Korean Chem. Eng. Res., 62(4), 296-311 (2024)
https://doi.org/10.9713/kcer.2024.62.4.296
PISSN 0304-128X, EISSN 2233-9558

s 4

A Review of Experimental and CFD Techniques to Characterize Macromixing via
the Intensity of Segregation in a Rotating Bar Reactor

Abdelgadir Bashir Banaga®***** and Zeinab A. M. Khalel*"**

*Research Center of Sudan for High Gravity Engineering and Technology, Khartoum, Sudan
**Sudan University of Science and Technology, P.O. Box 72, Khartoum 11111, Sudan
***Research Center of the Ministry of Education for High Gravity Engineering and Technology,
Beijing University of Chemical Technology, Beijing 100029, PR China
(Received 22 July 2024; Received in revised from 24 September 2024; Accepted 24 September 2024)

Abstract — Several experimental and Computational Fluid Dynamics (CFD) methods have been developed to analyze and
describe macromixing processes in a rotating bar reactor (RBR). This review provides an overview of the measurement
methods of macromixing and delivers an assessment based on the concentration field. The concentrations are directly
used to define the intensity of segregation (/;), and can reflect macromixing in a rotating bar reactor. Additionally, shows
the investigations of the techniques available for portraying the intensity of segregation. This research is organized into
three primary sections. The initial two sections focus on the overarching trends associated with the implementation of
Conductivity, Planar Laser-Induced Fluorescence, and Electrical Resistance Tomography methods in RBR. An examination of
the procedural steps, materials utilized, and the associated calculations was conducted. The final section addresses the
simulation model of Computational Fluid Dynamics (CFD), detailing the necessary parameters, including the equations
employed, boundary conditions, and the calculation procedures for determining the intensity of segregation. Subsequently, the
study elucidates the feasibility of employing CFD as a precise technique for evaluating macromixing. The experimental
techniques available were reviewed and compared in terms of their advantages, disadvantages, characterization capabilities,

and scope of application.

Key words: Intensity of segregation, Conductivity, PLIF, ERT, CFD

1. Introduction

Process technology operations require enhanced mixing performance
leading to better overall reaction rates, yields, and selectivity to the
desired products. Thus, multiple investigations on reactor configurations
were conducted to intensify the mixing [1]. Mixing quality in various
reactors has been studied, including the rotating packed bed reactor
(RPB), Taylor Couette (TC) reactor, microchannel reactor, rotating
bar reactor (RBR), and helical tube reactor (HTR). One typical
example is the rotating bar reactor, which can continuously mix
different streams between two concentric cylinders. A rotating bar
reactor consists of the inner rotating cylinder and the outer static
cylinder. The primary distinction is that the rotating bar reactor modify
the feeding inlet. Out of all the rotating reactors, the rotating bar
reactor has garnered the most level of interest, it has successfully
applied low-shear mixing, biological reactions, particle classification,
liquid-liquid extraction, catalytic photochemical reactions, emulsion
polymerization, wastewater treatment, etc [2]. Several authors have
emphasized the significance of enhancing the current processes of
RBR, namely by improving mass transfer and mixing efficiency [3- 5].
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Different flow patterns may arise within the annular space of an
RBR, leading to distinct flow characteristics and configurations. The
blending conditions within an RBR can be adjusted almost autonomously
from the axial flow, through changes in the rotational velocity of the
cylinders and the reactor's geometry [5].

The performance of most industrial liquid-liquid processing is
affected by the mixing of miscible fluids and mass transfer. Mixing is
described as the decrease of non-homogeneity to obtain the requested
process. Non-homogeneity is influenced by concentration, condition, or
heat. The main factors to recognize in each mixing process are the
time accessible to achieve the required mixing quality and the scale
of homogeneity [1,6]. Particularly, mixing quality is a fundamental
factor in deciding reactor performance [2,7], especially for fast and
complex chemical reactions [3,7]. It plays a significant part in improving
the quality of the final products [4,8]. Moreover, mixing in chemical
reactors is a considerable unit activity, and the design and improvement
of the all-around reactor are of huge viable significance in enhancing
mixing [9,10]. It is accepted to partition the mixing into a cascade of
macromixing, mesomixing, and micromixing [11,12]. Macromixing
depicts the initial stage in the contacting of two liquids process, it
happens on the gross scale of the whole mixing vessel [13]. This
scale is defined as a change that occurs in mixture concentration at a
reactor scale. It has a significant vicarious role in the reaction where
macromixing decides the climate for mesomixing and micromixing
[14,15]. Mesomixing is mixing at the coarse scale [16] and happens
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quickly after the feed stream is introduced into the reactor [13,17-20].
Baldyga proposed the Batchelor scale as a metric for quantifying
micromixing [21]. It alludes to the blending of specific molecules and
cells for liquid, and it normally happens for the regular concentration
[21,23].

Studies on measurement techniques of macromixing in the RBR
are limited. Consequently, this review will present the most common
techniques used. Measurement levels of macromixing are divided
into two divisions, mixing level and mixing time. Two different indices
to quantify mixing are the intensity of segregation and the segregation
index [24]. Particularly, the segregation intensity depends on the
concentration field [25]. Danckwerts introduced the scale and intensity
of segregation (/) in 1952 to estimate mixing quality [26]. Generally,
the scale of segregation represents the expansion of fluid components of
steady concentration, it is a measurement of the mixing quality of the
fluid elements [27]. The level of segregation can be assessed by
analysing the variation in composition at individual points compared
to the overall composition of the mixture, with /; serving as a statistical
measure of mixing quality [28,29]. However, /; value can be well
used to describe the macromixing state [30].

