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Abstract

We have had success in modeling cookoff of explosives by using a Universal Cookoff
Model (UCM) that was first presented at the 50" ICT meeting. This model was improved by
coupling to a MicroMechanics Pressurization (MMP) model. One drawback of the combined
UCM/MMP model is insufficient parameterization for our explosives of interest. Here, we use
historic data from the Sandia Instrumented Thermal Ignition (SITI) experiment to create
UCM/MMP models of octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX) containing
explosives such as EDC-37 (HMX, nitrocellulose, K10 binder: 91/1/8 wt.%), HMX (pure), LX-
07 (HMX, Viton-A: 90/10 wt.%), LX-10 (HMX, Viton-A 95:5 wt.%), LX-14 (HMX, Estane®:
95.5/4.5 wt.%), PBX 9501 (HMX/Estane®/nitroplasticizer: 95/2.5/2.5 wt.%), and PBXN-9:
(HMX/polybutadiene binder or PB/dioctyl adipate or DOA: 92/2/6 wt.%). The models are
validated with SITI data from Sandia National Laboratories (SNL) and one-dimensional time-

to-explosion (ODTX) data from Lawrence Livermore National Laboratory (LLNL).

Introduction

Exposing confined explosives to high temperatures is extremely dangerous. Heat and
confinement cause exothermic decomposition rates to accelerate until heat generation surpasses
dissipation leading to thermal ignition. In the current work we present seven cookoff models

that can be used for safety analysis of explosives containing HMX.
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written work and is responsible for its contents. Any subjective views or opinions that might be
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publisher acknowledges that the U.S. Government retains a non-exclusive, paid-up, irrevocable,
world-wide license to publish or reproduce the published form of this written work or allow others to
do so, for U.S. Government purposes. The DOE will provide access to results of federally sponsored
research in accordance with the DOE Public Access Plan.



In 2019 [1], we presented a Universal Cookoff Model (UCM) that determines thermal
ignition time using 1) a moisture desorption reaction, 2) a condensed-phase reaction, 3) a gas-
phase pressure-dependent reaction, and 4) a binder reaction. The explosives were assumed to
be permeable with pressure being spatially uniform. Pressure increases were caused by both
decomposition and temperature changes. The permeable assumption is not ideal for high-
density-explosives where decompositions gases can be trapped in defects dispersed throughout
the explosive causing spatially varying pressure. In 2021 [2], we relaxed the “permeable”
assumption by using a MicroMechanics Pressurization (MMP) model where local pressure is
determined by solving the displacement equations for a symmetric linear elastic material
surrounding a pressurizing hollow sphere. The combined model is referred to as a UCM/MMP
cookoff model.

In 2024 [3], we have simplified the UCM model by eliminating the moisture desorption
reaction and combining the other three reactions. The reasons for simplification are 1) most
explosives of interest have little or no moisture that appreciably affect ignition time and 2)
separating the two-explosive reaction from the binder reaction implies reaction products do not
interact. This simplified UCM model was tested using seven diverse explosives that contain
hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX). The parameters were material specific, but the
reaction mechanism for all seven explosives were all the same. In the current work, we apply
the same approach to seven explosives that contain HMX.

Thermophysical parameters for the explosives models [3] include specific heat (Cp),
thermal conductivity (k) bulk density (pp), theoretical maximum density (pco), and the mass
fraction of HMX. Kinetic parameters include the pressure exponent (n), steric factor (m),
normalized activation energy (E), distribution parameter (o), and rate acceleration caused by
melting HMX (Am). The reaction enthalpy was determined using the product species hierarchy
determined with TIGER [4] along with the species formation enthalpies (hy).

Parameters needed for the pressure (P) calculation include the product molecular
weights (My) as well as thermal strain (Ag) determined with the volumetric expansion
coefficient (Bv) and mechanical strain (Aem) determined using the solid (ps) and liquid densities
(p1) of RDX. Other mechanical parameters include the bulk modulus (K), Youngs modulus (E),
and Poisson’s ratio (v) which were determined consistently using the longitudinal sound speed
(Sv) and shear sound speeds (Ss).

