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Abstract

In this work, the dispersion of diesel fuel in water in a baffled tank stirred by a Rushton turbine is
investigated. The impeller speeds corresponding to the initial drawdown, the just dispersed
regime and the completely dispersed regime are identified by suitable variables obtained by
means of the Electrical Resistance Tomography technique. The effect of the dispersed phase
volume fraction and of the impeller off-bottom clearance on the different dispersion regimes is
considered. The impeller Froude number, the Archimedes number and a dimensionless distance
between the liquid-liquid interface position and the impeller elevation are adopted for the data
interpretation. For the investigated system, the local volume fraction profiles show that the
completely dispersed condition is practically achieved above the just dispersed impeller speed,

with negligible gradients of the local volume fraction distribution in the axial direction.
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1. Introduction

Immiscible liquid-liquid dispersions are relevant in several industrial applications of chemical,
pharmaceutical, food, polymerisation and petroleum sectors, among others for example, as
reported by Du et al. (2019), for the separation of light oil pyrolysis and platinum reforming,
multiphase catalytic processes for pharmaceuticals and fine chemicals, reuse of soluble polymer-
supported catalysts, extraction of rare-earth elements, nitrification, sulfonation.

Depending on the different drop sizing objectives, on the power requirements and on the process
conduction (batch or continuous), different equipment options are available from an industrial
perspective, such as baffled and unbaffled stirred tanks, static mixers, rotor-stator mixers,
impingement mixers, and ultrasonic mixers among the others. Stirred tanks are often selected for
the mixing operation, with the aim of obtaining a dispersion of droplets with size distribution in
the continuous liquid ranging from around 30 pm to few millimeters (Leng and Calabrese, 2016).
In operations where local high-shear is desired, fully baffles stirred tanks and radial turbines are
commonly adopted, with the most common impeller being the Rushton turbine (Hemrajani and
Tatterson, 2004).

Obtaining a dispersion of droplets with specific size distribution is a very challenging task, due
to the complex nature of turbulent two-phase flows that is further complicated by the shape
deformation of the droplets, with respect to the case of solid particle dispersions (Elghobashi,
2019). Occurrence and interaction of several aspects, such as turbulence, drop break-up and
coalescence, drop suspension, interfacial area, possible phase inversion, influence of the liquids
composition and physical properties, make this operation one of the most difficult to deal with in

stirred tanks (Afshar Ghotli et al., 2013; Leng and Calabrese, 2016).



In order to control the features of the dispersion and to optimize the energy consumption
simultaneously, the agitation conditions and the geometry of the stirred tank must be selected
with care. Significant efforts on both the experimental and the computational sides have been
devoted so far to the understanding of the fundaments of the fluid dynamics interaction between
the two phases and to the development of predictive methods for improving the equipment
performances and the quality of the products. Breakup and coalescence phenomena, mean and
minimum drop size have been studied from an equipment scale (Calabrese et al., 1986; MaaR et
al., 2007; Zhou and Kresta, 1998), to a scale comparable with the impeller dimensions (Liang et
al., 2019; Maal et al., 2009; Solsvik and Jakobsen, 2015) and further down to the droplet scale
(Kamp and Kraume, 2016; Komrakova et al., 2015; Maal et al., 2012) with the aid of numerical
simulations, focusing on the relevant fluid dynamics scales and interactions.

From an equipment point of view, some empirical correlations to estimate the agitation speed
necessary to achieve the complete liquid-liquid dispersion are already available (Nagata, 1975;
Skelland and Ramsay, 1987; Skelland and Seksaria, 1978). Most of the experimental data were
collected by sampling techniques (Armenante and Huang, 1992; Kamil et al., 2001; Mehta,
2002).

Notwithstanding the tremendous improvements gained in the recent past, average properties over
the whole vessel are usually considered for system description and for scale-up, particularly in
the case of concentrated liquid-liquid systems. Some of the more detailed studies focus on the
scale-up effects on the drop size when the secondary phase is completely dispersed in the
continuous phase (Baldyga et al., 2001; Podgoérska, 2005; Podgorska and Batdyga, 2001) or the

effect of surfactants (Mirshekari, et al., 2019).



Modelling methods have also been developed by fully-predictive, two-phase Computational
Fluid Dynamics (CFD) techniques coupled with break-up and coalescence models (Alopaeus et
al., 2002; Derksen and Van Den Akker, 2007; Li et al., 2017; Maal® et al., 2010, 2007; Vonka
and Soos, 2015), but their adoption to full scale equipment is still a challenge.