Four different techniques to quantify the intensity of segregation
are commonly used, including the conductivity method [5], Planar
Laser-Induced Fluorescence (PLIF), Electrical Resistance Tomography
(ERT) [31], and Computational Fluid Dynamics (CFD) [32]. These
methods are principally used for investigating concentration fields,
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which are required for evaluating the intensity of segregation. The
first technique is conductivity, which has been applied to compute
the concentration distribution in the axial direction of RBR. The
Danckwerts principle was applied successfully to the mathematical
part to complete the computation of . This method is done
experimentally by adding a sodium chloride solution and mixing it
with deionized water into the rotating bar reactor [5]. The second
technique, PLIF is used to track liquid flows in different mixing
channels [33,34], and measure the concentration field inside the
reactor [24]. The third method can distinguish changes in conductivity/
resistivity, it is generally applied for hydrodynamic examinations of
the blending elements of mixable liquors [35]. The most important
element in the ERT, which employs electrodes inside set up at the
vessel dividers, is in touch with the interaction substance [36]. In order
to save time and provide quick methods for measuring macromixing,
CFD is a significant breakthrough in understanding mixing processes
in reactors. Finally, Computational fluid dynamics has become a
basic numerical method in the analysis of fluid dynamics. To date,
CFD can be successfully applied to the design and analysis of parts
of devices similar to the mixers [37]. Consequently, CFD is considered
an effective technique for assessing the intensity of segregation [15].
Figure 1 reconstructed macromixing characterization techniques
examples from conductivity, PLIF, ERT, and CFD.

Evaluating the effectiveness of mixing is crucial for the advancement
of reactor design. Given the significance and complexity of mixing
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Fig. 1. Experimental techniques for characterizing macromixing performance.
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in the reaction process, several techniques have been devised to
investigate macromixing in reactors, mostly employing physical
methods and CFD [38]. Over the years, various methods have been
invented to characterize macromixing for liquid-liquid systems. This
review has presented an analysis of the main important methods that
were used to evaluate macromixing via the intensity of segregation
in a rotating bar reactor, and common trends for the most essential
operational and design factors of RBR will be deduced. Since there
are not enough publications that describe a complete system assessment
of macromixing in RBR, they have been the focus of this review and
analysis. Our work aims to give details of conductivity, PLIF, ERT,
and CFD techniques that have been developed to characterize the
macromixing in RBR. A review of the significant factors was clarified,
for example, materials utilized, types of equipment, dyes used,
experiment steps, and equations for /; assessment. A Comparison of
the Conductivity, PLIF, and ERT methods was organized. This comparison
aims to compare the advantages and limitations of each of the described
techniques and offer some direction as to which technique may work
for a particular need or application.

2. RBR Technology

The RBR shows great potential for enhancing process efficiency.
The RBR is furnished with an improved feeding mechanism that
integrates radial and tangential feeding modes. The reactor's efficiency
is affected by the type of feeding inlet. The distribution of axial velocity
was more uniform when the reactor functioned with the tangential
inlet compared to the other inlets. The RBR with tangential feeding
mode exhibited exceptional micromixing performance, achieving a
micromixing time of approximately 10~ s [2-4]. In addition, the RBR
provided the benefits of a rich cascade of various flow states that
created a variety of hydrodynamic circumstances, including both
laminar and turbulent conditions [39]. The flow regime can be
customized to meet the specific needs of mixing and dispersing by
controlling excessive shear forces and extreme flow segregation,
resulting in a plug-flow feature [40]. In these conditions, a liquid flow
outside of the axis, moving from the bottom to the top, counterbalances
the flow patterns. Therefore, as the axial flow increases, the vortices
expand out in the same direction as the flow. Significantly, the turbulence
RBR flow combines the advantages of intense mixing with small
axial dispersion [ 1,41]. The rotating bar reactor is process intensification
equipment that offers several advantages. It exhibits excellent micromixing
performance, and the rapid mixing of fluids in the reactor is facilitated
by the high-speed rotation of the inner axis. The rotating bar reactor
exhibits much higher mass transfer and mixing efficiency as compared
to rotating reactors. Hence, the duration that the fluid remains in the
RBR can be regulated, making it suited for quick, medium, and slow
reactions [2].

2-1. Basic structure of the rotating bar reactor
Figure 2(A) demonstrates the design of the RBR, which includes
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Fig. 2. Schematic diagram of the (a) experimental setup (1-tank A,
2-pump, 3-flow meter, 4-inlet, S-motor, 6-outlet, 7-inner rotating
cylinder, 8-outer cylinder, 9-sampling point, 10-drain tank), (b)
tangential feeding mode, and (c) radial feeding mode (Solu-
tion A: the main solution).

Table 1. Rotating bar reactor dimensions

Items Values
Outer cylinder radius (R,) 15 mm
Inner cylinder radius (R;) 10 mm
Gap width (d) 5 mm
Length (L) 445 mm
Aspect ratio (I"= L/d) 89

both inner and outer cylinders. The outer cylinder is equipped with
fixed radial and tangential feeding inlets. The geometric dimensions
are presented in Table 1. Figures 2(B), (C) demonstrate tangential
and radial feeding modes, respectively. The feeding method is referred
to as tangential feeding mode when solution A (the primary solution)
is introduced through the tangential tube at a greater flow rate than
solution B. The feeding method is referred to as the radial feeding
mode when solution A (the main solution) is introduced vertically
into the outer cylinder through the input tube at a higher flow rate
than solution B.

The RBR and TC reactor differ in two aspects: i) The RBR is
equipped with an enhanced feeding system that includes two or more
entry points, enabling the introduction of several reagents into the
RBR with an appropriate method of premixing. ii) Typically, the
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RBR operates at a higher rotational speed in comparison to the TC
reactor. The rotating bar reactor has garered significant interest recently
due to its excellent mixing capabilities [2]. Gao et al. employed RBR
to improve the efficiency of ozone-water mass transfer by optimizing
its internal configurations. The finding showed that RBR has the
ability to achieve an equivalent rate of decolorization with a reduced
amount of ozone dosage. The RBR has shown significant potential
for improving liquid film control [3]. RBR provided an annular zone
as the location for mixing and mass transfer. The rotation of the inner
bar greatly enhanced the disturbance intensity of the fluid in the
annular zone of the RBR, thus impacting the efficiencies of mixing
and mass transfer [4]. The wastewater treatment has been usefully
applied in RBR [42].

3. Macromixing

Macromixing is the term used to describe mixing at the reactor
scale. The convection of the fluid particles inside the flow domain
specifies the concentrations in the environment. Macromixing can be
evaluated using measurement methods, including residence time
distribution and segregation scale. The residence time distribution
(RTD) method is typically used to describe macromixing as an
indicator of velocity field uniformity. The RTD is straightforwardly
associated with the overall movement of the flow since it addresses
the time the liquid particles consume to relocate from the device inlet
to the outlet. This macro-scale movement, brought about by the mean
flow acceleration, drives the liquid particles among high and low-
momentum locales in the reactor volume, deciding the huge scope of
convective transfer named macromixing [15]. However, because
macromixing is strongly determined by the flow behavior inside the
reactors or vessels, converting the conditions for micromixing may
be particularly affected by macromixing [43]. Therefore, based on
the concentration variance, the intensity of segregation is considered
an accurate scale to evaluate the macromixing. From the previous
research, the conclusion reflected that the methods used focus on
calculating the time needed for completed mixing, therefore this
review will discuss methods for measuring macromixing through
concentration differences in the RBR scale.