The success of the one-step UCM/MMP for both the RDX [3] and HMX explosives

(current work) is attributed to the flexible form of the distributed rate expression which can be



tuned to represent reaction forms ranging from diffusion-limited reactions that decelerate over
time to auto-catalytic reactions which accelerate with the extent of reaction. The pressure-
dependent term in the rate expression can also cause auto-catalytic behavior in confined systems.
The purpose of this paper is to validate the simplified 1-step UCM/MMP model using seven
explosives that contain HMX. Detailed derivation of the conductive energy equation and
mechanics equation are beyond the scope of the present work, but the interested reader can find
further information including derivations in [2] and [3].

The remainder of this paper will 1) present model parameters for the seven HMX-
containing explosives, 2) parameterization of the kinetic model, 3) validation and 4) concluding

discussion.

UCM/MMP model parameters
The UCM/MMP model is a solution of the conductive energy equation (Eq. 1) with
source terms for explosive decomposition (r.h,) as well as melting (q,,e;¢). A method-of-lines

code [5] with adaptive gridding is used to solve the equations.
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Reaction progress, [X]/[Xo].
Microsoft Excel function “x = NORM.INV(X/XO,O,I)”. Fig. 1 &as a function of reaction.

Many of the parameters in Eq. (1) and Eq. (2) are given in
Tables 1-5. The pressure-dependent distributed rate (7;) in Eq. (2) is
used to couple the energy equation to the displacement equation for a
spherically symmetric linear elastic material surrounding a pressurized

hollow sphere as shown in Fig. 1. Pressure (P) is the coupling variable

and is determined using the density within the pressurizing defect.
Fig. 2 Defect in explosive.



Table 1 Some basic properties of explosives containing HMX

MWx pco hf Db Ta
o, )
Name Comp. (wt.%), formula g/mol O2 bal. ke/m? J/mol Km/s K
EpC37 | HMX/NC/KIO O1/178) 2867 | 292 | 1858 | 506 | 882 | 2845
C4.46H7.96N7.307.66
HMX (100)
HMX Y 2062 | 216 | 1905 | 750 | 918 | 2920
HMX/Viton-A® (90/10)
LX-07 TSN 3022 | 267 | 1899 | -1561 | 872 | 2827
HMX/Viton-A® (95/5)
LX-10 e A o) 2096 | 242 | 1902 | -394 | 894 | 2882
®
LX-14 HMX/Estane” (95.5/4.5) 2893 | 295 | 1854 | 183 .84 | 2809
C4.4Hg.44N7.4807.7
®
pBX 9501 | IMX/Estanc®/NP (95/2.52.5) | 1957 | 269 | 1859 | 272 | 875 | 2850
C43H35.34N7.6207.87
pBXN.9 | HMX/PB/DOA (92/2/6) 2748 | 422 | 1755 | 111 818 | 2550
C48Ho.32N6.8407

