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ABSTRACT

Given the difficulties associated with experimentation upon liquid-liquid extraction processes,
computer simulation of these processes has recently acquired great relevance and usefulness as
complement, if not an alternative, to direct experimentation. This is becoming increasingly
attractive, as both the power and the availability of personal computing increase.

Recently, Ribeiro (1995), Ribeiro et al. (1997)) developed a fast and precise algorithm,
adapting population balance models as Coulaloglou and Tavlarides' (1977) for the dispersed
phase breakage and coalescence, and both the rigid and the oscillating drop models as
proposed by Cruz-Pinto ef al. (1983), for mass transfer. The algorithm enabled the simulation*
of the evolution in time of the trivariate joint distribution of drop properties in two-phase
continuous mixers, in steady and transient states. A simplified version of this algorithm, that
calculates the drop size distribution and the mean and standard deviation of solute
concentration within each volume class, was further developed by Regueiras ez al (1996).

In this work, the applicability of this simplified algorithm to the dynamic simulation of a Kiihni
liquid-liquid extraction column is illustrated. A transport model was developed from previous
models of Cruz-Pinto (1979). Coulaloglou and Tavlarides’ (1977) drop interaction model was
again adopted.

It is shown that the algorithm is able to describe both the transient and the steady-state
behaviour of a Kiihni pilot column (Technical University of Munich), and the simulation runs
that were made show good agreement with the experimental results. The present version of the
algorithm predicts local hold-ups and drop size distributions at different column stages. So far,
the results do not include mass transfer, but future work will contemplate this feature.

INTRODUCTION

In the last few decades, mechanically agitated devices for liquid-liquid contact in extraction
equipment have acquired great importance, due to their capability of creating and maintaining
large interfacial areas, which promote mass transfer. The efficient behaviour of these columns
has been shown to be due, not only to these large interfacial areas, but also to the mixing
effects caused by drop interactions - breakage and coalescence.

In recent years, many authors have spent great efforts in modelling these columns and
attempting experimental validation of their models. Models such as those of Cruz Pinto (1979),
Casamatta and Vogelpohl (1985), Laso et al. (1987) Tsouris et al. (1994) and, more recently,
Gerstlauer ef al. (1996), have been proved able to describe with reasonable accuracy the
results of their authors’experiments, even if most of them adopted significant simplifications, in
order to make calculations feasible in reasonable time. The most important simplification
commonly adopted is to ignore drop coalescence, because the modelling of this effect is
responsible for the most significant part of the computational effort required for the solutions,
even when modelling concerns only the simplest case of an agitated vessel (Ribeiro ef al.,
1995). '

A simplified version of Ribeiro s algorithm developed by Regueiras ef al. (1996) made possible
the description of the transient behaviour of an agitated vessel, by means of a detailed
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population balance including drop breakage and coalescence (such as the Coulaloglou-
Tavlarides’ model) and mass transfer effects, using the oscillating drop model, with only
modest computer resources and very short processing times (computation time well below real
process time).

In this work, we present a development of the previous algorithm to describe the case of an
agitated column (Kiihni type), whose results show excellent agreement with those obtained in
experiments with a pilot plant Kithni column (University of Munich).

THE MODEL

The Kithni column may be adequately described as a sequence of agitated vessels, with
backmixing and forward mixing effects on the movement of the dispersed phase along the
column. The adopted model combines a population balance model as used by Coulaloglou and
Tavlarides and their co-workers with the numerical solution technique developed by Ribeiro
(1995) and further streamlined by Regueiras ef al. (1996). This model describes the transient
behaviour of a continuous ideally agitated vessel. Details of the model and of the algorithm are
given elsewhere (Ribeiro ef al., 1995 and Regueiras ez al. 1996).

The equations for this model are shown in Table 1. They include the hydrodynamic descnpnon
of the dispersion within the vessel and the mass transfer of a solute between the continuous and
the dispersed phases. In order to extend this model to the simulation of an agitated column, it
was necessary to combine this model with a model for the motion of the drops and the
continuous phase between stages.

Table 1 — Drop interaction model equations

BREAKAGE EQUATIONS:

With the power number Np =108+ 1874 +2__5_Z_§l

Red®  Rel
after Fischer (1973), in Kumar and Hartland (1995), the power input to each stage is
P=NpniD3.pc
and the power density is
_ 4P
#.D¢H|pc (1-9) + pp 9]
where D = inner diameter of the column and H = stage height.

The breakage frequency is
1/3 2
; ) e O
iyt e .l—(H¢— , after Guimaries (1989).
g YR "p[ 2 o d B2
The daughter drop size distribution is normal, with mean volume equal to half the mean
volume of the parent drop.

2

COALESCENCE EQUATIONS:
c(d,d"y=h(d,d").A(d,d") , where
1/ 3 /
(d"‘ +a"2)(d2"3 +d'2’3)] ? = the collision frequency and
+@

\ \4
A(d,d") =exp| —C,. P C i ( a4 ) = the coalescence efficiency of the collision,
o?.(Q+¢)’ \d+d'

after Guimaraes (1989).
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This transport model was based on the one described by Cruz-Pinto (1979) and directly
calculates the slip velocities, taking into account the density effects and the drag relationships
for the drops, as previously used by Barnea and Mizrahi (1973 and 1975).

The dispersion effect is taken into account and is modelled as a random deviation
superimposed on the terminal velocities of the drops, to take into account the agitation
intensity effect, as a function of the rotor peripheral speed.

The constriction factor, Cg, that controls the drop passage between stages, was calculated by a
linear function of the fractional free area of the separators, as suggested by Goldmann (1986).
The equations used in the transport model are grouped in Table 2.

