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The Ignition & Growth model for the shock initiation and detonation of solid
explosives is applied to calculating the main features of detonation waves in the
triaminotrinitrobenzene (TATB) based high explosives LX-17, PBX 9502 and
EDC-35. Under detonation conditions, TATB based explosives exhibit reaction
zone lengths of 2 to 3 mm depending on the interactions between the detonation
wave and the surrounding inert materials. This paper describes comparisons of
Ignition & Growth calculations with data from several two- and threedimensional experiments in which various materials are used to confine the
TATB based explosives. The calculated unconfined failure diameters of PBX
9502 are normalized to the measured values at five initial temperatures. Failure
diameters for LX-17 are then estimated by changing only the fraction ignited near
the shock front. Fabry-Perot data on spherically divergent LX-17 “snowball”
experiments is also compared to calculations. Calculated detonation velocities,
wave front curvatures, and metal acceleration velocities are compared to
experimental detonation data for TATB-based high explosives in tantalum,
copper, PMMA, brass, and beryllium confinement. Three-dimensional prism
failure test results on PBX 9502 are also stimulated using the ALE3D code.

this paper, several of the most interesting two-and
three-dimensional experiments on these three
TATB-based explosives are described and
calculated. The results are used to determine the
ability of the model to predict a wide range of
confinement effects ranging from no confinement
(failure diameter cylindrical rate sticks and spherical
divergence) to medium confinement (PMMA and
beryllium cylinders) to heavy confinement (brass,
steel, copper, and tantalum cylinders).

INTRODUCTION
Triaminotrinitrobenzene (TATB) - based solid
explosives are widely used due to their excellent
safety characteristics. Three high density versions
are: LX-17 (92.5% TATB/7.5% KelF); PBX 9502
(95% TATB/5% KelF); and EDC-35 (95%
TATB/5% KelF). These explosives exhibit 2 to 3
mm reaction zone lengths and many non-ideal
propagation properties when detonating.1 The
Ignition & Growth reactive flow model has been
applied to a great deal of experimental data on
TATB detonation waves in order to predict this
non-ideal behavior in geometries that can not be
tested.
Numerous one-dimensional embedded
gauge and laser interferometer experiments on
detonating LX-17 and PBX 9502 have created an
excellent database for reactive flow modeling.2
Various two-dimensional experiments have shed
considerable light on the detonation versus charge
diameter, failure diameter, and wave curvature
properties of detonating TATB.3
The threedimensional prism failure test4 has also provided an
excellent test for TATB reactive flow modeling. In

THE IGNITION & GROWTH MODEL
The Ignition and Growth reactive flow model of
shock initiation and detonation of solid explosives
has been used to solve many 1D, 2D, and 3D
explosive and propellant safety and performance
problems.5-11 The model uses two Jones-WilkinsLee (JWL) equations of state, one for the unreacted
explosive and one for its reaction products, in the
temperature dependent form:
p = A e-R1V + B e-R2V + ω CvT/V
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(1)

measurements of Campbell15,16 are used. For the
highest two temperatures, the prism test results of
Asay and McAfee17 are used.

where p is pressure in Megabars, V is relative
volume, T is temperature, ω is the Gruneisen
coefficient, Cv is the average heat capacity, and A,
B, R1, and R2 are constants. The reaction rate law
for the conversion of explosive to products is:

An Ignition & Growth reactive flow model for
PBX 9502 based on the widely used LX-17 model
was developed for the shock initiation embedded
gauge experiments of Gustavsen et al.18 The only
changes were to decrease the critical compression
[parameter a in Eq. (2)] at which reaction begins
from 0.22 for LX-17 to 0.214 for PBX 9502 and to
increase the maximum fraction reacted ignited by
the first term of Eq. (2) from 0.02 for LX-17 to
0.025 for PBX 9502 {Figmax in Eq. (2)}. These
two changes are based on the experimental facts that
PBX 9502 reacts at slightly lower shock pressures
than LX-17 and that PBX 9502 is typically pressed
to 97.5% of its theoretical maximum density
(TMD), while LX-17 is pressed to 98% TMD.
Table 1 contains all of the Ignition & Growth
equation of state and reaction rate parameters used
for LX-17 and PBX 9502. The calculated failure
diameters of PBX 9502 at these five initial
temperatures were then normalized to the
experimental values by varying G1 and the pressure
exponent y in the second (reaction growth) term of
Eq. (2). Growth coefficients G1 were obtained for
both y=2 and y=3, both of which have been used to
model TATB-based reaction rates in previous work.

