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Abstract
In this thesis, three main objectives were covered using experiments and modelling studies. Firstly,

the coating of Dixon rings cheaply and repeatably using alumina sol-gel. Secondly, the new
understanding of fluid flow over curved wire meshes. Thirdly, the effect of Dixon rings on process

parameters such as pressure drop, liquid holdup and mass transfer coefficient were investigated
using experiments and model.

Packed columns are filled with solid structures to improve the heat and mixing of multiphase
processes. The packing usually interacts with the fluid, increasing the mixing but creating a
pressure drop. Packing are typically evaluated based on their hydrodynamic behavior, such as
pressure drop, liquid holdup, and mass transfer coefficient. Packing with low-pressure drop, high
mass transfer, and high flooding velocities are the preferred choice for users. Wire mesh packing
are an example of packing that offer low-pressure drop and increased mass transfer. The pore
openings in the mesh provide a path for the gas to flow, resulting in good mixing and low-pressure
drop. Dixon rings are an example of wire mesh packings made of stainless steel and rolled into a
cylindrical shapewitha bisecting section in the middle. Thestainless-steel structure of Dixon rings
makes them resistant to high temperature and chemical constraints. Packing with such properties
has great potential in water treatment, hydrocracking, and more. However, the hydrodynamic
behavior of Dixon rings has not been investigated deeply in the literature.

Secondly, a new understanding of fluid flow on a microscale and macroscale over curved surface
of the wire mesh was achieved. The macroscale experiments were conducted in a semi-pilot plant
with gas and liquid flow in counter-current for the uncoated Dixon rings. T he effect of Dixon rings
on pressure drop, liquid holdup, and mass transfer were measured and compared to commercial
packing of similar size and material. The microscale study was focused on the liquid flow
distribution, which is critical in the design and operation of packed columns. The liquid flow
distribution changes the packing's wetting efficiency, affecting several hydrodynamic parameters,
such as the liquid holdup and the effective surface area. The liquid wetting efficiency was
evaluated using imaging experiments and CFD simulations for the coated and uncoated Dixon
rings. The flow regime and several hydrodynamic parameters such as liquid holdup, effective

surface area, and pressure drop were anticipated to affect the mass transfer capabilities highly.
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Finding smaller unit operations is required to cut down the global emission. It is not a surprise that
process intensification is needed in packed columns. Packing with a tunable surface can achieve
both hydrophobicand hydrophilic properties that are highly desired due totheir tendency to control
the liquid dispersionand wetting properties. Changing the surface properties using uniform coating
is a common approach to produce tunable contact angle and surface wetting. Coating metals have
been fraught with difficulties, and Dixon rings have a complex geometry which hinders their use
in many applications, specifically when a coating is required. This research considered the
application of a uniform adhesive coating via the sol-gel deposition method of alumina on Dixon
rings. The coated film was investigated for the first time on stainless steel wire mesh for use as
Dixon rings. The Kkinetics of deposition of the sol-gel was followed for a range of initial
compositions of the coating, such as the ratios of alumina towater, acid content, polyethyleneimine
binder content and the number of deposition cycles. T he coated Dixon rings were characterised by
surface optical microscopy, scanning electron microscopy (SEM), energy-dispersive X-ray
spectroscopy (EDS), and Brunauer, Emmett and Teller (BET). Adhesive tests included assessing
coating behaviour against shear forces, ultrasound, and temperature constraints. Well-adhered

alumina with a thickness of up to 20 um was successfully deposited.

Imaging experiments and 3D volume-of-fluid modelling investigated the microscale behaviour of
liquid flow over coated and uncoated Dixon rings. Analumina coating modified the surface of the
wire mesh ring to reach both hydrophilic and hydrophobic characteristics. The contact angle was
varied due to the coating and resulted in different mass and heat exchanges of the multiphase
chemical systems. The cycle of capillary droplet flow over the uncoated ring exhibited penetration
of the hydrophilic mesh openings, adherence to the surface of the ring, and accumulation as drips
at the bottom region of the rings. However, over the hydrophobic ring, the droplet exhibited low
adherence to the ring surface, accumulation at the top surface of the ring, no penetration of the
openings, slipping by the gravitational forces over the vertical curvature and accumulation as drips
at the bottom region. In agreement with the classical observations at the macroscale, the
observations at the pore-scale confirmed the increase of the wetting efficiency, liquid holdup and
effective surface area at increased liquid flowrate and reduced contact angle. The 3D model had a
relative deviation of 7.21 % with Stichlmair’s model for the liquid holdup, particularly in the
hydrophilic zone of the contact angle and low flow as well as a relative deviation of 14.24% with

Linek’s model for effective area, particularly in the hydrophobic range of the contact angle.

XV



Considering the results at the pore scale, the packing material was then investigated at a larger
scale using the non-coated Dixon rings exclusively. The hydrodynamic and mass transfer
properties for Dixon rings packing are not currently available within the literature. A semi-pilot

plant was used to evaluate the pressure drop, the liquid holdup, and the mass transfer coefficient
for Dixon rings packing 5/8 in and 1/4 in. The study was extended to various operational
conditions for gas and liquid counter-current flow. The results were compared to commercial

random packing and validated, showing that Dixon rings offer low-pressure drop, high liquid

holdup, and mass transfer coefficient.

Data from classical literature were used for the comparison of pressure drops, liquid holdup, and
mass transfer with other random packings of similar size and material with Dixon rings. Selecting
appropriate sizes for testing the Dixon rings in fluid flow applications is crucial. Testing small-
sized packing for industrial applications is not a realistic approach due to their large pressure and

expensive cost of manufacture. On the other hand, large-sized packing rings result in poor mixing.

Dixon rings [632115/8Hiflow rings 5/8 in. Pall rings 1/4 in were found to have lower pressure drop
than Dixon ringsl/4 in due to the lateral openings. T he value of the liquid holdup for Dixon rings
1/4 in was double the value for Dixon rings 5/8 in. Pall rings had the highest liquid holdup with
a value of 0.5. Conversely, Reflux rings 5/8 in have the lowest liquid holdup of 0.25. T he height
equivalent to atheoretical plate (HETP) value for Dixon rings 5/8 and 1/4 in were approximately

0.45 and 0.05, respectively. Pall rings 5/8 in had the highest HETP, which indicates the lowest

separation efficiency. In addition to the experimental investigations, models were developed to
describe the dry pressure drop and loading point. The 95th centile confidence intervals were
evaluated for all models to ensure the model’s accuracy . The pressuredrop for the dry packing and
the loading point behaviour exhibit linear correlations. The Standard of the intercept (SE,,,;.,- ) Was
found to be less than 3% for the dry pressure drop and loading point. The standard of the gradient
(SE;,qq) Of the dry pressure drop and loading point were less than 5% and 3%, respectively. The
model may not be able to adequately describe the pressure drop when the gas flow rate is small.

The low values of standard error (SE) suggested that the models are adequate to use to predict the

dry pressure drop and loading region for Dixon rings 5/8 and 1/4 in.
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This study successfully investigated a method to coat metallic wire mesh packing using sol-gel.
Thethickness and distribution of the coating were investigated by a parametric analysis for several
ratios such as the acid, water, and Al content. Microscopic and SEM tests showed that the coating
has a uniform thickness, and adhesive tests were conducted to ensure the coating is well attached
to the Dixon rings’ surface. This coating method can be used for any type of metallic wire mesh
substrate to produce alumina coating with tunable thickness. A microscopic study was
implemented to investigate the liquid flow behaviour for coated and uncoated Dixon rings using a
3D VOF model and imaging experiments. The liquid holdup and the effective surface area from
the 3D model were compared to results from the literature. The coated Dixon rings have a
hydrophobic nature, while the uncoated rings have hydrophilic properties. The pressure drop,
liquid holdup and mass transfer value were reported for Dixon rings for the first time on a

macroscopic level. Based on the experimental data, models were developed to predict the dry
pressure drop and the loading point. The model showed good reliability with a SE less than 5%
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1 Chapter 1: Introduction
1.1 Research motivation

In industry, multiphase processes are conducted in columns with different internal configurations
such as spray towers, tray columns, and packed columns: either random or structured. Packed
columns are widely used due to their low operational costs. Packed bed columns are employed in
multiphase systems as they are estimated to account for 40-70% of the capital and operating costs
of modern process industries [1]. Packed columns are well-known and widely used in processes in
the industry (e.g., distillation, absorption, adsorption, catalytic systems, etc.). A gas-liquid-packed
column with catalysed or inert packing is used to carry out operations by sufficiently mixing the
reactants [2]. Smaller, cleaner and more efficient processes are needed to reduce emissions.
Process intensification in packed columns is highly desired. The packing inside these columns
promotes the heat and mass transfer of the reactants or feed material [3]. Therefore, the packing
material must be characterised and optimised to yield the maximum efficiency possible for the
process. In addition, improvements in liquid flow inside the packed columns regarding relevant
flow characteristics are essential. This requires studying hydrodynamics, mass transfer on a local
level and at a large scale to help design and develop operations in packed columns. These studies
are widely available for commercial packing such as Raschig rings, however they are still missing
for some packing.

The mass transfer and pressure drop performance of commercial corrugated packing sheets was
investigated significantly in the literature. Random packings, including metal pall rings, Raschig
rings and Intalox saddles, were investigated thoroughly for gas-liquid absorption[4]. Packing with
mesh structures can deliver excellent phase contacts in gas-liquid applications while keeping the

pressure drop low due to the mesh openings. An example of such packing is Dixon rings.

Despite their high surface area, open structure, and thermal and chemical resistance, the Dixon
rings packing's hydrodynamic, and mass transfer properties are still missing. Dixon rings offer a
larger surface area, which envisages higher mixing capabilities and void percentage, allowing the
gas to flow with lower pressure drop. Dixon rings have a complex geometry that hinders some
chemical applications, including changes in surface properties through applying a uniformly
adhesive coating. Therefore, the research presented in this thesis is focused on coating the Dixon

rings and studyinghydrodynamics. Simplified hydrodynamics models were developed for Dixon
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rings packing to predict the pressure drop and the loading point, as described in Chapter6. The
investigation opens many opportunities for reactive and non-reactive operations for Dixon rings
in packed columns [5].

A sol-gel coating method is developed on the Dixon Ring type packing to change the surface
properties. Aluminais used as a coating because it is a cheap and well-known catalyst support [6].
The methods used in this study can be placed under the umbrella of parametric studies, that is, the
perturbing of certain parameters and investigation into the effect of the change. The manufacturing
methods for a sol-gel coating have been researched, replicated, and tweaked until uniform coating
on the Dixon Ring has been achieved. The coated rings are characterised using weight change
measurements and loading over multiple coatings. Thickness measurements via optical
microscopy, adhesive tests, utilising shear forces and ultrasound, adhesive tests under elevated
temperature, surface analysis via Scanning electron microscope (SEM), Energy-dispersive X-ray
spectroscopy (EDS) and Brunauer, Emmett and Teller (BET). The successfully coated Dixon
Rings are then integrated into a gas-liquid mass transfer column. The fluid flow properties around
the coated packings are compared with uncoated Dixon Rings and commercial coated column

packings.

The improvement of liquid flow inside the packed columns, in terms of relevant flow
characteristics such as liquid phase dispersion and wetting efficiency, has been extensively
investigated owing to the impacts of these characteristics on process design economically and

environmentally [5]. Anexample of such packing is Dixon rings which is shown in Figure 1.1.

Figure 1.1: Dixon rings packing.

Themesh structure of the Dixon ring offers paths for gas to flow into the ring through the openings

of the grids, resulting in a highly effective surface area that is of utmost importance in the catalytic
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and gas-liquid separation applications. The gas-liquid operations in packed columns are well-
known and have been investigated extensively in the literature, and have been found as an efficient
separation method for hydrogen isotopes and many more applications [7]. However, a lack of
research is still not sufficiently explored, particularly local events and thus the fluid flow inside
packed columns. Therefore, in computational flow models, the effect of various issues influencing
the performance of the trickle bed reactors (TBR)can be studied. However, it is essential to set
models available from literature related to TBR operations under similar operating conditions to
validate and quantify uncertainties and predict flow and inherent mixing [5]. It was required to
improve the liquid dispersion by investigating local phenomena of fluid flow and mass transfer
inside the gas-liquid packed column, thus increasing its viability in practical applications. The
study was conducted using coated, and uncoated Dixon rings and the results from both were
compared locally using Computational Fluid Dynamics (CFD) simulations and laboratory
experiments.

Identifying the hydraulic capacity in a packed column on a macroscale is needed to calculate the
minimum requirement for the column's height and inner diameter. Studies [8] [9] showed that
increasing the hydraulic capacity reduces the mass transfer performance due to the flooding
phenomena, and packing accompanying lower pressure drops tends to have a higher hydraulic
capacity and mass transfer efficiency [10]. Therefore, for application in industry, first, it is
necessary to demonstrate and characterise packing performance in terms of hydraulic capacity and
then compare them with other commercially available packing media. Thus, parameters such as
pressure drop and liquid hold-up are widely investigated in the literature [11]. Gas-liquid
absorption is an extensively used application to separate a specific component from a gas stream
by absorption into a liquid stream [12]. Experiments are conducted in an absorption pilot plant
(Armfield Ltd, UK) to test the hydrodynamics of Dixon rings in a counter-current setup. It aims to
extend the application of Dixon ring packing for intensified processes of absorption of carbon
dioxide (COz2)from gas mixtures by fluid flow testing (hydrodynamics), mass transfer testingand
packing modelling. The results have been compared to commercial packing to evaluate the

hydrodynamics efficiency of Dixon rings. In addition, customized models have been developed
for Dixon rings to describe the dry pressure drop and loading points, as described in Chapter 6.



1.2 Overall aim and objectives

This research aims to test and analyse the hydrodynamic performance of the coated and uncoated
Dixon rings. Despite several researchers analysing fluid flow for random packing, and the unique
physical properties of Dixon rings, there is still no study on the influence of Dixon on the overall
packed bed hydrodynamics. This investigation has been conducted on a pore level, and a
macroscale of the Dixon rings in gas-liquid columns. It also aims to extend the application of
Dixon ring packing for intensified processes of gas and liquid mixtures. First, the Dixon rings were
coated using a sol-gel method. Consequently, experiments tested hydrodynamics, and CFD
modelling techniques were developed in this research to understand better the effects of non-

uniform local flow and mass transfers in a packed column. A critical literature review is provided
in Chapter 2.

1.2.1 Sol-gel alumina coating of wire mesh packing

M etallic wire mesh has excellent properties; however, its complex geometry abstains use in many
applications, especially where a coating is needed. This part of the thesis focuses on changing its
surface properties using a uniform alumina coating. Alumina is selected because it is well-known
catalyst support whichis used in many applications. This research investigates a-Al203 deposition
on stainless steel mesh, Dixon rings under controlled coatings. T he coating thickness, morphology,

and adhesiveness were reported when the starting ratios (i.e., alumina and acid content, mixing
and aging time) were changed. The list of objectives is summarised as the following:

1. Achieving a coating that has uniform thickness without blocking the mesh opening;

2. Reaching excellent adhesive properties suitable for harsh environments where turbulence
occurs;
Having no cracks in the coating;

4. Reporting the detailed method for replicating the coating with low costs.

1.2.2 Tuning the wetting efficiency of wire mesh column: pore-scale flow analysis
After utilising dip coating to deposit the alumina sol-gel, Dixon Rings were able to be coated
consistently with a homogenous coating, with wetting efficiency tests conducted using image

processingand CFD. The liquid wetting efficiency is defined as the percentage of the wetted area

to the total area of the packing. T he wetting efficiency of the packing is a critical design parameter



as it affects the gas-liquid interface where the chemical process takes place as well as the pattems
of flow of multiphase systems. It shapes variations of the liquid flow under various regimes (i.e.
droplets, rivulets, channeled or trickle types), directly influencing mass and heat transfer
phenomena. The wetting efficiency is entangled by the hysteresis of the liquid distribution over a
surface, the operating flow, and the type of packing (i.e. materials and geometries) [13]. T herefore,
the local flow around an element of coated and uncoated Dixon rings is visualised by experimental

imaging and compared with those obtained by 3D CFD simulation.

1.2.3 Macroscale experiments for hydrodynamics and mass transfer of Dixon rings

It is essential to evaluate and characterize the packing performance and compare them with another
commercial packing. The results are validated using existing models of pressure drop and mass
transfer. Discussion on process performance in terms of effects of operational parameters such as
liquid flowrate and gas flowrate is included. Finally, process model validation is achieved by
comparing the results against experimental data obtained in existing models in the literature. T his
research has tested and analysed the performance of Dixon random packing. It also aims to extend
the application of Dixon ring packing for intensified absorption of CO2 from gas mixtures using
liquid in a counter-current operation. T he list of objectives is summarised as follows and is shown
in Figure 1.2:

1. Fluid flow testing (hydrodynamics)
2. Mass transfer testing



Coating the
Dixon Rings

Hydrodynamics
studies

Wettability
studies by
(S0
camera

N Pore-scale
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analysis by
VOF
models
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o —_—
experiments

Measuring the
pressure drop,
liquid holdup and
mass transfer
coefficient

Figure 1.2: Flowchart with the project's aims and objectives

1.3 Methodology

1.3.1 Sol-gel alumina coating of wire mesh

The sol-gel method is implemented to overcome the complex geometry of Dixon rings. This

method is based on two main reactions, hydrolysis, and polycondensation. The steps to conducting

this part of the study are summarised as follows:

1. Conducting parametric studies on the effect of the starting amounts of the sol-gel (i.e.,

water to precursor ratio, pH, mixing time, aging time, temperature, and stirring rate);

2. Performing surface characterisation tests via optical microscopy, SEM, EDS and BET;

3. Doing adhesive tests under shear forces, ultrasound, and elevated temperature.

1.3.2 Tuning the wetting efficiency of wire mesh

Various modelling approaches are applied to study the fluid flow for coated and uncoated Dixon

rings. CFD tests were conducted using a mesh of 586524 element and a maximum element size of

0.322 mm was found similar to more refined mesh in describing the liquid flow pattern. This 3D

transient model was for the laminar flow liquid to illustrate the trickle flow regime over the Dixon



rings. A computer-aided design (CAD) model of the Dixon ring geometry provided by Croft Filters
Ltd (Risley, UK);

1.

1.3.3

The CAD model is modified to remove the skewed elements occurring due to the wire
intersections;

The CAD model is then embedded into the commercial CFD package (COMSOL
Multiphysics 5.3a);

VOF framework for multiphase flow is established using The Laminar Two-Phase Field
module on COM SOL Multiphysics 5.3a;

A grid independence study is conducted to ensure that the solution is independent of the
size of the mesh used in the simulation;

Validation of the VOF model via experiments using Charged Couple Device (CCD)
camera;

The influence of the liquid inlet velocity and the contact angle on the wetting efficiency
are investigated through a parametric study relevant to hydrophobic and hydrophilic types
of packing surfaces;

The liquid hold-up and effective surface area were calculated and validated using models
from the literature.

Macroscale experiments for hydrodynamics and mass transfer of complex
stainless-steel gauze packing. Physical Absorption using Dixon Ring Random
Packing:

The pressure drop and liquid hold have been measured for Dixon rings 5/8 and 1/4 in, for varying

flowrate of gas, at 0 I/min (i.e., dry pressure-drop) liquid flowrate, and varying flowrate liquid (i.e.,

wet pressure-drop).

1.

2.

Pressure-drop experiments for Dixon rings 5/8 and 1/4 in;

Liquid hold-up tests for Dixon rings 5/8 and 1/4 in.

1.4 Contribution of the thesis

This thesis thoroughly studies the hydrodynamics of random packing Dixon rings. T his study was

conducted on a microscale and macroscale for gas-liquid phase applications. It also includes
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modification of Dixon ring surface with a uniform alumina coating. The wetting efficiency
analysis is conducted using CFD modelling and visualised by CCD camera while hydrodynamic
parameters such as pressure drop, liquid hold-up, and overall mass transfer coefficient (KGaaV)
were evaluated in a pilot plant. T he overall understanding of the flow characteristics for the coated
and uncoated Dixon rings can be seen better understood than at the start of this research. Some of
the most significant contributions made throughout this research are summarised shown in Figure
1.3:

X X

Coating Dixon rings Pore-scale The macroscale

using a sol-gel method behaviour of experiments for
liquid flow over hydrodynamics
Dixon rings and mass transfer

for Dixon rings

Figure 1.3: The contribution of this research

In this part of the research, the sol-gel deposition method of alumina coating ceramics is
investigated for the first time on stainless steel wire mesh using Dixon rings as an example. The
kinetics of depositionduring the hydrolysis and polycondensation of sol-gel is followed for a range
of initial composition of the coating. This included identifying the ratios of Al.Oz to water, acid
content, polyethyleneimine binder content and the number of deposition cycles to reach a
homogenous coating. Well-adhered alumina with a thickness of up to 20 pum was successfully
deposited. The molar ratios of acid to alumina and alumina to water, the aging time, the mixing
time, and the amount of polyethyleneimine binder are identified. A crack-free coating of controlled

thickness alumina on the Dixon rings was produced.

The pore-scale behaviour of liquid flow over wire mesh stainless-steel packing of variable contact

angle is relevant for mass and heat exchanges in multiphase chemical systems. Imaging



experiments and 3D VOF modelling investigated this behaviour. The droplet penetrated the mesh

of the uncoated Dixon rings before dropping from the bottom section. On the other hand, the
droplets are repelled when hitting the surface of the coated Dixon rings.

Hydrodynamic parameters have been investigated extensively for random packing in the literature.
They are important to find the best operational conditions and reach the maximum capacity for
any given operation. Unfortunately, these tests have been missing for Dixon rings which are a
promising packing in terms of fluid mixing ability. The Dixon rings have a higher surface area and
void fraction when compared to packing with the same size [3]. The hydrodynamics and mass
transfer of a Dixon ring random packing are tested for a range of gas and liquid flowrate. The

pressure-drop, liquid hold-up and KGathave been investigated in an Armfield pilot plant.

1.5 Thesis outline

A sol-gel procedure is included in a parametric study on the effect of the starting amount on the
coating properties. The gas-liquid flow over coated and uncoated Dixon rings packing is
investigated on a pore-scale by CFD modelling and validated using a CCD camera. An
experimental investigation on the hydrodynamic experiments such as pressure drop, liquid holdup

and the K_a,is also included.

Chapter 2 includes a literature review on earlier research in this area. In this chapter, the coating
methods used to coat metals are discussed. A review of the methods to characterise the flow in
packed columns. It focuses on the wetting efficiency and its importance to characterise the packing.
In addition, it deals with the flow on a large scale and hydrodynamic parameters such as pressure

drop, liquid hold-up, and mass transfer.

Chapter 3 describes the methodologies that have been used in this thesis. The preparation setup
for coating Dixon rings using sol-gel is discussed. M ethodsto conduct hydrody namics experiments
using a CCD camera and an absorption unit operation are included. The solution procedure of the
phase-field model used for the multiphase flow is discussed.

Chapter 4 Includes the sol-gel method used to deposit alumina on Dixon rings. The kinetics of
sol-gel reaction is studied through the initial composition of the coating, such as the ratios of



alumina to water, acid content, polyethyleneimine binder content and the number of deposition
cycles.

Chapter 5 The liquid flow over uncoated and coated Dixon rings were investigated on a
microscopic scale. This behaviour was investigated by imaging experiments and 3D volume-of
fluid modelling. The surface of Dixon rings is modified by alumina coating, as described in

Chapter 4, to achieve hydrophilic and hydrophobic properties. The results are validated against
models in the literature that described the wetting area and liquid hold-up.

Chapter 6 Once the pore-scale level investigations were completed, tests on a larger scale took
place. The fluid flow has been characterised in a pilot plant to measure important hydrodynamics
parameters such as pressure drop, liquid hold-up, and mass transfer. To ensure the equipment is
valid, results from Raschig rings were compared to models in the literature. Then the missing

model constants for Dixon rings packing were estimated by the curve fitting method.

Chapter 7 Includes the conclusions of this research. Finally, recommendations for future works
have been suggested.

1.6 Supervision, training, and publications

1.6.1 Supervision

1. Weekly based meetings with academic supervisors (Dr. Vesna Najdanovic, Dr. Farid
Aiouache).

2. Meetings at the industrial partner premises (February 2018, May 2018, July 2019).

1.6.2 Trainings
1. Threedays Bootcamp training at November 2018, part of the Global Eco-innovation (CGE)

center to learn about the carbon footprint.