Table 2 Reaction hierarchy for pre-ignition reactions

Name Equilibrium reactions, gas mol. wt. (Mwg) heats of formation (hs), and reaction enthalpies (h)
Ca.46H7.96N73207.66 (EDC-37) — 3.66 N2 + 3.54 H20 + 2.06 CO2 + 0.22 CH4 +2.18 C
EDC-37 EDC-37 5948 G+2.18C
Mwg = 27.5 g/mol; hsc = -177.5 kJ/mol; hgepcs7 = 50.6 kJ/mol; hr = -1734 kJ/mol (exothermic)
CsHsNsOs (HMX) > 4 N2+ 3.6 HO+2.2 CO2+0.2CHs + 1.6 C
HMX HMX - 10G+1.6C
Mwg = 27.7 g/mol; heg = -175.1 kJ/mol; hgamx = 75 kJ/mol; hr = -1826 kJ/mol (exothermic)
C1.48H7.80N7.360734F1.0s (LX-07) > 3.68 N2 + 3.10 H2O + 2.12 CO2 + 0.16 CH4 + 1.05 HF + 2.2 C
LX-07 LX-07>10.11G+22C
Mwg = 27.3 g/mol; htg =-186.1 kJ/mol; hrLx7=-156.1 kJ/mol; h: =-1726 kJ/mol (exothermic)
C425H7.98N7.6807.60F0.52 (LX-10) — 3.84 N2 + 3.35 H:O +2.17 CO2 + 0.15 CH4 + 0.52 HF + 1.89 C
LX-10 LX-10 - 10.07G+1.89C
Mwg = 27.5 g/mol; htc = -180.7 kJ/mol; htLxi0= -39.4 kJ/mol; h: = -1780 kJ/mol (exothermic)
C4.4Hg44N7.48077 > 3.74 N2+ 3.72 H20 + 1.99 CO2 + 0.25 CH4 + 2.16 C
LX-14 LX-14 -59.83G+2.16C
Mweg = 27.3 g/mol; hrc = -176.3 kJ/mol; heLx14= 26.9 kJ/mol; h: = -1760 kJ/mol
Ca3Hs34N7.6207.87 (PBX 9501) — 3.81 N2+ 3.73 H2 O +2.07 CO2+ 0.22 CH4 + 2.01 C
PBX 9501 | PBX 9501 - 9.83G+2.01C
Mwg = 27.3 g/mol; hrc =-176.3 kJ/mol; hrpexosor = 27.2 kJ/mol; hrn = -1760 kJ/mol (exothermic)
Ca.8Ho32N6.8407 (PBXN-9) — 3.42 N2+ 3.96 H20 + 1.52 CO2 + 0.35 CH4 +2.93 C
PBXN-9 | PBXN-9 »9.25G+2.93C
Mwc = 25.9 g/mol; htg = -171.0 kJ/mol; hepexno= 11.09 kJ/mol; hr = -1593 kJ/mol (exothermic)




Table 3 Thermophysical properties [6]*

Name T,K | Gy JkegK k, W/mK (py, kg/m?)
300 990 0.31 (1834)
EDC-37 320 1082 0.37 (1834)
349 1216 0.37 (1834)
HMX 300 1094 0.25(1630) | 0.15(1150)
623 1760 0.25(1630) | 0.15(1150)
300 1206 0.35 (1864)
441 1735 0.35 (1864)
LX-07 447 1758 0.24 (1864)
700 2706 0.24 (1864)
300 1206 0.50 (1844) 0.17 (880)
X010 441 1735 0.50 (1844) 0.17 (880)
447 1758 0.30 (1844) 0.15 (880)
700 2706 0.30 (1844) 0.15 (880)
300 1084 032(1780) | 0.26(1550) | 0.13 (854)
%14 441 1550 032(1780) | 0.26(1550) | 0.13(854)
447 1570 027 (1780) | 0.19(1550) | 0.13(854)
700 2406 0.27(1780) | 0.19(1550) | 0.13(854)
300 1084 033(1778) | 0.23(1582) | 0.13(856)
pex 050l | 441 1550 033(1778) | 0.23(1582) | 0.13(856)
447 1570 021(1778) | 021(1582) | 0.11(856)
700 2406 021(1778) | 0.21(1582) | 0.11(856)
300 1084 0.33 (1753)
441 1550 0.33 (1753)
PBXN-9 447 1570 0.21 (1753)
700 2406 0.21 (1753)

*Temperature dependent properties are interpolated linearly with constant extrapolation. The listed densities in

parenthesis are the averages of several SITI runs.

