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THE THREE-DIMENSIONALHYDRODYNAMICHOT-SPOT
MODEL APPLIED TO PETN, HMX,

by

Charles L. Mader and James

ABSTRACT

TATB, AND NQ

D. Kershner

The interaction of a shock wave with a single air
hole and a matrix of air holes in PETN, HMX, and TATB has
been numericallymodeled. The hot-spot formation,inter-
action, and the resulting build up toward detonationwere
computedusing three-dimensionalnumericalEulerian hydro-
dynamics with Arrhenius chemical reaction and accurate
equations of state according to the hydrodynamichot-spot
model.

The basic differencesbetween shock sensitive ex~lo-
sives such as PETN
such as TATB or NQ
hot-spot model.

or HMX and shock insensitiveexplosives
may be describedusing the hydrodynamic

I. INTRODUCTION

The hydrodynamic stability of one-dimensionaldetonationsin an ideal gas

of constant heat capacity undergoing an exothermic,irreversible,unimolecular

reactionwith an Arrhenius-lawtemperaturedependencehas been studied analyti-
.

cally by Erpenbeck.J The analysis gives no informationabout the nature of the

time-dependentbehavior of the flow for finiteperturbations (the stability)of

the ideal gas reaction zone using a one-dimensionalcharacteristicmethod. In

those cases for which Erpenbeck’s linearized analysis has shown the steady-

state solution to be unstable to infinitesimal longitudinal perturbations,
,

flows started in a configuration approximating the steady-statesolution ex-

hibited nondecayingoscillations;in those cases for which Erpenbeck’sanalysis

showed the steady-state solution to be stable, perturbations were found to

decay.2

In Reference 3 we described the results of our studies of the time-

dependent behavior of the flow (the stability)of the ideal gas, nitromethane,

and liquid TNT reaction zones to finite longitudinal and transverse pertur-

bations using finite difference methods to solve the reactive Navier-Stokes

e f d a d t b
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I
the flow of stable overdriven nitromethane detonations formed by pistons of

various configurations.

The constant velocity piston calculations with a resolved reaction zone

show details of the process of shock initiation of nitromethane. The basic

features are identical to those of the flow computed with an unresolved reac-

tion zone.
4

The shocked nitromethanefirst completelydecomposesat the piston -

and achieves a detonation with a peak pressure that builds up toward the C-J

pressure of the high-density shocked nitromethane. The detonation wave over- u

takes the shock wave, and the pressure at the end of the reaction zone decays

toward the piston pressure.

If one introducesgas bubbles or grit into a homogeneousexplosive such as

a liquid or a single crystal, thereby producing a heterogeneousexplosive, the

minimum shock pressure necessary to initiate propagating detonation can be

decreasedby one order of magnitude.

Heterogeneous explosives, such as PBX 9 or PBX 9502, show a different

behavior than homogeneous explosives show when propagating along confining

surfaces. A heterogeneousexplosive can turn sharp corners and propagate out-

ward, and depending upon its sensitivity, it may show either very little or

much curvature when propagating along a metal surface. The mechanism of ini-

tiation

kinetic

plosives

for heterogeneous explosives is different from the simple Arrhenius

model found adequate for homogeneous explosives. Heterogeneous ex-

are initiated and may propagate by the process of shock interaction

with density discontinuitiessuch as voids. These interactionsresult in hot

regions that decompose and produce increasing pressures that cause more and

hotter decomposing regions. The shock wave increases in strength, releasing

more and more energy, until it becomes strong enough that all of the explosive

reacts and detonationbegins.

This process is described by the “hydrodynamic hot-spot” model, which

models the hot-spot formation from the shock interactionsthat occur at density
.

discontinuitiesand describes the decompositionusing the Arrhenius rate law ,
5

and the temperaturefrom the HOM equation of state.

