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ABSTRACT

Over the years, the research on the liquid-liquid plunging jet extraction column has drawn
significant interest among the scientific fraternity because of its numerous applications,
including fine chemical synthesis, recovery of fuel in nuclear plants, acid mixing, ink-jet, and
liquid metal transfer (Asadollahzadeh et al., 2016; Gao et al., 2016; Hu et al., 2009; Tadrist et
al., 1991). Various researchers have used different columns for the liquid-liquid extraction
process such as Kiihni column, rotating disc contactor, static mixer, and jet extraction column.
Jet mixers have several advantages compared to mechanical mixers because they have low
maintenance, low cost, low energy consumption, and shorter mixing time. The jet system has
a higher liquid mixing and mass-transfer operation for mixing the liquid-liquid phase. For the
past years, the jet device has been employed for wastewater treatment and acid extraction, but
the studies were found to be limited. The jet device was used to extract copper ions, and it was
discovered that the rate of copper extraction was 7 to 8 times higher than in the CSTR
(Dehkordi, 2002a). Suresh et al. (2005) used liquid-liquid jet extraction system and separated
uranium and thorium. They have stated that the ejector-type jet device can provide a high
extraction efficiency. The various parameters such as liquid-liquid entrainment, drop size and
its distribution, axial dispersion coefficient, extraction efficiency, and overall mass transfer
play a significant role in designing and modeling of liquid-liquid extraction column. These
parameters have an immense impact on selectivity and conversion in chemical engineering
applications. Based on the literature, the jet-driven extraction column is gaining popularity for
generating interfacial area, intense mass-transfer operations such as gas adsorption, liquid-
liquid extraction, etc. However, there is a scarcity of studies on hydrodynamics and mass
transfer for specific applications correlating the hydrodynamics in the jet-driven mixing
column. The present work aims to enunciate hydrodynamics and its application in a jet-driven

X

TH-2962_176107032



liquid-liquid extraction column. As per the literature review and scope of the research, the

following aims are framed under this main objective as:

e Entrainment characteristics of liquid-liquid dispersion
e Drop size distribution and drop aspect ratio
e Dispersion characteristics and its analysis

e Extraction efficiency and overall mass transfer in jet-driven extraction column

Chapter 2 presents the experimental investigation of the effects of the plunging of continuous
liquid jets on a liquid-liquid dispersion of a two-phase system in a mixing column. The impact
of various operating variables such as continuous liquid jets velocity, liquid jet lengths, mixture
density, viscosity, and different dispersed phase volumes on immiscible liquid penetration
heights were discussed. A mechanistic model was developed using the shell momentum
balance and validated with the experimental data. A general correlation is developed based on

the dimensional analysis to predict the penetration height at different operating variables.

Chapter 3 reports the study of drop size distribution, drop aspect ratio, and interfacial area in a
liquid-liquid jet-driven column. Drop size distribution is found to follow the Log-logistic drop
size distribution function. Empirical correlation is developed to predict Sauter mean drop
diameter, drop aspect ratio, distribution function parameters, and interfacial area based on the

operating variables and physical properties.

Chapter 4 focuses on studying the degree of liquid-liquid axial dispersion in a jet-driven mixing
column. The effects of jet velocity and dispersed phase volume on mixing characteristics were
studied. A general correlation was developed to predict the axial dispersion coefficient based
on various operating variables. A mechanistic model was used to interpret dispersion due to

turbulence and phase circulation inside the jet-driven mixing column. Based on the velocity
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distribution model, the velocity characteristic factor and the dispersion factor of drop motion

were also enunciated.

Chapter 5 studied the liquid-liquid extraction using solvents such as kerosene, diesel, 1-
decanol, and paraffin in a jet-driven extraction column. The influence of jet velocity dispersed
phase volume and physical properties on extraction efficiencies and mass transfer were studied.
The overall mass transfer coefficient (Kra) range was found to be 0.73 to 8.49 s and 1.23 to
9.42 s, A correlation is established based on the operating variables and physical parameters

to predict the overall mass transfer coefficient.
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CHAPTER 1

PREAMBLE AND RESEARCH WORK FORMULATION

1.1. Introduction

Multiphase flow is the simultaneous flow of two or more materials in different states or phases
(such as gas, liquid, and solid) through a closed conduit. The multiphase flow reactors are the
heart of any bulk chemicals industry, pharmaceuticals, fertilizer, polymer, and petrochemicals
industry. There are several types of multiphase reactors or contractors, including the Kiihni
column (Oliveira et al., 2008), rotating disc contactor (Asadollahzadeh et al., 2017; Wang et
al., 2002), static mixer (Voulgaropoulos et al., 2019), and jet extraction column (Dehkordi,
2002b; Gao et al., 2016). However, unlike other columns, the studies on hydrodynamic
characteristics and mass transfer using the jet-driven liquid-liquid extraction column have
received attention. The jet-driven column has the potential for process intensification in various
chemical processes by entraining the liquid and forming interfaces to increase the interfacial
area, especially in the liquid-liquid extraction process (Sangtam and Majumder, 2020). For the
dispersion of air bubbles (Roy and Kumar, 2018), in the flotation process (Bin, 1993; Evans
and Machniewski, 1999), downflow column (Majumder, 2016), nuclear reactor containment
cooling system (Bertola et al., 2018), liquid metal transfer in the steel industry (Kirchner,
1974), spraying of water in agriculture and irrigation purpose (Eggers and Villermaux, 2008),
and wastewater treatment (Kumar et al., 2018) this jet system can be used. Therefore, the study
of plunging liquid-liquid jets becomes a significant application in various industries. In the last
few years, different researchers have reported the study of mass transfer on liquid-liquid jet
extraction columns (Asai et al., 1988; Dehkordi, 2002b; Fosberg and Heideger, 1967).
However, there is limited literature based on a preliminary evaluation of hydrodynamic

properties such as liquid-liquid entrainment, drop size and its distribution, drop aspect ratio,
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interfacial area, and axial dispersion coefficient in jet liquid-liquid extraction columns. Liquid-
liquid dispersion in jet-driven column received substantial attention in industrial applications
as it has ability to produce finer drop size, higher dispersion efficiency, longer contact time for
liquid droplets, greater interfacial area, and mass transfer than the conventional bubble column
(Kumar et al., 2018; Roy and Kumar, 2018). An accurate interpretation of design parameters

is essential for process modeling, operation, scale-up, and optimization of the system.

1.2. Design Parameters

The different design parameters, including liquid-liquid entrainment, drop size distribution,
drop aspect ratio, mixing characteristic, and mass transfer are key elements for improving the
efficiency of the liquid-liquid extraction column. All of these design parameters are
interconnected. Various parameters and variables influencing the column performance are
shown in Fig. 1.1. The process by which a liquid jet penetrates another immiscible liquid by
plunging into its pool in a mixing column is known as liquid-liquid entrainment. Based on the
height of the jet position and the flow Reynolds number, a dispersed droplet may entrain below
the surface of the plunging jet (Majumder, 2016). Despite a thorough investigation of gas-
liquid entrainment, knowledge of liquid-liquid entrainment remains limited. More research is
required to fully comprehend the in-depth analysis of liquid-liquid entrainment at the
impinging zone and the fluctuating interface at the plunging surface. The jet-driven mixing
column has many advantages over traditional columns as it can disperse phases inside the
column continuously without external force. Saito et al. (1988) and Park et al. (2001) conducted
experimental studies of liquid jet plunging phenomena in different liquids such as water-freon-
11, water-liquid nitrogen, water-fluorinert, and water-anatomic alloy system. They observed
that the maximum penetration length is affected by the Froud number and the corresponding
density and height of the liquid. In the present study, a jet-driven extraction column is designed,

and the liquid-liquid entrainment characteristics are studied.
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The entrainment of dispersion phase is essential for a critical design parameter for
characterizing the hydrodynamics study in a jet-driven column. The current research
investigates the phenomenon of immiscible liquid entrainment by the liquid jet in the mixing
column in order to develop an efficient liquid-liquid extraction system based on process

intensifications.

The knowledge of drop size and distribution is essential for analyzing system's performance
for specific applications (Besagni et al., 2016; Khalil et al., 2010; Kumar and Hartland, 1996).
These parameters have significantly impact the selectivity and conversion in a reactive system.
The efficiency of the column is potently affected by the complex interaction of the phases. One
of the essential parameters to consider when designing and optimizing an extraction column is
the mean drop diameter and drop size distributions, which are crucial in the separation process
(Amani etal., 2017). It impacts drop motion, residence time, dispersed phase holdup, interfacial
area, and mass transfer (Hosseinzadeh et al., 2018). In various industries that involve liquid-
liquid dispersion, drop size is essential in the solvent extraction process (Asadollahzadeh et al.,
2015). Hosseinzadeh et al. (2018) studied the drop size distribution in the educator jet column
and found that the nozzle diameter affects the drop size. In the water-kerosene system, it was
noticed that as the liquid velocity increases, the drop size decreases (Samdavid et al., 2016).
The mass transfer is controlled by the interfacial area of the dispersion in liquid-liquid
extraction, which is the main parameter in the design and scaling-up of the separation column
(Godfrey and Slater, 1994). The interfacial area influences the heat and mass transfer in the
phase boundaries (Eastwood et al., 2004). As a result, assessing the interface rate of reaction
and mass transfer between the phases requires a thorough understanding of the interfacial area

between the liquid-liquid dispersion (Angle et al., 2006).

Multiphase reactor design requires a precise understanding of bubble or drop shape, which is
necessary for measuring the gas-liquid interface transfer (Liu et al., 2021). Drop aspect ratio is
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expressed as the ratio of a minor to a major drop axis. The shape of the drop size influences the
drop's motion and heat or mass transfer (Clift et al., 1978). Understanding the aspect ratio is
required for calculating the forces acting on the drop size and the mass transfer coefficient
(Aoyama et al., 2016). Acharya et al. (1977) found that the drops form a spherical shape at low

Re numbers, and at high Re numbers, the drop shape is distorted.

An understanding of the mixing characteristics is necessary for various chemical and biological
methods to improve mass transfer efficiency and reduce side reactions caused by inappropriate
concentration and temperature in the reaction vessel (Shadpoor et al., 2021). Increasing fluid
mixing can eliminate dead zones inside the column vessel. In addition, knowing the proper
mixing behavior can improve scale-up and modeling operations (Liu et al., 2008; Pronczuk and
Bizon, 2019). Backmixing is commonly observed in the extraction column, which reduces the
efficiency of the column. It also occurs because of mixing density and friction caused by drop
motions in the continuous phase. Backmixing can be estimated by the residence time
distribution (RTD), the velocity distribution profile, and the dispersion number. It is determined
by operating variables such as liquid flow rate and system geometry (Yerushalmi et al., 2013).
The mixing phenomenon can be measured using the tracer technique and determined using an
appropriate dispersion model. The residence time distribution (RTD) by conductivity

measurement or tracer technique, is commonly used for studying the dispersion.

Mass transfer from a continuous phase droplet generally occurs in many industrial processes,
particularly in liquid-liquid extraction and liquid phase reaction (Temos et al., 1996). In the
industrial extraction process, one phase is used as the dispersed and the other as a continuous
phase. This method can improve the interfacial area per unit volume for mass transfer by
increasing the contact time between the phases. The degree of turbulence in the system and the
interfacial area are important factors in improving the mass transfer efficiency of liquid-liquid
contractors (Khooshechin et al., 2013). The high-intensity jet column outperforms other
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conventional columns due to the high jet velocity impingement, resulting in intense mixing
phases. The jet velocity increases the jet turbulence, which creates a strong shear force and thus

enhances the interfacial area between the phases (Gao et al., 2016).

1.3. Industrial Significance of Jet Extraction Columns

Over the years, the jet mixer has been used as an alternative process to the impeller in the
process industry. Jet turbulence can improve most industrial processes comprising chemical
mixers, heat and mass transfer operations, drying, and combustion. Compared to a mechanical
mixer, the jet mixing column can achieve higher turbulence, shear rates, low maintenance cost,
and fewer moving parts. These jet mixers are also easier to operate than impellers (Wasewar,
2006). Often, the chemical reactions are carried out in stirred tanks, which results in
nonuniform mixing and hence requires adequate additional strategies for efficient operation

(Bhattacharya and Kresta, 2004).

On the other hand, the jet extraction column can generate strong turbulent energy dissipation
more than the stirred tank (Siddiqui et al., 2009). The liquid from the nozzle jet is passed at a
high jet velocity from the top of a column in the jet extraction column. The continuous liquid
jet plunges inside the pool surface, causing intense mixing inside the column. When a
continuous phase plunges over the surface of a dispersed phase, a droplet is formed inside the

column.

1.4. Application of Jet-driven Extraction Column
The jet-driven extraction column has a wide range of practical applications. Some practical

examples include:

e DSM Geleen in the Netherlands used jet aerators column for sewage wastewater

treatment (Majumder, 2016).
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o In the steel industry, liquid metal is transported from one container to another with the
help of molten steel jets (Kirchner, 1974).

e A jet mixer is used to blend the inhibitors in the monomer storage tank (Hoffman,
1992).

e In a chemical reactor, the jet mixer is employed for an emergency cooling system
(Schimetzek et al., 1994).

e For industrial applications, the jet mixer is used for hydrocarbon homogenization and
LNG storage (Sarsten, 1972).

e Jet mixers are better suited for mixing chemically sensitive substances (Baldyga et al.,
1995).

e Qil-jet lubrication is used to lubricate bearings in aviation engines and turbomachinery
(Hu etal., 2014).

¢ During the welding process, the liquid metal jet is allowed to strike the weld pool (Soh

et al., 2005).

1.5. Scope of the Research Work

Several studies have been conducted using various columns in the literature to elucidate the
hydrodynamic characteristics and mass transfer in gas-liquid and gas-solid systems. But,
research on liquid-liquid dispersion is still limited, particularly in the jet-driven extraction
column. The jet extraction column can generate finer droplet size, dispersion efficiency, contact
time, higher interfacial area, and mass transfer than the bubble column (Kumar et al., 2018).
The liquid-liquid jet extraction process can be improved by increasing the interfacial area and
the phase contact. The jet-driven liquid-liquid extraction column can be used to increase the
interfacial area by generating smaller droplets, thereby improving the mass transfer efficiency.
According to the literature review, no in-depth analysis based on the jet-driven liquid-liquid

extraction column has been performed, indicating the influence of different operating variables,
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physical properties, and geometrical variables on the hydrodynamic characteristics and mass

transfer efficiency in the presence of different dispersed liquids.

1.6. Main Objective of the Present Research
The current study is developed based on a jet-driven extraction column for efficient liquid-
liquid dispersion and its application in the liquid-liquid extraction process. The following sub-

objectives are being studied, which are as follows:

e Liquid-liquid entrainment characteristics
e Drop size distribution and drop aspect ratio
e Mixing characteristics and its analysis

e Extraction efficiency and overall mass transfer coefficient

1.7. Thesis Structure
To understand the hydrodynamic behavior and its application for liquid-liquid extraction, the

present work has been organized as follows:

Chapter 1: Introduction
This chapter presents an overview study, including a description of the liquid-liquid jet-driven
extraction column, design parameters, industrial significance, applications, research gap, the

scope of present work, key objectives, and the thesis structure.
Chapter 2: Liquid-liquid Entrainment Characteristics

This chapter reports the experimental investigation of the effects of the plunging of continuous
liquid jets to produce fine droplets by entrainment of the other immiscible liquids. The
phenomenon of liquid entrainment is explained in this work based on the experiment using
kerosene-water, 1-decanol-water, paraffin-water, and soybean oil-water in the mixing column.

