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Abstract

Based on an extended model of Marangoni convection during absorption accompanied by
chemical reaction certain characteristics of the process are studied. Thus, the probability
of oscillatory modes occurring in the system is analysed, the dimensions of the convective
cells are evaluated and the gas-liquid contact time necessary for the instability to appear
is determined. The quantitative conclusions are compared with the reliant experimental
data concerning the absorption of CO; into monoethanolamine in both wetted-wall and
packed columns.
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1. The Model

Cellular convection induced by the gradients of surface tension (Marangoni
instability) may accompany a number of processes in which mass or heat are
transferred between phases. A typical example is the absorption of carbon
dioxide in the aqueous solutions of monoethanolamine (MEA), where the
convection may lead to two- or threefold increase in the rate of mass transfer
1, 2].

A general model of the phenomenon taking place in a two-phase sys-
tem represented schematically in Fig. I has been proposed in |3, 4]:

[p— Sc (D= o?)| (D* - a*) f(m) =0, o
[p - (D% - &*)] 1(m) = = £ (m), t)

[p— (D? = )| ha(m) = ~¥5(m) + baa (m), 3)
[p- (D*=d*)| e2(m) =0, @)

[p = (D* = &*)] ha(n) = bga(m) . (5)
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Fig. 1. Schematic representation of cellular convection in a liquid layer of finite depth
and the idealized unperturbed concentration profiles

The boundary conditions are:

n =20

£(0) = £(0) = g5(0) = R5(0) = 0. (6)
n=1-—e¢:

g1(l—¢)=ga(1—¢), (7)
a(l-¢)=g(l-¢), (8)
hi(l—¢) = ha(l—¢), 9)
Ri(1—€)=hy(l—¢). (10)

7= 1:
F) =0, (11)
(1) = Ma— o [g1(1) + s — Ra(1)] (12)
(1) == 5= 26+ 0)| e - 7', (13)

b9

Mo =- (22 )a+p (2 w0 - (- v -2)71). (9

Egs. (1)—(5) lead to a strongly non-linear characteristic equation

(1)

Me = ) + s~ ()]

in which the right-hand side is a function of &, p and the dimensionless
parameters of the model: Sc, s, €, b, ®, Sh and ¥ (a complete form of this
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equation is given in [3]). Relation (15) gives a condition for the existence of
non-zero solutions to Egs. (1)—(5) with respect to perturbations of velocity
and concentrations, subject to boundary conditions (6)—(14). It therefore
enables us to determine a set of such values of the dimensionless parameters
which correspond to the onset of instability in the system analysed.

2. Oscillatory Instabilities

The possibility of oscillatory instabilities appearing during absorption of
CO; into aqueous solutions of MEA was analysed based on the experimen-
tal data obtained in a wetted-wall column [1, 4].

The calculations were carried out using the characteristic Eg. (15).
For the given experimental values of Sc¢, s, ¢, b, @, Sh and ¥ the values of
o and P were assumed, and then the Marangoni number was calculated for
a series of values of p.

Complex values of p yield, in general, complex values of the right-
hand side of Eq. (15): Ma = Ma + iMa. Only real values of Ma have,
however, any physical significance. Thus, if Ma =0 only when p = 0,
we deal with a stationary pattern of instability. If, on the other hand,
meaningful values of Ma are found for p —= 0, cellular convection appearing
in the system develops via oscillatory modes.
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Fig. 2. Hlustration of the stationary character of cellular convection accompanying the
absorption of CO; in MEA

Fig. 2 shows the results obtained for Run 52 [1, 4]. The curves are
typical of all the sets of the experimental data analysed: the only physically
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justified values of Ma correspond to p = 0, and therefore, to the purely
stationary nature of the phenomenon.

3. The Morphology of the Convection

For a given set of the dimensionless parameters Sc, s, €, b, ®, Sh and ¥,
the relation between a and Ma for p = 0 and the various values of P is
shown in Fig. 8 (the values of the dimensionless parameters are identical
with those for the curve on the right-hand side of Fig. 2).
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Fig. 3. Stability conditions and the size of the dominant convective cells (broken line) for
the system CO2-MEA. The shaded area denotes the values of Ma corresponding
to the cell widths observed in {6] at the onset of convection (a = 13 — 63)

This figure provides the most comprehensive description of the system
within the framework of the linearized theory since, apart from indicating
the onset of cellular convection (this moment corresponds to a minimum
value of Ma at 7 = 0), it enables us to follow the way the phenomenon
develops as we move deeper into the region of instability. In particular,
this graph makes it possible to analyse the changing morphology of the
phenomenon with the progress of the absorption

