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One of the most important tasks of chemical technology in the calculation of continuous reactors is to find a
connection between the yield of the final products, on the one hand, and the rates of the corresponding elementary
reactions, the dynamic flow parameters, and the geometry of the reactor, on the other hand. For homogeneous-he-
terogeneous reactions with high rates of flow, an approach to the solution of this problem based on the use of the
approximations of boundary layer theory has been formulated in a number of papers [1-3].

It is known that, in spite of the very low relative volume of the boundary layer region, its role in the processes
taking place may be extremely important or even decisive. Such a situation must, in particular, berealizedaccord-
ing to 2 number of mechanisms proposed in the literature for the crackingof hydrocarbons [4] at not too high tem-
peratures. According to these mechanisms, an accelerated generation of the radicals responsible for the cracking
reaction takes place at the walls (especially if the wall temperature is higher than the temperature of the flowing
medium or if oxygen is chemosorbed on it).

In this paper we shall establish a relation determining, under various conditions, the relative role of the bulk
reaction and the surface-layer reaction or, which is the same thing, the dependence of the rate of the reaction av-
eraged over the cross-section of the reactor on the surface-volume ratio. The relations mentioned, which are parti-
cularly important for wansfer from the laboratory to the industrial scale, give, in particular, an understanding of why
in the case of nonbranched chain reactions the dependence of the observed rate of the reaction on the volume: sur-
face ratio is most pronounced in the liquid phase.

Let the formation of the desired product A ->B take place over the whole volume of the reactor while for this
over-all reaction to take place the presence of free radicals R playing the role of active centers and generated only
at the wall is required. From the walls, the radicals diffuse into the bulk where their recombination R+ R—M also
takes place. The product M so formed is not an active center with respect to the main reaction A —»B. We shall de-
note the volume concentration of radicals R by c, and then in the region of the boundary layer their distribution is
described by the equation

D d?c/dz? — ke =0, @

where D is the diffusion coefficient of the radicals; k is the rate constant of the recombination reaction; and z is a
coordinate reckoned along the normal to the wall of the reactor, the curvature of the surface being neglected since
the thickness of the boundary layer § is much smaller than the radius of curvature R, ‘

If the establishment of a stationary concentration of radicals at the surface and the.establishment of the bulk~ -
wall-equilibrium take place fairly rapidly, the magnitude c closely adjacent to the wall can be regarded as equal to
¢y where the concentration c, depends on the concentration of the main reactants and the temperature. The second
limiting condition for Equation (1) will be established at the boundary between the boundary layer and the turbulent
core of the flowing medium: ¢(§) = c*, where c* is the concentration of radicals in the bulk volume of the reactor.
The magnitude c* is unknown a priori, but it can be determined after the solution of Equation (1) on the basis of the
following considerations. The constant value of the concentration of radicals in the bulk is determined by the com-
petition of two factors: the flow of radicals from the walls into the bulk and their recombination, which takes place
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in the bulk. Under stationary conditions, these factors balance out one another and we therefore find that the follow-
ing relation must hold:}

N 2
ile = k(c*)?A. @

Here j|g is the flow of radicals at the boundary between the boundary layer and the bulk volume and A is the vol-
ume-surface ratio of the reactor; if the cross section of the reactor is a circle of radius R, then A = R/2. After the
solution of Equation (1), the magnimde j|g can be expressed in terms of ¢y and c*.

Passing to the dimensionless magnitudes y = c/cgand p = z2/8, we obtain the boundary value problem

y'—eyr=0, y(©0) =1 y() =n, @)
where ¢ = ké%,o/D and 5 = c*/c,. |
The dimensionless parameter ¢ depends on the rate of recombination of the radicals, their surface concentra -
tion, and the diffusion coefficient and also (through &%) on the hydrodynamic characteristics of the flow, Numerical

estimates show that ¢ can vary within wide limits while if one considers the processes in the gas phase it is possible
to realize the condition ¢ =1 and in the liquid phase ¢ =1.

The solution of Equation (3) is written in the form

1
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where A is the integration constant, which is determined from the condition y IP - 1= n. The integral p(y) can be
expressed in general form in terms of elliptic functions [5]; however, in the most interesting limiting cases the cal-
culations can be completed with the aid of elementary functions.

Let us first consider the case 5 <A < 1; the physical meaning of these conditions will be determined below.
From (4) by the substitution g = tA we obtain

Y
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Calculation gives B = 2.8; from which it follows that the inequality A <« 1 in fact means ¢ > 1, which corres-
ponds physically to the case of a fairly rapid recombination of the radicals.

