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Modeling TNT Ignition
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A 2,4,6-trinitrotoluene (TNT) ignition model was developed using data from multiple sources.!™* The one-
step, first-order, pressure-dependent mechanism was used to predict ignition behavior from small- and large-
scale experiments involving significant fluid motion. Bubbles created from decomposition gases were shown
to cause vigorous boiling. The forced mixing caused by these bubbles was not modeled adequately using
only free liquid convection. Thorough mixing and ample contact of the reactive species indicated that the
TNT decomposition products were in equilibrium. The effect of impurities on the reaction rate was the primary

uncertainty in the decomposition model.

Introduction

Predicting the response of TNT during an accident, such as
a fire, is important for high consequence safety analysis. The
response may rely upon many factors such as pressure-
dependent kinetics, liquid convection, forced convection induced
by decomposition, viscosity, volumetric expansion, thermal
conductivity, specific heat, and decomposition product composi-
tion at elevated temperature and pressure. Knowledge of both
the solid and the liquid state of TNT is necessary to predict
and mitigate inadvertent thermal ignition. The present work
increases our understanding of complex preignition reactions
and thermophysical changes in TNT leading to thermal runaway.
An overview of thermal runaway leading to ignition can be
found elsewhere.’~7 Postignition burning and resulting violence
is beyond the scope of the current article.

TNT is insensitive to shock and friction, melts near 81 °C,
and can be cast into many shapes. TNT does not decompose at
the melting point and can be solidified without changing the
freezing point. However, at higher temperatures, condensed-
phase reactions occur in the liquid forming various aromatic
compounds, a reactive coke, and small quantities of gas
products. At high temperatures, decomposition gases cause
vigorous convective heat transfer. Dacons et al.® heated TNT
to 150 °C for 70 h and observed minor darkening of the
resolidified TNT with a melting-point depression of 1 °C. Upon
heating TNT to 200 °C, intense darkening of the TNT indicated
onset of rapid reaction possibly catalyzed by a “coke” leading
to spontaneous self-ignition.

Figure 1 shows the reaction progress of 450 mL of flaked
TNT in a glass beaker placed on a hot plate for 1 h. Two
thermocouples were placed in the flaked TNT, one at the bottom
of the beaker and one 2.5 cm from the beaker bottom. Two
additional thermocouples were placed outside the beaker, one
on the hot plate and one just outside of the beaker labeled
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Figure 1. Temperature and images of flaked TNT in a glass flask on
a hot plate.

h) 56.45 min.

“ambient” in Figure 1. The TNT formed about 300 mL of a
red liquid, which began to evolve white smoke as the liquid
increased in temperature. At about 200 °C, the liquid turned
black, and intense boiling indicated significant reaction.
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Figure 2. DTA/TGA of TNT.’ Inset picture of sooty TNT explosion.'!
Mole based reaction scheme is TNT (C;HsN3;Og) — 0.18 CH, + 2.14
H,O + 1.93 CO, + 1.5 N, + 4.89 C. G and C represent gaseous
reaction products and carbon, respectively.

Figure 2 shows a differential thermal analysis (DTA) and a
thermogravimetric analysis (TGA) for TNT,” explaining some
of Dacon’s observations® as well as the reaction sequence shown
in Figure 1. TNT melts with a large mush zone, 81 £ 16 °C,
there is no endotherm associated with simple TNT boiling (TNT
liquid changing to TNT gas), and gas generation does not start
until about 175 °C. For a rough comparison, the temperatures
located 2.5 cm from the bottom of the glass beaker labeled b—h
in Figure 1 are also shown in Figure 2. These temperatures are
28, 98, 181, 254, 317, 325, and 344 °C, respectively, and
correspond to pictures b—h at the bottom of Figure 1.

The final residue (28 mass percent) from the TGA experiment
is consistent with the decomposition products being in chemical
equilibrium with one of the equilibrium products being con-
densed carbon, as shown in the reaction in the caption of Figure
2. The equilibrium products of TNT at 500 K and 1—50 atm
were calculated using the JCZS equation of state.'? Figure 1
also shows the TNT decomposition reaction based on mass,
where the stoichiometric coefficients represent the mass fraction
of decomposition gases (0.742) and the mass fraction of
condensed carbon (0.258). Also, the inset picture of a black
sooty TNT explosion indicates the presence of fuel rich products.

Lee et al.'” studied fast cookoff of 2.1 mm diameter by 4.7
mm long cylinders of TNT (~0.016 cm?) at static pressures
between 10 and 50 kbar. Lee controlled the TNT sample
temperatures to within 30 °C, observed little dependence on
pressure, and concluded that most of the preignition reactions
in TNT were liquid-phase reactions. However, the large
uncertainty in temperature may have obscured the pressure
dependency.

The current work supports a rate-limiting step controlled by
catalysis from decomposition products, as discussed further by
Brill and James.!®> However, in the current work, a pressure-
dependent model fit TNT ignition data better for confined
systems with limited free gas volume. Dynamic pressures
studied in the current work were much less than those studied
by Lee and rarely exceeded 1 to 2 kbar before confinement
breach. Boundary temperatures were also controlled to within
+0.1 °C, and some of the experiments included internal
temperatures and pressure measurements.
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A single acceleratory rate'* was used to model TNT ignition.
A long induction period followed by an accelerating reaction
rate was obtained by normally distributing the activation energy
with respect to the extent of reaction. Distributed activation
energies have been used to describe decomposition of large
molecules such as coal,'> polymers,'® and more recently,
explosives.''® When the extent of reaction is small, the
activation energy is high and reaction rates are low. As the extent
of reaction increases, the activation energy decreases, leading
to acceleratory reaction rates. The remainder of this article
describes the model, parameter estimation, various experiments,
and model validation.

