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Shock initiation experiments of single crystals of pentaerythritol tetranitrate (PETN) have revealed

that they show anisotropic sensitivity to mechanical impact. An ignition and growth model is

developed based on the empirical observations of these impact studies. Because this model is

independent of the direction of compression, the anisotropic material response of single crystals

has not been addressed. Here, we present a complete description of the anisotropic ignition and

growth of PETN and provide quantitative validations using the experimental data. The model is

appropriate for use in single crystal studies of explosive initiation, or in grain scale simulations of

composites. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4823796]

Anisotropic sensitivity has been observed in shock initia-

tion experiments on pentaerythritol tetranitrate (PETN) single

crystals.1–3 The existence of a preferred orientation of crystal

slip explains why the pressure threshold for detonating PETN

along the h100i direction is at least four times higher than that

along the h110i direction.4,5 Experiments1–3,5 and molecular

simulations4,6,7 both suggest that coupling between thermal,

chemical, and mechanical effects is needed to properly

address the anisotropic behavior of PETN.

Table I summarizes the measured input stresses for

PETN shock initiation experiments.1 Both the h110i and

h001i directions are shown to be initiable at 8.6 GPa, while

the h101i and h100i directions exhibit insensitivity to shock

pressures below 19.5 GPa. This physical anomaly was

explained by the microscopic concept2 of a steric hindrance

effect. Characteristics of steady detonation, such as the deto-

nation velocity, von Neumann spike, and Chapman-Jouguet

(C-J) pressure are independent of crystal orientation.

In a continuum framework, the ignition and growth

(I & G) model8,9 has been widely used to model the shock

to detonation transition. Since the model is independent

of the direction of compression (isotropic), it is impossi-

ble to address the anisotropic shock sensitivity. In this pa-

per, we formulate a complete set of governing equations

that incorporate shock initiation data for PETN, and sug-

gest a crystal orientation dependent reactive flow model.

A general tensor is used to address three-dimensional

effect of the dependence of the strain field on initiation of

PETN.

In our reactive flow model, we use a single progress

variable k to describe the degree of reaction. k varies from 0

(unreacted explosive) to 1 (fully reacted explosive) during

the course of the simulation. t is the time, x is the position, p
is the pressure, and u is the flow velocity. Given these quanti-

ties, we define a direction-dependent shock initiation rate

law defined by

@k
@t
þ
X

i

@kui

@xi
¼ Ið1� kÞb

X
i;j

f
eij

eij;0
� Jij

� �
Hð_eijÞ

" #X

0 < k < kigmax

þð1� kÞckdpY
X

i;j

G1;ijHð_eijÞ 0 < k < kG1max

þG2ð1� kÞekgpZ kG2min < k < 1;

(1)

where k is the reaction progress variable, p is the pressure, eij

is the strain tensor, and _eij is the strain rate tensor. eij;0 and
_eij;0 are reference coefficients, Jij is a unit matrix of all ones,

and H(_eij) is a loading function
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The input strength is assumed larger or equal to the base (ref-

erence) strain such thata)Electronic mail: jjyoh@snu.ac.kr. Tel.: 82-2-880-9334.
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f ðargÞ ¼ arg if arg > 0

0 otherwise
:

�
(2)

The first (ignition) term on the right hand side of Eq. (1) is

controlled by the strain relative to its reference strain con-

stant in a specific crystal orientation. The function H sets a

limiting compressive strain rate required to begin ignition.

The second term describes the early growth phase of reaction

and is governed by pressure. The third term describes the

later stages of reaction and is assumed to be isotropic. The

reference strain rates _eij;0 are constants used to control

the onset of reaction. Typical values encountered in experi-

ments are tabulated in Table II. The model has been devel-

oped to possibly encompass static, ramp, or shock

compression, although only shock compression is studied

here. The strain and strain rate based terms effectively model

the response of hot spots to compression.8,9

For strong shocks comparable with the C-J pressure of

31 GPa, the ignition term will trigger rapid reaction along

any direction. For weaker shock waves, the anisotropic sensi-

tivity as implemented in the ignition term of Eq. (1) allows

the initial pressure to build up along the sensitive direction,

which then leads to a full detonation of PETN with the exo-

thermic growth terms of Eq. (1).

The complete governing equations of reactive flow

include the conservation of mass, momentum, energy and

species, and can be expressed in two-dimensional cylindrical

coordinates as follows:
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where q is density, ur and uz are velocity components in ra-

dial and axial directions, respectively, E is the total energy

per unit mass, and p is the hydrostatic pressure. The switch-

ing of the ignition and growth terms is omitted for brevity

and is the same as in Eq. (1). We implicitly model

molecular-scale dislocation and slip systems through the ori-

entation and strain rate dependence of the ignition and

growth terms. We assume that the growth of the explosive

TABLE II. Regime of physical strain rates (see Ref. 10).

Strain rate (1/s) Impact velocity (m/s) Effect

<10�5 … Creep

10�5–101 <50 Primarily elastic

101–103 50–500 Primarily plastic

103–105 500–1000 Material strength significant

105–106 1000–3000 Pressure�material strength

106–108 3000–12 000 Pressure>material strength

>108 >12 000 Ionization

TABLE III. Parameters for anisotropic rate law.