dF/dt= I(1-F)b(ρ/ρo-1-a)x + G1(1-F)cFdpy
(0<F<Figmax)
(0<F<FG1max)
+ G2(1-F)eFgpz
(FG2min<F<1)

(2)

where F is the fraction reacted, t is time, ρ is the
current density, ρo is the initial density, and I, G1,
G 2 , a, b, c, d, e, g, x, y, and z are constants. The
mixture equations assume pressure and temperature
equilibration between the unreacted explosive and
its reaction products.
This three-term rate law describes the three
stages of reaction generally observed in shock
initiation and detonation of heterogeneous solid
explosives. For detonation, the first term represents
the ignition of the explosive as it is compressed by
the leading shock wave creating heated areas (hot
spots) as the voids in the material collapse. The
fraction of explosive ignited is approximately equal
to the original void volume.5 The second reaction
models the rapid formation of the major reaction
product gases (CO2, N 2, H2O, CO, etc.) in highly
vibrationally excited states12 and their subsequent
expansion and equilibration. The third term is used
to describe the relatively slow diffusion controlled
formation of the solid carbon particles in the form
of diamond, graphite, or amorphous carbon. For
TATB-based explosives, the last 20% of the energy
release is assumed to be solid carbon formation.
Other LX-17 and Ultrafine TATB Ignition and
Growth applications are shown in companion
papers.13,14
The mesh sizes used in these
calculations are 10 and 20 zones per mm. The
results are independent of mesh size so the
modeling has converged to consistent answers.

In unconfined failure diameter calculations, the
use of y=3 yields relatively fast failure of
detonation after a few centimeters of propagation at
the limiting experimental detonation velocities (7.4
mm/µs for PBX 9502).16 The use of y=2 also
yields failure at the correct diameters and velocities,
but this failure process requires long distances (20
to 40 cm) of propagation.
Experimentally,
Campbell16 has demonstrated that the failure of a
PBX 9502 detonation wave in a cylindrical rate
stick can take 25 to 30 cm. Therefore using y=2 in
Eq. (2) is more physically correct, but using y=3
yields sharp failure/detonation limits at much
shorter run distances.
The two pressure
dependencies give essentially the same results for
all of the experiments discussed in this paper. Table
2 lists the values of G1 and y used for each initial
temperature of PBX 9502, the experimental failure
diameter or twice the failure thickness, and
calculated failure/detonation diameter.
These

FAILURE DIAMETER RESULTS
The failure diameter of PBX 9502 has been
determined at five initial temperatures: -55˚C; 24˚C;
75˚C, 170˚C and 250˚C.
For the first three
temperatures, the conventional cylindrical rate stick
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calculated values predict failure diameter to within 1
mm, and more exact values could be determined.

LX-17 PMMA Interface Velocity - km/s

3.0

The failure diameter of LX-17 has never been
determined, but it is assumed to be midway
between the 95% TATB/ 5% KelF and 90% TATB/
10% KelF values of Campbell and Engelke.15 Table
2 contains the calculated failure diameters for LX-17
at –55˚C, 24˚C, and 75˚C determined by changing
only parameters “a” and Figmax in Eq. (2). Recent
work on ambient temperature LX-17 has shown that
its failure diameter is very close to the calculated
estimate of 11 – 12 mm.13 It is encouraging that
the ignition term of the model is sensitive enough
to predict a change in failure diameter of 7 – 8 mm
for PBX 9502 to 11 – 12 mm for LX-17 by just
accounting for the differences in porosity. Ignition
& Growth predicts the increase in failure diameter
as the initial density approaches TMD for LX-17, a
well-known phenomenon for carbon rich explosives
like TATB and TNT,19 but more experimentation at
higher densities and large diameters is required.13
Experiments to determine the failure diameter of
LX-17 at –55˚C and 75˚C are planned to check the
predicted failure diameters listed in Table 2.
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that the LX-17 detonation wave is still growing
toward its steady state strength. These results agree
closely with a previous study by Bahl et al.7
Spherical divergence is one of the most difficult and
most important geometries for reactive flow models
to predict, and the agreement shown in Fig. 1 is
excellent proof of the accuracy of the LX-17
detonation model in that geometry.

