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2,4,6,8,10,12-Hexanitro-2,4,6,8,10,12-hexaaza-isowurtzitane (HNIW), also known as CL-20 and
octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX), are highly energetic materials which have been
popular in national defense industries for years. This study established the models of thermal decomposi-
tion and thermal explosion hazard for HNIW and HMX. Differential scanning calorimetry (DSC) data were
used for parameters determination of the thermokinetic models, and then these models were employed
for simulation of thermal explosion in a 437 L barrel reactor and a 24 kg cubic box package. Experimental
results indicating the best storage conditions to avoid any violent runaway reaction of HNIW and HMX
were also discovered. This study also developed an efficient procedure regarding creation of thermoki-
netics and assessment of thermal hazards of HNIW and HMX that could be applied to ensure safe storage
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1. Introduction

It is important to study the thermal explosiveness of
a reactive chemical in order to ensure safe storage, trans-
portation, and operation. Because this is an important prac-
tical aspect of reactive hazard assessment, we did a ther-
mal analysis of 2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-hexaaza-
isowurtzitane (HNIW) and octahydro-1,3,5,7-tetranitro-1,3,5,7-
tetrazocine (HMX) by differential scanning calorimetry (DSC) [1],
applying thermal safety software (TSS) in various scanning rates
(1,2, 4, and 10°Cmin~1) for kinetics evaluation [2-6], and then to
simulate thermal explosion of a 437 L HMX's final product of barrel
reactor and a 24 kg cubic box package [6-10].

The aim was to study thermal decomposition of HNIW and
HMX by DSC, then to create the decomposition kinetic models,
and finally to employ these models to assess thermal explosion
hazard by simulation in order to predict the best storage con-
ditions that allow avoiding any violent runaway reaction. This
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approach was to develop a precise and effective procedure on
thermal decomposition and explosion properties, such as heat of
decomposition (AHy), activation energy (E,), isothermal time to
maximum rate (TMR;y,), total energy release (TER), time to con-
version limit (TCL), self-accelerating decomposition temperature
(SADT), control temperature (CT), emergency temperature (ET),
and critical temperature (Tcg), etc. [2-10] for reactor containing
HNIW and HMX.

In particular, this study allowed estimation of runaway param-
eters at the earliest stages of the life cycle of a chemical product,
thus ensuring elimination or significant reduction of the neces-
sity of explosive experiments. These approaches can be applied for
many important tasks, such as conceptual design and optimization
of chemical processes, reactor design, assessment of reaction haz-
ards, choice of safe conditions of storage and transportation of a
commercial chemical, etc.

2. Experimental and methods

2.1. Differential scanning calorimetry (DSC)

Samples of HNIW and HMX were supplied by the National
Defense University of the Republic of China (ROC) in Taiwan. Non-
isothermal DSC analysis of the samples was made on a Mettler
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Nomenclature

Cp specific heat capacity (Jg~1 K1)

CT control temperature (°C)

Ea activation energy (k] mol~1)

Eq activation energy of the 1st stage (k] mol~1)

E; activation energy of the 2nd stage (k] mol—1)

ET emergency temperature (°C)

fi kinetic functions of the ith stage; i=1, 2,3

fla) kinetic functions

ko pre-exponential factor (m3 mol~1s-1)

ki reaction rate constant (molL-1s~1);i=1,2

L characteristic dimension (m)

n reaction order or unit outer normal on the boundary

NC number of components

n; reaction order of the ith stage, dimensionless; i=1,
2,3

Q> specific heat effect of a reaction (Jkg=1)
Q; reaction calorific effect (Jg=1)
Q heat production rate (k] kg~! min—1)
Qo heat production (kj kg~1)

q heat flow (Jg1)

T reaction rate of the ith stage (gs~1);i=1, 2, 3,4
S heat exchange surface (m?)

