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ABSTRACT

Main separation operations unit use conventional gravitational separation columns. While gravity usually governs the internal phenomena of this conventional columns, centrifugal force is an excellent alternative for new separation equipment. The RPB is one of the process intensification equipment that uses centrifugal force instead of gravity. RPBs have many advantages over standard separation equipment, attributable on one hand to the broader operational window offered because of the rotation speed is an additional degree of freedom and on the other hand to be insensible to gravity variation so RPB is a good candidate for onboard processes. The aim of this thesis is to improve the reliability of the tools and methods for characterising such a device and to propose the design of a new packing specifically designed for RPB.

The first part of this thesis consists in a quantitative comparison of published correlations for estimating different mass transfer parameters utilized in RPB studies, specifically the effective gas-liquid contacting efficiency (𝑎 𝑒 ), gas and liquid film mass transfer coefficients (𝑘 𝐺 ) and (𝑘 𝐿 )

pressure drop (ΔP) and liquid holdup (𝜀 𝐿 ).

In a second part, a rigorous experimental study of the hydrodynamic and mass transfer characteristics of a rotating packed bed (RPB) as a gas-liquid contactor was conducted. The influence of the major operating and design parameters of the RPB and a physicochemical property (viscosity) of the working fluids on the hydrodynamic and mass transfer characteristics were explored. A simple and robust quantitative approach was proposed to determine liquid entrainment and flooding in RPBs which complements visual observations and pressure drop measurements.

In a third part, a new wire-based RPB packing is studied. The decrease of the cross-section as one approaches the centre of the RPB was considered in the packing design. The packing was designed from a complex structure based on the periodic open cellular structures (POCS) principle. Hence, the RPB-tailored packing was designed to favour hydrodynamic regimes with the simultaneous presence of droplets and liquid film or only droplets at very high rotation speeds. By combining CAD software with additive manufacturing, a tailored packing for RPB has been design, produced and tested. This new anisotropic packing was applied to fundamental experiments using a counter current air-water system in a large range of rotation speed from 100 to 1000 rpm. Finally, the hydrodynamic behaviour of the new packing was compared with that of a standard RPB packing. The new packing demonstrated that the design is a promising concept that could further enhance mass transfer processes in RPBs

RÉSUMÉ

Les principales unités de séparation utilisent des colonnes conventionnelles de séparation gravitationnelle. Alors que la gravité régit généralement les phénomènes internes de ces colonnes conventionnelles, la force centrifuge est une excellente alternative pour les nouveaux équipements de séparation. Le RPB est l'un des équipements d'intensification des procédés qui utilise la force centrifuge au lieu de la gravité. Les RPBs présentent de nombreux avantages par rapport aux équipements de séparation standards, attribuables d'une part à la fenêtre opérationnelle plus large offerte en raison de la vitesse de rotation qui est un degré de La première partie de cette thèse consiste en une comparaison quantitative des corrélations publiées pour l'estimation des différents paramètres de transfert de masse utilisés dans les études RPB, en particulier l'aire de contact gaz-liquide effective (𝑎𝑒), les coefficients de transfert de masse gaz/liquide (𝑘𝐺 et 𝑘𝐿), la perte de charge (ΔP) et la rétention de liquide (𝜀𝐿). 

GENERAL INTRODUCTION

A significant increase in the use of chemical processes in embedded systems is expected in the years ahead. Global warming, increased population, improved health care, and their consequences have put unprecedented pressure on the chemical industry. The increased activities of conventional chemical processes negatively impact the environment [START_REF] Naidu | Chemical Pollution: A Growing Peril and Potential Catastrophic Risk to Humanity[END_REF]. Hence, alternative and renewable energy, and feedstocks have become a solution for new chemical processes due to their sustainability, flexibility, energy-efficient, cost-effective, safer as alternative methods [START_REF] Moioli | Process Intensification and Energy Transition: A Necessary Coupling?[END_REF]. Also, [START_REF] Tan | Process Intensification in Gas/Liquid/Solid Reaction in Trickle Bed Reactors: A Review[END_REF] have opined that to balance the higher demands and the stricter emission and other regulatory limits from governments, more efficient approaches to chemical processes are required. In addition, restrictions and economic constraints aggravated by global pandemics such as COVID-19 have forced researchers to develop further easier-to-manage, efficient, more compact components or alternative processes that require less natural and capital resources. Consequently, existing process plants are geared towards modular, compact, and decentralized designs.

However, whether we plan to transport and implement these processes in land vehicles, boats, floating barges, airplanes, or space vehicles, a common challenge common to all these applications is highlighted: the need for compactness, energy-saving, and gravitational variability in either direction or intensity. In the chemical and process industry, main installations are driven by the gravitational force. Therefore, to use chemical processes in this context, it is necessary to consider substituting gravitational force with another external force such as centrifugal force. In high-gravity equipment such as the rotating packed beds (RPB)

and the spinning disk reactor (SDR), the gravitational force is superimposed by centrifugal force. The strategy is well-known in the intensification of processes to enhance mass and heat transfers and significantly increase the compactness of equipment (Z. [START_REF] Wang | Mass Transfer in a Rotating Packed Bed: A Critical Review[END_REF][START_REF] Gudena | Optimal Design of a Rotating Packed Bed for VOC Stripping from Contaminated Groundwater[END_REF]. Mass transfer in equipment that utilizes centrifugal force is improved by increased interphase slip velocity. The higher slip velocity translates to enhanced operating limits and gas-liquid interfacial shear stress, increasing mass transfer.

RPBs are intensified alternatives to conventional packed columns. They have the potential to substantially reduce the costs of chemical processes by decreasing equipment size and increasing throughput. In the last decade, several scientific articles have been published on the hydrodynamics and mass transfer of RPBs. However, a synthesis of these studies shows a great variability of the results highlighting a lack of control of the operating conditions or of standardization of the methods. Similarly, the bias in the choice of internals (packing and liquid distributors) is highly questionable because the authors of these studies are limited to reusing packings imaged and designed for gravity flows in columns with invariant sections that have been designed strictly for film flows. This thesis's principal aim is to develop a tailored internal structure of a RPB. The originality of the thesis lies in the fact that the morphology of the RPB packing will be redesigned and optimized. On the one hand, by favouring the mixed hydrodynamic regimes with the simultaneous presence of droplets and liquid film or only droplets at a very high rotation speed.

On the other hand, the packing will consider the decrease of the cross-section as one approaches the centre of the RPB. The contributions of additive manufacturing (3D printing) will be fully used to make this structure as complex as possible.

The objectives of this thesis are:

(I)

The study of the hydrodynamic characteristics of a RPB equipped with a standard packing using viscous liquids.

(II)

The study of a mass transfer characteristic of a RPB equipped with a standard packing using a standard chemical absorption method.

(III)

To develop an optimal design of internals dedicated for RPB.

(IV)

The manufacture of this internals by 3D printing with a consideration of the impact of the geometry on the surface properties.

(V)

To study of the hydrodynamic characteristics of the RPB equipped with a new 3D printed structured packing

The study of hydrodynamics will focus on pressure drop and upper operating limits (flooding points). In contrast, the mass transfer will be focused on the effective interfacial area. Finally, the study will develop and produce a complex, 3D-printed, RPB-tailored packing.

The dissertation is presented in four interlinked chapters.

The first chapter is a bibliographical study of the general structure, working principle, types, classification, characteristics, peculiarities, and applications of RPBs and their internals. A thematic state of the art and inventory of RPB literature is performed.

Chapter two presents the work methodology adopted, the materials used to measure the hydrodynamic properties (pressure drop and upper operating limits or flooding), and a mass transfer parameter (effective mass transfer area) of the RPB packing. The various experiments conducted and characterization approaches adopted were described.

In the third chapter, a parametric comparison of published correlations for estimating different hydrodynamics and mass transfer parameters utilized in RPB studies is conducted. The aim is to ensure the comparability of the different correlations obtained from RPBs with different configurations and internals. The performance of the RPB is considered. The hydrodynamics of the pilot-scale RPB equipped with a conventional stainless-steel packing in an air-water system was presented first. It was followed by a viscous, air-glycerine/water system using the same stainless-steel packing. The aim is to obtain fundamental data on the operating parameters and operating limits of the RPB for different application. The chapter deals with designing, manufacturing, and characterizing a new, anisotropic RPB packing.

The originality of this thesis lies in the fact that the morphology (structure) of the packing will be designed, manufactured, and characterized for use in RPBs. The decrease in the packing cross-section towards the centre of the packing will be considered. The goal is to favour mixed hydrodynamic regimes with the simultaneous presence of droplets and liquid film or only droplets at very high rotational speeds. The contributions of additive manufacturing (3D printing) will be fully used to make this structure as complex as it is.

In the fourth chapter, detailed description of the methods used to analyse and interpret the results are then presented. Finally, the experimental results are summarized, described, compared with the available literature, and explained, intending to improve the hydrodynamic and mass transfer of RPBs and their packing.

CHAPTER ONE

State of the art: Rotating packed bed as intensified gas-liquid contactors

This chapter presents a bibliographic study on the state of the art of RPBs as intensified gasliquid contactors. Different types of RPBs, RPB internals, working principles and characteristics of RPB operations as they relate to hydrodynamics and mass transfer were described. The first part highlight the general structure and specificities of RPBs which make them different from conventional packed separation columns. The second part deals with the hydrodynamic characteristics of RPBs particularly focusing on the pressure drop, operating ranges and flooding. In the third part, the main operating parameters influencing RPB hydrodynamics and loading effects of the gas and liquids was developed. The fourth section reviewed the operating limits of RPBs while the fifth section looked into the flooding behaviour. In the sixth part, the review focused on the hydrodynamics of viscous liquids in RPBs. RPB internals with focus on only packings and liquid distributors were reviewed in part seven. The theory of mass transfer and mass specifically mass transfer in RPBs was reviewed in parts eight and nine while the last part, part ten of this bibliographic study highlighted the secondary sources that contribute to mass transfer in RPBs.

RPBs as process intensification technology

Process intensification (PI), which is achieved by the utilization of high gravity (HIGEE or high "g") equipment that utilizes centrifugal force, is employed to reduce the sizes of process equipment. It significantly improves the economy of the processes and their safety, compatibility, and ease of control through enhanced mass and heat transfer, capacity increase, and micromixing [START_REF] Gudena | Optimal Design of a Rotating Packed Bed for VOC Stripping from Contaminated Groundwater[END_REF].

The rotating packed bed (RPB) is one of the most commonly used PI equipment. A rotating packed bed (RPB) is a process intensification (PI) equipment that was patented by [START_REF] Schmidt | Gas washer[END_REF]). However, About eight and a half decades ago, [START_REF] Podbielniak | Centrifugal countercurrent contact apparatus[END_REF]) produced the first patent that introduced the use of centrifugal forces for process intensification, and this effort was followed by the work of [START_REF] Pilo | Apparatus For Intimate Contacting Of Two Fluid Media Having Different Specific Weight[END_REF]. It was the foundation work of [START_REF] Ramshaw | Mass transfer process[END_REF] at the Imperial Chemical Industries (ICI -UK), that formed the basis of the design of the currently used common forms of RPB based on HIGEE technology.

Structure and working principle of RPBs

One of the most common forms of RPB is shown in Figure 1-1 and is made up of a casing that surrounds a rotor mounted on a shaft. The rotor is a motor-driven, ring-shaped cylinder which is either a packed bed [START_REF] Rao | Process Intensification in Rotating Packed Beds (HIGEE): An Appraisal[END_REF] or a combination of a packed bed and a series of concentric perforated baffles or any one of the two (Cortes Garcia, van der Schaaf, and Kiss 2017). Both [START_REF] Rao | Process Intensification in Rotating Packed Beds (HIGEE): An Appraisal[END_REF] and [START_REF] Wenzel | Review and Analysis of Micromixing in Rotating Packed Beds[END_REF] observed that depending on the rotation axis, the motor which drives the rotor can be placed either underneath (horizontal axis) or to the side (vertical axis) of the RPB. Ranges of rotation speeds of RPB rotors reported in the literature cover as low as 100 rotation per minute (rpm) to as high as 2500 rpm [START_REF] Xie | Characteristics of Liquid Flow in a Rotating Packed Bed for CO2 Capture: A CFD Analysis[END_REF]Y. Yang et al. 2015) The distributors inject the liquid via the inner zone, where it begins contacting the gas. In the outer zone, situated between the casing and the cavity zone, the liquid exhaust is sent into the case wall, and tiny droplets are formed. In the packing zone, the gas and liquid phases are intensively micro-mixed. When the phases collide, intercept, and diffuse with the interphase, they renew rapidly, finally, in the inner zone [START_REF] Pan | Development of High-Gravity Technology for Removing Particulate and Gaseous Pollutant Emissions: Principles and Applications[END_REF] The mechanism of action of an RPB is that when a liquid enters an RPB, a high centrifugal field generated by the rotating rotor subjects the liquid to a shear force which splits the liquid into films, droplets, and filaments(W. [START_REF] Zhang | Hydrodynamic Characteristics and Mass Transfer Performance of Rotating Packed Bed for CO2 Removal by Chemical Absorption: A Review[END_REF]Liu et al. 2019;[START_REF] Sang | A Three-Zone Mass Transfer Model for a Rotating Packed Bed[END_REF]) . The sheared liquid components thus produce a large phase interface that is renewed rapidly, resulting in a significant enhancement of the mass transfer performance between the gas and liquid components (W. [START_REF] Zhang | Hydrodynamic Characteristics and Mass Transfer Performance of Rotating Packed Bed for CO2 Removal by Chemical Absorption: A Review[END_REF])

1.1.2

. Classifications and types of RPBs

Detailed descriptions of many types and forms of RPBs have been given by [START_REF] Rao | Process Intensification in Rotating Packed Beds (HIGEE): An Appraisal[END_REF][START_REF] Reay | Process Intensification[END_REF][START_REF] Dimian | Process Intensification[END_REF][START_REF] Garcia | A Review on Process Intensification in HiGee Distillation[END_REF] der Schaaf, and Kiss 2017) focusing on HIGEE distillation application. A review of all works showed that RPBs can be categorized in terms of the direction of gas flow, the axis of the rotor, and the type of packing arrangement and not only as the rotor design as the primary distinguishing shown by (Cortes Garcia, van der Schaaf, and Kiss 2017)

In terms of the direction of gas flow, [START_REF] Pan | Development of High-Gravity Technology for Removing Particulate and Gaseous Pollutant Emissions: Principles and Applications[END_REF]J. Guo et al. 2019) In the countercurrent RPB, the gas flows radially inwards due to a pressure gradient, and thus mass transfer occurs while the two fluids contact counter-currently as described by [START_REF] Munjal | Mass-Transfer in Rotating Packed Beds-II. Experimental Results and Comparison with Theory and Gravity Flow[END_REF][START_REF] Munjal | Mass-Transfer in Rotating Packed Beds-I. Development of Gas-Liquid and Liquid-Solid Mass-Transfer Correlations[END_REF][START_REF] Chiang | Absorption of Ethanol into Water and Glycerol/Water Solution in a Rotating Packed Bed[END_REF][START_REF] Qian | Modeling Study on Absorption of CO2 by Aqueous Solutions of N-Methyldiethanolamine in Rotating Packed Bed[END_REF]. Countercurrent RPBs are characterized by large mass transfer driving force and high gas pressure drop [START_REF] Chu | Mass-Transfer Studies in a Novel Multiliquid-Inlet Rotating Packed Bed[END_REF].

In cross-current RPBs, as reported in the literature by (F. [START_REF] Guo | Hydrodynamics and Mass Transfer in Cross-Flow Rotating Packed Bed[END_REF]Y. S. Chen et al. 2008;C. C. Lin et al. 2008)), the gas enters from the bottom of the RPB and flows axially through the packing, and leaves the rotor from the top. Because of its complex structure, [START_REF] Chu | Absorption of SO2 with Ammonia-Based Solution in a Cocurrent Rotating Packed Bed[END_REF]) observed that cross-current RPB is rare in industrial applications.

The third type of RPB in terms of gas flow direction is the co-current RPB in which two different fluids, mostly liquids, enter in the same direction, usually from the top and pass into the packing. Compared to countercurrent RPBs, co-current RPBs have lower pressure drop [START_REF] Chu | Absorption of SO2 with Ammonia-Based Solution in a Cocurrent Rotating Packed Bed[END_REF]) and mass transfer driving forces [START_REF] Chiang | Absorption of Hydrophobic Volatile Organic Compounds by a Rotating Packed Bed[END_REF]K. Groß et al. 2018;[START_REF] Wenzel | Review and Analysis of Micromixing in Rotating Packed Beds[END_REF] opined that liquid-liquid processes in RPBs were solely investigated using co-current operations. (Ya-zhao Liu, Zhi-hao Li, Guang-wen Chu, Lei Shao, Yong Luo 2020) observed that the volumetric mass transfer coefficient also increased as the gas flow rate, liquid flow rate, and rotor speed increased for absorption of SO2 in the water.

Other applications were studied including the absorption of SO2 with an ammonia-based solution (Chu et al., 2014), treatment of xylene as a hydrophobic volatile organic compound using NaOCl, and sodium dodecyl benzene sulfonate (SDBS) as a surfactant (W. [START_REF] Li | Removal of Hydrophobic Volatile Organic Compounds with Sodium Hypochlorite and Surfactant in a Co-Current Rotating Packed Bed[END_REF].

Another categorization of RPB can be viewed in the type of packing design used.(X. [START_REF] Liu | Experimental Study of Gas Pressure Drop in Rotating Packed Bed with Rotational-Stationary Packing[END_REF]) categorized RPBs by the packing structure into two: the random packing type and the structured packing type. Also, in these categories, we have innovations such as blade-packing type [START_REF] Sung | Characteristics of a Rotating Packed Bed Equipped with Blade Packings and Baffles[END_REF][START_REF] Luo | A Two-Stage Blade-Packing Rotating Packed Bed for Intensification of Continuous Distillation[END_REF]C. C. Lin and Kuo 2016), split packing type [START_REF] Agarwal | Process Intensification in HiGee Absorption and Distillation: Design Procedure and Applications[END_REF][START_REF] Bhattacharya | Evaporative Cooling of Water in a Rotating Packed Bed (Split Packing)[END_REF][START_REF] Shivhare | Mass Transfer Studies on Split-Packing and Single-Block Packing Rotating Packed Beds[END_REF] and, waveform disk packing (Q. [START_REF] Li | Hydrodynamics of Novel Structured Packings: An Experimental and Multi-Scale CFD Study[END_REF]Chen HH, Deng XH 1998). Despite the constant change in gas and liquid loads along the radius, the most commonly applied and investigated packings in RPBs are isotropic or single block packings which exhibit the same properties along axes in all directions (Majeed S. [START_REF] Jassim | Carbon Dioxide Absorption and Desorption in Aqueous Monoethanolamine Solutions in a Rotating Packed Bed[END_REF]Hendry, Lee, and Attidekou 2020;K. Groß et al. 2018). Use of isotropic packings limits the exploitation of the high geometric surface area offered by the packings. To date, only [START_REF] Gładyszewski | Evaluation of Performance Improvements through Application of Anisotropic Foam Packings in Rotating Packed Beds[END_REF]) had reported the use of an anisotropic RPB packing made from foam packings to study the pressure drop and mass transfer in RPBs.

Many variations of RPB designs have been reported in the literature (Cortes Garcia, van der Schaaf, and Kiss 2017). Some of these newer innovative designs include multi-stage spraying RPB(G. Q. [START_REF] Wang | Performance of a Rotating Zigzag Bed-A New HIGEE[END_REF], and the rotating zigzag bed (G. Q. [START_REF] Wang | Progress on Higee Distillation-Introduction to a New Device and Its Industrial Applications[END_REF]Y. LI et al. 2010). Other RPB designs had flow patterns, and the packing redesigned, such as the counter-flow with concentric rings [START_REF] Hacking | Improving Liquid Distribution in a Rotating Packed Bed[END_REF], two-rotor countercurrent [START_REF] Pyka | Dry Pressure Drop in a Two-Rotor Rotating Packed Bed[END_REF], cross-flow with a concentric-baffle from [START_REF] Tsai | Effective Interfacial Area and Liquid-Side Mass Transfer Coefficients in a Rotating Bed Equipped with Baffles[END_REF].

Applications of RPBs

Extensive studies had been conducted on RPBs on their hydrodynamics flow ((K. [START_REF] Guo | Synchronous Visual and RTD Study on Liquid Flow in Rotating Packed-Bed Contractor[END_REF][START_REF] Sáez | Hydrodynamic Parameters for Gas-Liquid Cocurrent Flow in Packed Beds[END_REF]Q. Li et al. 2016) ; mass transfer (K. [START_REF] Groß | Scale-Up of the Radial Packing Length in Rotating Packed Beds for Deaeration Processes[END_REF][START_REF] Gładyszewski | Additive Manufacturing of Packings for Rotating Packed Beds[END_REF] and micromixing [START_REF] Ouyang | Micromixing Efficiency in a Rotating Packed Bed with Non-Newtonian Fluid[END_REF][START_REF] Khodashenas | Process Intensification Approach for the Synthesis of Metal Nanoparticles : A Mini Review[END_REF][START_REF] Jurtz | Avis d'echeance Au 12/05/2020[END_REF][START_REF] Wenzel | Review and Analysis of Micromixing in Rotating Packed Beds[END_REF]. As process intensification equipment, RPBs have been used in various practical applications such as absorption, adsorption, gas purification, extraction, removal of liquid contaminants, wastewater treatment, nanomaterial preparation, rectification, absorption, wastewater treatment and, in the processing of crude oil [START_REF] Neumann | A Guide on the Industrial Application of Rotating Packed Beds[END_REF][START_REF] Oko | Study of Mass Transfer Correlations for Intensified Absorbers in Post-Combustion CO2 Capture Based on Chemical Absorption[END_REF][START_REF] Wang | Progress on Higee Distillation-Introduction to a New Device and Its Industrial Applications[END_REF]J. Guo et al. 2019). RPBs are also utilized in the production of heavy and light chemicals such as HNO3, and hypochlorous acid (HOCl)

for example, by the Dow Chemicals company since 1999 (Cortes Garcia, van der Schaaf, and Kiss 2017). RPBs have also been used for the production of nanoparticle materials (H. [START_REF] Zhao | High-Gravity Process Intensification Technology and Application[END_REF][START_REF] Hu | The Research Progress on Pressure Drop of Rotating Packed Bed[END_REF]J. Guo et al. 2019;[START_REF] Khodashenas | Process Intensification Approach for the Synthesis of Metal Nanoparticles : A Mini Review[END_REF], in the deaeration of liquids, primarily selective removal of H2S from gas water [START_REF] Tonkovich | Process Intensification[END_REF][START_REF] Neumann | A Guide on the Industrial Application of Rotating Packed Beds[END_REF]Y. Yang et al. 2016) and, for the removal of gas streams containing solids (H. [START_REF] Wang | A Review of Process Intensification Applied to Solids Handling[END_REF][START_REF] Mustaffar | Solids Handling for Intensified Process Technology[END_REF].

RPBs have been extensively explored for use in a variety of phase contacting processes. Also, RPBs are used for a wide range of both reactive and non-reactive applications such as liquidliquid, gas-liquid and vapor-liquid contacting [START_REF] Pan | Development of High-Gravity Technology for Removing Particulate and Gaseous Pollutant Emissions: Principles and Applications[END_REF][START_REF] Skiborowski | Process Intensification: By Rotating Packed Beds[END_REF].

Depending on the application, severals configuration of RPB can be used as shown in Figure 1-3.

Use of RPB applied to gas-liquid contactor

RPBs were used as gas-liquid contactors for many gas separation and purification processes.

(Cortes Garcia, van der Schaaf, and Kiss 2017) reported that the Industrial applications of RPB for gas-liquid contacting processes are in the areas of seawater de-aeration, reactive stripping of hypochlorous acid, SO2 removal, selective absorption of H2S, water de-aeration and for soft drink bottling. Other gas-liquid processes where RPBs are applied include dehyration of natural gas [START_REF] Cao | Mass Transfer Study of Dehydration by Triethylene Glycol in Rotating Packed Bed for Natural Gas Processing[END_REF], offshore desulfurization of natural gas [START_REF] Bai | SO2 Removal in a Pilot Scale Rotating Packed Bed[END_REF]W. Liu, Chu, Luo, Zhan, et al., 2019;Qian et al., 2012;), and in the removal of pollutants from gas emissions (T. L. Chen, Chen, and Chiang 2020; [START_REF] Pan | Development of High-Gravity Technology for Removing Particulate and Gaseous Pollutant Emissions: Principles and Applications[END_REF]. RPBs have also been used in improving the environment by using it in gas purification, removal of volatile organic compounds, and CO2 capture ( Yu & Tan, 2014[START_REF] Joel | 12 Carbon Capture[END_REF][START_REF] Xie | A Mesoscale 3D CFD Analysis of the Liquid Flow in a Rotating Packed Bed[END_REF].

In distitilation application, RPB was used by [START_REF] Sørensen | Special Distillation Applications[END_REF][START_REF] Kelleher | Distillation Studies in a High-Gravity Contactor[END_REF][START_REF] Luo | A Two-Stage Blade-Packing Rotating Packed Bed for Intensification of Continuous Distillation[END_REF][START_REF] Wang | Progress on Higee Distillation-Introduction to a New Device and Its Industrial Applications[END_REF][START_REF] Qammar | Towards the Development of Advanced Packing Design for Distillation in Rotating Packed Beds[END_REF]. In 2009, (J. V.

S. [START_REF] Nascimento | EXPERIMENTAL STUDY OF A ROTATING PACKED BED DISTILLATION COLUMN[END_REF] conducted distillation studies in a RPB using a n-hexane/nheptane distillation system at atmospheric pressure and total reflux conditions. The experimental results indicated that the liquid flow rates and rotation speed determines the mass transfer coefficient and RPBs have high separation efficiency in a small volume. Also, [START_REF] Qammar | Towards the Development of Advanced Packing Design for Distillation in Rotating Packed Beds[END_REF] performed experimental distillation studies under total reflux using a 10 wt % ethanol-water mixture. The RPB utilised a newly developed polymeric packing made using additive manufacturing. The new packing provided a comparable separation efficiency to rotating zigzag beds (RZBs) with about 1 order of pressure drop and showed the potential for a reduction of about 8-folds in height of equivalent transfer unit (HETP) value compared to conventional, non-rotating packed columns. In their research, [START_REF] Karol | Butanol Recovery from Synthetic Fermentation Broth by Vacuum Distillation in a Rotating Packed Bed[END_REF]) used vacuum distillation to investigate the feasibility of butanol recuperation in a synthetic fermentation broth in a RPB. The RPB enhanced the compounds separation by improving the gas-liquid mass transfer by factors of order 1 to 3.

Use of RPB applied to the reactive processes

In the use of RPBs for reactive processes, [START_REF] Zhan | Simultaneous Absorption of H2S and CO2 into the MDEA + PZ Aqueous Solution in a Rotating Packed Bed[END_REF] The results showed the advantage of RPBs in terms of saving size and space and efficiency of operations. The authors posited that RPBs are viable options for gas purifications applications in environments where size and space are limited. [START_REF] Krishna | Modeling and Analysis of Novel Reactive HiGee Distillation[END_REF]) developed and analysed a novel reactive RPB distillation. Also, [START_REF] Krishna | Modeling and Optimization of Reactive HiGee Stripper_membrane Process for Methyl Lactate Hydrolysis[END_REF]) generated an optimization model of a reactive RPB strippermembrane process for the hydrolysis of methyl lactate. [START_REF] Krishna | Modeling and Analysis of Solid Catalyzed Reactive HiGee Stripping[END_REF] reported solid catalyzed reactive stripping for the production of octyl-hexanoate with simultaneous water removal from the reaction zone in a RPB.

(Cortes Garcia, van der Schaaf, and Kiss 2017) opined that there is the need for more researches into reactive RPB technologies such as enhanced packing design towards achieving higher liquid-phase residence times and thus extending the range of RPBs operation. [START_REF] Kiss | Taking Reactive Distillation to the next Level of Process Intensification[END_REF] observed that although limited by very low liquid holdups, and the consequent low residence times (two essential parameters that are important in reactive systems with very high reaction rates) RPBs have potential for high mass transfer rates and the good catalyst wetting. However, prolonged operations at high rotation also results in the degradation of catalysts entrapped in the packing. Thus, for now, the range of RPBs operation is limited to liquid-phase reactions such as fast reactions with competing serial reactions, to achieve enhanced selectivity and ensure low yield losses [START_REF] Kiss | Taking Reactive Distillation to the next Level of Process Intensification[END_REF].

Use of RPB applied to liquid-liquid contactor

In liquid-liquid processes, RPBs were reported in the liquid-liquid heterogeneous mixing efficiency investigation by (Zhang, Y-D, Zhang, L-L, Wang, Z-X, Sun, B-C, Chu, G-W, Chen 2022). A model for predicting the segregation index of liquid-liquid heterogeneous mixing in RPB was established, characteristic time of liquid-liquid heterogeneous mixing was determined and, a great process intensification potential for heterogeneous mixing process in RPBs was established. [START_REF] Karmakar | Process Intensification of Liquid-Liquid Extraction in Rotating Packed Bed[END_REF] intensified the liquid-liquid extraction by the removal of hexavalent chromium from aqueous solution using aliquat-336 as the extractant using a RPB. The established that equal separation efficiency was obtained within a much smaller rotating extractor compared to a conventional one. The effect of centrifugal acceleration on mass transfer rates in liquid-liquid extraction of methyl red using xylene was investigated experimentally in RPBs by [START_REF] Modak | Extraction of Dye from Aqueous Solution in Rotating Packed Bed[END_REF]. Their results also suggested that the RPB volume required to achieve a given separation can be reduced by an order of magnitude compared to conventional extractors.

Use of RPB applied to solid-liquid processes

The use of RPBs were also reported for solid-liquid processes.The removal of hexavalent chromium ions by biosorption process in RPB using crude tamarind (Tamarindus indica) fruit shell was studied by [START_REF] Panda | Removal of Hexavalent Chromium by Biosorption Process in Rotating Packed Bed[END_REF]. The study due to liquid flow under centrifugal acceleration, RPBs can be used to enhace the mass transfer of the process. (Yazhao Liu, Zhi-hao Li, Guang-wen Chu, Lei Shao, Yong Luo 2020) used RPB reactor for the dissolution of copper by potassium dichromate. [START_REF] Neumann | A Guide on the Industrial Application of Rotating Packed Beds[END_REF]) had tabulated a list of potentially potent areas of applying RPBs based on the various peculiarities of the RPB that include:

• space limitation: mining industry, off-shore applications or skid mounted mobile plants;

• short contact time: unstable or explosive chemicals, skid mounted mobile plants;

• ability to deal with viscous liquids: solvent recovery from polymer solution.

Benefits and shortcomings of RPBs

Several authors (M S Jassim 2002;Hassan-beck and Sc 1997a;[START_REF] Neumann | A Guide on the Industrial Application of Rotating Packed Beds[END_REF]) have shown that using centrifugal force over gravitational force, RPBs as gas-liquid contactors have several advantages and are notably superior to other gas-liquid contactors :

-RPBs are utilized as modular, portable units and in space-limited locations such as ships and off-shore (H. [START_REF] Zhao | High-Gravity Process Intensification Technology and Application[END_REF][START_REF] Hacking | Improving Liquid Distribution in a Rotating Packed Bed[END_REF]);

-RPBs is quick and effective micro mixing. The mixing shortens the residence time of reacting species, making RPBs suitable for mass-transfer limited processes such as reactive absorption processes for example, the absorption of CO2 into amines (Majeed S. [START_REF] Jassim | Carbon Dioxide Absorption and Desorption in Aqueous Monoethanolamine Solutions in a Rotating Packed Bed[END_REF]);

-high mass transfer efficiency (M. [START_REF] Wang | Process Intensification for Post-Combustion CO2 Capture with Chemical Absorption: A Critical Review[END_REF][START_REF] Jurtz | Avis d'echeance Au 12/05/2020[END_REF][START_REF] Yu | CO2 Capture by Alkanolamine Solutions Containing Diethylenetriamine and Piperazine in a Rotating Packed Bed[END_REF][START_REF] Dimian | Process Intensification[END_REF] and small volume, which leads to savings in costs and space (K. [START_REF] Groß | Analysing the Operating Limits in High Gravity Equipment[END_REF][START_REF] Neumann | A Guide on the Industrial Application of Rotating Packed Beds[END_REF];

-RPBs include use in the treatment of various liquids, including high-viscosity liquids and foam formation reduction [START_REF] Sheilan | Gas Treating[END_REF]Hendry, Lee, and Attidekou 2020).

-Higher rotation speeds in RPBs translate to a shorter mean lifetime of liquids in the device which implies lower liquid-phase resistance and consequently, greater mass transfer unlike the case with static devices such as packed beds. Figure 1-23 from [START_REF] Qian | Modeling Study on Absorption of CO2 by Aqueous Solutions of N-Methyldiethanolamine in Rotating Packed Bed[END_REF]) illustrates this phenomenon. [START_REF] Sudhoff | Modelling, Design and Flexibility Analysis of Rotating Packed Beds for Distillation[END_REF]) listed the possible benefits derivable from using RPBs in distillation and linked the benefits with the possible fields where they can be harnessed, as shown in Figure 1234.

Table 1-1 summarises and provides quantitative data on some of the documented and possible benefits derived and derivable from the use of RPBs in various fields with an emphasis on energy, cost savings, and environmental considerations.

RPBs have durability issues over a long time due to the rotating parts. For example, the liquid seals in RPBs are a setback because they require maintenance and can increase the friction to rotation and add to the energy consumption. Thus, there is a need for proper design of all the parts [START_REF] Eimer | Gas Treating Absorption Theory and Practice[END_REF]. 

Reduction in CO2 emission

Up to 20% This is achieved via reduced raw material consumption leading to lower waste generation. For example, in the production of OPCS.

Comparing RPB with conventional packed separation column

Conventional packed separation column (CPSCs) are mainly cylinders filled with packing material, whereas RPB is more compact and have differences such as geometry, flow capacity or their driving force. A schematic comparison of CPSCs and RPBs from (Neumann et al., 2018) is shown in (K. [START_REF] Groß | Analysing the Operating Limits in High Gravity Equipment[END_REF] has shown that compared to the CPSCs, there is a ninety-degree shift in the separation efficiency and the capacity in RPBs. The phenomenon is caused by the difference in the geometric configurations of the two devices. Thus, at the same time, the efficiency of separations and maximum gas and liquid (capacity) in CPSC is determined by the column's height and diameter respectively, in RPBs the two parameters are determined by the radial width of the rotor ((𝑟 𝑜 -𝑟 𝑖 ) and its axial height, respectively.

Another difference between RPB and CPSCs is that RPBs have higher design complexity, and the design procedure for RPBs still needs to be adequately established further. In RPBs, the factor that determines the separation efficiency, which is the number of transfer units (NTU), is dependent on the radius of the rotor as opposed to the packing height for packed columns [START_REF] Neumann | A Guide on the Industrial Application of Rotating Packed Beds[END_REF][START_REF] Rao | Process Intensification in Rotating Packed Beds (HIGEE): An Appraisal[END_REF]). To account for the variable area of RPBs and the packing geometry, the performance is better measured using the concept of the area of transfer unit-number-the number of transfer units (ATU-NTU) approach [START_REF] Singh | Removal of Volatile Organic Compounds from Groundwater Using a Rotary Air Stripper[END_REF][START_REF] Kelleher | Distillation Studies in a High-Gravity Contactor[END_REF].

• the contactor volume

In RPBs, volume is determined by the height of packing along the axis, whereas in CPSCs, it is determined by the radius of the column. Consequently, the specific loads depend on the radius for separation columns whereas it varies with the radius for the RPB. Similarly, while the gas is going up and the liquid down in CPSCs, the flow direction for the liquid in RPBs is radially outwards from the inner cross-sectional area to the outer cross-sectional area.

• Driving force

RPBs are driven by centrifugal force due to the rotation of the rotor [START_REF] Sudhoff | Modelling, Design and Flexibility Analysis of Rotating Packed Beds for Distillation[END_REF]. Thus, an RPB can have a high centrifugal force of 10g-1000g depending on the rotation speed and the radius (Y. S. [START_REF] Chen | Packing Characteristics for Mass Transfer in a Rotating Packed Bed[END_REF]C. C. Lin and Jian 2007;B. Zhao, Su, and Tao 2014;[START_REF] Pan | Development of High-Gravity Technology for Removing Particulate and Gaseous Pollutant Emissions: Principles and Applications[END_REF]). In the same vein, the rotation speed as an added degree of freedom, enhances the flexibility of the RPBs [START_REF] Sudhoff | Modelling, Design and Flexibility Analysis of Rotating Packed Beds for Distillation[END_REF]. Also, RPB has more flexibility over conventional packed beds [START_REF] Neumann | A Guide on the Industrial Application of Rotating Packed Beds[END_REF].

In terms of hydraulic capacities, pressure drop, and flooding capacities, RPBs have higher values as compared to conventional packed beds, which allows them to utilize high porosity packings of up to 90 to 95% and high specific surface areas of 2000 to 5000 m 2 /m 3 [START_REF] Pan | Development of High-Gravity Technology for Removing Particulate and Gaseous Pollutant Emissions: Principles and Applications[END_REF]Hendry, Lee, and Attidekou 2020). Thus, the specific surface areas of RPB packings are far higher than the 87-150 m 2 /m 3 for random packings and 202-500 m 2 /m 3 for structured packings reported by [START_REF] Billet | Packed Towers[END_REF], and the 53-550 m 2 /m 3 for various types of packings used in conventional separation columns reported by [START_REF] Maćkowiak | Extended Channel Model for Prediction of the Pressure Drop in Single-Phase Flow in Packed Columns[END_REF].

Consequently, RPBs are lighter and less energy-intensive (M. [START_REF] Wang | Process Intensification for Post-Combustion CO2 Capture with Chemical Absorption: A Critical Review[END_REF]and have a higher pressure drop per unit height [START_REF] Keyvani | Operating Characteristics of Rotating Beds[END_REF].

Other noteworthy differences between RPBs as compared conventional packed beds include:

-higher mass transfer efficiency of up to 1-3 orders ( L. L. [START_REF] Zhang | Absorption of Carbon Dioxide with Ionic Liquid in a Rotating Packed Bed Contactor: Mass Transfer Study[END_REF]H. Zhao et al., 2010) -RPBs decrease equipment volume by 4-40 fold of magnitude due to the intensified gas/liquid interfacial mass transfer (M. [START_REF] Wang | Process Intensification for Post-Combustion CO2 Capture with Chemical Absorption: A Critical Review[END_REF][START_REF] Keil | Process Intensification[END_REF][START_REF] Neumann | A Guide on the Industrial Application of Rotating Packed Beds[END_REF] -reduction in height equivalent theoretical plate (HETP) of 5-10 orders [START_REF] Kelleher | Distillation Studies in a High-Gravity Contactor[END_REF]; HETP of only 2.5 to 8.0 cm as compared to 30 to 50 cm for CPSCs [START_REF] Matin | Preliminary Distillation Mass Transfer Unit., and Pressure Drop Results Using a Pilot Plant Scale High Gravity Contacting[END_REF];

-Improved intensification factor as high as 52 (A. S. Thus, RPBs are positioned as a new, intensified process that can compete with traditional separation columns. The fact that they are driven by centrifugal force allows them to be compact processes, capable of handling high flow rates, with higher efficiency and a wide range of applications, especially for viscous liquids. In the next section the characterisation of this process from a hydrodynamic and transfer point of view will be developed.

Hydrodynamic characteristics of RPBs

A fundamental aspect of the modelling, design, optimization, implementation, operation, and scale-up of RPBs is a clear understanding of the principles of their hydrodynamics. RPB hydrodynamic parameters extensively reported in the literature include liquid holdup [START_REF] Burns | Process Intensification: Operating Characteristics of Rotating Packed Beds -Determination of Liquid Hold-up for a High-Voidage Structured Packing[END_REF][START_REF] Burns | Process Intensification: Visual Study of Liquid Maldistribution in Rotating Packed Beds[END_REF], gas pressure drop [START_REF] Chandra | Polytetrafluoroethylene Wire Mesh Packing in a Rotating Packed Bed: Mass-Transfer Studies[END_REF]F. Guo et al., 1997;[START_REF] Lashkarbolooki | A General Model for Pressure Drop Prediction across a Rotating Packed Bed[END_REF][START_REF] Neumann | Dry Pressure Drop in Rotating Packed Beds -Systematic Experimental Studies[END_REF][START_REF] Sandilya | Gas-Phase Mass Transfer in a Centrifugal Contactor[END_REF][START_REF] Sandilya | Gas-Phase Mass Transfer in a Centrifugal Contactor[END_REF][START_REF] Singh | Removal of Volatile Organic Compounds from Groundwater Using a Rotary Air Stripper[END_REF], liquid dispersion [START_REF] Burns | Process Intensification: Visual Study of Liquid Maldistribution in Rotating Packed Beds[END_REF][START_REF] Xie | A Mesoscale 3D CFD Analysis of the Liquid Flow in a Rotating Packed Bed[END_REF]) and, flooding [START_REF] Lockett | Flooding of Rotating Structured Packing and Its Application to Conventional Packed Columns[END_REF]Hendry, Lee, and Attidekou 2020;[START_REF] Rajan | Limiting Gas Liquid Flows and Mass Transfer in a Novel Rotating Packed Bed (HiGee)[END_REF]M S Jassim 2002).

Some major aspects of RPB hydrodynamics can be obtained via accurate prediction of the pressure drops and upper operating limits [START_REF] Neumann | Experimental Investigations on the Upper Operating Limit in Rotating Packed Beds[END_REF]Hendry, Lee, and Attidekou 2020).