Model

In typical simulations, thermal ignition of explosives is
determined by solving the conductive energy equation using a
volumetric source for chemical reactions. This approach is fine
for most explosives that do not melt at low temperatures and
for small TNT samples. However, for larger TNT samples,
liquid convective flow contributes significantly to heat transfer.
In the current work, two sets of equations are solved: (1) for
small systems where liquid convection is not important and (2)
for large systems where liquid convection is important.

For the small quantities of TNT, conductive heat transfer is
adequate for the TNT to reach the external boundary temperature
rapidly. For larger systems, liquid convection also transports
energy from the boundary unto the reactive material. In the
current article, only natural fluid motion caused by density and
temperature gradients is modeled. Forced fluid motion produced
by three-phase (solid, liquid, and gas) reactive flow is beyond
the scope of the current article and should be considered for
future work.

Tables 1 and 2 present the model without liquid convection
and with liquid convection, respectively. The model without
liquid convection uses a low Mach flow assumption, where the
gas velocity is much less than sound speeds and the pressure
within the system is only a function of time, that is, P(x,y,z,t)
= P(t). Pressure changes temporally because of increasing
temperature and reaction. Condensed and gas-phase temperatures
are also assumed to be equal, that is, 7. = T, = T(x,y,z,t). The
model with liquid convection assumes “no slip” between the
local condensed and gas phases as well as the container walls
and temperature probes. “Slip” is allowed at the interface
between the liquid and the air space above the TNT. The inset
drawing of the domain in Table 1 shows a more general open
system with permeable and impermeable regions. In the current
article, only closed, permeable systems are considered. The
model equations without and with liquid convection were solved
using Calore' and Comsol,? respectively.

The reaction mechanism and auxiliary equations are the same
for both models and are given in Table 3. The TNT material
parameters are given in Table 4, and experiment-specific
parameters are given in Table 5. Confined decomposition with
prolonged contact of reactive species justifies the assumption
that decomposing TNT forms equilibrium products. One benefit
of the equilibrium assumption is that reaction enthalpy can be
specified using Hess’s law, and the product gas molecular weight
is known.

The form of the effective thermal conductivity in eq 15 of
Table 3 has been used by Glicksman?! for cellular materials.
The factor 2/3 describes tortuosity. The absorption coefficients
given in Table 4 were chosen on the basis of the absorptivity
of polyurethane?® and air.”> The solid and liquid thermal
conductivity in Table 4 were determined using data from
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TABLE 1: TNT Ignition Model without Liquid Convection Showing Domain*
dM,

Gas continuity (integral) —= I rdm? + i, — i, (1)
dt A
Gas momentum (low Mach) P(x.y.z,t)=P()=M,/ —";:%:M (2)
. A
dv,p.C.T,
Energy (integral: bulk elements) % =- L (T, =T)dS +rivh, —1ih, (3)
! ' BA Impermeable
or O A Permeable
Energy (field: material blocks) p.C, i V- (kVT)+gr 4)
‘

“Cy, Cy, hi, ho, k, m@, miti, 1o, My, Myo, P, q, 1, R, S, t, T, T}, V, X, ¥, 2, Py, Pe» &, ¢, and A represent bulk specific heat, gas specific heat,
influx enthalpy, outflux enthalpy, thermal conductivity, initial condensed mass, influx mass, outflux mass, mass of gas, molecular weight of gas,
pressure, reaction enthalpy, reaction rate, gas constant, enclosure surface, time, temperature, bulk element temperature, volume, x coordinate, y
coordinate, z coordinate, bulk density, gas density, gas volume fraction, critical gas volume fraction, and permeable region, respectively.

TABLE 2: TNT Ignition Model Including Liquid Convection®

TNT continuity (field) w + 4 V(@) = —7P, (5)

t n nl
. . d( as 39)
gas continuity (field) % + ﬁ.V((pgaspgaS) = 0‘742rpb (6)
. . d( carbon/~ caril On) —_

carbon continuity (ield) % +tu 'V(§0carbonpcarbon) = 0-258rpb (7)
aT — o

energy (field) prbE + prbu'VT = V-(kVT) + gr ()

momentum (field) pbaa—zt/ + pu-Vi = —VP + ;NZZ + 0p8 9

“ Nomenclature for this table is the same as that in Table 1, except ¢ and p in eqs 5, 6, and 7 represent the volume fraction and density of
TNT, decomposition gases, and carbon, respectively. The density of the carbon products is assumed to be the same as the density of TNT. T,

u, and g represent the velocity vector, viscosity, and gravitational vector, respectively.

Sandia’s instrumented thermal ignition (SITI) experiment.! We
achieved the transition from solid to liquid thermal conductivity
by using a smooth hyperbolic tangent with the same transition
width as the phase change width, as shown in footnote “c” of
Table 4. The gas thermal conductivity is assumed to be a linear
function of temperature using the air thermal conductivity?*
given in Table 4.

The volumetric expansion coefficient® (8 in Table 4) is for
solid TNT. The expansion of liquid TNT is accounted for by
the temperature-dependent expression® for p; given in Table 4.
The change in the density from solid-to-liquid is transitioned
using a smooth hyperbolic tangent with the same transition width
as the phase change width, as discussed previously. The latent
enthalpy is partitioned over this temperature range using an
effective capacitance method. The specific heat is assumed to
be linearly dependent on temperature using the two bulk specific
heats® given in Table 4. The specific heat is increased by A/
Wpe in the temperature range, Tpe — (Wpe/2) < T < Tye + (Wp/2),
to account for latent enthalpy.