The process of macromixing involves the homogeneity of
concentrations at the reactor scale [44,45]. It determines the condition
concentrations for smaller scaling processes and conveys fluids through
environments where turbulent properties vary [46]. From this vantage
point, the intensity of segregation can be used to measure macromixing.
The reason for the relationship between macromixing and the
intensity of segregation is the level of homogeneity in concentration.
In the literature, the coefficient of variation (C, V) acts as a measurement
scale of macromixing [47], and it has been found that the intensity of
segregation is directly related to it [48]. The quantitative appearance
of the macromixing in the dispersed phase is determined by the
spatial variance of the tracer concentration [49].

4. Measurement Methods of the Intensity
of Segregation

The intensity of segregation is quantified by employing either the
concentration variance or the coefficient of variation. Distributive
mixing is comparable to the intensity of segregation and pertains to
the dispersion of any additive across the entire volume [50]. The
segregation intensity was employed as a quantitative scale to measure
macromixing, which reflected the degree of variation in concentrations
throughout the whole reactor [30]. Indeed, the definition of macromixing
reflects the changes in mixture concentration on a reactor scale.
Different techniques have been employed to assess the distribution
of concentration within an RBR during the process of liquid-liquid
mixing. The accurate methods employed to evaluate /; encompass
the conductivity method [5], Planar Laser-Induced Fluorescence
[51,52], Electrical Resistance Tomography [31], and CFD simulation
[53].

4-1. Conductivity method

The conductivity method is an invasive technique that can accurately
measure the concentration at different levels along the RBR. The
method of conductivity is also employed to determine the average
residence time distribution to characterize macromixing [5,54]. This
method enables the estimation of concentration distributions with
great precision. Conductivity serves as an approximation of a solution's
capacity to conduct an electric current. It is influenced by factors
such as temperature, concentration, mobility, and the valence state of
ionized species in a liquid. Solutions of inorganic compounds exhibit
appropriate conductivity, but solutions of organic mixtures that no
longer dissociate in water have weak conductivity. Therefore, this
approach is exclusively applicable to solutions that possess high
conductivity. The conductivity strategy can be easily implemented
provided that the necessary materials are available. This article presents
away of assessing the intensity of segregation based on the conductivity
method. The approach has numerous benefits, such as the capacity to
operate under various conditions, precision, and the capability to
gather data within the reactor. One of its key benefits is the utilization
of a limited number of devices, which is regarded as the most economical
option [5]. The primary aim of this set of experiments is to examine
the efficiency of mixing along the RBR. Banaga et al. conducted a
research study on the segregation intensity at various levels along the
axial direction of RBR. They used the conductivity approach to directly
measure the concentration field. The study examined the impact of
rotational speed, flow rate, reactor height, and NaCl concentration
on the /.

4-1-1. Experimental section

Figure 3 depicts a complete RBR setup, showcasing all its components.
A sampling system was designed to take 24 samples at a time. The
sampling locations were positioned at four different levels along the
RBR. Typically, the entrance of the rotating bar reactor was regarded
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Fig. 3. Schematic diagram of the experimental setup: 1-tank, 2-pump, 3-flow meter, 4-inlet section, S-outer cylinder, 6-inner rotating cylinder,
7-motor, 8-outlet, 9-1 sampling level 1 (bottom section), 9-2 sampling level 2, 9-3 sampling level 3, 9-4 sampling level 4 (top section),

10-drain tank.

as a fundamental plane. The second section was the top section, with
a sampling plane at a distance of 330 mm from the bottom of the reactor
and 62 mm from the outlet. Each plane comprised of six sampling
locations located within the same cross-sectional region. The samples
were drawn by the small tubes at varying distances from the outer
cylinder of the reactor, specifically at 1, 2, and 3 mm away from the
wall. The design of the sampling system is clarified in Figure 3 [5].

A conductivity-based technique was developed and successfully
employed to assess macromixing by analyzing the concentrations of
acquired samples. The primary determinant in conducting conductometry
was the rapid response time of the probes [54]. This method used a
strong electrolyte, and NaCl solution served as a tracer. Solutions B
and A were prepared in vessels from 100 g/L NaCl solution and
deionized water, respectively. Two peristaltic pumps were used to
feed the solutions into the RBR. Solution B was injected into the
reactor through the radial tube at a flow rate of 3, while solution A
introduced into RBR through the tangential tube at a flow rate of V.
In the majority of experiments, the ratio between ¥ and Vg (Va: VB)
remained constant at 10:1.

The solutions flowed up the RBR to a drain vessel via the outlet. A
motor regulated the rotational speed of the inner cylinder, enhancing
the macromixing. Five minutes after the experiment commenced,
samples were collected from four distinct levels, with six samples
taken from each level at the same time. The conductivity of the sample
was determined using a conductivity meter. The calibration equation,
which was based on the linear relationship between the concentrations
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Fig. 4. Calibration equation and curve based on the linear relation-
ship between concentrations of the NaCl solution and con-
ductivity.

of the NaCl solution and conductivity, was used to convert conductivity
values into concentration data. This conversion process is illustrated
in Figure 4. The macromixing was indicated by the concentration
domain within the RBR. Local segregation intensity can be measured
at various locations within the reactor. Table 2 shows the experimental
conditions [5].