Table 4 Kinetic parameters

Name InA® n E’, K s, K WHMX HMX: Am
EDC-37 35 0.5 -2 15030 -1000 0.91 10
HMX 35 0.33 -2.5 14265 -500 1 10
LX-07 35 0.33¢ 21715 -750 0.90 2
LX-10 35 0.29° 21886 -500 0.95 2
LX-14 35 0.42 -2 14985 -700 0.955 2
PBX 9501 35 0.3 -2 15348 -700 0.95 20
PBXN-9 35 0.3¢ -2 14838 -900 0.92 20

2“A” is the prefactor or frequency factor which is 1.586 x10" in Eq. (2).
"Normalized activation energy using the gas constant, R.
c Pressure exponent guessed due to either lack of vented data or inadvertent vent plugging.

Table 5 Mechanics parameters

Name kg /Cron3 rvas r?ljs GI%a GEI;a v B, 1/K OHMx ¢HMXA5[3—6b
EDC-37 1858 | 1.66 | 1.09 | 10.1 6.1 0.40 | 0.000131 | 0.89 0.059
HMX 1905 | 2.78 | 1.39 9.8 9.9 0.33 | 0.000131 | 1.00 0.067
LX-07 1899 | 2.80 | 1.39 | 10.0 9.8 0.34 | 0.000131 | 0.90 0.060
LX-10 1902 | 2.79 | 1.38 | 10.0 9.7 0.34 | 0.000131 | 0.95 0.064
LX-14 1854 | 2.89 | 1.47 | 10.1 10.7 | 0.32 | 0.000131 | 0.93 0.062
PBX 9501 1859 1297|139 | 114 9.6 0.36 | 0.000131 | 0.93 0.062
PBXN-9 1755 | 3.08 | 1.66 | 10.2 12.5 | 0.30 | 0.000131 | 0.85 0.057

"The mechanical strain (Aég_s = 0.067) is associated with the B—3 polymorphic transition between 441 and 447
K. This transition is made smoothly by using a cosine ramp function similar to that shown in Eq. (4).



The variables 1,, r, and “a” represent the initial defect radius, the defect radius
accounting for decomposition but not mechanical displacement, and the radius accounting for
both decomposition and mechanical displacement, respectively. The evolving defect gas
density can be determined from the gas mass (indirectly from Eq. 2) and pore volume (%na?’).
The pore pressure is then determined from gas density (p) and a gas equation of state, e.g., P =
pRT/My. The pore is assumed to fail when the pressure reaches 5 MPa whereafter the pore
transitions from being closed to open. Pressure within the open pore is based on the total open
pore gas volume and can include any headspace volume where pressure is typically measured.

The energy sink associated with the $—0 polymorphic phase change and HMX melting
is accounted for by using an effective capacitance method. These phase changes occur over a
temperature range with the lower temperature being the solidus temperature (Ts) and the upper
temperature being the liquidus temperature (Tr). The latent energy is released smoothly
between the Ts and Tr using a Gaussian distribution to account for both caloric and latent

contributions to the transient heat conduction term in Eq. (1).

2
Cory = Cp +22e™7 with o = Tm=T8), T,,, = (U3TS) and 7 = T=Tw )

The effective capacitance method is used for the f—0 phase change in HMX as well as for
melting HMX. In Eq. (3), w represents the mass fraction of HMX. The variable h; represents
the latent enthalpy associated with either the -0 phase change (h; = 33000 J/kg) or melting
(h; = 236000 J/kg). The solidus and liquidus temperatures for the —0 phase change is 441K
and 447 K, and for melting is 529 K and 531 K, respectively.

Rate acceleration caused by phase change is usually significant when the boundary
temperature exceeds the melting point of HMX. This acceleration is modeled using a rate
multiplier, A, which is 1 at Ts and Am at Tr. The multiplier, Am is given in Table 4. The following
cosine ramp function was used to smoothly transition between these two temperatures for

HMX:

1 T<T;
A=11+05(1= Ay —cos|[r T To < T < T, (4)
A T 2 TL
m

Only the basic equations are given in Eq. (1) and Eq. (2), and the complete derivation
and all auxiliary equations are beyond the scope to this proceeding. However, the interested

reader can find all equations including derivation in references [2, 7]. Tables 1-5 provide the



parameters for UCM/MMP model for the 7 HMX-based explosives. These tables include basic
properties of the explosives, reaction hierarchy, thermophysical properties, kinetic parameters,

and mechanical properties.

