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The anthors studied a particular turbulent parameter — turbulent macroscale, which characterizes the size of large energy
containing eddies, and it is one of the basic parameters with essential role in the concept of turbulent motion, Pulsed
turbulent liquid flow in stagewise column type apparatuses with internals of disks and rings is considered. The
distribution of turbulent macroscale L over the stage is determined as depending on stage geometry and Re number.
- Insignificant changes of L are registered in the course of pulsation cycle. Similarly, the dynamic flow parameters,
expressed by the value of Re number, pulse amplitude and frequency, demonstrate slight and not pronounced influence
on the size of turbulent macroscale. Most important effect on L has the stage geometry with pronounced influence of
interplate distance and lesser dependence on plate free area. It was found that the zones of large L-values correspond to

zones of intensive drop breakage, located experimentaily.

A correlation is proposed for determination of the mean value of turbulent macroscale as a function of stage geometry
parameters. Comparison with other correlations is made along with discussion on their advantages and inconveniences.
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Introduction

As known from practical experience, the turbulence
increases the efficiency of transfer processes. Many
chemical apparatuses operate under turbulent flow
regimes, although in most cases they are empirically
tuned. Studies on turbulent flows are helpful for
understanding and quantification of the influence of
turbulence on process intensification. This paper
focuses on a particular turbulent parameter — turbulent
macroscale. It characterizes the size of energy
containing eddies and is one of the basic parameters
with essential role in the concept of turbulent motion.
As far as the energy containing eddies produce larger
interphase contact surface by dispersing greater drops to
smaller droplets, it is worthy to study them through the
behavior of their characteristic parameter.

Turbulence model

The expression for turbulent macroscale is derived
applying dimensional analysis with assumption that the
amount of dissipated turbulent energy is determined by

the energy containing large-scale motion at high Re
numbers [1,2]

L=c &2 ey

where L is turbulent macroscale characterizing the size
of the large energy containing eddies, k is the kinetic
energy of turbulent motion per uuit mass, € is the
dissipation rate of kinetic energy, Cy is an empirical
constant of order of unity [11.

Regarding Eq.(l), larger L-value means higher
kinetic energy with respect to its dissipation rate.
Consequently, larger turbulent macroscale means larger
level of non-dissipated energy that can provoke drop
breakage, respectively, increase of the interphase
surface. Thus, the zones of higher values of L should be
expected to be places of drop breakage and interface
surface production,

It is seen from Eg.(1) that L depends on the ratio of
two other terms ~ kinetic energy and its dissipation rate
(k and €). Their distribution over the flow field can be
derived from their transport equations, included in the
standard k - £ model of nwbulence {21
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Fig.I Apparatus scheme: a) internals axonometry; b) general
column scheme; ¢) limits of simulation domain
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where U; is the mean velocity vector, v - kinematic
viscosity, v - turbulent viscosity, x - space coordinate,
Cp, Ci €y, Coy, Cp are constants of the model taking
standard values, recommended in the relevant literature
31

In previous papers [4,5] we have reported in details
the full set of model equations for the considered case
along with the method of resolution and boundary
conditions for the particular apparatus geometry
described below. So, adapted k — € model equations are
resolved in order to determine the distribution of L.

2)
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Apparatus description

The turbylent macroscale L iz studied in case of
stagewise pulsed columns (Fig.T) with internals of discs
andd rings (called also discs and doughnuts column [6]).
This apparatus design has shown great performance in
various solvent extraction applications [7-10] and is
produced in large scale for industrial applications [11].
Immobile discs and rings are alternately placed at

equal distance in cylindrical column body forming a

series of identical stages. The turbulence is enhanced by
a piston like mechanical device inducing oscillatig
mation to the fluids.

As should be expected, the geometrical periodicity
creates flow perivdicity along she column. Previous
experimental hydrodynamic studies have shown that in
reality the flow picture is repeatedly reproduced on the
adjacent stages, and flow symwetry with respect o
column axis exists [12]. So, a typical flow pattern is
observed in the vertical cross-section of a stage limited
by the axis, column wall, and two rings (Fig. J¢).

