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ABSTRACT

An Arrhenius-Wescott-Stewart-Davis (AWSD) reactive burn model is applied to describe shock initiation and detonation
properties of the HMX-based high explosive LX-04. The parameters in the model are calibrated to data from multiple sources.
The thermodynamic equations of state used in the model are calibrated to a combination of thermochemical calculations for
HMX and LX-04 as well as experimentally-measured cylinder expansion results for LX-04. The kinetic parameters are calibrated

to velocity data from gas gun experiments performed using EDC-32—a high explosive with the same chemical composition as LX-

04 but different structural properties, and scaled rate stick data for PBX 9012. The AWSD model is shown to accurately describe

the shock initiation and propagation of LX-04. Very good agreement is observed between the available experimental data and the

AWSD model output. The presented results constitute an accurate LX-04 reactive burn model for use in engineering-scale models

and simulations.

1 | Introduction

LX-04 is an HMX-based high explosive (HE) consisting of 85%
HMX and 15% Viton binder by weight [1, 2]. Viton—an inert
binder—is a fluoropolymer that is added to HMX via plastic
bonding techniques to increase safety, stability, and reliability
of the resulting polymer-bonded explosive (PBX). The chemical
composition of LX-04 is the same as EDC-32 [3] however the
two HEs have different distributions of HMX particle sizes.
Specifically, in LX-04 about 4% of the HMX particles by weight
have sizes between 150 and 300 um while in EDC-32 only a
small percentage of large particles exist and ~99% of the particles
by weight have a size less than 125 um [3-5]. The chemical
composition of LX-04 is similar to LX-07 and PBX 9012 which are
both approximately 90% HMX and 10% Viton binder by weight
[6-8]. Another explosive that uses the HMX-Viton combination

is LX-10 which is 95% HMX and 5% Viton binder by weight [6, 9,
10]. Indeed there are a range of HEs that use the same energetic
material (HMX) and binder (Viton) as LX-04, making it is possible
to directly compare how varying binder percentage affects HE
performance. LX-04 is an important HE primarily because of
its potential application in engineering-scale systems [11] as well
as its usefulness in understanding how damage can affect HE
performance [2]. Developing theoretical tools that accurately
describe the detonation and reactive burn of LX-04 is therefore
an important topic, with potential applications and implications
across several engineering subfields.

Reactive burn models are used to understand and predict the
performance of HEs, specifically shock-initiation and detonation
propagation properties [12-17]. In contrast to programmed burn
models which use a simplified and pre-determined approach
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to propagate the chemical reactions leading to detonation and
shock propagation, reactive burn models include a reaction rate
that depends upon the shock state. Here, we develop a reactive
burn model for LX-04 using the Arrhenius-Wescott-Stewart-
Davis (AWSD) model [17, 18]. The AWSD model is a reactive burn
model that has successfully been applied to accurately model the
behavior of a number of different HEs including LX-14 [19], PBX
9404 [20], PBX 9501 [21], PBX 9701 [18], and other HMX-based
and TATB-based HEs [22-24]. These AWSD models have been
shown to generally, and very accurately, capture the reactive burn
of an HE after performing a calibration of the model parameters
to different experimental sources such as velocity data from gas
gun experiments with embedded electromagnetic velocity gauge
packages, cylinder expansion (CYLEX) results, and diameter
effect (rate stick) experiments.

The AWSD model [17] merges a Davis reactants equation of
state (EOS) and a Davis products EOS [25-27] with an Arrhe-
nius rate law [28-30] to describe the burn of the HE. The
AWSD model can give very accurate results when compared to
experiment and often outperforms other reactive flow models
(see, for example, the results in Refs. [31] and [19]). One of the
primary limitations of the AWSD model however, is that the
functional forms for the chemical reaction rates are based on
Arrhenius assumptions, meaning it is assumed that the HE is
in thermodynamic equilibrium at the shock temperature and
the energy in the system is Boltzmann distributed. Without
modifications, complex chemical kinetics phenomena such as
nanoscale thermal gradients and nonequilibrium distributions
cannot be accounted for using an Arrhenius rate law model [32-
37]. Additionally, it has been generally observed that the AWSD
model overestimates the shock arrival velocity by a small but
non-negligible amount in comparison to experimental gas gun
results and other reactive burn models such as the CREST model
[38]. That said, after calibrating the model parameters to data,
the AWSD model generally gives excellent results, and can be
used to describe a number of detonation properties and explain
experimental results. The AWSD model is part of a long line
of theoretical and computational treatments of high explosive
detonations [17, 39-43].