SADT  self-accelerating decomposition temperature (°C)
T absolute temperature (K)

Ty exothermic onset temperature (°C)

Tc critical temperature (°C)

TCL time to conversion limit (day)

TR critical temperature (°C)

TER total energy release (k] kg=1)

Te ambient temperature (°C)

T¢ exothermic final temperature (°C)

TMR;, time to maximum rate (min)

Tp peak temperature (°C)

Twall temperature on the wall (°C)

t time (s)

U heat transfer coefficient (kjmin=! m=2K-1)
w heat power (Wg1)

z autocatalytic constant

Greek letters
degree of conversion
degree of conversion of the ith stage; i=1, 2, 3,4
degree of conversion rate
density (kgm3)
heat conductivity (Wm~1 K1)
shape factor
heat transfer coefficient (Wm=—2K-1)
Hy heat of decomposition (k] kg=1)

DX ®>D X LR

TA8000 system instrument; the scanning rates selected for the
temperature-programmed ramp were 1, 2, 4, and 10°Cmin~1.
About 1-1.5mg of the sample was used for acquiring the exper-
imental data. STAR® software was used to obtain thermal curves
[1]. DSC analysis was implemented on the samples sealed in 40 L
aluminum pans, the test cell was sealed manually by a special tool
supplied with Mettler’s DSC. The range of temperature rise was
from 30 to 300 °C for each experiment.

2.2. Reaction kinetic model simulations

The experimental data were processed and the kinetics evalu-
ated by applying TSS developed by ChemInform Saint-Petersburg

(CISP) Ltd. The method for the creation of a kinetic model and
the algorithms that are employed are clearly described in [5,6]. In
particular, it is shown that numerical optimization methods are
required to estimate parameters of kinetic models.

2.3. Thermal explosion simulations

The method is thoroughly described by TSS for a solid ther-
mal explosion model and the algorithms that are used [6-10]. The
experimental setup is based upon HMX’s final reactor product for
the domestic arsenal of the ROC in south of Taiwan. The temper-
ature is kept at ca. 35°C in summer. The reactor is barrel-shaped,
the total volume is ca. 437 L, the radius is 0.4 m, the heightis 1.2 m,
and the shell thickness is 0.04 m.

Consider a reactor of the simplest barrel shape with the fol-
lowing properties: Cp=2000] kg~ m=3,A=0.5Wm 1 K-!. There is
heat exchange on the boundary top, side, and bottom given by the
condition of the third kind (Newton’s law), the third kind, and the
fist kind, respectively: the environment temperature Te = 20 °C, the
heat transfer coefficient x=10W m~2 K-, The condition bound of
ambient temperature was the following: the seal of reactor is ca.
40°C under room temperature in summer, the seal of reactor is
ca. 60°C in outdoors exposed to sunlight, the overheating environ-
ment temperatures are 120 and 150 °C, the temperature for scene
of fire is 250°C.

In addition, consider from HMX'’s product reactor, HMX was
picked up and packed in paper box (ca. 24 kg) for storage and trans-
portation. The reactor is a cubic box, the total volume is ca. 13.8 L,
the length is 0.25 m, the width is 0.25 m, the height is 0.25 m, and
the shell thickness is 0.0125 m. There is the heat exchange, the
environment temperature, the heat transfer coefficient, and the
condition bound of ambient temperature under same condition
with barrel reactor.

3. Results and discussion

3.1. Determination of HNIW and HMX’s thermokinetic
parameters

Formal models can explain complex multi-stage reactions that
may consist of several independent, parallel and consecutive stages,
as is illustrated by the following pattern [2-6].

The initial conditions are as follows:

dO{]

ar =" =k(Dh (1)
d

% =r—ry;  ra=k(T)f @)
d

Ge=n-m =k 3)
dOl4

ar ~ r3 (4)

Att:O, O[,‘:O; i:l, 2, 3,4

where o1, o0, o3, and a4 are the degree of conversion of a reaction
or stage; rq, 2, and r3 are reaction rates of a reaction or stage; k1,
ko, and k3 are the rate constants of a reaction or stage; fi, f>, and f3
are the kinetic functions of a reaction or stage.

