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Abstract 

Post-combustion CO2 capture (PCC) is an important technology for meeting the green-

house gas control target. Rotating packed beds (RPBs), as a type of process intensifi-

cation technology, have been proposed as an emerging technology to be used for PCC 

from the flue gas, and this is because of its high mass transfer coefficient and compact 

structure which may lead to energy and space savings. The purpose of this thesis is to 

investigate the hydrodynamics and mass transfer performance of RPBs for CO2 capture 

through using CFD modelling methods. CFD models with different scales are devel-

oped to study the hydrodynamics of RPBs, and finally a multiscale modelling method 

is proposed to predict the performance of large-scale RPBs. 

First of all, a 2D VOF-based CFD model with fine grids is built for analysing the char-

acteristics of liquid flow within a laboratory-scale RPB. This model successfully cap-

tured the distinct liquid flow patterns in the entrance region and the bulk region of the 

RPB. The simulation results indicate that increasing the rotational speed dramatically 

decreases the liquid holdup and increases the degree of the liquid dispersion. Increasing 

the solvent concentration increases the liquid holdup but the degree of the liquid dis-

persion decreases. 

In addition, a 3D representative elementary unit (REU) based mesoscale CFD model is 

built, which can be used to investigate the hydrodynamics of RPBs in greater detail and 

accuracy. The REU is used to study the flow at different locations within an RPB, so 

that the overall flow characteristics within the RPB can be assembled. The proposed 

approach enables the detailed prediction of the liquid holdup, droplets formation, ef-

fective interfacial area, wetted packing area and specific surface area of the liquid 



 

x 

 

within real 3D packing structures throughout the bed. Based on the data from the CFD 

simulations, new correlations to predict the liquid holdup and gas-liquid interfacial area 

in the RPB are proposed. 

Finally, an Eulerian porous media CFD model is developed to analyse the CO2 absorp-

tion by MEA solutions in an RPB. The new porous media model, the gas-liquid drag 

model, the reactive mass transfer model, the heat transfer model and the interfacial area 

model are integrated into the Eulerian model, and this model successfully simulates the 

CO2 capture from the flue gas by MEA solutions in the RPB. The results obtained show 

that KGa increases significantly with the increasing of the liquid flow rate, MEA con-

centration, and the liquid inlet temperature, while it only increases slightly with the 

increasing of the rotational speed and the gas flow rate. In addition, the pressure drop 

significantly increases with the increasing of the rotational speed and the gas flow rate.  

In this thesis, the CFD modelling is realised though using the ANSYS® Fluent software 

with user-defined functions (UDFs). For the VOF model, the settings of the inlet 

boundary conditions and the acquisition of the detailed parameters in the calculation 

domains are achieved through writing UDFs. For the Eulerian model, the specified 

submodels for RPBs, such as the porous media model, the gas-liquid drag model, the 

mass transfer model, the interfacial area model, etc. are implemented in ANSYS® Flu-

ent through writing UDFs. 
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Chapter 1: Introduction 

Summary 

This chapter begins with an introduction of the research background, including CO2 

emissions and the serious issues of climate change. This is followed by an introduction 

of the carbon capture and storage (CCS) technologies with a special focus on the post-

combustion CO2 capture. Then, the idea of using a rotating packed bed (RPB) as the 

process intensification equipment for post-combustion CO2 capture is introduced, 

which is the research objective of this thesis. Also, the research motivation, research 

aims, novelties, scope and limitations of the thesis and the structure of this thesis are 

presented.  

1.1 Research background 

 CO2 emissions and climate change 

According to the Climate Change 2014: Synthesis Report provided by the Intergovern-

mental Panel on Climate Change (IPCC), recent anthropogenic emissions of green-

house gases (GHG) are the highest in history [1]. Continued emissions of GHG will 

cause further global warming and increase the likelihood of serious impacts for people 

and ecosystems [1]. Among all the GHG emitted through human activities, carbon di-

oxide (CO2) plays the most important role. The global mean volume fraction of CO2 in 

the atmosphere is already over 400 ppm [2]. It is estimated by scientists that atmos-

pheric CO2 could reach 500 ppm by 2050 and 800 ppm by 2100 if we continue to emit 
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CO2 at the current rate. To achieve the goal “limit global warming to less than 2℃ 

relative to pre-industrial levels” set by IPCC requires a 40 to 70% reduction in GHG 

emissions by the year 2050 [1]. 

At present, burning fossil fuels such as coal, natural gas and petroleum is the leading 

cause of increased CO2 concertation in the atmosphere and power generation is the 

single largest contributor. Global energy consumption keeps increasing due to the 

global economic development and population growth [3]. However, due to various im-

maturities and limitations, depending on renewable energy such as solar, wind and tidal 

to generate electricity has not been the main pathway in the world. Thermal power 

plants still account for the majority of the CO2 emissions [4]. Therefore, taking some 

effective measures to reduce the CO2 emission from power plants is very much in de-

mand. 

 Carbon capture and storage technologies 

Carbon Capture and Storage (CCS) is a type of important mitigation technology in 

which CO2 from energy and industrial sources is captured, compressed and transported 

to a storage location for a long term isolation from the atmosphere [5]. These technol-

ogies are mainly applied on thermal power plants, or large-scale industrial processes, 

which have the biggest single CO2 emission source compared to other CO2 emission 

sources, such as vehicles or gas stoves. At present, CCS technologies are in the research 

and development stage. CO2 capture, as the first step of the CCS process, is to produce 

a concentrated stream of CO2 that can be readily transported to a CO2 storage location. 

As shown in Figure 1-1, there are mainly four basic types of CO2 capture systems for 
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the use of fossil fuels and/or biomass: post-combustion CO2 capture (PCC), pre-com-

bustion CO2 capture, oxy-fuel combustion CO2 capture, and CO2 capture from indus-

trial process streams [6].  

 

Figure 1-1 Overview of the CO2 capture processes and systems [6].  

Post-combustion CO2 capture refers to the capture of CO2 from flue gases produced by 

combustion of fossil fuels and/or biomass in air. The flue gas is passed through CO2 

separation equipment, which separates most of the CO2 from the flue gas, and then the 

CO2 is transported and fed to a storage reservoir and the remaining flue gas is dis-

charged to the atmosphere. Chemical absorption or physical adsorption processes are 

normally used for CO2 separation [6]. 

Pre-combustion CO2 capture is usually applied to the Integrated Gasification Combined 

Cycle (IGCC), where the whole process involves reacting a fuel with oxygen or air 

and/or steam to generate a syngas composed of carbon monoxide (CO) and hydrogen. 

The CO is reacted with steam in a catalytic reactor to give CO2 and more hydrogen, 
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and then CO2 is separated by a physical or chemical absorption process. This results in 

a hydrogen-rich fuel which can be used in many applications, such as boilers, gas tur-

bines and engines [7]. 

Oxy-fuel combustion CO2 capture is another CO2 mitigation technology for power sta-

tions, where air is replaced by high purity oxygen mixed with recycled flue gases in 

order to produce a high concentrated CO2 in the flue gas, which can be directly com-

pressed and transported for storage and/or utilization [8]. 

Most of the techniques employed for CO2 capture from process streams, such as pro-

duction of hydrogen-containing synthesis gas for the manufacture of synthetic liquid 

fuels, are similar to those used in pre-combustion CO2 capture. CO2 could be captured 

from other industrial process streams, such as cement and steel production, using tech-

niques that are similar to the post-combustion CO2 capture, oxyfuel combustion CO2 

capture and pre-combustion CO2 capture [6]. 

Among the three carbon capture technologies, post-combustion CO2 capture based on 

chemical absorption is the most technologically mature and it can be used to retrofit 

the existing power stations or to be integrated with new power stations. Several large-

scale CCS facilities based on the post-combustion CO2 capture technologies are in op-

eration or under construction [9]. Therefore, it has the potential to be popularized to 

large-scale power plants around the world in the near future. 

1.2 Post-combustion CO2 capture process 

Figure 1-2 shows a simplified traditional PCC process. The emitted flue gas from a 

CO2 source, such as a power plant, flows through an absorber, where the flue gas coun-
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ter-currently contacts with a lean monoethanolamine (MEA) solvent. During the pro-

cess of contact, the MEA solvent absorbs the CO2 in the flue gas. After the absorption, 

the flue gas with a lower CO2 concertation is exhausted to the atmosphere. The MEA 

rich solvent is regenerated in the stripper, where pure CO2 is released from the top of 

the stripper, and it is compressed and transported for storage or utilization purpose. The 

regenerated lean MEA solvent is returned to the absorber, passing through a cross ex-

changer to recover heat with the rich MEA solvent from the absorber. 

 

Figure 1-2 Simplified process flow diagram of the chemical absorption process for 

post-combustion carbon capture [10].  

Employing solvent-based PCC for CO2 mitigation has been shown to be technically 

feasible, while considerable capital investment and high thermal efficiency penalty due 

to the solvent regeneration are still the two main barriers for this technology to be ex-

tensively employed in commercial power stations [11]. At present, solvent-based PCC 

processes require very large packed columns to separate CO2 from the flue gas, this is 
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because the rate of CO2 capture by amines through the conventional separation tech-

nology (i.e. packed columns) is limited by the relatively slow mass transfer process 

[12]. Lawal et al. [13] performed a dynamic modelling of a typical 500 MWe subcritical 

coal-fired power plant operating at 46% efficiency (LHV basis), which releases over 

8000 tonnes of CO2 per day. They showed that two absorbers of 17 m in packing height 

and 9 m in diameter are required to capture CO2 from the emitted flue gas. These large 

packed columns result in a high investment in equipment. In addition, a huge amount 

of steam has to be used to regenerate solvents and this dramatically decreases the over-

all efficiency of the power generation system [11, 14]. Technical approaches, such as 

heat integration and inter-cooling of the packed columns, can reduce the operating cost 

slightly. However, they limit the flexibility of the power plant system and they make 

the operation and control more difficult [10]. 30 wt% aqueous MEA solution is typi-

cally used in the conventional packed columns, while it has been proved that higher 

concentrated solutions have a greater absorption capacity [15]. As a result, the mass 

flow rate of the liquid solvent would be reduced; therefore, the equipment size and 

energy consumption for solvent regeneration would be reduced. However, dealing with 

the high-concentrated MEA solution with a high viscosity is another challenge for the 

conventional packed columns, due to the poor liquid dispersion in the packed column. 

In addition, the corrosivity of the high-concentrated amine solutions require corrosion-

resistant materials, such as stainless steel rather than carbon steel as the material of 

cylinders and internal components, which probably increases the material cost.  
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1.3 Rotating packed beds for CO2 capture 

In order to overcome the shortcomings of the traditional solvent-based PCC technology, 

such as the large equipment size and the high energy consumption for solvent regener-

ation, the process intensification (PI) technology, which aims at achieving a higher en-

ergy and space utilization efficiency, has the potential to address these issues success-

fully. Many PI technologies, including static mixer, spinning disc, micro reactor, rotat-

ing packed bed (RPB), etc. have been evaluated for application in CO2 capture, and 

finally it was found that the RPB is the most suitable PI technology for CO2 capture 

due to its great gas-liquid mass transfer performance [11].  

A schematic diagram of a typical RPB is shown in Figure 1-3, and it was initially in-

vented by Ramshaw and Mallinson [16] in 1981 for enhancing the gas–liquid mass 

transfer in chemical processes. Extensive research have been performed on RPB since 

the 1980s, and the researches on RPB can be divided into two categories: fundamental 

research and application research. Fundamental research on RPB mainly includes hy-

drodynamics research, mass transfer research and micro-mixing research. Application 

research includes separation process intensification using RPBs, e.g. absorption of CO2 

[17, 18], deoxygenation of water [19], desulfurization [20-25], polymer devolatiliza-

tion [26], etc., reaction process intensification application using RPBs, e.g. polymeri-

zation of isobutylene-isoprene rubber (IIR) [27], diphenylmethane diisocyanate (MDI) 

production [28], and nanoparticles syntheses [29], etc.  

In the application of the RPB for CO2 capture, the lean amine solvent is radially injected 

into the packing region from the liquid distributor located at the centre of the bed, and 

the flue gas can be fed into the bed from the periphery or the centre of the bed to form 
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a counter-current or co-current gas-liquid configuration, respectively. The rotating po-

rous packing generates a high centrifugal field and turns the continuous liquid into thin 

films and tiny droplets through the shear action, which significantly increases the in-

terfacial area and consequently promotes the absorption of CO2 from the flue gas [30]. 

In addition, the high centrifugal field can easily disperse the liquid with a high viscosity, 

therefore the high-concentrated amine solutions can be employed in this system [30, 

31]. This can reduce the ratio of the solvent to the flue gas, and thereby reduce the 

energy consumption for solvent regeneration.  

 

Figure 1-3 Schematic diagram of a typical RPB with a counter-current flow configu-

ration.  

Based on the RPB technology, a new process flow diagram (PFD) of the intensified 

PCC process has been proposed as shown in Figure 1-4 [11]. It was achieved through 
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replacing the traditional CO2 absorption column and desorption column with the RPB 

absorber and RPB stripper, respectively. Due to the flow rate of the flue gas from a 

power plant being very large, special attention should be paid to the design of the large 

industrial-scale RPBs.  

 

Figure 1-4 Simplified PFD of the intensified chemical absorption process for PCC 

[11].  

At present, a few experimental investigations on CO2 absorption by different solvents 

through using RPBs have been performed [31-35], however almost all of these inves-

tigations are performed on laboratory-scale RPBs that are far from the actual conditions 

of CO2 capture from the massive amount of flue gas. Therefore, the investigation of 

scale-up design and energy efficiency is insufficient. In addition, based on the model-

ling and simulation technology, investigations on pilot-scale and industrial-scale RPBs 

for CO2 capture have been performed [36-42], and comparisons between the prelimi-

nary designed RPBs and packed columns for CO2 capture have been reported. For ex-

ample, Agarwal et al. [40] indicated that the equipment volume reduces to 1/7 when 
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using RPBs over conventional packed columns for CO2 absorption by Diethanolamine 

(DEA) solutions. Joel et al. [39, 41] indicated that the volume of the absorber reduces 

to 1/12 and the volume of the regenerator reduces to about 1/10 when replacing the 

packed columns with the RPBs for CO2 absorption by MEA solutions. Chamchan et al. 

[42] concluded that the volume of the intensified CO2 absorber reduces the volume of 

the packed column by up to 35% when using the MEA solution. The difference in the 

volume reduction between the different investigations are due to the different designs, 

configurations and operational strategies of the employed RPBs for the CO2 capture. 

In addition to a volume reduction of the equipment, the overall energy penalty in the 

CO2 capture process is another important factor that influences the commercialization 

process. The energy penalty in the CO2 capture process mainly includes (i) the thermal 

energy consumption in the solvent regeneration process, (ii) the consumed electric en-

ergy for driving the rotor of the RPB and the liquid cycling pump, and (iii) the kinetic 

energy loss of the flue gas. In-depth understandings and accurate predictions of the 

hydrodynamics and mass transfer characteristics of the RPB are necessary to achieve 

an optimal design of RPBs for the purpose of CO2 capture.  

1.4 Research motivation 

In order to achieve the application of RPBs in the PCC process, the optimization design 

of the RPB for CO2 capture and the operational strategy need to be carefully considered, 

and this highly depends on the detailed understanding of the hydrodynamic behaviours 

and the corresponding mass transfer performance within the RPB. At present, experi-

mental research is the most common way to analyse the hydrodynamics and mass trans-

fer performance of RPBs. Different measuring techniques have been used to measure 

the fluid dynamics in RPBs, which include (i) non-invasive measuring techniques, such 
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as the high-speed photography [43-45], particle image velocimetry (PIV) [46], X-ray 

computed tomography [47], and (ii) invasive measuring techniques, such as tracking 

the liquid trajectories in the RPB by inserting papers [48] or wrapping paper tapes [49]. 

These experimental methods assist us in forming a better understanding of the liquid 

behaviour within RPBs. However, from a technical or economic perspective, they are 

very difficult to be employed for investigating the industrial-scale RPBs for CO2 cap-

ture. In addition, there are still some great challenges for accurately describing the liq-

uid flow in the RPB. In particular: (i) It is very difficult to accurately observe and 

measure the complex flow in the narrow packing space under high-speed rotational 

conditions by existing experimental approaches; (ii) It is very difficult to directly meas-

ure the gas/liquid and liquid/packing interfacial areas in the RPB with different gas/liq-

uid/packing systems, which impedes the accurate prediction of the mass transfer and 

the drag force between them; (iii) There is no feasible method to obtain the volume 

ratio of the droplets to the liquid films at present, thus the flow model is not fully de-

scribed. In addition, the accurate prediction of the pressure drop and mass transfer per-

formance of RPBs is another challenge, and it is based on the accurate prediction of the 

hydrodynamic parameters, such as the interfacial areas between the gas, liquid and sol-

ids, the liquid residence time, etc.  

In addition to the experimental methods, CFD simulations are always powerful tools 

in increasing the understanding of the hydrodynamics, and obtaining some of the most 

important parameters that are difficult to be obtained from experiments. In this way, 

CFD can assist the design of the chemical equipment and guide the operation optimi-

zation [8, 50, 51]. In comparison with the experiments, investigations of CO2 absorp-

tion numerically could save the work force, time and material consumptions. Generally, 
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the Volume of Fluid (VOF) method and the Eulerian method are used for modelling the 

gas-liquid flow dynamics and mass transfers in packed beds.  

The transient VOF method is preferable to simulate the detailed gas-liquid hydrody-

namic phenomenon, and this is due to the gas-liquid interface being more clearly cap-

tured. However, the VOF model requires a very dense computational grid to resolve 

the detailed structure of the packing and capture the details of the liquid flow in RPBs, 

and therefore it is very difficult to simulate large scale RPBs due to the limitations of 

computer resource and calculation time.  

The Eulerian method uses a porous media model to express the resistance between the 

gas or liquid and the packing, and it uses an interfacial area model to estimate the in-

terface between the gas and liquid. Therefore, the Eulerian method does not need to 

resolve the detailed structures of the packing, and it can simulate the gas-liquid flow 

through the bed with an appropriate computational grid size and with a low requirement 

in the computer resources. In addition, the Eulerian method can be used to quantita-

tively research the CO2 absorption by the amine solutions in the RPB through incorpo-

rating the gas-liquid interfacial area model, mass transfer model, heat transfer model 

and reaction model.  

Therefore, combining the strength of the VOF model and the Eulerian model, CFD 

methods can be used to research the most important performance aspects of RPBs, such 

as the liquid holdup, pressure drop, mass transfer, etc. Finally, it can achieve an im-

provement of the understandings of the hydrodynamics and predictions of the CO2 ab-

sorption in RPBs.  
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1.5 Thesis structure 

 Research aims 

The research aims of this research are as follows:  

 To achieve an in-depth analysis of the hydrodynamics of the RPB for CO2 capture 

through using CFD methods. Detailed flow patterns and important hydrodynamic 

parameters, such as liquid holdup, liquid residence time, gas-liquid interfacial area, 

etc. are to be investigated, which highly influence the performance of the RPB for 

CO2 capture. 

 To develop a CFD model in order to achieve an accurate prediction of the CO2 

absorption in pilot-scale and large-scale RPBs. The Eulerian model is the preferred 

CFD method to achieve this purpose. A comprehensive Eulerian model, which 

takes into account the flow dynamics, chemical reaction, mass transfer and heat 

transfer are developed and the effect of the operating parameters on the CO2 ab-

sorption and the pressure drop in the RPB are analysed and discussed in detail.  

 Novelties 

The novelties of this research are as follows: 

 A new 2D CFD model with a fine grid has been proposed to investigate the liquid 

behaviour in an RPB. The bed is simulated in a rotating reference frame and the 

setting of the liquid inlet boundary condition is achieved through writing UDFs. 

The model has been verified through comparing the results obtained with the avail-

able experimental data and correlations. The simulation results indicate that this 

CFD modelling method is effective in analysing the detailed liquid flow patterns, 

the liquid holdup, the liquid residence time as well as the degree of liquid dispersion 
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in an RPB. Both the overall and local liquid flow patterns in the RPB have been 

analysed and distinct flow patterns have been observed in different packing regions. 

Because of the acceptable computational accuracy and much smaller amount of 

computations compared to a 3D model, this method has the potential to be used to 

analyse the hydrodynamics of an industrial scale RPB.  

 A new mesoscale 3D CFD model has been proposed for investigating the hydro-

dynamic performance of RPBs in greater detail and accuracy, which is based on 

small 3D representative elementary units (REUs), being implemented at different 

locations in an RPB. The proposed model enables the prediction of the volume 

fraction of the droplets, effective interfacial area, wetted packing area and specific 

surface area of the solvent with a real 3D packing structure throughout the bed. 

New correlations for predicting the liquid holdup, effective interfacial area, and 

specific surface area of the solvent in the whole RPB, which are critical for influ-

encing the CO2 capture, are developed based on the local simulation data.  

 A new Eulerian multiphase CFD model has been proposed to predict the gas 

pressure drop and CO2 absorption by MEA solutions in the RPB. In this model, 

the gas-liquid interfacial area is predicted by the interfacial area correlation that 

is based on the mesoscale 3D simulations. And, a new porous media model 

which is designed for wire mesh packings is employed to describe the drag force 

between the gas and packings and the liquid and packings. The porous media 

model incorporating the reactive mass transfer model and heat transfer model 

successfully simulates the CO2 capture process with MEA solutions. Then, the 

effect of operating parameters and liquid properties on the mass transfer perfor-

mance and the gas pressure drop in an RPB has been analysed. 
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 Scope and limitation of the thesis 

The first part of the research work in this thesis is focused on the analysis of the liquid 

flow in the RPB through using a 2D CFD model. This model adopts the real round 

cross-section of the wire mesh as the packing characteristics, and employs a non-uni-

form grid generation strategy in order to make the model available to capture both the 

liquid films on the packing surface and the liquid droplets. The effects of the rotational 

speed, liquid jet velocity, liquid viscosity and contact angle have been investigated in 

order to obtain an improved understanding of the detailed flow patterns, liquid holdup, 

liquid residence time, and the degree of liquid dispersion. However, due to the actual 

3D wire mesh packings and the 3D droplets not being able to be totally represented in 

the 2D model, the resistance of the wire mesh packings and the surface tension of the 

liquid in the 2D model is probably different from that in the actual 3D packings, and 

this may cause some differences in the CFD predictions from what occurs experimen-

tally.  

The second part of the research work in this thesis is concerned with the liquid flow 

pattern, liquid holdup and interfacial area in RPBs through using a mesoscale 3D CFD 

model. This method is based on performing many local simulations using small repre-

sentative elementary units (REUs) being implemented at different locations in an RPB. 

In this way, the hydrodynamic characteristics of RPBs can be obtained with greater 

detail and accuracy. Predictions of the volume fraction of the droplets, effective inter-

facial area, wetted packing area and specific surface area of the solvent with a real 3D 

packing structure throughout the bed have been achieved. New correlations for predict-

ing the liquid holdup, effective interfacial area, and specific surface area of the solvent 
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in the RPB have been developed based on the local simulation data. In addition, rec-

ommendations for scale-up and operation of an RPB for CO2 capture are provided. 

However, the liquid flow in the entrance region of the RPB cannot be investigated using 

this model, and only one type of packing has been investigated in this investigation.  

The third part of the research work in this thesis is focused on the simulation of CO2 

absorption by MEA solutions in RPBs. A comprehensive Eulerian CFD model is de-

veloped in order to analyse the overall pressure drop and CO2 absorption in an RPB. 

The results obtained assist in the design and the operation optimization of the RPB for 

increasing the overall energy efficiency in the CO2 capture process. However, this 

model only considers the CO2 absorption that occurs in the packing region of the RPB, 

thus the CO2 absorption that occurs in the cavity region of the RPB has not been inves-

tigated. Therefore, the predicted CO2 capture efficiency should be lower than the actual 

CO2 absorption efficiency. Further improvement of this model, that takes in to account 

the CO2 absorption in the cavity zone, should be considered in future investigations.  

 Outline of the thesis 

 In Chapter 1, a general introduction of the research background and motivation of 

the investigation of the RPB for CO2 capture through using CFD methods is pre-

sented.  

 In Chapter 2, a detailed literature review on the hydrodynamics and mass transfer 

investigations of RPBs is presented, which involves CFD methods.  

 In Chapter 3, the theories and methodologies, which are used to achieve the inves-

tigation purpose, are described.  
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 Chapter 4 presents the numerical results and discussion on the 2D CFD analysis of 

the liquid flow in a small RPB. The effect of the rotating speed, liquid viscosity, 

and contact angle on the liquid holdup and liquid dispersion are analysed. 

 Chapter 5 presents the numerical results and discussion on the 3D mesoscale CFD 

analysis of the liquid flow in a pilot-scale RPB. Detailed liquid flow patterns, cor-

relations of the liquid holdup and interfacial area are presented. 

 Chapter 6 presents the numerical results and discussion on the prediction of the 

overall CO2 absorption and gas pressure drop in an RPB. 

 In Chapter 7, the key findings and conclusions are presented and some suggestions 

for the possible future prospects of this thesis are discussed.  
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Chapter 2: Literature review 

Summary 

This chapter reviews key aspects of the hydrodynamics and mass transfer investiga-

tions of rotating packed beds (RPBs). In order to find the research gaps, the main strat-

egies and challenges in the investigations are presented. For the investigation of the 

hydrodynamics of RPBs, different experimental measurement methods and prediction 

models for investigating the liquid flow pattern and important hydrodynamic parame-

ters of the RPB have been reviewed. In addition, different methods for modelling and 

analysing the mass transfer in RPBs have been reviewed. Further, investigations of the 

hydrodynamics and mass transfer through using CFD methods are introduced, and the 

knowledge gas for investigating RPBs using CFD methods is summarized.  

2.1 Hydrodynamics of RPBs 

Due to the high centrifugal environment created by the high rotational speed of the 

rotor, the hydrodynamic characteristics of RPBs are much different from the traditional 

packed beds and any other reactors. The high centrifugal environment leads to a great 

impact on the gas−liquid mass transfer through changing the hydrodynamics of the 

RPBs, such as the patterns of the flow, the amount of liquid holdup, the degree of the 

liquid dispersion, and the effective interfacial area for mass transfer to take place. 

Therefore, an in-depth understanding of the hydrodynamics of the RPB is essential for 

understanding the mass transfer performance of the RPB, and it is the basis for accu-
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rately establishing the hydrodynamics and mass transfer models. Due to the above rea-

sons, numerous studies on the hydrodynamic characteristics of the RPB have been per-

formed, which include liquid flow patterns, liquid distributions, liquid holdup, liquid 

residence time, gas pressure drop, etc.  

 Liquid flow pattern 

So far, different experimental methods have been employed to analyse the characteris-

tics of the liquid flow in the RPB. For instance, Burns and Ramshaw [44] and Guo et 

al. [45] obtained the flow patterns in the packing region of RPBs experimentally by 

employing a fixed camera and a synchronously rotational video camera with the pack-

ing, respectively. As illustrated in Figure 2-1, it is generally believed that there are 

mainly three flow regimes in the packing region of the RPB, i.e. the pore flow within 

the packing voids, the discrete droplet flow, and the film flow on the packing surface. 

In addition, distinct liquid maldistribution is also observed. This indicates that the ac-

tual liquid flow within an RPB is very complex and far from being a uniform film flow, 

which was assumed in some existing mass transfer models for RPBs [52-54].  

 

Figure 2-1 Schematic of three types of liquid flows within an RPB [44]. 

Further, Guo et al. [45] observed different flow patterns between the liquid entrance 

region and the bulk region of the packing. They have attempted to measure the liquid 

film thickness on the packing surface of an RPB. However, due to the image speed 

limitations of the video camera employed, liquid droplets and filaments were difficult 
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to be distinguished from films in the stream across the voids. Yan et al. [48] employed 

a trajectory tracking method to obtain the liquid flow characteristics in an RPB with 

random packing. They observed the dynamics of droplets in RPBs, such as droplet–

droplet collisions, droplet-packing collisions, deformation and breakup of liquid drop-

lets. This further confirmed the complexity of the flow and they affirmed that there is 

a certain proportion of turbulence flow even within the liquid film flow. However, this 

method is only suitable for random packings. Other experimental techniques, such as 

the visual experimental method have been developed by Guo et al. [49] through ob-

serving the ink marks on paper tapes that were wrapped around the packing, in order 

to investigate the depth of the end-effect zone of the packing in an RPB. In addition to 

the packing region, the liquid flow pattern in the cavity zone also has been investigated 

[43]. Due to easier observation of the liquid flow, the criteria of the flow pattern tran-

sition has been obtained and the correlation for average droplet diameter has been pro-

posed. However, due to the complexity of liquid flow in the porous packing and the 

difficulty of its observations, there are still no models that are able to predict the liquid 

flow pattern in the packing region of RPBs.  

 Liquid holdup 

The liquid holdup (𝜀𝐿) of RPBs refers to the rate of liquid volume that is hold in the 

packing region to the volume of the porous packing region during the running state. It 

is an important parameter to reflect the resistance of the packing to the liquid in RPBs 

and it is closely related to the liquid flooding, the pressure drop and the effective inter-

facial area for mass transfer. Liquid holdup of the RPB is affected by many factors, 

such as the structure and surface property of the packing, the rotational speed of the 
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bed, the gas velocity, etc. It has been studied by some researchers and several correla-

tions of the liquid holdup of RPBs have been proposed based on experiments, as listed 

in Table 2-1.  

Table 2-1 Correlations for the liquid holdup of RPBs. 

Reference Packing Correlation for the liquid holdup 

Basic and 

Dudukovic 

[55] 

Glass beads; 

Voidage: 0.348-

0.354 

𝜀𝐿 = 2.65𝜏𝑓 (
𝑎𝑃𝑑𝑃

𝜀
)

0.37

𝑅𝑒0.67𝐺𝑎−0.485 

𝑅𝑒 = 𝑈𝜌 𝑎𝑃𝜇⁄ ;  

𝐺𝑎 = 𝑔𝑑𝑃
3 𝜈2⁄  

Burns et al. 

(2000) [56]  

Reticulated foam; 

Voidage: 0.953 

Specific surface area: 

786 m-1 

𝜀𝐿 = 0.039 (
𝑔

𝑔0
)

−0.5
(

𝑈

𝑈0
)

0.6
(

𝜈

𝜈0
)

0.22
  

For water only: 

𝜀𝐿 = 0.034 (
𝑔

𝑔0
)

−0.38
(

𝑈

𝑈0
)

0.62
  

𝑔0 = 100 𝑚 𝑠2⁄ ; 𝑈0 = 0.01 𝑚/𝑠;  

𝜈0 = 10−6 𝑚2 𝑠⁄  

Lin et al. 