Figure 3 shows the viscosity of TNT, decomposing TNT,
and air. The symbols represent four TNT viscosity data points.?

The orange line in Figure 3 shows the TNT viscosity volume
averaged with the air viscosity near the ignition point. Decom-
position gas viscosity is assumed to be the same as the air
viscosity. Calculated TNT viscosity decreases as decomposition
gases are generated. More data on TNT viscosity are needed.

One-Dimensional Time-to-Explosion (ODTX)
Experiments

The Catalano et al.>*?” ODTX experiment is shown in Figure
4 where preheated aluminum anvils were used to confine 1.27
cm diameter spheres of TNT to 1500 atm. Heaters controlled
the temperature of the anvils to £0.2 K, and the primary
measurement was the “time-to-explosion.” Figure 4A shows a
schematic of the original ODTX apparatus constructed in 1975.
Figure 4B shows the newer ODTX apparatus built in 2001.%
The newer unit has better control of the sample temperature,
the copper gasket is closer to the explosive, and the anvil closing
speed was faster. In both ODTX experiments, the two anvils
are assumed to be in contact with no separation volume.
Therefore, the enclosure volume in Table 5 for the ODTX
experiments is zero.
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TABLE 3: Reaction Mechanism and Auxiliary Equations®

J. Phys. Chem. A, Vol. 113, No. 39, 2009 10477

mechanism TNT(C7H5N3O6) - 0.18CH4 + 2.14H20 + 1.93CO2 + 1.5N2 + 4.89C (10)
: d P\» PintPent
reaction rate r= —(tnt) = A(—) exp|—(E + zop)/RT)tnt where tnt = ———— 11
410 = EA( 2 expl—(E + z0p)/RT) = o an
- 4 1 _Zz
distribution parameter 1 — tnt = L[; F exp T dz or z= norminv(l — tnt) (12)
“N2m

qplntptnt + ¢cmbonpcmbon

gas volume fraction ¢p=1—1[S1 — #°) P&Cv/ o where S;= tnt + carbon = (13)
(1 = @)peo
bulk density Py =¢p, T (1 = P)p. or p, = @rxpPrnt + PoPs T PP (14)
iy 2 1607
thermal conductivity — + 21 — 4 1
k= ok + 30— Okt S 1= pod ()
bulk viscosity u = gu, + (I — Py (16)

“A, carbon, E, k, ke, k., norminv, P, P°, r, R, T, tnt, z, O, O, @, ¢°, T, pc; P2, Pos P Os Op, Wi, and & represent prefactor, carbon mass
fraction, activation energy, effective thermal conductivity, gas conductivity, condensed conductivity, inverse of the normal probability
distribution function, pressure, initial pressure, reaction rate, gas constant, temperature, TNT mass fraction, cumulative distribution parameter,
condensed absorption, gas absorption, gas volume fraction, initial gas volume fraction, pi, condensed density, initial condensed density, bulk
density, gas density, Stephan Boltzmann constant, activation energy dispersion, weight fraction of TNT (@upuw/[(1 — ¢o)pco] for flow

equations), and purity rate multiplier, respectively.

ODTX data collected between 1975 and 2002%” are shown in
Figure 5 for different percentages of symmetrical TNT. The smaller
symbols in Figure 5 represent data that were considered to be
unreliable. The liquid TNT volume is about 14% greater than the
solid TNT at room temperature. This large volume change would
sometimes result in the leakage of decomposition products, as
observed by Tran? if the initial TNT densities were greater than
the liquid TNT density, which is 1.42 g/cm? at 400 K.

Although the recrystallized TNT data in Figure 5 was reported
by Tran?’ to be 100 + 2%, the purity in the current work is
taken to be 99 & 1%. TNT purity has a dramatic affect on the
ignition times. For example, for an anvil temperature of 553 K
(1000/T = 1.81 K™'), the time-to-ignition is 33 and 687 s for
100 and 90% pure TNT, respectively. This 20-fold increase in
ignition time has not been observed in other explosives with
higher melting points such as RDX with 6% HMX impurities."”

Chrisman?® measured the purity of TNT used for the SITI
and midscale experiments to be greater than 99% using gas
chromatograph mass spectrometry (GC-MS), which was vali-
dated for TNT, 2,4-dinitrotoluene (DNT), and 2,6-DNT. The
army handbook?® lists the maximum impurities formed during
the manufacture of TNT at 7.5% and the maximum amounts
contained after purification at 3.5%, with actual impurity
concentrations being lower. The main contaminants before
purification were 2,4,5-TNT (2.5%), 2,3,4-TNT (1.75%), 2,3,6-
TNT (0.5%), 2,4-DNT (0.5%), and 2,4,6-trinitrobenzoic acid.
Because Chrisman’s analysis was validated only for TNT, 2,4-
DNT, and 2,6-DNT, the purity of the TNT used in the SITI
and midscale tests may be <99% pure, although the ultrapure

TNT used in the 4x recrystallized experiments is expected to be
near 100% pure because of the white color of the TNT crystals.
Modeling the effect of impurities is not warranted without
knowing the identity of the impurities. In the current work,
kinetic parameters were obtained using ODTX data for 99%
pure TNT. The rate expression was then modified by a multiplier
for other impurity levels. Table 4 shows that the rates for 90%
pure TNT are 40 times slower than the rates for the 99% pure
TNT. Semilog interpolation is used for other purity levels.