2. Faculty of Engineering Ph.D conference at July 2018, 2019 and 2020 included
presentations from different engineering disciplines.

3. Self-training: Solidworks - Comsol Multi-Physics.

1.6.3 Publications

1. M. Abdelraouf, J. Hegarty, A. Rennie, R. Elizalde, N. Burns, Sol-gel alumina coating of
wired mesh packing, Ceram. Int. (2020). https://doi.org/10.1016/j.ceramint.2020.05.043.
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https://doi.org/10.1016/j.ceramint.2020.05.043

2. M. Abdelraouf, A. Rennie, N. Burns, L. Geekie, V. Najdanovic-Visak, F. Aiouache,
Tuning the wettability of wire mesh column: pore-scale flow analysis, Chem. Eng. J.
Adv. 8 (2021) 100181. https://doi.org/10.1016/j.ceja.2021.100181.
1.6.4 Conferences
1. Reactors, Scale-Up, and Separations: Process intensification, integration, and
multifunctionality (IChemE). 09/2019 | London, UK.

2. 10'" International Conference on Computational M ethods and Experiments in M aterial

and Contact Characterisation M ultiphase Flow. 05/2019 | Lisbon, Portugal.
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2 Chapter 2: Literature review

2.1 Packing
2.1.1 Introduction to packing

Several industrial columns are employed to provide continuous interface contacts, such as packed
columns and tray columns [14]. Unlike tray-based columns, packed columns offer continuous
interphase contact throughout the column [15]. Packed columns with filter media are commonly
used in the chemical industry. Packed columns are filled with regular-shaped particles, which are
called packing. Packing are vital to the industry and are used in reaction and separation applications
such as catalytic cracking, hydrocracking, trickle-bed reactors, water treatment, and heat transfer
operation [16]. The packing material interacts with the fluid through random or structured
configurations, involving the solid materials, the void space, and creating pressuredrop. T herefore,
testing the hydrodynamic performance of packing has been studied exhaustively. The packings
enhance the mixing between different phases but are evaluated based on their hydrodynamic
performances and flooding points. Therefore, various these packings are available and are
fundamentally classified into structured and random packings. The packings can be made of
ceramics, metal, plastics or carbon materials. The structured packings are typically corrugated
sheets, which are designed to ensure the liquid flows in uniform channels of movement for each
phase [17]. They are designed to ensure equal channels for the moving gas phase as well.
Compared to the random packing, this structure ensures a more uniform distribution of the two
phases over the cross-section of the column. M oreover, the structured packing ensures generally
lower pressure drops permass transfer efficiency, thus is seen as a better choice from the operation

point of view

2.1.2 Packing configuration.

2.1.2.1 Structured packing

Structured packings are preferred in gas-liquid applications due to their high mass and heat transfer
capabilities. The corrugated sheets offer a uniform distribution of liquid and gas flows, leading to
reduced pressure drops along the height of the column. The structured packingcan be divided into
four types, as shown in Figure 2.1 [18]. Panapak, Sulzer Bx and Goodloe are among the earlier

generation packing, which resulted in lower pressure drop than the tray columns. The high
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manufacturing cost made them not commonly used, and therefore, tray columns were preferred
for many applications. T he first-generation packing had higher efficiency than the tray columns
and therefore was preferred for heat-sensitive applications which occur at lower pressure drops.
The rise of metallic sheets made structured packing the preferred in gas-liquid applications due to
the low cost of manufacturing. The third and fourth generations of packing manufacturing are
generally of simple structureand result in packing, which accompanies low-pressure drop and high
mixing capabilities. The geometry of the packing allows the gas to flow smoothly over the surface,
thus resulting in less friction and lower pressure drop [2].

First Generation (1940)
Panapak

Second Generation (1950 - 1970)

Sulzer BX 1 Goodloe
Mellapak 250Y Flexupac Gempak Montz B1

Fourth Generation or High Capacity (1990- Present)

Mellapak Plus

Figure 2.1: The evolution of structured packing from Jammula [19].

2.1.2.2 Random packing
Random packings consist of materials which are randomly dumped into a column in a disordered

way. They are divided into saddles, cylinders, and any other shapes randomly distributed in the
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column [20]. The advantages of random packings over structured ones include easy production,
easy dumping into industrial columns, and effective applications to high liquid loads. The
disadvantages include poor distribution of the phases over the cross-section of the column and
often high-pressure drop. Since the flow paths are disordered, more turbulence is encouraged.
Random packings are favourable compared to structured packings in some industrial applications,
especially packing material made of metal, because they are significantly less expensive and more
robust than structured packings [15]. Raschig rings and Intalox saddles are the oldest packings
developed to fit the mass transfer specification for random packing. These specifications include
the packing must form a connected surface and the packing surface and must form uniform
lamellas. In addition, the width of the packing lamella should not exceed 5 mm. Pall rings were
developed later and were found to follow the mass transfer specification more than other packing.
That is because geometry and manufacturing fit the theory of mass transfer for designing random
packing. Unfortunately, no patent designs fit the theory of mass transfer. Kolev and Razkazova-
Velkova showed that the lamellas less than 5 mm resulted in a complete wetting and the liquid had
moved on the surface with low velocity. Later packing that satisfies the mass transfer requirement
was produced such as Hiflow rings, Top Pak, and Super Raschig rings, as shown in Figure 2.2.
The theory of intensification of packed columns has specific criteria to the packing which are met
when the packing allows the gas and liquid to operate at high velocity without the occurrence of
flooding. In addition, it should have low-pressure drop and break the liquid film, jets, and droplet,
to increase the mass and heat transfers. The packings are compared based on their price, corrosion

resistance, pressure drop and their mass transfer efficiency.
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Metal Packings

Minl Ring Top Pak Hiflow Ring VSP Ring

Figure 2.2: Common metallic random packing from Kolev [21].

M etal random packings (e.g. Raschig Rings) are produced commercially and are widely available.
Good properties for packing include large surface area, open structure, good liquid distribution
across the surface, and uniform gas flow distribution [1]. Since the operating costs are directly
affected by the mass transfer processes in the packing, it is critical to find packing material that
provides maximum efficiency; hence reducing the overall energy requirements. An example of
such packing is Dixon rings. There have been many patented packing since Gay Lussac developed
a column packed with coke in 1827, which was the first-ever packed column. Raschig packing
originated from the design of the first ring to be used as packing and was patented in 1914. It was

first used to produce sulphuric acid [19].

2.1.3 Effect of packing properties on mass transfer and hydrodynamics

The packing geometry affects the hydrodynamics, mass, and heat transfers in packed columns.

The packing is usually characterized using its packing diameter (dp), material, void fraction (€),
surface area (a) and the structure of the packing internal, as shown in Table 2.1.
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Table 2.1: Physical characteristics of some commercial random packing from Billet and Mackowia [22].

Packing type Material | dp(mm) a (m?n3) €
Raschig ring M etal 15 378 0.91
Intalox saddles Plastic 50 114 0.76
Berl Saddle Ceramic | 38 164 0.7
IM Highflow ring | Metal 25 202 0.9
Ralu ring Plastic 50 95 0.93
Top-Pak M etal 50 106 0.95

When the pore size was reduced in foam packing, the pressure drop increased [23]. In general, the
industry highly desires packing that accompanies low-pressure drop and high mass transfer.
Therefore, efforts have been made to produce packing with good hydrodynamics properties such
as low pressure drop and high mass transfer coefficient. For example, Super Mini Rings were
developed with a curve from the inside, as shown in Figure 2.3. The empty volume/void allows
the vapor to flow inside the packing with a low-pressure drop and the arc from inside increase the
gas-liquid contact. Xinglei et al. [24] compared the effect of the packing type in CO2 absorption
application using potassium carbonate. They compared the hydrodynamics and mass transfer
efficiency for three packings: Mellapak, Super mini rings and Pall Rings. Mellapakare corrgurated
structured packing and Pall rings are metallic cylindrical packing It was found that the Super Mini
Rings have the highest K; _a,, 20% higher than MellaPak and 30% more than Pall rings. It can be
concluded that the Super Mini Rings can be used to reduce the size of the column. The flooding
velocity was investigated for liquid loads above 25 kg m2 st for the three packings; Super Mini
Rings had the highest gas velocity to reach flooding. This study showed that the design of random
packing plays animportantrole in the efficiency of the operationin packed columns. The geometry
of the Super Mini Rings resulted in enhancing the wetting of the packing at the low-pressure drop
and reaching high mass transfer. The cost of manufacturing Super Mini Rings is lower than

structure packing Mellapak. However, Super M ini Rings had a higher mass transfer rate and lower
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pressure drop. It can be concluded that the geometry of random packing can be upgraded and

developed to compete with structured packing.

Figure 2.3: Super mini rings from Zhao et al.[24].

2.1.4 Wire mesh packing

There has been development in packing design to achieve a good distribution of gas and liquid
while keeping the pressure drop low. Wire-mesh packing is among those that have shown
promising applications, facilitated by unique properties. The wire mesh has a porous structure
while maintaining a high surface area; thus, it has been extensively used in absorption and
distillation applications. The recent design of the packing using 3D printing allows for avoiding
the complex procedure of traditional manufacturing methods. In addition, the role of additive
manufacturing using 3D printing has allowed altering the geometry without needing extra
equipment. Neukaufer et al.[25] designed wire mesh packing using 3D printing through crystal
lattice models on computer software. Their packing had a high surface area (422 m?>.m3) and a
high void fraction (0.87). The packing’s hydrodynamic performance was evaluated using CFD
model to estimate parameters such as the pressure drop, the liquid holdup, and the wetting
efficiency. The results from the CFD simulations agreed with the results of Billet and Schultes
[26] for the dry pressure drop. However, there was a disagreement for the wet pressure drop, and
the liquid holdup was high, with a deviation of 30% and 40%, respectively. Bolton et al. [27]
developed 3D printed wire mesh packing for CO2 capture using amine solvents. As shown in
Figure 2.4, the packings had nominal cell sizes of 25.4, 12.7, and 6.35 mm, and their effective
areas of 280, 564, and 1332 (m?.m3). The pressure drop experiments were conducted on a dry and
wet basis. The pressure drop was slightly overpredicted when capered to Mackowiak [28] model.
The 3D printed packing was found to have a lower pressure drop when compared to commercial
packing of the same size and material. However, there were major discrepancies between the

model and the experiments in the loading region.

17



6.35 mm Cell
(1/4 Nominal size)

25.4 mm Cell

(Nominal size) (1/2 Nominal size)

Figure 2.4: Packing produced using 3D printing from Bolton etal.[27].

2.1.5 Dixon rings

The packing in focus for this thesis is the Dixon Ring. This random packing has been around since
1946. However, it has not been sufficiently adopted into widespread due to the manufacturing
costs. Dixon rings are a novel random packing, which offers a good mass transfer and a low-
pressure drop. Croft-Filters Ltd. in Warrington, UK, manufactures it. It is made of a wire mesh
grid of cylindrical shape that is extended to a flat grid along the longitudinal direction of the ring,
asshownin Figure 2.5. Dixon rings are preferred for intensified processes. It is made from stainless
steel which makes them useable for applications of high temperature such as tritium and water
separation. Croft-Filters have developed a new and more economical manufacturing method to
produce Dixon rings. Their properties are described in Table 2.2 . Due to its unique geometry,
Dixon rings can provide a high-efficiency column when compared to other forms of random
column packings. Packing with this geometry is preferred especially when space is limited.
Surprisingly, a small number of studies focused on the hydrodynamics for Dixon ring packing
[29]. A few studies focus on Dixon rings but are not related to the field of hydrodynamics [30][31].
The area of research is mainly on the chemical absorption of CO2, which doesn’t include any
pressure drop studies.

Table 2.2. Dixon rings in structural data.

Size (inch) Wire diameter Mesh Length of mesh Aperture
(um) (standard) per Dixon ring (um)
(mm)
5/8 300 60 x 60 60 718
1/4 160 60 x 60 30 271
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Figure 2.5: Stainless steel packing — Dixon ring 1/4 in diameter

19



2.2 Coating

2.2.1 Coating metallic substrates

One of the oldest methods of coating is called the Silver plating. It was discovered in the 18th
century to provide a cheaper alternative to replace the solid substrate. The method has been used
to coat domestic appliances, including the washing of silver cutlery and many kinds of metal house
vessels with a thin silver layer [32]. The application of coating metallic substrates has since grown
and holds a significant role in several industries [37] nowadays, meeting two characteristics,
uniform and adhesive coating layers. T herelevance of coating metallic substrates is due to changes
in surface physical and chemical properties, which can help with corrosion protection, thermal or
optical radiations and reflections [33], and abrasion resistance [34]. The coating is also used in
reactive processes to develop e solid catalyst carriers for conventional reactive design or hybrid
reactive systems through process intensification strategies [35]. Alternatively, the coating can also
be used for tuning the surface of the substrate of column packing internals to reach hydrophobic
or hydrophilic properties for applications such as reactive distillation, absorption and adsorption
processes. Many materials are being used to manufacture column packings, such as plastic,
ceramic, and metal [12]. Ceramic substrates have high thermal resistance and are suited for coating
due to adhesive qualities. Therefore, many studies have been focused on coating ceramic packing
[36]. However, ceramics cannot be used in applications where high mechanical stress resistance is
needed because they are brittle and costly. Metallic substrates can avoid having these problems
because they are flexible for manufacturing and have a high mechanical resistance [6]. Truyen et
al. [6], Masalski et al. [37], Sanz et al. [38] and Valentini et al. [39] investigated the deposition of

ceramics on flat metallic substrates.

2.2.1.1 Metallic substrates

Metallic substrates are divided into flat and complex substrates. Foams and wire mesh are
examples of three-dimensional metallic substrates with a complex geometry of microchannels,
resulting in high surface area and good turbulent flow mixing while keeping the pressure drop
relatively low [40]. Due to the complexity and high tortuosity of metallic foams, a turbulent flow
Is created, which improves the mass and heat transfer properties [41]. Not surprisingly, they have
been used extensively in catalytic reactors [42]. In recent years, foams have become more

favourable due to the advantages that they gained from their geometry. One disadvantage of the
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turbulent flow is that it comes with an increase in the pressuredrop. In addition, the manufacturing
costs are high for metallic foams. Anotheroption, which combines excellent mass and heat transfer
properties, is the metallic wire mesh. The cost of metallic wire-mesh is 25% less than of foams
[12]. Metallic weave wire meshes are available in different weave styles and mesh sizes. They are
used as filters in the food industry [43], global chemical industry [44] and water treatments [45].

2.2.1.2 Flat substrates

M ost of the flat metallic substrates are made of copper, iron, stainless steel or aluminium. T he flat
metallic substrates have been used in applications such as air conditioning. Xing et al. [46] coated
a thin metallic substrate with a zeolite membrane. The coated substrate was tested for air
dehumidification. The tests showed an increase of 50% in the dehumidification efficiency when
compared tothe traditional vapour compressionsystem. M. Valentini et al. [39] deposited alumina
by wash coating on a flat metallic substrate for NOx reduction. They developed a homogenous
coating by dip-coating aluminium and FeCrAlloy flat substrates. Overall, flat metallic substrates
are not preferred in applications where the flow mixing is not effective due to their low porosity.
Therefore, the metallic wire mesh has been used to provide high porosity for applications that

require sufficient flow mixing [38].

2.2.1.3 Metallic wire-mesh

The metallic wire meshes are known to hold high porosity and surface area and build on many
pores. They have been used in mass and heat transfer applications due to their ductility and rigidity.
Their mass and heat-transfer coefficients are significantly higher than the parallel channel
monoliths, which are considered among the major developments in packing design over the recent
decades due to their high porosity and open structure [38]. The industrial companies that develop
the wire mesh packing structures have recurrently reported low pressure. This is due to the pores
in the mesh, which encourage the radial mixing of flow, which in turn encourages a uniform
distribution of the fluid [5]. Therefore, there have been studies on the implementation of wire
meshes for catalytic applications [47]. Wire mesh coated with catalysts is also used to produce
nitric acid and formaldehyde [48]. It was shown that the catalytic performance of the wire mesh
was higher than of conventional ceramic honeycomb catalyst due to the existence of the pore

structure of the mesh. [41].
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Coating metallic wire mesh is challenging due to its complex geometry thus, a novel coating
method is required. In order to coat metallic wire mesh, it is important to plan the deposition of
the coating material over the metal wire. The thermal expansion of the metallic mesh is usually
different from the coating applied to its surface, which might hinder the efficiency of adherence of
the coating. Methods for coating wire mesh include chemical vapour deposition (CVD) [47],
physical vapor deposition (PVD) [49], plasma sputtering [50], electrophoretic deposition (EPD),

spray coating, sol-gel and wash-coating [8,9].

2.2.2 Manufacturing of metallic wire mesh

The metallic wire meshes are typically originated from the sheets of the wired screens. A recent
technique by T. Hwang et al. [52], who manufactured metallic packing, used the selective laser
melting technique for stainless steel powder. A copper holder was used to conduct the layering of
AISI 304 stainless steel powder due to its high thermal conductivity. The copper holder prevented
the melted laser layer from getting attached and provided excellent heat transfer efficiency. The
process parameters such as the laser temperature and powder thickness were evaluated to achieve

a high-quality wire mesh in a single step.

Overall, however, the simple and cheap method to manufacture wire mesh packing is reported by
John and Rehberg et al. [53], which used 60x60 and 80x80 mesh,. The fabrication method did
require welding or grinding and each packing element was produced separately. The mesh sheet
was placed in a Pyrexpipeand expanded under stress with the walls of the tube to reach the circular
shapes. The mesh was made of stainless steel and bronze. The Pyrex pipe was selected due to its
ability to handle the high stress of the metal. The metal was kept in firm contact with the walls due
to its elasticity. A circular disk of the mesh was cut using a punch press. A circular shape was cut
from the edge of the disk to a specific depth to create the packing and the cutting depth that

determined the voids of the packing, as shown in Figure 2.6.
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Figure 2.6: The manufacturing method of wire mesh packing from John and Rehberg [53].

2.2.3 Coating methods

Coating metallic wire mesh is a challenging procedure due to the complex geometry of the
structure, and thus innovative coating methods remain required. To coat metallic wire mesh,
planning the deposition of the coating material over the metal wire is critical. The thermal
expansion of the metallic mesh is usually different from the coating applied to its surface, which
might hinder the efficiency of adherence of the coating. Methods for coating wire mesh include
chemical vapourdeposition (CVD) [47], physical vapor deposition (PVD) [49], plasma sputtering
[50], electrophoretic deposition (EPD), spray coating, sol-gel and wash-coating [8,9]. Some of
these methods require expensive types of machinery, such as CVD. The CVD-based techniques
are conducted under vacuum, and the precursor molecules break under high temperatures.
Therefore, precursors are kept in a chamber under high temperature to help break the molecules to

the desired coating on the surface [45].

These methods are required to produce films ranging from 5 nm to 100 nm. F. Zhang et al. [54]
and F. Zhang et al. [45] developed a nano-sized layer of hexamethyldisilazane (HM DS) and SiO>
on copper wire mesh by CVD. The coating was used to introduce superhydrophobic and
superoleophilic wire mesh, which can be used for oil/\water separation. The wire mesh surface was
modified using HM DSto achieve a high separationefficiency. They concluded that the SiO2 mesh
is a cheap separator used in everyday life to separate oil from wastewater. M. Dvorakovaa et al.
[55] developed cobalt oxide (Co304) catalysts on stainless steel wire mesh. They preferred

stainless steel mesh due to its flexibility, making it easy to install in the reactor. It also ensures
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maintaining a low-pressure drop and good heat transfer. They combined PVVD and EPD methods
to deposit thin films of coating. The samples were tested for the oxidation of ethanol. The samples
with the highest catalyst loading were obtained by EPD and had the highest efficiency. However,
this coating had poor adhesion that was improved by a thin layer of Coz04 from the PVD. These
methods are preferred when scale-up is not required due to the slow production. Each substrate is

coated individually to ensure the precision of the operation.

EPD is carried out using dispersed or suspended particles in a liquid medium. It is based on the
deposition of particles from the liquid phase by passingan electrical current. The EPD efficiency
depends on the suspension properties like the powder sizes, dielectric constant, binders, and zeta
potential. Also, parameters associated with the process like the operating voltage, the distance
between the two electrodes, and depositions time are important to control the film thickness and
homogeneity [56] [57]. The EPD is a well-known technique used extensively to coat metallic

substrates using alumina layers. Yang et al. [52] coated woven stainless-steel mesh using
aluminium powder.

Sun et al. [58] depositedy —alumina powders on stainless steel wire meshes. They discovered that
the coating loading of the wire mesh was affected by the zeta potential and the amount of binder
in the suspension. The coating adhesion was increased by increasing calcination temperature to
500°C and by adding aluminium particles. Vorob’eva et al. [59] used EPD for alumina sol-gel
coating. [58] The coating thickness was around 50 um, which could be changed using the starting

amounts. T he surface area was 450 m?/g when measured using BET.

Wash-coating is one of the most known coating methods to deposit metal oxides. It produces a
layer by dippingthe substrates into the slurry containing the desired coating material. The dipping
is usually followed by drying, peptization, and calcination of the substrate. Meille et al. [42]
showed that reproducing coating by combining several milling steps of coarse powders and wash-
coating was not straightforward in achieving good surface adhesiveness. However, wash-coating
methods have some disadvantages: poor adherence and the non-uniformity of the coating. The
coating might not survive environments where mechanical stress is applied to them. A few studies
reported coating adherence to wire-meshes using other coating methods. A combined method of
spray coating and electrophoretic deposition has been used to coat wire mesh with alumina. The

EPD was used to increase the surface roughness of the wire mesh to increase the adhesiveness of
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the coating. The current coating methods of metallic substrates remain onerous, particularly when
they are intended to be used for applications at an industrial scale under controlled surface
properties [11]. Sol-gel has been investigated by Guglielmi [60], Truyen et al. [6], Masalski et al.
[37], Sanz et al. [38] and Valentini et al. [39]. The sol-gel process is cheap, simple, and easy to
implement due to the amount of equipment needed.

2.2.4 Sol-gel

2.2.4.1 Definition

The history of the sol-gel goes back to the 19" century when SiCls produced a gel when it was
exposed to air [61]. The gel was formed because of the hydrolysis of the moisture in the air with
SiCls. Inorganic materials such as metal oxides and carbide serve a key role in the industry. They
are used in manufacturing biosensors, optical devices, and catalysts and can be used for various
protections. Initially, they were prepared by mixing powders of the reactants at high temperatures
to achieve the required compounds [61]. The main disadvantages of mixing powders are
inhomogeneity and conversion, which are limited to mass transfer rates. The large particle size of
the powder blocks the diffusion of the reactants. Therefore, many areas remain unreacted and go
to waste [62]. M ethods toreduce the size of the powder became popular such as ball milling which
increases the surface area. Unsurprisingly, sol-gel and coprecipitation were developed to replace
the solid-state chemistry methods. Sol-gel has been used for 40 years to prepare glasses, ceramics
and coating at lower temperatures. Such methods avoid the high-temperature operation, which
takes place as part of the solid-state reactions. The sol-gel coating provides excellent adhesion

using strong bonds between the coating and substrate [63].

The Sol-gel can produce solid material by ensuring an atomic scale mixing of the reactant. It
overcomes the randomness of the solution by using homogeneous precursors. T herefore, complex
compounds can be achieved at low temperatures. The sol-gel controls particle size, morphology,
and phase segregation [61]. The sol-gel process is well-known for coating glass and ceramics used
in manufacturing optical devices, chemical sensors, and more. The Sol-gel is a powderless
technology which is based on wet chemistry and involves several reactions. It includes a precursor
mixed with other materials to produce organic and inorganic compounds [64].

Several precursors, such as chlorides and metal alkoxides (i.e., aluminium, titanium, and caesium)

are used in the sol-gel preparation [50]. The metal chlorides produce metal alkoxide by a reaction
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with an alcohol. Ammonia is usually added to react with the undesired HCI formed in the reaction
with alcohol. Metal alkoxides (M (OR),) are usually synthesized by the addition of an alcohol to
a metal chloride and a metal cation replaces ROH. Metal alkoxides usually act as Lewis acid due
to their high coordination expansion [65]. The coordination expansion shows how rapidly a
molecule reacts and is defined as the difference between the coordination number and valence
number. Therefore, metal alkoxides have high sensitivity to the presence of water and they form
metal hydroxides. Hydroxy| ligand compounds suchas ((RO),_,M — OH) are formed due to the

presence of water. The ligand exchange products are usually related to the type of metal to water
ratio, pH, type of metal and operating temperature.

