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The paper deals with the determination of parameters of a cascade of ideal mixers (i.e. their number
and mean residence time of liquid in each member) in modelling the liquid flow on a plate with
mobile packing. The number of cascade members has been found practically independent of the gas
and liquid velocities and the static bed heights in the gas velocity range from 1.0 to 3.5 m s−1, liquid
velocity range from 5.36 . 10−3 to 12.5 . 10−3 m s−1, and the range of static bed height from 21 . 10−3

to 47 . 10−3 m. The mean residence time is increased with increasing static bed height and is de-
creased with increasing velocities of both gas and liquid. The calculated parameters of the model of
flow of liquid and the experimental data on desorption of CO2 from water by a stream of air have
been used to calculate the values of mass transfer coefficient in liquid which have been compared
with those obtained from the dispersion model. The both approaches have been found to give practi-
cally identical results.

The main prerequisite for a correct calculation of the mass transfer coefficient in liquid
is the information about the flow of liquid through the system. A number of models
have been suggested and elaborated for this purpose, their parameters being obtainable
by the transient response technique. The dispersion model1 – 8 is preferably used for the
quantification of flow of liquid on a plate of an apparatus with mobile packing, other
models such as the model of cascade of ideal mixers9 and the cell model10,11 being used
only rarely.

The aim of the present work is to find, on the basis of experimental data, the par-
ameters of a simple model of cascade of ideal mixers, adopt them in the calculation of
mass transfer coefficient in liquid, and compare the latter with the values obtained
earlier from the case considering the dispersion flow of liquid on the plate.

THEORETICAL

The mass balance of the tracer in a cascade of N ideal mixers of the same volume is
given by a set of simple differential equations12
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c0   =   c1  +  τm(dc1/dτ)          j =  1       (1)

cj − 1   =   cj  +  τm(dcj /dτ)          j =  2, 3, . . ., N (2)

with the initial condition τ = 0, cj = 0 (j = 1, 2, . . ., N). In Eq. (1), c0 represents the time
dependence of concentration of the tracer at the inlet of the first cascade member, τm =
VL,j /V

.
L is the mean residence time of liquid in each cascade member, and VL,j is the

volume of liquid in the respective member. If the liquid fills only a part of volume Vj

of the cascade member, then VL,j = εLVj = εLVt/N (εL is a dimensionless hold-up of
liquid in the layer, Vt is the total volume of layer). In special cases (e.g. an ideal step
change of concentration) there exists an analytical solution to the equation system (1)
and (2) (see ref.12). If c0 is a general function of time, the given equation system must
be solved numerically.

If the parameters of cascade of ideal mixers, i.e. N and τm, are available, then the
mass transfer coefficients in liquid can be determined in a simple way.

EXPERIMENTAL

For the determination of hydrodynamic characteristics of the plate with mobile packing and the deter-
mination of mass transfer coefficient in liquid the earlier data13,14 were used. The number N of cas-
cade members and the mean residence time of liquid in each member, τm, were determined from the
measurements in unsteady state, where the time dependence of the tracer (KCl solution) concentra-
tion at the inlet and outlet of the layer was monitored. The apparatus and method of measurement are
described in detail elsewhere13. The mass transfer coefficients in liquid were determined from the
experimental data obtained for the desorption of CO2 from water by a stream of air14.

TREATMENT OF RESULTS

The parameters of the cascade of ideal mixers, N and τm, were determined on the basis
of the original procedure developed for the purpose of the present study, which proce-
dure consists of the numerical integration of the set of simple differential equations (1)
and (2) and subsequent optimization procedure. The number of the equations (1) and
(2) is identical with that of the cascade members and must always be an integer. The
optimization procedure used, however, takes the Nopt parameter as a real number which
need not necessarily be integer. Therefore, the program for numeric solution of Eqs (1)
and (2) was assembled in such a way as to ensure the following procedure. In the cases
in which the given step of the optimization procedure gave the Nopt value as a real
noninteger number, the number N of Eqs (1) and (2) for further iteration was equal to
the integer part of Nopt plus 1. The decimal part determined the fraction of liquid vol-
ume and (hence) of the mean residence time of liquid in the last member of cascade
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with respect to the volume and τm in the preceding member, respectively. So, e.g., for
Nopt = 2.3 the subsequent iteration solves three equations (1) and (2), the τm value in the
third equation being 30% of that in the first and/or second member. In a simpler case
the optimized parameter Nopt could be considered to be an integer number. Such a
procedure, however, would result in greater differences between the model and experi-
ment for smaller numbers of cascade members.