The numerical modeling of the interactionof a shock wave with a single

density discontinuity was reported in Reference 5, where an 8.5-GPa shock

interacting with a single spherical hole in nitromethane was studied. The
5

study was extended to four rectangular holes. It was determined that

0.0032-mm-radiuscylindricalvoids would build toward detonationand O.OOl-mm-
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radius voids would form hot spots that failed to propagate because of rarefac-

tions cooling the reactivewave.

The process of shock initiation of heterogeneousexplosives has been in-

vestigated numerically by studying the interactionof shock waves with a c:ube

of nitromethane containing 91 holes. An 8.5-GPa shock interacting with a

single 0.002-mm hole did not build toward detonation. When the shock wave

interacted with a matrix of 0.002-mm holes, it became strong enough to build

toward detonation. Reducing the size of the holes to 0.0004 mm resulted in a

sufficient amount of the explosive decomposing to compensate for the loss in

energy to the flow caused by the interactionof the shock wave with the holes.

The shock wave slowly grew stronger,but it did not build to detonationin the

time of the calculation.

A 5.5-GPa shock wave interactingwith a matrix of 0.002-mm holes resulted

in insufficientheating of the resultinghot spots to cause significantdecomp-

osition.

The process of desensitizationby preshockingwas found to be a result of

the holes being closed by the low-pressureinitial shock wave without resulting

in appreciableexplosive decomposition. The higher pressure shock that arrived

later did not have holes with which to interact and behaved like a shock wave

in a homogeneous explosive until it caught up with

wave.

The basic processes in the shock initiation

have been numerically modeled in three dimensions.

wave with density discontinuities, the resulting

the lower pressure preshock

of heterogeneousexplosives

The interactionof a shock

hot-spot formation, inter-

action, and the build up toward detonation or failure have been modeled. In

this report the hydrodynamichot-spot model is used to investigateother explo-

sives and other kinetics to study the basic differencesbetween shock sensitive

and shock insensitiveexplosives.

II. N_UMXRICALMODELING

The three-dimensionalEulerian reactivehydrodynamiccode 3DE is described

in Reference 7. It uses techniques identical to those described in detail in

Reference 5 and used successfullyfor describingtwo-dimensionalEulerian flow

with mixed cells and multicomponentequations of state and for modeling reac-

tive flow.
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The three-dimensionalcode has been used to study the interactionof t
three, and five colliding, diverging spherical detonationwaves in PBX 9404.

As described in Reference 8, the size and magnitude of the high-pressuredou-

ble, triple, quadruple, and quintuple interactionsdepend upon the number and

relative location of the initiators. The initiationof propagatingdetonation

in the insensitiveexplosive PBX 9502 by triple shock wave interactionresult-

ing from three initiatorshas also been studied. The reactivehydrodynamicsof

a matrix of tungstenparticles in HMX was described in Reference 9.
.

The Arrhenius reactive rate law was used with the constants determined

experimentallyby Raymond N. Rogers and described in Reference 5.

stants used are given in Table I.

TABLE I. Arrhenius Constants

ActivationEnergy FrequencyFactor

Explosive (kcal/mole) (ps-j

Nitroguanidine 20.9 28.4

TATB . 59.9 3.18 X 1013

52.7 5.0 x 1013

PETN 47.0 X 1013

The con-

The HOM equation of state constantsused for PETN are described

ence 5. The BKW detonation product and the solid equation of state

used in the HOM equation of state are given in Table II for HMX, in

for TATB, and in Table IV for Nitroguanidine(NQ).

A constant velocity piston was applied to the bottom of the

cube, shocking the explosive initiallyto the desired pressure. When

in Refer-

constants

Table 111

explosive

the shock .

wave interacts with a hole, a hot spot with temperaturesseveral hundred de-

grees hotter than the surroundingexplosive is formed in the region above the “

hole when it is collapsed

contributes energy to the

interaction.

Whether this energy is

by the shock

shock wave,

sufficientto

interaction depends upon the magnitude

size, and the interactionwith the flow

4

wave. The hot region decomposes and

which has been degraded by the hole

compensatefor the loss from the hole

of the initial shock wave, the hole

from nearest neighbor hot spots. The



objective of the study was to investigatethe nature of this complicatedinter-

action and to determine if the hydrodynamic hot-spot model was adequate to

describe the experimentally observed sensitivity to shock initiation of the

heterogeneous explosives PETN, HMX, TATB, and Nitroguanidinewith PETN being

the most sensitiveand Nitroguanidinethe least sensitive.

