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When investigating branch chain reactions in a flow, we meet with the problems of explaining the dependence
of the observed kinetics, and in particular the threshold for the inception of rapid reaction (explosion), on the hydro-
dynamic characteristics of the flow. An important example of such a problem is that of explaining the connection
between the explosion limit and flow speed, pressure, and tube diameter during the transport of such gases as acety-
lene (pure or in admixture with air) in tubes at whose walls the formation of intense radical sources (metal acetyl-
ides) is possible. Another example is the problem of determining the kinetic parameters of a homogeneous-hetero-
geneous chain reaction from experimental data on the chain explosion limit at various flow speeds.

In the present paper we consider a method for the solution of this problem for the case of flow at large Peclet
numbers, using a general approach earlier developed for examining homogeneous-heterogeneous reactions in a flow
[1] and the methods for determining the stability limit of branch chain reactions [2].

We shall consider the conditions for the evolution of a branch chain reaction in a liquid or gas flow at large
Peclet numbers. The flow can be divided into two regions — the bulk flow, where as a result of intense turbulence
the reagent concentrations are constant across a given cross-section and vary only along the flow direction, and the
boundary layer where it is permissible to neglect convective mass transfer. We first consider a very simple process
which occurs in the bulk liquid or gas and includes the chain propagation reaction

A+R->B4+MW+DR (1)

and a quadratic chain termination reaction as a result of the interaction of the radicals R. Reaction (1) is branched
if the radical stoichiometric coefficient v is positive. We further consider that at the tube walls there is radical
generation with the rate constant %, and quadratic chain termination with rate constant ry, and that the rate con-
stant for the bulk reactions of propagation and termination of the chain are k and k;, respectively. Under these con-
ditions the equations and boundary conditions which determine the dimensionless concentration a(x) of the initial
substance A (with the scale concentration ay) and the dimensionless concentration c(x) of the radical R (with the
same scale) in the bulk flow and the corresponding dimensionless concentrations c(y) and Z(y) in the boundary layer
may be written in the form

: da .
W= kac 4+ jq; . (2)
de 2 ;.

w v = Vkac——'klc + Jes (3)

d2a 0.
DW—IMC—O, (4)
d2f, .

D, 5% 4 vkl — Iyt = 0; ®
a(0) =1, ¢(0) =0 (6)
a(d) =a, 1(8) =c; ‘7)

do
fhatedl = 0;
(dy)y=o (8)
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Dy (75/—)1,:0 = %,£2(0) —x; (9)

om— D (d8y g Dl
Jo=—=% dy)y=8’ le=—""g dy)y:ﬁ (10)

Here x.is a coordinate along the direction of flow, y is a coordinate normal to the boundary layer, § is the
‘boundary layer thickness, R is the hydraulic radius of the tube, D and Dy are the molecular diffusion coefficients of
the initial substance A and of the radical R, respectively, j, and jc are the supply rates of molecules of the initial
substance and of the radicals from the boundary layer to the bulk of the turbulent flow. In writing Eqs. (4) and (5)
‘we have neglected boundary layer curvature — which is permissible since § « R always.

We first consider the Eqgs. (2) and (3) for the concentrations in the bulk flow. These equations are first~order;
‘therefore for given jg, j; and initial conditions (6) they always have a unique solution. When no radicals are sup-
plied by the boundary layer (jo = 0} the solution of (2), (3), and (6) has the form a =1, ¢ = 0, i.e., no reaction oc-
-curs. This solution, however, is unstable in the sense that small extraneous radical sources can lead to considerable
departure from zero of the radical concentration at sufficiently large distances from the tube -entrance. :In fact, let
us:put je =-ke, where ¢ :is:some small parameter and we-consider the radical concentration to-be small. Then it
follows from (2) that @ =1 (to a.precision of order ¢) and that, neglecting terms of order €%, (3) can be written in
the form

de

W= vke -+ ke,
(1n
whence
vk x
e w
c= — (e- —1).
v (12)
Clearly the radical concentration remains small only within the length
. w v
5 2" =—In —
<< vk I3 (13)

— the "induction length™ x* depending very feebly (logarithmically) on the small parameter €. The radical concen-
tration can remain small over.any distance only if the rate constant for the termination reaction k, is sufficiently
large (ky >>vk), since then with increasing x the radical concenuation approximates to the stationary value ¢ =
vk/ky «< 1.

Since radicals formed at the tube walls reach the bulk flow from the boundary layer it is now necessary to
study the character of the solutions of Egs. (4) and (5) describing the process in the boundary layer. When » = 0,
these equations always have the trivial solution & =a =1, { = 0. This solution is stable if all eigenvalues y of the
linearized equation

Dy % vkt = ut

Ldyz (14)
with the boundary condition £(0) = £(8) = 0 are negative. This condition is satsfied if
vkH2 2 ‘
Dy << (15)

It can be shown [2] that when inequality (15) is not satisfied then for » = 0 there exists a stable, non-trivial solution
of the problem (4), (5) which has a finite radical concentration in the boundary layer and, correspondingly, a finite
current of radicals from the boundary layer into the bulk flow; the latter (when the bulk chain termination rate is
not too large) leads to rapid growth of the radical concentration in the bulk flow along the length of the tube, i.e.,
1o explosion. - Hence the validity of condition (15} is a necessary condition for the stability of the system.

If inequality (15) is satisfied, then at small w the radical concentration in the boundary layer is small and
the reacton in the boundary layer can be neglected because of the smallness of its relative volume. In this case
we may assume

ja=0, 7o =%/R. (16)

Correspondingly, ¢ = #/kR and the "induction length® is given by
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. w vkR
xr = —vrln —'% . (17)
Clearly, inequality (15) can be violated at a reduced flow rate and a correspondingly increased thickness § of the
boundary layer. A reduction in the velocity, according to (17), leads at the same time to a reduced "induction

length™ x*. Thus, increasing the linear flow rate always results in the stabilization of the system.
g s 8 ¥y

The boundary layer plays a rather different role when, owing to a considerable radical recombination rate at
the walls, there emerges the possibility of a quasi-stationary development of the reaction at low radical concentra-
tions in the flow (cool flames). Assuming that the radical concentration is small and that the conditions for a quasi
stationary regime are satisfied we may write the equations determining the radical concentration in the flow in the
form

vkac + j.= 0. (18)

The progress of chains in the boundary layer may be neglected owing to its small volume. Thus, the radical
concentration in the boundary layer is given by the equation

: A,
and it follows from boundary condition (9) that
£(0) = V(R]C + %) /. (20)
The boundary condition £(8) = ¢ may now be written in the form
¢ = V(Bic+ %) [ % - 8Rjc | Dy. (21)
The solution of the system (19), (21) gives
. 1/ R '
Jc=—2—(”1,/+—q)—2(]/1+4%—”1(p+q)2~'1), (22)

c=2(Ti_W(]/1+4%(P+Q)2—1)v

where p = %y /UkR, q = %386/Dy. Itshould be remembered that these formulas are only valid for values of the various
parameters such that ¢ « 1 and when inequality (15) is satsfied, From (21) and (22) it is seen that by diminishing
the linear flow rate and, correspondingly, the constants § and g the quasistationary concentration and chain reaction
rate is reduced; subsequent reduction of the flow rate may, however, lead to explosion owing to the violation of the
boundary layer stability condition (15). With increasing flow rate, a limiting quasistationary concentration

1/ * 1 1
“J/m+m‘$ (24)

is achieved, which depends only on the kinetic characteristics of the process.

(23)
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