Other reactive flow models have also been previously developed
for LX-04. In 2018, Tarver reported an ignition and growth (1&G)
model for LX-04 [1] using recent and also older experimental
studies. This model was able to quite accurately describe CYLEX
experiments performed under a variety of different conditions
and experimental set-ups. Other metrics however, such as the
shock-to-detonation transition (SDT) and shock propagation
velocity profiles were not examined, so the validity of that
model on multiple detonation phenomena has not yet been
assessed. Chidester et al. also developed an I&G model for LX-
04 that showed good agreement between the experimental and
calculated run distances to detonation using manganin pressure
gauge data [2]. They used that model to assess how LX-04
gas gun shots, performed in a relatively low pressure regime,
are affected by the damage to the HE. A CREST model was
developed for EDC-32 [5] which is in good agreement with gas
gun shots and diameter effect results based on scaled values from
other HEs. These previously developed models provide useful
points of comparison and contrast for new reactive burn models
of LX-04.

Experimental data has been reported for LX-04 and its
chemically-identical counterpart EDC-32 in several sources,
and this data can be used to calibrate the parameters in the
AWSD model. Burns et al. performed a series of gas gun shots
using EDC-32 [3] which provided shock waveform profiles, shock
arrival times, time-to-detonation results, and also Hugoniot data
for the reactants state. Additionally, CYLEX data is available
for LX-04 in the open literature [1] and data on the Chapman-
Jouguet (CJ) state of LX-04 is available from both Dobratz [44]
and Wilkins [45].

In this article, we present results of an AWSD reactive burn
calibration for LX-04. The model is calibrated to experimental
data from the multiple sources described previously and is sup-
plemented with thermochemical calculations performed using
the MAGPIE code [46]. The AWSD model is shown to accurately
describe shock initiation and subsequent shock propagation of
LX-04 and overall, excellent agreement is observed between the
available experimental data and our model.

2 | AWSD Model Calibration
2.1 | Reactants EOS

The AWSD model uses a Davis reactants EOS, which is an
EOS that is commonly applied to describe the thermodynamic
behavior of HEs. A full description of the analytical form for
the Davis reactants EOS can be found in the Appendix and in
Refs. [17] and [18]. The Davis reactants EOS is a Mie-Griineisen
EOS with nine parameters: A, B, C, C,()O), Ty, Z, Ay, Po> Ty The
nominal density of LX-04 is taken to be p, = 1.86 g/cm? [47, 48]
and the nominal temperature is set to T, = 297 K. Values for the
other parameters can be obtained by calibrating the EOS model
to experimental data, thermochemical calculations, simulation
data, or a combination of these sources.

The parameter A is the ambient sound speed of the material and
can be interpreted as the intercept value of the shock velocity
(Uyg)- particle velocity (Up) Hugoniot curve. After using an initial
guess for this value of A =1.99 km/s which is the PBX 9012
value from Burns and Chiquete in Ref. [7], we hand-tuned this
parameter slightly to a value of A = 2.00 km/s in order to better
match the shock arrival times in gas gun experiments from Burns
et al. [3] discussed later in this work. The value of the Griineisen
gamma parameter I') was estimated using the method outlined by
Burns and Chiquete in Ref. [7]. We tuned the parameters in this
method starting with values for PBX 9012 (derived from LX-07
physical properties) as the starting point and adjusting for LX-
04. The parameter Z is kept as 0 for thermodynamic consistency
when p = p,.

After setting the parameters py, Ty, A, Iy, and Z, the other
parameters in the model (B, C, Cf)o), and a, ) were then calibrated
by fitting the EOS to EDC-32 reactants Hugoniot data from Burns
etal. [3], HMX Hugniot data from Marsh [49], and the HMX heat
capacity model developed by Cawkwell [50]. The optimization
was performed using Nelder-Mead optimization starting from
the PBX 9501 parameter values as the initial guess [21], as is
common with HMX-based HEs [19, 20]. Equal weighting was
given to each of these data sources in the overall L, error

Propellants, Explosives, Pyrotechnics, 2026

85U80|7 SUOWWIOD 3AEa.D 8|qedt|dde ayy Aq peuenob a1e Sl YO ‘@S JO Sa|nJ oy Axeiqi]8UIIUO /8|1 UO (SUONIPUOD-pUe-SWLBY/WOD A3 1M Afe1q 1 BU1 [UO//:SANY) SUORIPUOD pue SWB | 81 835 *[9202/20/62] U0 AriqiTauluo A8|IM ‘GEZ0. deId/200T OT/10p/W00" A8 |iMAeiq 1 Buluo//SdnY Woly papeoumod ‘0 ‘280 TZST



TABLE 1 | Reactants EOS parameters for LX-04.