One key issue for moving towards cases of industrial interest and allowing CFD code validation
under conditions close to industrial applications is to obtain quantitative data in concentrated
liquid-liquid systems. To this end, the application of Electrical Resistance Tomography (ERT)
appears particularly appropriate, as shown among the first by Ricard et al. (2005), whose focus
was on the monitoring of pharmaceutical processes. A meaningful picture of the wide range of
applications of ERT to the investigation of industrially relevant mixing operations has been
recently provided by Bowler et al. (2020). As also reported by Naeeeni and Pakzad (2019), ERT
has been used for the investigation of many single-phase and two-phase systems in stirred
vessels, but very few studies so far concerned liquid-liquid systems. The effectiveness in
evaluating the liquid-liquid mixing performances based on ERT data was shown by Mirshekari
and Pakzad (2019), who compared the effect of different physical properties of the liquid-liquid
dispersions and different geometrical characteristics of the stirred vessels based on a mixing
index obtained on two measuring planes. Additional investigations in the field of immiscible
liquid-liquid mixing based on ERT can be very useful, considering the important achievements
already obtained for instance in the study of the non-Newtonian liquid mixing (Kazemzadeh et
al., 2016), the solid suspension (Harrison et al., 2020) and the gas dispersion (Forte et al., 2019)
in stirred tanks.

Among the different aspects that have been studied so far, the agitation speed to obtain different

liquid-liquid dispersion regimes and the relevant volume fraction distribution of the dispersed



phase in the continuous liquid are specifically addressed in this work, with special focus on the
methodology to collect reliable data and to evaluate the transitions between the different regimes.
The investigated diesel fuel-water mixture has similar physical properties of other liquid-liquid
systems used for the analysis of bioreactors for biodesulfuration of crude oil (Tsouris et al.,
1996), for the analysis of drops coalescence and breakage in stirred tanks (Daglas &
Stamatoudis, 2000, De Bona et al., 2016), for the analysis of macromixing phenomena (Zhao et
al., 2011), for the analysis of homogeneously catalysed hydroformylation of olefins (Hohl et al.,
2019), for the isobutene alkylation (Duan et al., 2019).

The paper is organized as follows: in the next section, the experimental system and the technique
adopted for collecting the experimental data are presented. Afterwards, the dimensionless
conductivity maps obtained in typical experimental runs and the main features and limitations of
the data under various experimental conditions are addressed. Then the liquid-liquid regimes, the
definition of the variables for identifying the transition between them are provided together with
dimensionless numbers to identify the relevant liquid-liquid dispersion regimes with respect to
specific combination of parameters (impeller speed, dispersed phase volume fraction, impeller
clearance). Finally, a close look to the spatial distribution of the droplet volume fraction under

selected conditions is presented.

2. Material and methods

2.1 The stirred tank configurations and the liquid-liquid system

The investigation was carried out in a cylindrical, flat bottomed stirred vessel made of Plexiglas
of diameter, T, equal to 0.232 m and height, H, equal to 0.28 m. Four equally spaced baffles of

width, W, equal to T/10 were fitted to the vessel wall to prevent the central vortex formation and



to enhance the action of the impeller. Agitation was provided by a single Rushton turbine of
diameter, D, equal to T/3, mounted on a central shaft, located alternatively at the off-bottom
clearance, C, of T/3 or T/2. The main geometrical features of the stirred vessel are shown in
Figure 1, where the location of the electrodes for the ERT measurements is also specified.

The liquid-liquid system consisted in demineralised water and commercial diesel fuel. The

physical properties of the two liquids are summarized in Table 1.

Table 1. Physical properties of the two liquids at 25°C.

Density, p [kg/m3]  Viscosity, z[Pas] Surface tension, o [mN/m]
Water 997 8.90 x 10°* 72.0
Diesel fuel 826 3.50x 1073 27.6

A necessary prerequisite for the ERT application to two-phase flows is to have an appropriate
conductivity difference between the two phases (Stanley, 2006). For this reason, 5 g/L of NaCl
were added to the conductive phase, that is the demineralized water in this case, while the diesel
fuel conductivity was assumed to be nil. The small amount of salt was assumed to be
uninfluential on the demineralized water physical properties.

The investigated experimental conditions are summarized in Table 2.

Table 2. Summary of the investigated experimental conditions.

Oil volume fraction, | Impeller speed, N | Impeller Reynolds

dd [-] [rpm] number, Re [-]

Investigated range 0.05-0.5 100-600 1.1 x10% - 7.0 x10*




The diesel fuel volume fraction in the tank was varied from dilute to concentrated conditions.
Starting from the fluid at rest, the impeller speed, N, was increased stepwise from 100 rpm up to
600 rpm. Based on the impeller Reynolds number, Re, that was calculated with the water
physical properties, the flow regime was fully turbulent. The total liquid height, H., was
maintained at 0.232 m, corresponding to a total volume of 9.81 L. The experiments were carried

out at the room temperature of 25°C in batch conditions.

