CONDITIONS FOR THE DEVELOPMENT OF A THERMAL
EXPLOSION WITH BRANCHING-CHAIN REACTIONS
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In the theory of thermal explosions [1-4] the course of simple, single~stage autocatalytic reactions
has been discussed in detail. Thermal explosions in systems with complex chemical processes have re-
mained practically unstudied. In view of this, it is of the greatest interest to consider a widely encountered
class of branching~chain processes. In such reacting systems, two mechanisms of the self-acceleration
of the reaction are at work: thermal and chain; their combined appearance leads to specific regular laws,
a8 follows from experimental data [5].

The present article uses one of the possible generalized schemes to consider the critical conditions
for thermal explosion during branching-chain reactions with homogeneous breaking of the chains. It also
discusses the effect of self-heating on a process without thermal explosion,

The mechanism of the reaction is represented by the following scheme:

A4-B=x+y+p, 1
x-+A=y-+p, 2)
y+B=y+2x, 3)

y+B+M=By-+M, @
y+By=A+B, (5)
y+y=A. 6

Here A and B are the starting substances; x and y are active intermediate products; By is an inter-
mediate product (a slightly active radical, leading to breaking of the chains); p is the final product of the
reaction; M is an arbitrary particle,

In accordance with this mechanism, the reaction is described by the following system of kinetic
equations:

2 ki (A) (B)—ko(x) (A)+2ks(v) (B),

20 — ki (A) (B) +ha(x) (A)—ks(y) (B) (M) —ks (y) (By) —2ks(y)?,

dt
2B < kaly) (B) (M)—s(y) (By),
LA ki (A) (B)—a(x) (A)+hs(y) (By) +Ra(y)?,
T =~ (8) (B)—ha(y) (B) —ka(y) (B) (M) +ks(y) (By).
L‘i% = ki(A) (B) +kz(x) (A), o
am _

dt

where kj are the rate constants of the corresponding reactions.
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It is assumed that the reactions of the spontaneous generation and branching of the chains [stages (1)
and (3), respectively] are endothermic, while the reactions of recombination [(4) and (6)] and reaction (5)
are exothermic, It is also assumed that the reaction of the prolongation of the chains [Eq. (2)] is exothermic.

It is shown in [6] that- in a consideration of thermal explosion the equation of the heat balance can
be used instead of the partial differential equation of the thermal conductivity (i.e., the distribution of the
temperature in the reaction vessel can be neglected). With such an approximation, the error in the value
of the induction period does not exceed 25% for the case considered in [6].

The present article does not take account of the temperature gradients nor of the concentrations of
the active centers of the chains in the reaction volume. The role of these gradients and the errors asso-
ciated, in particular, with averaging of the temperature field, will be discussed separately.

On the basis of the scheme presented, the equation of the heat balance of the reaction system is writ-
ten in the form

Cvp‘% = — Qi1 (A) (B) + Quks (x) (A) — Qska (y) (B) + Quka (v) (B) (M) +

+ Qoka (BY) (¥) -+ Qaks () — - (T — T, )

where Q; are the absolute values of the heat effects of the corresponding stages; « is the heat-transfer co-
efficient; S and V are the surface and the volume of the reaction vessel; T, is the initial temperature, equal
to the temperature of the walls of the vessel; p is the density of the reaction mixture; Cy is the heat capac-
ity.

The system of kinetic equations (I) was solved simultaneously with heat-balance equation (IT} using a
computer, under the initial conditions: t=0; T=Ty M)=(A);+ B)y X)=)=By)=p=0;(A),= (B)0=p/2.
The concentrations and the density of the gas (o) are expressed in moles/cm3, It is obvious that if p is ex-
pressed in g/cm?, then

al 1—al
(A)D = (B)o = g (\M—: + —MBA >’

where ai’q is the initial weight fraction of component A, and M, and My are the molecular weights of Aand B.

