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Theory and Modeling of Liquid
Explosive Detonation

CRAIG M. TARVER and
PAUL A. URTIEW

Energetic Materials Center, Lawrence Livermore
National Laboratory, Livermore, California

The current understanding of the detonation reaction
zones of liquid explosives is discussed in this article.
The physical and chemical processes that precede and
follow exothermic chemical reaction within the detonation
reaction zone are discussed within the framework of the
nonequilibrium Zeldovich-von Neumann-Doring (NEZND)
theory of self-sustaining detonation. Nonequilibrium che-
mical and physical processes cause finite time duration
induction zones before exothermic chemical energy release
occurs. This separation between the leading shock wave
front and the chemical energy release needed to sustain it
results in shock wave amplification and the subsequent
formation of complex three-dimensional cellular structures
in all liquid detonation waves. To develop a practical
Zeldovich-von Neumann-Doring (ZND) reactive flow
model for liquid detonation, experimental data on reaction
zone structure, confined failure diameter, unconfined
failure diameter, and failure wave velocity in the Dremin-
Trofimov test for detonating nitromethane are calculated
using the ignition and growth reactive flow model.
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Introduction

Dr. Anatoly Dremin was among the world leaders in energetic
materials research for almost 50 years. Some of his extensive
research is summarized in two excellent books [1,2]. He contin-
ued to contribute new ideas until his recent death [3-5]. Two of
the areas in which Dr. Dremin made numerous contributions are
the shock initiation and detonation of liquid explosives. This
article discusses our current theoretical and reactive flow com-
puter modeling efforts on the detonation of liquid explosives.
The nonequilibrium Zeldovich-von Neumann-Doring (NEZND)
theory was developed to identify the nonequilibrium chemical
processes that precede and follow exothermic chemical energy
release within the reaction zones of self-sustaining detonation
waves in gaseous, liquid, and solid explosives [6-16]. Prior to
the development of the NEZND model, the chemical energy
released was merely treated as a heat of reaction in the conserva-
tion of energy equation in the Chapman-Jouguet (C-J) [17,18],
Zeldovich-von Neumann-Doring (ZND) [19-21], and curved
detonation wave front theories [22]. NEZND theory is consistent
with many experimentally determined detonation wave proper-
ties that the ZND model cannot explain. These include induc-
tion time delays for the onset of chemical reaction; rapid rates
of the chain reactions that form the reaction product molecules;
de-excitation rates of the initially highly vibrationally excited
products; the feedback mechanism that allows the chemical
energy to sustain the leading shock wave front at an overall con-
stant detonation velocity; and the establishment of the complex
three-dimensional Mach stem shock front structure. Figure 1
illustrates the various processes that occur behind the 3D shock
front in the NEZND model of detonation in condensed-phase
explosives containing carbon, hydrogen, oxygen, and nitrogen
atoms (CH,OyN,). The detonation wave travels from left to
right in Fig. 1. The chemical energy feedback mechanism is
the amplification of pressure wavelets by excess vibrational
energy initially present in excited reaction product molecules
(CO,, CO, Ny, Hy0, etc.) as the wavelets propagate through
the reaction zone and overtake the shock front.
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Figure 1. The nonequilibrium Zeldovich-von Neumann-Doring
(NEZND) model of self-sustaining detonation in condensed-
phase explosives.

It has been postulated by Dremin [2] and others that, in some
very energetic homogeneous explosives, the chemical energy
release occurs instantaneously during shock compression and
thus the detonation wave fronts are stable; that is, they do not
have a three-dimensional cellular structure. The next section
of this article presents theoretical arguments and experimental
data supporting the existence of finite duration induction
time delays for exothermic chemical energy release in all liquid
explosive detonation waves. Thus, these detonation waves are
unstable and have cellular structures. The third section of this
article presents the results of ignition and growth reactive flow
modeling of the experimental data on the detonation reaction
zone profile, confined failure diameter, unconfined failure
diameter, and the Dremin-Trofimov failure wave velocity test
for nitromethane. The final section presents the conclusions.
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The Onset of Exothermic Chemical Reaction in Liquid
Detonation Waves

