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DETONATION WAVE PROFILE IN PBX 9501

Ralph Menikoff

Theoretical Division, MS-B214, Los Alamos National Laboratory, Los Alamos, NM 87545

Abstract. Measurements of a CJ-detonation wave in PBX 9501 with a VISAR technique have shown a
classical ZND profile for the reaction zone. This is compatible with one-dimensional simulations using
realistic equations of state and an Arrhenius reaction rate fit to available data from other experiments.
Moreover, the reaction zone width is less than the average grain size in the PBX. In contrast to initiation,
which requires hot spots, the reaction rate from the bulk shock temperatureis sufficiently high for propagating
a detonation wave. This raises questions with burn models used for both ignition and propagation of

detonation waves.
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INTRODUCTION

A planar detonation wave can be promptly initiated
with a projectile from a gas gun. Severa experimen-
talist have measured the wave profile using aVISAR
technique. Here we study the underdriven or CJ-
detonation wave profile in PBX 9501 — an HMX
based plastic-bonded explosives pressed to within
1.5% theoretical maximum denstiy — from the ex-
periments by Gustavsen, Sheffield and Alcon [1, 2].
The experiments used two VISARs with different
fringe constants in order to determine velocity jump
at shock front. The estimated timing resolution is be-
tween 1 and 3 ns; the better resolution when velocity
jump corresponds to an integer number of fringes.

The VISAR record displays an abrupt rise within
the time resolution. Thus, despite the heterogeneities
in the PBX and the laser spot size of many grains,
the wave front is a shock. Moreover, the shape of the
profile correspondsto aclassical ZND reaction zone.
We note that similar results have been found by Fe-
dorov [3]. The measured ZND profile motivates usto
run one-dimensional simulations with an Arrhenius
reaction rate to compare with the VISAR data.

We begin in the next section with a discussion of
equations of state for both the reactants and the prod-

ucts of PBX 9501. Since chemical reaction rates are
temperature sensitive, a complete EOS is needed. A
key parameter for the shock temperature is the spe-
cific heat. Next we discuss the Arrhenius rate pa-
rameters. Some parameter sets for HMX in the lit-
erature and commonly used in simulations yield a
rate at the von Neumann spike which is unreason-
ably large by several orders of magnitude. The next
section describes the simulations. Simulated VISAR
data is compatible with the experimental data. The
reaction zone width is substantial |ess than the aver-
age grain size. Thus, in contrast to initiation, which
requires hot spots, the reaction zone of a propagat-
ing detonation wave is dominated by the reaction rate
from the bulk temperature.

EQUATIONS OF STATE

Data for the unreacted PBX 9501 Hugoniot and sev-
erd fitsare shown in fig. 1. The dataup to 15GPais
compatible with severa linear fits in the literature.
Extrapolated to detonation velocity (D=8.8km/s)
gives alarge difference for the particle velocity (2.8
to 3.9km/s), and would have a large effect on the
von Neumann spike pressure and temperature. An
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FIGURE 1. Unreacted Hugoniot for PBX 9501. Red and
blue lines are from [8, §7.3, p. 116]; dashed lines are error
bars and gray region is domain of fit. Green curve isfit to
isothermal data [4, 5]. Black dotted line is CJ detonation
velocity (8.8 km/s). Diamonds are data points from [9] and
stars are single crystal HMX data from [10, p. 595].

equation of statefit to HMX isothermal compression
data to 27 GPa [4, 5] is compatible with Hugoniot
data, including high pressure (40 GPa) single crys-
tal HMX data. Thisis the basis for a complete EOS
described in [6]. It uses the specific heat determined
from molecular dynamics simulations[7].

Intherange of interest for the reaction zone profile
(T = 2000 to 3000K) Cy ~ 2.0 x 103 (MJIkg)/K.
Thisis compatible with the pseudo-classical limit for
lattice vibrations; Gy = (3N — Ny )R/M, where N is
the number of atoms per molecules, Ny is the num-
ber of hydrogen atoms, M is the molecular weight,
and R is the gas constant. For HMX (C4NgOgHsg),
N =28, Ny = 8 and M = 0.296 kg/mole givesGy =
2.1 x 1073 (MJkg)/K. We note that this is larger
than published data [8, 85.3, p. 112] which extends
only up to f—§ transition temperature; Cp = 1.57 x
10-3(MJIkg)/K at T = 450K.

For the equation of state of the reaction products
a SESAME table [11] is used. The products EOS
is fit to data on overdriven detonations and release
isentropes in PBX 9501 [12, 13]. The thermal part
of the EOS is based on the assumptions that the
CJ temperature is 3000K and the specific heat is
0.5cal/g (2.07 x 103 (MJkg)/K).