DIVERGING LX-17 DETONATION WAVES
In a companion paper, Druce et al.14 present
Fabry-Perot velocity history measurements at 5
angles for spherically diverging detonation waves in
LX-10 and Ultrafine TATB booster explosives and
the corresponding Ignition and Growth reactive flow
calculations of the entire experimental geometries.
Fabry-Perot experiments have also been fired in
which 1.15 cm shells of LX-17 have placed between
the Ultrafine TATB boosters and the PMMA
windows. These “snowball tests” measure the
breakout times and interface particle velocity
histories at 7˚, 30˚, 60˚, 75˚, and 85˚. Figure 1
shows the experimental Fabry-Perot records for
three LX-17 snowball tests and the Ignition &
Growth calculations using the LX-17 parameters in
Table 1 and the Ultrafine TATB, aluminum, steel,
LX-16, PBX 9407, and PMMA parameters given
by Druce et al.13 The calculated arrival times are in
the correct order (60˚, 30˚, 75˚, 7˚, and finally 85˚),
and the calculated maximum interface particle
velocities for LX-17 impacting PMMA agree well
with experiment. These particle velocities have not
reached the C-J values for LX-17, thereby indicating

CONFINED CYLINDRICAL LX-17 WAVES
LX-17 cylinders have been fired using copper,
tantalum, and PMMA tubes. Streak cameras and
Fabry-Perot laser interferometry are used to measure
the wall velocity histories.
Detonation wave
curvature measurements were made on the top of the
LX-17 charges in the case of copper and PMMA.
Several copper cylinder tests were fired using
2.5417 cm radius LX-17 cylinders confined by
0.2721 cm thick copper tubes. The Fabry-Perot
records for one of these shots showed evidence of
spall in the copper tube, while those from the other
shots did not. The experiments were modeled
using the LX-17 parameters shown in Table 1 and
the Steinberg-Guinan model20 with the Gruneisen
parameters listed in Table 3. The spall strength was
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set equal to –1.8 GPa, as determined for high
explosive driven spall in copper discs by Tarver and
Maiden.21 A second calculation was done with the
spall option turned off. Figure 2 shows the FabryPerot record and the Ignition & Growth simulation
with the spall model off for a copper cylinder test
that did not spall, while Fig. 3 shows similar
records with the spall model on for the cylinder that
did spall. Both calculations agree very well with
the tests, except for the initial jump-off velocity.
The streak cameras and Fabry-Perot laser
interferometers do not resolve this initial velocity
well, because of the air shock wave and the early
time angle variations of the copper motion. The
Fabry-Perot lasers are set at 7˚ for copper. Ignition
& Growth modeling shows that the maximum
velocity vector settles down to 7˚ before the second
shock jump but varies significantly at earlier times.

One tantalum cylinder was fired using LX-17
about 10 years ago.22 The LX-17 radius was 2.5415
cm and the Ta thickness was 0.2717 cm. Figure 4
shows the Ta cylinder Fabry-Perot record and the
corresponding Ignition & Growth modeling results.
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A close examination of the calculated pressure
states in the copper walls indicated that the spall
criterion is reached only periodically in the wall.
So the Fabry-Perot and streak cameras will only
record spall-like patterns when they are focused on
an area of high tension. Only one of three LX17/Cu cylinder tests with these dimensions spalled.
Spall was only predicted by using both the Ignition
& Growth and the Steinberg-Guinan models.
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The Fabry-Perot angle was set at 5˚ as determined
by Ignition & Growth modeling. The agreement is
excellent except for the initial jump-off velocity.
No evidence of Ta spall was observed
experimentally or computationally using a –8.0
GPa criteria for high explosive driven Ta spall.21

The wave curvature at the top of the LX-17
charges was measured for two copper cylinders and
a PMMA cylinder. Unfortunately, curvature was not
measured for the tantalum cylinder test. Figure 6
contains two experimental wave curvatures for
copper and one PMMA and the calculated
curvatures for copper, PMMA, and tantalum
confinement. Combining this data with that for
unconfined LX-17 and LX-17 confined by teflon
shown in a companion paper,13 the LX-17 reactive
flow model’s calculated wave curvatures are very
close to experiment for a wide range of confinement
strengths. Thus the LX-17 model yields excellent
descriptions of the curved detonation wave front and
inert material acceleration in cylindrical geometry.