2.2 The Electrical Resistance Tomography technique

The local distribution of the diesel fuel in water was evaluated on four horizontal sections of the
vessel from the local conductivity of the liquid-liquid mixture measured with the ITS 2000 ERT
instrumentation (Industrial Tomography Systems Ltd). The measurement set-up is schematically
depicted in Figure 1. The vessel periphery was provided with equally spaced electrodes, made of
squared stainless steel plates (20x20 mm, 1mm thickness). The electrodes were fixed to the
internal vessel wall at four horizontal elevations, located at z;z=60mm, z>=110mm, zz =160mm,
z4 =210mm from the vessel bottom. For each plane, 16 electrodes were adopted. As a result, the
impeller was located between the planes z; and z» for C=T/3 and between z; and z3 for C=T/2.
The electrodes were then connected to the Data Acquisition System (DAS) by coaxial cables.
The measurements were based on the so-called circular adjacent strategy, in which electric
current is injected from adjacent electrodes pair at a time and the voltage difference is measured
from the remaining pairs of electrodes. The procedure is repeated for all the independent pairs of

electrodes.
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Figure 1. Schematic characteristics of the experimental system.

As for the reconstruction method for obtaining the conductivity maps from the electric potential
measurements, the linearized (non-iterative) modified sensitivity back projection (MSBP)
algorithm was selected (Wang et al., 1996), as implemented in the ITS System p2+ V8 software.
The reconstruction of the conductivity maps was very fast, thus the phase distribution was
monitored in real time.

The local conductivity on each plane was obtained on a mesh of 11.6 mm x 11.6 mm. The
number of local measurements inside each circular tomogram, n, was equal to 316, thus, when
considering the 4 investigated planes, a total number of conductivity values, p, equal to 1264 was
obtained. The amplitude and the frequency of the injected current were set at 15 mA and 9600

8



Hz respectively, after preliminary calibration tests. For each set of acquisitions, 600 total
instantaneous measurements were collected, at a frequency of 0.92 frames per second.
In the following, the results of the measurements are shown in terms of dimensionless local

conductivity, X, that is computed as the ratio between the local conductivity, y;, measured in the

liquid-liquid mixture and a reference conductivity yfef. . The data analysis is based on the

ensemble average of the instantaneous dimensionless conductivity. The estimated error on the

local conductivity, based on triplicate measurements, is equal to 3%.

2.3 Reference measurements and fringe effect

In the case investigated in this work, the dimensionless conductivity can be either measured with
respect to the unstirred segregated two-phase system with the lighter phase floating on top of the
heavier phase or in the unstirred single-phase system containing only the continuous conductive
phase filling the vessel up to Hr. To the best of our knowledge, all the previous investigations
based on ERT measurements in liquid-liquid systems did not tackled the issues described in the
following, either due to the limited volume fraction of the non-conductive phase (Naeeeni and
Pakzad, 2019) or to the position of the electrodes far enough from the non-conductive liquid
level (Mirshekari and Pakzad, 2019). Instead, for the conditions investigated in this work,
depending on the choice of the reference measurement, significantly different results are
obtained, as can be observed in Figure 2, where, by means of example, the radial profiles of the
dimensionless conductivity, X, obtained with different references are reported. The radial
profiles are obtained from the tangential average of the measured X; on zz. Figure 2(a) refers to
measurements at a low impeller speed, when the two phases are completely segregated, with the

interface located at z=221 mm. Although, at the selected agitation condition, from visual



observations the diesel fuel is completely segregated on top of the water, the profile obtained

with the reference taken with the aqueous water solution only shows a considerable decrease of

dimensionless conductivity, especially towards the centre of the vessel, while a constant profile

is obtained using the measurements in the still oil-water system as the reference.
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profiles of dimensionless conductivity on zz obtained with reference

measurements in still water (solid line) and still oil/water mixture (dotted line), ¢4 = 0.05, C=T/3.

(a) N=170 rpm (stratified condition); (b) N=520 rpm (completely dispersed condition).
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This observation could lead to the conclusion that the reference measure has to be taken with the
oil-water system at rest, since it provides reliable results. On the other hand, Figure 2(b) shows
the experimental data at impeller speeds high enough to have complete dispersion of the lighter
phase in the heaviest. In this case, the exact opposite result is obtained, in fact, in these
conditions the dimensionless conductivity becomes larger than unity towards the centre of the
vessel for the reference measurements taken with water and diesel fuel at rest.

This behaviour is most likely due to the fringe effect (Lioumbas et al., 2014; Sun and Yang,
2013) that extends the measuring field outside the electrodes plane, as shown in Figure 3. This
effect is known in the community of the sensor developers, but it has been rarely taken into

account in the fluid dynamic analysis of the equipment.