Parameter Value Unit
A 2.0 kms ™'
B 3.97

C 0.1214

c© 0.001003 klg K
T, 0.688

Z 0

a, 0.4527

2o 1.86 gem™3
T, 297.0 K

function used in the calibration. The parameter B determines
the slope of the Hugoniot in the Us-U, plane at small U, and
the parameter C is related to the curvature of the Hugoniot.
After calibration, we obtained values of B = 3.97 and C = 0.1214.
The parameters C,(JO) and o« appear in the Davis EOS heat
capacity model and the calibration procedure resulted in values
of ¥ = 0.001003 kIg~! K~! and a,, = 0.4527. A full listing of the
calibrated Davis reactants EOS parameters for LX-04 is given in
Table 1.

The results from the calibrated LX-04 reactants EOS are shown
in Figure 1. The Hugoniot curve in the Us-Up plane is shown
in Figure la, where Ug is the shock velocity and U, is the
particle velocity. The red circles denote experimental data for
EDC-32 [3] and the black triangles are data for HMX single
crystal data [49]. The orange dashed line depicts the HMX results
computed using the MAGPIE code, and is included as reference
[46]. At lower U, values, the LX-04 Hugniot curve is highly
nonlinear tending to the assigned ambient sound speed as Up —
0. However, comparing to the dashed black curve, which is
the linear EOS given by Marsh, the Davis EOS and the linear
EOS are in good general agreement at small U, values. The
green circular markers show Hugoniot data from Marsh for LX-
04. Although this data was not used in the calibration, it is
in excellent agreement with the calibrated Davis EOS. The LX-
04 Hugoniot is less stiff than pure HMX, as expected, and this
can be observed because the LX-04 curve always falls below
the HMX curve. This is similar behavior to what is observed in
other HMX-based polymer-bonded explosives. Figure 1b shows
the Hugoniot curve in the P-V plane, where P is pressure and
V is specific volume. The calculated EOS is in good agreement
with the experimental data and appears to fit the data well across
the full experimental data set. The green circular markers show
Hugoniot data from Marsh for LX-04 that was not used in the
model calibration, and this data exhibits excellent agreement with
the calibrated Davis EOS.

2.2 | Products EOS

The Davis products EOS has seven parameters: a, b, k, n, p,,
U, Cyp, Which can be calibrated by fitting the EOS model to
available data sources. The stored chemical potential energy of
the material E,, is derived from the products EOS after setting the
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FIGURE 1 | Hugoniot curves for LX-04 reactants EOS calibrations in
the (a) Us-Up and (b) P-V planes. The blue curves are the Davis EOS
calibration for LX-04 performed in this work. The dashed orange curve
in (a) is the result for HMX. The red circular markers correspond to
experimental data for EDC-32 [3].The green circular markers are LX-
04 Hugoniot data from Ref. [49]. The black triangular markers in (a)
correspond to HMX single crystal data from Ref. [49]. The dashed black
line in (a) is the linear EOS taken from Ref. [49].

other parameter values. A full description of the Davis products
EOS can be found in the Appendix. Here, we used the CYLEX data
for experiment K957 from Ref. [1] to calibrate the products EOS
parameters. This experiment consisted of a 25.43 mm diameter
LX-04 charge in a 2.58 mm thick copper tube. The wall velocities
were measured using photon doppler velocimetry (PDV) probes.
The Davis products parameters were optimized directly to the
experimental data by minimizing the error between simulation
and experiment wall velocities with a Nelder-Mead simplex
algorithm. Simulations were conducted using FLAG, a multi-
material, multi-physics hydrocode [51] with two-dimensional
axial symmetry and initial zone size of 40 um. The copper tube
was modeled using a tabular SESAME EOS and the Preston-
Tonks-Wallace (PTW) strength model [52]. While spall has been
included in CYLEX simulations in previous EOS calibrations for
some other HEs, we found that for LX-04 the effect of spall was
minimal so it was neglected. The AWSD reactive burn region
was initiated by a short 12.7 mm long section of programmed
burn LX-04. Wall velocities obtained from the simulations are
compared with PDV probe data from CYLEX experiments in
Fig. 2.
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FIGURE 2 | Wallvelocities from CYLEX simulations with the LX-04
AWSD calibration compared to experimental PDV data [1].
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FIGURE 3 | Hugoniot curves for LX-04 products EOS calibrations in
the (a) Us-Up and (b) P-V planes. The red circular markers correspond to
experimental data for LX-07 [53] that is scaled by the ratio of the LX-04
and LX-07 detonation velocities. In each panel, the blue square marker is
the CJ state calculated in this work, the cyan square marker is the CJ state
reported by Dobratz [44], and the orange square marker is the CJ state
reported by Wilkins [45].

The calibrated LX-04 products EOS Hugoniot curves are shown
in Figure 3. Figure 3a shows the products Hugoniot curve in the
Us-Up plane. The LX-04 CJ state given by Dobratz [44] is shown as
a square cyan marker, the CJ state given by Wilkins [45] is shown
as a square orange marker, and the corresponding state calculated
using the calibrated/optimized Davis EOS is shown as a square

TABLE 2 | Products EOS parameters for LX-04.