4-1-2. Evaluation of macromixing
In this case, macromixing was described by the Iy which depends
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Table 2. Specifications of the experimental conditions

Items Values
Rotational speed, N 0-700 r/min
Flow rate of solution A, V 30-110L/h
Flow rate of solution B, Vg 5-10L/h
Sodium chloride concentration, Cnaci 10-300 g/L.
RBR length, Z 62-330 mm

on the concentration of species A and B, and was determined as:

— (M)

ooy 2L ) @
n

On=\X, (1-%,,) 3)

The standard deviation was denoted as sy, which signified the
root-mean-square average deviation of contents within the cross-
section. The mass fraction of a species at a specific sampling point i
denoted as x;, was determined by calculating the conductivity values.
The total number of sampling points in a selected sampling section
was represented by 7. sy, was the initial value of the concentration
variance, while X,, was the average mass fraction. According to
Equation 1, the value of I was determined within the range of 0-1. A
value of zero indicated the highest level of mixing performance,
whereas a value of 1.0 represented the lowest level of mixing performance
[15,53]. The mean concentration of NaCl (C,) was estimated
corresponding to the concentrations and flow rates of solutions A
and B, as indicated in the following Equation:

Cra”s

R “

The volumetric flow rates of solutions A and B were denoted as V)
and Vg, respectively [5].

The findings showed that the inhomogeneity of the concentrations
appeared at the bottom of the RBR, and the homogeneity was generated
at the top section. The intensity of segregation gradually decreased
along the RBR from 107 to 10”. On the other hand, the increases in
the rotation speed, the flow rate of solution A, and the decline in the
NaCl concentration and flow rate of solution B resulted in a decrease
in J;. Increasing the flow rate led to a reduction in segregation intensity
compared to the other cases, signifying an improved mixing efficiency

[5].

4-2. Planar Laser-Induced Fluorescence

The PLIF offers a non-intrusive approach to quantitatively measure
concentration distribution within an illuminated flow field, providing
high temporal and spatial resolutions. This system characterizes the
mixing impacts by examining concentration dispersion. The mixing
attributes downstream of the spacer network are quantitatively and
qualitatively examined based on the examination of concentration

dissemination [55,56]. Several studies, mostly using the PLIF method
to evaluate the concentration field have been conducted [57,58].
Mahsa Taghaviab et al. and K. Kling et al. also used PLIF to measure
the advancement of mixing within the reactor [24,34]. Hence, the
PLIF method was employed to investigate the blending procedure of
the T-jets mixer. Tap water served as the operational fluid, while
Rhodamine 6G acted as the fluorescent marker. A persistent laser
was utilized to stimulate the fluorescence, and the CCD camera
captured the emitted fluorescence light. The distribution of fluorescence
intensity on the measurement plane can be transformed into the
distribution of tracer concentration. Approximately 500 images were
captured in each experimental run, which corresponds to a total
sampling time of 5~10 seconds [59].

In recent years, some researchers used the PLIF technique with
different experimental setups. Eltayeb et al. [60] applied the PLIF
technique in a down-comer reactor, to examine the coolant blending
technique. In which the PLIF method was applied to examine the
boron mixing phenomena. The typical concentration at two points
inside the reactor was discovered by PLIF measurement data. Using
the advantages of this technique, the effects of different slug densities
on mixing behavior in the vessel downcomer were analyzed, in addition
to the possibility of calculating the mass fraction at the given location.
The experiment setup consisted of a hemispherical reaction tank,
power supply, high-speed camera, double laser sources, four vessels,
pumps, an electromagnetic flow gauge, temperature indicator, junction
pipes, valves, a pressure gauge, and the data acquisition system. Eltayeb
et al. [60] agreed with Taghavi et al. [34] that the experiments took
place in a stirred tank equipped with baffles. The setup was done
without using mirrors, and injected one kind of dye, also, the laser
sheet with 532 nm wavelength was lighted the whole center cross-
section of the mixing vessel. To avoid possible laser radiation reflections,
they painted the impellers a matte black color. The characteristics of
the laser used should be taken into account, such as laser type, energy
per pulse, pulse duration, and emission wavelength. In addition, a
high-pass visual filter was located forward of the camera lens to gain
the fluorescence light while refusing the laser illumination, and to
eliminate the interference effect of lighting and emission. Many
parameters can be taken into consideration, for instance, the flow
conditions, and pressure adopted. The field of the mixing zone, the
size of the pixel, and the total volume should also be determined.

PLIF is a measurement technique dependent on fluorescence released
from the species agitated by planar radiation light. Ultimately, a sheet
of laser light is carried over a flow domain. Then easily the subsistence
and concentration of a species can be specified out of its features
fluorescence whilst agitated by a laser source. The strategy is generally
utilized to quantify integral-domain concentration maps in liquid
flows. Customarily, a well-set-up visual absorption transition of the
species to be analyzed is selected and corresponds to the laser excitation
wavelength. In this practice, the atom is moved to an agitated condition
via a laser light sheet whose wavelength is harmonized to agitate a
particular transition. The fluorescence is caught on a CCD (Charged

Korean Chem. Eng. Res., Vol. 62, No. 4, November, 2024
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Fig. 5. Optical setup for the Planar Laser-Induced Fluorescence.

Coupled Device) imaging sensor and enables the obtaining of spatial
data on the concentration and the effectiveness of the species [61,62].

4-2-1. Experimental section

The concentration domain of twin fluorescent pigments was
estimated in the mixing vessel using the PLIF. The pulsed laser with
wavelength A =495 nm was spent as a light source. The laser radiation
was expanded using a strategy of ball-shaped and cylindrical lenses.
At the point when a fluorescent color was illuminated in a vessel of
the different light sheets it enlightened a region in the blending vessel.
The CCD camera was set vertically to distinguish the emitted light.
The visual setup is illustrated in Figure 4 [63].

The procedure involved injecting a blend of an inactive and a
responsive fluorescent dye into the reactor. The inactive dye acted as
a tracer for the macromixing process. The responsive dye altered its
fluorescent characteristics as it underwent a rapid chemical reaction
with the reactor contents, thereby indicating the micromixing indirectly.
The intensity of the illumination was evaluated at specified gray
values. To differentiate the fluorescent light of dyes, two optical filters
were used. The dual-picture optics were utilized to discover the same
presentation window two times simultaneously. It included two slots
that were supplied with double filters, besides a group of convertible

11

1ié

PIV Camera + filter

Fig. 6. Experimental devices for the coupled PIV/PLIF measurements.
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and stationary mirrors. The mirrors reflected the fluorescent illumination
onto the illumination-sensitive camera wafer; hence the same exhibit
window was shown alongside, the camera wafer with one-half each
ideally the fluorescent light sent out by the fluorescent dyes. The
computer has been used to control the exhibition of the camera along
with the pulse of the laser. Before starting the experiments, some
parameters should be determined, such as the highest gauging frequency
the resolution of the camera, and maximum flow rate amounts.
Assessments were conducted in a plane-bottomed, transparent vessel
with a specific diameter. It was located inside a box full of water to
reduce reflections and deformation at the cylindrical walls. The reaction
tank was full out to a specific height, and the blade numbers of the
Rushton turbine were located inside the reaction tank, to obtain a
lower Reynolds number [24].