Parameter Value

I (1/ls) 100

b, c, e, g 0.667

D 0.01

eh001i,0, eh110i,0, eh100i,0 �0.199

X 8

G1h110i (Mbar�Y/ls) 0.15

G1h001i (Mbar�Y/ls) 0.015

G1h100i (Mbar�Y/ls) 0.001

Y 1

G2 (Mbar�Z/ls) 1500

Z 2

kigmax, kG1max, kG2min 0.01

_eh110i, _eh001i (1/ls) �1600

_eh100i (1/ls) �4200

TABLE I. PETN shock initiation data (see Ref. 1).

Shock

direction

Input stress

(GPa)

Run distance to

detonation (mm)

h110i 8.6 7.3

h110i 12.4 4.6

h001i 12.4 9.5

h101i 8.6 No go below 19.5 GPa

h100i 12.4 No go below 19.5 GPa

FIG. 1. Dependence of the distance to detonation of PETN on input shock

stress in the sensitive orientations of h110i and h001i.
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reaction is controlled by shock pressure, and we neglect the

elastic-plastic behavior of PETN13 for the relatively strong

shock compressions considered here. The Jones-Wilkins-Lee

(JWL) equation of state (EOS) is used to model the high

pressure characteristics of both reacted and unreacted PETN,

with values given by Tarver et al.9

p ¼ A 1� x
R1V

� �
e�R1V þ B 1� x

R2V

� �
e�R2V þ xE

V
: (8)

In this equation, V is the volume relative to its initial value

and E is the energy per unit volume. Table III summarizes

the anisotropic chemical kinetics parameters used in the

simulation.

One-dimensional shock compression of PETN is

performed. For comparison, both the original I & G

(Eq. (9)) and anisotropic rate laws (Eq. (10)) are written out

explicitly
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FIG. 2. Dependence of shock velocity on run distance for PETN crystal

shocked along the h110i direction at 8.6 GPa. Measured C-J and super deto-

nation velocities shown are from Holland et al.15

FIG. 3. The calculated pressure evolution is recorded at every 0.1 ls for 8 GPa

impact along the sensitive h110i direction. The red line indicates the time at

which the unreacted shock wave is overtaken by the reacted shock wave.

FIG. 4. The calculated pressure history is shown for shock initiation of a

translucent PETN pellet by a Mylar flyer plate.

FIG. 5. The calculated pressure evolution is recorded at every 0.1 ls for

12.4 GPa impact on the intermediate sensitivity h001i direction. The red line

indicates the time at which the unreacted shock wave is overtaken by the

reacted wave.
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The isotropic parameters for PETN are from Refs. 8 and 9. A

uniform mesh of 2.5 lm/zone is used because of the thin

zone reaction length �40 lm, and the impact pressure varied

from 8 to 19 GPa. In the one dimensional approximation

studied here, parameters are developed separately for each

propagation direction considered, as given by Table III.

Figure 1 compares the experimental and calculated run dis-

tance to detonation. This quantity is defined as the distance

required for the shock wave to be overtaken by the reaction

front.3,8,9,11,12 Our results accurately reproduced the experi-

mental data in the h110i and captured the anticipated ignition

behavior in the h001i case.

The model also correctly predicts the existence of a

super detonation1 for pre-compressed PETN that accelerates

the reaction rate. In Fig. 2, the pressure and shock velocity in

the super detonation regime are significantly higher than

their respective C-J values. For an impact pressure of 8 GPa,

the time evolution graph in Fig. 3 clearly marks the von

Neumann spike (unreacted EOS) pressure of 45 GPa. The

C-J pressure of 33 GPa is also in a good agreement with ex-

perimental data. We have applied the anisotropic model to

an ignition experiment9 involving initiation by a Mylar flyer.

The Mylar flyer plate with velocity close to 4.1 km/s imparts

19 GPa to the PETN during 0.06 ls. The calculated pressure

history in Fig. 4 shows well-resolved shock initiation, over-

driven super detonation, and pressure decay toward the C-J

value. These features are very similar to those calculated

with the isotropic I & G model in Ref. 9. Next, the interme-

diate sensitivity h001i orientation for an impact of 12.4 GPa

is considered. The anisotropic model reproduces the time to

detonation represented by the red line in Fig. 5 (experiment:

9.4 mm, simulation 9.5 mm), while the isotropic model can-

not handle this case.

The time-resolved temperature measured by photomulti-

plier tubes (PMTs) provides valuable experimental insight

into the temporal characteristics of ignition, pressure build-

up, and full detonation.3 The temperature and detonation

velocity are measured to be 4140 K and 8.2 mm/ls,

respectively. Figure 6 illustrates the calculated temperature

of the two different orientations for the given impact pres-

sure. Despite the use of a constant specific heat to fit the C-J

state and super detonation state of PETN, the comparison

reasonably reproduces the anisotropic behavior of PETN.

To summarize, the anisotropic shock sensitivity of sin-

gle crystal PETN is predicted by the proposed reactive flow

model. The strong direction dependence of shock impact

tests is accurately described by the strain tensor field formu-

lation for ignition and growth in a continuum reactive flow

framework. The anisotropic model should be applicable to

many legacy hydrodynamic codes. Predicting the initiation

behavior of composite explosives on the basis of physics-

based grain scale continuum models is of growing interest.14

We anticipate that the present model could be used in the

grain-scale modeling of pressed powders, to predict the

response of other single-crystal experiments, or to model

other anisotropic reactive materials or assemblies.
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