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Abstract

A method of estimating the critical rate of temperature rise for thermal explosion of first-order
autocatalytic decomposition reaction systems using non-isothermal DSC is presented. Information
is obtained on the increasing rate of temperature in highly nitrated nitrocellulose containing 14.14%
of nitrogen when the first-order autocatalytic decomposition converts into thermal explosion.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The critical temperaturd() and the critical rate of temperature r{gd’/d) z;, for thermal
explosion of first-order autocatalytic decomposition reaction systems are two important
parameters from the point of views of the evaluation of safety and transition from thermal
decomposition to thermal explosion for energetic materials (EMs). In regard to estimating
these parameters, two methods for estimating the vallig of an autocatalytic overall
reaction system, using non-isothermal DSC, have been regartéfl but no method for
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estimating the value ofd7/dt)7,. In this work, we studied a method of estimating the
value of (d7'/dr)7,. For easy comparison, the notation and procedures used to derive the
estimation formula of, ~ (d7'/dr) g, relation in this work are the same as those of Rongzu
etal.[1,2,6]and Tonglai et al[3].

2. Theoretical
2.1. Basic theory of decomposition reaction

The enthalpy ¢;) of thermal decomposition reaction per unit time for EMs can be ex-
pressed by the equation

Qvd du
M dr

whereQ is the enthalpy of the thermal decomposition reaction in Jhal the volume of
EMs loaded in crd, d the loading density in g cr?, M the mole mass of EMs in g mot
and dr/dt the reaction rate.
The thermal decomposition, as an autocatalytic reaction, can be described by the follow-
ing equations:

q1= 1)

AlB )
A +B32B 3)

where A represents the initial reactant and B the thermal decomposition products. The rate
expression that corresponds to this scheme is

?j_il =ki(l—a) +ka(l-a) 4)
wherea stands for the conversion degree, for DSC cuive; H;/ Hp, whereHg is the total
exothermicity of the EMs (corresponding to the global area under the DSC curvé),and
the reaction heat in a certain time (corresponding to the partial area under the DSC curve);
k1= A1exXp(—Ea1/RT), ko = Ao exp(—Ea2/RT), whereA; andA; are the pre-exponential
factors, andg;1 andEgp are the activation energies for the first-order autocatalytic reaction,
respectivelyT is the temperature the time.

Substitutingeq. (4)into Eq. (1)gives

\Vd E E
q1 = Q7(1 —a) [Al exp(—R—a_I_l) + Asa exp(—R—aTzﬂ (5)

Atthe same time, the amount of hegi)transferred by the wall of the reactor to surrounding
medium in unit time is

g2 =K'(T = To)S (6)

wherek is an overall heat transfer coefficient in Jthk 1 s~1, T the temperature of the
reaction wall and surroundings according to the linear relatiorighip To + St, whereg
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is the heating rate in K mirt, Ty the initial temperature at which the DSC curve deviates
from the baseline in KSthe external surface of the loaded sample ifcm

2.2. Transition from decomposition to thermal explosion

With the boundary conditions of thermal explosi@my. (5)becomes

\Vd
q1l, = %(1 — ap) (k1b + kapap) (7

whereay, is the value ofx corresponding tay, k1p = A1 exXp(—Ea1/RTp), kop = A2
exp(— Ea2/RTp), whereTy, is the critical temperature of thermal explosion of EMs in K and
Eq. (6)becomes

Qln, = K (Tp — Teo)S 8)

whereTgo is the onset temperature in the DSC curve under linear temperature increase
condition wherg tends to zero.

According to theq;—T andgx—T relations, the sufficient and essential conditions from
thermal decomposition to thermal explosion can be expressed as

q1ln, = q2lm, 9
dar| - _ da (10)
dr |, = drl,

Differentiation ofEq. (5)with respect td gives

dg1 QVd(1 — ap) 2 2
— =—— " | —kf, + k5.a0p(1 — 20p) + k1pkop(1l — 3o
AT |y gy e M(@T/d0)7, To T+ k5pan( b) + k1bkan( b)
dT /dt
+L2)Tb(kleal + kZbOleaZ):| (11)
RTb

where(dT /dt)7, is the increasing rate of temperature in EMs when thermal decomposi-
tion converts into thermal explosion. This is difficult to solve directly from conventional
experiments.

Differentiation ofEq. (6)with respect td gives

dg2 k'S (dT)
1z =—" (=) - 12
CombiningEgs. (7)—(9)yields
Vd
Q (1 — ap) (kap + kabap) = k'S(Tp — Teo) (13)

M



208 Z. Hai et al./Journal of Hazardous Materials A94 (2002) 205-210

CombiningEgs. (10)—(12)yields

Vd(1 —
(]?/[(d(T—/d;;:) |: — k2, + k3,an(1 — 2ap) + kipkan(1 — 3ap)
b
s, _ws [y
+ RT% (k1pEa1+ kgbabEaQi| — (dT/dt)Tb |:< = )Tb ﬂj| a4

As the thermal explosion start&d7 /dr)7, > B, andEq. (14)may be simplified to the
following form:

Vd(1 — «
fﬂd(T—/dt):) [ — k2, + k3pan(1 — 2ap) + kipkan(1 — 3ap)
b
d7 /de
+(R{T)Tb(k1bEa1 + k2b05bEa2)i| =K'S (15)
b

CombiningEgs. (13) and (15)we get
( dr ) _ RT(Tb — Teo) [k, + an(1 — 2ap)k5, + kuvkap(1 — 3ap)]
dr /g RT2(k1b + apkop) — (To — Teo) (Eatkip + abEaskab)

(16)

the above equation is the relation formula for estimating the critical rate of temperature rise

in EMs when the first-order autocatalytic decomposition converts into thermal explosion.
Once the values dEa1, Eaz, A1, A2, Teo, Th anday, have been calculated from an analysis

of the DSC curves under the same experimental conditions, the corresponding value of

(dT /dr) 7, can then be obtained frofq. (16)

3. Experimental
3.1. Materials

Highly nitrated nitrocellulose containing 14.14% of nitrogen [HNNC (14.14% N)] used
in this work was prepared and purified at Xi'an Modern Chemistry Research Institute.

3.2. Instrument and conditions

In the present experiments, the initial data needed for calculating all the kinetic param-
eters were obtained using a CDR-1 differential scanning calorimeter (Shanghai Tianping
Instrument Factory, China) with an aluminum cell. The conditions of the DSC analyses
were: sample mass, about 0.7 mg; heating rates, 1, 2, 5, 10, 18 and 20K mispec-
tively; calorimetric sensitivities20.92 and 41.84 mJ$; atmosphere, static air; reference
sample a-Al2O3; the precision of temperature was 0.25 K; the temperature and heat were
calibrated using pure indium and tin powders. Heating paveas calculated according to
the actual rising rate of temperature from°&Dto the temperature at the end of reaction.
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4. Resultsand discussion

The original dataT;, «;,i = 1, 2, ... , 28) taken from the DSC curve at a heating rate of
18 Kmin~1 are shown ifTable 1 The measured values gf andTg (i = 1,2, ..., 5), the
calculated value dEye by the Kissinger's methof¥], the valuesTeo) of Te corresponding
to 8 — 0 obtained byEq. (17)taken from[3], the values of, obtained byEq. (18)taken
from [3], and the value ok}, corresponding td}, are shown iriTable 2

Tei = Teo+ bfi +cB2+dp3, i=12,...,5 (17)
T Eke — 1/ El%e — 4EkeRTeo 18
b= >R (18)

The calculated values &%, Ea, A1 andA; by the reported method in the literatiige8—10]
are given inTable 3 By substituting the values Gfq, Tp andap in Table 2 andEgs, Eao,
A1 andA; in Table 3into Eq. (16) the value of(d7 /dt) 7, listed inTable 3are obtained.

Table 1
Thermal decomposition data of HNNC (14.14% N) determined by DSC
Number T; (K) o;
1 367.87 0.033
2 371.99 0.034
3 376.19 0.035
4 380.37 0.036
5 384.64 0.037
6 388.99 0.038
7 393.34 0.039
8 397.76 0.040
9 402.26 0.042
10 406.72 0.043
11 411.24 0.044
12 415.78 0.045
13 420.28 0.047
14 424.80 0.048
15 429.32 0.049
16 433.82 0.051
17 438.33 0.052
18 442.80 0.054
19 447.27 0.056
20 451.75 0.059
21 456.22 0.062
22 460.71 0.067
23 465.20 0.075
24 469.73 0.088
25 474.33 0.110
26 479.03 0.156
27 484.06 0.262

28 489.61 0.492
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Table 2
The calculated values of the critical temperattiig) Of thermal explosion for HNNC (14.14% R)
Measured values Calculated values
B (Kmin—1) Te (K) Exe (kI mol?) Teo (K) Eq. (18)
Tb (K) ap
1.059 451.20 1714 446.30 456.40 0.063
2.211 457.90
5.202 465.70
10.78 473.40
21.39 481.70

a8: heating rate;Te: onset temperature in the DSC cuni: apparent activation energy obtained by
Kissinger's methodJeo: the value ofTe corresponding t@ — O; ap: the value ofx corresponding tdp.

Table 3

Results for analyzing the dataTables 1 and by Eqs. (4) and (16)

Ea1 (kd mot 1) Ea2 (kdmol 1) A (s A (57D (dT/dn) 7, (Kmin=1)
212.3 170.0 186 10477 1083.6

The results infables 2 and 3how that:

(1) Under our non-isothermal DSC conditions, the thermal decomposition of HNNC
(14.14% N) can be described by the first-order autocatalytic equation:

dt_lol exp< - 0)(1 o) + 10" exp ot Je(—a) (19)

(2) The value of the critical rate of temperature rise in HNNC (14.14% N) when the de-
composition reaction converts into thermal explosion is 1083.6 K'hin

(3) Because(dT/dr);;, > B, we conclude that the derivation &q. (18) assuming
[(dT /dt)g, — B1/(dT /dt) 7, = 1, is rational.
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