(a) (b)
Figure 3. Scheme of the electric field (red lines) generated by an electrode plane in the two phase
system. (a) phase distribution at low impeller speed; (b) phase distribution at high impeller

speed.

In segregated liquid-liquid systems, the sensors on the plane close to the oil/water interface

register the presence of the non-conductive phase even though the liquid-liquid interface is above
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the measuring plane, as can be observed in Figure 3(a). When this measurement is compared
with the reference taken with just the conductive phase, the resulting dimensionless conductivity
indicates that non-conductive phase is present on the measurement plane, that is not real. The
measured conductivity becomes smaller toward the centre of the vessel, where the fringe effect is
larger, as shown by the solid line in Figure 2(a). On the other hand, comparing the measurement
with the reference taken with the water-diesel fuel mixture results in a constant radial profile of
dimensionless conductivity equal to 1, in agreement with the visual observations (dotted line,
Figure 2(a)).

For completely dispersed conditions, that are depicted in Figure 3(b), if the reference is obtained
from a stratified oil/water mixture, the local conductivity in the centre of the tank is greater than
that measured in the reference condition. Therefore, the dimensionless conductivity assumes
values greater than one, that is clearly wrong, as shown by the dotted line in Figure 2(b).
Conversely, if the reference is measured with the conductive phase only, the ratio between the
conductivity of the oil/water mixture and the water phase provides physically consistent results
(solid line, Figure 2(b)). Indeed, the measurements at high impeller rotational speeds obtained
with the single-phase reference produce an almost constant radial profile in agreement with the
homogeneous dispersion conditions expected at high impeller rotational speeds. From these
observations, it follows that the choice of the reference affects the results and, one way or
another, produces uncertainties.

As an additional example of the issue described above, the case of a high oil volume fraction of
oil is shown in Figure 4, where the dimensionless conductivity on the four measurement planes,
Xi, is obtained adopting the single-phase reference conductivity. The vertical values are obtained

from a numerical interpolation of the measurements on the four measuring planes.
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Being the electrical conductivity of the oil negligible with respect to that of the water, the
dimensionless conductivity is bounded between 1 (water only) and O (oil only). In this case the
oil/water interface in still conditions, z), is located at 151 mm, that is below both the zz and the z4
planes. As a result, the measurements at slower impeller speed shown in Figure 4(a) are not
reliable in the upper two planes, since at N=220 rpm the electrodes are still fully immersed in a
non-conductive phase. Increasing the impeller speeds of a few tens of rpm the partial drawdown
of the oil takes place, but the measurements on z4 do not provide reliable data because of the
presence of a thick oil layer, as shown in Figure 4(b). Instead, the measurements are reliable on
the whole set of elevations when the oil is completely dispersed, as in the case of the results
shown in Figure 4(c).

Overall, using the single-phase reference, the ERT conductivity maps show a physically
consistent representation of the liquid-liquid system, provided that the electrodes are not

immersed and are far enough the non-conductive phase continuous layer.

0 010203040508070809 1

(@) (b) (©)

Figure 4. 3D-map of dimensionless conductivity Xi, C/T=1/2, $4=35%. (a) N=220rpm; (b)

N=250 rpm; (c) N=460 rpm.
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Keeping in mind these limitations of the technique, the data have been collected with the
reference measurement in the vessel filled with just water at rest. The data collected at low
impeller rotational speeds have been specifically treated depending on the purpose of the

analysis, as discussed in the following.

3. Results and Discussion

3.1 Definitions and methodology for the identification of dispersion regimes

A method for estimating the characteristic regimes of liquid-liquid mixing and the transitions
from one regime to another can be defined with ERT data and through the definition of suitable
variables accounting for the distribution of the two liquids in the vessel volume as a function of
the geometrical and operating variables. In the literature, two regimes are most frequently
considered, the “just dispersed” (JD) condition, where no continuous layer of the dispersed phase
is present in the vessel, and the “completely dispersed” (CD) conditions, where the mixture is
uniformly distributed in the tank. An additional condition can also be considered, that is the
“initial drawdown” (ID), corresponding to the beginning of droplets entrainment in the heavier
liquid phase (Brown et al., 2004).

In the following, the different regimes as depicted in Figure 5 will be considered.

14
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Figure 5. The characteristic regimes of immiscible liquid-liquid mixing.

The transitions from one regime to another have been identified from the conductivity
measurements on the four planes.

