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Abstract

Mathematical description and numerical simulation of the ¯ow hydrodynamics is carried out for the case of a pulsed turbulent ¯ow in

extraction columns with internals of alternating discs and rings (DRC). In this work, the ¯ow hydrodynamics (¯ow structure, velocity ®elds,

¯ow energy parameters etc.) are studied related to the geometrical parameters of the internals and to pulsation intensity. It is found that the

¯ow pattern of a DRC is characterized by the presence of permanent large vortices as well as by permanent zones of low and high levels of

the turbulent kinetic energy. The latter is responsible for the drop break-up processes and for interphase surface formation. A simple

dependence of the turbulent energy parameters (turbulent kinetic energy k and its dissipation rate ") on the pulsation intensity is estimated.

The in¯uence of the internals design on the stage energy level is characterized by constants independent on the pulsation intensity. The

results are also used to create a data bank of local values of velocity, pressure, turbulent kinetic energy and its dissipation rate under various

stage geometry parameters and various intensities of the pulsation applied to the ¯ow. The contents of this data bank are useful for

development of correlations for prediction of important process parameters used in apparatus design and scale-up. # 1998 Published by

Elsevier Science S.A. All rights reserved.
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1. Introduction

Pulsed columns with internals of immobile discs and rings

(DRC) have been extensively studied for a wide range of

liquid±liquid [1±4] and solid±liquid [5±7] extraction appli-

cations. Attractive results were obtained concerning overall

mass transfer characteristics and operational performance

which motivated various industrial application [4]. Never-

theless, the industrial apparatuses are designed in a rather

empirical way because of lack of information on some basic

processes in such type of equipment. Among them, the

mechanisms of interphase surface formation play a key role

as they de®ne the area for interfacial interactions (mass

transfer, chemical reactions etc.). Generally, the droplet

break-up processes in a contact apparatus are controlled

by the energy of the main ¯ow (its own energy and addi-

tionally supplied external energy) and by the ¯ow structure.

Other parameters, such as pressure drop and axial mixing,

also depend on the ¯ow structure speci®ed by the opera-

tional regime and the internals design. Consequently, the

aim of this work is to study the ¯ow hydrodynamics (¯ow

structure, velocity ®elds, ¯ow energy parameters etc.)

related to the geometrical parameters of the internals and

to pulsation intensity, as far as it is relevant to the further

prediction of important process characteristics.

2. Column geometry parameters

A sketch for a DRC is given in Fig. 1.

The stage geometry is de®ned by two parameters: (a) the

distance between a disc and a ring H or by the ratio, h�H/Dc.

(b) the voidage (plate open free area) F is de®ned as

F � D2
r

D2
c

� R2
r

R2
c

� �D
2
c ÿ D2

d�
D2

c

where Dr (Rr) is diameter (radius) of the ring aperture, Dc

(Rc) the column diameter (radius) and Dd the disc diameter.
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The range of variation of the stage geometry parameters is

chosen by practical considerations and by industrial experi-

ence: disc diameter Dd should be larger than ring aperture

diameter Dr in order to avoid an undesired direct axial ¯ow

through the column. The case of equal diameters (Dd � Dr)

corresponds to a voidage F � 0.5. Thus the cases F>0.5

have no practical interest. The case F � 1 corresponds to a

column without internals (hollow tube). A small distance

between the plates will induce a larger pressure drop and a

greater energy consumption. On the other side, a large

interplate distance (more than the column diameter) will

result in a reduced ef®ciency.

The selection of intervals that de®ne a reasonable range of

geometric parameters to be studied is given below: F � 0.2±

0.5, h�0.1±0.4

Four values of h and two values of F are considered here

(h1 � 0.086, h2 � 0.155, h3 � 0.31, h4 � 0.38, F1 � 0.23,

F2 � 0.43). The combination of these values results in eight

different stage geometries noted as h1F1; h1F2; h2F1;

h2F2; H3F1; h3F2; h4F1; h4F2. The geometry h2F1

corresponds to a pilot-plant column with experimental data

available. In this particular case the stage dimensions are:

column diameter DC � 0.29 m; stage height ÿ0.09 m; dis-

tance between a disc and a ring H�0.045 m; disc diameter

Dd � 0.253 mm; diameter of the ring aperture Dr � 0.14 m.

