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Abstract

A method of estimating the critical rate of temperature rise for thermal explosion of empiric-order autocatalytic decomposition reaction
system using non-isothermal DSC is presented. Information is obtained on the increasing rate of temperature in nitrocellulose containing
12.97% of nitrogen when the first-order autocatalytic decomposition converts into thermal explosion.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction 2. Theoretical and method

The critical temperature () and critical rate of tempera- The enthalpy (§) of thermal decomposition reaction per
ture rise(d7/dr) 1, for thermal explosion of the autocatalytic  unit time for EMs can be expressed by the equation:
decomposition reaction systems are two important parame- QVd da

ters from the point of views of the evaluation of safety and 91 = M dar (1)
transition from thermal decomposition to thermal explosion . .

for energetic materials (EMs). In the field of estimating these WhereQ is the fnthalpy of the thermal decomposition re-
parameters, two methods for estimating the valug,aff an action in Jmot=, V the volume of EMs loaded in c?nd.
autocatalytic overall reaction system and a method for esti- the Io_aldlng density in g C'ﬁ' M the mole mass of EMs in
mating the value ofd7/dr)7, of first-order autocatalytic re- 9 mol™ and do/dtthe reaction rate. _ _
action system, using non-isothermal DSC have been reported 1€ thermal decomposition, as an autocatalytic reaction,
[1-7], but no method for estimating the value (off/dr)7, can be described by the following equations:

of empiric-order autocatalytic reaction system. In this work, Akig 2)

we studied a method of estimating the valugdif/dr) 7, of

empiric-order autocatalytic reaction system. For easy com- ko

parison, the notation and procedures used to derive the estiA +B—2B )
mation formula ofTy ~ (d7/dr) 7, relation in this work are

the same as those of Hu et H,2,6] and Zhang et al7]. where A represents the initial reactant and B the thermal

decomposition product. The rate expression that corresponds
to this scheme is
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whereq stands for the conversion degree, for DSC curve, where oy is the value ofa corresponding toly, kip =
« = Hi/Hp, whereHp is the total exothermicity of the  A;exp(—Ea1/RTy), kop = Az exp(—Ea2/RTyp), whereTy is
MEs (corresponding to the global area under the DSC the critical temperature of thermal explosion of EMsKn
curve) andH; is the reaction heat in a certain time (cor- andEq. (6)becomes

responding to the partial area under the DSC curve);

) _
k1 = Ar1exp(—Ea1/RT), ko = Azexp(—Ea2/RT), where q2l1, = k' (To — Te0) S (8)
A1 and A, are the pre-exponential factorBa; and Eaz  whereTeg is the onset temperature in the DSC curve under
the activation energies for the autocatalytic reactibhe linear temperature increase condition wihgetends to zero.
temperature and the time;m, n andp the apparent reac-  According to theq;—T and gp—T relations, the sufficient
tion orders. For the first-order autocatalytic decomposition and essential conditions from thermal decomposition to ther-
reactionm =n = p = 1. mal explosion can be expressed as
Substitutingeq. (4)into Eq. (1) gives
’ q1lm, = g2l ©)
QV Ea1
== arexp( -2 )1 — )"
N=y (AP TRy )@ dg1| _ dgo (10)
i dr |, = d7 |y,
+ Ao exp< a2> " (1—0:)”] (5) ) L ) .
RT Dn;ferent|at|0n ofEq. (5)with respect ta gives
[((dT/d0)7,/RTR) (k1bEar(1 — ab)™ + kabEazo (1 — ap)?) + (kap(1 — o)™
dg1 _ ovg__heoeb @ ) lkapn (L - ap) oy~ — kapp(L — ap)P Lo — kapm(L — ap)" 1] 1)
A7 | 7— 1, a=an, M(dT/dn)7,

where(d7/dr) g, is the increasing rate of temperature in EMs
when thermal decomposition converts into thermal explo-
sion. This is difficult to solve directly from conventional
g2 =k(T —T¢)S (6) experiments. . .

Differentiation ofEq. (6)with respect ta gives

At the same time, the amount of heat)¢ransferred by the
wall of the reactor to surrounding medium in unit time is

wherek is an overall heat transfer coefficient in JtfiiK ~1
s~1: T, the temperature of the reaction wall and surroundings dg2 _KS <dT> 8 (12)
according to the linear relationshify = Ty + Bt, wherep dT |7_g, ©dT/dhy, dt ),

is the heating rate in K mirt, Ty the initial temperature at

which the DSC curve deviates from the baseline irSthe CombiningEgs. (7)—(9), yields

external surface of the loaded sample ir‘cm

With the boundary conditions of thermal explosion, Qvd m n ,
Y P O s (1 — )™ + ke (1 — )] = K'S (Th — Te)

Eqg. (5)becomes M
\Vd (13)
qilm, = Qv[klb(l —ap)” + kapap (1 — ap)’] (7) N ,
CombiningEgs. (10)—(12), yields
[(d T/df)Tb/RTg)(kleal(l —ap)™ + kabEazp (1 — ap)?)
+ (fan(L — a)" + kapety (1 = ) [kaon (1~ ap)Pop
—kopp(1 — ap)? o — kapm (1 — o)™ 7] k'S (dT)
\Vd = i — 14
Q M(dT/dr)T, (d7/d)7, [ dr /g, Al (4

As the thermal explosion start@7/dt);, > g andEq. (14)
may be simplified to the following form:

[((dT/dr) 7, /RT2) (kabEar(l — an)™ + kapEaxf (1 — ap)?) + (k1n(1 — ap)™
+ kbt (1 — ap) ") koo (1 — ap) Pt — kapp(L — ap)P~ Y — kim (1 — ap)" 1]