Stratified/initial drawdown: the transition between the stratified and the initial drawdown occurs
at the impeller speed at which droplets of diesel fuel detach from the coherent layer on the top of
the vessel and they are entrained in the bulk of the heavier phase. For this reason, the
determination of the impeller speed at the initial drawdown was performed on a single
measurement plane, that was selected depending on ¢q4. In particular, the highest plane below the
elevation of the liquid-liquid interface at rest, z;, was considered. Obviously, the drawdown
phenomenon has to be analysed starting from a free oil layer on the top of the tank. In these
conditions, the results reported in Figure 2(a) suggest to use the still oil/water mixture as the
reference, that, on the other hands, leads to large errors when the mixture in the tank approaches
the dispersion conditions, as shown by the results in Figure 2(b). To overcome this issue, the
difference between the dimensionless conductivity obtained at the impeller speed, N, using as

reference the still oil/water mixture and the dimensionless conductivity obtained at still
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conditions (N=0 rpm) with the same reference should be considered. This difference can be

expressed as:

AX(N) =

ref,oil/water
i,N=0

YiN _ 1 ‘ (l)

that can be simply re-arranged as:

Yin  YiN=0
yref,water yref,water
— i,N=0 i,N=0
AX(N) = Frime (2)
ref,water
YiN=0

In this form the equation evidences that to identify the initial drawdown the reference can be
recorded with the water phase, avoiding the need to adopt different reference measurements
depending on the liquid-liquid regime.

Finally, in order to evaluate the initial drawdown impeller speed, the maximum relative deviation
from the initial condition of oil-water system at rest is evaluated, as:

Xin —XiN=0

AX max(N) = max

3)

Xi,N:O
where the dimensionless conductivities are obtained using the reference with the water phase
only. The variation of AXmax as a function of N is shown for the specific system in Figure 6.As
can be observed, at the lower values of the investigated agitation speeds, when the regime is
stratified, the calculated maximum difference defined by Eq. (3) is almost constant, but not nil,
due to the interface movement, that leads to conductivity maps slightly different from that
measured in still conditions. The abrupt increase observed between N=200 rpm and N=250 rpm
correctly catches the initial significant drawdown, confirmed by the visual observation of the
tank, because the ERT data detect the entrainment of oil droplets in the water phases by the

conductivity variation with respect to the stratified regime.
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Figure 6. Maximum local dimensionless conductivity difference vs impeller speed on z; (highest

plane below the z, elevation). C/T=1/2, ¢4 =35%.

It is worth noticing that the advantage of ERT over local probes is to provide local information
on a whole section. On the other hand, it is important to point out that the ERT is insensitive to
the decrease in conductivity due to very few droplets. Moreover, the drawdown is visually
identified as the droplets are entrained from the coherent liquid layer into the continuous phase,
in the close proximity of the liquid-liquid interface, whereas the ERT registers the drawdown as
the nonconductive droplets reach the measurement plane, that is located at some distance from
the liquid-liquid interface. For these reasons, the stratified/initial drawdown transition is
identified by the ERT at higher impeller speed with respect to the visual observation based on the
first entrained droplet. Keeping in mind that the dimensionless conductivity in each cell of the
plane is the average of multiple frames, it is reasonable to think at the maximum deviation as a
probability to find oil droplets in one of the measurement plane locations and said probability

increases as the impeller speed increases.
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initial drawdown/just dispersed: by definition, the transition between the two regimes takes place
when the continuous layer of the dispersed phase disappears from the vessel top region (or from
the bottom, in case of a dispersed phase denser than the continuous liquid). To identify this
transition the conductivity on the z4 plane is considered, being this plane closer to the coherent
oil layer elevation when most of the drawdown is accomplished. At very high volume fractions
of the diesel fuel, it becomes the continuous phase, therefore the plane z; is considered, as it is
the closer to the coherent water layer located on the vessel bottom. For detecting the transition
between the two regimes, the mixing index on the plane, Ml;, as adopted by (Carletti et al.,

2014), was calculated as:
MI., = 1 Ze K X? 4
z 7 x n-1 ( )

Where X, is the mean dimensionless conductivity value on zs, X is the local dimensionless
conductivity and n is the number of measurements on the plane.

In Figure 7 values of Ml;, obtained for the same condition analysed in Figure 6, are shown. The
transition can be identified at the impeller speed of 300 rpm, at which Ml reaches a very low
value, corresponding to the homogeneity on the plane, as confirmed by the visual observation of
the tank. It is interesting to notice that, adding to the analysis the mixing index definition of

Harrison et al. (2012), the same critical velocity is obtained.
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Figure 7. Mixing index on the highest measurement plane vs impeller speed. C/T=1/2, ¢4 =35%.

just dispersed/completely dispersed: this transition occurs when the liquid-liquid dispersion is
distributed uniformly throughout the vessel. Differently from the previous transitions, it cannot
be estimated by the visual observation of the tank and it is generally difficult to detect (Brown et
al., 2004). The following definition of the overall mixing index from ERT data is adopted, as

proposed for the analysis of solid-liquid systems by Carletti et al. (2014):

b (Xi=X)?