The characteristics of the laser used should be taken into account,
such as laser type (a pulsed Nd: YAG laser), energy per pulse, pulse
duration, and emission wavelength. Furthermore, a high-pass optical
filter was positioned in front of the camera lens to capture the fluorescence
light while blocking out the laser light, and to minimize any potential
interference from ambient lighting and emission. Many parameters
can be taken into consideration, for instance, the flow conditions
(velocity), and pressure adopted. Furthermore, the dimensions of the
mixing zone (mm*mm), the size of the pixel, and the total volume
should be determined [64].

On the other hand, many researchers have utilized the benefits of
using both methods, Particle Image Velocimetry (PIV) and PLIF
simultaneously. A couple of PIV and PLIF measurements were
employed to characterize the flow and mixing in a Taylor Couette
reactor. The examination of passive tracer measurements' concentration
was employed to explore the efficiency of mixing across various
flow patterns. The PLIF method effectively captured concentration
maps across a full plane without the need for a physical probe. This
was concerning the research on fluid flow and mixing, utilizing planar
laser-induced fluorescence and particle image velocimetry techniques.
The combination of PLIF and PIV techniques has provided a
comprehensive understanding both qualitatively and quantitatively
[65]. Additionally, by integrating the PLIF technique with the PIV
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3 I
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technique, valuable information regarding velocity and temperature
in the flow field can be obtained [66]. The setup of experimental devices
for the coupled PIV/PLIF measurements is presented in Figure 6
[67].

4-2-2. Evaluation of macromixing

The PLIF was used as an accurate technique to determine the
intensity of segregation. According to Danckwerts' 1952 proposal on
segregation intensity, the macromixing quality can be estimated.
Equation (1) was used to calculate the intensity of segregation as an
indicator of macromixing. The mixing index was based on the
concentration standard deviation and the maximum mean concentration
[34,67].

4-2-3. Dye types used in the PLIF technique

The PLIF method can use different kinds of dyes, and the popular
dyes are fluorescein together with Rhodamine dyes (Rhodamine 6G;
Rhodamine B, Rhodamine WT). All of the dyes should be water-
dissolvable. Fluorescein is the most commonly utilized dye. The
fluorescein peak absorption is close to 490 nm, peak emission near
510 nm, and has moderately low affectability to temperature variation.
Nonetheless, the absorption spectrum of fluorescein substantially
relies on pH, with absorption turning into the power of hydrogen
being less than four [68,69]. This pH affectability may be abused for
blending examinations. The term fluorescein is thought to be prone
to photobleaching [70,71] however, this hassle has been proven to be
minimal for standard PLIF implementations [70]. Rhodamine 6G
has a peak absorption near 525 nm and a peak emission near 560 nm.
In addition, it is extremely resistant to photobleaching [71,72].
Temperature and pH reliance information for this pigment are scant.

Rhodamine B exhibits a prominent peak near 555 nm, although its
absorption spectrum is wide enough to enable excitation at 514.5 nm.
The fluorescence of Rhodamine B is sensitive to variations in
temperature [73-75], however rather insensitive to adjustments in
pH. The sensitivity to temperature changes can be leveraged to utilize
PLIF for temperature measurements. Rhodamine B may have intense
and chronic well-being impacts in the event of skin or eye connection,
inward breath, or ingestion, and is viewed as by a wide margin the
most harmful of the xanthene pigments [76]. Rhodamine WT has
comparable spectral traits to Rhodamine B and has been utilized in
some PLIF experiments [64], and is probably a more secure opportunity
for Rhodamine B for lots of experiments.

Explaining the use of dyes in the PLIF method is useful by taking
Rhodamine B as an example. Rhodamine B can be utilized as the
fluorescent tracer with a certain concentration; a tracer solution should
be prepared and pumped into one liquid stream. The experiments
were carried out by introducing two solutions into the mixing vessel,
the first one was pure water, and the second one was water with
Rhodamine B. A laser sheet was used to illuminate the mixing region
for the two liquids. The agitated fluorescence intensity as a result of
the existence of Rhodamine B was taken via a CCD camera and

treated to become a tracer concentration of the mixture. The post-
treatment of the pictures was performed using suitable software [64].

4-3. The Electrical Resistance Tomography

ERT is one of the accurate methods for the dynamic assessment of
mixture homogeneity [48,77]. The fundamental rule of ERT is that in
order to get data on the inward composition or electrical properties of
the mixture into a cross-segment of the specified equipment, combining
multiple estimations from points inside the device is required. Electrical
resistance tomography can expand scaling time for developing the
concentration domain. The object of ERT is to determine the resistance
distribution, while the distribution of the resistance in a cross-section
can be obtained by inserting current on the domain and calculating
voltages. Another meaning is that Electrical resistance tomography
can discover local variations in conductivity, this method normally
applies to hydrodynamic investigations of the unstable mixing, and
dynamics of miscible liquors if the liquids to be mixed vary in
conductivities [78]. ERT is a non-invasive method that has been
applied appreciably to evaluate blending properties under diverse
processes [79], and different equipment, such as mixing vessels [80,81],
rotating separators [82], bubble columns [83], packed columns[84],
hydro-cyclone [85], circulating fluidized beds [86], pipes and reactors
[78]. Within the specified area of voltage estimations on the vessel
periphery, ERT gauges the distribution of electrical conductivity [87].

ERT is an appealing technique for opaque systems, making it a
perfect fit for research purposes and industrial applications [88], as
illustrated by publications on industrial tomography [78]. By using
ERT, the distribution of the disseminated phase concentration may
be decided in either two-phase system as long as the conductivities of
the continual and also scattered phases are distinct enough, identically to
conductivity probes [89]. In general sight, the ERT framework demands
a sensor system, a Data Acquisition System (DAS), and a computer
with control and information processing programming. The sensor
comprises numerous electrodes organized equally spatially about the
interested zone in the form of one or more electrode rings. The most
well-known arrangement was a roundabout vessel with 16 electrodes
[78]. The sensors are normally made from gold, platinum, stainless
steel, brass, or silver and should have qualities like minimal expense,
simplicity of establishment, resistance in addition to excellent
conductivity [87].

