STATIONARY SYSTEMS OF REACTORS
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Design of reactors with a granular bed of catalyzer is usually made as an approximation of an ideal displace-
ment {1, 2]. The process is described by a system of normal differential equations of the first order or by a system
of parabolic gquations, and there is always a unique stationary solution for the given kinetic functions rj(c;T), un-
equivocally determining the field of reagent concentrations cj and temperature T in the reactor. The plurality of
systems observed under specific conditions can be caused only by the existence of certain stationary systems of the
process in individual grains of the catalyst, leading to ambiguity of the kinetic functions rj(cj, T). Possible inter-
mittent transitions between different stationary systems are of a local nature, so that the state of an individual grain
is determined only by the conditions of the process at a given point in the bed.

A diffusion model represents an attempt to improve the approximation of ideal displacement and leads to
(in a one-dimensional case) equations of the type

M)

where D+ =1/ wi is the effective coefficient of linear diffusion, w is the filtration rate of the flow, I is the grain
diameter, and x is a coordinate which takes into account the direction of motion of the flow., A similar equation
with a coefficient of temperature conductivity x* = D * is written for the temperature in the bed. Let L = NI be
the characteristic linear scale of the process, so that dc/dx ~ ¢/L and d?c/dx® ~ c/1%. Then a comparison of the
first two terms of Eq.(1), according to the order of magnitude, indicates that the diffusion term is related to the con-
vective term as 1/2N and, therefore, where N> 1, it may be discarded. If these conditions of N > 1 are not rea-
lized, i.e., there is a noticeable change of concentration and temperature at distances comparable with the grain
diameter I, then a description of the heterogeneous granular bed by quasi-homogeneous macroscopic equations

generally loses meaning, and diffusion equations of type (1) cease to be accurate, Thus, the introduction of a diffu-
sion term is not rational,

D*d2¢; [ da? — wde; [ dx 4+ ri(e;, T) =0,

A diffusion model formally leads to a non-linear edge problem (very complex for analysis), the solution of
which is not ensured. Physically, however, this is unjustified, since in a real granular bed there is no noticeable
transfer of material and heat against the flow to macroscopic distances, and an intense mixing of the flow only oc-
curs at distances of the order of I in the empty spaces between grains. This physical picture is well described by
the model of a cell of ideal mixing [3, 4], Further, we will show how the hydrodynamics of the flow affect the
conditions of the existence of different systems of the process, by studying the performances of individual cells and
comparing them with the systems of a process in an isolated grain of the catalyst.

Equations of the material and thermal balance of a cell of ideal mixing has the form

Cif — Cip = Bios(cip — cif), 2)
Ty —To= (a/y)os(Tp —T9), ®3)
Bi (Cip - c'if) = P (cjlh Tp), (4)
a(TP - Tf) = ph(cilh TP)’ ()
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where pj is the rate of formation of i-substance and py, is the rate of heat evolution, related to a unit of external
surface of the particles; s = I/w; a and B are the coefficients of heat and mass transfer from the center of the flow
to a solid surface, y is the heat capacity of unit volume of the flow, o is the area of the external surface of the par-
ticles in unit volume of the bed: the index p denotes the values of the variables at the grain surface, the index f,
inside the cell, and the index 0, at its entrance.

The same reorganization of the system (2)-(5) gives

B (cip — ci0) = 03 (cip Tp), (6)
o« (Tp—To) - Pn (Cipr Tp), O]
ey — cio = Bi 05 (eip — ), ®)
Ti—To=(a"/1)os(Ty— T), )

where

1B =1/B; + o5, 1/a’=1/a+os/7.
(10)
The number of possible performances of the cell under the given determining parameters and conditions at
the entrance cig, Ty is equal to the number of solutions of the non-linear system of algebraic Eqs. (6), (7). These
equations are formally equivalent to the well-investigated equations of the process on an equi-accessible surface of
an isolated grain [5, 1] differing from it only by the substitution of the actual coefficients of heat and mass transfer
o and Bj for the effective (smaller) values o * and Bi* (10). Let us evaluate the relative value of the correction to
the coefficient of mass transfer:

