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stress/viscosity of molten octol
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Los Alamos National Laboratory, Los Alamos, NM 87545, USA

(Received 1 March 2018; accepted 26 April 2018; published online 4 May 2018)

Explosive HMX particles are similar in morphology and chemistry to RDX parti-
cles, the main constituent of Composition B-3 (Comp B-3). This suggests molten
HMX-TNT formulations may show Bingham plasticity, much like recent studies have
shown for Comp B-3. Here a Bingham plastic viscosity model, including yield stress
and shear thinning, is presented for octol (70/30wt% HMX/TNT) as a function of
HMX particle volume fraction. The effect of HMX dissolution into molten TNT is
included in this analysis. © 2018 Author(s). All article content, except where oth-
erwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5027397

Cook-off tests heat substantial quantities of energetic materials to probe bulk behavior at ele-
vated temperatures. These safety evaluations help determine the appropriate response to accidents and
other off-normal thermal events for explosive materials. Heat and mass transport are often controlling
influences important to the design of cook-off tests. Interpretation of the results from a heat-and-mass
transport point of view is complicated, requiring thorough understanding of material changes (solid
phase changes, melting, boiling, etc.). Multi-component formulations include additional changes
such as particle dissolution, settling, and inter-particle interactions. Recent studies have shown het-
erogeneous explosive formulations may form Bingham fluids during melting, such as in Comp B-3
(60/40wt% RDX/TNT), and models have been developed to capture this phenomenon.! Such a model
does not exist for octol, adding uncertainty to the design and interpretations of octol cook-off exper-
iments. In this letter an extension of the Comp B-3 model to octol is presented for the purpose of
predicting octol rheological influences on cook-off.

Molten Comp B-3 is a Bingham plastic fluid, acting as an elastic solid at low stress, and a viscous
fluid at high stress.! As temperature is raised, RDX dissolves into the TNT matrix and the yield stress
(minimum stress to initiate flow) decreases as a function of RDX particle fraction.! Yield stress relates
to the particle volume fraction of particle-laden fluids according to an expression of the form:?

Ty =B(¢ - )" (1
Where Ty is the yield stress, ¢ and ¢, are the particle volume fraction and the critical volume fraction,
respectively; B and N are fitted parameters. The critical volume fraction is the “percolation threshold”
below which no long-range connectivity exists between particles and therefore no yield stress.’

Prediction of yield stress and therefore apparent viscosity of the system requires a phase diagram
for the RDX-TNT system. Application of the Peng-Robinson equation of state allows determination of
the RDX-TNT phase diagram.? There is practically no experimentally validated phase information
published for the HMX-TNT system, however theoretical thermodynamic calculations have been
recently published.* This letter describes an estimate of the Bingham plastic yielding temperature of
70/30 octol based on those calculations.

Using thermodynamic models of RDX-TNT and RDX-HMX systems, K. M. Jaansalu developed
atheoretical model for HMX-TNT* and proposed a phase diagram for HMX-TNT at ambient pressure.
The absence of experimental HMX-TNT phase data naturally raises accuracy questions for this
theoretical treatment, and future work may benefit from an effort to collect such data. For now, this
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TABLE I. 70/30 Octol Composition (Mole Fractions).

T (K) Solid HMX Phase Solid Phase HMX, Density (kg/m®) ¢ (m3/m3)
352.75% B 0.6306 0.0296 17372 0.633
357.75 B 0.6293 0.0331 1735.9 0.631
362.75 B 0.6282 0.0359 1734.6 0.630
37275 B 0.6255 0.0427 17313 0.628
397.75 B 0.6136 0.0722 1721.0 0.615
422.75 B 0.5944 0.1163 1706.0 0.594
430.15" 8 0.5876 0.1307 1632.6 0.603
452.75 ) 0.5635 0.1788 1618.0 0.577
47275 8 0.5305 0.2364 1605.4 0.542
497.75 8 0.4402 0.3596 1585.5 0.447
507.75 3 0.3662 0.4344 1576.5 0.371
512.75 ) 0.3127 0.4784 1573.2 0.317
517.75 8 0.2419 0.5271 1568.2 0.245
522.75 ) 0.1452 0.5806 1562.3 0.147
525.25 8 0.0828 0.6092 1557.9 0.083
527.75 ) 0.0075 0.6388 1553.2 0.007
528.21¢ 8 0.0000 0.6415 1521.9 0.000

4Eutectic Temperature.
YHMX Solid-Solid Phase Transition Temperature.
“Temperature at which all HMX is Dissolved.

theoretical diagram is used and the phase distribution and composition of each phase of a given
formulation may be determined at ambient pressure (Table I). Pressures present in weakly confined
slowly heated octol charges such as those considered here are expected to be near ambient. Octol
70/30 is evaluated here for composition as a function of temperature, and results are shown in Figure 1.
Densities are calculated assuming ideal mixing, that is, the total volume of the mixture is equivalent
to the sum of the volumes of the unmixed components.

