binary mixture (fructose-water, Figure 2) since o depends
only on the values of Cp and b;, where C; is defined as
the ratio of dead volume of the bottom reservoir to the
displacement.

Chen and Hill (1971) have shown that there are three
possible regions of pump operations. Regions 1, 2, and 3,
depending on the relative magnitudes of penetration dis-
tances Ly; and Ly;, and the height of the column h. As
long as

by<¢a=bs and Ly=h (2)

for the continuous pump and
2b ) ‘( 2b )
= Ly=h (3

(125) <w=(1=5), =d ta=r @
for the semicontinuous pump, the operation is in Region 1
for fructose and Region 2 for glucose. At steady state
(n — o) fructose appears only in the top product stream,
but glucose would appear in both top and bottom product
streams, However, as stated before, for the present study
by = 0, and the glucose concentration in either top or
bottom product stream is identical to that of the feed.

It should be emphasized that the performance char-
acteristics of both continuous and semicontinuous pumps
are similar in nature. The main difference between the
two pumps is the difference in the loci of switching points
between Regions 1 and 2 (Chen and Hill, 1971). For the
continuous pump, the switching points correspond to the
condition ¢p = b;. In the case of the semicontinuous
pump, the condition is ¢5 = 2by/ (1 — by).

Figure 4 shows the effects of ¢r and ¢5 on the degree
of enrichment in the top product stream. ¢r and ¢p are
defined as the ratios of the top and bottom product flow
rates to the reservoir displacement rate. Provided that
the pumps are operated in Region 1 [see Equations (2)
and (8)], the top product concentration at n — ¢ would
be <yrps>./yo = 1 + ¢p/dr. As ¢p increases, <yrps>./
Yo increases. Furthermore, for a given value of ¢g, by
adjustment of ¢r to an arbitrarily low value, one may ob-
tain an arbitrarily high value of <yrps>./yo.

NOTATION

b = equilibrium parameter, dimensionless

Ci = top reservoir dead volume/displacement, dimen-
sionless '

C; = bottom reservoir dead volume/displacement, di-
mensionless

h = column height, m

L; = penetration distance for hot cycle, m

L; = penetration distance for cold cycle, m

n = number of cycles of pump operation

Q = reservoir displacement rate, cm?/s

R® = polarimeter reading, angular degree

T, = column temperature during upflow, °K

T; = column temperature during downflow, °K

Yo = initial or feed concentration of solute, g moles/
cm?

<ypps>n = average bottom product concentration of

solute during downflow at nth cycle, g moles/cm?
<yrps>s = average top product concentration of solute
during downflow at nth cycle, g moles/cm?

7 = concentration, g mole/cm?

B =Ry

és = bottom product volumetric flow rate over reser-
voir displacement rate, dimensionless

ér = top product volumetric flow rate over reservoir

displacement rate, dimensionless
n/o = duration of half cycle, s

Subscripts

f = fructose

g = glucose

i = solute i

0 = steady state
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Further Considerations on the Danckwerts-Gillham

Method for Design of Gas Absorbers

In a recent paper, Charpentier and Laurent (1974)
recall a method proposed by Danckwerts and Gillham
(1968) for prediction of the effect of a chemical reaction
on the overall rate of gas absorption. The aim of this note

is to clarify some characteristics and limitations of such a
method.
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Both experiments and theory indicate there are two
sets of factors in the design of absorption equipment: the
physico-chemical characteristics and the hydrodynamics
of the system. Any design method must be based on sim-
ilarities of both.