For example, to initiatePBX-9404 (HMX-basedexplosive)or PBX-9502 (TATB-

based explosive)at maximum pressed density within 4 mm of shock run requires a

shock wave in PBX-9404 of 5 GPa and in PBX-9502 of 16 GPa as determined from

the experimentalPop plots.
10

To initiate PETN at 1.75 g/cm3 (crystal density is 1.778) within 4 mm of

shock run requires a pressure of only 2 GPa, while to initiateNitroguanidine

at 1.723 g/cm3 (crystal density is 1.774) within 4 mm of shock run requires a
10

pressure of 25 GPa.

The hole size present in such pressed explosives varies from holes of 20

to 600 A in the TATB crystals to holes as large as 0.5 mm in the explosive-

binder matrix. Most of the holes vary in size from 0.05 to 0.005 mm in dia-

meter, so we examined holes in that range of diameters.

As shown in Reference 5, the hot spot formed when a shock wave interacts

with a sphericalhole scales with the radius of the hole as long as no chemical

reaction occurs. Using hot-spot temperaturesin the calculatedrange of 700 to

1300 K and calculatingthe adiabatic explosion times, one observes the ordering

according to sensitivity (time to explosion) shown in Table V. The ordering is

identical to that observed experimentally.

TABLE V. Adiabatic Explosion Times

r

Hot-Spot Temperature

Explosive 700K 1000 K 1300 K

Nitroguanidine 5504 ps 124 ~S 18.47 lJS

TATB 1290 ps 6 X 10-3 ~S
-51 x 10 ps

5.26 ~S
-4

1 x 10 ps 5 x 10-7 ps

PETN 0.08 ~S
-6

7 x 10 ps 5 x 10-8 ps

The interaction

air holes of various

of shock waves of various pressures with single cubical

sizes in PETN, HMX, TATB, and NQ was investigated. The
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calculationsmodel the hot-spot explosion and failure to propagate because of

rarefactions cooling the reactive wave. If the reaction becomes too fast to

numericallyresolve the cooling by rarefactions,the flow builds toward a deto-

nation too quickly.

A summary of the results of the study is shown in Table VI. The ordering

of shock sensitivity of the explosives is again observed experimentallycor-
10relating well with the observedPop plot data.

To evaluate the sensitivity to shock more realistically,we studied the

interactionof a 5-GPa shock wave in HMX with a matrix of sphericalholes of 4
-3x 10 -mm diameter. The void fraction is 10%. While a single hole fails to

build toward a detonation as shown in Figure 1, the matrix of holes builds

toward a detonation as shown in Figure 2. The experimentalrun to detonation

for a 5-GPa shock wave in 1.71 g/cm3 HMX is 0.17 cm. While a propagating

detonation would not be expected to occur experimentallyin this geometry (the

computed detonation is the result of insufficient numerical resolution to

resolve the reaction at high pressures and temperature),the enhancementof the

shock wave would occur.

The interaction of a 12.5-GPa shock wave in TATB with a single spherical

hole of 4 x 10
-3
-mm diameter is shown in Figure 3. It fails to build toward a

detonation. The interaction of a 12.5-GPa shock wave in TATB with a matrix of
-3sphericalholes of 4 x 10 -mm diameterwith a void fractionof 10~0is shown in

Figure 4. The flow builds toward a detonation. The experimentalrun to deto-

nation for a 12.5-GPa shock wave in 1.71 g/cm3 TATB is 0.30 cm. The computed

detonationoccurs too quickly because of insufficientnumerical resolutionwhen

the shock wave is enhanced to high enough pressures and temperaturesby the

interactinghot spots.

