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PLANE SHOCK INITIATIONOF DETONATION: COMPUTER SIMULATION

OF A GAS-GUN EXPERIMENT

by

Wildon Fickett and Jack D. Jacobson

ABSTRACT

A numerical calculationof the early stages of plane-
shock Initiationin the high explosivePETN using very eimple
constitutiverelations qualitativelyreproduces the experi-
mental results. The calculatedreaulte should be a useful
guide to the planning and interpretationof experiments,and
may be ueed to quantitativelyassess the methods of analysis
which deduce other variables from the experimentalpressure-
gauge records.

I. INTRODUCTION

Shock initiationof condensed explosives is

commonly studied by taking pressure histories from

quartz and l.fanganingauges. Other variables may

then in principle be determined by analysis of the

gauge records, under some reasonable assumptions

concerningneglect of transport properties.

In thinking about such an experiment it is use-

ful to have a calculationwhich at least qualita-

tively reproduces it so that one can have some idea

of what is going on “behind the scenes”. The cal-

culation can also serve as a quantitativetest case

for the method of analysis to be used on the experi-

mental data.

Our calculationsupplementsthe experimental
1

work of Wackerle and Johnson on PETN. With simple

constitutiverelationswe are able to qualitatively

reproduce the early motion. These would probably do

less well if the calculationwere extended to cover

the entire process--thatis, through the final tran-

sition to high-order detonation, although the cal-

culated distance of run to high-order detonation is

about right.

II. CONSTITIJTIVERELATIONS

The constitutiverelations consist of two parts:

an equation of state for the reactant-productmix-

ture and a reaction rate. A sufficientlygeneral

representationfor our purpose is

p = p(P,e,~)

dA/dt = r(p,T,A) , T = T(p,e,X)

where 1 is the degree of reaction (zero for no re-

action and one for complete reaction) and p, T, p,

and e are the pressure, temperature,density and

specific internal energy.

For the equation of state we take the pressure

to be a simple linear combination of the pressures

which the individual components (reactantsand pro-

ducts) would have at the given density and energy

P = (1 - i)pl(P,e + Xq) + Ap2(p,e + Aq)

where PI and p2 are the equations of state of the

pure reactants and products and q is the heat of re-

action.
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For the function pl describing the tinreacted

explosivetietake the often-used form

pl(P,e)
( )

- PH(P) + pr e - eH(p)

in which the Grtineisenparameter r is assumed in-

versely proportionalto the density (constantpr)

and the Hugoniot pressure and energy pH and eH are

given by a Hugoniot (throughthe initial state) lin-

ear in U-u

U=a+bu

PH = poa2q/(1 - brl)2 , ~- ~pH/zpo , ~ = 1 - Polp

with U and u the shock and particle

For the function p2 describing

products we use a y-law

P2(P,e) = (y-l)pe ,

velocities.

the reaction

y constant .

For the temperature,we take the temperatureon

the unreacted shock Hugoniot to be a linear function
2of preaeure, and get off this Hugoniot with a lin-

ear dependence of temperatureon pressure at con-

stant density.

T= To+ctpH(p) +B[p =pH(p)]

This simple descriptionputs the entire burden of

calculatingthe mixture temperatureon the unreacted

component of the equation of state. To get reason-

able temperaturesat large amounta of reaction it ia

neceaaary to choose a larger value of 8 than that

characteristicof the pure unreacted aolld.

For the reaction rate, we use the first-order

Arrhenius form

r=

with constant

cy factor 2.

-Ti/T
2(1 - A)e

t
activation temperatureT and frequen-

111. CHOICE OF PARAMETERS

The parameters are given in Table I. Values of

PO, a, b, D, and y are taken from experimentaldata

and r ia a guess. Sub8cript j denotea the CJ state.

For the temperaturefunctionwe take the value

of a from Ref. 2 for TNT (no valua ia given for

PETN). We eatimste 13as the ratio of the pressure

and temperaturedifferencesbetween the CJ state and

the unreacted shock Hugoniot at the CJ density Pj

6= [~j -TH(Pj)]/[Pj ‘PH(Pj)] ,

using an estimated value for T, of 3000 K.