Nu
Re-Pr

8

- 6l =o¢l ~ Re-0.4Pr-2/3, (11)

Bss =

Here, Nu = 8I/D is the Nusselt number; Re = wl/v is the Reynolds number; Pr = v/D is the Prandtl number: D is
the molecular diffusion coefficient; v is the kinetic viscosity. The nondimensional factor of shape ol is a value
of the order of unity (for example, for simple cubic packing of spheres ol = 7).

The experimental data of Todos [2] were used for determining the value of Nu. The same determination is
obtained for corrections to the coefficient of heat transfer, if we replace 8 in (11) by &/ y and the diffusion numbers
of Nusselt and Prandtl by the thermal numbers, It is evident from (11) that, at normal rate of flow (Re @ 102), the
relative correction to the coefficients of transfer is very small, particularly for liquids, and, consequently, mixing
of the flow in cells affects the performances of individual grains only to a very small extent.

A reduction in the rate of flow always favors transition of an exothermic process to a higher-temperature sys-
tem, for example, from a kinetic to an exterior-diffusion system. Since a real granular bed has no true structure,
local flow rates w in different cells, generally speaking, are not the same and do not coincide with the average
rate w. A situation may be created here, where, in certain cells (supercritical), the reaction proceeds in a high-
temperature system, but in others (subcritical), it proceeds in a low-temperature system, and the question arises
about the mutual effect of neighboring cells of different types. Let w® be the critical rate, so that when w < w¥,
a certain temperature T = T * is established on the surface of the particles, and when w > w™*, Tp = To. if1/a
is the portion of the flow from a supercritical cell going over to the next cell with w' > w®, in which a flow from
the subcritical cells occurs with a temperature Ty, then to this cell will enter a flow with a temperature of

T(;—:-To—-!— 1 oos o (T;&———To). (12)

a Yy o
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Since, according to (11), aog/y « 1, the drop in temperature
To'—T, always constitutes a small portion of the heat evolved T *—T,.
If we let w = w™ and w' = w, it is clear that, under average conditions
in a given part of the bed, far from critical, the random transition of
one cell to a high-temperature system cannot lead to "ignition” of the
neighboring cells and it remains local.

Let us examine a reaction of the first order on the external sur-
face of the grains. Then p =~k c_ = —keefc,, where 6 = E(Tp-To)/
2. . . P u
RT ¢ is the non-dimensional temperature of the surface; k is the rate
constant; E is the activation energy; R is the gas constant, and the sys-
tem (6), (7) becomes one equation 5, 1.

g—

Fig. 1. Diagram of systems of a first 8(1 4 pe=®) =6, 13)
order reaction on the external surface

of the grains. 1, 2) critical curves, where |t = B/ky; @ =B *hEcy/at *RT are the non-dimensional para-
3) adiabatic path of the process, A) meters; and h is the thermal effect. When ® >4 and

region of kinetic system, B) region of

milutiple systems, C) region of exte- 14 V1—4/8

) -
rior -diffusion system. plpt = exp [_2_ (1— y1i— 4/@))] (14)

1—V1—4/8

(See Fig. 1), the process in the cell changes suddenly to an exterior-diffusion system. It is evident, from the deter-
mination of the parameter p, that when Bos~ 0.1, and for normal activation energies, the shift of the transition
point caused by mixing in the cell is about 1°

At larger values of @, the surface of the grains in a supercritical cell are heated up to the non-dimensional
temperature 6 ~ ®. Then, according to (12), the process in the cell next to it is determined by the value of the
parameter

* ’ ’ * 4
p = B0 oxp (— ) = EfD exp (— -1 6) as)

1f there is a certain distribution of cells in the granular bed according to local rates of flow w, and, hence,
according to the values of the parameter (i, then that portion of the cell with p < p#* will operate as an exterior -
diffusion system. For cells with g > p¥, and p* < 1 *, there will be a certain probability of transition to an exte-
rior -diffusion system under the influence of a neighboring subcritical cell, proportional to a part of the cells that
are operating in an exterior-diffusion system.