For a general consideration of processes taking place in accordance with the above scheme, it is
expedient to write the equations using dimensionless quantities. The following simplifications were adopted:

1) Q1=Q,=Q3=Q¢=Qy; Q=Qs Qs +Q;=Q +Qp=Q;

2) E{=F; E3=0*E; E,=E;=F;=E;=0;
In writing the relationships between the activation energies of the individual stages, we start from the fact
that the rate constants of the recombinations and of reactions of type (4) depend only very weakly on the

temperature and that the activation energy for prolongation of the chains is considerably less than the ac~-
tivation energy for generation and branching.

3) k}=k}=k}=k{=k{=k,
where k° are the preexponentlal factors of the rate constants. This approximation is based on the fact
that the values of the preexponential factors of the rate constants of bimolecular reactions of the active
centers in branchmg-cham processes usually differ only very slightly between themselves. With respect
to reactions of the spontaneous generation of chains (1), in the case of uncomplicated molecules, k1 differs

only insignificantly from the preexponential factors of the reactions of the active centers of the chains.
In addition, after the induction period of chain ignition, the role of generation of chains is insignificant.

BS = k.
HQQ=w P=2=1-p
The simplifications made do not violate the overall relationship between the rate constants and the
heat effects of the individual stages of the process; therefore, a scheme with assumed values of the param-
eters reflects the picture of the phenomenon with quantitative correctness. At the same time, a decrease

in the number of parameters permits considering the processes in general form and studying their most
characteristic special features.

We introduce the dimensionless quantities:

140



E (x) W =B —~B). _®). = (Bx)
ﬂ,,_l:e—— RTz(T“"TQ)y g = —; n3—_p—; g g ’ ns—_p’ fg _E’ fl7~—T,

_E . _E_ RT2 _E_ -9k

t=ke RTept; x:~%££_ ke RTo: Y:—(g—‘ EG’ m=¢gRT; n=-e RTv

a.=— RT,
v E
kap pr RT
r:_,;p?RTo; ﬁ—:_—E—“-.

Using these quantities, we rewrite the above system of equations (I) and Eq. (II) in the form:

] 2]
dn do —55 T : 2
T =Yg = — Be g - pmnang — wne 8 ngng - (1 — ) rgnang + (1 — 1) magng + pmng — 0/x;
0 . of
dT"t“: = g1 +B0 pun. — mnyng -+ 2ne B8 n
d > 2
% = B0 un. 4 mn.n, — ragngng — Mgy — 2mn3;
d _9_
ﬁ == — g 1TBO i, — minyn, -+ magng + mid;
d ;] ol
'Enxi = — e+ n,n. — ne B8 non. — rnnn, - mngng;
8
dng i+po 1 .
ot ¢ Ngfly —~ My,
dn, .
-~ = I'flglglg — Milglly;
dns
=0.
dt

This system of equations was integrated numerically using an implicit difference scheme, described
in {7, 8]. The calculations were made with the following values of the dimensionless parameters:

y=2-10"%; p=3-10"% r==3.805-10% rn=4.47-108; m=23.164-10°.

The value of » was varied from 0 to 0.200 X 1072, These values of the dimensionless parameters corre-
spond to the following values of the starting quantities: k=0.6 X 10'* em?3/ (mole - sec); k;=0.36 X 10% cm®/
(mole? - sec); T;=800°K; p=2x 107¢ mole/cm? E=35.0 kcal/mole; E;=15,0 kcal/mole; Q,=20.0 kcal/mole;
Q;=Q;=50.0 keal/mole. It was assumed that the energy evolved by the recombination of the active cen-
ters y is radiated to a considerable degree., The above values are close to the real values of the corre-~
sponding parameters for the usual reactions of active centers of chains,* In the calculations only the pa-
rameter w was varied, This means that the parameters of the chain reaction, as well as the initial tem-
peratures and concentrations, remained unchanged in the different variants of the calculation, Only the
heat-transfer conditions changed. An isothermal course of the reaction corresponds to the subcritical re~
gion; i.e., there is chain autoignition. Actually, the initial conditions adopted correspond to positive val-
ues of the branching factor of the chains

¢=2k3(B) —2k;(B) (M) >>0.