The procedure adopted can be summarized in the following steps:
1. The initial estimate of Nopt and τm parameters. (In all the experiments Nopt

(0)  = 5,
τm

(0) = 1.0 s.)
2. Numerical integration of the differential equations (1) and (2) by the Runge–Kutta

method of the 4th order with the integration step of 0.1 s. This step provides the cal-
culated values of concentration of the tracer at the outlet of the last member of
cascade, cN,calc

i .
3. Calculation of the objective function defined by the equation

F(Nopt, τm)   =   ∑ 
i = 1

n

(cN,exp
i   −  cN,calc

i )2 , (3)

where n is the number of experimental data in the given time series (see ref.13).
4. Carrying out one optimization step of the objective function (3) and obtaining the

corrected values of Nopt and τm parameters. For this purpose, the method by Nelder and
Mead15 was used.

5. The procedure in the steps 2. – 4. was repeated until reaching the minimum of the
objective function (3).

Figure 1 gives typical time dependences of concentration of tracer at the inlet and
outlet of the layer (both experimental and optimized values). The comparison of calcu-

FIG. 1
Time dependence of concentration of tracer: 1 experimental values (inlet), 2 experimental values
(outlet), 3 calculated values (outlet)
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lated and experimental concentrations of tracer at the outlet of layer shows that there is
and adequate agreement between experiment and the model. At some points of the
response curves, greater deviations are observed between the experimental and calcu-
lated (from the model adopted) concentration values of the tracer. The breaks at the
experimental response curve could be due to the existence of several regions of liquid
with different residence times of liquid in these regions. Due to the considerable irregu-
larities in the three-phase fluid layer on the plate, the response curves obtained in re-
peated experiments at the same hydrodynamic conditions are not identical, which
prevents the identification of the above-mentioned regions of liquid.

The mass transfer coefficients in liquid, kLa, were determined for the known N and
τm parameters from Eqs (4) which were derived, for the purposes of the present work,
from the mass balance of component A (CO2) in the desorption and from the definition
of mean residence time of liquid in the individual members of cascade under the pres-
umption of negligible resistance to the mass transfer in gas phase

cA,j − 1  −  cAj   =   kLaτmHA((pAj
′′  − pAj

′ ) ⁄ ln ((cAj − HApAj
′ ) ⁄ (cAj − HApAj

′′ ))) (4)

    j = 1, 2, 3, . . ., N.

The partial pressures of component A at the inlet and outlet of each member of cascade
can be determined from the partial pressure of component A in the entering gas stream
(pAN

′ ) and in the gas stream leaving the layer (pA1
′′ ) and from the number N of cascade

members: pA,j − 1
′  =  pAj

′′  =  (pAN
′  − pA1

′′ ) ⁄ N     (j = 2).

FIG. 2
Dependence of optimized parameter Nopt on gas velocity for h0 = 47 . 10−3 m: ❍  uL = 5.36 . 10−3 m s−1,
▲ uL = 8.93 . 10−3 m s−1, ∆ uL = 12.5 . 10−3 m s−1; −−−−− the value obtained by regression
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RESULTS AND DISCUSSION

Figure 2 presents the dependence of the optimized parameter Nopt upon the gas velocity
at three velocities of liquid, viz. 5.36 . 10−3, 8.93 . 10−3, and 12.5 . 10−3 m s−1 with the
static bed height h0 = 47 . 10−3. From the figure it is obvious that the value of parameter
Nopt is practically independent of the velocity of both gas and liquid in the interval of
gas and liquid velocities investigated. The analysis of all the results obtained showed
that in the investigated intervals of gas and liquid velocities and static bed heights no
statistically significant dependence of the Nopt parameter upon these quantities could be
identified. A probable cause can be the earlier-mentioned irregularity in the layer. In
the gas velocity interval of 1.0 – 3.5 m s−1 the value of Nopt parameter lies in the
interval from 1.2 to 2.3, the average value being 1.73 ± 0.36. Hence at the given condi-
tions the flow of liquid on a plate with mobile packing can be modelled by a cascade of
two ideal mixers in which the relative magnitude of the second step is 73%.

A comparison with results of other authors is made difficult by the fact that in the
field of modelling of liquid flow on a plate with mobile packing only one paper9 adopt-
ing the model of a cascade of ideal mixers has been published so far. The analysis of
the F-curves obtained from experimental measurements with a radioactive tracer
(0.001% solution of 24NaCl) showed that the flow of liquid in the apparatus with two
plates with mobile packing (the diameter of spherical particles 19.6 . 10−3 m, density
266 kg m−3) could be modelled appropriately by a cascade of two ideal mixers of the
same magnitude with a pre-region of laminar flow. The conclusions of the paper9,
which differ from those presented here in the number of cascade members per one
plate, i.e. 1 member per 1 plate, are valid for the interval of gas velocities from 1.88 to
2.60 m s−1 and liquid velocities from 13 . 10−3 to 21 . 10−3 m s−1 with a constant static
bed height of 0.29 m on each plate.