The interaction of a 2.O-GPa shock wave in PETN with a single spherical

hole of 4 x 10-3-mm diameter is shown in Figure 5. Build up toward a detona- .
tion did not occur. The interaction of a 2.O-GPa shock wave in PETN with a

-3matrix of spherical holes of 4 x 10 -mm diameter with a void fraction of 10% .
.

is shown in Figure 6. The flow builds towards a detonationafter the hot spots

interact. The computed detonation in this geometry is a result of insufficient

numerical resolution at high decomposition rates. The experimental run to

detonationfor a 2.O-GPa shock wave in 1.60 g/cm3 PET??is 0.20 cm.

The experimental run to detonation values are about the same for a

12.5-GPa shock wave interactingwith TATB with 10% voids, for a 5.O-GPa shock

6
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interactingwith HMX with 10% voids, and for a 2.0 GPa shock wave inter-

acting with PETN with 10% voids.

The computationalgrid contained 24 x 22 by 36 cells, each 1 x 10
-3

mm on

a side. The 36 air holes were described by 4 cells per sphere diameter.

Numerical tests with 2 to 6 cells per sphere diameter showed the results were

independent of grid size for more than 3 cells per sphere diameter. The air ●

holes were located on a hexagonal close-packed lattice (HCP). The closest
-3

distance for the HCP matrix between holes was 3.8 x 10 mm.
.

The time step was

1.0 x 10-5 ps.

III. CONCLUSIONS

The hydrodynamic hot-spot model describes the basic difference between

shock sensitive and shock insensitive explosives. The interactionof a shock

wave with air holes in PETN, HMX, TATB, and NQ, the resultinghot-spot forma-

tion, interaction, and the build up toward detonation or failure have been

modeled. Increased hole size results in larger hot spots that decomposemore

of the explosive and add their energy to the shock wave and result in increased

sensitivity of the explosive to shock. Increased number of holes also causes

more hot spots that decompose more explosive and increase the sensitivity of

the explosive to shock. The interactionbetween hole size and number of holes

is complicated and requires numerical modeling for adequate evaluation of

specific cases. The hole size can become sufficientlysmall (the critical hole

size) that the hot spot is cooled by side rarefactions before appreciable

decomposition can occur. Since increasing the number of holes while holding

the percentage of voids present constant results in smaller holes, we have

competing processes that ❑ay result in either a ❑ ore or less shock sensitive

explosive. If the hole size is below the critical hole size, then the explo-

sive will become less sensitive with increasing number of holes of decreasing

diameter.

To evaluate the potential shock sensitivityof an explosive for engineer-

ing purposes, one needs to determine experimentallythe Arrhenius constants.

One then calculates the adiabatic explosion times for several assumed hot-spot

temperatures to determine the relative sensitivity of the explosive compared

with explosives of known sensitivity. A more detailed evaluation can be ob-

tained from calculationsusing the hydrodynamichot-spot model.
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PETN. The snherical air holes have a.
diameter of 4 x 10-3 mm. The initial shock pressure is 2.0 GPa. The
density and mass fraction contours are shown for a cross section
through the center of the matrix. The flow builds toward a detona-
tion.
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N
* TABLE III. The BKW DetonationProduct and the Solid Equation of State for TATB

A FORTRAN BKW CALCULATION FOR THE EXPLOSIVE
TATB FOR HOT SPOT CALCULATION

THE NUMBER OF ELEMENTS IS 4

THE NUMBER OF GAS SPECIES IS 11

THE NUMBER OF SOLID SPECIES IS i

THE BKW EQUATION OF STATE PARAMETERS ARE
ALPHA= 5.00000000000E-01 BETA= 9.58500000000E-02 THETA= 4.00000000000E+02 KAPPA= 1.26847111054E+01

THE COMPOSITION OF THE EXPLOSIVE IS
6.00000000000E+O0 MOLES OF C
6.00000000000E+O0 MOLES OF H
6.0000OOOOOOOE+OO MOLES OF N
6.00000000000E+O0 MOLES OF O