Sol-gel process can be summarized as the preparation of inorganic polymers/ceramics from liquid
precursors to form a liquid solution which solidifies to make a ‘gel’. Hydrolysis and condensation
of the precursors form the sol, which is a colloidal suspension [66]. The sol-gel procedure is
typically carried out by acid hydrolysis and polycondensation of diluted metal alkoxide (i.e.
isopropoxide, butoxide) [3]. The resulting colloidal particles reach specific surface energy of

adsorption tendency that could alleviate metal complex geometries. The hydrolysis of alkoxides
(M(OR),) produces metal hydroxyl bonds (M — OH), as part of hydroxyl lingand compounds

((RO),_4M — OH), by anucleophilic substitution mechanism, as described by equation (2.1) [65].

This reaction is identical to Lewis base attacking a Lewis acid, and proton transfers from the H20

molecules to (M(OR),),leaving themolecule in a transitionstate until thealcohol is released [58].
—M — (OR,)+ H,0 & (OR,)— M — OH + ROH (2.1)

The condensation is also a nucleophilic attack that follows hydrolysis and is described by equation
(2.2). A lone pair of oxygen molecules of the metal hydroxide (RO),_,M — OH attacks the
partially positive metal (M), leaving the hydroxide of the metal in a transition state, (RO),_ M —
OH molecules linked together or with M(OR),, and producing (RO),_, M — 0 — M (RO),._;.

These are the metal and oxygen bridges which are responsible for forming 3D networks [67].

(OR,_,) —M —OH + (OR,_,) —M — OH (2.2)
& (OR,_,)—M —0 —M—(OR,_,) + H,0

Several precursors can be usedto synthesize the sol-gel, including metal alkoxide precursors. After

the sol, the gel is formed, which might have several structures based on the experimental
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procedure. Several gels are reported in the literature, such as covalent polymer networks, ordered
gel, and disordered gel [68].
2.2.4.2 Process parameters
If the hydrolysis or the condensation reaction is not carried out as desired, metal oxide and
hydroxide precipitation could occur. The reactions aim to obtain oligomers that have good
solubility in the solvent. The factors affecting the efficiency of the hydrolysis and condensation

reaction are the type of precursor, molar ratio of precursorto water, pH, mixing time and aging.
[69]

2.2.4.2.1 Water/alkoxide ratio

The type and concentration of the precursor are considered important parameters that affect the
quality of the sol-gel. The type ofthe alkyl group in the precursor affects the hydrolysis reaction.
The length of the alkyl chain affects the solubility and bonding occurring with water molecules
[61]. The water amount in the sol-gel formation is another important parameter that should be
considered. A low water ratio causes a reduction of the particle size while increasing the water
content increases the particle size[70]. If the water amount is low, hydrolysis reaction occurs much
slower than condensation. The excess metal alkoxide in the water will form big particles of M -O-
M groups. If the right water to precursor ratio is used, the hydrolysis reaction is completed, and
big particles are formed. Fahrenholtz et al. [71] preparedsilica sol-gel using tetraethylorthosilicate
(TEOS) and methy ltriethoxysilane (M TEOS). When the TEOS molar ratio was more than 0.5, the

surface area and the pore volume were reduced.

The partial charge of the atom, the coordination number, and the molecular structure of the metal
alkoxide reflect how fast the reactions progress. An acid or a base catalyst is usually added to
accelerate the reaction rate, which is measured by the coordinative unsaturation, which in turn is
the difference between the valence number and the coordination number of the metal [65].

2.2.4.2.2 Aging

Aging is a crucial step in the success of a sol-gel process. During the aging, sol networks grow,
and the viscosity of the sol increases. Aging is usually carried out in an open flask allowing alcohol
to evaporate and the water amount to reach the same amount under ambient conditions. The
viscosity of the sol increases because the condensation reaction keeps taking place and produces

sol monomers with low concentration and strong molecular interactions [33]. The aging step is
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carried out at a normal temperature and can be extended from a few hours to several weeks. The
sol-gel aging is highly affected by the flask's time, temperature and size. Each parameter of these
conditions can alter the viscosity of the sol and the gelation. Sakka et al. [61] showed that
temperature change could profoundly influence gel viscosity. They have adjusted the temperature
to reach a drawing range of viscosity for several hours with an increase of 4 % per hour. The gels

obtained for fiberazation were crack-free.

Studying the effect of aging is challenging because it requires in situ method and other imaging
observation techniques at a nanoscale. Nuclear magnetic resonance (NMR) technique-based
methods can be used to study the aging effects on sol-gel by measuring pore size by using
relaxation measurements. The spin-lattice is measured and then the relaxation time is related to
pore size. It was concluded that the pore size is directly affected by temperature, pH and aging
time. D A. Ward and E I. Ko [72] prepared thin films of zinc oxide (ZnO) and investigated the
optical properties. They showed that the optical properties of the gel improved with a prolonged
aging of 24 hours. The sol aged in ethanol and KOH mixture had higher surface area that the sol

aged in ethanol only.

2.2.4.2.3 pH

The addition of acid is a crucial step in manufacturing the sol-gel coating. When the addition of
acid takes place, the acid does not participate in the sol-gel reaction but acts like catalyst, which
affects the hydrolysis reaction rate. The addition of acid affects the oxidation activity of the
corresponding anions. The pH value influences the zeta potential of the sol after adding a certain
amount of acid; the zeta potential is shifted to the neutral region known as the isoelectric point.
The zeta potential is used to measure the activity and stability of the sol. M oreover, the stability of
the sol is related to the attraction and repulsive forces [73]. If the electrostatic or repulsive forces
are low compared to Van der Walls forces, particles tend to coagulate. During the deposition
process, particles will also coagulate if the attraction forces are much higher than the repulsive
forces. [20] A stable sol is formed when the zeta potential is shifted from the isoelectric point. The
formation of large agglomerates occurs at low zeta potential values. The addition of the acid is
known as “peptization” which produces smaller particles in the sol, it is important for a controlled
coating. [74]
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2.2.4.2.4 Mixing time

The mixing time of the reactants in the sol-gel reactor has an impact on the hydrolysis and
condensation reactions [70]. The hydrolysis and condensation occur rapidly before a complete
mixing is achieved. The effect of mixing time can be observed when the reactor molecules should
be mixed faster than the reaction rate. The mixing time will directly affect the particle
characteristics. The design of some reactors includes a mixing element such as a rotating disk

reactor and stirrer tanks. It is crucial to determine the mixing time, especially in the industry, to
avoid the extra operating cost and to reach high-quality coating [66].

2.2.4.2.5 Temperature

The operating temperature influences the rate of the hydrolysis and condensation reactions and
thus the characteristics of the sol. The temperature affects the rate at which the solvent evaporates
and the concentration of the particles in the sol. Controlling the evaporation rate is important as it
affects the quality of the sol-gel and, in turn, controls the agglomeration of the particles. If
evaporation occurs rapidly, the obtained gel will have many cracks and will not be homogenous.
B. Yoldas [75] is the first to manufacture thin alumina coating using the sol-gel method. He showed
that if cold water is used for hydrolysis and condensation reactions, the resulting sol will contain
amorphous monohydroxide. On the other hand, the hydroxide is converted to crystalline boehmite
when the reaction iss conducted at 80°C.

2.2.4.2.6 Calcination temperature

Calcination, as a final step, is considered crucial in the sol-gel process. During calcination, the
solvent is removed at a certain rate, enabling the particles to agglomerate and crystallise [76]. The
calcination temperature has an effect on the crystal structure and the surface area of the coating.
In addition, the calcination temperature has an effect on the adhesive properties. Giani et al. [77]
studied the effect of calcination of alumina on metallic substrates using XRD analysis. They
showed when the calcination temperature was at 700°C, a small number of alumina particles
appeared on the surface. When the calcination temperature was increased to 900°C, desert rose
alumina was formed, which had better adhesive properties. When the temperature was increased
to 1000°C, bigger agglomerates were formed, which led to cracks. The occurrence of micropores
during calcination leads to the formation of capillary stress thus cracks develop. The micropores
are usually eliminated by adding a binder or by supercritical drying. Sarwani et al. [78] showed

that alumina and nickel coating surface roughness increases with the calcination temperature for
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steam reforming. T he surface roughness increased from 55 to 274 nm for calcination temperature
from300 to 600°C. XRD tests showed that more alumina and nickel particles are formed at 600°C.
In addition, 600°C resulted in the highest conversion for steam reforming. S. Adegbite [79] studied
the effect of calcination on the adhesive properties of alumina on FeCr substrates. When ultrasonic
adhesive tests were conducted, the weight losses were 1.5%, 0.8% and 0.08% for the calcination
temperatures 400, 700 and 900°C, respectively.

2.2.4.2.7 Dippingvelocity

The withdrawal velocity is a crucial factor in the dip-coating process as it controls the thickness of
the coating. Thedraining and entraining forces occur when a substrate is withdrawn from a coating
bath. The difference between these two forces determines the coating thickness. [46] Faustini et
al. [71] discovered two flow regimes are present during the dipping process. They showed that at
low dipping speed, the thickness of the coating is controlled by the rate of evaporation of any
excess alcohol and the capillary forces. On the other hand, the viscous drag forces control the
coating thickness at a high dipping speed. Suppose the dipping velocity is in between all the
previous factors intertwin. Usually, the dipping bath contains a highly diluted solution to maintain
the homogeneity of the coating. Several dipping cycles are used to increase the thickness of the
coating. Low dipping speeds are also used to increase the thickness of the coating. M ore capillary

forces appear when the dipping speed is low.

2.2.4.3 Preparation method

The sol-gel preparation consists of some fundamental steps to achieve a uniform coating using the
sol-gel dipping method. First, the substrate is pre-treated and cleaned from dirt, and the precursor
is hydrolyzed in excess water under vigorous stirring to minimize the mass transfer limitations.
Then acid is added dropwise for the peptization of the hydroxide. Once the mixing is completed,
the substrates are constantly withdrawn in the coating bath. The coated samples are dried in air for

a few hours and calcinated to achieve good adhesive properties. [61]

Lee et al. [80] prepared alumina coating on stainless steel substrates by sol-gel and dip-coating
methods. As shown in Figure 2.7, the substrates were cleaned by a vapour degreaser. Aluminum
alkoxide or aluminum secondary butoxide were mixed with excess water, allowing hydrolysis and
condensation reactions. Acid was added with a molar ratio of 0.07 mole acid per mole of alkoxide.

The sol was allowed to increase by aging the sol for 24 h and the substrates were dipped at a
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constant speed of 15 cm/min in the coating bath, then dried at 95°C for 1 hr. The final step was the

calcination at 500°C for 3 h until transparent alumina films were obtained.

Al - Alkoxide
H:0
Al(OC,H),

. ; Alkoxid — 1moaol
Hydrolysi o efH:D - moj"llﬂﬂ mol
Peptization HCL — 0.07 mol

/H,0= /1 mol
5ol
Dipping With metal or glass substrate
Drying At 95 °C for 10 min
Heat treatment At 300 °C for 30 min
Thin film On metals or substrate

Figure 2.7: Sol-gel coatings preparation diagram from Lee et al.[80].

Hosseini et al. [81] used a sol-gel method to prepare hydroxyapatite powders. First, water was
added with a low flow rate of 6ml/min to a 4 molar solution of Triethyl phosphate (TEP)
((C2Hs)sPO.), which was mixed with excess water, as shown in Figure 2.8. Then three molar
Ca(NO3)2-4H20 was mixed with water and added to the TEP solution. The mixture was stirred
vigorously for 24 h. The mixed sol solution was continuously agitated for 60 min at 80°C. The sol
was dried at 95°C for 1 hr and then calcinated at 600°C for 3 h. The sol was aged up to 24 h, and

the viscosity measurements were conducted.
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Figure 2.8:Sol-gel coating preparation steps from E.Hosseini et al.[81].

2.2.5 Characterization methods

2.2.5.1 Microscopy and surface analysis

Several methods are used to characterise the efficiency of the sol-gel coating, including
microscopy, surface analysis tests, and adhesive tests [82]. The microscopic methods include the
optical microscope, SEM, and Transmission electron microscopes (TEM). Surface analysis
methods such as EDS, BET, and X-ray diffraction (XRD) give a detailed analysis of the coating
composition, surface area, and crystal structure [83]. Microscopy methods give an overall picture
of the coating but do not provide quantitative results about the surface composition [84]. The

optical microscope is not precise equipment to visualize the coating because the resolution limits
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the wavelength of visible light. SEM uses a beam of electrons instead of light beams. The electrons
hit the sample where the absorption of electrons occurs. Then the beams of electrons are converted
to a high-quality image. The EDS is another tool which works by electron beam scattering. The
EDS can be used independently or in parallel with the SEM [85]. When the electrons hit the target
atom, an X-ray is emitted from the surface, and the element can be identified from the emitted X-

ray energy.

The surface composition is calculated [86]. The BET technique measures the surface area by the
physical absorption of gas molecules on the surface. The BET relates the number of absorbed gas
molecules on the material surface to the effective surface area. Usually, nitrogen (N2) is used to
conduct the BET analysis. Therefore, most of the BET tests are conducted at 77 K, the boiling
point of N2. Ran et al. [86] used a BET surface analyzer (Coulter 100CX, USA) to measure the
surface area of catalysts obtained by sol-gel. The samples were first desorbed under vacuum for 2
h and were dried at 100 C for 1 h. They have used N2 to calculate the surface area, therefore the
measurements were conducted at 77 K. Themorphology of the coating was determined using SEM
(JEM-5600LV) accompanied by an EDS (Oxford ISIS-300) to determine the surface composition.

2.2.5.2 Adhesive tests

Coatings must have good adhesive properties in applications conducted at elevated temperatures
and high operational flow rates. T herefore, adhesive tests are key in determining the efficiency of
the coating. The coating quality is assessed based on the amount of weight loss during this test.
Small weight loss would indicate that the coating has good adhesive properties and vice versa is
also true. Several tests are used to determine the adhesive properties of the coating on metallic
substrates, such as shear forces, scratch tests, ultrasonic tests, and thermal tests. Shear forces tests
are simple; the coated substrate is dipped in water and subjected to mechanical stirring to test the
adhesiveness of the coating. The substrate is placed in a beaker on a stirring plate and stirred for a
certain time and stirring rate, measured by the rotations per minute (rpm). The stirring rate is
typically set to 750 rpm to create turbulence. The shear forces are increased when the magnet
stirrer hits the substrate during the test. In the ultrasonic test, the coated substrate is dipped inside
a liquid, and sound waves create strong vibration forces. Vasconcelos et al. [74] used RS Pro 100W
ultrasonic bath for 5 mins for sol-gel silica coating at 100 watts. T he tested samples were dried

using nitrogen and weighted to measure the weight loss percentage. Oxidation resistance tests of
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the coated substrates are conducted at high temperatures in a furnace. Figueira et al. [34] described
a simple heat test for corrosion protection systems. They placed the coated samples in a tube
furnace at 800°C forl h with ramp of 5°C per minute, and the weight changes were recorded.

2.2.6 Pre-treatment

The adhesiveness of the coating and metallic substrates represents the biggest obstacle for all
coating methods [87]. For a sol-gel process, it is dependent on parameters such as type of
precursor, operation temperature, viscosity of the sol, etc. One way to improve the adhesiveness
is to apply treatments to the substrate before the deposition of any material on the surface [68].
The treatment aims to remove any dirt or contamination and to create a rough surface. The
roughness is a property which quantifies the surface is evaluated by measuring the difference
between the normal vector of the actual and the ideal surface. When the difference between the
actual and the ideal surfaces are large, the surface is considered rough [88]. T he surface roughness
is usually measured with Atomic force microscopy (AFM) and SEM [82]. Degreasing removes
any dirt or impurities that block the formation of bonds between the sol and substrate surface,
reducing the substrate's available surface area. In addition, it increases the coating load by making
more areas available for bonds between the substrate and the coating [89]. Roughening of the
surface increases the tendency of adhesion between the substrate and coating by changing the
wetting efficiency, contact angle, and the surface energy of the substrate. Chemical bonds are
highly required to achieve excellent adhesiveness properties. Heat treatment methods of metals
such stainless steel develop passive layers of chromium oxide (Cr203) [78]. The heat treatment
oxide the substrate's surface, creating oxide whiskers. These whiskers increase the surface area
available for the coating and motivate covalent bonds to occur.

Pre-treatments were considered and evaluated in previous studies conducted on metallic wire
mesh. Beibei et al. [90] degreased the wire mesh from impurities and dirt by dipping it in acetone
in an ultrasonic bath for 30 mins. This step was followed by drying the substrate at 100°C to
remove excess moisture. Another study by Vasconcelos et al. [74] used several pre-treatment
methods on a stainless-steel substrate for alumina coating via sol-gel. First, the substrate was
ground with sandpaper and then dipped in acetone. Galliano et al. [91] used electropolished
stainless-steel to achieve a cleaner and smoother surface. One disadvantage of this method is that

it reduces the wetting efficiency of the substrate, thus the adhesion. They also conducted a heat
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treatment at 350°C to develop oxide whiskers to improve the adhesiveness and the coating load.
Finally, the substrates were rinsed with ethanol for further cleaning. Valentini et al. [39] used
hydrochloric acid to increase the roughness of FeCrAlloy substrates.

There are other methods for the pre-treatment of a substrate, such as acid pickling and degreasing
via vapour deposition. However, no optimal pre-treatment method works for all cases to reach the
maximum coating efficiency. The effectiveness of each pre-treatment method is relevant to the
preparation method of the sol-gel. Therefore, it is critical to investigate the effect of several pre-
treatment methods.

2.2.7 Dip-coating

Once the sol-gel is prepared, the coating can be applied using dip coating, spincoating or spray
coating. Spin coating is carried out by adding the sol on the substrate, then spinning the substrate
at high RPM to remove the excess liquid and a thin film remains. On the other hand, the spray
coating is conducted by having the coating as an aerosol, allowing a thin film coating [92]. The
dip coating is a simple and affordable process used to coat substrates and is easy to scale up. It can
be used for any substrate, even with complex geometry such as the wire mesh. This process
includes dipping, dwelling, withdrawing, and drying [93]. The substrates are immersed into the
sol at a specific speed before being withdrawn at the same speed. T his procedure is usually carried
out using a dip coating machine. In this process, the coating bath (i.e. sol) must remain in the liquid
phase, allowing a homogenous dispersion of the particles of the desired coating[94]. Early gelation
in the coating bath makes regions to have higher concentrations, this phenomenon deteriorates the
uniformity of the coating and results in crack formation. The wetting efficiency of the coating
depends on the contact angle and the sol viscosity. This is followed by particle aggregation by
drying to remove excess solvent and only leaving a thin film on the substrate. This develops

stronger bonds between the coating particles and the substrate [95].
2.2.8 Coating of metallic substrates

A study by Guglielmi [60] reviewed the values of metal coating via sol-gel techniques. The sol-
gel method, which manufactures high purity thin films at moderate temperature, is waste-free and
eliminates the use of coarse powders, favouring the potential for coating complex geometries. The
method is recurrently cited as promising to produce cost-effective coatings of a controlled

thickness by judicious use of composition of the liquid precursors, facilitating the scale-up to
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industrially relevant applications. Sol-gel methods are known for developing cracks inside the
thick coating, particularly in complex geometries of the substrate [13]. Truyen et al. [6], M asalski
et al. [37], Sanz et al. [38] and Valentini et al. [39] investigated the deposition of y-Al.O3 by sol-
gel on flat metallic substrates. They prepared the sol-gel by following Yoldas’ method [75] with
various adjustments (i.e. starting composition and operating conditions of temperature and
pressure). The method consisted of mixing aluminium alkoxide (isopropoxide or tri-sec-butoxide)
with an excess of water at approximately 80-85°C under vigorous stirring. The sol was clarified
using a peptization process by adding an acid, which reduced the level of heterogeneity by breaking
the large particles for better control of the hydrolysis kinetics.

The coating was characterised by thickness gauge, surface morphology analysis, ultrasonic
adherence, thermal resistance, rheological and porosity distribution tests. Truyenetal. [6] allowed
the sol to age until thixotropic properties began to emerge, which was the key step to develop a
thin and uniformly spread coating of 0.1-10 um thickness. Valentini et al. [18] investigated the
effect of the acid and water content on sol viscosity. They reported arange of optimal compositions
for a uniformly spread coating of an approximate thickness of 30 um. Alumina powder was
recommended to be added to the sol using multiple depositions of diluted solutions to achieve a
controlled adhesiveness. Unlike the samples with low loads (i.e. 1 or 2 deposition cycles) which
demonstrated almost no mass loss under ultrasound tests, those of large loads (i.e. 3 or 4 deposition
cycles) demonstrated mass losses of over 70%. Guglielmi [60] reported similar results, who
emphasized that the coating above a certain thickness would exhibit poor protective capabilities
owing to the development of cracks and malformations in the coating structure. Sanz et al. [38]
investigated a method of coating metallic wire-mesh for the catalytic combustion of soot by
varying acid concentration, water content, solid content and polyvinyl alcohol (PVA) as a
polymeric binder. The role of the PVA was pertinent to reduce the cracks and improve the
adhesiveness of the metallic substrates. Gianiet al. [35] achieved a 20 um layer of alumina coating
on metallic foams. The role of viscosity of the gel was investigated through rheological tests by
varying the sol-gel parameters such as water content, pH and ageing. By increasing the solid
content and the acid content, the viscosity of the sol-gel was almost constant, until it increased
after 48 h. In addition, the formation of intertwined networks of polymers, as a result of ageing for

72 h, increased the viscosity of the sol-gel, resulting in good reproducibility. The coating showed
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good adhesiveness when tested in an ultrasonic bath and only 4 mass% of the original loading was

lost.

2.2.9 Sol-gel coating on Dixon rings

With the emphasis on smaller, cleaner, and more energy-efficient process units, implementing a
packing that promotes the transfer of mass and heat while keepinga low-pressuredrop is necessary
[96]. Metallic packing with a three-dimensional structure such as a mesh-based structure would
deliver promising phase contacts in multiphase process applications (i.e., distillation, absorption,
adsorption, catalytic systems, etc.), reducing capital and operating costs. T uningthe surface of the
Dixon rings with uniform coating can have many benefits, such as developing hydrophobic and
hydrophilic packing [97], such as in the trickle bed reactor [98]. As demonstrated in Table 2.3,
when compared with similar packings, Dixon rings offer a larger surface area. [99]. The specific
surface area is also known as the area per unit volume which indicated the rate of mass and heat
transfer. The void percentage is defined as the ratio of pores to the total volume of the packing.

Table 2.3. Physical properties for random packings.

Berl saddles 1/, in | Raschig ring 1/, in | Dixon Rings 1/, in | Dixon Rings 5/8
[26] [26] [100] in [100]
Specific 500
Area 352 610 900
(m?/m3)
Void (%) | 62 7 90 87
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2.3 Hydrodynamics

The packed column is filled with packing material, creating a void due to the contact points
between the packing. There has been an interest in studyinghow the physical packing properties
affect flow patterns in single and multiphase applications such as gas-liquid and gas-liquid-solid
applications. The packing size, material, void fraction, and surface area highly affect the flow
pattern [101]. Therefore, packing is characterized by various operating conditions such as the
liquid and gas flow rates to test their hydrodynamic performance. Dixon rings are made of a
metallic wire mesh grid and a section in a longitudinal direction of the ring [66]. Improving flow
inside the packed columns requires understanding the flow pattern at microscopic and macroscopic
scales. The flow regime and several hydrodynamic parameters such as liquid holdup, effective
surface area, and pressure drop highly affect the mass transfer capabilities. The next chapter in the
literature review section discusses macroscopic studies [102]. Understanding the relevant flow
characteristics on a microscale, such as dispersion of the liquid phase and wetting efficiency of the
packing has been extensively investigated, owing to the impacts of these characteristics on process
design from economic and environmental perspectives. T he wetting efficiency of the packing is a
critical design parameter as it affects the gas-liquid interface where the chemical process takes
place and the flow patterns of multiphase systems. It shapes liquid flow variations under various
regimes (i.e., droplets, rivulets, bubbles, or trickle types), directly influencing mass and heat
transfer phenomena [5].

