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Abstract; Two methods for estimating the critical temperature ( T, ) of thermal explosion for energetic materials (EMs)

are derived from the Semenovs thermal explosion theory and two non-isothermal kinetic equations, da/dt = A(1 - a)e """

and da/dt = A(1 —a)[1 +E /(RT)(1 -T,/T) Je *" | using reasonable hypotheses. We can easily obtain the values

of the autocatalytic reaction activation energies (E,) , the onset temperature (T,) and the initial temperature ( T,) at which

DSC curve deviates from the baseline of the non-isothermal DSC curve of EMs, and then calculate the critical temperature

(T,) of thermal explosion by the two derived formulae. The results obtained with the two methods for nitrocellulose (NC)

are in agreement to each other.
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1 Introduction

The critical temperature ( T, ) of thermal explosion is

materials
[1-17]

a very important parameter for energetic
(EMs). Much research has been done in this area
However, the estimation of the critical temperature (T, )
of thermal explosion of the first order autocatalytic reac-
tion system using non-isothermal analysis method has nev-
er been reported so far. The aim of this work is to present
two methods for estimating the value of T of this system.
The data needed for the two methods can be obtained by

the non-isothermal DSC measurement alone.
2 Theoretical

The thermal decomposition, as an autocatalytic reaction
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can be described by Eqs. (1) and (2):

k
A—>B (1)
y
A+B—>2B (2)

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

da
— =k, (1
de 1 €

The experimental results relating to the thermal de-

-a) + kol - a) (3)

composition of nitrocellulose "*~"*' reveal that the catalyst
concentration achieves a stationary state ;
a,, = const. (4)
Substitution of Eq. (4) into Eq. (3) gives
d
5 = ko) (1 -a) =kl -a) (5)
Equations (3) ~ (5) explain why such a catalytic
thermal decomposition can be described by a first-order

reaction. The reaction rate k depends on the temperature
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and on the thermodynamic properties of the reaction phase
determining the solubility of the volatile catalytic products
(a”):
kE =k +ka (6)
The classical Arrhenius equation with two adjustable
parameters (E, and A) is widely accepted as describing
the relationship between rate constant and temperature.
Equation (6) may be written in the following form
kE=k +ka=Ae ™" +a"Ae ™™ = Ae™"(7)

where A, ,A, and A are pre-exponential factors, and £, ,

2
E, and E, are the activation energies for the first-order,
autocatalytic and overall reactions, respetively. The value
of E, depends not only on the kinetics, but also on ther-
modynamic factors such as the relation between the stabil-
ity of volatile catalyst (a" ) and temperature.

Combining Eqs. (5) and (7), we obtain

S Z A1 =) ()

The other rate expression commomly adopted is e-

quation (9)

da E T -E_ /RT
do_ 41 - (T es
a - A a){1+RT<1_ THC (9)

Equations (8) and (9) are two rate expressions for

an autocatalytic overall reaction.
2.1 Method I

The enthalpy (g, ) of thermal decomposition reaction
per unit time for EMs can be expressed by the equation

_  VDda
ql - Q Mdl

(10)

where () is the enthalpy of the thermal decomposition re-
action in J - mol™', V is the volume of EMs loaded in
em’, d is the loading density in g + em ™, M is the mole
mass of EMs in g + mol ~' and da/dt is the reaction rate.
According to previous papers[2,3 ], the reaction rate
may be expressed as

da _ & E, T, ~E/RT
2 4 a>{1+RT(1_7)}e (11)

where « stands for the conversion degree, T for the tem-
perature (K), (1 — «a) for the differential mechanism
functions, ¢ for the time, R for the gas constant, A for the
preexponential factor, and E, for the activation energy.
T, is the initial temperature at which the DSC curve devi-

ates from the baseline when the heating rate tends to zero

in K.

Since the transition from thermal decomposition to
combustion starts in the range of low conversion degree,
i.e., f(a) = 1 ,the enthalpy of decomposition reaction
in unit time for one mole EMs may be expressed as

T

0 = 041+ lf;,(l _7)} (12)

At the same time, the amount of heat (¢, ) trans-
ferred by the wall of the reactor to surrounding medium in
unit time is

q, = k(T -T)S (13)
where S is the external surface of the loaded sample
in em®, k' is an overall heat transfer coefficient in
Jeem? K™ et , T, is the temperature of the reac-
tion wall and surroundings according to the linear rela-
tionship I, = T, + Bt , where 8 is the heating rate in
K + min~'. When the thermal explosion starts, Eq. (13)
becomes

g = K (T, = T,)S (14)
where 7 is the thermal explosion temperature of EMs in K
(Fig. 1); T, is the onset temperature in the DSC curve
under linear temperature increase condition when B tends
to zero (Fig. 2).