(2000) [57] 

Plastic grains; 

Specific surface area: 

524 m2/m3 

-1027 m2/m3 

Voidage: 0.389-

0.533 

𝜀𝐿 = 1.2 𝑅𝑒0.545𝐺𝑎∗−0.42 (
𝛼𝑃𝑑𝑃

𝜀
)

0.65

𝜀 

Counter-current: 

𝐺𝑎∗ = 𝑑𝑃
3𝜌 (𝜌𝑔 −

∆𝑃

𝑟𝑜−𝑟𝑖
) /𝜇2  

Co-current: 

𝐺𝑎∗ = 𝑑𝑃
3𝜌 (𝜌𝑔 +

∆𝑃

𝑟𝑜−𝑟𝑖
) /𝜇2      

Chen et al. 

(2004) [58] 

Stainless steel wire 

mesh; 

Specific surface area: 

793-840 m2/m3 

Voidage: 0.954-

0.956 

𝜀𝐿 = 21.3𝑢𝐿,1
0.646𝑢𝐺,2

−0.015𝜔−0.148 

Yang et al. 

(2015) [47] 

Wire mesh; 

497 m2/m3 

Voidage: 0.95 

For wire mesh packing: 

𝜀𝐿 = 12.159𝑅𝑒0.923𝐺𝑎−0.610𝐾𝑎−0.019 

For nickel foam packing: 

𝜀𝐿 = 12.159𝑅𝑒0.479𝐺𝑎−0.392𝐾𝑎−0.033 

𝑅𝑒 = 𝑈𝜌𝐿 𝑎𝑝⁄ 𝜇𝐿  𝐺𝑎 = 𝑔𝑑𝑝
3 𝜈2⁄  

𝐾𝑎 = 𝜇4 𝑔 𝜎3𝜌⁄  

Nickel foam 

1098 m2/m3 

Voidage: 0.8 



Chapter 2 

23 

 

At the early stage, due to the lack of understanding of the liquid flow in RPBs, it is 

assumed to be only film flow [52, 54]. Based on this assumption, Basic and Dudukovic 

[55] proposed a theoretical liquid holdup model in analogy with the previous investi-

gations on conventional packed beds [59, 60]. However, they found that the liquid 

holdup cannot be precisely predicted based on the film flow assumption. Also, they 

measured the liquid holdup in RPBs using the electrical resistance measurement 

method, and they proposed a semi-empirical correlation based on the experimental data 

from RPBs with low porosity glass bead packings [55]. In addition, Burns measured 

the liquid holdup of an RPB with high porosity packings through using an electrical 

resistance measurement method and a response time measurement method. Based on 

the experimental data, Burns [56] proposed two empirical correlations, one of which 

considered the effect of the operating parameters (𝑔 and 𝑈) and liquid viscosity (𝜈), 

and the other one was only suitable for water. Lin et al. [57] analysed the relationship 

between the gas pressure drop and the liquid holdup in the RPB, and they proposed a 

liquid holdup correlation using the pressure drop data. Due to it dependents on the data 

of pressure drop, this model has a very strong limitation in the practical utilization. 

Chen et al. [58] came up with a direct method to obtain the liquid holdup in RPBs, 

which determines the liquid holdup by weighting the amount of retained liquid in the 

RPB after stopping running. They proposed a correlation and took the influence of the 

gas flow into consideration; however, it shows that the effect of the gas flow on the 

liquid holdup is weak. More recently, Yang et al. [47] employed an X-ray CT technique 

to examine the liquid distribution and liquid holdup in the RPBs with wire mesh pack-

ing and nickel foam packing. They developed two correlations for the wire mesh pack-

ing and nickel foam packing, respectively. Although experiments can obtain important 
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information, long experimental periods, constrains in the technology and expensive 

cost limit these methods from being extensively employed for engineering design.  

 Liquid residence time 

Generally, the liquid residence time is an important parameter for determining the ap-

plication scope of a reactor. For CO2 absorption, the residence time of the solvent 

should match well with the mass transfer speed for achieving an optimal design of the 

RPB. Both direct and indirect measurement methods have been employed to measure 

the liquid residence time in RPBs. For example, Kenvany and Gardner [61] directly 

measured the residence time of the liquid in an RPB through using a stimulus-response 

technology, that is, mounted two sensor probes close to the inner periphery and outer 

periphery of the bed respectively to detect the time interval of the tracer liquid when it 

flows through the bed. From their measurements, the mean residence time was between 

0.4-1.8 s with different liquid flow rates and rotating speeds. In addition, Guo et al. [45] 

obtained the liquid residence time through using a similar stimulus-response technol-

ogy, and they found that the residence time of the liquid in the packing region was 

between 0.2-0.8 s. As an alternative, Yang et al. [47] indirectly calculated the mean 

residence time of the liquid in an RPB through using the measured liquid holdup (𝜀𝐿), 

and the calculation equation is as follows:  

𝑡̅ ≈
𝑟0 − 𝑟1

𝑈 𝜀𝐿⁄
 (2-1) 

where 𝑟0 is the outer diameter of the packed bed, 𝑟1 is the inner diameter of the packed 

bed, U is the superficial velocity of the liquid, and 𝜀𝐿 is the liquid holdup. Through 
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using this method, the liquid holdup and the mean residence time can be obtained sim-

ultaneously in a measurement. Therefore, the predictions of the mean liquid residence 

time can be achieved through using the liquid holdup models.  

 Effective interfacial area 

The effective interfacial area (a𝑒) within the RPB is the gas-liquid interfacial area 

where the mass transfer occurs. Therefore, it is an important parameter to reflect the 

mass transfer performance of an RPB. Usually, it is obtained based on the chemical 

absorption of CO2 into a NaOH aqueous solution, which is a fast pseudo-first-order 

reaction system and the kinetics of this system is well-studied [34, 62-67].  

In addition, several correlations of the effective interfacial area in RPBs have been 

proposed, as listed in Table 2-2. Initially, the Onda correlation [68], which is designed 

for packed columns, has been used to predict the effective interfacial area in RPBs 

through replacing the gravitational constant g with the centrifugal acceleration 𝑟𝜔2. In 

addition, Rajan et al. [63] proposed two correlations to predict the effective interfacial 

area in an RPB with split Ni-Cr metal foam packings driven by two motors at the co-

rotation and current-rotation conditions, respectively. Luo et al. [66] fitted an effective 

interfacial area correlation using the data from an RPB with a series of stainless steel 

wire mesh packings. In their correlation, the diameter of the wire mesh and pore size 

was taken into considered. Further, Luo et al. [69] investigated the effective interfacial 

area in an RPB with structured stainless steel wire mesh packings, and they fitted a new 

correlation by including the effect of the gas flow rate on the effective interfacial area. 
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Table 2-2 Correlations for the effective interfacial area of RPBs. 

Reference Packing Correlation for the effective interfacial area 

Onda et al.  

(1968) 

[68] 

Raschig 

rings, 

Berl sad-

dles, 

Spheres and 

rods 

𝑎

𝑎𝑠
= 1 − 𝑒𝑥𝑝 [−1.45 (

𝜎𝑐

𝜎
)

0.75

𝑅𝑒𝐿
0.1𝑊𝑒𝐿

0.2𝐹𝑟𝐿
−0.05] 

𝑅𝑒𝐿 =
𝜌𝐿𝑣𝐿

𝑎𝑆𝜇𝐿
 ;  𝑊𝑒𝐿 =

𝑣𝐿
2𝜌𝐿

𝑎𝑆𝜎
;   𝐹𝑟𝐿 =

𝑣𝐿
2𝑎𝑆

𝑔𝜔
;   𝑔𝜔 = 𝑟𝜔2. 

Rajan et al.  

(2011) 

[63] 

split 

Ni-Cr  

metal foam 

Co-rotation: 

𝑎

𝑎𝑠
= 54999𝑅𝑒𝐿

−2.2186𝑊𝑒𝐿
1.3160𝐹𝑟𝐿

−0.1748 

Counter-rotation: 

𝑎

𝑎𝑠
= 11906𝑅𝑒𝐿

−1.8070𝑊𝑒𝐿
0.9896𝐹𝑟𝐿

−0.0601 

𝑅𝑒𝐿 =
𝜌𝐿𝑄𝐿𝑑𝑝

(2𝜋𝑟𝑧)𝜇𝐿
; 𝐹𝑟𝐿 =

𝑄𝐿
2

𝑟𝜔2 (2𝜋𝑟ℎ)2𝑑𝑝
; 𝑊𝑒𝐿 =

𝑄𝐿
2𝜌𝐿𝑑𝑝

𝜎 (2𝜋𝑟ℎ)2 

Luo et al.  

(2012) 

[66] 

stainless 

steel  

wire mesh 

𝑎

𝑎𝑠
= 66510𝑅𝑒𝐿

−1.41𝑊𝑒𝐿
1.21𝐹𝑟𝐿

−0.12𝜑−0.74 

𝑅𝑒𝐿 =
𝑄𝐿𝑑𝑝

(2𝜋𝑟𝑧)𝑣𝐿
; 𝐹𝑟𝐿 =

𝑄𝐿
2

𝑟𝜔2 (2𝜋𝑟ℎ)2𝑑𝑝
; 𝑊𝑒𝐿 =

𝑄𝐿
2𝜌𝐿𝑑𝑝

𝜎(2𝜋𝑟ℎ)2; 

𝜑 =
𝑐2

(𝑐+𝑑)2 

Luo et al.  

(2017) 

[69] 

structured  

stainless 

steel  

wire mesh 

𝑎

𝑎𝑠
= 15.17𝑅𝑒𝐺

0.16𝑅𝑒𝐿
−0.38𝑊𝑒𝐿

0.45𝐹𝑟𝐿
−0.13𝜑−0.29 

𝑅𝑒𝐿 =
𝑄𝐿𝑑𝑝

(2𝜋𝑟𝑧)𝑣𝐿
; 𝑅𝑒𝐺 =

𝑄𝐺𝑑𝑝

(2𝜋𝑟𝑧)𝑣𝐺
; 𝐹𝑟𝐿 =

𝑄𝐿
2

𝑟𝜔2 (2𝜋𝑟ℎ)2𝑑𝑝
; 

𝑊𝑒𝐿 =
𝑄𝐿

2𝜌𝐿𝑑𝑝

𝜎(2𝜋𝑟ℎ)2; 𝜑 =
∅2

(∅+𝑑)2 

 

Due to these correlations being derived from a specific RPB and almost all the data 

used are measured through using the CO2-NaOH system, the applicability of these cor-

relations to predict the effective interfacial area in different gas-liquid systems has not 
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been verified. For example, using the aqueous MEA solutions of different concentra-

tions to absorb CO2, the surface tensions and viscosities of the aqueous MEA solutions 

are different from each other and also they are different from the NaOH aqueous solu-

tion. Therefore, the effective interfacial area for these gas-liquid systems may be dif-

ferent from the CO2-NaOH system in the same RPB reactor. In addition, it is difficult 

to obtain the effective interfacial area at different radial positions within an RPB by the 

chemical absorption method.  

 Gas pressure drop 

The gas pressure drop reflects the energy loss of the gas flow in the RPB. Accurately 

predicting the pressure drop in the RPB is essential for assessing the energy efficiency 

when adopting the RPB for CO2 capture. Generally, the pressure drop in an RPB comes 

from three regions, that is, the gas inlet and casing region (I), the packing region (II), 

and the gas outlet region (III), as shown in Figure 2-2. Among the three regions, the 

pressure drop in the packing region is the most difficult to predict due to the compli-

cated flow in the porous packing. There are mainly three reasons that cause the pressure 

drop: (i) the frictional resistance from the packing and liquid, (ii) the centrifugal force, 

and (iii) the pressure drop caused by velocity variation induced by the change in cross-

sectional area. Investigations show that frictional resistance is the dominant factor for 

influencing the pressure drop, which accounts for 40–70% of the total pressure drop in 

a counter-current flow configuration [35]. The second important factor is the centrifu-

gal force, which accounts for 12–20% of the total pressure drop. Therefore, accurate 

prediction of the frictional resistance in the porous packing is essential.  
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Figure 2-2 Schematic diagram of an RPB and corresponding segmentation [70]. 

Experimental measurements are the most common way to explore the pressure drop in 

RPBs. For example, Keyvani and Gardner [61] measured the gas pressure drop in an 

RPB with aluminum foam packing. Kumar and Rao [54] measured the gas pressure 

drop in an RPB with wire mesh packing. Liu et al. [71] investigated the effect of the 

rotational speed, gas flow rate and liquid flow rate on the pressure drop using rectan-

gular and elliptical random packings. The basic consensus is that the pressure drop 

changes with the rotational speed, gas and liquid flow rate, and it is highly influenced 

by the packing structure. In addition, different theoretical models [72-74] and semi-

empirical correlations [71, 75, 76] have been proposed to describe the gas pressure drop 

in various RPBs. However, due to each correlation being usually derived from a spe-

cific RPB with a fixed structure and dimensions and limited packing materials, the 

feasibility of these correlations to predict the pressure drop in different RPBs was not 

verified. CFD simulation is an alternative method to predict the pressure drop in new 
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designed RPBs without using too much cost and time compared with experimental tests 

[70, 77-79].  

2.2 Modelling and analysis of mass transfer in RPBs 

Superior gas-liquid mass transfer performance is the prominent advantage of the RPBs 

compared to the traditional packed columns for CO2 capture. Generally, the overall gas 

phase mass transfer coefficient (𝐾𝐺𝑎) and the CO2 removal efficiency (𝐸𝑟𝑒𝑚𝑜𝑣𝑎𝑙) are 

used to represent the CO2 capture efficiency in the RPB and they are calculated as 

follows: 

𝐾𝐺𝑎 =
𝑄𝐺

𝜋(𝑟𝑜
2 − 𝑟𝑖

2)ℎ
𝑙𝑛 (

𝑦𝐶𝑂2,𝑖𝑛

𝑦𝐶𝑂2,𝑜𝑢𝑡
) (2-2) 

𝐸𝑟𝑒𝑚𝑜𝑣𝑎𝑙 =
𝑦𝐶𝑂2,𝑖𝑛 − 𝑦𝐶𝑂2,𝑜𝑢𝑡

𝑦𝐶𝑂2,𝑖𝑛
× 100% (2-3) 

where 𝑄𝐺  is the volumetric flow rate of the feed gas stream (m3/s), 𝑦𝐶𝑂2,𝑖𝑛  and 

𝑦𝐶𝑂2,𝑜𝑢𝑡 are the mole fraction of CO2 in the gas inlet and gas outlet, respectively. 

Experimental methods have been extensively used to obtain the 𝐾𝐺𝑎 of RPBs through 

measuring the mole fraction of the CO2 in the gas inlet and gas outlet of the RPBs. 

For example, Jassim et al. [30] and Lee et al. [31] investigated the CO2 absorption by 

MEA solutions in RPBs and the overall gas-phase mass transfer coefficients were ob-

tained and analysed. Sheng et al. [80] systematically investigated the effects of the 

operation conditions on the CO2 absorption in an RPB using the diethylenetriamine 

(DETA) and piperazine (PZ) absorbents. It was found that 𝐾𝐺𝑎 may be affected by 

the liquid flow rate, gas flow rate, L/G ratio, rotational speed, temperature, etc [30, 
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31, 80]. Different prediction models have been proposed to express the relation-

ships between the influence factors and the overall mass transfer coefficients.  

 Theoretical models 

Modelling and predicting the gas-liquid mass transfer in RPBs is very difficult, and 

this is mainly due to the difficulties in predicting the effective interfacial area for 

mass transfer and the local mass transfer coefficient. At present, predictions of the 

mass transfer are mainly based on the theoretical models and semi-empirical corre-

lations. Usually, the theoretical models are based on the three classical gas-liquid 

mass transfer theories: two-film theory [81], penetration theory [82], and surface 

renewal theory [83]. Due to the actual flow in the RPB being very complex, flow 

simplification hypotheses are usually used for developing the theoretical models. 

For example, Tung and Mah [52] and Munjal et al. [53] developed gas-liquid mass 

transfer models based on the penetration theory, and the liquid flows in the RPBs 

were assumed to be fully developed laminar film flows. Yi et al. [18] developed a 

mechanism model to predict the CO2 absorption by a Benfield solution in an RPB, 

where the liquid is assumed to be in the form of spherical droplets only. These theoret-

ical models as mentioned above can be verified by some special experiments. However, 

due to the oversimplification of the real flow patterns, physicochemical processes and 

packing geometries, the applicability and accuracy of these models to predict the mass 

transfer in different RPBs was not verified.  
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 Semi-empirical correlations 

In addition to the theoretically proposed mechanism models, semi-empirical correla-

tion is another popular way to predict the mass transfer coefficient of an RPB. Gen-

erally, it was achieved through a statistic regression analysis using the experimental 

data and the selected influencing parameters. For example, Chen et al. [84] proposed a 

correlation of 𝑘𝐿𝛼 from experimental data with Newtonian and non-Newtonian fluids. 

Then, they [85] proposed a new correlation to take into account the end effect of the 

RPB. Jiao et al. [86] correlated the volume mass transfer coefficients with the dimen-

sionless numbers ReG, WeL, and Ga, which included the effects of the gas flow rate, 

liquid flow rate, centrifugal acceleration, structure of the packing, surface tension, etc. 

The semi-empirical correlations do not require rigorous theories, and they do not rely 

on the detailed description of the liquid flow in the RPB. Therefore, they reduced some 

of the difficulties in modelling compared with the theoretical models. However, the 

semi-empirical correlation heavily depend on the experimental data and selected fit-

ting function. Thus, the obtained correlations are difficult to be generalized for different 

RPBs and/or at different operating conditions.  

 Intelligent models 

With the development of intelligent algorithms, predictions of the mass transfer in 

RPBs using intelligent models have been proposed in recent years [36, 87, 88]. The 

intelligent models are trained using the measured data and the selected influencing fac-

tors. Artificial neural network (ANN) was the first to be employed to predict the mass 

transfer coefficient in a physical absorption system [87]. In this model, operating pa-

rameters, such as the gas flow rate, liquid flow rate and rotating speed, were used as 

the independent variables, and the overall gas mass transfer coefficient was used as the 
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dependent variable. In addition, a support vector regression (SVR)-based model has 

been proposed to predict the CO2 capture using RPBs [36], and they concluded that the 

SVR model is better than the multiple nonlinear regression and the ANN models. Es-

sentially, the intelligent model is a data driven-based black-box model and it does not 

have the theoretical basis of gas-liquid flow, mass transfer and chemical reaction in 

RPBs. Due to the flow phenomena in different scale RPBs being very different, this 

method cannot be guaranteed to be used for equipment scaling up.  

 Mass transfer process analysis 

Commercial process modelling softwares, such as gPROMS and Aspen Plus, are very 

friendly to engineers to perform process analysis. However, due to the immaturity of 

the RPB mass transfer model, the RPB module has not been integrated into these soft-

wares. However, if we replace the default mass transfer correlations for packed col-

umns with the new developed correlations for RPBs, then these softwares can be used 

to analyse the mass transfer process in RPBs.  

So far, several comprehensive models have been developed to simulate the CO2 capture 

in RPBs based on commercial process modelling softwares [38, 41, 89, 90]. For exam-

ple, Joel et al. [41, 90] modelled the CO2 absorption by MEA solutions in an RPB 

absorber using the Aspen Plus rate-based absorber model with its default correlations 

replaced by new correlations that are suitable for the RPB. The implementation process 

of this method is shown in Figure 2-3. The new correlations were written in the visual 

FORTRAN compiler, and they were dynamically linked to the Aspen Plus rate-based 

model as the subroutines. Similarly, Kang et al. [89] developed a model to analyse the 

absorption of CO2 by MEA solutions in an RPB absorber using the gPROMS simulator, 
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and the mass transfer model was based on the two-film theory. Effects of the gas-liquid 

flow rate and MEA concentration on the CO2 capture efficiency were analysed.  

 

Figure 2-3 Schematic of the methodology used in Joel et al.’s papers [41, 90].  

The new developed models include the RPB correlations of the liquid phase mass trans-

fer coefficient, gas phase mass transfer coefficient, interfacial area and liquid holdup. 

Compared to the correlations of traditional packed columns, these correlations reflect 

the effect of the centrifugal field that is present in the RPBs. The above-mentioned 

method is easier to integrate, utilize and generalize the existing correlations for com-

prehensively predicting and assessing the mass transfer performance of an RPB. Fur-

ther, the RPB unit model can be connected to other units in the power generation system 

in order to achieve an overall analysis of the new power plant with the RPB CO2 capture 

unit. However, the prediction accuracy of this method heavily depends on the availa-

bility and accuracy of the existing correlations. Therefore, the development of reliable 
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correlations is the basis for accurately simulating the mass transfer process using com-

mercial process modelling softwares.  

2.3 CFD modelling of RPBs 

Difficulties in the prediction of the mass transfer in RPBs are originally from the diffi-

culties in predicting the hydrodynamics in RPBs. Due to both the complicated packing 

geometry and the centrifugal acceleration, understandings of the gas-liquid flows in the 

RPB is not enough. Therefore, the flow in the RPB has not been fully described, which 

limits the development of the mass transfer model. With the development of CFD tech-

nology, it has become an effective tool to assist in the understanding of the flow be-

haviour. In addition, it can be used for the scale up and operation optimization of the 

chemical reactors. On the one hand, CFD can visually present some detailed flow char-

acteristics on the internals of the chemical equipment, which is often difficult to obtain 

through experimental measurements [78]. On the other hand, CFD can be used to per-

form “virtual experiments” at different conditions for obtaining data, which is faster 

and more economical than experimental methods [51]. However, due to the difficulties 

that arise from the complex packing structure, the rotational motion and the multiscale 

flow characteristics, only a few CFD simulations of RPBs have been performed until 

now. This section demonstrates a review on the CFD modelling of the RPB from sin-

gle-phase flow to multiphase flows, from hydrodynamic simulations to mass transfer 

simulations.  

 Single gas phase flow simulation 

Single gas phase flow simulations have been performed, which is the strength of CFD 

and it is more mature than multiphase flow simulations. For instance, Llerena-Chavez 

and Larachi [70] and Yang et al. [79] simulated the single gas phase flow in RPBs using 
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three-dimensional (3D) porous media models and the dry pressure drop and gas flow 

maldistribution in the RPBs were investigated. However, without resolving the packing 

geometry in the simulation, it is very difficult to obtain the detailed information of the 

gas flow that is influenced by the structure of the packing. As an improvement, Liu et 

al. [78] simulated the single-phase flow using the actual 3D wire mesh geometry mod-

els. The detailed gas flow inside the RPB was obtained and they observed the gas-side 

end effect at the outer annular packing region of the RPB. The single-phase simulations 

provide us the important understanding of the gas flow in the RPB. However, without 

considering the significant behaviour of the discrete liquid in the RPB, the limitations 

of these CFD models are clear.  

 Gas-liquid two-phase flow simulation 

2.3.2.1 VOF methods 

At present, the CFD modelling of the gas-liquid flow in RPBs mainly focuses on the 

VOF method, and the wire mesh packing is simplified as small blocks in 2D models or 

small pillars in 3D models. Although the VOF method has the potential to resolve the 

details of the droplets and films in RPBs, due to the limitations in the grid generation 

technology and the number of the grids, currently, the developed CFD models are not 

able to capture the thin films in the RPB. For example, Shi et al. [91] developed a 2D 

VOF method to simulate the liquid flow in an RPB. Further, Guo et al. [92] employed 

the VOF-based method and based on the geometry model of Shi et al. [91] to investi-

gate the micromixing efficiency in the RPB. In these models [91, 92], only the liquid 

droplets can be observed in the RPB, which is much different from the observed flow 

patterns in the experiments [44, 45]. This is due to the computational grid in the vicinity 

of the packing surface being not small enough to capture the thin liquid films. Yang et 
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al. [93] employed the VOF model to analyse the vacuum deaeration process in RPBs. 

However, due to the coarse computational grids, the gas-liquid interface is difficult to 

be accurately captured in the RPB. In addition, in the aforementioned VOF-based CFD 

models [91-93], all the wires used in the wire mesh packing are assumed to have square 

cross-sections, which is mainly for reducing the difficulty of generating the computa-

tional grids. However, in reality, wire meshes having a round cross-section are the most 

common packing materials. For the wires that directly knock and split the liquid, the 

cross-section shape has a great influence on the liquid flow characteristics in the RPB. 

In addition, Guo et al. [94] simulated the liquid flow in an RPB through employing a 

3D VOF model, where the wire mesh packing is simplified as small cylinders. Com-

pared to the 2D VOF model, the 3D VOF model is more accurate in simulating the 

liquid flow in the RPB; however, due to the extremely complexed structure and small 

scales of the pores in the RPB, it requires an extremely large number of computational 

grids to resolve the pore structure. Although the VOF method theoretically allows the 

resolution of the detailed geometry of the RPB, it is very difficult to meet the require-

ment of performing transient calculations for the full 3D simulation of even laboratory-

scale RPB with appropriate accuracy [94]. In summary, although the VOF-based mod-

els have achieved some progress in simulating the gas-liquid flows in RPBs, there is 

still a big space for improving this modelling method to obtain a detailed and accurate 

prediction of the liquid flow characteristics in RPBs.  

2.3.2.2 Eulerian methods 

Unlike the VOF model, the Eulerian model does not require very refined grids to re-

solve the detailed interfaces between the gas, liquid and solid phases, therefore it is 

suitable for simulating the gas-liquid flow and interphase mass transfer in large-scale 
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packed beds or RPBs. For the Eulerian model, it is very important to employ a suitable 

porous media model to express the resistance of the packing to the gas and liquid. At 

present, there are three popular multiphase porous media models: the Attou model [95], 

based on the spherical packing; the Lappalainen model [96], based on the spherical 

packing and wettability factor; and the Iliuta model [97], based on the structured pack-

ing and wettability factor. These models have been used to develop the Eulerian CFD 

models in order to simulate the gas-liquid flow and mass transfer in large-scale packed 

beds [98-100]. However, there are rare numerical simulations of the multiphase flow 

in RPBs using Eulerian multiphase models. This is because (i) the current available 

porous media models are not suitable for the wire mesh packings, which are popular 

packing materials being used in RPBs; (ii) the gas-liquid interfacial area in RPBs is 

very difficult to be effectively predicted by current models. Recently, Lu et al. [101] 

proposed a new multiphase porous media model for describing the resistance force be-

tween the wire mesh packings and the gas or liquid, which can be employed in CFD 

models to simulate the gas-liquid flow in RPBs. However, accurate predictions of the 

gas-liquid interfacial area in the RPB with a particular wire mesh packing is still a 

challenge. In addition, performing mass transfer, heat transfer and chemical reaction 

calculations on the basis of the porous media multiphase flow model is still challenge-

able. All these challenges mush be solved in order to achieve a successful simulation 

of the CO2 capture by amine solutions in RPBs.  

 Multiscale CFD modelling methods 

2.3.3.1 Macroscale CFD models 

At present, simulating the gas-liquid flow and mass transfer in packed beds through 

using a porous media model can be considered as the macroscale CFD modelling 
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method. This method does not resolve the geometrical structure of the packing in the 

packed beds, and therefore it can be used to simulate large-scale packed beds without 

using too much computing resources. For example, Pham et al. [98] and Asendrych et 

al. [102] developed a macroscale CFD model to analyse the pressure drop, liquid dis-

persion and reactive mass transfer in the packed beds. This model can correctly predict 

the liquid holdup and the concentration of CO2 in the gas phase along the axial direction 

of the packed beds. For RPBs, only the dry pressure drops have been simulated through 

using porous media models [70, 77, 79, 101], which can be considered as the mac-

roscale CFD modelling of the RPBs. However, for gas-liquid two-phase flow in RPBs, 

the lack of a suitable multiphase porous media model and interfacial area model limits 

the development of the macroscale multiphase CFD modelling of the RPBs.  

2.3.3.2 Microscale CFD models 

Microscale modelling of the gas-liquid flow in packed beds focuses on the flow regime 

near the packing surface using simple and small computational domains. The VOF 

model is usually used to track the interface between the gas and liquid. In order to 

obtain detailed flow information, a sufficiently fine mesh has to be applied in the re-

gions where large gradients occurred, for example, an order of magnitude smaller than 

the thickness of the liquid film is usually required. In fact, such a degree of detail pro-

vided by a very refined mesh near the wall could not be attained in the meso- or large-

scale domains. In addition, in order to make the main influence factors prominent and 

save calculation resources, the complex packings can be simplified to some basic ge-

ometries while they still can reflect the main features of the packings. For example, 

corrugated plate packings can be simplified as inclined plane plates [103, 104], inclined 

plates with surface texture [105, 106], or inclined plates with a bend [107], wetted-wire 
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column can be investigated through a single vertical wire [108, 109], layered wire 

gauze packing can be investigated by focusing on the wire intersections [110], etc. In 

this way, the detailed liquid behaviour, such as the formation of wave liquid films, 

rivulet flows and droplets can be observed, and the important flow parameters, such as 

the liquid film thickness, liquid holdup can be obtained. In addition, some microcosmic 

influence factors, such as the geometric texture on the packing surface or different sur-

face properties can be investigated in this scale [103-116].  

The analysis of the hydrodynamics at the microscale can be carried out with 2D or 3D 

simulations. As for a falling liquid film flow, when assuming the flow to be fully de-

veloped and no transverse flow occurs, 2D simulations offer the possibility to investi-

gate the flow behaviour. For example, Raynal and Royon-Lebeaud [51] attempted to 

use 2D microscale VOF models to determine the liquid holdup on structured packings. 

The influence of the texture patterns on the packing surface can be taken into consid-

eration and the development of the falling liquid film, i.e. velocity profiles and liquid 

film thickness, can be obtained. The liquid holdup is thus obtained from multiplying 

the simulated liquid film thickness by the specific area of the packing. This is based on 

the assumption that a fully developed liquid film covers all the surface of the packing. 

The 2D simplification used shows an obvious disadvantage because of the oversimpli-

fied geometry and flow pattern. Further, 3D models extend the capabilities of the 2D 

models, thus allowing us to assess the formation of liquid irregularities, such as rivulets 

and droplets, which strongly influence the magnitude of effective interfacial area on 

which the mass transfer occurred [103, 104, 106, 112, 113].  

In addition, microscale simulations present an adequate technique to implement mass 

transfer [104, 114, 117]. An implementation of mass transfer using the VOF method 
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allows us to reproduce the concentration profile of a species along the thickness of the 

liquid film, which provides a higher degree of detail. For example, some attempts have 

been made by Haroun et al. [114, 117] and Haelssig et al. [118] to describe the reactive 

mass transfer of a gas species into liquid films. These microscale simulations can save 

computing resources and assist in obtaining the detailed information of the flow and 

mass transfer. However, how to relate the microscale models to the actual reactors and 

use the obtained information to optimise the design of RPB reactors needs serious con-

sideration.  