Parameter Value Unit

a 0.7562

b 0.5881

k 1.432

n 1.575

Pe 4.302 GPa

U, 0.7754 cm’ g
Cyp 0.001175 klg K!
Eget 5.355 kig™

T T T T T
= products
10f = reactants -

Us(mm/ us)

N 1 N

3 4
Up(mm/pis)

1
1 2

FIGURE 4 | Comparison between Ug-Up curves for the LX-04
products EOS (red) and reactants EOS (blue).

dark blue marker. The CJ velocity from Dobratz is DCD;’b”“Z =
8.46 km/s, the value from Wilkins is D}/ = 8.48 km/s, and the
optimized value is D¢; = 8.48 km/s [11, 44, 45]. The red circular
markers depict overdriven LX-07 datapoints [53] in which the
U values have been scaled by a factor D /DiX?, using a
procedure similar to what is outlined by Anderson et al. [8].
The scaled LX-07 data is in good agreement with the calibrated
Davis products EOS for LX-04. Figure 3b shows the products
Hugoniot curves in the P-V plane. The value for the pressure
at the CJ state given by Dobratz is PCDJObratz = 35.0 GPa, the
value from Wilkins is P} = 36.0 GPa, and the optimized
value is P¢; = 33.1 GPa. The scaled LX-07 data transformed into
the P-V plane using standard Hugoniot relations is in good
qualitative agreement with the calibrated Davis products EOS
for LX-04.

A complete list of calibrated parameter values for the LX-04 Davis
products EOS is given in Table 2.

Figure 4 shows a comparison between the Hugoniots for the
products EOS and reactants EOS in the Ug-Uy plane. The primary
observation is that the two functions do not cross. This non-
crossing behavior is generally preferred for use in hydrodynamics
codes as the non-crossing criteria reflects the positive thermicity
of HEs.
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2.3 | Rate Law

The AWSD model is a reactive flow (or, burn) model, in which
the thermodynamic state of the shock initiation/propagation
processes are determined by solving chemical kinetics equations.
This compares to programmed burn models which rely on a pre-
determined approach to propagate the chemical reactions that
lead to detonation and shock propagation.

A reactive flow method that extended the WSD (Wescott—Scott—
Davis) model [54] by using Arrhenius forms for the chemical
reaction rates to describe the transition Reactants — Products
was previously developed, and is called the Arrhenius-Wescott-
Stewart-Davis model or more succinctly the AWSD model. In the
AWSD model, the reaction progress is determined by the dynam-
ical evolution of a collective variable 4. This reaction progress
variable takes a value of 4 = 0 when the system consists entirely
of reactant and 1 =1 when the system consists completely of
product. We can therefore interpret 1 as the mass fraction of
product. The AWSD reaction rate is then determined by A, the
shock temperature T, the pressure p and is defined through
the relation

= R(Tipuso D1 ), @
where %1 is the material derivative and R is the rate expression.
The speclific functional form for the rate expression in the AWSD
model is given by

R(Tsnock> P> A) = Fp(Fl + F,)F, 2
where
exp[—(p,/p)"], P> p;,
F,= { o ®)
0, otherwise,
Fl = kl eXp[_Tl/Tshock](A + ale)(l - l)bls (4)
FZ = k2 exp[_TZ/Tshock](l - A)b27 (5)
and
F,l=fs+%(l—fs)<1—tanh[/1;lc]>. )
1

See Ref. [17] for the derivation of these functional forms and
detailed descriptions of what each of these functions represents.
The AWSD rate law has 16 free parameters: p,, p;, Ty, T3, T, a4,
ar, by, by, 8;, fs. kv ks ke, A, 1y The parameters T, and ay arise
from the definition

T*(T,A) =T — ar exp[T./T]A), @)

which is equal to the shock temperature when no reaction has
taken place, that is, when A = 0. The values for T, and a; are
determined by examining the temperature profile through the
reaction zone for a variety of initial HE temperatures [23]. T* is
optimized to be at or below the shock temperature. The values
for all the other parameters can be assigned by performing
a calibration to available data for the specific material being
modeled, using values from AWSD calibrations for other HEs,
empirical arguments, and/or simulation results. In practice, the

TABLE 3 | Gasgun data sources used in this work from Ref. [3].

shot# p,(g/cc) Impactor P(GPa) Shock Type
1S-1468  1.861 Sapphire 5.59 Sustained
1S-1469  1.860 Sapphire 3.34 Sustained
1S-1470  1.861 Sapphire 4.833 Sustained
1S-1471  1.860 Quartz 3.28 Sustained
2S-493 1.861 Kel-F81 6.14 Short/Thin
25-494  1.861 Kel-F81 & Vistal 4.20/8.79 Double Shock

data used to perform this calibration typically comes from some
combination of gas gun and rate stick experimental data, and
previous experience developing other AWSD models.