Recently some LX-17 cylinders were detonated
using PMMA confining tubes.23 The LX-17 radius
was 1.27 cm and the PMMA was also 1.27 cm
thick. A very thin layer of aluminum was placed
on the inner wall of the PMMA cylinder so the
Fabry-Perot would record the interface velocity
history of the reaction products and the PMMA.
Unfortunately, the Fabry-Perot angle was
mistakenly set at 7˚, while both analytical theory24
and Ignition & Growth calculations showed that the
angle should have been set at approximately 35˚.
Since the cosine of 7˚ is 0.9925, the Fabry-Perot
velocimeters essentially measured the radial
component of the interface velocity. In Fig. 5, the
average of 9 Fabry-Perot records and the calculated
radial velocity for the interface between detonating
LX-17 and PMMA are compared for the 0.8 µs that
the longest experimental records lasted.

THE INTERACTION OF EDC35 WAVES
WITH BRASS AND BERYLLIUM WALLS
Eden and Belcher25 reported an excellent study
of the effects of brass and beryllium walls on the
propagation velocity of detonating 25 mm thick
slabs of EDC35. The EDC35 slabs were initiated
by 25 mm square cross section Composition B
boosters. The brass plates were 10 mm thick, while
the beryllium plates were 9.3 mm thick. The
arrival times were measured at 20, 40, 60, 80, and
250
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100 mm of EDC35 detonation wave propagation
along the beryllium interface and at the
corresponding positions in the brass. Like copper,
tantalum, and PMMA, brass has a lower shock
velocity than the EDC35 detonation velocity, and
normal curved front patterns like those in Fig. 6 are
observed. However, beryllium has a higher shock
velocity than the EDC 35 detonation velocity and
therefore “pulls” the detonation wave along at
higher than normal detonation velocities at the
EDC35-Be interface.
An Ignition & Growth
calculation was done of the entire experiment using
the PBX 9502 parameters in Table 1 for EDC35, a
C-J detonation model for Composition B shown in
Table 4, and the brass and beryllium parameters
shown in Table 3. This calculation reproduced all
of the effects observed experimentally: an elastic
wave in Be traveling at over 12 km/s; a slower
propagation of the EDC35 wave along the brass
surface; a faster propagation along the Be surface;
and even a weak shock moving at about 3 km/s
with about 3 GPa pressure connecting the EDC35
wave to the Be shock front. Table 5 shows the
comparisons of the experimental and calculated
arrival time differences at the 5 measurement
distances and the average propagation velocities of
the EDC35 detonation wave along the two inert
surfaces. The agreement between the Ignition &
Growth predictions and the experimental results is
excellent.
The model predicts slightly faster
propagation along the Be than observed
experimentally and thus slightly greater timing
differences between the brass and Be arrival times.
Figure 7 shows the EDC35 detonation wave
pressure contours at 18.676 µs at breakout of the
leading detonation front after 100 mm of
propagation with the leading Be shock on the right
side and the lagging brass shock front on the left.
This snapshot is very similar to the experimental
25
records of Eden and Belcher. Thus the model did
an excellent job of simulating the effect of the Be
wall on the propagation of an EDC35 detonation.

FIGURE 7. PRESSURE CONTOURS FOR AN
EDC-35 DETONATION WAVE AFTER 100
MM OF PROPAGATION ALONG A BRASS
WALL (LEFT SIDE) AND A BERYLLIUM
WALL (RIGHT SIDE)
booster of PBX 9501 (95wt% HMX/ 5%estaneplasticizer binder). This detonation wave travels
into a 12 x 12 x 150 mm booster of PBX 9502 and
then into a 150 mm long, 50 mm wide wedge of
PBX 9502 with a 2˚ taper. The base of the wedge
was 8 mm thick and the toe 2 mm thick for most
shots. The thickness at the point of detonation
failure is measured from the dent formed in a dural
witness plate. An experiment using two PBX 9502
prisms edge-to-edge provided a total run distance of
100 mm and showed that the prism failure
thickness is very close to 1/2 of the cylindrical rate
stick failure diameter. Various inert materials were
used to confine the PBX 9502 prisms and reduce
the failure thicknesses.4 Asay and McAfee17 used the
prism test to estimate the failure diameter of PBX
9502 heated to 170˚C and 250˚C. All of the other
experiments modeled in this paper have an axis of
symmetry and can be modeled as two-dimensional
in the DYNA2D, LS-DYNA2D, and CALE codes.
This prism test is truly three-dimensional and must
be modeled as such. Three-dimensional meshes of
the entire prism test were developed for the LSDYNA3D and ALE3D codes, which contain
identical versions of the Ignition & Growth model.