In condensed-phase detonation waves, the phonon modes are
initially excited by the leading shock wave front, followed by
multiphonon excitation of the lowest frequency vibrational
modes called ‘“doorway modes” [23] and then the higher
frequency modes by multiphonon up-pumping and internal
vibrational energy redistribution (IVR) [24]. Hong et al. [25]
quantitatively measured these processes experimentally in
shocked nitromethane using ultrafast infrared Raman spectro-
scopy. Many molecular dynamics studies, including those by
Smirnov and Dremin [5], have shown that the rotational and
vibrational temperatures are initially much lower than the
translational temperatures behind shock waves, and it takes
many collisions to establish complete thermal equilibration.
All of the existing experimental and theoretical evidence sup-
ports the position that only after the explosive molecules have
attained vibrational equilibrium can exothermic chemical
decomposition begin [12]. Thus, at the high temperatures,
densities, and pressures attained in the von Neumann state(s)
of a liquid detonation wave, multiphonon up-pumping and
IVR control the induction times for initial bond breaking
reactions that are longer than those predicted by classical
Arrhenius kinetics.

The induction time(s) for the initial thermal explosion
behind the leading shock wave front(s) of a detonation wave
can be calculated using the high-pressure, high-temperature
transition state theory. Experimental unimolecular gas-phase
reaction rates under low-temperature (<1000K) shock
conditions obey the classical Arrhenius reaction rate law:

K=A e BT (1)

where K is the reaction rate constant, A is a frequency factor,
E is the activation energy, and T is temperature. At higher
temperatures, the measured rates are slower than predicted
by Eq. (1). This phenomenon is called falloff [26]. In a statistical
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mechanics derivation called starvation kinetics, Eyring [27]
attributed this falloff in unimolecular rates at the extreme
temperature and density states attained in condensed-phase
shock and detonation waves to the close proximity of vibra-
tional states. This causes the high-frequency mode that
becomes the transition state to rapidly equilibrate with the
surrounding modes by IVR. These modes form a ‘‘pool” of
vibrational energy in which the energy required for decomposi-
tion is shared. Any large quantity of vibrational energy that a
specific mode receives from an excitation process is rapidly
shared among the modes before reaction can occur. Conversely,
sufficient vibrational energy from the entire pool of oscillators
is statistically present in the transition state long enough to
cause a reaction. When the total energy in the vibrational
modes equals the activation energy, the reaction rate constant
Kis

s—1
= (kT/h)e™ Y (E/RT)'e */"T /il (2)
i=0

where k, h, and R are Boltzmann’s, Planck’s, and the gas con-
stant, respectively, and s is the number of neighboring vibra-
tional modes equilibrating with the transition state. The main
effects of rapid IVR among s+ 1 modes at high densities and
temperatures are to decrease the rate constant dependence on
temperature and to cause longer induction times at high tem-
peratures.

The concept of starvation kinetics appears to be a general
one that can explain the falloff in unimolecular decomposition
rates at high temperature. The deviation from the reaction rate
in Eq. (1) starts at approximately 1000 K in large molecules
where s approaches 20 and at approximately 3000 K in small
molecules where s is only 3 or 4. Reasonable reaction rate
constants were calculated for several detonating solids and
liquids using Eq. (2) with realistic equations of state and values
of s [12,14]. Nanosecond reaction zone measurements for solid
explosives overdriven to pressures and temperatures exceeding
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those attained in self-sustaining detonation waves have
shown that reaction rates increase very slowly with shock
temperature [28].

For nitromethane, there are 15 vibrational modes, so s=14.
Reaction rate constants calculated using Eqs. (1) and (2) are
now compared to induction time results for liquid nitromethane
in Fig. 2 for various unreacted nitromethane equations of state.
The average unreacted von Neumann spike state for nitro-
methane calculated using the CHEETAH chemical equilibrium
code [29] based on an exponential six potential is 1575 K, and
thus 1/T=6.35 x 10" *K~'. This von Neumann spike tempera-
ture agrees well with those calculated using the two analytical
equations of state shown in Fig. 2. The highest unreacted
temperatures and pressures are in the Mach stem portions of
the three-dimensional shock wave front, where the shock
velocities are estimated to be 1.1 times C-J detonation
velocity [9]. The estimated maximum unreacted Mach stem
shock temperatures for nitromethane are in the 20002500 K
range [9], implying inverse temperatures of 4 to 5 x 10 * K",
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Figure 2. Reaction rate constant versus inverse temperature
plots for shocked nitromethane.
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These inverse temperatures predict picosecond (log K=12)
induction times based on Eq. (1). The nanosecond induction
times predicted by Eq. (2) (log K=9) have been observed
experimentally for many explosives.