Burns et al. performed a series of embedded particle velocity
gauge measurements of EDC-32 at different pressures using gas-
gun plate-impact techniques. A list of the Burns et al. gas gun
shots we use in this work, as well as the pressure for each of
those shots, is given in Table 3. Anderson et al. have reported
PBX 9012 rate stick data in Ref.[8]. We are not aware of any rate
stick experiments for LX-04, so to fill this gap in data we use the
PBX 9012 data scaled by a factor D3 /DZP* %, Note that the
available PBX 9012 data only captures a regime covering a small
detonation decrease relative to D;. This will be discussed in more
detail later.

Starting from the reactants and products EOS for LX-04 described
in previous sections, we calibrated the rate law parameters p,,
Ty, ai, by, ky, ky, n, in the AWSD model by fitting Eq. (1) to
four of the Burns et al. gas gun shots (1S-1468, 1S-1469, 1S-1471,
2S-493). The first three shots are sustained shock experiments
while shot 2S-493 is a thin pulse shot. The other parameters in the
model were set using values from other AWSD calibrations and
empirical knowledge/experience from reactive burn models of
other HMX-based HEs. The data from shots 1S-1470 was withheld
from the calibration so that we could then validate the AWSD
model on data that was not used to assign parameters. This is
a general test of the transferability of the calibrated model to
different shock states. In this case because the pressure of shot
1S-1470 lies between two other shots, this is a test of model
interpolation, rather than extrapolation from the calibration data.
After completing the calibration, we also validated the model on
shot 2S-494, which was a double shock experiment.

We employ an iterative technique that calibrates different subsets
of parameters using different experimental data sources. Specif-
ically, we calibrated the model parameters that determine the
low-temperature and high-temperature AWSD rates to gas gun
data and rate stick data, respectively, by iterating between the
two regimes until an acceptable level of convergence was reached
in the model. Convergence is defined here as a state in the opti-
mization in which the parameters were essentially constant (up
to some numerical threshold) as more iterations were performed
and the overall model output was not changing significantly.

The first step in the calibration process was to assign values for
the parameters using previous calibration data. These values were
kept constant in the calibration procedure that follows. Next, a
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TABLE 4 | AWSD parameters for LX-04.

Parameter Value Unit
Ds 4215 GPa
D¢ 0.6 GPa
T, 1039 K
T, 6000 K
T, 575 K
a, 0.1873

ar 0.4049

b, 2.427

b, 0.6

s, 0.01

fs 0.01

k, 593 s
k, 7461.35 uls
ks 20 uls
A, 0.98

n, 0.446

Nelder-Mead simplex optimization algorithm was used to obtain
an initial set of optimized parameter values for p,, T, a;, b;, k;,
n,. The target goal in this step was to minimize the error between
the AWSD model and the experimental data from shots 1S-1468,
1S-1469, 1S-1471, 2S-493. The initial guesses for the parameter
values used in the optimization were taken to be the PBX 9501
values from Ref. [21]. The optimization procedure was performed
for 400 iterations. The L' error for each gauge and each shot
was calculated and then these error values were combined into a
single total error metric. The goal of the Nelder-Mead procedure
was to minimize this total error.

In the next step, rate-stick experiments were simulated using
a shock-fitting code [55, 56] to calibrate the parameter k,.
The calibration in this step was performed using a variational
Bayesian method [57].

In the final step of the calibration, the Nelder-Mead simplex
optimization procedure was again performed to obtain the final
parameter values for p;, Ty, a;, by, ky, and n,, with the target goal
of matching the gas gun experimental data. The mesh size used in
the simulations was 20 um, and the simulations were performed
using the multimaterial multiphysics hydrocode FLAG. The gas-
gun impactors were either Sapphire, Quartz, Vistal, or Kel-F8l,
depending on the shot. The impactor materials were modeled
with a linear Ug-U, EOS.

The final parameter values used in AWSD rate law are given in
Table 4.
2.4 | Shock-to-Detonation Transition

Figure 5 presents a comparison between the SDT results predicted
by the calibrated LX-04 AWSD model and the experimental data

from each of the four shots used in the calibration. In each subplot
of Figure 5, the experimental data is represented by the noisy
dashed curves while the solid curves depict the output of the
AWSD model. Overall very good agreement of AWSD model with
the experimental results is observed for each shot. Equation of
state values for the impactor materials can be taken from Table I
in Ref. [3].