3. Flow dynamic parameters

In order to make a mathematical description of the

hydrodynamics in the column under study, the ¯ow was

assumed to be single phase two-dimensional axisymmetri-

cal ¯ow of an incompressible Newtonian liquid. The basic

equations used were Reynolds equations associated with the

k±" turbulence model [8,9].

Additionally, a sinusoidal periodic pulsation is super-

imposed in order to simulate the pulsed ¯ow in the column

U�t� � �Af cos�2�ft� (1)

where U(t) is the super®cial velocity of the pulsed ¯ow at the

instant t; A and f are pulsation's peak-to-zero amplitude and

frequency.

The mean super®cial velocity during a pulsation cycle is

Vs � 1

T

ZT
0

jU�t�jdt (2)

where T is the period of pulsation.

The solution of Eqs. (1) and (2) leads to

Vs � 2A f (3)

and Re number is de®ned as

Re � VsDc

�
� 2AfDc

�
(4)

with � being the kinematic viscosity.

The column is considered to be built of identical stages.

Thus, a single stage modeling of a single phase ¯ow is

expected to be representative of the hydrodynamic situation

in the main active part of the column.

4. Boundary conditions

The boundary conditions at solid walls are speci®ed at a

grid point outside the viscous sublayer and not right at the

wall. In this region a logarithmic law of the wall is used

U���
U�
� 1

�
ln�E��� (5)

where U* is the friction velocity, �� � �U�=�; � the von

Karman constant, E a roughness scaling parameter equal to

nine for smooth walls.

The assumption of local equilibrium together with the

logarithmic law results in

k��� � U�2

C
1=2
�

(6)

"��� � U�3

��
(7)

C� is a constant of the k±" model with standard value

0.09 [9].

Fig. 1. Sketch of a DRC.
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The boundary conditions at the stage open limits are

known and well de®ned for the case h2F1 which corre-

sponds to the existing column geometry and experimental

measurements are available. Meanwhile, it was estimated

[10] that at higher Re numbers the applied software

ARMOR [11] gives solutions insensitive to moderate var-

iations of the boundary conditions. Similar observations

were made in the considered case of pulsed quasi-stationary

¯ow regime [12]. Thus it is not absolutely necessary to use

very precise data as boundary conditions. An uniform ¯at

entry pro®le of the axial velocity Vz was applied at the

entrance/exit zones, calculated by Eq. (1) for various Re

numbers with respect of the free open area of the ring. The

input radial velocity Vr was assumed to be zero for all

con®gurations as indicated by the experimental measure-

ments for the con®guration h2F1 [12±14]. For this con®g-

uration mean values based on experimental measurements

of k at the stage entrance [13] were used. The respective

values of the turbulent energy dissipation rate " were

obtained by the model relation:

" � C�k2

�t

(8)

An approximate value of turbulent viscosity Vt � 100�
was assumed to be reasonable for determination of the

initial and boundary conditions. This choice will be justi®ed

later.

For stage con®gurations other than h2F1, the approxi-

mate boundary values of k and " at the open boundaries were

estimated by use of simple relations [12], validated for the

interval of Re 5000±15 000:

ln�k=V2
s � � ÿ5:24-4:53 ln F (9)

The boundary conditions for "were introduced according

to the relation

" � 2

hDc

k3=2 (10)

which re¯ects the in¯uence of the inter-stage distance.

Eq. (10) follows from the model equation

" � k3=2

L
(11)

and from the estimation [10,13] for turbulent macroscale in

a DRC

L � H

2
(12)

5. Results and discussion

The results presented below were obtained within the

range of Re numbers 5000±15 000. Four values of Re were

systematically used, namely 5000, 8700, 10 000, and

15 000. Calculations for other values from the same range

were also made in order of comparison with particular

experimental data. The same range has been studied experi-

mentally by Oh [13] who has not registered signi®cant

separate in¯uence of the amplitude and frequency of pulsa-

tion on the turbulent ¯ow parameters, i.e. their in¯uence is

translated by their product, respectively, by Re number.

