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1. Introduction. 

This paper deals with a one dimensional continuous flow reactor in which 

several gaseous components react with others which are adsorbed onto a solid 

catalyst. We shall see that the reactor is most efficient if one of the 

species, B, is introduced via a side flow, rather than at the end of the 

reactor. It is also necessary to periodically reverse the flow in order to 

prevent B from leaving the reactor. 

In general one would not expect the flow to be uniform in such a reactor 

since not only are there thermal effects due to the reactions, but the 

catalyst exerts a drag on the flow which must be overcome by a pressure 

gradient. The full problem can be solved numerically by using the 

hierarchical adaptive grid code PCobra which is designed to solve the 

compressible Navier-Stokes' equations and advection diffusion equations for 

chemical species, but here we will only consider a simpler problem in which 

the density, velocity and temperature are uniform. 

The behaviour of the reactor is largely determined by the fact that the 

adsorption capacity of the catalyst is much larger than the concentration of 

species B in the gas phase. If adsorption and desorption are fast compared to 

the other reactions, then the non-linearity of these processes lead to the 

formation of steep adsorption fronts which move very slowly relative to the . 
advection speed. We shall see that it is possible to develop an analytic 

theory which describes the structure and motion of these fronts and hence 

makes it possible to estimate the reversal time. This theory can also be used 

to check the results of numerical calculations. 

2. Simplified Equation*. 

In some cases the concentrations of the reactive species are so small 

that it is reasonable to neglect the heat released by the reactions and assume 

that the reactor is isothermal. If we also neglect the drag due to the 

catalyst, then the velocity and density are also uniform within the reactor. 

In the simplest chemical scheme the reactions are 

A+C->P 

B <-> C 

where C represents B adsorbed onto the catalyst. For constant gas velocity 

and density, it is possible to write the equations in the non-dimensional form 

Ba Ba x+az = - DAac , 
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ab + g = - D+b(l 
EE - c) + D-c + q I 

ac a= = D+b(l - c) - D-c - DAac , 

where the variables are 

2.lb 

2.lc 

a=A b=B C 
Ao’ Ao’ c=E’ 

==x LQ 
L * 

t = fo , 
m q =pxAo * 

2.2 

kApcCmL k+pCCIUL k_PcCmL PC cm 
DA =-, D =-, D= 

" + V 
0 0 PoAoVo * 

The parameters are: L length of the reactor; v. flow velocity (> 0): A, B 

number of moles of components A and B per unit mass of gas: A0 input value of 

A; C number of moles of component C per unit mass of catalyst: C maximum 
m 

molar adsorption capacity of catalyst (per unit mass): Q side flow source term 

(moles per unit length per unit time); p, gas density; pc effective density of 

the catalyst; kA molar rate constant for main reaction; k+ molar rate constant 

for adsorption; k molar rate constant for desorption. Here D etc are the 
A 

Damkohler numbers of the reactions and a (zb 1)is the relative adsorption 

capacity of the catalyst. 

2.1 Strrdy Solutionm. If the solution is steady, the equations reduce to 

da _= 
dz - DAac , 2.3s 

db -= 
dz 

-D+b(l-c) +Dc+q, 2.3b 

D+b(l - c) - D c - DAac = 0 . 2.3~ 

For simplicity, let us consider a reactor with zero side flow (q = 0) 

with both A and B introduced at z - 0. If the reactor is stoichiometric, then 

the boundary conditions are a - b = 1 at z = 0. since a and b then satisfy 

the same equations and boundary conditions, we have a = b. Using this and 

equation 2.3~ in equation 

da 2 
-_=-,, ra 
dz A [(r + s)a + 11 

The solution to this that satisfies the 

2.3a we get 

where r = 

2 = i [,_ - i - (1 + p)log(a)] . 
A 

D D 
d* s"b. 

2.4 

boundary conditions is 

2.5 

Clearly a --, 0 as z -> w and therefore so do b and c. This conclusion is 

unaffected by the existence of desorption (r < ce). The only difficulty is 

that a decays algebraically at large z and so it is not possible to use very 

small Damkohler numbers. This clearly places a limitation on the mass flux 

through the reactor and hence on its efficiency, which can only be overcome by 

ensuring that c is reasonably close to unity in most of the reactor. It is 

not possible to arrange this for a steady reactor, but it can be done if b is 

fed in through a side flow and the main flow is periodically reversed. The 

behaviour of the reactor is then almost entirely determined by the adsorption 
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and desorption processes. 