Parameterization

We have simplified the UCM from reference [1] by reducing the reaction set from four
to one without a loss of accuracy. In some cases, the simpler UCM model fits the available
cookoff data better. We attribute the better fit to capturing the interaction between
decomposition products that originate from both the binder material and the HMX. Another
reason for the better fit is ease of fitting a single rate compared to fitting four rate expressions.

Most of the parameters listed in Tables 1-6 are obtained from either the literature or
from fitting cookoff data. Usually, the intrinsic properties of the explosive such as composition
and molecular weight are known. The reaction hierarchy is determined using equilibrium
calculations at 400 K and 0.1 MPa. We have found that the product hierarchy is similar even at
temperatures and pressures spanning both slow and fast cookoff conditions. Physical properties
for the current work were obtained primarily from the literature [6]. The bulk modulus, elastic
modulus, and Poisson’s ratio were obtained from the longitudinal and shear sound velocities
which were obtained from various references [8, 9, 10]. Sound speeds for PBXN-9, LX-07,
LX-10, and LX-14 were estimated using a linear fit of sound speed data from other explosives
in Marsh’s handbook [8], e.g., given pco in g/cm? the sound speed in km/s was estimated as Sp
=-1.92p¢o + 6.44 and Ss = -1.86pc, + 6. The volumetric expansion coefficient and mechanical
strain associated with the 3-8 transition (Ag;_s) were taken from [11].

Cookoff data used for parameter estimation and validation were obtained from the
Sandia Instrumented Thermal Ignition (SITI) and One-Dimensional-Time to eXplosion
(ODTX) experiments shown schematically in Fig. 3. The SITI experiment confines two 2.54
cm diameter by 1.27 cm high cylinder of explosive. Nine type K 127 pum diameter
thermocouples with measuring point located at radial positions in mm of 0, 1.70, 2.55, 3.40,
4.25, 5.11, 5.96, 8.81, and 11.7 are placed between the two explosive cylinders. The outer
surface of the SITI apparatus is 7.62 cm diameter by 4.58 cm tall and is heated using rope
heaters controlled by a thermocouple on the lateral surface. The external aluminum surface is
heated to a set point temperature, Tsp, in 600 s and held until the explosive thermally ignites.

Two expansion gaps that are above and below the explosive are also machined into the



(a) SITI configuration (b) ODTX configuration
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Fig. 3 (a) SITI and (b) ODTX configurations.
confining aluminum. Each expansion gap has a diameter of 2.22 cm and is nominally 0.16 cm
tall. In some experiments the gap was larger, up to 0.55 cm. For sealed experiments the gap
volume as well as the pressure tubing volume (~0.09 cm?) affects the ignition time.

The ODTX experiment confines a 1.27 cm diameter sphere with constant temperature
anvils as shown in Fig. 3(b). Expansion volumes are not reported for the ODTX experiments,
but we estimate the excess gas volume at about 0.1 cm? based on thermal expansion of the
confining aluminum anvils and gaps between the explosive and copper gasket. Two preheated
7.62 cm diameter by 5.08 cm high aluminum cylinders hydraulically confine a spherical sample
to 150 MPa in a machined cavity with a knife edge channel surrounding the explosive. A copper
gasket is used to retain the decomposition gases within the cavity. At time zero, preheated anvils
are quickly placed around the explosive providing a constant temperature boundary temperature.

Thermal ignition data is not required for most of the parameters in Tables 1-6 except
for the kinetic parameters n, m, E, o, and An. For simplification, the preexponential coefficient
(4) in Eq. (2) is not varied but kept constant at In4 = 35 or 4 = 1.586x10'" s*!, which we have
found works well for a number of energetic materials. Setting a constant preexponential also
prevents problems associated with kinetic compensation where changes in A can be
compensated for by changes in E. Both vented and sealed SITI data from low-density
explosives where decomposition gases can flow throughout the bed are best for determining n
since the temporal behavior of the headspace pressure can be measured. For higher density
explosives the gases are sometime retained within the explosive and the temporal behavior of

the measured pressure is not as useful.