Shown in Figure 5a are the results for shot 1S-1468 which had an
initial pressure of 5.59 GPa. For the early gauges, the wavefront
shapes, shock arrival times, and maximum velocity magnitudes
predicted by the AWSD model are all in excellent agreement with
the data for each gauge. For the later gauges the shock arrival
times are overestimated by the model in comparison to the exper-
iments. Overall, AWSD model output is in very good/excellent
agreement with the experimental data for this shot.

The SDT results for shots 1S-1469 are shown in Figure 5b. This
was a low pressure shot that did not reach detonation. The results
of low-pressure shots are often difficult to capture using the
AWSD model. For LX-04, the AWSD model fit to this low-pressure
shot is good. The shock arrival times, waveform shapes, and
maximum velocites are in very good agreement for all gauges. The
particle velocity at the shock are generally slightly overestimated
by the model.

Figure 5c shows the results for shot 1S-1471 and which was a shot
performed using Quartz as the flyer material. The pressure of this
shot was 3.28; GPa, so it is the lowest pressure shot we examined
in this work (see Table 3). Note the longer run-to-detonation
for this shot compared to the other shots in Fig. 5. Very good
agreement is observed for the shock arrival times. The velocity
waveform shapes also have good agreement, with gauge 2 (the
red curve) being the gauge with the worst agreement between
experiment and model output—the other gauges were generally
well captured by the model though the maximum shock velocity
is overestimated in the middle gauges. Overall, this shot is well-
captured by the AWSD model and reflects the ability for the model
to be transferable across different flyer materials.

The results for the two-stage shot 2S-493 are shown in Figure 5d.
The the shock releases of the last two gauges were not well
captured in the experiment so there are only eight gauges shown
for this shot. The pressure of this shot was 6.14 GPa. In this
relatively high-pressure regime, the AWSD model captures the
behavior of the detonation of LX-04 well. The particle velocity at
the shock predicted by the AWSD model are in good agreement
with the experimental values. The waveform shapes are also
in good overall agreement, however a problem with the AWSD
model is that the maximum shock velocities are overestimated
which generates a mismatch between the wavefront shapes for
each gauge. The detonation time is well predicted by the AWSD
model, as can be seen by the accurate prediction of the shock
arrival times of each gauge.

The data from shot 1S-1470 was not used in the rate law
calibration procedure, and can therefore be used as validation of
the model performance on unseen data. A comparison between
the calibrated model and the experimental results for this shot are
overlayed in Figure 6. Excellent agreement is observed between
the LX-04 AWSD model the experimental data. Interestingly,
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FIGURE 6 | Shock-to-detonation results for the LX-04 AWSD model
(solid lines) and experimental data (dashed lines) for shot 1S-1470 [3]. This
shot was not used in the calibration performed in this work. The locations
of the embedded gauges are shown in the legend.

the model performance on this shot appears to be the best of
any of the examined shots, even though it was not used in
the calibration. This illustrates the predictive capability of the
calibrated model on data that was not used to derive values for the
model parameters. The shapes of the wavefronts for each gauge
are well-captured by the model and are in excellent agreement

with the experimental results. The shock arrival times are also
in excellent agreement. As with all the other shots in this work,
the particle velocity at the shock are slightly overestimated by the
model in the early gauges.

The results for the two stage shot 2S-494—a double shock
experiment—are shown in Figure 7. Note that this shot was
also not used in the calibration so the presented results can be
interpreted as validation/testing data. Overall good/acceptable
agreement is observed between the AWSD model and the data.
The arrival velocities for both shocks are well captured by the
model. The arrival times for the first shock are well captured,
while the arrival times for the second shock are generally late
in the AWSD model. Overall the predicted waveform shapes are
in very good agreement with the data. The differences between
the arrival times (the jump off times) for the second shock can be
attributed to the fact that we calibrate the EOS to data in a specific
thermodynamic regime, and the double shock experiment pushes
the system into thermodynamic states that are not sampled in the
data used to calibrate the model.

2.5 | Diameter Effect

The final AWSD diameter effect results are shown in Figure 8.
Figure 8a shows the AWSD results for LX-04. The red circular
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in the legend.
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FIGURE 8 | Diameter effect results for LX-04. In panel (a), the
gray triangular markers are data for PBX 9012 [8] scaled by a factor
Dg{—m /DCP]J3X 9012 the red circular markers are the results of the AWSD
simulation with the addition of a point with the detonation velocity for
LX-04 of 8.48 mm/us. The red solid curve is a fit to the simulation results.
Panel (b) shows a comparison between the AWSD diameter effects results
for PBX 9404 [20].