Ml = —1

()

il =

where p is the total number of measurements in the four measurement sections and X, is the
mean dimensionless conductivity on the four sections.

The Ml calculated at the different impeller speeds, shown in Figure 8, clearly identifies the
condition of complete dispersion corresponding to the sudden drop to a constant lower value,

that for the selected condition occurs at 300rpm. This result, as in the case shown in Figure 7,
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does not depend on the MI definition used for the evaluation. Comparing the dependency of Ml
on N shown in Figure 8 with that of MI; shown in Figure 7, it is apparent that the same agitation
condition that ensures the just dispersed regime allows to uniformly disperse the oil droplet in
the tank, for the specific system under consideration. This finding is most likely associated with
the relatively small density difference between the two liquids and the geometrical characteristics

of the tested stirred tank.
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Figure 8. Total mixing index vs impeller speed. C/T=1/2, ¢4 =35%.

3.2 Dimensionless parameters for the identification of a liquid-liquid dispersion map

3.2.1 Initial drawdown impeller speed, Nip

The variables defined in the previous sections and the methods for identifying the regime
transitions have been considered for the whole set of the experimental conditions, in order to
build a map for the identification of the liquid-liquid dispersion regimes in baffled tanks stirred

by Rushton turbines. Clearly more geometrical variations, different dimensions of the stirred
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tanks and a much wider range of physical properties of the two liquids will be required to
achieve conclusive results.

In Figure 9, the initial drawdown impeller speed, Nip, is shown as a function of the oil volume
fraction for the two impeller clearances of T/2 and T/3. A clear reduction of Nip at increasing ¢qd
is detected, and a limited effect of the clearance is observed at equal ¢q4. As expected, the results
show that higher agitation speed is required for achieving the initial drawdown as the distance of
the liquid-liquid interface from the impeller increases. It is worth mentioning that, at the
completely dispersed impeller speed, for ¢4 higher than 0.42 the continuous phase is oil instead
of water, as marked by the vertical line in Figure 9. This transition was detected both visually

and quantitatively from the ERT measurements.

6
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;| ©
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Figure 9. Initial drawdown impeller speed as a function of ¢4 for two impeller clearances.

The transition between the stratified and the just drawdown condition can be characterised with
the impeller Froude number, Fr, that is the ratio between the inertial and gravitational forces,

defined as:
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2
Fr = ”g—” (6)

In addition to the impeller Fr, that is also adopted to identify the regimes in gas-liquid stirred
tanks (Montante and Paglianti, 2015; Warmoeskerken and Smith, 1985), a geometrical
parameter, that is the distance between the liquid-liquid interface and the impeller, should also be

included in the case of liquid-liquid systems, as clearly indicated from the results shown in

Figure 9. From geometrical considerations, this distance can be related to the dispersed phase
volume fraction, as: z; —C =T %(1 —¢q) — §| where H is the height of the mixture inside

the tank, that in this work is always equal to T. Making the distance dimensionless with the
impeller diameter, a modified Froude number for identifying the transition, Fr’, can be computed

as:

D

Fr'=Fr—g——
T a0

()

As already proposed by Armenante’s group (Tsai, 1988), the lighter phase dispersion can be
characterised with the Archimedes number, Ar, that gives the ratio between the gravitational
force on the droplet of size d and the continuous phase viscous force, as:

3 -
Ar = W (8)
(o

Based on the physical properties and the operating conditions that determine the droplet size, the
well-known Weber number theory (Leng and Calabrese, 2016) is adopted for estimating d,

resulting in the following dependency:

d = 0.053D (L)?’/5 (9)

pcN2D3
If the dispersed liquid is viscous, the internal viscous resistance to the deformation should be
considered. In this case, Eqg. 9 should be corrected including the viscosity group as suggested by

Leng and Calabrese (2016). For the system analysed in present work the correction is below 5%,
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therefore it is not used in the following. It is interesting to point out that the accuracy of Eq. 9 has
been checked comparing the computed value with the experimental ones obtained with a
Spraytec Particle Size Analyzer by Malvern. The test has been carried out at 500 rpm in very
dilute conditions, in which coalescence was negligible. The experimental mean Sauter diameter
obtained was equal to 47.6 micrometres while the computed vale was equal to 72 micrometres. If
the correction to take into account the viscosity group is used, a computed value of 76
micrometres is obtained. The equations suggested by Leng and Calabrese (2016) can be used to
predict the droplet size with acceptable accuracy within the limits of a factor of 2.

Using d evaluated by Eq. 9 in Eq. 8, the Archimedes number becomes:

o o N\
D (W) pclpc—pal

)
Ar=1510"* =

(10)

At the initial drawdown impeller speed, the relationship between the dimensionless numbers

defined above is shown in Figure 10.