Local values of the mean velocity, turbulent kinetic

energy k and its dissipation rate " inside the stage were

obtained by numerical simulations of pulsed ¯ows in DRC

with various stage geometry. Further, the velocity vectors

and stream lines were drawn and the ¯ow pattern was

graphically visualized as well as the energy distribution

inside the stage. A typical stream line pattern is illustrated

on Fig. 2. It is characterized by the presence of two large

vortices ± one in the lower part and another in the upper part

of the compartment.

During the admission phase (ascending ¯ow ± Fig. 2(a))

the vortex in the lower part of the compartment is placed

near the stage corner. It was found that it did not change its

volume and position but it changed its intensity proportion-

Fig. 2. Stream lines pattern for Re � 10 000 stage geometry case h2F1 (a)

admission phase t/T � 0.5; the corresponding values of the stream line

function are: (1) ÿ4, 1�10ÿ3; (2) ÿ3, 3�10ÿ3; (3) ÿ2, 1�10ÿ4; (4) 1,

0�10ÿ4; (5) 8, 9�10ÿ4. (b) Escape phase t/T � 0.35; (1) 2, 5�10ÿ3; (2) 2,

0�10ÿ3; (3) 2, 0�10ÿ4; (4) ÿ1, 0�10ÿ4; (5) ÿ5, 4�10ÿ4.
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ally to the ¯ow velocity. During the escape phase (descend-

ing ¯ow ± Fig. 2(b)) the vortex zone is located under the disc

and near to its edge with the same direction of rotation but

occupying a smaller volume. The visual behavior of the

vortex is like that of an oscillating pulsed zone.

The ¯ow pattern in the compartment upper part is the

same but shifted at a half period.

The ¯ow structure is not signi®cantly affected by the

increase of Re number. Slight changes of the volume of

permanent vortices are observed. The intensity of circula-

tion follows the increasing of Re number.

Experimental observations on two phase pulsed ¯ow in an

extractor with the same geometry [1] have proved the

existence of permanent vortices with behavior described

above. Permanent vortices are also reported in other simu-

lation studies on this type of columns [15,16].

In addition to the laminar case [15], the turbulent ¯ow

modeling supplies important information on the energy

distribution at the stage, which directly affects the drop

break-up phenomena. Turbulent kinetic energy iso-levels

during the admission phase are shown in Fig. 3.

The energy is concentrated in the annular aperture

between the disc and column wall and also in a median

section between the disc and upper ring. During the escape

phase the situation is symmetrical ± the high energy level is

located at the median section under the disc and lower ring

and always in the gap between the disc and wall. This result

implicitly agrees with the experimental observations on the

drop behavior in a DRC. The same `active zones' are found

to be places of intensive break-up of drops [14].

The space distribution of " is similar to that of k and will

not be illustrated here.

The in¯uence of pulsation intensity on the mean values

(time and space averaged) of energy parameters k and " for

various stage geometry is shown on Figs. 4 and Fig. 5.

The evolution can be evidently presented in the general

form

hki � Kk�Af �2 (13)

h"i � K"�Af �3 (14)

Keeping a constant pulsation intensity and following the

evolution of k and ", the qualitative in¯uence of the stage

geometry can be immediately seen. The higher is the plate

distance (translated by the parameter h), the lower are the

mean local values of kinetic energy k and its dissipation rate

". The in¯uence of plate open area F is similar. These results

are logical and con®rm that realistic pictures are obtained in

the frames of this simulation.

Similar linear dependencies k � f �Af �2 and " � f �Af �3
are detected in experimental observations on DRC [13,14].