2.2 Fart Abrorption and lhmorption. In general w* expect D and D to be + 
much larger than DA and if this is true, then it is possible to simplify the 

equations by assuming that b and c are in equilibrium. In that case equation 

2.lb gives 

rb 
==(l+rb) ’ 2.6 

If we neglect the main reaction and the side flow, then the right hand 

side of 2.lb can be replaced by -a&/& to give 

$b + (*)l+g=o. 2.7 

where we have used 2.6 to eliminate c. This is a non-linear advection 

equation for the conserved variable 

arb 
u= Lb+ (l+rbjl, 2.8 

and the effective advection speed is 

w(b) = 
1 1 = 2.9 

11+ L2] [l + ar(l - c)*] 
(1 + rb) 

2.7 is a nonlinear advection equation in which the advection speed is an 

increasing function of u or b. The gradient In b therefore decreases with 

time if 6b/Bz > 0 and increases if Bb/6z < 0. The result is that steep fronts 

are formed and the timescale for flow reversal is determined by the motion of 

these fronts. 

It is not difficult to show that the speed vf of such a front is given by 

(1 + rbL) (1 + rbR) = 1 v = 
f 

2.10 
[ar + (1 + rbL) (1 + rbs)] [l + ar(1 - CL) (1 - cR)] 

where the suffices L,R refer to the states on the left and right of the front. 

For positive flow velocity, such a front Is only possible if c > cR and it I. 
can be shown that 6 given by 

6= 
avf(l - vf) 

D (cL - cR) ’ 2.11 

is a measure of the front thickness_ Note that it is determined by the speed 

of the desorption reaction. 

3. Rmaotot Dynrmicr. 

It is clear from equation 2.10 that if ar B 1 and c is not close to 

unity. then vf - l/ar and c changes on a timescale of order ar which is much 

larger than the flow time. The distribution of A is then approximately steady 

and equation 2.3a tells us that 

a 
1 = aoexp(- DAcT) , 3.1 

where a 0' al are the input and output values of a and cT is the total amount 

of c in the reactor. The reactor is clearly most efficient if DA is small 
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Figure 1. Reversal time as a function of the relative adsorption capacity of 

the catalyst. 
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Figure 2. The distribution of A (no markers), B (+ markers) and C (x markers) 

just before reversal for cc = 100.0. 
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since this implies that the reactor is short or the flow rate is large. We 

should therefore try to make cT as large as possible, subject to the 

constraint that no B leaves the reactor. This constraint can be satisfied if 

we monitor the concentration of B at some point -just inside the reactor at the 

downstream end and reverse the flow once this concentration reaches a 

threshold value. Since the front is quite steep if adsorption and desorption 

are fast, this ensures that essentially no B leaves the reactor. 

Since c is consumed by the main reaction, it has to be replenished, and 

it is obvious from equation 2.5 that it is not a good idea to introduce B at 

the input end of the reactor. It is much better to input it via a side flow 
at a rate which ensures that almost all the A is consumed. However, the 

reactor will not be periodic unless the rate at which B 1s input is less than 

that required to consume all the A. This is because the concentration of A at 

the outlet can never be zero and there is also some A lost every time the flow 

is reversed. 

The reversal time is determined by the motion of an adsorption front in 

which c = 0 ahead and c = c f (say) behind. For ur > 1, the speed of this 

front is approximately vf = l/[ar(l - cf)l. For a given monitoring position 

and threshold concentration of B, the reversal time is inversely proportional 

to v 
f' 

It also turns out that cf is directly proportional to cT, so the 

reversal time t r is approximately given by 

t 
r 

= Klar(l + D Log ;I) . 
A 0 

3.2 

Here K 
1 and Kz are positive constants which depend upon the monitoring 

position and the threshold value of B and we have used equation 3.1 to 

eliminate =T. Numerical calculations show that this equation is quite 

accurately satisfied for a wide range of values of cT. This can be seen from 

figure 1 which shows the reversal time as a function of a. Figure 2 shows the 

distribution of the various components in a typical calculation just before 

the flow velocity changes from positive to negative. 

4. Conalurione. 

We have seen that a reactor with periodic flow reversal can be made very 

efficient If the adsorption capacity of the catalyst is large and the reagent 

which is adsorbed is introduced via a side flow. Although we have only 

considered the simplest possible case in which the flow velocity and gas 

density are uniform, the qualitative behaviour is likely to be the same even 

If there are substantial thermal and dynamical effects. The only physical 

process which can make a substantial difference is the presence of a large 

amount of diffusion since this would increase the thickness of the adsorption 

fronts and reduce the reversal time. 
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