The Data Acquisition System is the unit that infuses current and
gathers the quantitative data portraying the conductivity dispersion
inside the determined vessel for mixing. It comprised of signal sources,
a system of electrode demodulators, electronic voltmeters, signal
demodulators, as well as a control unit. The DAS is associated with
the electrodes and the computer including the picture reconstruction
algorithms. Mutual current is infused from the DAS to the electrodes
utilizing a couple of neighboring electrodes and the ensuing voltage
is measured via all different neighboring electrodes [78].

Concerning the particular examination of liquid mixing, several
past works have been published on the examination of various mixing
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vessels. Yenjaichon et al. [90] assessed the quality of blending a pulp
suspension and chlorine dioxide in a static blender and applied
electrical resistance tomography. The homogeneity was measured by
a mixing index dependent on the coefficient of variation of the
singular conductivity values in each picture pixel. ERT measures the
dispersion of electrical conductivity in the area of interest from
voltage estimations. In the case of the experiment carried out, a 610 mm
ID Polytetrafluoroethylene (PTFE) gasket was embedded within the
flanges after the fixed blender. The evaluation level consists of circular
titanium electrodes (sensors). Every electrode was strung into the
PTFE gasket to be flush with the inward mass of the plane. To
connect the cables that provide input and output electrical signals, a
screw was inserted at the edges of each electrode. All electrodes had
been associated with an ITS (Industrial Tomography Systems Ltd)
78000 system. The ITS Z8000 method applied a steady alternating
current to a couple of electrodes and estimated the voltage contrasts
between the other electrodes set utilizing a contiguous pair procedure.
Meanwhile, the sampling interval was once maintained at a hundred ms.
A linear back-projection algorithm used to be employed for picture
rebuilding in the usage of ITS Z8000 software [90].

Over the previous decade, ERT techniques were effectively applied
to assess various processes. Pakzad et al. [91] carried out the ERT
method to assess the cavern formed around a Scaba impeller in the
blending of yield-pseudoplastic fluids. The blending overall performance
of a solid-liquid system was estimated via the ERT method by Hosseini
et al. [92]. They evaluated the impact of sizeable parameters on the
level of homogeneity which included blade type, blade speed, blade
off-bottom clearance, and particle volume. Tahvildarian et al. used
ERT the method to examine solid-liquid blending in a slurry reactor
[31]. Furthermore, the study delved into analyzing the effects of
identical variables previously examined by Hosseini et al. [92], while
also considering the impact of particle volume and solids concentration
on the uniformity of particles in the suspension reactor. Using ERT,
Carletti et al. estimated a solid-liquid system by evaluating the locative
concentration of the dispersed phase. According to their findings, it
was concluded that the uniformity decreased when the solid loading
was increased [93]. Mirshekari et al. carried out the ERT method to
examine the mixing execution of liquid-liquid scattering systems in
expressions of the mixing scale. The operating fluids had faucet water
as the continuous phase, and three various sorts of oils as the dispersed
phase. The impact of the conditions and impeller parameters on the
mixing scale was studied during the layout of the experiment and
reaction surface manner [94].

4-3-1. Experimental section

The local distribution of the diesel fuel in the water was assessed
on four horizontal areas of the stirred tank from the conductivity of
the mixture estimated with the ITS 2000 ERT instrumentation. The
electrodes were set on the inside tank wall and then associated with
the Data Acquisition System. The estimations depended on the
circuitous adjacent methodology, in which electric flow was infused
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from a nearby terminal pair at a time and the voltage contrast was
estimated from the excess sets of anodes. Concerning the reproductive
strategy for getting the conductivity maps from the electric possible
estimations, the linearized adjusted sensation back-projection algorithm
was chosen, as executed in the ITS System. The conductivity on
each plane was obtained; the estimations have appeared regarding
dimensionless conductivity that was registered as the proportion between
the conductivity, estimated in the fluid combination and reference
conductivity. The transitions between regimes have been distinguished
from the conductivity estimations on the four planes. For identifying
the progress between the two regimes, the mixing index was
determined by Equation (1) [95]. The ascertaining of the mixing
index was done depending on the individual concentrations in each
picture pixel in each picture plan. Consequently, the level of variety
in the resistivity esteems in a given plane can be communicated as a
standard deviation [96].

This review aims to evaluate the feasibility of utilizing the ERT
system in a rotating bar reactor, building upon earlier studies. The
water was introduced into the reactor by the tangential inlet, while
the diesel fuel was fed through the radial inlet. According to Figure
2, the ERT system can comprise four planes that were connected.
The ERT zone was equipped with a device that provided real-time
cross-sectional images and data on conductivity and concentration
distribution. The presence of a continuous phase allowed for the
measurement of the reference voltage or current using 16 electrodes per
plane. Furthermore, by incorporating the dispersed phase within the
annulus, it became possible to assess the alteration in reference current.
Before the beginning of each experiment, the system's current was
calibrated using pure water, assuring the absence of any air pockets.

The ERT systems were equipped with data logging software
named ITS P2+, which included two planes, each including 16
embedded electrodes. The electrodes can both inject and detect electric
currents. The electrical contact with the fluid was established, however,
it did not exert any influence on the fluid's motion. The system
applied an electric current to a pair of electrodes and then measured
the resulting difference in voltage between the other pairs of electrodes.
The DAS injected this electric current into a pair of electrodes, and
the resulting voltage was measured from the adjacent pairs of electrodes
while the inner cylinder and liquid were present. The system assessed
the reference current value, which was stored for further experiments.
A conductivity tomogram was acquired following the calibration of
the system. After the calibration process was finished, the system
proceed to the second step and calculated the average concentration of
the distributed feed. Typically, the introduction of the dispersed phase
led to the deviation of current across these electrodes, and the software
calculated the resulting change in voltage value. Subsequently, a
sequence of algorithms was employed to transform this alteration in
voltage into concentration and conductivity profiles [97].

