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A method for estimating critical temperature (T;) of
thermal explosion for energetic materials was derived
from Semenov’s [9] thermal explosion theory and the non-
isothermal kinetic equation % = Agexp(bT)f(a) based on
Berthelot’s expression using reasonable hypotheses. The
final formula is T, = Tey + %, which is simple. We can eas-
ily obtain the onset temperature (T.;) from the non-
isothermal DSC curves, the value of Ty from the
equation Ty = Te + a1B; + a9 12 + ag,Bf, the values of b
from the equation In ; = In W(%t) + bT;, and then calcu-

late the value of T,. The result obtained with this method

coincides completely with the value of T) obtained by
Zhang et al.’s [4] method.
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nonisothermal, thermal explosion
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Introduction

The critical temperature of thermal explosion (T},) is a very
important parameter for energetic materials (EMs). Much
research based on the Arrhenius equation has been done in this
area [1-8]. However, the estimation of the value of T}, based on
Berthelot’s equation using a nonisothermal analysis method
has not been reported so far. The aim of this work is to present
a new method for estimating the value of T}, of EMs. The data
needed for this method can be obtained by the nonisothermal
differential scanning calorimetry (DSC) measurement alone.

Theory and Method Based on Berthelot’s Equation

Derivation of the Formula of Critical Temperature
of Thermal Explosion (T})

For most energetic materials, the enthalpy of thermal decompo-
sition reaction per unit time can be expressed by the equation

a=Qia 1)
where @ is the enthalpy of the thermal decomposition reaction
in J-mol™*, V is the volume of explosive loaded in cm?, d is
the loading density in g-cm™>, M is the molar mass of explos-
ive loaded in g, and g—i‘ is the reaction rate, which may be
expressed as

da

- kf(a) = Aof(a)exp(bT) (2)

where

k= Ay exp(bT) (3)

Formula (3) is known as Berthelot’s equation. Ay and b are
two coefficients in formula (3). Their units are s~' and K",
respectively.
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da

Substituting 5

q1 becomes

in Eq. (1) with Eq. (2), the expression for

q = Q%Aof(cx)exp(bT) (4)

with a linear increase in temperature (Eq. (4)).

T =T, + Bt (5)

Therefore, it is apparent that ¢; is proportional to the
exponent of the reaction temperature T. At the same time,
the heat (gs) lost from the reaction system in unit time may
be expressed as

@ =KS(T - T (6)
where K is an overall heat transfer coefficient in J-cm -
K™ '.s7! S is the external surface area of the loaded sample
in cm?, T is the temperature of the reaction system in K, and
T, is the surrounding temperature in K, which is determined
by the linear temperature increase in DSC analysis.

With the boundary conditions of thermal explosion, Eq. (4)
becomes

Vvd
ql\Tb = QﬁAof(ab)exp(bTb) (7)
and Eq. (6) becomes
Qlg, = K'S(Ty - T) (8)

where Ty, is the surrounding temperature at the beginning of
the thermal explosion in K.

According to Semenov’s thermal explosion theory [9], the
sufficient and essential conditions from thermal decomposition
to thermal explosion might be expressed as

ql Tb = q2 Tb (9)
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day
dT

_dg

= (10)
q dT

Tb

Differentiating Eq. (4) with respect to T, and considering
Eq. (5), we can obtain

1 Qvd
T, (dT/dt)Tb M 0 (o )exp(bTh)

da
dT

X

(11)

Aof'(2)exp(bTy,) + b(d—T>
dt /1,

Differentiating Eq. (6) with respect to T, and considering
1
=——KS

Eq. (5), we get
T
o (@T/doy, () T,fﬁ] (12

Combining Egs. (7), (8), and (9), yields Eq. (13).

da
dT

Vd
QﬁAof(O(b)eXp(bTb> = k/S(Tb - st) (13)
Combining Egs. (10), (11) and (12), yields Eq. (14).