2.3.1 Flow regimes

Gas and liquid interactions with the packing result in a different flow regime [103]. The flow
regimes in the packed column are divided into film flow, trickle flow, spray flow, and pulse flow,
as shown in Figure 2.9. The flow regime depends on the operational parameters such as the gas
and liquid flowrate and the physical properties of the packing [104]. At low operational conditions
for gas and liquid flow, the liquid forms a film over the packing material; this is called film flow.
The movement of the liquid in this flow regime provides a high wetting area, which increases with
the increase in liquid flow rate. When the gas flow rate is increased while the liquid flow rate is
unchanged, some of the liquid is transformed into droplets, known as the trickle flow regime.

When the gas and liquid flow rate are increased, all the liquid will form droplets, known as the
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spray regime. When gas flow rates are very low compared to liquid flow rates, bubbles are formed

in a continuous liquid phase. The dispersion of bubbles in liquid is known as the bubble flow

regime.
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dhacpe ac
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Figure 2.9: Flow regimes in packed columns taken from Gunjal et al. [105].

M ethods to capture the flow regime include signal analysis using non-linear time data points [106]
[107] and pressure fluctuation methods [108] [109]. It was concluded that the signal methods could
not capture the flow regime accurately. On the other hand, the pressure fluctuations methods were
found to be capable of capturing the flow regime. However, these methods could not capture the
transition between the flow regime. Since experimental techniques fail to capture sharp transitions
between phases, the flow regime is usually identified using CFD methods. Gunjal et al. [105]
implemented a wall fluctuations model for the gas and liquid flow using CFD to predict the nature
of theflow regime. Tonget al. [110] studiedthe flow regime on structured triangular packing using
2D and 3D CFD models using VOF method. They measured the velocity profiles of the liquid
from the CFD simulation were validated using scientific Complementary Metal-Oxide—
Semiconductor (SCM OS) camera. T he liquid flow pattern showed the film flow regime at low gas
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and liquid velocities. It can be concluded that 3D packing studies are highly required but still
lacking for packed columns [111]. The opportunity to apply CFD as a tool to model the flow
distribution in packed columns has enabled significant progress in understanding the flow regime
for fluid-solid interactions of various geometries and solid types [112]. The spatial resolution of
these methods helped link the complex geometrical configuration of the packing and operational
parameters to patterns of the flow and thus assess interactions of the gas, liquid and solid phases
of multiphase systems [113] [114].

2.3.2 Liquid maldistribution

The applications to randomly packed columns have been limited due to scale-up difficulties
because the flow distribution is not clearly understood. Sometimes it is assumed that the gas flow
has a uniform distribution all over the length of the column. Theliquid flow distribution is complex
and non-uniform due to the distribution of the voids and the bad distribution of liquid from the
nozzle [115]. Therefore, understanding the fluid-fluid and fluid-packing interaction is essential
because of the stagnation zones and the dead-zones, which impact the operation's efficiency. A
major disadvantage of the liquid mal-distribution in packed columns is poor mixing, resulting in
low mass and heat transfers. In addition, the liquid mal-distribution keeps increasing along the
tower's length, especially when the column diameter is above 0.5 m [116]. Designing and scaling
up packed columns has been fraught with difficulties due to the uncertainty of the flow pattem
because of the mal-distribution. Tray columns can be the preferred engineering design in some

cases because the mal-distribution does not add up along the tower's height. Each tray is
independent.

The liquid mal-distribution has been understood since 1935 by a study conducted by Garner et al.
[117]. This early study was conducted on spheres and saddles that were randomly packed without
gas flow. It was shown that the liquid distribution is non-uniform, and the type of nozzle used
highly affected the liquid flow pattern. Another investigation conducted by Porter et al. [118]
showed that the liquid had a uniform pattern for Ranching rings. A model to describe the liquid
flow distribution for Raschig rings and Intalox saddles was developed by Yin et al. [119]. The
model was based on the diffusion theory for several different nozzle geometries. They found that
the surface tension is not related to the changes in the flow distribution. Zhanget al. [120] showed

similar results on the effect of the liquid physical properties on the uniform distribution of liquid.
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Their results showed that the liquid patternis not a function of the liquid surface tension. These

claims were debunked by the investigation conducted by Onda et al. [121] showed that the liquid
distribution varies significantly with the type of liquid and the surface tension.

A more recent study on the mal-distribution of liquid was developed by Souadnia and Lati [122]
without the gas phase. T he study was conducted for several types of random packing: ceramic and
metallic Pall rings and metallic Raschig rings. The study was conducted on large and small scales.
It was demonstrated that the radial mixing of liquid highly affects the rate of mass and heat
transfers. They showed that the mal-distribution magnifies at a larger diameter due to the wall
effects and the non-uniformity in the liquid distribution, which can lead to a significant decrease
in unit efficiency. Harriott [123] conducted an experimental investigation in a 0.5 m diameter
column packed with stainless steel saddles and ceramic Pall rings. The study was conducted for
various parameters such as the liquid flow rates, packing volume, type of nozzle, and liquid
properties. It was found that the liquid distribution becomes more uniform at higher gas velocity.
Equivalent results were obtained by Dutkai and Ruckenstein [124] in an investigation conducted

in 0.15 m diameter column which was packed with spheres.

Several experimental techniques measure the mal-distribution and visualize the gas-liquid flow in
the packed tower. The tracer method is considered one of the classical and simplest methods to
measure liquid distribution. This method injects an electrolyte into the top of the column and
removed from the bottom. The tracer concentration profile is measured during the operation along
with the height of the column, which determines the liquid distribution [125]. Tomography is a
non-invasive method that can be employed to visualize the fluid flow distribution. In X-ray
tomography, the scanning device is placed with a moving arm on a table, allowing it to rotate
around the packed column. One main disadvantage of X-ray tomography is the minimum
scannable column diameter is 0.5 m. Gamma tomography visualizes a 3D flow pattern in the
packed column. The main advantage of tomography is the precision to accurately detect any
changes in the uniformity of the flow pattern on a local scale. The biggest disadvantages of

tomography are the elevated level of safety required to conduct the operation due to the radiation
and the expensive machinery [126].

CFD links the complex geometrical configuration of the packing and operational parameters to the

flow patterns. It assesses interactions of the gas-liquid-solid phases of multiphase systems.
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Applying CFD to model the flow distribution in packed columns has enabled quick progress in
studying fluid-solid interactions of various geometries and solid types. The spatial resolution of
the CFD methods allows capturing the interphase of surfaces between the liquid and the solid
packing. Unfortunately, CFD simulations must be conducted for a small number of packing
elements due to the computational cost of the fluid flow models. Therefore, simulations on an

entire packed column are unrealistic nowadays [127].

2.3.3 Hydrophobic and hydrophilic packing

Hydrophobicc packing are used for Volatile Organic Compounds (VOCSs) in multiphase system
gas water PolyDiMethylSiloxane (PDMS). They are also used in hydrogen isotopic exchange
applications. H,O-H,S exchange reaction happens fast and does not need catalyst while other
exchange reactions need catalyst to increase the reaction rate. Potassium methylamide catalyst

(CH:NHK) is an effective catalyst for CH:NH.-H,exchange reaction while a hydrophobic catalyst
is needed for H.O-H.exchange reaction..

The contact angle is calculated using Young’s equation which is based on the thermodynamic
equilibrium between two or three phases. It is a function of the interfacial energy and surface

tension as shown in equation (2.3). When the contact angle is higher than 90°, a hydrophobic non-
wetted surface is obtained, whilst a hydrophilic wetted surface is reached when it is less than 90°.

Ysc — VYsi —YLCcos(8) =0 23)

Where y is the interfacial energy, S is solid, L is liquid, and G is gas.

Thedroplet's adhesion to the solid surface determines the value of the contactangle. Theattraction
forces for a hydrophilic surface are higher than the hydrophobic ones. In a hydrophilic surface, the
droplet will spread over the surface until reaching equilibrium due to internal flow inside the
droplet, which results from the collision. The viscous forces are developed at the three-phase
contact lines due to eddies. The increase in viscous forces interacts with the capillary forces, thus,
it can control the spreading rate and the wetting properties. If the droplet adhesion to the surface
is higher than its cohesion, the droplet will spread over the surface ata contact angle of less than
90°. When the cohesion forces are higher than adhesion forces, the contact angle is higher than

90°. Young's work describes the droplet cohesion, adhesion, and contact angles [44]. Grewal et al.
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[129] developed a model to measure the spreading rate and droplet profile. The model was based
on viscous, capillary, and contact angles for hydrophobic and hydrophilic surfaces. The viscous
forces are calculated using equation (2.4) which is a function of u (velocity), h (height), d (droplet
diameter), p (length of capillary pillars), and p (viscosity).

F __ huh (2.4)
texture — 5 D/ <.
exture pzln (p/d)r

The capillary forces are function of the equilibrium contact angle (6eq) surface roughness factor

(rr) and the potential interface of the solid-liquid and gas interface (y) as shown in equation (2.5)
Foap= v (17 c0s6q — cosO(t)) (2.5)

Zhang et al. [130] developed an empirical model based on the droplets splashingand spreading as
a function. Theeffect of impact velocity on the spreading was evaluated based on the contact angle
and the dimensionless numbers, such as Weber number (We) and Reynolds number (Re), as shown
in equations (2.6) and (2.7), respectively. We is used in describing the flow in multiphase systems
which have a fluid interface [131]. Re describes the ratio between the viscous and interatrial forces,
which helps predict the flow pattern [132].

pu?l (2.6)
w, =2

R =p_ul (2.7)
"

where p is density (kg.m3), uis velocity m.s™2, lis droplet diameter (m), o is surface tension (N.m"

2) and p is the dynamic viscosity (Pa.s).

The spreading speed for the hydrophobic surfaces was higher than the hydrophilic surface due to
less viscous dissipation. The wetting efficiency is entangled by the liquid distribution over a
surface, the operating flow, and the packing (i.e., materials and geometries). Small droplets form
a higher surface area in gas/liquid, solid /liquid, and solid/gas/liquid flows in packed columns.
Hydrophobic packing results in poor liquid mixing, which limits the packing mixing capabilities.

On the other hand, hydrophilic packing results in higher mass transfer rates but is accompanied by
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high-pressure drop. Depending on the application of interest, hydrophobic, hydrophilic, or both
are selected. Maet al. [133] studied the flow characteristics for hydrophilic metal packing. Linek
et al. [134] and Kumar [135] gathered data on the characteristics of hydrophobic plastic packings.
Hydrophobic packing are commonly used in hydrogen isotopic exchange. Kumar et al. [136]
compared the mass transfer and dispersion in packed beds of hydrophobic and hydrophilic Raschig
rings using the radiotracer technique. They confirmed the anticipated high dispersion in the case

of hydrophobic packing and the mass transfer in the case of hydrophilic packing.

Yan and Gao [137] investigated the effect of the contact angle on the interfacial wettability for a
packing coated by the spray and dipping methods. It proved that the lower the contact angle is, the
less pressure drop occurs, resulting in high weeping rates. The hydrodynamics and mass transfer
performances in a rotating packed column with a hydrophobic mesh were investigated by Zhang
et al. [138] using a high-speed camera. They evaluated the dispersion by observing the cone angle
generated from the splashes of droplets-solid packing interactions. The results showed that a
hydrophobic mesh was more capable of spreading the liquid and thus improving the liquid
dispersion. They noted that the liquid dispersion increases due to an increase in the shear forces
between the water and the solid surface. Parameters such as the macrostructure and surface energy
of the substrate highly affect the dispersion. The droplet can pass through the wire mesh grid if the
surface is superhydrophobic due to the low friction. Maet al. [133] studied the wetting efficiency
in a rotating packed bed of alumina-coated stainless-steel mesh. Compared to the uncoated
stainless-steel mesh, the coated wire showed a higher wetting ratio, leading to an increase in mass
transfer efficiency by 45.7 %. Su et al. [139] used a series of stainless-steel substrates to study the
wetting efficiency in a rotating bed reactor. The wetting efficiency was related to the surface
hardness and surface free energy, which allowed an understanding of the role of the coating
material on the wetting efficiency behaviour.

Wire mesh has been employed in multiphase applications that generate fine liquid elements to
increase the contactarea between the gas, liquid, and solid [140]. Song [43]broke a liquid jet using
a wire mesh to create finer droplets. They showed a conical area was formed after the liquid
contacted the wire mesh. Kooij et al. [141] also studied the liquid dispersion for spray application.
Using a metallic wire mesh, they created finer droplets by breaking a liquid jet. One method that

can be used to adjust the wetting efficiency is applyinga surface modification of the packing using
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a uniform coating of hydrophobic or hydrophilic nature, depending on the application of interest.
A uniform coating can change the structure of the surface composition; therefore, it reflects a
change in the surface energy and the contact angles. With all the above mentioned, there is a need

for a packing that provides excellent mixing ability with a tunable wetting efficiency, which can
be used in RPB and PBR.

2.3.4 Multiphase models

CFD is a computerized tool used to study fluid flow by solving the Navier-Stokes equations. With
the high cost of experimental techniques to analyze the flow, CFD is becoming a better option due
to the fast development in computer technology [142]. In a CFD simulation, boundary conditions
must be defined, along with selecting the numerical solver used to compute the model equations.
As shown in Figure 2.10, the fluid domain is divided into very small elements called mesh, and
the initial solutions are defined based on the problem. There are several approaches to model
hydrodynamics in the packed column using CFD [143]. The first is macroscale analysis, which
focuses on modeling the packed column. This approach is not realistic because it is
computationally demanding. Thus, assumptions are made to simplify the model. In addition, this
approach would not give a clear and detailed understanding of the flow pattern. A better approach
is to focus on a few packing elements or a small section less computationally demanding than the
entire packed column. This approach is used to obtain a detailed analysis of fluid flow and fluid-
solid interactions. The wetted area, liquid holdup, and pressure drop can be calculated using this

approach [144].
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Figure 2.10: The procedure for solving a CFD problem

The study at the microscale level of packing is a promising approach to understanding the
phenomena that take place and predicting those that occur at large scales. Since the wetting
performance and liquid dispersion are critical information to anticipate, developing surface
characteristics of a packing that would be tuneable is essential for multiphase flow. In addition,
the visualisation of the dynamics of the wetting at the macroscale level is still not sufficiently
mature since existing methods that allow observations of time-integrated data. In contrast, the flow
dynamics, particularly at low velocities, where the time resolution of observation is critical, are
not straightforward [145] [146].

2.3.4.1 Lagrangian- Lagrangian method

Lagrangian approach is a discretized phase approach based on a moving mesh method. In
Lagrangian method, the particles flow under the Newtonian rules of motions. This approach has
advantages over Finite Element Method (FEM) and Finite Volume Methods (FVM). The mesh
created is less complex than the ones created by FEM and FVM, thus less computationally
demanding. Therefore, Lagrangian methods became popular in modelling randomly distributed
particles [147]. The fluid domain is divided into arbitrary points based on the particle's position,
which tracks the movement. The local information such as the fluid velocity can be extracted for
each particle from time t=0 to time “t”. A complete picture of the fluid flow can be obtained by

gathering the local information for all the local points. In addition, particles interactions are
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considered as in real life scenario, the mass, momentum, and energy equations of Navier-Stokes

are solved by Lagrangian method [148].

2.3.4.2 Lagrangian- Euler method

Combining Lagrangian and Euler method has been used extensively for modelling multiphase flow
in packed column. This method combines both continuum and discretized approaches for modeling
the flow. For the phase with large volume fraction, the Euler method is used for a continuous
phase, most commonly the gas phase. However, this approach fails to model the flow when the
volume fraction the fluid is high [150]. On the other hand, the Lagrangian method tracks
discretized phases such as gas, bubbles, solid particles, liquid droplets, etc [149]. Therefore,

particle tracking has become common for modelling spray towers and fluidized bed reactors.

2.3.4.3 Euler-Euler methods

The Euler approach is commonly used to model gas-liquid flow in packed columns. In the Euler-
Euler method, the fluid is considered as a continuous and the volume fraction of the fluid is high.
The volume fraction method is used in the Euler methods since the volume of one phase cannot be
occupied by another phase at a given space and time. In addition, the summation of the volume
fractions at a given space and time is one [151]. Several models are based on the Euler methods:

mixture model, Eulerian model, and VOF model [150].

2.3.4.3.1 VOF method

The VOF method is based on tracking and locating the interphase between two or more fluids. The
VOF belongs to the Eulerian approach for modelling multiphase systems where the mesh is either
fixed or moving to form a sharp interface. The VOF model contains equations to track the fluid
interface [152]. In addition, the momentum balance equations must be solved for each phase and
the volume fraction must be computed for each cell in the fluid domain. The VOF model is
commonly used when the volume fraction for each phase is large such as in the motion of big
particles in water and the jet flow. More details about the VOF model can be found in Lou and
Zhu [150] work.
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2.3.5 Wetting efficiency

2.3.5.1 Purpose

The wetting efficiency is entangled by the hysteresis of the liquid distribution over a surface, the
flow regime, the operating flow and the type of packing (i.e. materials and geometries) [5]. The
wetting efficiency of the packing is a critical design parameter as it affects the gas-liquid interface
where the chemical process takes place as well as the patterns of flow of multiphase systems. It
shapes variations of the liquid flow under various regimes (i.e. droplets, rivulets, channelled or
trickle types), directly influencing mass and heat transfer phenomena [1]. The wetting efficiency
is defined by the contact angle, which is the angle between the tangent to the interface of a droplet
and the solid walls. When the contact angle is higher than 90°, a hydrophobic non-wetted surface
is obtained, whilst a hydrophilic wetted surface is reached when it is less than 90°. The wetting

efficiency is entangled by the hysteresis ofthe liquid distribution over a surface, the operating flow
and the type of packing (i.e. materials and geometries).

2.3.5.2 Previous studies
Early efforts were made by Billet and Schultes [26] on modelling the wetting efficiency of a
randomly distributed packing using a large experimental database to derive correlations on the

liquid holdup, effective surface area and K _a,. Rocha et al. later developed an improved model

for multichannel flow through structured packing. The relevance of properties such as the contact
angle (6) and the size of the corrugations was reported. A flow model at microscale was highlighted
based on correlations of the liquid holdup, the partial wetting, and the liquid film thickness.
Lambert and Gonzalez [154] used a bouncing droplet over a super-hydrophobic surface to
demonstrate that the characteristics of a solid surface affect the shape and flow pattern. Dong et
al. [155] developed an effective strategy to control liquid overflow on a micro-nano structured
super-hydrophilic surface. Haroun et al. [156] and Ataki and Bart [157] investigated the wetting
efficiency of structured packing, namely Mellapak 250.X and Rombopak-4M, respectively. The
flow characteristics were reported by 3D simulation that captured the motion variations of the gas-
liquid interface. They combined the VOF model and the Eulerian-Eulerian model to investigate
the effects of operating flow and properties of the liquid on the behaviour of flow variations and
reported modifications of existing correlations on the liquid holdup and the effective surface area

for the structured packing. They emphasised the relevance of the & on the flow regime. The higher
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the @is, the more responsible it is for changing the flow from a trickle to bubble flow. Other works
showed the feasibility of this modelling approach. The surface wetting ratio of a single catalyst
particle was studied by Du et al. [158] and Augier et al. [159]. The former studied the effect of
different operating flow rates, liquid viscosities, and contact angle on the liquid film thickness, and
the latter investigated the reactive efficiency of different catalyst shapes. Overall, few studies
investigated the wetting efficiency of gas-liquid flow in packed columns using a combination of
spatially resolved experimental imaging and 3D modelling. Such an approach would demonstrate
the relevance of conducting evaluations at the microscale level and help understand the changes

in flow-packing interactions.

2.3.5.3 Effect of coating

One method that can be used to adjust the wetting efficiency is by applying a surface modification
of the packing using a uniform coating of hydrophobic or hydrophilic nature, depending on the
application of interest. Kumar et al. [136] compared the liquid hold up and the axial dispersionin
packed beds of hydrophobic and hydrophilic types usingthe radiotracer technique and confirmed
the anticipated high dispersion in the case of hydrophobic packing and the high holdup in the case
of hydrophilic packing. Yan and Gao [137] investigated the effect of the hysteresis of the contact
angles on the interfacial wettability for a packing that was coated by the spray and dipping
methods. It proved that the lower the contact angle is, the less pressure drop occurs, resulting in
high weeping rates. The hydrodynamics and mass transfer performances in a rotating packed
column with a hydrophobic mesh were investigated by Zhang et al. [138] using a high-speed
camera. They evaluated the dispersion by observing the cone angle generated from the splashes of
droplets-solid packing interactions. T he results showed that a hydrophobic mesh was more capable
of spreading the liquid and thus improving the mixing capabilities. Ma et al. [133] studied the
wetting efficiency in a rotating packed bed of alumina coated stainless steel mesh. Compared to
the uncoated stainless-steel mesh, the coated wire showed a higher wetting ratio, leading to an
increase in mass transfer efficiency by 45.7 %. Su et al. [139] used a series of stainless-steel
substrates to study the wetting efficiency in a rotating bed reactor. The wetting efficiency was
related to the surface hardness and surface free energy which allowed an understanding of the role
of the coating material on the wetting efficiency.

49



2.3.6 Opportunity

The opportunity to apply CFD as a tool to model the flow distribution in packed columns has
enabled significant progress in studying the wetting efficiency for fluid-solid interactions of
various geometries and solid types. The VOF approach has principally been used and was
conducted in combination with the Eulerian-Eulerian model, allowing capture of the interphase of
surfaces between the liquid and the solid packing [112]. The spatial resolution of these methods
helped link the complex geometrical configuration of the packing and operational parameters to
patterns of the flow and thus assess interactions of the gas, liquid and solid phases of multiphase
systems [114].

Since the wetting performance and liquid dispersion are critical information to anticipate, the
development of surface characteristics of a packing that would be tuneable is essential for
multiphase flow. The study at the microscale level of packing is a promising approach to
understand the phenomena that take place and predict those that occur at large scales. In addition,
the visualisation of the dynamics of the wetting at the macroscale level is still not sufficiently
mature since existing methods that allow observations of time-integrated data while the dynamics
of the flow occurs, particularly at low velocities, where the time resolution of observation is

critical, are not straightforward [146].
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2.4 Fluid and mass transfer theory

The hydraulic capacity should be identified to calculate the requirements for the height and inner
diameter of the packed column. Studies have shownthat increased hydraulic capacity reduces mass
transfer performance due toflooding [160]. T herefore, parameters like pressuredrop, liquid holdup
and KGathave been widely studied. Packing that offers lower pressure drops has the highest
hydraulic capacity and mass transfer efficiency, thus is demanded [100]. For application in the
industry, it is critical to assess and characterise the packing material [102]. Packing with low-
pressure drop are demanded to save the energy needed to power the pumps. Random packings

suchas Pall rings, Raschigrings, and Intalox saddles have been investigated [161].

Dixon rings offer a large surface area, which envisages higher mixing capabilities. In addition, a
higher void percentage allows the gas to flow with a lower pressure drop [26]. Random packings
usually force the liquid to flow near the outer walls of the column, which results in bad mixing and
low efficiency. T herefore, most random packing in gas-liquid applications requires redistributors
for the liquid. Unlike all random packing, experiments have shown that Dixon Rings encourage
the liquid flow through the center of the column. This phenomenon is known as the funneling
effect, which is beneficial due to the low dynamic liquid holdup of liquid, which results in a lower
pressure drop [162].

M oreover, the liquid and gas operational flow rates were low because the column's dimensions
were small in these studies. Kaba et al. [163] studied the pressure drop for several Dixon ring sizes
and porcelain packing. Pressure drop was measured for an isotope separation distillation process,
which is different from other applications such as absorption. In this study, the variation in the gas
was limited, a few data points were tested for each packing size, and only one liquid flowrate was
tested. Moreover, the Dixon rings were made in China. It may differ from the Dixon rings
evaluated in this thesis. Therefore, measurements of hydrodynamic factors such as pressure drop,

liquid holdup and K a,are needed for Dixon rings packing.