Sandia’s Instrument Thermal Ignition (SITI)
Experiments

The SITI experiment,' shown schematically in Figure 6A,B,
had type K 76 um diameter thermocouples located at various
radial positions in the center of a 2.54 cm diameter by 2.54 cm
tall cylinder of TNT. The outside temperature of the confining
aluminum cylinders was maintained at a controlled set point.
Typically, the outside temperature of the aluminum confinement
was ramped from room temperature until the set point temper-
ature was reached. The ramp rate was controlled so that each
experiment reached the set point temperature in 15 min (900
s). The experiment also has a pressure tap to monitor the
pressure during the experiment. Figure 6D shows data from run
409. The red line in Figure 6D represents the boundary
temperature, which was ramped from room temperature to a
given set point temperature in 15 min. The boundary was then
held at the set point temperature until thermal runaway.

Figure 7 shows the TNT data collected from the SITI
apparatus from March 2006 to January 2009. Three different
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TABLE 4: TNT Material Parameters

Hobbs et al.

parameter description value
O, m™! condensed absorption coefficient?? 50 000 £+ 10%
Qg m! gas absorption coefficient? 100 £ 10%

Caog, Ce3 J/kg K

volumetric expansion coefficient?
bulk specific heat® at 298 and 623 K

(5 x 1075 + (7.8 x 1078)(T — 273.15)
1130, 1675¢

E, J/kg+mol activation energy'? 1.42 x 108

hpe, J/Kg phase change (melting) enthalpy?® (9.53 x 10" £ 11%

hy, J/kg reaction enthalpy” 5.4 x 10°

ke, W/mK condensed thermal conductivity ki[O X kp 4+ (1 — O)k]¢
Kfae k. uncertainty multiplier 1+£5%

kg 300, ka500 W/mK gas conductivity?* at 300 and 500 K 0.0263, 0.0407¢

ki, W/mK liquid conductivity to match data 8 X ks

ks, W/mK solid conductivity to match data 0.25

In A, In(s™) natural logarithm of A 26

e 300500, Pa*s gas (air®*) viscosity at 300 and 800 K 1.8 x 107, 3.7 x 107°¢
U, Pacs TNT viscosity® at 358 and 373 K 0.013, 0.0088"

M, g/mol average gas molecular weight 29.3

My, g/mol initial gas molecular weight (air) 28

n pressure exponent 0.5

P, kg/m? condensed TNT density 0 x pr+ (1-09)ps

oL, kg/m? liquid TNT density®® (1544.6)—(1.016) (T — 273.15)
50> kg/m? initial solid TNT density? 1654

0, kg/m? solid TNT density o/l + B(T — T,)]
oe/R, K normalized act. energy dispersion 1200

Tp, K melting point® 354 £+ 1

Wpe, K melting point range (DTA in Figure 1) 10+5

E(ww = 0.99) rate multiplier for 99% pure TNT 1.08

E(ww = 0.95) rate multiplier for 95% pure TNT 0.03¢

E(ww = 0.90) rate multiplier for 90% pure TNT 0.025¢

“Bulk heat capacity varies linearly between 298 and 623 K with linear extrapolation. * Based on equilibrium reaction: TNT — 0.18CH, +
2.14H,0 + 1.93CO, + 1.5N, + 4.89C or TNT — 0.742G + 0.258C on a mass basis. 0 = 0.5 x {1 + tanh[(T — Ty)/wpyc]} for the transition.
4 Gas thermal conductivity varies linearly between 300 and 500 K with linear extrapolation. ¢ Gas viscosity varies linearly between 300 and 800
K with linear extrapolation. /TNT viscosity varies linearly between 358 and 373 K with constant extrapolation. ¢ Rate multiplier varies
logarithmically among purity percentages of 90, 94, and 99%. For example & = 103050m=3767 if ¢» > 0.95, and & = 10"6“w30 if o < 0.95.

TABLE 5: TNT Experiment Parameters®

parameter description ODTX SITI-flaked SITI-solid SITI-4X midscale
h, W/m?K convection coefficient 0 1 1 1 0
o kg/m? initial bulk densit 1350 + 12 896 + 25 1633 £ 1 1557 £ 21 1420°
Poo> Kg y
Vene, cm® enclosure volume 0 0.605 £+ 0.015 1.99 £+ 0.02 1.54 + 0.04 1362¢
Vi, €cm? bulk TNT volume 1.07 12.9 12.9 12.9 1377
Vigbe, €M°> pressure tubing volume 0 0.2 £+ 10% 0.2 + 10% 0.2 + 10% 0
0.90 £+ 0.034
o TNT purity? 0.94 £+ 0.02 0.994 £ 0.005 0.979 £ 0.005 0.985 £ 0.005 0.98
0.99 £+ 0.01

“ One-dimensional time-to-explosion (ODTX), Sandia’s instrumented thermal ignition (SITI), and “midscale” experiments are described in
detail in subsequent sections.  Density of liquid TNT at 400 K. ¢ Head space above melted TNT at 400 K. ¢ SITI purity with uncertainty was
estimated. The midscale purity was estimated.

sample types were used in these experiments: (1) pressed solid,
(2) four times (4 x) recrystallized TNT pressed into a solid, and
(3) flaked TNT. Figure 7B shows pictures of each of these
sample types. The recrystallized TNT samples were white, and
the stock TNT samples were pale yellow.