THE OENSITY OF THE EXPLOSIVE IS 1.93700000000E+O0, GRAMS/CC

THE MOLECULAR WEIGHT IS 2.58174000000 E+02 GRAMS

THE HEAT OF FORMATION AT O OEG K IS -I.70000000000E+04 CALORIES PER FORMULA WEIGHT

THE SOLIO (COWAN) EWATION OF STATE PARAMETERS VO, AS, BS, CS, OS, ES, Al, A2, Cl, C2, C3, ATOMIC WT

SOL C 4.44444444444E-01 8.30935837268E-01 -1 .39381809219E+O0 6.72569716021E-01 -1 .13537262508E-01 6.49155882007E-03
-2.26705345948E-OI I.20516569525E-OI 8.31600000000E-02 -1 .75590000000E-01 1.5531OOOOOOOE-O1 1.201WOOOOOOE+OI

THE INPUT DETONATION PROOUCT ELEMENTAL COMPOSITION MATRIX
o. 2.OE+OO O. I.OE+OO O. 2.OE+OO O. 0. 0. 0. 0. 2.OE+OO
I.OE+OO O. 0. 2.OE+OO I.OE+OO O. 0. 1.OE+OO O. 3.OE+OO 1.OE+OO O.
0. 1.OE+OO O. 0. 0. 0. I.OE+OO I.OE+OO O. 0.
0. I.OE+OO O. I.OE+OO I.OE+OO

2.0E+O0 O.
4.OE+OO O. 0. I.OE+OO O. 0. 0.
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TABLE IV. The BKW DetonationProduct and the Solid Equation of State used in the
HOM Equation of State for Nitroguanidine(NQ)

A FORTRAN BKW CALCULATION FOR THE EXPLOSIVE
NITROGUANIOINE FOR HOT SPOT STUOY

THE NUMBER OF ELEMENTS IS 4

THE NUMBER OF GAS SPECIES IS 11

THE NUMBER OF SOLID SPECIES IS 1

THE BKU EQUATION OF STATE PARAMETERS ARE
ALPHA= 5.0000OODODOD E-01 BETA= 1.6000000Q0 OOE-Of THETA= 4.0000WMDO OOE+02 KAPPA= 1.09097784436E+oI

THE COMPOSITION OF THE EXPLOSIVE IS
l.OOOOOOOOOOOE+OOMOLES OF c
4.00000000QODE+O0 MOLES OF H
4.00000000000E+D0 MOLES OF N
2.0000OOOOOOOE+OO MOLES OF O

THE DENSITY OF THE EXPLOSIVE IS 1.7800DDDODOOE+O0, GRAMS/CC

THE MOLECULAR WEIGHT IS 1.04074000QOOE+02 GRAMS

THE HEAT OF FORMATIC)N AT O OEG K IS -1. 11000000000E+04 CALORIES PER FORMULA WEIGHT

THE SOLIO (120tIIAt4)EQUATION OF STATE PARAMETERS VO, AS, BS, CS. OS, ES, Al, A2, Cl, C2, C3, ATOMIC WT

SOL C 4.44444444444E-01 8.30935837268E-01 -1 .39381809219E+O0 6.72569716021E-01
-2.26705345948E-01

-1 .13537262508E-Oi
1.20516569525E-01

6.49155882007E-03
8.31600000DDOE-02 -1 .75590000000E-01 I.5531OOOOOOOE-OI 1.201000DODOOE+OI

THE INPUT DETONATION PRODUCT ELEMENTAL COMPOSITION MATRIX
o. 2.OE+OO O. I.OE+OO O.
i,~l+QQ Q. n

2.OE+OO O. 0. 0. 0.
-1 nc.nn

o.
{.~~+~~

2.OE+OO
-.”..””

1.OE+OO ;:
c. 0. f.ois+co 0. 3.UE+OO 1 .OE+OO

: &
o. 0. 0. I.OE+OO I.OE+OO O. ::

I.OE+OO O.
0.

1.OE+OO I.OE+OO
2.OE+OO

4.OE+OO O. 0. I.OE+OO O. 0. 0.
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