Simple single-stage reaction: A— B

99 _ ke B/MTf() (5)
fla)=(1—a)" nth order (6)
fla)=(1—a)"(a™ +2z) autocatalytic (7)
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Table 1
Results of experimental data for HNIW and HMX’s thermal decomposition via STAR® software by DSC tests.
Sample
HNIW HMX
12 2 4 10 12 22 4 10
To (°C) 212 209 216 222 242 248 257 267
Tp (°C) 233 235 241 247.43 269 274 285 288
Ts (°C) 246 248 248 256.33 272 277 285 293
In(ko)/In (s~1) 87 61 51 87 21 222 85 78
Reaction order, n -0.42 -0.13 0.39 -0.13 -0.8 0.85 0.32 0.39
E, (kjmol-1) 390 278 240 390 128 1030 409 378
AHg (K kg™1) 3062 2969 2431 1304 2077 2011 1908 1896
a Scanning rate (°Cmin~1).
fla)=(1—-a)—In(1 —a)" Avrami-Erofeev (8) where « and y are degree of conversion of the reactant A and prod-

where E, is the activation energy; kg is the pre-exponential factor;
ny and n, are reaction order of specific stages; z is the autocatalytic
constant [3-6].

A reaction includes two consecutive stages: A— B — C:

do g jrT n. dy _ o aE/RT 2
E_lqe 1/RT(] _ )™ E—kze (a—-y) 9)
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Fig. 1. DSC thermal curves for HNIW decomposition with scanning rates of 1, 2, 4,
and 10°Cmin~".
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Fig. 2. DSC thermal curves for HMX decomposition with scanning rates of 1, 2, 4,
and 10°Cmin~".

uct C, correspondingly; E; and E, are activation energies of stage
one and two.

Two-parallel reactions are a very useful model of full autocatal-
ysis:

do ri(a) = ki(T)(1 — o)™
Ge=nlny; e =l (10)
where r; and r, are rates of stage one and two; n3 is reaction order
of stage three.

Therefore, we hypothesized that the thermal decomposition for
HNIW and HMX belongs to an unknown reaction, such as nth order
or autocatalytic reaction. We tried to employ nth order and autocat-
alytic reaction simulation to compute thermokinetic parameters.

3.2. Different scanning rates (1, 2, 4, and 10°Cmin~") to analyze
HNIW and HMX by DSC

Samples of HNIW and HMX were evaluated via DSC with
scanning rates of 1, 2, 4, and 10°Cmin~!. We acquired thermal
decomposition properties, such as onset temperature (Ty), peak
temperature (Tp), final temperature (T¢), In(kg), degree of conver-
sion (&) at peak temperature, reaction order (n), activation energy
(E1), and AHq by STAR® software [1], which are presented in
Figs. 1-4 and Table 1. DSC experimental data were processed and
then the kinetics was evaluated by applying simulation [2-6].
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Fig. 3. HNIW’s « versus temperature curves with scanning rates of 1, 2, 4, and
10°Cmin~"! by DSC tests.
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;:?l?t? of thermokinetic parameters evaluation for nth order and autocatalytic models.
Sample
HNIW HMX
nth order Autocatalytic nth order Autocatalytic
12 22 42 102 12 22 42 10° 12 22 42 10? 12 22 42 10?

In(ko)/In (s~')  69.2833 60.5754 56.8618 109.1977  25.1163 25.7359 29.5130 23.1852 69.4939 106.3615  38.8528 39.65 24.2032 26.4743 23.5765 24.70

E, (Kfmol-1) 313.8629 278.2512 262.4328  486.9209 127.5549 128.9917 143.5971 111.7084 340.7076  507.0366  199.8086 203.23 1353177 137.9831 117.8099  123.42

Reaction order, 0.3567 0.3308 1.000E-10 3.003E-08 0.3317 0.5622 1.000E-08 3.259E-07 3.000E-08 1.527E—06 0.0988 0.0243  0.1282 0.8044 1.3058 0.8132
n/nth

Reaction order
(np)/auto

Reaction order, N/A N/A N/A N/A 0.6033 0.8332 1.0071 0.9801 N/A N/A N/A N/A 0.8739 0.8825 1.5373 1.2059
np

Autocatalytic N/A N/A N/A N/A 3.000E-08 0.0165 0.0347 2915E-04 N/A N/A N/A N/A 0.0333 8.437E-05 3.733E-04 1.556E—04
constant, z

AHq (K] kg1) 3097.8589 3067.6285 2505.7935 1614.7680 3112.5666 2944.1890 3087.0432 1611.8319 2115.5809 2276.0417 2388.7238 2052.28 2151.7300 2258.8658 2503.2316 2112.01