The legend in Figure 7A indicates that the average densities
of the solid, recrystallized solid, and flaked TNT samples were
1633, 1547, and 896 kg/m?, respectively. Problems due to liquid
clogging the tubes and venting were alleviated by increasing
the expansion volume for the solid TNT samples. The average
gap volumes are listed in the legend of Figure 7A. The gap
volume is the volume of one of two gaps in the SITI ex-
periments. There is an expansion gap at the top of the sample,
as shown in Figure 6A, and a similar gap at the bottom of the
sample. Total gap volume is twice the Vi, value listed in Figure B Jedg®
7 A 1 i . L 1 L ol L

The start times for each experiment were synchronized, and 0 Temperature, °C 500
overall time-to-ignition is plotted in Figure 7A. The abscissa in Figure 3. Viscosity of TNT,” decomposing TNT, and air.>*

0.014 S —

Viscosity, Pa-s

6x10%

0.008

Viscosity, Pa‘s
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Symbols represent percent of symmetrical 2,4,6-TNT
Reliable data
O 90% (1343-1354 kg/m3)  © 90% (1121-1583 kg/m3)
o 90% (sample in shell)
< 94% (1341-1351 kg/m3)  © 94% (1317-1684 kg/m3)
+ 96% (142-1624 kg/m3)p
A 100% (1343-1360 kg/m3) = 100% (1219-1769 kg/m3)

Unreliable dataa

AData is thought to be reliable when the density is within the range 1338-
1362 kg/m> (u,=1350 keg/m> and 6, = 6 keg/m>). Data with small
symbols considered unreliable due to density differences and venting at
higher densitics. Tran27 notes that sizzling TNT samples smoked prior to
anvil closure. Increased closure speed and lower densities in newer ex-
periments produced no smoke prior to closure.

bUsed by McGuire and Tarver? and Zerkle.28
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Figure 6. SITI (A) schematic, (B) cross section, (C) picture, and (D) typical boundary temperatures, internal temperatures, and pressure measurement.

Example is run 409.

this plot is 1000/7sepoine Where Tipoine represents the set point
temperature after a 15 min ramp from room temperature. The solid
TNT data are represented by solid circles (black for nominally pure
TNT and green for 4x recrystallized TNT), and the flaked TNT
are represented by open circles. Because of clogging, venting, or
other experimental difficulties, 6 of the 18 data points are not
considered in the current article. These points are marked with
an “x”.

Midscale Experiments

Several midscale experiments>’

were used to scale-up and

validate the TNT decomposition model. The midscale experi-
ment with 1.95 kg of TNT in a 15 cm diameter by 19 cm
tall aluminum cylinder is shown in Figure 8A,B. The picture
shows the experiment before being insulated on all outer
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Figure 7. (A) TNT SITI data from 2006 to 2009 and (B) pictures of
SITI samples.
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surfaces. The level of the TNT is based on liquid TNT at
400 K, which is the temperature at 1850 s, as shown in Figure
8D.

Two stainless steel temperature probes with six thermocouples
in each probe, were used to monitor the internal temperature.
Data were collected with 48 thermocouples and 3 strain gauges.
Figure 8C shows the average temperature measured for the base
(9 thermocouples), top (9 thermocouples), and side (3 at each
of 6 level for a total of 18 thermocouples) for tests 229, 231,
and 233. The base, side, and top temperatures are represented
by a red line, black lines, and a green line, respectively. These
average temperatures were used as Dirichlet boundary condi-
tions. Temperatures located between the thermocouples were
determined with linear interpolation. The base heater supplied
about 800, 300, and 100 W of power for tests 229, 231, and
233, respectively. Differences between the top and base tem-
peratures decrease with lower heater power.

Figure 8D shows the temperatures measured with the
internal probes. Temperature 6 measures the temperature in
the air enclosure, which is always less than the temperature
of the TNT. As the TNT melts, the temperature along the
internal probe shows a temperature gradient that is hottest
near the bottom of the TNT and cooler near the top of the
TNT. After the TNT melts, the TNT temperature at both the
center probe and outer probe locations are the same,
indicating significant heat transfer caused by forced convec-
tive heat transfer associated with the decomposing TNT. After
about 31 min, the TNT in test 229 is completely melted, and
ignition occurs at about 63 min (3790 s).

Finite Element Mesh and Solution Method

Figure 9 shows six meshes: one ODTX mesh, three SITI
meshes, and two midscale meshes. The three SITI meshes were
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necessary because the experiments with flaked, solid, and 4 x
recrystallized TNT had different expansion gap volumes. The
midscale test was modeled in both two dimensions (2D) and
three dimensions (3D). The mesh for the TNT in the midscale
meshes represents 1.95 kg of liquid TNT at 127 °C (400 K),
which is the state of the TNT after melting. Most of the midscale
analyses were done with the 2D mesh. A single calculation was
done with the 3D mesh.

We simplified the midscale simulation with liquid convection
by starting the calculation with the TNT volume the same as
the liquid TNT volume at 400 K, which is the temperature of
the TNT when all of the TNT melts in accordance with Figure
8D. This assumption is equivalent to packing the flaked TNT
to the same volume that would be occupied by the liquid TNT
at 400 K. Modeling the change in volume of solid, liquid, and
gas associated with the melting would require the solution of
momentum equations for the solid, liquid, and gas, which is
beyond the scope of this article.

Equations listed in Tables 1 and 3 were solved using a
preconditioned conjugate gradient solver with the finite element
code Calore!® for the ODTX and SITI configurations without
liquid convection. For the midscale experiment, the liquid TNT
was allowed to circulate with no slip between the local gas and
condensed phases. However, slip was allowed at the interface
between the liquid TNT and the air enclosure. For the midscale
simulation with liquid convection, the equations listed in Tables
2 and 3 were solved with the finite element code Comsol® using
the direct solver UMFPACK.* The 3D model had to be solved
with a coarse mesh and a segregated solver because of the large
memory requirements necessary to solve the asymmetric sparse
system of equations directly. The TNT material parameters for
all three models were taken from Table 4. Parameters that are
specific to each experiment, such as density, were taken from
Table 5.