2.3.3.3 Mesoscale CFD models 

Mesoscale CFD modelling of a packed bed refers to the CFD simulation of the flow at 

a scale that is comparable to the dimensions of a typical packing unit [51, 119-123]. 

The characteristics of the liquid flow in the mesoscale affect both the performance of 

the microscale mass transfer and overall performance of the RPB, such as the overall 

pressure drop and the liquid flooding.  

At present, the analysis of the dry pressure drop in the packing has been one of the 

targets of the mesoscale CFD simulations. Due to the structured packings being repeat-

edly arranged in the PBs, many researchers have used a small number of REUs to cal-

culate the pressure drop per unit length [124-127], then the dry pressure drop in the 

large-scale PBs can be calculated based on the pressure drop per unit length.  

In addition, researchers have implemented the mesoscale CFD modelling of the gas-

liquid flow in a structured packing [120] (as shown in Figure 2-4) and wire gauze pack-

ing [110], which allows the possibility of visualizing the effect of gravity and surface ten-

sion on the formation of the liquid films in actual commercial packing geometries. Further, 
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both the liquid holdup and the interfacial area per unit volume of the packing can be 

calculated directly. For example, Haroun et al. [113] managed to track the interface 

between fluids using the VOF method on a metallic sheet of MontzPak B1-250. They 

reproduced the experimental results concerning the gas-liquid interfacial area and the 

film thickness in a limited set of REUs of the commercial packing. These investigations 

constitute a substantial improvement with respect to previous studies at the mesoscale , 

which focused only on the dry pressure drop.  

In the RPB, the packing structure is usually repeatable and the flow is dominated by the 

packing, which are similar to the packed column. One clear difference is that the cen-

trifugal force changes along the radial direction of the RPB. Therefore, some new strat-

egies should be proposed to perform the mesoscale modelling of the RPB.  

 

Figure 2-4 Mesoscale CFD simulation of a structure packing: left: boundary conditions 

right: simulation results [120].  

2.3.3.4 Interconnection strategies between different scales 

Different scale CFD models have their respective advantages and focus on different 

issues. In addition, detailed information obtained from a microscale or mesoscale sim-

ulation could complement the missing information of the macroscale models. Different 
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multiscale interconnection strategies have been proposed in order to simulate the large-

scale packed bed reactors [51, 119, 121, 122]. For example, as shown in Figure 2-5, 

Raynal and Royon-Lebeaud [51] proposed a three-scale method to predict the pressure 

drop in a structured packed column. In the microscale model, a 2D computational do-

main in the range of millimetres was used to obtain the detailed hydrodynamics infor-

mation by the VOF model, which includes the liquid film thickness, liquid holdup and 

velocity profiles. In the mesoscale model, single gas-phase simulations were performed 

in a smallest periodic element, and the wet pressure drop can be estimated through 

using a correction factor, which takes into account the effect of the liquid. The behav-

iour of the liquid was obtained from the microscale CFD simulations. Then, in the 

macroscale CFD model, the entire column geometry was built up by assuming the 

structured packing as a porous media with the pressure drop characteristics from the 

mesoscale CFD simulations. The macroscale CFD simulations can be used to investi-

gate the effect of the macroscale geometrical features, such as the liquid distributors 

and walls, on the entire flow characteristics.  
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Figure 2-5 Schematic of the three-scale strategy for CFD modelling of a structured 

packed column [51].  

Another example of the interconnection between different scale CFD models has been 

presented by Li et al. [121], who estimated the liquid holdup in the packed column 

through multiplying the film thickness and the effective wetting area, which was ob-

tained from the 2D microscale simulation and 3D mesoscale simulation, respectively. 

Then the obtained liquid holdup was considered in the macroscale simulation using the 

single gas-phase porous media model, and the effect of the liquid on the pressure drop 

can be evaluated.  
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In addition to the pressure drop, the multiscale modelling strategies have been used to 

predict the overall liquid distribution in packed columns. For example, Sun et al. [119] 

combined a mesoscale CFD model and a unit network model to analysis the liquid 

holdup and the liquid distribution in the entire packed column (see Figure 2-6). Then 

the calculation results can guide the optimum design of the packed column. Similarly, 

Liu et al. [122] investigated the liquid distribution on a perforated structured packing 

sheet using a new proposed multiscale model. The effect of the gas flow and openings 

on the liquid distribution was discussed.  

In addition, the multiscale CFD modelling method can be used to investigate the RPB. 

However, due to the different structure between RPB and PB, new interconnection 

strategies should be proposed.  

 

Figure 2-6 The strategy chart of the multiscale method [119].  
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2.4 Knowledge gaps 

Based on the critical review of the state of the art methodologies for investigating the 

hydrodynamics and mass transfer of the RPBs, some knowledge gaps in the CFD mod-

elling field have been summarized as follows: 

(i) Lack of 2D VOF models with good computational grids to accurately resolve 

the liquid films and droplets in RPBs 

The 2D VOF model can be used to effectively obtain some intuitionistic results. How-

ever, the existing 2D VOF model of the RPBs cannot capture the thin liquid films on 

the packing surface of the RPB, and this is mainly due to the computational grids not 

being fine enough. In addition, all the wires used in the wire mesh packing are assumed 

to have square cross-sections, which is mainly for reducing the difficulty of generating 

the computational grids. However, in reality, wire meshes having a round cross-section 

are the most common packing materials. For the wires that directly knock and split the 

liquid, the cross-section shape has a large influence on the liquid flow characteristics 

in the RPB. Therefore, it is difficult to obtain a detailed and accurate prediction of the 

liquid flow characteristics in an RPB by the existing 2D CFD models. In order to 

achieve a more reliable prediction of both the formation of the liquid droplet and the 

formation of the liquid film in the RPB, the quality of the grid should be improved and 

a real round cross-section of the wire mesh should be used.  

(ii) Lack of mesoscale 3D VOF models to analyse the hydrodynamics of RPBs  

At present, the existing 3D VOF model of the RPB was based on the simplified packing 

geometries, which was difficult to analyse the actual hydrodynamics of the RPB. In 

order to improve the understanding of the real gas/liquid flow in the pores of the pack-
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ing, detailed and more accurate 3D simulations of the flow in the real geometrical struc-

ture of the packing are necessary. However, due to the multiscale issues that have 

plagued the modelling of the RPB, the multiscale modelling strategy has to be taken 

into account and the mesoscale 3D modelling of the flow over the packing struc-

ture/pores is possible to achieve this purpose.  

(iii) Lack of reliable correlations for predicting the interfacial area and liquid 

holdup in the RPBs  

At present, several correlations for the liquid holdup 𝜀𝐿 [47, 55-57] and the effective 

interfacial area Ae [63, 66, 69] in RPBs have been proposed. These correlations are 

mainly obtained using mathematical regression based on numerous sets of experi-

mental data from certain RPBs and at certain operating conditions. However, the effect 

of the contact angle on the hydrodynamic parameters of the RPB has not been consid-

ered in the existing correlations. In addition, there are no correlations regressed from 

RPBs with the expanded stainless steel mesh packing and no correlations that focus on 

the concentration range of the MEA solutions that are aimed at CO2 capture. Due to the 

lack of experimental data at these conditions, generating correlations from CFD simu-

lation data could be an effective and economical alternative to meet the requirement of 

accurate prediction of the performance of the RPB for CO2 capture.  

(iv) Lack of a multiscale CFD modelling strategy to predict the CO2 absorption 

by MEA solutions in RPBs  

Inspired by the CFD modelling of the traditional packed beds, a multiscale CFD mod-

elling strategy may be a good choice for RPB simulations. The CFD simulations of 

post-combustion CO2 absorption in RPBs requires the combination of the flow, reac-
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tive mass transfer and heat transfer models, and the Eulerian method has apparent ad-

vantages for the CFD modelling of large or pilot-scale RPBs. For the Eulerian model, 

the gas-liquid interfacial area requires an extra model, and this can be derived from the 

CFD simulation of the liquid flow on real wire mesh packings through using a 

mesoscale VOF model. Therefore, a multiscale model that combines the Eulerian mod-

elling method and the VOF modelling method should be proposed to achieve an accu-

rate prediction of the CO2 absorption in RPBs. 
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Chapter 3: Theories and methodologies 

Summary 

This chapter begins with a brief introduction on the numerical discretization methods 

for CFD simulations and the CFD modelling methods for simulating the gas-liquid 

flows. Then the governing equations and submodels in the VOF model and the Eulerian 

model for simulating the gas-liquid two-phase flows in RPBs are introduced. For in-

vestigating the detailed characteristics of the liquid flow in RPBs (Chapter 4 and Chap-

ter 5), the VOF modelling methods are employed. The settings of the inlet boundary 

conditions and the acquisition of the detailed parameters in the calculation domains 

are achieved through writing UDFs. For investigating the CO2 absorption by MEA 

solutions (Chapter 6), the Eulerian modelling method is adopted, and the specified 

submodels for RPBs, such as the porous media model, the gas-liquid drag model, the 

mass transfer model, the interfacial area model, etc. are implemented in ANSYS® Flu-

ent through writing UDFs. 

3.1 Numerical methods for CFD simulations 

CFD applies computing algorithms to solve the governing equations of fluid mechanics, 

which can be used to obtain the vector and scalar fields such as velocity, pressure, 

concentration fields, etc. in the calculation domain. Further, these parameters facilitates 

the analysis of the phenomena that occurs and that are difficult to investigate experi-

mentally. In the last several decades, several numerical methods have been developed 

for the discretization of the governing equations, such as the finite difference method 
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(FDM), the finite element method (FEM), the finite analytic method (FAM) and the 

finite volume method (FVM), etc. Among them, the FVM is the most widely employed 

method for solving flow, heat transfer and mass transfer problems [128]. Thus in this 

thesis, the FVM is used for the discretisation of the conservation equations and the 

commercial CFD software ANSYS® Fluent is used to solve these equations.  

3.2 Gas-liquid flow CFD simulation methods 

Currently, the Euler-Lagrange and the Euler-Euler approaches are the two most fre-

quent approaches to tackle gas-liquid two-phase flow modelling issues. In the Euler-

Lagrange approach, the Navier-Stokes equations are solved for the continuous phase 

while the dispersed phase is tracked as a number of droplets or bubbles. The mass, 

momentum and energy can be exchanged between the continuous phase and the dis-

persed phase [129]. Due to the liquid phase in the RPB being not only discrete droplets, 

the Euler-Lagrange approach has very strong limitations when it is applied for simulat-

ing the gas-liquid flows in an RPB. In the Euler-Euler approach, all the phases are 

treated as a continua phase. The concept of volume fraction is introduced to represent 

the components everywhere in the calculation domain. The sum of the volume fractions 

of all the phases is equal to unity. There are mainly three Euler-Euler models in CFD: 

the VOF model, the mixture model, and the Eulerian model [129].  

At present, the VOF method and the Eulerian method have been used to simulate the 

gas-liquid flow dynamics in RPBs. The VOF model [130] is a surface-tracking tech-

nique, where a single set of momentum equations is shared by the fluids, and the vol-

ume fraction of each of the fluids in each computational cell is tracked throughout the 

domain. This method is used when the tracking of the interface is of interest. The Eu-

lerian model solves a set of mass and momentum conservation equations for each phase 
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and the different phases are coupled through the interface exchange coefficients and 

the pressure. Applications of the Eulerian multiphase model include bubble columns, 

risers, particle suspensions, and fluidized beds [129]. Both of the two methods have 

their own strengths and weaknesses. Some of the main differences in the two methods 

are as follows:  

(i) The clear gas-liquid interface can be tracked by the VOF model and the interfacial 

area can be obtained based on the tracked interface, whereas the Eulerian model gives 

a liquid fraction in each unit volume and it requires an interfacial area model to estimate 

the interfacial area between the gas and liquid. Therefore, the VOF model is usually 

used to simulate the locally detailed liquid flow on the surface of the packings. How-

ever, due to the VOF model requiring a very dense computational grid and a very small 

time step to capture the transient movement of the droplets and films, it usually cannot 

simulate the pilot-scale or large-scale RPBs due to the limitations in the computational 

resources. When using the Eulerian method, the flow in PBs/RPBs can be regarded as 

being in a pseudo steady state and the steady-state simulation can be performed, there-

fore much more computational time can be saved compared to transient simulations.  

(ii) A single set of momentum equation is solved for both the gas phase and the liquid 

phase in the VOF method and only the surface tension is considered for the interaction 

between the gas and liquid. In contrast, the Eulerian model treats the gas and liquid as 

individual phases, and it requires a porous media model to describe the flow resistance 

between the gas or liquid and the packing, and a gas-liquid drag force model to describe 

the gas-liquid drag force.  
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(iii) For the VOF model, the challenge is the difficulty in meshing the complicated 

geometry of the packing and the very high demand of the computational resource. For 

the Eulerian model, the challenge is the accurate description of the complicated gas and 

liquid flow behaviour in the diverse packing structures. For example, the packing ma-

terial could be random packings, such as random sphere packings and the random ar-

ranged wire mesh packings, or structured packings, such as corrugated packings or 

structured wire mesh packings. The accurate description of the gas and liquid flow 

through different packings requires corresponding drag models and interfacial area 

models, which still require further studies.  

(iv) Compared with the VOF method, the Eulerian method is more effective in re-

sources and time when simulating an RPB. Therefore, it is preferable to be used for 

simulating the CO2 absorption by liquid amines in pilot-scale or large-scale RPBs.  

3.3 VOF method for investigating the hydrodynamics of RPBs 

The VOF method, proposed by Hirt and Nichols [130], and the level-set method, pro-

posed by Osher and Sethian [131] are two popular surface-tracking techniques that are 

used when the tracking of the interface is of much interest. However, the level-set 

method has a deficiency in the volume or mass non-conservation in the under-resolved 

regions during the calculation while the VOF method is naturally volume-conserved 

[129]. In addition, the coupled level-set and VOF approach has been provided in AN-

SYS® Fluent, however, when adopting this method, the convergence of the continuity 

equation becomes more difficult than when adopting the VOF method. Therefore, in 

this thesis, the VOF method is adopted when tracking the gas-liquid interface.  
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 Governing equations 

In this thesis, the VOF simulations are performed based on the following assumptions: 

(i) the two fluids are assumed to be Newtonian and incompressible with no phase 

change; (ii) the system is under isothermal condition; (iii) the surface tension is constant 

and uniform at the interface between the two fluids. Based on these assumptions, the 

governing equations used in the VOF models are illustrated in this section. In the VOF 

model, a single set of momentum equations are shared by the two fluids, and the volume 

fraction of each of the fluids in each computational cell is tracked throughout the do-

main. When solving for the flow within the RPB, it is advantageous to employ a moving 

reference frame that is fixed on the RPB rotor where the packing remains stationary 

when viewed from the reference frame, and this makes it easier to analyse the time-

sequenced microcosmic liquid transformation process in the RPB. The governing equa-

tions of fluid flows in the rotational moving reference frame can be written as follows:  

(i) The continuity equation: 

𝜕

𝜕𝑡
(𝛼𝐿𝜌𝐿) + ∇ ∙ (𝛼𝐿𝜌𝐿𝑣⃗𝑟𝑒𝑙,𝐿  ) = 0  (3-1) 

where L represents the liquid phase, t is the time, 𝛼𝐿 is the volume fraction for liquid 

phase, and 𝑣⃗𝑟𝑒𝑙,𝐿 is the relative velocity for liquid phase.  

The volume fraction of the gas phase is calculated based on the following constraint: 

𝛼𝐺 = 1 − 𝛼𝐿  (3-2) 

When the value 𝛼𝑙 of a computational cell is equal to zero, it indicates that the cell is 

full of gas phase, when 𝛼𝐿=1, it means the cell is full of liquid, when 0<𝛼𝐿<1, the cell 
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contains the gas-liquid interface. The interface is reconstructed by the Geometric-Re-

construction scheme [132], which uses a piecewise-linear approach to represent the 

interface between the fluids.  

(ii) The momentum conservation equation:  

𝜕

𝜕𝑡
(𝜌𝑣⃗𝑟𝑒𝑙) + ∇ ∙ (𝜌𝑣⃗𝑟𝑒𝑙𝑣⃗𝑟𝑒𝑙) + 𝜌(2𝜔⃗⃗⃗ × 𝑣⃗𝑟𝑒𝑙 + 𝜔⃗⃗⃗ × 𝜔⃗⃗⃗ × 𝑟)  

= −∇𝑝 + ∇ ∙ [𝜇(∇𝑣⃗𝑟𝑒𝑙 + ∇𝑣⃗𝑟𝑒𝑙
𝑇

)] + 𝐹⃗𝑣𝑜𝑙  

(3-3) 

where (2𝜔⃗⃗⃗ × 𝑣⃗𝑟𝑒𝑙) and (𝜔⃗⃗⃗ × 𝜔⃗⃗⃗ × 𝑟) are the Coriolis acceleration and the centripetal 

acceleration, respectively.  

The fluid properties, such as density 𝜌 and dynamic viscosity 𝜇, take volume-averaged 

values as follows:  

𝜌 = 𝛼𝐿𝜌𝐿 + (1 − 𝛼𝐿)𝜌𝐺 (3-4) 

𝜇 = 𝛼𝐿𝜇𝐿 + (1 − 𝛼𝐿)𝜇𝐺 (3-5) 

 Surface tension and wall adhesion 

The surface tension has a significant impact on the liquid dispersion. In this thesis, the 

CSF (Continuum Surface Force) model proposed by Brackbill et al. [133] is employed 

to account for the effect of the surface tension, i.e. the surface tension force is trans-

formed to a volume force source term 𝐹𝑣𝑜𝑙 in the momentum equations. The localised 

volume force 𝐹𝑣𝑜𝑙  can be estimated using the following relationship: 

𝐹𝑣𝑜𝑙 = 𝜎
𝜌𝑘∇𝛼𝐿

0.5(𝜌𝐿 + 𝜌𝐺)
 (3-6) 

where 𝜎 is the surface tension coefficient, 𝑘 is the gas-liquid interface curvature and it 

is defined in terms of the divergence of the unit normal ñ and it is given as 



Chapter 3 

55 

 

𝑘 = ∇ · 𝑛̃ (3-7) 

where ñ= 𝑛 |𝑛|⁄  and 𝑛 = ∇𝛼𝐿.  

The effect of the contact angle between the fluid and the wall is established within the 

framework of the CSF model [133] by changing the unit surface normal at the grid next 

to the wall, which is calculated by the following equation: 

𝑛̃ = 𝑛̃𝑤 𝑐𝑜𝑠 𝜃𝑤 + 𝑚̃𝑤 𝑠𝑖𝑛 𝜃𝑤 (3-8) 

where 𝑛̃𝑤 and 𝑚̃𝑤 are the unit vectors normal and tangential to the wall, respectively, 

and 𝜃𝑤 is the contact angle.  

 Turbulence model 

The employment of an appropriate turbulence model is essential for achieving an ac-

curate simulation and different turbulence models have respective adaptability. The 

two-phase flow in an RPB can be turbulent depending on the packings and the rate of 

the fluid flow. However, the presence of the packings can have a significant damping 

effect on the turbulence. The liquid film flow within the boundary layers of the packing 

surfaces develop from being laminar flow to being fully developed turbulence flow 

depending the location and thickness of the film and thus can be partially turbulent 

[134], and the Reynolds number based on the size of the pore/wire is usually low. How-

ever, in the vicinity of the liquid entrance region and in the cavity region, the Reynolds 

number is higher. Shi et al. [91] selected the most elaborate type of turbulence model: 

the Reynolds stress model (RSM) for the closure of the Reynolds-averaged Navier-

Stokes equations. However, in this model, five and seven additional equations should 

be solved in a 2D and 3D calculation domain, respectively. This substantially increases 

the calculation time and requires more computational memory. Therefore, several two-
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equation eddy-viscosity turbulence models, including the standard, shear-stress 

transport (SST) k-ω models and the standard, RNG, realizable k-ε models with en-

hanced wall functions, have been tested for seeking the potential to simulate the liquid 

flow in the RPB. According to the simulation results, when adopting the standard or 

SST k-ω model, the liquid holdup is within only 5% from that obtained using the RSM 

model. When adopting the standard k-ε model and its variations, the liquid holdup is 

always less than when adopting the RSM or k-ω models with an error of about 10%. 

The SST k-ω model in ANSYS® Fluent incorporates modifications for low-Reynolds 

number effects. Therefore, in this thesis, the SST k-ω model [135] is adopted in the 

VOF simulations. It is worth mentioning that the turbulence modelling in packed ma-

terials is currently still a topic of much ongoing research.  

 Solvents properties adopted in the VOF simulations 

Aqueous monoethanolamine (MEA) solution is one of the typical absorbents for CO2 

capture, and 30 wt% aqueous MEA solution is normally used in the packed columns 

for CO2 capture. Previous investigations showed that increasing the concentration of 

the MEA solution can greatly increase the CO2 absorption capacity [30] and reduce the 

absorbent’s regeneration energy [136]. The RPB has the advantage of being able to 

deal with a highly concentrated MEA solution than packed columns because of the 

strong centrifugal field that can break the liquid and significantly increase the specific 

surface area of the solvent [84]. Therefore, simulations are performed with a variety of 

aqueous MEA solutions with the concentration from 30 wt% to 90 wt%. In addition, 

for the model validation, water and glycerol are also adopted. The properties of the 

solvents used for the CFD simulations are shown in Table 3-1. The MEA is assumed 
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to operate at a constant temperature of 40 oC, which is close to the real operation con-

ditions of a CO2 absorber employed for PCC.  

Table 3-1 Physical properties of the solvents used for the CFD simulations. a  

Solvent 
Density 

(kg/m
3
) 

Dynamic  

Viscosity 

(Pa.s) 

Kinetic 

viscosity 

(mm2/s) 

Surface  

tension 

(N/m) 

Water 998.2 0.001003 1.00 0.0728 

30 wt% MEA [137] 1003.4 0.00167 1.66 0.05352 

50 wt% MEA [137] 1011.7 0.00339 3.35 0.05069 

70 wt% MEA [137] 1015.5 0.00696 6.85 0.04888 

90 wt% MEA [137] 1008.4 0.0102 10.12 0.04725 

60 wt% glycerol [47] 1140.0 0.00938 8.23 0.0669 

70 wt% glycerol [47] 1172.95 0.0185 15.77 0.0665 

80 wt% glycerol [47] 1213.60 0.0558 45.98 0.0657 

a The properties of the aqueous MEA solutions are at 40 ℃.  

3.4 Eulerian method for analysing CO2 absorption in RPBs 

The Eulerian model is adopted when simulating the CO2 absorption by MEA solutions 

in pilot or large-scale RPBs. In the Eulerian model, mass, momentum and energy con-

servation equations are solved. In addition, due to there being several components in 

both the gas and liquid phases, the species transport equations are solved to predict the 

concentration distribution of the components. Porous media models and gas-liquid drag 

force models are employed to express the drag force between the gas, liquid and pack-

ing. Mass transfer, heat transfer and reaction models are also solved to predict the com-

plicated chemical and physical phenomena in the RPBs during the CO2 absorption by 

MEA solutions.  
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 Governing equations 

In RPBs, the liquid almost achieving uniform distribution in a very short liquid entrance 

region, which is within about 10 mm from the inner edge of the packing [45, 48]. There-

fore, the liquid flow in the RPBs can be assumed to be axisymmetric, and the 2D ax-

isymmetric swirl Eulerian model is used to simulate the gas-liquid flow in the packing 

region of the RPB for remarkable savings in the computational resources. However, it 

is worth mentioning that for a more detailed analysis, 3D Eulerian simulations should 

be performed. In addition, the centrifugal environment in the packing region of the RPB 

is simulated through using the rotating reference frame. For the 2D axisymmetric swirl 

multiphase Eulerian model, the governing equations are as follows:  

(i) The continuity equations: 

𝜕

𝜕𝑥
(𝜌𝑖𝛼𝑖𝑣𝑥,𝑖) +

𝜕

𝜕𝑟
(𝜌𝑖𝛼𝑖𝑣𝑟,𝑖) +

𝜌𝑖𝛼𝑖𝑣𝑟,𝑖

𝑟
= 𝑆𝑚,𝑖 + 𝑚̇𝑖  (3-9) 

𝛼𝐿 + 𝛼𝐺 = 1  (3-10) 

(ii) The momentum conservation equations in the axial, radial and tangential directions:  

 Axial direction (x): 

1

𝑟

𝜕

𝜕𝑥
(𝑟𝜌𝑖𝛼𝑖𝑣𝑥,𝑖𝑣𝑥,𝑖) +

1

𝑟

𝜕

𝜕𝑟
(𝑟𝜌𝑖𝛼𝑖𝑣𝑟,𝑖𝑣𝑥,𝑖)  

= −
𝜕𝑃

𝜕𝑥
+

1

𝑟

𝜕

𝜕𝑥
[𝑟𝜇𝑖 (2

𝜕𝑣𝑥,𝑖

𝜕𝑥
)] +

1

𝑟

𝜕

𝜕𝑟
[𝑟𝜇𝑖 (

𝜕𝑣𝑥,𝑖

𝜕𝑟
+

𝜕𝑣𝑟,𝑖

𝜕𝑥
)] + 𝐹𝑑𝑟𝑎𝑔,𝑥 + 𝑆𝑥,𝑖  

(3-11) 

 Radial direction (r): 

1

𝑟

𝜕

𝜕𝑥
(𝑟𝜌𝑖𝛼𝑖𝑣𝑥,𝑖𝑣𝑟,𝑖) +

1

𝑟

𝜕

𝜕𝑟
(𝑟𝜌𝑖𝛼𝑖𝑣𝑟,𝑖𝑣𝑟,𝑖)  

= −
𝜕𝑃

𝜕𝑟
+

1

𝑟

𝜕

𝜕𝑥
[𝑟𝜇𝑖 (

𝜕𝑣𝑟,𝑖

𝜕𝑥
+

𝜕𝑣𝑥,𝑖

𝜕𝑟
)] +

1

𝑟

𝜕

𝜕𝑟
[𝑟𝜇𝑖 (2

𝜕𝑣𝑟,𝑖

𝜕𝑟
)] − 2𝜇𝑖

𝑣𝑟,𝑖

𝑟2
  

+𝜌𝑖𝛼𝑖
𝑣𝑧,𝑖

2

𝑟
+ 𝜌𝑖𝛼𝑖𝜔

2𝑟 + 𝐹𝑑𝑟𝑎𝑔,𝑟 + 𝑆𝑟,𝑖  

(3-12) 
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 Tangential direction (z): 

1

𝑟

𝜕

𝜕𝑥
(𝑟𝜌𝑖𝛼𝑖𝑣𝑟,𝑖𝑣𝑧,𝑖) +

1

𝑟

𝜕

𝜕𝑟
(𝑟𝜌𝑖𝛼𝑖𝑣𝑥,𝑖𝑣𝑧,𝑖)  

=
1

𝑟

𝜕

𝜕𝑥
[𝑟𝜇𝑖

𝜕𝑣𝑧,𝑖

𝜕𝑥
] +

1

𝑟2

𝜕

𝜕𝑟
[𝑟3𝜇𝑖

𝜕

𝜕𝑟
(

𝑣𝑧,𝑖

𝑟
)] − 𝜌𝑖𝛼𝑖

𝑣𝑥,𝑖𝑣𝑧,𝑖

𝑟
+ 2𝜌𝑖𝛼𝑖𝜔𝑣𝑟,𝑖  

+𝐹𝑑𝑟𝑎𝑔,𝑧 + 𝑆𝑧,𝑖  

(3-13) 

where x, r, z are the axial, radial and tangential coordinates, respectively; i is the gas 

phase (G) or liquid phase (L); 𝛼𝑖 is the mass fraction of the i phase; Sm,i is the mass 

source of the i phase; 𝑚̇𝑖 is the mass change of the i phase due to interfacial mass trans-

fer; 𝜔 is the angular velocity of the packing region of the RPB; Fdrag is the drag force; 

S is the momentum source. 

(iii) In order to model the interface species mass transfer, the phase species transport 

equations are solved, and the transport equation for 𝑌𝑖,𝑘, the local mass fraction of spe-

cies k in the i phase, is as follows:  

∇ ∙ (𝛼𝑖𝜌𝑖𝑣⃗𝑖,𝑗𝑌𝑖,𝑘) = −∇ ∙ 𝛼𝑖𝑗𝑖,𝑘,𝑗 + 𝑅𝑖,𝑘 + 𝑆𝑚,𝑖,𝑘 + 𝑚̇𝑖,𝑘  (3-14) 

where i is the phase index, j is the axial (x), radial (r) or tangential (z) coordinate direc-

tion, k is the species index; Yi,k is the mass fraction of the species k in the i phase, such 

as CO2 species in the gas phase; 𝐽 is the mass diffusion flux; R is the production of the 

species by reaction; 𝑆𝑚,𝑖,𝑘 is the mass source of species k in phase i;  𝑚̇𝑖,𝑘 is the mass 

source of species k in phase i due to the interphase mass transfer.  

(iv) The energy conservation equation for phase i is as follows: 

∇ ∙ (𝛼𝑖𝜌𝑖𝑣⃗𝑖 (∑ 𝑌𝑖,𝑘ℎ𝑖,𝑘
𝑘

+
𝑣𝑖

2

2
 )) 

= ∇ ∙ (𝑘𝑒𝑓𝑓,𝑖∇𝑇𝑖 − ∑ ℎ𝑖,𝑘𝐽𝑖,𝑘𝑘 + 𝜏̿𝑖,𝑗 ∙ 𝑣⃗𝑖,𝑗) + 𝑆ℎ,𝑖  

(3-15) 
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where 
𝑣𝑖

2

2
 is the kinetic energy term; ℎ𝑖,𝑘 is the specific enthalpy of species k in phase i, 

and it is calculated from ℎ𝑖,𝑘 = ∫ 𝑐𝑝,𝑖,𝑘𝑑𝑇
𝑇

𝑇𝑟𝑒𝑓,𝑖
+ ℎ𝑖,𝑘

0 (𝑇𝑟𝑒𝑓,𝑖), where 𝑐𝑝,𝑖,𝑘 is the specific 

heat at constant pressure; ℎ𝑖,𝑘
0 (𝑇𝑟𝑒𝑓,𝑖) is the formation enthalpy of species k at the ref-

erence temperature 𝑇𝑟𝑒𝑓,𝑖; 𝑇𝑟𝑒𝑓,𝑖 is specified as 298.15 K; keff,i is the effective heat con-

ductivity for phase i; 𝐽𝑖,𝑘 is the diffusion flux of species k in the i phase; 𝜏̿𝑖,𝑗 is the 

viscous stress tensor; 𝑆ℎ,𝑖 is the source of enthalpy due to the heat exchange between 

phases.  