2 Scanning rate (°Cmin~1).

856-6%S (010Z) 921 SIDHAIDIA SNOpIpZDH Jo [pULnof /v 35 UrT d-2

Table 3
Results of HNIW for TMR, TER, and TCL at scanning rates of 1, 2, 4, and 10°Cmin~" by nth order simulation.
Temperature (°C) Sample: HNIW
12 24 42 10?
TMR (day) TER (k] kg1) TCL (year) TMR (day) TER (k] kg1) TCL (year) TMR (day) TER (k] kg') TCL (year) TMR TER TCL (year)
(CL=10%) (CL=10%) (CL=10%) (day) (kJkg=')  (CL=10%)
20.00 o> 3.90E-16 >10 o> 1.42E-13 >10 o> 2.33E-12 >10 N/A N/A N/A
27.27 o> 8.82E-15 >10 ob 2.24E—12 >10 ob 3.13E-11 >10 N/A N/A N/A
34.55 ob 1.72E-13 >10 ob 3.12E-11 >10 ob 3.71E-10 >10 N/A N/A N/A
41.82 o> 2.92E-12 >10 o> 3.85E-10 >10 o> 3.94E-09 >10 N/A N/A N/A
49.09 o> 437E-11 >10 ob 4.23E-09 >10 o> 3.75E-08 >10 N/A N/A N/A
56.36 ob 5.79E-10 >10 o> 4.19E-08 >10 >100 3.23E-07 >10 N/A N/A N/A
63.64 ob 6.88E—09 >10 >100 3.76E-07 >10 >100 2.54E-06 >10 N/A N/A N/A
7091 o> 7.35E-08 >10 >100 3.07E-06 >10 >100 1.83E-05 >10 N/A N/A N/A
78.18 >100 7.12E-07 >10 >100 2.30E-05 >10 >100 1.21E-04 >10 N/A N/A N/A
85.45 >100 6.30E-06 >10 >100 1.59E-04 >10 >100 7.46E—-04 >10 N/A N/A N/A
92.73 >100 5.10E-05 >10 >100 1.01E-03 >10 >100 4.27E-03 >10 N/A N/A N/A
100.00 >100 3.81E-04 >10 >100 6.03E-03 >10 >100 2.28E-02 >10 N/A N/A N/A

2 Scanning rate (°Cmin~1).
b Reaction is extremely slow. In this case TMR for an N-order reaction corresponds to the very beginning of a reaction.



Table 4

Results of HNIW for TMR, TER, and TCL at scanning rates of 1, 2, 4, and 10°Cmin~! by autocatalytic simulation.