The conditions for existence of the different systems of the cell, and of the systems of an isolated particle,
are local in nature and are determined by the values of concentrations and temperature in a given point of the bed.
The latter can be found from solution of the macroscopic equations of the process, written as an approximation of
an ideal displacement. For example, in an adiabatic process, the points of transition between systems may be
found using phase diagrams of the type shown in Fig. 1

The case of a process with heat-removal to the wail of the reactor is most interesting., A reaction in a cylin-
drical apparatus is described in equations

a2¢ 1 0dc dc
D*('ayT+ Ta—y)“wa—x‘r(c' T)=0, (16)

ar 1 aT T
G+ o) W e D=0 “n

where D * and % * are the effective coefficients of transverse diffusion and thermal conductivity, and D» = »*/
¥y~ wi/10 [2, 6], The boundary conditions at the reactor wall (when y = A) are
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dc/oy =0, AOT[dy=—Bi(l —T.), (18)

where Bi = aA/x * is the Biotnumber; T, is the temperature of the heat carrier, o is the coefficient of heat transfer
from the reacting mixture to the heat carmier,

Two limiting systems of heat transfer in the reactor can be isolated: a nearly adiabatic system, when practi-
cally all of the heat of reaction goes to heating the reacting flow, and a nearly isothermal system, when the heat
of reaction is carried to the wall, and the change of temperature along the length of the reactor is small. In the
nearly isothermal system, the term with the linear derivative in (17) is small in comparison with the term with the
derivatives according to the transverse coordinate, and in a first approximation can be discarded, and the concen-
tration of the reagent is almost constant over the whole cross-section of the reactor in virtue of the boundary condi-
tion (18). The system (16), (17) is reduced to the equations

wdé/dz =F(;, T), (19)
er | 14T | h -
G Ty ag T )=0, (20)

where the line designates averaging over the cross-section of the reactor. A nearly isothermal system is possible if
Eq. (20) is solvable, Otherwise, the process changes to a nearly adiabatic system, which is accompanied by a con-
siderable drop in temperature along the length of the reactor. Thus, if r = k(’I‘c)eef (c), where 6 = E(T—T¢)/ RTCZ,
then (20) takes the form & = y/A and H = Ehk(Tc)f(c')Az/%zRTcz). Equation (21) is solvable [7] when

d0 d
Tt eE =0, &b

(¢ =y/Aand H= Ehk(Tc)f(c')Az/szTcz). Equation (21) is solvable [7] when

- 4 . 2
H<H T4 V1+4/Bi2exP( 1+Bi/2+V1+Biz/4>' (22)

The limiting cases are: H* =2 and Bi = «; H*/Bi = 2/e when Bi = 0.

It is apparent from determining the parameter H, that the most dangerous position where the inequality (22)
should be proved is at the entrance of the reactor. If H > H™ at the entrance, than a temperature peak should be
found here (the phenomenon is very prevalent in practice). The question about whether or not formation of a peak
leads to a change in the process to a new system (for example, from kinetic to exterior-diffusion), depends on
whether or not the critical conditions of change are attained before the inequality H < H* begins to be fulfilled.
For example, in the case of the above examined first order reaction, the equality H = H™ is represented in Fig. 1 by
a straight line parallel to the ordinate axis. If conditions at the entrance correspond to a point to the right of this
line, then the path of the process is approximately represented by an adiabatic straight line. The reaction can
change into a diffusion system, if the adiabatic path crosses the critical curve 1 before the straight line H = H7,
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