The values of mean residence time τmt of liquid on the plate with mobile packing
determined from the mean residence times in the individual cascade members are in
average by about 2.6% (the maximum increase is ca 6%) greater than those calculated
from the same experimental data with the help of the dispersion model13. Except for the
arrangement with uL = 5.36 . 10−3 m s−1 and h0 = 21 . 10−3 m, where the mean residence
time of liquid on plate slightly increases with increasing gas velocity, the mean
residence time of liquid on plate with mobile packing shows a decrease with increasing
gas velocity as well as with increasing liquid velocity. In contrast to the effect of gas
and liquid velocities upon τmt, an increase in the static bed height results in an increase
in the residence time of liquid on plate. These conclusions agree with those of ref.13.

For illustration, Fig. 3 gives the dependence of mean residence time of liquid on
plate for the static bed height h0 = 47 . 10−3 m, the parameter of lines being the liquid
velocities 5.36 . 10−3, 8.93 . 10−3, and 12.5 . 10−3 m s−1. Table I presents the constants
a0 and a1 of Eq. (5) used to fit the experimental data.
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τmt   =   a0  +   a1uG ,      uL =   const.       h0   =   const. (5)

The mass transfer coefficients kLa were determined for the same intervals of liquid
and gas velocities and static bed heights as the parameters of the model of cascade of
ideal mixers. With respect to the average value of the optimized parameter Nopt the
coefficients were obtained by solving two equations (4) by the Newton–Raphson
method, the mean residence time of liquid on plate calculated from Eq. (5) being
divided into the two cascade members in such a way as to make the mean residence
time of liquid in the second member equal to 73% of the τm value in the first member.
The mass transfer coefficients obtained by the procedure given represent a product of
the mass transfer coefficient in liquid and the specific interfacial area defined as a
quotient of the interfacial area and volume of liquid hold-up on plate. For obtaining,

FIG. 3
Dependence of mean residence time of liquid on plate on gas velocity for h0 = 47 . 10−3 m: ❍  uL =
5.36 . 10−3 m s−1, ▲ uL = 8.93 . 10−3 m s−1, ∆ uL = 12.5 . 10−3 m s−1

TABLE I
Constants a0 (s), a1 (s

2 m−1) of Eq. (5)

uL . 103

m s−1

h0 = 21 . 10−3 m h0 = 32 . 10−3 m h0 = 47 . 10−3 m

a0 a1 a0 a1 a0 a1

5.36 5.168 0.065 6.791 −0.361 9.420 −0.327 

8.93 4.647 −0.280 5.434 −0.277 8.111 −0.605 

12.50 3.191 −0.133 4.570 −0.136 7.204 −0.530 
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from the kLa coefficient, the mass transfer coefficient kLa′  in which the interfacial area
is referred to the volume of contact space, i.e. the space enclosed between the plate and
the mist eliminator, one must know the hold-up of liquid. This quantity can be assessed
from the volume flow rate of liquid and total mean residence time of liquid. Mutual
interconversions of the mass transfer coefficients in liquid can be carried out using
Eq. (6) where za = 0.45 m is the height of contact space (see ref.14)

kLa′    =   (kLa uL τmt)/za . (6)

Table II presents the values of mass transfer coefficient in liquid kL
c a′ calculated on

the basis of the model of the cascade of ideal mixers and the value kL
da′  calculated from

the same experimental data by the procedure given in ref.14 using the dispersion flow of
liquid. The comparison of the values given in this table shows that both procedures lead
to practically the same results. Also for other combinations of liquid velocities and
static bed heights the deviations between the two coefficients are less than 2%.

The dispersion model of flow of liquid contains the same number of parameters as
the model of the cascade of ideal mixers, i.e. 2. However, their determination (i.e. the
determination of mean residence time of liquid and of the diffusion Peclet number) by