Although extensive fundamental research has been conducted and documented using RPBs, with many of their applications explored at the industrial scale, its design approach is still casespecific. It thus requires improvements.

Pressure drop in RPBs

Pressure drop is a vital index to determine the energy consumption and resistance of an RPB.

Higher pressure drops imply higher fluid flow and thus higher energy consumption.

Consequently, the structural design, capacity, selection of internals, and operating costs of RPBs can all be tied to the energy requirement, which, is governed by the pressure drop (B. [START_REF] Zhao | Process, Performance and Modeling of CO2 Capture by Chemical Absorption Using High Gravity: A Review[END_REF]) (X. [START_REF] Liu | Experimental Study of Gas Pressure Drop in Rotating Packed Bed with Rotational-Stationary Packing[END_REF].

Many studies were carried out to evaluate the influence of pressure drop in many RPB operations with empirical and semi-empirical models established [START_REF] Singh | Removal of Volatile Organic Compounds from Groundwater Using a Rotary Air Stripper[END_REF][START_REF] Jiao | Gas Pressure Drop and Mass Transfer Characteristics in a Cross-Flow Rotating Packed Bed with Porous Plate Packing[END_REF]. The methods used to measure pressure drop as a performance index for RPBs include using the fractionation method combined with theoretical or semi-empirical models and the recently developed artificial neural network (ANN) approach (B. [START_REF] Zhao | Mass Transfer Performance of CO2 Capture in Rotating Packed Bed: Dimensionless Modeling and Intelligent Prediction[END_REF].

In the fractionation method, the RPB is considered as made up of a series of sections, each with its partial pressure drop and combining to produce the total pressure drop. Thus, two different pressure drop can be determined : the dry pressure drop and the wet pressure drop.

1.2.1.1. Dry pressure drop in RPBs [START_REF] Zheng | Pressure Drop of Centripetal Gas Flow through Rotating Beds[END_REF] reported that the total dry pressure drop for RPBs consists of pressure drops from four sections, including the casing, inside the packed bed, the eye, and the gas outlet, as depicted in Figure 1-7 by [START_REF] Neumann | Dry Pressure Drop in Rotating Packed Beds -Systematic Experimental Studies[END_REF].

Figure 1-6 Sections in RPBs contributing to the overall dry pressure drop [START_REF] Neumann | Experimental Investigations on the Upper Operating Limit in Rotating Packed Beds[END_REF].

. The dry pressure drop in a packed separation column is the single-phase pressure drop of a gas. In RPBs, dry pressure drop can be induced either by the gas flow or the rotation. The dry pressure drop caused by gas flow is referred to as frictional pressure drop (ΔPf) ), while that induced by the rotation is called the centrifugal head (ΔPc). The frictional pressure drop is mainly dictated by the dimensions of the rotor (inner and outer diameters and the axial height), the properties of the packing (void fraction, interfacial area, arrangement, material), and the operating conditions (gas flowrate and the rotation speed). On the other hand, the centrifugal pressure drop depends on the rotor's outer diameter (do) and the rotation speed. [START_REF] Neumann | Dry Pressure Drop in Rotating Packed Beds -Systematic Experimental Studies[END_REF]).

Thus, different approaches have been made towards obtaining the total dry pressure drop in RPBs as shown in Table 1-2.

The correlations in Table 1-2 illustrated that the total dry pressure drop in RPBs depends on the gas flow rate the rotational speed, the characteristics of the packing, and gas density [START_REF] Ghadyanlou | A Review of Modeling Rotating Packed Beds and Improving Their Parameters: Gas-Liquid Contact[END_REF]. While (Y. S. outside the rotor (∆Po)𝑘 2 is the correction factor and was found to be 3.22, and 𝑘 𝑠 = 1.65 × 𝑛 -0.1 is the displacement factor 𝛼 and 𝛽 are constants, 𝑑 ℎ is the hydraulic diameter of the packing, K the coefficient of contraction/expansion at the inner periphery of the rotor and vi/vo superficial gas velocity.

The packing is modelled as made up of several parallel channels with defined frictional factors determined by the packing characteristics [START_REF] Neumann | Dry Pressure Drop in Rotating Packed Beds -Systematic Experimental Studies[END_REF][START_REF] Kelleher | Distillation Studies in a High-Gravity Contactor[END_REF][START_REF] Zheng | Pressure Drop of Centripetal Gas Flow through Rotating Beds[END_REF])

∆𝑃 𝑎 = ∆𝑃 𝑚 + ∆𝑃 𝑐 + ∆𝑃 𝑓 ∆𝑃 𝑚 = 1 2 𝜌 𝑔 ( 𝐺 2𝜋𝑎ℇ
) 

Wet Pressure drop in RPBs

In RPB operations, the most common multiphase flows are the two-phase flows which include gas-liquid flow and, liquid-liquid flows. The presence of a liquid in an RPB packing is perceived to serve as an extra liquid film which reduces the available area of the packing. The lowered free area of the packing consequently lead to an increase in the frictional pressure drop (F. [START_REF] Guo | Hydrodynamics and Mass Transfer in Cross-Flow Rotating Packed Bed[END_REF]). Thus, many researchers [START_REF] Guo | Hydrodynamics and Mass Transfer in Cross-Flow Rotating Packed Bed[END_REF]Hendry et al., 2020;[START_REF] Lockett | Flooding of Rotating Structured Packing and Its Application to Conventional Packed Columns[END_REF][START_REF] Sandilya | Gas-Phase Mass Transfer in a Centrifugal Contactor[END_REF][START_REF] Sandilya | Gas-Phase Mass Transfer in a Centrifugal Contactor[END_REF] hypothesised that the presence of a liquid increases the opposition of the gas flow by blocking some of the packing pores and thus reducing the porosity of the packing which lead to an increase in pressure drop.

In CPSCs, the pressure drop increases when a liquid irrigates the dry packing at a constant gas flow rate in counter current operations. However, when using RPBs, some researchers [START_REF] Keyvani | Operating Characteristics of Rotating Beds[END_REF]H. S. Liu et al. 1996;[START_REF] Zheng | Pressure Drop of Centripetal Gas Flow through Rotating Beds[END_REF] reported an unusual phenomenon which is contrary to what obtained in CPSCs. The results showed (see Figure 1-8) a lower pressure drop for irrigated beds compared to that of dry beds as shown in Figure 1-8, [START_REF] Keyvani | Operating Characteristics of Rotating Beds[END_REF]) reported a decrease of 56% of the total pressure drop when liquid is introduced counter current to a gas flowing with a constant flowrate and rotation speed.

Figure 1-7 Unusual variation of total pressure drop with time under various RPB operating conditions [START_REF] Rao | Process Intensification in Rotating Packed Beds (HIGEE): An Appraisal[END_REF] The authors, [START_REF] Keyvani | Operating Characteristics of Rotating Beds[END_REF] explained that the lubrication of the packing surface caused the unusual phenomenon by the liquid films leading to the reduction in the drag exerted on the gas by the wetted packing surface. [START_REF] Rao | Process Intensification in Rotating Packed Beds (HIGEE): An Appraisal[END_REF] opined that the unusual phenomenon mentioned above as observed by [START_REF] Keyvani | Operating Characteristics of Rotating Beds[END_REF] was primarily caused by the large inner radius (127mm) of the rotor used. The large radius provided enough space for the liquid jets in the eye to terminate the gas angular velocity leading to reduced centrifugal pressure drop. While making effort to explain the unusual phenomena, (H.

S. [START_REF] Liu | Characteristics of a Rotating Packed Bed[END_REF] opined that It may be that in some (unexplained) way, the presence of the liquid aids and eases the gas flow through the bed as a result of the rotation of the rotor. On his part, (Kai Michael Groß 2021) suggested a possible mechanical defects such as faulty seals or the possibility of errors related to factors relating to the hydraulic operating conditions, such as gas entrainment via the liquid outlet.

However, the unusual phenomenon of a lower pressure drop for the wet bed as compared to the dry bed was not observed by many other authors (K. M. [START_REF] Groß | Deaeration in Rotating Packed Beds[END_REF]F. Guo et al., 1997;X. Liu et al., 2018;[START_REF] Lockett | Flooding of Rotating Structured Packing and Its Application to Conventional Packed Columns[END_REF][START_REF] Sandilya | Gas-Phase Mass Transfer in a Centrifugal Contactor[END_REF] . As an example, a slightly higher pressure drop of the wet bed than that of the dry bed was reported by (X. [START_REF] Liu | Experimental Study of Gas Pressure Drop in Rotating Packed Bed with Rotational-Stationary Packing[END_REF]) for an air-water system. They used a rotational-stationary packing made up of spaced, concentric rings. For a 100% increase in the liquid flow rate, the authors reported an increase of about 1-10 Pa. In his research, (Kai Michael Groß 2021) also reported a higher pressure drop for the wet bed than that of the dry bed for two different packings. At the maximal rotation speed of 1800 rpm in which the RPB was operated, a 20% higher wet pressure drop was reported. The author observed a smaller difference between the two pressure drops at high rotational speeds. However, as the rotational speed was reduced, the report showed substantially higher wet than dry pressure drops at rotational speeds lower than 600rpm. Depending on the system studied and RPB configuration both behaviours could be noticed. Some literature correlations for wet pressure drop in RPB are presented in chapter 3, 

Effect of rotation speed

The rotation of the rotor contributes mainly to pressure drop due to the change of rotational energy to dynamic swirl pressure inside the RPB casing and the interaction between the packing and gas phase present in the packing [START_REF] Neumann | Dry Pressure Drop in Rotating Packed Beds -Systematic Experimental Studies[END_REF].

To explore the effect of rotation speed on the pressure drop, [START_REF] Keyvani | Operating Characteristics of Rotating Beds[END_REF] conducted counter-current air-water experiments under different operating conditions. In the absence of both liquid and gas flows, the authors explained that a radial pressure gradient is generated due to the rotation of the gas inside the rotor and the one between the rotor and the RPB casing. They related the phenomenon to the pressure needed to subdue the centrifugal head generated by the rotation of the rotor. In addition [START_REF] Rao | Process Intensification in Rotating Packed Beds (HIGEE): An Appraisal[END_REF] explained that when the rotor is turned on in the absence of gas and liquid flow through the RPB, after a while, the rotor and the gas will attain constant speed and a constant angular velocity, respectively. The gas moves from rest and accelerates with time in the angular direction. At the onset, a packing-gas slip occurs. However, a steady state is attained when the drag force increases and the gas velocity equals the velocity of the packing. In this instance, the gas velocity in the radial direction is zero. Hence, the gas rotates as a rigid body along with the packing at the speed of the rotor creating a pressure drop.

When the RPB is rotated and the gas is supplied, the pressure drop increases due to the frictional pressure drop (drag) and gas inertia effects. At different fixed gas flow rates, increased rotation speeds increase the total pressure drop of the RPB. Two reasons were advanced by [START_REF] Jiao | Gas Pressure Drop and Mass Transfer Characteristics in a Cross-Flow Rotating Packed Bed with Porous Plate Packing[END_REF] for the observed trend. Firstly, the pressure drop due to centrifugal force, which contributes to the dry pressure drop. Then secondly, the increased collision between the gas molecules and the packing, which causes the loss of kinetic energy in the airflow. Their experimental study, (X. [START_REF] Liu | Experimental Study of Gas Pressure Drop in Rotating Packed Bed with Rotational-Stationary Packing[END_REF] showed that the dry pressure drop in a RPB increased with the rotational speed with a significant increase at high rotational speeds (>600 rpm). [START_REF] Rao | Process Intensification in Rotating Packed Beds (HIGEE): An Appraisal[END_REF] explained that when gas is introduced into the rotor, the gas elements are subjected to two opposing forces. The first force on the gas is the pseudoinertial (Coriolis) force. The Coriolis force is the consequence of acquiring an angular velocity caused by the inward radial velocity. The second force acting on the gas element is the drag force caused by the slower velocity of the packing compared to the gas elements. Figure 123456789shows a typical diagram of the variations of the gas angular velocity, Vθ, in different regions of a RPB rotor as the gas flows from the casing, c, to the centre of the rotor.

Effect of gas flow rate

Between the casing and the outer part of the rotor, the gas rotates and attains the rotor velocity as it moves towards the edge of the rotor. Due to the Coriolis force inside the rotor, the gas angular velocity is marginally higher than the velocity of the packing. The difference between the angular velocities of the packing and the gas (angular slip velocity) is determined by the resistance offered by the packing. Hence, the frictional pressure drop of a moving rotor and that stationary rotor is the same [START_REF] Rao | Process Intensification in Rotating Packed Beds (HIGEE): An Appraisal[END_REF] and, the frictional pressure drop is not dependent on the angular velocity (H. S. [START_REF] Liu | Characteristics of a Rotating Packed Bed[END_REF]. Consequently, as in conventional towers, increased gas flow rate in a RPB increases the gas pressure drop.

Visualization studies on an irrigated RPB conducted by [START_REF] Burns | Process Intensification: Visual Study of Liquid Maldistribution in Rotating Packed Beds[END_REF]K. Guo et al. 2000) showed that when a liquid flows along with the gas in the RPB, the liquid does not only affect the nature of the gas flow but also attains the angular velocity of the packing and flows as fragments (films or droplets) in the radial direction.

Effect of liquid flow rate

The liquid flow rate is another core RPB operational parameter in liquid-phase processes. [START_REF] Rao | Process Intensification in Rotating Packed Beds (HIGEE): An Appraisal[END_REF] had shown that the characteristics of the packing (geometry, porosity, and end supports), as well as the type of liquid distributor used, are the factors that determine the nature of the liquid flow in an RPB. While using foam-metal packing rings at 400 and 1200rpms, [START_REF] Chandra | Polytetrafluoroethylene Wire Mesh Packing in a Rotating Packed Bed: Mass-Transfer Studies[END_REF] obtained an increase of the pressure drop with an increase of the liquid flow rates. The increase in pressure drop was assigned to the higher liquid holdup in the inner rings. (X. [START_REF] Liu | Experimental Study of Gas Pressure Drop in Rotating Packed Bed with Rotational-Stationary Packing[END_REF] highlighted that both drenching of the Figure 1-8 Variation of gas angular velocity with radial distance in a RPB [START_REF] Rao | Process Intensification in Rotating Packed Beds (HIGEE): An Appraisal[END_REF] packing surface and the liquid's obstruction of the packing pores to the flow of gas are the two significant factors that contribute to the increase in pressure drop.

When operating at constant liquid rates and varying the rotation speeds and gas flow rates [START_REF] Keyvani | Operating Characteristics of Rotating Beds[END_REF] concluded that the pressure drop is proportional to the rotation speed and gas flow rate.

As a conclusion, three main parameters can strongly impact on hydrodynamic behaviour of the RPB : rotating speed of the rotor, gas and liquid flowrate. A sensitivity analysis of the operating factors affecting the wet pressure drop of an RPB by (X. [START_REF] Liu | Experimental Study of Gas Pressure Drop in Rotating Packed Bed with Rotational-Stationary Packing[END_REF] showed that the effect is that the dominant factor is the gas flow rate followed by the rotation speed while liquid flow rate generate the effect. (Chen HH, Deng XH 1998) had reported that for an airwater counter currently operated RPB, the pressure drop caused by the rotation of the rotor (centrifugal force) is 12-20%, while the gas flow rate (frictional resistance) contributes about 40-70% of the total pressure drop.

Hydrodynamic operating ranges 1.2.3.1. Optimisation of operating parameters

To adequately analyze fluid flow behavior in RPBs, [START_REF] Burns | Process Intensification: Visual Study of Liquid Maldistribution in Rotating Packed Beds[END_REF] recommended using a combination of visual and quantitative methods. Visual observation involve the physical monitoring of the behaviour of the liquid in the eye of the rotor and at the gas outlet.

Additionally, [START_REF] Neumann | Experimental Investigations on the Upper Operating Limit in Rotating Packed Beds[END_REF]) noted that using visual observations and measuring pressure drop fluctuations alone are insufficient to anticipate hydrodynamic behavior in RPBs due to observed inconsistencies. In order to determine the operating limits in RPBs, [START_REF] Burns | Process Intensification: Visual Study of Liquid Maldistribution in Rotating Packed Beds[END_REF] employed liquid holdup, and (Hendry, Lee, and Attidekou 2020) used the measurement of entrained liquid flow rate from the center of the rotor.

Figure 1-10 shows a typical pressure drop against the rotor speed curve and a depiction of the liquid behaviour during RPB operation. Three operating mode were noticed: entrainment/flooding, liquid accumulation and normal operation. A steady increase in pressure drop is obtained at low rotational speeds (entrainment and flooding). Severe fluctuations in the pressure drop also mark this range due to liquid ejection. At moderate rotation speeds, the pressure drop reaches a maximum and begins to reduce (liquid acumulation). At higher rotation speeds, regular operation of the RPB is observed, accompanied by the absence of liquid accumulation in the centre of the rotor and a stable pressure drop [START_REF] Neumann | Experimental Investigations on the Upper Operating Limit in Rotating Packed Beds[END_REF][START_REF] Groß | Deaeration in Rotating Packed Beds[END_REF]. Which are the normal and optimised conditions for fixed gas and liquid flowrate.

However as shown before, it is important to take into count the liquid load and gas capacity factor in order to better define the optimisation of operating parameters.

Figure 1-9 Pressure drop variation with rotation speed in RPB operation

Liquid load

The throughput rates of RPBs is usually based on the arithmetic average of the inner and outer radii of the packing. However, as mentioned earlier, the cross-sectional area in RPBs changes along the radius. Thus, the smallest cross-sectional area is at the inner radius of the packing as shown in Figure 1-11.

Consequently, it is logical to assume that the initial liquid entrainment will occur there. Hence, the inner radius determines the flooding and entrainment of liquids in RPBs. Consequently, [START_REF] Rao | Process Intensification in Rotating Packed Beds (HIGEE): An Appraisal[END_REF]K. Groß et al. 2018) showed a preference to express the gas and liquid velocities on the bases of the inner radius. One of the many ways of comparing different kinds of equipment is the use of gas capacity factor (𝐹 𝐺 ) and the liquid load (LL). Gasliquid contactors are operated below the flooding points for optimum performance because in RPBs, at a certain gas velocity, liquid accumulates in the eye of the rotor and is carried out by the gas phase towards the top gas exit.

The liquid load is defined as the volumetric liquid flow rate per unit cross sectional area of the RPB.

𝐿𝑖𝑞𝑢𝑖𝑑 𝑙𝑜𝑎𝑑, 𝐿𝐿 = 𝐿 𝐴 𝑐,𝑅𝑃𝐵(𝑟) = L 2𝜋𝑟 𝑖, 𝑧 Eqn 1-1
Where Q 𝐿 is the volumetric liquid flow rate and 𝐴 𝑐,𝑅𝑃𝐵(𝑟) the cross-sectional area, z is the axial height of the packing sometimes approximated as the distance between the rotor plates, and 𝑟 𝑖 the inner radius.

To account for the change in area of the RPB packing, the concept of the specific liquid load (𝐿𝐿 ̅̅̅ ) is expressed by [START_REF] Groß | Analysing the Operating Limits in High Gravity Equipment[END_REF] as:

𝐿𝐿 ̅̅̅ = 1 (𝑟 𝑜 -𝑟 𝑖 ) ∫ (𝑢 𝐿 ) 𝑟 𝑜 𝑟 𝑖 𝑑𝑟 Eqn 1-2
Which results to:

𝐿𝐿 ̅̅̅ = 𝐿 2𝜋(𝑟 𝑜 -𝑟 𝑖 )𝑧 𝑙𝑛 ( 𝑟 𝑜 𝑟 𝑖 ) Eqn 1-3 (a) (b)
Figure 1-10 Variation of gas and liquid across RPB packing for: (a) the gas capacity facor (F_G), liquid load (LL) , packing cross sectional area (Ac) and angular velocity (ω) against the packing radius (r). (b) liquid distribution onto RPB packing (Neumann, et al., 2017 Where Q 𝐿 is the volumetric liquid flowrate, 𝑟 𝑖,𝑝𝑎𝑐𝑘𝑖𝑛𝑔 is the inner radius of the packing, and z the axial height of the packing.

Gas capacity factor

In RPBs, the position of the packing in the radial direction determines both the centrifugal force and the cross-sectional area such that the highest capacity factor of the gas and load of the liquid is accompanied by the smallest centrifugal force occurring at the inner radius of the packing [START_REF] Lockett | Flooding of Rotating Structured Packing and Its Application to Conventional Packed Columns[END_REF].

(H. S. [START_REF] Liu | Characteristics of a Rotating Packed Bed[END_REF]) defined the gas capacity factor (𝐹 𝐺 ) as the product of the mean superficial gas velocity and the square root of the gas density, 𝜌 𝐺 . Neumann et al. (2017) expressed the gas capacity factor as a function of the inner radius of an RPB:

𝐹 𝐺 = 𝐺√𝜌 𝐺 𝐴 𝑐,𝑅𝑃𝐵(𝑟) = 𝐺√𝜌 𝐺 2𝜋𝑟 𝑖, 𝑧 Eqn 1-4
For a convenient comparison when the radial packing length is considerable, the averaged 𝐹 𝐺 is applied. The values are obtained by integrating the velocities along the radius to include the variations in the geometry of the packing.

Due to the variable cross-sectional area through which the fluid flows in a RPB, [START_REF] Liu | Characteristics of a Rotating Packed Bed[END_REF] expressed the average superficial velocity as the liquid flow rate per unit cross sectional area:

𝑉 𝑎𝑣𝑔 = √𝜌𝐺 (𝑟 𝑜 -𝑟 𝑖 ,) ∫ u 𝐺 (𝑟) 𝑟 𝑜 𝑟 𝑖 𝑑𝑟 Eqn 1-5
Thus, the average integrated gas capacity factor (𝐹 ̅ 𝐺 ) are expressed by (K. [START_REF] Groß | Analysing the Operating Limits in High Gravity Equipment[END_REF][START_REF] Neumann | Mass Transfer Studies in a Pilot Scale RPB with Different Packing Diameters[END_REF] as:

𝐹 ̅ 𝐺 = 𝐺 2𝜋𝑧(𝑟 𝑜 -𝑟 𝑖 ) 𝑙𝑛 ( 𝑟 𝑜 𝑟 𝑖 ) √𝜌 𝐺 Eqn 1-6
Where Q 𝐺 is the volumetric gas flowrate. [START_REF] Rao | Process Intensification in Rotating Packed Beds (HIGEE): An Appraisal[END_REF] reported that flooding in RPBs (otherwise referred to as the upper operating limit) differs from that in CPSCs because of the doughnut shape of the flow area, the presence of the centrifugal field, and the orientation of the rotor. Additionally, for RPBs, the entire rotor does not get flooded, and the holdup does not increase steeply. The flooding in RPBs, according to (M S Jassim 2002), occurs in the 'eye' of the rotor because it has the lowest centrifugal field and the highest mass fluxes. Hence, (Hendry, Lee, and Attidekou 2020) explained that the pressure drops during flooding in RPBs are inconsistent because the flooding is accompanied by liquid rejection from the eye of the rotor. [START_REF] Rao | Process Intensification in Rotating Packed Beds (HIGEE): An Appraisal[END_REF]K. Groß et al. 2018) highlighted that there exist various definitions of the flooding point for RPBs while (Hendry et al., 2020) and [START_REF] Neumann | Experimental Investigations on the Upper Operating Limit in Rotating Packed Beds[END_REF] reported inconsistencies in the literature on the methods adopted to determine the beginning of flooding in RPBs.

Flooding behaviours in RPBs

Definition of flooding in RPB

Table 1-4 is a compilation of some definitions of the flooding point in RPBs as presented in some previous literatures.

Table 1-4 Various definitions of RPB flooding points

Various Flooding definition References the point where the value of the slope of the plot of logarithmic pressure drop against the logarithmic gas flow rate is equal to or greater than 2. (Munjal, Dudukovć, et al., 1989a andMunjal, Duduković, et al., 1989b) An increase in pressure drops of 5 Pa per unit decrease in rotation speed measured in per minute [START_REF] Singh | Removal of Volatile Organic Compounds from Groundwater Using a Rotary Air Stripper[END_REF] the point when the pressure drop across the RPB increases to a maximum value and suddenly starts to fall [START_REF] Lockett | Flooding of Rotating Structured Packing and Its Application to Conventional Packed Columns[END_REF] the minimum point in the pressure drops against rotation speed polynomial curve [START_REF] Rajan | Limiting Gas Liquid Flows and Mass Transfer in a Novel Rotating Packed Bed (HiGee)[END_REF] 1.

Diagram for flooding definitions in RPBs

A typical pressure drop against rotor speed profile depicting definitions of flooding according to various authors is shown in Figure 1-12.

Methods used to determine flooding in RPB

However, some authors seems to agree on 3 main methods (visual or calculation) of flooding characterisation Figure 1-11 A schematic of the definitions of RPB flooding as given by various publications --the first method is the use of observing the onset of the splash the liquid in the eye of the rotor [START_REF] Neumann | Experimental Investigations on the Upper Operating Limit in Rotating Packed Beds[END_REF]Hassan-beck and Sc 1997a;M S Jassim 2002;[START_REF] Acharya | STUDY, AIRBORNE ROTARY AIR SEPARATOR[END_REF]. The procedure involves neutralize two operating variables (rotation speed, liquid flow rate for example) and manipulate the third one (varying gas flowrate). If the gas flow rate increases beyond the flooding point, the liquid will accumulate in the centre of the rotor.

-the second method is the use of pressure drop fluctuation method [START_REF] Lockett | Flooding of Rotating Structured Packing and Its Application to Conventional Packed Columns[END_REF][START_REF] Singh | Removal of Volatile Organic Compounds from Groundwater Using a Rotary Air Stripper[END_REF][START_REF] Rajan | Limiting Gas Liquid Flows and Mass Transfer in a Novel Rotating Packed Bed (HiGee)[END_REF]. In this method, the RPB flooding points are inferred from the total pressure drop polynomial curve against angular velocity at constant gas and liquid flow rates. The procedure is similar to that of the first method described above.

However, in this method, the approach is to begin with a high rotation speed and then reduce it gradually until the flooding point reached [START_REF] Keyvani | Operating Characteristics of Rotating Beds[END_REF][START_REF] Singh | Removal of Volatile Organic Compounds from Groundwater Using a Rotary Air Stripper[END_REF]). (Hendry et al., 2020) use a slightly different variation of this method by identifying the flooding point as a fast increase in ejected liquid on decreasing the rotation speed. Flooding was considered to start when the flow rate of ejected liquid through the gas outlet was up to 8% of the total inlet flow rate. The procedure of (Hendry et al., 2020) introduced a more quantitative approach to the determination of the onset of flooding in RPB operations. However, the approach may not be feasible when dealing with expensive or toxic fluids.

-in the third method, a combination of the two methods mentioned above is adopted.

The flooding point is identified by increasing the gas flow rate and, in another set of experiments, by decreasing the rotation speed. In both cases, the flooding point is determined by the physical observation of the liquid entrainment occurring in the eye and the use of the pressure drop curve [START_REF] Neumann | Experimental Investigations on the Upper Operating Limit in Rotating Packed Beds[END_REF][START_REF] Jassim | Carbon Dioxide Absorption and Desorption in Aqueous Monoethanolamine Solutions in a Rotating Packed Bed[END_REF].

Finally, in the last approach by [START_REF] Burns | Process Intensification: Operating Characteristics of Rotating Packed Beds -Determination of Liquid Hold-up for a High-Voidage Structured Packing[END_REF],the variation in the liquid holdup without and with the gas flow in the RPB was used to determine the flooding point.

Flooding was taken as when the ratio of liquid holdup without gas flow to the liquid holdup with gas flow diverges from one [START_REF] Eimer | Gas Treating Absorption Theory and Practice[END_REF] modified the Sherwood correlation [START_REF] Sherwood | Flooding Velocities in Packed Columns[END_REF] for RPBs to show the relationship between flooding and obtaining the flow parameter and the capacity parameter using the following equations:

𝐹𝑙𝑜𝑤 𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟 = 𝐿 𝐺 √ 𝜌 𝐺 𝜌 𝐿 Eqn 1-7
Where L and G are respectively, the liquid and gas flow rates at the flooding point.

𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟 = ( 𝑢 𝐺 2 𝑟 1 𝜔 2 ) ( 𝑎 𝑝 ɛ 3 ) ( 𝜌 𝐺 𝜌 𝐿 ) Eqn 1-8
Where 𝑢 𝐺 and ω are respectively, the gas velocity and the angular velocity at the flooding point.

Data from Reay et al. (2008) was used based on Equations Eqn 1. 1 and Eqn 1. 7 by [START_REF] Eimer | Gas Treating Absorption Theory and Practice[END_REF] to obtain 

ln [( 𝑢 𝐺 2 𝑟 𝑖 ⍵ 2 ) ( 𝑎 𝑝 ɛ 2 ) ( 𝜌 𝐺 𝜌 𝐿 )] = -3.01 -1.40 log ( 𝐿 𝐺 √ 𝜌 𝐺 𝜌 𝐿 ) -0.1 [(( 𝐿 𝐺 √ 𝜌 𝐺 𝜌 𝐿 ))] 2 Eqn 1-9
The Wallis correlation for flooding in the countercurrent two-phase flow through tubes is given as: In which: [START_REF] Lockett | Flooding of Rotating Structured Packing and Its Application to Conventional Packed Columns[END_REF] compared between Sherwood and Wallis flooding representations and highlighted the superiority of a modified Wallis flooding correlation for use in RPBs. By introducing the gravitational and packing interfacial area terms, he deduced that:

𝐶 𝐺 0.5 + 𝑚𝐶 𝐿 0.5 = C Eqn 1-10
𝐶 𝐺 = ( 𝜌 𝐺 𝜌 𝐿 -𝜌 𝐺 ) 0.5 𝑎𝑛𝑑 𝐶 𝐿 = ( 𝜌 𝐿 𝜌 𝐿 -𝜌 𝐺 ) 0.5 Eqn 1-11
𝐶 = 1.57𝑎 𝑝 -0.25 𝑁 𝑔 0.25 µ -0.03 Eqn 1-12
Where the dimensionless centrifugal acceleration (Ng) is given by:

𝑁 𝑔 = 𝑐𝑒𝑛𝑡𝑟𝑖𝑝𝑒𝑡𝑎𝑙 𝑎𝑐𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑖𝑜𝑛 𝑔𝑟𝑎𝑣𝑖𝑡𝑎𝑡𝑖𝑜𝑛𝑎𝑙 𝑎𝑐𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑖𝑜𝑛 = ⍵ 2 𝑟 1 𝑔 Eqn 1-13
While the dimensionless viscosity (µ) of the liquid given by:

µ = µ 𝐿 (µ 𝐿 ) 70 °𝐹 Eqn 1-14
Thus, the Wallis correlation for a given liquid in a RPB, [START_REF] Lockett | Flooding of Rotating Structured Packing and Its Application to Conventional Packed Columns[END_REF] gave the correlation in the form:

𝐶 𝐺 0.5 + 𝑚𝐶 𝐿 0.5 = A𝑎 𝛽 𝑁 𝑔 𝛼 Eqn 1-15
Nonlinear regression can be used to best fit the results of experimental runs to obtain the parameters m, A, β, and α.

Some literature correlations for flooding in RPBs are presented in chapter 3,Table 3456789

Hydrodynamics of viscous liquids in RPBs

Numerous chemical and biological processes are conducted using high-viscosity fluids in the range of 1x10 3 -1x10 5 mPa-s (1 to 10000 cp). Such processes include absorption using ionic liquids, pharmaceutical preparations, biological fermentation, heavy oil processing and blending polymerization, and the devolatilization of substances from viscous liquids such as polymers (Yan Bin [START_REF] Li | Flow Patterns, Liquid Holdup, and Wetting Behavior of Viscous Liquids in a Disk-Distributor Rotating Packed Bed[END_REF]. Processes that utilize viscous fluids have reported that high operating fluid viscosities lead to reduced fluidity and high flow resistance [START_REF] Boodhoo | Process Intensification: Spinning Disc Reactor for Condensation Polymerisation[END_REF](. RPBs possess great potential for enhancing high-viscosity processes.

Because when RPBs rotate, the liquids are sheared and spread into small elements in a rotating, ring-shaped packing. Low rotational speeds are characterized by the liquid flowing as narrow streams along the packing without wetting most of it. When the rotation speed increases, the narrow liquid streams are sheared further to become droplets. These eventually spread to flow as films at much higher rotation speeds [START_REF] Burns | Process Intensification: Visual Study of Liquid Maldistribution in Rotating Packed Beds[END_REF]. Also, due to the rotation, the rapid renewal of the gas-liquid interface is obtained, which significantly intensifies the transfer of heat and mass (Li, Wen, et al., 2022b).

Previous RPB hydrodynamic studies mainly employed low-viscosity fluids such as air-water systems [START_REF] Groß | Analysing the Operating Limits in High Gravity Equipment[END_REF]Hendry et al., 2020;Neumann et al., 2017). Perhaps this is because of the convenience, economy, and popularity of the RPB in processes that utilize lowviscosity fluids (Yan Bin [START_REF] Li | Flow Patterns, Liquid Holdup, and Wetting Behavior of Viscous Liquids in a Disk-Distributor Rotating Packed Bed[END_REF]. Available literature that considered the hydrodynamics of viscous media in varying RPB designs (see Table 12345) mainly focused on the liquid hold-up of the systems. The liquid holdup in RPBs reflects the resistance of the RPB packing to the liquid flow. Thus, it is closely linked to the pressure drop and operating limits of the RPB, which are critical factors in efficient mass transfer. As more fields are explored in the application of RPBs, there is a need to obtain experimental data on the hydrodynamics of viscous fluids in RPBs in order to complete and propose hydrodynamics correlations. [START_REF] Burns | Process Intensification: Operating Characteristics of Rotating Packed Beds -Determination of Liquid Hold-up for a High-Voidage Structured Packing[END_REF] used an electrical resistance method to measure the liquid holdup across the annular sections of a structured high-voltage RPB. The effect of liquid viscosity on the liquid holdup was minimal. They proposed an empirical correlation that considered the effect of RPB operating parameters: rotation speed, gas velocity, and liquid viscosity. (J. P. [START_REF] Zhang | Enhancing Liquid Droplet Breakup by Hydrophobic Wire Mesh: Visual Study and Application in a Rotating Packed Bed[END_REF]) investigated the relationship between liquid viscosity and surface tension on the breakup of liquid droplets in wire mesh RPB packing parameters.

Similarly, [START_REF] Bašić | Liquid Holdup in Rotating Packed Beds: Examination of the Film Flow Assumption[END_REF][START_REF] Burns | Process Intensification: Operating Characteristics of Rotating Packed Beds -Determination of Liquid Hold-up for a High-Voidage Structured Packing[END_REF]Y. Yang et al., 2015) investigated the relationship between RPB gas pressure drop and the liquid holdups and developed an empirical correlation between the two parameters. On the flip side, other researchers focused on analysing the relationship between RPB gas pressure drop and liquid viscosity.

Several high-viscosity sorbents, Newtonian and non-Newtonian fluids, had been used in numerous RPB operations. Such sorbents include propylene-glycol [START_REF] Bašić | Liquid Holdup in Rotating Packed Beds: Examination of the Film Flow Assumption[END_REF], glycerine (Liu et al., 2019), the mixture of caramel and acetone [START_REF] Li | Process Intensification of VOC Removal from High Viscous Media by Rotating Packed Bed[END_REF] ; silicon oil and to capture hydrophobic volatile organic carbons [START_REF] Chiang | Absorption of Hydrophobic Volatile Organic Compounds by a Rotating Packed Bed[END_REF], ionic liquids and carboxymethyl cellulose (L. L. [START_REF] Zhang | Efficient Capture of Carbon Dioxide with Novel Mass-Transfer Intensification Device Using Ionic Liquids[END_REF]. 

RPB internals

The mass transfer efficiency between phases in gas-liquid contactors is enhanced by placing specific devices inside the contactor. Column structure, phase contactor devices such as trays (or plates) and packings (random or structured), and, liquid and gas distributors are commonly used gas-liquid contactor internals. Recent hotspots towards the improvement of the performance of RPBs are centred on the RPB internals (Liu et al. 2019). Newer innovations in RPB internals development are centred on novel rotor structures, liquid distributors, and highefficiency, tailored 3D printed packings.

RPB Packings

The packing in the RPB is essential for hydrodynamics, mass transfer, and chemical reactions (B. [START_REF] Zhao | Process, Performance and Modeling of CO2 Capture by Chemical Absorption Using High Gravity: A Review[END_REF]. Packing structures are used in gas-liquid contactors for uniform spreading of the surface area, distribution, and resistance of vapor on the liquid, promoting easier disengagement of the phases and liquid drainage [START_REF] Neukäufer | Methodology for the Development of Additively Manufactured Packings in Thermal Separation Technology[END_REF]). In addition to providing mechanical stability and resistance to fouling, packings also maximize efficiency and capacity-determining factors (surface area, void space per unit volume, and wetting).

Packings also aim to minimize costs, friction, and liquid holdup [START_REF] Kister | Distillation Design.Pdf[END_REF]) and ensure the provision of the needed separation efficiency at as minimum pressure drop as possible [START_REF] Qammar | Towards the Development of Advanced Packing Design for Distillation in Rotating Packed Beds[END_REF].

The high centrifugal force in RPBs allows for the use of packings with significantly sizeable specific surface areas of 400 to 5000m 2 /m 3 and 40 to 95% porosities [START_REF] Qammar | Towards the Development of Advanced Packing Design for Distillation in Rotating Packed Beds[END_REF]; C.

C. [START_REF] Lin | Characteristics of a Rotating Packed Bed Equipped with Blade Packings[END_REF][START_REF] Shivhare | Mass Transfer Studies on Split-Packing and Single-Block Packing Rotating Packed Beds[END_REF]) due to the rapid renewal of the gasliquid interphase. Generally, an RPB packing is required to provide a high surface area (for mass transfer), a high void fraction (to lower pressure drop), and good enough mechanical properties (to withstand vigorous rotation) at high speeds with process liquid being thrown out.

Hence, the choice of packing for RPB is a trade-off between its cost, pressure drop, and masstransfer efficiency [START_REF] Agarwal | Process Intensification in HiGee Absorption and Distillation: Design Procedure and Applications[END_REF] Many types and forms of materials are used in the manufacture of RPB packings as shown in Table 1-6. RPB packings reported in the literature include foam packings [START_REF] Neumann | Experimental Investigations on the Upper Operating Limit in Rotating Packed Beds[END_REF][START_REF] Gładyszewski | Additive Manufacturing of Packings for Rotating Packed Beds[END_REF][START_REF] Su | Gas-Side Mass Transfer in a Rotating Packed Bed with Structured Nickel Foam Packing[END_REF][START_REF] Hacking | Improving Liquid Distribution in a Rotating Packed Bed[END_REF]; metallic wire meshes (M S Jassim 2002; Y. S. [START_REF] Chen | Packing Characteristics for Mass Transfer in a Rotating Packed Bed[END_REF][START_REF] Chu | Micromixing Efficiency Enhancement in a Rotating Packed Bed Reactor with Surface-Modified Nickel Foam Packing[END_REF]; plastic packings [START_REF] Bai | SO2 Removal in a Pilot Scale Rotating Packed Bed[END_REF][START_REF] Reddy | Process Intensification in a HIGEE with Split Packing[END_REF][START_REF] Jiao | Gas Pressure Drop and Mass Transfer Characteristics in a Cross-Flow Rotating Packed Bed with Porous Plate Packing[END_REF]. More innovative RPB packing designs have been reported in recent RPB studies. These include blade-packing (C.

C. Lin and Kuo 2016); two-stage blade-packing [START_REF] Luo | A Two-Stage Blade-Packing Rotating Packed Bed for Intensification of Continuous Distillation[END_REF]; split packing (Youzhi Liu et al. 2015;[START_REF] Bhattacharya | Evaporative Cooling of Water in a Rotating Packed Bed (Split Packing)[END_REF], and wave-form disk (Chen HH, Deng XH 1998). [START_REF] Agarwal | Process Intensification in HiGee Absorption and Distillation: Design Procedure and Applications[END_REF]) had emphasized the importance of selecting the packing material on RPBs applications. Both wire mesh, and metallic foam packings are suited for distillation and absorption processes due to high void fractions and which provides low frictional pressure drops. On the other hand, metal foams, though more expensive, are preferred over wire meshes for enhanced mass transfer performance.

Newer, innovative RPB packings have gained much attention recently. Currently, RPB-tailored packings are developed to accommodate the peculiarities of RPB. The peculiarities include catering for the axisymmetric doughnut shape and the radially directed flows [START_REF] Gładyszewski | Additive Manufacturing of Packings for Rotating Packed Beds[END_REF], and the need for prolonged residence time, reduced pressure drop and minimized power consumption [START_REF] Qammar | Towards the Development of Advanced Packing Design for Distillation in Rotating Packed Beds[END_REF]. Recently developed RPB tailored packings include a 3D-printed replica of an NCX1115 metal foam [START_REF] Gładyszewski | Additive Manufacturing of Packings for Rotating Packed Beds[END_REF]; the zick zack packing 25 and, zick-zack packing 38 [START_REF] Qammar | Towards the Development of Advanced Packing Design for Distillation in Rotating Packed Beds[END_REF];

the blades of stainless-steel grilles that were developed and used by (Shirzadi Ahou Dashti and Abolhasani 2020), and a 3D printed structured packing made of a supported triangular mesh structure [START_REF] Yuan | Research and Development of Advanced Structured Packing in a Rotating Packed Bed[END_REF].