markers are the results of the AWSD simulation and the red
curve is a fit to that simulation data shown to guide the eye.
The gray triangular markers are data for PBX 9012 that has been
scaled by a factor D /D **™? [8] where D, denotes the CJ
velocity. The hypothesized origin of this scaling as described
by Anderson et al.,[8] is that changing the HMX content of an
HE uniformly changes the energy available for propagation and
does not affect the chemical kinetic pathways in the detonation.
This in turn implies that the the energy release profile should
be similar between the explosives LX-04 and PBX 9012. Both
PBX 9012 and LX-04 use HMX and Viton as components, but
in different mixture ratios (85% HMX, 15% Viton for LX-04 and
90.2% HMX, 9.8% Viton for PBX 9012). The AWSD result for
LX-04 is in very good agreement with the available scaled data
from PBX 9012. It should be noted that this agreement should
be interpreted as reflecting both the expressivity of the AWSD
model and potentially the true behavior of LX-04. Meaning if the
scaled PBX 9012 data represents the true behavior of the LX-04,
as the results by Anderson et al., suggest [8], then the model will
quantitatively predict the behavior of LX-04. If this is not the case,
then we anticipate that the AWSD model will only qualitatively
reflect the diameter effects generated by LX-04. Validation of the
predicted results would require LX-04 diameter effect results,
which to our knowledge are not available in the open literature.

Figure 8b compares the AWSD diameter effect results for LX-04
and PBX 9404. The AWSD model predicts that LX-04 diameter
effect behavior will fall below the 9404 results, as expected
because of the high binder-to-HE ratio in LX-04 compared to PBX
9404. By comparing the PBX 9404 and LX-04 curves, it appears
that the shape of the rate stick results can be approximately
described by a systematic shift in magnitude given by the
difference in the CJ velocities applied in the normal direction
of each curve. For example, adding the factor DZP*#* — X4
to the normal direction along the LX-04 curve, would make
the the PBX 9404 curve and the LX-04 curves be approximately
overlapped. While we do not calibrate the LX-04 AWSD model
to diameter effect data that is close to failure, the shown PBX
9404 model is calibrated to data in that regime. So, while there is
uncertainty in the LX-04 AWSD model in the extrapolated regime
close to failure, note that the general shape of the LX-04 diameter
effect curve follows the shape of another HMX-based HE that is
calibrated to data in that regime.

2.6 | Reactive Flow Model Comparison

Figure 9 shows a comparison between the CREST model for
EDC-32 and the AWSD model for LX-04 using data for shot 1S-
1468. Saying the results are for two different HEs is a semantic
definition as we do not actually account for structural size
distribution between the two HEs in the developed AWSD model.
The CREST result is shown in Figure 9a and the AWSD result is
shown in Figure 9b. We digitally extracted the CREST results from
Ref. [5]. For the early gauges, the CREST model well-captures
the shock arrival times, although not quite as accurately as the
AWSD model. Comparing the waveform shapes for the CREST
and AWSD model, it can be seen that the AWSD model more
accurately reproduces those shapes, although the differences are
subtle. For example, looking at gauges 1-5, the CREST model over-
estimates the max shock velocity while the AWSD model gives
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FIGURE 9 | Comparison of shock-to-detonation results for shot 1S-1468 using (a) the CREST model (b) the AWSD model. The experimental data
is shown using dashed curves and the results for each respective model are shown using solid curves. Each different colored curve corresponds to a
different gauge position, with the location of the gauges being shown in the legend of Figure 5a.

a result that is almost indistinguishable from the experimental
result. The CREST model does not capture the correct time to
detonation while the AWSD model provides a better estimate of
the shock-to-detonation transition, although both overestimate
this time compared to what is observed experimentally in shot 1S-
1468. Overall, the AWSD performs better than the CREST model
on this shot with respect to the overall error, but it should be
noted the CREST model does capture the particle velocity at the
shock more accurately than the AWSD model in the early gauges.
The difference between the AWSD and experimental particle
velocities could be due to a reduction in the particle velocity in
the experimental data at the shock arrival due to gauge slip in the
embedded gauges [58, 59].

It is important to note that the comparison between the CREST
and AWSD models should not be interpreted as a direct com-
parison of overall model performance because the models were
fit to different data sets. Specifically, different estimated size

effect data was used in the two models, and so it is not overall
surprising that the AWSD model performs well on the data we
show here because it was directly calibrated to that data. It is
also important to note estimated size effect data was used in
both model calibrations, so the actual performance on modeling
LX-04 and EDC-32 has uncertainty. Performing a comparison
between the CREST and AWSD models on validation data in both
interpolating and extrapolating data regimes would be a better
test of model performance, and this is a direction for possible
future work if/when new LX-04 data becomes available.