Table 2 — Transport model equations

TRANSPORT EQUATIONS:
The slip velocity is obtained, after Cruz-Pinto (1979), from
[ 2
8:8pd” for Re<l
18 He
1/3
2 .2
| 0240|8722~ for 1<Re<60
Y= Pc -Hc
He Pos i for 60<Re
pcd
: pé .o’
with  Ap=(-¢)(pc -pp), and P=—E——
g.Hc Ap

o e {(23.26 HY“2  for H>72708

(075HY™3  for H<72.708

2
where H =Cp Wep%!3 =4—'g—;ﬂP°‘15
o

EFFECTIVE FLOW AREA:
S,/8=0.75e+0.25=C, , where e is the fractional free area, after Goldman (1986)

DIFUSION EQUATION:
The mean effective vertical velocity is

2
v
(v -Vc)+\ﬁ"s -vc} +Td
Ve =

2
with  v; =k3n.Dp where k3 is a constant.

RESULTS AND DISCUSSION

In this first implementation, the algorithm describes the hydrodynamic behaviour of a Kiihni
column and calculates the local hold-ups and the drop size distribution in each stage of the
column. Because our experiments were performed in the pilot plant Kithni column of the
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University of Munich, the algorithm was adapted to simulate this particular column,
considering its 36 agitated stages, dimensions and other characteristics, as described elsewhere
(Gomes, 1998).

In order to validate the model and its algorithm, calculations were performed using the same
values of the flow rates, agitation intensity, and start-up conditions of the laboratory
experiments. The same values of the drop population balance model parameters used in our
previous work, concerning agitated vessels (Guimardes, 1989), which are compatible with
those used in the Tavlarides team’s works (Bapat 1982, Coulaloglou 1975, etc.), were also
adopted here. Those values are claimed by the above authors to be nearly “universal
constants”, for agitated vessels.
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Figure 1 — Hold-up profiles at steady state -Q- =125L/h, Qp =160L/h, n=140r.p.m.

The correlations used to calculate the power input were those developed by Kumar and
Hartland (1996), in their valuable attempt at obtaining unified correlations for some of the
more common agitated liquid-liquid extraction columns, and show good agreement with
experimental results.

| Figure 2 - Column simulation 30s after start-up and after reaching the steady state.

In the absence of experimental drop size measurements at the distributor outlet, the mean value
and the standard deviation of the feed drop size distribution (which we assume to follow a log-
normal law in the drop diameter), were tentatively adjusted. Further optimisation of these
parameters is planned, and the Marquardt algorithm to perform these calculations has already
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been implemented. In the present work, the values adopted for these parameters are those used
in our simulation runs, with a view to obtaining plausible starting guesses for the Marquardt
algorithm.
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Figure 3 — Drop size distribution profiles for the equilibrated toluene-water system:
Oc =125L/h, Qp =11601/h ;left: n=150r.p.m., right n=140r.p.m
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Figure 4 — Simulation results vs. confidence limits for the experimental cumulative drop size
distributions along the column (Qc =94L/h), Op =120L/h, n=170r.p.m.); a - left: original
Bapat parameters; b - right: modified Bapat parameters
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Results of experimental (repeat runs) and simulated local hold-ups are shown together in Fig.
1, for comparison. They are in good agreement, and runs made for the start-up period of the
column show plausible responses of the model in dynamic conditions (Fig.2), as well as for the
steady state. Local drop size distributions, experimental and simulated, are shown in Fig. 3, for
two different conditions of agitation intensity. The agreement obtained stands for the capacity
of the model to describe, stage by stage, the drop size distributions.

The mean and the confidence interval, obtained by Student’s t-technique over 6 experimental
cumulative distributions, is compared with the correspondent simulation results using two
different values for the population balance constants. As may be seen, the deviation between
calculated and experimental distributions are not significantly outside this confidence interval.
The poorest agreement was obtained for the fifth stage distributions, as illustrated in Fig 4a,
where Bapat's values for the breakage and coalescence parameters were used; global hold-up
values are also in poor agreement (Gomes). However, a minor modification in the breakage
constants values (about 20%), used in another simulation run, leads to the results shown in Fig
4b. In this case, the poorest agreement for the drop size distributions was obtained at the,
lowest stage of the column, where experimental data for the distributor outlet are lacking, the
first known data being precisely at the second stage; the agreement obtained for the hold-up is,
in this case, satisfactory (Gomes). This fact, resulting from an insufficient instrumentation of
the particular laboratory column, is the major difficulty that we shall have to overcome in the
final adjustment of the model parameters.

CONCLUSIONS

1- A new, powerful, precise and fast algorithm to simulate the hydrodynamic behaviour of
an agitated liquid-liquid extraction column (Kiihni type) has been developed.

2- The algorithm can accurately predict the local drop size distributions and the hold-up
profile of the pilot plant Kiihni column of the Technical University of Munich.

3- The agreement with the experimental data obtained in the pilot plant suggests that
Coulaloglou and Tavlarides’ population balance model is appropriate, as well as, with
minor modifications, the values for the breakage and coalescence parameters used by
these authors for agitated vessels.

4- Further optimisation of the interaction constants and transport parameters is planned,
as well as the inclusion of the appropriate drop mass transfer model.
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NOMENCLATURE

Cp drag coefficient

d,d drop diameters

Dpg rotor diameter

g gravitational acceleration

n rotor speed (RPS)

R Reynolds number

5 column cross sectional area
W, Weber number
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Ve continuous phase velocity

Vg slip velocity

@ dispersed phase hold-up

e continuous phase dynamic viscosity

P effective density of dispersion

ocC»PD continuous and dispersed phase densities
o interfacial tension
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