Commonly used packings for separation processes such as absorption and desorption in RPBs are single block, isotropic packings. However, due to the varying cross-sectional area along the RPB radius, the gas and liquid loads also constantly vary along the radius of the annular packings as comfirmed br the experiments of [START_REF] Bašić | Liquid Holdup in Rotating Packed Beds: Examination of the Film Flow Assumption[END_REF]. Hence, 

RPB liquid distributors

RPB liquid distributors are made to produce the fewest number of liquid jets per unit area of the inner periphery of the RPB. Thus, providing complete or near complete wetting of the inside of the RPB [START_REF] Agarwal | Process Intensification in HiGee Absorption and Distillation: Design Procedure and Applications[END_REF]. The type of distributor used and the packing characteristics (porosity, geometry, end supports) determine the liquid flow in the rotor. Several types of liquid distributors have been used in RPBs.

The structure of the liquid distributor dictates the behaviour of the liquid flow in an RPB packing. The nature and geometry of the liquid distributor determine the rate of liquid ejection and, consequently, allowable throughputs. The geometry of the liquid distributor's significantly affects the gas flow characteristics (Y. Bin [START_REF] Li | Flow Patterns, Liquid Holdup, and Wetting Behavior of Viscous Liquids in a Disk-Distributor Rotating Packed Bed[END_REF][START_REF] Rao | Process Intensification in Rotating Packed Beds (HIGEE): An Appraisal[END_REF]. Hence, it is important to choose the liquid distributor that suits the RPB operation considered. [START_REF] Rao | Process Intensification in Rotating Packed Beds (HIGEE): An Appraisal[END_REF] ) reported that when the gap between the inner periphery of the packing and the openings of the liquid distributor is minimized, and the contribution of the inner eye to the total pressure is small and can be neglected. Also, [START_REF] Agarwal | Process Intensification in HiGee Absorption and Distillation: Design Procedure and Applications[END_REF] reported that a uniform liquid distribution could be achieved by ensuring a minimal decrease in the jet velocity between the liquid distributor entrance and its end. Their work utilized a liquid distributor of six L-shaped copper tubes.

RPB liquid distributors for non-viscous liquids

A uniform liquid distribution over the RPB improves and ensures complete wetting of the RPB, consequently improving the overall mass transfer coefficient and residence times of phases in the RPB [START_REF] Hacking | Improving Liquid Distribution in a Rotating Packed Bed[END_REF].

In most of the gas-liquid RPB applications reported in the literature, the distribution of the liquid is approached in two different ways. The first approach involves using single or multiple distribution tubes with perforated ends [START_REF] Hassan-Beck | Process Intensification : Mass Transfer and Pressure Drop for Countercurrent Rotating Packed Beds[END_REF]Jassim, 2002;[START_REF] Neumann | Experimental Investigations on the Upper Operating Limit in Rotating Packed Beds[END_REF][START_REF] Rajan | Limiting Gas Liquid Flows and Mass Transfer in a Novel Rotating Packed Bed (HiGee)[END_REF]. A typical tube-type RPB liquid distributor comprises a single or several feed tubes (see Figure 1-16) with a few millimetre-diameter openings on the sides. The holes, with typical diameters of a few millimetres, create liquid jets ejected at high speeds through the holes or slits and sprayed evenly perpendicular to the inner edge of the packing [START_REF] Neumann | Experimental Investigations on the Upper Operating Limit in Rotating Packed Beds[END_REF][START_REF] Li | Flow Patterns, Liquid Holdup, and Wetting Behavior of Viscous Liquids in a Disk-Distributor Rotating Packed Bed[END_REF].

The choice of the approach to use for the design or selection of liquid distributors for RPBs depends on many factors among which are s the size of the inner diameter of the RPB, type of packing, desired initial liquid velocity and maximum throughputs ( [START_REF] Rao | Process Intensification in Rotating Packed Beds (HIGEE): An Appraisal[END_REF][START_REF] Li | Flow Patterns, Liquid Holdup, and Wetting Behavior of Viscous Liquids in a Disk-Distributor Rotating Packed Bed[END_REF][START_REF] Neumann | Experimental Investigations on the Upper Operating Limit in Rotating Packed Beds[END_REF]). For example, with a small gap between the inner periphery of the rotor and the liquid distributor the contribution of the liquid flow rate to the total pressure drop is negligible. Therefore, to obtain minimal pressure drop caused by liquid flow, liquid distributors such as fan nozzles that maintain small gaps between the inner periphery of the rotor and the liquid distributor are a preference. Because the small openings of such distributors cause low feeding speeds. A high feeding speed is needed to penetrate the packing. Low feeding speeds lead to high liquid maldistribution around the packing and thus limit the processing capacity of the viscous liquid.

By mounting a disc on the rotor shaft, the authors [START_REF] Li | Flow Patterns, Liquid Holdup, and Wetting Behavior of Viscous Liquids in a Disk-Distributor Rotating Packed Bed[END_REF] developed a disk distributor with an adjustable feed tube diameter (see Figure 1-18). To enhance the axial liquid distribution of the disc distributor, they designed one with multiple stages and another with liquid redistribution blades. Both designs significantly improved the utilization of the packing in the axial direction. Progressive liquid viscosity using water-glycerine can be achieved by varying the composition of the components. Volume fractions of glycerine can be used to achieve water/glycerine mixtures of various viscosities. The values can be estimated using an empirical exponential formula for calculating the fractions of water and glycerine for preparing a viscous glycerinewater mixture, 𝜇 𝑔/𝑤 , developed by [START_REF] Cheng | Formula for the Viscosity of a Glycerol-Water Mixture[END_REF]). The formula is valid for a wide range of conditions, including a temperature range of 0 to 100°C at atmospheric pressure and mass concentration of glycerine from 0 to 100% as follows:

𝜇 𝑔/𝑤 = 𝜇 𝑔 (1-𝛼) 𝜇 𝑤 𝛼
Where 𝜇 𝑔 is the dynamic viscosity of glycerin calculated as:

𝜇 𝑔 = 12100𝑒𝑥𝑝 ( (1233+𝑇)𝑇 9900+70𝑇 ) Eqn 1-16
Furthermore, 𝜇 𝑤 is the dynamic viscosity of water given by:

𝜇 𝑤 = 1.79𝑥𝑝 ( (-1230-𝑇)𝑇 36100+360𝑇 ) Eqn 1-17
The exponent α varies with temperature and the mass concentration, Cm. It is expressed as:

𝛼 = 1 -𝐶 𝑚 + 𝑎𝑏𝐶 𝑚 (1-𝐶 𝑚 ) 𝑎𝐶 𝑚 +𝑏(1-𝐶 𝑚 )
Eqn 1-18

Where the constants 𝑎 and 𝑏 are expressed respectively as:

𝑎 = 0.705 -0.0017𝑇 Eqn 1-19 𝑏 = (4.9 + 0.036𝑇) • 𝑎 2.5
Eqn 1-20 The mixture was thoroughly mixed and samples were taken to confirm its viscosity using a rotational rheometer (Kinexus Pro, model KNX2100). If necessary, slight adjustments to the viscosity were made by adding water or glycerine to achieve the targeted viscosities. The viscosity of the mixture was measured at the beginning and end of each experimental run.

Mass Transfer

When liquid and gas contact a vessel such as the RPB, mass is transferred until equilibrium is achieved between the two phases (M S Jassim 2002). The mass transfer parameters are measured using physical and chemical methods, as reported by [START_REF] Luo | Mass Transfer Studies in a Rotating Packed Bed with Novel Rotors: Chemisorption of CO 2[END_REF].

Experiments are required to determine the governing laws of the rate. [START_REF] Boyadjiev | Theoretical Chemical Engineering: Modeling and Simulation[END_REF] reported that mass transfer processes are difficult to describe mathematically because of the complex conditions and hydrodynamics of the processes. Thus, accepted assumptions are made to simplify the processes and replace the actual conditions. When lowconcentration gradients control mass transfer, linear mass transfer models are commonly used. This occurs when the velocity and the diffusivity are independent of the concentration, and thus the mass transfer does not affect the convection-diffusion Equation However, [START_REF] Boyadjiev | Theoretical Chemical Engineering: Modeling and Simulation[END_REF]) observed that mass transfer becomes non-linear if secondary flows occur due to either high mass transfer rates or its effect on transport parameters such as diffusivity and viscosity, the Marangoni effect (surface tension gradient), a density gradient, or the Stefan flow (pressure gradient). In summary, the mass transfer coefficient is linear for physical solvents and highly non-linear for chemical solvents, with the fugacity across the interface being continuous, as reported by (M S Jassim 2002).

Theory and mass transfer models

Several theoritical model of linear mass transfer exist even as they shared the same limitation in their assumptions of the insufficiency of physical reasoning. The most widely used mass transfer models are the film models, penetration theory, and surface renewal models.

The Film Theory

The film theory, was proposed by Nernst (1904). The effort was followed by similar theories from Langmuir (1912) and Lewis and Whitman (1924). The film is described by Seader and Henley (2006) as a thin, stationary region of a turbulent phase lying close to the interface. The theory postulates that the whole resistance to mass transfer is in the film. Figure 1-19 is a schematic scheme of the film theory for a gas-liquid interface where the component in a pure gaseous phase diffuses into a non-volatile liquid without the corresponding solute.

The two-film theory states that gas-liquid mass transfer occurs via a steady-state diffusion process through a stationary fluid film. The mechanism of the gas absorption in this theory is such that the soluble gas diffuses to the surface, dissolves in the liquid, and then subsequently passes into the main body of the liquid.

The basic assumptions of this theory according to [START_REF] Boyadjiev | Theoretical Chemical Engineering: Modeling and Simulation[END_REF]Beshkov (1984, 1988) are:

• The mass transfer takes place in a thin layer near the phase boundary.

• There is a thermodynamic equilibrium at the interphase surface.

The diffusional resistances are connected in series (additivity of the diffusion resistances).

In the two-film theory, Whitman (1923) established the idea of mass transfer between two phases. The theory postulates that mass transfer by molecular diffusion occurs between gas and liquid in a stationary film of thickness δ with the total mass transfer resistance localized in the films. Dankwerts (1970) reported that at the interface, a laminar layer is assumed to exist on each side of the film is depicted in Figure 1-20.

Thus, for a physical solvent A across an interface, the basic mass transfer equation for the transfer will be as follows:

Mass transfer in the gas phase:

𝑁 𝐴 = 𝑘 𝐺 (𝑃 𝐴𝐺 -𝑃 𝐴𝑖 ) Eqn 1-21
Mass transfer in the liquid phase:

𝑁 𝐴 = 𝑘 𝐿 𝑜 (𝐶 𝐴𝑖 -𝐶 𝐴𝐿 ) Eqn 1-22
Phase equilibrium is assumed at the interphase Thus, 𝑁 𝐴 represents the overall rate of mass transfer, 𝑘 𝐺 is gas film mass transfer coefficient, 𝑘 𝐿 𝑜 the physical liquid film mass transfer coefficient, 𝐶 𝐴𝑖 the concentration at the interface, 𝐶 𝐴𝐿 is the concentration in the bulk of liquid while 𝑃 𝐴𝑖 and 𝑃 𝐴𝐺 are the partial pressures at the interface and the bulk of gas respectively.

𝑁 𝐴 = 𝑘 𝐺 (𝑃 𝐴𝐺 -𝑃 𝐴𝑖 ) = 𝑘 𝐿 𝑜 (𝐶 𝐴𝑖 -𝐶 𝐴𝐿 ) Eqn 1-23 Distance Gas Liquid P AG C Ai C AL Z = 0 Z = δ
In practice, the use of overall mass transfer coefficients as opposed to the film mass transfer coefficients is more familiar. Thus, Eqn 1-23 transforms to:

𝑁 𝐴 = 𝐾 𝐺 (𝑃 𝐴𝐺 -𝑃 𝐴𝑒 ) = 𝑘 𝐿 𝑜 (𝐶 𝐴𝑒 -𝐶 𝐴𝐿 ) Eqn 1-24
Where 𝐶 𝐴𝑒 and 𝑃 𝐴𝑒 are the concentration of A in solution in equilibrium with the bulk of the gas and partial pressure of A in equilibrium with a solution having the composition of the bulk of liquid respectively. Assuming a linear system, the gas-phase overall mass transfer coefficient (𝐾 𝐺 ) and Henry's law are introduced. The relationship of the gas-phase overall mass transfer coefficient and the film coefficients is given as:

1 𝐾 𝐺 = 1 𝑘 𝐺 + 1 𝑘 𝐿 𝑜 Eqn 1-25
Similarly,

1 𝐾 𝐿 = 1 𝑘 𝐿 𝑜 + 1 𝐻𝑒𝑘 𝐺 Eqn 1-26
And the Henry's law is represented as:

𝑃 𝑖 = 𝐻 𝑒 𝐶 𝑖 Eqn 1-27
He is Henry's law coefficient.

Combining 

𝑁 𝐴 = 𝑘 𝐺 (𝑃 𝐴 -𝐻𝑒𝐶 𝐴𝐿 )
Eqn 1-30

On the other hand, when the value of the Henry's constant is high (less soluble solute in the liquid), the mass transfer resistance will be mainly in the liquid phase then

𝑘 𝐿 𝑜 𝐻𝑘 𝐺 ≪ 1
, and the new equation can be written as follow:

𝑁 𝐴 = 𝑘 𝐿 𝑜 ( 𝑃 𝐴 𝐻 -𝐶 𝐴𝐿 ) Eqn 1-31
Hence, in the absence of a chemical reaction, the mass transfer flux for equimolecular counterdiffusion is:

𝑁 𝐴 = 𝐷 𝐴 𝐶 𝐴𝑒 -𝐶 𝐴𝐿 𝑙 Eqn 1-32
Thus, from combining with equation Eqn 1-41

𝐾 𝐿 = 𝐷 𝐴 𝑙 Eqn 1-33
Or simply,

𝐾 𝐿 𝑙 𝐷 𝐴 = 1 = 𝑆ℎ Eqn 1-34
The linear relationship of 𝐾 𝐿 and the molecular diffusivity 𝐷 𝐴 as shown by Eqn 1-28, a fact that contradicts experimental results, is a major drawback of the film theory. In this context, the unknown film thickness δ prevents the need for the mass transfer coefficient to be predicted theoretically. However, [START_REF] Boyadjiev | Theoretical Chemical Engineering: Modeling and Simulation[END_REF] reported that the outcomes of this theory are valid for mass transfer complicated with a fast chemical reaction, where the mass transfer rate is independent of the velocity of the flow.

The Penetration Theory

Higbie's penetration theory was proposed by Higbie (1935) for liquid-side mass transfer resistance for absorption without chemical reaction. The major assumptions of this theory for a packed bed such as the RPB include:

• Very short exposure time.

• Infinitely thick film.

• Laminar liquid flow.

• Completely remixed liquid at junctions of the packing material.

The singular limit of the penetration theory is the assumption that all the mass transfer components reside on the interface for an equal period (t).

In the penetration theory, the driving force for the mass transfer coefficient is the difference between the interfacial concentration and the concentration in the liquid at the beginning of the short absorption period. As depicted in Figure 1-21, mass transfer is associated with fresh material carried by eddies to the interface where unsteady state transfer occurs for a fixed time at the interface. The situation is that of a semi-infinite slab for which at a specific x, Cussler (1997) gave the flux as:

𝑁 𝐴 = √ 𝐷𝑣 𝑚𝑎𝑥 𝜋t (𝐶 𝑖 -𝐶 𝐿 ) Eqn 1-36
Where D is the diffusivity, vmax is the velocity of the liquid at the interface, while 𝐶 𝑖 and 𝐶 𝐿 are the concentration at the interface and the bulk of the liquid phase for the short absorption time respectively.

To find the average flux at any instance, 𝑁 𝐴 (𝑥) is averaged over the entire surface where L is the length of the film in x-direction:𝑁 𝐴 = 

𝑘 𝐿 = 2√ 𝐷 𝜋𝑡 * Eqn 1-40
Where t* is the period taken while exposing the liquid to the gas.

Thus, from Eqn 1-34 in the penetration theory, the mass transfer coefficient (kL) is proportional to the square root of the diffusivity.

The surface-renewal model

The surface renewal theory of Danckwerts (1951), views more deeply the processes happening close to the gas-liquid interface. According to this theory, driven by turbulence, there is a permanent replacement of the fluid elements for varying lengths of time and consequently, different absorption rates at the interface.

The major assumption of this theory is that the thick film framework is replaced by two different regions as illustrated in Figure 1-21. The first region is the interfacial region where the mass transfer occurs following the penetration theory, and the second region is the bulk region whose elements are constantly exchanged with the interfacial region which is the so-called process of surface-renewal. If the surface is rapidly renewed and the τ is small, then the interfacial region appears as infinite and the semi-infinite slab model of Cussler (1997) can be even though the interfacial region is not infinite.

Thus, from eqn 1-31,

𝑁 1 = √ 𝐷 𝜋𝑡 (𝐶 𝑖 -𝐶 𝐿 ) Eqn 1-41
The average flux for the entire surface elements is:

𝑁 1,𝑎𝑣 = ∫ 𝐸(𝑡)𝑑𝑡 ∞ 0 . √ 𝐷 𝜋𝑡 (𝐶 𝑖 -𝐶 𝐿 )𝑑𝑡 Eqn 1-42 = √ 𝐷 𝜋𝑡 (𝐶 𝑖 -𝐶 𝐿 ) ∫ 𝑒𝑥𝑝[-𝑡 𝜏 ⁄ ] √𝜏 ∞ 0 . 𝑑𝑡 Eqn 1-43 = √ 𝐷 𝜏 (𝐶 𝑖 -𝐶 𝐿 ) Eqn 1-44
Consequently, comparing eqn 1-35 and Eqn 1-38 yields:

𝑘 𝐿 = √ 𝐷 𝜏 = √𝐷𝑠 Eqn 1-45
Where s is the rate of surface renewal (1/s).

Thus, similar to the penetration theory, the mass transfer coefficient for the surface renewal theory is also proportional to the square root of the diffusivity. However, compared to other mass transfer theories, the surface renewal theory provides a more feasible physical situation that is a better starting point for the development of effective mass transfer correlations and models. However, the theory is also limited because the residence time τ is as unknown as the film thickness in film theory and the contact time in the penetration theory. The film theory -Infinitely thick film.

-Laminar liquid flow.

-Completely remixed liquid at junctions of the packing material. 

Mass transfer parameters

To design and simulate gas-liquid contactors, high-accuracy mass transfer characteristics are required. The gas-phase mass transfer coefficient kG, liquid-phase mass transfer coefficient (kL), and the effective mass transfer area (ae) constitutes the major mass transfer characteristics of a gas-liquid contactor [START_REF] Sheng | Effective Mass Transfer Area Measurement Using a CO2-NaOH System: Impact of Different Sources of Kinetics Models and Physical Properties[END_REF]).

However, (Hegely et al. 2017) reported that several mass-transfer coefficients can be defined based on concentration differences in a given system. Generally, mass-transfer coefficients relate the mass transfer flux to the driving force which is the mass concentration potential difference that induces it.

When the concentrations in the bulk phases are used, the overall mass-transfer coefficients applies:

Ⴔ = 𝐾 𝐺 (y -𝑦 * ) = 𝐾 𝐿 (𝑥 * -x ) Eqn 1-46
where Ⴔ is the rate of absorption per unit surface 𝐾 𝐺 and 𝐾 𝐿 are gas-side and liquid-side overall mass-transfer coefficient, y and x are the mole fractions of the solute in the gas and liquid phases respectively while 𝑦 * and 𝑥 * for mole fractions at equilibrium.

On the othe hand, the mass-transfer coefficients of the contacting phases characterizes the mass transfer of the particular phase and signifies the driving force between the bulk and the concentration at the interface, i :

Ⴔ = 𝑘(y -𝑦 𝑖 ) = 𝑘 𝐿 (𝑥 𝑖 -x ) Eqn 1-47
Hence, the total resistance to mass transfer between two contacting phases is simply the sum of the resistances of the contacting phases. The overall gas-side mass transfer coefficient KG is then expressed as:

1 𝐾 𝐺 = 1 𝑘 𝐺 + 𝑚 𝑘 𝐿 Eqn 1-48
Where m is the equilibrium relationship between gas and liquid-side concentrations.

When the mass transfer is accompanied by a chemical reaction where the solute in the liquid phase is consumed, the absorption flux will be enhanced and the 𝑘 𝐿 will be expressed as 𝑘 𝐿,𝑅 .

Where 𝑘 𝐿,𝑅 represents the mass-transfer coefficient with chemical reaction and,𝑘 𝐿,𝑅 > 𝑘 𝐿 .Another important mass transfer parameter is the effective interfacial area. The packing surface of a RPB is an important section of the equipment as it is the primary part where the mass transfer occurs (Hegely et al. 2017). The effective interfacial area is the part of the interfacial area where actual mass transfer takes place, the size of which depends on the type of mass transfer process taking place in the RPB. Luo et al. (2012) and [START_REF] Guo | An Innovative Approach of the Effective Mass Transfer Area in the Rotating Packed Bed[END_REF] described the effective mass transfer area in the RPB as part of the interfacial packing area in contact with gas and liquid. Hence, the interfacial area (𝑎 𝑒 ) is the total contact surface area between the gas and liquid phases. The interfacial area is divided into two portions: static and dynamic parts. The static part of the interfacial area (𝑎 𝑠𝑡𝑎𝑡 ) is not renewed, thus, it is affected by saturation or depletion of the solute or chemicals and, after some time, no longer participates in the mass flux. The active part of the wetted area (𝑎 𝑑𝑦𝑛 ) is continuously renewed by the liquid flow and thus remains active for mass transfer of the solute. [START_REF] Puranik | Effective Interfacial Area in Irrigated Packed Columns[END_REF] considered 𝑎 𝑑𝑦𝑛 to be equal to the wetted area, 𝑎 𝑤 , assuming that they are the interfacial area belonging to static and dynamic liquid holdup, respectively. (Hegely et al. 2017) showed that for physical absorption, 𝑎 𝑒 = 𝑎 𝑑𝑦𝑛 . While for infinitely fast reactions, the whole interfacial area becomes the effective such that:

𝑎 𝑒 = 𝑎 𝑠𝑡𝑎𝑡 + 𝑎 𝑑𝑦𝑛 Eqn 1-49
Generally, for packing materials with relatively low static holdup, that is, small packing sizes as is the case in most RPBs, the wetted area may be assumed to be equal to the interfacial area [START_REF] Kelleher | Distillation Studies in a High-Gravity Contactor[END_REF]Hassan-beck and Sc 1997a) and as established for conventional packed beds by [START_REF] Puranik | Effective Interfacial Area in Irrigated Packed Columns[END_REF]. Jassim (2002) showed that for a physical solvent, the two-film theory can be used to evaluate the mass transfer NA as describe in the previous section. Hence, in the absence of a chemical reaction, in line with the two-film theory, the mass transfer flux for equimolecular counterdiffusion is:

1.6.3.2.

Mass Transfer Accompanied by Chemical Reaction

To enhance the selectivity as well as improve the capacity of the absorbent, a chemical reaction usually follows the physical absorption of a gas a by a liquid resulting in a complex mass transfer process (Hoffman et al., 2007). According to (Alper, 1983), mass transfer is accompanied by chemical reaction whenever a given phase is contacted with one or more other phase(s) that is/are not at chemical equilibrium with it. The rate at which sour gases are absorbed is increased by chemical reactions (Jassim, 2002).

As explained by several authors, many reasons contribute to the improved mass transfer due to chemical reactions (Glasscock, 1990;Jassim, 2002;Last and Stichlmair, 2002). These reasons include the reduction in equilibrium partial pressures, increase in concentration gradients due to the consumption of the gaseous components as well as the shortening of the diffusion path of the transferring component.

The mole flow, 𝑁 𝐴 , of component A that is transferred from one phase to another phase via a physical absorption in a packed column of volume Vc, is given by:

𝑁 𝐴 = 𝑘 𝐿 . 𝑎 𝑒 . 𝑉 𝑐 . (𝐶 𝐴𝑖 -𝐶 𝐴𝐿 ) Eqn 1-50
However, when the mass transfer accompanied by chemical reaction, the capacity of the liquid phase is increased by a factor, E. As such, Eqn 1-45 is rewritten as:

𝑁 𝐴 = 𝑘 𝐿 . 𝐸. 𝑎 𝑒 . 𝑉 𝑐 . (𝐶 𝐴𝑖 -𝐶 𝐴𝐿 ) Eqn 1-51
Where E is the enhancement factor defined as the ratio of the physical molar fluxes to the chemical molar fluxes which can be obtained from the ratio of the liquid-and gas-side mass transfer coefficients for absorption with and without chemical reaction as expressed by

Aroonwilas and Tontiwachwuthikul (1997), [START_REF] Lin | Removal of Carbon Dioxide by Absorption in a Rotating Packed Bed[END_REF] as well as by Tan and Chen (2006).

For a simple irreversible reaction that is m order in components A and n order in component B,

𝐴 (𝑔) + 𝑣𝐵 (𝑙) 𝑘 𝑅 → 𝑃 (𝑙) Eqn 1-52
The rate of reaction is given by:

𝑟 = 𝑘[𝐴] 𝑚 [𝐵] 𝑛 Eqn 1-53
Last and Stichlmair (2002) reported that several adapting equations were reported to fit the numerical solution of E. To reduce the number of variables, in the solution of E, Perry and Pigford (1953), Van Krevlen and Hoftijzer (1954) as well as Pearson (1963) used a dimensionless number called Hatta number, Ha, and the enhancement factor for the instantaneous reaction, Ei.

For the system represented in Eqn 1-52, the reaction term, kR is represented by

𝑘 𝑅 = 2 𝑚+1 𝑘(𝐴 * ) 𝑚-1 (𝐵 𝑜 ) 𝑛 Eqn 1-54
The Hatta number (Ha) is essentially the ratio of the reaction rate to the diffusion rate in the liquid film (Hegely et al.,2017). As such, Ha characterizes the relationship between the rate of reaction in the boundary layer and the rate of mass transfer through the boundary layer when there is no chemical reaction taking place.

Thus,

𝐻𝑎 = √𝑘 𝑅 𝐷 𝐴 𝑘 𝐿 = √ 2 𝑚+1
𝐷 𝐴 𝑘(𝐴 * ) 𝑚-1 (𝐵 𝑜 ) 𝑛 𝑘 𝐿 Eqn 1-55 (Hegely et al., 2017) reported that the enhancement factor expresses the degree to which the chemical reaction improves the rate of absorption compared to physical absorption:

𝐸 = 𝑘 𝐿,𝑅 𝑘 𝐿 Eqn 1-56
Van Krevlen and Hoftijzer (1954) reported an approximate value of the enhancement factor for the absorption of a component into a reactive liquid accompanied by a second-order irreversible reaction described by the film theory in the following form:

𝐸 = 𝐻𝑎√(𝐸 𝑖 -𝐸)/(𝐸 𝑖 -1) 𝑡𝑎𝑛ℎ[𝐻𝑎√(𝐸 𝑖 -𝐸)/(𝐸 𝑖 -1)] Eqn 1-57
Where 𝐸 𝑖𝑛𝑓 is the enhancement factor of infinitely fast reaction given by:

𝐸 𝑖 = 1 + 𝐷 𝐵 𝐵 𝑜 𝐷 𝐴 𝑣𝐴 * Eqn 1-58
Where DA and DB are the diffusion coefficients for components A and B respectively, 𝐵 𝑜 is the concentration of the reagent in the bulk liquid while 𝑣𝐴 * is the ratio of the reacting number of moles of B and A at equilibrium.

Methods of measurement of mass transfer parameters In RPBs

The accurate measurement of mass transfer parameters is highly important in the development of rate-based models. Because these models used are based on the correlations whose derivation is based on measured mass transfer parameter [START_REF] Kunze | Mass Transfer Measurements in Absorption and Desorption: Determination of Mass Transfer Parameters[END_REF].

As seen previously, the mass transfer coefficient is linear physical solvents and highly nonlinear for chemical solvents with the fugacity across the interface being continuous. Luo (2012) had observed that mass transfer performance in a RPB can be determined by either or both of experimental measurement and mass transfer models. The experimental measurement producing empirical correlations that are specific to the operating conditions and the models producing more universal though hydrodynamics-dependent mass transfer coefficients that are useful in the scale-up of the RPB. However, as reported by Hegely et al.

(2017), local values of mass transfer coefficients cannot be measured due to the nonavailability of the measuring techniques for determining local concentrations in the gas or liquid film. Consequently, the authors reported that all the methods described in the literature provided only a column-averaged volumetric mass-transfer coefficients.

Measurement of gas-side volumetric mass transfer coefficients

Extensive research has been done on liquid-side mass transfer in an RPB but the gas-side mass transfer is not yet properly understood because of the complicated nature of the gas flow, gas-side mass transfer models were challenging to develop. However, Reddy et al. In the evaporation method, liquid-side resistance is eliminated by using a pure liquid (usually water or organic liquids) which is vaporized into a gas stream (in most cases air, CO2, He or CCl2F2). This method was used to measure kG in RPBs by [START_REF] Tung | Modeling Liquid Mass Transfer in Higee Separation Process[END_REF] and Munjal et al. (1989).

The method of physical absorption and desorption has the advantage of the absence of a chemical reaction taking place, and that the saturation of the liquid phase is usually not a problem. Liquid side resistance is minimized to the barest minimum by using a solute of very high solubility mostly ammonia, sulphur dioxide, or organic solvents, such as acetone, methanol, ethanol, and isopropanol mixed to a carrier gas, air, or nitrogen in the liquid (commonly water, kerosene and in one case, heavy oil) to prompt the absorption flux only to the gas-side mass-transfer coefficient. The flow conditions determine the relative magnitude of the two resistances with a low G/L favoring a minimized liquid-side resistance reported by Hegely et al. (2017). [START_REF] Chen | Absorption of VOCs in a Rotating Packed Bed[END_REF] used a physical absorption method to remove volatile organic compounds (VOCs) from air into an aqueous phase using a RPB. The experimental results showed that the overall volumetric gas-phase mass-transfer coefficient (KGa) increased as a function of the gas Grashof number (GrG)

The method of chemical absorption as described by Hegely et al. ( 2017) involves an acidic solute (for example H2S, SO2, or CO2) which is absorbed into a basic solution (NH3 for H2S and NaOH for SO2 and CO2). Alternatively, a basic solute (for example NH3) is absorbed into an acid (typically H2SO4) with an air almost always serving as the carrier gas. The sole aim is to eliminate or greatly reduce the liquid-side resistance through a very fast chemical reaction rapidly consuming the solute such that :

𝐾 𝐺 𝑎 𝑒 = 𝑘 𝐺 𝑎 𝑒 Eqn 1-59
The authors reported that currently, the most used option in this method is the absorption of for SO2 into NaOH with other options that include SO2, Cl2, or I2 with NaOH, SO2 with Na2CO3 and NH3 or triethylenediamine (Et3N) with H2SO4.

For reactions that meet the conditions of been instantaneous and a finite speed, an expression for kG is given as:

𝑘 𝐺 = 𝐺 𝐻𝑎 𝑒 𝑙𝑛 ( 𝑦 𝑖𝑛 𝑦 𝑜𝑢𝑡 ) Eqn 1-60
The gas-side mass transfer coefficent was measured using RPBs by [START_REF] Su | Gas-Side Mass Transfer in a Rotating Packed Bed with Structured Nickel Foam Packing[END_REF] 1970). Otherwise, gas-side resistance is present to a degree that depends on the chemical system as well as on the flow conditions. From the measured 𝑘 𝑙 𝑎 𝑒 , the value of 𝑘 𝑙 can be calculated using the appropriate ae.

Hegely et al ( 2017) discouraged the use of methods that assumed the dependence of kGae and kLae on gas and liquid flow rates as the assumption is likely to introduce additional errors.

The groups of methods used in the measurement of the liquid-side mass-transfer coefficient include physical absorption, desorption, and chemical absorption.

Physical absorption of CO2 and O2 into water are the most popular methods because of their very low solubility and well established analytical methods. The useful bed height is more limited due to saturation and uncertainties on the equilibrium value. When gases with high solubility are used, the gas-side resistance is then obtained by any of the following methods:

-By subtracting the gas-side resistance 𝐾 𝐺 𝑎 𝑒 : The liquid-side resistance, and thus kLae can be obtained by subtracting the gas-side resistance 1/𝐾 𝐺 𝑎 𝑒 from the measured overall resistance. 𝐾 𝐺 𝑎 𝑒 is either measured by an appropriate method at the same conditions or estimated from a correlation using the same procedure for ae as the methods by which alGae and kLae are also measured.

Then the correct 𝑎 𝑒 for each measurement is used thus:

1 k L = (a e ) L (K L a e ) L - (a e ) G m(k G a e ) G
Eqn 1-61 -Simultaneous evaluation with 𝑘 𝑙 𝑎 𝑒 : 𝐾 𝐺 𝑎 𝑒 and 𝑘 𝑙 𝑎 𝑒 are obtained simultaneously based on assumptions on their dependencies to gas and liquid flow rates (that both are independent of G ) and that the constant m in Eqn 1-56 is equal to 0.8. [START_REF] Ramshaw | Mass transfer process[END_REF] performed a water-oxygen absorption system in an RPB and compared the obtained mass transfer coefficient with that of a CPSC.

In the method of desorption (or stripping), one component of a liquid stream moves by mass transfer into a vapor phase through the liquid-vapor interface. For RPBs, physical desorption of CO2 and O2 into water is a popular option of this method. The measurement error is only determined by the precision of the analysis.

Hence, desorption does not need the use of thermochemical parameters if the solubility is low.

Preferred systems are oxygen from water into N2 if the latter is available in sufficient quantity, otherwise CO2 from water into air or N2 is used.

The chemical absorption method is not as commonly used as physical absorption and 

𝐻𝑎 ≫ 𝐸 ∞ 𝐻𝑎 > 10𝐸 ∞ 𝐸 ∞ > 4 𝑘 𝐺 𝑃 ≫ 𝑘 𝐿 𝐵 0 𝐷 𝐵 𝐵 0 𝐷 𝐴 𝑣𝐴 * ≫ 1 𝐸 ≈ 𝐸 𝑖𝑛𝑓 = 𝐷 𝐵 𝐵 0 𝐷 𝐴 𝑣𝐴 * Ф = 𝐸𝑘 𝐿 𝑎 𝑒 (𝐴 * -𝐴 0 ) = 𝐷 𝐵 𝐵 0 𝐷 𝐴 𝑣 𝑘 𝐿 𝑎 𝑒 Does not satisfy 𝐻𝑎 > 9 𝐻𝑎 > 5 𝐻𝑎 < 1 or 𝐻𝑎 2 ≪ 1 𝑘 𝐿 𝑎 𝑒 ≪ 𝑙𝑘𝐵 0 Ф = 𝑘 𝐿 𝑎 𝑒 𝐴 *
While for the slow reactions, when these conditions outlined in Table 1-9 are met, the volumetric mass transfer rate will be equal to that of physical absorption. That is:

Ф = k L a e A * Eqn 1-62
However, if the reaction is so slow such as that all the solute in the bulk liquid is not consumed;

the measured reactive volumetric mass-transfer coefficient kL,R is obtained from: (i The relative availability, cost-effectiveness, nontoxicity of the chemicals involved, and ease of operation.

(ii The primary data of the reaction kinetics (reaction kinetics constant, diffusion coefficient solubility data) and the system's physical properties is well documented and readily available.

(iii The reaction regime in the liquid phase is highly understood because it is a relatively simple, fast reaction in which the concentration of CO2 in the bulk liquid is negligible.

(iv The error margin in estimating the gas-phase mass transfer resistance is negligible because the absorption process is mainly liquid-phase mass transfer controlled (see In their work, [START_REF] Sang | A Three-Zone Mass Transfer Model for a Rotating Packed Bed[END_REF] showed that the total gas-side volumetric mass transfer coefficient of an RPB could be calculated for the end (e), bulk (b), and cavity (c) zones based on the volume-weighted average of the three zones using the Equation:

(𝐾 𝐺 𝑎) 𝑡 = ) had reported that the gas-side mass transfer coefficient (kG) was not significantly influenced by the centrifugal force in RPBs. Thus, the kG in the end and bulk zones can be estimated using the [START_REF] Onda | Gas Absorption with Chemical Reaction in Packed Columns[END_REF]) correlation for packed columns:

(k G ) e,b = 2.0(a t D G )Re 0.7 Sc 1 3 (a t d p ) -2.0 Eqn 1-65
For the cavity zone, [START_REF] Sang | A Three-Zone Mass Transfer Model for a Rotating Packed Bed[END_REF]) reported that the interaction of gas and liquid flows were closely similar to that in a spray tower and hence be estimated using the correlation oof [START_REF] Brogren | Modeling the Absorption of SO2 in a Spray Scrubber Using the Penetration Theory[END_REF] for a spray scrubber: In their work, [START_REF] Sang | A Three-Zone Mass Transfer Model for a Rotating Packed Bed[END_REF] found that the contribution of the end zone was greater than 50% to the total mass transfer in the whole RPB when they considered the effect of the several operating parameters.

Other sources of mass transfer than can affect the measurements of mass transfer coefficients in RPBs. These so include:

• External end effects.

• Internal (or entrance) end effects.

• Wall effects. The presence of the end effect in RPBs was also reported by Zhang (1996), (F. [START_REF] Guo | Hydrodynamics and Mass Transfer in Cross-Flow Rotating Packed Bed[END_REF]) and (K. [START_REF] Yang | Determination of the Effective Interfacial Area in Rotating Packed Bed[END_REF]). (K. [START_REF] Guo | An Innovative Approach of the Effective Mass Transfer Area in the Rotating Packed Bed[END_REF]) used a visual experiment in which a black ink marked on white paper to estimate the depth of the end-effect. (Y. S. [START_REF] Chen | Packing Characteristics for Mass Transfer in a Rotating Packed Bed[END_REF] measured the end effects of an RPB by varying the radii of the packed bed and obtained a correlation of 𝑘 𝐿 𝑎 which considered end effects (see Eqn 3-4). Also, (K. [START_REF] Yang | Determination of the Effective Interfacial Area in Rotating Packed Bed[END_REF] verified the existence of end effects in RPBs by an obtaining a much higher effective interfacial area for a packing with smaller outer radius compared to another with a higher outer radius.

Actual mass transfer parameters are only obtainable under fully developed flow parameters based on how the RPB is designed.

To 

CHAPTER TWO

Materials and methods

INTRODUCTION

This chapter is firstly devoted to the description of the experimental device for the characterization of hydrodynamics and the mass transfer in a centrifugal environment: the RPB. Secondly, the chapter describes the approach to development and characterization of a tailored RPB packing via 3D printing. Finally, the measurements conducted, the instruments used, and detailed protocols for starting and shutting down the experimental facility are provided.

Action plan

Aim and objectives of the thesis

This thesis's principal aim is to develop a tailored internal structure for a RPB. The originality of the thesis lies in the fact that the morphology of the RPB packing will be redesigned and optimized. On the one hand, by favouring the mixed hydrodynamic regimes with the simultaneous presence of droplets and liquid film or only droplets at a very high rotation speed. On the other hand, the packing will consider the decrease of the cross-section as one approaches the centre of the RPB. The contributions of additive manufacturing (3D printing) will be fully used to make this structure as complex as possible.

The experimental pilot

The experimental pilot consisted of the RPB, liquid feed system, gas feed system, data collection system, and ductwork made up of joints, valves, and fittings.

The RPB

A pilot-scale RPB (RPB500 supplied by ProCeler, Warsaw, Poland) made of stainless steel was used. The RPB is mounted on a tripod support frame (see Figure 2 

Experimental procedures for hydrodynamic studies

All the inlet and outlet temperatures were measured with a platinum resistance thermometer (PT 100) while pressure drop was measured with differential pressure sensor (Rosemount 3051 Pressure Transmitter). The sensors were placed in the gas inlet near the outer periphery of the packing and at the eye of the rotor.

Hydrodynamics of liquid and vapor on and through the packing was studied. It was first characterized by the conventional, commercial wire mesh packing and secondly for the newly developed anisotropic RPB packing. Two categories of hydrodynamic experiments were performed using water-air and a viscous mixture of water/glycerine-air systems with the commercial wire mesh packing. The hydrodynamics was characterized by measuring the following parameters for each packing: pressure drops, liquid entrainment, and flooding points.

To ensure the quality of the experiments, the measurement procedures were repeated twice, and experimental errors were determined by calculating the standard deviations.

Hydrodynamic studies

Mass transfer studies

3D anisotropic packing

Air/Water system Water-glycerin/air system

• Pressure drops

• Liquid entrainment

• Flooding

• Operating conditions RPB structured packing NaOH-CO2 system • Effective interfacial area

Pressure drop measurements

Studies of the pressure drop characteristics were divided into dry pressure drop measurements using gas flow only without the liquid presence and wet pressure drop measurements with both gas and liquid presence.

Dry pressure drop measurements

The dry pressure drop experiments conducted include:

-the pressure drop due to the rotor rotation only (known as the centrifugal head), which is the pressure drop without gas flow. It was performed with zero external gas flow.

Hence, the two liquid outlets and the gas inlets were blocked. To start the measurement, the rotational speed was set to the maximum rotation speed of 1400 rpm following the procedure of [START_REF] Neumann | Dry Pressure Drop in Rotating Packed Beds -Systematic Experimental Studies[END_REF][START_REF] Pyka | Dry Pressure Drop in a Two-Rotor Rotating Packed Bed[END_REF]. The pressure drop is recorded automatically at 5s intervals, and the datalogger displays the pressure drop versus the time curve in real time. A steady state was reached in 5 minutes, and a pressure drop was recorded. In the subsequent experimental runs, the rotational is decreased in steps of 100rpm.