Temperature (°C) Sample: HNIW
12 2 4 10
TMR (day) TER (kj kg~ 1) TCL (year) TMR (day) TER (kJ kg~1) TCL (year) TMR (day) TER (kJ kg1) TCL (year) TMR (day) TER (kJ kg 1) TCL (year)
(CL=10%) (CL=10%) (CL=10%) (CL=10%)
20.00 >100 1.22E-04 >10 >100 1.06E-04 >10 >100 3.59E-03 >10 >100 5.94E—-04 >10
27.27 >100 4.52E-04 >10 >100 4.01E-04 >10 >100 1.24E-02 >10 >100 1.81E-03 >10
34.55 >100 1.59E-03 >10 >100 1.43E-03 >10 >100 4.04E—-02 >10 >100 5.25E-03 >10
41.82 >100 5.30E-03 >10 >100 4.83E-03 >10 >100 1.25E-01 >10 >100 1.48E-02 >10
49.09 >100 1.72E-02 >10 >100 1.55E-02 >10 >100 3.70E-01 >10 >100 4.00E-02 >10
56.36 >100 5.58E-02 >10 >100 4.76E—-02 >10 >100 1.06E+00 >10 >100 1.07E-01 7.48
63.64 >100 1.87E-01 >10 >100 1.41E-01 >10 >100 3.01E+00 >10 >100 3.08E-01 3.10
7091 >100 6.84E-01 9.30 >100 4.14E-01 >10 >100 9.34E+00 6.45 >100 1.13E+00 1.33
78.18 >100 2.98E+00 3.63 >100 1.26E+00 7.91 93.44 3.10E+03 2.61 >100 1.06E+01 0.60
85.45 >100 3.22E+01 147 >100 4.48E+00 3.11 40.84 3.10E+03 1.10 54.98 1.61E+03 0.27
92.73 45.89 3.06E+03 0.62 97.16 2.99E+03 1.27 18.46 3.10E+03 0.48 26.41 1.61E+03 0.13
100.00 20.41 3.06E+03 0.27 42.07 2.99E+03 0.53 8.61 3.10E+03 0.22 13.05 1.61E+03 0.06
3 Scanning rate (°Cmin~1).
Table 5
Results of HMX for TMR, TER, and TCL at scanning rates of 1, 2, 4, and 10°C min~" by nth order simulation.
Temperature (°C) Sample: HMX
12 22 42 10?
TMR (day) TER (k] kg1) TCL (year) (CL=10%) TMR (day) TER (kJkg=')  TCL (year) TMR (day) TER (kJkg=')  TCL (year) TMR (day) TER (kJkg=')  TCL (year)
(CL=10%) (CL=10%) (CL=10%)
20.00 o> 5.42E-21 >10 N/A N/A N/A o> 3.85E-09 >10 o> 2.00E+01 >10
27.27 ob 1.60E-19 >10 N/A N/A N/A o> 2.80E—08 >10 o> 2.73E+01 >10
34,55 ob 4.02E-18 >10 N/A N/A N/A ob 1.86E—-07 >10 ob 3.46E+01 >10
41.82 ob 8.69E-17 >10 N/A N/A N/A >100 1.13E-06 >10 ob 4.18E+01 >10
49.09 ob 1.64E-15 >10 N/A N/A N/A >100 6.30E—-06 >10 >100 4.91E+01 >10
56.36 o> 2.71E-14 >10 N/A N/A N/A >100 3.27E-05 >10 >100 5.64E+01 >10
63.64 ob 3.98E-13 >10 N/A N/A N/A >100 1.58E-04 >10 >100 6.36E+01 >10
7091 o> 5.21E-12 >10 N/A N/A N/A >100 7.13E-04 >10 >100 7.09E+01 >10
78.18 o> 6.13E-11 >10 N/A N/A N/A >100 3.03E-03 >10 >100 7.82E+01 >10
85.45 ob 6.53E-10 >10 N/A N/A N/A >100 1.21E-02 >10 >100 8.55E+01 >10
92.73 o> 6.33E-09 >10 N/A N/A N/A >100 4.60E-02 >10 >100 9.27E+01 >10
100.00 ob 5.61E-08 >10 N/A N/A N/A >100 1.67E-01 >10 >100 1.00E+02 >10

2 Scanning rate (°Cmin~1).
b Reaction is extremely slow. In this case TMR for an N-order reaction corresponds to the very beginning of a reaction.
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Table 6

Results of HMX for TMR, TER, and TCL at scanning rates of 1, 2, 4, and 10°Cmin~" by autocatalytic simulation.

Sample: HMX

Temperature (°C)

10?

42

22

13

TCL (year)

TCL (year) TMR (day) TER (kJ kg~1) TCL (year) TMR (day) TER (kJ kg1) TCL (year) TMR (day) TER (kJ kg1)
(CL (CL (CL (CL

TER (kJ kg~1)

TMR (day)

10%)

10%)

10%)

10%)