The effects of a continuous liquid jet, length of jet, mixture density, mixture viscosity, and the
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volume of different dispersed liquids on immiscible liquid penetration heights were discussed.
A mechanistic model is developed and validated using the current experimental data. A general
correlation is also developed for predicting jet penetration for intense dispersion based on
various operating variables. A detailed study on liquid-liquid entrainment characteristics is

described in Chapter 2.
Chapter 3: Drop Size Distribution and Drop Aspect Ratio

This chapter described the study of drop size distribution, drop aspect ratio, and interfacial area
in a jet-driven mixing column. The influence of jet velocity, dispersed phase volume, liquid
mixture density, and the viscosity of liquid mixture on the drop size distribution and drop aspect
ratio were studied. Drop size distribution is fitted using Log-logistic, Beta, and Weibull
distribution function, and the best fit was found to be Log-logistic model. For a small drop, the
aspect ratio is closed to unity, and it decreases as the drop size increases. The increase in the
E6tvos number leads to a decrease in the aspect ratio. The correlation for the drop aspect ratio
is proposed in terms of the Reynolds and E6tvos numbers at the range of 0.061 < Re <342.59,
0.004 < Eo < 1.166, and (—4.756) < logio (Mo) < (- 9.171), respectively. Interfacial area of
drop enhances with an increase in the volume fraction of dispersed phase and jet velocity.
Based on the current experimental data, a general correlation is developed for predicting the
Sauter mean drop diameter, drop aspect ratio, distribution function parameter, and interfacial
area based on operating variables and physical properties. A detailed study on drop size

distributions, aspect ratio, and interfacial area is further discussed in chapter 3.
Chapter 4: Mixing Characteristics and its Analysis

This chapter investigated the degree of mixing characteristics of liquid-liquid in a jet-driven
mixing column. The effects of jet velocity and dispersed phase volume on mixing

characteristics were studied. The axial dispersion coefficient range was found to be 25.6 cm?/s
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to 106 cm?/s. A general correlation was developed to predict the axial dispersion coefficient
based on various operating variables. A mechanistic model was used to interpret dispersion
due to turbulence and phase circulation inside the jet-driven mixing column. Based on the
velocity distribution model, the velocity characteristic factor and the dispersion factor of drop
motion were also enunciated. A detailed explanation of the mixing characteristics of liquid-

liquid dispersion is examined in chapter 4.

Chapter 5: Extraction Efficiency and Overall Mass Transfer Coefficient

The chapter described the liquid-liquid extraction of acetic acid and propionic acid in water
using kerosene, diesel, 1-decanol, and paraffin as the dispersed phases. The effects of jet
velocity, dispersed phase volume, and various physical properties such as mixture density,
viscosity, and surface tension on extraction efficiencies and overall mass transfer coefficients
were investigated. The total mass transfer coefficient (Kra) was found to be 0.73 to 8.49 s!
and 1.23 t0 9.42 s”!, respectively. A correlation is established based on the operating variables
and physical parameters to predict the overall mass transfer coefficient. A comprehensive
discussion on the extraction efficiency and overall mass transfer coefficient is presented in

chapter 5.
Chapter 6: Overall Findings and Future Recommendation

This chapter covered the overall findings and recommendations based on the liquid-liquid jet-
driven extraction column. It described the detailed studies of the hydrodynamic characteristics
and mass transfer in a liquid-liquid jet-driven extraction column. Still, some research is needed
to understand this area to construct, optimize, control, and scale up the column. As a result, this

chapter discusses the possible future work in this research area.
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CHAPTER 2

LIQUID-LIQUID ENTRAINMENT CHARACTERISTICS

Abstract

This chapter describes an experimental study of liquid-liquid entrainment characteristics in a
Jjet-driven column. The comprehensive studies on the effects of jet velocity, dispersed phase
volume, minimum jet velocity, and energy efficiency on penetration heights of the immiscible
liquid are enunciated. A general correlation is also developed to predict jet penetration for
intense dispersion based on various operating variables. A mechanistic model is derived and

validated with the present experimental data.

2.1. Introduction

The liquid-liquid entrainment is the process in which a liquid jet penetrates another immiscible
liquid by plunging into its pool in a mixing column. The entrainment of the liquid is very
common in many practical interests, such as in the petroleum, pharmaceutical, and food
processing industries for enhancing the interfacial area for mass transfer by producing the
liquid droplets. Over the last few decades, extensive research work based on the gas-liquid
entrainment system has been reported. Unlike the study of the gas-liquid system, the same has
not been enacted in case of the liquid-liquid system. Though it is potential for the process
intensification in various chemical processes to entrain the liquid and formation of interfaces
to enhance the interfacial area, which is especially important for the liquid-liquid extraction
process. The jet system can be used for the dispersion of air bubbles (Roy and Kumar, 2018),
in the flotation process (Bin, 1993; Prakash et al., 2018), in downflow column reactors
(Majumder, 2016), in nuclear reactor containment cooling system (Bertola et al., 2018), steel

industry, spraying of water in agriculture and irrigation purpose, food industry, jet propulsion
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(Eggers and Villermaux, 2008), and wastewater treatment (Kumar et al., 2018). In the welding
process, the liquid metal is allowed to plunge into the weld pool. In the spray cooling system,
the liquid jet is allowed to strike at the water surface (Soh et al., 2005). Therefore, the study of
plunging liquid jet has become an interesting application in various industries. Saito et al.
(1988) and Park et al. (2001) have performed a series of experimental studies of plunging
phenomena of the liquid jet into various liquids such as water-freon-11, water-liquid nitrogen,
water-fluorinert, and water-anatomic alloy system. Saito et al. (1988) have developed a semi-
empirical equation for the prediction of jet penetration height for the coolant liquid, which
tends to increase with increasing liquid jet velocity. Also, Park et al. (2001) reported that an
isothermal plunging liquid jet into the pool of another liquid showed vigorous penetration of
water into the fluorinert. They concluded that the maximum jet penetration depends on the
Froude number and ratio of the density of the liquid jet and the pool liquid height. During the
plunging process, the stability of a liquid jet depends on the jet velocity and jet geometry. The
jet geometry depends on the nozzle diameter, jet length, physical properties of the liquid of jet
(Burgess et al., 1972). The change in jet diameter depends on the fluid properties. Usually, the
change of jet diameter encounters in industrial handling materials such as molten glass, plastics,

cosmetics, paints, and food products (Zhu et al., 2000).

Kitamura et al. (1982) stated that in a vertical liquid jet, there is an effect of acceleration due
to gravity on the break-up of liquid jet length. The break-up length is increased with increasing
nozzle diameter. The plunging of a vertical jet system causes high momentum to enhance the
liquid-liquid mixing in the column (Majumder, 2019). At the pool of free surface, when the
liquid jet strikes, the concave shape of the mixing zone inside the column is formed. With the
increase in the liquid jet velocity, the concave shape extends below the free liquid surface (Bin
and Smith, 1982). Based on this phenomenon, the liquid entrainment of two and three-phase

system in the downflow column were reported by various authors (Goshika and Majumder,
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2018; Mandal et al., 2003; Sivaiah et al., 2012). Hammoumi et al. (2002) have studied the
alcohol-water, lobelia TB15 oil-water, and glucose-water mixtures in the downflow liquid
column. They have focused on the effects of the Weber number of entrainment and Ohnesorgue
number for laminar and turbulent flows. Similarly, Lau et al. (2005) studied the degree of liquid
entrainment in a high-pressure column with water and paratherm. It was reported that the rate

of liquid entrainment increased with pressures and superficial gas velocities.

The present work aims to study the phenomena of entrainment of the immiscible liquid by the
liquid jet in the mixing column for the development of an efficient liquid-liquid extraction

system based on process intensifications.

2.2. Experimental Setup, Materials, and Methodology
2.2.1. Experimental Setup

The apparatus consists of a cylindrical column made up of transparent glass for clear
visualization of flow. A strobe light is used to observe the liquid-liquid entrainment
phenomena. The bypass control valve is used to minimize the turbulence effect hindering the
liquid flow rate measurement. The liquid flow rate from the storage tank was monitored by
using rotameter, and the edge of the pipe from the rotameter was connected to a nozzle. The
dispersed liquid is fed into the top of the mixing column. The ratio of the nozzle length to
nozzle diameter (/n/dn = 5) was kept constant. A nozzle supporter made of an aluminum frame
is fixed to support the jet nozzle to prevent vibration during the operation of an experiment.
The liquid level inside the column was maintained by a control valve at the bottom outlet of
the mixing column. The detailed geometric dimensions of the experimental setup are shown in

Table 2.1.

Table 2.1. Range of the experimental conditions.
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Parameter Range

Jet length(L;) 0.213 -0.227 m
Nozzle diameter (dn) 0.005m

Nozzle length (/n) 0.025m
Column diameter (d.) 0.055m
Column length (/) 0.37m

2.2.2. Materials

For the present analysis, 1-decanol (with purity 98%) and paraffin liquid (with purity 98%)
were purchased from Sigma-Aldrich and Himedia Laboratories Pvt. limited, respectively.
Kerosene and soybean oil were locally purchased. The specific gravity bottle was used to
measure the density of the water, and surface tension and viscosity of a dispersed liquid,
Tensiometer (model: DY300; make: Kwoya, Japan) and Absolute viscometer (model:

DV2TLVTIJ0, make: BRK Instrument India LLP) were used.

2.2.3. The Estimation of Liquid-liquid Entrainment Rate

From the nozzle, the liquid jet was allowed at a certain flowrate to plunge vertically into the
liquid-liquid solution to penetrate dispersed liquid inside the column. The jet length from the
nozzle exit to the pool of the liquid surface was calculated based on the level of a mixture of
the liquids in the column. The present study used water as a continuous liquid and kerosene, 1-
decanol, and soybean oil as the dispersed liquid. The range of the dispersed liquid volume was
considered within 2% — 8% according to the industrial application (Ritter and Kraume, 2000).
All the experiments were performed at room temperature (301 K) and atmospheric pressure (1

atm). Liquid from the nozzle exit was allowed to plunge inside the column at velocities (%)

within the range of 0.035 m/s to 0.283 m/s. In Fig 2.1, columns Ci, C>, and C3 were shown to
indicate the penetration of dispersed liquid inside the column at different liquid jet velocities.
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At a steady-state, the penetration height of dispersed liquid inside the column is captured using
the high-speed digital camera (Phantom VEO 640 model, USA) with a resolution of 2560
x1600 pixels. The images were recorded at the rate of 1400 frames per second. Further, the
digital images are filtered, and the penetration height of the dispersed liquids was marked by

using the image analysis software (Digimizer, version 4.2).

2.2.4. Physical Properties and Geometry of the System

In the present study, the water was taken as the continuous phase, while the kerosene, soybean,
1-decanol, and paraffin were taken as the dispersed phases. The mixture density is calculated

by (Godfrey and Slater, 1994)
P = Pala t Py (1_5(11) (2.1)

where pm is the mixture density, pc and pa denote the liquid densities of the continuous and
dispersed phases, respectively, and &q is the dispersed phase volume fraction. The volume

fraction of the dispersed phase is expressed (Tsaoulidis and Angeli, 2017) as

Eu = Z (2.2)

where V is the continuous phase volume, and Vg is the dispersed phase volume. The mixture

viscosity is calculated by (Godfrey and Slater, 1994)

, 61,
oo = Hy {1+ Hauba j (2.3)
l-¢, Hy +(1_‘9dl)

where uq is the viscosity of a continuous phase, and ua is the viscosity of a dispersed phase.
Table 2.2 lists the physical properties of the liquids. For the surface tension (om) of a liquid-

liquid mixture, the following expression of Glinski et al. (2003) was used
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G, =~ 2.4)
(1 — &g )Ucl +&,04

where o

m?

o, and o, are mixture surface tension, the surface tension of the continuous phase,

and the dispersed phase surface tension, respectively. The ranges for the standard deviations,
mean, and relative uncertainties are shown in Table 2.3. The detailed uncertainty analysis used

in this study is presented in Appendix 1.

Table 2.2. Physical properties of the liquids at 298 K.

Liquid Density Surface tension Viscosity x 10°
(kg/m?) (N/m) (kg/m s)

Water 998 0.071 1.00

Kerosene 810 0.034 1.56

1-decanol 828 0.028 11.07

Paraffin liquid 840 0.026 21.07

Soybean oil 916 0.033 47.25

Table 2.3. The uncertainty range of experimental data in the mixing column.

System uj (m/s) X STDEV x 10° U Ur (%)

Kerosene-water 0.035-0.283 0.027 -0.070 LY. 1-1 5369 —1.650

1-decanol-water ~ 0.035—-0.283 0.024 —0.067 4-2 2-2 8.567 —1.803

Paraffin-water 0.035-0.283 0.022 —-0.065 3-2 2—-1 7.898 —1.776

Soybean oil-water 0.035—-0.283 0.02 - 0.063 2-2 1-1 5774 —1.833
15
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2.2.5. Models for Analyzing Penetration Height

The following correlation models are used to analyze the penetration height of liquid-liquid

dispersion
2.2.5.1. Kramer et al. (2016) Model

Kramer et al. (2016) have analyzed the penetration heights of water jets using the artificial
neural network tool. They have considered two variables: the momentum jet and the length of
the jet. The general form of a model for the prediction of the penetration height of liquid jet

was proposed as
b yr—c
H,=al"L (2.5)

where a, b, and c are the coefficients that are obtained from the experiment. According to their
experimental results, they have stated that the coefficients of a, b, ¢ are 0.2, 0.39, and 0.26,
respectively. Based on their experimental condition, they reported that the penetration heights

of a liquid jet depend on the momentum of jet (/) at the plunging point, which is defined as
I=p,Qu, (2.6)

where pj is the density of jet, O; is the volumetric flow rate of a liquid jet, and w; is the liquid

jet velocity.

2.2.5.2. Friedman and Katz (1999) Model

To examine buoyancy force effects, Friedman and Katz (1999) presented the experimental
study of two immiscible liquids (the water-diesel system where water was used as a jet). They
have developed a general correlation for predicting the penetration height incorporating the
effect of buoyancy force over the shear flow of the fluid, which is expressed by the Richardson
number (Ri7). The general form of correlation of the penetration height of a two immiscible
liquid is
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H, .
——=CR{" 2.7
d (2.7)

where C, n, and Ri are empirical constants and the Richardson number, respectively. From their
experimental data, the values of C and » are found to be 0.75 and — 0.333, respectively. The

values depend on the design of the system and fluid properties.