-the pressure drop due to the gas flow only without rotor rotation (called the frictional pressure drop). The frictional pressure drop was measured by passing air at 100 -the pressure drop in operations with a combination of both rotor rotation and gas flow.

𝑚
Here, the experiments were done in two levels. In the first level, the dependence of the pressure drop at varying rotation speed ranging from 200 rpm to 1500 rpm at three different gas flow rates (100, 200 and 300𝑁𝑚 3 /ℎ) for the dry rotor was obtained. In the second level of the experiments, the rotation speed was kept constant at 700,1200 and 1400 rpm while varying the gas flow rate from 100 to 300𝑁𝑚 3 /ℎ in each case.

Wet pressure drop measurements

The wet pressure drop experiments conducted include two procedure : (I) the rotational speed was set at 1400 rpm and then decreased in steps of 100 rpms until a minimum of 100 rpm. In each case, the gas flow rate was set to constant values ranging from 100 to 250 Nm 3 /h in incremental steps of 50 Nm 3 /h. Also, for each set, three different liquid flow rates of 0.39; 0.60 and 0.72 m 3 /h were used. (II) the rotational speed and the liquid flow rate were set to constant values while the gas flow rate was increased stepwise from 100 to 250 Nm 3 /h in incremental steps of 50 Nm 3 /h. This set used three different rotation speeds of 600, 1000 and 1200 rpm and three different liquid flow rates of 0.39, 0.60 and 0.72 m 3 /h.

Measurement of liquid entrainment and flooding points

To determine the liquid entrainment and flooding points, the rotational speed was set to its -To quantitatively measure the liquid entrainment and flooding points, the volume of expelled liquid when the highest-pressure drop was attained was collected and measured with hydrocyclone described in paragraph 2.3.1.2. As the rotation speed is gradually reduced at constant gas and liquid flow rates, the volume of escaped droplets continued to increase and was collected and measured. Measurement of liquid entrainment is started when the first drops of liquid expelled from the eye are observed from the gas outlet. The flooding point was determined as the flow rate collected from the hydrocyclone was up to 8 % of the liquid flowrate at the inlet of the RPB. Four levels of arrays were made, so the holes were arranged staggered (see Figure 2-7b). . Thus, the same description can be made with the addition that a gas analyser is used to measure the CO2 concentration at the gas inlet and outlet.

Gas analysis

An infrared carbon dioxide analyser detected the CO2 concentrations at the inlet and the gas from Fisher Rosemount Analytical, NGA 2000 series (Model:MLT1.2IR-UV). The analyser, a picture of which is shown in Figure 2-14, was switched on to start the gas analysis, and then The initial inlet CO2 concentration, subsequent outlet CO2 concentrations, and the corresponding temperatures during the experimental runs were read directly from the gas analyser.

Preparation and storage of NaOH solution

The solution of NaOH used for the chemical absorption of CO2 is the product of the precipitation of NaOH solid in deionized water. To top the sump tank to about 70% of its capacity, 500L of the 0.1M NaOH solution was prepared. 4.024kg of liquid NaOH (50/50 w/w) purchased from Gaches Chimie, France, was dissolved in water to obtain the solution. The sump tank was then purged with nitrogen from the LGC mains supply to avoid reaction of CO2 naturally present in the air and formation of carbonate.

Also, due to this strong absorption of atmospheric pollutants by the liquid solvent, the aqueous solvent supply tank is isolated and protected from the atmosphere by implementing a 3compartment filtration path (Figure 2-15). The two filters containing Silica gel make it possible to filter the humidity and the filter containing soda pellets makes it possible to isolate the tank from atmospheric CO2. The solute charge of the solvent can therefore be considered negligible. 

Liquid analysis: Titration of liquid samples

To analyse the liquid samples, an automatic potentiometric method was used (see section 2.7.1.5 for the detailed procedure). In automatic potentiometric methods, acid-base titrations, precipitation, and reduction-oxidation titrations accompanied by high-power magnetic stirring samples, a 0.1M HCl solution (was used for the titration. Also, it is necessary to analyse the NaOH solution to know the concentration of 𝑂𝐻 -and 𝐶𝑂 3 2-; the 𝑂𝐻 -is critical for estimating the reaction kinetics and also the Henry constant; The 𝐶𝑂 3 2-content determines when to renew the solution. The solution is renewed when 𝐶𝑂 3 2-<0.02-0.03 mol/l at 0.1N of soda.

Calculation of the interfacial area

The concentration of 𝑂𝐻 -and 𝐶𝑂 3 2-with a sample volume of volume, 𝑉 𝑠𝑎𝑚𝑝𝑙𝑒 of aqueous NaOH can be expressed by: Where E is the enhancement factor and 𝑘 𝐿 is the liquid-side mass transfer coefficient.

Considering the conditions in the liquid, for excess NaOH,

𝐶 𝐶𝑂 2 𝑒𝑞  0 𝐶 𝐶𝑂 2 𝑒𝑞 ≪ 𝐶 𝐶𝑂 2 * 𝑑 2𝜋𝑟𝑧𝑑𝑟 𝐺𝑦 𝐶𝑂 2 𝑃 𝑅𝑇 = 𝐸 • 𝑘 𝐿 • 𝑎 𝑒 • 𝑦 𝐶𝑂 2 •𝑃 𝐻 𝑒 Eqn 2-11 Rearranging Eqn 2-12, 𝐺 𝑅𝑇 • 𝑑𝑦 𝐶𝑂 2 𝑦 𝐶𝑂 2 = 𝐸•𝑘 𝐿 •𝑎•ℎ 𝑃 •2𝜋 𝐻 𝑒 • 𝑟𝑑𝑟 Thus, 𝐺 𝑅𝑇 • (𝑙𝑛𝑦 𝐶𝑂 2 ,𝑜𝑢𝑡 -𝑙𝑛𝑦 𝐶𝑂 2 ,𝑖𝑛 ) = 𝐸•𝑘 𝐿 •𝑎 𝑒 •𝑧• 2 𝜋 𝐻 𝑒 (𝑇) • ( 𝑟 𝑜𝑢𝑡 2 2 - 𝑟 𝑖𝑛 2 2 )
A defined as a constant : (𝑇) Eqn 2-16

𝐴 = 𝐸•𝑘 𝐿 •𝑧•𝜋 𝐻 𝑒
The [START_REF] Pohorecki | Kinetics of Reaction between Carbon Dioxide and Hydroxyl Ions in Aqueous Electrolyte Solutions[END_REF] model for the calculation of the kinetics of reaction between CO2 and 𝑂𝐻 -ions in aqueous electrolyte solutions is chosen for the calculation of the fundamental parameters: reaction rate constant, diffusion coefficient, and solubility data. The model is chosen based on the recommendations of [START_REF] Rejl | Methods Standardization in the Measurement of Mass-Transfer Characteristics in Packed Absorption Columns[END_REF]) on standard method for the measurement of mass-transfer characteristics in packed absorption columns and, the analysis of [START_REF] Sheng | Effective Mass Transfer Area Measurement Using a CO2-NaOH System: Impact of Different Sources of Kinetics Models and Physical Properties[END_REF]) that considered various models for the measurement of ae in RPBs. Moreover, the Pohorecki and Moniuk (1988) models are complete and values calculated from them are similar to experimentally measured values reported by many authors [START_REF] Sheng | Effective Mass Transfer Area Measurement Using a CO2-NaOH System: Impact of Different Sources of Kinetics Models and Physical Properties[END_REF]).

Consequently,

The Henry constant, 𝐻 𝑒 (𝑇) in Pa•m 3 /mol is given as:

𝐻 𝑒 (𝑇) = 10 (9.1229-0.059044×𝑇+0.000078857×𝑇 2 ) × 10 -ℎ𝐼 Eqn 2-17

T is the absolute temperature in K while I is the ionic strength in kmol/m 3 expressed as:

𝐼 = 1 2 • (𝐶 𝑁𝑎 + × 𝑧 𝑁𝑎 + 2 + 𝐶 𝑂𝐻 -× 𝑧 𝑂𝐻 - 2 ) = 1 Eqn 2-18
z is the valence of the ions and h is the contributions of the cations, anions and gas in the correlation given in Eqn ; expressed in m 3 /kmol as:

ℎ = ℎ + + ℎ -+ ℎ 𝐺 = 0.091 + 0.066 + -0.000405263 × 𝑇 -0.00913158 Eqn 2-19
Thus, the effective interfacial area can be obtained simply from

𝑎 𝑒 = 𝐺 𝐴•𝑅𝑇 • (𝑙𝑛𝑦 𝐶𝑂 2 ,𝑜𝑢𝑡 -𝑙𝑛𝑦 𝐶𝑂 2 ,𝑖𝑛 ) Eqn 2-20
Where 𝑦 𝐶𝑂 2 is the molar concentration of CO2 in the gas phase.

Development and characterization of anisotropic RPB packing

This section presents details of the geometry and production method of an anisotropic 3Dprinted packing tailored for RPBs. The morphology of the packing will be structured for RPB use. The packing will on one hand favour mixed hydrodynamic regimes with the simultaneous presence of droplets and liquid film or only droplets at very high rotation speeds and on the other hand consider the decrease of the cross-section area as one approaches the centre of the RPB. The potentials and contributions of additive manufacturing (3D printing) will be fully used to make this structure as complex as it is.

Generating the anisotropic packing rings

To cater for the variation in cross section area across the radial length of RPBs an approach based on concentric anisotropic rings is adopted to develop the new RPB packing. Additionally, the approach is adopted to take care of the limitation in the size limitations of laboratory-scale 3D printers.

Several researchers have shown that the pressure drop in RPBs is greatly determined by the gas flow rate followed by the rotation speed and most negligible dependence on the liquid flow rate (H. S. [START_REF] Liu | Characteristics of a Rotating Packed Bed[END_REF]X. Liu et al. 2018). Hence, assuming the gas flow in a RPB rotor to be a steady, incompressible, axisymmetric flow with no axial velocity, [START_REF] Sandilya | Gas-Phase Mass Transfer in a Centrifugal Contactor[END_REF] showed that pressure drops across an RPB rotor can be obtained from the equations of motion along the radius of the rotor. The Equation is expressed in cylindrical coordinates in terms of the average axial velocities and reduced to:

- 𝑑𝑃 𝑑𝑟 = 𝜌 𝐺 [- 𝑉 ̅ 𝑟 2 𝑟 - 𝑉 ̅ 𝜗 2 𝑟 - 1 2 𝑓 𝑟 𝑉 ̅ 𝑟 2 𝑑 ℎ ] Eqn 2-22
𝑉 ̅ 𝑟 and 𝑉 ̅ 𝜗 represent the gas axial-averaged interspatial and tangential velocities (m/s), respectively; f 𝑟 is the radial friction factor, and d ℎ is the hydraulic diameter (m). The terms in bracket represents the pressure drops due to an increase in momentum as the gas accelerates across the rotor, the centrifugal pressure drop, and the frictional pressure drop, respectively, for RPBs. The average radial gas velocity and the flow area change considerably along the radius of the rotor [START_REF] Liu | Characteristics of a Rotating Packed Bed[END_REF][START_REF] Reddy | Process Intensification in a HIGEE with Split Packing[END_REF]. From the continuity equation:

〈𝑉 𝑎𝑣𝑔 〉 = 1 (𝑟 𝑜 -𝑟 𝑖 ) ∫ 𝑉̇𝐺 2𝜋𝑟𝛥𝑧 𝑑𝑟 𝑟 𝑜 𝑟 𝑖 Eqn 2-23
The radial gas velocity values obtained using Eqn 2-9 are comparable to those estimated by .

𝑉 𝑟 = 𝑉̇𝐺 2𝜋𝑟𝜀𝛥𝑧 ~1 𝑟𝜀 = 𝑓(𝑟, 𝜀) Eqn 2-21
𝑉 ̇𝐺 is the volumetric flow rate of gas; r is the radial coordinate; ℇ is the packing porosity; and 𝛥𝑧 the axial height of the RPB packing.

Similarly, for the tangential velocity, 𝑉 𝜗 given in equation 2-9,

𝑉 𝜗 = 𝜔𝑟 Eqn 2-25
where ω is the rotational speed, and r is the radius of the packing.

Thus, for a given constant gas volumetric flow, at any point of distance r from the centre of a rotor of constant height, Δz, 𝑟 𝛼 𝜀.

Thus,

r i ε i = r i+1 ε i+1 = constant Eqn 2-26
Hence the packing design is such that the structure can be tailored to keep the apparent gas flow rate almost constant, counteracting mass transfer performance and pressure drops losses with increasing packing radius. Consequently, the porosity at each radial distance is adjusted so that the same free cross-sectional area is preserved. Hence, to obtain equivolumetric annular packings and, more importantly, to maintain a nearly constant gas flow rate and consequent gas capacity factor across the radius of the packings (see Appendix D), the concept of [START_REF] Qammar | Towards the Development of Advanced Packing Design for Distillation in Rotating Packed Beds[END_REF]) was adopted for each ring's inner and outer diameters such that equal free cross-sectional area is maintained by using Eqn 2-14.

(𝐷 𝑜 𝑖+1 - 2 𝐷 𝑖 𝑖 2 )𝜋 4 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 Eqn 2-22
Where 𝐷 𝑜 𝑖 is the outer diameter of ring i and 𝐷 𝑖 𝑖+1 is the inner diameter of the adjacent ring. An outline of the steps followed to obtain the dimension of the rings is shown outer diameters of 160 and 500mm, respectively. The rings were numbered outwards, starting from the innermost ring. Small gaps of less than 1mm were allowed between consecutive rings to facilitate fitting, with a little wider gap allowed between the last ring and the rotor casing. The size of the build platform of conventional, small-format desktop 3D printers needs to be more significant to print the packing rings in a single piece. Hence, the rings were segmented into smaller pieces that the printer could accommodate. Each packing ring was partitioned into annulus-form annular sectors with a central angle.

The complete packing comprises three concentric, equivolumetric anisotropic rings. The rings are numbered from 1 to 3, from the inner to the outer ring. To maintain the equivolumetric nature of the rings, the ring thickness decreased from 63mm to 35mm for the innermost and outermost rings, respectively, as shown in Table 2-2. 

3-Dimensional computer aided design (CAD) tool

Structures' design and technical documentation can be achieved conveniently using 3dimensional computer-aided design tools such as 3DS Max®, Autodesk Inventor®, and, AutoCAD®. In this work, Autodesk Inventor professional 2023® (student version) was used to modify a complex structure that was previously reported by [START_REF] Kawas | Design and Conception of an Innovative Packing for Separation Column -Part II: Design and Characterization of a Wire Based Packing[END_REF] and developed further by [START_REF] Al-Maqaleh | Experimental and Numerical Investigation of Dry Pressure Drop of 3D-Printed Structured Packings for Gas/Liquid Contactors[END_REF]) as hinged on the innovative wirebased packing of [START_REF] Dejean | Design and Conception of an Innovative Packing for Separation Column-Part I: Hydrodynamic Study on Wire Intersections[END_REF]. Autodesk Inventor® enabled the design of 3D geometries that utilizes 2D or 3D parametric sketches, and the production of the 3D-printer interpretable tessellation (STL) files of the complex structure for printing.

Other advantages of Autodesk Inventor® include:

• Having parametric, direct edit, and freeform modelling tools.

• Allowing 2D and 3D data integration in a single environment.

• Works well at creating model data that is easily re-configurable.

• Has a lot of different modules for different types of designs.

• Availability in free student versions.

The structure of the packing-Tetraspline: a periodic open cellular structure (POCS)

The structure of the new RPB packing is based on the principle of periodic open cellular structures (POCS). POCS consist of a regular arrangement of periodic unit cells and thus feature a well-defined geometry. Additionally, due to the interconnected unit cells of POCS, they allow for heat and mass transfer not only in axial but also in radial direction, making them suitable for use in RPBs.

The performance of multiphase contactors such as RPBs depends on sufficient contacting of the phases. Liquid maldistribution caused by ineffective distribution at the liquid inlet and anisotropy of the packing produce dry areas or result in the formation of small liquid streams which may reduce the performance of the contactor.

Recent studies performed using monolithic honeycomb structures or reticulated open-cell foams which consist of an irregular arrangement of pores that represent an interconnected three dimensional pore space foam packings showed that monolithic structures can be used as excellent liquid distributors when good initial distribution is provided and suitable operation points are adjusted [START_REF] Lämmermann | Experimental Investigation of Gas-Liquid Distribution in Periodic Open Cellular Structures as Potential Catalyst Supports[END_REF]. [START_REF] Peters | Efficient Hydrogen Release from Perhydro-N-Ethylcarbazole Using Catalyst-Coated Metallic Structures Produced by Selective Electron Beam Melting[END_REF] reported that due to their regular cell geometry, POCS allow for a systematic investigation which can contribute to an improved understanding of the complex hydrodynamic behaviour of gas-liquid flow. Finally, POCS provide characterisic combination of modifiable properties such as low pressure drop caused by high porosity, excellent thermal conductivity and high specific surface area [START_REF] Inayat | Periodic Open-Cell Foams: Pressure Drop Measurements and Modeling of an Ideal Tetrakaidecahedra Packing[END_REF].

(Lämmermann, Schwieger, and Freund 2016) measured radial and axial liquid distribution in a packed column equipped with manufactured POCS as packings. The POCS can be utilised as structured catalyst support, as liquid distributors or for both purposes. The hydrodynamic behavior of the various POC packings and a hybrid combination of their unit cells was studied to identify those with high potential for achieving homogeneous liquid distribution over the reactor cross-section. A combination of Kelvin and Diamond unit cells significantly improved the liquid distribution.

The high design flexibility offered by additively manufactured POCS which allows for using a wider range of pellet sizes was demonstrated by [START_REF] Ambrosetti | Packed Periodic Open Cellular Structuresan Option for the Intensification of Non-Adiabatic Catalytic Processes[END_REF]. The authors used a Sabatier pilot reactor to demonstrate the high potentials of packed POCS for use in process intensification processes.

Also, [START_REF] Ferroni | Numerical and Experimental Investigation of Pressure Drop in Periodic Open Cellular Structures for Intensification of Catalytic Processes[END_REF] envisioned POCS as having the potential to enhance catalyst substrates for both mass and d heat transfer limited processes. Due to the lack of generalized correlations in the literature, the authors proposed a combined numerical and experimental approach to assess the pressure drop in two types of POCS unit cells: the tetrakaidekahedral and the diamond lattices. the authors demonstrated that nonidealities introduced during the manufacturing processes of POCS can affect the lattice performances, and experiments on nonideal lattices can cause high deviations between numerical investigations where ideal structures are used.

Hence, the basis of the new RPB packing is a wire-based, complex packing structure codenamed Tetraspline (TS) developed and characterized in the LGC, Toulouse. The hydrodynamic and mass transfer performance of TS structures made by 3D printing was promising. The development and characterization of the geometry of TS structures had been reported by [START_REF] Dejean | Design and Conception of an Innovative Packing for Separation Column-Part I: Hydrodynamic Study on Wire Intersections[END_REF], Kawas et al., 2021;[START_REF] Al-Maqaleh | Experimental and Numerical Investigation of Dry Pressure Drop of 3D-Printed Structured Packings for Gas/Liquid Contactors[END_REF]. TS structures are wire-based lattice packing made up of a mesh of several intersections of short cylindrical wires.

The TS structure is defined by five ( 5) geometrical parameters which include:

(i) the length of regular tetrahedron annular sectors s, 𝑙 1 .

(ii) the length of the irregular tetrahedron annular sectors s, 𝑙 2 .

(iii) the angle of the regular tetrahedron edges as defined with the vertical, 𝜃 1 .

(iv) the angle of the irregular tetrahedron edges as defined with the vertical, 𝜃 2 .

(v) the strand (or wire) diameter,𝑑 𝑤 .

A representation of the geometrical parameters of a typical unit cell of the TS structure is shown in Figure 2-21a.

After creating the unit cell (Figure 2-21b), the TS structure is developed further by repeating a periodic pattern along a symmetry plane of the unit cell. The original lattice design by [START_REF] Dejean | Design and Conception of an Innovative Packing for Separation Column-Part I: Hydrodynamic Study on Wire Intersections[END_REF] was based on a series of regular tetrahedron edges. Thus, the geometry allows the liquid flowing on each wire to split into three other flow paths. The TS design presents a regular geometry, which induces unfavourable gas/liquid mixing and mass transfer channels. Hence, (Kawas et al., 2021) modified the packing by changing to an irregular tetrahedron annular sectors in every other sequence.

In this thesis, towards obtaining a truly anisotropic packing structure, in any given ring of the 3 concentric rings that constitute the RPB packing, two major modifications were made to the geometrical parameters. The first modification is that the lengths of the regular tetrahedron annular sectors s, 𝑙 1 and the lengths of the irregular tetrahedron annular sectors s, 𝑙 2 were made the same such that, 𝑙 1 = 𝑙 2 .

In the same vein, the wire diameter for each wire were the same. The angles of both the regular 
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and irregular tetrahedron edges as defined with the vertical, were also made equal such that 𝜃 1 = 𝜃 2 . These modifications will not only ensure that each ring is isotropic, they also ensure that the creation of preferential passage in the periodic structure in the TS is avoided.

By repeating the unit cell along the three isometric axes indicated in To facilitate the securing of the annular sectors against the high centrifugal forces of the RPB, conduits of diameter 3.5 mm and of 1mm thickness were built in the lattice of the annular sectors along the direction of fluid flow in the packing.

. The positions of the conduits were as determined by the screw holes drilled in the centre ring as explained in section 2.5.2. the annular sectors were then finally securely assembled to form the packing ring as depicted in Figure 2-21h. Also, since the centrifugal forces increase with increase in radius, another feature added to rings 2 and 3 to facilitate the securing of the annular sectors against the high centrifugal forces of the RPB, is the addition of Knapp joints.

The Knapp joints (Figure 2-18) were achieved by adding a circular structure of diameter 5mm Hence, using Autodesk Inventor®, the high 𝑎 𝑝 and ε of TS were explored to design an equiareal anisotropic RPB packing comprising 3 rings of varying surface area and void fractions. Variations in 𝑎 𝑝 and ε were obtained for the various rings by modifying the five [START_REF]Switch off the electrical cabinet[END_REF] geometrical parameters that define the TS.

The geometrical parameters and the calculated physical properties of the packing rings are shown in Table 2-3. The regular and irregular tetrahedron annular sectors s' lengths and the strand diameter are the same for each ring set. Also, the angles of the regular and irregular tetrahedron edges are 30 o each. However, the lengths of the tetrahedrons are shortened in each subsequent ring, beginning with the second ring. Thus, the void area of the packing rings decreased radially outwards such that the innermost ring had the highest void fraction. On the other hand, consequent upon the deceased porosity radially outwards, the packing area increased such that the highest packing area is at the outermost ring. Due to its precision, high accuracy, and smooth surface finish of produced prototypes, the stereolithography (SLA) 3D printing technology approach is selected in this thesis due to printer availability, production time, and cost savings. Also, SLA technology has the advantage of creating highly isotropic parts achieved via a tightly controlled integration of the material chemistry with the 3D print process. Thus, the physiochemical properties of parts created by SLA technology do not vary with their orientation. On exposure to UV light, the short molecular chains of the resin coalesce, polymerizing the monomers and oligomers into solidified rigid geometries.

To facilitate the attachment and the removal of the structure from the print platform, hanging external strands were attached to the structure. Also, an easy to remove flat base was created to connect the structure to the printer platform (see Appendix K). After adding internal supports to the unsupported bits, adding external supports and a base to connect the structure to the built platform, the (.nauta) was converted to a (.fictor) which interpretable by the printer. The NAUTA software can be used to estimate the volume of material required for the printing.

A light-reactive thermoset material (resin) 3D printer, model XFAB 3500 PD from Formlabs 3D Solutions (France), was used for printing the packing. The printer, a picture of which is shown in Figure 2-25b, is equipped with a high-resolution UV laser beam of 50µm. It is compatible with many print materials and has a relatively large build plate (160x160x180mm), allowing for the production of parts in small annular sectors . The printer exposes the resin to specified wavelengths of UV light to form a 3D part from very thin solid layers created layer-by-layer (commonly between 0.05-0.15 mm). in our case, based on the printer manufacturer's recommendation, the layer thickness was set to 0.1mm. The packings were produced in a commercial, photosensitive thermoset (resin) material (Therma DM 500®) supplied by DWS Italy, with high chemical, thermal, and mechanical properties, lightweight, and superb anti-corrosion ability. Details of the technical features of the liquid material and the characteristics of the resin after UV curing, as supplied by the manufacturer, are presented in Appendix I.

The average printing time were 18, 22 and 27 hours for each one of the annular sectors that make up rings 1, 2 and 3 respectively. Thus, on the average, a total of 420 hours was used for printing all the annular sectors used in forming the 3 packing rings. Initial attempts to pair and print identical sectors together (see Figure 2-25b) to save time proved too susceptible to printing failures leading to waste of resin, hence discontinued. Additionally, after the printing of each annular sector, about an hour was used to disassemble the build platform from the printer, remove the printed item, remove clinging base and supports and, clean the build platform before setting the next printing. Also, the time taken to post-treat (clean, air drying and cure) each of the sectors is about an hour. In summary. Details of the steps of creating 3D print structures, the 3D printing, , and post-treatment of the packing are presented in Appendices J, L and M respectively.

Assembling the 3D printed packing

A total of eighteen annular sectors were printed as shown in Table 2-2. After curing the annular sectors, they were assembled into rings which were put together to form the final packing of the RPB. A number of techniques were put in place to ensure that the packing rings were tightly connected and mechanically sufficient to endure the high centrifugal forces of the RPB.

Screw holes of diameter 3 mm were drilled on the centre ring, to which screws were used to secure the packing annular sectors (see . The screws were passed through the conduits built in the lattice of the annular sectors along the direction of fluid flow in the packing as explained earlier. Consequently, screws (Ø3mm) were passed through conduits to secure each segment to the centre ring. analysis, and graphical user interfaces (GUI) in real-time. Also, the displayed measurements and their analysis by the DASYLab software make the identification of the attainment of steadystate easy and more reliable. A picture of the interphase of the DASYLab GUI is presented in Appendix H.

The measurements obtained from the DASYLab data acquisition software, which were integrated, analysed, and displayed on a single graphical interface, were:

• Rotation speed of the rotor, 𝑛 𝑟𝑜𝑡 .

• Pressure drop, ∆𝑃.

• The inlet temperature of the gas, 𝑇 𝐿 𝑖 .

• The outlet temperature of the gas, 𝑇 𝐿 𝑜 .

• The inlet temperature of the liquid, 𝑇 𝐺 𝑖 .

• The outlet temperature of the liquid, 𝑇 𝐺 𝑂 .

Equipment Calibration and Verification

Calibration of measurement equipment is essential for ensuring accuracy, obtaining values for the calculation of the measurement errors and determining the correction value of the equipment. The equipment readings were obtained using standard procedures and then compared to a known reference standard. Calibrations were conducted for the temperature probes, pressure sensors, and liquid pump. Each calibration was performed twice and the average compared with the standard.

Calibration of temperature probes

The ice water method was used to calibrate the temperature probes. A beaker was filled with small ice cubes. Tap water was added to the top of the ice, and the mixture was stirred vigorously. The thermometer probe was immersed vertically into the centre of the mixture and allowed to stay for about one minute when the temperature reading remained stable. The temperature reading was compared with the temperature of melting ice, 0 o C, and the deviations calculated.

Calibration of the pressure sensor

The pressure sensors were calibrated by using a water-filled U-tube manometer. The RPB, the U-tube, and the pressure sensor are connected in a closed series circuit. Varying RPB operations within the operating conditions of the experiments were conducted, and the pressure drop, as recorded by the pressure sensors and the U-tube, was recorded side-byside and compared.

Calibration of the liquid pump

Pumps are designed to pump at a specific rate. However, many conditions, such as liquid viscosity, discharge pressure, suction type (flooded or lifted), and performance decline due to the age of the pump, can affect the flow rate. Hence, the pump was calibrated to control, optimize the feeding rates, and ensure that the correct amount of liquid is fed to the RPB. To enhance higher accuracy in the pump calibration, the calibrations were performed such that the actual operating conditions of the pump connected to the RPB were replicated. Hence, for the calibrations, the liquid distributors were placed at the same height as the centre of the RPB rotor. Calibrations were performed with each of the two different liquid distributors attached to the end of the pump's discharge line.

The pump was calibrated using the bucket and clock method, in which the amount of liquid pumped at a particular frequency over a given period was calculated. The pump frequency was adjusted to eight different settings that were above 30% and below 90% of the pump frequency. Calibration curves were established to correlate the liquid flow rate and the pump frequency. The calibration curves (see Appendix B and C.) show a linear relationship between the liquid flow rate and the pump frequency.

Summary

This chapter outlined all methods used to reached the objective of this thesis. The experimental facility, fluid circulation and data acquisition was described. The materials and methods used to obtain the hydrodynamic characteristics of the RPB in terms of pressure drops, liquid entrainment and flooding in both air-water system and a viscous media were explained. The methodology of exploring the effect of the three major operating parameters and a design parameter were outlined. In the same vein, the materials and methods of obtaining the packing effective interfacial area of a standard RPB packing using the standard chemical method was described. Finally, the approach adopted to develop a three-dimensional (3D) printing was also described and the method adopted to hydrodynamically characterize the new anisotropic RPB outlined. In the next chapter, the outcomes of the comparison of the various literature correlations for hydrodynamic and mass transfer in RPBs are presented to set the premise for conducting the fundamental experiments needed to improve the prediction accuracy of future correlations. Finally, in the subsequent chapter, the results of the experiments are presented. ), gas and liquid film mass transfer coefficients (𝑘 𝐺 and 𝑘 𝐿 ) were considered for mass transfer.

Simulis® steady-state simulation and optimization software from Prosim® installed in Microsoft

Excel® was used to obtain thermodynamic properties for a CO2-30% monoethanolamine (MEA) system. The definitive values calculated using the correlations were compared with the literature value ranges for the various correlations for RPBs.

The results showed that the correlations developed for RPBs gave varying degrees of percentage deviations when calculated for an RPB configuration under the same set of thermophysical conditions.

Process intensification (PI) which is principally achieved by the utilization of high gravity (HIGEE or high "g") equipment that utilize centrifugal force is employed to reduce the sizes of process equipment and thus significantly improving not only the economy of the processes but also their safety, compatibility and ease of control through enhanced mass and heat transfer, capacity increase and enhanced micromixing.

Design correlations are needed to accurately predict hydrodynamic, and mass transfer parameters such as the pressure drop, liquid holdup, droplet diameters, flooding coefficients, effective interfacial area as well as the liquid and gas phase mass transfer coefficients.

However, despite the need for them, such correlations are generally scarce in the literature and for the few correlations available are far from agreeing with another [START_REF] Oko | Study of Mass Transfer Correlations for Rotating Packed Bed Columns in the Context of Solvent-Based Carbon Capture[END_REF]). In the literature, [START_REF] Liu | Characteristics of a Rotating Packed Bed[END_REF], [START_REF] Kelleher | Distillation Studies in a High-Gravity Contactor[END_REF][START_REF] Kelleher | Distillation Studies in a High-Gravity Contactor[END_REF][START_REF] Lin | Removal of VOCs from Gaseous Streams in a High-Voidage Rotating Packed Bed[END_REF], reported the predictions of kGa to lie within ±30% of the experimental data while [START_REF] Guo | Hydrodynamics and Mass Transfer in Cross-Flow Rotating Packed Bed[END_REF], reported that the margin or error in prediction of volumetric gas phase mass transfer coefficient from their correlation to be ±20%. Saha (2008) reported that of the RPB proposed correlations, to predict mass transfer coefficients, none was more than 20-30% accurate.

This chapter is intended to explore the few available RPB correlations for predicting hydrodynamic and mass transfer characteristics presented in the literature. The correlations will be compared using a hypothetical data derived from a representative experimental study.

The comparison will highlight the predictive accuracies of the correlations vis-à-vis their limitations in relation to the specified operating and RPB parameters used to obtain them and the range of applicability.

RPB correlation dimensionless numbers

Zhao et al. ( 2014) reported that mass transfer coefficients in RPBs are determined using theoretical, semi-empirical and numerical simulation methods with the semi-empirical correlations commonly used because they do not require a very detailed understanding of flow and mass-transfer mechanisms of the RPB and often expressed as explicit functions that correlating the mass-transfer coefficient with the operating parameters. However, the authors observed that even though the correlations are usually simple, intuitive and practical, they have two major setbacks which are poor generalization performance and non-uniform forms for the same variable group. [START_REF] Rajan | Limiting Gas Liquid Flows and Mass Transfer in a Novel Rotating Packed Bed (HiGee)[END_REF] showed that for RPBs, the superficial liquid velocity determines the Reynold's number (Re), Froude number (Fr), and Weber number (We) with the Fr number also varying with the centrifugal acceleration and the We varying with the packing surface area the superficial velocity and centrifugal acceleration. [START_REF] Tung | Modeling Liquid Mass Transfer in Higee Separation Process[END_REF]; Keyvani, and Gardner, (1988);Sing et al. (1992); [START_REF] Liu | Characteristics of a Rotating Packed Bed[END_REF]; [START_REF] Chen | Absorption of VOCs in a Rotating Packed Bed[END_REF]; Lin et al. ( 2004 2017) Munjal et al. (1989) and, Keyvani, and Gardner, (1988); A and B are the empirical parameters for viscous energy loss term and the inertial loss respectively and are empirical parameters obtained using experimental results and regression analysis for the situation where the rotor is at rest given as:

𝑅𝑒 𝐿 = 2𝜋𝐿 𝑎 𝑡 µ 𝐿
𝑅𝑒 𝐿 = 𝐿 𝜐 𝐿
𝐴 = 𝐵 = 𝑎 𝑝 𝑎 ( 𝑅𝑒 𝐺 1-ℇ ℇ 3
) 𝑏 Eqn 3-6 K is a parameter which accounts for the end effects and is given by:

𝐾 = 𝑎 + 𝑏𝑅𝑒 𝐺 𝑐 ( 𝑅𝑒 𝐺 𝑅𝑒 𝜔 ) 𝑑 + 𝑒( 𝑎 𝑝 ℇ 3 ) 𝑓 Eqn 3-7
While 𝛽 1 and 𝛽 2 are respectively the gas-packing slip parameter, a function of ReG and Reω and the gas-liquid slip parameter, a function of ReG, ReL, Reω, specific surface area, and the porosity.

The parameters 𝛽 1 and 𝛽 2 are defined by:

𝛽 1 = 𝑎𝑅𝑒 𝐺 𝑏 𝑅𝑒 𝜔 𝑐 Eqn 3-8 𝛽 2 = 𝑎( 𝑎 𝑡 ℇ 3 ) 𝑏 𝑅𝑒 𝐺 𝑐 𝑅𝑒 𝐿 𝑑 𝑅𝑒 𝜔 𝑐
Where 𝑅𝑒 𝜔 is the rotational Reynolds number and the letters a, b, c, d, e and f which are the coefficients of the empirical parameters also obtained by regression.

For pressure drop (∆𝑃), [START_REF] Jiao | Gas Pressure Drop and Mass Transfer Characteristics in a Cross-Flow Rotating Packed Bed with Porous Plate Packing[END_REF] proposed that the correlation for different packing structures in the dry and wet RPB are respectively of the form:

∆𝑃 𝑑𝑟𝑦 𝑏𝑒𝑑 = 𝐴 ′ 𝛽 𝑎 𝐺 𝑏 Eqn 3-9

∆𝑃 𝑤𝑒𝑡 𝑏𝑒𝑑 = 𝐴𝛽 𝑎 𝐺 𝑏 𝐿 𝐶
Where G and L are the gas flow rate (m 3 /h) and liquid flow rate (L/h) respectively while A, A', a, b, and c are the coefficients which were obtained by regression RPB flooding point correlation was given in a generalized form by [START_REF] Lockett | Flooding of Rotating Structured Packing and Its Application to Conventional Packed Columns[END_REF] using the Wallis correlation for a given liquid in the form:

𝐶 𝐺 0.5 + 𝑚𝐶 𝐿 0.5 = A𝑎 𝛽 𝑁 𝑔 𝛼 Eqn 3-10
Nonlinear regression can be used to best fit the results of experimental runs in order to obtain the parameters m, A, β and α.

Liquid holdup correlations

The most commonly used liquid hold-up model for RPBs [START_REF] Munjal | Mass-Transfer in Rotating Packed Beds-I. Development of Gas-Liquid and Liquid-Solid Mass-Transfer Correlations[END_REF][START_REF] Bašić | Liquid Holdup in Rotating Packed Beds: Examination of the Film Flow Assumption[END_REF] have their origin in models developed for stationary packed beds. Most of the models can be described in terms of the relationship between the liquid holdup, liquid flow rate, rotor speed and viscosity [START_REF] Burns | Process Intensification: Operating Characteristics of Rotating Packed Beds -Determination of Liquid Hold-up for a High-Voidage Structured Packing[END_REF]. [START_REF] Bašić | Liquid Holdup in Rotating Packed Beds: Examination of the Film Flow Assumption[END_REF] had shown that for hydrodynamic models of conventional packed beds based on liquid films, where liquid was assumed to be the only flowing phase, the liquid holdup, 𝜀 𝐿 of the packed bed was assumed to be given by:

𝜀 𝐿 = 𝜀𝛽 = 𝑎 𝑤 ℎ ̅ Eqn 3-11
Where 𝜀 the bed porosity, 𝛽 the liquid saturation of the voids, which is defined as the ratio of the liquid and the void volume while ℎ ̅ is the mean film thickness.

The dependence of 𝑎 𝑤 , and ℎ ̅ on the operating conditions was used to predict liquid holdup.

Hence, in all the correlations, 𝑎 𝑤 was either assumed to be equal to 𝑎 𝑝 or accounted for using empirical correlations while ℎ ̅ was obtained by making different assumptions about the film flow then solving the particle scale problem.

To derive the correlation for liquid hold up in RPBs, [START_REF] Bašić | Liquid Holdup in Rotating Packed Beds: Examination of the Film Flow Assumption[END_REF] made the following assumptions:

1. liquid flows through the RPB in the form of films. Hence, only film flow without capillary effects was considered such that it is assumed that the packing surface was completely wetted (𝑎 𝑤 = 𝑎 𝑝 ).

the liquid is the only flowing phase as approximately shown by experimental results

show this to be a good approximation, as far as holdup is concerned;

3. Coriolis and gravitational force may be neglected. since 𝛽 is a function of the radius only, other forces are of lesser magnitude than the centrifugal. Hence the the problem is reduced to one-dimension only.

4. The packing surface may be represented by a chain of facets parallel to the z-axis and randomly inclined with respect to the radial direction.

Consequently, the authors presented the liquid holdup for RPBs in the form:

𝜀 𝐿 = 2.65𝜏 𝑓 ( 𝑎 𝑝 𝑑 𝑝 𝜀 ) 𝑅𝑒 0.67 𝐺𝑎 -0.485 Eqn 3-12
Where 𝜏 𝑓 is the tortuosity of the packed bed which must be determined experimentally for the packing type used.

In their approach toward obtaining a generalised correlation for liquid holdup in RPBs, [START_REF] Burns | Process Intensification: Operating Characteristics of Rotating Packed Beds -Determination of Liquid Hold-up for a High-Voidage Structured Packing[END_REF] made the following assumptions:

1. The liquid holdup is approximately inversely proportional to the local packing radius.

2. The liquid holdup is largely independent of gas flow up to the flooding point.

3. The liquid residence times are very short, with liquid typically moving through the packing at an average 1ms -1 .

4.

The flooding gas flow is a linear function of rotational speed at a given liquid flow rate.

5.

The inertial pore flow model gives the best hold-up predictions for system used 6. Liquid viscosity has only a weak influence on the liquid holdup.

The authors [START_REF] Burns | Process Intensification: Operating Characteristics of Rotating Packed Beds -Determination of Liquid Hold-up for a High-Voidage Structured Packing[END_REF] consequently gave the generalised correlation for liquid hold up in RPBs as

𝜀 𝐿 = 𝜀 𝐿0 = ( 𝑟𝜔 2 𝑔 0 ) -𝑚 ( 𝐿 2𝜋𝑟𝑧𝑈 0 ) 𝑞 ( 𝜈 𝜈 0 ) 𝑛 Eqn 3-13
Where 𝜀 𝐿0 is the liquid hold up measured by an outer probe in the electrical resistance method, 𝑔 0 is the characteristic centrifugal acceleration (= 100 ms -2 ), 𝑈 0 the characteristic flow rate per unit area (=1cms -1 ), while 𝜈 and 𝜈 0 are the kinematic viscosity of the liquid and the characteristic kinematic viscosity (=1.0 x 10 -6 m 2 s -1 ) respectively. The parameters m, q and n are obtained by regression.

Mass transfer characteristics

Correlations for effective interfacial area

Rajan et al ( 2011) reported that for a RPB, the correlation for the effective gas-liquid contacting efficiency (

𝑎 𝑒 𝑎 𝑡
) in packed towers is of the form:

𝑎 𝑒 𝑎 𝑝 = 𝛼𝑅𝑒 𝐿 𝛽 𝐹𝑟 𝐿 𝛾 𝑊𝑒 𝐿 𝜎 Eqn 3-1
Where the superficial liquid velocity, centrifugal acceleration and the packing surface area determining the three dimensionless numbers: Reynold's number (Re), Froude number (Fr),

and Weber number (We) and the constants obtained by regression analyses. It is worth noting that for packing materials with relatively low static hold up that is, very small packing sizes as is the case in most RPBs, the wetted area may be assumed to be equal to the interfacial area as reported by [START_REF] Kelleher | Distillation Studies in a High-Gravity Contactor[END_REF] as well as Beck (1997) and as established for conventional packed beds by Puranic and Vogelpohl (1974).