TABLE II
Comparison of mass transfer coefficients in liquid calculated on the basis of dispersion model and
model of the cascade of ideal mixers for uL = 8.93 . 10−3 m s−1 and h0 = 32 . 10−3 m

uG

m s−1
kL

c a′ . 102

m s−1
kL

da′ . 102

m s−1
δa

%

1.0 2.020 2.025 −0.25 

1.0 1.992 1.998 −0.30 

1.5 2.175 2.180 −0.23 

1.5 2.166 2.172 −0.28 
2.0 2.545 2.546 −0.04 

2.0 2.543 2.544 −0.04 

2.5 2.971 2.962 0.30

2.5 2.894 2.888 0.21

3.0 3.193 3.178 0.47

3.0 3.212 3.196 0.50

3.5 3.514 3.486 0.80

3.5 3.482 3.455 0.78

a δ = (kL
c a′ – kL

da′)  ⁄ kL
c a′ . 100 .
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the transient response technique with a general input signal is more complex than the
determination of parameters of the model of the cascade of ideal mixers because a
partial differential equation must be solved. Also the calculation proper of the mass
transfer coefficient in liquid considering the dispersion flow necessitates solving a more
complex nonlinear equation (see e.g. ref.14). Hence from this point of view it is more
suitable to determine the basic characteristics of mass transfer in an apparatus with
mobile packing with the help of the model of the cascade of ideal mixers.

The dependence of the mass transfer coefficient in liquid upon the gas velocity at
constant velocity of liquid and constant static bed height is linear, the conclusions about
the effects of other quantities on the mass transfer coefficient being identical with those
published14. For illustration, Fig. 4 presents the dependences kLa′  = f(uG) for h0 =
32 . 10−3 m; the straight lines given were obtained by the linear regression of the data
sets for uL = const and h0 = const.

SYMBOLS

a specific interfacial area (referred to the volume of hold-up), m−1

a0 constant in Eq. (5), s
a1 constant in Eq. (5), s2 m−1

a′ specific interfacial area (referred to the volume of absorption zone), m−1

c molar concentration of tracer or desorbed component, kmol m−3

H Henry′s constant, kmol m−3 Pa−1

h0 static bed height, m
kL mass transfer coefficient in liquid, m s−1

N number of cascade members
p partial pressure, Pa

FIG. 4
Dependence of mass transfer coefficient in liquid on gas velocity for h0 = 32 . 10−3 m: ❍  uL =
5.36 . 10−3 m s−1, ▲ uL = 8.93 . 10−3 m s−1, ∆ uL = 12.5 . 10−3 m s−1
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u velocity, m s−1

V volume, m3

Vt volume of layer, m3

V
.

volume flow rate, m3 s−1

δ deviation, %
εL dimensionless hold-up of liquid in layer
τ time, s
τm mean residence time of liquid in each cascade member, s
τmt mean residence time of liquid on plate,

τmt   =   ∑ 
j = 1

N
τmj ,  s

Indexes

A referred to component A (CO2)
c referred to the model of cascade of ideal mixers
calc calculated value
d referred to the dispersion model
exp experimental value
G referred to gas
L referred to liquid
t total
0 referred to inlet into the first cascade member
′ inlet of gas into the j-th cascade member
″ outlet of gas from the j-th cascade member

REFERENCES

 1. Kupriyanov V. N., Kan S. V., Jatskov A. D.: Tr. Tamb. Inst. Khim. Mash. 9, 282 (1968).
 2. Chen B. H., Douglas W. J. M.: Can. J. Chem. Eng. 47, 113 (1969).
 3. Koval Zh. A., Bespalov A. V., Kuleshov O. G.: Teor. Osn. Khim. Tekhnol. 9, 312 (1975).
 4. Koval Zh. A., Bespalov A. V., Kuleshov O. G.: Teor. Osn. Khim. Tekhnol. 9, 887 (1975).
 5. Rama O. P., Rao D. P., Rao Subba V.: Can. J. Chem. Eng. 63, 443 (1985).
 6. Wasowski T., Mlodzinski B.: Inz. Chem. Proc. 9, 343 (1988).
 7. Wasowski T., Mlodzinski B.: Inz. Chem. Proc. 9, 787 (1988).
 8. Uysal B. Z., Ozilgen M.: Chem. Eng. Commun. 81, 157 (1989).
 9. Wozniak M., Dukielski M., Grzelewski L.: Inz. Chem. 5, 401 (1975).
10. Tchausov M. V.: Izv. Vyssh. Ucheb. Zaved., Khim. Khim. Tekhnol. 29, 114 (1986).
11. Mironov V. P., Gelperin N. I., Tchausov M. V., Krylova I. M., Kareeva V. M.: Khim. Prom-st.

8, 485 (1982).
12. Nagata S.: Mixing – Principles and Applications. Halsted Press, a Division of John Wiley &

Sons, Inc., New York 1975.
13. Palaty Z.: Collect. Czech. Chem. Commun. 58, 1069 (1993).
14. Palaty Z.: Collect. Czech. Chem. Commun. 58, 1078 (1993).
15. Nelder J. A., Mead R.: Comp. J. 7, 308 (1964).

Translated by J. Panchartek.

344 Palaty:

Collect. Czech. Chem. Commun. (Vol. 59) (1994)