>10
>10

1.54E-05
5.25E-05
1.69E-04
5.14E-04
1.49E-03
4.12E-03
1.09E-02
2.79E-02
6.91E-02
1.66E-01
4.01E-01
1.04E+00

>100
>100
>100
>100
>100
>100
>100
>100
>100
>100
>100
>100

>10
>10

1.43E-04
4.60E-04

>100
>100
>100
>100
>100
>100
>100
>100
>100
>100
>100
>100

>10
>10

1.34E-07
5.28E-07
1.95E-06
6.78E—06
2.23E-05
6.95E-05
2.07E-04
5.94E-04
1.65E-03
4.58E-03
1.24E-02
3.40E-02

>100
>100
>100
>100
>100
>100
>100
>100
>100
>100
>100
>100

>10
>10

1.55E-05
5.96E-05
2.15E-04
7.27E-04
2.34E-03

>100
>100
>100
>100
>100
>100
>100
>100
>100
>100
>100
>100

20.00
27.27
34.55

>10
>10
>10

>10
>10
>10

1.40E-03
4.06E-03
1.12E-02
2.96E-02
7.50E-02
1.83E-01
4.33E-01

>10
>10
>10

>10
>10
>10

41.82
49.09

>10
>10
>10
>10

>10
>10
>10
>10

>10
>10
>10
>10

>10
>10
>10
>10

7.13E-03
2.07E-02
5.78E—02
1.55E-01
4.00E-01

56.36
63.64

70.91
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78.18

8.60
3.78
1.

8.08
3.68
1.73

1.00E+00
2.30E+00
5.59E+00

>10
>10

>10
>10

85.45
92.73
100.00

1.02E+00
2.58E+00

71

8.46

9.81

2 Scanning rate (°Cmin=1).
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Temperature (°C)

Fig. 4. HMX’s o versus temperature curves with scanning rates of 1, 2, 4, and
10°Cmin~" by DSC tests.

3.3. Determination of HNIW and HMX's thermokinetic
parameters at different scanning rates (1, 2, 4, and 10°Cmin~1)
by simulation

The HNIW and HMX'’s thermokinetic parameters were eval-
uated as listed in Table 2, and then the results of HNIW and
HMX'’s TMR;s,, TER, and TCL calculated by applying the models are
shown in Tables 3-6. From Table 2, we compared the E, of ther-
mal decomposition and that in the literature, HNIW and HMX ca.
150-270k] mol~! [11-15] and 130-450 k] mol~! [16-23], respec-
tively. We found that the simulation method could be appropriately
used in the thermal decompositions of HNIW and HMX.

Similar to the high performance explosive property of polyaza-
isowurtzitane, HNIW and HMX have six N-NO, groups[11-15] and
four N-NO, groups [16-23], respectively. Therefore, while the ther-
mal decomposition occurs, products can accumulate in a reacting
sample, which promotes acceleration of the reaction. This phe-
nomenon is an important characteristic of an explosive’s thermal
decomposition.

From Tables 1 and 2 and Figs. 1 and 2, we can see that the greater
the scanning rate, the worse the stability and applicability. This is
because the greater the scanning rate, the wider and smoother the
thermal analysis curve, from neglecting the slight thermal decom-
position differences. In addition, from Figs. 3 and 4, for DSC via the
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Fig. 5. Comparisons of HNIW’s heat production versus time curves of autocatalytic
reaction with scanning ratesof 1,2,4,and 10 °C min~! by experiment and simulation.
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Fig. 6. Comparisons of HNIW’s heat production rate versus time curves of autocat-
alytic reaction with scanning rates of 1, 2, 4, and 10°Cmin~" by experiment and
simulation.
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Fig. 7. Comparisons of HMX'’s heat production versus time curves of autocatalytic
reaction with scanning ratesof 1,2,4,and 10 °C min~! by experiment and simulation.

smaller scanning rate at 1 and 2°Cmin~!, the degree of conversion
is stable, but a greater scanning rate would be overheating of the
sample, so that these data cannot be used for kinetics evaluation.

From Table 2, the results of parameters evaluation for nth order
reaction and autocatalytic reaction demonstrate that autocatalytic
reaction provides much more consistent results for HNIW and
HMX. Comparisons of Figs. 5-8 HNIW and HMX'’s heat production
(Qg) versus time curves and heat production rate (Q;) versus time of
autocatalytic reaction with scanning rates of 1,2,4,and 10 °C min~!
by experiment and simulation also presented the same result. As
far as HNIW and HMX properties of explosives are concerned, too
great a scanning rate may induce an auto chain reaction to accel-
erate the decomposition reaction [23]. Therefore, while analyzing
HNIW and HMX thermokinetic parameters of thermal decomposi-
tion, we obtained a better condition at lower scanning rates (1 and
2°Cmin~1).

In contrast to Tables 3-6, we could observe the results of an nth
order reaction kinetic simulation and autocatalytic reaction kinetic
simulation for HNIW and HMX, in which thermokinetic parameters
were providing the results of disorderly and confused by nth order
reaction simulation. The result is explicit; the nth order reaction
cannot be appropriately applied on HNIW and HMX’s thermoki-
netic parameter evaluation.