However, [START_REF] Luo | Investigation of Effective Interfacial Area in a Rotating Packed Bed with Structured Stainless Steel Wire Mesh Packing[END_REF] reported that the assumption that only liquid films are in the mass transfer model of an RPB such that the packing's specific surface area can be taken as the gas-liquid effective interfacial area (𝑎 𝑒 = 𝑎 𝑝 ) overestimates the 𝑎 𝑒 since the actual physical phenomen and some previous studies had shown the presence of both liquid films and droplets existing in the rotor which implies that the packing is not completely wetted at every moment even as it is wetted after only a short rotational time. [START_REF] Tung | Modeling Liquid Mass Transfer in Higee Separation Process[END_REF] had opined that high

𝑎 𝑒 𝑎 𝑝
values indicate the possibility of the reduction of channeling effects in RPBs due to the influence of Coriolis acceleration. Also, Munjal et al. (1989) reported that experimentally measured gas-liquid interfacial area depends on the rotational speed, the packing type and the liquid flow rate. The authors listed the following factors which may be responsible for high experimental values of 𝑎 𝑒 in RPBs:

i. Liquid spread in the azimuthal direction due to the Coriolis force.

ii. Low minimum wetting flow rate.

iii. Low static holdup.

iv. Low number of liquid blocked passages.

v. Good initial distribution of liquid.

Experimental results from Munjal et al (1989) showed that the effective interfacial area for mass transfer in an RPB is about half of the total packing area.

Table 3-3 Comparisons of packing utilization ratio in RPBs.

Reference System

Operating conditions Munjal et al (1989) 2017) compiled a range of the ratio of the interfacial area to the total packing area using RPB correlations and found that the total effective interfacial area for mass transfer, including liquid droplets and films and other liquid flow patterns, was smaller than the total packing area which indicated that the packing in the RPBs were not totally wetted by liquid at every moment in the rotor. Kellahar and Fair (1996) as well as [START_REF] Reddy | Process Intensification in a HIGEE with Split Packing[END_REF] reported that the gas-phase film coefficient is of the form:

𝑎 𝑡 (m 2 /m 3 ) 𝑎 𝑒 𝑎 𝑡

Correlations for mass transfer coefficients

𝑘 𝐺 𝑎 𝑒 = 𝐶( 𝑎 𝑝 𝐷 𝐺 𝑑 𝑝 )𝑅𝑒 𝑥 𝐺𝑟 𝑦 𝑆𝑐 𝑧 Eqn 3-2
Where C is a constant and the values of x and y obtained via experimental data using regression analysis while z is assumed to be -1 3 ⁄ as it is in the Onda gas-phase correlation because the physical properties were not varied.

Jiao et al ( 2010) reported that the term 𝑘 𝐿 𝑎 𝑒 comprised of the dimensionless number parameters: ReG, WeL, and Ga in the form:

𝑘 𝐿 𝑎 𝑒 = 𝐴𝑅𝑒 𝐺 𝑎 𝑊𝑒 𝐿 𝑏 𝐺𝑎 𝑐 Eqn 3-4
Where the constants A, a, b and c are obtained by regression.. 

Parametric Procedure

Effective interfacial area , liquid and gas film mass transfer as well as flooding point existing correlations were compared by simulation using the chemical absorption of CO2 in 30% MEA using a RPB of internal and external radius of 7.8cm and 17.8cm respectively rotating at a constant speed of 500 RPM , packed to a height of 2.5cm with packing foam of interfacial area 2132 m 2 /m 3 and 76% porosity.

Table 3-5 shows the details he RPB dimensions, operating conditions and fluid compositions used in the simulation of the correlations. A schematic of the hypothetical RPB is shown in Figure 3-3. The 30% MEA solution at a temperature of 313K and 1atm flowing at 1263 kgh -1 interacted contercurrently with the 4.49%

CO2 in air flowing into the RPB at 200 kgh -1 and exit as 2.13% CO2 in air. 

Thermo-physical Properties

Definitive values of the effective interfacial area as well as the gas-liquid mass transfer coefficients were calculated using Microsoft Excel® utilizing the hypothetical data of an RPB as presented in Table 3456. Physical and thermodynamic properties of gas and liquid phases were obtained using Prosim's Simulis® by utilizing its thermodynamics interface in the acid gas and amines model. Additional data were also obtained from literature while flowrates for the fluids were calculated in accordance with the hypothetical data. Specifically, the parameters obtained from the Simulis® interface based on the feed composition in the RPB were the DL,, DG, σL, ρG, ρL, μG, μL and vL. The RPB characteristic dimensions, packing characteristics, feed flowrates and conditions were fixed hypothetical values chosen based on commonly used values in the literature. While E, H, σc were obtained from Jassim (2002).

Comparing calculated and literature dimensionless numbers

Table 3-7 compares the dimensionless groups in the literature with what was used in this work with a view to obtain a clearer picture as to the relationship between the various correlations considered.

It can be observed that while the calculated 𝐺𝑟 𝐺 , 𝑆𝑐 𝐿 and 𝑊𝑒 𝐿 were within the literature reported ranges, the calculated 𝑅𝑒 𝐿 , was just within the literature ranges while the calculated 𝐺𝑟 𝐿 and 𝑅𝑒 𝐺 deviated significantly from the literature reported. These trends may be attributed to the differences in operational parameters such as input flow rates specifically the superficial liquid and gas velocities, size and porosity of the packings and, the thermodynamic properties of the fluids most especially the density, dynamic viscosity and surface tension.

The high deviations observed in the calculated values of the dimensionless numbers presented in Table 6 are linked directly to all the very high deviations for all the correlations computed in this report. 

Pressure drop (ΔP) correlations results

Four different total pressure drop correlations for different operating conditions (gas and liquid flow rates, and rotation speed), RPB characteristics (inner and outer diameter and, rotor height) and, packing characteristics (type, specific surface area and porosity). Table 3-7 shows the details of the systems and the correlations used. The result was considered for a moderate rotation speed range of 600-1400 rpm, a relatively low fixed gas flow rate of 200Nm 3 /h and a high liquid flow rate of 1.2m 3 /h.

The correlations considered results where the correlations of the total pressure drop of [START_REF] Singh | Removal of Volatile Organic Compounds from Groundwater Using a Rotary Air Stripper[END_REF], [START_REF] Liu | Characteristics of a Rotating Packed Bed[END_REF][START_REF] Guo | Hydrodynamics and Mass Transfer in Cross-Flow Rotating Packed Bed[END_REF] and that of [START_REF] Sandilya | Gas-Phase Mass Transfer in a Centrifugal Contactor[END_REF]. All the correlations were obtained using wire meshes or gauzes except r Liu et al.,1996 that used rrandomly packed, rectangular packings. -4a shows that the correlation of (F. [START_REF] Guo | Hydrodynamics and Mass Transfer in Cross-Flow Rotating Packed Bed[END_REF]) that used 20 layers of wire gauze produced the highest pressure drops while the correlation of [START_REF] Singh | Removal of Volatile Organic Compounds from Groundwater Using a Rotary Air Stripper[END_REF]) that used a highly porous (ε = 91%) stainless steel wire meshes displayed the lowest pressure drops. The pressure drop per unit packing length is also considered. From data in Table 3-7, The radial packing depth (𝑟 𝑜 -𝑟 𝑖 ) of 25.41, 25.0, 50.0 and 12.5 cm was used for the [START_REF] Singh | Removal of Volatile Organic Compounds from Groundwater Using a Rotary Air Stripper[END_REF], [START_REF] Liu | Characteristics of a Rotating Packed Bed[END_REF][START_REF] Guo | Hydrodynamics and Mass Transfer in Cross-Flow Rotating Packed Bed[END_REF][START_REF] Sandilya | Gas-Phase Mass Transfer in a Centrifugal Contactor[END_REF] correlations respectively. Figure 3-4b shows that in terms of the pressure drop per unit packing length, the correlation of [START_REF] Liu | Characteristics of a Rotating Packed Bed[END_REF] with the highest inner radius, produced the fastest increase in pressure drop per unit packing length as the rotation speed increased. Conversely, the correlation of [START_REF] Sandilya | Gas-Phase Mass Transfer in a Centrifugal Contactor[END_REF] with the smallest radial packing depth of 12.5cm produced the lowest pressure drop per unit packing length as the rotation speed increased. The findings indicate that there exist a relationship between the inner radius, the packing length and pressure drop in RPBs which need to be explored further. (70/45/20) Random, rectangular (5 × 5 × 2.8 mm 3 ), ap= 524 m 2 /m 3 , ε= 0.533 (F. [START_REF] Guo | Hydrodynamics and Mass Transfer in Cross-Flow Rotating Packed Bed[END_REF] Air-water, NH3-

Water, SO2- Ammonium sulfite L= 0-2.5m 3 /h G =0-1000 m 3 /h RPM = 300-1500 rpm 𝑅𝑒 𝐺 = 700 -2000 𝛥𝑃 = (125𝑅𝑒 𝐺 -1 + 0.1267)( 𝑎 𝑡 𝐻 ℇ 3 𝜌 𝐺 𝑢 𝐺 2 )
(82/32/100) (20 layers of wire gauze, -,-) [START_REF] Sandilya | Gas-Phase Mass Transfer in a Centrifugal Contactor[END_REF] NaOH-SO2

𝑄 𝐿 = 14 mL/s

𝑄 𝐺 = 0-8.3 X10 3 m 3 /s RPM = 950-1420 rpm 𝛥𝑃 = (125𝑅𝑒 𝐺 1 + 0.1267) ( 𝑎 𝑡 𝐻 ℇ 3 + 8.273 × 10 5 𝑢 𝐿 𝜔 2 𝑟 ) 𝑢 𝐺 2 𝑅
(155/30/22.2) (stainless steel wire meshes, ap= 2196 m 2 /m 3 , ε= 0.91)

Liquid holdup (𝜺 𝑳 ) correlations results

Table 3-8 shows six different RPB liquid holdup correlations for different RPB types and configurations, packings, parameter ranges as well as different working fluid thermophysical properties. The correlations were plotted for various liquid velocities ranging from 0.025 to 0.14 m/s corresponding to volumetric liquid flow rates of 0.39 to 1.2 m 3 /h at a constant gas flow rate of 200 Nm 3 /h and a rotation speed of 600 rpm.

The results are shown in Figure 345. Generally, the Figure shows that for all the correlations, at the constant gas flow rate, and rotation speed considered, the liquid holdup increased with increase in liquid flow rate. The liquid holdup predicted by the correlations within the range of operating parameters evaluated range from 4.3 to 97%. The commonly used correlation of [START_REF] Burns | Process Intensification: Operating Characteristics of Rotating Packed Beds -Determination of Liquid Hold-up for a High-Voidage Structured Packing[END_REF] for water-propylene glycol system using high-voidage structured packing made of reticulated foam produced the lowest liquid holdups .

On the other hand, the correlation of Liu et al., (2019) for a water-glycerol mixture using a stainlesssteel wire mesh packing exhibited the highest liquid holdups. The calculated values for the correlations of [START_REF] Lin | Prediction of liquid holdup in countercurrent-flow rotating packed bed[END_REF] that used similar operating parameters with Basic and Dudukovic (1995) to obtain a slightly different correlation showed very good agreement with the best percentage deviations of less than 20% between the two correlations.

The deviations obtained between the correlations could be related to the explanation and findings of [START_REF] Burns | Process Intensification: Operating Characteristics of Rotating Packed Beds -Determination of Liquid Hold-up for a High-Voidage Structured Packing[END_REF] who reported that liquid hold-up in RPBs is approximately inversely proportional to the local packing radius, does not depend on the flow up to the flooding point and is not influenced much by liquid viscosity. Thus, the differences is possibly caused by the characteristics of the various packings used and the flow conditions. ℇ 𝐿 = 12.159𝑅𝑒 0.923 𝐺𝑎 -0.610 𝐾𝑎 -0.019 (Mesh packing)

ℇ 𝐿 = 12.159𝑅𝑒 0.479 𝐺𝑎 -0.392 𝐾𝑎 -0.033 (Nickel foam packing)

Liu et al. (2019)

Water -glycerol SDBS L= 15-40 L/h RPM = 400-2400 rpm ℇ 𝐿 = 5.835𝑅𝑒 𝐿 0.854 𝐺𝑎 -0.454 𝐾𝑎 -0.037 (25/18.5/15) (stainless-steel wire mesh, 2033,0.88)

Results of flooding correlations

Four reported correlations for the flooding conditions in packed separation columns were calculated at low operating conditions within which the flooding phenomenon is mostly observed.

All the correlations considered were based on the principle of the [START_REF] Sherwood | Flooding Velocities in Packed Columns[END_REF] correlation, since [START_REF] Eimer | Gas Treating Absorption Theory and Practice[END_REF] had indicated that flooding capacities of RPBs could be described by conventional flooding correlation for standard packed beds. The liquid flow rate was varied from 0.39 to 1.2 m 3/ h while the gas flow rate and rotation speed were kept constant at 100 Nm 3 /h and 100 rpm respectively. The operating systems and the correlations used are itemized in Table 3-9 while the calculated results ae shown in Figure 3456.

Within the operating conditions considered, the hydraulic capacity data shown in Figure 3456shows that the Sherwood correlation generally overestimates the rotational speed limit of operability for all the RPB correlations considered. This is possibly due to the extremely low gas and rotational speeds considered. Also, the correlation of (Yumin [START_REF] Li | Liquid Entrainment and Flooding in a Rotating Zigzag Bed[END_REF] for rotating zigzag bed (RZB) showed lower capacity parameters for most of the flow conditions considered. (142/50.5/51) * Correlation obtained from the graphical form of the data by [START_REF] Piché | Loading Capacity in Packed Towers -Database, Correlations and Analysis[END_REF] 

Results of mass transfer parameter correlations

The mass characteristics correlations for ae, kG and kL were collected and collated from the literature and plotted against the operating parameters. As was the case for the hydrodynamic correlations that were presented in the last section, the results were also considered for a moderate rotation speed range of 600-1400 rpm, a relatively low fixed gas flow rate of 200Nm 3 /h and a high liquid flow rate of 1.2m 3 /h.

Effective interfacial area correlations

Six interfacial area correlations used for RPBs obtained from the literature were used. The correlations from [START_REF] Onda | Gas Absorption with Chemical Reaction in Packed Columns[END_REF], [START_REF] Puranik | Effective Interfacial Area in Irrigated Packed Columns[END_REF], Billets and Schultes, (1999) that were originally developed for conventional packed beds were included because they were used for RPB experimental studies, design and modeling by researchers such as Jassim (2002), [START_REF] Jassim | Carbon Dioxide Absorption and Desorption in Aqueous Monoethanolamine Solutions in a Rotating Packed Bed[END_REF][START_REF] Joel | Process Analysis of Intensified Absorber for Post-Combustion CO2 Capture through Modelling and Simulation[END_REF] and [START_REF] Kang | Modeling Studies on Absorption of CO2 by Monoethanolamine in Rotating Packed Bed[END_REF]. Studies by [START_REF] Chen | Packing Characteristics for Mass Transfer in a Rotating Packed Bed[END_REF] have shown that liquid flow behavior and surface properties of packings influence the mass-transfer processes.

The correlations specifically developed from RPB studies that were considered were those of [START_REF] Lin | Prediction of liquid holdup in countercurrent-flow rotating packed bed[END_REF] which was developed based on the assumption that the RPB is a combination of stacked layers of rotating discs and the of correlation of (Mei-ying et al.2015). A tabulation of the correlations considered are presented in Table 3- The calculated packing utilization ratios showed that correlations developed originally for conventional packed beds such as the [START_REF] Onda | Gas Absorption with Chemical Reaction in Packed Columns[END_REF]) correlation used by (M S Jassim 2002), [START_REF] Puranik | Effective Interfacial Area in Irrigated Packed Columns[END_REF]) and, (R. Billet and Schultes 1999) correlations but modified for use in RPB studies by substituting the gravitational acceleration term by the centrifugal acceleration term, generally gave higher values of the packing utilization ratio than the correlations of (Mei-ying, D.; Gui-sheng, Q.; You-zhi, L.; Qiang, G.; Song Bin 2015) and that of (C. Lin, Chen, and Liu 2000) that were formulated specifically for RPBs. The correlation of (R. [START_REF] Billet | Prediction of Mass Transfer Columns with Dumped and Arranged Packings[END_REF] clearly overestimated the packing utilization ratio within the limits of the operating parameters considered.

𝑎 𝑒 𝑎 𝑝 = 1.5(a t d h ) -0.5 ( ρ L μ L d h μ L ) -0.2 ( ρ L μ L 2 d h σ L ) 0.75 ( μ L 2 rω 2 ρ L 2 ) -0.45
The results showed that correlations originally developed for RPBs indicated a packing utilization ratio ranging from as low as 7.65% to as high as 71.28% which indicate the possible high degree of the presence of both droplets and liquid films in the packings. This finding is in line with that of [START_REF] Oko | Study of Mass Transfer Correlations for Rotating Packed Bed Columns in the Context of Solvent-Based Carbon Capture[END_REF] who also found a deviation of 50% with the [START_REF] Rajan | Limiting Gas Liquid Flows and Mass Transfer in a Novel Rotating Packed Bed (HiGee)[END_REF] correlation and concluded that it was because the correlation was for split packing and hence not applicable to unsplit packings. Also, The deviations obtained in this work agree with the findings of [START_REF] Luo | Investigation of Effective Interfacial Area in a Rotating Packed Bed with Structured Stainless Steel Wire Mesh Packing[END_REF] where two different studies (Luo et al., 2012and, Luo et al., 2017)) were performed and two different correlations for structured and nonstructured stainless-steel wire mesh packings were obtained. They found that about 30% deviation between the two correlations. They concluded that the correlations for unstructured stainless-steel wire mesh packings are not applicable for structured stainless-steel wire mesh packings.

Results for the gas-Side Mass-Transfer Coefficient (kG)

The gas side mass transfer coefficient were calculated from five different RPB correlations covering different RPB types and configurations, operations (concurrent/countercurrent), packing characteristics (type, size, porosity), operational parameter ranges (flow rates) as well as thermos-physical properties of the working fluids. Table 3-10 compares the various literature reported correlations, contactor characteristics and operating conditions. the previous correlations discussed earlier, for all the correlations, at constant gas and liquid flow rates, the pressure drop increases with increased rotation speeds.

The figure showed very significant deviations between the values obtained for the correlations with some far above 100%. Compared to the other correlations considered, the Onda (1968) correlation which was used for predicting the gas film mass transfer coefficient in some published RPB mass transfer studies [START_REF] Joel | Process Analysis of Intensified Absorber for Post-Combustion CO2 Capture through Modelling and Simulation[END_REF][START_REF] Kang | Modeling Studies on Absorption of CO2 by Monoethanolamine in Rotating Packed Bed[END_REF], clearly overestimates the 𝒌 𝑮 for RPBs within all the ranges of operating conditions considered.

The obtained high deviations between the values are related to the explanation of [START_REF] Liu | Characteristics of a Rotating Packed Bed[END_REF] whose work assumed that kGa is dependent on the flow and fluid characteristics, nature and type od the packing used as well as the centrifugal acceleration. Also, [START_REF] Billet | Prediction of Mass Transfer Columns with Dumped and Arranged Packings[END_REF] showed that volumetric mass transfer coefficients are depend on the fluid densities dynamic viscosities and the surface tension, the flow velocities and the packing specifications. Chen et al. (1996) found that 𝒌 𝑮 𝒂 increase with gas and liquid flowrates, the rotor speed as well as the shapes of packings used. Chen (2011) opined that the major reasons for the deviations between values obtained for 𝒌 𝑮 𝒂 from different RPB correlations (empirical equations) are principally due to differences in physical systems used, effect of packing type, the dimensions of the RPB which affect the end effects, the viscosity of the liquid used as well as the variation in mass transfer resistances in gas and liquid phases among experimental system.

Reference system Operational conditions correlations RPB characteristics (ro/ri/z) mm Packing (type, ap,ε) RPBs (Tung and Mah,1985;[START_REF] Chen | Packing Characteristics for Mass Transfer in a Rotating Packed Bed[END_REF][START_REF] Lin | Characteristics of a Rotating Packed Bed Equipped with Blade Packings[END_REF]. However, the correlation of (Munjal et al. 1989) though formulated originally for RPBs produced Kl values higher than those of the other correlations in the category.

As was the case for 𝒌 𝑮 correlations, the Onda (1968) correlation which was used for predicting the gas film mass transfer coefficient in some published RPB mass transfer studies [START_REF] Joel | Process Analysis of Intensified Absorber for Post-Combustion CO2 Capture through Modelling and Simulation[END_REF][START_REF] Kang | Modeling Studies on Absorption of CO2 by Monoethanolamine in Rotating Packed Bed[END_REF], clearly overestimates the 𝒌 𝑳 for RPBs within all the ranges of operating conditions considered.

. The results agree with the findings of(Y. S. Chen 2011) in which four hundred and thirty experimental 𝒌 𝑮 𝒂 values calculated using correlations for conventional packed columns underestimated experimentally obtained 𝒌 𝑮 𝒂 values. Also, the results comforms with the findings of [START_REF] Oko | Study of Mass Transfer Correlations for Intensified Absorbers in Post-Combustion CO2 Capture Based on Chemical Absorption[END_REF] where correlations originally formulated for conventional packed columns generally over predicted RPB mass transfer characteristics (𝒌 𝑮 , 𝒌 𝑳 and 𝒂 𝒆 ) when evaluated with the identical characteristics of a single type of packing.

. ) -𝟏 𝟐 (𝐚 𝐭 𝐝 𝐩 ) 𝟎.𝟒 Raschig rings and Berl saddles with nominal sizes smaller than 15mm [START_REF] Tung | Modeling Liquid Mass Transfer in Higee Separation Process[END_REF] De-oxygenated water-air Data from Ramshaw and Mallison (1981) experiment.

k L d p D L = 2x3 1 3 π ( a t a ) 1 3 Sc L 1 2 Re L 1 3 Gr L 1 6
(90/40/40) 1 mm glass bead and, 12 filament copper gauze (Knitmesh-9031), 3300,1650-,-

Munjal et al. (1989) CO2-NaOH L =139.3m 3 /s N = 900-1500 rpm k L = 2.6( Q L d p ) Sc L - 1 2 Re L - 2
3 Gr avg The experimental hydrodynamic values in the air-water and a mixture with different liquid viscosity systems were obtained using two different packings: the stainless-steel strand mesh packing and novel anisotropic RPB packing. Comparison of the hydrodynamic study was also made as obtained using two different liquid distributors: a full jet single pipe distributor and a double jet distributor. The experimental mass transfer study results for the effective interfacial area of the stainless-steel strand mesh packing using a CO2-NaOH system are also given.

In the presentation of the hydrodynamics study results, the three major operating parameters:

gas flow rate, liquid flow rate, and rotation speed, were used. Where necessary, the gas capacity factor was used. The choice of the parameter was because, for all the chosen parameters, the reference location is at the inner radius of the rotor, where both the average gas capacity factor and liquid load are highest, while the centrifugal acceleration is at its lowest value. Thus, the approach simplifies comparing the results of similar RPB studies conducted at different throughput levels. for rotors with stainless-steel packing. (Neumann, 2017a) had shown that an increase in the centrifugal head is observable with the increase in rotation speed. The increase can be explained by the interaction between the packing and gas phase that supports the increase in dynamic pressure in the casing, resulting in a larger centrifugal head.

The calculated values were obtained using Eqn 4-1.

∆𝑃 𝑐 = 1 2 𝜔 2 (𝑟 𝑜 2 -𝑟 𝑖 2 ) Eqn 4-1
At rotational speeds lower than 600 rpm, the experimental centrifugal heads are comparable to the calculated values. However, as the rotational speed increased beyond 1000rpm, the experimental values were lower than those calculated for ideal conditions. Thus, for the RPB investigated, converting rotational energy into dynamic swirl pressure in the casing was very efficient. Since centrifugal heads have a resistance that has to be overcome in countercurrent operations, low centrifugal heads are desirable. The average value obtained for 𝐴 𝐶𝐻 was found to be 0.97±0.02, which is in the range of 0.5 to 2.0 reported in RPB literature values as compiled by [START_REF] Rao | Process Intensification in Rotating Packed Beds (HIGEE): An Appraisal[END_REF]. The value (𝐴 𝐶𝐻 = 0.97) is slightly higher than the value of 0.88 reported by (K. M. Groß 2021) for a rotor with the same outer diameter of 500 mm but with a slightly smaller inside diameter (ri = 73 mm). [START_REF] Pyka | Dry Pressure Drop in a Two-Rotor Rotating Packed Bed[END_REF]) had reported that when the 𝐴 𝐶𝐻 value is close to 1 (∆𝑃 𝑒𝑥𝑝𝑡 = ∆𝑃 𝑐𝑎𝑙𝑐 ) , it is an indication that the that the gas undertakes an almost rigid-body-like rotation.

Hence, the value of 𝐴 𝐶𝐻 = 0.97 ≈ 1.0 found in this study is an indication that the gas entrapped in the rotor undertakes an almost rigid-body-like rotation. 

Rotor speed (rpm)

Frictional pressure drop

Figure 4-2 shows the frictional pressure drop of the packing for a gas flow rate range of 100 to 300Nm 3 /h (without liquid and without rotation) corresponding to the average integrated gas capacity factor (𝐹 ̅ 𝐺 ) of 0.84 to 2.63 Pa0.5 as computed using Eqn 1-20. The experimentally obtained frictional pressure is compared to the corresponding theoretical values calculated using the five steps pressure drop model of (Maćkowiak 2010;[START_REF] Neumann | Dry Pressure Drop in Rotating Packed Beds -Systematic Experimental Studies[END_REF][START_REF] Pyka | Dry Pressure Drop in a Two-Rotor Rotating Packed Bed[END_REF] The theoretical values were calculated based on the form factor, Ⴔ of 0.32, as obtained for a strand mesh packing of the same porosity (86%) by (Neumann et al., 2017a) [START_REF] Neumann | Dry Pressure Drop in Rotating Packed Beds -Systematic Experimental Studies[END_REF]) [START_REF] Neumann | Dry Pressure Drop in Rotating Packed Beds -Systematic Experimental Studies[END_REF] The wall effects factor was calculated using Eqn 1-15 as 0.998. Hence, the strand mesh packing in the RPB has similar wall effects as structured packings in conventional columns, which have a K factor of 1 [START_REF] Maćkowiak | Extended Channel Model for Prediction of the Pressure Drop in Single-Phase Flow in Packed Columns[END_REF] The calculated values slightly overestimate the experimentally determined frictional pressure drop, with the difference increasing with an increase in the average integrated gas capacity factor. The difference is attributable to the assumptions and simplifications in the extended channel model from which the equations were developed. The model assumed that the packing comprises several identical parallel channels. The pressure drop is solely caused by the flow through the channels, which may not be precisely the case for strand mesh packings in a rotating rotor. Also, the deviations can be attributable to the form factor used (Ⴔ = 0.32), The comparison of the frictional pressure drop with the literature correlations shown in Figure 4-3 above showed that the RPB used in this work produced the lowest pressure drop. The deviations between the experimental values and that predicted by the correlations increased with increase in gas flow rate. At the lowest gas flowrate investigated, the deviations between the experimental value and the [START_REF] Singh | Removal of Volatile Organic Compounds from Groundwater Using a Rotary Air Stripper[END_REF], [START_REF] Kelleher | Distillation Studies in a High-Gravity Contactor[END_REF] and [START_REF] Rao | Process Intensification in Rotating Packed Beds (HIGEE): An Appraisal[END_REF] correlations was 90, 86 and -16% respectively. However, at 300Nm 3 /h, the highest gas flow rate investigated, the deviations increased to 274, 309 and 24% in the order mentioned earlier. The lower experimental pressure drops could be related to the larger inner radius and packing length of the RPB used as compared to the ones for the correlations. The results also indicated that the correlations of [START_REF] Singh | Removal of Volatile Organic Compounds from Groundwater Using a Rotary Air Stripper[END_REF] and that of [START_REF] Kelleher | Distillation Studies in a High-Gravity Contactor[END_REF] also produced increasingly large differences in their prediction despite being generated using packings with almost similar characteristics. Hence, it can be concluded that the frictional pressure drop RPB correlations used for the comparison in this study are case-specific and depends strongly on both the RPB characteristics and operating conditions. Gas flow rate (Nm 3 /h) DP f,expt [START_REF] Singh | Removal of Volatile Organic Compounds from Groundwater Using a Rotary Air Stripper[END_REF]kellehar and Fair, 1996[START_REF] Rao | Process Intensification in Rotating Packed Beds (HIGEE): An Appraisal[END_REF] Figure 4-4 Effect of rotation speed on the total dry pressure drop

The pressure drops were plotted along the centrifugal pressure drop (G = 0) for easy comparison. With gas flowing at a fixed flow rate across the rotor, the pressure drop increases with increasing rotational speed and gas flow rates.

The pressure drop increase is slow at low rotational speeds (≤ 600 𝑟𝑝𝑚). However, as the rotational speed rose over 600 rpm, the pressure drop increased appreciably at about a constant rate of 1.49 x 10 -3 kPa per unit rise in rotation speed. The high centrifugal pressure drop generated at high rotational speeds accounts for the increase in pressure drop. Higher gas flow rates result in more incredible slip velocity and, consequently, the kinetic energy of the colliding gas molecules, which cause a rise in pressure drops in the rotor. Hence, the effect of the rotational speed on the pressure drop is linked to the centrifugal pressure drop.

In addition to the dynamic pressure in the casing caused by the rotation, the increasing interaction between the rotating packing and the flowing gas results in an increased frictional pressure drop, thus resulting in an increased pressure drop. Although the friction between the gas and the packing reduces the slip between the tangential velocity of the gas and the packing, at all radial positions across the rotor, the gas circulates faster than the rotor.

Consequently, the gas is forced to flow towards the eye of the rotor but deflected by Coriolis forces, thus forming vortex forms. The gas accelerating toward the centre of the formed vortexes causes the dynamic swirl pressure to increase the dissipation, which leads to increased pressure drops (Neumann et al., 2017a). Lastly, another factor contributing to the increased pressure drop with both the rotation speed and gas flow rate is the change in the flow direction of the gas when it reaches the eye of the rotor, where it turns to make the 90° bend. Obstructions caused, for example, by the liquid distributor, caused a rise in the pressure drop.

The dependence of the pressure drop on the combined effect of the rotation speed and the gas flow at the three different gas flow rates considered was also compared with the correlation of (Singh et al.,1922) which is presented in Table 3-7. The correlation (Singh et al.,1922) was chosen for the comparison for two reasons. The first reason was because the correlation accounted for changes in both rotation speed and gas flow rate. The second reason for choosing the (Singh et al.,1922) correlation for the comparison was the seeming similarity of the characteristics of the two packings used for the study (Sumitomo, ap =2500m 2 /m 3 , ε = 95%; wire gauze, ap = 2067 m 2 /m 3 , ε = 93.4%) and the characteristics of the packing used for this study (wire mesh, ap = 2400 m 2 /m 3 , ε = 86%).

Figure 4-5 Comparison of experimental total dry pressure drop at different gas flow rate with the correlation of [START_REF] Singh | Removal of Volatile Organic Compounds from Groundwater Using a Rotary Air Stripper[END_REF] The results of the comparison which are presented in Figure 4-5, shows that the pressure drops predicted by the correlation were high than what we obtained with about 154, 380, and 548% for 100, 200 and 300Nm 3 /h respectively. The deviations were far higher than the ±30% predictions obtained by the authors (Singh et al.,1922) when they used the correlation on their associated with the very high gas flow rates (G= 170-1190 m 3 /h) and rotation speed (RPM = 400 -2500 rpm) employed in obtaining the correlation. Another possible reason for the observed difference in the pressure drops could be the size of the inner radii (127mm) of the two rotors and the relatively higher porosities of the packings used in obtaining the correlation.

The higher packing porosity allows for higher gas velocities towards the gas outlet while the larger inner radii reduces the pressure drop caused by the change in the flow direction of the gas at the eye of the rotor. Perhaps the higher pressure drops predicted by the correlation was because the higher porosities of the packings had higher influence on the total dry pressure drop than the size of the inner radius. profile with a slow-changing slope. The pressure drop increases by an average of 20.4% with each 50Nm 3 /h increase in the gas flow rate at a given rotation speed because the rotor and packing counteract the gas flow. On the other hand, at the same gas flow rate, pressure drop increases due to the increased compressional effect on the increasing gas volume within the packing.

Results of wet pressure drop experiments

The wet or irrigated pressure drops across the RPB when the packing is subjected to a liquid load in a countercurrent two-phase flow. The liquid wets the packing as the liquid flows outwards from the eye of the rotor as films, rivulets, or droplets on the packing elements as determined by the rotation speed. The presence of liquid in the packing reduces the available open cross-sectional for gas flow, thus leading to higher pressure drops (Hendry, Lee, and Attidekou 2020).

This study tested three liquid flow rates: 0.39, 0.6, and 0.72 m 3 h -1 , corresponding to specific liquid loads of 10.22, 15.75, and 18.92 m 3 m -2 h -1 based on the inner radius of the rotor as prescribed by Eqn 1-3. The closer the nozzle opening to the inner part of the packing, the shorter the distance the jet will travel and the more the possibility of it hitting the packing as a spray (see distance x in Figure 1-16c and Figure 1 -17). Hence, the shorter the distance x, the higher the impact of the liquid sprayed on the inner periphery of the packing and the higher the pressure drop.

Thus, the pressure drops are little influenced by the type of distributor. For the rest of the study, the full jet distributor is chosen because it allows sweeping a greater range of liquid flow (the Double Jet distributor is limited to the range, etc.), and generates less pressure drop. However, it is more sensitive to solid particles potentially in the feed tray; but a filter (see section 2.4.2.1) installed along the liquid delivery line prevents this. 4.1.1.2 The total effect of the operating parameter on the pressure drop in the RPB Some previous researchers [START_REF] Keyvani | Operating Characteristics of Rotating Beds[END_REF]H. S. Liu et al. 1996;[START_REF] Zheng | Pressure Drop of Centripetal Gas Flow through Rotating Beds[END_REF] working with RPBs had found that wet pressure drops are lower than dry pressure drops (see Figure 123456789). Hence, we started our wet pressure drop studies with the investigation of the individual and then combined the effect of the three main operating parameters investigated:

gas flow rate (VG), liquid flow rate (VL), and rotation speed (RPM).

The gas flow was switched on first after about 5 minutes when the pressure drop was steady, the rotation of the rotor and finally the liquid flow were followed in the same manner. Two drop of the RPB is obtained with the introduction or withdrawal of any of the three process parameters investigated. The wet pressure drop was higher than the total dry pressure drop.

Hence, the unusual phenomenon of wet pressure drop being lower than the dry pressure, as reported by the authors mentioned above, was not observed. Hence, the finding aligns with the reports of [START_REF] Lockett | Flooding of Rotating Structured Packing and Its Application to Conventional Packed Columns[END_REF]F. Guo et al. 1997;[START_REF] Sandilya | Gas-Phase Mass Transfer in a Centrifugal Contactor[END_REF]X. Liu et al. 2018;[START_REF] Groß | Deaeration in Rotating Packed Beds[END_REF]. Discussion on the possible causes of the unusual observation of lower wet pressure drop compared to dry pressure drops in RPBs was already discussed earlier (see section 1.2.1.2).

The pressure drop generated by the gas flow, rotation speed, and liquid flow rate accounted for 45-62%, 25-34%, and 13-20% of the total pressure drop. This finding is in close agreement with the report of [START_REF] Jian | Experimental Studies on Gas-Liquid Two Phase Fluid Dynamics Performance in Rotating Bed Using Wave Form Disk Plate[END_REF], who showed that for countercurrent RPBs, the pressure drop caused by the gas flow rate and rotation speed account for 40-70% and 12-20% of the total pressure drop respectively. Hence, the dominant factor affecting the total pressure drop of the RPB Is the gas flow rate followed by the rotation speed and the least effect on the pressure drop is caused by the liquid flow rate.

Effect of rotation speed on the wet pressure drop

The plots in Figures 456789show the pressure measurements and the effect of the rotation speed on the wet pressure drop. Regardless of the operating conditions used, the characteristic pressure drop curve of RPBs (see Figure 1-11) and, as explained in section 1.4, was observed.

At constant gas and liquid flow rates, initially, a rapid decrease in the pressure drop is obtained as the rotation speed decreases from the maximum rotation speed of 1400rpm for all the combination of operating conditions considered. The decrease was rapid at about 28% of the pressure drop per 200 rpm decrease in rotation speed for all the conditions. Also, the same rotation speed and liquid flow rate the average increase of 35% in pressure drop for each 50

Nm 3 /h increase in the gas flowrate was obtained.

Generally, for all the operating conditions investigated, at a constant liquid and gas flow rates, rotation speeds lower than 600 rpm, the increase in rotation speed at a constant gas and liquid flow rate generates a rapid decrease in the wet pressure drop ranging from 32-48% for each 100 rpm increase in rotation speed. On the contrary, for similar operating conditions, at rotation speeds higher than 600 rpm, an increase in rotation speed generates a corresponding rapid increase in the wet pressure drop ranging from 24-30% for each 100 rpm increase in rotation speed.

The decrease in pressure drop with the decrease in rotation speed in this range is caused by the reduced need for overcoming the pressure drop caused by the rotation at higher rotational speeds and the consequent lowered forced rotation of the air in the rotor between the rotor plates and the casing. The decrease in pressure drop with decreased rotation speed continues until a minimum was reached at a rotation speed of 600 to 400 rpm. rotational speeds above 400 rpm, two main factors contribute to the increase in pressure drop: an increase in liquid entrainment and flooding. The accumulation of liquid can potentially block the packing pores, reducing the cross-sectional area for flow and increasing gas velocity, resulting in a frictional pressure drop in the packing. Also, Figure 4-9 shows that an increase in either gas or liquid flow rate at the same rotation speed leads to an increase pressure drop. An increase in gas flow rate causes an increase in the pressure drop due to friction with packing parts, compression of the gas, and the gradient of high pressure causing changes in the flow direction of the gas. Increased liquid flow rates raised the pressure drop due to blockage of the packing pores, the inertial forces that acts on the gas in motion (Coriolis forces) inside the packing leading to the formation of a region in which the gas revolves around along an axis which may be straight or curved (free vortexes) and, the accumulation of the liquid in the eye of the rotor. The data discussed above using vector plots on the effect of rotation speed on the wet pressure drop was also plotted as pressure contours to explore the process parameters' interaction further. The result is shown in Figure 4-10

The contour plots better represent the total pressure drop at various combinations of operating conditions. For all the plots shown, the regions in blue signify regions where the combination of operating conditions generates low-pressure drops, green shades regions are for moderate pressure drops, and the regions in orange colour are for high-pressure drops. Also, Figure 4-10 shows that for a given liquid flow rate, at low rotation speeds (0 ≤ 𝑟𝑜𝑡𝑎𝑡𝑖𝑜𝑛 𝑠𝑝𝑒𝑒𝑑 ≤ 400 𝑟𝑝𝑚) and low to medium gas flow rates (100 ≤ 𝑔𝑎𝑠 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 ≤ 175N𝑚 3 /h), the contour lines are clustered close to each other. The clustering of the contour lines shows that the pressure drop changes rapidly with a change in the gas flow rate or rotation speed. On the other hand, at moderate rotation speeds (600 ≤ 𝑟𝑜𝑡𝑎𝑡𝑖𝑜𝑛 𝑠𝑝𝑒𝑒𝑑 ≤ 1200 𝑟𝑝𝑚) and medium gas flow rates (175 ≤ 𝑔𝑎𝑠 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 ≤ 225N𝑚 3 /h), the contour lines are spaced far apart, showing that the pressure drop changes more gradually with changes in the gas flow rate or rotation speed 4.1.1.4 Effect of gas flow rate on the wet pressure drop shows that the pressure drop was measured as a function of gas flow rate at three rotor speeds (600, 1000, and 1200 rpm) and different liquid flow rates (0.39, 0.6, and 0.72m 3 /h).

The respective pressure drop diagrams were relatively similar. At a constant rotation speed and liquid flow rate, an increase in the gas flow rates significantly increased the wet pressure drop at about 0.0047kPa per unit increase in the gas flow rate. Also, at a given constant gas and liquid flow rate, an increase in the rotation increases the wet pressure drop by about 58% at the minimum gas flow rate implemented and by about 22% at the maximum gas flow rate. Notably, Figure 4-11b and Figure 4-11c also shows that at the maximum gas flow rate, for a given liquid flow rate, the influence of increasing the rotation speed is significantly lower by about 36% compared to what obtains at the lowest gas flow rate. The phenomenon is likely caused by the higher degree of possible onset of the entrainment of liquids in the eye of the rotor which narrows the difference in the pressure drops between the minimum and maximum gas flow rates considered.