2.3. Results and Discussion

2.3.1. Mechanism of Liquid Entrainment

The liquid jet from the nozzle is penetrated into the denser liquid by the kinetic energy of the
jet. As a result, the dispersed liquid as a droplet is entrapped into the pool of liquid into the

column by penetrating the jet at a certain depth, which is called the penetration height.

For each experimental run at steady-state, the penetration height (/,) of a jet into the pool of
liquid is estimated by using a high-speed camera. The series of images indicates the liquid
entrainment at a minimum liquid velocity of different dispersed phase volumes of 2% to 8%
for various dispersed liquids such as kerosene, 1-decanol, paraffin, and soybean oil. Based on
the different dispersed liquid volumes, the continuous liquid jet length was found to be varied
with those variables. As the kerosene viscosity is lower, even at the higher concentration, the
impingement of liquid jet is observed at the minimum liquid velocity uj = 0.035 m/s. In case of
6% paraffin, 6 % soybean oil, 8% I-decanol, 8% paraftin, and 8% soybean oil at low jet
velocity uj = 0.035 m/s, the liquid jet did not penetrate inside the pool of liquid in the column.
The continuous liquid jet has an insufficient transfer of energy to break the surface of the
dispersed phase above the surface of the pool of the liquid. Thus restrain to entrain the liquid
jet into the dispersed phase inside the column. From the experimental condition, it is observed
that the minimum liquid velocity increases with the increase in the viscosity of a dispersed

liquid. At the same liquid jet velocity, it was observed that the density (number per unit volume)
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of fine droplets was more in case of a kerosene-water system, which has a lower viscosity. At
a higher liquid jet velocity ( at #; = 0.283 m/s), the jet plunged into the pool of the liquid in the
column, the lower parts of the dispersed liquid oscillate, and it breaks into fine droplets due to
high shear stress. Due to this, the liquid jet carries the dispersed liquid down the column. It was
also observed that more fine droplets with uniform dispersion formed at high liquid jet velocity

due to this entrainment.

2.3.2. Effect of Variables on Liquid-liquid Entrainment
2.3.2.1. Effect of Momentum Jet on Penetration Height

The effect of momentum jet on penetration height at a different dispersed volume of liquid is
shown in Fig. 2.4. From the experimental conditions, it is observed that the penetration height
and momentum jet increase with decreasing jet length at different dispersed volumes. With an
increase in the liquid flow rate, the rate of the momentum jet increases, which leads to an
increase in the penetration height (Parmar et al., 2015; Poling et al., 2001). The primary reason
maybe because of the lower resistance by hydrodynamic interaction between the liquid jet and
the kerosene, which increases the penetration heights with increasing momentum jet. For the
other liquids, follow a similar trend of increase of the penetration height. As observed, even at
a lower momentum of jet 7 = 0.005 kg m/s?, there is a small penetration of kerosene inside the
continuous phase of liquid. The same momentum of jet (/ = 0.005 kg m/s?) and the volume of
the dispersed liquids of 1-decanol-water, paraffin-water, and soybean oil-water resulted in no
penetration of dispersed liquids inside the column. The minimum penetration heights of 8% 1-
decanol-water, 8% paraffin-water, and 8% soybean oil-water are observed at the momentum
jet of 1=0.02 kg m/s%. In the present system, as the density of kerosene is lower, the liquid
jet easily penetrates the kerosene phase into the denser liquid even at a lower momentum of jet.
From the experimental results, it is noticed that at a decreasing liquid jet length with increasing

momentum, the penetration height of dispersed liquid increases. Also, the characteristic
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relationship between the momentum jet and the penetration heights is found to be flattening at
higher momentum jet (Kramer et al., 2016). The maximum penetration heights of kerosene, 1-
decanol, paraffin, and soybean are found to be 0.70 m, 0.66 m, 0.65 m, and 0.63 m at the jet

momentum of / = 0.31 kg m/s?.

2.3.2.2. Effect of Viscosity on Liquid Entrainment

At lower dispersed volume liquids, the difference in the effects of a liquid jet on the entrainment
is very small and results in the compactness of curves toward each other. Therefore, the effect
of viscosity on penetration height at lower dispersed volume is insignificant in the present

system.

It is observed that at the same volume of dispersed liquids, the penetration heights decrease
with the decrease in Reynolds number. At minimum liquid velocity (#; = 0.035 m/s), the liquid
jet failed to penetrate through the volume of 6% paraffin and 6% soybean oil, resulting in
insignificant liquid entrainment. With the increase in the volume of dispersed liquids, the
apparent viscosity and density increase (Prakash et al., 2019). When the viscosity of the
dispersed liquid increases, the hydrodynamic interactions between the dispersed phase and the
continuous phase increases, and as a result, it lowers the penetration height. At the higher
velocity of the liquid jet, the penetration heights increase with the increase in the volume of
dispersed liquids. At low superficial liquid velocity #; = 0.035 m/s and Re =163, the effect of
kerosene viscosity on entrainment is negligible. At lower liquid velocity, the liquid jet favors
the entrainment of the kerosene phase, while the jet failed to penetrate through the 1-decanol,
paraffin, and soybean oil phase. Therefore, it is concluded that only at lower Reynolds number,

the penetration height is affected by the change in viscosities.
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2.3.3. Analysis of Entrainment Characteristics by Developing Models
2.3.3.1. Analysis of the Minimum Velocity of Liquid-liquid Entrainment

The continuous liquid from the nozzle jet strikes at the liquid-liquid pool surface inside the
column. The minimum liquid flow rate at which the jet penetrates the pool surface and form
the first liquid droplet is called minimum liquid jet velocity. To penetrate the liquid droplet
downward, the jet momentum must be higher than the buoyancy of the dispersed liquid
(Goshika and Majumder, 2018). Many authors have attempted the theoretical model for the

prediction of minimum velocity for liquid entrainment (Majumder, 2016).
2.3.3.2. Analysis of Energy Efficiency for Liquid-liquid Entrainment

The knowledge of the energy efficiency of phase mixing is required for designing the plunging
jet mixing column. It is required for the estimation of the transport parameter. In the jet
penetrated mixing column, the continuous liquid jet impinged into the pool surface. As the
dispersed liquid is penetrated by the plunging of liquid, dynamic pressure inside the column is
developed depending on the rate of energy supplied by the liquid jet (Majumder, 2019). The

rate of energy supplied to the mixing column can be expressed as
1 . 2 1 2
k= 5t = Eijj”j (2.11)

A fraction of the energy supplied is dissipated to overcome the friction of the liquid in the

column. However, all the energy supplied is not utilized for mixing in the plunging region.

water, paraffin-water, and soybean oil-water decreases with the increase in the Reynolds
number. It is because of the increase in the kinetic energy during the jet penetration inside the
mixing zone. Also, with the increase in the volume of dispersed liquids, the mixing coefficient
(Km) decreases. Due to the higher viscous medium of the liquid-liquid mixture hinders the

liquid jet from penetrating the mixing zone. So, it required more energy utilization for the
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mixing of the liquid-liquid system. The energy utilization of liquid mixing in the mixing zone
increase with the Reynolds number. It is because the rate of energy dissipation decreases with
the increase in the Reynolds number. With an increase in the Reynolds number, the rate of
turbulence energy of the liquid mixture increases. At higher turbulence, more energy utilization
is required for the liquid jet to penetrate the dispersed liquid inside the mixing column. For the
constant Reynolds number, the energy dissipation coefficient (Km) decreases, resulting in an

increase in energy utilization efficiency for mixing.

2.3.3.4. Prediction of Liquid Entrainment by Developing a Correlation Model

In the present study, an effort has been made to predict the penetration height by developing
an empirical correlation based on operating variables. It is observed that the penetration height
of dispersed liquid depends on the density of the mixture, the viscosity of a mixture, the surface
tension of mixture, liquid jet velocity, acceleration due to gravity, and the length of the jet.
Based on the experimental data, the general correlation is made by using dimensional analysis,

which can be expressed as a function of variables as
H, = f(pystts0,.1,,8,L,) (2.30)

Using Buckingham’s pi theorem of dimensional analysis, it can be expressed as

a P b 2 \¢
% :ﬂ(dnu,,pm] (p,,,d,,uj] ( o ] (L) 2.31)
n /um O-m g n ‘

where A, a, b, ¢, and d are the constant, which can be obtained by multiple regression analysis

with experimental data. The empirical correlation yield as

H d u 0.141 d uz 1.171 u2 —1.058
d_p:7384xlo3( n jpmj (pm n ‘/J [ J J (L‘/')—SA087 (232)

M o gd,

m

n

The Eq. (2.32) is valid within the ranges of:
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4,

0213<(L,)<0.227

The mean absolute relative deviation (MARD) was calculated by (Miwa et al., 2018)

x100 (2.33)

1 N
MARD = —
2

5 ),

The correlation coefficient and standard error were found to be 0.98 and 0.07. Equation (2.32)
predicts the penetration height with the error range of + 11% and the mean average relative
deviation (MARD) of 5.298%. In order to check their range of validity, some of the available
correlations from the literature were compared with the present experimental data.. A good
prediction by the proposed correlation for penetration heights of various dispersed liquids is
observed. The developed model by Kramer et al. (2016) is found to be well predicted with
overall mean absolute relative deviation (MARD = 8.554%) in the present experimental data.
Friedman and Katz (1999) correlation also showed a good agreement with the overall mean

absolute relative deviation (MARD = 11.132%) from the present experimental condition.

The comparison of mean absolute relative deviation (MARD) between the experimental values
and the present proposed model and correlation and the other correlations available in the open
literature are shown in Table 2.4. The two correlations, Eq. (2.5) and Eq. (2.7) were compared
with the present experimental data, and it was observed that the Kramer et al. (2016)
correlation is found to be a better fit compared with the Friedman and Katz (1999) correlation
with an overall mean absolute deviation of 8.554 % while the proposed correlations with

Friedman and Katz (1999) was found to be 11.132 %.
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2.4. Conclusions

The present work described the liquid-liquid entrainment characteristics in a cylindrical mixing
column with kerosene-water, 1-decanol-water, paraffin-water, and soybean oil-water system.
The variables such as the effects of initial liquid jet velocity, length of jet, the density of the
liquid mixture, the viscosity of the mixture, and the volume of dispersed liquids were studied.
It is observed that the initial liquid jet velocity depends on the viscosity of the dispersed liquid.
Also, the effects of the momentum flow on penetration height depend on the jet length. The
maximum penetration heights of kerosene, 1-decanol, paraffin, and soybean are found to be
0.70 m, 0.66 m, 0.65 m, and 0.63 m, respectively. Experimentally it is envisaged that the
increase in the volume of the dispersed liquid increases the rate of energy dissipation in the
mixing column. The penetration height is correlated with variables in terms of jet length to
nozzle diameter, Reynolds number, Weber number, and the jet Froude number. The intensity
of liquid-liquid dispersion is obtained as a function of flow resistance in the mixing column.
From the present study, it is concluded that the penetration height of the liquid entrainment
depends on the kinetic energy of the liquid jet and the system properties. The present proposed
model and the correlation presented a good agreement with the experimental data within the
error range of +£16.77 and £11, respectively. This present study will be useful for further
understanding and modeling of the multiphase flow, especially for the liquid-liquid extraction

system.
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CHAPTER 3

DROP SIZE DISTRIBUTION AND DROP ASPECT RATIO

Abstract

This chapter describes an experimental study of drop size distribution, drop aspect ratio, and
interfacial area in a jet-driven liquid-liquid column. The effect of the jet velocity, the dispersed
phase volume, and the physical properties on the drop size distribution and drop aspect ratio
are studied. Compared to other dispersed liquids, the number density of drops in different
dispersed media (under specific experimental conditions) demonstrates that paraffin liquid
generates a significant number of drops. The correlation for the drop aspect ratio is proposed
in terms of the Reynolds and Eotvés numbers, and its drop shape is shown in the Clift diagram,
where both the spherical and ellipsoidal shape regimes are presented. Empirical correlation
is developed to predict Sauter mean drop diameter, drop aspect ratio, distribution function
parameters, and interfacial area based on the system's operating variables and physical

properties.

3.1. Introduction

In the liquid-liquid dispersion process, when the continuous phase plunges over the surface of
a dispersed phase, droplet formation occurs inside the column (Sangtam and Majumder, 2020).
The dispersion system is a complex phenomenon because it involves simultaneous drop
breakage and drops coalescence (Maal} et al., 2012). Under certain practical conditions, the
dispersed drops are often tricky to identify and sometimes challenging to observe inside the
column wall (Oliveira et al., 2008). Several factors, such as jet velocity, the volume of the
dispersed phase, nozzle characteristics, physical characteristics, and column geometry are
influenced by the dispersed drop size. Therefore, the knowledge of drop diameter and its

distribution is essential to measure the system performance. The efficiency of the column is
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potently affected by the complex interaction of the phases. The complex phase interaction has
significantly influenced the drop size distribution, and it has an immense impact on selectivity
and conversion in chemical engineering applications. Over a few decades, some researchers
have reported the mass transfer studies in the jet-driven liquid-liquid extraction column (Asai
et al., 1988; Dehkordi, 2001, 2002c; Fosberg and Heideger, 1967; Jamshidi et al., 2001).
However, there is no information based on the preliminary review of hydrodynamic
characteristics such as drop size and distribution, drop aspect ratio, and the interfacial area in

jet-driven liquid-liquid extraction columns in the literature.

There are various techniques available to measure the drop size and its distribution by many
researchers. The methods involve photographic, light scattering, laser scattering, doppler
particle analyzer, and electrical methods (Alban et al., 2004; Chatzi et al., 1991; Greaves et al.,
2008; Li et al., 2005; MaaB et al., 2011; Parmar et al., 2015; Prakash et al., 2020). The non-
intrusive technique (i.e., photographic) is preferred compared to the intrusive (i.e., optical
probe) technique because it does not disturb the fluid flow. One of the easiest methods to

measure drop size is by drawing manually over the drop interface (Prakash et al., 2019).

The drop size and its distribution in the liquid-liquid jet extraction column play a vital role in
the system design and performance (Khalil et al., 2010; Tsaoulidis and Angeli, 2017).
Hosseinzadeh et al. (2018) studied the drop size in a liquid-liquid educator jet extractor column,
where they have used water as a continuous phase and toluene as a dispersed phase. They have
reported that the drop size strongly influences nozzle diameter. Samdavid et al. (2016) also
studied using a downflow extraction column for the water-kerosene system. It was observed
that the drop size distribution decreased with an increase in the liquid velocity. Tsaoulidis and
Angeli (2017) used water and kerosene and performed the liquid-liquid drop size in the
impinging jet column. They have observed that drop size is influenced by the liquid flowrate

and the main channel column. Esmaeeli et al. (2020) studied liquid-liquid mass transfer
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coefficient using an educator extractor column where water was used as the continuous phase
and the gasoil as the dispersed phase. It was reported that the increase in the Sauter mean drop
diameter and decreasing nozzle diameter increase the rate of overall mass transfer coefficient
and the extraction efficiency. Based on the CFD modeling, the influence of drop rise velocity
of water as continuous and toluene as dispersed phase was also studied by Hosseinzadeh et al.
(2017). Siddiqui (2014) studied the effects of viscosity on the drop size of silicon oils,
sunflower oil, and n-alkanes in the presence of water in a confined jet column. It is concluded
that the drop size distribution of sunflower oil is wider than silicon oil, although both the oil
has the same viscosity. The sunflower oil has lower equilibrium oil/water interfacial tension
compared to 50 cP silicon oil. The oil having lower interfacial tension enables higher drop

deformation and more uniform drop size.