THREE-DIMENSIONAL PRISM FAILURE
TEST MODELING FOR PBX 9502
The three-dimensional prism test for detonation
failure developed by Ramsay4 is an excellent test of
the PBX 9502 reactive flow parameters. In this
test, a detonation wave is initiated with a 150 mm
long line-wave generator into a 12 x 12 x 150 mm
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The 3D reactive flow modeling of the prism test
shows that the whole prism face begins to react
when hit by the PBX 9502 donor detonation wave.
However, this reaction begins to fail almost
immediately at the narrow edge of the wedge. The
failure of reaction moves inward faster for reaction
growth rates that depend upon pressure cubed than
for those which depend on pressure squared. This
failure of reaction continues until a wedge thickness
of approximately 4 mm is reached after 2 to 3 cm of
propagation. The PBX 9502 detonation then
propagates with small oscillations until the end of 5
cm long wedge is reached. Therefore the calculated
failure thickness of unconfined PBX 9502 is very
close to the experimental value of 4 mm, which is
approximately half of the cylindrical failure
diameter. The calculated effects of confinement
density and thickness on the prism failure thickness
will be compared to experimental measurements of
Ramsay4 in a later paper.
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TABLE 1. IGNITION & GROWTH PARAMETERS FOR LX-17, PBX 9502 AND EDC35
A. 25 •C LX-17
ρo =1.905 g/cm3
UNREACTED JWL
PRODUCT JWL
REACTION RATES
6
A=632.07 Mbar
A=14.8105 Mbar
I=4.0x10 µs-1
B= -0.04472 Mbar
B=0.6379 Mbar
a=0.22
R1=11.3
R1=6.2
b=0.667
R2=1.13
R2=2.2
x=7.0
Figmax=0.02
-2
ω=0.8938
ω=0.5
G1=1100 Mbar µs-1
-5
-5
Cv=2.487x10 Mbar/K
Cv=1.0x10 Mbar/K
c=0.667
•
To = 298 K
Eo=0.069 Mbar
d=1.0
Shear Modulus=0.0354 Mbar
y=2.0
FG1max=0.8
-1
-1
Yield Strength=0.002 Mbar
G2=30 Mbar µs
e=0.667
z=1.0
g=0.667
FG2min=0.8
B. 25•C PBX 9502
ρo =1.895 g/cm3
UNREACTED JWL

PRODUCT JWL

A=632.07 Mbar
B= -0.04472 Mbar
R1=11.3
R2=1.13
ω=0.8938
-5
Cv=2.487x10 Mbar/K
•
To = 298 K
Shear Modulus=0.0354 Mbar

A=13.6177 Mbar
B=0.7199 Mbar
R1=6.2
R2=2.2
ω=0.5
-5
Cv=1.0x10 Mbar/K
Eo=0.069 Mbar

FG1max=0.8
-1
-1
G2=30 Mbar µs
e=0.667
z=1.0
g=0.667
FG2min=0.8

C. –54˚C PBX 9502 and LX-17 ρo = 1.895 g/cm
To = 219˚K
B = -0.03928 Mbar

To = 348˚K

To = 443 ˚K

3
-1 -1
G2 = 30 Mbar µs

G1 = 1500 Mbar-2µs-1

G2 = 30 Mbar-1µs-1

G1 = 2000 Mbar-2µs-1

G2 = 30 Mbar-1µs-1

G1 = 2400 Mbar-2µs-1

G2 = 30 Mbar−1µs−1

ρo = 1.895 g/cm3

B = -0.0547 Mbar

F. 250˚K PBX 9502

G1 = 900 Mbar-2 µs-1

ρo = 1.895 g/cm3

B = -0.048162 Mbar

E. 170˚C PBX 9502

c=0.667
d=1.0
y=2.0

Yield Strength=0.002 Mbar

D. 75˚C PBX 9502 and LX-17

REACTION RATES
6
I=4.0x10 µs-1
a=0.214
b=0.667
x=7.0
Figmax=0.025
G1=1100 Mbar-2µs-1