2.4.1 Pressure drop

The pressure drop is an essential parameter in the design of packed columns. The pressure drop is
affected by the gas and liquid flow rate, density, viscosity, packing type, and height. In gas-liquid

applications, pressure drops occur due to the collision of the liquid and gas in the column. In a
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counter-current regime, the liquid flows down the column due to gravitational forces while the gas
flows upwards. The liquid flowing downwards is resisted by gas rising in the opposite direction.
When the operational flow rates are increased, the area free of flow decreases, and the friction
force increases. The liquid holdup and pressure drop increase until reaching the flooding region
since the liquid holdup increases the pressure drop. Therefore, the liquid holdup is an important
hydrodynamic parameter that should be investigated. The liquid holdup is divided into static and
dynamic. The static liquid holdup is the amount of liquid held in the column after complete
draining. The dynamic liquid holdup is the amount of liquid held in the column at a single point
due to friction forces initiated by the fluid flow [164]. The liquid holdup is linked to many
hydrodynamics properties such as pressure drop, effective surface area, and the flooding boundary.

Normally, it is calculated by stoppingthe flow at the inlets and outlets.

As shown in Figure 2.11, the pressure drop increases with the gas velocity and can be described
using two cases. The first case is when the pressure drop is measured in a column without a
continuous flow of liquid, dry or drained packing, as shown in Line A and B. The second case is
when liquid flows down in the column, where three distinct regions are observed, as shown in
XYC and XYD in Figure 2.11. The pre-loading is from 0 to X, the loading region is XY, and the
flooding zone is YC and YD, as shown in Figure 2.11. Each region shows variation in pressure
drop with the velocity of the gas. A linear relationship is found in the pre-loading region. The
liquid holdup is constant in this region. The liquid holdup starts increasing at the loading region.
Thus, the slope gets steeper at XY. This region is the best for operations since the mass transfer is

optimal. Once point Y is reached, the flooding boundary occurs where pressure drop increases to
infinity since the liquid holdup approaches infinity [165].
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Figure 2.11: Variation of pressure drop with gas flow velocity Coulson et al.[165].

The pressure drop and liquid holdup were studied for Raschig ring and Berl Saddles by Mersmann
[22]. This study was conducted under high pressure using supercritical CO2 fluid and water. The
dry pressure drop and liquid holdup were also estimated for the normal pressure of the operation
using empirical models, and a model was developed to predict the flooding point. Bolles and Fair
[166], Reichelt [167], and Molzahn, and Wolf [168] measured the pressure drop up to the flooding
point for air-water systems for Intalox saddles, Pall rings, metal Pall, and Raschig rings. Zakerie
et al. [169] investigated the pressuredrop, liquid holdup, and mass transfer for Sulzer packing. The

column used was 5m in height and 0.5 min diameter. T his investigation was conducted for a range
of operational conditions and viscosity. T he results agreed with correlations in the literature.

2.4.2 Liquid holdup

The liquid holdup is an essential hydrodynamic parameter that affects the pressure drop and the
rate of mass and heat transfer. Like the pressure drop, the liquid holdup is a critical parameter in
design, sizing, and identifying the optimal operating conditions in packed columns. The liquid
holdup changes by changing the gas and liquid flowrates, the type of packing, and the physical
properties (density viscosity, temperature, etc). Higher liquid holdup emphasizes higher heat and
mass transfer performances [170]. The liquid holdup is the sum of the static and dynamic holdups.

The static holdup is not responsible for changes in the pressure drop, it occurs when the liquid
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occupies the dead zones. The static liquid holdup doesn’t change by changing the gas and liquid
flowrate thus, it doesn’t affect the rates of heat and mass transfer. On the other hand, the dynamic
liquid holdup is affected by changing gas and liquid operating conditions. The dynamic holdup

affects the pressure drop and the rates of mass and heat transfer [171].

Many researchers studied the liquid holdup for one phase flow in packed column such as Saez et
al. [171], Raynal and Haroun et al. [156] and others used CFD simulations in order to estimate the
liquid holdup for co-current flow. The multiphase flow of gas and liquid was studied by
Mackowiak [28], Aferkaa et al. [172] and Schildhauer et al. [173] in a trickle bed Reactor of
monosized particles. The liquid holdup for a small element of structure packing was studied by
Shu et al. using CFD simulations. They implemented correlations of Bornhiitter and M ersmann
[174] to predict the liquid holdup for the liquid rivulet for a single packing element. However, the
geometry of the packing was simple which doesn’t describe accurately what occurs on larger
scales. lliuta et al. [175] conducted a 1D CFD simulation for gas-liquid flow over a packing
element in a counter current operation. Unfortunately, this study was conducted using 1D which

makes it difficult to compare to actual flow [176].

Theliquid holdup models developed by Billet and M ackowiak [22] are based on constants specific
for each type of packing. However, the model constants are not available for all types of random
packing. These models are based on fitting the experimental data to estimate the model constants.
Olujic [18] developed the well-known Delft model to estimate the liquid the holdup for random
packing. One of the model assumptions is that the packing is completely covered with liquid. The
liquid holdup is a function of the liquid film thickness, the effective area and the packing
dimensions [19]. Valenz et al. [177] developed models based on the Delft model to predict the
liquid holdup for several random packing as a function of the packing dimensions. Unfortunately,
the packing dimensions are not provided by all manufacturers due to commercial purposes. Many

researchers have conducted studies to predict the liquid holdup, however several types packingare
yet to be investigated such as Dixon rings.

2.4.3 Mass transfer

The mass transfer rate of any packing emphasizes the mixing abilities and the efficiency of the
packing. Packing with a high mass transfer coefficient is required in the industry. Many studies

have focused on measuring the mass transfer coefficient which relates the mass transfer rate to the
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concentration gradient of species [178]. There are two approaches to model the mass transfer in
packed columns. The first approach is simple and called the equilibrium stage model, which
assumes the column is divided into several stages. In each stage, the gas and liquid reach
equilibrium [179]. The theoretical stages are converted to equivalent height by calculating the
height equivalent to a theoretical plate (HETP). The equilibrium approach is suitable to use for

binary systems.

On the other hand, the second approach, known as the rate-based or non-equilibrium approach, is
more realistic to use in a multi-component systemin packed columns. The rate-based model is
based on Henry’s constant and is valid by assuming the gas and liquid reach equilibrium at the
interface. In this approach, the mass and heat transfer rate are calculated through the concentration
of species in the bulk phase. Chunget al. [180] developed an empirical model to describe the mass
transfer rate for random packing. They have fitted experimental data conducted in a desorption
column for air and water systems. The model is valid for saddle and ring packing and solvents near
the water viscosity. A well-known study of the mass transfer in random packing was conducted by
Shulman et al. [181]. This study was conducted using aqueous and non-aqueous solvents where
the mass transfer factor (j,) and liquid mass transfer coefficient (ko) were calculated using
equations (2.8) and (2.9), respectively. This study was conducted for a range of operating
conditions such as temperature and gas and liquid velocity and physical properties such as
viscosity and density. Kaiyun et al. [182] investigated CO2 chemical absorption for Dixon rings

packing using monoethanolamine (M EA) solvent.

c DpG 71703 (2.8)
jp = 1.19 [—

b Hg(1—€)

k; D D, L1945 0.5 (2.9)
LP=25'1[P] [HL]

Dy 93 Dypy,

Where D, is the diffusivity of solutein liquid, sqg.ft./h., D, diameter of sphere possessingthe same
surface area as a piece of packing, ft, u.is gas viscosity, Ib/ h.ft, 4, is liquid viscosity, Ib/h.ft, p,
is gas density, Ib/cu.ft, G is superficial gas rate, 1b.I (h)sq.f t /h.(sq.ft), L is superficial liquid rate,
1b.1 (h)sq.f t/ h.(sq.ft), j,is mass transfer factor, €= bed porosity
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Onda et al. [121] developed correlations to describe the mass transfer coefficient as a function of
the gas-liquid interface. They were the first to assume that the wetting percentage is the same as
the effective surface area and thus they related the mass transfer coefficient to the wetting
percentage. Wagner et al. [183] evaluated the mass transfer coefficient on a large scale ina 2 m
distillation column. The study was conducted for a range of operating conditions of gas and liquid
as a function of the liquid flow, and the packing properties. Billet and Schultes [26] developed
correlation to describe the mass transfer coefficient as a function of hydrodynamic parameters such
as liquid holdup and pressure drop, packing size and material. They have conducted experiments
in a semi-pilot plant for the gas and liquid flowing in a counter current mode of operations. They
assumed that the free volume is equal to the length of the liquid channels flowing in the columns.

The mass transfer correlations were based on the diffusion model of Higibie.
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3 Chapter 3: Methodology

This chapter includes a procedure for computational methods and experiments conducted in this
research. This chapter include three parts:

1. Sol-gel coating
2. Fluid flow simulations and experiments on a microscale

3. Fluid flow experiments on a macroscale

The first part focuses on coating Dixon rings with ceramics. A sol-gel method was implemented
to deposit alumina on the Dixon rings surface. Several sol-gel parameters were tuned until they
reached a consistent coating of uniform thickness. The coating was evaluated using several
characterisation methods including SEM, EDS, optical microscopy and BET. Thesecond part tests
the fluid flow at a porescale for the coated and the uncoated Dixon rings via CFD and experiments.
The CFD model was validated using experiments for a packing element and a mesh independence
study was conducted. A parametric study was conducted by varying the liquid flow rate and the
contact angle relevant to hydrophobic and hydrophilic types of packing surfaces. The wetting
efficiency of Dixon rings was evaluated, and the liquid holdup and the effective surface area from
CFD were compared to models from the literature. The third part focuses on studying the
hydrodynamic parameters on a larger scale. A semi-pilot plant was used to examine Dixon rings'
liquid holdup, pressure drop and mass transfer coefficient. The 95¢h centile method as described in
Chapter 6.4 was applied to the experimental data of the hydrodynamics to develop models that
describe the dry pressure drop and loading point.

3.1 Coating Dixon rings

Coating metals is a very challenging task as described in Chapter 2.1. T herefore, several methods
were initially tested until coating with uniform thickness and good adhesiveness was produced.
Thewashcoating method was employed for some initial tests to produce alumina coating on Dixon
rings. In this method, alumina powder of 50 um with ethanol to make a suspension, thenthe Dixon
rings were dipped and dried. The resulting coating blocked the openings of the Dixon rings as
shown in Figure 3.1. However, once the coating was dipped in water, it disappeared, making it
unsuitable for gas and liquid applications.
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Figure 3.1: Alumina coated Dixon rings by washcoating method

As described in the literature review in chapter 2.2.4, the sol-gel offers coating with good
adhesiveness. T herefore, a-Al203 deposition on stainless steel mesh Dixon rings was investigated
under controlled coatings to produce more adhesive coating. The resulting surface properties
(thickness, morphology, and elemental composition) and mechanical properties (i.e., viscosity and
adhesiveness) were discussed when the sol-gel coating parameters (i.e., the metal amount, the acid

concentration, the mixing time, and the aging time) were varied.

3.1.1 Materials

Dixon rings 1/4 in (stainless steel 316) were used as a substrate for the coating. The data on the

structural size were provided by the supplier and are illustrated in Table 3.1. Aluminium
isopropoxide (AIP, Aldrich) was the metal alkoxide precursor. Hydrochloric acid (ACS reagent,
Aldrich) was used as a catalyst for the peptisation of the sol, while Polyethylenimine (PEI, Aldrich)
was used as a binder. Deionised and distilled water was obtained by Milli-Q water filtration system
(Merck). Names, molecular formulas, stated purity and source of all chemicals used in this section

are presented in Table 3.1.
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Table 3.1: Chemicals used in this section.

Purity (mass
Compound Molecular Formula %) CAS no. Source
0
Aluminum isopropoxide AI[OCH(CHj3),]s >98.0 555-31-7 | Sigma Aldrich
Hydrochloric acid HCI 37 7647-01-0 | Sigma Aldrich
Polyethylenimine H(NHCH,CH,),NH, >99.0 9002-98-6 | Sigma Aldrich

3.1.2 Coating methods

AIP powder was hydrolysed into isopropanoland aluminium hydroxide by using an excess of H20
at 353 K for at least 15 minutes under vigorous stirring (750 rpm) to reduce mass transfer
limitation. Hydrochloric acid (HCI) was then added dropwise to catalyse the peptisation of
aluminium hydroxide. The mixture was agitated while heating at 353 K until it became a
transparent solution and then aged to establish an intertwined network of alumina. Dixon rings
were degreased in an alkaline cleaner by using an ultrasonic bath for 30 mins at 348 K, dip-coated
in the prepared mixture using an in-house dip-coater due to cost limitations of the project. The dip-

coater was made of a syringe pump (Aladdin Programmable Syringe Pump, 1000-220) and a
metallic rod, as shown in Figure 3.2.
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Figure 3.2: In-house dip-coater

The dipping was conducted at a constant speed of 2.64 cm/min and calcined at 773 K for 1 h to
eliminate the PEI and reach a continuous film of a-Al2O3. The range of different parameters that

have been tested is presented in Table 3.2. The mixing time is the hydrolysis and condensation

reaction time to give alumina as a product.

Table 3.2: Sol-gel parameters.

Parameter Range
Al:H20 (mol/mol) 0.005 -0.02
HCI:Al (mol/mol) 0.13-0.33
Mixing time (h) 1-168
Aging time (h) 1-96
Binder concentration (g/L) 0.52-2.59
Number of deposition (cycle) 1-4
Calcination temperature (K) 773- 1273
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3.1.3 Sample characterisation

The thickness and morphology of the coatings were characterised by optical microscopy (Zeiss,
magnification: 10X, 0.20 HD) and SEM (JEOL JSM-7800F) operated at 20 kV. The viscosity of
the coating solution was assessed by a capillary glass viscometer (Viscometer U Tube, BS/U
BS188, Type C, VT/92056) with the nominal constants of 0.03 calibrated using distilled water,
which met the ISO 17025 requirements. The chemical composition of the surface of the coating
was analysed by electron-dispersive spectroscopy (EDS Shimadzu EDX 8000). The alumina
powder (weighing 0.28 g) was pre-treated at 473 K in a vacuum oven for 4 h. The powders were
then calcined at temperatures ranging from 773-1073 K and milled. The surface area and porosity
were characterised by nitrogen adsorption using a Micromeritics 3Flex Surface Characterisation
Analyser which was operated with a relative pressure between 1.3x10° to 1. The surface area was
determined using the BET method operated with no degassing and a bath temperature of 77 K.
The porevolume and the pore distribution were obtained using the Harkins and Jura adsorption
isotherm method.

The coating load was evaluated by weighing the samples before and after coating using an
analytical balance (Sartorius 2001 MP2, resolution: 0.1 mg). The coating adhesiveness was
investigated by subjecting the coating to thermal oxidation at temperatures up to 1273 K for 3 h
and ultrasound tests at 100 W for 10 mins. The validity of the coating method was confirmed by
carrying out replicas of the assays. All results are presented as the average of at least tworeplicates

along with the standard deviation shown on the error bars in the figures.
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3.2 Pore-scale studies

In this section, spatially resolved procedures based on imaging using a CCD camera and 3D
modelling, that combines the VOF and Eulerian-Eulerian models, were used to investigate the
wetting behaviour of the Dixon ring subject to the multiphase flow under a trickle flow regime.
Thetrickle flow exhibits partial wetting due to preferential channelling, leading to mal-distribution
and uneven mixing. The local flows around an element of coated and uncoated Dixon rings were
visualised by experimental imaging and compared with those obtained by 3D CFD simulation.
The wetting efficiency of the Dixon rings and the liquid holdup, which impact the solid-liquid
interfacial area and the dispersion of the liquid, were investigated through a parametric study by
varying the liquid flow rate and the contact angle relevant to hydrophobic and hydrophilic types
of packing surfaces.

3.2.1 3D modelling by VOF
3.2.2 Model setup

The initial values and the boundary conditions have to be defined for all the domains and the
boundaries to solve the governing differential equations for gas and liquid phases. The initial
values were specified by assuming that only the gas phase was present in the column, while the

liquid phase was precluded from entering the column (i.e., att = 0: Vi=1 and Ve = 0). Theinlet

boundary was defined through the inlet velocity (uo), and the outlet boundary was defined through
atmospheric outlet pressure. Details about the model characteristics are given in Table 3.3.

A range of contact angles, from 60 to 120°, covering both hydrophobic and hydrophilic properties
are given in Table 3.3. These values were selected as they reflect interactions of typical solvents

with modified or unmodified surface structures [184].
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Table 3.3: Parameters of the VOF model.

Multiphase model

Volume of fluid

Fluid

Air-water

Contact angle

60°, 90°, 105° and 120°

Surface tension (N/m) 0.0729
Operating pressure (atm) 1
Operating temperature (K) 293

(m)

Uo (M/S) 0.15, 0.25, 0.35and 0.5
Gas inlet velocity (ms) 0.011
Thickness of the Dixon ring 0.003 m

The boundary condition required the calculation of the frictional forces (Fy,;.¢;,,) using the slip
length (8). As shown in Figure 3.3, the interactions of the liquid with the solid surface were
considered using the adhesive condition, which is known as the wetted wall boundary condition.
This boundary condition allowed the definition of the constant static contactangle (8). The wetted
wall boundary condition was calculated by equation (3.1). The geometry, as shown in Figure 3.4
(@), included the column (i.e. height and diameter were set to 18 and 4.8 mm respectively) and the
inlet nozzle (i.e. size of 1.5 mm). The Dixon ring was cut to have a diameter of 3 mm and a length
of 2 mm, then placed at the centre of the column, as shown in Figure 3.4(a). Frictional force

Fricrion Was calculated according to equation (3.1):

Ffriction -

—=u

B

(3.1)

where B and u are slip length (m) and viscosity (kg/(m. s)), respectively.
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Figure 3.3: Constantcontactangle "6 at the wall boundary condition.
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Figure 3.4. a) lllustration of the geometry of the 3D model; b) GR2 mesh distribution at the
intersection of the wires, pore to mesh size ratio is 3.

A computer-aided design (CAD) drawing of the Dixon ring geometry was provided by Croft
Filters Ltd (Risley, UK). The CAD drawing required some modification in order to reduce the
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skewed elements occurring due to the intersections of the wires. Simulating the entire volume of

the Dixon rings is computationally expensive due to its complex geometry

The intersections between the wires of Dixon rings had to be relaxed by 0.01 mm to avoid skewed
meshing in both domain and boundary zones, as shown in Figure 3.4(b).

3.2.3 Solution procedure

The phase-field model included a phase initialisation step and a quick step. T he phase initialisation
study started with the phase field variable (¢). It ensured that it was smoothly varying throughout
the domain, while the transient step solved the momentum conservation and Cahn-Hilliard
equations. Moreover, the time-dependent study iteratively solved several non-linear equations for
every time step using Newton’s approach. This approach evaluated the Jacobian function and its
computationally expensive derivative. The default settings in COMSOL minimised the
computational power by calculating the Jacobian derivative using a constant damping factor.
However, this model was associated with a high degree of non-linearity due to the complex
geometry of the Dixon rings, which generated skewed mesh elements. The initial simulations
diverged when a constant damping factor was used in the calculation. It was then replaced by the
dynamic damping factor, which was computationally more expensive [185] [186].

Thesimulation started by discretising the fluid domain into many cells and the governing equations
were then integrated for each cell. The differential equations were computed using an iterative
solver (i.e., the generalised minimal residual solver) which was found to be effective and was then
coupled with the geometric multigrid preconditioner to find numerical solutions for the non-
symmetric matrices [187]. The preconditioner was used to coarsen the mesh using a multigrid,
reducing the shape functions' order [188]. Other iterative solvers such as Flexible Generalised
Minimal Residual method (FGMRES) and Biconjugate gradient stabilised method (BiCgStab)
have been tested and provided similar results to the generalised minimal residual solver. The
transient simulation was conducted using a time step of 0.005 s and relative tolerance convergence

of 0.01%. The simulation was conducted for a co-current gas-liquid flow configuration, and the
flow pattern results were described by the isosurface VOF value of 0.5.

65



3.2.3.1 Governing equations
The flow of the gas and liquid phases in the packed column are simulated by coupling the Navier-
Stokes fluid flow model with the VOF method and solving by the Finite element method. T he

fundamentals of the phase-field model are described as follows, and more details about the model
can be found elsewhere [189].

The VOF captures the diffuse interface between the two immiscible fluids (i.e., water and air) and
uses themixing and the storage energies at the interface by decomposingthe Cahn-Hilliard second-
order partial differential equations. The model is set to be controlled by the phase-field variable
(#), considering the synergies of mixing and storing energies at the interfacial region and ensuring

minimization of the total energy correctly [190].

The phase-field model is simplified by assuming incompressible Newtonian liquid, constant
viscosity, isothermal environment and laminar flow (i.e. negligible turbulence effects due to low

velocity). The continuity and momentum equations are expressed by equations (3.2) and (3.3),
respectively.

V.u=20 (3.2

ou r 33
3 p+pwVu=[-pl+uVu+Vu")+F + F]

where p represents the pressure (Pa), p is the density (kg/m), u is the velocity vector (m/s), Fg and

Fs are the gravitational and surface tension forces (N), respectively, and u is the dynamic viscosity
(kg/m.hr).

The phase-field model incorporates the effects of the volumetric forces, such as gravity and surface
tension. The mixing energy represents the surface tension. The surface tension forces, which are
distributed over the interface, are calculated using the phase-field variable (¢), as shown in
equations (3.5) and (3.6), respectively. Therefore, this computation avoids complex terms such as
the surface curvature and the surface normal, typically required in other multiphase models (i.e.
the level set model) [191].

F"g = pg (34)
F, =GV (35)
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Me® =) (36)
where G is the chemical potential density (3/m3), ¢ is the phase field variable (-), ¢ is the capillary

width (m) and A is the mixing energy density (N).

Two additional equations are included in this model to capture the fluid interface. These equations
calculate the phasefield variable (¢) and phase-field help variable (), as shownin equations (3.7)

and (3.8), respectively.

o 7 @7)
c? of (3.8)
— 2 3 _ -7
Y=—-rcVop+ (¢ ¢)+/16¢>

where 2—(’; is the phi-derivative of external free energy (-) and y is the mobility parameter (m3.s .
kg?).

The latter determined Cahn-Hilliard’s diffusion time scale. It must be selected carefully to

maintain a constant interfacial thickness and prevent overdamping the convective terms [192].

In the regions where fluids are segregated, i.e., no mixing, one fluid is set to take the element ¢ =
1 and the other fluid to take the element ¢ = -1. Conversely, the interface or the phase-field region
is set in the range of these two boundary values, as expressed by using equation (3.8)

-1<¢<1 (3.9
The phase-field model consider the discrepancies in the physical properties, i.e. density and
viscosity, in regions where gas and liquid are in contact. The volume for each element should
remain constant for incompressible fluids. Therefore, if one fluid would leave a tiny volume
element due to the interfacial diffusion, the other fluid would occupy the same volume element
and vice versa. The local density and dynamic viscosity or the mixture are calculated from local

volume fraction values inside each cell of the calculation domain and areas described by equations
(3.10) and (3.11):

p=pVs +p; (1- Vfl) (3.10)
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p= Ve +u(1-Vp) (3.11)

The subscripts 1 and 2 in equations (3.10) and (3.11) refer to water and air, which are considered
as Fluid 1 and Fluid 2, respectively. The volume fraction (Vs) is computed by equations (3.12) and
(3.13):

_P+1 (3.12)
V=~
o<V, <1 (313
1

3.2.4 Material and methods of experimental visualisation

3.2.4.1 Preparation and characterisation
The wettabiliies for coated and uncoated Dixon rings were evaluated. A sol-gel alumina coating

of uniform thickness of approximately 20 um was applied to the Dixon rings. The same method

was used to prepare the hydrophobic Dixon rings. Dixon rings 1/4 in made of stainless steel 316L

were supplied by Croft Filters Ltd (Risley, UK) and were used as a coating substrate. The data on
the structural size were provided by the supplierand are illustrated in Table 3.4. The choice of
temperature was selected based on the adhesiveness. Temperature higher than selected range
resulted in cracks formation and the ones in the lower range resulted in poor adhesiveness. The
heating element was controlled and measured using a high-temperature ceramic chamber furnaces
controlled using a ramp cycle.

Table 3.4: Uncoated and coated Dixon rings 1/4 in structural data.

_ Calcination o
_ Diameter Mesh Length | Aperture Dipping
Wire mesh temperature
(um) (standard) | (mm) (um) (K) cycles
Uncoated 165 60 x 60 30 258 - -
Coated 205 60 x 60 30 218 773 3

3.2.5 Experimental flow analysis over Dixon rings

The experiments were carried out to validate the VOF model and capture realistic wetting

efficiency data for the coated and uncoated configuration. The uncoated Dixon rings were
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degreased in an ultrasonic bath at 100 W for 10 mins and then dried at 373 K for 1 h. The coating

was deposited by dipping Dixon rings in alumina sol-gel suspensions. AIP was selected as a
precursor and was hydrolysed with the ratio of 1:100 (mol AIP:mol H20) at 353 K.