Uncertainty Analysis

Uncertainties in the calculated results for the ODTX and SITI
simulations were determined using a Latin hypercube sampling
(LHS) technique. The LHS technique is an efficient, constrained
sampling technique developed by McKay et al.** and is used to
propagate uncertainty into the predicted results. Ten parameters,
Oes O, Mpey Ktacs Tpes Wpes Poos Venes Viubes and @y, listed in Tables
4 and 5 vary about their nominal values. Only 8 of these 10
uncertain parameters are needed for the ODTX simulations
because the enclosure volume and tube volume are zero. In the
current work, only n + 1 samples were run for each LHS
analysis. Therefore, 9 and 11 LHS runs were made for each
boundary temperature for the ODTX and SITI simulations,
respectively.

For the SITI analysis, the uncertainties in the 10 uncertain
parameters were accounted for by selecting 11 different values
for each of the 10 parameters. The range of each input parameter
was divided into 11 nonoverlapping intervals on the basis of
equal probability. One random value from each interval was
selected according to the probability density function in the
interval. The 11 values thus obtained for the first parameter were
then paired in a random manner with the 11 values obtained
for the second parameter. These 11 pairs were then combined
in a random manner with the 11 values of third parameter to
form 11 triplets and so on until 11 sets of the 10 input variables
were formed. The ignition times were then calculated 11 times
with the 11 different sets of input parameters.

The mean and standard deviation of the ignition times were
then calculated from the 11 sets of responses. A distinct LHS
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Figure 8. Midscale (A) schematic,®' (B) photograph, (C) external, and (D) internal temperatures.

analysis was made for each new boundary temperature. Table
6 indicates that 758 simulations were run to determine the mean
ignition time as a function of the applied boundary condition
for the ODTX and SITI experiments using LHS. A 95%
prediction limit was determined using a Student ¢ distribution
with 8 degrees of freedom for the ODTX runs (¢ £ 2.3060)
and 10 degrees of freedom for the SITI runs (u £ 2.2280).
To measure the correlation strength or sensitivity of the
ignition time, the standard linear correlation coefficient was
computed for each of the uncertain input parameters,
r=((1/n = Eit; — w)yi — w0, x 0,), where u,
represents the mean or average computed ignition time in
the n LHS runs, u, is the mean of the corresponding LHS
input values for the uncertain variable y, and u«, and u, are
the standard deviations of the response ignition time and input

values. A perfect positive or negative linear correlation is |7l
= 1. A linear correlation strength is assumed to be significant
when Il > 0.5 or 72 > 0.25. Such judgments of r values depend
on whether a linear model is a good fit of the simulation
results. The examination of scatter plots of response versus
parameter values is a good way to judge the strongly
organized linear or nonlinear relationship between the model
parameters and the model response. Mean parameter values
were used for all midscale simulations.

One-Dimensional Time-to-Explosion and Sandia’s
Instrument Thermal Ignition Simulations

Figures 10 and 11 show comparisons between predicted and
measured ignition times for all of the ODTX and SITI
experiments, respectively. For each experiment, three prediction
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Figure 9. Two-dimensional (2D) axisymmetric meshes with quadratic
elements for (A) ODTX, (B) SITI with flaked TNT, (C) SITI with solid
TNT, (D) SITI with 4x recrystallized TNT, and (E) midscale after
TNT has melted. (F) 3D mesh with hexagonal elements for the midscale
experiment.

TABLE 6: Number of Simulations for Uncertainty Analysis

1000/T no. no.
simulation®? range LHS runs  simulations

ODTX (99% pure) 1.73 to 2.07 18 162
ODTX (94% pure) 1.63 to 1.91 15 135
ODTX (90% pure) 1.61 to 1.93 17 153
SITI (flaked) 1.90 to 2.01 12 132
SITI (solid) 1.88 to 1.95 8 88
SITI (4 xrecrystallized)  1.88 to 1.95 8 88
total = 758

“9 runs per LHS for ODTX (8 parameters with variability). 11
runs per LHS for SITI (10 parameters with variability).

lines are shown. The middle line represents the mean of nine
LHS samples for the ODTX experiment and the mean of eleven
LHS samples for the SITI experiment. The upper and lower
lines represent the 95% prediction limit, as discussed in the
previous section. The measurements represent individual runs.
The ODTX temperature is the temperature of the anvils. The
SITI temperature is the set point temperature of the outer
confinement. The temperature of the outer confinement was
made to reach the set point temperature from room temperature
in 15 min. The mini plots show the correlation strength of the
parameters to the ignition time when 1000/T is 1.89. Clearly,
the TNT impurity dominates the uncertainty in these predictions.

Figure 12 shows a comparison between the predicted and
measured internal temperatures for various set point tempera-
tures for the SITI experiments. The top plot shows the location
of each temperature measurement on a cross section of the TNT.
Figure 12 also shows the predicted and measured pressures for
the SITT experiments. The top plot is for the solid SITI samples
and the bottom plot is for the flaked SITI samples. The inset
plots show a close-up view of the temperature as the TNT
changes from a solid to a liquid. The predictions are the mean
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of 11 LHS samples. The measurements are single experiments
and do not represent repeat runs.