The nature of the slopes of the lines in Figure 4-11 shows that the gas flow rate strongly influences the pressure drop. Also, the Figures show that the pressure drop is not affected as much by the liquid rate and the rotation speed as by the gas flow rate. In particular, at gas flow rates greater than 200Nm 3 /h, and (c) shows that the pressure drop is only slightly affected by the liquid flow rate since gas flow rate is the dominant factor. The influence of the gas on the pressure drop is more pronounced because the slip velocity between the gas and the packing in the presence of the liquid may be negligible. Hence, the gas undergoes a rigid-body-like rotation, raising the pressure drop significantly. In addition, there may not be gas-flow-induced maldistribution, all of which contribute to a significant rise in the pressure drop (H. S. [START_REF] Liu | Characteristics of a Rotating Packed Bed[END_REF]. The minimal influence of the liquid flow rate is especially noticeable in Figure 4-12a for a low gas flow rate of 150 Nm 3 /h for all three rotation speeds investigated. Although the phenomenon was similar for the two other gas flow rates investigated, the influence of the liquid flow rate, although low, is noticeable at a combination of high gas flow rates (200 ≤ 𝐺 ≤ 250 𝑁𝑚 3 /ℎ) and rotation speeds. Figure 4-12a also shows that for a constant gas flow rate and rotation speed, the percentage increase in pressure drop as the liquid flow rate is increased from the minimum to the maximum values investigated is just about 3.6%. In the same vein, Figure 4-12a and Figure 4-12b shows that for the same range of liquid flowrates, a constant gas flow rate and rotation speed the increase in pressure drop is averagely 6.81%. Both situations indicate that the liquid has a low influence on the wet pressure drop. 4-13(a) shows that within the range of operating conditions investigated, the wet pressure drop is generally higher than the dry pressure drop.

Effect of liquid flow rate on the wet pressure drop

The wet pressure drops were averagely 4.7% higher than the dry pressure drops for all the rotation speeds considered.

The finding further confirms the outcome of the preliminary experiments conducted to ascertain the behaviour of the RPB under various operating conditions, as reported in section 4.1.1.2 and as illustrated in Figure 4-8.

In Figure 4-13(b), the effect of the rotation speed ranging from 200 to 1400 rpm on pressure drop for dry and wet beds (L = 0.72m 3 /h) at three different gas flow rates of 100, 200 and 250

Nm 3 /h is shown. As with varying gas flow rates, for all the conditions considered, the pressure drop was higher with the liquid in the packing at the same operating conditions. For example, at 600 rpm, the rotation speed at which the minimum pressure drop was observed for most of the operating conditions considered, the wet pressure drops were higher than the dry pressure drops by an average 19.45, 34.73, and 23.59% for gas flow rates of 100, 200 and 150 Nm 3 /h respectively. Perhaps due to the accumulation of the liquid in the eye of the rotor, the difference in pressure drop is higher at low rotation speeds (RPM ≤ 600). The difference in pressure drop between the wet and dry beds decreases with increasing rotation speed. At very high rotation speeds (RPM ≥ 1200), a point is finally reached when the dry pressure drop becomes higher than the wet pressure drop. The decline in the pressure drop of the wet bed is attributable to the rapid ejection of liquid from the eye of the rotor. Generally, within the normal range of the operating conditions, the wet pressure drop of the RPB is higher than the dry pressure drops, with the difference between the two pressure drops more pronounced at high gas flow rates and high rotational speeds. Also, for all the measurements, the results further pointed to the low influent of the liquid flow rate, the dominant effect of the gas, and the significant influence of the rotation speed on the pressure drops of RPBs. As explained earlier, the increase in liquid entrainment is due to an increased volume of trapped gas bubbles caused by a higher volume of liquid entering the eye of the rotor.

Liquid entrainment

Increased liquid flow rates also lowered the gas flow rate for regular operation without liquid entrainment. Thus, at a liquid flow rate of 0.39m 3 /h, the onset of entrainment was obtained at a gas flow rate of 160 Nm 3 /h and a rotation speed of 100rpm, but the conditions reduced to a Entrainment (m 3 /h) L = 0.72 m 3 /h (c) Figure 4-14 Contour plot of liquid entrainment levels at varying rotor speeds and gas flow rates for (a) L= 0.39m 3 /h, (b) L= 0.60m 3 /h, and (c) L= 0.72m 3 /h liquid does not increase the centrifugal pressure that drives the liquid flow, the volume of liquid increases in the eye and begins to escape as droplets via the gas outlet. Each data point shown for a constant rotational speed marks the upper limit below which the RPB can be operated without flooding based on the 8% flow rate of ejected liquid method. Hence, the limit within which the RPB can be operated conveniently, without liquid accumulation in the eye or liquid entrainment from the gas outlet, can be easily controlled by manipulating the rotational speed.

Results of the flooding points

To further visualize the entrainment and flooding phenomenon in the RPB, Figure 4 At a low liquid flow rate of 0.39m 3 /h, for a relatively high gas flow rate range of 160-250, Nm 3 /h flooding occurs at both low rotation speeds (< 200𝑟𝑝𝑚) and medium to high rotation speeds of 900-1400 rpm. Conversely, at higher liquid flow rate of 0.72m 3 /h, flooding was obtained at the same low rotation speed range but at a lower gas flow rate of 115 Nm 3 /h. Additionally, no flooding was obtained for the higher liquid flow rates when operated at rotation speeds greater than 300rpm for all the range of gas flow rates investigated. The results agree with the flooding mechanism of [START_REF] Hutton | On Flooding in Packed Columns[END_REF].

At constant gas and liquid flow rates, flooding in packed columns is initiated by the instability caused by the interaction between the pressure gradient and liquid holdup and wave-type instability. Hence, for all the liquid flow rates investigated, at low rotation speeds, low centrifugal forces cause flooding as determined by the gas flow rate and the liquid instability in the eye of the rotor.

Comparing wet pressure drop and flooding points with correlations from the literature

Figure 4-18 shows the flooding data points at liquid flow rates of 0.39 and 0.72m 3 /h calculated using the Sherwood correlations (Eqns 1-23 and 1-24) as presented in a log-log diagram.

Details of the calculations are tabulated and presented in Appendix H-1 and H-2, respectively.

Also, the data for the liquid flow rate of 0.72m 3 /h was compared with two correlations: [START_REF] Singh | Removal of Volatile Organic Compounds from Groundwater Using a Rotary Air Stripper[END_REF] for Sumitomo packing and, (M S Jassim 2002) for expanded stainless steel small mesh packing. Details of the correlations, RPB and packing characteristics used for the comparison are as presented in Table 3-9. Detailed explanation on the axes of the graph were The experimental data showed that the Sherwood-related derived correlation underestimates the flooding limit for all the other packings within the range of all the operating parameters investigated. However, the data trend was in close agreement with the trend in the two correlations considered. Figure 4-18 also shows that at a constant gas flow rate and rotations speed, the deviations between the correlations increase with increasing liquid flow rates.

Hydrodynamic studies with stainless-steel packing in a viscous fluid

Figure 4-19 show the influence of the rotational speed on the total pressure drop for three fixed liquid flow rates (0.39 and 0.72 m 3 /h) and fixed gas flow (from 100 to 250 Nm 3 //h) and for three viscous liquid phases (1, 13 and 30 cP). Figure 19 (a)-(d The pressure drop shows a characteristic curve of RPB pressure against rotation speed for the operating conditions investigated. Similar trends were observed regardless of the operating conditions used. Pressure drop slightly increases with increase in rotational speed between 400 and 1400 rpm. This range varies and narrows to 600 -1400 rpm for viscous liquid as well as at the gas flow rate of 250 Nm 3 /h and liquid flow rate of 0.72 m 3 /h for water. The compressional effect generated by the rotor and packing facilitates the flow of fluids out of the RPB, leading to a decrease in pressure drop with the decrease in rotational speed. Additionally, as the rotational speed is decreased, the opposition to the fluid flow by the packing elements continues to reduce, resulting in lower pressure drops (Neumann et al., 2017b). Beyond this critical range, the pressure drop increases drastically until it reaches a maximum and then decreases with decreasing rotational speed, especially at G = 256.2 Nm 3 /h and L = 0.72 m 3 /h. 

stage, liquid viscosity significantly influenced the pressure drop more than liquid flow rate. The is due to the lower shearing of the liquid, which slows its flow and increases the blockage of the packing pores. The average increase in pressure drop between two liquid flow rates at the same viscosity was in the range of 0.35 kPa. Unexpectedly, when the gas flow rate was lower than 150 Nm 3 /h for viscous liquids (viscosity above 1 cP), lower pressure drops were obtained compared to water/air system. This behaviour may be due to the compatibility of stainlesssteel wire mesh packing with viscous liquids. Therefore, in RPBs equipped with stainless-steel wire mesh packing, the operating conditions can be chosen such that the total pressure drop for moderately viscous liquids can be lower than that of water. As mentioned earlier, (Chu et al. 2015) observed that wire mesh packings produced low liquid holdups due to the structural and physical characteristics of packings. The situation is equally applicable to pressure drop. was found with the air-water system. However, the viscous liquid was easily entrained at lower gas flow rates and rotation speeds with a higher viscosity. Thus, higher liquid volumes were entrained using the 13 cP mixture than water at the same operating conditions. This can be explained by the larger mean droplet sizes of fluids with higher viscosities and surface tensions than water per the relationship given by ("Spray Nozzles" n.d.):

Entrainment and flooding for the viscous media

𝐷 𝑓 = 𝐷 𝑤 𝑉 𝑓 0.2 Eqn 4- 1 
𝐷 𝑓 is the modified droplet size of the viscous fluid, 𝐷 𝑤 is the calculated droplet size for water, and 𝑉 𝑓 is the fluid's viscosity.

Mass transfer study with stainless-steel strand mesh packing

This section presents the results of the mass transfer experiments to determine the effective interfacial mass transfer area of a stainless-steel strand mesh packing based on the chemical absorption of CO2 with the aqueous sodium hydroxide method. The ranges of operating parameters used were an ambient air flow rate of 100-300Nm 3 /h, an aqueous 0.1M NaOH flow rate of 0.30-0.60m 3 /h, and a rotation speed of 600-1000 rpm.

Time to attend steady state

Due to the sensitivity of the system to not only the operating parameters of the RPB but also to ambient conditions, at the onset of the experiments, the time taken for the system to stabilize and a fairly representative steady state attained was determined. The system was set at moderate liquid, gas flow rates and rotation speeds of 0.39m 3 /h, 100Nm 3 /h and 700 rpm respectively and allowed to run. The reading of the gas analyzer was recorded every 5 minutes until a stable reading obtained. The results are shown in Figure 4-24. 

Calculation of the Interfacial area

The details of the steps for the calculation of the interfacial area under the various operating conditions is presented in section 2.4.4

Effect of rotation speed on the Interfacial mass transfer area

The effect of the rotation speed between the range 600 and 100 rpm on the interfacial mass transfer area was investigated at fixed gas and liquid flow rates of 100Nm 3 /h and 0.39m 3 /h, respectively. The results are shown in Figure 4-25. gas-liquid contacting area [START_REF] Luo | Gas-Liquid Effective Interfacial Area in a Rotating Packed Bed[END_REF]. Also, [START_REF] Luo | Investigation of Effective Interfacial Area in a Rotating Packed Bed with Structured Stainless Steel Wire Mesh Packing[END_REF]) observed that although an increase in rotational speed decreases the contacting time in RPBs, at higher rotational speeds, the thinner liquid films and smaller liquid droplets generated result in a larger interfacial area.

In other words, an increase in the rotation speed enhances the shearing force imposed on the liquid by the packing elements leading to better dispersion of the liquid and, consequently, an increase in the effective interfacial area [START_REF] Yang | Determination of the Effective Interfacial Area in Rotating Packed Bed[END_REF] Additionally, an increase in the rotational speed increases the renewal rate of the gas-liquid interface. Since the increase of the gas-liquid contacting area and the renewal rate of the gasliquid interface may predominate over the reduction in the gas-liquid contacting time, higher interfacial areas results. [START_REF] Munjal | Mass-Transfer in Rotating Packed Beds-II. Experimental Results and Comparison with Theory and Gravity Flow[END_REF] reported that for RPBs, the experimental values of the ratio of the interfacial area to the area of the packing are higher than values predicted by the commonly used Onda correlation. Hence, invariably, the ratio of the interfacial area to the area of the packing is higher for RPBs than in conventional gravity-flow packed beds. The authors listed the factors which may contribute to the higher experimental values of the gas-liquid interfacial area in RPBs, including:

• liquid spread in the azimuthal direction due to the Coriolis force;

• lower minimum wetting flow rate;

• lower static holdup;

• the lower number of liquid-blocked passages;

• good initial distribution of the liquid.

Effect of gas flow rate on the Interfacial mass transfer area

The effect of the gas flow rate on the Interfacial area was investigated at a rotation speed of 700 rpm at two liquid flow rates: 0.30 and 0.39m 3 /h for a gas flow rate of 100-300 Nm 3 /h. The results are shown in Figure 4-26.

An Increase in the gas flow rate lead to an increase in the interfacial area. Figure 4-26 shows that for a constant rotation speed of 700 rpm, at constant liquid flow rates of 0.30m 3 /h and 0.39m 3 /h respectively, the effective interfacial area increased from 1220 m 2 /m 3 to 2116 m 2 /m 3 and 1481 m 2 /m 3 to 2325 m 2 /m 3 respectively with the increase of the gas volumetric flow 100 to 300Nm 3 /h. Hence, for the range of operating parameters investigated, the interfacial was found to be 1220 to 2325m 2 /m 3 representing 51 to 97% of the geometric packing area.

Increased gas flow rate lead to an increase in the gas fluxes in the packing. As the gas fluxes increase in the packing, the gas flow area decreases, leading to gas-liquid solid interactions.

The increase in the gas volumetric flow rate and radial velocity led to a more substantial disturbance of the gas and liquid phases, a better dispersion of the liquid, and an increase of the gas-liquid interface, increasing the effective interfacial area (K. [START_REF] Yang | Determination of the Effective Interfacial Area in Rotating Packed Bed[END_REF]).

Effect of liquid flow rate on the Interfacial mass transfer area

The effect of the liquid flow rate from 0.3m 3 /h to 0.6m 3 /h on the interfacial area was investigated at a constant rotation speed of 700 rpm for two gas flow levels of 100 Nm 3 /h and 200Nm 3 /h. Figure 4-27 shows that within the experimental range, the effective interfacial area increased from 1220 m 2 /m 3 to 1770 m 2 /m 3 and from 1713 m 2 /m 3 to 1984 m 2 /m 3 for constant gas flow rates of 100 Nm 3 /h and 200Nm 3 /h respectively. The results showed that within the operating parameters investigated, the interfacial area represented about 51 to 74% and 71 to 83% of the geometric packing area for constant rotation of 700 rpm when the constant gas supply of 100 and 200Nm 3 /h was supplied, respectively.

Many previous researchers [START_REF] Sheng | Effective Mass Transfer Area Measurement Using a CO2-NaOH System: Impact of Different Sources of Kinetics Models and Physical Properties[END_REF][START_REF] Yang | Determination of the Effective Interfacial Area in Rotating Packed Bed[END_REF][START_REF] Luo | Investigation of Effective Interfacial Area in a Rotating Packed Bed with Structured Stainless Steel Wire Mesh Packing[END_REF] have explained that an increase in the liquid volumetric flow rate increases the interfacial area because of the production of more liquid droplets, rivulets, and thin films at higher liquid flow rates. The rotation speed and the liquid flow rate significantly affected the value of the interfacial area, while the gas flow rate was less dominant. Increased liquid dispersion and rapid renewal of the gas-liquid contact surface were identified as the major contributing factors to the increase in the interfacial area with an increase in the three operating parameters investigated. 

Development and characterization of anisotropic 3D packing

In this section, the results of the development and characterization of a novel anisotropic 3Dprinted RPB packing are presented.

Structure design

All the TS geometries were designed in computer-aided design (CAD) software, discussed in section 2.5.2. Three different TS structures with the same strand diameter (𝑑 𝑤 = 1.1𝑚𝑚) but with the other geometrical parameters (𝑙1, 𝑙 2, 𝜗 1, 𝜗 2 ) different, which resulted in structures with different geometrical characteristics (area and porosity) were designed in CAD. Several modifications were made to the geometries based on the configurations of the 3D printer and the RPB.

Annular sectors of each packing ring were made to suit the size limit specification of the 3D printer build plate (160x160x180mm). Hence the annular sector angles, which in turn determine the annular sector size and, consequently, the number of annular sectors to be printed, were chosen to suit the size of the build plate. The annular sector angles and the number of annular sectors printed for each ring annular sector were specified in 

Characterization of the packing morphology

After the printing and post-treatment of the ring annular sectors, their morphological properties were evaluated. To evaluate the printer's performance and investigate the printing quality, two morphological properties, the strand diameter (𝑑𝑤) and the packing porosity (𝜀), were evaluated. The evaluations were performed on both the CAD models and the 3D-printed packing annular sectors.

Evaluation of the strand diameter

The strand diameter of the printed structure was measured for several randomly selected that the diameters are typically distributed. Hence, the printing was adequately isotropic even though the printer created the lattice one layer at a time.

The strand diameter was in the range of 1.08 to 1.22 mm (see . The average diameter of the 3D printed strands was calculated as 1.14±0.09 mm. Hence, generally, there is a slight difference between the strand diameter of the CAD model and the printed structures.

The difference is primarily an overestimation of the strand diameter of the CAD model by the printed structure. The difference is most likely caused by challenges in the post-treatment of the printed structures related to the complete cleaning of residual resin from the hard-to-reach corners of the lattice. Another likely cause of the difference in the strand diameter is the printing accuracy of the 3D printer.

Evaluation of the packing porosity

The pores in a lattice packing are vital to the flow of the working fluids. Hence, measuring both the pore sizes and spatial distributions is essential. The porosity of 3D printed parts can be [START_REF] Lifton | On the Uncertainty of Porosity Measurements of Additively Manufactured Metal Parts[END_REF]. In this study, a direct measurement method based on physical measurement of the printed packing dimensions and the use of the CAD software was adopted.

Based on the design diameter, dw, the CAD software Autodesk Inventor was used to obtain both the area and the volume of the model from which the geometric area and the porosity of the CAD model were obtained. The average value of the measured diameter of the printed model, 𝑑 𝑤 ′ (1.14± 0.09 mm), was then reinserted into the dimensions of the CAD model. The final values of the porosity and geometric specific area were then recalculated.

To measure the porosity of the 3D printed annular sectors, the mass, 𝑚 𝑝 , inner and outer radii, 𝑟 𝑖 and 𝑟 𝑜 , and the axial packing height ∆𝑧 were to be measured. The material density 𝜌 𝑝 was given in the data sheet of the material (see Appendix I) by the supplier as 1.15g/cm 3 .

Consequently, the porosity, 𝜀 was calculated using the following:

The mass and axial packing height were measured using a weighing scale and a digital Vernier Calliper. However, due to constraints caused by the frailty of the stands at the extremities, it was assumed that the theoretical dimensions of each annular sector were maintained. Hence, only rough but reasonable estimates of the outer and inner radii of the annular sectors were obtained by simply sketching the physical model and then measuring the segment angles.

The measured value of the porosity was compared to the calculated values using the measured dimensions and the results are presented in Table 4-3. 4-3 shows that the geometric form of the CAD models was well respected in the 3D printed structures. However, as discussed earlier, the slight difference in the strand diameter has caused slight deviations between the porosity of the recalculated CAD models using the experimentally obtained dw' and the experimentally obtained porosities corresponding to an absolute decrease of the latter between 0.3% and 0.6%. Also, the slight increase in the strand diameter of the printed structures led to a moderate increase in the geometric specific area (ap) of the printed packings. Generally, the results showed that the printed structures do not have defects that can adversely affect their performance as lattice packing.

Hydrodynamic studies with the 3D packing in the air-water system

The experimental setup for the hydrodynamic experiments shown in Figure 2-5 and described in section 2.3.1 was used to study the wet pressure drop of the 3D packing. An air-water system was used.

Effect of rotation speed on the wet pressure drop of the 3D packing

To study the effect of rotation speed on the wet pressure drop of the 3D packing, the RPB was operated at a rotation speed range from 100-1000 rpm, constant gas flow rates in the range of 100 to 250 Nm 3 /h and with the liquid flow rates maintained at two flow rates of 0.39 and 0.72 m 3 /h).

Figure 4-30 shows that the wet pressure drop increases steadily with an increase in the rotation speed from the lowest rotation speed of 100 rpm up to the highest rotation speed investigated of 1000 rpm. At low rotation speeds of 100 to about 500 rpm, for a given constant gas and liquid flow rates, the wet pressure drop increase is 20-33% for each 100 rpm increase in the rotation speed.

However, at higher rotation speeds greater than 600 rpm, the increase in rotation speed at a constant gas and liquid flow rate generates a more rapid increase in the wet pressure drop ranging from 35-50% for each 100 rpm increase in rotation speed.

The characteristic curve of wet pressure drops for RPBs operated at low rotation speeds was not obtained up to gas flow rates of 250 Nm 3 /h for both liquid flow rates of 0.39m 3 /h and 0.72m 3 /h. However, at a gas flow rate of 300Nm 3 /h, the characteristic curve was observed at low rotation speeds between 100 rpm to 300 rpm for both the investigated liquid flow rates.

The finding indicates that the increasing porosity toward the centre of the rotor has the potential to raise the upper operating limit of the RPB. The high porosity of about 95% for a radial length of 0.63m provided by the first ring of the packing gives ample room for the spread of the liquid from the eye of the rotor. When liquid accumulation in the centre of the rotor where the

Effect of gas flow rate on the wet pressure drop of the 3D packing

The effect of the gas flow rate on the wet pressure drop of the 3D packing was studied by operating the RPB at a gas flow rate range from 100-300 Nm 3 /h, a constant liquid flow rate of 0.39 m 3 /h, and two levels of rotation speeds: 600 rpm and 1000 rpm. The results are shown in 4-36b shows that at a constant gas flow rate of 100Nm 3 /h, for all the range of rotation speeds investigated, the 3D printed packing produced an average 92% lower wet pressure drop than the stainless wire mesh packing, irrespective of the liquid flow rate used. The percentage deviations between the two pressure drops reduce with increased rotation speed. A similar trend was obtained at the maximum gas flow rate investigated, 300Nm 3 /h. The characteristic curve of wet pressure drop of RPBs that signifies the approach to flooding conditions was not produced by the 3D printed packing within the experimental conditions investigated, unlike the wire mesh packing which exhibited the behaviour at a gas flow rate of 300Nm 3 /h for both liquid flow rates investigated. Additionally, the astronomical increase in pressure drop of over 345% produced by the stainless-steel wire mesh packing when the gas flow rate was increased from 100 to 300Nm 3 /h at a constant liquid flow rate was not produced by the 3D printed packing. The phenomenon indicates the possibility of the variable specific surface area of the anisotropic 3D printed packing to regularise the flow of the gas, which is the dominant factor influencing the gas pressure drop of the RPB. especially for high gas flowrates (G≥ 150𝑁𝑚 3 /ℎ), the wet pressure drop of the 3D printed anisotropic packings is substantially lower than that for the isotropic stainless-steel wire mesh packing.

Figure 4-38 Comparing the effect of rotation speed on wet pressure of 3D packing and that of stainless steel wire mesh packing (SWM)

The gas flow rate and the rotation speed strongly influenced the difference. At a rotation speed of 600 rpm, for the lowest and maximum gas flow rates investigated, pressure drop varies by 94 and 336%, respectively. Similarly, at a rotation speed of 1000 rpm, for the lowest and maximum gas flow rates investigated, pressure drop varies by 32 and 146%, respectively.

The result further highlighted the effect of low rotation speeds on wet pressure drops.

Thus, based on the effect of gas flow rate at constant liquid flow rates and rotation speeds, the 3D printed packing produced significantly lower wet pressure drop per unit packing length than the stainless-steel mesh packing. Moreover, Figure 4-38 shows a clear difference in the appearance of the pressure drop curves between 3D printed packing and the SWM. The curves are linear for the 3D printed packing with a slope of 6.4 x 10 -4 kpa/Nm 3 /hr whereas SWM has a steeper slope of 2.9 x 10 -2 kpa/Nm 3 /hr on its linear part and is not linear throughout the range. ⎯ The bibliographic study in the thesis revealed that reliance on gravity make conventional separation columns to be sensitive to gravitational variations leading to high operational costs due to large equipment sizes and footprints. By superimposing gravitational force with centrifugal force to govern the internal operations of separation columns, several advantages can be obtained. The RPB is a process intensification equipment that uses centrifugal force to enhance separation processes through modular and compact designs. Compared to conventional separation equipment, RPBs offer broader operational window due to its rotation speed is an extra degree of freedom and it is insensitive to gravitational variations. So, RPBs are good candidates for onboard and off-shore processes where space is limited.

⎯ By analysing the influence of the three major operating parameters of the RPB (rotation speed, liquid and gas glow rates) and one design parameter (liquid distributor type), this thesis established that the dominant operating factor influencing the pressure drop, liquid entrainment and flooding in was the gas flow rate followed by the rotation speed and to a least extent the liquid flow rate. The experimental study was conducted with RPB equipped with a stainless-steel wire mesh packing sing an air-water counter current system.

⎯ While several publications are available on the hydrodynamic characteristics of the RPB, the influence of physicochemical properties was mostly limited to the liquid holdup. With new advances in the production of viscous proprietary absorbents and the emergence of viscous ionic liquids, this thesis explored the influence of viscosity on both the pressure drop, liquid entrainment and flooding in RPBs. A viscous system at two levels of viscosity (13 and 30 cP) was made using a water/glycerine mixture and operated in a counter current operation with air. A simplified and robust quantitative approach for determining liquid entrainment and flooding in RPBs was proposed, which supplement visual observations and pressure drop measurements. Evidently, high viscosities generates additional pressure drop at rotational speeds lower than 600 rpm.

⎯ -About 60 to 90% of the packing geometric packing area of a RPB can be effectively utilised for gas-liquid mass transfer during separation operations. Under the the operating conditions investigated in this thesis, a standard CO2-NaOH method was used and the effects of the rotation speed, gas and liquid flow rates on the effective interfacial area was experimentally investigated. The effective interfacial area of the stainless-steel wire mesh packing was found to be about in the range of 55 to 97%.

⎯ Available literature showed that towards enhancing the hydrodynamic and mass transfer characteristics of the RPB, many variations and designs of the RPB packing have been developed. However, only a few of the packings considered the variation of the cross sectional area of the RPB across the packing length. In this thesis, a morphological characterization of a new anisotropic packing tailored for RPBs was presented. The packing lattice was made up of numerous intersections and short length wires of cylindrical wires based on the principle of periodic open cellular structures (POCS). The variable flow area of the RPB was taken into consideration and the packing was designed to equalise the flow area as one approaches the centre of the RPB. Hence, the dominant influence of the gas flow rate was exploited to relate the gas flow and the porosity of the packing. A novel RPB packing made up of three concentric equiareal, anisotropic packing was made. The packing was designed using a CAD software and printed in polymer using SLA 3D printing technology. Due to the size and configuration limitations of the 3D printer, the rings were made of segmented annular parts which later assembled using locking joints and screws.

⎯ Anisotropic 3D printed RPB packings are a promising way that have the potential to enhance the separation performance of RPBs. The wet pressure drop per unit packing length of the 3D packing developed in this thesis, as compared with a standard wire mesh packing revealed that the 3D packing exhibited significantly lower values than the standard packing. The difference was strongly influenced by both the gas flowrate and the rotation speed. Hence, the anisotropic 3D packing approach is a promising concept towards enhancing the hydrodynamic performance of the RPB at operating conditions for which other packings may be limited.

⎯ Even after about thirteen decades of its first patents, the applications of the RPB are still case-specific and mostly front-runner processes (except in China). More fundamental data are required to fully understand the operations, improve the design and scale-up and, increase confidence and interest in the RPB towards increasing its acceptability and application.

Perspectives

Looking into the future, the continuation of this thesis can be separated into four major parts with each further subdivided into long and short term perspectives as follows:

⎯ Hydrodynamic study of air-water and, viscous systems using standard packing

In the short-term, there is the need to explore further the full impact of the allowable operating parameters of the RPB. The approach will provide more fundamental data and improve the validity of the data obtained in this thesis. Also, other related hydrodynamic parameters of the systems such as the liquid holdup and the droplet diameter need to be investigated incorporating standard methods such as the use of X-ray techniques for determination of the liquid holdup and the use of high-speed photography technology to determine the droplet sizes.

In addition, there is the need to develop a standardized method to quantify the performance of this RPB in terms of hydrodynamic and mass transfer characteristics. Finally, there is the need to apply this technology for carbon capture on a ship (container carrier or liner), in aviation , in space and other space-limited environments.

In the long term, towards providing accurate predictions of the experimental data, correlations of the hydrodynamic parameters studied using the standard packing need to be developed and compared with existing literature correlations. Correlation relating operational and design parameters enable the derivation of reliable equations that are required for RPB design.

⎯ Further mass transfer study of the standard packing and the 3D printed packing

Several constraints restricted the mass transfer studies in this thesis to the study of the effective interfacial area. In the near future, it could be worthwhile to study the other related mass transfer characteristics of the RPB such as the gas and liquid-phase mass transfer coefficients for both the standard packing. over time, with more experimental data on the hydrodynamics, a comprehensive mass transfer study of the 3D printed packing should also be considered.

⎯ Improvement of structure of the 3D printed packing

Future investigations with various variations of the radial packing lengths (both bigger and smaller compared with was it is now) are required for the 3D printed packing. The approach will enhance the applicability of the various concepts of designing RPBs (for example, the ATU-NTU approach) using the packing. In the long term, the data obtained will enable the development of a catalogue of specifications for a standardized RPB packing. The 3D printing methodology developed in this thesis can also be applied to other types of complex structures to produce RPB packings for various applications. Finally, a more profound insight into the hydrodynamic performance of the anisotropic packing using advanced technology such as the use of γ-CT scans which would enable the analysis of the local liquid flow and distribution in the packing.

⎯ Study of advanced and hybrid RPBs.

Other RPB rotor arrangements and configurations such as RPBs with double rotors and RPBs with multiple liquid inlets should be explored for both hydrodynamics and mass transfer characteristics. Also hybrid RPBs that combine conventional packed separation columns and RPBs to achieve the desirable characteristics of both technologies should be explored. Also, a combination of RPB and other process intensification equipment such as the spinning disc reactor (SDR) placed on the same axis of a single rotor can be explored to achieve both intensified separation and reaction in a single system ⎯ modelling and simulation of the hydrodynamics and mass transfer characteristics of the

3D printed packing

Numerical modelling and simulation should be carried out to obtain both hydrodynamic and mass transfer correlations that could predict the parameters of the 3D printed packing.

Phenomenological models could be developed and solved to simulate and validate RPB performances on various applications such as in the production of several industrial raw materials, deaeration of liquids, solvent recovery and CO2 capture. The protocol for curing the printed part are as follows:

[I] Put on protective clothing and gloves.

[II] Place the clean and dry printed part in the UV curing unit provided by DWS.

[III] Switch on the UV curing unit and start the timer set at 15 minutes.

[IV] Turn the printed part on its opposite side inside the UV curing unit and repeat step. 
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  liberté supplémentaire et d'autre part au fait d'être insensible aux variations de la gravité de ce fait le RPB est donc un bon candidat pour les procédés embarqués. Ce travail de thèse a pour objectif d'une part d'améliorer la fiabilité des outils et méthodes de caractérisation d'un tel appareil et d'autre de proposer un design d'un nouvel interne spécifiquement conçu pour les RPB.

  corresponding to centrifugal accelerations of 11 to 262 rads-1 .[START_REF] Wenzel | Review and Analysis of Micromixing in Rotating Packed Beds[END_REF], as well as (Hendry, Lee, and Attidekou 2020), called the central space of the rotor its "eye" .The liquid is usually introduced into the eye of the rotor via the liquid inlet through a stationary set of nozzles called the liquid distributors. The liquid is introduced into the packing from the top of the RPB. After its shearing by centrifugal forces, the liquid is collected by the casing wall, and it flows downwards under gravity, leaving the casing via the liquid outlet. In contrast to the liquid, the gas can flow into the RPB through the gas inlet and then either move co-currently, counter-currently, or cross-currently (Cortes Garcia, van der Schaaf, and Kiss 2017) with the liquid before it exits via the gas outlet.[START_REF] Reay | Process Intensification[END_REF] had explained that the function of the seal is to block gas bypass flow around the rotor.
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 11 Figure 1-1 Schematic of a countercurrent flow RPB (Cortes Garcia et al., 2017)
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 12 Figure 1-2 Schematic drawings of a single-block rotating packed bed (a) countercurrent flow, (b) co-current flow and (c) cross flow[START_REF] Pan | Development of High-Gravity Technology for Removing Particulate and Gaseous Pollutant Emissions: Principles and Applications[END_REF] 
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 13 Figure 1-3 Sketches of flow diagrams for various RPB applications (a) Sketch of distillation in RPB (J. V. S. Nascimento & Pereira, 2009); (b) Flow scheme of RPB pilot plant under total reflux at atmospheric pressure (Qammar et al., 2018); (c) CO2 capture (Yu & Tan, 2014); (d) aroma stripping (Lukin et al., 2020); (e) CaCO3 preparation (Kang et al.,. 2018) (f) VOC absorption (Y. S. Chen and Liu 2002)
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 13 Figure 1-3 Potential advantages of RPBs over conventional equipment (left) and their relation to possible fields of application within a process (right).[START_REF] Sudhoff | Modelling, Design and Flexibility Analysis of Rotating Packed Beds for Distillation[END_REF] 
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 15 The Figure compares geometry and phase flow directions of the two instruments.• Geometry RPBs are geometrically different from CPSCs as shown in Figure1-6. Moreover, a conventional packed column has a uniform sectional area, Ac, while for the RPB, the crosssectional area is a function of the radius. Thus, in terms of their packing geometry, conventional packed beds have uniform cross-sections, while RPBs have variable cross-sections.
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 14 Figure 1-4 Schematic of a classical packed column and a single-stage RPB for countercurrent gas-liquid contacting(Neumann et al., 2018) 
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 12 13 which shows the large capacity of RPBs for gas and liquid contacting.Other researchers such as(Hassan-beck and Sc 1997b;M S Jassim 2002;[START_REF] Rao | Process Intensification in Rotating Packed Beds (HIGEE): An Appraisal[END_REF]) also reported the use of the graphical form of the Sherwood correlation for use in RPBs by replacing the gravitational acceleration (g) with the centrifugal acceleration (𝜔 2 𝑟) and introducing a term that considers the viscosity of the fluids to obtain a plot of This allows for higher flooding velocities, low gas flow area, and high-density packing materials in RPBs. (Majeed S.[START_REF] Jassim | Carbon Dioxide Absorption and Desorption in Aqueous Monoethanolamine Solutions in a Rotating Packed Bed[END_REF]) and[START_REF] Rajan | Limiting Gas Liquid Flows and Mass Transfer in a Novel Rotating Packed Bed (HiGee)[END_REF]) use this method on a RPB. using the modified Sherwood correlation.
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 1 Figure 1-12 Relationship between flooding and flows in RPB[START_REF] Eimer | Gas Treating Absorption Theory and Practice[END_REF] 
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 11 Figure 1-13 RPB Flooding data on a Sherwood diagram[START_REF] Jassim | Carbon Dioxide Absorption and Desorption in Aqueous Monoethanolamine Solutions in a Rotating Packed Bed[END_REF] 
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 1 Figure 1-15 Pictures for an anisotropic packing arrangement showing (a) Isotropic foam packing made of segmented rings (b) Stacked layers of chrome-nickel foams (K. M. Groß, 2021);
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 1 Figure 1-16 Types of tube-type liquid distributor: (a) single-tube; (b) multiple tubes[START_REF] Agarwal | Process Intensification in HiGee Absorption and Distillation: Design Procedure and Applications[END_REF] 
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 1 Figure 1-17 Schematic diagrams of liquid spray from different configurations RPB liquid distributors (a) double jet nozzles (b) single central pipe
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 1 Figure 1-18 Schematic structures of disk-distributor RPB (DRPB): (1) liquid inlet; (2) gas outlet; (3-1) nozzle distributor; (3-2) disk distributor; (4) packing; (5) gas inlet; (6) liquid outlet; (7)heating jacket (Y. Bin[START_REF] Li | Flow Patterns, Liquid Holdup, and Wetting Behavior of Viscous Liquids in a Disk-Distributor Rotating Packed Bed[END_REF] 
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 1 Figure 1-19 Schematic diagram of concentration profile of physical absorption using the film theory
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 11 Figure 1-19 Schematic diagram of concentration profile of physical absorption using two-film Theory
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 1 Figure 1-20 Mechanism of the penetration theory
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 1 Figure 1-22 Mechanism of surface renewal theory

(-

  Lewis-Whitman, 1924) -Mass transfer takes place in a thin layer near the phase boundary.-Thermodynamic equilibrium at the interphase surface. resistances are connected in series ---Steady-state flux across film. Very short exposure time.

  elements at the interface randomly replaced by fresh elements from bulk -At any moment each of the liquid elements at the surface has the same probability of being replaced by a fresh element; -Unsteady state mass transfer occurs at the interface.

1 .

 1 Physical mass transferAccording toPlaza et al. (2016), in physical mass transfer, the solvent capacity rises almost linearly with pressure following Henry's law, and by reducing the pressure, the solvent is regenerated.

  (2006) were able to measure local 𝑘 𝐺 values using the absorption of SO2 from air into an aqueous NaOH solution. Also,[START_REF] Oko | Study of Mass Transfer Correlations for Rotating Packed Bed Columns in the Context of Solvent-Based Carbon Capture[END_REF] derived 𝑘 𝐺 for RPBs from experimental data for overall volumetric mass transfer coefficient (𝐾 𝐺 𝑎 𝑒 ) There are three different methods used for the measurement of the gas-side mass transfer coefficients as compiled and grouped by[START_REF] Rejl | Methods Standardization in the Measurement of Mass-Transfer Characteristics in Packed Absorption Columns[END_REF]), Alix et al. (2010) and, Hegely et al (2017): the vaporization of a pure liquid, physical absorption (and desorption) and chemical absorption.

  -5 -7.74 x10 -4 ms -1 Chen et al. (2006) stripping of oxygen from water Countercurrent 62,5/19.5/29.5 L =3.0 x10 -3 -1.2 x10 -2 m 3 /h G = 1.2-3.0 m 3 /s N =400-1800 rpm 5.02x10 -5 -3.18 x10 -4 ms -1 Lin and Jian (2007) 1.6.4.3. Measurement methods of effective interfacial area of RPB packing Several approaches have been proposed to obtain mass transfer characteristics based on physical or chemical measurement principles. Available literature showed that effective surface area data for RPB are usually obtained based on the approach proposed by (Sharma M.M., Danckwerts 1970) using the measurements of CO2 absorption in NaOH solutions. Hence, based on the recommendation of (Sharma & Danckwerts, 1970), the most extensively accepted and adopted approach for measuring mass transfer characteristics is the chemical absorption of carbon dioxide gas into caustic solutions (Hegely et al., 2017). Commonly used solutions used for the purpose include NaOH, KOH, and amines (such as MEA and piperazine). Both physical and chemical test systems or approaches are used to measure the effective interfacial area of packings. In their review of absorption methods for determining mass transfer parameters of packing internals, (Hegely et al. 2017) identified six approaches for determining the gas-liquid interfacial area in packed separation columns. The methods include method of chemical absorption, vaporization of a pure liquid, physical absorption, tomography, colorimetry, and the use of packing sublimation.

  et al. 2011) reported that literature reports on measuring the effective interfacial area do not eliminate the effects of the zone between the packing and the casing of the RPB (cavity zone) when measuring, which results in its over-estimation. In their study, to obtain the actual effective interfacial area of the packing and exclude the influence of the cavity zone, tube close to the rotor of the RPB which enabled them to collect the liquid immediately flowing out of the packing.A reaction system in the fast or intermediate reaction regimes with established kinetics, in which the absorption rate depends on the interfacial area, is used in measuring specific areas using chemical absorption. Usually, a solute with very high purity in the gas phase that eliminates the gas-side mass transfer resistances is usually used. In most instances, the solute gases are diluted with standard air as a carrier gas.The chemisorption of CO2 with NaOH to estimate the effective mass transfer interfacial area in RPB packings was utilized by several authors ([START_REF] Munjal | Mass-Transfer in Rotating Packed Beds-II. Experimental Results and Comparison with Theory and Gravity Flow[END_REF][START_REF] Tung | Modeling Liquid Mass Transfer in Higee Separation Process[END_REF][START_REF] Rajan | Limiting Gas Liquid Flows and Mass Transfer in a Novel Rotating Packed Bed (HiGee)[END_REF] K. Yang et al. 2011;[START_REF] Luo | Investigation of Effective Interfacial Area in a Rotating Packed Bed with Structured Stainless Steel Wire Mesh Packing[END_REF][START_REF] Neumann | Mass Transfer Studies in a Pilot Scale RPB with Different Packing Diameters[END_REF]. Several researchers(Hoffmann et al. 2007;[START_REF] Reay | Process Intensification[END_REF][START_REF] Kunze | Mass Transfer Measurements in Absorption and Desorption: Determination of Mass Transfer Parameters[END_REF] recommended the chemical absorption of CO2 into NaOH solution as the standard test system for measuring the effective mass transfer area of packings. The complex behaviour of liquid flow in RPBs necessitates reliable data on the effective mass transfer area of the packing.[START_REF] Sheng | Effective Mass Transfer Area Measurement Using a CO2-NaOH System: Impact of Different Sources of Kinetics Models and Physical Properties[END_REF]) outlined some key advantages of utilizing the CO2-NaOH system for the determination of the effective surface area:
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 117 . Neglecting the gas-phase resistance reduces the error margin.
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 11 Figure 1-23 Comparison between RPB and conventional packed bed on mass transfer coefficient[START_REF] Qian | Modeling Study on Absorption of CO2 by Aqueous Solutions of N-Methyldiethanolamine in Rotating Packed Bed[END_REF] 

(

  a significant part of the overall mass transfer occurs in the packing close to the inner edge of the rotor with the mass transfer accomplished in the end zone can be a multiple of what is achieved in the rest of the rotor as depicted in Figure1-25 by[START_REF] Luo | Mass Transfer Studies in a Rotating Packed Bed with Novel Rotors: Chemisorption of CO 2[END_REF] 
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 1 Figure 1-25 Mass transfer contribution of the three zones in a RPB[START_REF] Luo | Mass Transfer Studies in a Rotating Packed Bed with Novel Rotors: Chemisorption of CO 2[END_REF] 

  eliminate end and wall effects in RPB experiments, samples can be taken within the packing and to quantify end effects, either sample is taken at different locations of the device, or the experiments are performed with different packing heights and samples taken below and above the packing. (Hassan-beck and Sc 1997a) used a shroud and took readings at three different sampling points of the RPB to reduce wall and end effects while (M S Jassim 2002) established end effects via a higher loading experienced at the periphery of the RPB and analysed the solutions exiting the RPB via two different locations.