The stuge geometry is defined by two dimensionless
parnmeters:

— the ratio of interplate distance H and column
diameter D, bounds the stage height to column size

h=H/D, 4

— the ratio of plate cross-section open to flow S, and
column cross section S defines the plate free area e

e=8,/S.=D2/D’={D-DH /D’ (5

The free area of both plate configurations — disc and
ring, is taken equal as practiced in the real DRC design.

Results and Discussion

The results for turbulent macroscale L are obtained by
simulation of incompressible Newtonian liquid flowing
in a typical stage at various flow regimes and variable
stage geometry. Their effect on turbulent macroscale L
is registered and discussed below.

Evolution of Turbulent Macroscale during a Pulsation
Cycle

The pulsation created by a piston device corresponds to
periodic  sinusoidal pulsation described by the
expression

U(t‘) = A f cos(27ft) 6)

where U(t) is the superficial velocity of pulsed flow at
the instant t, A, is pulsation amplitude, f = YT is
pulsation frequency, T is the period of pulsation.

The rtesults show that turbulent macroscale L is
slightly changed during the pulse period T. For
example, the maximal values of L at two moments of
the pulsation corresponding to rather different instant
flow velocities (/T = 0 - maximal velocity and /T = 0,2
— flow velocity approaches zero) are changed from
3,8.10% m to 4,1.10% m. Tt can be concluded that the
value of the turbulent macroscale L does not depend
significantly on the instant flow velocity during the
pulsation cycle.

Influence of Flow Regime

The above result implies that the flow regime in the
apparatus should not affect pronouncedly the turbulent
macroscale. This suggestion is verified below.

The mean flow regime is defined by Re number

UmDC
v

Re= )]
where Uy, is the mean superficial flow velocity; v is
kinematic viscosity.

Integrating £4.(7) over a period of pulsation, the
mean flow velocity is obtained
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Fig.2 Influence of Re number on turbulent macroscale L: M '
Lmax (0=0,155; F=0,43); (L (h=0,155, F=0,43); @ Lyax
(h=0,086; F=0,23); O Ly, (h=0,086; F=0,23)

U, =2 At 8)
and Eq.(7) becomes
24 fDC
Re=—P—" ©)

In this study, Re number of a water flow has been
varied from 5 000 to 15 000. It corresponds to pulse
regimes with different intensity of the turbulence - from
unstable transition regimes at lower Re to established
turbulent regimes at higher Re values [13].

Fig.2 represents maximal (L) and mean (Ln)
values of tuwrbulent macroscale on the stage as
depending on Re number. The results illustrate two
extreme stage configurations — smaller interplate
distance with small plate free area and larger interplate
distance with large plate free area. It is seen that in all
cases the flow regime has slight and not pronounced
influence on the size of turbulent macroscale. Similar
weak influence was observed by Aoun et al. [6] that
have reported a correlation for L with small power
terms for the quantities A, and £.

On the contrary, the curves on ‘Fig.2 indicate
qualitatively for stronger influence of the stage
geometry on both mean and maximal L-values.

Influence of Stage Geometry

The range of variation of geometry parameters in this
study is

- Plate freeareae=0,2-0,5
- Interplate distance to column diameter ratic h = 0,08
~-0,4

The above values have been selected by practical
considerations {14]. Por example, a direct vertical flow
through the column will reduce apparatus efficiency due
© axial mixing phenomena. To avoid it, the disc
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Fig.3a Size and distribution of turbulent macroscale L on
stages at same interplate distance and different plate free area e:
e=0,23; Linax = 3.8.10% m; 5107 < L <3,5.10% m;
M3510°<L<3810%m
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Fig.3b Size and distribution of turbulent macroscale L on
stages at same interplate distance and different plate free area e:
e =0,43; Linax = 4,1.107 m; BEE2,5.10°<L<3,5.10% oy
M3510%<L<4,1.10%m

diameter D, should not be smaller than ring aperture D,.
The above réquirement limits the possible upper value
of e to 0,5, at which D, = Dj;.