Experimental measurements of the reaction zone profiles of
detonating nitromethane using nanosecond time-resolved
VISAR laser interferometry have been reported by Sheffield
et al. [30]. Two experimental reaction zone profiles are shown
in Fig. 3. One record, taken with an older VISAR system,
showed an induction time for exothermic reaction of 3 to 4 ns,
whereas the profile taken by a newer VISAR system did not
exhibit an induction time. Both profiles did show rapid
decreases in particle velocity for about 10ns, followed by
slower decreases in particle velocity for another 40 to 50ns.
Nitromethane diluted with acetone has long been known
[2,31,32] to exhibit unstable detonation with a measurable
cellular structure. Dremin [2, comments in 30] argued that
pure nitromethane also has an unstable front with a cellular
structure. This cellular structure is extremely small and has
not yet been directly observed.

26= 1S

M = Older experiment (Ref. 30, Fig. 4)
24 P \ = = = Ignition and Growth Calculation
' N = = Newer experiment (Ref. 30, Fig. 5)

22 =

20 -

Interface particle velocity - mm/us

0 10 20 30 40 50
Time - nanoseconds

Figure 3. Interface particle velocity for detonating nitromethane
and a PMMA window.
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More energetic liquid explosives, such as nitroglycerine, have
lower activation energy barriers than nitromethane, and their
detonation wave cellular structures have not yet been resolved
experimentally. The physical and chemical processes described
above limit the rates of the initial bond breaking reactions and
cause finite induction times. This will cause the formation of a
cellular structure. Subnanosecond time-resolved experiments
may eventually answer the question of the existence of stable
liquid detonation waves [2].

Ignition and Growth Model for Detonating
Nitromethane

To estimate shock sensitivity and detonation performance
characteristics of a liquid explosive in various geometries, a
practical hydrodynamic computer code reactive flow model
is needed. Homogeneous liquid and perfect crystal solid explo-
sives contain no voids, which form hot spot reaction sites dur-
ing shock compression and thus obey temperature-dependent
reaction rate laws. Due to the uncertainty in the unreacted
equation of state (see Fig. 2), it is not yet possible to accu-
rately calculate the average von Neumann spike temperature.
Thus, it is not possible to correctly calculate temperature
based reaction rates under detonation conditions. As
previously mentioned, the use of Eq. (1) predicts picosecond
reaction rates that are too fast, and Eq. (2) is not currently
available in most hydrodynamic codes. However, phenomeno-
logical reactive flow models based on the average one-
dimensional ZND structure can be used to accurately predict
two-dimensional effects, such as failure diameter. The ignition
and growth model of shock initiation and detonation [33-39]
has been applied to many shock initiation and detonation
studies of solid explosives and propellants in many 1D, 2D,
and 3D codes. To allow practical estimations of several liquid
explosive detonation properties, a set of ignition and growth
parameters for detonating nitromethane is developed in
this section. The model uses two Jones-Wilkins-Lee (JWL)
equations of state, one for the unreacted explosive and one
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for its reaction products, in the temperature dependent form:
p=Ae "V —Be W 10 C, TV (3)

where p is pressure in megabars, V is relative volume, T is
temperature, w is the Gruneisen coefficient, C, is the aver-
age heat capacity, and A, B, Ry, and R, are constants.
The reaction rate law for the conversion of explosive to
products is:

dF/dt=I(1—F)"(p/py—1—a)*+ G, (1= F) Fp’ + Gy (1—F) Fp
(4)

0<F<Figmax0<F<FG1maxFGQmin<F<1

where F is the fraction reacted, t is time, p is the current
density, pg is the initial density, and I, G{, Go, a, b, ¢, d,
e, g x, v, and z are constants. The mixture equations
assume pressure and temperature equilibration between the
unreacted explosive and its reaction products.