ρo = 1.895 g/cm3

To = 523˚K

B = -0.060206 Mbar

G. EDC35

To = 298˚K

ρo = 1.900 g/cm3

Other parameters – same as PBX 9502
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TABLE 2. EXPERIMENTAL & CALCULATED FAILURE DIAMETERS FOR PBX 9502 AND LX-17
FAILURE DIAMETER (mm)
EXPLOSIVE
To (˚K)
Experimental
Calculated
PBX 9502
298
>7 & <8
>7 & <8
PBX 9502
348
>5 & <6
>5 & <6
PBX 9502
219
>10 & <11
>10 & <11
PBX 9502
443
>4 & <5**
>4 & <5
PBX 9502
523
>3 & <4**
>3 & <4
LX-17
298
~ 12
>11 & <12
LX-17
348
>8 & <9
LX-17
219
>15 & <16
** Twice the failure thickness measured in the LANL Prism Test4,17

GROWTH COEFFICIENTS
G1(y=2)(Mbars-2µs-1) G1(y=3)(Mbars-3µs-1)
1100
4200
1500
7200
900
3750
2000
7500
2400
8000
1100
4200
1500
7200
900
3750

TABLE 3. GRUNEISEN EQUATION OF STATE PARAMETERS FOR INERT MATERIALS
P = ρoc2µ[1+(1−γo/2)µ-a/2µ2]/[1-(S1-1)µ-S2µ2/(µ+1)-S3µ3/(µ+1)2]2 + (γo + aµ)E,
where µ = (ρ/ρo - 1) and E is thermal energy
INERT
Al 6061
Steel
PMMA
Brass
Beryllium
Copper

ρo(g/cm3)
2.703
7.90
1.186
8.45
1.85
8.93

c(mm/µs)
5.24
4.57
2.57
3.834
8.0
3.94

S1
1.4
1.49
1.54
1.43
1.124
1.489

S2
0.0
0.0
0.0
0.0
0.0
0.0

S3
0.0
0.0
0.0
0.0
0.0
0.0

γo
1.97
1.93
0.85
2.0
1.11
2.02

a
0.48
0.5
0.0
0.0
0.16
0.47

TABLE 4. JONES – WILKINS – LEE (JWL) PARAMETERS FOR C-J DETONATION
LX-16 (96% PETN, 4% FPC 461)
ρo = 1.7g/cm3; D = 0.7963 cm/µs; PCJ = 0.30507 Mbars;
A = 5.16784 Mbars; B = 0.24491 Mbars; R1 = 4.5; R2 = 1.5; ω = 0.29; Eo = 0.0986 Mbar-cc/cc-g
B. PBX 9407 (94% RDX, 6% Exon 461) ρo = 1.6 g/cm3; D = 0.7910 cm/ms; PCJ = 0.265 Mbars;
A = 5.73187 Mbars; B = 0.14639 Mbars; R1 = 4.6; R2 = 1.4; ω = 0.32; Eo =0.086 Mbar-cc/cc-g
C. Composition B
ρo = 1.717 g/cm3; D = 0.798 cm/µs; PCJ = 0.295 Mbars;
A = 5.242 Mbars; B = 0.07678 Mbars; R1 = 4.2; R2 = 1.1; ω = 0.34; Eo = 0.085 Mbar-cc/cc-g
A.

TABLE 5. COMPARISON OF DETONATION VELOCITIES AND ARRIVAL TIMES FOR EDC35
ALONG BRASS AND BERYLLIUM SLABS
Distance along Wall (mm)
Differences in Arrival Times: Experimental(µs)
Calculated (µs)
0
0
0
20
0.059
0.076
40
0.142
0.164
60
0.186
0.213
80
0.215
0.251
100
0.223
0.300
Average Detonation
Experimental: Brass
Beryllium
Calculated: Brass
Beryllium
Velocities (mm/µs)
7.63 – 7.69
7.77 – 7.83
7.656
7.836
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