Qvd
M

Aof'(2)exp(bT},) + b <d—T)
Ty

dt
dT
(E) _

Combining Egs. (13) and (14) results in Eq. (15).

Aof(on,)exp(bTy)

—KS (14)

d d
Aof’(a)exp(bTb) + b(d_,f> . (Tb — st) = <d—1;> Th— ﬂ

(15)




13: 40 16 January 2011

Downl oaded At:

Critical Temperature of Thermal Explosion 21

For most explosives, the differential form of the mechanism
function for the thermal decomposition reaction may be
expressed as fla)=(1—a)" and when the transition from
thermal decomposition to thermal explosion is triggered, the
fraction of the material reacted o is very small; i.e., fa)~1
and f (o) =0. Equation (14) may therefore be expressed as

(&), P

(@),

where (dT/dt),, is the increasing rate of temperature in the
sample when its thermal decomposition converts into thermal
explosion. This is difficult to solve directly from conventional
experiments.

When the transition from thermal decomposition to thermal
explosion begins, the surrounding temperature is near to the
onset temperature T, of the DSC curve. Substituting Ty; of
DSC curves with heating rate f; for T, when f§ tends to zero,
we take the limitation of both sides of Eq. (16)

b(T, — Ty,) = (16)

})}H%b(Tb - st) == }glI%b(Tb - Te) = b(Tb - Te()) (17)

G P
p=0 (E) T,

Therefore, Eq. (16) can be simplified into the form

=1 (18)

b(Th, — Te) =1 (19)

It may also be expressed as

1
Ty, = Teo + 7 (20)
Equation (20) is the relation formula for estimating the value of
Ty, of EMs under linear temperature increase conditions.
Substituting the measured values of T,y and b into Eq. (20),
the value of Tj, is obtained.



13:40 16 January 2011

Downl oaded At:

22 L. Xue et al.

Calculation of the Value of T

The value T of the onset temperature (T,) corresponding to
f — 0 may be obtained by using linear regression of T,; and f5;
as described in Eq. (21).

T =ao+aif +af>+asfl++a,op-% i=1,2,... L
(21)

where ag, a1, ao, ..., as, and ar,_» are coefficients.

The value of T is easily obtained from the DSC curve with
the heating rate f, and a unique equation set can be defined
using four groups or five groups of T, and f;. When f tends
to zero, the value of T,y equals the value of ay, and it is desig-
nated T.

Calculation of the Value of b
Combining Egs. (2) and (5), we have

A
g—; — @) (22)

Rearranging both sides of Eq. (22) and integrating yield

A=) g ), e :
_ AO bT ebT 1 AO bT
=55 (e —1)> bp (23)

Taking the logarithm on both sides of Eq. (23), the integral
equation (Eq. (24)) may be obtained

Ao

Inp. =1 bTy, i=1,2,...,L 24

o= nf] + o7 >y

After the data (f;, T}, i=1, 2,..., L) are fitted to Eq. (24) by

the linear least-squares method on the computer, the value of b
may be obtained from the slope.
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Comparison of the Calculated Values T}, in this Work
with Literature Ones T}, zuxy,

To verify the reliability of Eq. (20), the literature values of f3;
and T; (i=1, 2,..., 5), the calculated values of Eg by Ozawa’s
method, the obtained value of T,y when f tends to zero, the
value of b obtained by Eq. (24), together with the reasonable
values of T}, zuxy, obtained by Zhang et al.’s method [4] and
the values of T}, obtained by substituting the above-mentioned
values of Ty and b into Eq. (20), are shown in Table 1.

It can be seen that the calculated values of T}, obtained by
the two different formulae agree well to each other, clearly dem-
onstrating that Eq. (20) and Zhang et al.’s formula are suitable
for estimating the values of T}, for EMs. The results obtained by
the two methods are all the same.

Conclusion

The T, results of 25 energetic materials estimated using this method
agree with the data available in the literature. Therefore, it can be
concluded that this method may be used for estimating the critical
temperature of thermal explosion for energetic materials.
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