The study of rising or falling of drops in a fluid medium is essential for both academic and
practical interests (Wanchoo et al., 2003). Hydrodynamics of drops rising or falling liquid in
the different systems were studied by various authors (Besagni and Inzoli, 2016; Dhindsa et
al., 2020; Liu et al., 2016; Wanchoo et al., 2003; Ziqi et al., 2010). Wellek et al. (1966) stated
that the spherical drop size shape depends on the velocity of the continuous phase and the
interfacial forces. At lower Reynolds number, the drop shape remains as spherical, while at the
higher Reynolds number, the drop shape distorted from a spherical drop. The aspect ratio ()
of drop indicates the shape of a drop. Wanchoo et al. (2003) studied the shape of the Newtonian
liquid drop in a non-Newtonian liquid and observed that the shape of the drop was spherical at
E6tvos number (0.1 < Eo < 1) and Reynolds number (Re < 20), while it is oblate at E6tvos
number (Eo = 1) and Reynolds number (Re > 20). For aspect ratio (1 < ¢ < 10) and Reynolds
number (Re < 1), the drop shape is assumed to be prolate. Similarly, Sugihara et al. (2007) have
proposed an aspect ratio range of (0.5 < < 1) in case of low viscosity liquid for a single rising

bubble in the water. Aoyama et al. (2016) have developed the correlations in terms of Edtvos
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and Reynolds numbers for ellipsoidal bubbles in infinite stagnant clean liquids in the Morton
number (Mo) range of 107 < Mo < 10-. Myint et al. (2007) also studied the aspect ratio (in the
range of — 11.6 < logio (Mo) < —0.9) of a single drop-in silicon oil as a dispersed phase and
water and glycerol as the continuous phase. They reported a higher scattered aspect ratio in the
case of pure water. In contrast, the scattering of aspect ratio is low for the liquid-liquid mixture
because of the extensive drop breakage due to the viscous effect. Most of the studies on aspect
ratios are based on the gas-liquid system, and they have presented several correlations of aspect
ratios (Aoyama et al., 2018, 2016; Besagni and Deen, 2020; Besagni and Inzoli, 2019, 2016;
Legendre et al., 2012; Myint et al., 2007; Okawa et al., 2003; Raymond and Rosant, 2000;
Sugihara et al., 2007; Wellek et al., 1966). So far, no studies on aspect ratio have been reported

in the jet-driven liquid-liquid extraction column.

The knowledge of the interfacial area is essential to obtain the interphase reaction and mass
transfer rate in the liquid-liquid jet extraction column (Angle and Hamza, 2006; Eastwood et
al., 2004; Hemmati et al., 2015; Sechremeli et al., 2006). The interfacial area can be estimated
based on physical and chemical methods (Majumder, 2019; Mandal, 2010; Van Woezik and
Westerterp, 2000; Yang et al., 2011). Nosratinia et al. (2010) extracted succinic acid extraction
using n-butanol as a dispersed phase jet extraction column. It is observed that with the increase
in the height of the continuous phase, the interfacial area between the continuous phase and the
length of the jet decreases, which in turn results in a sufficient time contact of solute between
the continuous phase and dispersed phase. Dehkordi (2002c) used a high-intensity jet
contractor for liquid-liquid jet extraction and studied the extraction efficiency and overall mass
transfer coefficient of succinic acid, iodine, and acetic acid by using solvents as butanol, and
kerosene, respectively. A high liquid jet velocity in a micro contractor volume subsequently
causes an intense turbulence mixing of phases. The high shear forces acting on the liquid-liquid

phase consequently increase the interfacial mass transfer area.
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Based on the literature mentioned earlier, the present study focuses on an in-depth analysis of
the influence of different dispersed liquid (i.e., kerosene, diesel, 1-decanol, and paraffin), jet
velocities, the volume of dispersed liquid, viscosity, and surface tension on the drop size
distribution, drop aspect ratio, and the interfacial area in the liquid-liquid jet-driven extraction
column. New correlations are also proposed for drop diameter, drop aspect ratio, interfacial

area, and distribution function parameters.

3.2. Materials and Methods

3.2.1. Materials

In this study, the chemical used was 1-decanol (purity 98%, Sigma-Aldrich, India), paraffin
liquid (purity 98%, Himedia Laboratories Pvt. Limited, India). The kerosene and diesel were
locally purchased at nearby gas station. The physical properties used in the current study are

given in Table 3.1.

Table 3.1. Different physical properties of the liquid at 298 K.

Liquid Density Surface  tension Viscosity x 103 Logio (Mo)
(kg/m®) (N/m) (kg/m s)
Water 998 0.071 1 -10.957
Kerosene 810 0.025 1.56 -9.171
Diesel 819 0.028 3.16 -8.109
1-decanol 828 0.029 11.07 -5.986
Paraffin liquid 840 0.026 21.07 -4.756
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3.2.2. Experimental Setup

All the experiments were performed at atmospheric pressure (1 atm) and room temperature
(298 K). The transparent column was used for clear visualization of the drop images in the
column. The measurement of a cylindrical column length and diameter was 0.37 m and 0.055
m, respectively. In the current study, water was used as a continuous phase, while kerosene,
diesel, 1-decanol, and paraffin were used as the dispersed phase. The experiments were
performed in the jet velocity (u;) at a range of 0.68 to 1.71 m/s, and the dispersed phase
concentration of 1% to 3%, as per the literature (Baldyga and Bourne, 1993; Ritter and Kraume,
2000). Pump (make: Crompton Greaves Ltd., 0.50 HP, 2780 RPM, 2.50 AMP) was used to
supply the continuous liquid into the column. Throughout the experimental process, the initial
liquid height was maintained at 0.19 m from the base of the column. The column was washed
after each experiment to prevent the retention of any impurities that may hinder the
experimental values. LED light source was used to identify the formation of liquid droplets in
the column. The nozzle length and diameter were 0.025 m and 0.005 m, respectively. The ratio
between nozzle length and diameter (/n/dn = 5) was kept constant throughout the experiments.
The nozzle is fixed at the end of the pipe, and the liquid flow rate is controlled by using a
calibrated liquid rotameter (make: Five stars, range of flowrate: 0 — 200 //A; accuracy: = 5 %
of full range). A nozzle frame made up of aluminum was attached along the pipe to prevent
vibration while performing the experiments. Table 2.1 in Chapter 2 provides a summary of the

column dimensions.

3.2.3. Image Analysis Procedure

In the present study, the image analysis technique was used to measure the drop diameter.
During the experiment, when the system reached the steady-state, the dispersed liquid drop was
recorded by a high-speed camera (model: Phantom VEO 640, USA) with resolutions of 2560

x1600 pixels at 1400 frames per second. The scale was attached to the column wall to calibrate
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the image analysis software. The recorded videos were transferred to the computer via a data
logger (supplied by the camera manufacturer). The black sheet was placed behind the column
wall to avoid parallax deformation and improve the image quality. The light (make: Yongnuo,
model: YN-600, 600 LED bulbs) source was focused on the column while recording the video.
The captured videos were then converted into images using visible light communication (VLC
media player) software. The image analysis technique involves several steps, such as image
segmentation, brightness, and contrast adjustment. Out of several images for particular
experimental conditions, the best quality image was selected and enhanced to mark the drop to
determine the drop diameter using the image analysis software (Digimizer, Version 5.4.3). For
each image, 200 — 300 drops were marked to estimate the Sauter mean drop diameter (d32). For

Sauter mean drop diameter, the following equation is used

n 3
Zi:l nidd

4 (3.1)

32 n 2
Z i=1 1 dd

where n; is the number of drops size of diameter dy. For the elliptical shape drop, the equivalent
drop diameter (deq) was determined by estimating the major (/maj) and minor (/min) axis of the

drop.(Majumder, 2016)

d —3 12 l (32)

eq maj” min

The various physical properties such as liquid viscosity, equivalent drop diameter, surface
tension, the density difference (pc1 — pai), and the acceleration due to gravity are the significant
aspects that influence the drop diameter and its shape. As the continuous jet velocity increases,
the droplet of dispersed liquid undergoes deformation and fragmentation; thus, a more
substantial drop disintegrates into small droplets (Berna et al., 2015). It is clearly shown that at
a low jet velocity, an aggregate structure resembling a honeycomb shape is formed, and it is

made up of water encapsulated by a thin film of dispersed liquid (Samdavid et al., 2016). As
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the continuous jet velocity increases, the drop distorts and splits into a small drop. The water
as a higher density it escaped from the outer film of a dispersed liquid and left the dispersed
film to form liquid droplets in the column. As a result, the drop collisions frequency increases,
resulting in the breakage of dispersed liquids into uniform small drop size. The detailed

physical properties and geometry of the system are presented in chapter 2 (section 2.2.4).

3.3. Results and Discussion

3.3.1. Effect of Different Variables on Drop Size
3.3.1.1. Effect of Jet Velocity on Sauter Mean Drop Diameter

It is observed that the Sauter mean drop diameter decreases for all the dispersed liquids as the
jet velocity increases. It is attributed to the breakup of a large drop into a small diameter as the
liquid jet plunging velocity increases. For each system, it was also noticed that the Sauter mean
drop diameter was lower at dispersed phase volume of 3% in comparison to that of 2% and
1%. At a high dispersed phase concentration, the liquid-liquid mixture viscosity is more

compared to the low concentration of the dispersed liquid.

A high viscosity liquid lengthens the coalescence rate of a drop; therefore, the drop size is small
at a high dispersed liquid concentration. For dispersed volume (V4 = 1.0%) at low velocity (u;
= 0.68 m/s), the Sauter mean drop size (d32) is found to 2.52 mm and at high jet velocity (; =
1.71 m/s) the d32 reduced to 1.43 mm, the reduction is about 43.20%, while (at Va = 2.0%) the
reduction of d3» for 0.68<u; < 1.71 m/s is 41.77%, and in the case of (Va1 = 3.0%) the reduction
within the same jet velocity is found to 40.26% (as shown in Fig. 3.4a). It is also observed that
the average reduction in the Sauter mean drop diameter of kerosene (at 2.0% and 3.0%) at jet
velocity range of 0.68<u; < 1.71 m/s is 48.61%. For the diesel-water system, at low jet velocity
(u; = 0.68 m/s) the d3» was 2.41 mm (at Va = 1.0%) and with increase in liquid jet (= 1.71

m/s) the ds» decreases to 1.28 mm, the reduction of size within the jet velocity of 0.68< u; <
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1.71 m/s is 46.86% as shown in Fig. 3.4b. For the 2.0% and 3.0% volume of diesel at jet
velocity 0.68<u; < 1.71 m/s, the average reduction of drop diameter is 45.23%. A similar trend
was observed in 1-decanol and paraffin systems, as shown in Fig. 3.4c, and Fig. 3.4d. In case
of 1-decanol and paraffin, the average reduction for 2% and 3% volume at the same jet velocity
range is found to 36.42% and 25.81%, respectively. The Sauter mean drop diameter decreases
with an increase in the jet velocity and dispersed liquid volume. An increase in the momentum
jet velocity increases the shear, and as a result, the more intense mixing of liquid-liquid takes
place, which breaks more drops into smaller sizes (De Hert and Rodgers, 2017; Tsaoulidis and

Angeli, 2017).

3.3.1.2. Effect of the Volume of Dispersed Liquid on Sauter Mean Drop Diameter

At lower jet velocity (1 = 0.68 m/s) the order of d3; in different dispersed liquid (at Vai = 1%
to 3%) are: d3; (kerosene) > d3; (diesel) > ds» (1- decanol) > ds» (paraffin). An increase in the
dispersed phase viscosity and density increases the hydrodynamic interaction between the
continuous liquid velocity and the dispersed liquid, thus decreasing the drop breakage. In the
present study, it is noticed that at lower jet velocity (u; = 0.68 and 1.02 m/s), the kinetic energy
of the liquid jet failed to break the dispersed liquids drops, and thus, the obtained drops are
more irregular shapes. The force that changes the drop diameter is due to the dynamic jet and
viscous forces on the liquid mixture surface (Karam and Billinger, 1960). It is observed that
the Sauter mean drop diameter decreases with an increase in jet velocity. Similarly, at higher
jet velocity (1j=1.02 and 1.71 m/s), the shear force increases and breaks the dispersed phase
into uniform smaller drops by force associated with the continuous phase turbulence (Oliveira

et al., 2008).
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It is noticed that at higher liquid velocity jet (#j=1.71 m/s), the drop breakage is independent
of the viscosity of the dispersed liquid system, and due to this, a number of finer drop sizes are
formed inside the column. It is seen that at the lower jet velocity, there is an influence of
dispersed liquid on Sauter mean drop diameter. In comparison, at the higher jet velocity, it is

independent of the liquid-liquid system.

3.3.2. Development of an Empirical Correlation and Comparison of Experimental Data

with Literature Correlation

In current experimental conditions, an empirical correlation is developed to predict the Sauter
mean drop size in the jet-driven liquid-liquid mixing column. It is seen that the various
parameters such as the liquid jet velocity, nozzle diameter, mixture liquid density, mixture
liquid viscosity, mixture liquid surface tension, and acceleration due to gravity influenced the
drop size. Therefore, all these parameters are considered for the development of an empirical
correlation. For developing an empirical correlation, the experimental values are evaluated
based on the Sauter mean drop diameter (d32) as a function of a different parameter, which is

expressed as
d}zzf(ujad,ﬂpmaﬂmao-mag) (3.3)

By applying Buckingham’s pi theorem, it follows

dup \(u2dp
&:w( W’m] (“ "pmj (3.4)
d”l ﬂ)ﬂ 0171

where , a, and b are constant parameters that are obtained by the regression analysis method.

For a jet-driven column, the proposed correlation for Sauter mean drop size is expressed as

33
TH-2962_176107032



d du 2.817 uzd P -1.709
D 9 368x10°"| L S (3.5)
d U, o

n m

Equation (3.5) is valid within the ranges of 2505 <d u p, / u, <6963; 26<ud p, /o, <175.

Equation (3.5) is coherent with the current experimental result with the correlation coefficient
and standard error of 0.94 and 0.08, respectively. The proposed correlation (Eq. 3.5) has

predicted the d3» with an absolute average relative deviation (AARD) of 6.75%.

0.6
O  Experimental data
Present correlation Eq. (3.5)
05+ ©O Santigo and Trambouze (1971)
Van Woezik and Westerterp (2000)
Ruiz et al. (2002)
04 © —.  Mlynek and Resnick (2007)
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¥ ¢}
N
02|
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0.6 0.8 1.0 1.2 1.4 1.6 1.8

u (m/s)

Figure 3.1. Correlation comparison based on the effects of liquid jet velocities on Sauter

mean drop diameter.