Influence of Plate Free Area

The distribution of L on the stage is shown for a lower
and a higher value of the free area at fixed interplate
distance h (Fig.3). It is seen that in case of small free
area, the zones of high L-values are smaller in volume
and are found in both parts of the stage over and snder
the disk. In case of large frec area, the zones of high L-
values become larger. However, the zone under the disk
has disappeared. The maximal values of L in these two
cases are rather similar, i.e. there are mo significant
changes in the turbulent macroscale due to plate free
area, only the volume and location of the zones are
affected. )

Influence of Interplate Distance

Fig.4 illustrates the case of different interplate distance
h at fixed plate free area. It is seen that the interplate
distance affects strongly the volume and the maximal
values of the turbulent macroscale. When doubling the
interplate distance, L increase significantly, the maximal



Fig.4a Size and distribution of turbulent macroscale L on
stages at same plate free area and different interplate distance h:

h = 0,086; Lypax = 1,9.10% m; B8 1,5.10”<L<1,9.10°m

L-value is increased as much as twice, and the zones of
high L-values become much larger in volume. The
conclusion is that the interplate distance is the most
important parameter controlling the size of turbulent
macroscale.

The results of Figs. 3 and 4 refer to ascending (down
to up) flow. The picture for the descending phase of the
pulsation is symmetrical with respect to disk — the
marked zones take mirror positions on the other side of
the disk. Tm all cases, larger values of turbulent
macroscale are Iocated in the median zones between the
disk and respective ring.

The experimental observations [15] in a column of
same geometry have shown that namely these median
zomes in the stage are places of intensive drop breakage.
This fairly good comrespondence of modeling and
experience attributes more reliability to the simulation
results obtained here.

-

Correlation Development

Summartizing the influence of geometry and dynamic
parameters, the following general tendencies have been
put in evidence:

- The dymamic parameters A, and [ (Re) have
negligible influence on L;

- The turbulent macroscale rises when increasing the

°  interplate distance or/and plate free area;

~ The influence of interplate distance on L is stronger
than that of plate free area. )

Additional considerations are taken into account in
the development of corresponding correlation:

~ When plate free area e approaches 1 — case of
hollow column, no matter the value of h, L should
tend 1o a value Ly corresponding 1o hollow column;

- The interplate distance parameter h = H/D, shorld
control L when A<1, ie. until the interplate
distance is smaller than the column diameter. At
interplate distance larger than column diameter, the
latter becomes the limiting geometry dimension and
the influence of h should diminish.

An expression franslating these tendencies has been

developed
Bl o

Fig.4b Size and distribution of turbulent macroscale L on
stages at same plate fre¢ area and different interplate distance h:
h=0,155; Lyax = 3,8.10% m; B8 1,5.10> < L. <2,5.10”% m;
2,510%<L<3,5.102 m; M 3,5.10% <L <3,8.10°m

The unknown empirical terms have been identified
by a procedure based on Gauss-Newton algorithm,
using the mean space and time values (L) of computed
discrete values of turbulent macroscale at various
geometry parameters: '

DLy =22,38; o=149; $=048

Comparison with Existing Correlations

For a hollow column, Brodkey [16] has proposed the
expression (subscript o designates the terms in a hollow
column)

8.8
& =Ek03[2 1)
From Egs.(1) and (11) it is derived
L= koslz _D,
g 88
Ly =01D, 12)

This result shows also, that the turbulent macroscale
in a hollow column depends only on column diameter
and is independent on flow regime (Re).

Ounr correlation (10) can provide the value of Lina
holiow column. In this Iimit case, the free area ¢
becomes equal to 1 and Eq.{10) is reduced fo

DJ/Ly=DJLs=22,38
from where
1s=0,045D, (13)

The results (12) and (13) are of the same order.
Their similarity could be considered as relatively good,
accounting that the empirical coefficient Cp in (1) has
been taken approximately equal to 1.