Figures 1-4 give the dependences of the dimensionless concentration of the active centers of the
chains (x)/p and of the temperature Q on T, showing the time evolution of the process. An examination of
these curves leads to the following conclusions.

1. Depending on the parameter «, the process may consist of one or two flashes, or more accurately,
of one or two stages of progressive autoacceleration. During the development of the firststage, the tem-
perature does not change and the kinetics of the process do not depend on the parameter . This consti~
tutes chain autoignition,

The second stage, also taking place with autoignition, occurs only with relatively large values of %.
Under these circumstances, very large values both of (x), (y), and 6, and of the rates of their increase,
are attained. The reaction goes to completion in a very short time. This constitutes thermal explosion
(Fig. 4 and curves 8-14 on Figs. 1-3).

*It is obvious that the heat effect of the endothermic reaction (3) must be less than its activation energy.
Since, however, in the present article a study is not being made of the elementary reaction (3), but of the.
complex process as a whole and of the heat balance of the reaction system. with the simplifications adopted
which make it possible to reduce the number of parameters, such an excess of Qg over E, is not basic.,
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Fig. 1. Dependence of relative concentration of active centers (x)
on T with the following values of ®: 1) 0; 2) 0.1-107% 3) 0.120 "
107% 4) 0.130-107% 5) 0.135- 107% 6) 0.137-107% 7) 0.1380 - 10™%
8) 0.1381-107% 9) 0,1382-107% 10) 0.1383-107% 11) 0.1390 - 10~%
12) 0.141-107% 13) 0.150 - 10”2 14) 0.200- 1072,

Fig. 2. Dependence of dimensionless temperature on 7. (Numbers
of curves correspond to the values of n given in Fig, 1.)
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Fig. 3. Dependence of relative

burn-up (n) on 7. (Numbers of

curves correspond to the values
of » given in Fig. 1.)
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Fig. 4. Dependence of x and § on
T with ®=0.141-10"2%,
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With small values of n, after chain autoignition, in definite
stages of the starting combustion, there is a relatively small rise
in the value of 6 followed by a decrease. With these values of *,
the rise in the value of the rate constant for branching of the chains
(ky) due: to self-heating, is not able to compensate the decrease in
the branching factor of the chains due to the small consumption of
the starting substances. It follows from a comparison of Fig, 2
and 3 that up to the moment of a decrease in the value of 6 the
concentrations of the starting substances can actually decrease
only very slightly, This is a case of chain autoignition with self-
heating, which, however, does not lead to thermal explosion,

We note that the small rate of fall of the concentration of
active centers of the chains (on the scale shown on Fig. 1), after
attaining a maximum in the isothermal case, and with very small
values of %, requires for its explanation the very rare branching
of the chains.

2. The development of a thermal explosion during the course
of a branching reaction is rather clearly expressed and, in particu-
lar, takes place in a very narrow interval of values of &, i.e., there
exist critical conditions for thermal explosion which, in the present
case, we shall characterize by the value of the parameter % that is
decisive for the conditions described above (Mey). Thermal ex-
plosion sets in with ®= wcp. The value of %, can be found from
the curve of the dependence of the maximal values of 8, x, and y
attained during the course of the process on the value of » (Fig. 5).

It is not difficult to determine o, With sufficient accuracy
as the abscissa of the sharp rise in the values of 6, x, andy. In
accordance with Fig. 5, in the given case, ®er =(1.3805 +£0.0005) -
10~%. In a more rigorous statement, the value of 1., can be de-~
fined as the abscissa of the point of inflection on the curve of the
dependence of the value of 6 (as well as on the curves of the depen-
dence of x and y) on the value of ©,

3. As can be seen from Figs. 3 and 5, the value of the pre-
explosion heating, i.e., the maximal degree of heating with ® < %,
is approximately equal to 4.6 (in units of )., From this, taking
account of the values of E and T, we obtain AT = 390°C,