The developed relationship predicts the d3» within the error range of + 17.21%. The
experimental values for ds; are also compared with the different correlations (Mlynek and
Resnick, 1972; Ruiz et al., 2002; Santiago and Trambouze, 1971; Van Woezik and Westerterp,
2000), as shown in Fig. 3.6. It is observed that all these correlations are found to be under-
predicted with the present experimental values. One of the main reasons may be that these
correlations are based on different geometric dimensions, and therefore it is difficult to predict

a specific system (Asadollahzadeh et al., 2016; Hosseinzadeh et al., 2018).
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3.4. Conclusions

The present work reports the hydrodynamic characteristics such as drop size distribution,
aspect ratio, and interfacial area in a jet-driven liquid-liquid extraction column. Four different
liquids (kerosene, diesel, 1-decanol, and paraffin) are used as the dispersed medium, while the
water is used as the continuous phase. The influences of jet velocity, the volume fraction of the
dispersed phase, and the system's physical properties are studied. Based on the experimental

analysis, the following conclusions are drawn:

e Drop size and its distribution is greatly influenced by the operating variables and
physical properties of the system. With an increase in the jet velocity and dispersed
phase volume, the drop size reduces significantly. The drop size distribution is wider
at lower jet velocity and dispersed phase volume. In the current system, the drop size
distribution fits the Log-logistic distribution function model with the least error. The
observed order of drop size (d32) in the present experimental conditions is: d3»

(kerosene) > ds» (diesel) > d32 (1-decanol) > ds> (paraffin).

e The influence of drop diameter on the interfacial area is more pronounced in
comparison to that of the volume fraction of dispersed liquid. The order of interfacial
area for different dispersed liquids are ai (paraffin) > a; (1-decanol) > g; (diesel) > a;

(kerosene).

e Drop aspect ratio is close to 1 at lower E6tvos number and decreases significantly as
the E6tvos number increases. The relative frequency of drops having aspect ratio
0.9 <y <1.0increases with an increase in the jet velocity and dispersed phase volume.
It indicates that the sphericity increases with the jet velocity and dispersed phase
volume. Correlations are developed for aspect ratio in terms of E6tvos and Reynold's

number.
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CHAPTER 4

MIXING CHARACTERISTICS AND ITS ANALYSIS

Abstract

This chapter focuses on studying the degree of liquid-liquid axial dispersion in a jet-driven
mixing column. The effects of jet velocity and dispersed phase volume on mixing characteristics
were studied. A general correlation is developed to predict the axial dispersion coefficient
based on various operating variables. A mechanistic model is proposed to interpret dispersion
due to turbulence and phase circulation inside the jet-driven mixing column. Based on the
velocity distribution model, the velocity characteristic factor and the dispersion factor of drop

motion were also enunciated.

4.1. Introduction

Backmixing commonly occurs in most extraction columns, affecting the column extraction
efficiency. Backmixing in the continuous phase may result from the differences in mixture
density or the friction obtained in moving bubbles/drops that carry some continuous phase
along with them. Backmixing also affects reaction rates and selectivity for various degrees in
multiphase reactors (Shah et al., 1978). In a confined jet, the liquid mixing depends on
recirculation, which is strongly influenced by turbulent dispersion (Moeller and Dealy, 1970).
The energy efficiency of jet mixing is governed by the relative energy distribution between the
convective and turbulent dispersion (Patwardhan and Gaikwad, 2003). When the liquid jet
plunges into the pool of liquid in the column, the turbulent mixing occurs by the entrainment
of gas by the liquid jet (Rajaratnam, 1976). The backmixing can be assessed using the residence
time distribution, the velocity distribution profile, and the dispersion number. It depends on the

operating variables, such as liquid flowrate and system geometries (Yerushalmi et al., 2013).
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The mixing phenomena can be measured using the tracer technique, and it can be determined
by using an appropriate dispersion model. Residence time distribution depends on the flow
characteristics and system geometry and influences the system performance (Fogler, 2016;
Levenspiel, 1999; Tsaoulidis and Angeli, 2017). It also interprets the degree of backmixing,
kinetics model and improves the reactor design with a specific flow pattern (Fogler, 2016;
Levenspiel, 1999). In the literature, most of the studies on liquid-liquid jet mixing systems
focused on mass transfer characteristics; however, the hydrodynamic mixing characteristics
were neglected (Tsaoulidis and Angeli, 2017). Dehkordi (2001) and Nosratinia et al. (2010)
used a jet system and studied the mass transfer operation to extract the solute, but they did not
investigate the hydrodynamic characteristics. Saien and Moradi (2012) used butanol for mass
transfer studies of succinic acid in the aqueous phase by varying the jet systems such as nozzle
diameters, nozzle lengths, and jet velocities. They have obtained a high mass transfer rate at a

minimum energy dissipation compared to other types of extraction columns.

In the past few decades, extraction columns were designed based on the assumption that each
phase follows the ideal plug flow model. However, various studies have been conducted to
estimate the deviation of nonideality from ideal plug flow conditions caused by liquid
circulation, eddies, turbulence, and velocity profile (Kumar and Hartland, 1999; Morales et al.,
2007). These parameters were combined into a single parameter based on Fick’s law, and it is
expressed as the axial dispersion model (Danckwerts, 1953). Taylor (1954) first studied the
axial dispersion model for turbulent mass transfer through a pipe. The liquid flow is assumed
to be perfectly mixed along the lateral axis perpendicular to the liquid flow direction. Huang et
al. (2018) examined the mixing properties of an air-water system in a jet bubbling reactor using
the tank series model and the axial dispersion model. Ikeda and Suzuki (1991) also studied the
axial mixing coefficient in the nozzle plate column using water as the continuous phase and

kerosene as the dispersed phase. They observed that the flow pattern inside the column for the
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dispersed phase was different from the continuous phase. The influence of jet, conductivity
probe location, and jet Reynolds number on mixing time was studied by Amiri et al. (2011). It
was reported that the mixing time decreases with an increase in the jet velocity at a constant
nozzle diameter. Velan and Ramanujam (1994) investigated the mixing characteristics of
Newtonian and non-Newtonian fluids in a downflow jet loop bioreactor. It was reported that
as the liquid flow rate increases, the axial dispersion coefficient increases. Ayass et al. (2016)
performed an experiment to measure the overall mixing in jet-stirred reactors passively mixed
by feed nozzles. An intense liquid circulation was formed inside the column when the nozzle
jet angle was kept at 45°, which enhanced the mixing (Rahimi and Parvareh, 2005). The nozzle
jet position influences the rate of mixing performance (Parvareh et al., 2009). As per literature,
the jet-driven mixing column is gaining importance as a mixing column which is very useful
for interfacial area generation for intense mass transfer operations like gas- adsorption, liquid-
liquid extraction, etc. However, there is a lack of studies on hydrodynamics and analysis of
mass transfer for specific applications correlating the hydrodynamics in the jet-driven mixing
column.

The present work is intended to enunciate the influence of the system operating variables and
physical properties on the axial dispersion in the jet-driven mixing column. In addition, the
axial dispersion coefficient of the system is analyzed using the velocity distribution model. A
mechanistic model was also developed to interpret the dispersion by circulation, dispersion

resulting from turbulence, and liquid exchange parameters.

4.2. Theoretical Analysis

4.2.1. Kinetics of Mixing by Dispersion Model

The proper mixing of liquid-liquid dispersion is essential to increase the high yield of reaction

and the column performance. The continuous phase plunges into the surface of the stationary
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liquid from the nozzle, and intense mixing occurs inside the column. The axial dispersion
model, which describes the distribution of tracer overtime to interpret the intensity of mixing
in the column, can be expressed as (Fogler, 2016)

o _poC_ u
or ¢ or

;o€
l-¢, Ol

(4.1)

where C is the tracer concentration, ¢ is time, and / is the distance between the tracer inlet and

the detector point. The following expression is the dimensionless form of Eq. (4.1)

0C,(z,0) 1 0°C,(z,0) _9C, (2,0)
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Pe — 0 implies the system is perfectly mixed, whereas Pe — oo refers to there is no dispersion,
aplug flow behavior. In a column with a diameter less than 5 cm, the effect of radial distribution
along the column is considered negligible compared to axial dispersion (Rubio et al., 2004).
For a closed-closed system, the axial dispersion coefficient (ADC) for the liquid-liquid
dispersion is expressed as

MjZ

(1-¢,)Pe 9

E, =

The Peclet number associated with variance (second moment of Eq. (4.2) and the mean

residence time (first moment of Eq. (4.2)) is expressed as
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where o, tm, and 0'5 refer to the variance of the RTD curve, mean residence time, and the

dimensionless variance, respectively. The exit age distribution (£) is the distribution of liquid
time exiting the column. The exit age distribution can be obtained from the tracer
concentration-time data. The exit age distribution (£) function is defined as (Fogler, 2016)

E()=—C0 (4.6)

0

j C(t)dt

where C (¢) (kg/m?) is the tracer concentration at time 7. The first and second moments represent
the mean residence time (#m) and the variance (¢%), respectively. The mean residence time (#m)

and the variance (0?) are expressed by Eq. (4.7) and (4.8), respectively.

,, = a0 4.7)
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4.2.2. Analysis of Liquid-liquid Dispersion by the Velocity Distribution Model
The velocity distribution model, dispersion due to drop motion, and the velocity characteristic
factor influence the performance of a jet-driven mixing column. The mixing of liquid occurs
due to the jet velocity and the drop motion in the column. A homogenous mixture is formed

when a solute is transferred through a stream at a non-uniform velocity (Taylor, 1953). The

axial dispersion coefficient (ADC) was used for the dispersed phase inside the jet-driven
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mixing column, which can be determined using the velocity distribution model suggested as
(Aris, 1956; Taylor, 1953)

d’u’
=—24+D

kD, (4.9)

E,

where Ds, k, and u; are the molecular diffusivities, velocity characteristic factor, and the
maximum velocity at the column axis. In the present study, Eq. (4.9) is used for analyzing the
ADC of drop motion inside the jet-driven mixing column. Ds in Eq. (4.9) is replaced by the Dy

of a drop motion, and it is expressed as

d*u?
E,=——~+D,
kD,

(4.10)

From the slope and intercept, the velocity characteristic factor (k) can be calculated by

=l
k={slope x intercep‘[]fl = {kl X Dd}
Dy @4.11)

4.3. Experimental

For the current study, the continuous phase used was water, and the dispersed phase was
kerosene, diesel, 1-decanol, and paraffin. The jet velocity and the dispersed phase volume range
were 0.68 m/s to 1.64 m/s and 1.0% to 3.0%, respectively. Initially, in the column, the height

of the liquid was kept at 0.28 m.

The liquid flowrate was controlled by a liquid rotameter (make: Five stars, range 0 — 200 I/h;
accuracy: + 5% of the full range). The column was cleaned after each experiment to avoid
traces of the chemicals from the previous experiments. The water coils are also jacketed around
the column to maintain the liquid temperature constant in the column. An aluminum frame is
attached to a nozzle jet to avoid any disturbance of the liquid flow. The online conductivity
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probe was used to measure the tracer concentration at different axial locations. The
conductivity probe was installed in column D4 for the present study. Columns D; to D3, as
shown in Fig. 4.1, represent the formation of a droplet and its dispersion with an increase in jet
velocity. The tracer is injected from the top of the column, and the tracer concentration is

measured at different axial locations using conductivity probes.
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Table 4.1. Uncertainty ranges for experimental values.

Variables Mean, X x 102 STDEV x 10> Ux 10? Ur
(m?/s) ) ) (%)
Eq 0.257-3.459 0.017-5.175 0.010-2.982 3.936 — 8.638

(kerosene-water)

Eq 0.251-0.942 0.044 — 0.059 0.025 - 0.034 3.662 — 10.066
(diesel-water)

Eq 0.280 — 1.363  0.027 — 0.037 0.016 —0.215  5.669 — 15.802
(1-decanol-water)

Eq 0.323 - 1.330 0.025 - 0.245 0.014 -0.142  4.494 - 10.659
(paraftin-water)

uj *67.660 —165 7.094 —10.532  4.096 — 6.083 3.686 — 6.053

*unit is in m/s.

Table 4.2. The value of slope for the calibration curves at different dispersed phases.

Dispersed phase Concentration (vol. %) ¥ ((kg/m?).cm/mS)

1 0.907
Kerosene-water 2 1.027

3 1.164
Diesel-water 1 0.889

2 0.934

3 0.943

1 0.941
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1-decanol-water 2 1.047

3 1.027
1 0.873
Paraffin-water 2 0.941
3 0.951

The detailed physical properties and geometry of the system were presented in chapter 2
(section 2.2.4). Also, the physical properties used in the current study were given in chapter 3
(in Table 3.1). The schematic diagram of a nozzle and the conductivity probe is shown in Fig.
4.2a to 4.2b, respectively. The conductivity meters (make: Microset, model: MS CD 18) are
attached to the data logger and a digital indicator, which is shown in Fig. 4.2¢c. The data logger
was further attached to a computer through a RS 485 cable port. The conductivity meter ranges
from 0 —19.99 mS/cm was used. Probes 1, 2, and 3 are located from the tracer inlet at a distance
0of 0.205 m, 0.135 m, and 0.065 m, respectively. The aspect ratio (//d.) of the location of the
conductivity probe at the top section is 3.73, the middle is 2.45, and the bottom is 1.18. Initially,
the conductivity meter was calibrated by preparing different NaCl solutions, and the
conductivity of the water used was 0.12 mS/cm. A typical calibration plot of concentration is
shown in Fig. 4.3. The different ranges of mean, standard deviation, and the relative uncertainty
of the experiment are shown in Table 4.2. The following expression is used to calculate the

solution concentration

C=y(K.-K,) (4.12)
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where C is the tracer concentration (kg/m?), y in Eq. (4.12) is the slope, K. is the solution

conductivity (mS/cm), and Ky is the water conductivity. The values of the slope for different

dispersed phases are shown in Table 4.3.

0.40
K=1.026C+12.272
035 F R’=0.995
0.30
) -
2025  Conductivity of water
€ =0.12 mS/cm
50,20
0.15
0.10 L - L - 1 - I ! -
0.00 0.05 0.10 0.15 0.20 0.25

C (kg/m’)

Figure 4.1. Typical calibration plot of the conductivity meter.
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4.4. Results and Discussion
The effects of different operating variables on the mixing intensity are discussed in the

following sections.

4.4.1. Effect of Sauter Mean Drop Diameter on Axial Dispersion Coefficient

The mixing phenomenon is influenced by the Sauter mean drop diameter (d32) in a jet-driven
mixing column. The comprehensive elucidations of Sauter mean drop diameter used in this
work are shown in Chapter 2. The effect of Sauter mean drop diameter (d32) on axial dispersion
coefficient (Eq) at different dispersed phase volumes (kerosene-water) is shown in Fig. 4.4. It
is observed that Eq decreases as d32 increases for all the dispersed phase volumes. The reduction

in Eq is owing to the low dispersion of drops in the presence of large drop diameters.

—0— Kerosene -water, V= 1.0 % (vol.)