More fine coincidence is found applying another
approach. The friction velocity in the wall zone Uz is
bound to the kinetic energy and its dissipation rate by
the equations [1,2]

k=Udic,? (14)



£ = UF/CL 15)
From (14) and (15) it is obtained
C 374 2
E= C.L ——k (16)

In the above relation Cy = 0,41 is von Karman
constant [2], C,= 0,09 is standard constant of k-€
turbulence model [3].

Applying Eq.(16) for hollow column with use of our
result for Ly (13), it follows

8,9 . 32
D, ko

<

&= 17

Comparing £q.(17) to the relation of Brodkey (11),
encouraging similarity is seen.
Aoun et al. {6] have proposed the correlation

Ly 5. D,
e )27

with the following values of the empirical coefficients:

a=84.10% b=027; ¢=0,31; d=-0,05; g=-0,05

(18)

The above values show relatively weak dependence
of Ly, on the pulsation parameters A, and f. This is close
to our observations that allowed us to develop a simpler
correlation excluding the participation of dynamic
terms.

Regarding the free area term e in (18), its influence
is even more important than that of interplate distance.
In our opinion, the main parameter defining the space
where the vortices can develop and extend to the
available geometry limits, is the interplate distance and
not the plate free area. For this reason, it seems more
logical to expect stronger influence of the interplate
distance as we have registered, studying the stage
distribution of L. This dependence is clearly reflected
by the correlation (10).

Unfortunately, correlation (18) cannot be
unconditionally applied for parameter values outside the
particular studied range, which is approximately the
same as our parameter range. For example, the increase
of h will produce unlimited rise of Ly. It is known,
however, that the size of eddies is limited by the column
diameter when interplate distance is too large.

In the considered case of hollow column, the
influence of dynamic parameters still remains, which is
in conflict with relation (11) and its result (12).
Nevertheless, if assume for hollow column case h=1 and
e=1, Eq.(18) produces for Ly values around 0,04D,
which is close to our result (13). In case of various stage
geometry parameters, correlations (10} and (18) give
rather similar results although their different structure.

Conclusions

The turbulent macroscale L of a pulsed liquid flow in
stagewise colummn apparatuses with internals of discs
and rings was studied by use of k-& model of turbulence.
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The local distribution of L on the stage is thoroughly
studied as a function of flow regime and stage geometry
parameters. Small variation of L. during the pulsation
cycle is registered, i.e. the size of large eddies does not
depend or the instant superficial flow velocity changes
during the pulsation. Similarly, low dependence of L on
Re number, pulse amplitude and frequency is observed.
Strong influence of the geometry parameters on L was
found, not too pronounced for the plate free area, but
rather significant as regarding the interplate distance.
The zones of high values of turbulent macroscale are
located. They correspond in position to the zones where
intensive break-down of drops has been experimentally
observed.. This fact attributes reliability to the results
obtained. A correlation for determination of mean value
of turbulent macroscale is proposed that reflects
adequately the influence of main process parameters.
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SYMBOLS

A, pulsation amplitude, m
Cp.: Ck’ CE, Csl, Cx—:2
standard constants of k — € turbulence model, -
Cy von Karman constant, -
D. column diameter, m

Dy disc diameter, m

D, ring diameter, m

e  platefree area, -

¢  dissipation rate of turbulent kinetic energy, m %3
f  pulsation frequency, §°

H  interplate distance, m

h  ratio of interplate distance and column diameter, -~
k torbulent kinetic energy, m’s”

L turbulent macroscale, m

L, mean value of turbulent macroscale, m

Ly maximal value of turbulent macroscale, m

Lo turbulent macroscale for hollow column, m

v kinematic viscosity, m’s’

v, turbulent viscosity, m’s”

Re Reynolds number, - ,

S, plate cross-section open fo flow, m

S. column cross section, m

t  time,s

T  period of pulsation, s

U; friction velocity, ms .

U; mean velocity vector, ms

U, mean superficial flow velocity, ms

U() flow superficial velocity at the moment £, ms?
x  space coordinate, m
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