\Vd =k 15
Q M(dT/d)7, s (19
CombiningEgs. (13) and (15), we get
(To — Teo) (k1p(1 — ap)™ + kopoy (1 — ap)?) (kopn (1 — Oéb)”otﬁ_l
<dT> B —kaop(1 — ap)?tay — kam(1 — ap)" ) (16)
dt /7, (kan(1—ap)™ 4 kabarpy (1 — ab)?) — (T — Teo) (k1n(Ea1/RT3) (1 — ap)™

+ kop(Eaz/RTR)ef (1 — ap)P)
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Eq. (16)is the relation formula for estimating the critical rate Table 1 N '
of temperature rise in EMs when the apparent empiric-order Thermal decomposition data of NC (12.97% N) determined by DSC

autocatalytic decomposition converts into thermal explosion. No. T (K) @
Once the values of &, Eap, A1, A2, Teo, Th, ap, M, Nand 355.49 0.0305
p have been calculated from an analysis of the DSC curves 360.23 0.0313
under the same experimental conditions, the corresponding 3 364.69 0.0315
value of (d7/dr) g, can then be obtained froiqg. (16). 4 369.04 0.0321
5 373.62 0.0323
6 378.47 0.0327
) 7 383.55 0.0335
3. Experimental 8 388.86 0.0343
9 409.68 0.0346
11 419.61 0.0364
. - ) 12 424.60 0.0394
Nitrocellulose  containing 12.97% of nitrogen (NC 43 429.60 0.0401
(12.97% N)) used in this work was prepared and purified at 14 434.65 0.0415
Xi'an Modern Chemistry Research Institute. 15 439.70 0.0433
16 449.76 0.0449
- 17 454.79 0.0503
3.2. Instrument and conditions 18 459.86 0.0586
19 464.92 0.0721
In the present experiments, the initial data needed for 20 470.04 0.0986
calculating all the kinetic parameters were obtained using 21 475.38 0.1618
481.19 0.3128

a CDR-1 differential scanning calorimeter (Shanghai Tian- 22
ping Instrument Factory, China) with an aluminium cell. The
conditions of the DSC analyses were: sample mass, abouqﬁ?iazlc lated values of the critical temperaturg) ©f thermal explosion
0.7 mg; heating rates, 1, 2, 5, 10, 18 and 20 Kniircalori- o NG (52.97% N‘; peralte P
metric sensitivities#20.92 and 41.84 mJ$; atmosphere,

static air; reference sample;Al,O3; the precision of tem-

Measured values Calculated values

perature was 0.25K; the temperature and heat were cali-g Te (K)  Eke Teo(K) Tp (K) ap
brated using pure indium and tin powders. Heating yate  (Kmin~*) (kJmor ) (Eg. (18))
was calculated according to the actual rising rate of temper- 1.031 451.95  176.7 446.45  456.24 0.055
ature from 50C to the temperature at the end of reaction.  2.146 458.90
131 465.45
10.59 472.65
21.59 481.45

4, Results and discussion - -
a B, heating rateTe, onset temperature in the DSC curi®;, apparent

o . activation energy obtained by Kissinger's methddp, the value ofTe
The original data (T o;, I = 1,2,...,22) taken from corresponding tg — 0; ap, the value ofx corresponding tdly,.
the DSC curve at a heating rate of 18 K mirare shown in
Table 1. The measured valuesfandTg; (i = 1,2, ..., 5),
the calculated value de by the Kissinger's metho¢B],
the values (do) of Te corresponding tg3 — 0 obtained
by Eq. (17)taken from[3], the values ofT, obtained by
Eqg. (18)taken from[3], and the value oy, corresponding

to Tp obtained by the data ifable lare shown inTable 2:

The results inTables 2 and 3how that: (1) Under our
non-isothermal DSC conditions, the thermal decomposition
of NC (12.97% N) can be described by the first-order auto-
catalytic equation:

do _ 10*4exp (—21Q380> (1-a)

Tei = Teo+ bB; + cB2+dpS, i=1,2,..,5 (17) dr RT
172,290
6.7 _ _
Eye — ./ EEe — 4EkeRTeo +10" eXp( RT ) a(l-a (19)
Th = (18)

2R

The calculated values &1, Eao, A1 andAp by the reported
method in the literaturefs,9-11]are given inTable 3. By
substituting the values dfo, Tp anday, in Table 2, andeas,

Ea2, A1 andAg in Table 3, andn = n = p = 1 (because the
thermal decomposition of NC is a typical first-order autocat-
alytic reaction) intoEq. (16), the value ofd7/dr)y, listed

in Table 3is obtained.

Table 3

Results for analyzing the data ifables 1 and Dy Egs. (4) and (16)
Ea1 (kJmol 1) 210.38
Ea2 (kImol 1) 172.29
Al (S—l) 10164
Ao (S—l) 1016,7
(d77dn)g, (Ks™1) 0.3247
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(2) The value of the critical rate of temperature rise in NC [3] T. Zhang, R. Hu, Y. Xie, F. Li, Thermochim. Acta 244 (3) (1994)
(12.97 N%) when the decomposition reaction converts into _ 171-176.

. [4] Q. Shi, H. Yan, F. Zhao, R. Hu, Thermoanalysis Kinetics and
thermal explosmn Is 0.3247 K_é' (3) BecausedT/dt)Tb > Thermokinetics, Shaanxi Scientific and Technical Press, Xi'an, China,

B, we conclude that in the derivation processkaf. (16), 2001, p. 194.
the assumption of adoptingd7/ds) 7, — 8)/(dT/dH g, = 1 [5] R. Hu, Q. Shi, Thermal Analysis Kinetics, Science Press, Beijing,
is rational. China, 2001, p. 175.
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