—O— Kerosene -water, V= 2.0 % (vol.)
—4— Kerosene -water, V,=3.0 % (vol.)

1.2 14 1.6 1.8 2.0 2:2) 24 2.6
a’32 (mm)

Figure 4.2. Effects of Sauter mean drop diameter on axial dispersion coefficient.
The Eq4 for a kerosene-water system at 1.0% volume was higher than the 2.0% and 3.0%
dispersed phase volumes. The increase in the dispersed phase volume increases the system
viscosity, which reduces the drop motion, and thus, the axial dispersion coefficient decreases.
At Vai = 1.0 % to 3.0% (vol. %) kerosene-water, the Eq decreases from 9.42 x 10~ m?%/s (at ds2

=1.43 mm) to 7.81 x 10~ m?/s (at d3»=1.19 mm), the reduction is 17.09%. Similarly, at Vq: 1.0
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% to 3.0% kerosene-water, the Eq decreases from 3.5 x 10 m?/s (at d32 = 2.52 mm) to 2.56 x
103 m?/s (at d3> =1.99 mm), the reduction is 26.85%. The typical values of drop diameter and
their respective axial dispersion coefficients at experimental conditions are presented in Table

4.4.

4.4.2. Analysis of Residence Time Distribution

Typical results of the variation of the residence time distribution (RTD) at different jet
velocities (uj=0.69 to 1.66 m/s) at Va = 1.0% vol. (paraffin) are shown in Fig. 4.5. When the
tracer is injected, it moves downward and disperses down the column, and the tracer
concentration in the column drops after reaching a peak for a length of time. For the different
jet velocities, the mean residence times (#m) are 27.74 s (at uj = 0.69 m/s), 26.54 s (at u; = 0.96
m/s), 24.25 s (at u; = 1.38 m/s), and 23.73 s (at uj = 1.66 m/s). The increase in the jet velocities
leads to a reduction in the mean residence time of the system. The reduction in the mean
residence time is due to the momentum impacted by the jet on the downward flowing liquid

phase, resulting in shorter exit times.

0.06
Paraffin-water, V.= 1.0% (vol.), l/dc =373
——u = 0.69 m/s
0.05 |- b
—Oo—u= 0.96 m/s
——u =1.38 m/s
0.04 b
——u= 1.66 m/s
@ 003 -
o 002 F
0.01 SR
R
0.00 |-
! . ! . ! . ! . ! . ! .
0.0 0.5 1.0 1.5 2.0 2.5 3.0
o)

Figure 4.3. Typical RTD curve at different jet velocities.
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4.4.3. Effect of Jet Velocity on Axial Dispersion Coefficient

The effect of liquid jet velocity (¢; = 0.69 to 1.66 m/s) on axial dispersion coefficient (Eq) for
dispersed liquids (i.e., kerosene, diesel, 1-decanol, and paraffin) is shown in Fig. 4.6a to Fig.
4.6d. It is noticed that Eq increases with an increase in the liquid jet velocity for all the dispersed
phases. The liquid jet velocity profoundly affects the mixing of dispersed phases inside the
column. For the kerosene-water, an increase in the liquid jet velocity increases the turbulence
of the system, which in turn increases the axial dispersion coefficient. As the jet velocity
increases, the momentum transfer between the phases increases, causing scattering and
dispersion of the drop. As a result, the axial dispersion coefficient increases. The smaller
penetration length at minimum jet velocity (#; = 0.69 m/s) is also due to the low momentum
transfer. A similar observation of an increase in Eq with jet velocity for different dispersed
phase liquids (diesel-water, 1-decanol-water, and paraffin-water). At the minimum velocity (;
= 0.69 m/s), the kerosene-water (Vai: 1.0% and 3.0%) Eq reduced from 3.5 x103 m?/s to 2.56
x107 m?/s, the reduction is 26.85% while at maximum jet velocity (u; = 1.66 m/s), the Eq of
kerosene-water (Va = 1.0% and 3.0%) is reduced from 9.42 x10-* m?/s to 7.8 x10 m?/s, the
reduction is 17.19%. For diesel-water (Va1 = 1.0% and 3.0%), the reduction of Eqis 25.61% (at
uj = 0.69 m/s), while at uj = 1.66 m/s, the Eqreduced to 14.32%. Similarly, the £q4 of 1-decanol-
water (Va = 1.0% and 3.0%) was reduced to 24.60% (at u; = 0.69 m/s) and 13.75% (at uj=1.66
nm/s). In the case of Fig. 4.6d, the paraffin-water (Vai: 1.0% and 3.0%) Eq was reduced to 21.95%

(at u; = 0.69 m/s) and 9.43% (at uj = 1.66 m/s).

4.4.4. Effect of Dispersed Phase Volume on Axial Dispersion Coefficient
The order of the Eq for all the dispersed phase volume (Va = 1.0% to 3.0%) is Eq (paraffin) >

Eq4 (1-decanol) > Eq (diesel) > Eq (kerosene). It is found that at constant jet velocity, the Eq
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decreases with an increase in the dispersed phase volume. At a constant jet velocity, an increase

in the viscosity of the dispersed phase volume decreases the liquid circulation in a column.

10.0 8.5

| (@) O— Kerosene-water —A— |-decanol-water O %}chrosene-water —— -decanol-water
—O— Dieselwater  —<~— Paraffin-water V —O— Diesel-water —— Paraffin-water
05 8.0 | =138 mss, ld =245

'y u= 1.38 s, l/d =3.73

9.0

E, x10° (m”/s)

15+
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5.0 1 " 1 " 1 " 1 " 1 "
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Figure 4.4. Effect of dispersed phase volume on axial dispersion coefficient as a function of

different aspect ratios: (a) l//d.= 3.73, (b) l/d. = 2.45, and (¢) l/d. = 1.18.

This is because of an increase in the dispersed phase volume increases the system viscosity; as
a result, the circulation inside the column decreases, which hinders the drop mobility. When
the dispersed phase has a higher viscosity, the drag force in the dispersed droplet mixture
increases. As a result, the axial dispersion coefficient in the system decreases. In Fig. 4.7a, Eq
of kerosene-water (at Vai = 1.0%, I/d. = 3.73) is 8.46 x 10~ m?/s, while the Eq4 of paraffin-water

(at /d. = 3.73) is 9.4 x 103 m?/s, the increment is about 11.11%. For 3.0% volume, the
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increment is 17.29% as the system changes from kerosene-water to paraffin-water. Similarly,
in the case of (at //d. = 2.45, Va = 1.0%), the E4 increases from 7.3 x 10 m?/s to 8.2 x 107
m?/s as it changes from kerosene-water to paraffin-water, the increment is 12.32% as shown in
Fig. 4.7b. For //d. = 1.18 at a 1.0% volume of kerosene-water and paraffin-water, the increment
of Eq is 16.83%, as presented in Fig. 4.7c. Therefore, at constant jet velocity, the influence of
dispersed phase volume on axial dispersion coefficient is higher at //d. = 3.73 than at //d. =

2.45 and 1.18 at different dispersed phase volumes.

4.4.5. Effect of Aspect Ratio on Axial Dispersion Coefficient

The effect of aspect ratios (/dc= 3.73 to 1.18) on axial dispersion coefficient (£q) at different
jet velocity (#; = 0.69 to 1.66 m/s) and different dispersed phase volume (Va = 1.0% to 3.0%)
is shown in Fig. 4.8a to Fig. 4.8c. At minimum jet velocity (#; = 0.69 m/s) and dispersed phase
volume (Va =1.0%), it is observed that the maximum and minimum axial dispersion
coefficients are at the aspect ratio of //d.= 3.73 and 1.18, respectively, as shown in Fig. 4.8a.
A similar observation is shown in Fig. 4.8b and Fig. 4.8c. The jet penetration causes significant
turbulence near //d. = 3.73, and the intensity of turbulence decreases as //d. approaches to 2.45
and 1.18. The collision of dispersed phase drops near the surface of the column is more intense,
resulting in resistance to penetrate. It is observed that the maximum value of axial dispersion
coefficient is noticed to be at probe 1 (which is near the tracer inlet location). In contrast, the
minimum value is observed at probe 3 (which is near the bottom of the column). The existence
of a jet penetration produces considerable turbulence, resulting in the highest axial dispersion
coefficient at //d. = 3.73. The strong interaction between penetrating jets and dispersed phase
drops causes high turbulence in this region. As //d. approaches 2.45 and 1.18, the degree of
turbulence diminishes, and therefore the axial dispersion coefficient decreases. The penetration

length of the jet in the present system approaches //d. = 3.73. Due to the resistance imposed by

50
TH-2962_176107032



dispersed phase drop, the magnitude of jet penetration length at a given jet velocity decreases

when the aspect ratios are //d. = 2.45 and 1.18.

4.4.6. Development of an Empirical Correlation for Axial Dispersion Coefficient

An attempt has been made to predict the axial dispersion coefficient (Eq) by considering the
various physical properties and operating and geometrical variables. The axial dispersion
coefficient is influenced by the mixture density (pmix), mixture viscosity (¢mix), mixture surface
tension (omix), liquid jet velocity (u;), axial height (/), column diameter (d.), and acceleration

due to gravity (g). The functionality of the axial dispersion coefficient can be expressed as
Ed :f(pmix’lumix’o-mix’l’uj’dc’g) (413)

From Buckingham’s pi theorem and applying the multiple linear regression analysis, the
relationship between the axial dispersion coefficient and the different dimensionless groups is

expressed as

E,

My

0.342
=3.16x10°(Re) " (We) " (Fr)™* [dij (4.14)

c

2
. dcu .pmix . _ uj cpmix
where Re is the Reynolds number | = /=" | Ve is the Weber number | =—— |, and
/’lmix o,

mix

e

J

7J The standard error and the correlation coefficient are found
8a,

Fr is the Froude number £=

to be 0.08 and 0.98, respectively. Figure 4.9a shows the parity plot between experimental data

and the predicted axial dispersion coefficients (Eq. 4.14).
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Figure 4.5. (a) Parity of experimental and predicted data of axial dispersion coefficient and

(b) comparison of experimental data with the present correlation and other correlations.

The error between the experimental and predicted values is within the range of + 18.83%. The
correlation (Eq. 4.14) was valid for the ranges: 2.04 x 10*< Re < 9.03 x 10% 3.73 x 10> < We
<2.18 x 103 0.889 < Fr < 5.116. The present experimental data of Eq is compared with the
developed correlation and other published correlations (Baird and Rice, 1975; Deckwer et al.,
1974; Kawase and Moo-Young, 1986; Ogawa et al., 1982; Towell and Ackerman, 1972;
Trambouze, 2004; Velan and Ramanujam, 1994; Zehner, 1982). A good agreement between
the developed correlations and current experimental data is shown in Fig. 4.9b. The mean
deviation (MD) and the root mean square deviation (RMSD) obtained from the present study
were also compared with the other correlations and are presented in Table 4.5. It is observed
that the experimental values of Eq with the developed correlations (Eq. 4.14), the MD was
10.01%. The compared correlations by Ogawa et al. (1982) (MD of 49.33%) and Trambouze
(2004) (AARE of 58.25%) were found to be closed to the present experimental data. The
correlations of Deckwer et al. (1974), Kawase and Moo-Young (1986), Baird and Rice (1975),
and Zehner (1982) were found to be overpredicted with the current experimental data. In
contrast, the correlations of Velan and Ramanujam (1994) and Towel and Ackerman (1972)

were underpredicted. The deviations from the other correlations with the present experimental
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data may be due to the different experimental conditions, such as physical and chemical

properties, geometrical and operating variables.

Table 4.3. Comparison of experimental results with developed correlations and other

correlations.

Authors Mean deviation Root mean square deviation
(MD) (%) (RMSD) (%)

Ogawa et al. (1982) 49.33 63.93
Towel and Ackerman (1972) 90.13 94.06
Deckwer et al. (1974) 166.50 197.23
Trambouze (2004) 58.25 59.20
Kawase and Moo-Young 247.03 281.16
(1986)
Baird and Rice (1975) 257.24 292.02
Velan and  Ramanujam 74.96 74.96
(1994)
Zehner (1982) 275.60 311.58
Present correlation 10.01 11.80

4.4.7. Estimation of Dispersion Due to Drop Motion (Dd4) and Velocity Characteristic

Factor (k)

The analysis of the axial dispersion coefficient is done by the velocity distribution model. The
experimental value of the axial dispersion coefficient using the velocity distribution model is
calculated by Eq. (4.10). The predicted value of the axial dispersion coefficient based on the

velocity distribution can be obtained using Eq. (4.15)
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2,2
d;u;

kD

pred ™~ pred

+D (4.15)

Ed,Pred = pred

where kpred and Dpred are obtained using the developed correlations (shown in Table 4.6).

4.4.7.1. Effect of Dispersed Phase Volume on Dispersion Due to Drop Motion (D4) and

Velocity Characteristic Factor (k)

It is noticed that when the dispersed phase volume increases, the D4 decreases. This is because

the viscosity of the system increases as the dispersed phase volume increases.

As a result, the hydrodynamic interaction between the dispersed and continuous phases
increases, lowering the rate of drop collisions, and thus Dg decreases. Also, the increase in
dispersed phase volume increases the shear stress between the continuous and dispersed phase
mixture, thus reducing the drop mobility. The reduction in dispersion due to drop motion is
27.99% (for kerosene-water) as the dispersed phase volume changes from 1.0% to 3.0%.
Similarly, the reduction is 28.31% for a paraffin-water system for the same range of changing
the dispersed phase volume. The influence of dispersed phase volume on velocity characteristic
factor (k) is shown in Fig. 4.10b. It is noticed that & increases as the dispersed phase volume
increases. The increase in the dispersed phase volume increases the system viscosity while
decreasing the turbulence and circulation of the phases in the column. The reduction in

turbulence and the phase circulation improves the velocity characteristic factor.

4.5. Conclusions

The present study describes the mixing characteristics of liquid-liquid dispersion in a jet-driven
mixing column. Mixing characteristic is enunciated in terms of the axial dispersion coefficient.
The operating variables and the system's physical properties have a considerable influence on
the axial dispersion coefficient. The axial dispersion coefficient increase as the jet velocity

increases, but it decreases as the viscosity increases. The order of axial dispersion coefficient
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in different dispersed phase liquids is E4 (paraffin) > Eq (1-decanol) > Eq4 (diesel) > Eq
(kerosene). The axial dispersion coefficient is also analyzed by the velocity distribution model.
A velocity distribution model parameter such as velocity characteristic factor increases, and
dispersion due to drop motion decreases with the system viscosity. The axial dispersion
coefficient was also interpreted using a mechanistic model based on the liquid exchange
parameter between the downward and upward flow regimes and dispersion by phase
circulation. The dispersion caused by the phase circulation was found to increase with the
increase in the jet velocity. The proposed correlation of axial dispersion coefficient predicts the

experimental value in the error range of + 18.73%.
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CHAPTER 5

EXTRACTION EFFICIENCY AND OVERALL MASS
TRANSFER COEFFICIENT

Abstract

This chapter discussed the experimental study of the extraction efficiency and the overall mass
transfer in a jet-driven liquid-liquid extraction column. The current study reports on the
extraction efficiency, distribution coefficient, height of transfer unit, and overall mass transfer
coefficient. The height of the transfer unit and the overall mass transfer coefficient based on
the continuous phase are studied. The overall mass transfer coefficient (Kra) range was found
to be 0.73 to 8.49 s and 1.23 to 9.42 s, respectively. A correlation is established based on
the operating variables and physical parameters to predict the overall mass transfer

coefficient.