  -1). The frame was tied to the floor, sufficiently balanced and rigid to withstand and absorb all forces acting on it during operation. The upper part holds the casing and its auxiliaries. The range of the rotation of the rotor is up to 1500 rpm and is powered by an electric motor (3kW/3 x 400V 50 Hz). The RPB is a single-stage with a vertical, annular-shaped rotor. Details of the RPB height dimensions in millimetres are shown in the right side of Twin gas inlets (2 x DN120) are located at the top part of the rotor (Figure2-1 left). The gas outlet (1 x DN160) and the liquid inlet (1 x DN25) are connected to the top part of the centre of the rotor on a flange and the centre of the rotor, respectively. Two liquid outlets (2 x DN50) are placed on two opposite ends at the bottom of the casing. The inner casing is of diameter 0.650m and was equipped with two parallel fast spinning discs (rotor plates) separated by a vertical distance of 0.04m.The outer and inner rotor diameters correspond to 0.500 m and 0.160 m, respectively. However, due to spacers placed to ensure the connection between the upper and lower rotor plates, the outer packing diameter is limited to 0.460 m. To facilitate the visualization of the insides of the RPB, an inspection glass was placed on the casing (1 x DN100) and on the liquid distributor flange (2 x DN40). The specifications of the RPB are shown in Table2-1while a photo of the set-up is shown in Figure2-2.
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 21 Figure 2-1 Schematics of the dimensions of the RPB

Figure 2 - 2 Figure 2 . 3 T

 2223 Figure 2-2 Picture of the RPB pilot

Figure 2 - 3

 23 Figure 2-3 Photos showing (a) the two parallel rotor plates, (b) the stacked stainless-steel wire mesh packing, (c) the wire mesh

Figure 2 - 5

 25 Figure 2-5 Plan of the experiments

  maximum value, 1400rpm. The gas flow and liquid flow rates to constant values in the 100 ≤ gas flow rate ≤ 250 𝑚 𝑛𝑜𝑟𝑚 3 ℎ ⁄ and 0.39 ≤ liquid flow rate ≤ 0.72 𝑚 3 ℎ ⁄ , respectively, reducing the rotation speed in steps of 100 rpm. Since the lowest centrifugal acceleration and the highest gas velocity occur at the eye of the rotor, the onset of liquid entrainment was monitored at the point. A combination of physical visualization and a quantitative method was used : -Visual observation of the rotor eye was possible via the two inspection glasses placed directly above the eye, next to the gas outlet. Similarly, a larger viewing glass was placed on the casing for the observation of fluid flow in the periphery of the packing and the inner part of the casing (see Figure 1-1). Physical visualization through the two inspection glasses was achieved by illuminating the centre of the rotor using a flashlight placed on one of the inspection glasses on the nozzle part of the flange and viewing through the other.
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 2526 Figure 2-5 Photo showing the inspection glasses on casing and on the nozzle part of the flange
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 26 Figure 2-6 Experimental setup for hydrodynamic studies
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 27228129 Figure 2-7 Photos of liquid distributors (a) technical drawing of the full liquid distributor (b) full jet single central distributor (c) Dual jet nozzle, flat fan liquid distributor (d) rectangular opening of the flat fan liquid distributor

Figure 2 -

 2 Figure 2-10 Photo of the air supply system showing the piping (a) from the blower (b) to the RPB

Figure 2 -Figure 2 - 1

 221 Figure 2-12 Apparatus for the measurement of viscosity

Figure 2 -

 2 Figure 2-13 Experimental setup for measuring interfacial area

Figure 2 -

 2 Figure 2-14 Photo of the gas analyser

Figure 2 -

 2 Figure 2-15 A 3-compartment filtration system for filtering humidity isolating the solvent tank from atmospheric CO2 where (a) a schematic diagram (b) photo of the system

Figure 2 -

 2 Figure 2-17 Liquid sampling port

Figure 2 -

 2 Figure 2-17 Apparatus for potentiometric titration

  Eqn 2-11 and Eqn 2-12 are graphically depicted by (Martínez et al. 2012) as shown in Figure 2-19. The figure shows the profile changes of the gas velocity along the packing radius caused by a change in the cross-sectional packing area.
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 22 Figure 2-19 Velocity distribution along the RPB domain: (a) Radial direction; (b) Tangential direction[START_REF] Martínez | CFD Simulation of Three-Dimensional Multiphase Flow in a Rotating Packed Bed[END_REF] 
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 2 Figure 2-20 Flow chart of steps in the development of the packing

Figure 2 -

 2 21a shows the repeating directions. However, the vertical repetition is done in a direction, y' (Figure2-21b) which is inclined with respect to 𝑧-axis. The inclined direction was necessary towards achieving continuous lattice structure devoid of hanging strands that could aggravate droplet formation and possible discontinuity in the liquid flow. Figure2-21c shows the continuous pattern of the periodic annular sectors s formed using the annular sectors.

Figure 2 -

 2 Figure 2-21 Geometrical parameters of Tetraspline (TS): (a) sketch of the TS geometry (b) 3D view of the TS unit cell

Figure 2 -

 2 22b, a block of the mesh is formed into a trigonal trapezohedron. Using the trigonal trapezohedron, to obtain a block of the mesh of the size needed to extrude the shape of each packing annular sectors require several repetitions of the annular sectors which is large in memory storage file. Dealing with a large file is very slow and prone to crashes. To avoid the challenge, a rectangular secondary elementary unit, (SEU) as shown in Figure2-21c, is extruded from the lattice shown in Figure 2-22d. The dimensions of the SEU ( the length 𝐿S𝐸𝑈, width 𝑊S𝐸𝑈, and height 𝐻S𝐸𝑈) were then used to obtain and repeat the pattern in the normal isometric directions to form a rectangular parallelepiped (Figure 2-22d) of small, manageable file size. The arrangement of the annular sectors in the lattice is shown in Figure 2-22e. Finally, the annular sectors of the desired ring size were extruded from the rectangular parallelepiped (see Figure 2-22g).
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 2 Figure 2-23 Picture showing mechanism of Knapp joints used for in rings 2 and 3 for connecting annular sectors

Figure 2 -

 2 Figure 2-19 3Drawing showing the dimensions of the 3D-printed packing annular sectors for ring 2

Figure 2 -

 2 Figure 2-20 (a) Diagram with the main parts of an inverted SLA 3D printer (b) Photo of XFAB 3500PD 3D printer

igure 2 -

 2 Figure 2-23) keeps the packing in position and enables the exact spacing of the rotor plates.The expansive rectangular windows of the support ring provide a void fraction of 90%, which coincides with the void fraction of the inner ring attached to it.
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 2 Figure 2-22 Mechanism for securing packing rings and rotor plates (a) Packing support ring (b) drilled pillars of the Packing support ring windows

  Munjal et al. (1989) ;Jian et al. (1998) a and, Jian et al. (1998) b
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 3132 Figure 3-1 Comparing experimental values with different literature obtained liquid film mass transfer coefficient correlations at different (a) liquid flowrates (b) RPM. Oko et al. (2019)

Figure 3 - 3

 33 Figure 3-3 Schematic diagram of the RPB model

Figure 3 -

 3 Figure 3-4 shows the various correlations plotted against the rotation speed. The Figure showsthat for all the correlations, at constant gas and liquid flow rates, the pressure drop increases with increased rotation speeds.
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 34 Figure 3-4 Comparison of different pressure drop correlations at constant liquid and gas flow rates for different rotor speeds for (a) the entire RPB packing (b) unit packing length of the RPB

Figure 3 - 5

 35 Figure 3-5 Comparison of different liquid holdup correlations at constant gas flow rate and rotation speed for various liquid velocities of the RPB

  Figure 3-6 RPB flooding behaviour at varying liquid flowrates as predicted by different correlations

  Figure 3-6 shows the various correlations for the packing utilization ratios ( 𝑎 𝑒 𝑎 𝑝 ) plotted against the rotation speed. The Figure shows that for all the correlations, at constant gas and liquid flow rates, the pressure drop increases with increased rotation speeds.
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 36 Figure 3-6 Comparison of different packing utilization ratio correlations at constant liquid and

  Figure 3-7 Comparison of different gas-film mass transfer coefficient correlations at different rotation speeds for constant liquid and gas flowrates

Figure 3 - 1 . 1 . 1

 3111 Figure 3-10 Details of the systems used for comparison of 𝒌 𝑮 correlations

Figure 3

 3 Figure 3-8 Comparison of different liquid-film mass transfer coefficient correlations at different rotation speeds for constant liquid and gas flowrates

  , the findings from the different experiments conducted to evaluate the behaviour of the RPB are presented and discussed. The results are divided into three main categories: hydrodynamic studies, mass transfer studies, and the results of the development and characterization of a novel anisotropic RPB packing. The plan of the experiments is listed in Appendix A.
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 141 Figure 4-1 illustrates the centrifugal pressure drop ∆𝑃 𝑐 (cad without gas and liquid) measured
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 41 Figure 4-1 Comparing experimental and calculated centrifugal pressure drop
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 42 Figure 4-2 Experimentally measured frictional pressure drop as compared to the calculated values

Figure 4 - 3

 43 Figure 4-3 Comparison of experimentally obtained frictional pressure drop with correlations from the literature

4. 1 . 1 . 1

 111 Total dry pressure drop\-The dependence of the pressure drop on the combined effect of the rotation speed ranging from 200 rpm to 1500 rpm and the gas flow at three different gas flow rates of 100, 200, and 300Nm 3 /hr for the dry rotor is shown in 

  data. The Figure showed that the difference between the experimental values and those predicted by the correlation increased with increased gas flow rate. The difference could be

Figure 4 - 6

 46 Figure 4-6 Effect of gas flow rate on pressure drop of dry bed

4. 1 . 1 . 1

 111 Effect of type of liquid distributor on the wet pressure dropTwo types of liquid distributors were initially considered for this study to ensure complete coverage of the full range of the liquid flow rates in the experiments. Details of the distributors have been given in section2.3.1.1. 

Figure 4 .Figure 4 - 7

 447 Figure 4.7 shows the pressure drop of the wet bed as obtained under different operating conditions using the full jet (FJ) and, then, the double jet (DJ) liquid distributor. For almost all the range of operating conditions investigated, the double jet distributor produced a marginally higher pressure drop of just about 2% compared to the full jet distributor. The slightly higher pressure drop generated by the double jet distributor is attributed to the proximity of the two nozzle openings to the packing.

▪

  Figure 4-8 Trends of total pressure drop under two different set of operating conditions

Figure 4 - 9

 49  Comparing the effect of rotor speed on pressure drop at gas varying gas flow rates from 100 to 250Nm 3 /h for (a) L= 0.39m 3 /h (b) L= 0.6 m 3 /h (c) L= 0.72m 3 /h

  .

Figure 4 -

 4 Figure 4-10 Pressure planes at varying rotor speeds and gas flow rates for (a) L= 0.39m 3 /h, (b) L= 0.60m 3 /h and (c) L= 0.72m 3 /h

Figure 4 -

 4 Figure 4-11 Comparing the effect of gas flow rate on pressure drop at varying rotation speeds from 600 to 1200 rpm for (a) L= 0.39m 3 /h (b) L= 0.6 m 3 /h (c) L= 0.72 m 3 /h

Figure 4 -

 4 Figure 4-12 shows the pressure drop of the wet bed plotted against a liquid flow rate ranging from 0.39 to 0.72m 3 /h at three different rotational speeds of 600, 1000, and 1200 rpm with each considered at three different gas flow rates of 150, 200 and 250 Nm 3 /h. The Figure shows that the liquid flow rate minimally influences the wet pressure drop.
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 464 Figure 4-6 Comparing the effect of liquid flow rate on pressure drop at varying rotation speeds from 600 to 1200 rpm for (a) G = 150 Nm 3 /h (b) G = 200 Nm 3 /h ( (a) G = 250 Nm 3 /h)

  Figure

Figure 4 -

 4 Figure 4-13 Comparison of dry and we pressure as caused by varying (a) gas flow rates (b) ration speeds

Figure 4 -

 4  shows the contour maps of the trends in the entrained liquid for increasing rotation speed at constant gas and liquid flow rates. At a fixed liquid flow rate of 0.39m 3 /h, mild entrainment occurs at low rotation speeds below 220rpm in the range of gas flow rate of 160-200Nm 3 /h. Very significant entrainment, an indicator of the approach to flooding points, occurred from 220 Nm 3 /h at the low rotation speed mentioned above.

Figure 4 -

 4  and (b) also shows that an increase in liquid flow rate at the same operating conditions increases liquid entrainment in RPBs. For the same rotation speed, when the liquid flow rate was increased from 0. 39m 3 /h to 0.6 m 3 /h, the liquid entrainment increased by 62%.

  of 110 Nm 3 /h at the same rotation speed when the liquid flow rate was increased to 0.6 and 0.72 m 3 /h. In the same vein, excessive entrainments began at a low gas flowrate of 110 Nm 3 /h for the high liquid flow rate of 0.72m 3 /h, but the phenomenon began at 200 Nm 3 /h at a lower liquid flow rate of 0.6m 3 /h. The results in Figure4-14 also showed that at a given liquid flow rate, a decrease in the rotational speed or an increase in the gas flow rate or both the either the rotational speed and the gas flow rate increases the possibility of the entrainment to occur. According to[START_REF] Li | Liquid Entrainment and Flooding in a Rotating Zigzag Bed[END_REF], the increased entrainment with decreased rotation speeds is because lower rotation speeds makes the liquid films in the packing to rotate slower, generating smaller centrifugal force so the entrainment of the liquid by the faster moving gas increases. Hence, was can relate the entrainment to the increased kinetic energy of the gas molecules. Entrained liquid tends to trap gas bubbles, increasing the thickness of the liquid layer. Since the entrained

Figure 4 -

 4 Figure 4-15 shows the operating conditions at which the onset of flooding occurs in the RPB at four low rotation speeds of 150, 200, 250, and 300 rpm. At each point shown, the rejected liquid's flow rate increased to just above 8 % of the total liquid flow rate per the quantitative method (Hendry, Lee, and Attidekou 2020). For a given constant rotational speed, the gas flow rate at which the flooding started decreases with an increasing liquid flow rate.
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 47 Figure 4-7 Combination of operating conditions for the onset of flooding at constant rotation speeds.

Figure 4 -

 4 Figure 4-16 Schematic drawings varying RPB operating conditions at constant gas and liquid flow rates (sketches inspired by classification of the conditions by Neumann et al., 2017).

Figure 4 -

 4 Figure 4-17 Contour plots showing operating conditions where flooding is not recorded (blue area ), and operating conditions under which flooding and entrainment is recorded (red area) for liquid flow rates of (a) L= 0.39m 3 /h, (b) L= 0.72m 3 /h

Figure 4 -Figure 4 -

 44 Figure 4-10 Flooding correlations compared with experimental data

  The pressure drop decreased as the rotation speed decreased to about 600 rpm in a similar pattern regardless of the viscosity. A significant influence of viscosity on the pressure drop is clearly noticeable from 600 rpm to 300 rpm. The high pressure drop of the viscous liquid within this range is due to the difficulty to be sheared arising from the high internal friction[START_REF] Mizerovskiy | Viscosity and Internal Friction in Liquids[END_REF].
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 4 Figure 4-11 Comparison of the effect viscosity at varying gas flow rate on pressure drop at (a) 600 rpm, (b) 1200 rpm for 1 cP vs 13 cP, (c) 600 rpm and (d) 1200 rpm for 1 cP vs 30 cP.

Figure 4 -

 4 Figure 4-21 shows the pressure drop plotted against the gas flow rate from 100 Nm 3 /h to 250Nm 3 /h at three different liquid flow rates and viscosities and two rotational speeds. It can be observed that most of the profiles seem to be linear, showing the evolution of pressure drop as a function of gas flow. Additionally, it can be observed that pressure drop increases with increase in all process variables (gas flow rate, liquid flow rate, viscosity and rotational speed).For gas flow rates above 150 Nm 3 /h, the pressure drops for the different experimental conditions varied by about 1.5 kPa due to the high frictional pressure drops. However, at this

Figure 4 -

 4 Figure 4-22 shows contour plots of the liquid entrainment flowrate in m 3 /h, with the operating conditions investigated for liquids at constant flow rates of 0.39 m 3 /h and 0.72 m 3 /h and at 13 cP. The entrainment began at a gas flow rate of about 100 Nm 3 /h and with a rotation speed of 200 rpm for a liquid flow rate of 0.39m 3 /h (Figure 4-22a). The entrainment begins earlier for more substantial liquid flow rates of 0.6 and 0.72 m 3 /h (Figure 4-22b and c). A similar situation

Figure 4 -

 4 Figure 4 -24 shows that under the conditions investigated, the CO2 readings fairly stabilises after about an hour. Hence, each of the experimental runs was performed until for a period of one hour twenty minutes. To increase the accuracy of the measurements, each experimental point was performed at least thrice. The Figure also indicated that as expected, at the same liquid flow rate, a low rotation speed and a high gas flow rate has more impact on the CO2 concentration than a high rotation speed and a low gas flow rate.
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 4 Figure 4-15 CO2 concentration vs time curve for ascertaining stable conditions

Figure 4 -

 4 Figure 4-25 Effect of the rotational speed on the Interfacial mass transfer area

Figure 4 -

 4 Figure 4-25 illustrates that the interfacial mass transfer area increases with increasing rotational speed. The error bars in the Figure represent the standard deviation of the multiple measurements. the fairly high error bars can be attributed to the rapid fluctuations in the CO2 measurements.
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 44 Figure 4-26 Effect of gas flow rate on the Interfacial mass transfer area

3 .

 3 𝑎 𝑝 = 200 𝑚𝑚 -1 , 𝜀 = 95% 𝑎 𝑝 = 200 𝑚𝑚 -1 , 𝜀 = 95% 𝑎 𝑝 = 932 𝑚𝑚 -1 , 𝜀 = 72% 𝑎 𝑝 = 932 𝑚𝑚 -1 , 𝜀 = 72% 𝑎 𝑝 = 1265 𝑚𝑚 -1 , 𝜀 = 61% 𝑎 𝑝 = 1265 𝑚𝑚 -1 , 𝜀 = 61%

  strands at different positions of the printed annular sectors. An electronic digital Vernier calliper (model IP54) with a maximum reading of 150 mm and a reading accuracy of ± 0.04 mm was used for the measurements (Figure 4-28a).
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 44 Figure 4-28 Photos illustrating the measurement of the strand diameter of printed structures (a) Loupe (b) Vernier calliper (c) annular sector (d) the part of the strand diameter measured

Figure 4 -

 4 Figure 4-29 Characterization of the strand diameter of the 3D printed structure showing (a) variation of the wire diameter and (b) standard distribution curve of the diameter

Figure 4

 4 Figure 4-33.
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 4444461 Figure 4-33 Effect of gas flow rate on the wet pressure drop of the 3D printed packing
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 44  Comparing the effect of rotation speed on the wet pressure of the 3D packing and that of stainless steel wire mesh packing at (a) L = 0.39 m 3 /h (b) L = 0.72 m 3 /h

Figure 4 -

 4 Figure 4-21 Comparing the effect of rotation speed on the wet pressure of the 3D packing and that of stainless steel wire mesh packing at (a) L = 0.39 m 3 /h (b) L = 0.72 m 3 /h

Figure 4 -

 4 37 also further highlighted the low influence of liquid flow rate on the wet pressure drop of RPBs.

4. 6 . 2

 62 Figure 4-38 compares the rotation speed's effect on the wet pressure per unit packing length of the 3D packing and that of stainless steel wire mesh (SWM) packing. The Figure show that

⎯

  This thesis aimed to improve the reliability of the tools and methods for characterising the hydrodynamic and mass transfer properties of the RPB, generate fundamental data required for its design and scale-up and, finally to develop a new packing specifically designed for RPBs by exploring the endless possibilities offered by 3D printing technology.

  Post treatment curing of the printed part a secondary is done to further the solidification and stabilization of the printed part. An ultraviolet UV curing unit, DWS UV Curing Unit, Model S2) with a 160 × 160 mm² opening was used.

Figure C- 4

 4 Figure C-4 Some of the post treatment equipment (a) ultrasonic cleaner (b) UV curing unit
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Table 1 -

 1 1 Possible benefits resulting from RPB application (Adapted fromChen, 2017) 

	Advantage	Size	Comments and examples
	Improved quality	Particle size	Achieved as a result of higher micromixing and mass
	of product	reduced for 4-	transfer. For example, in the production of
		to 6-fold	nanoparticles.
	Enhanced	Up to 10% -	Achieved as a result of higher mass transfer. For
	yield/selectivity	30%	example, in the production of HOCl and, methylene
			diphenyl diisocyanate (MDI).
	Elevated process	Reaction time	Achieved as a result of higher mass transfer. For
	efficiency	shortened for	example, in the production of CaCO3 nanoparticles.
		2-to 3-fold	
	Smaller	Equipment	Achieved as a result of higher mass transfer. For
	equipment size	capacity	example, in the production of HOCl, CaCO3
		shrunk up to	nanoparticles, and the deaeration of seawater.
		80%	
	Cost savings	Up to 70%	Achieved as a result of smaller equipment capacity,
			shorter processing time, reduced raw material
			consumption, lower operating cost, better yield, and
			product quality. For example, in the deaeration of
			seawater and production of HOCl.
	Energy savings	Up to 30%	Achieved as a result of smaller equipment capacity,
			shorter processing time, and reduced raw material
			consumption. For example, in the production of
			lubricant additives dispersed with copper nanoparticles
			and the lubricating oil detergent, over based petroleum
			calcium sulfonate (OPCS).

Table 3 -7 ) 1.2.2. Main operating parameters influencing RPB hydrodynamics

 3 

	In most experimental studies on RPB hydrodynamics, operating parameters manipulated to
	investigate hydrodynamic characteristics include the rotation speed, the gas flow rate, the
	liquid flow rate, and the physical parameters of the working fluids, such as the viscosity (M S
	Jassim 2002; Keyvani and Gardner 1989; Wenzel and Górak 2018). As shown in Table 1-3,
	different operating parameter ranges have been used by various authors to investigate RPB
	hydrodynamics. Most of the studies used air-water systems or systems with properties similar
	to those of air-water systems.

Table 1 -

 1 [START_REF]Switch off the electrical cabinet[END_REF] Published studies dealing with the hydrodynamics of viscous media in RPBs

	Author(s)	RPB, dimensions: di/do/hp	RPB-type, Packing:	Operating conditions	Liquid distributor	Viscous fluid &	Variable(s)
	and year	(m)	type/ap/ℇ		G/L/N		Range of	investigated
				(-/ m 2 /m 3 ,%)		(m 3 s -1 /rpm)		viscosity (cP)
	(Bašić and	0.624/0.171/NA	Single-block,		0/26.6-242.5/550-1600	Perforated single central	propylene-	Liquid hold
	Duduković		(small glass beads/-/46.6)		pipe	glycol/ 1.0-4.5	up
	1995)							
	(Liu et al.,	inner wire mesh packing	IMZ,		0/(4.2-11.1)x10 -6 /	Perforated, single central	Glycerine-water /	Liquid hold
	2019)		zone	(2033/88)		400-2400	pipe (Ф1mm) with 4 holes	2.5-22.94	up
			, IMZ-0.037/0.050/0.015					
			Outer resin pin zone	OPZ				
			OPZ-0.050/0.082/0.015	( -/93),				
			MPR-0.037/0.082/0.015	mesh-pin rotor				
				(-/-)				
	(Burns,		0.07/0.16/0.01	Single-block, (reticulated	0-0.011/1.75x10 -4 /	Perforated single central	propylene-	Liquid hold
	Jamil,	and		foam, Filtren		200-1600	pipe	glycol/ 1.0-21.0	up
	Ramshaw		HC10/786/95.3)			(12holes x 30 o )	
	2000)							
	(Y. Yang et	NA/0.144/0.064	Single-block,	(wire	0/(1.83-4.3)x10 -5 /	Rectangular crack	Glycerine-water /	Liquid hold
	al. 2015)			mesh/497/95),		500-2500	(1mm x15mm)	9.38-155.6	up
				(nickel foam/1098/80)				
	(Li et al.,	0.165/0.375/0.025	Single-block,	(wire	0/(5.7-69.4)x10 -6 /	Jet distributor;	syrup-glycerine-	Liquid hold
	2022)			mesh/~190.8/~0.97)		200-1200	Disk-distributor	water /11-59372	up

Table 1 -

 1 7 ummarizes the three mass transfer theories discussed

Table 1 -

 1 7 Summary of mass transfer theories

	Theory	Schematic diagram	Assumptions	Advantages	Limitations	𝑘 𝐿

Table 1 -

 1 ; C. C.[START_REF] Lin | Removal of VOCs from Gaseous Streams in a High-Voidage Rotating Packed Bed[END_REF][START_REF] Shivhare | Mass Transfer Studies on Split-Packing and Single-Block Packing Rotating Packed Beds[END_REF] among others as shown in Main features of some methods used to determine kGa in RPBs

	Method for gas-side mass transfer	RPB,	dimensions:	Operating conditions	kGa (s -1 )	References
	used	ro/ri/z (mm)				
	NaOH-CO2	Countercurrent	G	= 4.4-13.1 L/min,	0.41-0.53	Lin et al. (2003)
		80/38/20		L	= 0.042-0.108 L/min,	
				RPM = 375-1735	
				T	= 300 K	
	MEA-CO2	Cross-flow		G	= 1073 L/ min,	0.64-7.1	Jassim et al. (2007)
		199/78/25		L	= 40 L/ min,	
				RPM = 600-1000	
				T	= 293, 313 K	
	MEA, PZ, AMP-CO2	Cross-flow		G	= 10-90 L/ min,	0.16-1.43	Lin et al. (2008)
		44/24/120		L	= 0.1-0.6 L/min,	
				RPM = 400-1800,	
				T	= 303-323 K	
	DETA, PZ-CO2	Countercurrent	G	= 18-63 L/ min,	0.91-2.59	Sheng et al. (2016)
		60/22.5/18		L	= 0.09-0.25L/ min,	
				RPM = 400-1400 r/min,	
				T	= 303-333 K	
	PZ/DETA, -CO2	Countercurrent	G	= 15-60 L/ min,	1.54-4.29	Wu et al. (2017)
		62.5/12.5/23	L	= 0.2 L/min,	
				RPM = 1600 r/ min,	
				T	= 323 K	
	SO2-NaOH	Countercurrent	G	= 1000-1800 L/ min,	8.61-16.97	(Su et al. 2018)
		40/17.5/18		L	= 3.6-8.4 L/min,	
				RPM = 400-2000	
				T	= 300 K	

4.2. Measurement of liquid-side volumetric mass transfer coefficient

  Similar to kG, methods available in the literature presently provide kLae as local values cannot be measured directly as the techniques for local concentrations in the gas or liquid film are not currently available. However,[START_REF] Reddy | Process Intensification in a HIGEE with Split Packing[END_REF] reported the measurement of local kL by the stripping of oxygen from water into nitrogen. Generally, it is assumed that the gas-side mass transfer resistance is negligible, and thus making 𝐾 𝑙 𝑎 𝑒 the same as kLae which is a valid assumption if the gas phase is purely the solute with a very low solubility. However, low solubilities can lead to quick saturation of the liquid phase, a situation that induces large experimental uncertainties, and that can occur especially if the gas is purely the solute Danckwerts (

Table 1 -

 1 For RPBs, measurement of 𝑘 𝑙 𝑎 𝑒 was reported in many previous literature. Table1-10 outlines some of the methods and outcomes of the 𝑘 𝑙 𝑎 𝑒 and 𝑘 𝑙 𝑎 𝑒 reported in some previous literature, 10 Main features of some methods used to determine kLa in RPBs

	1 𝑘 𝐿,𝑅 𝑎 𝑒	=	1 𝑘 𝐿, 𝑎 𝑒	+	1 𝑙𝑘𝐵 0

Table 1

 1 

-11 reports a review of effective interfacial area of RPB packing using different methods.
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 1 11 Main features of some methods used to determine

  (𝐾 𝐺 𝑎) 𝑒 𝑉 𝑒 +(𝐾 𝐺 𝑎) 𝑏 𝑉 𝑏 +(𝐾 𝐺 𝑎) 𝑐 𝑉 𝑐 𝑉 𝑒 +𝑉 𝑏 +𝑉 𝑐

	Eqn 1-64
	(Y. S. Chen and Liu 2002

Table 2
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	-1Geometrical specification of RPB prototype	
	Operating parameters	
	Max. Operating pressure	0.5 barg
	Max. operating temperature	120 °C
	Max. gas flowrate (air at normal conditions)	600 Nm 3 /h
	Max. liquid flowrate (water at normal conditions)	1 m 3 /h
	Max. rotational speed	1500 rpm
	Process connectors	
	Gas inlet	2 x DN120
	Gas outlet	1x DN160
	Liquid inlet	1 x DN25
	Liquid outlet	2 x DN50
	Sensors	5 x G1/4" (Liquid inlet & outlet
		temperature, absolute
		pressure, differential
		pressure)
	Rotor sizing	
	Rotor outer diameter	460 mm
	Rotor inner diameter	160 mm
	Rotor height	40 mm
	Sizing	
	Casing diameter	650 mm
	Total weight	450 kg
	Power supply	3 kW | 3x400 V 50 Hz
	Material	
	Casing	1.4462 (Duplex)
	Seals	Graphite/Silicon carbide/Viton
	Additional requirements	
	Inspection glasses	1 x DN100 on casing
		1 x DN40 on nozzle part
		flange

Table 2
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		-2 Ring partition dimensions			
	Ring No. Di(mm) Do(mm) Ring	The	gap	Partitioning	Number of
				thickness(mm)	between		angle ( o )	annular
					rings (mm)		sectors
	1	160.0	285.6	62.80	0.04		90	4
	2	285.8	371.1	42.61	0.20		60	6
	3	371.2	440.2	34.50	0.10		45	8
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	-3 Geometrical parameters of the four concentric rings
	Geometrical	Ring number	
	parameters	Ring 1	Ring 2	Ring 3
	l1= l2 (mm)	8.995	3.608	3.546
	θ1 = θ2 ( o )	30	30	30
	dw (mm)	1.1	1.1	1.1
	ap (mm 2 )	200	932	1265
	ε (%)		95	72	61
	2.5.5	3D Printing of the packing	
	Three-dimensional (3D) printing or additive manufacturing (AM) techniques had made simplify
	the production of POCS. it is now possible to produce POCS for a variety of materials from
	polymeric materials to metals. Polymeric materials are produced by fused deposition modelling
	(FDM) or stereolithography (SLA) methods of 3D printing while metals are produced by
	selective electron beam melting (SEBM) or selective laser melting (SLM) methods.
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	4 Overview of measurement instrument used				
	Quantity	Type, Manufacturer	Measurement range Accuracy Study	
					Hydrodynamics	Mass
						transfer
	RPB					
	Rotation speed, rpm	OptiDrive™, IP66, NEMA 4X, Invertek, UK	0-1500	±1.0%	✓	✓
	Pressure drop, mbar	Rosemount 3051, Emerson	0-500	±1.0%	✓	
	Gas measurement					
	Flow rate, m 3 /hr	MT3809 Series, Brooks	0-620	±1.5 %	✓	✓
	Pressure, bar	PG43SA-S, WIKA,	0-1.6	± 1.6%	✓	
	Inlet temperature, o C	PT 100	-200-850	0.2 K		✓
	Outlet temperature, o C PT 100	-200-850	0.2 K		✓
	Gas analyser, ppm	MLT1.2IR-UV, Fisher Rosemount Analytical 500-3000	-		✓
	Liquid measurement					
	Flow rate, Lh -1	Model 2510, Brooks	120-1200	± 5 %	✓	✓
	Inlet temperature, o C	PT 100	-200-850	0.2 K		✓
	Outlet temperature, o C PT 100	-200-850	0.2 K		✓
	Viscosity, cP	Kinexus Pro+ , NETZSCH	5.0 nNm -225 mNm	-	✓	
			(Torque range)			

State of the art: Rotating packed bed as intensified gas-liquid contactors 3.1 Introduction

  

	This chapter is a parametric comparison of published correlations for estimating different
	hydrodynamic and mass transfer parameters utilized in RPB studies. Specifically, the
	correlations for total pressure drop (ΔP), liquid holdup (𝜀 𝐿 ) and flooding points were considered
	for the hydrodynamic parameter correlations while correlations for the effective gas-liquid
	𝑎 𝑒 𝑎 𝑝 contacting efficiency (
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1 gives a summarized interpretations of the commonly used dimensionless numbers in RPB studies while Table

3

-2 summarizes some commonly used expressions used in the literature in calculated dimensionless numbers used in RPB mass transfer correlations.
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 3 1 Summarized interpretations of the commonly used dimensionless numbers in RPB

	studies					
	Name and					Définition	Interpretation/Signifiance
	symbol					
	Froude Number (Fr)	𝐹𝑟 =	𝑔𝐿 𝑣 2		Ratio of inertial force to gravitational force
	Galilei (or Galileo) number (Ga)	𝐺𝑎 =		𝑔𝐿 3 𝑣 2		Ratio of gravity forces divided by viscous forces. It is used in viscous flow
							calculations, to describe fluid film flow over
	Modified Galileo	𝐺𝑎 * =	𝑔 𝐶 𝑑 𝑝 3 (𝜌 𝐿 𝑔 + µ 𝐿 2	∆𝑃 𝑧	)	walls such as in condensers or chemical columns.
	number (Ga*)					
	Grashof Number (Gr)	𝐺𝑟 =	𝑔 𝐶 𝑑 𝑝 3 𝑣 2	Ratio of natural convection buoyancy force to viscous force. Controls the ratio of length scale to natural convection boundary layer
							thickness.
	Kapitza Number (Ka)	𝐾𝑎 =		4 𝑔 𝜇 𝐿 𝜎 𝐿 𝜌 𝐿	Ratio of surface tension forces to inertial forces
							Ratio of convective to viscous momentum
	Reynolds Number (Re)	𝑅𝑒 =	𝜌𝑈𝐿 µ =	𝑈𝐿 𝑣	transport Determines transition to turbulence, dynamic pressure against
							viscous drag.
	Schmidt Number (Sc)	𝑆𝑐 =	𝑣 𝐷	=	µ 𝜌𝐷	Ratio of momentum to thermal diffusivity. Ratio of momentum to species diffusivity.
	Sherwood Number (Sh)	𝑆ℎ =	𝑘 𝑚 𝐷 𝐿 ′ ⁄	Ratio of mass transfer by convection to mass transfer by diffusion
	Weber Number (We) 𝑊𝑒 =	𝜌𝑣 2 𝐿 ′ 𝜎	Ratio of inertia number to surface tension forces.

Table 3 -

 3 2 Comparison of different forms of same dimensionless numbers used in RPB

	literature				
	Dimensionless number	References (s)
	Reynolds number of the	𝑅𝑒 𝐿 =	𝐿 𝑎 𝑡 µ 𝐿	=	𝑢 𝐿 𝑎 𝑡 µ 𝐿
	liquid phase				

RPB generalised correlations 3.2.1 Correlations for hydrodynamic characteristics 3.2.1.1 Pressure drop correlations

  

	Froude number of the liquid phase	𝐹𝑟 𝐿 =	2 𝑄 𝐿 𝑟𝜔 2 (2𝜋𝑟𝑧) 2 𝑑 𝑝	Luo et al. (2017)
	Grashop number of the liquid phase	𝐺𝑟 𝐿 = 𝐺𝑟 𝐿 =	𝑑 𝑝 3 𝜌 𝐿 2 𝑔 2 µ 𝐿 𝑑 𝑝 3 𝜌 𝐿 2 𝑎 𝑐 2 µ 𝐿			Tung and Mah (1985) Lin et al. (2007) ; Chen et al. (2005)a ; Chen et al. (2005) b and, Chen et al. (2006)
					𝐺𝑟 𝐿 =	µ 𝐿 2 𝑙 3 𝜌 𝐿 2 𝑎 𝑐				Jiao et al. (2010)
					𝐺𝑟 𝐿 =	2 (𝑟 𝑜 + 𝑟 𝑖 )(𝑟 𝑜 -𝑟 𝑖 ) 3 𝜔 2 𝜌 𝐿 2µ 𝐿 2	Munjal et al. (1989)
					𝐺𝑟 𝐿 =	𝜌 𝐿 2 𝑔 µ 𝐿 2 𝑎 𝑡 3					Singh et al. (1992)
					𝐺𝑟 𝐿 =	𝑎 𝑐 𝛥𝑋 3 𝜐 𝐿 2				Jian et al. (1998) a and, Jian et al. (1998) b
	Grashop number of the gas phase	𝐺𝑟 𝐺 =	µ 𝐺 2 3 𝜌 𝐺 𝑑 𝑝 2 𝑎 𝑐			Jian et al. (1998) a and, Jian et al. (1998) b Kellahar and Fair (1996); Liu et al.
					𝑅𝑒 𝐿 =	2𝜋𝑟𝑧(𝑟 𝑜 -𝑟 𝑖 )𝑎 𝑝 𝜐 𝐿 𝜌 𝐿 𝐿ln (𝑟 𝑖 𝑟 𝑜 ⁄ )	Yuan et al.(2016)
	Reynolds number of the	𝑅𝑒 𝐺 =	𝐺 𝑎 𝑡 µ 𝐺	=	𝑢 𝐺 𝑎 𝑡 µ 𝐺	Kellahar and Fair (1996); Liu et al. (1996); Chen and Liu(2002) ; Lin et
	gas phase											al. (2004) ; Lin et al. (2007); Chen et
													al. (2008) and, Chen (2011)
					𝑅𝑒 𝐺 =	(2𝜋𝑟𝑧)𝜐 𝐿 𝑄 𝐺 𝑑 𝑝		Luo et al. (2017)
					𝑅𝑒 𝐺 =	𝑑 𝑒 𝑢 𝐺 𝜌 𝐺 µ 𝐺			Jiao et al. (2010) and, Zhao et al. (2014)
	𝜌 𝐺 𝜔𝑅 2 µ 𝐺 𝑅𝑒 𝜔 = 𝜌 𝐺 𝑄 𝐺 ln (𝑟 𝑖 𝑟 𝑜 𝜔𝑟 𝑎𝑣𝑔 2 𝜐 𝐺 ⁄ ) 2𝜋𝑟𝑧(𝑟 𝑜 -𝑟 𝑖 )𝑎 𝑝 𝜐 𝐺 3.2 Lashboorki (2017) presented the following semi-empirical correlation for the combined Keyvani, and Gardner, (1988), R = 𝑅𝑒 𝐺 = disk radius Rotational Reynolds number Liu et al. (1996), Lahboorki (2017) 𝑅𝑒 𝐺 = Yuan et al.(2016)
	pressure drop in an RPB under varying operating conditions and forces:
	𝛥𝑃 = 𝐴 (	𝐺 2𝜋𝑧	) 𝑙𝑛	𝑟 𝑜 𝑟 𝑖	+ 𝐵 (	G 2𝜋𝑧 ) 2 (	1 𝑟 𝑖	-	1 𝑟 𝑜	) +	1 2 𝜌 𝐺 (𝐾𝜔 2 ) (𝑟 𝑜 2 -𝑟 𝑖 2 ) + (𝛽 1 + 𝛽 2 )(𝑢 𝐺 -𝑢 𝐿 )	Eqn 3-5
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 3 [START_REF]Choose the user interphase you want to view: 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒, 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝑑𝑟𝑜𝑝, 𝑟𝑜𝑡𝑎𝑡𝑖𝑜𝑛 𝑠𝑝𝑒𝑒𝑑, 𝑑𝑖𝑎𝑔𝑟𝑎𝑚[END_REF] Ranges of some operating conditions for some mass transfer characteristics in RPBs

	Reference	Operating conditions/Limits
	Liu et al. (1996)	0.21 ≤ ( 𝐷 𝐺 𝑎 𝑝 𝑘 𝐺 𝑎 𝑒 2 )≤ 3.00
	Chen and Liu (2002)	0.14 ≤ ( 𝐷 𝐺 𝑎 𝑝 𝑘 𝐺 𝑎 𝑒 2 ) ≤ 1.00
	Lin et al. (2004)	0.14 ≤ ( 𝐷 𝐺 𝑎 𝑝 𝑘 𝐺 𝑎 𝑒 2 )≤ 1.00
	Chen et al. (2006)	10.26 ≤ ( 𝑘 𝐿 𝑎 𝑒 𝑑 𝑝 𝐷 𝐿 𝑎 𝑡 2 ) ≤ 2.89 × 10 3
		0.12 ≤ (1 -0.93	𝑉 𝑜 𝑉 𝑡	-1.13	𝑉 𝑖 𝑉 𝑡	)≤ 0.65
		0.23 ≤ 𝑎 𝑒 /𝑎 𝑝 ≤0.69
		0.30 ≤ σc/σw ≤ 1.03
	Yu-Shao Chen (2011)	6.46 × 10 -2 ≤ (( 𝐷 𝐺 𝑎 𝑝 𝑘 𝐺 𝑎 𝑒 2 ) ≤ 5.35
		0.28 ≤ (1 -0.9	𝑉 𝑜 𝑉 𝑡	) ≤0.83
		0.17 ≤ 𝑎 𝑒 /𝑎 𝑝 ≤0.80
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	-5 RPB and packing specifications	
	Item	Unit	Value
	Internal diameter of RPB, ri	m	0.078
	External diameter of RPB, ro	m	0.178
	Rotation speed, ω	RPM	600-1400
	CO2 inlet flowrate, G	Nm 3 /h	200
	MEA inlet flowrate, L	m 3 /h	1.2
	Type of packing	packing foam	
	Interfacial area of packing, ae	m 3 /m 2	1556
	Porosity of packing, ε	%	76
	Height of packing, z	m	0.025
	MEA inlet composition	%	30
	MEA inlet flowrate, L'	kg/h	1263
	MEA inlet temperature. TL	K	313
	MEA inlet pressure, P	atm	1
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 3 6 Hypothetical and Prosim's Simulis® data used for the calculations