The experimental setup included a CCD camera (IMETRUM, video gauge) with 60 frames per
second (fps) and resolution (640 x 480), flashlight, and image processing software (ImageJ). The
experiments were operated at atmospheric pressure and ambient room temperature and were
designed to reproduce the VOF model environment, as shown in Figure 3.5. A syringe pump
(Aladdin Programmable Syringe Pump, 1000-220) with a precision of 1.2x10~° ml/min and a
needle orifice of 2 mm were used to provide the desired flow, capillary droplets and liquid
filaments. The liquid injection was held 12 mm apart from the Dixon ring and the injection speed
was changed based on the desired flow. The experiments were repeated three times to enhance the
qualitative comparison of the liquid flow direction over Dixon rings with the model results. Both
distilled water and black dye were used, which helped discriminate the droplets from the rings
using the image processing Image J package. The Dixon rings were cleaned with acetone and dried
before each experiment to remove any potential surface impurities. The time resolution of the
camera was improved by capturing repetitive collisions of the droplets and capturing fine details
of the collision and further dispersion of flow. A cycle of capillary droplet flow started when the

droplet fell from the needle, impacted the Dixon ring and then left it.
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:‘ holder

Figure 3.5: A schematic representation of the experimental setup for flow imaging over Dixon rings: PC — personal
computer, camera — (IMETRUM, video gauge), syringe pump (Aladdin Programmable Syringe Pump, 1000-220),

liquid source — water 500 mL tank, nozzle (20 mm ID).

3.3 Macroscale experiments for hydrodynamics and mass transfer of
Dixon rings

This section deals with measuring and modelling the hydrodynamic properties of the Dixon ring.

This includes measuring the pressure drop and the mass transfer coefficient at gas and liquid flow

rates. M ass transfer testing using water and CO: as the target gas was also conducted to determine

the mass transfer coefficient.

3.3.1 Equipment

Armfield manufactured the column, UK, as shown in Figure 3.6, was made of Poly-methyl

methacrylate, with a diameter and height of 8 cm and 1.2 m, respectively. T he column was packed

separately with Dixon rings 1/4 in and Dixon rings 5/8 in. The packed column flow arrangements

for pressure drop and mass transfer are described in Figure 3.7 and Figure 3.8, respectively.
Alterations have been done to the semi-pilot plant to conduct the mass transfer experiments for
CO2. Two septum valves replaced the pressure measuring points to collect the gas for analysis,
therefore the overall configuration was different. The list of symbols is described in Table 3.5.
Thegas outletand valves (V-3), (V-4) and (V-5) gas were connected to the manometer for pressure
measurements (P1) and are found at the top of the column. A liquid nozzle (10 mm @) and a mesh
distributer (A-1) is also placed at the top of the column, as shown in Figure 3.7. In the middle part
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of the column lies another mesh (A-2) to redistribute the discharged liquid and a valve (V-4) for
pressure measurement. This allows measuring the pressure drop across the top and middle parts of
the column. At the bottom lies the gas inlet and liquid outlet. U-tube was placed at the bottom to
stop the gas from escaping from the liquid outlet. The gas and liquid flowrate were controlled
using rotameters and mass flow controllers (MFCs) with solenoid-actuated control valves. A

summary of the flow controllers is given in Table 3.6.

Figure 3.6: BExperimental apparatus for the hydrodynamics studies.
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Figure 3.7: Packed column arrangement for hydrodynamics tests
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Figure 3.8: Packed column arrangement for mass transfer tests
Table 3.5: List of symbols
Symbol V-(1-8) |P1 P-1 C-1 A-(1-2) R S
Value Valve Pressure Pump Compressor | Auxiliary Rotameter | Sample
point
Table 3.6: Flow controllers used in hydrodynamics test
Equipment Brand Range (I/min) Accuracy (I/min)
Gasrotameter | Armfield 30to 200 5
Liquid rotameter | Armfield 1to 10 +0.25
MFC (air) Aera FC-7720CD 1to 60 +0.005
MFC (CO,) Aera FC-7720CD 1to 60 +0.005
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In the mass transfer experiments, two sampling points were used to collect gas samples (S), as
shown in Figure 3.8. Gas Chromatograph (GC, Thermo Fischer Trace 1300) was used to analyse
CO2 concentration at the inlet and the outlet. The thermal conductivity detector (TCD) and
M icropacked Column (Restek ShinCarbon ST). The column properties and the GC setup are given
in Table 3.7 and Table 3.8, respectively. The samples were injected using a gas-tight syringe
(Thermo Fischer, 22G, 100 pL, removable needle) into the back SSL port, and Chromeleon 7

software was used to analyse CO2 concentration data.

Table 3.7: GC column properties

Column type Length (m) ID oD Mesh type
(standard)
(m) (m)
ST Micropacked 2 0.00053 | 0.00074 80/100

Table 3.8: GC setup

Reference | Injection Split flow | Splitratio | Purge flow | Oven Reference
gas port (ml/min) . Temperature | gas flow
(ml/min)
(ml/min)
Helium Back SSL 20 5 1 165°C 1

3.3.2 Materials

The materials used for the hydrodynamics and mass transfer experiments are listed in Table 3.9.
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Table 3.9.: Materials used in this section

Material Supplier
CO2vapour withdrawal cylinder (>99.97) BOC
Nitrogen cylinder (>99.9) BOC
Water United Utilities

3.3.3 Procedure

3.3.3.1 Pressuredrop studies

For dry packing pressure drop, the liquid flowrate was set to zero for this experiment. The packing
was dried by switching the gas flow at a maximum rate of 2 h. The liquid was set to a fixed value
of 1, 2, 3, 4,5 or 6 I/min using P-1. The air flowrate was set to 10 I/min by V-2 and C-1, as shown
in Figure 3.7. After 30 seconds, the pressure drop value was reported and the gas flowrate was
increased by an increment of 5 I/min using V-2. After waiting 30 seconds the pressure drop value
was captured. These steps were repeated until flooding was reached. All the experiments were

repeated four times to ensure the validity of the data.

3.3.3.2 Mass transfer studies

The liquid flow rate for the CO2 absorption study was set to a fixed value of 1, 2 or 3 I/min using
P-1. The MFCs were set to achieve a gas mixture CO2/air ratio 0.2 (kg/kg). Samples (S), as shown
in Figure 3.8 were collected every 10 minutes for at least 40 minutes to ensure that the steady state
was reached. Theflooding velocities were estimated in the pressure drop and were used to identify
the gas flowrate, which were set to 60, 70 and 80% flooding velocity using MFCs. All the
experiments were repeated three times to ensure the validity of the data. The effect of several
parameters such as the solvent concentration, liquid flowrate, gas flowrate and CO2 percentage

was studied and K_a,. The mass transfer coefficient was calculated using equation (3.14).

< G > dY, ¢ (3.14)
Ko, = )
a P(Yag — ¥a dZ
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where y, . is the mole fraction of CO2 in the gas phase (mol/mol), y,* is the equilibrium mole

fraction of CO2, Z is column height (m), G is the gas flowrate (cm3/s), and P is system pressure
(Pa).

3.3.3.3 Liquid holdup

The liquid holdup was measured for Dixon rings 1/4 and 5/8 in using the tracer method. The

method was conducted using a sodium chloride (NaCl) tracer and a conductivity meter (RS Pro
Conductivity Meter, 1238777). The average residence time (t) was calculated as a function of the

conductivity values as shown in equations (3.15) and (3.16). Finally, the average liquid holdup

was calculated as a function of t, as shown in equation (3.17).

G (3.15)

B = [ c(ede

T= foot.E(t)dt (3.16)
L (3.17)

hl=_

where C is the conductivity (mS.cm™), E(t) residence time distribution (-), T average residence

time (s), V volume (m), h, is the average liquid holdup (-), and L is the liquid flowrate (m3.s%).

76



4 Chapter 4: Sol-gel alumina coating of wired mesh packing

In this part, a sol-gel method was studied for coating Dixon rings. A parametric study was
investigated to determine the effect of the starting ratios of water and Al on the coating thickness
and adhesiveness. It was essential to allow the hydrolysis and the condensation to work in tandem
during the mixing, affecting the production of hydroxides, molecular mass and thus the sol-gel
solution viscosity. Aged solutions are anticipated to encounter an increase in viscosity owing to a
change in the morphology of the cross-linking polymers, leading the boundary conditions that
reduce the gelation to be investigated [67]. Herein, the peptization and ageing kinetics were first
investigated, and the results helped characterize the coating properties when the starting solution

contents (i.e., acid, water, alumina and the binder) were varied.

4.1 Sol-gel kinetics

The peptization and ageing processes are competitive since the kinetics of changes in surface
charges are strongly affected by the initial coating parameters. Herein, effects of coating
parameters (i.e. HCI content, water content, and ageing time) on the kinetics of peptization were
investigated for an extended mixing time of one week.

4.1.1 HCI content

Figure 4.1 shows that the coating load per surface area increased initially for both AI/HCI ratios
(0.17 and 0.25 (mol/mol)) until it reached a maximum value of approximately 1.301 mg/cm? after

96 h. Further increase of mixing produces the similar coating load.
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Figure 4.1: Effect of mixing time on the coating load. Coating parameters: Al/H>O =0.01 (mol/mol), aging time =

168 h, calcination temperature =773 K

The increase in the load is explained by the deflocculation of alumina particles, as a result of an
increase in the surface charge, moving away from the isoelectric point of the hydrolysed alumina
colloid reducing the agglomeration kinetic rate of particles [193]. The load stabilised due to the
pacification of changes of the particle charges under the effect of the shear forces. Therefore, a
fine coating was produced when the mixing took place for 24 h, as shown in Figure 4.2. After 96
h, the mixtures were transparent, and no particulates were visually observed. The image by optical
microscope (Figure 4.2) depicted uniformly spread films over Dixon rings with a thickness of
around 20 pm.
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250 pm

Figure 4.2: Optical micrograph (10X) of coated Dixon ring with: (a) mixing time =24 h and (b) mixing time = 96 h.
Coating parameters: HCI/Al = 0.25 (mol/mol), Al/H20 =0.01 (mol/mol), aging time = 168 h and calcination
temperature = 773 K

4.1.2 Water content

The coating loading for Al/H20 = 0.01 and 0.013 (mol/mol) is shown for a range of mixing time,
as shown in Figure 4.3. The trends of the coating loading is similar for Al/H20 =0.01 and 0.013
(mol/mol). The load kept increasing with the mixing time, until it became constant after 96 h. The
ratio of Al/H20 of 0.01 (mol/mol) demonstrated a steady increase in the load after 48 h and
stabilization after 96 h. The ratio of Al/H20 of 0.013 however demonstrated a significant increase
in the load after 48 h (load of 1.41 mg/cm?) and stabilisation after 96 h. These results reflect the
level of dispersion of hydroxyl bonds, the randomness in the surface charges and thus mobility of
the particles in the solution [58].
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Figure 4.3: Effect of mixing time on the coating load. Coating parameters: HCI/Al = 0.25 (mol/mol) aging time =

168 h and calcination temperature = 773 K

4.1.3 Ageing time

The previous investigations showed that 96 h of mixing was enough to stabilise the coating load
(section 3.1), and therefore this time was used to understand the effect of time on ageing. As
expected, the general trends in Figure 4.4 and Figure 4.5 show that the coating load increased with
the ageing time, confirming the development of an intertwined polymeric network. The
measurements were extended to the course of 96 h, where no difference in load change was found.
A uniformly spread and adhesive coating was achieved at HCI/Al = 0.25 (mol/mol) and Al/H20 =
0.01 (mol/mol) after 48 h of ageing.
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Figure 4.4: Effect of ageing time on the coating load. Coating parameters: Al/H2.O = 0.01 (mol/mol), mixing time =

93 h and calcination temperature = 773 K

g
o
S

—e— Al:H,0= 0.01 (mol/mol)
—=— Al:H,0= 0.013 (mol/mol)

Coating load (mg/cm2)
o
S

0 L | L | L | L | 1
0 20 40 60 80 100
Ageing (h)

Figure 4.5: Effect of ageing time on the coating load. Coating parameters: HCI/Al = 0.25 (mol/mol) and mixing time

=96 h and calcination temperature = 773 K

4.2 Effect of the starting composition on coating properties
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The steady properties of the coating after 96 h of perpetization time and 48 h of ageing were
investigated by varying the starting composition of the coating. Finding the adequate starting
composition is pertinent to the morphology of the coating because the rate and extent of the
hydrolysis and condensation reactions are essentially driven by these ratios [67]. T he stability of
the prepared sol-gel solutions was determined based on its opacity to transparency range and the

formation of agglomerates after drying the coated Dixon rings.

4.2.1 Effect of HCI content in the starting mixture

Strong acid (HCI) was added in order to reduce the heterogeneity level in the mixtures and give
better control of the sol formation. The acid itself did not take part in the reaction but modified the
properties of the mixture, by promoting changes in particles charges and thus the relevant particle
sizes. Figure 4.6 shows the coating load and viscosity of the sol mixture as a function of the acid
concentration in the starting mixture. The coating load was constant until it mounted at HCI/Al =
0.33 (mol/mol) in asimilar way to the trends described in Yoldas [194]. At the HCI/Al range from
0.13 to 0.25 (mol/mol), transparent mixtures were produced, indicating a good dispersion. The
viscosity was almost constant at 0.0035 Pa.s until it increased to a significant value of 0.025 Pa.s
for HCI/AI = 0.33 (mol/mol), confirming the development of the gelation process, led by the
formation of hydrogen bonding between the surface hydroxy | groups as well as the building of the
loose polymeric 3D networks between the particles [39].
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Figure 4.6: The influence of HCI/AI ratio in the starting mixture on: coating load and viscosity. Coating parameters:

Al/H20 =0.01 (mol/mol), mixing time = 96 h, aging time = 48 h and calcination temperature = 773 K.

The correlation between the viscosity of the solution and the coating load pointed out the key role
of the flow behaviour of the solution in development of the coating on Dixon substrate. T heresults
of the rheologic measurements are useful to explain the profiles of coating adhesiveness when the
coated Dixon rings were assessed by the ultrasonic adhesion test for a period of 10 min, as shown
in Figure 4.7. A HCI/Al ratio of 0.25 (mol/mol) provided a load drop that was ranging from 19-
30%. A HCI/AI ratio of 0.33 (mol/mol) however demonstrated a major drop (ca. 90%) of the

original load. The ratio of HCI/Al was then considered for the rest of the work as it demonstrated
a good adhesiveness of the coating.
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Figure 4.7: Ultrasonic adhesiveness test —influence of ultrasound bath time on the coating load. Coating parameters:

Al/H20 =0.01 (mol/mol), mixing time = 96 h, aging time = 48 h and calcination temperature = 773 K.

4.2.2 Effect of Al contentin the starting mixture

As shown in Figure 4.8, the coating load and the sol-gel viscosity increased monotonically by
increasing the alkoxide concentration, stabilized at Al/H20 = 0.017 (mol/mol), and then increased
at Al/H20 = 0.02 (mol/mol). A similar trend was observed by Valentini et al. [39] and was
discussed by the wetting potential of the substrate. This is confirmed by the viscosity profiles,
which followed similar trend to those of the coating load (i.e. an increase from 0.0035 to 0.018

Pa.s when Al/H20 ratio was increased from 0.014 to 0.02 (mol/mol), demonstrating role of water
in the hydrolysis and polycondensation process.
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Figure 4.8: Influence of Al/H20 ratio in the starting mixture on: the coating load and viscosity. Coating parameters:

HCI/Al =0.021 (mol/mol), mixing time = 96 h, aging time = 48 h and calcination temperature = 773 K.

Figure 4.9 shows the profiles of the coating load under ultrasound tests for 0.02 and 0.01 mol/mol
water content, respectively. The former water content provided poor adhesiveness since about 80%
of the coating load was lost after 10 min. The lack of dispersion in water limited the formation of
OH groups. The formation of soluble oxo-ligands in water was then inhibited by the development
of repulsive forces, reducing of the electric double layer and leading to the agglomeration of the
particles, and thus a poor adhesion to the substrate. When the Al/H20 ratio was reduced to 0.01
(mol/mol), only 18-23% of the load was lost under the ultrasonic test, showing a relatively good

dispersion of alumina particles, which was an indication of arranged particles in the 3D polymeric
network. The ratio of Al/H20 = 0.01 (mol/mol) was then chosen for the following study.
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Figure 4.9: Ultrasonic adhesiveness test —influence of ultrasound bath time on the coating load. Coating parameters:

HCI/Al =0.25 (mol/mol), mixing time = 96 h, aging time = 48 h and calcination temperature = 773 K.

4.3 Effect of the PEI as binder

Polymeric binders are known for improving adhesion and reducing the cracks during the
deposition process [25]. Figure 4.10 shows the effect of PEI as binder on the coating load. The
addition of binder did not have any effect on the coating load for concentrations below 1.05 g/L.
Conversely, the deposition was enhanced steadily from 1.05 g/L to 2.1 g/L, whilst the further

increase of the binder concentration (more than 2.1 g/L) resulted in a sharp increase of the coating
load.
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Figure 4.10: Effect of binder concentration on the coating load. Coating parameters: Al/H20 = 0.01 (mol/mol),

HCI/AI =0.25 (mol/mol), mixing time = 96 h, ageing time = 48 h and calcination temperature = 773 K.

Optical micrographs presented in Figure 4.11 revealed cracks in the coating and filled openings of
the Dixon rings for concentration of the PEI higher than 2.6 g/L. T his could be explained by the
high surface positive charge that would have promoted the flocculation of alumina particles and
reduced its stability [26]. Conversely, the binder concentration of 2.1 g/L resulted in the highest

load whilst it kept a good surface uniformity as shown in the micrographs of Figure 4.11.
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Figure 4.11: Optical micrograph (10X) of coated Dixon ring with using PEI concentration of: (a) 2.6 g/L and (b)
2.08 g/L. Coating parameters: HCI/Al =0.25 (mol/mol), Al/H20 =0.01 (mol/mol), mixing time =96 h, aging time =

48 h and calcination temperature = 773 K.

Thebinder was then effective in reducing the surface charges (i.e. particularly relevant to hydroxyl
functional groups that are responsible for the attachment of the film to the substrate) and thus
absorbing the effect of capillary forces onto the surfaces of the alumina particles. The adhesion
was improved compared to Dixon rings coated with no binder (i.e. the 12-15% of the initial mass
was lost when subjected for 10 mins in the ultrasound adhesive test, as shown in Figure 4.12,

whilst the samples prepared without PEI lost 19-30%).
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Figure 4.12: The coating adhesion in ultrasound bath tests with the addition of PEI concentration = 2.1 (g/L).
Coating parameters: Al/H2.0 = 0.01 (mol/mol), HCI/AIl =0.25 (mol/mol), mixing time =96 h, ageing time =48 h

and calcination temperature = 773 K.

4.4 Effect of the coating cycles

A multiple cycle deposition procedure for Dixon rings was probed in order to prepare a coating of
controlled thickness and loading properties. When the same procedure was followed for each
deposition, a positive correlation between the alumina coating properties and the number of
depositions was obtained as demonstrated in Figure 4.13 and depicted in Figure 4.14. T he coating

load increased from 1.13 mg/cm? to 1.84 mg/cm? after four depositions. The error bands shown in
Figure 4.13 the standard deviation of the coating thickness.

89



3.00

D

S

S
|

[

S

-
|

Coating load (mg/cmz)

0 1 2 3 4 5
Number of depositions (cycles)

Figure 4.13: Coating load vs deposition cycles for Dixon rings. Coating parameters: Al/H>0 = 0.01 (mol/mol),

HCI/AI =0.25 (mol/mol), mixing time = 96 h, ageing time = 48 h and calcination temperature = 773 K.
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Figure 4.14. Coupled SEM-EDS results on Dixon ring coated with: (a) one, (b) two, c) three, and d) four deposition
cycles. Coating parameters: Al/H>O = 0.01 (mol/mol), HCI/AIl =0.25 (mol/mol), mixing time =96 h, ageing time =

48 h and calcination temperature = 773 K.

Ultrasonic adhesive tests, as shown in Figure 4.15, demonstrated that the multiple depositions

reduced the adhesion of the coating to the substrate.
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Figure 4.15: The coating adhesion in ultrasound bath tests for multiple depositions. Coating parameters: Al/H20 =
0.01 (mol/mol), HCI/AI =0.25 (mol/mol), mixing time =96 h, ageing time = 48 h and calcination temperature = 773
K.

For the first, second and third deposition cycles, the coating mass decreased by 19.8%, 31.7% and
61.4%, respectively. After the fourth deposition cycle, the coating lost its homogeneity and
multiple cracks were formed (Figure 4.14), whilst the first three cycles had similar morphology
and a slight increase in the load (Figure 4.13). The drastic increase in the coating load reflects a
change in the surface roughness. Such behaviour could be explained by the effects of thermo-

mechanical stresses that could be developed during the thermal treatment of the coating, whilst a
potential chemical effect of hydroxyl groups should not be ignored.

92



4.5 The morphology of the coating

4.5.1 Coating distribution over Dixon rings

The images from the SEM for Dixon rings (Figure 4.16) showed that the coating was more
effective around the interstitial area in the vicinity of the pore openings and intersections of the
wires but was less effective on the convex area of the wires. This can be explained by the wetting
behaviour of the Dixon rings by the liquid precursor, which favoured the opening pore area by
capillary wetting.

Electron Image 3

Spectrum 8

Spectrum 9

100um ¥

Figure 4.16: SEM-image of a coated Dixon ring, coating parameters: Al/H>O = 0.01 (mol/mol), HCI/Al =0.25

(mol/mol), mixing time = 96 h, ageing time = 48 h and calcination temperature = 773 K.

EDS tests were conducted on the same sample by selecting two arbitrary points, one near the
opening vicinity, where the coating is concentrated, and the other on the wire, where the coating
is sparse, as shown in Figure 4.17 and Figure 4.18 - spectra8and 9 show 42.1 % Al and 51 % for
O in the vicinity of the pores and 11.4 % Al and 20.2% O on the wire, respectively.
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Figure 4.17: The EDS spectrum for the local points (a) 8 and (b) 9 for the sample in Figure 4.16
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Figure 4.18: SEM image of the wire after the cut (a), coupled SEM-EDS mapping (b) Al (c) Cr (d) Fe results for a
cut through a coated Dixon ring. Coating parameters: HCI/Al= 0.25 (mol /mol), Al/H20= 0.01 (mol /mol), mixing

time= 96 h, ageing time= 48 h and calcination temperature= 773 K.

In order to check if any interfacial layers between the coating and substrate was formed by the
chemical bonds, a cross-section cut of a coated Dixon ring was carried out to assess potential
diffusion of alumina into the wires. Figure 4.18 (b) shows some traces of alumina within the wires
but distribution at the boundary substrate-coating was not uniform (i.e. unlike Cr and Fe in Figure
4.18 (c) and (d), respectively). This shows that the diffusion or migration of Al to the substrate
was a function of the coating distribution of the mesh-wire (i.e. it was concentrated particularly in
locations in the vicinity of the wire’s cross-section. The adhesion of the coating was therefore
mainly driven by the chemical bonding at negligible mass transfer diffusion into the substrate.
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4.5.2 Effect of calcination temperature

Theeffect of calcination temperature on the surface area and porosity of alumina was investigated.
The results are illustrated in Table 4.1. Alumina has a mesoporous structure with strong
contribution of micropores to the overall surface structure. Thesurface area of the sample calcined
at 773 K (300.7 m?/g) was higher than the one calcined at 1073 K (245.6 m?/g). The decrease of

the surface area correlates well with the increase of the pores sizes, particularly at temperatures
higher than 773 K [25].

Table 4.1: The properties of alumina calcined at 773 K and 1073 K.