From the equations of state, impedance matches
with the VISAR windows (PMMA and LiF) can be
used to estimate the end states of the reaction zone;
von Neumann spike and CJ states. This provides a
consistency check on both experiments and simula-
tions. The graphical solution to the impedance match
isshowninfig. 2.
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FIGURE 2. Impedance match for detonation wave in
PBX 9501 with window. Green and blue curves are Hugo-
niot loci for LiF and PMMA, respectively. Black and red
curves are for reactants and products, respectively. Gray is
Rayleigh line corresponding to CJ detonation velocity. La-
bels VN and CJ denote von Neumann spike and Chapman-
Jouguet state, respectively. Open circles are match from
VN spike and solid circles are match from CJ state.

REACTION RATE

We assume a first order Arrhenius rate;
(1 — A)kexp(—Ta/T). For PBX 9501 we use an
activation temperature T, = 17922K and multiplier
k = 5.6 x 10°us™1 based on the “globa rate’ of
Henson et al. [14]. The temperature in the ZND
profile — based on the EOS of PBX 9501 — varies
from 2100K at the von Neumann spike to 3000K at
the CJ state. In this temperature range, the inverse
reaction rate varies from 1 to 10ns.

A set of Arrhenius parameters commonly used
for simulations is based on differential scanning
calorimetry experiments of Rogers [15]; see also [8,
85.7, p. 113]. The reaction rate for these two sets of
parameters is shown in fig. 3. We note that the rates
differ by several orders of magnitude.

Henson's rate and Rogers' rate cross at 470K. We
note that Rogers' calorimetry experiments covered a
narrow temperature range about the melting temper-
ature of HMX; from 544K to 558K [15, fig. 11].
Rogers' rate would give a sub ps reaction time for a
CJ detonation. Since the time for a detonation wave
to cross a unit cell in an HMX crysta is 0.1 ps,
Rogers' rate is unphysically large. In contrast, Hen-
son’'srate is compatible with the 3 high pressure data
pointsfor single crystal HMX; experiments by Craig
reported in [16, p. 1065] and [17, p. 218].
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FIGURE 3. Inverse reaction rate vs temperature. Tem-
perature is plotted on inverse scale. Dashed curve uses
Arrhenius parameters in [8, §5.7, p. 113] (Ta = 26522K,
k = 5.0 x 1013 us1) and solid curve based on [14] (Ta =
17922K, k= 5.6 x 10° us™1).

REACTION ZONE PROFILE

Simulations have been run with the Amfita environ-
ment of James Quirk [18, 19] using an adaptive mesh
algorithm in order to resolve fully the reaction pro-
file. Simulations are initialized with a steady ZND
profile and use a piston boundary condition. The
piston is given a ramp velocity to simulate a Tay-
lor wave following the CJ state. The velocity pro-
fileimmediately before the detonation wave impacts
the VISAR window is shown in fig. 4. The reaction
zone width is 24 um at 90 % burn fraction, substan-
tialy less than the average grain diameter (140 um)
in PBX 9501.

We notethat a propagating detonation waveis sub-
ject to a pulsating instability; see [20, chpt. 6A] and
references therein. This is a generic property of an
Arrhenius reaction rate. The calculations are over a
sufficiently short distance of run that the instability
does not have time to develop. Presumably the insta-
bility would be ameliorated by hot spots and three-
dimensional effects.

Comparison of simulated VISAR profiles with ex-
perimental dataisshowninfig. 5. The simulated pro-
files are consistent with the impedance match, fig. 2,
for the equations of state being used. Moreover, they
are compatible with the experiments using a PMMA
window. The von Neumann spike is clipped in the
VISAR experiment with a LiF window. This is due
to the time resolution. For the fringe constants used,
the PMMA experiments have a 1 ns resolution while
the LiF experiments have a 2-3 ns resol ution.

Similar experimentswith an HMX based PBX and
LiF window were performed by Fedorov. With 1ns
time resolution, the VISAR record [3, fig. 2a] shows
a von Neumann spike amplitude close to the value
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FIGURE 4. Wave profileimmediately before detonation
wave impacts window.

in the simulation, fig. 5. Thus in order to resolve the
von Neumann spike, 1 ns or better time resolution is
needed. We note that the reaction time in Fedorov’s
experiment is nearly twice aslarge as shown infig. 5.
This is due to initiating the PBX with a detonator
rather than a flyer plate. A detonator results in a
curved detonation wave and a detonation velocity
lower than the CJ speed for a planar wave. This in
turn lowers the temperature behind the von Neumann
spike and due to the sensitivity of the Arrhenius rate
can have alarge effect on the reaction time.

Finally, we note that similar experiments have
been done with PBX 9501, PBX 9404, EDC 37.
These PBXs have similar high percentage of HMX
and low porosity. But they have different binders
and initiation sengitivity. Nevertheless, their reaction
zone profiles are nearly the same [1, fig. 2]. Thisis
consistent with the reaction rate being dominated by
the bulk shock temperature.