The stirred cell model proposed by Dankwerts (1966)
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is used as follows: The enhancement factor is obtained ex-
perimentally both in the laboratory model and in the in-
dustrial absorber, that is, (following (Danckwerts)
a packed column. This can be done by measuring both
the mass transfer coeflicient for absorption in a chemically
reacting solution, and in a solution that has the same
physical properties, but does not react with the gas. This
is done both in the model and the packed column. The
hydrodynamic conditions are then changed until the ratio
$m/¢c is equal to one, the enhancement factors ¢, and ¢,
being obtained experimentally from the model and the
column, respectively. It is assumed that when that condi-
tion is fulfilled, for example, ¢m/dp. = 1, the systems are
equivalent, and, repeating the experiments, a relation be-
tween the liquid flow rate in the packed column and the
stirrer speed in the model can be established. Once deter-
mined, this relationship “will be permanently recorded for
use by designers with the imperious condition that experi-
ments on new liquids and gases must be done with a
vessel identical in design to that used to obtain the original
data” (Charpentier and Laurent, 1974).

At first glance, it may be thought that the purpose is
just to find the hydrodynamic conditions where ki, the
coefficient for physical mass transfer in the model, is equal
to the coefficient of the industrial apparatus (Charpentier
and Laurent, 1974; Yano et al.,, 1973). But such a corre-
lation could be obtained in a much easier way by per-
forming only physical absorption experiments and without
going into the problems associated with a chemical reac-
tion in the system. Only ki, determinations would be
needed since k. can be obtained in general from pub-
lished correlations as observed by Danckwerts and Gill-
ham (1966).

However, such a correlation will not give strictly the
same information as the foregoing. The reason is that in
industrial equipment the local values of the mass transfer
coefficient vary along the whole column and the measured
value is in fact the mean over the interfacial area

_ fki(a)da
=

kia = fki(a)da (2)

Thus, the enhancement factor being a function of ki,
we may get different local values of ¢, at different points
of the system. Given the relatively wide range of variation
of reported data of mean mass transfer coefficients in
packed columns (Danckwerts, 1970), it can be suspected
that a similar or even a wider range of variation exists for
local values of ky.

Let us give a hypothetical example to show the effects
of such a distribution:

Suppose a packed column with a measured mass trans-
fer coefficient for physical absorption k, = 11 X 10-3
cm/s. Assume now that such a value is the mean of two
kinds of flow regimes; in the zones where flow is along
long slow paths, assume about 50% of the interfacial
area, the mass transfer coefficient is low, kp; = 2 X 103
cm/s. In the other half of the interfacial area, mixing con-
ditions prevail, and the mass transfer coefficient in zone
21is ks = 20 X 1078 cm/s. The measured value ki, =
11 X 1073 cm/s is then the mean of our two hypothetical
zones, On the other hand, we have an experimental model
with a homogeneous distribution of mass transfer coeffi-
cient. We may think that once we find the agitation
needed to obtain a value kr,, = 11 X 10-2 cm/s, we have
found a condition that corresponds to our packed column.
But let us see what happens when we try an absorption
with a second order chemical reaction.

kL (1)
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Let us accept that the enhancement factor is given
accurately enough by

= 7\/(¢w_¢)/(4’n_ 1)
tanh (vV/ (6. — $)/(¢. — 1) )
being y = \/kyCpr Dp/ky, (4)

a Damkoelher number and

(8)

Dp Cpt
fo=14 ——= 5
ZD,yCyu (8)
the enhancement factor for an instantaneous second-order
reaction. Let us assume that the operating conditions are
such that ¢, = 20 and

VksCpr, Dy = 0.1 cm/s

When performing the experiments on the laboratory
model, we will find the following:

ym = 0.1/11 X 1073 = 9.09
and from Equation (3) we get

¢m =74

The mass transfer coefficient, including the chemical
reaction, will be

Kim=kim¢ = 81.43 X 10-3cm/s

The assumption that an equality of physical mass trans-
fer coefficient is enough to establish equivalence for mass
transfer with chemical reaction would lead us to the pre-
diction of the same y and the same ¢ for the packed col-
umn. But let us see what really occurs. In the first, slow
paths low mass transfer rate zone, we get kp; = 2 X 1073
cem/s, y; = 50, ¢; = 17.68, k’1; = 35.26 X 10—3 cm/s.

In the second well agitated zone, ki, = 20 x 1073
cm/s, yo = 5, ¢ = 4.51, and k', = 90.20 X 10—3 cm/s.