0 i: ig;' It must be noted that in the reactions considered previously in
4 y-10? the theory of thermal explosion ‘the pre-explosion heating is equal to
& zero, Thus, in branching-chain reactions, there are considerably
1 higher degrees of pre-explosion heating. This can be explained by
7 the fact that after the induction period of chain ignition the role of
4] the generation of chains, with its high activation energy, becomes in-
4 significant. The laws governing the process are determined by the
2+ remaining stages, whose activation energies are not great, since they
. take place with the participation of free atoms and radicals. Due
o -

to this, a reaction with a considerable rate takes place (and the re-
action mixture is heated up appreciably) also in the absence of ather-
mal explosion. In spite of the fact that under these conditions a ther-
mal explosion does not take place, the rate of the reaction as well as
the depth of the conversion can be substantially greater than in the
case of an isothermal course of the reaction,
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Fig. 5. Change in the maximal
values of (x) (1), (v} (2), and 4
(3) as a function of %.

w10 The presence of a considerable effect of self-heating on the
2 process, in spite of the small activation energy of its limiting stage,
51 must be explained by an increase in the branching ability of the chains
Zj with a rise in temperature. As a result of self~heating, with n<#gp
- 4 there is an increase in the concentrations of the active centers and a
i , shortening of the reaction time, as can be seen from Figs, 1-3.
Oo,m' T T oz Since E;=0, E,=15 keal/mole, and k} =k}, with small degrees
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Fig. 6. Dependence of time re-
quired for the attainment of the
maximal temperature and of the
induction period of a thermal ex-
plosion on % (1). (The value of
the induction period for a chain-
type ignition is shown by the
gtraight line 2.)

of seli-heating (x)< (y). With the concentrations of the starting sub-
stances under consideration, the consumption of {y) in accordance
with reactions (4) and (5) cannot change this relationship. Therefore,
in the reaction scheme describing a process with n =, the qua-
dratic recombination of the active centers (x) is not taken into ac-
count. Under conditions of thermal explosion,asare sult ofthe strong
rise intemperature, the difference betweenk, and k; becomes so slight
that it cannot compensate for the consumption of (y) in accordance with
reactions (4)-(6). Therefore, withn = %o, the maximal concentration
of (v) is found to be somewhat less than (x)y, 4x (see Fig. 5).

It is obvious that as a result of the considerable change in the ratio of the rate constants of the in-
dividual stages, brought about by the large change in the temperature with thermal explosion, the set of
main stages describing the process may change. Since, however, the present article considers the condi-
tions for the development of thermal explosion, as well as the course of the reaction when there is no ther-
mal explosion, the above mechanism remains unchanged over the whole interval

0 <y
As can be seen from Figs. 1-4 and 6, the induction period for chain ignition is considerably less than the
induction period for thermal explosion and the time required for the attainment of a maximal temperature
over the whole investigated range of values of n. With % =%y, up to the moment when thermal explosion
sets in, the depth of the conversion M >~0.4-0.6 [the curve on Fig. 2], which is close to the correspond-
ing value of this parameter in the case of simple autocatalysis.

LITERATURFE CITED

1. N. N. Semenov, Usp, Fiz, Nauk, 23, 251, 433 (1940).

2. D. A, Frank-Kamenetskii, Diffusion and Heat Transfer in Chemical Kinetics [in Rus51an] 1zd. Nauka,
Moscow (1967),

3. P, Gray and P. R. Lee, Oxidation and Combustion Review, Amsterdam Els. Fabl, Comp., 2 {1968).

4, A, G, Merzhanov and F. I, Dubovitskii, Usp. Khim., 35, 656 (1968).

5. A, 8. Sokolik, Autoignition, Flames, and Detonation in Gases {in Russian], Izd. Akad, Nauk SSSR,
Moscow (1960).

6. V. V. Barzykin, V. T. Gontkovskaya, et al., Prikl, Mekhan, i Tekh. Fiz., 6, No, 3 (1964),

7. A. A, Lovachev, V. T. Gontkovskaya, and N, 1. Ozernovskaya, Izv. Akad, Nauk SSSR, Ser, Khim., No.,
9, 1920 (1972).

8. A. L Vol'bert, Mathematical Handbook [in Russian], 4th ed, (1972), p. 578.

143