Figure 13 shows the predicted gas volume fraction, effective
conductivity, pressure, solid fraction, bulk density, and tem-
perature at the center, midradius, and outer edge of a 1.27 cm
diameter ODTX TNT sphere that is 99% pure. Figure 14 shows
the same information for the solid TNT in SITI showing pore
collapse due to phase change, followed by pore expansion due
to reaction. Each color represents a different boundary temper-
ature, as indicated in the plot legend. Most of the ODTX runs
indicate center ignition. However, the temperature plots at the
midradial position for the hotter anvil temperature (cyan line)
indicate that ignition is not at the center. High ODTX pressures
may explain the reported sizzle and smoke (indicating leakage)
during many of the TNT ODTX experiments. Future ODTX
experiments with TNT should use a lower initial bulk density.

Validation

The TNT ignition model was applied to the midscale
experiment representing a three orders of magnitude increase
in volume over the ODTX experiments. Table 7 describes
several simulations that were performed with this larger volume
for three different power levels supplied to the bottom of the
confining vessel: 800, 300, and 100 W. Four simulations of test
229 at 800 W were used to investigate the effect of liquid
convection (compare simulation 1 and 2), multiple dimensions
(compare simulations 2 and 3), and increased conductivity
(compare simulations 2 and 4). Two additional simulations were
used to show predictive capability at reduced power levels of
300 and 100 W.

Figure 15 shows the temperature at the time of ignition for
simulations 1—4 listed in Table 7. The arrows in the solutions
with flow represent normalized velocities. The arrows in
the solution without liquid convection represent heat flux. The
magnitudes of the heat flux arrows are proportional to the
maximum heat flux. Streamlines are also plotted on the 2D
solution with free liquid convection.

The measured ignition time (3790 s) is close to all of the
predicted ignition times for run 229. Even the solution without
liquid convection gave an adequate prediction of the ignition
time because the predicted flow velocity was slow, being on
the order of 0.3 cm/s with a stagnation zone predicted near the
bottom of the experiment. The 3D simulation in Figure 15
predicts an asymmetric ignition near the bottom of the TNT.
Initially, the ignition starts on the bottom, and then the flow
pushes it to one side and eventually the top. The purple
isovolume shows the start of the ignition sequence. The reacted
solid fraction within the purple isovolume is between 0.85 and
1.0. The predicted gas volume fraction within the purple region
is between 0.3 to 15.3%. The ignition time is a few hundred
seconds less than the measured ignition time. These differences
are likely due the coarse mesh used in the 3D simulation.

Although the ignition times were predicted adequately for
simulations 1—4, the predicted temperature in the TNT did not
match the center probe measurements, as shown in Figure 16
for all six simulations. The measurements show that the
temperatures at locations 1—5 are nearly the same, indicating
that there is no gradient in the TNT once it has melted and
reactions have commenced. In other words, the flow is not
simple free liquid convection. The gradients in the TNT are
less for the slower heating runs 231 and 233, and the predicted
ignition times are close to the measured ignition times for these
cases.

Incropera and DeWitt>* give values of convective heat transfer
coefficients that range from 2 to 100 000 W/m’K for free
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Figure 10. Predicted (lines) and measured (symbols) ignition times

for the ODTX experiments. The middle lines represent the mean of nine

LHS samples. The outer two lines represent the 95% prediction interval. The mini plots show scatter plots of each of the nine LHS samples
for the 99% pure TNT runs when 1000/T is 1.95. Only the purity (@) shows significant correlation with ignition time.

convection of gases to forced convection with phase change.
Modeling three-phase (solid, liquid, and gas) reactive flow is
complex and is beyond the scope of the current work. A simple
method to mimic enhanced heat transfer is to increase the
effective thermal conductivity substantially after the TNT melts.

The effective thermal conductivity was increased by 1000
W/mK at 1850 s after the TNT melts in simulation 4 to mimic
increased heat transfer due to forced convective heat transfer.
With an enhanced thermal conductivity, the TNT reaches a
homogeneous temperature equal to the temperature of the hottest
surface. This temperature is hotter than the measured temper-
ature, verifying the fact that increased conduction is not
sufficient to model the enhanced heat transfer caused by forced
convective flow.

Although three-phase reactive heat transfer would be a
desirable method to solve this complex reactive flow problem,
the ad hoc method was shown to predict ignition times

adequately and gives credibility to the TNT decomposition
model. An alternative engineering approximation would be to
add a reactive source term to the bulk element formulation (eq
7 in Table 1) and treat the TNT as a bulk element after it melts
using an appropriate Nusselt number for boiling heat transfer
to determine the convective heat transfer coefficient.

Summary and Conclusions

Decomposition of TNT is complicated because of its low
melting point, followed by a long induction period where solid-
phase reactions generate a reactive coke. The reactive coke acts
as a catalyst to produce gaseous decomposition products, which
lead to pressure-dependent ignition. The long induction period,
followed by a rapid increase in reaction, was modeled with a
single-step mechanism using a non-Arrhenius reaction rate. The
reaction rate was assumed to be dependent on the square root
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Figure 11. Predicted (lines) and measured (symbols) ignition times for the SITI experiments. The middle lines represent the mean of 11 LHS
samples. The outer two lines represent the 95% prediction interval. The mini plots show scatter plots of each of the 11 LHS samples when 1000/T
is 1.95. Only the purity (w,) shows significant correlation with ignition time.

of pressure, and the activation energy was assumed to be
normally distributed with respect to the reaction progress. The
decomposition products were assumed to be in chemical
equilibrium. The mean activation energy was taken to be the
same as the activation energy used by Brill and James'? for the
catalyst-dominated phase of the TNT decomposition.
Reaction rate coefficients were fit using data from both the
ODTX and SITI experiments. Initially, the coefficients were fit
with no pressure dependency. Even though the SITI data could
be fit without pressure dependency, the ODTX data could not
be modeled accurately with these pressure-independent rates.
Because the ODTX data contained little expansion volume and
the pressure increase was high, a pressure-dependent reaction
mechanism fit both sets of data accurately. However, in practical
systems with ample expansion volume, the pressure dependency
is likely low, such as in the midscale experiments used for
validation, where the pressure rise was small. Future work

should determine if pressure dependency is necessary when
forced convection is considered.