Several iteration procedures are used to obtain the kinetic coefficients: 1) vented and
sealed low-density SITI runs are used to determine #n, £, and &, 2) multiple vented and sealed
SITI data are used to determine m which influences the slope of the SITI ignition plot of 1000/T
vs. log tign, and 3) ODTX data is used to determine slope changes at the melting point to set Am.
The iteration procedure begins by choosing ¢ and setting » to zero, and then determining the
normalized activation energy E that matches ignition time for a vented SITI experiment. The
pressure exponent, #, is then determined from a sealed SITI experiment. If the pressure profile
does not match, then ¢ can be reset and adjusted until the shape of the measured pressure profile
is predicted adequately. After the initial iteration procedure, the overall ignition plot (1000/T

vs log tign) can be used to set Am which usually does not affect the SITI results.

Validation

The model was used to predict both internal temperature and pressure profiles as well
as thermal ignition time for the seven HMX-based explosives as shown in Figs. 4 and 5. The
plots on the left-hand side of these figures show predicted and measured pressure at nine radial
locations for a single SITI run for each explosive. Temperature is well behaved and shows
expected plateaus as the HMX changes from the § polymorph to the 6 polymorph. Internal
pressure increases until the pore failure pressure (5 MPa) is reached. Then, the pressure
decreases as the gases mix with the open pore explosive and headspace volumes. The pressure
within the damaged explosive and headspace volume usually matches the measured pressure.
Figures 2 and 3 also show good agreement between predicted and measured thermal ignition
times for both the SITI experiments (middle plots) and the ODTX experiments (right-hand
plots).

There are some caveats associated with some of the older SITI data. For example, there
are only two sealed SITI runs for EDC-37 and no vented data. Similarly, there were no vented
SITI runs for LX-07. In addition, the vented runs for PBXN-9 plugged and viable vented date
were not obtained. The pressure exponent n for EDC-37, LX-07, and PBXN-9 were assumed
to be similar to the other explosives containing HMX. There was also an excursion observed in
the EDC-37 SITI data that was likely caused by exothermic decomposition of the NC which
seems to be small and not an issue for EDC-37. However, a similar excursion was observed in
the PBX 9501 data which might be problematic for systems that are tightly sealed as discussed
further in [11]. We recommend caution when using the EDC-37, LX-07, and PBXN-9 models

without further vented data to for better pressure exponent estimates.
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Fig. 4 Individual runs showing predicted and measured pressure, thermal ignition time for the SITI experiments, and thermal
ignition times for the ODTX experiments for (a) EDC-37, (b) Comp-C4, (c) PBX 9407, and (d) LX-10. More detail regarding the
SITI data can be found in [12, 13]. Details regarding the ODTX data can be found in [14, 15].
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Fig. 5 Individual runs showing predicted and measured pressure, thermal ignition time for the SITI experiments, and thermal
ignition times for the ODTX experiments for (a) LX-14, (b) PBX 9501, and (c) PBXN-9. More detail regarding the SITI data can
be found in [16, 11]. Details regarding the ODTX data can be found in [14, 15, 17].

Summary and conclusions

The UCM/MMP model has been simplified and used to model thermal ignition of seven
explosive containing HMX: EDC-37, HMX (pure), LX-07, LX-10, LX-14, PBX 9501, and
PBXN-9. The reaction model uses a single first-order decomposition mechanism utilizing a
pressure dependent distributed reaction rate based on the reaction extent. Pressure was
determined using a micromechanics pressurization model. These results complement work
presented at the 2™ International Explosive Conference [3] where we used the same model form
for seven explosives containing RDX. These 14 explosive models that accurately replicate
experimental data from multiple laboratories support the hypothesis that a one-step pressure-
dependent reaction model is sufficient to replicate thermal ignition in a wide variety of

explosives.
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