According to ref. [6], concerning the absorption of CO3 in the aqueous
solutions of monoethanolamine on a flat wetted wall, a recognizable pattern
was already apparent about 0.02s after CO2 had been brought into contact
with MEA. At this point the cell width was A = (0.1 — 0.5)d, that is, the
experimental wave number o = 27d/A was 13-63 and roughly agreed with
the values predicted by the model in the region close to the onset of the
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convection in the experiments presented in [1] (the shaded area in Fig. 3).
As the solution flows farther down the wall, that is, as the concentration
of MEA decreases, the convection gradually disappears and, obviously, its
effect on the mass transfer rate becomes weaker [1, 2]. The experiments
performed in [6] reveal that after about 0.1s the value of o decreases to
3-6. A similar value is predicted by the model: the progressing depletion
of the amine moves the system out of the instability region towards its
boundary (7 = 0), where a = 5 (i.e., A = 0.3 mm).

As may be seen from Fig. 9, an increase in Ma produces a dramatic
decrease in the cell size; Ma = 1250 (p = 3000) the dominant cell becomes
as low as 0.02 mm.

4. The Gas—liquid Contact Time Necessary to Initiate the
Convection
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Fig. 4. Theoretical time necessary for the inception of instability in the CO2-MEA ab-
sorption system. The broken lines show the maximum gas-liquid contact times
for which the reaction may still be regarded as pseudo-first-order

The model developed makes it possible to determine the minimum theo-
retical time required for the Marangoni instability to manifest itself. The
analysis of packed absorbers requires, however, a modification of the model,
allowing for the possibility of the product of the reaction, K, appearing in
the bulk liquid. Formally, the modification consists in substituting a2 new
dimensionless number ¥ for ¥ in Eg. (3). This new parameter is simply
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a ratio of unperturbed concentration profiles of the product and of the
reacting gas (COg).

Typical numerical results are presented in Fig. /. As may be seen,
for all the MEA concentrations analysed the duration of unsteady absorp-
tion required for the initiation of the phenomenon is very short (less than
0.01s). This time decreases with increasing initial partial pressure of COs.
It should be stressed that the maximum values of {cg, predicted by the
present model in [2], are of the same order of magnitude as those found
experimentally in [6], where cellular convection was already apparent after
about 0.02s. Most probably, it started even earlier, but extremely small
dimensions of the cells (below 0.02mm) made direct visualization of the
phenomenon impossible.

Notation

A, R small perturbations of concentration of compo-
nents A (carbon dioxide) and R (carbonated
amine), kmol/m?

A% RO unperturbed concentrations of A and R,
_ kmol/m?
B, = Aw}: A; , kmol/m*
p-4
dn
D. diffusion coefficient, m?/s
d liquid layer depth, m
f(m), g(n), k(n) functions representing variation of v, A and R
with 7
H Henry’s law constant
h _ penetration depth, m
i= -1
k reaction rate constant, 1/s
kg gas-phase mass transfer coeflicient, m/s
p=Dp+pi growth rate constant for disturbances
Ry, = 8314.4 gas constant, J/(kmol K)
T temperature, K
i time, s
v small velocity component in y direction, m/s
Y position coordinate normal to interface, m
2%
o= —d wave number

>|
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Al
Y -ngj—f unperturbed surface concentration of A,
g
kmol /m?
A wavelength of disturbance, m
7 liquid viscosity, kg/(m s)
o liquid kinematic viscosity, m?/s
P
=9
=4
p liquid density, kg/m®
Ta, On negative of slopes of curves of surface tension
vs. concentration of A and R,
(kg m®)/(kmol s?)
Dimensionless parameters of the model
2
b= kd” reaction rate constant
De 2 0
Ajd .
Ma = 94B4d” (-—- L gy AL = 0), Marangoni number
o [LDC €[LDC
5= —
U'AV
Sc= — Schmidt number
Hrnd
Sh = _b_g— liquid-to-gas phase resistance ratio
C
€= iL; penetration depth
d 0
D = B;ZIQ (: — R,Td for AL = 0), adsorption number
o B
_ R _R
\:3} — CC e}
AL~ A7
Subscripts
CR critical
7 gas-liquid interface

—  bulk liquid
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1 region of variable unperturbed concentrations of A and R
(1-e<n<1)

2 region of uniform unperturbed concentrations of A and R
(0<n<1l-¢)
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