Temperature Surface area Average pore Pore volume
(K) (lg) diameter (nm) (cmd/g)
773 300.7 12.4 041
1073 245.6 12.6 0.46

The SEM image (Figure 4.19) shows the effect of the calcination temperature at 773 K, 1073 K
and 1273 K on the morphology of the coating. Similar structure, glass-like, is observed at 773 K
and 1073 K calcination temperature, which confirm the surface properties in Table 4.1, whilst at

1273 K, some particles agglomerated into aggregates are observed.
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Figure 4.19: SEM images (a, ¢ and e) and EDS images of Al distribution (b, d and f) of calcined coating. Calcination
temperature: (a, b) at 773 K, (c, d) at 1073 K and (e, f) at 1273 K. Coating parameters: Al/H20 = 0.01 (mol/mol),
HCI/Al =0.25 (mol/mol), mixing time = 96 h and ageing time =48 h.
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The alumina particles grew due to the increasing nucleation rate, and their migration promoted the
surface thickness [15]. In addition, few cracks were observed at this temperature, which might be
attributed to the residual stress due to the difference between the thermal expansion coefficient of
the metal and the coating and to the reduction of the density of hydroxyl groups [27]. T he coating
load was measured for all temperatures and was the same, demonstrating a good thermal resistance
up to 1273 K.

In this section, Dixon rings packing were coated with alumina using a sol-gel method. T his method
includes multiple steps: pretreatment, sol preparation, dipping, and calcination. The coating was
characterised using visual methods such as optical microscopy and SEM. Adhesive tests were
conducted, such as ultrasonic and temperature resistance tests. The coating was found to have a
uniform thickness and excellent adhesive properties. T he next step was determining if the alumina
coating on Dixon rings affects the hydrodynamic properties such as the wetting efficiency and

liquid holdup.

The next step was scaling up the procedure to produce multiple coated Dixon rings using the dip -
coater. The section holding a single Dixon ring was replaced with a part that had several 15
elements of the Dixon rings attached. The dip-coating parameters such as the withdrawal speed,
dipping speed, drying time, etc., were like the procedure used for a single element. The coating
thickness and adhesiveness were excellent, like the single-element coating method described in
section x. However, the procedure was very time-consuming, since each element needed to be

attached separately to the holder.
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5 Chapter 5: Tuning the wetting efficiency of wire mesh column: pore-

scale flow analysis

In this section, the liquid flow over Dixon rings was studied microscopic using an imaging method
and 3D modelling. The effect of surface properties was investigated by determining the
interactions of the liquid with the uncoated and coated Dixon rings under a trickle flow regime.
The wetting efficiency was determined on a local scale using VOF and Eulerian-Eulerian models
which were validated using experiments conducted via imaging by a CCD camera. The liquid
holdup and the effective surface area were calculated when the liquid velocity and contact angle
were varied. The results from the 3D model were compared to results from literature for the liquid

holdup and the effective surface area.

5.1 Model validation

5.1.1 Flow over uncoated Dixon rings

The dynamics of the capillary droplets on an uncoated stainless-steel Dixon ring at Weber number
(W,) of 0.23 at the nozzle and after collision with the Dixon ring wall are illustrated in Figure 5.1
(a-d) and (e-h) by a series of snapshots from laboratory experiments and Dixon rings cut used in
simulations. The dynamics of the impact of the droplet over the Dixon ring were driven by
competition of the inertial forces and the surface tension forces, in particular, the flow velocity,
surface tension and Dixon ring surface roughness. During the impact and spreading of the capillary
droplet, the inertial forces were converted into viscous dissipation forces, allowing the creation of

new surfaces of the liquid for further spreading over the Dixon ring.
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Figure 5.1: Flow pattern comparison between the experimental and Snapshots ofthe impact of droplets (a-h) and

filaments (i-p) on uncoated stainless steel Dixon ring for W, = 0.23 : (a-d) experiments, (e-h) simulation and for W, =

0.64 : (i-) experiments, (m-p) simulation.

The dropwise flow of water from the nozzle demonstrated the non-visco-elastic property of the
flow and accumulated at the top part of the mesh openings for the uncoated rings. The droplets
built up a liquid film and penetrated the grid by the formation of dripping drops inside the Dixon
ring. The droplets were then obstructed by the horizontal grid at the centre of the ring at 0.2 s
(Figure 5.1 (b)) but continued filling the bottom region of the Dixon ring (Figure 5.1 (c)). After
0.36 s, the bottom region became full and the liquid started to overflow through the sides at reduced
velocity. This overflow led the droplets to reach the flooding conditions. The results from the
model showed that the liquid was adhering to the ring until it reached the bottom section where
the liquid was trapped and accumulated. The liquid film exhibited adherence to the uncoated ring,
with no breakup and the thickness around the Dixon ring increased after each droplet until the
liquid reached maximum value after four impact cycles and then detached at 0.36 s, as shown in
Figure 5.1 (d). The CFD simulation (Figure 5.1 (e-h)) show dynamics of the impact of the droplets
of a reasonable agreement with the experimental data. Both Figure 5.1 (b) and (f) of 0.2 s time
snapshots show the droplet trapped inside the ring. These figures were improved by adding
boundaries around the droplets todiscriminate the flow pattern (red line). Theexperimental droplet
was however mainly located above the horizontal grid (b) while the ring simulation shows a
uniformly distributed droplet inside the ring (Figure 5.1(f)). The two snapshotsat 28 s and 36 s
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show the experimental droplet filling the bottom part of the ring and later accumulated underneath
while the simulation droplets remained well adhered to the grid inside the ring. Overall, the flow
patterns by the simulation appear to be built slightly faster, as they show the accumulated droplets
being more developed. In conclusion, it is show that the water as a droplet or a jet went through
the uncoated rings which illustrates the hydrophilic nature of the packing

When W, was increased from 0.23 to 0.64, the same dynamics were observed as shown in Figure
5.1 (i-1) (i.e. experimental droplet accumulation above the horizontal grid vs. uniform distribution
through the ring of the simulation in Figure 5.1 (m — p), accumulation of the experimental droplet
at the bottom the ring vs. accumulation of simulation droplet inside the ring). Also, a continuous
liquid stream occurred and fully developed at 0.24 s, as shown in Figure 5.1 (I and p). The liquid

flow pattern from the experiments and the model reached a steady -state flow within a shorter time
than that reached at W, of 0.23.

5.2 Grid independence test and simulation validation

Thecomplex geometry of Dixon rings made the implementation of structured meshes challenging.
Therefore, unstructured grids of free tetrahedral elements were used for the fluid domains and
triangular elements covered the surfaces. To ensure that the solution was independent of the size
of the mesh used in the simulation, the grid independence (GR) test for different cell sizes was
conducted. The properties of several meshes are presented in Table 5.1. The number of cells and
the sizes ofthe elements that were used enabled the assessment of the resolution of the flow pattern.

When GR1 was tested, the liquid flow over Dixon rings did not change over time (Figure 5.2 (a—
e)). As expected, GR1 results did not produce any liquid penetration through the Dixon rings. The
refined mesh (i.e. GR2) is described in Figure 5.2 (f—j) illustrating a realistic pattern for the flowing
liquid. Further increase in the number of elements (i.e. GR3) augmented the computational time
with no clear discrepancies in the flow patternobserved, as shownin Figure 5.2 (k—0) and therefore
GR2 was adopted for the simulation study. The computation time ranged from 672 to 840 h at W,
=0.23t02.57.

The refined mesh domain (i.e. GR2) is described in Figure 5.3. This observation is confirmed by
the trends of wetting efficiency with time illustrated in Table 5.2 where GR2 and GR3
demonstrated close performance. To ensure that the model replicates realistic flow, a segment of

a larger sized Dixon ring was used for the simulation. The mesh used for this investigation, GR2-
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1, had the same properties as GR2 except for the larger number of cells, as shown in Table 5.1.

Figure 5.4 confirmed the trend observed in Figure 5.1, which were driven by a hydrophilic pattem,

similar to the one produced using GR2.

Table 5.1: Mesh properties for the CFD model discretization.

Mesh type Maximum Minimum Resolutionof | Number of Element
elementsize elementsize narrow cells (cell) size near
(mm) (mm) regions (-) Dixon rings
wall (mm)
GR1 0.48 0.144 0.6 260798 0.06
GR2 0.322 0.096 0.7 586524 0.04
GR3 0.288 0.072 0.75 1008754 0.03
GR2-1 0.322 0.096 0.7 849542 0.05
0s 0.04 s 0.05s 0s 0.04 s 0.05s 0s 0.04s 0.05s
€. €€ € ee €t
&€ €. ||€ €€ |E ¢k E.
0.06 s 0.07 s

0.07 s 0.06 s 0.07 s

€€ |e€ |ee

Figure 5.2: Flow pattern of VOF = 0.5 for uncoated Dixon rings using grid GR1 (a-e), GR2 (f-J) and GR3 (k-0) for
W,=1.26 and 6 = 105°

Table 5.2 shows the wetting efficiency against time for the coated Dixon rings for several mesh
types. The wetting efficiency was initially 0 at t=0 s. When the water droplet hit the Dixon rings
at t= 0.04 to 0,07 s, it increases by a very small amount due to the hydrophobic nature of the
coating.
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Table 5.2: Quantitative comparison using the wetting efficiency againsttime (s) for several mesh types.

Mesh type t(s) 0.03 | 0.04 0.05 0.06 0.07
GR1 Wetting 0 0.002 0.02 0.033 | 0.045
GR2 efficiency 0 |0.037| 0.027 | 0.04 | 0.049
GR3 ) 0 0.038 | 0.027 | 0.042 | 0.047

Figure 5.3: Illustration of a domain of GR2 mesh.
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Figure 5.4: Flow pattern of VOF = 0.5 for uncoated Dixon rings using the grid GR2-1, W,=0.23 and 6= 60°: (a) 0
s, (b) 0.04 s, (c) 0.05 s, (d) 0.06 and (e) 0.27 s.

5.3 Flow around coated Dixon rings

Figure 5.5 (a,b) shows a scanning electron microscope image of a coated Dixon ring. The coating
was concentrated in the areas near the pores and an area where wires intersect. EDS tests showed
the molar percentage of 8% alumina of coating at the convex area of the wires, as described in the
previous work [66]. These surface non-uniform distributions of the coating will have an impact on
fluid flow through the opening as discussed in the following section.

5.0kV LED

Figure 5.5: Scanning electron microscopic image for coated Dixon ring: (a) X250 and (b) x500.
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The flow around the coated Dixon rings was assessed by the experimental flow analysis and the

VOF simulation. The static contact angle of the coated Dixon ring was challenging to assess
experimentally due to the complex geometry of the stainless-steel grid.

Toconfirm the contact angle @ of the coated Dixon rings, the results of the laboratory observations
of three depositions of alumina were compared to those obtained by simulation for different
contact angles, ranging from hydrophilic to hydrophobic nature (i.e. 60 to 120°). Among these, the
one based on a static contact angle 6 = 105° demonstrated flow patterns similar to the experiments

on coated Dixon rings.

0.17s  0.29s 0.31s 0.43 s

0.20 s 0.30 s

Droplets

Droplets Droplets Droplets

€. €ECEE >33

Figure 5.6: Flow pattern by the experimental and simulation observations: Snapshotsofimpact of droplets on coated
stainless steel Dixon rings: 6= 105°, We=0.23 (a-h) and We=0.64 (i-p)

As shown in Figure 5.6(a-h), at W,=0.23 and at 0.17 s, both experimental and simulation results
show that capillary droplets were about to impinge the Dixon ring. The experimental droplet was
repelled by the surface at 0.31 s while the simulation droplet was repealed at 0.29 s. The droplet
accumulated at the top surface of the ring where the surface energy was high and the thickness of
the liquid reached a maximum value, promoting then gravitational forces and leading the droplet
to slip over the vertical curvature and detached at the bottom surface of the ring. Both the model
and the experiments showed no penetration of the liquid into the grid of the coated Dixon ring,
owing to its hydrophobic nature. Minor differences in the flow pattern occurred due to the non-

uniformity of the contact angle, which made the droplet move around the Dixon ring until being
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forced to detach by the next droplet at 0.43 s and 0.29, as shown in Figure 5.6 (d) and (f),

respectively.

At W, value of 0.64, the droplet accumulated at the top surface of the ring at a higher rate in
comparison with the surface energy, accelerating the gravitational forces and detachment at the
bottom surface of the ring. Few discrepancies were observed between the model results and the
experiments, as illustrated in Figure 5.6 (i-p). The analysis focused on understanding the
relationship between the nature of the packing (i.e. hydrophobic or hydrophilic) and the changes
in the flow patternover time. Theimages taken by the camera showed similar shapes tothe droplets
by simulation except for a minor amount of liquid that penetrated the Dixon rings opening, as
shown in Figure 5.6 (i). This disagreement could be caused by some assumptions used in the CFD
simulation (i.e. the initial wall boundary conditions, constant wetted wall angle instead of a

dynamic one with associated hysteresis and phase properties).

Figure 5.6 (0 and p) shows an average thickness over the length of the liquid film of 2 mm. Some
tails are also observed which indicate the formation of a successive bubble that does not pass the
mesh of the packing. Liquid-solid frictions led to extended droplets of lower local velocity
compared with relevant bulk velocity. At a W, value of 0.23, phenomena of shrinkage and
spreading over the sides of the Dixon rings were not observed, demonstrating the relevance of
inertial forces over the surface tension forces. Overall, the flow over the coated and the uncoated
Dixon rings has shown that the coated version offered liquid spreading over the mesh opening in

comparison with the uncoated one which offered more film flow that passed through the meshes
for improved wetting efficiency.

5.4 Wetting efficiency by a parametric study

5.4.1 Influence of liquid inlet velocity

The wetting efficiency is defined as the ratio of the wetted area over the total area of packing. The
effect of velocity u, on the wetting efficiency was studied for the coated and uncoated rings. The
profiles of wetting efficiency were calculated by averaging the liquid volume fraction (Vf1) over
the surface of the coated or uncoated rings with respect to time, as summarised in Figure 5.7 and
Figure 5.8. The peaks appearing at u, = 0.15 and 0.25 m/s illustrates the wetting profile of the

liquid droplet over the Dixon rings packing. Two distinctive peaks appeared for u, = 0.15 m/s,
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each peak corresponded to dynamic profiles of wetting efficiency of the coated and uncoated rings
with time and inlet liquid velocity and more relevant Figures of dynamics of the impact of the
droplets with time were added (A 1). The liquid velocity was varied at 0.15, 0.25, 0.35 and 0.5
m/s. The velocity values of 0.15, 0.25 and 0.35 m/s corresponded to a dropwise flow from the
nozzle while the velocity of 0.5 m/s correspondedto a jet flow from the nozzle. Theresidence time
was approximately 0.05 s (i.e. first peakinitiated at 0.15 sand ended at 0.2 s while the second peak
started at 0.25 s and ended at 0.3 s). Conversely, five peaks appeared for the uncoated rings. The
wetting efficiency reached a steady-state pattern after approximately 0.3 s. As shown in Figure

5.8, the residence time for a single peak is 0.09 s, which is three times higher than that of the coated
rings.

As shown in Figure Al (c), in appendix A, the droplet hit the Dixon ring at 0.14 s at high wetting
efficiency but was then repelled by the hydrophobic nature of the ring at0.15 s. As shownin Figure
A2 (g-), when uo was increased to 0.25 m/s, the drag forces destabilised the liquid stream by
delaying the outer layers of flow in respectto the inner ones, driving the cohesive molecular forces
to become tenuous. The slower outer molecules dragged the inner molecules until the surface
tension forces have exceeded the inertial forces [196]. At uo of 0.35 m/s, the flow pattern changed
because the surface tension forces were not dominant. The dynamic profiles of wetting efficiency
of the coated rings with time and inlet liquid velocity are summarised in Figure A3 and A4. The
profiles of wetting efficiency are similar to those observed in the coated rings, but the residence
time of the droplets of the uncoated Dixon rings was longer than that of the coated rings due to
stronger adherence of the droplets to the rings, slowing down their travel inside the rings. At high
liquid rates in both cases of coated and uncoated rings, the inertial forces dominated over the
surface forces, resulting in the steady-state profile. It was not surprising to find that the wetting
efficiency increased with uo, which agreed with the work reported by Du et al. [10] confirming
that uo and the time required to reach the steady-state were directly proportional to each other.
Overall, the high-velocity values stabilised the liquid shape of both uncoated and coated Dixon
rings. The flow around the uncoated Dixon ring was converted into a film flow of uniform
thickness due to a significant change in velocity over local parts of the droplets (i.e. increased
thickness of the rolling droplet with reduced changes of the local parts).
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Figure 5.7: The wetting efficiency profile for uo=0.15 nvs (black line), 0.25 nvVs (red line), 0.35 m/s (green line) and
0.5 n/s (blue line) for coatedrings, 6 = 105°.
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Figure 5.8: The wetting efficiency profile for uo=0.15 m/s (black line), 0.25 m/s (green line), 0.35 nVs (red line) and
0.5 nVs (blue line) for uncoated rings, 6 = 60°.
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5.4.2 Influence of contact angle

The influence of contact angle on the wetting of Dixon rings was investigated for a reference
velocity uo of 0.15 m/s. The droplet dynamics for the actual coated ring (8 = 105°) and uncoated
rings (0 =60°) were evaluated. Two additional values of the contact angle at 90° and 120° were
also simulated, allowing observation of the behaviour of flow through the opening and flow over
the surface of Dixon rings, prediction of the flow over more hydrophobic and hydrophilic
conditions, that is a higher angle than 120° and lower than 60°, respectively, reproducing
phenomena of solvent-surface interactions of a wide range of industrial applications [197].

At the value of 8 = 60°, which corresponds to the uncoated Dixon ring, the droplet adhered to the
ring, spread over to achieve maximum wettingand passed through the mesh opening, as illustrated
in Figure 5.9 (a). At# =90°, the droplet passed through the mesh opening of the Dixon rings but
with less wetting, as shown in Figure 5.9 (b) and then was repelled at long residence times in the
Dixon ring. These trends continued at higher contact angles (i.e. & = 105° and 120°) where the
droplet observed no bouncing on the Dixon ring wall but a weaker adherence tothe rings and more
rolling over the wall of the rings, resulting in the lowest wetting efficiency, as shown in the wetting
profile in Figure 5.10.
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Figure 5.9: Flow pattern of VOF = 0.5 at 0.14 s using the grid GR2, We = 0.23 for 0: (a) 60° (uncoated Dixon
rings); (b) 90°; (c) 105° (coated Dixon rings); (d) 120°.
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Figure 5.10: The wetting efficiency of Dixon rings for We =0.23.
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5.5 Hydrodynamic performance
5.5.1 Liquid holdup

The liquid holdup was obtained by averaging the volume of the liquid volume fraction (Vf1) on

Comsol. The liquid holdup (h,) was studied for Weber number (W,) 0.23 to 2.57 for § = 60°, 90°,
105° and 120°, as shownin Figure 5.11 and Figure 5.12. Thetrend for h, was similar to the wetting
efficiency profiles, when the wetting efficiency increased, the liquid holdup increased and
therefore h;increased with W, and reduced contact angles. The liquid holdup for the uncoated
Dixon rings (i.e & = 60°) is the highest among all, as shown in Figure 5.11. A minor discrepancy
was found at W, = 2.66, & = 90° had the highest liquid holdup. This is a consequence of numerical
modelling and could be explained by the fact that more liquid was allowed, which is particularly
true in the range of contact angle from 90° to penetrate the mesh opening, while some adherence
of the liquid is observed for the uncoated Dixon rings at & = 105°.

The results from the VOF model were compared to models usually used in literature for random
packing structure (i.e. Stichlmair et al. [198] by equations (5.1) and (5.2) and Billet and Schultes
[26] by equation (5.3), as illustrated in Figure 5.12 (a-d). The model results for hi were fitted to
Stichlmair et al. [198] using 2-D curve-fitting on Matlab. An exclusive correlation for the liquid
holdup for Dixon ring, is shown in equation (5.1). Themodel constant had 95% confidence bounds,
b =0.226, c = 0.08083 and R-square= 0.9557. The results for # = 60°, 90°, 105° and 120° are in a
reasonable agreement with those by Stichlmair’s model, particularly in the hydrophilic zone of the
contact angle 60° and 90°, as shown in Figure 5.12 (a) and (b), respectively. The comparison for
hydrophilic Dixon rings showed that Stichlmair et al. [198] model is reliable at low W, (i.e. the
relative deviation of 7.21 % at = 60° and 14.12 % for 8 =90°). T he reliability of the CFD model
decreased at high W, (i.e. relative difference was low for all W, except at W,= 2.66 where it reached
deviation of 42.31 %). At § = 105° and 120°, as shown in (c) and (d), both Stichlmair et al. [198]
and Billet models showed poor predictions, the relative difference errors being 24.01% and
33.23%, confirming additional local mixing could take place. Discrepancies between the CFD
model and the literature for hi has been observed for the Dixon rings. Thediscrepancies were large
at low We which corresponds to low liquid velocity. These disagreements occur due to the

maldistribution of the fluid flow which is not accounted to in the empirical models in. More
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disagreements were found for at low velocity where droplet regime occurs compared to the jet
flow of water.
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Figure 5.11: Effect of Weber number (1W,) on the liquid holdup (h;) for uncoated Dixon rings, 8 = 60° (filled
circles), 90° (hollow triangles), 105° (filled triangles) and 120° (hollow squares).
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Figure 5.12: Effect of Weber number (W,) on the liquid holdup (k;): a) 6 = 60°; b) 6 =90°; ¢) 6 =105°; d) 0 =
120°.

5.5.2 Effective surface area

The effective area, which is a critical parameter in gas-liquid mass transfer operations, was
calculated by averaging the liquid volume fraction (Ve,) and dividing by the surface of the Dixon
ring. The effective area (a,) was studied for a range of Weber number between W, = 0.23 and
2.57 and contact angle of 6 = 60°, 90°, 105° and 120°, as illustrated in Figure 5.13. The general
trend shows the effective area increased with W,. The highest effective area is at § = 60°, while
the lowestis at 8 = 120°, except for W, = 0.23, the effective area at 105°is lower than that of
120° with a value of 0.031.

These results were compared to Linek et al. [199] given by equation (5.4) and Billet and Schultes
[26] given by equation (5.5), for & = 60°, 8 =90°, 8 = 105° and # = 120°, as shown in Figure 5.14
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(a-d). Billet and Schultes [26] requires additional physical parameters such as density (p,) and
viscosity (u,). The results obtained using the CFD modelling were closer to the model by Linek
(i.e. relative difference error for Linek et al. [199]model are 15.40% at # = 60° and 14.24% for 0
= 90°). Billet and Schultes [26] were higher than 40% for most of the contact angles but at 6 =
105° and 120°, the relative deviations were 31.05 % and 15.32%. T his shows that Linek et al. [35]

was more reliable to predict the effective area for Dixon rings.
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Figure 5.13: Effect of Weber number (W,) on the normalized effective area for uncoated Dixon rings.
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Figure 5.14: Effect of Weber number (W,) on the normalised effective area for: a) 6= 60° b) 6=90° c) 0 = 105°

In conclusion, using CFD, the pore-scale behavior of liquid was investigated for uncoated and
coated Dixon rings. This investigation was conducted using VOF model using COMSOL
M ultiphysics 5.3a which was validated using CCD images. T he effects of the liquid inlet velocity
and the contact angle on the liquid flow pattern and the wetting efficiency were investigated using
a parametric study. The coating resulted in hydrophobic surface properties which decreased the

wetting efficiency from 0.8 to 0.15 at u,= 0.15 m/s. Finally, the value of the liquid holdup for

d) 0 = 120°.

uncoated and coated Dixon rings was of 0.09 and 0.15, respectively.
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6 Chapter 6: Macroscale experiments for hydrodynamics and mass

transfer characteristics of Dixon rings

The hydrodynamics characteristics of the coated and uncoated Dixon rings were studied on a
microscopic level, as described in Chapter 5. Understanding the hydrodynamics on larger scale is
highly required to determine hydrodynamic parameters such as pressure drops, liquid holdup and
mass transfer efficiency. Unfortunately, these parameters have been missing in the literature for

Dixon rings packing. In this section, experiments were therefore conducted to evaluate the pressure

drop, liquid hold up and mass transfer for Dixon rings 5/8 and 1/4 in.

A large column was used for this investigation, including a height and diameter of 0.08 m and 1.2
m, respectively. Since the sol-gel procedure for coating the Dixon rings was limited to 16 rings
per batch, the scaleup was avoided for the coated Dixon rings for hydrodynamic and mass transfer
studies. These studies were exclusively carried out for the non-coated rings because thousands of

coated Dixon rings would have been needed to conduct a study.