According to Semenov's thermal explosion theory ™'

the sufficient and essential conditions from thermal de-

composition to thermal explosion are as follows

(%)T}, = (‘h)r,) (15)

(li) - (di) (16)
dT . dT m

When the thermal explosion starts, Eq. (12)

becomes

E, (1 _T;He*/’”h (17)

e

Fig. 1 g,-gq, relation
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R’T, + RE,T, - (3RE, T, + E2)T; +
(E.T,, +ET, +2RET,T )T, - EXT, T, =0 (25)
§ Equation (25) is the relation formula for estimating
% the critical temperature of thermal explosion of EMs under
linear temperature increase conditions.
1 Substituting the measured values of T ,T, and E,
L]
L T T/C into Eq. (25), the value of T, is obtained.
2.2 Method II
Fig. 2 Schematic diagrams of typical DSC curves of If the reaction rate of thermal decomposition of EMs
thermal decomposition for EMs is expressed as
99— Ap(a) e (26)
Differentiation of Eq. (12) with respect to ¢ gives ¢
dg Substituting de/dt in Eq. (10) with Eq. (26), the
1 —
At - B expression for ¢, becomes
=ip
Vd B
QAefEa/RTh E, (g) |:2Too + E, (1 _Ti)} (18) q, = QﬁAf(a)e F (27)
RT?» de /LT, RT, T,
ith li i in t t
Differentiation of Eq. (13) with respect to ¢ gives W fieal Ierease i femperature
T =T, +pt (28)
dg, - ws[ (47) _ g (19) 1
T - ot ] where B is the heating rate in K - min~ | T is the initial
T=T), h
Combining Eqs (114) (15) and (17), we have temperature of the reaction system in K, ¢ is the heating
E T time in s ', T is the temperature of the reaction system at
a . ~EJRTy _ 71 _
QA{I +RT,(1 _T”e 1= KS(T, -T,) (20) time ¢ in K.
b b
Combining Eqs. (16), (18) and (19) , we have Therefore, it is apparent that the enthalpy of thermal
AT decomposition ¢, is proportional to the exponent of the re-
k’S[(f) —ﬂ} - . . .
de /, ciprocal of reaction temperature T. At the same time, the
e AT E, (diw) [ZToo . E, (1 T, H (21) heat ( ¢, ) lost from the reaction system in unit time may
RT:\de/ L T, " RT\" " TI) be expressed
Mutiplying both sides of Eq. (21) by ( T, - T., ), g, = k'S(T-T,) (29)
we obtain where k£’ is an overall heat transfer coefficient in
dT Jeem ™ K ™' +s™" S is the external surface area of
ws[(SF) -gl(n - 1) = :
de /7, the loaded sample in ecm”, T is the temperature of the re-
QA /" E, <dT) {ZTec E, ( T H(T T )(22) action system in K, T is the surrounding temperature in
SR e | R— b~ Lo
RT,\de/ L T, "R, T, ] K, which is determined by the linear temperature in-

Substituting Eq. (20) into Eq. (22), we obtain

E, 12T, E, T
(d—T) -B A—+ (1——”)](T.-Te..)
de b % RTL T, RT, T,

LN A
al, +RT},<1_Th>

As the thermal explosion starts, (d7/dt),>B, and

(23)

Eq. (23) may be simplified to the form
E (T, -T,) +2RT, T, E,

b*

RT, + E(T, -T,) RT;

(r,-r1,) =1 (24)

or

crease in DSC analysis.