We decided to try the Arrhenius form for the

rate when we noticed that the experimentalgauge re-

cords suggested an initiationprocess similar to

that calculated for an ideal gas with Arrheniua rate

(but with stronger drive).3 We determined the rate

parametersby trial and error to approximatelymatch

the experimentalgauge records. It ia interesting

to note that the ratios of the value of the expo-

nential term e-T+rT at the CJ atate to its value in

the initial shock ia roughly the same, about e6, in

both the present calculation and the ideal gaa cal-

culation of Ref. 3. Not surprisingly,the values of

Z and T+ are very different from those determined

from conventionalheating experiments: Z = 6.3 X
~013 U*-l Tt - 24000 ~

. No doubt the shock-initia-

tion mechaniem ia very different (plasticwork, void-

cloaing impact) and we have been fortunate to mock

up even a portion of it with such a simple rate law.

The calculationusea a quartz driver plate; for

its equation of state we use a two-piece version of

the form used for the unreacted PETN, with the pa-

rameters given in Table I.

Iv. RESULTS

The calculationwaa performed with the one-di-
4

mensional Lagrangian hydrocode PAD. From left to

right, the body consists of a 6-mm slab of quartz

impactinga 10-mm slab of PZTN explosive. The di-

mensions are nominal: rarefaction from the front

and rear surfaces do not affect the gauge histories

over the time of the calculation. Gauges are placed

at the left edge of the PETN and at distances of 2,

3, and 4 mm into it. These are ideal nonperturbing

.

.
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TAELE I

PAKAMETERsa

PETN

p(p, e, A):
p. = 1.7 mg/m3

a = 2.3 mml~s

b = 2.3

r - 1.2

T(p,e):

To = 300 K

a = 70 K/GPa

13= 111.25 K/GPa

w

p. = 2.65 mg/m3 ,

a= 5.72 , b = O

IIj= 8.2mm@

y= 2.9

(Pj = 29.3 GPa)b

(Poq = 7.72 GPa)b

r(T,A):

z = 150 ps
-1

T+ = 3000 K

r=l
for p< 2.7174

a = 5.57 , b = 1.08 for p > 2.7174

%heunits are the coherent set based onmm, mg, vs.

bPj - PoD:/(Y +1) ; q ‘~D;/(Y2 - 1)

gaugee, that is, they simply record the particle

(fluidelement) histories at these points. (The

pressures recorded by quartz gauges would, of course,

be si~ificantly higher because of the impedance

mismatch.) At time zero, the moving slab of quartz

with velocity 4 mm/vs impacts on the stationary PETN.

The program uses artificialviscosity to handle

shocks. To hsve zero reaction rate in the quiescent

atate, we use an ignition pressure of 1 GPa to turn

on the reaction. There are 200 computation cells in

the quartz and 400 in the PE’rN. From two other runs

with one-half and one-fourth as many cells and from

other studies of the program’s accuracy in solving

the equatione of motion (given the constitutivere-

lations),we estimate typical errore to be 1-2% in

preesure and particle velocity and 0.001 to 0.003 mm

in position.

The computer output fs given in the Appendix.
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APPENDIX

COMPUTER RESULTS

The printout begins with the input data. Next

are three printed snapshots at times 1.0, 1.375, and

1.75. Each begins with the last cell of the quartz

and extends to the shock. The column labeled “TEMP

OR S1” is temperature,that labeled “LAM OR S2” is

k, that labeled “VISCOSITY”is the artificialvis-

cosity, and that labeled “C-SQ” ie the square of the

sound speed. Next are the particle histories (guage

records).

The first set of graphs correspond to the print-

ed snapshots,and the second to the printed particle

histories. The next graph, marked “OVERVIEW” is a

t-x (time-distance)plot with dots marking parti-

cles. A pseudo-schlierensystem picks up additional

particles at large pressure gradients to mark waves.

Again most of the quartz is omitted. The second

OVSRVIEW plots p and x for each point ahown on the

firat, and connects those at the timee listed under

“OVERVIEW TIMES” at the end of the printout to form

a sequence of superimposedp-x snapshot profiles.
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