 Liquid inlet and outlet setting methods 

When the gas and liquid counter-currently flow in the packing region of the RPB, the 

liquid inlet and gas outlet, and the liquid outlet and gas inlet of the packing region are 

overlapped, respectively. In order to overcome the difficulties of boundary condition 

settings, two regions for the liquid generation and elimination were designed, and the 

source/sink equations for the two regions in this thesis are written as follows:  

(i) For the liquid generation region, 

 The mass source of the liquid phase is 

𝑆𝑚,𝐿 =
𝑄𝐿𝜌𝐿

𝜋(𝑟2
2−𝑟1

2)ℎ
  (3-16) 

where 𝑄𝐿 is the volume flow rate of the liquid; 𝑟1 and 𝑟2 are the radial positions of the 

inner and outer boundaries of the liquid source region, respectively; h is the axial thick-

ness of the rotating packed bed.  

 The momentum sources of the liquid phase in the axial, radial and tangential direc-

tions are 
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𝑆𝑥,𝐿 =
1

𝑟

𝑟𝜌𝐿𝛼𝐿𝑣𝑥,𝐿𝑣𝑥,𝐿

Δ𝑥
+

1

𝑟

𝑟𝜌𝐿𝛼𝐿𝑣𝑟,𝐿𝑣𝑥,𝐿

Δ𝑟
  (3-17) 

𝑆𝑟,𝐿 =
1

𝑟

𝑟𝜌𝐿𝛼𝐿𝑣𝑥,𝐿𝑣𝑟,𝐿

Δ𝑥
+

1

𝑟

𝑟𝜌𝐿𝛼𝐿𝑣𝑟,𝐿𝑣𝑟,𝐿

Δ𝑟
  (3-18) 

𝑆𝑧,𝐿 =
1

𝑟

𝑟𝜌𝐿𝛼𝐿𝑣𝑟,𝐿𝑣𝑧,𝐿

Δ𝑥
+

1

𝑟

𝑟𝜌𝐿𝛼𝐿𝑣𝑥,𝐿𝑣𝑧,𝐿

Δ𝑟
  (3-19) 

where 𝑣𝑥,𝐿 = 0, 𝑣𝑟,𝐿 =
𝑄𝐿

2𝜋𝑟ℎ
, 𝑣𝑧,𝐿 = 𝜔𝑟; x is the axial size of the cell in the liquid gen-

eration region; r is the radial size of the cell in the liquid generation zone. 

The mass fractions of the species in the liquid phase and the temperature of the injected 

liquid are specified as fixed values in each simulation case. 

(ii) For the liquid elimination region, 

 The mass sink for the liquid phase is  

𝑆𝑚,𝐿 = − (
𝜌𝐿𝛼𝐿𝑣𝑥,𝐿

Δ𝑥
+

𝜌𝐿𝛼𝐿𝑣𝑟,𝐿

Δ𝑟
+

𝜌𝐿𝛼𝐿𝑣𝑟,𝐿

𝑟
) (3-20) 

 The momentum sinks for the liquid phase in the axial, radial and tangential direc-

tions are 

𝑆𝑥,𝐿 = − (
1

𝑟

𝑟𝜌𝐿𝛼𝐿𝑣𝑥,𝐿𝑣𝑥,𝐿

Δ𝑥
+

1

𝑟

𝑟𝜌𝐿𝛼𝐿𝑣𝑟,𝐿𝑣𝑥,𝐿

Δ𝑟
)  (3-21) 

𝑆𝑟,𝐿 = − (
1

𝑟

𝑟𝜌𝐿𝛼𝐿𝑣𝑥,𝐿𝑣𝑟,𝐿

Δ𝑥
+

1

𝑟

𝑟𝜌𝐿𝛼𝐿𝑣𝑟,𝐿𝑣𝑟,𝐿

Δ𝑟
)  (3-22) 

𝑆𝑧,𝐿 = − (
1

𝑟

𝑟𝜌𝐿𝛼𝐿𝑣𝑟,𝐿𝑣𝑧,𝐿

Δ𝑥
+

1

𝑟

𝑟𝜌𝐿𝛼𝐿𝑣𝑥,𝐿𝑣𝑧,𝐿

Δ𝑟
)  (3-23) 

where 𝑣𝑥,𝐿 , 𝑣𝑟,𝐿 and 𝑣𝑧,𝐿 are the local axial, radial and tangential velocity of the liquid, 

respectively.  

 The mass sink for species k in the liquid phase is  

𝑆𝑚,𝐿,𝑘 = − (
𝜌𝐿𝛼𝐿𝑣𝑥,𝐿𝑌𝐿,𝑘

Δ𝑥
+

𝜌𝐿𝛼𝐿𝑣𝑟,𝐿𝑌𝐿,𝑘

Δ𝑟
+

𝜌𝐿𝛼𝐿𝑣𝑟,𝐿𝑌𝐿,𝑘

𝑟
)  (3-24) 
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 The energy sink is  

𝑆ℎ,𝐿 = − (
𝜌𝐿𝛼𝐿𝑣𝑥,𝐿𝐻𝐿

Δ𝑥
+

𝜌𝐿𝛼𝐿𝑣𝑟,𝐿𝐻𝐿

Δ𝑟
+

𝜌𝐿𝛼𝐿𝑣𝑟,𝐿𝐻𝐿

𝑟
) (3-25) 

where 𝐻𝐿 is the total enthalpy of the liquid phase.  

 Porous media model 

The porous media model for the RPBs with wire mesh packings, which was recently 

proposed by Lu et al. [101], is employed in this thesis. In RPBs, only part of the packing 

surface is wetted by the injected liquid, therefore, in this model, as shown in Figure 3-1, 

the packing surface is divided into a wet area, where the liquid contacts with the pack-

ing, and a dry area, where the gas contacts with the packing.  

  

Figure 3-1 Schematic diagram of the porous media model for wire mesh packings 

[101]. 

The flow resistances for the liquid and gas phases were derived from the one-phase 

flow resistance of wire gauzes [138], and the equations are as follows:  

𝑆𝐿𝑆 = 𝑓𝑒𝜀𝐿 [4(𝑓𝑎𝑝𝑝 + 𝑓𝑡)
𝜌𝐿𝑣𝐿

2

2𝑑𝑤

𝜀𝑆

𝜀𝐿
3

𝜏3

cos3 𝜃
] (3-26) 
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𝑆𝐺𝑆 = (1 − 𝑓𝑒)𝜀𝐺 [4(𝑓𝑎𝑝𝑝 + 𝑓𝑡)
𝜌𝐺𝑣𝐺

2

2𝑑𝑤

(1−𝜀𝐺)

𝜀𝐺
3

𝜏3

cos3 𝜃
] (3-27) 

where 𝑆𝐿𝑆 and 𝑆𝐺𝑆 are the resistances of the wire mesh packing for the liquid and gas 

phase, respectively, fe is the fraction of the wetted area of the wire mesh packing, 𝜀𝐿 

and 𝜀𝐺 are the volume fraction of the liquid and gas phase, respectively, 𝑑𝑤 is the size 

of the wire,  is the tortuosity factor of the packing; 𝑓𝑎𝑝𝑝 and 𝑓𝑡 are the Fanning friction 

factor and the turbulent friction factor, respectively, and they are specified as follows: 

𝑓𝑎𝑝𝑝 =
1

𝑅𝑒𝐾
(

3.44

√𝜒+
+

1.25

4𝜒++16−
3.44

√𝜒+

1+
0.00021

𝜒+2

)  (3-28) 

𝑓𝑡 =
0.079

𝑅𝑒𝐾
0.25 (3-29) 

𝜒+ =
𝑑𝑤

𝐷ℎ𝑅𝑒𝐾
 (3-30) 

𝑅𝑒𝐾 =
𝜌𝑣𝑒𝐷ℎ

𝜇
 (3-31) 

where 𝜒+ is the dimensionless channel length, 𝑅𝑒𝐾 is the effective Reynold number, 

Dh is the hydraulic diameter, ve is the effective velocity,  is the viscosity of the fluid.  

For the liquid-solid interaction: 

τ = 1 +
𝜀𝑆

2
, 𝑑𝑤 =

4𝜀𝑆

𝑎𝑆
, 𝑣𝑒 =

𝑣𝐿

𝜀𝐿

𝜏

cos(𝜃)
, 𝐷ℎ =

4𝜀𝐿

𝑎𝑆
 (3-32) 

For the gas-solid interaction: 

τ = 1 +
𝜀𝑆

2
, 𝑑𝑤 =

4𝜀𝑆

𝑎𝑆
, 𝑣𝑒 =

𝑣𝐺

𝜀𝐺

𝜏

cos(𝜃)
, 𝐷ℎ =

4𝜀𝐺

𝑎𝑆
 (3-33) 

where 𝑎𝑆 is the specific area of the dry packing, and  is the angle of slope of the em-

ployed packings [101].  
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It is worth mentioning that the employed porous media model was designed for the 

liquid film flow. In fact, there is also a small percentage of droplets existing in the 

porous media zone but they are restricted by the wire mesh and interact with the film. 

Therefore, this porous media model has shown applicability to predict the gas-liquid 

flow in RPBs with wire mesh packings [101].  

 Gas-liquid drag model 

The gas liquid drag force model, which was deduced by Lu et al. [101], is employed in 

this thesis, and the drag force between the gas and liquid is expressed as 

𝐹𝐺𝐿 = 𝑓𝑒𝜀𝐺 [4(𝑓𝑎𝑝𝑝 + 𝑓𝑡)
𝜌𝐺(𝑣𝐺−𝑣𝐿)2

2𝑑′𝑤

(1−𝜀𝐺)

𝜀𝐺
3 𝜏3]  (3-34) 

where 𝑓𝑎𝑝𝑝  and 𝑓𝑡  are expressed in Equation (3-28) and Equation (3-29), respec-

tively, and the involved parameters are calculated as follows: 

τ = 1 +
𝜀𝑆+𝜀𝐿

2
, 𝑑′𝑤 =

4𝜀𝑆

𝑎′𝑆
, 𝑣𝑒 =

(𝑣𝐺−𝑣𝐿)𝜏

𝜀𝐺
, 𝐷ℎ =

4𝜀𝐺

𝑎′𝑆
 (3-35) 

𝑎′𝑆 = (
𝜀𝐿+𝜀𝑆

𝜀𝑆
)

1

2
𝑎𝑆  (3-36) 

where 𝑎′𝑆 is the specific area of the wet wires; 𝑑′𝑤 is the diameter of the wire and liq-

uid film, as illustrated in Figure 3-1.  

 Interfacial area model 

Due to the interfacial area in different RPBs and packings being case sensitive, there-

fore, there are no universal interfacial area models for RPBs at present. In this thesis, 

the interfacial area model used in the Eulerian model is the effective interfacial area 

correlation Eq. (5-12), which is regressed based on the data from the mesoscale 3D 

CFD simulations. The detailed formation process of the correlation is described in 
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Chapter 5, and the schematic of the implementation of the interfacial area correlation 

from the mesoscale 3D CFD simulations to the Eulerian CFD model can be seen from 

Figure 6-1. 

 Interface species mass transfer 

3.4.6.1 Mass transfer equation 

During the CO2 absorption by the aqueous amine solutions, the CO2 species is trans-

ferred from the gas phase to the liquid phase, and the transferred mass of the CO2 is 

calculated using the following mass transfer equation [129]:  

𝑚𝐺𝐿,𝐶𝑂2
= 𝐾𝐿𝐴𝐺𝐿(𝜌𝐿,𝐶𝑂2

∗ − 𝜌𝐿,𝐶𝑂2
) (3-37) 

where 𝐾𝐿 is the overall mass transfer coefficient of the CO2 species, 𝜌𝐿,𝐶𝑂2

∗ is the equi-

librium mass concentration of CO2 at the gas-liquid interface, and 𝜌𝐿,𝐶𝑂2
 is the local 

CO2 concentration in the liquid phase.  

The equilibrium mass concentration of CO2 at the gas-liquid interface is determined 

by the Henry’s law, and it is expressed as follows:  

𝜌𝐿,𝐶𝑂2

∗ = 𝑀𝑤,𝐶𝑂2

𝑃𝐶𝑂2

𝐻𝐶𝑂2−𝑀𝐸𝐴
 (3-38) 

where 𝑀𝑤,𝐶𝑂2
 is the molar mass of CO2, 𝑃𝐶𝑂2

 is the partial pressure of CO2 in the gas 

phase, 𝐻𝐶𝑂2−𝑀𝐸𝐴 is the Henry constant of CO2 in the aqueous MEA solution, and it is 

estimated by the N2O analogy method [139] as follows:  

𝐻𝐶𝑂2−𝑀𝐸𝐴 = 𝐻𝑁2𝑂−𝑀𝐸𝐴 (
𝐻𝐶𝑂2

𝐻𝑁2𝑂
)

𝑤

 (3-39) 

where 𝐻𝑁2𝑂−𝑀𝐸𝐴 is the Henry constant of N2O in the aqueous MEA solution, 𝐻𝐶𝑂2
 is 

the Henry constant of CO2 in water, 𝐻𝑁2𝑂 is the Henry constant of N2O in water.  
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The two-resistance model [129] is used to estimate the overall mass transfer coeffi-

cient 𝐾𝐿. The relationship between 𝐾𝐿 and the individual mass transfer coefficients 

is as follows:  

1

𝐾𝐿
=

1

𝐻′𝑘𝐺
+

1

𝑘𝐿
  (3-40) 

𝐻′ =
𝐻𝐶𝑂2−𝑀𝐸𝐴

𝑅𝑇
 (3-41) 

where 𝑘𝐺 is the mass transfer coefficient at the gas side, 𝑘𝐿 is the mass transfer co-

efficient at the liquid side. 𝐻′ is the equilibrium ratio for the mass concentration of 

CO2, R is the gas constant, T is the temperature.  

3.4.6.2 Gas phase mass transfer coefficient 

For the mass transfer coefficient at the gas side, the Hughmark model [140] is em-

ployed, and it is written as follows: 

𝑘𝐺 =
𝑆ℎ𝐺𝐷𝐺

𝑑𝑝
 (3-42) 

𝑆ℎ𝐺 = 2 + 0.6𝑅𝑒𝐺

1

2𝑆𝑐𝐺

1

3         0 ≤ 𝑅𝑒𝐺 < 776.06, 0 ≤ 𝑆𝑐𝐺 < 250 (3-43) 

𝑆ℎ𝐺 = 2 + 0.6𝑅𝑒𝐺
0.62𝑆𝑐𝐺

1

3     𝑅𝑒𝐺 ≥ 776.06, 0 ≤ 𝑆𝑐𝐺 < 250 (3-44) 

where 𝑆ℎ𝐺 is the Sherwood number of the gas phase, DG is the diffusivity of the gas 

phase, dp is the equivalent diameter of the packing, dp = 6εS / aS, and 𝑆𝑐𝐺 is the Schmidt 

number of the gas phase.  

3.4.6.3 Liquid phase mass transfer coefficient 

For the mass transfer coefficient at the liquid side, the film theory and the second-order 

irreversible enhancement model [108] are used, namely 
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𝑘𝐿 = 𝐸𝑥𝑘𝐿
∗
 (3-45) 

where, Ex is the enhancement factor promoted by the chemical reaction in the liquid 

phase, 𝑘𝐿
∗
 is the physical mass transfer coefficient, and it is given by the film theory as 

follows:  

𝑘𝐿
∗ =

𝐷𝐿,𝐶𝑂2

ℓ
  (3-46) 

where 𝐷𝐿,𝐶𝑂2
 is the diffusivity of CO2 in the liquid phase, ℓ is the diffusion layer thick-

ness for mass transfer in the liquid phase, which is related to the diffusivity, viscosity 

and flow condition of the liquid. From literature [141-143], it is found that the thickness 

of the diffusion layer in the liquid phase is in the ranges of 1~8 × 10−5 m. Therefore, 

the sensitivity of the value of ℓ on the CO2 absorption is investigated, and it was found 

that for values in the range of 1  10-5 m to 8  10-5 cm, there are no significant different 

results for the CO2 absorption. Therefore, ℓ = 5 × 10−5 m is employed for all the cases 

investigated in this thesis.  

In addition, the enhancement factor 𝐸𝑥, which is developed by Wellek et al. [144], is 

employed in this thesis, and it is expressed as follows: 

𝐸𝑥 = 1 + ((𝐸𝑖 − 1)−1.35 + (𝐸1 − 1)−1.35)−
1

1.35 (3-47) 

𝐸𝑖 = 1 +
𝐷𝐿,𝑀𝐸𝐴𝐶𝐿,𝑀𝐸𝐴

2𝐷𝐿,𝐶𝑂2𝐶𝐿,𝐶𝑂2
 (3-48) 

𝐸1 =
𝐻𝑎

𝑡𝑎𝑛ℎ(𝐻𝑎)
 (3-49) 

𝐻𝑎 = √
𝑘2𝐷𝐿,𝐶𝑂2𝐶𝐿,𝑀𝐸𝐴

(𝑘𝐿
∗)2

  (3-50) 



Chapter 3 

68 

 

where 𝐶𝐿,𝑀𝐸𝐴 and 𝐶𝐿,𝐶𝑂2 are the mole concentrations of the MEA and CO2 species in 

the liquid phase, respectively; Ha is the Hatta number; and k2 is the reaction rate con-

stant.  

The diffusivity of the MEA species in liquid phase is investigated by Snijder et al. [145], 

and the obtained correlation is expressed as follows:  

𝐷𝐿,𝑀𝐸𝐴 = 𝑒𝑥𝑝 (−13.275 −
2198.3

𝑇
− 0.078142𝐶𝐿,𝑀𝐸𝐴)  (3-51) 

Due to the chemical reaction between the CO2 and MEA, it is impossible to obtain the 

physical diffusivity of CO2 in the MEA solutions directly, therefore the diffusivity of 

CO2 in the MEA solution is estimated by the N2O analogy method [146] as follows: 

𝐷𝐿,𝐶𝑂2
= 𝐷𝐿,𝑁2𝑂 (

𝐷𝐶𝑂2

𝐷𝑁2𝑂
)

𝑤

 (3-52) 

3.4.6.4 Chemical reactions in the liquid phase 

For describing the chemical reaction between CO2 and MEA in the liquid phase, the 

zwitterion mechanism has been generally accepted [147], where the reaction is hap-

pened in two steps. In the first step, one mole of CO2 and one mole of MEA react and 

generate one mole of zwitterion. Then, in the second step, the zwitterion reacts with 

MEA to deprotonate. Therefore, the two-step reactions can be expressed as follows: 

CO2(aq) + HOC2H4NH2(aq)
𝑘2

⇆
𝑘−1

 HOC2H4NH2
+COO−(aq)  (3-53) 

HOC2H4NH2
+COO−(aq) + HOC2H4NH2(aq)

𝑘𝑏
→  HOC2H4NH3

+(aq) +

HOC2H4NHCOO−(aq)  

(3-54) 

After combining the two-step reactions, the overall reaction can be expressed as follows: 
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CO2(aq) + 2HOC2H4NH2(aq)
𝑘2
→  HOC2H4NH3

+(aq) +

HOC2H4NHCOO−(aq)  

(3-55) 

According to the zwitterion mechanism with two-step reactions, the reaction rate be-

tween the CO2 and MEA is calculated by: 

𝑟𝐶𝑂2−𝑀𝐸𝐴 =
𝑘2[𝑀𝐸𝐴][𝐶𝑂2]

1+
𝑘−1

𝑘𝑏[𝑀𝐸𝐴]

 (3-56) 

where r is the reaction rate, k2, k-1 and kb are the reaction rate constants, [𝑀𝐸𝐴] and 

[𝐶𝑂2] are the molar concentration. Due to 
𝑘−1

𝑘𝑏[𝑀𝐸𝐴]
≪ 1, the CO2 reaction with the MEA 

can be treated as a second-order irreversible reaction and the reaction rate between CO2 

and MEA can be expressed as follows:  

𝑟𝐶𝑂2−𝑀𝐸𝐴 = −𝑘2[𝑀𝐸𝐴][𝐶𝑂2]  (3-57) 

The above simplified reaction has been extensively employed in the simulation of CO2 

absorption by the liquid amines [108, 112].  

In addition, Versteeg et al. [148] proposed the correlation of the reaction rate constant 

𝑘2, and it has been employed and validated by Hosseini et al. [108], therefore it is 

employed in this thesis and expressed as: 

𝑘2 = 4.4 × 1011𝑒𝑥𝑝 (−
5400

𝑇
) (3-58) 

In this thesis, the formation enthalpies of HOC2H4NH3
+ and HOC2H4NHCOO- are ob-

tained from Mishra [149]. 
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 Interface heat transfer 

The transferred heat between the gas phase and the liquid phase 𝑄ℎ,𝐺𝐿 is calculated by 

the heat transfer equation, as follows: 

𝑄ℎ,𝐺𝐿 = ℎ𝐺𝐿𝐴𝐺𝐿(𝑇𝐺 − 𝑇𝐿) (3-59) 

where ℎ𝐺𝐿 is the heat transfer coefficient; 𝐴𝐺𝐿 is the gas-liquid interfacial area; TL and 

TG are the temperatures of the gas and liquid, respectively.  

Due to investigations on the heat transfer in RPBs being very limited, in this thesis, the 

modified Hughmark model [140] is employed to predict the gas-liquid heat transfer 

coefficient ℎ𝐺𝐿, which is analogous to the gas phase mass transfer coefficient. In addi-

tion, due to lack of detailed measurements of the heat flux at the wall of RPBs, the wall 

of the RPB is assumed to be adiabatic. 
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Chapter 4: Characteristics of liquid flow 

in an RPB: A 2D CFD analysis 

Summary 

This chapter presents a 2D CFD model for analysing the characteristics of liquid flow 

within an RPB. The VOF multiphase flow model is implemented to calculate the flow 

field and capture the interface between the gas and liquid phases in the RPB. The sim-

ulation results show good agreement with the experimental data. The distinct liquid 

flow patterns in different regions of an RPB are clearly observed. The simulation re-

sults indicate that increasing the rotational speed dramatically decreases the liquid 

holdup and increases the degree of the liquid dispersion. The increasing liquid jet ve-

locity decreases the liquid residence time but slightly increases the liquid holdup. In 

addition, the liquid holdup increases and the degree of the liquid dispersion decreases 

with increasing MEA concentration, but the effects are weaker at a higher rotational 

speed. With the increasing of the contact angle, both the liquid holdup and the degree 

of the liquid dispersion are reduced. This proposed model leads to a much better un-

derstanding of the liquid flow characteristics within RPBs.  

4.1 Introduction 

The fluid mechanics of RPBs is not fully understood, thus accurate predicting the char-

acteristics of the liquid solvent flow and subsequently the mass transfer within the RPB 

is difficult. In order to achieve a more reliable prediction of the liquid flow character-

istics in an RPB, a new 2D computational framework of an RPB is proposed based on 
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the VOF method. This model adopts the real round cross-section of the wire mesh as 

the packing characteristics and a non-uniform grid generation strategy has been em-

ployed to make the model available to capture the liquid films on the packing surface 

so that both the formation of the liquid droplet and the formation of the liquid film can 

be simulated. In addition, the fluid flow is calculated in a rotational coordinate system 

that is fixed on the RPB rotor. The SST k-ω model is applied to close the Navier-Stokes 

equations. Both low and high concentrations of aqueous monoethanolamine (MEA) 

solutions are investigated for the possible flow patterns in the RPB. The effects of the 

rotational speed, liquid jet velocity, liquid viscosity and contact angle have been simu-

lated to provide an improve understanding on the detailed flow patterns, liquid holdup, 

liquid residence time, and the degree of liquid dispersion, which are important param-

eters for RPB designs.  

4.2 CFD modelling 

 Geometry of the investigated RPB 

The wire mesh packing is investigated in this chapter, which has a good performance 

to deal with the high viscosity fluid [47] and it has a good mass transfer performance 

among several different types of packings [150]. In addition, it is suitable to deal with 

large amounts of flue gas in the PCC process due to the high porosity. The RPB simu-

lated is based on the experiments of Yang et al. [47], and the X-ray CT scan image of 

the wire mesh packing that was employed in the RPB and a photo of one layer of the 

wire mesh packing are shown in Figure 4-1 (a) and (b), respectively.  
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Figure 4-1 (a) An X-ray CT scan image of the wire mesh packing; and (b) a photo of 

one layer of the wire mesh packing [47].  

As shown in Figure 4-1, because of the irregular structure and limited information on 

the packing employed in the experiments [47], it is almost impossible to make an iden-

tical packing arrangement in the CFD model. The annular packing region of the RPB 

consists of a woven wire mesh in rolls, which can be reasonably simplified into a con-

centric multi-layer wire mesh, and each layer is composed of concentric and coaxial 

wires. Figure 4-2 (a) shows the simplified diagram of the employed packing with the 

main dimensions. It has a 20 mm height, 42 mm inner diameter and 82 mm outer di-

ameter, and the specific area is 497 m2/m3 and the void fraction is 0.95. The liquid is 

radially injected into the packing from the centre of the RPB through a liquid distribu-

tor, which is designed as a rectangular crack with the size of 1 mm × 15 mm. The 

rotational speed of the bed varied from 500 rpm to 2500 rpm, the liquid flow rate ranges 

from 1094 ml/s to 2580 ml/s, and this means that the liquid jet velocity ranges from 

1.22 m/s to 2.87 m/s. The data on the liquid holdup under these operating conditionals 

are available from the experiment [47].  
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Figure 4-2 (a) Schematic diagram of the wire mesh packing; and (b) 2D calculation 

domain of an RPB and the partial schematic illustration of the packing arrangement 

and boundary conditions (1. Centre distance between two adjacent wires in the circum-

ferential direction; 2. Diameter of the wire; 3. Centre distance between two adjacent 

mesh layers).  

A cross-section, where there are only coaxial wires, is chosen to build up the 2D cal-

culation domain (see Figure 4-2 (b)). The influence of the concentric wires on the liquid 

flow has been ignored, mainly because in a 2D model the concentric wires would form 

closed circles that the liquid cannot flow across. Since the direction of the liquid flow 
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in most of the packing region is almost radial relative to the packing, it is expected that 

the liquid flow characteristics would be similar to that when it hits a coaxial wire.  

In order to make the 2D model have similar characteristics, such as void fraction and 

specific area, compared to the real physical models, several important parameters have 

been controlled to generate the 2D packing geometry. The diameter of the wires is 0.5 

mm and the distance between the centres of two adjacent packing wires in the circum-

ferential direction is 3.5 mm. There are 21 concentric packing layers in total and the 

distance between the centres of two adjacent mesh layers in the radial direction is 1 

mm. Under this arrangement, the void fraction of the packing is 0.94, and the specific 

area is 469 m-1. These parameters are similar to the RPB employed by Yang et al. [47]. 

Therefore, the simulation results of the liquid holdup can be compared with the exper-

imental results for model validation.  

 Computational grid 

The computational grid generation is a critical step that influences the convergence, 

stability, and accuracy of the simulations. From the previous study [44, 45, 134], the 

liquid film flow is an essential flow pattern in the RPB. Moreover, the morphology of 

small ligaments and droplets is very sensitive to the boundary layers on the packing 

surfaces. Accurately resolving the boundary layer in the neighbourhood of the packing 

surfaces is the basis for accurately predicting the liquid flow field by using the VOF-

based CFD methods. Therefore, considering the computational accuracy of the liquid 

flow field, especially in the vicinity of the packing surfaces, as well as the overall com-

puting efficiency, the flow domain is discretized with a non-uniform mesh as shown in 

Figure 4-3. A higher mesh density is implemented near the packing surface in order to 
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resolve the flow boundary layer accurately and then the size of the grids grows gradu-

ally. In the region far away from the packing surface, the grid is quadrilateral dominate. 

The final grid size is a result of a grid sensitivity study, which is discussed in more 

detail in Section 4.2.5. In this chapter, the geometry and grid of the computational do-

main is generated with ICEM CFD 16.1.  

 

Figure 4-3 Computational grid arrangement in the RPB.  

 Boundary conditions 

The computational domain and the locations to which the flow boundary conditions are 

applied are shown in Figure 4-2 (b). The liquid inlet is specified by a fixed jet velocity 

with the volume fraction of the liquid phase being set to unity. The jet velocity ranges 

from 1.22 m/s to 2.87 m/s, which corresponds to the experimental settings [47]. The 

turbulent intensity is specified as 1%, and the hydraulic diameter is specified as the 

nozzle width, 1 mm. Many investigations indicate that the gas has little effect on the 

main liquid flow pattern [45] and liquid holdup [57, 58]. Therefore, the effect of the 

gas flow on the liquid flow characteristics is not accurately investigated in this chapter. 

Thus, the volume fraction of the liquid phase and the fluid velocity are set to zero on 
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the rest of the inner boundary. In addition, the computational domain is fixed on a ro-

tational coordinate system; therefore, the liquid nozzle rotates in the opposite direction 

relative to the rotational coordinate system and the movement of the nozzle is realized 

by a user-defined function (UDF). In the UDF, the position of the liquid nozzle is de-

fined as a function of time and it is updated at each time step during the transient cal-

culation. This nozzle setup method has been verified by comparing the predicted flow 

patterns and liquid holdup with the sliding mesh method as adopted in the previous 

research [91]. The comparison results indicate that the two nozzle setup methods have 

the same effects while moving the nozzle using the UDF method reduces the complex-

ity of the modelling and presents more flexibility when changing the width of the liquid 

nozzle without rebuilding the geometry and regenerating the grid.  

In the outer periphery of the computational domain, the wall condition is set to simulate 

the casing wall of the RPB and ten evenly distributed pressure outlets with a width of 

3 mm are set to drain the liquid. The contact angle between the liquid and the wall is 

set at 150° so as to represent a hydrophobic material, thus the collected liquid can freely 

move along the wall and quickly drain from the nearest liquid outlet. In addition, there 

is a gap between the casing wall and the packing region. Therefore, the wall has almost 

no influence on the flow pattern and the liquid holdup in the packing region, where we 

pay most of our attention. For the surface of the packing, the no-slip boundary condition 

and wall adhesion is specified. However, a given packing surface may have different 

contact angles depending on the liquid properties, and for a given liquid, the contact 

angle also varies with different packing surfaces [103]. In addition, the contact angle 

of the packing surface corresponding to different solvents is not available in the litera-

ture. Therefore, in this chapter, a value of 30° is specified as the contact angle of the 
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packing surface in the initial simulations. Further, considering the importance of the 

contact angle on the flow pattern and liquid holdup, the effect of varying the contact 

angle is investigated. The computational domain with a rotational speed of the refer-

ence frame in the range of 500–1500 rpm is used to investigate the effect of the rota-

tional speed of the PRB on the flow.  