Previous work at shocklike pressures of 10—50 kbars
indicates that TNT decomposition is pressure independent. A
similar observation was made in the current work when the
confining vessel contained significant free space and the pressure
rise was insignificant. The current work proposes that at
pressures from 1 to 2 kbars, TNT decomposition is dependent
on pressure, especially for experiments without room for
expansion. During the long induction period with little gas
generation, rates are little affected by pressure. However, during
the catalyst dominated phase of the decomposition, pressure
plays a more prominent role in TNT decomposition.

Thermal conductivity at temperatures below reaction thresh-
olds were obtained from the SITI experiments. Thermal
conductivities at higher temperatures were determined using an
effective thermal conductivity model that separates conductive
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Figure 13. Predicted gas volume fraction, effective conductivity,
pressure, solid fraction, bulk density, and temperature at the center,
midradius, and edge of a 1.27 cm diameter TNT sphere that is 99%
pure.

heat transfer into three parts: conduction through the condensed
TNT, conduction through the gas decomposition products, and
radiation through the decomposing TNT. Evolving gas volume
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Figure 14. Predicted gas volume fraction, effective conductivity,
pressure, solid fraction, bulk density, and temperature at the outer edge
of a 2.54 cm diameter by 2.54 cm high cylinder of solid TNT in the
SITI apparatus.

fraction and bulk densities were calculated as field variables.
We determined pressures as an integral quantity by assuming
that the gas velocities were significantly less than sound speeds.
Therefore, pressure was assumed to be spatially constant, but
it varies in time as the TNT decomposes.

Two transport models were used to test the TNT decomposi-
tion model and the necessity of including liquid convection.
Both transport models assumed that the solid and gas temper-
atures were the same at each spatial location. One transport
model included only the overall energy and continuity equations
with reaction and did not consider liquid flow. The second
transport model also included the Navier—Stokes equation for
the flow of the TNT. No slip was assumed between the local
gaseous and condensed phases. Slip was allowed between the
liquid and air interfaces. The transport model without liquid
convection was applied to three scales of experiments with TNT
volumes ranging from 1 to >1000 cm?, a three-order difference
in volume. The transport model with flow was applied only to
the large-scale experiment. Both transport models were able to
predict times-to-ignition, internal temperature measurements, and
increases in pressure due to temperature and reaction.

The uncertainty of the decomposition model was determined
using an LHS analysis of both the SITI and ODTX experiments.
The strong effect of impurity on the time-to-ignition in the
ODTX experiments, first shown by Tran et al.,* was modeled
empirically. The rates for 99% pure TNT were decreased by a
factor of 40 to match ODTX data for 90% pure TNT. The
impurities in the 90% pure TNT samples were not measured
and may not be typical of production grade TNT. A final
validation was performed on a much larger experiment referred
to as the midscale experiment.
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TABLE 7: Midscale Simulations

Hobbs et al.

simulation (run ID) ~ power, watts ~ measured ign. time  calculated ign. time  simulation geometry  free conv.  increased cond.
1(229) 800 1h2 min 1 h 4 min 2D N N
2 (229) 800 1h2 min 1 h 3 min 2D Y N
3(229) 800 1h2 min 1 h 0 min 3D° Y N
4(229) 800 1h 2 min 1 h 3 min 2D Y Y
5(231) 300 2 h 49 min 3 h2 min 2D Y N
6 (233) 100 9 h 18 min 10 h 11 min 2D Y N

“Increased ke by 1000 W/mK after the TNT reaches 400 K to approximate forced convection effects. * 3D simulations show asymmetric

ignition due to 3D flow effects.

A) 2D, no ﬂo ) B) 2D, flow

Arrow; normalized velocity

D) 2D, flow, high k

Arrow: normalized velocity

Figure 15. Simulations 1—4 of run 229 at ignition showing the effects
of free liquid convection, multiple dimensions, and high thermal
conductivity.

All of the confined SITI data were within the predicted LHS
confidence intervals. The SITI data included time-to-ignition
for both flaked and solid TNT samples, spatially and temporally
resolved temperatures, and thermodynamic pressure. The ODTX
data at various levels of purity were also within the predicted
LHS confidence intervals. Ignition times were also predicted
quite accurately for the midscale experiment using both transport
models. However, the internal temperatures were not predicted
as well.

Future Work

The effect of impurity on ignition times should be investi-
gated. The 90% pure TNT was obtained from Holston grade
TNT. The impurities in this lot seem to be greater than the
impurities in typical TNT formulations. The identity of the
impurities should be determined and studied to see why they
would slow the apparent reaction rates 40-fold. Future ODTX

A) test 229, 2D no flow B) test 229, 2D flow
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Figure 16. Measured and calculated center probe temperatures at
locations 1—6 depicted in Figure 8A for the six midscale simula-
tions.

experiments should be performed at lower densities to avoid
high pressures. Because the pressures were so high in the ODTX
experiments, the ideal gas assumption was probably not valid
in the current work for the ODTX experiments. Also, the
temperature-dependent viscosity of TNT should be measured
to temperatures higher than 100 °C, perhaps to as high as 150
°C. Better data on TNT viscosity will enable more accurate
simulations of realistic geometries where flow is important.
Three-phase (solid, liquid, and gas) reactive flow should be
considered for future modeling efforts.
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