Let us now determine the magnitude 5. According to (4),

, de | YT T ahd
jb=—D%| =22V T+ =52V Tl = 2, (6

whence, substituting (6) in (2) we find —-DSEO PA = kco®n24, i.e., taking (5) into account,

- 2 8 1
n="h l/m . )
Since §/A <« 1, then, as follows from (7), with the condition A « 1 (i.e., € >» 1) the assumption g < A

made previously is automatically satisfied for the mean concentration over the region of the boundary layer ¢ we
obtain

1 .
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+ Where radicals are generated independently in the bulk, anappropriate member must be introduced into Equation (2).
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Now let A >> 1. By determining the magnitude A from (4), we obtain’
1 :

we = 1/0;//;2 S VN

N

i.e., the condition A « 1 corresponds to ¢ <« 1 —the case of a slow radical recombination reaction. For the flow
of radicals from the wall into the bulk of the turbulent core, we find (since A > 1, A>qp

55 D
ils =~D§9V2/387»“ == (1—m). (10)

We may note that Expression (10) for j ]6 coincides accurately with that obtained in the theory of the boundary
layer in the absence of a bulk chemical reaction [7]. For the mean value of the concentration we have

1
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L.e., the same result as in the theory [7] where the assumption is made of a linear distribution of concentration from
z=0toz=§.

For the magnitude 7, from (2) taking (10) into account we find
6 (12)
2
= ({1—n).

Now we can calculate the effective rate wegr of formation of the product B, which forms the basis of the ma-
terials balance equation

7 (ub) = vege(®) s

(hereu is the rate of flow averaged over the cross section, b is the concentration of substance B, and the coordinate
X is calculated along the axis of the reactor). Let Q = Qg +Qy be the yield of the reaction in unit length of the
reactor, which is composéd of the amount of desired product formed in the region of the boundary layer Qg and in
the region of mrbulent flow Qy.” Since in the region of turbulent flow the concentrations of all the substances are
constant, Qy = Suc*ay, where S is the cross-sectional area of the reactor, w is the rate of the chemical reaction
A+R->B, and ay is the bulk concentration of substance A, The magnitude weff is expressed in a simple manner in

terms of Q:
) . (14)

Taking into account the fact that QcS/Qv = c§/c*p, for the dimensionless effective rate w= weff/maycy we
obtain

Q Qs
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A number of interesting conclusions follow from the table given,

1. With an increase in the rate of recombination of radicals in the bulk (increase in €), the effective rate of
formation of substance B decrease; ¢ also increases with a rise in § (¢ ~ §2), which depends, generally speaking, on
the hydrodynamic parameters of the flow and the roughness of the surface of the reactor, and therefore with an in-
crease in § (for example as a consequence of a decrease in the rate of flow) a decrease in weff should also be
expected.

2. The magnitude wesr depends differently on A (or on R) at different values of e. It must, however, be
borne inmind that &, which is a function of the Reynolds number Re, also depends on A (or R) so that the total de~
pendence of wWggf on A is fairly complex and is, generally speaking, determined by the value of Re.
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For sufficiently small values of &, the effective rate of the reaction does not depend on A (or on the radius R).
In view of this it is understandable, for example, why in the investigation of crackingin the gas phase (i.e.,ate « 1)
at low pressures weff depends only very slightly on A [4, 6]. The most pronounced dependence on A arises in the

case 1 « € < A/5, which is frequently realized in reactions taking place in the liquid phase. On passing to dimen-
sionless magnitudes, we find for this case

___ uav .GDCo
Ueff = —A—]/ - (15)

We may stressthat it is particularly important to take into account the existence of a fundamental dependence

of weff on the hydrodynamics of the flow and the geometrical characteristics of the reactor in scale transitions from
laboratory to industrial apparatus.

3. With an increase in ¢, (which corresponds to a rise in &) the magnitude weff first increases in proportion to

¢q and then this rise slows down (Weff ~ VCo, see (15)) and, finally, at sufficiently large valuesofcy(sothat e »>A/8)
saturation takes place and it ceases to depend on ¢,

udie=ra 5V T ae

We may note that all the conclusions drawn remain in force if the formation of substance B from A takes place

by a reaction of higher order: nA-»B. The only change consists in the fact that in the expression for weff, ay must
be replaced by ay™. :

In conclusion we may note that more complex chemical processes with the participation of various types of
radicals formed and destroyed both in the bulk and at the wall can be considered in the same way.
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