In this study, the density of TNT as a function of temperature is calculated from Ref. 3, and the
densities of B-HMX and 8-HMX with respect to temperature are taken from calculations using the
Peng-Robinson equation of state as in Ref. 5. The density of molten HMX is estimated from Ref. 6.
Figure 1 gives the volume fraction of solid HMX in octol with respect to temperature. As temperature
increases, the volume fraction of solid HMX decreases due to dissolution, except at 430.15K, where
B-HMX undergoes a transition to the less dense -HMX phase. The yield stress estimates in Fig. 1
are based on Eq. (1) and the yield stress parameters listed in Table II. Table II also lists the parameters
used in Fig. 2 and for Egs. (2) and (3).

HMX and RDX are related compounds with similar chemical structure.*> Comp B-3 yields
freely at 431.3K, which corresponds to an equilibrium RDX particle volume fraction of 0.336." At
this temperature yield stress becomes negligible, so this volume fraction is the critical particle volume
fraction required to generate a yield stress in the material.! Assuming HMX and RDX have the same
critical volume fraction, octol 70/30 will have a yield temperature of approximately 511K.
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FIG. 1. HMX Volume Fraction and Yield Stress in Octol.
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TABLE II. Modeling Parameters for Octol.

Variable? Value Unit
Gmax 0.713

e 0.3359

N 2.372

B 6874.29 Pa
K 1000 s
v 0.1 1/s

2x selected to be within range predicted in Ref. 9,  selected for clear graphical representation, all other values taken from Ref. 1.

In Ref. 7, it is demonstrated that the viscosity of molten well-mixed Comp B-3 follows the
Quemada model at moderate strain rates:

N=tte (1 = &/ Prmax) )

In Eq. (2) . is the liquid viscosity in the absence of particulates and ¢,y is the maximum particle
fraction the system may attain at a given strain rate.” The values of ¢ and ¢max both depend on the
details of RDX particle interactions, but are not explicitly related. Yield stress may be added to the
Quemada model using the Papanastasiou relationship® to convert yield stress to a viscosity:’

1 — exp(=k[7)
Il
where « is a viscosity limiting factor at low strain rates.® In the limit of infinite strain rate, Eq. (3)
reduces to Eq. (2). Figure 2 compares the viscosity of neat TNT and the viscosities predicted by
Egs. (2) and (3) using notional parameters for x and y presented in Table II. The notional value of x
was selected to be within the range predicted in Ref. 9 for Comp B-3, and the notional value of y was
selected for clarity of graphical representation. At the selected strain rate, the effect of x is minimal,

but is pronounced at low strain rates (e.g le3-1e8s).?

As Fig. 2 shows, the viscosity of neat TNT and octol decrease as a function of temperature.
However, the decrease is not monotonic for octol due to the 3-8 phase change. The d-phase is less
dense than the 3-phase therefore the phase change increases the HMX particle size, and by extension
the volume fraction. The apparent viscosity increase due to phase change is minimal in Fig. 2 due to
the logarithmic scale.

Using COMSOL Multiphysics'® the flow in molten octol using the proposed viscosity model
is demonstrated. The cylindrical geometry heated from the bottom and vertical sides is consistent
with experimental configurations currently being considered. As seen in Fig. 3, simulated heating of a
25.4mm (1-inch) right circular cylinder of octol using viscosity without consideration of HMX particle
dynamics (Newtonian) results in calculated temperatures substantially lower in peak temperature than
if using the Bingham-Papanastasiou viscosity proposed in this work. Under the Newtonian assump-
tion the viscosity is sufficiently low to allow convection currents to form (black arrows, Fig. 3A).
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FIG. 2. Viscosity of Octol using Notional Parameters.
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FIG. 3. Cylinder Heated from Bottom and Vertical Sides at 2kW/m? for 720s using A) Newtonian Viscosity and B) Bingham-
Papanastasiou model. Note: Color bar in Kelvin scale; arrow length is proportional to flow speed. Maximum flow speeds are
2.1mm/s (A) and 5.9um/s (B). Maximum temperatures are 448K (A) and 530K (B).

However, the viscosity predicted by the Bingham-Papanastasiou model is several orders of magni-
tude higher (Fig. 3B) thereby inhibiting convection; heat transport is primarily conductive, with a
small circulation zone in the lower corners. Conduction is less effective at transporting heat than
convection and higher temperatures are calculated when non-Newtonian effects are included in the
simulation. This is important for design of cook-off tests because this large temperature difference
may correspond to several orders of magnitude difference in predicted time-to-ignition for HMX
based systems.'!

The results of this study are preliminary, yet important as an enabling result for octol cook-off
experiment planning. Because of the high particle volume fraction of HMX in octol, it is expected
that particle-particle interactions will impede flow of the continuous, TNT-rich phase upon melting.
A heated octol charge will exhibit largely conductive heat transport prior to reaching its yield tem-
perature. Conductive transport alone is less effective than conduction augmented by convective heat
transport. Thus heating prior to material yielding leads to heat accumulation near the heated surface
of the octol charge. It is important to model heat accumulation across a range of heating rates and
charge dimensions in order to inform the design/execution of cook-off experiments.

Using a theoretical phase diagram of the HMX-TNT system, the phase distribution and compo-
sition for octol (70/30) has been determined. Using this information the equilibrium HMX particle
volume fraction has been approximated as a function of temperature. Additionally, based upon the
similarity of HMX to RDX, the yield temperature for molten octol has been estimated, and an
expression for apparent viscosity is presented.

Los Alamos National Laboratory is operated by LANS, LLC for the United States Department
of Energy under contract DE-AC52-06NA25396.
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