Meanwhile, we also acquired which, HNIW’s TMR;,, at scanning
rate of 1 and 2°Cmin~" is ca. less than 85.45 °C, which exceeds the

6000 ;
#
_ % .
5000 + a 1°C min'- sim
1 1 1°C min'- exp
= 4000 F & 2°C min’'- sim
% E —— 2°C min'-exp
- 3 0 i
Yy 3000 4 < -IUC lm-nJ sim
= ¢ ——  4°C min''- exp
'é{_. 7 10°C min’-sim
< 2000 H 9 —— 10°C min’'- exp
1000
0
e B e B B S w e e e e e AN s p

-20 0 20 40 60 80 100 120 140 160

Time (min)

Fig. 8. Comparisons of HMX’s heat production rate versus time curves of autocat-
alytic reaction with scanning rates of 1, 2, 4, and 10°C min~' by experiment and
simulation.

upper limit of 100 days, and HMX’s TMR;,, at scanning rate of 1 and
2°Cmin~! is ca. less than 100 °C, which exceeds the upper limit of
100 days; HNIW’s TCL at scanning rate 1°Cmin~! is ca. less than
63.64 °C, which exceeds the upper limit of 10 years, scanning rate
at2°Cmin~!isca.less than 70.91 °C, which exceeds the upper limit
of 10 years,and HMX's TCL at scanning rate of 1 and 2 °Cmin~ is ca.
less than 92.73 °C, which exceeds the upper limit of 10 years, and
then could be applied on the ambient temperature setup condition
for storage and transportation.

While analyzing HNIW and HMX’s thermokinetic parameters
by TSS, we obtained a better condition at a scanning rate of 1 and
2°Cmin~! applied on the thermal explosion simulation. Mean-
while, we found that the DSC tests and TSS simulation results
presented a check of AHy at the scanning rates of 1 and 2°Cmin~1.

3.4. Determination of thermal explosion parameters by
simulation

To simulate thermal explosions in solids, the critical param-
eters of thermal explosion are found numerically in the context
of complicated chemical kinetics for several types of the reactor
geometry, various boundary conditions, and with the possibility to
set inert partitions or shells. Analytical and computer-based meth-
ods for thermal explosion hazard assessment were compared, and
the weakness of the analytical approach and the necessity of using
the full numerical investigation are shown [7]. Considering solid
thermal explosion simulation, they made the following statement.

The process model is the following:

pCp ﬂ =div(AAT)+ W thermal conductivity equation (11)

at
80(,- . . . .
FTa r; i=1,...,NC kinetic equations (formal models) (12)
W= ZQ,."Ori heat power equation (13)

O]

where T is the temperature; t is the time; p is the density; Cp is the
specific heat; A is the heat conductivity; Q; is the reaction calorific
effect; W is the heat power; r; is the reaction rate; « is the degree
of conversion of a component; NC is the number of components; i
is the component number.
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Table 7
Boundary conditions for barrel reactor and cubic box package.
Reactor shape Boundary conditions X (Wm=—2K1) Ambient temperature (°C) Initial temperature (°C)
Top/3rd kind 10 40 60 120 150 250
Barrel Side/3rd kind 10 40 60 120 150 250 20
Bottom/1st kind - 20 20 20 20 20
Top/3rd kind 10 40 60 120 150 250
Cubic box Sides/3rd kind 10 40 60 120 150 250 20
Bottom/1st kind - 20 20 20 20 20
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Fig.9. Thermal explosion simulation by runaway reaction graphs of HNIW with barrel reactor and cubic box at ambient temperature (a) 40°C, (b) 60°C, (c) 120°C, (d) 150°C,
and (e) 250 °C, respectively.
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Fig. 10. Thermal explosion simulation by runaway reaction graphs of HMX with barrel reactor and cubic box at ambient temperature (a) 40°C, (b) 60°C, (¢) 120°C, (d) 150°C,
and (e) 250 °C, respectively.

Table 8
Results of thermal explosion simulation for HNIW and HMX's SADT, CT, ET, and Tcg.