With the boundary conditions of thermal explosion,

Eq. (27) becomes

Vd ,
q, ‘TI, = QﬁAf(a,,)e E/RT), (30)
and Eq. (29) becomes
%‘T,, = k'S(T, - T,) (31)

where T is the surrounding temperature at the beginning

of the thermal explosion in K.
]

According to Semenov’s thermal explosion theory |
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the sufficient and essential conditions from thermal de-

composition to thermal explosion might be expressed as

| %‘T}, :‘Iz‘r,) (32)
dg, | _ dg.
dT r dT 7 (33)

Differentiating Eq. (27) with respect to T', and con-

for Energetic Materials Using Non-isothermal Analysis Method 21
of Eq. (39)

li £, T T

Blg)l Rilej( y — Ty) =
li £, (T T.) £, (T T.,) (40)
m-— L) = —&x =T,
so RT, "7 RLTT

(dT7de), -8B
lim————— = (41)

sidering Eq. (28), we obtain

dg, 1 QVd ~E/RT,
—2 = —————— < Af(a,)e "
AT |,y ey, (dT7d0), M /
b RT E, rdr
Af E/RT, | Ta ( ) :| (34)
|: " () e RTi o ol

Differentiation Eq. (29) with respect to T', and con-
sidering Eq. (28), we obtain

dg, 1 ’qu }
dg, = ps[(dTy _ (35
a7 |,y (dT/dt) de /o, B )
Combining Egs. (30), (31), and (32)
Vd i ,
QWAJI( a,)e B S(T, -T,) (36)

Combining Eqs. (33), (34) and (35)

QT‘Z"ZAf(ab)e’E/”"{Af(ab)e’E“/m" + ]{E;‘f(g)r } -
S, e

dt
Combining Eqs. (36) and (37)
I E, rar
At s E(0T) Tor, ) -
{f(”Je R\ dr/), 1"

When the transition from thermal decomposition to
thermal explosion is triggered, the fraction of the material
reacted o is very small,i. e. f(a) = 1 —a = 1 and
/(o) = 0.Equation (38) may therefore be expressed as
E (dT/de), -

(T, -T,) = W

(39)
RT:

where (d7/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. Substi-
tution T, of the DSC curves with heating rate B, for T ,

when B, tends to zero, we take the limitation of both sides

B—0 ( dT/dt) 7,
Therefore, Eq. (39) can be simplified into the form
E

(T, -

ape(T =T =1 (42)
b

It may also be expressed as

E, - JE* —4ERT,,
T, = (43)

2R

Because the root of Eq. (42) is unreasonable, it is
omitted. The value of T, corresponding to 8 =0 may be
obtained by using linear by using linear regression of T,
and B, as described in Eq. (44)

T, =a+bB +cB +dB; (44)

The value of T, is easily obtained from the DSC
cruve with the heating rate 8,, and a unique equation set
can be defined using four groups of T and B,. When g,
tends to zero, the value of T equals the value of @ , and
it is designated T, . The value of the activation energy E,

may be obtained using the same DSC analyses with

Kissnger’s method "' or Ozawa’s method ",
3 Experimental

3.1 Materials

The nitrocellulose (NC) containing 13. 54% , 12.97%
and 11.92% of nitrogen 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 parameters were obtained
from 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 and 20 K + min ", respectively; calorimetric sensi-
tivities, *20.92 and *41.84 mJ - s~'; atmosphere,
static air; reference sample, a-Al,0,; the precision of
temperature was 0. 25 K; the temperature and heat were

calibrated using pure indium and tin powders.
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Table 1 Calculated values of the critical temperature of thermal explosion for NC
B/K + min"! T,/K T./K E,./kJ - mol ™' T./K T./K /K
Eq. (25) Eq. (43)
NC(13.54%N)
1.015 441.65 451.95 180.2 438.38 441.74 448.05 451.13
2.044 443.65 458.90
5.182 444 .40 465.45
11.68 448.15 472.65
18.02 455.15 480.95
NC(12.97% N)
1.031 440. 65 451.95 176.7 440.27 446.45 453.36 456.24
2. 146 443.65 458.90
5.131 444.25 465.45
10.59 448.15 472.65
21.59 455.65 481.45
NC(11.92% N)
1.047 440.15 450.45 166.5 440. 40 446.42 453.71 456.84
2.075 443.15 457.65
5.378 443.70 465.20
10.53 449.15 473.65
19.70 455.40 481.20

Note: B - heating rate; T, - initial temperature at which the DSC curve deviates from the baseline; T, — onset temperature in the DSC

curve; E

aoe

4 Results and discussion

The measured values of 8,, T, and T, (1=1,2, -

5), the calculated value of £

aoe

by Ozawa’s method and the
obtained values of T_ and T, when B tends to zero, togeth-
er with the reasonable values of T, obtained by substituting
(25) and (43),

It can be seen that the calculated

the above-mentioned values into Egs.
are shown in Table 1.
values of T, obtained by the two different methods agree
well to each other, clearly demonstrating that Eqs. (25)

and (43) are suitable for estimating the values of T for

NC.
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