5.1. Introduction

Over the past years, the interest in the recovery of carboxylic acids, such as acetic acid and
propionic acid from wastewater have gained significant attention among the researchers
(Piwowarek et al., 2021; Saha et al., 2000). There are numerous techniques available for
industrial wastewater treatment, including chemical coagulation (Song et al., 2004), advanced
oxidation process (Jiménez et al., 2019), and membrane separation process (Wodzki et al.,
2000), etc. However, these processes involve high manufacturing costs, operational issues,
high consumption of chemical agents, etc. Therefore, it will be an advantage to study using a

jet-driven liquid-liquid extraction column which is economically effective.

The degree of mixing is an important parameter for the extraction of contaminants by treating

immiscible liquids (Hosseinzadeh et al., 2017). A mechanical or non-mechanical mixer may
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be used to mix immiscible liquids. One of the non-mechanical mixers that can be used for
liquid-liquid extraction is the jet-driven extraction column. Jet columns have several
advantages in many industrial research areas such as extraction, chemical reaction, sewage
treatment, sludge treatment, and liquid metal transfer (Kirchner, 1974; Majumder, 2016;
Ohkawa et al., 1987b). The kinetic energy produced from the jet is allowed to plunge over the
immiscible liquid inside the column. As a result, it generates intense turbulence, increasing the
interfacial area of the phases (Sangtam et al., 2021a). The mixing of liquids by a plunging jet

can improve heat and mass transfer performance (Yadav et al., 2016).

Only a few research on carboxylic acid extraction from wastewater using a jet extraction
column have been studied in recent years (Gao et al., 2016). Dehkordi (2002a) extracted copper
ions using a nozzle jet, and the extraction efficiency was seven to eight times higher than the
CSTR. The jet type extractors were also used for blending crude oil (Treybal, 1980), uranium
and thorium extraction (Suresh et al., 2005), butyric acid, succinic acid, and toluene extraction
(Gao et al., 2016; Saien et al., 2006; Saien and Moradi, 2012). At a fixed nozzle diameter in a
jet column, the extraction efficiency of succinic acid in n-butanol improves while the total mass
transfer drops (Nosratinia et al., 2010). Several investigations on liquid-liquid extraction
columns have shown that the mass transfer phenomenon is an important issue when designing
industrial columns. Different liquid-liquid extractions were performed using a jet mixer, and it
was reported that jet-type devices significantly increase the mass transfer (Tamir, 1994).
Various researchers have used different types of columns for liquid-liquid extraction, including
Kiihni column (Oliveira et al., 2008), rotating disc contactor (Asadollahzadeh et al., 2017;
Wang et al., 2002), static mixer (Voulgaropoulos et al., 2019), and jet extraction column
(Dehkordi, 2002b; Gao et al., 2016). The jet column outperforms other conventional columns
because the high-speed impingement causes substantial turbulence to mix the phases. Van de

Sande and Smith, (1975) used a plunging water system and studied the mass transfer at constant
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nozzle diameter, jet length, and liquid velocity. They stated that the bubbles penetration height
and the gas entrainment affect the total mass transfer coefficient. Table 5.1 summarizes overall

mass transfer coefficient correlations for jet-type columns.

The current study examines the effects of continuous phases (acetic acid-water and propionic
acid-water), dispersed phases (i.e., kerosene, diesel, 1-decanol, and paraffin), jet velocities,
dispersed liquid volume, viscosity, and surface tension on extraction efficiency, the height of
transfer unit, distribution coefficient, and overall mass transfer in the liquid-liquid system. A

new correlation is developed for the prediction of an overall mass transfer coefficient.

5.2. Theory for Estimation of Extraction Efficiency and Mass Transfer

Coefficient

The extraction efficiency (E£%) of solute in the dispersed phase can be calculated by the

following expression (Harington and Hossain, 2008)

C C

E(V — cl,out_ cl,in 51
= (5.1)

cl,in

where Ceou:and Cerin are the inlet and outlet solute concentrations in the continuous phase. The
extraction efficiencies are calculated based on the continuous phase concentration in terms of
the overall mass transfer coefficient. The distribution coefficient (D) solute can be calculated

as (Cai et al., 2001; Harington and Hossain, 2008)

(5.2)

where Cg, and Cq are the solute concentration in a dispersed and continuous phase,

respectively.
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The overall mass transfer coefficient is calculated using the number of transfer units and the

column height, and it is denoted by (Lade et al., 2014)

h=HTU x NTU (5.3)
where
U,
HTU =—L = h (5.4)
K,a NIU,

where NTU. is the number of transfer units for the continuous phase, Kra is the overall mass

transfer coefficient (s™!), uj is the jet velocity (m/s), and /4 is the column height (m).

5.3. Experimental Setup, and Materials
5.3.1. Experimental Setup

The extraction and mass transfer study was performed based on the change of solute
concentration of acetic acid and propionic acid in water. The solute concentration in the
continuous phase was varied from 0.03 to 0.08 M, respectively. Figure 5.2 represent the liquid-

liquid extraction process at different time.

The physical properties of the liquids are shown in Table 5.2. The dispersed phase volume and
the jet velocity range were taken between 1.0% to 3.0% and 2.25 to 3.57 m/s, respectively. For
each experimental run, the continuous phase inside the column was kept at a constant height
of 0.29 m. A water coil was jacketed to maintain a consistent temperature around the column.
Columns D1, D», and D3 show how the dispersed liquid behaves at various liquid jet velocities.
Before collecting the outlet sample for each experiment, the continuous and dispersed phase
systems were allowed to circulate continuously inside the column. The sample was then
collected after every 4 minutes from the column outlet. The collected samples were transferred

into a separating funnel, separated as organic and aqueous phases, and it was allowed to settle
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for a certain time. After settling, 10 ml of the lower layer aqueous phase was collected into a

conical flask and titrated with NaOH solution (0.1N) and phenolphthalein as the indicator.

5.3.2. Materials

The dispersed phases used were 1-decanol (with purity 98%) and paraffin liquid (with purity
98%) which were purchased from Sigma-Aldrich, Himedia Laboratories Pvt. Ltd,
respectively. The other dispersed phases as kerosene and diesel were taken from a nearby gas
station. The acetic acid (glacial with purity 100%) and propionic acid were purchased from
Merck Pvt. Ltd and Himedia Laboratories Pvt. Ltd, respectively. The surface tension and
viscosity of a dispersed liquid were measured by the Tensiometer (K9-MK1, KRUSS GmbH
co., Germany) and Absolute viscometer (DV2TLVTJO0, BRK Instrument India LLP).

Table 5.1. Physical properties of the liquid at 273 K.

Liquid Density Surface tension Viscosity x 10°
(kg/m?) (N/m) (kg/m s)

Acetic acid 1045 0.027 1.155
Propionic acid 995 0.026 1.02

Water 998 0.071 1.00

Kerosene 810 0.034 1.56

Diesel 819 0.028 3.16

1-decanol 828 0.029 11.07

Paraffin liquid 840 0.026 21.07
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5.4. Results and Discussion
5.4.1. Influence of Time on Solute Concentration

The influence of the different solute concentrations at different dispersed phases (kerosene,
diesel, 1-decanol, and paraffin) with time is shown in Fig. 5.3a to Fig 5.3f. At constant (for u;
=3.57 m/s, and Va = 3.0%), the solute concentration in the continuous phase was higher in the

kerosene phase than in diesel, 1-decanol, and paraffin.
5.4.2. Effects of Jet Velocity on Extraction Efficiency

The experimental results show that the extraction efficiency (E%) increases with the jet
velocity for all the dispersed phases. With an increase in the continuous phase flowrate, the jet
momentum increases, which results in a higher dispersed droplet formation and thus increases

the extraction efficiency.
5.4.2. Effect of Dispersed Phase Volume on Extraction Efficiency

The extraction efficiency for each dispersed phase (Vai = 1.0% to 3.0%) is: E% (propionic acid-
water-paraffin > acetic acid-water-paraffin) > E% (propionic acid-water-1-decanol > acetic
acid-water-1-decanol) > E% (propionic acid-water-diesel > acetic acid-water-diesel) >
(propionic acid-water-kerosene > acetic acid-water-kerosene). The experimental observation
shows that the extraction efficiency increases at constant jet velocity as the dispersed volume

phase increases from 1.0% to 3.0%.
5.4.3. Effect of Time on the Extraction Efficiency

In the present study, the sample was collected and measured after every 4 minutes for the
extraction process. It was performed by constantly circulating the continuous and the dispersed
phase mixture inside the column. The extraction efficiency is improved by increasing the

continuous phase and the dispersed phase concentration. From the experimental results, the
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extraction efficiency of acetic and propionic acid increased from 4 to 16 minutes, but the

extraction time remains unchanged when it exceeds 20 minutes.

5.4.4. Distribution Coefficient for Solute Concentration

In the current study, the distribution coefficient decreased at low solute concentrations. The
distribution coefficient is determined by solute concentration in the continuous and dispersed
phases. The dispersed phase (paraffin) of acetic acid and propionic acid in water shows a higher
distribution coefficient in the case of propionic acid (D = 0.951). As the initial solute
concentrations increase, the distribution coefficient also increases with the dispersed phase
volume. The distribution coefficients of acetic acid and propionic acid in different dispersed

phases are listed in the following order: paraffin > 1-decanol > diesel > kerosene.

5.4.5. Effect of Jet Velocity and Solute Concentrations on HTU

The influence of the jet velocity and solute concentration on the height of transfer unit (HTU)
is shown in Fig. 5.8a to Fig. 5.8d. It is seen that the HTU decreases with the increase in the jet
velocities for all the dispersed phases. Initially, the HTU drops rapidly, and it starts to move
slowly as the jet velocity increases. The HTU in kerosene systems is higher than in diesel, 1-
decanol, or paraffin systems. The HTU decreases suddenly as the jet velocity rises from 2.25
to 2.96 m/s. However, beyond 2.96 m/s, the subsequent increases in jet velocity have little
effect on the HTU. At a low jet velocity, the breakage of a dispersed droplet is insignificant,

resulting in an increase in the HTU by lowering mass transfer efficiency.
5.4.9. Development of Correlation for Overall Mass Transfer Coefficient

The present study attempted to predict the Kra by considering the different physical properties,
operating, and geometrical variables. The different variables, such as jet velocity, nozzle
diameter, the density of the liquid mixture, the viscosity and surface tension of the liquid
mixture, the acceleration due to gravity, and influenced the overall mass transfer coefficient.
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All these relevant variables were used for developing the correlation. Overall mass transfer

coefficient can be expressed as

) L\
K,ad, —1.85%10~ (Re)mzs (We) 0318 (Fr)o‘129 (d_,j (5.12)

u.

J ¢

Equation (5.12) is wvalid for the range of 22.7839x10* <Re<62.038x10°,
34.546x10° <We <5.008x10°, 260 < Fr <104, and 0.22 < L;/d <0.21. The standard error

and the correlation coefficient are 0.104 and 0.95, respectively.

5.5. Conclusions

This work describes an experimental investigation of the extraction efficiency and overall mass
transfer coefficient in a liquid-liquid jet-driven extraction column. The liquids (kerosene,
diesel, 1-decanol, and paraffin) were used as the dispersed phase, while acetic acid and
propionic acid in water were used as the continuous phase. The impacts of the jet velocity,
dispersed phase volume, and the physical properties of the system were studied. The
experimental results showed that the performance of the jet-driven column for extraction
improved as the jet velocity increased. As the jet velocity increases, the phase interaction
between the mixture liquids increases, thus improving extraction efficiency. The extraction
efficiency is improved by increasing the continuous phase and the dispersed phase
concentration. The extraction efficiency range for acetic acid-water in all dispersed phases was
3.33% to 43.75%, while the extraction efficiency range for propionic acid was 6.66% to
48.75% for all the dispersed phases. The extraction efficiency improves as the distribution
coefficient increases. The impact of jet velocity and solute concentration on transfer unit height
was also investigated. The overall mass transfer coefficient appeared to be significantly
influenced by the liquid jet velocity and dispersed phase volume. The overall mass transfer for

acetic acid was found to be between 0.73 to 8.49 s”!, and for propionic acid, it was 1.23 to 9.43
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s’l. In the present study, the overall mass transfer for propionic acid in paraffin was higher
than that of acetic acid in paraffin. A general correlation for overall mass transfer has been

developed based on the operating variables of the liquid-liquid jet-driven extraction column.
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CHAPTER 6

OVERALL CONCLUSIONS AND FUTURE

RECOMMENDATIONS

This particular chapter outlines the overall conclusions and future recommendations drawn

from the present work using the jet-driven liquid-liquid extraction column.

6.1. Overall Conclusions

6.1.1. Liquid-liquid Entrainment Characteristics

The experimental study on liquid-liquid entrainment is carried out using a jet-driven
column.

The experimental results show that increasing the dispersed phase volume enhances the
rate of energy dissipation.

The present experimental condition shows that the energy dissipation coefficient (Km)
drops at constant Reynolds numbers, resulting in a higher energy usage efficiency for
mixing.

The maximum penetration heights of kerosene, 1-decanol, paraffin, and soybean were
found to be 0.70 m, 0.66 m, 0.65 m, and 0.63 m at the jet momentum of / = 0.31 kg
m/s?.

The liquid penetration height is influenced by the liquid jet kinetic energy and the
system properties. The liquid-liquid penetration height is correlated to the Reynolds
number, Weber number, Froude number, and jet length.

A mechanistic model based on the shell momentum balance method is developed and

validated using the current experimental data. An empirical correlation is also proposed

for predicting the penetration height based on the operating variables.
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6.1.2. Drop Size Distribution and Drop Aspect Ratio

e The hydrodynamic characteristics study on drop size distribution, drop aspect ratio, and
interfacial area in a jet-driven liquid-liquid extraction column were studied.

e Based on the experimental result, the drop size decreases with increased jet velocity
and dispersed phase volume. Also, the drop size and its distribution depend on the
system operations and physical properties.

e The log-logistic model fits the drop size distribution with the least error.

e The drop aspect ratio illustrates that as the jet velocity increases, the drop spherical
reduces. The spherical drop size reduced as the dispersed phase volume increased.

e The range of the Sauter mean drop diameter is between 0.90 to 2.52 mm.

e The maximum interfacial area is 50.31 m?/m? (paraffin-water), and the minimum is
6.040 m?*/m? (kerosene-water).

e The drop collision frequency increases due to an increase in the liquid jet momentum,
resulting in the breakage of dispersed liquids into uniform small drop size.

e General correlations are developed based on the present experimental conditions for
Sauter mean drop diameter, drop aspect ratio, distribution function parameters, and

interfacial area.
6.1.3. Dispersion Characteristics and its Analysis

e The dispersion characteristics of liquid-liquid mixing were studied using a jet-driven
mixing column.

e With increasing jet velocities, mean residence time drops. At different jet velocities, the
mean residence times are 27.74 s (at u; = 0.69 m/s), 26.54 s (at u; = 0.96 m/s), 24.25 s

(at uj=1.38 m/s), and 23.73 s (at uj = 1.66 m/s), respectively.