60
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50 + A C/T=1/3 o
—Eq. 11
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Figure 10. Relationship between Ar and Fr’ at the initial drawdown impeller speed.
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Being the relationship shown in Figure 10 approximately linear, with a simple interpolation of
the experimental results the following equation for estimating Nip can be suggested, at least in
the range of conditions investigated in this work:
Ar = 131Fr' —8.21 (11)

For comparison with data collected in different systems, only the results reported by Laurenzi et
al. (2009), who visually estimated the initial drawdown impeller speed, were found. The
investigation was performed using a vessel closed with a lid, that can change the drawdown
behaviour. Apart from the geometrical differences, the comparison clearly highlights that the Nip
evaluation performed with the ERT technique is overestimated with respect to the visual
observation, since as already observed, ERT is able to catch the transition, measured on a plane
distant from z;, only if a consistent drawdown occurs.

3.2.2 Just dispersed impeller speed, Nip

The experimental minimum impeller speed required to eliminate any continuous layer of the

dispersed phase is shown in Figure 11 at the different investigated conditions.
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Figure 11. Just dispersed impeller speed as a function of ¢q for two impeller clearances.
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The vertical line has the same meaning as in Figure 9. While for the case of a conductive
continuous phase the transition is identified at low values of MIz on zs4, for a non-conductive
continuous phase, the transition is detected for MIz greater than a critical value on z;.

The results in Figure 11 are set between the predictions of the correlations due to Nagata (1975)
and Skelland and Seksaria (1978). The experimental data show that the dependency of the just
dispersed impeller speed from the dispersed phase volume fraction is weak, while an evident
effect of the impeller clearance can be noticed. The same characteristic dimensionless numbers
considered in the transition between the stratified and the initial drawdown regimes are
considered, apart for the dimensionless geometrical distance, that has a simplified form, since at
the just dispersed condition the distance between the impeller and the thin continuous layer is

practically located at the liquid free surface. As a result, Eq. 7 becomes:

Fr'' = Fr% (12)
Tr

The dependency of Ar and Fr’’ at the just dispersed impeller speed is shown in Figure 12
together with literature experimental data of Armenante and Huang (1992) and Laurenzi et al.

(2009).
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Figure 12. Relationship between Ar and Fr’’ at the just dispersed impeller speed.

For this transition also, the relationship found in Figure 12 is approximately linear. The available
experimental data can be interpolated with the following equation, that can be used for
estimating the Nyp value:
Ar = —=70.4Fr" 4+ 15.0 (13)

For estimating the range of application of Eg. (13), the experimental data collected by
Armenante’s group (Mehta, 2002) using mineral oil, with volume fraction of 0.1, in water are
considered. These data are particularly interesting because a detailed analysis on the effect of
C/T and of HL/T was performed. Obviously both Equation 11 and 13 can be used only in the
range of the physical and geometrical properties tested in the present work. Their use out of this
range should be carefully checked. For instance, if the impeller is set close to the free liquid layer
the geometrical corrections used in the Froude number can lead to large values of Fr’’ and
therefore a negative value of Ar. Future work will be oriented to extend the analysis to these

particular geometrical configurations.
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Figure 13. Comparison between Eq.13 and the experimental data of Mehta (2002).

The experimental data reported in Figure 13 show that Eq.13 can be used for predicting the value

of Njp if the ratio

HLT_C is greater than 0.3, while for lower values a significant deviation is

observed. This result is clearly related to the variation of the fluid dynamics behaviour when the
impeller is close to the liquid free surface, as also highlighted from the reduction of the power
number measured by Mehta (2002), that cannot be taken in account just by the geometrical
dimensionless distance included in the modified Froude number, Fr’".

Being the completely dispersed condition not detectable visually or by pointwise probes, the
advantage of the ERT data are particularly evident in the case of the transition between just
drawdown and completely dispersed regimes, that are usually considered as distinct and clearly
recognizable (Brown et al., 2004). On the contrary, for the investigated liquid-liquid system at
the just dispersed condition, the dispersed liquid was practically homogeneously distributed
along the vessel height, as shown by the calculated Mli,: and by the local analysis of the

conductivity on the four measurement planes, discussed in the following.
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3.3 Distribution of the oil droplets throughout the vessel

As already observed in Section 2.3, the fringe effect and the errors in the conductivity field
reconstruction when the electrodes are fully immersed in a non-conductive phase, limit the
significance of the dimensionless conductivity data obtained using just water as the reference
measurement. Consequently, the data can be used to evaluate the volume fraction of the
dispersed phase only at impeller speed, N, equal or higher than that corresponding to the just
dispersed condition, Njp. Instead, at N<Njp the effect of these issues clearly leads to unreliable

dimensionless conductivity profiles, as shown in Figure 14,
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Figure 14. Radial profiles of the dimensionless conductivity. a) C/T=1/3, ¢4=14%, N=340 rpm,

b) C/T=1/2, $4=35%, N=250 rpm.