 Solution procedure 

Transient simulations are performed using the ANSYS® Fluent 16.1 software in a dou-

ble precision mode, and it incorporates the in-house developed UDF for setting the inlet 

boundary conditions. The pressure-velocity coupling is resolved by the PISO algorithm, 

and the PRESTO scheme is employed for the pressure discretization. The Geo-Recon-

struct method is applied for the spatial discretization of the volume fraction equation, 

the second-order upwind scheme is employed for solving the momentum equations and 

turbulence equations. In addition, for the convergence criteria, the residuals of the mass 

balance equations are taken to be less than 1×10-4 and the residuals of all the other 

equations are less than 1×10-5. Different time step sizes have been tested to check the 

effect of the time step size on the results. As a result, the time step size is set as 1×10-5 

s when the rotational speed is between 500 to 750 rpm (include 750 rpm) and 5×10-6 s 

when the rotational speed is between 750-1500 rpm. In addition, the maximum number 

of iterations of 30 are performed per time step in order to achieve the calculation con-

vergence. The instantaneous liquid holdup is monitored for each simulation to make 

sure it achieves the pseudo steady state and the average liquid holdup in each simulation 

is calculated based on the instantaneous liquid holdup after the simulation achieving 

the pseudo steady state.  
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 Grid independence 

A grid independence study is conducted to determine a reasonable computational grid. 

Four different grids consisting of 0.13, 0.43, 0.64 and 0.87 million quadrilateral-domi-

nated cells have been employed to investigate the effect of the mesh on the CFD solu-

tions. The grid is refined in the vicinity of the packing surface. When increasing the 

grid numbers in the packing surface, the regions, which are away from the packing 

surface, can correspondingly be refined according to the meshing strategy employed. 

As shown in Figure 4-4, solutions for the liquid holdup and the liquid dispersion index 

(explained in Section 4.3.4.1) at a demanding condition (N=1500 rpm) are almost the 

same as when using a grid with no less than 0.43M cells, which may be regarded as a 

reasonable fine grid to predict the overall liquid flow characteristics. Therefore, for the 

simulations of the liquid holdup and the liquid dispersion index, the grid with 0.43M 

cells is used as a trade-off between computing time and simulation precision. However, 

a refined grid can achieve a clearer observation of the detailed liquid flow pattern. 

Therefore, for investigating the liquid flow pattern, the 0.87M grid is chosen.  
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Figure 4-4 Predicted liquid holdup and liquid dispersion index using four different 

grids. (N=1500 rpm, u0 = 1.53 m/s, water).  
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4.3 Results and discussion 

 Model validation 

The CFD predicted liquid holdup has been compared with the experimental results 

measured by Yang et al. [47] and with the correlation proposed by Burns [56] as fol-

lows:  

𝜀𝐿 = 0.039 (
𝑔

𝑔0
)

−0.5

(
𝑈

𝑈0
)

0.6

(
𝜈

𝜈0
)

0.22

 (4-1) 

where 𝑔0 = 100 𝑚 𝑠2⁄ , 𝑈0 = 0.01 𝑚/𝑠  and 𝜈0 = 10−6 𝑚2 𝑠⁄  are characteristic val-

ues.  

This correlation has been adopted by many researchers for validation [93] and process 

modelling [41, 89, 90, 151] of RPBs. The simulation results in this chapter show that 

the effect of the rotational speed (Figure 4-5 (a)), the liquid jet velocity (Figure 4-5 (b)) 

and the liquid viscosity (Figure 4-5 (c)) on the liquid holdup is similar to those obtained 

by Yang et al. [47] experimentally and the Burns correlation. It is noted that the liquid 

holdup from the simulation is closer to the experimental data than the widely accepted 

Burns correlation. This may be because the conductivity measurement method adopted 

in the experiments [56] cannot take into consideration of the free droplets, which may 

take up an important percentage of liquid in the packing region of typical RPBs. How-

ever, the liquid holdup from the simulation is still lower than the liquid holdup obtained 

by the X-ray technique in general. On the one hand, this is because the liquid may 

accumulate at the intersections of the two crossed wires but this cannot be considerate 

in this 2D model. On the other hand, because the concentric wires are ignored in the 

2D model, the specific area (469 m-1) of the packing in the model is slightly less than 

that of the real packing (497 m-1) although the void fraction of the packing (0.94) in the 
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2D model is similar to that in the experiments (0.95). Therefore, there is less packing 

surface to be wetted by the liquid. In general, this model can reflect the effects of the 

above-mentioned influencing factors on the liquid holdup, compared to the experi-

mental data obtained by Yang et al. [47]. Although the simulation is performed in a 2D 

domain rather than a real 3D domain and there are some limitations due to the simpli-

fication of the real geometry, we take the view that the 2D CFD model can still effec-

tively predict the liquid flow characteristics in the RPB.  
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(c) 

Figure 4-5 Comparison of simulation results of liquid holdup with the experimental 

data [47] and Burns correlation [56]: (a) Effect of the rotational speed, (b) effect of the 

liquid jet velocity, and (c) effect of the liquid viscosity.  
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 Liquid flow pattern in the RPB 

Solvents with 30 wt% MEA are typically recommended to be used in conventional 

packed bed absorbers. However, the RPB can cope with much higher MEA concentra-

tions. In this chapter, the 50 wt% aqueous MEA solution is used to demonstrate the 

liquid flow patterns in the RPB. The CFD model predicted four typical liquid flow 

patterns in two different packing regions and under two rotational speeds of the RPB 

are shown in Figure 4-6. As can be seen in Figure 4-6, or Figure 4-2 (b), the packing 

space is unevenly distributed in the whole packing region. The arrangement of the wires 

in the CFD model is similar to the inherent nature of the random wire mesh packing, 

since the wire mesh is compactly arranged in rolls, which forms regular but an uneven 

distribution around the bed. The distribution of the wires in different circumferential 

regions of the packing has more or less effect on the liquid flow pattern, however dis-

tinct flow patterns still can be observed in different packing regions around the bed, 

which are mainly determined by the radial positions and the operation conditions. The 

packing region close to the liquid inlet is usually defined as the entrance region, which 

is the region of about 10 mm in radius in the inner side of the dashed lines as indicated 

in Figure 4-6. The rest of the packing region is usually defined as the bulk region. Also, 

different flow patterns between the two regions have been confirmed by Guo et al. [45], 

Yan et al. [48] and Guo et al. [49] through different experimental methods, which in-

dicate the feasibility of the CFD model to investigate the liquid flow pattern in the RPB.  

4.3.2.1  Flow pattern in the entrance region 

As shown in Figure 4-6, when the liquid is injected into the packing region from the 

liquid inlet, the rotational packing splits the liquid continuously. Most of the liquid is 

sheared into the liquid ligaments but still moves almost along the radial direction, 
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which is mainly due to the existence of the initial momentum in the radial direction. A 

small percentage of the liquid becomes liquid films and it adheres to the packing wires 

and rotates with the packing. As for the liquid ligaments in the entrance region, the 

radial velocity of the liquid decreases from the initial jet velocity to a lower velocity. 

This is mainly due to the loss of the liquid initial momentum when the liquid strikes 

the packing. However, the tangential velocity of the liquid gradually increases from 

zero to approach the packing’s tangential velocity under the action of the drag force 

from the packing. As a result, the ratio of the tangential velocity to the radial velocity 

of the liquid ligaments gradually increases, and the liquid ligaments are all captured by 

the packing at the end of the entrance region.  

 

Figure 4-6 Typical liquid flow patterns in different regions (50 wt% MEA, u0 = 2.87 

m/s, contours represent the volume fraction of liquid). 
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4.3.2.2 Flow pattern in the bulk region 

Within the bulk region, at a relatively low rotational speed, such as 500 rpm, where the 

average centrifugal acceleration in the bed is about 80 m/s2, the liquid flow pattern is a 

pore-dominated flow, as shown in Figure 4-6 (a1) and (a2). This is because the surface 

tension makes the liquid prefer to coalesce and the relative velocity between the liquid 

and the packing is not large enough to make it separate. As a result, the liquid exists in 

the form of liquid groups and travels in the pores of the packing. While at a higher 

rotational speed, such as 1000 rpm, where the average centrifugal acceleration in the 

bed is about 320 m/s2, the liquid flow pattern becomes a droplet-dominated flow, as 

shown in Figure 4-6 (b1) and (b2).  

The typical transportation process of a droplet in the bulk region of the packing is 

shown in Figure 4-7. It shows that the liquid moves relative to the rotating packing at 

1000 rpm within seven milliseconds. Initially, the observation is focused on the droplet 

within the dashed circles in Figure 4-7 (a) at time t0. Then the droplet moves, disperses 

and mixes with other liquid as time goes on. The liquid elements, which originated 

from the same droplet within the red dashed circle in Figure 4-7 (a), are marked by the 

dashed circles in the rest of the figures. As can be observed, when the liquid droplet 

hits the packing surface and one part of the liquid attaches to the packing surface and 

becomes a liquid film, and the other part of the liquid moves into the next layer of the 

packing space. The percentage of the free moving liquid relative to the captured liquid 

by the packing surface depends on the voidage of the packing, that is, a higher voidage 

leads to a higher percentage of free moving liquid to the next layer. As for the captured 

liquid by the packing surface, when the liquid leaves the surface of the wires, the 
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stretched liquid droplets always breakup and generate some satellite droplets (see Fig-

ure 4-7 (d) and (h)). This is because the surface tension of the liquid makes it have the 

trend to form liquid droplets rather than liquid ligaments. At the same time, the droplet–

droplet collisions occur in the packing space, see Figure 4-7 (e) to (f), and the small 

droplets collide and merge into big droplets. These steps repeat until the liquid moves 

out of the packing region and the droplets become smaller and smaller and the liquid 

surfaces continuously update.  

 

Figure 4-7 Transient development of the liquid phase (50 wt% MEA, N = 1000 rpm, 

u0 = 1.53 m/s, contours represent the volume fraction of liquid). 

 Liquid holdup and liquid residence time in the RPB  

The liquid holdup (𝜀𝐿), defined as the liquid volume per unit packing volume, and the 

mean residence time ( 𝑡̅ ) of the liquid are two essential parameters for an RPB [45, 47, 

56] and the two parameters are closely related. The mean residence time of liquid can 

be determined based on the liquid holdup using Equation (2-1), where U is the super-

ficial liquid flow velocity and it can be calculated by 

𝑈 =
𝑢0𝑑

2𝜋𝑟
 (4-2) 

where 𝑢0 is the liquid jet velocity, d is the width of the nozzle and 𝑟 = (𝑟𝑖 + 𝑟𝑜)/2.  
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4.3.3.1 Effect of rotational speed on liquid holdup 

Figure 4-8 shows the effect of the rotational speed (N) on the liquid holdup at two 

different liquid jet velocities where the 50 wt% aqueous MEA solution is used. The 

figure illustrates that the liquid holdup decreases with the increasing rotational speed 

from 500 to 1500 rpm for both liquid jet velocities of 1.53 and 2.87 m/s. The liquid 

gains the tangential velocity from the packing continuously, and it almost synchro-

nously rotates with the packing in the bulk region. Therefore when increasing the rota-

tional speed, the liquid can obtain a higher tangential velocity, thus resulting in a higher 

centrifugal acceleration as well as a higher radial velocity relative to the packing. 

Therefore, the residence time of the liquid decreases as well as the liquid holdup de-

creases.  
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Figure 4-8 Effect of the rotational speed on the liquid holdup. 

In addition, on increasing the rotational speed, the liquid can gain more kinetic energy 

from the packing, and the liquid can be split into smaller liquid droplets and fragments 
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(compare Figure 4-6 (a1) and (b1) or compare Figure 4-6 (a2) and (b2)). Therefore, the 

percentage of liquid that flies into the void of the packing increases. When the liquid 

flies in the void of the packing, it is free from the drag force from the packing and this 

contributes to the increasing average radial velocity. As shown in Figure 4-8, on in-

creasing the rotational speed from 500 to 1000 rpm, where the liquid flow is dominated 

by the pore flow, the liquid holdup decreases by about 50%. While, when increasing 

the rotational speed from 1000 rpm to 1500 rpm, the liquid holdup decreases by only 

about 20% and this may be because the droplets are difficult to be captured by the 

packing when the rotational speed is higher than 1000 rpm, where the liquid flow is 

dominated by the droplet flow and the droplets become smaller and smaller.  

From Figure 4-7 (e) to (h), it can be observed that some of the liquid is retained in the 

packing surface and does not move with time, and this is due to the adhesion force 

between the liquid and the packing surface. In this state, the centrifugal force and the 

adhesion force are in balance. When the rotational speed increases, then the retained 

liquid obtains a higher centrifugal force, and when the adhesion force cannot meet the 

centrifugal force, then the retained liquid moves away from the packing surface. There-

fore, the percentage of the retained liquid decreases with increasing rotational speed, 

which also leads to the decrease in the liquid holdup.  

4.3.3.2 Effect of liquid jet velocity on liquid holdup and residence time  

The effect of the liquid jet velocity on the liquid holdup is shown in Figure 4-9. It is 

clear that the liquid holdup increases with the increasing liquid jet velocity, while, the 

increase rate of the liquid holdup is very small. This is because the average liquid radial 

velocity increases with increasing the liquid jet velocity. Specifically, a higher liquid 
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jet velocity directly increases the liquid radial velocity in the entrance region. In addi-

tion, with an increase in the liquid flow rate, the frequency of the liquid-liquid collisions 

and liquid-packing collisions increases, therefore small droplets and thin films are eas-

ier to coalescence and form big droplets, which increases the escape frequency of the 

liquid from the packing surface. Due to the same reason, the liquid residence time de-

creases with the increasing liquid jet velocity, as shown in Figure 4-9. As for the flow 

pattern, on comparing Figure 4-10 (a) and (b), with an increase in the liquid jet velocity, 

the radial distance of the entrance region increases and the circumferential liquid mal-

distribution is more severe. 
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Figure 4-9 Effect of the liquid jet velocity on the liquid holdup and the residence time. 
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Figure 4-10 Effect of the liquid jet velocity on the liquid flow pattern (contours repre-

sent the volume fraction of liquid).  

4.3.3.3 Effect of MEA concentration on liquid holdup and liquid residence time 

The effect of the MEA concentration on the liquid holdup is shown in Figure 4-11, 

which shows that the liquid holdup increases with the increasing MEA concentration 

from 30 wt% to 90 wt%. This is mainly because the liquid viscosity noticeably in-

creases with the increasing concentration of the MEA. As shown in Figure 4-12, most 

of the liquid is partially in contact with the packing surface where the viscous force 

plays a major role. With the increasing of the liquid viscosity, the liquid deformation 

rate reduces and this causes the residence time of the liquid that is partially attached 

onto the packing surface to increase. In addition, the thickness of the boundary layer 

increases with the increasing liquid viscosity and this leads to the liquid volume that is 

attached to the packing surface to increase. Thus, the liquid holdup increases with an 

increasing liquid viscosity. From another perspective, the drag force is the driving force 

for the liquid movement in the tangential direction, but it is resistant to the liquid move-

ment in the radial direction. As a result, with increasing the liquid viscosity, the liquid 

is easier to attach onto the packing surface and follow the rotation of the packing, which 

leads to a better circumferential liquid distribution (compare Figure 4-12 (a) and (b) or 
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compare Figure 4-12 (c) and (d)). Also, this contributes to the increasing of the liquid 

holdup.  

However, as shown in Figure 4-11, the effect of the MEA concentration on the liquid 

holdup is weaker at a higher rotational speed. This is because at a higher rotational 

speed, the free moving liquid droplets increases and the amount of the liquid films 

attached to the packing surface reduces and thus the influence of the viscous resistance 

force on the liquid becomes weaker. Such as, at 500 rpm, the flow pattern is pore-

dominated flow, and much liquid is in contact with the packing surface, thus the liquid 

viscosity has a stronger influence on the liquid holdup than that at 1000 rpm or 1500 

rpm, where the liquid is in the droplet-dominated flow pattern. 
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Figure 4-11 Effect of the MEA concentration on the liquid holdup and the liquid mean 

residence time at two different rotational speeds.  
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Figure 4-12 Effect of MEA concentration on the liquid flow pattern at different rota-

tional speeds (u0=1.53m/s, contours represent the volume fraction of liquid).  

When keeping the liquid jet velocity as constant, the mean residence time of the liquid 

(𝑡̅) is proportional to the liquid holdup based on Equation (2-1). Therefore, the effect 

of the MEA concentration on 𝑡̅ is the same as the effect of the MEA concentration on 

the liquid holdup and the value of 𝑡̅ can be obtained from the right Y-axis of Figure 

4-11.  

4.3.3.4 Effect of contact angle on liquid holdup and liquid residence time 

The contact angle is an important parameter for gas-liquid-solid systems and different 

packing materials and/or different surface treatments lead to different contact angles. 

Stainless steel is hydrophilic but some materials used in the RPB packing are hydro-

phobic [152]. In order to cover a wide range of materials, the effect of the contact angles 
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from 0 degree, where complete wetting occurs [153], to 150 degrees on the liquid 

holdup and flow pattern is investigated. The increasing of the contact angle means the 

wettability of the packing by the liquid is not as good. Figure 4-13 shows that the liquid 

holdup is reduced with the increasing of the contact angle.  
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Figure 4-13 Effect of the contact angle on the liquid holdup and the liquid mean resi-

dence time at two different rotational speeds. 

When the contact angle is less than 90 degrees, the material is hydrophilic (see Figure 

4-14 (a)). At a certain rotational speed, with an increase in the contact angle, the per-

centage of the liquid that is attached to the packing surface decreases. Moreover, on 

increasing the contact angle, the flow pattern transformation, i.e. from the pore-domi-

nated flow to the droplet-dominated flow, occurs at a lower rotational speed. When the 

contact angle is larger than 90 degrees, the material is hydrophobic (see Figure 4-14 

(b)). Therefore, when the liquid-packing collision occurs, the liquid is almost impossi-

ble to be attached on to the packing surface. Further, with the increasing of the contact 

angle, more small droplets are generated. This phenomenon also has been observed in 
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the experimental work of Zheng et al. [152]. Because the packing has no viscous re-

sistance on the flying liquid droplets, a large percentage of liquid droplets means a 

higher average radial velocity and this decreases the liquid holdup. The value of 𝑡̅ is 

marked on the right Y-axis of Figure 4-13.  

 

Figure 4-14 Effect of the contact angle on the liquid flow pattern (50% MEA, N=500 

rpm, u0=1.53m/s, contours represent the volume fraction of liquid).  

 Liquid dispersion 

4.3.4.1 Definition of the liquid dispersion index (Id) 

The reaction between CO2 and MEA is fast and the absorption of CO2 is usually mass 

transfer limited [30], and therefore the enhancement of the CO2 absorption in an RPB 
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mainly depends on the liquid dispersion to increase the interfacial area. Highly dis-

persed liquid can generate a large gas-liquid interface and increase the surface renewal 

rate of the liquid due to the higher turbulence. The degree of liquid dispersion is usually 

assessed based on the droplet size and film thickness. However, due to the complex 

packing structure and the high frequent interactions between the liquid and the packing 

surface, different liquid shapes, such as liquid droplets, liquid films, liquid ligaments 

and liquid groups, co-exist in the packing region. Therefore, it is extremely difficult to 

assess the overall degree of liquid dispersion based on the common parameters such as 

droplet size and/or film thickness. In this chapter, a liquid dispersion index (𝐼𝑑) is de-

fined as follows in order to assess the degree of liquid dispersion: 

𝐼𝑑 =
𝐴𝑖𝑛𝑡

𝑉𝐿

 (13) 

where 𝐴𝑖𝑛𝑡 is the gas-liquid interfacial area in the packing region, and 𝑉𝐿 is the liquid 

volume in the packing region. In the VOF model, the liquid volume fraction (𝛼𝐿) of 0.5 

is used to define the gas-liquid interface [154]. The liquid dispersion index (𝐼𝑑) is sim-

ilar to the specific surface area of the liquid in the packing region of the RPB but it only 

considers the gas-liquid interfacial area, which is effective for the gas-liquid mass trans-

fer. The liquid-solid interfacial area is not considered in this parameter. 

4.3.4.2 Effect of MEA concentration and rotational speed on Id 

As shown in Figure 4-15, the liquid dispersion index (𝐼𝑑) decreases with the increasing 

of the MEA concentration from 30 wt% to 90 wt%. This is because, with the increasing 

of the liquid viscosity, the film thickness increases and the size of other discrete liquid, 
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such as the liquid droplets and the liquid ligaments, may also increase because the dis-

crete liquid particles are mainly derived from the separation of liquid films from the 

packing surface. Meanwhile, at a constant rotational speed, the relative velocity be-

tween the liquid and the packing is smaller at a higher MEA concentration due to the 

effect of viscous damping. Therefore, the liquid breakup is more difficult to occur. In 

addition, it demonstrates that with the increasing of the rotational speed, 𝐼𝑑 is substan-

tially increased, especially from 500 rpm to 1000 rpm, where the flow pattern trans-

forms from being a pore-dominated flow to a droplet-dominated flow (Comparing Fig-

ure 4-12 (a) and (c) or Figure 4-12 (b) and (d)).  
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Figure 4-15 Effect of the MEA concentration on the liquid dispersion index at three 

different rotational speeds.  

4.3.4.3 Effect of contact angle on Id 

The effect of the contact angle on the liquid dispersion index (𝐼𝑑) at 500 rpm and 1000 

rpm is shown in Figure 4-16, where it can be seen that when the contact angle is less 

than 90 degree, that is when the packing material is hydrophilic, 𝐼𝑑 markedly decreases 

with the increasing of the contact angle. This is because the liquid is less likely to cover 
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the packing surface and stretches into thin films at a higher contact angle. When the 

contact angle is larger than 90 degree, that is, as for the hydrophobicity packing mate-

rial, the contact angle has less effect on the 𝐼𝑑  compared to the hydrophilic materials 

and this may be due to the liquid mainly existing in the droplet form and almost no 

liquid film covers the packing surface. However, with the increasing of the contact 

angle, a larger percentage of small droplets are generated and this phenomenon is more 

dominated at lower rotational speeds. Therefore, the increased surface area due to the 

increasing percentage of small droplets compensates the decreased surface area due to 

less liquid film being formed. Therefore, the decreasing rate of 𝐼𝑑 with increasing con-

tact angle under a lower rotational speed is lower than under a higher rotational speed.  
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Figure 4-16 Effect of the contact angle on the liquid dispersion index at two different 

rotational speeds.  

4.4 Conclusions 

A 2D CFD model has been built to investigate the liquid behaviour in an RPB. The 

model has been verified through comparing the results obtained with the available ex-

perimental data [47] and the Burns correlation [56]. The results show that the 2D CFD 
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model is effective in analysing the liquid flow characteristics in the RPB. Both the 

overall and local liquid flow patterns in the RPB have been analysed and distinct flow 

patterns have been observed in different packing regions. In the entrance region, the 

liquid flow is ligament-dominated flow; in the bulk region, the flow pattern is pore-

dominated flow at low rotational speeds (500-1000 rpm) and droplet-dominated flow 

at high rotational speeds (1000-1500 rpm). The results show that the size of the entrance 

region increases with increasing the liquid jet velocity. With the increasing rotational 

speed, whilst the degree of liquid dispersion increases, the liquid holdup and residence 

time decrease. This is because more liquid is in droplet form and there is a thinner film 

flow. However, under the simulation conditions, the liquid holdup slightly increases 

with the increasing liquid jet velocity. When a high concentration MEA is employed, 

the liquid dispersion decreases but the liquid holdup and residence time increases and 

the effect is weak at a relatively high rotational speed. The liquid holdup and flow pat-

tern are sensitive to the contact angle. Larger contact angles can generate more liquid 

droplets while smaller contact angles can generate more liquid films. The simulation 

results indicate that this 2D CFD modelling method has the capability of analysing the 

detailed liquid flow patterns, the liquid holdup, the liquid residence time as well as the 

degree of liquid dispersion in an RPB. Because of the acceptable computational accu-

racy and much smaller amount of computations compared to a 3D model, this method 

has the potential to be used to analyse the hydrodynamics of an industrial scale RPB. 
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Chapter 5: Characteristics of liquid flow 

in an RPB: A mesoscale 3D CFD analysis 

Summary 

This chapter presents a mesoscale 3D CFD modelling approach, which can be used to 

investigate the liquid flow in both laboratory- and large-scale RPBs in detail and ac-

curately. A 3D representative elementary unit (REU) of the RPB has been built and 

validated with experimental observations, and then it is employed to investigate the 

gas–liquid flows at different locations, across a typical RPB, so that the overall char-

acteristics of the liquid flow in the RPB can be reassembled. The proposed approach 

enables the detailed prediction of the liquid holdup, droplets formation, effective inter-

facial area, wetted packing area and specific surface area of the liquid within real 3D 

packing structures throughout the bed. New correlations to predict the liquid holdup, 

effective interfacial area, and specific surface area of the liquid are proposed, and the 

sensitivities of these quantities to the rotational speed, liquid flow rate, viscosity and 

contact angle have been investigated. The results have been compared with experi-

mental data, previous correlations and theoretical values and it shows that the new 

correlations have a good accuracy in predicting these critical quantities. This proposed 

model leads to a much better understanding of the liquid flow behaviours and can assist 

in the RPB optimisation design and scaling up. 
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5.1 Introduction 

At present, CFD models have been used to investigate the liquid behaviour within 

RPBs. Compared to the 2D VOF model as described in Chapter 4, the 3D VOF model 

is more accurate in simulating the liquid flow in the RPB. However, due to the ex-

tremely complex structure and small scales of the pores in the RPB, it requires an ex-

tremely large number of computational grids to resolve the pore structure. For example, 

if performing a 3D simulation of the RPB investigated in Chapter 4 (20 mm height, 42 

mm inner diameter and 82 mm outer diameter) with the similar computational grid size 

as has been employed in the 2D model, then more than 100M grids are required to 

resolve the porous packings. Therefore, although the VOF method theoretically allows 

the resolution of the detailed geometry of the RPB, it is very difficult to meet the re-

quirement of performing transient calculations for the full 3D simulation of even a la-

boratory-scale RPB with the appropriate accuracy.  

In order to improve the understanding of the real gas/liquid flow in the pores of the 

packing, the detailed and more accurate 3D simulations of the flow in the real geomet-

rical structure of the packing are necessary. However, due to the multiscale issues that 

have plagued the modelling of the RPB, the multiscale modelling strategy has to be 

taken into account and the mesoscale 3D modelling of the flow over the packing struc-

ture/pores is the most important aspect of the analysis. Therefore, in this chapter, a 

mesoscale CFD model is proposed to investigate the liquid flow in the RPB. The 

mesoscale model is based on a small 3D representative elementary unit (REU), being 

implemented at different locations in an RPB. Through this model, the influence of the 

operating conditions and the properties of the packings and liquids on the local hydro-

dynamic characteristics are investigated. In addition, new correlations for predicting 
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the distribution of the liquid characteristic parameters in the whole RPB are developed 

based on the local data.  

5.2 CFD modelling 

 Representative elementary unit (REU) of the RPB 

Figure 5-1 (a) shows a cross section of the packing area of a pilot-scale RPB, with a 

bed of 0.1 m inner radius, 0.5 m outer radius and 0.2 m thickness, which is investigated 

in this chapter. The RPB is operated at 100-300 rpm and the liquid flow rate ranges 

from 3.6-21.6 m3/h. In the RPB, the liquid is radially injected into the packing from the 

centre of the RPB through a liquid distributor. Due to the structure of the packing being 

repeated in the circumferential and axial directions of the RPB and the flow is domi-

nated by the packing, the idea of a representative elementary unit (REU) is proposed in 

order to reduce the computational cost, which has been used in both the single-phase 

system [155] and the multiphase system [120, 123]. As demonstrated in Figure 5-1 (a), 

a small REU can be identified (Figure 5-1 (b) and (c)) at locations of interest in the 

RPB. Then the local liquid flow at these positions can be simulated with appropriate 

boundary conditions, such as the liquid flow rate and centrifugal acceleration, to the 

REU. The VOF model is used to capture the gas-liquid interface in the REU, and the 

centrifugal force field in the REU is simulated using a rotating reference frame.  
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Figure 5-1 (a) Schematic diagram of the bed of the simulated RPB, (b) schematic dia-

gram of the REU and (c) left side view of (b). 

From the existing studies [45, 48, 156], there are two regions, i.e. the entrance region 

and the bulk region, in the packed bed of the RPB. In the entrance region, the liquid 

interacts with the rotating packing, and obtains the tangential velocity of the packing. 

As has been observed in Chapter 4, and according to the existing experimental study 

[45], almost all the liquid can be captured by the packing within approximately 10 mm 

from the entrance and the liquid closely follows the rotation of the bed. In a pilot-scale 

or industrial-scale RPB with a large diameter, the size of the entrance region in terms 

of the percentage of the bed size becomes very small. For example, if the depth of the 

entrance region is assumed to be 10 mm in the RPB, as investigated in this chapter, it 

only takes 2.5% of the total depth of the bed. Therefore, the focus of this investigation 

is the bulk region, and the liquid can be assumed to be evenly distributed in the circum-

ferential direction, especially with a good liquid distributor and for liquids with high 

viscosity [156].  
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 Structure of the packing 

Special attention should be paid to the packing due to its strong effect on the gas-liquid 

hydrodynamics and mass transfer performance. Stainless steel meshes are widely em-

ployed as the packings of RPBs due to their high mass transfer performance [150] and 

their resistance to corrosion. At present, most of the stainless steel meshes used in the 

small scale RPBs are knitted or woven stainless steel wire mesh. However, these 

meshes have poor repeatability in construction as well as low mechanical strength [69], 

which may cause dynamic balance issues, such as an unacceptable vibration, when they 

are employed in a large scale RPB. Therefore, the expanded stainless steel mesh pack-

ing, which has been used for investigating CO2 absorption by monoethanolamine 

(MEA) solutions [157], is employed in this chapter, as shown in Figure 5-2 (a). The 

mesh is manufactured through expanding the stainless steel sheet, and this enhances 

the material strength during the expansion, hence it has sound reliability for the indus-

trial RPBs for long-time operation. In addition, there is almost no waste material from 

the manufacturing process and this is because the base metal is cut and stretched to the 

final form [158]. Typically, the expanded stainless steel mesh sheets are cut into annu-

lar shapes and they are stacked along the axial direction of the rotor layer by layer to 

form a firm packed bed. In order to increase the porosity of the packing, and make the 

liquid evenly distributed, the mesh is configured to be 90° between the two adjacent 

sheets. Therefore, every two packing layers form a repeating structure in the axial di-

rection of the bed and the fluid flows between the two sheets from the top to the bottom 

(see Figure 5-1 (b) and (c)). In addition, along the radial direction from the inner pe-

riphery to the outer periphery, the packing also can be regarded as being made up of 

many duplicate structures. The structure of the minimum unit of the expanded metal 
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mesh is shown in Figure 5-2 (b) and the structural dimensions of the packing are listed 

in Table 5-1. Based on this configuration, the specific surface area of the packing is 

546.5 m2/m3 and the void fraction is 0.84.  

