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Abstract A method of estimating the critical rate of temperature increase of thermal explosion for the first order
autocatalytic decomposition reaction system using non-isothermal DSC is presented. Information is obtained on the
increasing rate of temperature in nitrocellulose containing 13.54% of nitrogen when the first order autocatalytic
decomposition converts into thermal explosion.
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INTRODUCTION

i s . dr .
The critical temperature (7},) and critical rate of temperature increase (Et—j of thermal explosion for the first
Ty

order autocatalytic decomposition reaction system are two important parameters from the point of view of the
evaluation of safety and transition from thermal decomposition to thermal explosion for energetic materials
(EMs). In the field of estimating these parameters, two methods for estimating the value of 7y of an autocatalytic

overall reaction system using non-isothermal DSC have been reported'®, but not for the value of (gj .In
T,
this work, we develop a method of estimating the value of [ET—) . For easy comparison, the notation and
it

. L dar Co
procedures used to derive the estimation formula of the T;- [T) relation in this work are the same as those
!,

reported in the literature!’ ¢,

THEORY AND METHOD

The enthalpy (q,) of thermal decomposition reaction per unit time for EMs can be expressed by the equation
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OVd da
== =2 1
9 M dr (H
where () is the enthalpy of the thermal decomposition reaction in J mol™, ¥ is the volume of EMs loaded in em’,
d is the loading density in g cm™, M is the mole mass of EMs in gmol™ and da/dr is the reaction rate.

The thermal decomposition, as an autocatalytic reaction, can be described by Egs. (2) and (3):

A4 ,B )
A+B—% 508 3)

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

d—a =h(l-a)+ka(l-a) (4
dt
()
where « stands for the conversion degree. For the DSC curve, o = LA H/H,, where dH/dt is the

(&

exothermic rate, T denotes the temperature at a certain time in the DSC curve, Ty and T are the initial and final
temperatures in the DSC curve, respectively; H, is the total exothermicity of the MEs (corresponding to the
global area under the DSC curve) and H, is the reaction heat at a certain time (corresponding to the partial area
under the DSC curve; k, = A exp(~E.1/RT), k= A:exp(-E./RT), where A, and A, are the pre-exponential factors,
and £, and E,; are the activation energies for the first-order and autocatalytic reaction, respectively; 7 stands for
the temperature, ¢ for the time.

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

ovd

= 7 (I -a) 4, exp(=E,, / RT) + Ayaexp(—E, / RT)) (5)

4
At the same time, the amount of heat (q,) transferred by the wall of the reactor to the surrounding medium in
unit time is

G =k (T-T)S (6)

where ' is an overall heat transfer coefficient in Jem™ K™ s™'; 7, is the temperature of the reaction wall and
surroundings according to the linear relationship 7. = 7, + £ 1, where £ is the heating rate in K min™', 7, is the
initial temperature at which the DSC curve deviates from the baseline in K; S is the area of external surface of the
loaded sample in cm?.

In the boundary conditions of thermal explosion, Eq. (5) becomes

Qvd a

M
where &y, is the value of o corresponding to Ty, &y, = 4,exp(—Eai/RTy), kap = Aiexp(—E,o/RTy), where Ty, is the
critical temperature of thermal explosion of EMs in K, and Eq. (6) becomes

51217[" = k'(Tb - Teo)S (8)

q in ~ay )k, + kypty) (N

where T, is the onset temperature in the DSC curve under linear temperature increase condition when £ tends to
Zero.
According to the ¢,-7 and ¢,-T relations, the sufficient and essential conditions from thermal decomposition
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to thermal explosion can be expressed as

9 'T‘, = qZ‘Tb (9)
dgy _dgp (10)
dTl, AT,

Differentiation of Eq. (5) with respect to ¢ gives

_ QVd(l-ay,)

dg,| -
M(dT /di)y,

dr

T=Tya=a,

11
s 2 ‘ dT 7dt)g, (n
- klb + kZbab (1 - Zab) + klkab(l - 3ab) + ——R—fi_— (kleal + k2babEa2)
b
where (d77dt), is the increasing rate of temperature in EMs when thermal decomposition converts into thermal

explosion. It is difficult to solve directly from conventional experiments.
Differentiation of Eq. (6) with respect to ¢ gives

d k'S dar
By e (—- -8 (12)
dT iy, (@T/dn)g |\ dt Jp,
Combining Eqgs. (7), (8) and (9), yields
vd ,
€78 (- ey b, + k) = KTy = ) (3

Combining Egs. (10), (11) and (12), yields
dr /de
(———225- (k£

a1 T koo By )}
b

Qvd( - ay) 2 2
S bk 4 kg (- 20, + kypkoy (1-30) +
M@T7dn,, |t Rl -2a) k(- 3a)

k'S dT
(), ]

As the thermal explosion starts, (dT/dz‘)Tb >> f, Eq. (14) may be simplified to the form.