4-3-2. Evaluation of macromixing
Electrical Resistance Tomography can provide conductivity distribution
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along the RBR. The P2+ program employed the Maxwell correlation
to transform the conductivity data into a concentration [97]. The
local conductivity values obtained from ERT measurement have
been used to estimate the coefficient of variation (C, V) of the picture
pixels, described as the mixing index:

C_
e i ©®)

where ¢ denoted the standard deviation of the conductivity, y; was
the conductivity of the local mixture, y was the average conduc-
tivity, and # was the total number of pixels in the measurement plane.
The mixing index decreased as the mixing quality improved, reaching
zero for perfect mixing [90]. The coefficient of variety was the pro-
portion of the standard deviation of the concentration dissemina-
tion in the blending field (intensity of segregation), divided by the
concentration that would be required for perfect blending. The
standard deviation was always used to describe the macromixing [98].

5. The Comparison Between the PLIF, ERT,
and Conductivity Methods

Precise methods employed to evaluate /; include Planar Laser
Induced Fluorescence [25,52] and Electrical Resistance Tomography
[31]. The ERT and PLIF have a different base of evaluation. ERT
dimensionless depends on the conductivity, and PLIF dimensionless
depends on the grayscale. The PLIF technique was employed to study
liquid flows within various mixing devices [34,35]. The PLIF approach
was considerably more dependable and less sensitive to variations in
the measurement location compared to the probe method. Furthermore,
this method provided exceptional spatial resolution without the
uncertainty of seeing in the direction of the observer's line of sight.
PLIF can be combined with PIV to determine velocity and temperature

data in flow fields. Nevertheless, the limited dimensions of the planar
laser sheet restricted the application of PLIF to laboratory-scale reactors,
which required both transparent reactors and fluids [99].

On the other hand, ERT has proven to be effective in analyzing
alterations in conductivity/resistivity within an opaque system [36,78].
The comparison between ERT and PLIF results revealed that ERT
can effectively identify poor mixing even within the limits of its resolution,
although its accuracy diminished as perfect mixing conditions were
approached. This indicated that ERT has the capability to detect
inadequate mixing within its resolution boundaries and the necessary
conductivity contrast, offering a quick at-line measurement option
for industrial professionals. The ERT technique was applied to measure
the velocity fields of shampoo in pipelines and to measure mixing of
industrial pulp in static mixers. Recent applications of ERT in pipe
flows demonstrated potential for in-line theometry measurements. The
application of the PLIF required both the fluid and the pipelines to be
transparent; so was not implementable for opaque fluids [100]. Using
the conductivity method in industrial areas required modifying the
design, which allowed for taking the samples from different points
inside the vessel [5].

Further, the Conductivity method suggested as an intrusive
approach, can ascertain the concentration of constituents at various
points along the RBR. Moreover, it was employed to analyze the
distribution of mean residence time and characterize the macromixing
[101,102]. The method has many advantages, including flexibility of
operation conditions, accuracy, and the ability to obtain data inside
the reactor. One of its most essential features was using a few devices,
which was considered to be of lowest cost. This method opened the
way for researchers who need help obtaining devices and materials
required for PLIF and ERT methods to study the mixing performance in
rotating reactors [5]. Table 3 compares the PLIF, ERT, and Conductivity
methods.

Table 3. The comparison between the PLIF, ERT, and the Conductivity method [S, 34, 36, 63, 88]

Technique Devices used Tracer used

Advantages

CCD camera.
laser an image acquisition

Imaging sensor
ging Fluorescent

High sensitivity
Different flow field variables (concentration, density, temperature) can be obtained.

PLIF A sljleet of laser light tracer Use in reacting and non-reacting flow.
Optical filters
. For transparent system
Mirrors
Computer
A sensor system
Data Acquisition System
Computer Suitable under aerated and un-aerated conditions.
ERT NaCl
Electrodes For transparent and non-transparent systems.
Industrial Tomography Systems
Current source
High accuracy
Low cost
Conductivity .. . For inorganic systems.
technique Conductivity device (Metler Toledo) NaCl Suitable for rotating reactors

For batch and continuous systems.
For transparent and non-transparent systems
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6. Application of CFD Simulation in RBR

Studying macromixing using CFD simulation has been taken into
consideration. Experiments and CFD simulations were conducted to
investigate the macromixing characteristics, which encompassed the
homogenization curve and mixing time. A comprehensive comparison
was made between the simulation results and experimental data,
considering various operating conditions including tracer injection
positions, conductivity probe locations, and rotational speeds. Moreover,
the simulations provided valuable insights into the macromixing
behavior in the reactor by examining the flow field, velocity distribution,
and mass flux [103].

Many studies in the literature have been performed on CFD to
study mixing efficiency in different reactors. The computational
fluid dynamics analysis of a helical tangential porous tube-in-tube
microchannel reactor (HTP-TMCR) examined three key aspects:
mixing index, pressure drop, and velocity distribution. Furthermore,
the study investigated the influence of four geometric parameters,
namely left and right helical directions, pitch, pore size, and length of
the non-porous zone, on the mixing performance of HTP-TMCR.
The flow and blending properties of HTP-TMCR were computationally
modeled utilizing the finite volume-oriented professional tool ANSYS
Fluent 2021R1 [104].

To enhance comprehension of the mixing conditions within the
Taylor Couette Reactor and Rotating Bar Reactor, the flow fields of
two distinct inner cylinders were simulated utilizing the commercial
CFD code, FLUENT 2020R11. The geometry in ANSYS ICEM was
generated based on the configurations of the two inner cylinder
types. Subsequently, the computational domain was partitioned into
two regions that were linked by the predetermined interface. The
velocity inlet and pressure outlet were designated as the boundary
conditions, along with a no-slip wall. The discretized equations were
implemented using the SIMPLE algorithm. Furthermore, to confirm
the correct selection of the turbulent model, significant flow
characteristics can be accurately represented [105,106].

The micromixing performance was also studied using CFD simulation.
An analysis was conducted on the micromixing mechanism of the
ribbed Taylor Couette reactor, with a calculation of the volume-
averaged energy dissipation rate. The study investigated the impact
of operating parameters and rib structural parameters on micromixing
performance. The findings indicated that the presence of ribs eliminated
the high shear region between the vortex pairs, leading to a concentrated
micromixing region on the inner and outer cylinder wall surfaces as
well as the ribbed surface region. Decreasing the rib spacing, increasing
the rib width, and raising the rib height enhanced micromixing and
resulted in a reduced segregation index [106].