 

Figure 5-2 (a) Photograph of the expanded stainless steel mesh and (b) a schematic of 

the minimum unit. 

The size of the REU is determined through considering both the periodicity of the pack-

ing and the mesh numbers. The dimensions of the REU in the circumferential and axial 

directions are the minimum periodic distance of the packing, which are 15.81 mm and 

5.7 mm, respectively. While, due to a certain distance being required for the develop-

ment of the liquid along the radial direction, the distance of the two minimum periodic 

units (31.62 mm) are taken as the dimension of the REU in the radial direction after 

investigating the effect of the liquid inlet configuration on the liquid distribution (this 

is discussed in Section 5.3.3).  
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Table 5-1. Structural dimensions of the expanded stainless steel mesh packing. 

Name Dimensions (mm) 

Long way of the mesh (LWM) 15.81 

Short way of the mesh (SWM) 4.78 

Long way of the opening (LWO) 10.57 

Short way of the opening (SWO) 2.90 

Strand width (SW) 1.33 

Strand thickness (ST) 0.90 

 

 Computational grid and boundary conditions of the REU 

In order to prevent numerical difficulties associated with the quality of the grid gener-

ated, some special treatments have been adopted in the model. For example, chamfer-

ing has been performed to avoid the sharp corners at the splits. In addition, there is a 

0.2 mm gap in the nearest location between the packing sheets rather than them touch-

ing each other through contact points, and this value is chosen based on trial and error. 

These treatments have been employed in the literature [159, 160]. Then the calculation 

domain is discretized with an unstructured mesh as shown in Figure 5-3. Prism grids 

with a higher grid density are implemented near the packing surface in order to capture 

the thin liquid film accurately, and in other regions, the grid is tetrahedral mesh domi-

nate. The final grid size is a result of a grid sensitivity study, which is discussed in more 

detail in Section 5.3.1. In this chapter, the geometry is generated using SOLIDWORKS 

2015, and the computational girds are generated using ICEM CFD 17.2.  
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Figure 5-3 Computational domain, boundary conditions and grids for the REU (A 

stands for the axial direction, C stands for the circumferential direction and R stands 

for the radial direction in the RPB). 

The liquid superficial velocity (U), namely the liquid flow rate per unit annular cross-

section area of the RPB, is calculated according to the following equation:  

𝑈 =
𝑄𝐿

2𝜋𝑟ℎ
 (5-1) 

where QL is the volume flow rate of the liquid, r is the radial position of the REU in an 

RPB, and h is the thickness of the packed bed in the axial direction of an RPB.  

Therefore, for a given operating condition, the volume flow rate of the liquid feeding 

the REU is calculated as follows: 
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𝑞𝐿 = 𝑈 · 𝐴 (5-2) 

where A is the entrance area of the REU, see Figure 5-3. Due to the short distance of 

the calculation domain in the radial direction compared to the radius of a pilot-scale 

RPB, the cross section area along the radial direction in the REU is assumed constant 

and equal to A.  

According to the visualization study [44], and the simulations described in Chapter 4, 

the flow pattern in the RPB could be a combination of droplet, film and pore flows at 

different conditions. Therefore, it is very difficult to pre-set the liquid inlet boundary 

conditions to be the same as the actual flow patterns. Fortunately, investigations [161, 

162] indicate that the liquid after flowing around an object will develop into different 

flow patterns within a short distance that mainly depends on the liquid flow rate, the 

surface properties of the object, etc. rather than the liquid inlet condition. Therefore, in 

this chapter, the liquid is set such that is fed from several evenly distributed nozzles. 

After the liquid flows out of the nozzles, it interacts with the packings and then quickly 

develops into different flow patterns at different conditions. In addition, a distance is 

required to make the liquid flow develop into a pseudo steady state, and the effect of 

the liquid inlet configuration on the liquid distribution along the radial direction in the 

REU is discussed in Section 5.3.3.  

Many investigations indicate that the gas has little effect on the liquid flow below the 

flooding point [45, 57, 58], and this is mainly because the density of the gas is much 

lower than that of the liquid. In addition, due to the VOF model using a set of momen-

tum equations for the gas-liquid two-phase flow, and it is not recommended to simulate 
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the conditions for which the gas and liquid have a very large velocity difference. There-

fore, the gas and liquid is set at a co-current configuration in the simulation, and the 

effects of the gas flow on the liquid flow characteristics are not precisely investigated 

in this chapter. The setting of the inlet boundary conditions of the REU is implemented 

through the user-defined functions (UDFs), where the liquid volume fraction is speci-

fied as unity in the liquid nozzle region, and zero in the rest of the inlet region, which 

is the gas inlet region (see Figure 5-3). At the inlet, the gas and liquid are assumed to 

have the same circumferential velocity as the packing. The radial liquid inlet velocity 

is calculated based on the following equation:  

𝑢0 =
𝑞𝐿

𝐴𝑁

 (5-3) 

where AN is the total area of the liquid nozzles in the REU. The radial velocity of the 

gas is set as 20% of the radial liquid velocity in the gas inlet area to reduce the backflow 

from the outlet and accelerate convergence.  

For the surface of the packing, the no-slip boundary condition and the wall adhesion 

are specified. However, a given packing material may have different contact angles, 

depending on the surface treatment technologies and the liquid properties, and for a 

given liquid, the contact angle also varies with different packing surfaces [103, 123, 

163, 164]. In addition, the contact angle of the expanded stainless steel packing surface 

corresponding to different solvents is not available in the literature. Therefore, a value 

of 75° is specified as the contact angle of the packing surface in the initial simulations 

since this is within the reasonable range for stainless steel [163] and it is suitable for 

the packings used in RPBs [164]. Further, in order to investigate the effect of the con-
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tact angle on the flow pattern, liquid holdup and interfacial area, the contact angle rang-

ing from 30° to 150° is studied in this chapter. Due to the thickness of the REU being 

much smaller than the thickness of the bed in the axial direction, most of the liquid 

flow in the RPB is not effected by the sidewalls of the RPB, and the liquid flow is 

mainly dominated by the periodic packing structure. Therefore, the periodic boundaries 

are used for axial simplification. In addition, due to the REU being assumed to be re-

peatable in the circumferential directions of the RPB, the left and right surfaces of the 

REU, as shown in Figure 5-3, are set to be periodic boundaries as well. The outlet 

boundary is set as the pressure outlet and the pressure is equal to one standard atmos-

pheric pressure.  

 Numerical scheme 

Simulations are performed using the ANSYS® Fluent 17.2 software that incorporates 

the in-house developed UDFs for setting the inlet boundaries. The pressure-velocity 

coupling is resolved by the Pressure Implicit with Splitting of the Operators (PISO) 

algorithm and the Body Force Weighted scheme is employed for the pressure discreti-

zation. The gradient of the variables is calculated through using the least-squares cell 

based method, and the warped-face gradient correction is enabled to improve the gra-

dient accuracy for the complex unstructured grids [129]. The Geo-Reconstruct scheme 

is applied for the spatial discretization of the volume fraction equation, the second-

order upwind scheme is employed for solving the momentum equations and turbulence 

equations. Due to the presence of large body forces (including centrifugal forces and 

surface tension forces) in the calculation domain, the “implicit body force” is enabled 

for improving the solution convergence by accounting for the partial equilibrium of the 
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pressure gradient and body forces in the momentum equations. In addition, the residu-

als in all the equations less than 1×10-4 are considered as the convergence criterion for 

each calculation step. Different time step sizes have been tested to check the effect of 

the time step size on the results. As a result, the time step size is set as 5×10-7 s when 

the centrifugal acceleration is no more than 100 m/s2 and it is less than 3×10-7 s when 

the centrifugal acceleration is between 100 m/s2 to 300 m/s2. In addition, the maximum 

number of iterations of 20 are performed per time step in order to achieve the calcula-

tion convergence. The instantaneous liquid holdup, wetted wall area and gas-liquid in-

terfacial area are monitored for each simulation to ensure it achieves the pseudo steady 

state, and the average value of the parameters in each simulation are calculated based 

on the instantaneous value after the simulation achieves the pseudo steady state.  

5.3 Model verification and validation 

 Grid convergence analysis 

A verification study is undertaken to determine a reasonable computational grid size 

and to assess the error estimate (δ) and grid uncertainty (UG). Three different grids 

consisting of 0.92, 1.40 and 2.48 million cells have been employed to investigate the 

effect of the grid size on the effective interfacial area Ae (defined in Section 5.4.2.1). 

The test liquid is 50 wt% MEA and the superficial velocity employed in the test is 

0.0106 m/s. The verification is performed at two centrifugal conditions, with the cen-

trifugal acceleration of 74.0 m/s2 and 205.6 m/s2, which are equivalent to the centrifugal 

accelerations at r=0.3 m with the bed rotational speed of 𝑁=150 rpm and 250 rpm, 

respectively. As shown in Figure 5-4, Ae decreases with the increasing mesh numbers 

at the same centrifugal field, and this is mainly due to the false diffusion errors near the 

gas-liquid interface decrease with the grid refinement. The UG analysis is performed 
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through using the Richardson extrapolation method with the recommended factors of 

safety (FS0=2.45, FS1=1.6, FS2=6.9) proposed by Xing and Stern [165, 166]. In the 

factor of safety (FS) method, the error estimate is δ=P*δRE, where P is the distance 

metric to the asymptotic range and δRE is the error estimate from the Richardson ex-

trapolation method. The detailed calculation procedure can be found in the references 

[165, 166] and the results of the grid convergence study are listed in Table 5-2. The 

convergence ratio RK is between 0 and 1 both at 𝑔𝜔=74.0 m/s2 and 𝑔𝜔=205.6 m/s2, 

which means that monotonic convergence is achieved at the two typical test conditions. 

In addition, at the condition of 74.0 m/s2, δ=0.96 and the relative UG=3.42%. At the 

condition of 205.6 m/s2, δ=7.92 and the relative UG=26.07%. This indicates that at a 

higher centrifugal field, the dispersed liquid in the calculation domain becomes smaller, 

therefore, a fine grid is required in order to accurately capture the gas-liquid interface. 

However, a finer grid requires more computing memory and computing time. Both 

considering the computing efficiency and the simulation precision, the grid with 2.48M 

cells is used when the centrifugal acceleration is between 100 m/s2 and 300 m/s2, and 

the grid with 1.40M cells is used when the centrifugal acceleration is less than 100.0 

m/s2.  
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Figure 5-4 Predicted effective interfacial area using three different grids. 

Table 5-2 Grid convergence study for Ae at g=74 m/s2 and g=205.6 m/s2. 

  RK δRE P δ UG (%) 

𝑔𝜔==74 m/s2 0.16 0.16 5.82 0.96 3.42% 

𝑔𝜔=205.6 m/s2 0.34 2.08 3.81 7.92 26.07% 

 

 Comparing the CFD results with experimental data 

In order to validate the CFD model then further experiments were carried out for ob-

serving the liquid flow in the expanded stainless-steel mesh packing under the force of 

gravity. Figure 5-5 depicts a schematic diagram of the experimental setup. Two pieces 

of tightly bound mesh sheets, supplied by The Expanded Metal Company in the UK 

are vertically fixed on a support, and the texture of the mesh is perpendicular to each 

other and this is the same as the arrangement of the mesh in the simulation. The liquid 

is supplied to the mesh from ten evenly distributed nozzles with 1 mm diameter, which 

are placed vertically above the mesh. The liquid flow rate is controlled by adjusting the 

liquid level in the tank over the mesh sheets. Several overflow drains are installed on 
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the tank and the liquid level can be controlled at different heights by opening the dif-

ferent overflow drains. The liquid flow rate is measured by calculating the difference 

in the flow rates between the supply tank and the collecting tank. Water and 70 wt% 

glycerol solution are used in the experiments. In order to increase the visibility of the 

liquid when it flows through the mesh sheets, a small amount of blue ink (less than 2%) 

is added to the water. Due to the amount of blue ink being very small, its effect on the 

physical properties of the liquids is negligible. The experiments are carried out at am-

bient pressure (~1 atm) and room temperature (~20 ℃). The properties of the liquids 

are listed in Table 3-1. A digital camera (Casio Exilim F1, Japan) with the maximum 

speed of 60 frames per second and the maximum resolution of 6 million pixels is used 

to capture the details of the liquid flow by focusing on a small region of the mesh sheets 

as illustrated in Figure 5-5.  

 

Figure 5-5 Schematic diagram of the experimental setup.  
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Numerical simulations of the flow through the REU have been compared with experi-

mental observations under gravitational conditions and with the same liquid flow rates. 

Figure 5-6 (a1) and (a2) show the water flowing in the mesh packing obtained by the 

simulation and experimental methods, respectively. Figure 5-6 (b1) and (b2) show the 

70 wt% glycerol aqueous solution, which has a higher viscosity than water, flowing in 

the mesh packing. In both cases, the liquids are released from two nozzles with 1 mm 

diameter above the packing region and the jet velocity is controlled at 0.5 m/s. It is 

clearly observed that both the water and the glycerol solution flows through the inter-

space of the packing, which can be classified as the pore flow. However, the high vis-

cosity of the glycerol solution reduces the liquid velocity and increases the thickness 

of the liquid films on the packing surface, and thus there is more glycerol solution held 

on the packing.  

 

Figure 5-6 Liquid flow patterns in the expanded mesh packings: (a1) CFD simulation 

and (a2) experimental photograph with water flow, v=0.5m/s, and (b1) CFD simulation 

and (b2) experimental photograph with 70% glycerol, v=0.5m/s (VOF=0.5 is regarded 

as the gas/liquid interface).  

Further, for performing a quantitative comparison between the CFD simulation and the 

experimental results, the characteristic liquid holdup, which is defined as the fraction 
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of the liquid phase area to the total packing unit area from the photographic shooting 

direction, is compared. The characteristic liquid holdup is obtained through processing 

the experimental snapshots and the contours of the liquid from the CFD simulations. 

For the experimental snapshots, due to the liquid being dyed by blue ink, the liquid 

phase area is identified by recognising the pixels in the blue colour. From the statistical 

point of view, the characteristic liquid holdup can reflect the amount of actual liquid 

holdup. The average characteristic liquid holdup over a period of time are shown in 

Figure 5-7. The experimental uncertainties are based on the standard deviation of the 

observed results. It shows that the characteristic liquid holdup from the CFD simula-

tions is approximately the same as those obtained from the experimental results. This 

demonstrates that the CFD model has a reasonable accuracy to simulate the liquid flow 

in the packings with complicated structures. It is worth mentioning that, in the future, 

further validations of the CFD model under centrifugal fields should be performed 

based on improved experimental measurement technologies. 
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Figure 5-7 Comparison of the CFD simulation results of the average characteristic liq-

uid holdup with the experimental data.  



Chapter 5 

116 

 

 Effect of the liquid inlet configuration 

In order to assess the configuration of the liquid inlet on the liquid distribution in the 

REU, different numbers of evenly distributed nozzles with the same total liquid flow 

rate and the same diameter are investigated. The diameter of the nozzle is set as 1 mm, 

which is close to the diameter of the droplets in the RPB as observed in the experiments 

[43] and the number of nozzles tested ranges from 5 to 14.  The calculation domain is 

divided evenly into 6 regions along the radial direction from the liquid inlet boundary 

to the outlet boundary. The average liquid holdup (εL) and average specific surface area 

of the liquid (As) in each region are shown in Figure 5-8 (a) and (b), respectively.  
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Figure 5-8 Effect of the liquid inlet configuration on the on the liquid distribution along 

the radial direction in the REU: (a) Liquid holdup (εL) and (b) specific surface area of 

the liquid (As) (gω=205.6 m/s2, U=0.0106m/s, 50 wt% MEA, γ=75°).   

Close to the liquid inlet nozzles, εL is the highest among all the regions and then it 

dramatically decreases in the second region. This is because the liquid impinges on the 

packing in the first region and accumulates here, and then it speeds up quickly under 

the centrifugal force. After a short distance, the centrifugal force is in balance with the 

drag force from the packing, and then the average speed of the liquid is almost constant. 

After impinging on the packing, the liquid is dispersed, and therefore As keeps increas-

ing in the region that is close to the liquid entrance, as shown in Figure 5-8 (b). However, 
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the liquid dispersion develops into a steady state within a short distance, therefore As 

remains almost constant in the region that is 15.81 mm away from the liquid entrance. 

Therefore, the flow patterns and data discussed in Section 5.4 are obtained from the 

region that is 15.81 mm away from the liquid entrance, which is half of the REU region 

away from the liquid inlet. In addition, with the increasing number of nozzles, the liquid 

holdup increases due to the decreasing liquid initial velocity, however, the increase in 

the liquid holdup becomes small when the number of nozzles is more than 12. There-

fore, the nozzle number is set as 12 in the following investigations.  

5.4 Results and discussion 

 Liquid flow patterns in the REUs 

The simulated profiles (including the front, right and back views) of the liquid flows in 

the mesh packing with different centrifugal accelerations, liquid loads and viscosities 

are shown in Figure 5-9. Generally, the liquids that flow in the interspace of the packing 

are mainly in the form of films, ligaments and droplets, which are similar to the exper-

imental observations [44, 45, 167]. In addition, more liquid is attached to the longitu-

dinal wires than the latitude wires in general. Further, the dynamic behaviour of the 

liquid in the RPB can be observed in the simulations, where the liquid film that attaches 

on the packing surface flows radially under the action of the inertial centrifugal force. 

When the direction of the wire is not aligned with the inertial centrifugal force, the 

liquid film has a trend to move away from the packing surface, and if the inertia of the 

film is strong enough to overcome the adhesive force from the packing, the liquid will 

separate from the packing surface and form droplets. Then, the free droplet will hit the 

wires downstream of the current wire and form a liquid film. The above dynamic pro-

cess is repeated in the packing region, which promotes the surface renewal of the liquid 
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and this is advantageous for the gas-liquid mass transfer. In addition, due to the direc-

tion of the latitude wires being perpendicular to the inertial centrifugal force, more 

droplets are detached from the latitude wires than the longitudinal wires. Therefore, a 

larger percentage of the latitude wires leads to a larger percentage of droplets in the 

RPB, and a larger percentage of longitudinal wires generates more liquid films. How-

ever, it is worth mentioning that the influence of the packing structure and layout on 

the flow patterns still requires further investigations, and the use of the mesoscale CFD 

modelling method is a good way to perform the investigations.  

 

Figure 5-9 Liquid flow patterns in the REU at different conditions (γ=75°, contours 

represent the volume fraction of liquid, VOF=0.5 is regards as the gas-liquid interface).  

In addition, the effect of centrifugal acceleration gω on the liquid flow pattern can be 

directly observed through comparing Figure 5-9 (a) and (b), where the values of the 

centrifugal acceleration are 74.0 and 205.6 m/s2, respectively. As shown in Figure 5-9 

(a), at a small centrifugal field (74.0 m/s2), the liquid is mainly in the state of thick 

liquid films that attach onto the packing surface. Then, with the increasing of gω, as 

shown in Figure 5-9 (b), the liquid films become elongated and thinner and the droplets 

become smaller. The effect of liquid load on the liquid flow pattern can be observed 
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from comparing Figure 5-9 (a) and (c), where the values of the liquid superficial veloc-

ity (U) are 0.0106 and 0.0159 m/s, respectively. As can be seen, the liquid flow patterns 

are similar, but the liquid volume increases with increasing U. On comparing Figure 

5-9 (b) and (d), the effect of MEA concentration on the liquid flow pattern can be ob-

served. The 90 wt% MEA, with a higher viscosity results in the thicker liquid films on 

the packing surface and the wetted wall area is larger than that of the 50 wt% MEA.  

 Characteristic parameters of the liquid flow in the REU 

5.4.2.1 Definition of the characteristic parameters 

Characteristic parameters are very helpful in characterising the liquid flow in the REU. 

Several important parameters, such as liquid holdup (𝜀𝐿), volume fraction of the drop-

lets (Fd), effective interfacial area (Ae), wetted wall area (Aw), and specific surface area 

of the liquid (As), are defined in this section.  

The liquid holdup (𝜀𝐿) is an essential parameter for gas-liquid reactors [55]. In the REU, 

it is defined as follows:  

𝜀𝐿 =
𝑉𝐿

𝑉𝑝

  (5-4) 

where 𝑉𝐿 is the liquid volume in the data source region of the REU (ref. Figure 5-8), 

and it is obtained through integrating the volume fraction of the liquid phase in each 

cell; 𝑉𝑝 is the packing volume of the data source region in the REU, which includes the 

volume occupied by the porous packing material and the flow space.  

The films that attach on the packing surface have very different flow dynamics and 

mass transfer mechanisms from the detached droplets. Therefore, distinguishing the 
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droplets from the films in the REU is important for establishing an accurate mass trans-

fer model, and the volume fraction of the detached droplets (Fd) is defined as follows:  

𝐹𝑑 =
𝑉𝑑

𝑉𝐿

 (5-5) 

where 𝑉𝑑 is the volume of the detached droplets in the data source region of the REU. 

The simulations are performed in two steps to calculate 𝑉𝑑. In the first step, the time-

dependent computation is conducted until the flow achieves a pseudo-steady state. 

Then, the mass transfer simulation is performed by setting a tracer concentration 

boundary condition on the packing surface and solving a convective-diffusive equation 

to make the tracer diffuse in the liquid films that are attached to the packing surface 

until the simulation reaches the quasi-steady state. In this way, the liquid films that are 

in contact with the packing surface are marked by the tracer concentration, while the 

detached liquids that are mainly in the form of droplets are not marked by the tracer 

concentration. Further, 𝑉𝑑 is calculated by integrating the volume of liquid that is not 

marked by the tracer concentration. It is worth noting that some droplets may also be 

in contact with the packing surface and the tracer may cause an unpredictable error.  

The effective interfacial area (Ae), which is used for calculating the mass transfer and 

gas-liquid drag force, is defined as follows:  

𝐴𝑒 =
𝐴𝐺𝐿

𝑉𝑝

 (5-6) 

where 𝐴𝐺𝐿 is the gas-liquid interfacial area in the data source region of the REU, and it 

is calculated through integrating the gas-liquid interfacial area in each cell (𝑎𝐺𝐿) of the 
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data source region in the REU. From the viewpoint of CFD [129], 𝑎𝐺𝐿 is calculated by 

using the gradient of the volume fraction in each computational cell as follows:  

𝑎𝐺𝐿 = |∇𝛼𝐿| = |∇𝛼𝐺| (5-7) 

which has been used to calculate the gas-liquid interfacial area in the VOF models [104, 

168]. 

In addition, the wetted wall area (Aw), which is an important parameter for predicting 

the drag force between the packing and the liquid, is defined as follows: 

𝐴𝑤 =
𝐴𝐿𝑆

𝑉𝑝

 (5-8) 

where 𝐴𝐿𝑆 is the liquid-solid interfacial area in the data source region of the REU. 

The specific surface area of the liquid (As) can be used to assess the degree of liquid 

dispersion, and it is defined as follows:  

𝐴𝑠 =
𝐴𝐺𝐿

𝑉𝐿

=
𝐴𝑒

𝜀𝐿

 (5-9) 

All the original data for calculating these parameters are accessed through UDFs.  

5.4.2.2 Effect of the centrifugal acceleration 

The centrifugal acceleration gω in an RPB changes with the rotational speed ω and the 

radial position r of the RPB. 50 wt% MEA, with a nominal viscosity of 3.39 mm2/s, is 

used for simulating the typical liquid flow in an RPB for CO2 capture. The effect of the 

centrifugal acceleration gω on the liquid holdup 𝜀𝐿 is examined for two liquid flow rates 

and the superficial velocities are 0.0053 m/s and 0.0106 m/s, respectively, which are 

within the typical operational conditions of the RPB. The variation of 𝜀𝐿 is shown in 

Figure 5-10 (a). On increasing gω from 32.9 to 296.1 m/s2, 𝜀𝐿 keeps decreasing, but the 
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downtrend gradually becomes weaker after 150 m/s2. Variation of the droplet holdup 

and the volume fraction of the droplets Fd with the increasing of gω are shown in Figure 

5-10 (b). On increasing gω, the inertia of the liquid increases and therefore more liquids 

are stripped from the packing surface and turn into the detached droplets. Figure 5-10 

(c) shows the effect of gω on the variation of the effective interfacial area Ae and the 

wetted wall area Aw. It is observed that Ae slightly increases but Aw slightly decreases 

with the increasing of gω. The slight increasing of Ae is the composite effect of decreas-

ing the liquid holdup but increasing the liquid dispersion (see Figure 5-10 (a) and (d)). 

While, the slight decreasing of Aw could be due to some liquid films changing into 

detached droplets. From the right Y-axial of Figure 5-10 (c), it is observed that Ae and 

Aw only take 30-40% and 10-20% of the specific surface area of the packing Ap, respec-

tively. This demonstrates that Ae and Aw are not recommended to be regarded as Ap in 

the mass transfer calculations. Figure 5-10 (d) indicates that the specific surface area 

of the liquid As keeps increasing when gω changes from 32.9 to 296.1 m/s2. Due to the 

change of Ae being very little with the increase in gω, the increasing of As is mainly due 

to the reduced 𝜀𝐿.  
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Figure 5-10 Effect of gω on the characteristic parameters of the liquid flow in the REU: 

(a) liquid holdup εL, (b) volume fraction of the droplets Fd, (c) effective interfacial area 

Ae and wetted wall area Aw, and (d) specific surface area of the liquid As. (50 wt% MEA, 

γ=75°) 

5.4.2.3 Effect of the liquid load 

According to Eq. (5-1) the liquid superficial velocity U in an RPB changes with the 

liquid flow rate Q and the radial position r of the RPB. The effect of U on the liquid 

flow characteristics is examined with gω at 74.0 m/s2 and 205.6 m/s2 respectively, and 

the liquid is set as the 50 wt% MEA. As shown in Figure 5-11 (a), 𝜀𝐿 increases with 

the increase in U from 0.0053 m/s to 0.0159 m/s, and the growth rate is higher at a 

lower gω. In addition, Figure 5-11 (b) shows that both Ae and Aw increase with increas-

ing U. Due to the increasing rate of 𝜀𝐿 being larger than the increasing rate of Ae at the 

same gω, the specific surface area of the liquid As decreases with the increasing U, as 
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shown in Figure 5-11 (c). This means that the degree of liquid dispersion decreases 

with increasing U.  
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Figure 5-11 Effect of U on the characteristic parameters of the liquid flow in the REU: 

(a) liquid holdup εL, (b) effective interfacial area Ae and wetted wall area Aw, and (c) 

specific surface area of the liquid As. (50 wt% MEA, γ=75°)  
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5.4.2.4 Effect of the liquid viscosity 

With the increasing of the MEA concentration, the viscosity correspondingly increases, 

and it has a large influence on the liquid flow in the RPB. The effect of the liquid 

viscosity (ranging from 1.66 mm2/s to 10.12 mm2/s) on 𝜀𝐿 and the volume fraction of 

the droplets Fd is shown in Figure 5-12 (a) and (b) respectively, which corresponds to 

the MEA concentration increasing from 30 wt% to 90 wt%. 𝜀𝐿 increases with the in-

creasing viscosity, but Fd decreases. This is mainly due to the increase in the thickness 

of the liquid film and the decrease in the velocity of the liquid flow. In addition, if 

droplets strip from the liquid film, they have to overcome a greater viscous force. From 

Figure 5-12 (c) and (d), both Ae and Aw slightly increase with the increasing viscosity, 

while As decreases with the increasing viscosity at the same gω. This suggests that the 

increasing viscosity can weaken the liquid dispersion. Due to As being larger at a higher 

gω, as shown in Figure 5-12 (d), increasing gω could be a solution for increasing As 

when dealing with a high viscosity liquid.  
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Figure 5-12 Effect of liquid viscosity on the characteristic parameters of the liquid 

flow in the REU: (a) liquid holdup εL, (b) volume fraction of the droplets Fd, (c) effec-

tive interfacial area Ae and wetted wall area Aw, and (d) specific surface area of the 

liquid As. (U=0.0106 m/s, γ=75°) 

5.4.2.5 Effect of the contact angle 

The contact angle 𝛾 of the packing surface is a sensitive parameter for influencing the 

liquid flow morphology and it further influences the mass transfer performance in a 

gas-liquid reactor [163]. Stainless steel is usually hydrophilic but 𝛾 is variable with 

different surface treatments [164]. In order to cover a wide range of properties of the 

packing materials, the effect of γ ranged from 30° to 150° on the liquid flow character-

istics is investigated. Figure 5-13 shows the liquid flow pattern in the REU for different 

values of  𝛾. It demonstrates that the liquid flow pattern gradually changes from the 

film-dominated flow to the droplet-dominated flow with increasing of 𝛾. This trend 

also can be obtained from Figure 5-14 (b), where the volume fraction of the droplets 
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increases with increasing 𝛾. However, 𝜀𝐿 reduces with increasing 𝛾, as shown in Figure 

5-14 (a). This is because the packing has a weaker resistance to the droplets than films, 

and this makes the droplets have much higher velocities than the films. From Figure 

5-14 (c), Ae and Aw decrease with the increasing γ. The decreasing of Ae is partly due to 

the decrease in liquid holdup. The decreasing of Aw is mainly due to the less wettability 

of the surface with increasing 𝛾. In addition, as shown in Figure 5-14 (d), As increases 

with increasing 𝛾, and this is mainly because the liquid is easier to break into small 

droplets with a hydrophobic surface, which also has been observed in the experiments 

of Zheng et al. [152] and Zhang et al. [164]. Moreover, a higher gω combined with a 

higher 𝛾 further promotes the breakup of the liquid. 

 

Figure 5-13 Simulated profiles of the liquid flows in the mesh packing with different 

contact angles (50 wt% MEA, gω=74.0 m/s2, U=0.0106 m/s, contours represent the 

volume fraction of liquid, VOF=0.5 is regards as the gas-liquid interface).  