Obviously, the constants Kk and K" which represent line

slopes on Figs. 4 and 5, depend on the stage geometry and

do not depend on the pulsation intensity, since (Af) is the

unique scaling velocity. Kk is dimensionless as the di-

mension of k (m2/s2) is consistent with the dimension of

Fig. 3. Turbulent kinetic energy field during the admission phase t/T � 0. 05; case h2F1; Re � 10 000. The corresponding levels of the isokinetic lines (m2/

s2) are: (����) ÿ0.0010; (����) ÿ0.0043; (����) ÿ0.0070; (����) ÿ0.0095.
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the argument �Af �2:K" has a dimension 1/1 where 1 is

a size parameter. Its physical meaning can be found con-

sidering the approximation (11) derived from the k±"
model.

Introducing in (11) hki and h"i from Eqs. (13) and (14) it

follows

K" � K
3=2
k

L
(15)

It is seen that the size parameter included in K" can be

interpreted as the turbulent macroscale.

The values of the turbulent macroscale L can be obtained

from calculated values of k and ". Fig. 6 shows the diagram

of iso-values of L in a stage with interplate distance

H � 0.045 m. Most part of these values are sized between

0.02 and 0.03 m. The values of L for a smaller interplate

distance H � 0.025 m were found to be sized between 0.01

and 0.015 m. Generally, the order of magnitude of the

turbulent macroscale appears to be about half of the inter-

plate distance. This result con®rms once more the reliability

of the estimation (12).

The values of the ratio turbulent viscosity/molecular

viscosity �t=� were found to be in the range 10±180 for

Re � 5000; 10±220 for Re � 10 000 and up to 300 for

Re � 15 000. The last case is illustrated in Fig. 7 and

represents a typical distribution of this quantity on the stage.

Fig. 4. Turbulent kinetic energy vs. pulsation intensity.

Fig. 5. Dissipation of the turbulent kinetic energy vs. pulsation intensity.
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Fig. 6. Iso-values of turbulent macroscale L in the stage. Case h2F1; Re � 10 000; admission phase t/T � 0.05; distance between the disc and ring

H � 0.045 m. (����) ÿL � 0.0015 m; (����) ÿL � 0.01 m; (����) ÿL � 0, 02 m; (����) ÿL � 0.03 ; (xxxx) ÿL � 0.035 m.

Fig. 7. Iso-values of the ratio turbulent viscosity/molecular viscosity �t/�; Case h2F1; Re � 15 000, admission phase t/T � 0.05; H � 0.045 m. (����)
ÿ�t/� � 10 (����) �t/� � 100; (����) nt/� � 200; (****) �t/� � 300.
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This result is to support the choice of the value of �t � 100�
used in the initial and boundary conditions. On the other

hand, Fig. 7 shows that the turbulent viscosity is not uni-

formly distributed in the stage. Lower values are located

near the rigid walls and larger values are located in the zones

of higher energy level.

The simulation results can be compared with experimen-

tal data for the particular case of the existing pilot column

0.29 m in diameter, 0.045 m interplate distance, and plate

free area F � 0.23. A direct comparison is possible between

the measured and calculated local velocities. Fig. 8 illus-

trates some velocity pro®les for various Re numbers in the

median cross-section equidistant from the disc and ring. The

®tting is better in case of permanent ¯ow. A possible reason

lies in the simplicity and higher precision of the measuring

procedure in the case of permanent ¯ow. The sophisticated

measurements in pulsed ¯ow could involve personal errors

that make the experimental results less reliable.

Fig. 9 represents the simulated time-average distri-

bution of the turbulent kinetic energy k at the median

cross-section, compared to the experimental results [13].

A satisfying agreement is seen, the discrepancy between

simulation and experiment becoming smaller for larger Re

numbers.

A further indirect comparison with experimental results

can be searched at the level of the process of drop breakage

which is controlled by the ¯ow energy. Laulan [14] has

studied the drop break-up phenomena and has reported

experimental data for the maximal stable drop diameter

dmax in a DRC. dmax is related to the turbulent kinetic energy

through the relation:

Wec � �ckdmax

�
(16)

where Wec is the critical Weber number.

For the particular operating conditions and the considered

stage geometry Wec � 0.26 (see Appendix A).