		System				
	Components	Percentages in	Percentages in			
		Liquid	Gas			
	Water	70.00%	0		Data	
	MEA	30.00%	0		Calculated values
	CO2	0.00%	0.0449		Obtained from simulis
	Air	0.00%	0.9551			
	Liquid inlet	T	K			
	temperature					
	Liquid inlet	P	atm			
	pressure					
	Symbol	Unit	Value	Symbol	Unit	Value
	a	m 2 /m 3	1556	g_o	m 2 /s	100
	at	m 2 /m 3	2132	MG	g/mol	29
	Ci	%	4.49	ML	g/mol	48.1
	Co	%	2.13	ѵG	(m/s)	1.6495E-05
	DL	m 2 /s	1.02E-09	ѵL	(m/s)	1.5173E-06
	DG	m 2 /s	0.00001381	Ve(Sandilya) m/s	0.59827833
	E		11.7	VG		0.46897159
	G	Nm 3 /h	200	Vi	m 3	0.00047784
	g	m/s 2	9.80665	VL		0.36231406
	H		0.02977	Vm*	kg/m 2 s	4.53432886
	L	m 3 /h	1.2	VO	m 3	0.00358142
	R	J K -1 mol -1	8.3144621	Vt	m 3	0.00606987
	RPM		500	ω	rad/s	62.83185307
	ri	m	0.078	ρG	kg/m 3	1.15460753
	ro	m	0.178	ρL	kg/m 3	997.784195
	rs	m	0.278	μG	kg/m²s	1.9045E-05
	TL	K	313	μL	kg/m²s	0.00151396
	uo	m/s	0.01			
	ν_o	m 2 /s	0.000001			
	Z	m	0.025			
	σc	N/m	0.075			
	σL	N/m	0.0653			
	ε	m 3 /m 3	0.76			
			0.003			
	𝜏 𝑓		1.57			
	A	m 2	0.01225221			
	d	m	0.0004			
	dh	m	0.00142589			
	dp	m	0.00067542			
		kg 1/2 /m 1/2 s	4.21983842			
	g_c	m 2 /s	213.841429			
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	-7 Comparing calculated and literature dimensionless numbers
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 3 4 Details of the systems used for comparison of pressure drop correlations

	Reference	system	Operational conditions			Pressure drop correlations
						RPB characteristics (ro/ri/z) mm
	(Singh et al. 1992)	Air-water	L=2.19-2.75L/s G= 1.42x10 4 -8.5x10 3 L/min	Packing (type, ap,ε) 2 ) + 0.99( 2 -𝑟 𝑖 𝛥𝑃 = 0.92𝜌 𝑔 𝜔 2 (𝑟 𝑜 𝑎 𝑡 )𝜌 𝑔 (𝑟 𝑜 -𝑟 𝑖 )𝑢 𝐺 2 ℇ (38.11/12.7/12.7)
			RPM = 400 -2500 rpm			(Sumitomo and, wire gauze)
	(H. S. Liu et al. 1996)	Air-water	L=0-3.83x10 -5 m 3 /s G= 12x10 -5 -1.15x10 -3 m 3 /s	𝛥𝑃 =	1 2	𝐹 𝑣 2 𝑎 𝑡 ℇ 3 (2.928 × 10 12 𝑅𝑒 𝐺𝑃 -1.409 𝑅𝑒 𝐿𝑃 0.596 𝑅𝑒 𝜔 -1.844 + 1518(𝑟 𝑜 -𝑟 𝑖 )
			RPM = 400 -2500 rpm			
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 3 8 Details of the systems used for comparison of liquid holdup correlations

	Reference	system	Operational conditions		Liquid holdup correlations
				RPB characteristics (ro/ri/z) mm
							Packing (type, ap,ε)
	Basic and Dudukovic (1995)	Water-propylene glycol	RPM = 1600 L= 10-1000m 3 /s	ℇ 𝐿 = 2.65𝜏 𝑓 ( 𝑎 𝑡 𝑑 𝑝 ℇ	) 0.37 𝑅𝑒 0.67 𝐺𝑎 -0.485 (312/85/NA)
					(small glass beads/-/46.6)
	Guo et al. (1997)	Air-water, NH3-Water, SO2-Ammonium sulfite	L= 0-2.5m 3 /h G =0-1000 m 3 /h RPM = 300-1500 rpm	ℇ 𝐿 = ( , 𝐿 𝐴	)/(0.02107( 𝑄 𝐿 𝐴 (20 layers of wire gauze, -,-) ) 0.2279 (𝜔 2 𝑟) 0.5448 )
	Burns et al. (2000) Water-propylene glycol	Electrical resistance method at various RPB speeds used	ℇ 𝐿 = 0.039(	𝑔 𝑐 𝑔 𝑜	) -0.5 ( 𝑈 𝑜 𝑈	) 0.6 ( 𝜈 𝑜 𝜈	) 0.22
								(60/35/10)
				Reticulated foam rigidized with PVC,786, 0.953
	Lin et al. (2000)	Air-water	(Data of Basic and Dudukovic, 1995 used) RPM = 1600	ℇ 𝐿 = 1.2𝑅𝑒 𝐿 0.545 𝐺𝑎 * -0.42 ( 𝑎 𝑡 𝑑 𝑝 ℇ	) 0.65 ℇ
			L= 10-1000m 3 /s				
	Yang et al. (2015)	Water -glycerol	L= 1095-2580ml/min				
		SDBS, tween-80	RPM= 500-2500 rpm,				
			α = 80.2-2004.8m/s 2				
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 3 9 Details of the systems used for comparison of flooding correlations

	Reference	system	Operational											Liquid holdup correlations
			conditions											RPB characteristics (ro/ri/z) mm
														Packing (type, ap,ε)
	(Sherwood et al. 1938)*	Air-water	Formulated for conventional packed columns	log [(	𝑢 𝐺 2 𝑟 𝑖 ⍵ 2 ) (	𝑎 𝑡 ɛ 2 ) (	𝜌 𝐺 𝜌 𝐿	)] = -1.6784 -1.0977log (	𝐿 𝐺 √	𝜌 𝐺 𝜌 𝐿	) -0.2866 [𝑙𝑜𝑔( 𝐺 √ 𝐿	𝜌 𝐿 𝜌 𝐺	)] 2
	Singh et al. (1992) VOC-water	L=2.19-2.75L/s G= 1.42x10 4 -	log [(	𝑢 𝐺 2 𝑟 𝑖 ⍵ 2 ) (	𝑎 𝑡 ɛ 2 ) (	𝜌 𝐺 𝜌 𝐿	)] = -2.27 -1.14log (	𝐿 𝐺 √	𝜌 𝐺 𝜌 𝐿	) -0.17 [𝑙𝑜𝑔( 𝐺 √ 𝐿	𝜌 𝐿 𝜌 𝐺	)] 2
			8.5x10 3 L/min						((38.11/12.7/12.7) Metal sponge, wire gauze, 2500, 2067; 0.95, 0.934
			RPM = 400 -										
			2500 rpm										
	Jassim et al.(2007) air-ethanolamine	L=0.9756-3.018m 3 /h	ln [(	𝑢 𝐺 2 𝑟 𝑖 ⍵ 2 ) (	𝑎 𝑡 ɛ 2 ) (	𝜌 𝐺 𝜌 𝐿	)] = -3.01 -1.40 log(𝑋) -0.15 [𝑙𝑛( 𝐺 √ 𝐿	𝜌 𝐿 𝜌 𝐺	)] 2
			G= 100-200											(199/78/25) stainless steel mesh, 2132, 0.76
			Nm 3 /h										
			RPM = 300 -800										
			rpm										
	(Yumin Li et al. 2015)	Air-water	Originally formulated for RZBs. Hence,	log [(	𝑢 𝐺,𝛥𝑟 2 𝑟 𝑖 ⍵ 2 𝛥𝑟	) (	𝜌 𝐺 𝜌 𝐿	)] = -2.281 -0.9788log (	𝐿 𝐺 √	𝜌 𝐺 𝜌 𝐿	) -0.1605 [𝑙𝑜𝑔( 𝐺 √ 𝐿	𝜌 𝐿 𝜌 𝐺	)] 2
			no ap and ε										

  Table 3 -1 Comparing calculated and literature reported liquid-side mass-transfer coefficient (𝒌 𝑳 )

	Reference	system	Operational	correlations
			conditions	RPB characteristics (ro/ri/z) mm
				Packing (type, ap,ε)
	Onda et al. (1968)	CO2 absorption with NaOH in a	Correlation originally for predicting kL in	𝒌 𝑳 ( 𝛍 𝐋 𝐫𝛚 𝟐 ) 𝝆 𝑳 𝟏 𝟑 = 𝟎. 𝟎𝟎𝟓𝟏 ( 𝒂𝛍 𝐋 𝑳′	) 𝟐 𝟑 ( 𝛒 𝐋 𝐃 𝐋 𝛍 𝐋
		packed column	packed columns.		
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 4 1: Correlations published in literature for calculating the frictional pressure drop in the packed be

	Reference	Gas	Operational												Pressure drop correlations
			condition												RPB characteristics (ro/ri/z) mm
															Packing (type, ap,ε)
	(Singh et al., 1992)	Air	G= 170-1190m 3 /h	ΔP f = 0.99( a p ℇ	)ρ G	1 (r o -r i )	(	G 2πzε )	2	ln (	r o r i	)
															(38.11/12.7/12.7)
											(Sumitomo and, wire gauze; 2500,0.95; 2067, 0.934)
	(Kelleher and Fair, 1996)	Air	G= 0.135-0.63m/s	ΔP f =	5 22	(	a p ρ G ℇ 3 ) ( 2πza p ν G G	) 0.1	(	εG πz	)	2	( (r i ) 11 10 -(r o ) 1 10 11	)
															(300/87.5/150)
															metal sponge (2500, 0.92)
	(Rao et al., 2004)/Keyvani and Gardener (1989)	Air	0.135-0.63m/s	ΔP f =	(1 -ε) ℇ 3	G 2πzd p	(	150(1 -ε)η G d p	) ln (	r o r i	) + 1.75	Gρ G 2πz	1 (r o -r i )
															(22.8 /12.7/4.4)
														(Foam metal, 656, 1476, 2952,( 0.92))
	This study	Air	G= 100-300												-
			m 3 /h												(230/80/40)
															(wire mesh, 2400, 0.86)

  ) depicts the pressure drop showing the characteristic curve of RPB pressure against rotational speed for the investigated operating conditions.

	1				
	L = 0.39m 3 /h				
	L = 0.72m 3 /h				
	(Singh et al.,1992) L=0.39m 3 /h				
	(Jasim,2002) L=0.39m 3 /h				
	(Singh et al.,1992) L=0.72m 3 /h				
	(Jasim,2002) L=0.72m 3 /h				
	0.04	0.06	0.08	0.1	0.12 0.14 0.16
		𝑋 =	𝐿 𝐺	𝜌 𝐺 √ 𝜌 𝐿	

Table 2 -

 2 2, while the details of the geometrical parameters were presented in Table 2-3. Pictures of the CAD models and the assembled printed annular sectors are shown in Table 4-2.

Table 4 -

 4 2 Pictures of CAD models and assembled printed annular sectors

	Annular sector's ring number	CAD model	Printed annular sectors
	1.		
	2.		

Table 4 -

 4 3 Comparison of geometric properties of CAD models and 3D printed annular sector

			The				ε (%)			𝑎 𝑝 (m -1 )	
	Annular sector	Di(m) Do(m)	angle of the	m (kg)	Vp (m 3 ) x 10 -4						
	No.		annular sector ( o )			(ε) 𝑑 𝑤	(ε) 𝑑 𝑤 ′	Deviation (%)	(𝑎 𝑝 ) 𝑑 𝑤	(𝑎 𝑝 ) 𝑑 𝑤 ′	Deviation (%)
	1	0.1600 0.2856	90	0.027	4.40	94.66	95.00	0.359	200	217	8.50
	2	0.2858 0.3711	60	0.096	2.93	71.55	72.00	0.629	932	1009	8.26
	3	0.3712 0.4402	45	0.099	2.20	60.84	61.00	0.255	1265	1371	8.38

III) Constant gas flowrate & rotor speed

  

	APPENDIX A Experimental plans							
		A.	DRY PRESSURE DROP				B. WET PRESSURE DROP			C. Mass transfer
	Experiment No.	Gas flowrate	Liquid flowrate	Rotor speed	Remarks	Experiment No.	Gas flowrate (m 3 /h)	Liquid flowrate(m 3 /h)	Rotor speed	Liquid viscosity	Experiment No.
										(rpm)	(cP)
		(I) Constant Gas Flowrate				(I) Constant gas and liquid flowrates	
	1.	0	NA	200-	Centrifugal	11.		100	0.39, 0.60, 0.72	200-	1, 13,
				1400	ΔP					1400	30
	2.	100	NA	200-		12.		200	0.39, 0.60, 0.72	200-	,,
	3.	200	NA	1400 200-						1400	
				1400		13.		250	0.39, 0.60, 0.72	200-	,,
	4.	300	NA	200-						1400	
	5.	400	NA	1400 200-			(II) Constant liquid flowrate & rotor speed	
				1400		14.		100-250	0.39, 0.60, 0.72	600	1, 13,
		(II) Constant Rotor speed							30
	6.	100-300	NA	0	Frictional	15.	100-250	0.39, 0.60, 0.72	1000	,,
					ΔP						
	7.	100-300	NA	400		16.	100-250	0.39, 0.60, 0.72	1200	,,
	8. 9.	100-300 100-300	NA NA	800 1200		(17.	100	0.39-0.72	600	,,
	10	100-300	NA	1500							
						18.		200	0.39-0.72	1000	,,
						19.		250	0.39-0.72	1200	,,

  Table of experimental flooding data for Sherwood plot

	284.000	253.992	1.132	0.085	0.175	70.759	4.080	0.058		1.065	#N/A	1.065	#N/A	0.669		0.787
	304.000	276.384	1.180	0.092	0.175	81.076	4.440	0.053		1.101	#N/A	1.101	#N/A	Singh et al., 0.678	Jassim et al., 0.823
	334.000	VG,corrected 298.958	1.082	0.100	0.175	97.868	4.803	0.049		1.067	#N/A	1.067	#N/A	1992 0.685	2007	0.857
	RPM 348.000	(m 3 /h) 321.714	vol/min(kg 1.376	G (kg/s) 0.107	L (kg/s) riω 2 (rad/s) UG(m/s) X 0.175 106.244 5.168	0.046	Y	1.138	L=0.39m 3 /h L= 0.60m 3 /h #N/A 1.138	0.72m 3 /h #N/A	0.690		0.888
	102.000 144.000	102.956 102.956	0.804 1.144	0.034 0.034	0.108 0.208	9.127 18.192	1.654 1.654	0.109 0.143		1.357 0.681	1.357 #N/A	#N/A #N/A	#N/A 0.681	0.560 0.499		0.524 0.425
	121.000 173.000	124.129 124.129	0.744 1.300	0.041 0.041	0.108 0.208	12.845 26.257	1.994 1.994	0.091 0.119		1.402 0.686	1.402 #N/A	#N/A #N/A	#N/A 0.686	0.599 0.542		0.598 0.493
	143.000 198.000	145.492 145.492	0.784 1.312	0.048 0.048	0.108 0.208	17.940 34.394	2.337 2.337	0.077 0.101		1.379 0.719	1.379 #N/A	#N/A #N/A	#N/A 0.719	0.628 0.577		0.664 0.554
	158.000 216.000	166.431 166.431	0.952 1.492	0.055 0.055	0.108 0.208	21.901 40.931	2.674 2.674	0.068 0.088		1.478 0.791	1.478 #N/A	#N/A #N/A	#N/A 0.791	0.649 0.603		0.721 0.608
	191.000 258.000	208.806 208.806	1.112 1.136	0.070 0.070	0.108 0.208	32.005 58.396	3.354 3.354	0.054 0.071		1.592 0.872	1.592 #N/A	#N/A #N/A	#N/A 0.872	0.677 0.643		0.818 0.703
	227.000 303.000	253.992 253.992	1.188 1.236	0.085 0.085	0.108 0.208	45.206 80.544	4.080 4.080	0.044 0.058		1.668 0.936	1.668 #N/A	#N/A #N/A	#N/A 0.936	0.692 0.669		0.901 0.787
	246.000 326.000	276.384 276.384	1.092 1.290	0.092 0.092	0.108 0.208	53.091 93.236	4.440 4.440	0.041 0.053		1.681 0.957	1.681 #N/A	#N/A #N/A	#N/A 0.957	0.696 0.678		0.936 0.823
	272.000 350.000	298.958 298.958	0.982 1.508	0.100 0.100	0.108 0.208	64.906 107.469	4.803 4.803	0.038 0.049		1.609 0.972	1.609 #N/A	#N/A #N/A	#N/A 0.972	0.698 0.685		0.968 0.857
	288.000 382.000	321.714 321.714	1.152 1.254	0.107 0.107	0.108 0.208	72.767 128.019	5.168 5.168	0.035 0.046		1.662 0.945	1.662 #N/A	#N/A #N/A	#N/A 0.945	0.698 0.690		0.998 0.888
	120.000 158.000	102.956 102.956	1.114 1.418	0.034 0.034	0.142 0.233	12.633 21.901	1.654 1.654	0.143 0.143		0.980 0.566	#N/A #N/A	#N/A #N/A	#N/A #N/A	0.499 0.499		0.425 0.425
	138.000 178.000	124.129 124.129	1.092 1.316	0.041 0.041	0.142 0.233	16.707 27.796	1.994 1.994	0.119 0.119		1.078 0.648	#N/A #N/A	#N/A #N/A	#N/A #N/A	0.542 0.542		0.493 0.493
	162.000 204.000	145.492 145.492	0.916 1.472	0.048 0.048	0.142 0.233	23.024 36.510	2.337 2.337	0.101 0.101		1.074 0.677	#N/A #N/A	#N/A #N/A	#N/A #N/A	0.577 0.577		0.554 0.554
	180.000 224.000	166.431 166.431	0.944 1.294	0.055 0.055	0.142 0.233	28.424 44.019	2.674 2.674	0.088 0.088		1.139 0.735	#N/A #N/A	#N/A #N/A	#N/A #N/A	0.603 0.603		0.608 0.608
	217.000 268.000	208.806 208.806	0.986 1.538	0.070 0.070	0.142 0.233	41.311 63.011	3.354 3.354	0.071 0.071		1.233 0.809	#N/A #N/A	#N/A #N/A	#N/A #N/A	0.643 0.643		0.703 0.703
	259.000 314.000	253.992 253.992	0.952 1.158	0.085 0.085	0.142 0.233	58.850 86.498	4.080 4.080	0.058 0.058		1.281 0.872	#N/A #N/A	#N/A #N/A	#N/A #N/A	0.669 0.669		0.787 0.787
	277.000 338.000	276.384 276.384	1.048 1.358	0.092 0.092	0.142 0.233	67.314 100.226	4.440 4.440	0.053 0.053		1.326 0.891	#N/A #N/A	#N/A #N/A	#N/A #N/A	0.678 0.678		0.823 0.823
	299.000 366.000	298.958 298.958	0.846 1.314	0.100 0.100	0.142 0.233	78.431 117.519	4.803 4.803	0.049 0.049		1.332 0.889	#N/A #N/A	#N/A #N/A	#N/A #N/A	0.685 0.685		0.857 0.857
	318.000 397.000	321.714 321.714	0.846 1.530	0.107 0.107	0.142 0.233	88.716 138.270	5.168 5.168	0.046 0.046		1.363 0.875	#N/A #N/A	#N/A #N/A	#N/A #N/A	0.690 0.690		0.888 0.888
	129.000	102.956	1.192	0.034	0.175	14.599	1.654	0.143		0.848	#N/A	0.848	#N/A	0.499		0.425
	160.000	124.129	1.166	0.041	0.175	22.459	1.994	0.119		0.802	#N/A	0.802	#N/A	0.542		0.493
	181.000	145.492	1.102	0.048	0.175	28.741	2.337	0.101		0.861	#N/A	0.861	#N/A	0.577		0.554
	204.000	166.431	1.054	0.055	0.175	36.510	2.674	0.088		0.887	#N/A	0.887	#N/A	0.603		0.608
	242.000	208.806	1.222	0.070	0.175	51.378	3.354	0.071		0.992	#N/A	0.992	#N/A	0.643		0.703
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APPENDIX J Basic Stages in the 3D Printing Process [START_REF] Ilyas | Development of a 3D Printed Rapid Plastic Injection Molding for Low Volume Production[END_REF] 

Summary

In this literature review, the state-of-the-art and the general concept of RPBs as process intensification devices in which gravitational forces are superimposed by centrifugal forces was explored and presented. The chapter highlighted that despite its numerous potentials, the adoption of the use of RPBs has been rather slow with minimal commercial deployment. The major bottlenecks slowing the full deployment of RPBs is the lack of consistency and accuracy of fundamental experimental data which are critical for the design and scale up of the device.

For example, several publications have been produced on RPB Hydrodynamics and mass transfer which are mostly case-specific and not applicable to other RPB specifications, operating conditions and systems. Also, the concepts and design of core RPB internals such as packings and liquid distributors are still evolving with a lot of grounds to cover. Moreover, despite the evidently numerous RPB hydrodynamic studies conducted so far, very little attention is given to viscous liquids-a category of liquids which can be easily handled by RPBs.

In this thesis a closer look will be taken at the hydrodynamics of viscous liquids in RPB. The many empirical models developed for RPB hydrodynamics and mass transfer characteristics will also be compiled from this review and their prediction accuracy calculated and compared via a parametric study. Finally, this revealed that most of the packings employed in the RPBs are standard, isotropic packings which did not take the variation of the area along the radial length of the RPB into consideration. Hence, based on the comprehensive study of the packings presented in this chapter, in this thesis, an anisotropic RPB-tailored packing with variable geometry will be designed and manufactured by utilising a 3D printing technology.

Where 𝑉 𝑒𝑞,1 and 𝑉 𝑒𝑞,2 are the equivalent points of the titration obtained from the titration curve as displayed by the automatic titrator. A picture of the typical titration curve is shown in Appendix G.

When the NaOH solution is in excess, the NaOH-CO2 reaction can be expressed as 𝑁𝑎𝑂𝐻 + 𝐶𝑂 2 → 𝑁𝑎 2 𝐶𝑂 3 + 𝐻 2 0

Eqn 2-2

The dissolution of gaseous CO2 into 0.1M NaOH solution which is a physical process is expressed as:

The rate-determining step is expressed as:

An instantaneous proton transfer reaction is followed: Eqn 2-5

A liquid-phase mass transfer process controls the absorption of rate of CO2 in RPBs (K. [START_REF] Guo | An Innovative Approach of the Effective Mass Transfer Area in the Rotating Packed Bed[END_REF][START_REF] Neumann | Mass Transfer Studies in a Pilot Scale RPB with Different Packing Diameters[END_REF][START_REF] Sheng | Effective Mass Transfer Area Measurement Using a CO2-NaOH System: Impact of Different Sources of Kinetics Models and Physical Properties[END_REF]). Thus, the reaction is second order and the overall rate of reaction can be expressed as the absorption rate of CO2:

Where 𝑘 2 is the reaction rate constant.

Taking a material balance across the RPB as shown by Figure2-18(c), The gas-liquid flux, NA, over the differential radial distance, 𝑑𝑟, is given by

The amount of gas passes the differential volume of RPB is G moles/m 2 .hr and therefore the rate of mass transfer of gas to the liquid is:

Where all parameters have their usual meaning as explained in section 1.6.3.2, 𝑎 𝑒 is the interfacial area per unit volume of packing section and, 𝑑𝑉 is the differential volume of packing.

In Figure 2-268 a schematic section diagram of a RPB for taking a mass balance is shown.

Performance characterization of the 3D packing

The specific requirements of RPB operations demand the use of tailored packing designs. The comparably small size and unconventional form of the RPB make commercial structured packings used in conventional packed columns unsuitable for RPBs. Hence, towards developing a new RPB packing, the main ideas in the development of the anisotropic RPB packing are:

(i) Tailoring the packing structure along the packing radius to equalize radial gas flow.

(ii) Provision of mixed hydrodynamic regimes.

(iii) Application of 3D printing for packing production.

To characterize the performance of the new packing, hydrodynamic studies were conducted to measure pressure drop, liquid entrainment and flooding using air/water studied system.

Experimental measurements

In his section, different aspects of the measurements conducted in the experiments in the RPBpilot are described.

Data acquisition

The measurements taken during the experiments were:

➢ Measurement of the rotation speed;

➢ Measurement of the gas flow rate;

➢ Measurement of the liquid flow rate;

➢ Measurement of the pressure drop;

➢ Measurement of the pressure of the gas at the inlet of the RPB;

➢ Measurement of the temperature of the gas at the inlet and at the outlet of the RPB;

➢ Measurement of the temperature of the liquid in the entrance at the exit of the RPB;

➢ Measurement of the liquid viscosity;

➢ Measurement of the mass of expelled water from the RPB;

➢ Measurement of the concentration of 𝑂𝐻 -and 𝐶𝑂 3 2-ions in the liquid phase (in and out).

In operating the RPB pilot, specific measurements were obtained, recorded, and analysed in real-time. A data acquisition software allowing offline data acquisition without any programming (( DASYLab, V9.00.02) was used. The software was set at an acquisition frequency of 0.1Hz.

Hence, DASYLab improves the quality of acquired digital values and offers control, recording, [START_REF] Onda | Gas Absorption with Chemical Reaction in Packed Columns[END_REF] showed that the relative magnitude of kLa an kGa depends on the gas-liquid ratio (G/L), with the variable range of the liquid load being more restricted in distillation processes than in gas absorption processes. Neumann et al. (2017) highlighted the importance the understanding of the upper operating limit of RPBs to include for correct design specifications, for safe operations and for determining permissible gas and liquid flow rates.

The author opined that RPB upper operating limit is as dependent on operational parameters (such as the gas capacity factor, rotational speed, liquid loads especially the initial liquid velocity) as it is on the design parameters (such as the packing characteristics and liquid distributor/nozzle). [START_REF] Liu | Characteristics of a Rotating Packed Bed[END_REF], [START_REF] Chen | Absorption of VOCs in a Rotating Packed Bed[END_REF], [START_REF] Lin | Removal of VOCs from Gaseous Streams in a High-Voidage Rotating Packed Bed[END_REF] and that of Chen (2011).

Another set of special dimensionless groups introduced by . However, no explanations or clarifications on the physical significance of the two parameters were given by the authors.

Comparison of RPB Correlations by previous literature

Despite the inherent advantages and several uses of RPBs, the necessary design correlations for predicting their mass transfer parameters such as the effective interfacial area as well as the liquid and gas phase mass transfer and flooding coefficients are generally scarce in the literature and for the few correlations available, the prediction accuracies have not been independently determined even as accurate estimations of these parameters from experimental data is important for the accurate design of RPBs. [START_REF] Luo | Investigation of Effective Interfacial Area in a Rotating Packed Bed with Structured Stainless Steel Wire Mesh Packing[END_REF] On their part, [START_REF] Kang | Modeling Studies on Absorption of CO2 by Monoethanolamine in Rotating Packed Bed[END_REF] used gPROMS simulator utilizing physical properties of gas and liquid phases from Aspen Properties through CAPE-OPEN Thermo interface to connect the Gproms.

The authors [START_REF] Kang | Modeling Studies on Absorption of CO2 by Monoethanolamine in Rotating Packed Bed[END_REF][START_REF] Joel | Process Analysis of Intensified Absorber for Post-Combustion CO2 Capture through Modelling and Simulation[END_REF] used experimental data from RPBs to validate the correlations from literature. The attempts made by the authors showed that some sets of correlations were better than others but did not show the performance of the individual correlations. [START_REF] Oko | Study of Mass Transfer Correlations for Rotating Packed Bed Columns in the Context of Solvent-Based Carbon Capture[END_REF]) developed an RPB model and used to test and compare different correlations for 𝑎 𝑒 , 𝑘 𝐺 𝑎 𝑒 and 𝑘 𝐿 𝑎 𝑒 at different liquid, gas flowrates and rotating speed.

The authors simulated the correlations using gPROMS ModelBuilder® with physical properties obtained from Aspen Plus® through CAPE OPEN interface. On their part, [START_REF] Oko | Study of Mass Transfer Correlations for Rotating Packed Bed Columns in the Context of Solvent-Based Carbon Capture[END_REF] provided a commendable review of some of the few available correlations used for RPBs.

The authors [START_REF] Oko | Study of Mass Transfer Correlations for Rotating Packed Bed Columns in the Context of Solvent-Based Carbon Capture[END_REF] showed that modified packed column mass transfer correlations where the gravitational acceleration, g is replaced with the centrifugal acceleration, "rw2 " generally give poor predictions compared to using correlations developed specifically for RPBs. Their results showed that the commonly used modified packed column mass transfer correlations in which the gravitational acceleration was replaced with centrifugal acceleration generally gave poor predictions. The authors also showed that the (Tung and Mah

Summary and conclusions

In this chapter, existing correlations for hydrodynamic and mass transfer characteristics applied in RPBs were compared towards ascertaining their prediction accuracy and their consistency or otherwise. Published correlations from previous works on various systems for pressure drop, liquid holdup, effective interfacial area, gas and liquid-side mass transfer coefficients correlations used or obtained for RPB studies were compiled and used to calculate values using Prosim simulis® utilizing physical properties of gas and liquid phases from its thermodynamics interface. The correlations were compared by simulation using the chemical absorption of CO2 in 30% MEA at a rotating speed range of 600-1400 rpm, a liquid flowrate of 1.2m 3 /h and a gas flowrate of 200Nm 3 /h. Correlations obtained originally for conventional packed columns such as that of [START_REF] Onda | Gas Absorption with Chemical Reaction in Packed Columns[END_REF] but used as RPB correlations overestimated the quantities studied within the range of operating conditions. The correlations gave varying degrees of variations when subjected to identical operating conditions which shows that the correlations are mostly case-specific. Obvious limitations regarding the degree of accuracy and generalizations of RPB correlations came to light with the results of the comparisons made in this chapter. Hence, more fundamental studies need to e conducted in RPBs to establish generalized correlations that can be adopted for accurate prediction of hydrodynamic and mass transfer characteristics in RPBs.

These results could be explained by the accumulation of liquid in the eye of the rotor, which causes a significant increase in pressure drop.

Viscosity also plays a role in the evolution of pressure drop. At high rotational speed higher than 600 rpm, the difference between the pressure drops of viscous liquid and that of water was moderate, at about 2%. At low rotational speeds below 600 rpm, the difference increased to about 53% for the 30 cP liquid, indicating that the flow rate of viscous liquid weakens the pressure drop within the operational limits investigated. The increase in pressure drop appears around 600 rpm for 13 and 30 cP while for water it is around 400 rpm. The result is contrary to the findings of (Yumin [START_REF] Li | Liquid Entrainment and Flooding in a Rotating Zigzag Bed[END_REF] for entrainment in rotating zigzag bed (RZB). The authors found that in RZBs, liquid entrainment decreases with increased surface tension and liquid density. The trend was related to the increased surface tensions, which leads to increased particle sizes and then larger particle sizes and density leading to We recall that for the air-water system (section 4.1.3), flooding occurred at both low rotation speeds (200 rpm) and medium to high rotation speeds (900-1400 rpm) for a low liquid flow rate of 0.39 m 3 /h and a comparatively extensive gas flow rate range of 160-250 Nm 3 /h. In contrast, flooding was achieved at more excellent liquid flow rates of 0.6 and 0.72 m 3 /h at a lower gas flow rate of 115 Nm 3 /h, despite the same low rotation speed range. Nevertheless, there was no flooding at high rotation speeds > 300 rpm for the water at 0.72m 3 /h. Also, for the viscous liquid, flooding started only at rotation speeds lower than 300 rpm and 400 rpm for the liquid flow rates of 0.39 m 3 /h and 0.72 m 3 /h, respectively. Both trends are caused by the lower shearing force of the low rotation speeds, the resulting droplet sizes, and the frictional pressure drop generated by the level of the gas flow rate. To investigate the influence of liquid and gas flow rates with change in rotation speed on the wet pressure drop, the data from Figure 4-31 was further plotted for the lowest and highest gas flow rates investigated ( 100Nm 3 /h and 300Nm 3 /h) at the two liquid flow rates investigated.

The information is presented in Figure 4-32.

Figure 4-32 Comparing the impact of gas and liquid flow rates with increasing rotation

As shown in Figure 4-32, for any given rotation speed within the range investigated, an increase in the gas flow rate from 100 to 300 Nm 3 /h at the same liquid flow rate produced a significant increase of about 115% in the wet pressure drop with increasing rotation speed.

On the contrary, for the same gas flow rate, an increase in the liquid flow rate from 0.39 to 0.72 m 3 /h at low rotation speeds (≤ 600 𝑟𝑝𝑚) within the range investigated produced an average increase in the wet pressure drop of just about 12%. At moderate rotation speeds (400 to 800 rpm for L= 0.39m 3 /h and 400 to 600 rpm for L= 0.72m 3 /h), increase the liquid flow rate when the other operating parameters are kept constant seems to show no noticeable change in the wet pressure drop. The finding further point to the possibility of a promising normal operating range for the anisotropic packing. A noticeable difference in the wet pressure drop was observed at rotation speeds more than 800 rpm, indicating that at very high rotation speeds, the effect of the liquid flow rate may become significant. 

Summary

In this chapter, the details of the main findings of this thesis are presented. First, an experimental study of the hydrodynamic performance of the RPB when it was equipped with a stainless-steel wire mesh packing was conducted. Using an air-water counter current system, the influence of the three major operating parameters of the RPB was investigated and presented. The results revealed that the dominant operating factor influencing the hydrodynamic behaviours studied was the gas flow rate, followed by the rotation speed and, to a minor extent, the liquid flow rate.

In the next set of results presented, the effect of viscosity as a physical property of fluids on the hydrodynamic characteristics of the RPB was considered. A viscous system at two levels of viscosity (13 and 30 cP) was made using a water/glycerine mixture and operated in a countercurrent operation with air. A simplified and robust quantitative approach for determining liquid entrainment and flooding in RPBs was proposed, which supplements visual observations and pressure drop measurements. The viscosity of the 30 cP glycerine-water mixture generates additional pressure drop at rotational speeds lower than 600 rpm.

The mass transfer results used to measure the effective interfacial area of the stainless-steel wire mesh packing were presented next. The commonly used CO2-NaOH method was adopted. The effective interfacial area of the stainless-steel wire mesh packing was about 55 to 97% of the packing geometric packing area at the operating conditions investigated.

Experimental results indicated that the effective interfacial area increased with rotation speed and gas and liquid flow rates

Next, the outcome of the morphological characterization of a new anisotropic packing tailored for RPBs was presented. The packing was designed using CAD software and printed in polymer using SLA 3D printing technology. The wire diameter was characterized. The hydrodynamic performance of the 3D printed packing showed that the 3D packing relatively low-pressure drops of just about 0.7kPa at the combination of maximum operating conditions investigated of 300Nm 3 /h, 1000 rpm, and 0.72m 3 /h in the gas flow, rotation speed, and liquid glow rate respectively. 0,06 0,08 0,10 0,12 0,14 0,16 0,18 0,20 0,22 0,24 0,26 0,28 Procedure for starting and shutting down the experimental installation

Preliminary checks

Starting the RPB 1. Check the liquid level in the storage tank (> 50%).

2. Ensure that the valve on the storage tank, 𝐕𝟏 is open.

3. Ensure that the pump's threeway valves, 𝐕𝟐 and 𝐕𝟑, are in the correct directions of flow.

V2 V1

A1 A1

1. Switch on the power supply from the mains using the control knob, 𝐊𝟏.

2. Press the START button, 𝐒𝟏.

3. Wait (about 1 minute) for the control panel reading to stabilize. 

M1 A2

Start the air supply system 2.6.2.4 Start the liquid supply system.

1. Open the control knob, 𝐊𝟑, on the rotameter to the maximum capacity.

1. Ensure that the red air pressure regulator valve, 𝐕𝟒 is open fully.

2.

Start the air blower.

-Switch on the power supply from the mains using the control knob, 𝐊𝟐.

-Turn the start button, 𝐒𝟐 to ON.

3. Adjust the air flow with the adjustment button, 𝐀𝟑.

K2 S2 A3

V4 K3 3. Push the general power supply button on the electrical cabinet, 𝐊𝟒, up.

4. Turn the pump start button, 𝐒𝟑, to the ON position. 

THE THERMA SERIES

The Therma series includes all the materials resistant to high temperature. These materials are extremely accurate, precise and were developed in-house by DWS.

FEATURES

-Smooth Surfaces -High Resolution and Precision -High Accuracy

ADVICE FOR USE

A thermal post treatment of 120 minutes at 100/120°C is recommended in order to obtain the maximum thermal resistance. 

T E C H N I C A L F E A T U R E S OF T H E

APPENDIX K Creation and treatment of unsupported lattice bits

After cutting out (extrusion) of the desired segment from the main block, small bits of strands were found around the structures which were not attached to the main structure. These unsupported bits were many due to the short lengths of the strands used. The unsupported strands cannot be printed directly using the 3D printing technology used (SLA). Therefore, they had to be supported or removed completely. CAD software such as Autodesk Inventor are not adapted for removing unsupported pieces. Hence, to add face-targeted supports to the unsupported strands, the NAUTA software was used. creating supports using NAUTA software is only adapted for DWS printers, which can read files with (.nauta) extensions. The process of supporting the unsupported parts was very tedious and to time-consuming. Stereolithography (SLA) 3D printing method was used for printing the complex structure. SLA method of 3D printing technology are known for producing watertight, isotropic high-accuracy, isotropic parts with fine features and smooth surface finish in a range of advanced materials.

A Formlabs 3D Solutions (France) printer, model XFAB 3500 PD that uses the inverted SLA technology was used. The printer has a build platform of size (160 x 160 x 180mm). To provide suction and to facilitate the removal of built parts, the surface of the build platform has parallel rectangular grooves each of width 0.7 mm. The printer settings allows the choice to optimize for high resolutions, printing speed, or throughputs.

The following are the steps to follow in the printing with the printed allowed on the default settings as recommended by the manufacturer.

[I] Put on protective clothing and gloves.

[II] Copy the fictor file from your source (e g USB stick) and paste it to the drive of the printer

[III] Launch the file on the printer.

[IV] Click open on the dashboard of the printer then raise the hood of the printer.

[V] Open the resin tank

[VI] Place and align the resin cartridge on its port located on the sides of the resin tank)Select the material type and click start (wait as the printer squeezes out the resin in about 3 minutes). When the cartridge is emptied, the hood is automatically unlocked (clicking sound is heard)

[VII] Open the hood and remove the empty resin cartridge.

[VIII] Close the hood.

[IX]

Ensure that the build platform is well aligned and with its locking handle facing up then click start (the build platform will descend to the resin tank as the zero procedure is initialised). After the zero procedure is concluded, the hood is automatically unlocked again(clicking sound is heard).

[X]

Open the hood and use the locking handle to lock the build platform firmly.

[XI]

Close the hood and click OK.

APPENDIX M Protocol for removal, cleaning and post-treatment of the printed part

After the printing is completed (about 25 hours for each segment), the printer will automatically stop the procedure. The printed material can then be removed from the printer, cleaned (washing and air-drying) and cured to ensure it meet the required standards of the cured resin.

The protocol for the processes are as follows:

(A) To remove the printed part from the printer and the build platform:

[I] Put on protective clothing and gloves.

[II] Click open on the dashboard of the printer and then raise the hood

[III] Use the locking handle to unlock the build platform from the printer

[IV] Gently remove the build platform from the printer

[V] Place the build platform with the printed part in a wide plastic container.

[VI] Use a small a hand chisel, flush cutters or knife, to gently cut-of the external supports that linked the printed structure and the base.

(B)

The protocol for cleaning the printed part are as follows:

[I] Put on protective clothing and gloves

[II] Ensure proper ventilation in the environment and place the wide plastic container containing the printed part under an extractor hood.

[III] Use a rubbing alcohol (for example, isopropanol) to thoroughly wash off the resin from the printed part. Use more rubbing alcohol to properly clean and rinse the printed part.

[IV] Take out the parts from the container and put them for several minutes on some tissues to remove the alcohol.

[V] Place the printed part in an ultrasonic cleaner and use water to wash and clean resin materials remaining in hard-to-reach parts of the lattice.

[VI] Use running tap water to further wash the printed part until it is free of any clinging resins.

[VII] Use a blower to air-dry the printed part. Chen, Qiu Yun, Guang Wen Chu, Yong Luo, Le Sang, Li Li Zhang, Hai Kui Zou, and Jian