  



Chapter 5 

128 

 

2 0 4 0 6 0 8 0 1 0 0 1 2 0
0

4 0 0 0

8 0 0 0

1 2 0 0 0

g = 7 4 .0  m / s
2

g = 2 0 5 .6  m / s
2

A
s

(
m

-1
)

  ( )

2 0 4 0 6 0 8 0 1 0 0 1 2 0
0 .0 0

0 .0 1

0 .0 2

0 .0 3

0 .0 4

0 .0 5

0 .0 6

  ( )

g = 7 4 .0  m / s
2

g = 2 0 5 .6  m / s
2


L

2 0 4 0 6 0 8 0 1 0 0 1 2 0
0 .0 0

0 .0 1

0 .0 2

0 .0 3

0 .0 4

0 .0 5

0 .0 6

0 .0

0 .1

0 .2

0 .3

0 .4

0 .5

  ( )


L

F
d

 L

F d

 L o f  th e  d ro p le t s

g = 2 0 5 .6  m / s
2

2 0 4 0 6 0 8 0 1 0 0 1 2 0
0

1 0 0

2 0 0

3 0 0

4 0 0

5 0 0

0 .0

0 .2

0 .4

0 .6

0 .8

1 .0

  ( )

m
-

1

A e

A w

g = 2 0 5 .6  m / s
2

A
re

a
 f

ra
c

ti
o

n
 t

o
A

p

(a) (b )

(c ) (d )

 

Figure 5-14 Effect of contact angle on the characteristic parameters of the liquid flow 

in the REU: (a) liquid holdup εL, (b) volume fraction of the droplets Fd, (c) effective 

interfacial area Ae and wetted wall area Aw, and (d) specific surface area of the liquid 

As. (50 wt% MEA, U=0.0106 m/s) 

 Correlations for 𝜀L, Ae and As 

5.4.3.1 Correlations from the CFD simulation data and validations 

As listed in Table 2-1 and Table 2-2, several correlations for the liquid holdup 𝜀𝐿 and 

the effective interfacial area Ae in RPBs have been proposed. These correlations are 

mainly obtained using mathematical regression based on numerous sets of experi-

mental data from certain RPBs and at certain operating conditions. However, the effect 

of the contact angle on the hydrodynamic parameters of the RPB has not been consid-

ered in the existing correlations. In addition, there are no correlations regressed from 

RPBs with the expanded stainless steel mesh packing and no correlations that focus on 

the concentration range of the MEA solutions that aimed at CO2 capture. Due to lack 
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of experimental data at these conditions, generating correlations from CFD simulation 

data could be an effective and economical alternative to meet the requirement of accu-

rate prediction of the performance of the RPB for CO2 capture. Among the existing 

correlations, the Burns correlation [56] describes the relationship between liquid 

holdup (𝜀𝐿) and the centrifugal acceleration (gω), liquid superficial velocity (U) and 

viscosity (𝜈), which is concise and clear, and it has been adopted in many cases [39, 41, 

89, 90, 169]. Therefore, a similar expression has been adopted to regress the correla-

tions for 𝜀𝐿, Ae and As in the RPB with an expanded mesh packing based on the CFD 

simulation results. Due to the contact angle having a large influence on these parame-

ters, it has been taken into account in this model as follows: 

𝑦 = 𝑎 (
𝑔𝜔

𝑔0
)

𝑚

(
𝑈

𝑈0
)

𝑞

(
𝜈

𝜈0
)

𝑛

(
𝛾

𝛶0
)

𝑝

 (5-10) 

where g0 = 205.6 m/s2 ,  U0 = 0.0106 m/s , ν0 = 3.35 × 10−6 m2 s⁄ , Υ0 = 75° are 

the characteristic values for gω, U, 𝜈 and 𝛾 in a typical operating condition. y is 𝜀𝐿, Ae 

or As, and a, m, q, n, and p are the coefficients to be obtained from the regression anal-

ysis. First, this exponential function is transformed into a linear function through the 

logarithm operation; then the least squares regression (LSR) method is used for the 

regression analysis due to the weak collinearity among the independent variables [170]. 

The regression equations are given as follows, which are based on the 31 sets of data 

gathered from the CFD simulations, and the data are provided in Appendix Table A-1. 

For the liquid holdup: 

𝜀𝐿 = 0.0188 (
𝑔𝜔

𝑔0
)

−0.4764

(
𝑈

𝑈0
)

0.5716

(
𝜈

𝜈0
)

0.3197

(
𝛾

𝛶0
)

−0.7557

 (5-11) 
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For the effective interfacial area:  

𝐴𝑒 = 202.3485 (
𝑔𝜔

𝑔0
)

0.0435

(
𝑈

𝑈0
)

0.4275

(
𝜈

𝜈0
)

0.1200

(
𝛾

𝛶0
)

−0.5856

 (5-12) 

For the specific surface area of the liquid:  

𝐴𝑠 = 10517.1970 (
𝑔𝜔

𝑔0
)

0.4946

(
𝑈

𝑈0
)

−0.1515

(
𝜈

𝜈0
)

−0.2921

(
𝛾

𝛶0
)

0.1658

 (5-13) 

The availability of these correlations to predict 𝜀𝐿, Ae and As at different radial positions 

of an RPB are examined. This is achieved through comparing the predicted results from 

the correlations with the new CFD simulation results, which are obtained by setting the 

REU at four radial positions (r=0.11, 0.3, 0.38, 0.49 m) with three rotational speeds 

(N=150, 250, 300 rpm). The examination is conducted at the liquid flow rate of 7.2 

m3/h, and 50% MEA are used as the liquid phase and the contact angle is set as 75°. 

The test data are provided in the Appendix Table A-2. From Figure 5-15 (a1), (b1) and 

(c1), it can be seen that the correlations have a good performance to predict 𝜀𝐿, Ae and 

As with the radial position ranging from 0.1 to 0.5 m. Further, both the 31 sets of train-

ing data and the 11 sets of test data of 𝜀𝐿, Ae and As are displayed in Figure 5-15 (a2), 

(b2) and (c2), and most of the data lie within ± 20% of the values  predicated by Eq. 

(5-11), (5-12) and (5-13), respectively. This demonstrates that the correlations are valid 

to predict 𝜀𝐿, Ae and As at different radial positions of an RPB.  
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Figure 5-15 Comparison of the characteristic parameters between the predicted values 

from the correlations and CFD: (a) liquid holdup εL, (b) effective interfacial area Ae and 

(c) specific surface area of the liquid As. 

In order to further validate the proposed correlation, the exponents m, q, n of the cor-

responding independent variables gω, U, 𝜈 in the 𝜀𝐿  correlation Eq. (5-11) are com-

pared with previous investigations, including the exponents in the Basic and Dudukovic 

correlation [55], Burns correlation [56] and two theoretical models [56], as listed in 

Table 5-3. From the theoretical model that is summarised in  Burns et al. [56], there are 

two extreme flow models: viscous flow and inertial flow. In the case of viscous flow, 
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the liquid is assumed to flow as fully developed laminar films over the packing surface, 

then m= -0.33, q= 0.33 and n= 0.33. In the case of inertial flow, the kinetic energy of 

the flow is mainly lost by the frequent collisions with the packings, and it includes 

inertial film flow, pore flow and droplet flow, then m= -0.5, q= 1, n= 0. As can be seen 

in Table 5-3, the value of the exponents m, q and n that are derived from the CFD data 

are located between the limits of the two theoretical models. The absolute value of m 

is smaller but n is larger than the corresponding values in the Burns correlation, which 

suggests that there are more viscous film flows in the current investigation than in the 

investigation of Burns et al. [56]. This is probably caused by the different packing 

structures and different void fractions. The expanded stainless steel mesh packing is 

used in this chapter while the reticulated foam packing is used in the experiments of 

Burns, and the void fraction (𝜀) of the packing that is used in this chapter (0.84) is 

smaller than that in the experiments of Burns (0.953). In addition, the exponents from 

the current investigation are within the limits of the exponents from the experiments of 

Basic and Dudukovic [55], which used glass beads packings with lower void fractions 

(0.348 and 0.466). The comparisons between the different investigations indicates that 

the essential flow mode should be similar in the RPBs, although the sensitivity of the 

investigated parameters that influence 𝜀𝐿 is different for different packing structures 

and void fractions. The exponent of p for predicting the effect of the contact angle (𝛾) 

appears to be very important for influencing 𝜀𝐿, but it has not been investigated in the 

previously mentioned investigations. Further, the new proposed correlation (Eq. (5-11)) 

has been used to predict the 𝜀𝐿 in the experiments of Burns et al. [56] and Yang et al. 

[47]. The experimental data of 𝜀𝐿, the 𝜀𝐿 predicted by Lu model [101] and the new 

proposed correlation (Eq. (5-11)) are plotted in Figure 5-16 (a) and (b). It is observed 
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that the predicted 𝜀𝐿 is close to the experimental data [47, 56] and the predictions of the 

Lu model [101]. 

Table 5-3 Comparison of the exponents m, q, n and p for εL. 

Data Source Packing type m (of gω) q (of U) n (of 𝜈) p (of 𝛾) 

𝜀𝐿-CFD 

Expanded stainless 

steel mesh packing 

(𝜀=0.84) 

-0.4764 0.5716 0.3197 -0.7557 

𝜀𝐿-Theoretical  

inertial model 
 -0.5 1.0 0 -- 

𝜀𝐿-Theoretical  

viscous model 
 -0.33 0.33 0.33 -- 

𝜀𝐿-Burns 
Reticulated foam 

(𝜀=0.953) 
-0.5 0.6 0.22 -- 

𝜀𝐿-Basic and 

Dudukovic 

Glass beads 

(𝜀=0.348, 0.466) 

-0.48~  

-0.36 

0.57~ 

0.64 

0.23~ 

0.51 
-- 
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(b) 

Figure 5-16 Comparison of the 𝜺L between the new correlations, experimental data and 

existing model [101]: (a) Burns case (QL=1.75*10-5 m3/s) [56] and (b) Yang case 

(QL=2.29*10-5 m3/s) [47]. 

5.4.3.2 Practical implications of the correlations 

In order that the correlations explicitly connect to the practical operations, the centrif-

ugal acceleration 𝑔 is decomposed into the radial position r and the rotational speed ω 

based on the following equation: 
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𝑔𝜔 = 𝑟ω2 (5-14) 

Therefore, on substituting Eq. (5-1) and Eq. (5-14) into Eq. (5-10), then Eq. (5-10) 

becomes: 

𝑦 = 𝐸𝜔2𝑚𝑄𝐿
𝑞𝑟(𝑚−𝑞)𝜈𝑛𝛾𝑝 (5-15) 

where E is an empirically derived constant.  

The independent variables in Eq. (5-15) cover most of the important parameters in the 

operation and design of an RPB. For example, 𝜔 and 𝑄𝐿 are the main operating param-

eters and both of them are highly relevant to the operating cost in the CO2 capture 

process. Further, r is the important structural parameter that is relevant to the volume 

and weight of the bed, 𝜈 is the physical property of the solvents that flows in the RPB, 

and 𝛾 is the property of the packing materials. Therefore, analysing the exponents of 

these parameters has very important practical implications.  

Table 5-4 lists the exponents of 𝜔, 𝑄𝐿, r, 𝜈 and 𝛾 for predicting 𝜀𝐿, Ae and As. A posi-

tive exponent means the dependent variable has a positive correlation with the inde-

pendent variable, and vice versa. In addition, the absolute value of an exponent repre-

sents the sensitivity of the dependent variables to the change in the corresponding in-

dependent parameters.  

Table 5-4 Comparison of the exponents ω, QL, r, ν and γ for predicting εL, Ae and As. 

Parameters 2m (of 𝜔) q (of 𝑄𝐿) m-q (of 𝑟) n (of 𝜈) p (of 𝛾) 

𝜀𝐿 -0.9528 0.5716 -1.048 0.3197 -0.7557 

𝐴𝑒 0.0870 0.4275 -0.384 0.1200 -0.5856 

𝐴𝑠 0.9892 -0.1515 0.6461 -0.2921 0.1658 
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(i) For 𝜀𝐿, the exponents of 𝑄𝐿, 𝜈 are positive, and the exponents of 𝜔, r and 𝛾 are neg-

ative, in addition, the sensitivity of the independent variables is ranked as follows: 𝑟 >

𝜔 > 𝛾 > 𝑄𝐿 > 𝜈. This means that the viscosity 𝜈 is the weakest parameter while the 

radial position r is the strongest parameter for influencing 𝜀𝐿. Moreover, the exponent 

of r is approximately -1, which means 𝜀𝐿 almost reduces inversely proportional to the 

local packing radius in an RPB. Therefore, for the scale up design of an industrial scale 

RPB for CO2 capture, the radial thickness of the rotating packed bed should not be too 

large in order to prevent the severe liquid maldistribution along the radial direction in 

the RPB. In addition, enlarging the RPB in the axial direction or the design of RPBs 

with multistage liquid nozzles along the radial directions could be the feasible solutions.  

(ii) For 𝐴𝑒, the exponents of 𝜔, 𝑄𝐿 and 𝜈 are positive, and the exponents of r and 𝛾 are 

negative. In addition, the sensitivity of the independent variables is ranked as follows: 

𝛾 > 𝑄𝐿 > 𝑟 > 𝜈 > 𝜔. This indicates that within the investigation conditions in this 

chapter, in order to increase 𝐴𝑒, decreasing the contact angle 𝛾 could be the most ef-

fective option, while increasing the rotational speed 𝜔  is the most inefficient way. 

Therefore, a high rotational speed is not recommended in order to achieve a large Ae 

by both considering the performance of the RPB and the energy consumption for driv-

ing the RPB.  

(iii) For 𝐴𝑠, the exponents of 𝜔, r and 𝛾 are positive, and the exponents of 𝑄𝐿 and 𝜈 are 

negative. The sensitivity of the independent variables is ranked as follows: 𝜔 > 𝑟 >

𝜈 > 𝛾 > 𝑄𝐿 . This indicates that increasing 𝜔 is the most effective way to increase 𝐴𝑠.  

In addition optimizing a single characteristic parameter, multiple characteristic param-

eters should be considered for optimizing a particular application of the RPB. From the 
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aspect of CO2 absorption [171], increasing Ae is the first choice to facilitate the CO2 

absorption rate in the RPB. According to the correlation for Ae, both increasing 𝑄𝐿 and 

decreasing 𝛾 are two effective solutions to increase Ae. However, both of the two solu-

tions have negative impacts on As, which reduces the utilization efficiency of the sol-

vents. Due to As being very sensitive to 𝜔, an appropriate increase in 𝜔 could reduce 

the side effects of increasing Ae which resulted from the increase in 𝑄𝐿 and the decrease 

in 𝛾. In addition, using high-concentrated aqueous MEA solutions has good potential 

to reduce the volume ratio of the solvents to CO2, which can reduce the energy con-

sumption in MEA regeneration. However, the increasing viscosity  𝜈  decreases As, 

which could decrease the utilization efficiency of MEA. Therefore, increasing 𝜔 and/or 

increasing 𝛾 appropriately are possible solutions to deal with this issue through analys-

ing the exponents.  

5.5 Conclusions 

This chapter proposes a new mesoscale 3D CFD model to investigate the liquid flow 

characteristics in the RPB for CO2 capture. The model has been validated through com-

paring the results obtained with experimental data. Detailed liquid flow patterns, liquid 

holdup, volume fraction of the droplets, effective interfacial area, wetted wall area and 

specific surface area of the liquid in the RPB are obtained numerically. The results 

show that the mesoscale CFD model is effective in analysing the local detailed liquid 

flow characteristics as well as the overall parameters of an RPB. The main conclusions 

are as follows: 
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(i) Increasing the rotational speed dramatically reduces the liquid holdup and increases 

the specific surface area of the liquid but it has very weak positive effect on increasing 

the effective interfacial area in the RPB. 

(ii) Increasing liquid flow rate and/or increasing liquid viscosity improve both the liq-

uid holdup and the effective interfacial area in the RPB, but they have a negative effect 

on the specific surface area of the liquid. Higher liquid flow rate and/or higher viscous 

MEA require higher rotational speed to maintain both the effective interfacial area and 

the specific surface area. 

(iii) The flow pattern, liquid holdup and interfacial area are sensitive to the contact 

angle. Larger contact angles can generate more liquid droplets with larger specific sur-

face area but the liquid holdup, the effective interfacial area and the wetted wall area 

dramatically decrease. Surface modification of the packing is an important method to 

optimize the mass transfer efficiency in the RPB. 

(iv) The correlations for predicting the liquid holdup 𝜀𝐿, effective interfacial area 𝐴𝑒,  

and specific surface area 𝐴𝑠 in the RPB are proposed. The sensitivities of the investi-

gated effect parameters on 𝜀𝐿, 𝐴𝑒 and 𝐴𝑠, respectively, are as follows: For 𝜀𝐿, 𝑟 > 𝜔 >

𝛾 > 𝑄𝐿 > 𝜈; For 𝐴𝑒, 𝛾 > 𝑄𝐿 > 𝑟 > 𝜈 > 𝜔; For 𝐴𝑠, 𝜔 > 𝑟 > 𝜈 > 𝛾 > 𝑄𝐿. 

In general, a much better understanding of the liquid flow behaviours within the RPB 

has been achieved and the factors that influence the mass transfer has been analysed in 

depth. The proposed model provides a feasible way to predict the hydrodynamic per-

formance of the RPB, which could assist to optimize the design and operation of the 

RPBs for CO2 capture.   
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Chapter 6: CFD simulations of CO2 

absorption in an RPB 

Summary 

This chapter employs an Eulerian two-phase flow model to analyse the CO2 absorption 

by monoethanolamine (MEA) solutions in an RPB. Only the packing region of the RPB 

is modelled, and the investigation is performed using a 2D axisymmetric swirl model 

in order to save on the calculation resource and time. In this chapter, the interfacial 

area correlation, which is obtained from the 3D mesoscale VOF simulation in Chapter 

5, is used to estimate the interfacial area in the packing region of the investigated RPB. 

In addition, the reactive mass transfer model and the heat transfer model are integrated 

in the Eulerian model, and the integrated model successfully simulates the CO2 capture 

from the flue gas by MEA solutions in the RPB. The model is validated through com-

paring the predicted results with the experimental data and existing correlations. In 

addition, the effects of the rotational speed, the gas and liquid flow rate, the MEA con-

centration, and the liquid inlet temperature on the overall gas phase mass transfer co-

efficient (KGa), the CO2 removal efficiency and/or the pressure drop in the RPB are 

investigated using this model. 

6.1 Introduction 

Accurate prediction of the CO2 absorption by amine solutions is very important for 

RPB design and operation optimization for large-scale CO2 capture. Due to the very 

high demand of the computational resources, it is very difficult to perform the mass 
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transfer simulation for pilot-scale or large-scale RPBs using the VOF-based method. 

On considering the computing efficiency, the Eulerian method is advantageous for the 

CFD simulations of pilot-scale and large-scale RPBs. However, the Eulerian method 

cannot resolve the gas-liquid interface where the mass transfer occurs, therefore it re-

quires a submodel to predict the gas-liquid interfacial area in the RPB. As a solution, 

the interfacial area correlation that is obtained from the VOF simulation, as described 

in Chapter 5, is employed in the Eulerian model. Therefore, a comprehensive multiscale 

modelling strategy is presented in this chapter, as illustrated in Figure 6-1, which can 

be used to simulate CO2 absorption by MEA solutions in RPBs. Finally, effects of the 

operating parameters, such as rotational speed, gas and liquid flow rate, MEA concen-

tration and temperature, on the CO2 absorption and pressure drop are investigated 

through using the proposed modelling method. 
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Figure 6-1 An overview of the multiscale approach for modelling the CO2 absorption 

in an RPB. 

6.2 CFD modelling 

 Introduction of the investigated RPB test rig 

The RPB simulation is based on the experiments of Lee et al. [31], and a photograph 

of the RPB test rig is shown in Figure 6-2. The important dimensions of the RPB and 

the specifications of the used packing are listed in Table 6-1.  
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Figure 6-2 Photograph of the RPB test rig for CO2 absorption by aqueous MEA 

solutions [31].  

Table 6-1. Dimensions of the RPB and the packing specifications. 

Name Dimensions (or specifications) 

Diameter of the casing 360 mm 

Inner diameter of the packed bed 80 mm 

Outer diameter of the packed bed 300 mm 

Thickness of the packed bed 20 mm 

Structure and material of the packing stainless steel expanded mesh 

Voidage of the packing 0.801 

Specific surface area of the packing 663 m2/m3 

 

A simplified flow diagram of the RPB test rig for CO2 absorption by aqueous MEA 

solutions is shown in Figure 6-3. As can be seen, the mixed air and CO2 in the ratio of 

12 mol% CO2 was used to simulate the actual flue gas in the experiments, and first it 
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was preheated to 40 C by a heating system and then it entered the RPB from the gas 

inlet that was mounted at the outer boundary of the RPB. After flowing through the 

RPB, the gas left the RPB through the pipe that was connected to the inner boundary 

of the RPB. The MEA solution was first preloaded to 0.1 mol CO2 / mol MEA and was 

preheated to 40C by a heating system, and then it was injected into the RPB through 

using a liquid distributor that was mounted at the centre of the RPB. After flowing 

through the packing area of the RPB, the liquid was collected by the case wall and 

flowed out of the RPB through a pipe that was situated at the bottom of the case.  

 

Figure 6-3 Simplified flow diagram of the RPB test rig for CO2 absorption by aqueous 

MEA solutions based on [31].  

 Calculation domain and boundary conditions 

The actual structure of the RPB is complicated, and it is very difficult to make the CFD 

model identical to the actual test rig. Therefore, only the prime functional region of the 
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RPB, that is the packing region, is investigated in this chapter, see Figure 6-4. In addi-

tion, some assumptions for simulating the gas-liquid flow and mass transfer in the pack-

ing region of the RPB are summarised as follows: (i) the liquid is assumed to be evenly 

injected into the packing region of the RPB in the circumferential direction; (ii) the gas 

is assumed to be evenly fed into the packing region in the circumferential direction 

from the outer edge of the packing; (iii) both the gas and the liquid are incompressible 

fluids; (iv) the gas and liquid flows in the RPBs are assumed to be in steady-state. Based 

on the above assumptions, an axisymmetric swirl flow model was performed in a 2D 

calculation domain in order to investigate the flow and mass transfer phenomena in the 

RPB.  

A schematic diagram of the geometry employed in the CFD simulations is shown in 

Figure 6-4. The dimensions of the simulated packing region of the RPB is the same as 

that in the experimental RPB test rig [31]. The radial length and axial width of the 

porous media region, i.e. the packing region of the RPB, is 110 mm and 20 mm, re-

spectively, and the inner boundary of the porous media region is 40 mm from the rota-

tional axis. In addition, as has mentioned in Section 3.4.2, the liquid inlet and gas outlet, 

and the liquid outlet and gas inlet of the packing region are overlapped, respectively. 

In order to overcome the difficulties of setting the overlapped boundary conditions, two 

regions for the liquid generation and elimination have been designed. The liquid gen-

eration region is next to the inner boundary of the porous media region, which has a 

radial length of 1 mm, and the liquid elimination region is next to the outer boundary 

of the porous media region, which has a radial length of 1 mm.  

The gas inlet and gas outlet are specified through using velocity inlet and pressure out-

let boundary conditions, respectively. The pressure at the gas outlet is assumed to be 
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the atmospheric pressure. In addition, it is worth mentioning that there is a transition 

region between the liquid generation region and the gas outlet, which is designed to 

avoid the generated liquid flow through the gas outlet directly. The left and right sides 

of the calculation domain are set as wall boundary conditions. In order to simulate the 

centrifugal field in the packing region, the calculation domain is fixed in a rotational 

reference frame with different rotational speeds.  

 

Figure 6-4 Schematic diagram of the simplified calculation domain of the RPB and its 

boundary conditions [172].  
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 Properties of the fluids 

In the simulation, the injected gas contains 12 mol% CO2 and 88 mol% N2, which can 

be used to simulate the real flue gas. The MEA solutions are preloaded to 0.1 mol CO2/ 

mol MEA before being injected into the RPB as described in the experiments [31], and 

the preloaded CO2 in the liquid phase is assumed to react with the MEA component 

and forms MEAH+ and MEACOO- in the solutions (ref. Equation (3-55). Based on this 

assumption, the mass fraction of each chemical components in the MEA solutions are 

listed in Table 6-2.  

Table 6-2 Mass fraction of the chemical components in the MEA solutions with dif-

ferent concentrations. 

MEA 

Concentration 

Chemical components (mass fraction) 

MEA 

(C2H7ON) 

MEAH+ 

(C2H8ON+) 

MEACOOH- 

(C3H6O3N
-) 

H2O 

30 wt% MEA 0.2349 0.0298 0.0501 0.6852 

40 wt% MEA 0.3110 0.0395 0.0663 0.5832 

50 wt% MEA 0.3861 0.0491 0.0823 0.4826 

70 wt% MEA 0.5331 0.0677 0.1136 0.2856 

90 wt% MEA 0.6761 0.0859 0.1441 0.0939 

 

The density of the liquid is assumed to be constant in each simulation, and the values 

are estimated from the experimental data of Amundsen et al. [137]. The viscosity varies 

greatly with temperature, therefore the values of viscosity are estimated by curve-fitting 

to the experimental data of Amundsen et al. [137], and the fitting correlations are listed 

in Table 6-3.  
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Table 6-3 Viscosity of the MEA solutions at different temperatures. 

MEA  

Concentration 
Viscosity (kg/m/s)             298K ≤ T ≤ 353K 

30 wt% 0.3083 − 2.621 × 10−3𝑇 + 7.488 × 10−6𝑇2 − 7.173 × 10−9𝑇3 

40 wt% 0.4829 − 4.086 × 10−3𝑇 + 1.160 × 10−5𝑇2 − 1.103 × 10−8𝑇3 

50 wt% 0.7963 − 6.744 × 10−3𝑇 + 1.915 × 10−5𝑇2 − 1.821 × 10−8𝑇3 

70 wt% 2.398 − 2.056 × 10−2𝑇 + 5.897 × 10−5𝑇2 − 5.657 × 10−8𝑇3 

90 wt% 4.377 − 3.776 × 10−2𝑇 + 1.090 × 10−4𝑇2 − 1.050 × 10−7𝑇3 

In addition, the thermal conductivity and specific heat for the gas and liquid phases are 

estimated by the mixing law based on the species in each phase. The mass diffusivity 

of the gas and liquid phases are calculated by the kinetic theory [129]. 

 Interfacial area model 

The wet ratio of the wire mesh is assumed to be equal to the fraction of the effective 

interfacial area to the total area of the dry packing, and it is expressed as follows: 

𝑓𝑒 =
𝐴𝐺𝐿

𝑎𝑆
=

𝐴𝑒

𝑎𝑆
  (6-1) 

where 𝐴𝑒 is the effective interfacial area as expressed in Equation (5-12), which is ob-

tained from the numerical regression based on the results of the mesoscale 3D VOF 

simulations. The contact angle is set as  = 18, which means that the MEA solution 

easily spreads and contacts on the packing surface in the state of rotation. In addition, 

on considering the increment of the interfacial area from the side wall next to the pack-

ing, the interfacial area in the region that is close to the side wall is calculated as follows:  

𝐴𝐺𝐿,𝑤 = (𝐴𝑤𝑓𝑒 + 𝑎𝑆𝑓𝑒𝑉𝑐𝑒𝑙𝑙,𝑤) = 𝑓𝑒 (
1

Δ𝑥𝑤
+ 𝑎𝑆) 𝑉𝑐𝑒𝑙𝑙,𝑤  (6-2) 
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where the wet ratio of the wall is assumed to be the same as that in the packing region; 

Aw is the surface area of the wall in the cell next to the side wall, Vcell,w is the volume 

of the cell next to the side wall, and xw is the axial distance of the cell next to the wall.  

 Numerical scheme and solution procedures 

For reducing the truncation errors, simulations are performed using the ANSYS® Flu-

ent 17.2 software in a double precision mode, and it incorporates the in-house devel-

oped UDFs for setting the porous media model, drag force model, interfacial area 

model, mass transfer model and other self-defined functions, such as the properties of 

the gas and liquid. Further, the pressure-based solver and the relative velocity formu-

lation are employed. The pressure-velocity coupling is resolved by the Coupled 

scheme, and the PRESTO! scheme is employed for the pressure discretization [129]. 

The gradient of the variables is calculated through using the least-squares cell based 

method. The QUICK scheme is applied for the spatial discretization of the volume 

fraction equation, the second-order upwind scheme is employed for solving the mo-

mentum equations, energy equations and species transport equations. Finally, the sim-

ulations are performed in two steps. First, the equations are solved without interfacial 

mass transfer. The gas and liquid velocities are gradually increased until the target ve-

locities, and the pseudo transient method is employed to accelerate convergence. When 

the simulation reaches to a steady state, the interfacial mass transfer calculation begins 

to be performed by activing the mass transfer equation. All the equations with residuals 

less than 1×10-3 are considered as the convergence criterion. In addition, the CO2 con-

centration at the gas outlet are monitored to ensure the simulation achieves the steady 

state.  
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6.3 Results and discussion 

 Effect of the rotational speed 

6.3.1.1 Effect of the rotational speed on KGa 

The rotational speed, which is closely related to the power consumption, is a very im-

portant operating parameter of RPBs. Figure 6-5 (a) and (b) show the effect of the ro-

tational speed, varying from 300 rpm to 1150 rpm, on the overall gas phase mass trans-

fer coefficient 𝐾𝐺𝑎 (defined by Eq. (2-2)) of the packing region of the RPB. In these 

investigations, the gas flow rate is fixed at 9.8 L/s, and the absorption solutions are 30 

wt% and 90 wt% MEA solutions, which are the normal concentration as used in the 

traditional packed columns and the high concentration for RPBs, respectively. For each 

MEA solution, three different liquid flow rates have been used to make the MEA to 

CO2 molar ratio at 3.3, 4.0 and 4.4. In order to achieve this, for the 30 wt% MEA (see 

Figure 6-5 (a)), the liquid to gas mass flow ratios are 2.8, 3.3 and 3.7, and for the 90 

wt% MEA (see Figure 6-5 (b)), the liquid to gas mass flow ratios are 0.9, 1.0 and 1.2.  
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Figure 6-5 Effect of the rotational speed on the overall gas phase mass transfer coeffi-

cient KGa: (a) 30% MEA and (b) 90% MEA. 

As can be seen from Figure 6-5 (a) and (b), a higher MEA to CO2 molar ratio, as well 

as a higher liquid to gas mass flow rate ratio, results of a higher 𝐾𝐺𝑎. In addition, with 

the increasing of the rotational speed, the 𝐾𝐺𝑎 increases slowly. For example, when the 

rotational speed increases from 300 rpm to 1200 rpm, the 𝐾𝐺𝑎 only increases about 10% 

for each liquid flow rate condition. This means that the rotational speed has a weak 

effect on changing the 𝐾𝐺𝑎 within the large range of speed variations studied. This is 

mainly because the effective interfacial area in the packing region of the RPB only 

slightly increases with the increasing of the rotational speed, and this has been dis-

cussed in detail in Section 5.4.2.2.  
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In order to validate the CFD model, the simulation results are compared with the ex-

perimental data from Lee et al. [31]. However, in their experiments [31], the 𝐾𝐺𝑎 was 

calculated using Eq. (2-2) based on the CO2 concentrations at the gas outlet pipe and 

gas inlet pipe of the RPB, and this means that the 𝐾𝐺𝑎 is the parameter that reflects the 

CO2 absorption in the whole RPB rather than only in the packing region of the RPB. 