66
TH-2962_176107032



e The axial dispersion coefficient (Eq) increases with jet velocity in the presence of all
dispersed phases. The Eq reduces with increased dispersed phase volume at constant jet
velocity.

e The axial dispersion coefficient is more influenced by the dispersed phase volume at
the aspect ratio //d. = 3.73 than at //d. =2.45 and //d. = 1.18.

e The range of the axial dispersion coefficient was found to be 25.6 to 106 cm?/s.

e Estimation of dispersion due to drop motion, velocity distribution model, dispersion
due to circulation, and turbulence were studied in different dispersed phases.

e The liquid exchange parameter (1) increases with increasing dispersed phase volume
while decreasing with increasing dispersed phase viscosity. A mechanistic model is
derived based on the liquid exchange parameter between the upward and downward
flow regimes and dispersion by phase circulation.

e An empirical correlation for axial dispersion coefficient based on operating, physical
properties, and geometrical variables is developed. Also, a general correlation is
proposed for velocity characteristics factor, dispersion due to drop motion, liquid

exchange parameter, and dispersion by phase parameter based on the experimental data.

6.1.4. Extraction Efficiency and Overall Mass Transfer

e The experimental study was carried out for the extraction of acetic acid and propionic
acid in water using dispersed phases such as kerosene, diesel, 1-decanol, and paraffin
in a jet-driven liquid-liquid extraction column.

e The extraction efficiency is improved by increasing the continuous phase and the
dispersed phase concentration.

e The extraction efficiency range for acetic acid-water was 3.33% to 43.75%, while the
extraction efficiency range for propionic acid was 6.66% to 48.75% for all the dispersed

phases.
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e The impact of jet velocity and solute concentration on transfer unit height was also
investigated.

e The overall mass transfer for acetic acid was found to be between 0.73 to 8.49 s™!, and
for propionic acid, it was 1.23 t0 9.43 s

e A general correlation for overall mass transfer is developed based on the liquid-liquid

jet-driven extraction column.

6.1.5. Future Recommendations

This work describes the hydrodynamics and mass transfer phenomena in a jet-driven liquid-
liquid extraction column. The research includes liquid-liquid entrainment characteristics, drop
size distribution, drop aspect ratio, mixing characteristics, extraction efficiency, and mass
transfer coefficient. Additional research is still required to fully comprehend the scale and
design of a jet-driven extraction column. The following are some of the potential future

recommendations based on the present research works:

e The current study reports some detailed aspects of the liquid-liquid entrainment in the
pilot lab-scale setup of the jet-driven column. It will be worthwhile to further study in
higher operating conditions. This may provide higher liquid entrainment than the onset
measure in the present study.

e Further studies on liquid entrainment can be carried out by adopting the CFD
simulation method.

e  The study should be further considered for the prediction of drop size distribution, drop
aspect ratio, and interfacial area in a jet-driven column by a plunging liquid jet by CFD.

e Even though it is time-consuming, the photographic method has proven effective in
measuring drop size in different regions. This approach measures the drop size at the

column wall when there is enough light. The downside is that it cannot capture a proper
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image at the center of the column due to limited visibility. The drop size at the center
of the column can be measured using the probe technique, which is a faster method.

e The experimental work on axial dispersion is limited to a laboratory-scale column. This
limits significant variations in liquid jet velocity, dispersed phase volume, and solute
concentration. Therefore, studying the mixing characteristics in the scaleup column is
recommended. The proposed mechanistic model may also be extended to analyze the
dispersion caused by the circulation and turbulence in the scaleup process.

e The present work measured extraction efficiency by the physical extraction method.
However, it is reported that deviations in results may be found by this method. Other
methods, such as UV and HPCL can be used to measure the extraction of the solute
phase from the continuous phase using different dispersed liquids. In the present study,
the experiments were carried out at a lower range of solute concentration. It can be

researched further from an industrial aspect by increasing the solute concentration.
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NOMENCLATURE

Chapter 2

A, B, & C Model parameter from Eq. (2.9) & Eq. (2.10)
a,b,c,&d Constant parameters obtained from Eq. (2.5) & Eq. (2.31)
Ae Area of the column (m?)

aj Deceleration of jet penetration (m/s?)

dn Diameter of the nozzle (m)

Esp Energy supplied (N m/s)

Ey Energy utilized (N m/s)

F, Vertical force acting on the liquid jet (kgm/s?)

Hp Penetration height (m)

1 Momentum flow (kg m/s?)

Km Coefficient for the loss of a mixing energy (-)

L Length of the liquid jet (m)

In Length of the nozzle (m)

MARD Mean relative average deviation ()

m, Mass of liquid jet (kg/s)

N Number of overall experimental data points (-)

APmm Momentum pressure drop in a plunging liquid jet (N/m?)
0] Volumetric liquid jet flow rate (m?/s)
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STDEV

Z/ljs

ui

Ur

Usl

Vcl

Va

Vmin

Vtol

Xi

X

Greek letters

Pm

Mm

Pi

TH-2962_176107032

Standard deviation (—)

Standard uncertanity (—)

Velocity of the liquid jet (m/s)

Velocity of the jet at the end of the penetration height (m/s)
Velocity of jet at the surface of the liquid pool (m/s)
Interstitial liquid velocity in the column (m/s)
Relative deviation (—)

Superficial liquid velocity (m/s)

Volumes of continuous liquid phase (m?)

Volume of dispersed liquid phase (m?)

Minimum liquid jet velocity (m/s)

Total volume of liquid mixture (m?)

ith component value of the experimental data (-)

Mean of experimental data (—)

The spread angle of the liquid core (degree)
Density of the liquid mixture (kg/m?)
Viscosity of liquid mixture (kg/m s)
Surface tension of liquid mixture (N/m)

Density of liquid jet (kg/m?)
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Pl continuous phase density (kg/m?)

pdi dispersed phase density (kg/m?)

Ol continuous phase surface tension (N/m)
odi dispersed phase surface tension (N/m)
Lm mixture viscosity (kg/ms)

el continuous phase viscosity (kg/ms)

Hdl dispersed phase viscosity (kg/ms)

&dl Volume fraction of dispersed liquid (-)
A Difference (-)

A Constant parameter (—)

Am Efficiency of energy utilization (—)

Nondimensional number

du,p,
Re Reynolds number ( ,uj j} )
J
Pud,t;
We Weber number ( ’ ] )
G;
u
Fr Froude number | —— | (-)
gd,
d
Ri Richardson number [gpm 2"] )
Pl
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Chapter 3

a, &b

4G, k)

ai

AARD

AR

CDF

ds

de

dd

dn

DSD

F(dq)

/ maj

TH-2962_176107032

Constant parameters obtained from Eq. (3.4)

The Beta distribution function (-)

Interfacial area (m?/m?)

Average absolute relative deviation (—)

Aspect ratio ()

Column (-)

Cumulative distribution function (-)

Sauter mean drop diameter (m)

Diameter of column (m)

Drop diameter liquid (m)

Equivalent drop diameter (m)

Diameter of nozzle (m)

Drop size distribution (—)

Drop distribution function (-)

Acceleration due to gravity (m/s?)

Lower shape parameter (—)

Upper shape parameter (—)

Length of the major drop axis (m)
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l min

ni

RF

RSD

U

Ut

Vcl

Vai

Vtol

Greek letters

Pm

HUm

Om

TH-2962_176107032

Length of the minor drop axis (m)

Number of drop size of diameter da (-)

Pressure (1 atm)

Relative frequency (-)

Relative standard deviation (—)
Temperature (K)

Jet velocity (m/s)

Terminal velocity (m/s)

Volume of continuous liquid (m?)
Volume of dispersed liquid (m?)
Total volume of liquid mixture (m?)
Minimum value of dgq (m)

Maximum value of dq (m)

Density of liquid mixture (kg/m?)

Viscosity of liquid mixture (kg/m s)

Surface tension of liquid mixture (N/m)

Ratio of equivalent drop diameter and the column diameter (-)

Aspect ratio ()
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&dl

Constant parameter (—)

Drop shape parameter (—)

Scale parameter (—)

Volume fraction of dispersed liquid (-)

Non-dimensionless number

Fo

Ta

Req

Chapter 4

adf

auf

Ato C

AARE
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Eo6tovs number
o]

1~ Fa dezq
g(p-pa) ](_)

4
Morton number M )
po

Tadaki number (Re ’ M0°'23) )

d
Reynolds number (u’ dpm} (-)
o

dnutde
Reynolds number 21 (=)
H

dup,
Weber number | —2= | (-)

m

Q

Column cross section-area of downward flow (m?)

Column cross section-area of upward flow (m?)

Coefficient constants (—)

Average absolute relative error (%)
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Co

Co

al

Car

Cuf

D

de

dn

dz

Eq

E )

Eqr

Euf

Etr

K.
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Concentration of tracer solution (kg/m?)
Dimensionless tracer concentration (—)

Initial tracer concentration (kg/m?)

Average tracer concentration (kg/m?)

Concentration of downward flow (kg/m?)
Concentration of upward flow (kg/m?)

Molecular diffusivities (m?/s)

Dispersion due to drop motion (m?/s)

Column diameter (m)

Nozzle diameter (m)

Sauter mean drop diameter (m)

Axial dispersion coefficient (m?/s)

Exit age distribution time (1/s)

Axial dispersion of downward flow (m?/s)

Axial dispersion of upward flow (m?/s)

Dispersion caused by liquid-liquid turbulence (m?/s)
Dispersion caused by liquid-liquid circulation (m?/s)
Acceleration due to gravity (m/s?)

Height of the column (m)

Conductivity of solution (mS/cm)
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K

le

In

Pe

STDEV

Im

Ur

Vcl

Va

=
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Conductivity of water (mS/cm)

Velocity characteristic factor (—)

Distance between the tracer inlet and the detector point (m)
Length of column (m)

Length of nozzle (m)

Total number of experimental data (—)

Peclet number ()

Coefficient in Eq. (4.28) (-)

Standard deviation (—)

Mean residence time (s)

Jet velocity (m/s)

Standard uncertainty (-)

Relative uncertainty (—)

Volume of the column (ml)

Continuous phase volume (m?)

Dispersed phase volume (%)

Circumference between downward flow and upward flow (m)
Mean of experimental values ()

ih experimental value (-)
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Greek letters

Pm

HMm

Chapter 5

AARE

Ccl

Ccl, in

Ccl,out

Ca

TH-2962_176107032

Slope of the Eq. (4.12) (-)

Dimensionless distance of probe from the tracer inlet (—)

Density of liquid mixture (kg/m?)
Viscosity of liquid mixture (kg/m s)

Surface tension of liquid mixture (N/m)

Dimensionless variance function (—)

Dimensionless time (—)

Variance of RTD curve (-)

Liquid exchange parameter (m/s)

Parameter from Eq. (4.26) (-)

Average absolute relative error (%)

Equilibrium concentration of solute in continuous phase (mol.L")

Solute concentration in continuous phase (mol.L")

Solute concentration in the inlet and outlet continuous phase (mol.L™")

Solute concentration in the outlet and outlet continuous phase (mol.L™")

Solute concentration in dispersed phase (mol.L ")
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Cai, in Solute concentration in the inlet dispersed phase (mol.L")

Cadl, out Solute concentration in the outlet dispersed phase (mol.L!)
D Distribution coefficient (—)
ds Sauter mean drop diameter (mm)
de Column diameter (m)
dn Nozzle diameter (m)
E% Extraction efficiency ()
g Acceleration due to gravity (m/s?)
h Column height (m)
HTU Height of transfer unit based on continuous phase (m)
Kra Overall mass transfer coefficient (s™!)
lc Length of column (m)
In Length of nozzle (m)
L; Length of jet (m)
m Equilibrium constant (-)
NTUq Number of transfer unit based on continuous phase (m)
uj Jet velocity (m/s)
Vel Continuous phase volume (m?)
Va Dispersed phase volume (%)
GREEK LETTERS
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Pm

Mm

TH-2962_176107032

Jet angle (-)
mixture density (kg/m?)
mixture surface tension (N/m)

mixture viscosity (kg/ms)
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APPENDIX 1

Uncertainty Analysis

The present experiment was performed four times consecutively and the sum of all the readings

was considered as the final value. The mean ()_c ) experimental data is expressed as

V2
where x; is the i experiment value and N represents the total number of experimental data. The
standard uncertainty (U)for an experiment is calculated as

; _ STDEV (A2)
JN

The relative uncertainty (U:) is estimated as

v =Yx100 (A3)
X

The standard deviation is expressed as

STDEV = (A4)

where X is the mean of experimental quantities.
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APPENDIX 2

Procedure for Calculating Typical Multiple Regression

Theregression equation is

4=, (d, )" (Re)* (We)’ I
Taking logarithm on both side of the Eq. (I)

log(dy,)=log(D,)+C, log(d,)+C,log(Re)+C;log(We) 1l
Eq. (IT) can be written as

X=c,+cY,+c,},+cY, +e I

where X=log(d,,), X, =log(d, ), X, =log(Re), X; =log(We)and ¢, =log(d,). The error
term, denoted by e, must be minimized in order to estimate the regression model as follows:

A

X =c,+cY, IV

where X denotes the predicted value of X

The intercept co and the coefficients ¢,,c,,and c,have been measured by multiple regression

analysis using "Data Analysis Tool" of Software "Microsoft Excel"

The following calculation is used by the software to obtain the outputs.

Eq. (IIT) is expressed in matrix form for n (heren = 48)and (herek = 3)variables as

=| . x| .|+ . V)
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X = Y

Regression statistics

x C + e

Description

Multiple R
R Square
Adjusted R square

Standard error

Observations

0.944

0.890

0.885

0.084

48

R =squarerootof R’
R? = coefficient of determination

Adjusted R*used if more than one Y varaibles
estimate of the st. dev. of the error e

Number of observations used in the regression (n)

Analysis of variance

Degree of freedom  Sum of square =~ Mean of square  F-stat

Regression 2
Residual 45
Total 47

2.615 1.307 183.273
0.326 0.0071
2.936

Regression sum of square = C'Y'X —nX?

A total sum of square = XX —nX"

Residual sum of square = Total sum of square — Regression sum of square

» _ Regression sum of square

Residual sum of square

R/ (k1)

F —stat =

(1-R*)/(n—k)

AdjustedR? =1-(1-R* )(”—_lj

TH-2962_176107032

n—k
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Residual sum of square
n—k

Standard error = \/
X=X X, X,]

c=[¢c ¢,]

The F-stat is used to calculate the overall F-test for the null hypothesis Ho = ¢, =0. The F-stat

determines the corresponding Probability-value. The null hypothesis for the goodness fit is not

rejected because it is greater than 0.05 at the 5% significance level.
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