Most burn models for coarse resolution engineer-
ing simulations use pressure dependent reaction rate
motivated by homogenization or a volume average
over small region containing many hot spots. Since
the underlying reaction mechanism for propagating
detonation waves appears to be different, this raises
the question as to why burn models work as well as
claimed when applied to applications involving the
curvature effect and corner turning.
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FIGURE 5. Comparison with VISAR datafrom [1, 2]. Top figures are for PMMA window and bottom are for LiF window.
Left and right figures are on 30 and 200ns time scale, respectively. Red and blue curves are experiments and black is
simulations. VISAR used two laser beams with different fringe constants per experiment. Experiments varied drive pressure
for initiation and the length of PBX sample.

wave profile experiments.

REFERENCES

Gustavsen, R. L., Sheffield, S. A., and Alcon,

R. R., “Detonation Wave Profiles in HMX Based
Explosives,” in Shock Compression of Condensed
Matter — 1997, 1998, pp. 739-742.

Gustavsen, R. L., Sheffield, S. A., and Alcon, R. R,,
“Progress in Measuring Detonation Wave Profilesin
PBX9501,” in Eleventh (International) Symposium
on Detonation, 1998.

Fedorov, A. V., “Detonation Wave Structurein Liquid
Homogneous, Solid Heterogeneous and Agatized
HE.” in Twelfth (International) Symposium on
Detonation, 2002.

Yoo, C., and Cynn, H., J. Chem. Phys., 111,
10229-10235 (1999).

Menikoff, R., and Sewell, T. D., High Pressure
Research, 21, 121-138 (2001).

Menikoff, R., and Sewell, T. D., “Complete equation
of state for beta-HM X and implicationsfor initiation,”
in Shock Compression of Condensed Matter — 2003,
2004, pp. 157-160.

Goddard, W. A., Meiron, D. I., Ortiz, M.,
Shepherd, J. E., and Pool, J.,, Annua technical
report, Tech. Rep. 032, Center for Simulation of
Dynamic Response in Materials, Calif. Inst. of
Tech. (1998), http://www.cacr.caltech.
edu/ASAP/publications/cit-asci-tr/
cit-asci-tr032.pdf.

Gibbs, T. R., and Popolato, A., editors, LASL
Explosive Property Data, Univ. of Calif. Press, 1980.
Sheffield, S. A., Gustavsen, R. L., Alcon, R. R.,
Robbins, D. L., and Stahl, D. B., “High Pressure
Hugoniot and Reaction Rate Measurements in

10.

11.

13.

14.

15.

16.

17.

18.

19.

20.

PBX9501,” in Shock Compression of Condensed
Matter — 2003, 2004, pp. 1033-1036.

Marsh, S. P, editor, LASL Shock Hugoniot Data,
Univ. of Calif. Press, 1980.

Shaw, M. S. (2004), private communication.

. Hixson, R. S, Shaw, M. S,, Fritz, J. N., Vorthman,

J. N., and Anderson, W. W., J. Appl. Phys., 88,
6287-6293 (2000).

Fritz, J. N., Hixson, R. S, Shaw, M. S., Morris, C. E.,
and McQueen, R. G., J. Appl. Phys., 80, 6129-6149
(1996).

Henson, B. F., Asay, B. W., Smilowitz, L. B.,

and Dickson, P. M., “Ignition Chemistry in HMX
from Thermal Explosion to Detonation,” in Shock
Compression of Condensed Matter — 2001, 2002, pp.
1069-1072.

Rogers, R. N., Thermochimica Acta, 3, 437447
(1972).

Campbell, A. W,, and Travis, J. R., “The Shock
Desensitization of PBX-9404 and Composition B-3,”
in Eighth Symposium (International) on Detonation,
1986, pp. 1057-1068.

Mader, C. L., Numerical Modeling of Explosives and
Propellants, CRC Press, 1998, second edn.

Quirk, J. J., “Amrita - A Computationa Facility
for CFD Modelling” in 29" Computational

Fluid Dynamics, VKI Lecture Series, von
Karmen Ingtitute, 1998, chap. 4, URL
http://www.amrita-ebook.org/pdf/
vki/cfd29/jjq/vki:cfd29::jjg 11.pdf.
Quirk, J. J., “AMR_sol: Design Principles and
Practice” in 29™" Computational Fluid Dynamics,
VKI Lecture Series, von Karmen Institute, 1998,
chap. 5, URL http://www.amrita-ebook.
org/pdf/vki/cfd29/jjq/vki:cfd29::

jjg 12.pdf.

Fickett, W., and Davis, W. C., Detonation, Univ. of
Calif. Press, 1979.