Shape Sample DSC scanning rate SADT (°C) CT (°C) ET (°C) Ter (°C)
HNIW 1°Cmin-! 110 100 105 87.4
| 2°Cmin-! 108 98 107 85.3
Bauelisacon HMX 1°Cmin-! 140 130 135 115.8
2°Cmin~! 148 138 143 108.8
1°Cmin-! 118 108 113 108.2
Cubic LRI 2°Cmin-! 119 109 114 110.1
UDICOR 1°Cmin-! 155 145 150 145.1

HMX

2°Cmin~! 154 144 149 139.1
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Initial fields of the temperature and conversions are supposed
to be constant through the reactor volume:

Tlt—0 =To

14
@ile=0 = Uip (14)

Here, the index 0 marks initial values of the temperature and con-
version.

The boundary conditions of the first, second, or third kind can
be specified:

Istkind : Ty, = Te(t) temperature (15)
2nd kind : q|ywar = q(t) heatflow (16)
3rd kind : —Xg—z = X(Twan — Te)
S
Newton’s law of heat exchange 17)

Here the indices “wall” and “e” relate to the parameters on the
boundary and in environment, respectively; q is the heat flow; n is
the unit outer normal on the boundary [6-10].

3.5. Determination of HNIW and HMX’s thermal explosion
parameters by simulation

The method for estimation of the thermal explosion parame-
ters based on the Frank-Kamenetskii theory is well recognized [9].
Analytical evaluations of the critical conditions are also known for
bodies of the simplest form and constant boundary conditions of
the first and third kind. For bodies of complex form consisting of
elements with various thermophysical properties, it may be rather
difficult to obtain analytical evaluations [6-10].

According to the experimental setup we were given, HNIW and
HMX ambient temperature is ca. 40 °C in the south of Taiwan, the
seal of reactor is ca. 60 °C in summer, the overheating environment
temperature is 120 and 150°C, and the temperature for scene of
fire is 250 °C, respectively. Runaway reaction simulation of bound-
ary condition for shape of barrel reactor and cubic box package
is listed in Table 7, and then the thermal explosion simulation by
runaway reaction graphs with a barrel reactor and a cubic box are
displayed in Figs. 9 and 10. Moreover, results of thermal explosion
simulation for HNIW and HMX’s SADT, CT, ET, and TR are presented
in Table 8. In addition, from Tables 1 and 2, we determined that
HMX'’s thermal decomposition stability was better than HNIW, but
its exothermic quantity for thermal decomposition was smaller.
According to Figs. 9 and 10 and Table 8, we confirmed again that
HMX'’s thermal decomposition stability was better. Therefore, the
aim was to assess thermal explosion hazard in HMX’s final prod-
uct of reactor and commercial packaging conditions. Simulation
results indicating the best storage conditions employed to avoid
any violent runaway reaction of HNIW and HMX were discovered.
Meanwhile, we found that at a low ambient temperature of storage
below 40 and 60 °C HNIW and HMX are stable.

We also obtained HNIW and HMX’s Ty for thermal decompo-
sition by two types of reactor shape; the energetic materials such
as HNIW and HMX by thermal decomposition can be thoroughly
simulated to understand explosion phenomenon. Furthermore, this
study developed an efficient procedure for determining thermoki-
netic parameters and thermal hazard of HNIW and HMX, and could
be applied to choose the safest storage conditions.

4. Conclusions
The thermal explosion of HNIW and HMX was studied by sim-

ulation. TSS simulation was fully exploited to model the kinetic
parameters and safety parameters precisely to provide hazard

information on how to prevent accidents from occurring during
transportation or storage. That is different from the conventional
nth order kinetic model, because it can account for a highly ener-
getic material’s complex autocatalytic reactions.

We established an accurate analysis model on thermokinetic
and thermal explosion parameters of HNIW and HMX for the
simulation method. We also discovered adequate scanning rates
on acquiring thermal decomposition parameters for an energetic
chemical of interest, which is a highly elaborate way to analyze
the thermokinetic parameters for energetic materials. Data pro-
cessing, kinetics evaluation, and estimation of kg, E,, ny, ny, AHg,
TMR;s,, TCL, TER, SADT, CT, ET, and T, etc., were implemented by
simulation.
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