As expected, for low values of N and high values of ¢q, as is the case of the data shown in Figure
14(b), the thickness of the non-conductive layer increases with respect to the case reported in
Figure 14(a) and also the measurement error increases. Indeed, local values of the dimensionless
conductivity greater than 1 are a clearly unphysical, since the maximum value of the
dimensionless conductivity should be 1, corresponding to a local value of ¢4 equal to zero.

Above Njp, the ERT data are able to properly evaluate the dispersed liquid volume fraction in

any section of the vessel, as reported in the Figure 15.
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Figure 15. Radial profile of the oil volume fraction. a) C/T=1/3, ¢4=14%, N=466 rpm, b)
CIT=1/2 $pa=35%, N=320 rpm.
The local volume fraction profiles shown in Figure 15 are calculated from the local
dimensionless conductivity using the simplified Maxwell equation (Vilar et al., 2008) that for

non-conductive spherical particles of equal size reads as:

_ 5 (1-Xy
¢d,l' - 2 (2+Xi) (14)
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It is worth noticing that Eq. 14 holds true if the dispersed phase is formed by spherical and
uniformly sized dispersed droplets, nonetheless it is commonly used in liquid-liquid (Mirshekari,
F., Pakzad, 2019, Bolton et al., 1998) as well as gas-liquid (Forte et al., 2019) and solid-liquid
mixtures (Ricard et al., 2005).

As can be observed the liquid droplets are homogeneously distributed along the axial elevation,
while an appreciable variation is detected along the radial coordinate. It is worthwhile noticing
that the values of the mean volume fraction calculated from the measured values are 14% and
35.8% for the case reported in Figure 15(a) and (b), respectively, that fairly agree with the actual

overall oil volume fractions in the vessel that were equal to 14% and 35%.

4. Conclusions

In this work different liquid-liquid regimes of diesel fuel-water mixture at different volume
fractions, impeller speeds and clearances have been investigated.

The measurements helped in the definition of the limits of the ERT technique in liquid-liquid
stirred tanks, and the results highlighted that the choice of the reference measurement needed by
the non-iterative reconstruction algorithm MSBP affects the results in different ways, depending
on the liquid-liquid regime in the vessel.

Four liquid-liquid dispersion regimes were identified, namely the stratified, the initial drawdown,
the just dispersed and the completely dispersed regime and different parameters were defined for
estimating the regime transitions in different operating conditions.

The study revealed that the initial drawdown impeller speed, Nip, has a weak dependency on the
impeller off-bottom clearance and has a decreasing trend as the volume fraction of dispersed

phase increases. The just dispersed impeller speed, Njp, remains almost constant with the
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variation of diesel-fuel volume fraction, but it increases as the impeller off-bottom clearance
decreases.

Nip and Njp dependencies on the Archimedes number and modified Froude numbers were
studied finding a linear relationship in the range of operating conditions considered. The results
compared well with data from the literature collected in a similar range of operating conditions.
In the conditions considered in this work, the results showed that the completely dispersed
regime is achieved once the drawdown is completed. To support this finding, radial profiles of
diesel-fuel volume fractions at four different vessel height were analysed and no axial
differences were observed at impeller speeds higher than Njp.

Future investigations will be addressed to apply the methodology devised in this work to
different liquid-liquid systems, for covering a wide range of industrially relevant physical
properties of the two immiscible phases and assessing their effect on the liquid-liquid mixing

feature discussed in this work.
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Nomenclature

Ar Archimedes number, dimensionless
C impeller off-bottom clearance, m
d droplet size, m
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Fr

HL
Mot

Ml

Nip

Nip

impeller diameter, m

Froude number, dimensionless

gravity acceleration, m s

vessel height, m

liquid height, m

total mixing index (Eg. 5), dimensionless

mixing index on selected plane (Eg.4), dimensionless
number of local measurements on a plane, dimensionless
impeller speed, s

initial drawdown impeller speed, s*

just dispersed impeller speed, s

total number of local measurements on the four planes, dimensionless
radial coordinate, m

radius of the vessel, m

vessel diameter, m

axial coordinate, m

local dimensionless conductivity

mean dimensionless conductivity

Greek letters

dd

a

diesel fuel volume fraction, dimensionless

local conductivity, S/m

local conductivity of the reference measurement, S/m
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He

Hd

Pc

Pd

Gd

continuous phase dynamic viscosity, kg/m/s
dispersed phase dynamic viscosity, kg/m/s
continuous phase density, kg/m?®

dispersed phase density, kg/m?

interfacial tension, N/m

continuous phase surface tension, N/m

dispersed phase surface tension, N/m
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