6-1. Turbulence model

Selecting a suitable flow model is one of the most complex tasks
in CFD simulation. Flow can be classified into three states: laminar,
transitional, and turbulent. It is commonly acknowledged that CFD
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simulations of the Taylor Couette reactor function under turbulent
flow conditions. The methods employed to solve the turbulent Navier-
Stokes equations involve dividing the turbulence models into various
computational approaches. The models employed include the Spalart-
Allmaras model, the Reynolds-averaged Navier Stokes model, various
Reynolds stress models, large eddy simulation, and detached-eddy
simulation. The Reynolds stress model (RSM) offers a comprehensive
model for solving equations related to the transport and dissipation
rates of individual Reynolds stresses. It was recommended for turbulent
flows characterized by intense eddies or rotations due to its high
computational demands [99]. The Reynolds stress model has been
shown to be highly precise when applied to cyclonic flows, making it
a reliable choice for calculations in the TCR [106].

6-2. Mathematical modeling

CFD simulation is an effective method for studying the mixing
performance of various reactors [43,108]. CFD analysis typically
involves a set of systematic procedures, which encompass the creation
of geometric models, meshing of the geometry, solving the governing
equations numerically, and finally, extracting and analyzing the obtained
results. FLUENT, CFX, FLOWIZ-ARD, PHOENICS, and OPEN
FOAM are among the frequently utilized CFD software programs
[99].

ANSYS Fluent was utilized in this study to enhance comprehension of
the macromixing in the RBR. The governing equations considered in
this simulation include the continuity, momentum, and species transport
equations without volumetric reaction. The expressions for the
continuity and momentum equations were as follows:

oy, _
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The decomposition of U; involved a mean part and a fluctuation
U/, while the stress tensor was expressed as:
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The Reynolds stress model was selected as the best model to
simulate the flow in the Taylor Couette reactor, and the results
showed the best agreement with the experimental data, thus, the
Reynolds stress —pm can be expressed as:
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The constants in the above equations, C,, = 0.09, i, was the turbulent
viscosity, the turbulence kinetic energy & and turbulence dissipation
rate € can be computed using the following Equations:

k= %u" ) (12)

o(pe) <6pk®=_g( b 2e —0U)e . &
or o ax_,.[ s, axJ*Cﬂp(ul “ 8xk)K CaPk

13)

where 6:=1.0, C¢1=1.44, and C,r=1.92.
The mixing of the two liquid streams was simulated using the
species transport equation, which can be expressed as:

oC.
L+ U, D+D !
ot Tox,  ox. {( ) 8xj} (14)
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The constant in Equation (14) was defined in the following values,
C; was the concentration of species i. D was the diffusion coefficient
of the species, D; was the turbulent diffusivity which was defined as:
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D =t 15
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The Schmidt number was denoted as Sc; [43].

6-3. Boundary conditions

Water has been used as a solution A & B with a density of 98.2
kg/m? at 300 k, the flow rates of water A and water B were fixed as
aratio of 10, while the velocity of the water at the inlet A was set to
depend on the diameter of the inlet. 5% of turbulent intensity at
inlets A & B. A SIMPLE algorithm was applied. Furthermore, the
simulation was considered to have reached the convergence
criterion when the residuals of all governing equations' values
dropped below 107°. A three-dimensional grid was made utilizing
ANSYS ICEM-CFD. Grids having an alternate number of cells
were trying to discover network-independent results, and a mesh
containing 1.2 million computational cells was at the end. The
Reynolds stress model has been demonstrated to be appropriate for
computations within the RBR [15,106].

6-2. Evaluation of macromixing

Macromixing quality could bemeasured by the intensity of segregation
(I;) which depends on the concentration of species A & B, and was
defined in Equation (1) [15].

The simulation results obtained by Xu-Jia Yue proved that the
segregation intensity gradually decreased along the axial direction of
the reactor, further indicating that the mixing condition gradually
improved along the axial direction. The values of  increased with
the decrease of the flow rate and rotational speed. This further showed
that increasing the rotation speed and increasing the liquid flow rate
can promote mixing between fluids both at the macroscopic level
[108].

7. Conclusions

The specific measuring of macromixing within the Rotating bar
reactor is of particular importance, as it will allow for the improvement
of different process production and analyses. In the presented review,
the fundamentals of assessing macromixing in an RBR through the
intensity of the segregation system were illustrated. Over the years,
experimental and simulation methods have been devised to measure
macromixing. In this regard, the selection of measurement methods
to study macromixing inside an RBR depends on the particulars of
the process. The considerations encompass a blend of experimental
goals, expenses related to equipment, postprocessing prerequisites,
desired precision, and characteristics of the mixing reactor. Nevertheless,
experimental techniques such as Conductivity, PLIF, and ERT have
been studied. The important parameters were explained, such as
materials used, equipment, procedures, experiment steps, and equations
for [; evaluation. Notably, the Conductivity technique was considered
to be the simplest. In addition to applying CFD simulation of RBR to
evaluate concentration distribution, then calculate the intensity of
segregation. The incorporation of CFD methods in RBR required
selecting rheological, turbulence, multiphase flow models, and boundary
conditions. This paper gives a complete view of the fundamentals of
how to use conductivity, PLIF, ERT, and CFD methods for measuring
the intensity of segregation within RBR.
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Nomenclature

>

: DI water
B : NaCl Solution
Va : Volumetric flow rate of solution A, L/h (1 L/h=16.68 mL/

min)

Vs : Volumetric flow rate of solution B, L/h

: Total volumetric flow rate (V4 +V3), L/h
d : Gap size of the RBR, mm
L : Length of the RBR, mm
Is : Intensity of segregation
S0 : Standard deviation
Xj : Mass fraction of a species at a certain grid point i

N : Rotational speed, rpm (1 rpm = 1 r/min)
Ca,  :The average concentration of NaCl solution, g/L. (1 g/L=1

Kg/m?)
Cnaci : The concentration of NaCl solution at the feed inlet, g/LL
X,  :The average mass fraction

Dimensionless number

Re  :Reynolds number, Re = poRd/1L
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r : Aspect ratio, I"= L/d
Abbreviations
RBR : Rotating Bar Reactor
TC  :Taylor Couette
PLIF : Planar Laser Induced Fluorescence
CFD : Computational Fluid Dynamics
CoV : The Coefficient of Variation
RTD : Residence Time Distribution
ERT : Electrical Resistance Tomography
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