6.1 Pressure drop

The pressure drop was evaluated for a range of gas and liquid flowrates for two Dixon rings sizes:

5/8 in and 1/4 in, as shown in Figure 6.1. The pressure drop increased with gas packing factor Fs

which presents the gas velocity until reaching the flooding region. The general trend in Figure 6.1
showed that the pressure drop value also increased with increasing the liquid load. It can be
observed that the lines are approximately parallel, and the gradient is approximately equal.
Additionally, it is observed that as the liquid flow rate increases, the flooding point occurs sooner;

I.e., the pressure drop is lower, and the gas flow rate is also lower.
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Figure 6.1: The variation of the pressure drop with the gas packing factor Fs for Dixon rings 5/8 in.

The tested range of liquid load was from 11.94 to 95.64 (m®.m2 h') for Dixon rings 5/8 in as
shown in Figure 6.1. It was also found that flooding reached a liquid load of 71.8 (m®.m™2 h1).
Conversely, the flooding boundary was reached for Dixon rings 1/4 in starting from the lowest
liquid loads at 11.94 at Fs 0.35 (m/s) (kg/m3)% at pressure drop value of 250 Pa/m. Dixon rings

5/8 in have a larger volume than Dixon rings 1/4 in thus offering more free space for the gas and
liquid toflow. This resulted in a lower pressure drop compared to Dixon rings 5/8 in as the friction

forces between gas and liquid are lower.

The pressure drop profile for Dixon rings ¥4 in has three significant regions: pre-loading, loading,
and flooding. At a particular liquid flowrate, each region is expressed by the change in pressure

drop concerning the change in gas flowrate. As the column’s liquid or gas flow rate increases, the
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free area decreases, and the frictional force between the counter flow increases. Hence, liquid
holdup occurs and eventually leads to flooding. The average of the data obtained for each liquid
flowrate for the range of gas flowrates up to the flooding point are illustrated in Figure 6.2.
Ilustrative lines were added to differentiate between the loading and the pre-loading regions. The
pre-loading region appears to originate from a single point, much like wet and dry packing. The
pressure drop then linearly increases up until the loading point. In this region, an increase in liquid
flow rate increases in gradient. With increasing liquid flow rate, the loading point linearly increases
with pressure drop and linearly decreases with gas flow rate. This is atypical trend as the liquid in
the column occupies more space, causing a more significant frictional force and, therefore, a larger
pressure drop while at lower gas flow rates. Once the gas flow rate exceeds the loading point for
the liquid flow rate, the pressure drop increases at a larger rate than the pre-loading region, as
expected.
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Figure 6.2: The variation of the pressure drop with the gas packing factor Fs for Dixon rings 1/4 in.

The pressure drop trends for Dixon rings 5/8 and 1/4 in were revealed as shown in Figure 6.3.
The pressure drop for Dixon rings 5/8 in is much lower than Dixon rings 1/4 in. As shown in

Figure 6.2, a trend of a striaght line is shown for Dixon rings 5/8 in. This is due to the pressure

drop trend showed the column was operating at the pre-loading region. The pre-loading region
accompanies low-pressure drop but is not the preferred region for operation due to the low mixing.

It should be noted that the column’s operational conditions were limited by the measurable ranges

of the flowrate measurement devices (i.e., mass flow meters (M FC) and rotameters).
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Figure 6.3: The variation of the pressure drop with the gas packing factor Fs for liquid load 11.94 (mé.n2 h-1).

Otherwise, the gas and liquid operational conditions should have been increased for Dixon rings
> /g in. On the other hand, the pressure drop profile for Dixon rings 1/, in illustrated that the

operation had reached the pre-loading, loading, and flooding regions. The pre-loading region
started at Fs 0.5 to 1.3 (m/s) (kg/m®)%°. The column entered the loading region at Fsvalue of 1.3 to
3.5 (m/s) (kg/m®)°S. Finally, flooding occurred at Fs value of 3.5 to 5 (m/s) (kg/m?)®, therefore,

the operational conditions could not be increased further.
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Figure 6.4: The variation of the pressure drop with the gas packing factor Fs for liquid load 23.88 (m®.m2 h-1). Solid

lines representexperimental datawhile dashed lines are used for literature data.

The data for pressure drops were compared to other random packings of similar size and material.

Data from Stichlmair et al. [200] and M ackowiak [28] were used for comparison, as shown in

Figure 6.4 and Figure 6.5. Hiflow rings 5/8, which hold crosectional extensions that could obstruct
the flow, were found to have higher pressure drop than Dixon rings 5/8 in. Reflux rings 5/8 in
were found to have lower pressure drop than Dixon rings 5/8 in. As shown in Figure 6.5, Raschig
rings 1/4 in, which holds plain lateral walls, have a higher pressure drop than Dixon rings 1/4 in

which holds lateral opening, but Pall rings 1/4 in have a lower pressuredrop due to its large lateral

opening.
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Figure 6.5: The variation of the pressure drop with the packing factor Fs for liquid load 22.88 (m®.m2 h-1). Solid

lines represent experimental datawhile dashed lines are used for literature data

6.2 Liquid holdup

The liquid holdup was evaluated at various liquid flowrates which is presented as a function of

liquid capacity factor Ls for several packing, as shown in Figure 6.6.
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Figure 6.6: The variation of the liquid holdup with the liquid capacity factor Ls (m/s) (kg/m?)°> for Fs 0.02 (m/s)

(kg/mB)25, Solid lines represent experimental data while dashed lines are used for literature data

Thevalues of the liquid holdup for Dixon rings 1/4 in were found to be higher than those of Dixon
rings 5/8 in. As shown with the circles data points in Figure 6.6, the liquid holdup for Dixon rings
5/8 in increased from 0.135 to 0.4 from Ls 0.1 to 0.3 (m/s) (kg/m®)°°. The liquid capacity factor
Ls had a greater influence on the liquid holdup for Dixon rings 1/4 in. The liquid holdup value

increased from 0.21 to 0.7 from Ls 0.1 to 0.3 (m/s) (kg/m*)®°. As Ls increase in the column, the
free area decreases, and the frictional force between the counter flows increases. Hence, liquid

holdup occurs and eventually leads to flooding. In addition, the differences in liquid holdup trends
for Dixon rings 5/8 in and Dixon rings 1/4 in can be explained by the loading region. For Dixon
rings 5/8 in, the tested operational conditions did not achieve the loading region and the entire

operation was conducted in the pre-loading region. For counter-current operations, the pre-loading

region is only affected by the liquid film thickness and properties [200]. The liquid flowrate does
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not have a significant influence on the liquid holdup. Conversely, the liquid holdup was found to

increase for Dixon rings significantly 1/4 in because the operation was conducted at the pre-

loading and the loading regions. It is noted in Figure 6.6 that Fs 0.18 (m/s) (kg/m®)°®, a shap
increase in the liquid holdup is observed due to the loading point occurrence. As shown in Figure

6.6, data from Stichlmair et al. [200], M ackowiak [28], and Wagner et al. [183] were used for

comparison. Dixon rings 1/4 in was found to have a higher liquid holdup Dixon rings 5/8 in. Pall

rings exhibit a high liquid holdup of 0.5. Conversely, Reflux rings 5/8 in have a lower liquid

holdup of 0.25. It can be deducted that packings with smaller sizes have higher liquid holdup due
to their large surface area offering higher wetting efficiency, resulting in higher liquid holdups.

6.3 Mass transfer
The mass transfer coefficient (Kea) was evaluated for several liquid loads for Dixon rings of the

size 5/8 in and 1/4 in, as shown in Figure 6.7 and Figure 6.8. For Dixon rings 1/4 in, Kea was

found tobe higher than those of Dixon rings 5/8 in and the general trend showed that Kgaincreases

with the increase in the gas and liquid velocities.
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Figure 6.7: The variation of the mass transfer coefficient (Ksa) with the packing factor Fs for different liquid

loads: (m®.m2 h-1)for Dixon rings 5/8 in.
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Figure 6.8: The variation of the mass transfer coefficient (Ksa) with the packing factor Fs for different liquid loads:

(m2.mr2 hL) for Dixon rings 1/4 in.

The gas velocity had a low effect on Kgaat low gas velocity for Dixon rings 5/8 as shown in the

circles with the solid line in Figure 6.7. For the liquid load 23.88 and 35.82 (m3.m2 hr1), liquid
flowrate Kega increased from 0.62 to 1.11 and 0.72 to 1.6 kg.mol/(kg-kmol/(hr.m3.atm)),

respectively. Conversely, Dixon rings 1/4 in Kea increased at a constant rate by increasing the

liquid flow rate. Thegeneral trends also showedthatthe liquid loading has a greater influence than

Fs on Kea.

The HETP for Dixon rings 5/8 in and Dixon rings 1/4 in were compared to other random types

of packings, as illustrated in Figure 6.9. Data from Wagner et al. [183] and Kaba et al. [163] were
used to compare the HETP values.

The HETP for Dixon rings 5/8 in were higher than Dixon rings 1/4 in. The HETP for Dixon rings
5/8 in were around 0.45 and 0.05 for Dixon rings 1/4 in which indicates that Dixon rings 1/4 in

are more efficient in separation applications. Pall rings 5/8 in were found to have the highest

126



HETP at a value of 0.9 m. On the other hand, Fleximax 1/4 in was found to be the second-best

choice after Dixon rings 1/4 in with an average HETP of 0.45.
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Figure 6.9: The variation of HETP with the gas packing factor Fs for liquid loads 22.88 (m®.m2 h-1). Solid lines

represent experimental data while dashed lines are used for literature data

6.4 Data Modelling

The confidence interval (CI) is used to determine the error for an unknown parameter. A
confidence interval is computed at a designated confidence level, 95% confidence level is most
common, the confidence level represents the long-run proportion of corresponding Cls that contain
the true value of the parameter. Factors affecting the width of the CI include the sample size, the
variability in the sample, and the confidence level. [192] The experimental data were used to
develop models to predict the dry pressure drop and loading regions on Dixon rings of relevance
to the industrial partner of this project (Croft Filters Ltd, Warrington, UK). The values of the
gradient and intercept of the dry pressure drop and the loading point were estimated and linear
equations are used to describe the dry pressure drop and loading region for Dixon rings. The sum

of squared estimate of errors (SSEE) were calculated according to:

6.1)

SSEE = ) (v~ %)’
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where y; is the measured dependant variable and y, does the model explain the predicted dependant
variable. The dry pressure drop and loading point were regressed and involved using the Solver
function of Microsoft Excel to minimise SSEE by changing the variables of the models).

CCIGrad,‘BS,th = tcrit X SEGrad (62)

CCIInter,95,th = tcrit X SEInter (63)
20y — ¥)? 0

SEGrad = #Z(xi_ xl)z (64)

SE B Z(yl _ 371)2 Z xi2 (65)
Inter — DOF nZ(xl-— x—l)z

The 95" confidence intervals values (CClys,,,) is @ number greater than 95% of the numbers in a
given set and is a function of the standard error (SE) and critical value (t.,.;). For all

models, CCl,;,, Was evaluated for the gradient and the intercept, as shown in equations (6.2) and

(6.3), respectively. SE was evaluated for the gradient and the intercept as shown in equations (6.4)
and (6.5). SE is a function of dependant (y;), (x;) independent variables and the degree of freedom

(DOF). The smaller the value of SE, the more accurately the model predicts the experimental data.

6.4.1 Dry pressure-drop
As shown in Figure 6.10 and Figure 6.11, the dry pressure drop for Dixon rings in Dixon rings the
general trend indicates a uniform pressure drop increase with the gas capacity factor, and the dry

pressure drop was a simple linear correlation. The solid line is the best fit, and the dashed line is
generated using the following equations (6.6) and (6.7):

:V95,th = yO X (CCIGrad,%,th + SEGrad) + (CCIInter,95,th + SEInter) (66)
x95,th = xO X (CCIGrad,95,th + SEGrad) + (CCIInter,‘)S,th + SEInter) (6'7)

Where y g5 ., and x o5 ., are the 95" interval points while y, and x, are the initial values of the

experimental data set.
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Figure 6.10: Dry pressure drop versus the gas capacity factor for Dixon rings 5/8 in The circles represent the
experimental data, thesolid line is the linear regression of the dataand the dashed lines represent the 95t-centile

confidence interval in the data. Each data pointshows the corresponding error due to each measurement.
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Figure 6.11: Dry pressure drop versus the gas capacity factor for Dixon rings 1/4 in. The circles representthe

experimental data, the solid line is the linear regression of the dataand the dashed lines represent the 95t"-centile

confidence interval in the data. Each data point shows the corresponding error due to each measurement.

Table 6.1: Calculated parameters for dry pressure drop for Dixon rings 1/4 in and Dixon rings 5/8 in.

Packing(in) Gradient(Pa.m™1) Intercept (Pa.m™1)
CClgraags,th SEGraa CClgraa,osth SEmter

Dixon /g 12.1 +1.93 0.015 +0.79

Dixon 1/, 74.8 +4.84 1.13 +1.56
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In Table 6.1, SE for the gradient and the intercept for the dry pressure drop for Dixon rings 1/4 in
and 5/8 in are highlighted. As demonstrated in Table 6.1, the SE for the gradient and intercept

were low for Dixon rings 1/4 in Dixon rings 5/8 in, which shows that this model can accurately

describe the gradient. The confidence interval values CCl gsth in Table 6.1 was calculated using
equations (6.2) and (6.3)(6.3). The standard errors (SE) which are calculated using equations (6.4)
and (6.5). The Standard of the intercept SE,,, .., are very low, less than 2%. However, in this case,
the intercept should be zero when no gas is flowing. The error was calculated based on the zero-
intercept resulting in high percentage error, but the interval's bounds do not include zero. This
indicates that the model may not be able to adequately describe the pressure drop when the gas

flowrate is small.
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6.4.2 Loading point determination

The loading point pressure drop is a simple linear correlation that is a function of the liquid and
gas flowrates, as described in Figure 6.12 and Figure 6.13. The solid line is the best fit, and the

dashed line is generated using equations (6.6) and (6.7).
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Figure 6.12: Loading pointmodel for Dixon rings 5/8 in, the liquid capacity factor versus the gas packing factor. The
black data points represent the experimental data, the solid line is the linear regression of the data and the dotted lines

represent the 95t"-centile confidence interval in the data. Each data point shows the corresponding experimental error.
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Figure 6.13: Loading point model for Dixon rings 1/4 in represented as the liquid capacity factor versus the gas

capacity factor. The datapoints represent the experimental data, the solid line is the linear regression of the dataand
the dotted lines represent the 95t-centile confidence interval in the data. Each data point shows the corresponding

experimental error.

Table 6.2: Calculated parameters for the estimation of the loading pressure drop

Packing(in) Gradient(Pa.m™1) Intercept (Pa.m™1)
CClGrad,os,th SEGrad CClGrad,95th SEmnter

Dixon /g 33.8 +2.9 53.3 +1.89

Dixon 1/, -1.7 +0.02 2.0 +0.01

A model was developed to predict the pressure drop at which the loading occurs for a given gas

and liquid flowrate. The confidence interval values CCI gsth in Table 6.2 was calculated using
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equations (6.2) and (6.3). The standard errors SE which are calculated using equations (6.4) and
(6.5). The standard error for the gradient and the intercept uncertainties are very low, which
indicates that the model is adequate to use to predict the loading region.

In conclusion, the pressure drop, liquid holdup, and mass transfer were investigated for the first

time. Dixon rings of the size 5/8 in and 1/4 in. Dixon rings 5/8 in were found to have the lowest

pressure drop compared to other commercial packing. Dixon rings 5/8 and 1/4 in were found to

have Kca value at the liquid load 23.88 (m3.m? hrl) were 0.55 and 2 (kg-kmol/(hr.m3.atm)),
respectively. In addition to the experimental results, models were developed to calculate the dry
pressuredrop and loading point. Themodels had SE less than 5% and 3% for the dry pressure drop
and loading point, respectively. Therefore, the model is reliable for the implementation for Dixon
rings.
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7 Chapter 7: Conclusion and future work
7.1 Review of the work

Packed columns are used in many separation applications such as water treatment and
hydrocracking. The packing material interacts with the fluid through a column creating a pressure
drop that affects the transfer phenomena. Dixon rings are random packing made from stainless
steel metallic mesh rolled into a cylindrical shape. The physical structure of Dixon rings has the
potential for high mixing abilities compared to other random packings. Dixon rings offer pore
openings in the wire mesh and a larger surface area which may result in lower pressure drop. One
method to improve the liquid distribution for Dixon rings is through developing uniform surface
coatings of hydrophobic or hydrophilic properties. A uniform coating can change the structure of
the surface composition; therefore, it reflects a change in the surface energy and the contact angles.
However, the complex geometry of the Dixon rings hinders application where a coating is

required.

The liquid dispersion and the wetting efficiency are critical parameters in the design and operation
of packed columns. Studying these parameters on a large scale is impossible due to the
computational limitations or expensive imaging techniques. However, studying these parameters
at a microscale helps understand fluid patterns at a larger scale. The option was to design packing
for gas-liquid separation applications with a tunable wetting efficiency. The liquid flow over a
single Dixon ring was studied using laboratory imaging experiments and 3D simulations. The
investigation was conducted on asingle wire mesh uncoated and surface-modified Dixon ring with
an alumina coating. The results of the VOF model were validated by imaging the flow using a

CCD camera and by a grid test simulation solution independent of the number of cells.

Packings are usually evaluated based on hydrodynamic parameters such as pressure drop, liquid

hold up, and mass transfer rate. The hydrodynamic parameters for Dixon rings packing are not
known. The hydrodynamics were tested in a semi-pilot plant for Dixon rings packing 5/8 in and
1/4 in for a range of gas and liquid flow rates for counter-current operation. The performance of

Dixon rings was compared to commercial packing gathered from the pressure drop, liquid holdup

and mass transfer models of Stichlmar, M ackowiak, and Wagner, respectively. The 95" centile
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confidence interval models were developed to describe the dry pressure drop, and loading points

were evaluated for all models.

7.2 The results achieved in this work

In Chapter 4, well-adhered alumina with a thickness of up to 20 um was deposited on Dixon rings
using a simple sol-gel coating technique. To overcome the difficulties associated with coating the
stainless steel with complex geometry and achieve excellent adhesion, the effects of the initial
composition on the coating properties were investigated. The ratios of 0.25 (mol/mol) for HCI/A,
0.01 (mol/mol) for Al/H20, 48 h for the aging time, 96 h for the mixing time and 2.1 g/L of PEI
binder formed a controlled and suitable coating of alumina on the Dixon ring. The coating was
found free of microscopic cracks. Increasing the thickness was successfully achieved through
multiple cycles. It was found that two cycles were suitable, meeting the viscosity boundary of
0.0035 (Pa.s).

In Chapter 5, the pore-scale flow for Dixon rings was testedusing visual experiments and CFD
simulations. A cycle of droplet flow over an uncoated Dixon ring exhibited penetration of the
hydrophilic mesh openings, adherence to the surface of the ring, obstruction by the horizontal grid
at the centre of the ring and accumulation at the bottom region of the Dixon rings. The adherence
of the droplet confirmed the hydrophilic nature of the Dixon ring. The cycle of the droplet
interaction with the uncoated hydrophobic Dixon ring exhibited accumulation of the droplet at the
top surface of the ring, where the thickness of liquid reached a maximum value. T his has promoted
the gravitational forces and led the droplet to slip over the vertical curvature to the bottom surface
of the ring without any penetration inside the ring. Experiments and CFD simulations obtained the
droplet profiles for the coated and uncoated rings, and these were in reasonable agreement which
allowed the further parametric study of the impact of the flow and contact angle on the wetting
efficiency, liquid holdup, and effective surface area. Theuncoated Dixon rings were found to have
a contact angle of 60°, describing a hydrophilic packing nature, promoting the wetting efficiency
by making the droplet spread over it. The coated rings were shown to be hydrophobic (contact
angle of 105°), promoting repellence of the droplets. The time needed to reach the steady -state
decreased when the liquid inlet velocity was increased or the contact angle was decreased. High
flow rates destabilised the liquid stream by delaying the outer layers of flow concerning the inner

ones, driving the cohesive molecular forces to become tenuous. The 3D CFD model confirmed the
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increase in the wetting efficiency, liquid holdup, and effective surface area with increased liquid
flowrate and reduced contact angle, in reasonable agreement with Stichlmair’s model, particularly
in the hydrophilic zone of the contact angle and low We and Linek’s model, particularly in the
hydrophobicrange of the contactangle. This was driven by the development of a uniform thickness
film of over the coated ring and by an increase in the thickness and length of the droplet over the
uncoated rings. The high wetting efficiency and the uncoated Dixon rings' hydrophilic nature can
reduce the packed columns' operational condition. The hydrophobic coatings can be implemented
in gas-liquid separation processes that require high mixing in packed beds.

In Chapter 6, the hydrodynamic properties for Dixon rings were tested in a semi-pilot plant. Dixon
rings 1/4 in were found to have a low-pressure drop, 100 % less than Dixon rings 5/8 in. Due to
the lateral opening, commercial Pall rings were found to have lower pressure drop than Dixon

rings. The liquid holdup for Dixon rings 1/4 in was found to have a value of 0.5 at Ls 0.2 (m/s)
(kg/m®)°>. On the other hand, Reflux rings 5/8 in was found to offer the lowest liquid holdup with

avalue of 0.25. Dixon rings 1/4 in were found to have the highest separation efficiency withHETP

of 0.05 compared to Pall rings which had HETP value of 0.5. The SE was less than 5 % and 2 %
for the gradient and intercepted, respectively. For the loading point, SE values were less than 3 %

and 2 %, respectively. It was suggested that the models are valid for calculating the dry pressure
drops and loading regions in various applications of Dixon rings packing.

7.3 Future recommendations
7.3.1 CFD model

This thesis successfully investigated the hydrodynamics for Dixon rings at microscopic and
macroscopic scales for the uncoated Dixon rings, and the results were validated and compared
with those in the literature. The microscopic study was conducted for a single element of the Dixon
rings which included developing a CFD model and visual experiments. Developing a model based
on several elements would be more realistic but Dixon rings have complex geometry and the
number of elements required for meshing is high, thus leading the computational costs to be

expensive and directed towards a separate scope of work. Due to the time constraints, some
elements of this research are worthy of further investigation.
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7.3.2 Coated Dixon rings

A study of the sol-gel coating on the Dixon rings was successfully conducted. The coated Dixon
rings were implemented to study the microscopic flow due to the limitation in the experimental
facilities and the cost of the project. The current semi-pilot plant used in the investigation would
require thousands of coated Dixon rings, and the sol-gel dip-coating procedure used in this thesis
produces sixteen Dixon rings per batch. Therefore, hundreds of batches would be needed to
conduct the study on the coated rings. A scale-up study for the sol-gel coating procedure for
coating Dixon rings with alumina is highly desirable. The fluid flow should be tested on a
macroscopic level for coated Dixon rings to gain a better insight into the effects of coating on the
hydrodynamics and mass transfer phenomena.
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Appendix A
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Figure Al : Flow pattern of VOF = 0.5 for Dixon rings using the grid GR2, for coated rings, 8 = 105° for uo =0.15
m/s: (@) 0s, (b) 0.13 s, (c) 0.14 s,(d) 0.15 s, (e) 0.16 sand (f) 0.17 s,and , and uo= 0.25 nVs: (g) 0s, (h) 0.07 s, (i)
0.09 s, (j) 0.11 s, (k) 0.13 sand (I) 0.15 s.
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Figure A2 : Flow pattern of VOF = 0.5 for Dixon rings usingthe grid GR2, uo = 0.35 m/s for coated rings, 6 = 105°:
(@) 0s, (b) 0.04 s,(c) 0.05 s, (d) 0.06 and (e) 0.07 s and(f) 0.08 s. ®:uo =05 m/s (g) 0s, (h) 0.01 s, (i) 0.02 s, (j)
0.03 and (k) 0.04 sand (I) 0.05
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Figure A3: Flow pattern of VOF = 0.5 for Dixon rings using thegrid GR2, u, = 0.25 m/s for uncoated rings, 0 =
60°: (a) 0s,(b) 0.13 s,(c) 0.14 s,(d) 0.15 s, (e) 0.16 s.

141



0s 0.02s ' 0.03s

0.04 s . 0.05s

Figure A4: Flow pattern of VOF = 0.5 for Dixon rings using the grid GR2, uo= 0.5 nvs for uncoated rings, 6 = 60°:
(@) 0s, (b) 0.01 s,(c) 0.02 s, (d) 0.03 and (e) 0.04.
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