The unreacted JWL for nitromethane is fit to experimental
shock compression data and the universal liquid Hugoniot
equation of state [40]. The reaction product JWL equation of
state is fit to the wall velocity expansion data from copper
cylinder detonation tests [41]. The three-term rate law
describes the three stages of reaction generally observed in
shock initiation and detonation of heterogeneous solid explo-
sives. For liquid explosive detonation modeling, the first term
of Eq. (4) represents the ignition of the explosive as it is com-
pressed by the leading 3D shock wave, creating hot regions at
the triple shock interactions. The fraction of explosive ignited
is set equal to 1% in less than a nanosecond. The second reac-
tion rate in Eq. (4) models the rapid formation of the major
reaction product gases (CO,, No, H,O, CO, etc.) in highly
vibrationally excited states and their subsequent expansion
and equilibration. Experimentally, this process has been
measured to take approximately 10ns [42]. The use of a high
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exponent on the pressure (4 in this case) in the second rate
term of Eq. (4) simulates this rapid chemical energy release
much like a temperature-based rate would. The third term in
Eq. (4) is used to describe the relatively slow diffusion-
controlled formation of nanometer-size solid carbon particles
(diamond, graphite, or amorphous carbon) from single carbon
atoms. For nitromethane, the last 20% of the chemical energy
release is assumed to be due to solid graphite from smaller
carbon species formation in a diffusion controlled process.
Experimentally, the carbon formation has been observed to
take approximately 50-60ns [43]. A linear pressure-dependent
rate in the third term of Eq. (4) simulates a diffusion-controlled
reaction. Table 1 lists the equation of state and reaction
rate parameters used in the ignition and growth nitromethane
detonation model.

The experimental data on detonating nitromethane to which
the ignition and growth model is applied include reaction zone
particle velocity versus time VISAR measurements [30]; failure
diameter in brass confinement [44]; unconfined (actually
weakly confined) failure diameter [45]; and the Dremin-
Trofimov failure wave velocity measurement made as a detona-
tion wave propagates from a confined geometry into an uncon-
fined geometry [46]. Figure 3 shows two experimental VISAR
interface particle velocity histories for detonating nitromethane
and poly(methyl methacrylate) (PMMA) windows measured
by Sheffield et al. [30] and the ignition and growth calculated
interface velocity. The calculated peak velocity, the duration
of the induction time (~1-4ns), the time duration of a fast
reaction (from ~6 to 10ns), and the time duration of a slow
reaction (~40 additional ns) agree with experiment to within
5%. The ignition and growth nitromethane parameters are used
to calculate the other three sets of experimental data. Campbell
and Engelke [44] reported a failure diameter of 2.84 +0.42 mm
for nitromethane confined by 3.18-mm-thick brass walls. Igni-
tion and growth calculations of this exact geometry produced
a failure of detonation at 2.4mm diameter and sustained
detonation at 3.2 mm diameter. Campbell et al. [45] measured
a failure diameter of 18 mm in weak (glass) confinement
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and reported that other weak confining materials, such as
cardboard, have yielded similar results. Thus, the weakly
confined failure diameter of nitromethane is estimated to be
between 18 and 20mm [47]. Ignition and growth calculations
of weakly confined nitromethane predicted failure to sustain
detonation at 15mm diameter and self-sustaining detonation
at 20mm diameter. Thus, the ignition and growth parameters
based on the one-dimensional VISAR experimental data
did produce heavily and weakly confined failure diameter
estimations to within 10%.