(14)

@dT/dt),
_—‘z_b"(kleal

Vd(l - o .
—Q—g——"l{— kb, + K2oar (1-208)) + ko (1= 30,) +
b

+k E =k'S 15
M(dT / dt)Th 26%b a2 )} ( )
Combining Eqgs. (13) and (15), we get

( ar ) _ BRI (T = Teo)-kib + (1= 22 kg + ik (1 - 324)] (16)
dr Jg, RT (kyy, + apheyy) = (Ty = Top W Eqryy + @y Eqokiyy)

Equation (16) is the relation formula for estimating the rate of temperature increase in EMs when the first
order autocatalytic decomposition converts into thermal explosion.
Once the values of £, E,;, 4 Az, Teo, Ty and &y have been calculated from an analysis of the DSC

curves under the same experimental conditions, the corresponding value of (d7/df);, can then be obtained from

Eq. (16).
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EXPERIMENTAL

Materials
Nitrocellulose containing 13.54% of nitrogen {NC{13.54% N)] used in this work was prepared and purified at
Xi’an Modern Chemistry Research Institute.

Instrument and conditions

In the present experiments, the initial data needed for calculating all the kinetic parameters were obtained using a
CDR-1 differential scanning calorimeter (Shanghai Tianping Instrument Factory, China) with an aluminium cell.
The conditions of the DSC analyses were: sample mass, about 0.7 mg, heating rates, 1, 2, 5, 10, 18 and
20 K min”', respectively; calorimetric sensitivities, = 20.92 and 41.84 mJ s™'; atmosphere, static air; reference
sample, a-Al,O5; the precision of temperature was 0.25 K; the temperature and heat were calibrated using pure
indium and tin powders. Heating rate 8 was calculated according to the actual rising rate of temperature from
50°C to the temperature at the end of reaction. DSC curves obtained under the same conditions overlap with each
other, indicating that the reproducibility of tests is satisfactory.

RESULTS AND DISCUSSION

The original data (T, «, i =1, 2, -, 18) taken from the DSC curve at a heating rate of 18 K min’' are shown in
Table 1. The measured values of 8;and 7,; (i =1, 2, -+, 5), the calculated value of £, by Kissinger’s method!”,
the values (7,,) of T, corresponding to f—0 obtained by the Eq. (17) taken from Ref, [3], the values of T}
obtained by the Eq. (18) taken from [3], and the value of « |, corresponding to 7, are shown in Table 2.

To=Tot b+ cfP+dBS, i=1,2,-,5 (17)

—_——
E..—+EL —AE, RT
Tb: ke y"”k;R ke €0 (18)

Table 1. Thermal decomposition data of NC (13.54%N) determined by DSC
No. T, (K) o No. T;(K) a; No. T,(K) o No.  7i(K) a;

1 38532  0.0028 6 41542 0.0049 11 44551 00107 16 47081 0.0749
2 390.49  0.0029 7 42536 0.0054 12 45055 00146 17 47621 0.1518
3 400.63  0.0033 8 430.38 0.0063 13 45555 0.0201 18 48225 0.3388
4 405.58  0.0038 9 43544 00075 14  460.60 0.0287
5 41048  0.0048 10 440.50 0.0082 15  465.66 0.0441

Table 2. The calculated values of the critical temperature (73) of thermal explosion for NC (13.54% N)

Measured values __ Calculated values
A (K min’) T, (K) Exe (kI mol™h) T (K) Eq.(18)
: . : 7, (K) a,
1.015 451.95 180.2 441.74 45113 0.016
2.044 458.90
5.182 465.45
11.68 472.65
18.02 480.95

£ heating rate; 7,: onset temperature in the DSC curve; £,.: apparent activation energy obtained by Kissinger’s
method; T,,: the value of T, corresponding to 8—0; a,: the value of « corresponding to T,

The values of E,), E,», 4) and 4, calculated by the reported method in literature™ ' are given in Table 3.
By substituting the values of T, 7} and ay, in Table 2, and £,,, £, 4) and 4, in Table 3 into Eq. (16), the value
of (d77dr); listed in Table 3 is obtained.
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Table 3. Results for analyzing the data in Tables 1 and 2 by Egs. (4) and (16)
EqWmol™)  Ep(mol™) 4"  AH A7)y Ksh
210.38 172.69 10'%4 10'%7 0.1112

The results in Tables 2 and 3 show that: (1) under our non-isothermal DSC conditions, the thermal
decomposition of NC (13.54% N) can be described by the first order autocatalytic Eq. (19)

da 16.4 210380 16.7 172690
— =10 — 1-— 10 - 1-
; exp[ J( a)+ exp( ja( a) (19)

(2) the value of the rate of temperature increase in NC (13.54%N) when the decomposition reaction converts into
thermal explosion is 0.1112 K s°'; (3) because (d7’ /dt)Tb >> [, we conclude that in the derivation process of Eq.

(dT/dt)Tb -p

(18), the assumption of adopting _W-

=1 is rational.
dr)y,
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