Eq. (23), 
parameters: qo = 19.0 and r \ l=  0.75, 

3) 'external' mass transfer rate (reaction rate) 
from subsystem (a) to subsystem (c) [the 
hot spot to the products] with an Arrhenius 
rate law, Eq. (28), and the parameterdo 



4) 

[“AT lo= 5.8~10’ p ~ e ~ - *  andEaa = 
20195 K, 
and ‘external’ mass transfer rate from 
subsystem (b) to (c) dependent on the 
extent of ‘external’ mass transfer from 
subsystem (a) to (c), u),,, , and an 
exponential of the temperature, Eq. (29), 

with the parameters: m = 1.35 

and ( = 0.18 pec-’. 

CONCLUSION 

The VIR model has been extended to better 
simulate shock-induced chemical reactions by 
forming a separate subsystem to receive the 
reaction products aqd allowing multiple 
chemical reactions. The model mimics meso- 
scale behavior of hot spot formation and 
independent constituent behavior while 
remaining a continuum model for engineering 
scale calculations. Application of this model to 
the shock-initiation of PBX 9501, shows how 
basic hot spot and bulk reactions from one 
reactant to one product may be used. As more 
details are developed on the real reaction steps, 
their kinetics and heat transfer from micro- 
mechanics modeling and experimentation 
efforts they will be added to the VIR model. 
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Why Reactive Burn Models? 
They offer a more detailed description of detonation initiation and 
propagation while still operating in Engineering scale calculations. 

1) Resolve non-steady state effects such as build up from weak shock 
initiation or decay from overdriven shocks generated by a booster charge. 

2) Account for energy delivered by non-detonating but reacting explosive 
and the timing of this energy delivery for safety and cold initiation. 

3) Model details such as corner turning and the effects of boundaries on 
the reaction zone and detonation front curvature. 

4) Resolution of reaction zone effects on boundary materials. 

5) Account for the effects of initial conditions such as age, morphology 
and temperature with the proper physics or experimental calibration. 

6) Account for desensitization due to multiple shock loadinghitiation . 

Amlied Theoretical & Commtational Phvsics Division Los Alamos 



Void-Inert-Reactive (VIR) Model 

Continuum model of shock-induced reactions in porous material that: 

1) employs heterogeneous distribution of the mechanical pore collapse 
energy to a small mass fraction, q(PShwk), of specific constituents 
equivalent to the initial void volume to form a hot spot, 

HE grains 

ADplied Theoretical & ComDutational Physics Division 



The mechanical pore collapse energy, Epore, is the difference between 
the internal energy of the shocked porous material, EporoU,, and the same 
material as a solid, Esofid can be found from the energy jump condition for 
each. This applies to single and multiple shocks where the first shock may 
or may not fully crush the pores. 

v, 
Specific Volume 

Computations have shown that the hot spot mass needs to be a function of the 
incident shock pressure of the form : 

q(Pshmk) = qo (a, - l)[e" - 11 : where n = (Psho 

Amlied Theoretical & Commtahonal Phvsics Division -hs Alamos 



2) separates the the computational cell into three thermodynamic 
subsystems: (A) hot spot, (B) “cold” reactants and (C) products, 

I 

Amlied Theoretical & Computational Physics Division 



3) used separate constituent equations of state to model the individual 
components of the composite HE or products in each subsystem, 

4) allows multiple, competing and sequential chemical reactions, 

D + E + e . *  J + K + * * a  P +  Q + * e *  

A + B + -  

M + N + * *  S + T + * e *  

Amlied Theoretical & Commtational Physics Division Los Alamos 



5) allows internal heat transfer between the subsystems. 
This model is not aimed at spatially resolving the temperature profiles 
around hot spots, but bulk heat transfer between subsystems is possible with 
Newtonian heat transfer, 

Example: Spherical burning pores and grains: 
Pore Burn Grain Burn 



Analysis of weak shock-initiation of die pressed 1.837 g/cc PBX 9501 data. 
Vorthman embedded magnetic particle velocity gauge data gathered by 
S. Sheffield, R. Gustavsen and R. Alcon of LANL with a 11.013-mm thick 
sapphire flyer impacting at 816 mls. 
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CONCLUSIONS: 

1. With the VIR reactive burn model we may mimic meso-scale phenomena 
like pore collapse dynamics, hot spot formation, constituent behavior and 
heat transfer without spatially resolving these effects so calculations can 
still be done on an engineering scale. 

2. Multiple competing an sequential chemical reactions allow the effects of 
chemical reaction steps to be modeled. 

3. Application of the model to weak shock-initiation of PBX 9501 shows how 
simple kinetics may be used to fit data. 

4. Inclusion of more complex reaction paths and kinetics along with better 
models of heat transfer, pore collapse and hot spot formation should improve 
fits to multiple data sources. 
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