3 | Conclusions

The Arrhenius-Wescott-Stewart-Davis reactive burn model
developed in this work provides an accurate description of the
shock initiation and detonation behavior of the HMX-based high
explosive LX-04. The parameters in the model were calibrated to
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experimental data from gas gun, cylinder expansion, rate stick,
and Chapman-Jouguet measurements as well as thermochemical
calculations performed using the code MAGPIE. The resulting
rate law parameters coupled with the calibrated equations of
state for reactants and products quantitatively reproduce the
experimentally observed shock-to-detonation transition charac-
teristics across a wide range of impact pressures and over different
flyer materials.

The calibrated AWSD model demonstrates good agreement with
embedded gauge data from gas gun experiments and accurately
captures many relevant phenomena in those experiments such
as wavefront shapes, shock arrival times, maximum shock veloc-
ities, and time-to-detonation. Importantly, the model retains
predictive capability on validation data that was not included in
the fitting procedure, suggesting that the calibrated model will
be transferable to experimental conditions and shock states that
were not used in the calibration. We anticipate that the model
will be suitable for use in large-scale hydrodynamic simulations
requiring an accurate representation of LX-04 shock initiation
and detonation kinetics. Furthermore, because LX-04 shares the
same energetic material (HMX) and binder (Viton) with LX-07,
PBX 9012, and LX-10, the presented parameter set potentially
provides a basis for future comparative studies aimed at quan-
tifying how binder content and particle-size distributions (for
example, by comparing EDC-32 and LX-04) influence detonation
performance. Work in this direction is currently underway.

The developed LX-04 model extends the recent set of AWSD cali-
brations for HMX-based HE compositions [19-22] and contributes
to a broader effort of developing predictive reactive burn models
for engineering-scale applications.
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Appendix A: Davis Reactants EOS

The Davis reactants EOS model is a Mie-Griineisen EOS of the form

(s)

s p—-p
ex(p.p) = €5 (0) + pFR(;) : (AD)
and
Pr(e.p) = BY(0) + pTr(p) (¢ — e(0) ). (A2)

where e is energy and p is pressure and the subscript “R” denotes the
reactants state. The energy on the reference isentrope is

P p(S)

&6) = Faa+ [ T d. (a3)
Po P

where Ej, is the stored chemical potential energy of the material and the

superscript “s” denotes that the quantity is calculated along the isentrope.
The pressure on the isentrope is given by
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© plexp (4By) — 1], P < po
Pr (p) = <3 @By) (4By)* »? (A4)
[ZJ=1 jt ¢ 41 (1—y)4]’ P 2 Po,
1
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wherey = 1 — py/p, and p = pyA?/4B. We take p, = 1.86 g/cm? for LX-
04. Because we set Z = 0, the Griineisen gamma function is given simply
by

(o) =Ty, (AS)

which can be compared to the piecewise form given in Ref. [17] which
should be used when Z # 0. The temperature of the reactants is

1

Tr(e,0) = Tf?(p)(% (e-ed) + 1) L e
Cy TR (0)
where
P\
Tif)(m:To(%) , (A7)

is the temperature along the isentrope and is given by a simplified
form compared to the complete Davis EOS because Z = 0 in the LX-04
calibration. The specific heat in the Davis reactants EOS model is typically
expressed using the functional form

st
Cu(T) = C£°><T1) , (A8)
[}

which is a function of temperature T' and has three tunable parameters:
Ty, Cl()o), and «,. Here, the nominal temperature was set to Ty = 297 K.
The heat at the reference volume C,SO) and the value of ay, are constants
that are determined typically by fitting to HMX data, as specfiic heat
values over a large temperature range are generally not known for
PBX formulations.

Appendix B: Davis Products EOS

The Davis products EOS model is also a Mie-Griineisen EOS of the form

(s)

s p-p
ep(p.p) =S (o) + o (;’) , (BL)
and
pr(e.0) = B (0) + (o) (e - (), (B2)

where e is energy and p is pressure as before with the subscript “P”
denoting the products state. The pressure on principal CJ isentrope is

[&J,M
2

a/n
z |
(pv) G+

S k —
pé)(p) =P ( L+ Fle) > (B3)

k—-1+a

where the density-dependent auxiliary function F is given by

2a(pv.)"
Flp)= —F———.. (B4)
(pve)= + (pue)"
The Griineisen gamma function is
Ip(p) =k =1+ (1 - b)F(p). (B3)
The energy on the isentrope is
n na/n
“© [(pvcz) + (pvzc) ]
ey (p) =e. , (B6)

(pve)-k=1+a)

with
v
= Fiiia (57
The products temperature is given by
(s)
e—ep’(p)
Te(e.p) =T (0) + —5—— (B8)
vp
with the principal isentrope temperature given by
[(pu.)_” (pu.)”]<a/n)(l_b)
Ll e
()¢ 1\ — 2 2
Ty (p) =T, (pvg)-(k—1+a(i-b) ’ (B9)
where
2—ab/ n DeVe
TC = <m) ( CUP . (BlO)

12
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