The local values of k obtained by simulation were

selected over the energy containing `active zones' to calcu-

late mean k-values hkia. Plotted vs. the pulsation intensity, it

is obtained

hkia � 12:5�Af �2 (17)

dmax can be calculated from the expression (17) involved in

(16). The results are compared with experimental data in

Table 1. It is seen that at lower Re the discrepancy is greater,

but for more intensive turbulent regimes of practical interest

the correlation (17) better ®ts the experimental data.

Although this comparison is for a particular case, similarity

considerations could enhance the applicability of numerical

results.

Fig. 8. Velocity profiles in the median cross-section. * ±experimental values; ÐÐÐÐÐ simulated profile. (a) Axial velocity in a permanent flow;

Re � 6000 (b) Radial velocity in a pulsed flow, t/T � 0,4, Re � 8700.
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6. Conclusions

Computer simulation of the hydrodynamics of a column

with internals of discs and rings is carried out based on the

mathematical description using quasi-steady energy - dis-

sipation turbulence model (k±"). Pulsed ¯ow under

turbulent regimes is studied. Data about local values of

the ¯ow velocity, stream lines, and energy distribution

on the stage are obtained for high Re numbers and for

various stage geometry. They are to be used for develop-

ment of correlations determining the energy parameters k

and " as a function of the stage con®guration and pulsation

intensity.

The evolution of ¯ow structure during the pulsation

period is described. The information for space distribution

of turbulent energy parameters is used to estimate the

macroscale of turbulence in the stage of such kind of

equipment and to localize the regions of high level of

turbulence ± `active zones' where intensive drop break-

up is experimentally observed.

The study on pulsation intensity in¯uence on the energy

parameters mean values manifests simple linear dependen-

cies for all used combinations of plate geometry parameters.

The results obtained are consistent with observations on

experimental pilot columns with internals of discs and rings

and conform to the presumptions of the theory of turbulence

as well.
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Appendix A

Calculation of maximum stable drop diameter

Particle Weber number is de®ned as a ratio of the kinetic

and drop surface energy:

We � �cu02d3

�d2
� �cu02d

�
(A.1)

Fig. 9. Turbulent kinetic energy (time-averaged over a pulsation period) in the median cross-section. * ± experimental results; ÐÐÐÐ simulated profile

(a) Re � 10 000; (b) Re � 15 000.

Table 1

Re Af (cm sÿ1) dmax (mm)

Experimental Correlation (Eq. (17))

7200 1.2 3.8 4.3

9000 1.5 2.5 2.8

10 800 1.8 2.0 2.0
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where d is the drop diameter, � the interfacial tension, �c the

continuous phase density and u0 the RMS (root mean square)

of velocity ¯uctuations.

It is known [17] that

k � c1u02 � c2�"L�2=3
(A.2)

and Eq. (A.1) takes the form

We � �ckd

�
� �c�"L�2=3

d

�
(A.3)

where L is the turbulent macroscale and c1, c2 the constants.

When the dynamic pressure forces prevail over the sur-

face forces, the drop will break. Thus, it exists a value of We

corresponding to the equilibrium ratio between the max-

imum stable drop diameter dmax and the dynamic pressure

forces. Currently dmax has the same order of magnitude as

the turbulent macroscale L and Eq. (A.3) becomes

Wec � �ckdmax

�
� �c"

2=3d
5=3
max

�
(A.4)

Wec can also be described in terms of the surface energy

level of the mother and daughter drops [18,19]

Wec � �Es

�d2�
(A.5)

Considering a mother drop breaking into n equal daughter

drops, the difference in the surface energy of mother and

daughter drops �Es is

�Es � n�
d

n

� �1=3
" #2

�ÿ �d2� � �d2��n1=3 ÿ 1� (A.6)

and

Wec � n1=3 ÿ 1 (A.7)

Laulan [14] has reported results on measurements of dmax in

the system dodecane ± water under pulsation regimes with

various intensity. He has also reported that the drops break

mainly into two daughter drops. Consequently, the corre-

sponding value of Wec is

Wec � 0:26 (A.70)

The calculated data for dmax given in Table 1 within the text

are obtained by using (Eq. (A.70)) and Eq. (17) in Eq. (16).
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