One of the most important contributions to the understand-
ing of how liquid explosives can exhibit very short reaction
lengths, almost no detonation wave front curvatures, small
velocity decreases before failure, and yet relatively large weakly
confined failure diameters [2] is the failure wave measurement
test of Dremin and Trofimov [46]. Enig and Petrone [48]
provided an English translation and a detailed mathematical
interpretation of the test. A heavily confined liquid explosive
of a certain diameter greater than the confined failure diameter
is detonated. After a long enough run distance to insure
self-sustaining detonation, the detonation wave proceeds into
a much larger diameter volume of the same liquid that is essen-
tially unconfined. If the confined diameter of a liquid is less
than the unconfined failure diameter, the detonation wave fails
upon reaching the larger diameter. The rate of detonation wave
failure can be measured by a streak camera as the absence of
bright light in the ‘‘failure or dark wave’’ that propagates from
the edge of the end of the confinement toward the center of the
unconfined region. If the confined diameter is larger than
the unconfined failure diameter, the detonation wave begins
to fail upon entering the unconfined liquid, but reinitiation of
detonation occurs in the shocked nitromethane behind the
expanding unreacted shock wave before the detonation is
totally extinguished. The two-dimensional analytical model
[46,48] allows the states in the flow region to be calculated
based on measured detonation and failure wave velocities.
The physical mechanism of liquid detonation failure was found
by Urtiew [49] to be the absence of the triple point interactions
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needed to sustain detonation at the outer edge of the cellular
structure as the detonation enters the unconfined liquid.

Measured failure wave velocities for nitromethane were
reported to be 4.75mm/ms by Dremin and Tofimov [46] in
axisymmetric geometry and 3.72mm/ms by Davis in planar
geometry (reported in Enig and Petrone [48]). In a detonation
study of four liquid explosives that showed that the failure wave
velocity increases with decreasing shock insensitivity of the
liquid, Tarver et al. [47] measured a failure wave velocity of
3.88 mm/ms for nitromethane in cylindrical geometry. Though
it cannot model the cellular structure of liquid detonation
waves, the ignition and growth reactive flow model does
correctly predict the average reaction rates measured in
detonating nitromethane. Two-dimensional axisymmetric
ignition and growth calculations of the Dremin-Trofimov test
were performed for 10-, 15-, and 20-mm-diameter detonating
nitromethane cylinders confined by lead [47] into unconfined
nitromethane. The 10-mm-diameter charge failed completely,
with a failure velocity very close to 4mm/ms. The 15-mm-
diameter calculation barely reinitiated near the center of the
charge before the arrival of the failure wave in an unsteady
manner that persisted for a long distance. The 20-mm-diameter
calculation showed prompt reinitiation of steady detonation
after a short distance of failure wave propagation. Therefore,
the calculated unconfined failure diameter and failure wave
velocity in the Dremin-Trofimov failure wave test agree closely
with experimental data.

Conclusions

The NEZND model was formulated to identify the nonequili-
brium chemical and physical mechanisms that precede and
follow the chemical energy release in self-sustaining detonation
waves. In terms of homogeneous liquid explosives whose
reaction rates obey Arrhenius kinetics, the processes of multi-
phonon up-pumping and IVR require many collisions before
the vibrational, rotational, and translational energies are
equilibrated behind a shock front. At high temperatures and
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densities behind the leading shock front of a liquid detonation
wave, statistical pooling of vibrational energy with the neigh-
boring vibrations causes even longer induction times for the
initial unimolecular decomposition reaction. Induction time
calculations using starvation kinetics yield good agreement
with experimental data in the falloff temperature regime for
nitromethane and many other unimolecular rates. More
shock-sensitive liquids, such as nitroglycerine, have low energy
barriers to unimolecular decomposition that still must be
exceeded by the vibrational energy present in the transition
state. This implies that finite induction times exist for chemical
reaction in all liquid detonation waves. If the chemical energy
release occurs at a finite distance behind the leading shock
front, it amplifies pressure wavelets in the reaction zone. These
pressure wavelets overtake the shock front and maintain its
strength. With pressure wavelets arriving at various times,
the leading shock cannot be one-dimensional and develops a
complex three-dimensional cellular structure. This implies
that three-dimensional cellular structures develop in all liquid
detonation waves [50]. Subnanosecond time-resolved experi-
ments are required to verify the existence of cellular structures
for very sensitive liquids.

Hydrodynamic computer code predictions of liquid detona-
tion wave properties in one-, two-, and three-dimensional
geometries require a practical reactive flow model. The ZND
theory-based ignition and growth model was applied to experi-
mental detonation data on nitromethane with good results.
Eventually, it will be possible to construct all Arrhenius
temperature-dependent, multistep chemical decomposition
reactive flow models that calculate cellular structures. The
nitromethane model developed in this article can be used for
safety and performance assessments. Similar parameter sets
can be developed for other liquid explosives.
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