The overall mass transfer coefficient for the packed col-
umn will be

k'te = 0.5 k's + 0.5 ks = 62.73 X 10~3 cm/s

We have obtained, based on reasonable data (except
for the excessive simplification of a sharp transition be-
tween both zones), a deviation of 239%.

That would be the price of accepting the fact that
equality in mean physical mass transfer coeflicients is a
sufficient condition for similarity between the laboratory
model and the industrial equipment.

A correlation between krn, and ki, is thus not enough.
This is, in fact, the contribution of the Danckwerts
method, which seeks a correlation rather between ¢, and
éc. See, for instance, the poor correlation of kim and kr.
in the data of Jhaveri and Sharma (1969) and compare
with the excellent correlation of their data of ¢, and ¢..

It can be said on the basis of available experimental
data that the stirred cell proposed by Danckwerts and
Gillham (1966) has the merit of giving a distribution of
local mass transfer coefficients that is equivalent in its
mass transfer characteristics to a packed column. How-
ever, the whole procedure can be simplified if we have
an expression of the distribution of local mass transfer
coefficients in a packed column. Some ways to obtain
such relationships have been proposed before (Ronco and
Merchuk, 1966; Porter, 1966; Merchuk and Ronco, 1970;
Merchuk et al.,, 1970). Unfortunately, not much attention
has been paid to them in the technical literature. From
these models, it can be seen that the expected deviation
from values of ¢ calculated by taking ki as a constant are
small for first-order reactions so that any laboratory model
whose range of ki is the same as that of a packed column
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will represent it satisfactorily in the case of a first-order
kinetic. Not to speak about the case of a very rapid first-
order or pseudo first-order reaction, where k' =

Vk:CpLDa, and ki has no influence on the mass transfer
rate.

In the case of a second-order reaction, however, the in-
fluence may be much more important, and careful experi-
ments have been performed by Merchuk et al. (1970)
in order to determine the distribution function.

The consideration of the distribution of the local value
of ki (Merchuk et al., 1970) allows us to predict small
positive deviations of ¢ in the case of a first-order reac-
tion, and negative deviations for higher reaction orders.
Indeed, that is the tendency which can be seen in the data
by Jhaveri and Sharma (1970) (Figure 1).

Even if the influence of the distribution of the local
mass transfer coefficients is not too important from a prac-
tical point of view, since the errors that result from not
considering such distribution are not too big (about 15%
in the only reported data, Merchuk et al, 1970), the
understanding of the phenomenon is important from a
more basic point of view and explains why the Danck-
werts and Gillham’s method is better than a simple cor-
relation between mass transfer coefficients of a model and
those of industrial equipment.

NOTATION

a = interfacial area per unit volume, cm—!

CA; = concentration of dissolved gas at interface in
equilibrium with gas at interface, mol/cc

Cpr = concentration of reactant B in the bulk of the
liquid, mol/cc

D, = diffusivity of dissolved gas, cm?/s

Dy = diffusivity of reactant B, cm?/s

k. = liquid film mass transfer coefficient cm/s

ky’ = liquid film mass transfer coefficient, with chemical
reaction, cm/s

k, = second-order rate constant for reaction of A,
cc/mol s

z = number of moles of reactant B reacting with each

mole of solute A

Greek Letters

y = Damkéelher number, given by Equation (4),
dimensionless

® = enhancement factor for an instantaneous second-

order reaction, dimensionless

Subscripts
¢ = packed column, industrial apparatus
m = laboratory model
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Pseudo Steady State Approximation for the Numerical

Integration of Stiff Kinetic Systems

Recently Aiken and Lapidus (1974) have derived a so-
lution approximation for stiff systems of the partitioned

form
dx(1)
dt

=f(X:Y): X(O) (1)
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L~ wixy), y(0) (2)

where y denotes the stiff variable vector and x the nonstiff
variable vector. The solution was given in terms of zeroth-

July, 1975 Page 817