Due to the CO2 absorption occurring in the cavity region and the central region of the 

RPB has not been considered in the CFD model, the simulated results for the 𝐾𝐺𝑎 are 

lower that the experimental data, especially in the 90% MEA case, as shown in Figure 

6-5 (b). This is probably because the higher MEA concentration results in a longer 

contact time between the MEA and the CO2, especially when the MEA solution at-

taches onto the case wall after it has been thrown away from the packing, which pro-

motes the CO2 absorption in the cavity region. In addition, when comparing the exper-

imental data between Figure 6-5 (a) and (b), it can be seen, for the same MEA to CO2 

molar ratio, when using 90% MEA the 𝐾𝐺𝑎 of the RPB is much higher than the 𝐾𝐺𝑎 in 

the 30% MEA cases. The reason for this phenomenon was not clearly explained by Lee 

et al. [31]. While, in the CFD simulation, the 𝐾𝐺𝑎 is very similar for the same MEA to 

CO2 molar ratio, no matter what is the MEA concentration. Therefore, the increased 

𝐾𝐺𝑎 when using the 90wt% MEA is very possibly due to the CO2 absorption in the 

cavity region of the RPB being higher than the 30wt% MEA solution. The variation 

trend and the slope of the 𝐾𝐺𝑎 in the two cases are the same as in the experiments, and 

for the 30% MEA, the values of the simulated 𝐾𝐺𝑎 is close to the experimental data. 

Therefore, the CFD model can be regarded to effectively predict and analyse the CO2 

absorption in the packing region of the RPB at different operating conditions. Further, 
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it is worth mentioning that more attention should be paid to the central region and the 

cavity region of the RPB in future investigations.  

6.3.1.2 Effect of the rotational speed on the pressure drop 

The operating conditions, which have been used for the 𝐾𝐺𝑎 investigations in Section 

6.3.1.1, are adopted to investigate the pressure drop in the RPB. As shown in Figure 

6-6 (a) and (b), the pressure drop is not sensitive to the change in the liquid flow rate 

(LFR) at different rotational speeds for the specified gas flow rate. This is because the 

liquid holdups at all the investigated operating conditions are very small, and they are 

far from making the RPB be in a flooding state, and therefore they have very weak 

effects on the gas pressure drop. Further, the effect of the rotational speed on the pres-

sure drop can be clearly observed in Figure 6-6 (a) and (b). With the rotational speed 

increasing from 300 rpm to 1150 rpm, the pressure drop increases from about 160 Pa 

to about 310 Pa, which is mainly induced by the enhanced centrifugal field in the pack-

ing region of the RPB and the increased drag force between the gas and liquid.  
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Figure 6-6 Effect of the rotational speed on the pressure drop: (a) 30% MEA and (b) 

90% MEA. 

Due to the lack of experimental data on the pressure drop in the investigated RPB, the 

simulation results are compared with the semi-empirical correlation [173]. The corre-

lation that was proposed by Lashkarbolooki [173] for predicting the pressure drop 

across RPBs, was based on a theoretical analysis, and the pressure drop across the 

packing was considered as a sum of (i) the drag force pressure drop, which constitutes 

a viscous energy loss and an inertial loss, (ii) the pressure drop due to the centrifugal 

force and (iii) the gas-packing and the gas-liquid slip pressure drop. The coefficients in 

the empirical correlation were regressed based on three different RPB designs [73, 74, 
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174]. Therefore, the Lashkarbolooki model can be considered as a general model for 

predicting the pressure in RPBs. As shown in Figure 6-6 (a) and (b), the CFD simula-

tion results are in a reasonable agreement with the results predicted by the Lashkar-

bolooki model. Therefore, we can conclude that the CFD model is effective for pre-

dicting the pressure drop in the RPB. The small deviation between the CFD predictions 

and the correlation is probably due to (i) the different dimensions and the different 

packing materials between the simulated RPB and the RPBs that were used for gener-

ating the empirical correlation; (ii) the pressure drop in the cavity region and central 

region of the RPB are not considered in the CFD model. It is worth mentioning that a 

3D Eulerian CFD model, including all the regions of the RPB, has the potential to pro-

vide a more accurate prediction of the overall pressure in the RPB in the future. 

 Effect of the gas flow rate 

As shown in Figure 6-7 (a)-(c), the RPB at two rotational speeds, 600 rpm and 800 rpm, 

has been employed to investigate the effect of the gas flow rate on 𝐾𝐺𝑎, CO2 removal 

efficiency, and pressure drop. In the investigation, the high-concentrated solution, 90 

wt% MEA, which has the potential to be extensively employed in RPBs for CO2 cap-

ture, is used as the absorbent. The liquid flow rate is fixed at 0.038 kg/s, and the gas 

flow rate varies from 4.9 L/s to 19.6 L/s, which results in the L/G mass flow rate ratio 

varying from 6.0 to 1.5, and these values are all within reasonable operating conditions. 

As can be seen from Figure 6-7 (a), a higher rotational speed results in a slightly higher 

𝐾𝐺𝑎 at all the gas flow rate conditions, and this is consistent with the conclusion in 

Section 6.3.1. In addition, the 𝐾𝐺𝑎 slightly increases with the increasing of the gas flow 

rate is mainly due to the increased mass transfer coefficient in the gas side according 

to Eq. (3-42). However, as shown in Figure 6-7 (b), with the increasing of the gas flow 
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rate, the CO2 removal efficiency (defined in Eq. (2-3) decreases from about 0.5 to about 

0.17. This is mainly due to the much reduced gas-liquid contact time that prevents the 

CO2 from being fully absorbed by the MEA solutions, which can be clearly observed 

from Figure 6-8, where the distributions of the mole fraction of CO2 in the gas phase 

at different gas flow rates are presented. In addition, as shown in Figure 6-7 (c), the 

pressure drop increases from about 100 Pa to 400 Pa with the increasing gas flow rate 

from 4.9 L/s to 19.6 L/s. Therefore, a comprehensive evaluation, including 𝐾𝐺𝑎, CO2 

removal efficiency and pressure drop, should be performed in order to decide a suitable 

gas flow rate for achieving an optimized result. 
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Figure 6-7 Effect of the gas flow rate on (a) the overall gas phase mass transfer coef-

ficient KGa, (b) the CO2 removal efficiency and (c) the pressure drop. 
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Figure 6-8 Distributions of the mole fraction of CO2 in the gas phase in the RPB at 

different gas flow rates (90 wt% MEA, 600rpm, LFR=0.038 kg/s). 

 Effect of the liquid flow rate 

The effect of the liquid flow rate on CO2 absorption and pressure drop has been inves-

tigated using the Eulerian CFD model. In this investigation, the typical operating con-

dition is set, where the gas flow rate is 9.8 L/s and the rotational speed is 600 rpm. 

Distributions of the axial-averaged CO2 mole fraction in the gas phase along the radial 

direction of the RPB are shown in Figure 6-9. It can be seen that the CO2 concentration 

is the same at the gas inlet, while it decreases gradually with the increasing of the liquid 

flow rate at the gas outlet. This is mainly due to the increased liquid flow rate increasing 

the effective interfacial area as has been discussed in Section 5.4.2.3, which enhances 

the CO2 absorption in the RPB. In addition, the KGa has been calculated and presented 
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in Figure 6-10 (a). It can be seen that with the increasing of the liquid flow rate from 

0.011 to 0.050 kg/s, which means the L/G mass flow rate ratio changes from 0.9 to 4.0, 

the KGa increases from 1.76 to 2.85 s-1.  
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Figure 6-9 Effect of the liquid flow rate as well as the L/G ratio on the CO2 mole 

fraction distribution in the gas phase alone the radial direction in the RPB. 

The effect of the liquid flow rate on the pressure drop is shown in Figure 6-10 (b), 

where the pressure drop decreases slightly with the increasing of the liquid flow rate. 

This is mainly due to (i) more CO2 being absorbed by the liquid with a higher liquid 

flow rate, which results in a lower average gas flow rate in the RPB; (ii) the drag force 

between the gas and liquid being lower than the drag force between the gas and pack-

ings, which results in a slightly lower resistance force for the gas phase with an increas-

ing wetted area of the packings when increasing the liquid flow rate. 
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(b) 

Figure 6-10 Effect of the liquid flow rate as well as the L/G ratio on (a) the overall gas 

phase mass transfer coefficient KGa and (b) the pressure drop.  

 Effect of the MEA concentration 

One of the advantages of an RPB is its ability to deal with MEA solutions with high 

concentrations. Therefore, the effect of the MEA concentration on KGa and the pressure 

drop is investigated through using CFD simulations. In the simulations, the typical con-

ditions are adopted, where the rotational speed of the RPB is set at 600 rpm, the gas 

flow rate is 9.8 L/s and the L/G mass flow rate ratio is fixed at 3.3. As shown in Figure 
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6-11 (a), the KGa almost increases linearly from 1.78 to 3.57 with the MEA concentra-

tion increasing from 30 wt% to 90 wt%. This is mainly because (i) the increased MEA 

concentration leads to a higher liquid viscosity, which increases both the liquid holdup 

and the effective interfacial area, (ii) a higher MEA concentration accelerates the chem-

ical reaction between the MEA and the dissolved CO2 in the liquid phase according to 

Eq. (3-56), which promotes the CO2 diffusion from the gas side to the liquid side. In 

addition, as shown in Figure 6-11 (b), the pressure drop decreases slightly with the 

increasing of the MEA concentration, which is due to the wetted area of the packings 

increasing and the averaged gas flow rate slightly decreasing. 
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Figure 6-11 Effect of the MEA concentration on (a) the overall gas phase mass transfer 

coefficient KGa and (b) the pressure drop.  

 Effect of the liquid inlet temperature 

The chemical reaction between CO2 and MEA is influenced by the reaction temperature, 

and the temperature of the absorption liquid can be easily adjusted in the actual CO2 

absorption system. Therefore, the effect of the liquid inlet temperature from 30 to 70 ℃ 

on the CO2 absorption is investigated in this section through using the Eulerian CFD 

model. In the simulation, the gas inlet temperature is fixed at 40 ℃, which is close to 
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the temperature of the actual flue gas before connecting to the CO2 absorption equip-

ment. Typically 30 wt% MEA is used as the absorbent, the gas flow rate is fixed at 9.8 

L/s, the L/G ratio is fix at 3.3, and the rotational speed is set as 600 rpm. For a better 

understanding of the temperature profile in the RPB, the axial-averaged liquid temper-

atures along the radial direction of the RPB at different liquid inlet temperatures are 

shown in Figure 6-12. It can be seen that all the temperatures have upward trends from 

the inner boundary (liquid inlet) to the outer boundary (liquid outlet) of the RPB, and 

this is due to the accumulation of the reaction heat in the liquid phase. For the relative 

high liquid inlet temperatures, such as 60 ℃ and 70 ℃, there is a slight temperature 

decrease close to the outer boundary of the RPB, which is cooled down by the injected 

low temperature flue gas (40 ℃). In addition, the KGa and the CO2 removal efficiency 

with the increasing of the liquid inlet temperature are illustrated in Figure 6-13 (a) and 

(b), respectively. It can be seen that the KGa increases from 1.45 to 3.33, and the CO2 

removal efficiency increases from 0.18 to 0.36 with the liquid inlet temperature in-

creasing from 30 ℃ to 70 ℃. This is due to the chemical reaction rate between the 

MEA and CO2 being increased with the increasing reaction temperature (ref. Eq. (3-58), 

and this promotes the mass transfer of the CO2 from the liquid phase to the gas phase. 
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Figure 6-12 Axial-averaged liquid temperature along the radial direction of the RPB 

at different liquid inlet temperatures. 



Chapter 6 

163 

 

 
(a) 

2 0 3 0 4 0 5 0 6 0 7 0 8 0
0 .0

0 .1

0 .2

0 .3

0 .4

T e m p e ra tu re  (      )

C
O

2
 r

e
m

o
v

a
l 

e
ff

ic
ie

n
c

y

G a s  f lo w  r a te = 9 .8  L /s

3 0 %  M E A  L /G = 3 .3

6 0 0  r p m

 
(b) 

Figure 6-13 Effect of the liquid inlet temperature on (a) the overall gas phase mass 

transfer coefficient KGa and (b) the CO2 removal efficiency. 

6.4 Conclusions 

In this chapter, an Eulerian CFD model, that incorporates the VOF-based gas-liquid 

interfacial area correlation, successfully simulates the CO2 absorption by MEA so-

lutions in the packing region of an RPB. The model has been validated through com-

paring the predicted 𝐾𝐺𝑎 with the experimental data of Lee et al. [31], and comparing 
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the predicted pressure drop with the semi-empirical correlation [173]. Further, the ef-

fects of the operating parameters on the 𝐾𝐺𝑎, the CO2 removal efficiency and/or the 

pressure drop are analysed. The results show that increasing the liquid flow rate, MEA 

concentration, and the liquid inlet temperature has a significant positive impact on KGa 

and no significant effect on the pressure drop. Therefore, these parameters can be used 

to adjust the CO2 absorption efficiency in the RPB according to the actual condition 

without having too much influence on the pressure drop induced energy dissipation. 

While, with the increasing of the rotational speed and the gas flow rate, the KGa in-

creases slightly but the pressure drop augment is significant. Therefore, a moderate 

rotational speed and gas flow rate is better for increasing the overall efficiency of the 

RPB. In conclusion, this chapter demonstrates the feasibility of the proposed model-

ling method for effectively predicting the CO2 absorption and pressure drop in RPBs. 

Further, this modelling method can be used to assist the scaling up and the operation 

optimization of large-scale RPBs for CO2 capture. 
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Chapter 7: Conclusions and future work 

Carbon Capture and Storage (CCS) technology is a potential technical solution for ther-

mal power plants to achieve a low carbon energy supply. However, high capital invest-

ment of the CO2 capture facilities and high energy consumption during the carbon cap-

ture process are the key obstacles to the development of CCS technologies. Process 

intensification through using RPBs is a potential for reducing the capital investment 

and energy consumption during CO2 capture. CFD simulations are effective methods 

to investigate the hydrodynamics and mass transfer performance of the RPBs. This 

thesis has focused on investigating the very important hydrodynamic characteristics 

and CO2 absorption performance of the RPBs through using CFD methods. The CFD 

modelling is realised though using the ANSYS® Fluent software with UDFs. The con-

clusions are summarised in Section 7.1 and the recommendations for future work are 

discussed in Section 7.2.  

7.1 Conclusions 

 A 2D CFD model for analysing the liquid flow in an RPB 

Due to the complex structure of the packing in RPBs, the characteristics of the liquid 

flow within RPBs are very difficult to be fully investigated by experimental methods. 

In order to achieve an effective prediction of the liquid flow characteristics in an RPB, 

a new 2D computational framework of an RPB has been proposed based on the VOF 

method presented in Chapter 4. This model adopts the real round cross-section of the 

wire mesh as the packing characteristics and a non-uniform grid generation strategy 
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has been employed to make the model available to capture the liquid films on the pack-

ing surface so that both the formation of the liquid droplet and the formation of the 

liquid film can be simulated. The setting of the inlet boundary condition is achieved 

through writing UDFs.  

The simulation results show good agreements with the experimental data, and this in-

dicates that the 2D CFD model is effective in analysing the liquid flow characteristics 

in the RPB. Both the overall and local liquid flow patterns in the RPB have been ana-

lysed, and the distinct liquid flow patterns in different regions of the RPB have been 

clearly observed. New findings from the simulations are summarised as follows: (i) 

The radial depth of the entrance region is about 10 mm from the inner boundary of the 

packing, and the depth of the entrance region increases with increasing the liquid jet 

velocity. (ii) In the entrance region of the RPB, the liquid flow is a ligament-dominated 

flow. In the bulk region, the flow pattern is a pore-dominated flow at a relative weak 

centrifugal field (80-320 m/s2) and a droplet-dominated flow at a relative strong cen-

trifugal field (320-720 m/s2). (iii) With the increasing of the rotational speed, the liquid 

holdup dramatically decreases and the degree of the liquid dispersion increases. Further, 

the increasing liquid jet velocity decreases the liquid residence time but slightly in-

creases the liquid holdup. (iv) With the increasing of the concentration of MEA solution, 

the liquid holdup increases and the degree of the liquid dispersion decreases, but the 

effects are weaker at a higher rotational speed. (v) The liquid holdup and flow pattern 

are sensitive to the contact angle. Larger contact angles can generate more liquid drop-

lets while smaller contact angles can generate more liquid films. With the increasing of 

the contact angle, the liquid holdup is reduced.  
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In summary, the 2D VOF model can be used to analyse the liquid flow patterns, liquid 

holdup, liquid residence time as well as the degree of liquid dispersion in an RPB using 

a relatively small number of grids compared to a 3D model.  

 A 3D mesoscale CFD model for analysing the detailed liquid flow in an RPB 

For obtaining the detailed and more accurate information of the liquid flow in RPBs, it 

is necessary to simulate the flow in the real geometrical structure of the packings. How-

ever, it is very difficult to perform a full 3D simulation of an RPB with appropriate 

accuracy due to the complexed and small-scale structure of the packing. Therefore, a 

mesoscale 3D CFD model has been proposed to simulate the liquid flow in the real 

packings of the RPB for CO2 capture in Chapter 5. The mesoscale model is based on a 

small 3D REU with appropriate boundary conditions, being implemented at different 

locations in an RPB, so that the overall characteristics of the liquid flow in the RPB 

can be obtained. The model has been validated through comparing the simulation re-

sults with experimental data. Detailed liquid flow patterns, liquid holdup, volume frac-

tion of the droplets, effective interfacial area, wetted wall area and specific surface area 

of the liquid in the RPB have been obtained numerically. The acquisition of the detailed 

parameters in the calculation domain is achieved through writing UDFs. The results 

show that the mesoscale CFD model is effective in analysing the local detailed liquid 

flow characteristics as well as the overall parameters of an RPB. The best fit correla-

tions for predicting the liquid holdup 𝜀𝐿, effective interfacial area 𝐴𝑒, and specific sur-

face area 𝐴𝑠 in the RPB based on the CFD simulations are as follows:   
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For the liquid holdup: 

𝜀𝐿 = 0.0188 (
𝑔𝜔

𝑔0
)

−0.4764

(
𝑈

𝑈0
)

0.5716

(
𝜈

𝜈0
)

0.3197

(
𝛾

𝛶0
)

−0.7557

  

For the effective interfacial area:  

𝐴𝑒 = 202.3485 (
𝑔𝜔

𝑔0
)

0.0435

(
𝑈

𝑈0
)

0.4275

(
𝜈

𝜈0
)

0.1200

(
𝛾

𝛶0
)

−0.5856

  

For the specific surface area of the liquid:  

𝐴𝑠 = 10517.1970 (
𝑔𝜔

𝑔0
)

0.4946

(
𝑈

𝑈0
)

−0.1515

(
𝜈

𝜈0
)

−0.2921

(
𝛾

𝛶0
)

0.1658

  

In general, the proposed model provides a feasible way to predict the detailed hydro-

dynamic performance of the RPB using much fewer grid numbers compared to a full 

3D simulation, which could assist in the optimizing of the design and operation of the 

large-scale RPBs for CO2 capture.  

 An Eulerian CFD model for analysing the CO2 absorption in an RPB 

The mass transfer performance and pressure drop are the most important character-

istics of RPBs for influencing the CO2 capture efficiency and the energy dissipation. 

Therefore, in Chapter 6, an Eulerian computational framework is developed through 

combining the multiphase porous media model, interfacial area model, and reactive 

mass transfer model, etc. to analyse the mass transfer and pressure drop in a CO2 ab-

sorption process in an RPB. The specified submodels for RPBs are implemented in 

ANSYS® Fluent through writing UDFs. The model is validated through comparing the 

simulation results with experimental data and existing correlations. The results show 

that increasing the liquid flow rate, MEA concentration, and the liquid inlet temperature 

have a significant positive impact on KGa and no significant effect on the pressure drop. 
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While, with the increasing of the rotational speed and the gas flow rate, the KGa in-

creases slightly but the pressure drop augment significantly. Therefore, the liquid flow 

rate, the MEA concentration, and the liquid inlet temperature can be appropriately in-

creased to promote the CO2 absorption in the RPB without having too much influence 

on the energy dissipation due to the pressure drop. In addition, a moderate rotational 

speed and gas flow rate is better for increasing the overall efficiency of the RPB both 

by considering the KGa and the pressure drop. In summary, the proposed Eulerian 

model is feasible for effectively predicting the CO2 absorption and pressure drop in 

RPBs. Further, this modelling method can be used to assist the scaling up and the 

operation optimization of large-scale RPBs for CO2 capture. 

7.2 Recommendations for future work 

In this thesis, some progress has been made in the CFD simulations of RPBs for CO2 

capture. However, there are still many aspects that require further investigation in order 

to further improve the simulation accuracy and efficiency, and deepen the understand-

ing of the mechanism of the RPB for CO2 capture. Therefore, some recommendations 

for future work are listed as follows: 

 Improvement of the VOF modelling method 

(i) The liquid behaviour in the RPB is very sensitive to the wettability of the packing 

surface, which is usually specified by the contact angle. Currently, due to lack of de-

tailed experimental data on the dynamic contact angle for stainless steel packings with 

different concentrated MEA solutions, the static contact angle is specified in the VOF 

simulation. In order to achieve a more accurate prediction of the liquid flow on the 

packing surface, a dynamic contact angle model for stainless steel with MEA solutions 
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is suggested to be employed in the VOF simulation. In addition, in order to achieve an 

accurate tracking of the gas-liquid interfaces and the gas-liquid-solid contact lines, very 

small computational grids are required in these regions, and therefore a dynamic local 

grid refinement technology is suggested to be employed for reducing the total number 

of the grids. Further, detailed measurements of the dynamic contact angle between the 

packing and solutions are also suggested. 

(ii) At present, the local hydrodynamic characteristics of the gas-liquid flow in an RPB 

has been investigated by using the mesoscale 3D VOF model. The local mass transfer 

characteristics in an RPB is highly dependent on the local gas-liquid flow, but this has 

not been investigated in detail. Therefore, a direct numerical simulation of the inter-

phase mass transfer by using the VOF-based method is suggested, and this can provide 

the detailed information of the local mass transfer rates. This local information can be 

used to develop accurate mass transfer models that may be integrated into large-scale 

Eulerian simulations or process simulations and used for RPB design and optimization. 

 Improvement of the Eulerian modelling method 

(i) Currently, the CO2 absorption in the RPB is investigated by using a simplified 2D 

axisymmetric swirl model based on the assumption that the flow is uniform in the cir-

cumference direction. The gas-liquid flow and mass transfer in the central cavity region 

and the outer annular cavity region are not considered. In order to achieve a more ac-

curate simulation, a full 3D Eulerian mass transfer simulation of the RPB with the con-

sideration of the effect of the gas inlet and the liquid distributor is suggested. In the 3D 

Eulerian model, the effect of the packings can be simulated through using a porous 

media model. Also, the 3D Eulerian model can be better used to optimize the overall 
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structure of the RPB for improving the mass transfer performance and decrease the 

overall pressure drop.  

(ii) For the Eulerian modelling method, submodels are crucial for modelling the hydro-

dynamics and mass transfer of RPBs. The development of new submodels with higher 

accuracy and wider applicability are very important for improving the accuracy and the 

scope of application of the Eulerian model for modelling RPBs. Therefore, it is sug-

gested to develop new porous media models, new gas-liquid drag models, and new 

interfacial area models for RPBs with different types of packings and different flow 

configurations. In addition, developing new mass transfer models, new heat transfer 

models, and new chemical reaction models that are suitable for RPBs with different 

solvents are encouraged. 

 Development of new RPB simulation and experimental methods 

(i) CFD simulations are effective in modelling the details of the CO2 absorption in 

RPBs, which can produce accurate results of the pressure drop, absorption efficiency, 

etc. Therefore, it can be used to optimise the structure and operational conditions of the 

RPB absorbers. However, CFD is incapable of efficiently modelling all components of 

a complex CO2 capture system. In order to take advantage of the accuracy of the CFD 

simulation and the efficiency of the process modelling, it is suggested to build a CFD-

process co-simulation model to simulate the whole CO2 capture system. The CFD sim-

ulation results should be connected to the process model through using a suitable 

method, such as a reduced order model. In this way, optimization of the RPB and the 

system can be achieved from evaluating the overall efficiency of the CO2 capture sys-

tem.  
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(ii) CO2 desorption from the amine-based solutions using RPBs has great potentials to 

reduce the volume of the regenerator in a post-combustion CO2 capture process. There-

fore, the development of CFD models for simulating the gas-liquid flow, heat and mass 

transfer of the CO2 desorption in RPBs is suggested. Due to the solution in the RPB 

regenerator continues to undergo a phase change during the CO2 desorption process, 

special considerations should be given to the phase change heat transfer and pressure 

variation.  

(iii) CFD models require reliable experimental validations, however, detailed experi-

mental data, such as liquid flow patterns, liquid holdup distributions, pressure distribu-

tions and CO2 concentration distributions in RPBs, are rare. Therefore, developing ad-

vanced measurement technologies for obtaining the detailed information in RPBs is 

highly suggested, and this can promote the development of highly reliable CFD models. 
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Appendix 

Lists of all conducted simulations with boundary/operating conditions in Chapter 5. 

Table A-1 CFD simulation results with boundary/operating conditions (training data)* 

No. Liquid R N LFR gω U ν γ εL Ae As Aw 

   m rpm m3/h m/s2 m/s mm2/s deg  m-1 m-1 m-1 

1 50% MEA 0.3 100 7.2 32.90 0.0053 3.35 75 0.0303 148 4874 70 

2 50% MEA 0.3 150 7.2 74.02 0.0053 3.35 75 0.0211 152 7211 68 

3 50% MEA 0.3 200 7.2 131.59 0.0053 3.35 75 0.0161 136 8461 54 

4 50% MEA 0.3 300 7.2 296.09 0.0053 3.35 75 0.0118 158 13394 42 

5 50% MEA 0.3 100 14.4 32.90 0.0106 3.35 75 0.0503 191 3794 95 

6 50% MEA 0.3 150 14.4 74.02 0.0106 3.35 75 0.0324 206 6379 92 

7 50% MEA 0.3 200 14.4 131.59 0.0106 3.35 75 0.0239 182 7629 74 

8 50% MEA 0.3 300 14.4 296.09 0.0106 3.35 75 0.0177 209 11785 69 

9 50% MEA 0.3 150 10.8 74.02 0.0080 3.35 75 0.0279 181 6494 80 

10 50% MEA 0.3 150 18 74.02 0.0133 3.35 75 0.0395 229 5790 94 

11 50% MEA 0.3 150 21.6 74.02 0.0159 3.35 75 0.0444 236 5306 107 

12 50% MEA 0.3 250 7.2 205.62 0.0053 3.35 75 0.0125 146 11693 47 
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13 50% MEA 0.3 250 10.8 205.62 0.0080 3.35 75 0.0160 182 11391 58 

14 50% MEA 0.3 250 18 205.62 0.0133 3.35 75 0.0229 229 10008 73 

15 50% MEA 0.3 250 21.6 205.62 0.0159 3.35 75 0.0250 252 10066 79 

16 30% MEA 0.3 150 14.4 74.02 0.0106 1.66 75 0.0215 162 7527 65 

17 70% MEA 0.3 150 14.4 74.02 0.0106 6.85 75 0.0360 191 5518 97 

18 90% MEA 0.3 150 14.4 74.02 0.0106 10.12 75 0.0420 208 4965 113 

19 30% MEA 0.3 250 14.4 205.62 0.0106 1.66 75 0.0152 195 12819 52 

20 70% MEA 0.3 250 14.4 205.62 0.0106 6.85 75 0.0228 238 8106 90 

21 90% MEA 0.3 250 14.4 205.62 0.0106 10.12 75 0.0276 241 6782 97 

22 50% MEA 0.3 150 14.4 74.02 0.0106 3.35 30 0.0500 310 6200 350 

23 50% MEA 0.3 150 14.4 74.02 0.0106 3.35 60 0.0370 233 6306 129 

24 50% MEA 0.3 150 14.4 74.02 0.0106 3.35 75 0.0324 206 6379 92 

25 50% MEA 0.3 150 14.4 74.02 0.0106 3.35 90 0.0256 177 6899 55 

26 50% MEA 0.3 150 14.4 74.02 0.0106 3.35 120 0.0180 127 7062 13 

27 50% MEA 0.3 250 14.4 205.62 0.0106 3.35 30 0.0350 317 9050 347 

28 50% MEA 0.3 250 14.4 205.62 0.0106 3.35 60 0.0240 245 10211 129 

29 50% MEA 0.3 250 14.4 205.62 0.0106 3.35 75 0.0196 203 10367 70 

30 50% MEA 0.3 250 14.4 205.62 0.0106 3.35 90 0.0137 179 13097 38 

31 50% MEA 0.3 250 14.4 205.62 0.0106 3.35 120 0.0105 139 13198 16 
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Table A-2: CFD simulation results with boundary/operating conditions (test data)* 

No. Liquid R N LFR gω U ν γ εL Ae As Aw 

  
 

m rpm m3/h m/s2 m/s mm2/s deg 
 

m-1 m-1 m-1 

1 50% MEA 0.11 150 14.4 27.14 0.0289 3.35 75 0.0903 275 3048 133 

2 50% MEA 0.38 150 14.4 93.76 0.0084 3.35 75 0.0229 167 7283 79 

3 50% MEA 0.49 150 14.4 120.90 0.0065 3.35 75 0.0163 157 9661 66 

4 50% MEA 0.11 250 14.4 75.39 0.0289 3.35 75 0.0464 233 5028 105 

5 50% MEA 0.38 250 14.4 260.45 0.0084 3.35 75 0.0137 190 13799 68 

6 50% MEA 0.49 250 14.4 335.84 0.0065 3.35 75 0.0107 159 14930 52 

7 50% MEA 0.11 300 14.4 108.57 0.0289 3.35 75 0.0420 258 6144 113 

8 50% MEA 0.3 300 14.4 296.09 0.0106 3.35 75 0.0177 209 11785 69 

9 50% MEA 0.38 300 14.4 375.04 0.0084 3.35 75 0.0131 201 15326 58 

*The simulations are based on an RPB with a bed of 0.1 m inner radius, 0.5 m outer radius and 0.2 m thickness. The specific surface area of 

the packing is 546.5 m2/m3 and the void fraction is 0.84. 
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